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ACRONYMS

SRP

Signal recognition particle

SR

SPR receptor, consisting of the α and β subunit in eukaryotes.

FtsY

Bacterial and archeal SRP receptor. Homologue of the SR α
subunit

GTP

Guanosine-5’-tri-phosphate, an organic chemical and energy
carrier in biological system

GDP

Guanosine-5’-di-phosphate, is one of the low-energy forms of
GTP

GTPase

Enzyme that catalysis the hydrolysis of a Phospho-diester
bond in GTP

PCC

Protein-conducting channel

Sec61

Protein-conducting channel in eukaryotes, consisting of an α, β
and γ subunit

SecYEG

Protein-conducting channel in bacteria and archea, consisting
of a Y, G and E subunit

RNC

Ribosome nascent chain complex. Composed of the ribosome,
mRNA and a nascent polypeptide chain attached to tRNA.

PTC

Peptidyl transferase center, catalytic site of protein synthesis in
the ribosome

tRNA

Transfer RNA

mRNA

Messenger RNA
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K U R Z FA S S U N G

Proteine sind die Werkzeuge der Zelle. Ihre vielfältigen enzymatischen
und strukturellen Eigenschaften erlauben es ihnen allerlei Funktionen
sowohl innerhalb als auch ausserhalb der Zelle wahrzunehmen. Proteine können jedoch ihre zelluläre Aufgaben nur erfüllen, wenn sie zur
richtigen Zeit an den richtigen Ort transportiert werden.
Insbesondere die korrekte Lokalisation von neu synthetisierten Proteinen stellt eine fundamentale Herausforderung für die Zelle dar. Die Proteinlokalisation wird von einem molekularen Signal innerhalb der Aminosäuresequenz bestimmt. Fehlt ein solches Signal verbleibt das Protein
im Zytosol der Zelle.
Der Signal-Erkennungspartikel (engl. Signal Recognition Particle: SRP)
Zyklus ist ein universell konservierter Mechanismus, welcher den zielgerichteten Transport von Proteinen an deren Bestimmungsmembran
vermittelt. Der SRP Zyklus findet sich in allen Lebewesen und ist sehr
wahrscheinlich entwicklungsgeschichtlich gesehen das älteste Beispiel
für einen solchen Mechanismus.
Während der Biosynthese des Proteins durch das Ribosom erkennt
das SRP eine hydrophobe Signalsequenz am Aminoterminus. Der Signalerkennung folgt der Transport des Ribosomen–SRP Komplex es zu
der Membran des rauhen endoplasmatischen Retikulums in Eukaryoten
oder zur Plasmamembran in Prokaryoten und Archäen.
An der Bestimmungsmembran bindet das Signalerkennungpartikel an
den Signalerkennungspartikel-Rezeptor (SR). Daraufhin wird das naszierende Protein an einen Protein-transportierenden Kanal in der Membran (das Translokon) übergeben. Die Übergabe der naszienden Kette
ist an die GTP Hydrolyse von SRP und SR gekoppelt und stellt den
zentralen Regulationspunkt im SRP-vermittelten Proteintransport dar.
Die Übergabe des Proteins an das Translokon wird durch eine dramatische Umlagerung des SRP-SR–Komplexes auf der molekularen Stufe
ermöglicht. Bei dieser Umlagerung spielt die SRP RNS eine entscheidende Rolle. Die in dieser Arbeit beschrieben 3.9 Å Struktur des SRPSR–Komplexes stellt die erste Beobachtung dieser Umlagerung dar und
ermöglicht es die Rolle des distalen Teils der SRP RNS zu verstehen.
In der, ebenfalls beschriebenen, Nachfolge-Studie wird die hoch aufgelöste Kristallstruktur des Dimers der GTPasen von SRP und SR im
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Komplex mit dem Tetraloop und dem distalen Teil der SRP RNS vorgestellt. Die Interaktion der GTPasen mit der SRP RNS am Tetraloop verdeutlicht die strukturelle Basis der SR-Rekrutierung und ergänzt bereits
veröffentliche, biochemische Daten.
Die atomare Struktur des Komplexes der GTPasen mit dem distalen
Teil der SRP RNS und die darauf basierenden biochemischen Experimente demonstrieren, dass die Aktivierung der GTP Hydrolyse auf der
Interaktion mit einer einzelnen ungepaarten Base der SRP RNS beruhen.
Die Aktiverung der GTPase Aktivität durch den distalen Teil der SRP
RNS stellt einen eleganten molekularen Mechanismus dar, um die GTP
Hydrolyse mit der Bereitstellung der vom Translokon benötigten Interaktionflächen auf der ribosomalen Oberfläche zu koppeln. Unproduktive Abbrüche des Proteintransports, welche durch die frühzeitige Zersetzung von GTP verursacht werden, können so verhindert werden.
Die in dieser Arbeit präsentierten Forschungsergebnisse beleuchten
die Schlüsselstellen der Regulation des SRP Zyklus. Ferner erweitern sie
unsere Kenntnis über das elaborierte molekulare Wechselspiel zwischen
dem Ribosom, dem SRP, dessen Rezeptor und dem Translokon. Dieses
Wechselspiel ist für den erfolgreichen Proteintransport der Zelle unabdingbar und ist dadurch von zentraler Bedeutung für das Überleben
jeder Zelle.
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S U M M A RY

Proteins are the tools of the cell. Their wealth of enzymatic and structural properties allows proteins to fulfil a plethora of functions inside
and outside the cell. However, proteins can only attend their cellular
functions, if they are transported to the correct location at the right time.
Especially the proper localization of newly synthesized proteins poses
a fundamental challenge to the cell. The cellular localization of proteins
is determined by a molecular signal in the amino acid sequence. Almost
40% of all proteins are targeted by a signal sequence to a specific location
inside or outside of the cell. Absence of such a signal causes proteins to
remain in the cytosol.
The Signal Recognition Particle (SRP) pathway is a universally conserved membrane protein targeting system, and most likely constitutes
the evolutionary oldest mechanism for protein targeting.
The SRP recognizes a hydrophobic signal sequence in the amino terminus of a protein during biosynthesis by the ribosome. Upon signal
recognition, the translating ribosome is targeted to the membrane of the
endoplasmatic reticulum in eukaryotes. In bacteria and archea, the ribosome is targeted to the plasma membrane.
At the destination membrane, the SRP is bound by the SR and the
newly synthesized polypeptide is transferred to a protein-conducting
channel in the membrane, called translocon.
The handover of the nascent polypeptide from the SRP to the translocon is coupled to the hydrolysis of GTP by SRP and SR and constitutes
the central regulatory point in SRP-mediated targeting.
At the molecular level, the process involves a large scale rearrangement of the SRP–SR complex, during which the SRP RNA plays a pivotal role in both receptor recruitment and GTPase activation. The 3.9 Å
structure of a SRP–SR complex presented in this thesis has been the first
observation of this rearrangement and allowed to rationalize the role of
the conserved distal part of the SRP RNA.
In a, also presented, follow-up study we determined the high resolution crystal structure of SRP–SRP receptor GTPase heterodimers bound
to distinct regions of the SRP RNA, namely the tetraloop and the distal
site.
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The interactions at the tetraloop reveal the structural basis of receptor
recruitment and extend and explain previously accumulated biochemical data.
Biochemical experiments and the structure of the GTPase domain
dimer bound to the distal region of the SRP RNA demonstrate that a
single unpaired base of the SRP RNA is responsible for GTPase activation. This provides an elegant mechanism to ensure that the GTPase
domains of SRP and SR liberate the binding site of the translocon on the
ribosomal surface before GTP hydrolysis is triggered, thereby minimizing futile targeting cycles.
The findings presented in this thesis, shed light onto the key steps of
regulation in the SRP targeting cycle and improve our understanding
of the elaborate interplay between the ribosome, SRP, SRP receptor and
translocon. This interplay plays a fundamental role in the process of
protein localization in the cell and is therefore of utmost significance for
the survival of the cell.
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Part I
INTRODUCTION

1

INTRODUCTION

1.1

the secretory pathway

Roughly 25% of all proteins encoded in the human genome reside in various membranes of the cell. Many more proteins are transported over
the endoplasmatic membrane in eukaryotes or the plasma membrane
in bacteria and are secreted out of the cell to fulfil their role as hormones, growth factors, neurostimulators, toxins and many more. It is
assumed that approximately 40% of all synthesized proteins in eukaryotes are subject to targeting via secretory pathways (Keenan et al., 2001;
Akopian et al., 2013b). In the 60s the secretory pathway was discovered
in the laboratory of George Palade and it became clear that secreted proteins have to cross the endoplasmatic reticulum (ER) membrane shortly
after or during synthesis. In the ER, these proteins are segregated from
cytosolic proteins and are subsequently sequestered into vesicles. In the
vesicles they are transported to the outer cell membrane, where they are
exocytosed or integrated into the membrane(s). The rough ER accounts
for a large portion of the interior of secreting cells such as for example
hepatocytes. Its name originates from the studded appearance of the
membrane that is caused by membrane-bound ribosomes, as shown in
figure 1.
In the early 1970s Blobel and Sabatini hypothesized the existence of
intrinsic signals in secreted proteins that govern their transport and localization in the cell, thereby acting as "molecular zip codes". This idea
is known as the so-called signal hypothesis (Blobel and Sabatini, 1971).
Günter Blobel was awarded the Nobel price in physiology or medicine in
1999 for the discovery and characterization the biochemical mechanisms
that rule the secretory pathway.
1.2

discovery of the signal recognition particle

In 1980, Walter and Blobel (1980) published the first biochemical characterization of a signal binding factor, which was dubbed the signal
recognition protein. After the discovery of the critical RNA component
(Walter and Blobel, 1982) the name was changed to signal recognition
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Figure 1: Transmission electron micrograph of the rough Endoplasmatic Reticulum of a human hepatocyte. A large number of active ribosomes is attached
to the membrane endoplasmatic membrane, inserting proteins over and into the
endoplasmatic membrane (reprinted with permission from Dr. Jastrow).

1.3 the srp targeting cycle

particle (SRP). The discovery of the SRP was an important milestone in
the molecular analysis of protein translocation across the ER membrane.
The function of SRP corresponds to that of the binding factor whose existence had been predicted in 1971 (shown in figure 2). It was the first
component of any of the cellular membrane translocation systems that
was isolated and characterized. It also provided strong support for the
predictions made in the signal hypothesis.
Extensive biochemical analysis of SRP’s function using in vitro translation and translocation extracts led to a general description of the mechanism of SRP-mediated protein targeting to the ER membrane in eukaryotes. In the course of these experiments the membrane-bound SRP
receptor (SR) (Gilmore et al., 1982) as well as a protein conducting channel in the ER membrane (the translocon)(Simon and Blobel, 1991) were
identified.
With the discovery of the SRP and its cognate receptor, the components involved in signal sequence recognition and targeting to the ER
had been isolated.
Identification of SRP and SR homologues in bacteria and the analysis
of the entire genomes of numerous organisms from all domains of life
revealed, that the components of the SRP pathway are found in all organsims. Moreover, genetic and biochemical analysis of the SRP pathway in
prokaryotes and archea demonstrated that the fundamental features of
the molecular mechanisms that drive SRP-dependent protein targeting
are also conserved (Keenan et al., 2001).
1.3

the srp targeting cycle

The secretory pathway in eukaryotes heavily relies on protein targeting
via the SRP cycle. Other important targeting pathways exist in bacteria
(mainly the SecA pathway), but the critical components of the SRP cycle
remain essential for cell viability.
The molecular processes that govern the SRP cycle exhibit a remarkable degree of structural and functional conservation between all domains of life. The high degree of conservation of individual components
of the SRP cycle allow for example to complement the human system
with bacterial factors and vice versa (Bernstein et al., 1993; Powers and
Walter, 1997).
The SRP cycle of E. coli is considered to represent a minimal version
of the cycle, compromising the most fundamental components (Keenan
et al., 2001; Akopian et al., 2013b).
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Figure 2: The first version of the signal hypothesis (1971). Original illustration
from the first publication describing the signal hypothesis. In its first version the
signal hypothesis proposed the presence of a signal sequence (X) in the nascent
polypeptide chain. This sequence was predicted to be recognized by a "binding
factor" that mediates binding to the membrane of the endoplasmatic reticulum
(Blobel and Sabatini, 1971). The molecular components of the signal recognition
particle were identified 9 years later by Walter and Blobel (1980). Reprinted with
permission from Springer Science and Business Media.

The minimal number of constituents, the experimental accessibility
of the model system and the wealth of accumulated data, render the
SRP cycle in E. coli an optimal system for further investigation of the
molecular processes in the SRP cycle. Mechanistic conclusions based
on the study of the E. coli system apply to the SRP machinery in all
organisms in, the vast majority of cases.
The SRP cycle can be described in five steps, drawn schematically in
figure 3.
I. Proteins that are targeted via the SRP cycle are synthesized by the
ribosome. All of these proteins carry a signal sequence close to their
N-terminus.
II. Once the signal sequence emerges from the ribosomal surface it
is bound by the SRP. One of the subunits of SRP harbours a GTPase
domain, which is loaded with GTP after signal sequence binding. The
SRP undergoes a conformational change after signal sequence binding,
which arrests ribosomal protein synthesis, thus preventing release of
the membrane-targeted protein into the cytosol (not shown in figure 3).
The SRP of proteobacteria such as E. coli should be considered as an
exemption here, as they do not confer translation arrest (see below).
III. The SRP–ribosome complex is transported to the membrane where
it binds to the SR. The SR also harbours a GTPase domain that has to be

1.3 the srp targeting cycle

Figure 3: The SRP targeting cycle. I. Ribosome synthesizing a polypeptide with
a signal sequence II. SRP binds to the translating ribosome and recognizes the signal sequence. III. Targeting of the RNC–SRP complex to the membrane associated
SRP receptor (SR). IV. The nascent polypeptide is transferred to the translocon by
a largely unknown process, followed by SRP-SR dissociation after GTP hydrolysis. V. Translation resumes with the ribosome now bound to the translocon. The
nascent protein is transferred over the target membrane co-translationally. SRP
and SR release GDP and can now reinitiate a new round of the SRP cycle.
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in its GTP-bound state for SRP recruitment. The two GTPase domains
form a tight dimer at the membrane, bringing the ribosome-nascentchain complex in close proximity to the translocon.
IV. This triggers the handover of the nascent polypeptide to the translocation machinery and initiates cotranslational transport of the polypeptide over the target membrane. How the handover is achieved on
the molecular level is a conundrum. Simultaneous binding of the translocon and SRP to the ribosome seems to be mutually exclusive, due
to the large overlap in the binding surface on the ribosome (Schaffitzel
et al., 2006; Halic et al., 2006a; Frauenfeld et al., 2011; Mitra et al., 2005;
Park et al., 2013). However, there are indications that the SRP–SR interaction on the ribosome may help to resolve this molecular dead end
(Halic et al., 2006b). Also, it has been largely unclear what ultimately
triggers GTPase hydrolysis at this step of the cycle and how efficient
cargo handover is ensured.
V. The SRP–ribosome as well as SRP–SR complex dissociate after GTP
hydrolysis and nascent-chain handover to the translocon. SRP-mediated
translation arrest is released, thereby allowing the ribosome to resume
protein biosynthesis. Protein biosynthesis is now directly coupled to
protein translocation over or into the target membrane. SRP and SR
release the now weakly bound GDP and can initiate a new round of a
targeting cycle.
Soluble proteins, which cross the membrane have N-terminal, cleavable, signal sequences. Integral membrane proteins are usually not processed proteolytically, because they do not harbour a cleavage site Cterminally to their signal sequence. They exhibit variable topologies,
with one or more transmembrane (TM) segments, each containing approximately 20 consecutive hydrophobic residues that can act as signal
anchor sequences (SAS) which remain in the lipid bilayer. In bacteria,
the SRP system is mostly responsible for insertion of membrane proteins. Protein translocation into the periplasm is mainly conferred by
the aid of SecA in a post-translational process (see below).
In eukaryotes, a luminal, membrane-bound, signal peptidase processes
newly synthesized proteins that are transported over the membrane,
cleaving off the signal sequence.
During translocation over the ER or plasma membrane the growing
polypeptide starts to fold into its native conformation. This process is
facilitated by ER residing chaperones (such as Hsp70). The newly synthesized protein may be also subjected to various forms of postranslational
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modifications such as glycosylation, disulfide bond formation and many
more.
1.4

the protein-conducting channel

Discovery of the protein-conducting channel
The conserved protein-conducting channel (PCC) also called the Sec61
channel in eukaryotes or the SecY channel in eubacteria and archaea,
functions in two distinct ways: Soluble proteins, such as those ultimately
secreted from the cell or localized to the ER lumen are transported across
the membrane. Membrane proteins, such as those in the plasma membrane or in the membranes of other organelles, however, are inserted
into the membrane bilayer (Osborne et al., 2005). Due to its central role
in protein membrane transport the PCC is often called the translocon.
The first component of the PCC to be identified by genetic studies was
the main constituent of the protein-conducting channel in bacteria called
SecY (Ito, 1984). Later, genetic screening in yeast and humans identified
homologs of SecY, called Sec61α in yeast (Deshaies and Schekman, 1987)
as well as mammals (Görlich et al., 1992).
There has been a lively debate in the field whether proteins are transported co-translationally over cellular membranes by means of channels
or whether proteins are transported over and into the lipid bilayer without the help of accessory transporters. This has been largely due to the
observation, that during the co-translational transport of proteins over
the membrane, it remains impermeable for ions.
Simon and Blobel (1991) showed in an elegant eloctrophysiological
study fot the first time, that the translocon forms a channel for the
nascent protein chain. In these experiments, the nascent chain in translocon-attached ribosomes was released with the antibiotic puromycin.
The results suggested that the translocon-ribosome complex forms an
ion-tight channel from the active site of the ribosome through the membrane.
The PCC, in contrast to channels that transport ions and small molecules, has the unusual property of being able to open in two directions: perpendicular to the plane of the membrane to allow polypeptide transport
across the membrane and within the membrane to allow a hydrophobic
TM segment of a membrane protein to exit laterally into the lipid phase.
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The Sec61/SecY channel is a passive pore; it must associate with partners that provide a driving force for protein transport. In co-translational
translocation, the main partner is the ribosome (Park et al., 2013).
Composition of the protein-conduction channel
The channel-forming Sec61/SecY complex consists of three subunits, α,
β and γ, which correspond to the bacterial subunits SecY, G and E, respectively. SecY and E show significant sequence conservation, and both
subunits are essential for cell viability. The SecG or β subunits are less
conserved and are not essential. In vitro experiments assaying translocation into reconstituted proteoliposomes showed that pores comprising
SecY and SecE are sufficient for transport (Akimaru et al., 1991). However, SecG has a been shown to have a large stimulatory effect on translocation efficiency (Nishiyama et al., 1993).
The SecY-subunit forms the pore of the channel. Crystal structures of
the inactive channel from the archeaon Methanococcus jannaschii show
that the SecY subunit of the heterotrimeric complex consists of two
halves that form an hourglass-shaped pore with a constriction in the
middle of the membrane leaflet and a lateral gate that faces the lipid
phase (van den Berg et al., 2004; Egea and Stroud, 2010). This observation is in line with the biochemical finding that the inside of the PCC
provides an aqueous environment (Gilmore and Blobel, 1985). The organization of the SecY pore has analogies to a clamshell: The two halves
are connected by a hinge on one side and can open at the other side
– the lateral gate region. The SecG subunits fortifies the hinge region
by extending a TM region across the two halves. SecG makes only few
contacts with pore, which may explain why it is dispensable in vivo and
less conserved (van den Berg et al., 2004).
The constriction at the center of the channel is formed by a ring of six
hydrophobic residues that project their side chains towards the center of
the pore. The protein-conducting channel in the non-translocating state
is not permeable for ions or small molecules. The pore is sealed by a
short, so-called, plug-helix that resides in the "outer" side of the pore.
Based on cryo-EM reconstrutions it is believed that the diameter of
the pore hardly changes upon engagement with a translating ribosome
(Mitra et al., 2005; Becker et al., 2009; Frauenfeld et al., 2011; Park et al.,
2013; Gogala et al., 2014). This in turn indicates that the PCC is relatively
narrow during translocation, most likely in the range of 15–20 Å in di-
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ameter, allowing transport of proteins exclusively in their unfolded, or
possibly α-helical form.
This contradicts earlier findings based on biochemical experiments
that implicated a considerable wider pore during translocation (up to
60 Å) (Hamman et al., 1997). However, similar experiments also suggested an approximately 40 Å cavity around the nascent chain inside the
large ribosomal subunit, which has been proven not to be the case.
The hourglass-shape of the tunnel might explain previous experimental data, which indicated an aqueous interior of the PCC (Gilmore and
Blobel, 1985). Proteins that enter or leave the channel are in a solvent-like
environment before the encounter the hydrophobic constriction of the
channel. This reduces direct interactions between the channel and the
translocated protein and may therefore allow to transport broad range
of polypeptides, including highly hydrophilic sequences.
The hydrophobic SAS of integral membrane proteins, on the contrary,
are thought to engage in a large number of interactions with the PCC
and are released into the lipid bilayer by an alternative mechanism, as
described below.
The process of protein translocation
Opening of the channel for protein translocation occurs in two steps.
First, a translocation partner is bound. Possible translocation partners
for the PCC are the ribosome or, in post-translational transport, the
Sec62/Sec63 complex in eukaryotes or SecA in bacteria. Second, insertion of a loop of the polypeptide substrate into the channel (Shaw
et al., 1988). To this end, the signal sequence is intercalated between
the walls of the lateral gate with the N-terminus oriented towards the
cytosol. Signal sequence binding opens the pore laterally, which destabilizes binding of the plug helix. Subsequent "pushing" of the polypeptide
by the interaction partner ot of the PCC threads the initial loop through
the pore (Park and Rapoport, 2012; Park et al., 2013; Gogala et al., 2014).
Interestingly, opening of the pore can also be triggered by signal sequences provided in trans, allowing transport of proteins lacking a targeting signal (Gouridis et al., 2009). The signal sequence stays bound to the
PCC during translocation and is cleaved off eventually. The plug helix
seals the pore again after complete transfer of the polypeptide through
the pore.
During cotranslational translocation, the ribosome feeds the polypeptide chain directly into the channel. GTP hydrolysis is required for
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chain elongation by the ribosome, but polypeptide movement through
the channel is independent of nucleotide hydrolysis.
Integration of membrane proteins into the lipid bilayer is realized
by allowing TM segments to leave the aqueous center of the channel
through the lateral gate into the lipid phase.
Slightly different mechanisms are employed in post-translational transport. Binding of a signal sequence and opening of the pore follow a similar pattern. In bacteria, SecA pushes the protein from the cytosolic side
into the channel, facilitated by the function of the SecD/F proteins. In eukaryotes, proteins are pulled by means of a ER residing chaperone (BiP)
through the channel. This is accomplished by a ratcheting mechanism
of the chaperone. Both processes consume energy in the form of ATP,
which is hydrolysed by the translocation partner (Park and Rapoport,
2012).
1.5

evolution of srp

The SRP machinery is conserved in all domains of life and it is likely
that its function has been of great importance for early life (Walter et al.,
2000; Keenan et al., 2001; Pool, 2005; Grudnik et al., 2009). Phylogenetic
evidence clearly points to an ancient function of SRP, likely reaching
back to the primordial RNA world (Cech, 2012).
Biological evolution relies on the the natural selection of small, inherited variations that increase the ability to compete, survive, and reproduce. It has been argued that membranes are a prerequisite for Darwinian evolution on the molecular level (Schrum et al., 2010; Walter
et al., 2000). Membrane enveloped compartments ensured that a set
of catalysts can benefit from the products of the reaction catalysed, thus
paving the way for evolution.
Therefore, it seems reasonable to assume that life, already in its simplest forms, was surrounded by membranes that generated a set of reaction conditions and a defined environment (Schrum et al., 2010).
At the same time, membranes impose challenges to evolutionary processes. Lipids and fatty acids spontaneously form bilayers that are tight
barriers for most hydrophilic compounds. This in turn requires, that
even the most primitive cells possess ways to modulate the permeability
of the barrier in order to take up "nutrients" and secrete waste products
(Walter et al., 2000; Schrum et al., 2010).
Walter et al. (2000) reasoned that RNA(-like) molecules might not be
suited for this task because they cannot diffuse over membranes due to
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their charged phosphate residues. The lack of hydrophobic molecules
that can adopt a defined structure might have been a driving force for
the emergence of proteins. Proteins, in contrast to RNA, can be inserted
into membranes to form channels that confer selective permeability. If
one considers that membrane proteins account for 30–60% of the mass
of modern cell membranes this seems a sound way of reasoning.
It is believed that spontaneous insertion of polypeptides into membranes has been more important in early life than it is in modern biology (Bohnsack and Schleiff, 2010). However, the SRP has been a means
to allow primordial ribosomes and cells to target and chaperone "greasy
polypeptides" more efficiently. The structural organization of SRP, consisting of a regulatory RNA part and a universally conserved, RNAbinding protein that binds various hydrophobic peptides (see below),
supports this notion.
Elaborate regulatory mechanisms and more specific targeting functions most likely evolved later. The fact that the SRP RNA seems to
remain the main regulatory molecule in the SRP cycle renders the SRP a
"living fossil in molecular biology".
1.6

components of srp

The eukaryotic SRP (with its human variant amongst the best characterized) consists of an approximately 300 nucleotide long 7S SRP RNA
and six polypeptides with masses of 9, 14, 19, 54, 68 and 72 kDa (Walter
and Blobel, 1980, 1982). Ribonuclease treatment revealed that the mammalian SRP is organized into two structural and functional domains: the
Alu-domain and the S-domain (Gundelfinger et al., 1983).
The Alu element had been identified by restriction analysis of human
chromosomes with a endonuclease from Arthrobacter luteus, A. lu. (thus
the name) (Schmid and Deininger, 1975). The Alu domain of the SRP
RNA gave rise to the repetitive DNA elements that have been found to be
the most widespread retrotransposons in human and primate genomes
(Houck et al., 1979; Ullu and Tschudi, 1984; Weiner et al., 1986). Alu
elements account for approximately 10% of primate genomes, however
their functions remain largely elusive. The S-domain is the SRP-specific
part of the human SRP RNA.
The S-domain is the central region of the SRP RNA and serves as binding platform for SRP19 and SRP54 as well as the SRP68-SRP72 dimer,
as shown in figure 4. Proteins bound to the S-domain confer signal
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Figure 4: Schematic diagram showing the composition and organization of
SRPs and SRP receptors. The diagram illustrates the organization of SRP and
the SRP receptor in all domains of life. Top: Signal recognition particles. A
homologue of SRP54 (termed Ffh in bacteria) is common to all SRPs. The corresponding RNA stretch, called Domain IV or helix 8, which serves as binding
partner for SRP54 is equally conserved, with chloroplast SRP being an exception,
as discussed in the text. Bottom: SRP receptors. Likewise, all SRP receptors
share a homologue of the GTPase domain of the eukaryotic SRα subunit, called
NG-domain. The SRβ subunit as well as the A-domain show less sequence conservation.
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sequence recognition and handover of the nascent polypeptide to the
translocation machinery (see below).
The Alu domain is formed by the 5’-3’ end of the SRP RNA and binds
to the heterodimer of SRP9 and SRP14 (SRP9/14). The Alu-domain
pauses protein synthesis during targeting of the RNC complex to the
translocation machinery (Weichenrieder et al., 2000; Wild et al., 2002).
This action of the Alu-domain can be explained structurally: When
SRP is bound to a translating ribosome, the Alu-domain reaches into
the ribosomal inter-subunit space where it competes with the eukaryotic elongation factor 2 (eEF2) for ribosome binding (Halic et al., 2004),
preventing chain elongation of the nascent polypeptide.
More reduced examples of SRP are found in parasitic eukaryotes like
Leishmania major, Giardia lamblia and Trypanosoma cruzi, all of which lack
the SRP9/14 dimer, but maintain the RNA of the Alu-domain.
The bacterial SRP on the contrary, is much smaller with a single homologue of SRP54 named Ffh (an acronym for Fifty f our homologue) and a
considerably shorter RNA. One of the shortest versions is found in E. coli
where the SRP RNA is reduced to a 114 nucleotide long 4.5S RNA. The
remaining RNA piece is homologous only to the S-domain RNA (helix
8) of the eukaryotic 7S RNA (Ribes et al., 1990), see also Figure 4.
Gram-positive Bacteria from the genera Bacillus, Clostridium and Staphylococcus often posses a larger 6S RNA that includes an Alu Domain, sometimes associated with additional proteins – in Bacillus spp. for example
a 10 kD homodimer, called HBSu that takes over the function of the
SRP9/14 dimer.
Archebacteria also posses a 7S RNA, highly similar to the eukaryotic
RNA molecule, while the protein parts of SRP are less diverse with only
homologues of SRP54 and SRP19 present.
The fungal SRP, as exemplified by S. cerevisiae, is composed of a large
SRP RNA and six polypeptides (Brown et al., 1994). Fungal SRP RNAs
possess additional insertion elements (making it a 11S RNA molecule).
The increase in size of the SRP RNA is mirrored in the protein part
of SRP with Srp21p and Srp65p, the SRP9 and SRP19 homologues, being significantly larger than their mammalian counterparts (Nues and
Brown, 2004).
The whole body of phylogenetic data on SRP lead to the assumption
that the common ancestor of all SRPs may have been composed of a
7S-like RNA portion with an S- and an Alu-domain and at least a homologue of SRP54 (Pool, 2005; Rosenblad et al., 2009). The eukaryotic particle possibly gained additional subunits during evolution, while some
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bacterial SRPs have lost the Alu-domain. The SRP in E. coli is one example of such a minimal version of SRP. This is emphasized by the fact that
both parts of the minimal SRP are crucial for cell viability (Siegel and
Walter, 1988; Brown and Fournier, 1984; Phillips and Silhavy, 1992).
Chloroplast SRP – a notable exception
The SRP in chloroplasts of green plants (cpSRP, see figure 4 rightmost
panel) is unique in several aspects: cpSRP is the only SRP that has lost its
RNA part. The RNA is substituted with a protein termed cpSRP43. This
substitution coincides with a highly specialized function of the chloroplast system. cpSRP exclusively targets light-harvesting chlorophyll a,b–
binding proteins (LHCPs) from the chloroplast stroma to the thylakoid
membrane in a post-translational fashion (Cline et al., 1993; Schuenemann et al., 1998; Richter et al., 2010). cpSRP43 mimics the charged
surface of an RNA molecule and therefore binds to cpSRP54 (Stengel
et al., 2008). The chloroplast SRP receptor, cpFtsY, recruits the cpSRP to
the thylakoid membrane (Falk et al., 2010). The need for the SRP RNA is
further alleviated by the fact that the GTPase domains of cpSRP54 and
cpFtsY interact significantly faster than their bacterial homologues (kon
is 400–fold higher) (Jaru-Ampornpan et al., 2007). The chloroplast SRP
system should therefore be considered as a further evolved SRP system
with new functions and regulatory mechanisms.
Structure & function of SRP54
The remarkable role of SRP54 is highlighted by the fact that this protein
is present in all SRPs. The high degree of sequence and more importantly structural conservation allow functional substitution of eukaryotic
SRP54 with the bacterial homologue in vitro and in vivo and vice versa
(Bernstein et al., 1993; Powers and Walter, 1997).
The universally conserved SRP54 consist of two domains, described
below.
Structure of the SRP M-Domain–RNA complex
The M-Domain is rich in methionine residues that line the approximately
25×15 Å highly hydrophobic groove that recognizes the signal-sequence
in the nascent polypeptide chain (Keenan et al., 1998). The unusually
high methionine content of this domain led to the formulation of the
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"methionine bristle"-hypothesis. According to this hypothesis, it is assumed that the flexible methionine side chains provide a hydrophobic
environment with sufficient plasticity to accommodate a wide variety
of signal sequences (Bernstein et al., 1989). Meanwhile, this hypothesis has been corroborated by crystallographic analyses of Ffh (Keenan
et al., 1998), the Ffh M-domain–RNA complex (Batey et al., 2000) and
SRP54–signal-sequence fusions (Janda et al., 2010; Hainzl et al., 2011).
The observation that signal sequence analogues are bound in distinct
conformations in the structures of different M-domain signal-sequence fusions (Janda et al. (2010); Hainzl et al. (2011) underlines the high
degree of plasticity of the binding groove. It seems possible, that the Mdomain binding does not cause a preferential orientation of the bound
peptide in the absence of the ribosome. Whether this changes when SRP
is bound to a translating ribosome and whether this observation is of
functional importance remains to be determined.
In this context, it should also be noted that the SRP binds isolated
signal sequences only weakly, with dissociation constants in the micromolar range (Bradshaw et al., 2009; Swain and Gierasch, 2001). In comparison, the SRP binds to ribosomes translating a protein with a signal sequences with an affinity of about 1 nM and empty ribosomes are
bound with Kd values of 80–100 nM (Flanagan et al., 2003; Bornemann
et al., 2008; Zhang et al., 2008). This implies an important role of the interaction between the ribosome and SRP in signal sequence recognition,
which is not yet fully understood.
The structure of the bacterial M-domain–RNA core has been solved
by X-Ray crystallography by Batey et al. (2000) and is displayed in figure 5. The M-domain mediates binding to the SRP RNA with picomolar
affinity (Batey et al., 2000; Keenan et al., 2001). The structure explains
the special RNA-binding mode of the helix-turn-helix motif in the Mdomain and it indicates that the SRP RNA undergoes a conformational
rearrangement upon binding to the M-domain. It also identified the architecture and orientation of the signal sequence binding groove in the
SRP. The structure by Batey et al. (2000) constitutes the first study to
provide information on the structure and function relationship between
RNA and proteins in the SRP.
The M-domain finger-loop
The conserved flexible finger-loop connects the α1 and α2 helices of the
M-domain. These helices line the bottom of the signal sequence binding
groove (shown in figure 5). The loop could only be visualized in crystal
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Figure 5: Structure of SRP M-domain. The SRP RNA hairpin is shown in orange
sticks, with the tetraloop pointing to the right. The C-terminal M-Domain of Ffh is
shown in blue in cartoon representation. Methionine residues that line the signal
sequence binding groove are shown as sticks, with sulphur atoms displayed in
yellow. The structure explains the binding mode of Ffh to the SRP RNA and
the localization of the signal sequence binding groove (Batey et al., 2000). The
fingerloop between α-helices 1 and 2 is poorly ordered in the structure and could
not be traced as indicated by the dashed line, PDB IDs: 1dul and 1hq1.
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structures when it was stabilized by either crystal contacts (Rosendal
et al., 2003) or a signal sequence surrogate (Keenan et al., 1998; Hainzl
et al., 2007; Rosendal et al., 2003; Janda et al., 2010; Hainzl et al., 2011).
It could not be traced in the structure of the M-domain–RNA complex
depicted in figure 5. The finger-loop may act as a flexible flap that closes
upon the signal sequence and shields the empty hydrophobic groove
from the solvent.
Intriguingly, mutations in this loop disrupt the interaction between
the SRP and SR GTPases and the unloading of RNC to the translocon
(Bradshaw and Walter, 2007; Ariosa et al., 2013) suggesting that it plays
a role beyond facilitating signal-sequence recognition. How the fingerloop promotes these downstream steps in the targeting pathway is still
unclear.
The NG-domain
NG- and M-domains are linked with an approximately 30 amino acid
long linker that was thought to be unstructured (Keenan et al., 2001).
This assumption was mainly based on the comparably low sequence
conservation of the linker region.
A four helix bundle preceding the GTPase fold forms the N-domain,
which, together with the G-domain, constitutes a structural and functional unit termed the NG-domain, shown in figure 6B. The N-domain
is splayed apart at the end that faces the G-domain, and side chains from
the C-terminus of the G domain complete the packing of its hydrophobic core. This interface is also found in the NG-domains of the related
proteins, and it serves as a hinge on which the relative orientation of the
N- and G-domains varies (Freymann et al., 1999; Keenan et al., 2001).
Subsequent structural analysis of a functional (i. e. dimerized, see below) NG-domain shows that the N-domain can be seen as a sensor
that responds to the formation of the GTP-dependent targeting complex
(Ramirez et al., 2002; Focia et al., 2004; Egea et al., 2004; Akopian et al.,
2013b).
The G-domain shares homology with the classic P-loop GTPase fold
(Freymann et al., 1997; Wittinghofer and Vetter, 2011) with an additional
insertion box domain (IBD) in which a flexible IBD loop contains multiple catalytic residues and provides an equivalent of the switch II loop in
Ras-type GTPases (Freymann et al., 1997; Wittinghofer and Vetter, 2011).
The α-β-α insertion box sets the NG-domain of SRP apart from other
GTPases and defines it as member of a distinct subfamily in the GTPases
superfamily. Another member of this subfamily is, most importantly, the
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SR. Other members are FlhF, a protein involved in the assembly of the
bacterial flagellum and HypB, a Ni-binding G-protein.
GTPases can be grouped based on their activation mechanism. In this
regard SRP and its receptor fall into the group of "G-proteins activated
by dimerization" or GADs. Interestingly, all GTPases with IBDs also belong to this class. GADs are further categorized into three subclasses: (i)
GTPases that form active homodimers with the help of special dimerization domains. (ii) GTPases that are activated by homo-dimerization of
their GTPase domains (examples are FlhF, based on sequence and structure the most similar to SRP and the SR GTPase domains) and HypB. (iii)
GTPases that form heterodimers with their GTPase domains (also considered as pseudo-homodimers). The latter class includes, apart from
SRP and the SR, structurally distinct Septins and the Toc G-proteins,
which are involved in biological polymer formation and protein transport in chloroplasts respectively (Wittinghofer and Vetter, 2011). Both
classification schemes render the GTPases that drive the SRP-cycle as
special amongst other small GTPases.
1.7

signal sequences

The most general features to characterize signal sequences that are recognized by the SRP are (i) a core of 8–12 hydrophobic amino acids that
preferentially adopt an α-helical structure in apolar media (von Heijne,
1985; Gierasch, 1989; Jones et al., 1990; Wang et al., 1993) and (ii) several
positively charged amino acids N-terminally to the hydrophobic core.
Secreted soluble proteins very often have a recognition site for a signal
peptidase shortly after the hydrophobic core of the signal sequence.
However, these features by themselves do not explain the vast variety
of signal sequences on one hand and the specificity that excludes certain
proteins from SRP mediated transport on the other hand.
Recent experimental data imply that additional layers of complexity
have to be taken into account: It was long thought, that all protein sequences which exhibit a hydrophibicity above a certain threshold are
destined to be targeted by the SRP pathway. However, Huber et al. (2005)
and del Alamo et al. (2011) show for the bacterial and yeast system that
the correlation between hydrophobicity and SRP-mediated targeting is
surprisingly poor. On the contrary, it appears that there is an upper limit
in hydrophobicity that still allows SRP targeting (Huber et al., 2005).
Certain N-terminal extensions in the sequence of the bacterial autotransporter EspP to an actual SRP signal sequence can even reroute pro-
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teins to alternative targeting pathways (Peterson et al., 2006; Zhang et al.,
2010).
Taken together, this clearly indicates that there are additional, currently unknown, molecular features in signal sequences that destine a
protein for SRP-mediated targeting.
1.8

the srp receptor

The SR recognizes the SRP–RNC complex. The SR in bacteria is named
FtsY. This originates from the observation that it is located on the same
operon as ftsE and ftsX, both implicated in cell division. However, deletion of the gene has been found to affect protein export and cell morphology, rather than cell division as initially anticipated (Luirink et al.,
1994; Tian and Beckwith, 2002).
Homologues of FtsY are found in all genomes (Leipe et al., 2002). All
SR genes show considerable sequence conservation to SRP54 in their
NG-domain, and it is assumed that the SR may have originated from
SRP54 by gene duplication (Althoff et al., 1994).
The SR consists of two domains: A highly conserved C-terminal NGdomain and a less conserved N-terminal acidic domain dubbed Adomain, as shown in the lower panel of figure 4. FtsY has no apparent
transmembrane domain, and it has been shown to interact rather dynamically with the bacterial cell membrane.
The A-domain has been suggested to play a role in membrane association of the SR, more recent data however suggests that FtsY constructs
lacking an A-domain but including an amphipathic helix C-terminally
to the NG-domain (as in FtsYNG+1 constructs, shown in figure 5A) are
sufficient to sustain lipid binding and co-translational protein targeting
in bacteria (Eitan and Bibi, 2004; Parlitz et al., 2007; Bahari et al., 2007;
Lam et al., 2010). Similar findings have been made for the chloroplasts
SR (Marty et al., 2009).
The eukaryotic SR (as exemplified by the human SR in figure 4) is composed of two proteins: SRα, the FtsY homologue, and a second protein
SRβ, that is itself a canonical P-loop GTPase featuring a transmembrane
domain. SRβ serves as attachment point at the membrane and has been
shown to co-localize with the translocon.
Both, the A-domain of FtsY and SR-β, have been shown to mediate interaction of the SR with the translocon. A direct interaction of FtsY with
the translocon provides an attractive mechanism to localize the targeting
complex to the SecYEG machinery more precisely. Cross-linking and co-
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purification studies provide evidence for this interaction (Angelini et al.,
2005, 2006). However, there are some conceptual difficulties associated
with this idea.
First, the A-domain is poorly conserved, whereas the interaction partners, such as SecY and potentially the ribosome, show a high degree
of sequence conservation. At the same time, the A-domain has been
shown to be not essential for successful SRP targeting, implying that the
interaction of the A-domain with SecYEG might be weak.
Second, the interaction partners of the A-domain identified by chemical crosslinking are the C4/C5 loops of SecYEG. However, these loops
have been shown to bind both, the ribosome and FtsY (Weiche et al.,
2008; Angelini et al., 2006; Kuhn et al., 2011). This could either imply
that these loops simply bind due to electrostatic interactions or that the
FtsY–translocon interaction is rather transient and is rapidly resolved before, during or after handover of the nascent chain. In the latter case one
would expect a low affinity for this interaction.
1.9

srp and ftsy share a unique gtpase domain.

The NG-domains of SRP and the SR are structurally highly similar (see
also figure 6A and B). They form a pseudo-homodimer in the GTP
bound state, which represents the "active" GTPase. However, the dimerization process of free NG-domains is extremely slow (Peluso et al., 2000,
2001) and insufficient to sustain the protein targeting reaction (Bradshaw
et al., 2009).
This (kinetic) barrier is alleviated by several interactions of the GTPases that simultaneously act as proofreading steps during the SRP cycle:
The first check is done by the tip of the SRP RNA, the universally conserved tetraloop, by accelerating complex formation approximately 200–
fold. The action of the tetraloop has been shown to be purely catalytic in
nature and it is positioning the SR for complex formation (Peluso et al.,
2000; Shen and ou Shan, 2010; Estrozi et al., 2011).
Binding to the RNC constitutes the second control point by stabilizing
the intermediate more than 100-fold and preventing its premature disassembly. This results in a 1000–fold net-acceleration of complex assembly
for SRP–FtsY (Zhang et al., 2009).
Yet another proofreading step is added by FtsY-binding to negatively
charged phospholipid membranes via an amphipathic helix. Direct binding to the membrane has been shown to accelarate the GTPase assembly
160–fold (Lam et al., 2010; Braig et al., 2011; Stjepanovic et al., 2011).
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Figure 6: Structures of the apo NG-domains and the NG-domain dimer of Ffh
and FtsY. A Crystal structure of the FtsY NG-domain. The N-domain is shown
in light green. The amphipatic helix of the NG+1 construct is shown in yellow
(Parlitz et al., 2007). B Crystal Structure of the Ffh NG-domain. The N-domain is
shown in lightblue. Consistent with the role of apo-Ffh in protein targeting, the
side chains of the empty active-site pocket form a tight network of interactions
which stabilize the nucleotide-free protein. C The structure shows the pseudodimeric arrangement of the GTPase domains of Ffh (blue) and FtsY (green). The
GTP analogues (red sticks) are bound in a head to tail arrangement in the compound active site. This structure gave rise to the notion that the GTPases in the
SRP system are reciprocally activated and that FtsY and Ffh are members of a special class of GTPases that are activated by hetero-dimerization (Egea et al., 2004;
Focia et al., 2004).
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These allosteric regulations ensure the rapid delivery of cargo to the
membrane and minimize futile cycles of interactions between the free
SRP and SR (Akopian et al., 2013b)
The two nucleotide-bound NG-domains generate a highly symmetric compound active site with both nucleotides bound in a head-to-tail
orientation as shown in figure 6C (Egea et al., 2004; Focia et al., 2004).
The two proteins associate by means of an extensive interaction surface,
which spans both the N- and G-domains. The main changes in the complex relative to the free proteins are the relative arrangement of N- to Gdomain and a symmetric conformational change in the IBD loop. These
rearrangements bring catalytic residues of the IBD into the vicinity of
the active site and seal the active-site chamber from solvent. The interaction interface of the G domains accounts approximately for 70% of the
total surface area of 3200 Å2 , suggesting that the G domain interaction
is the driving force for complex formation (Egea et al., 2004; Focia et al.,
2004).
It is evident from the structure, that the nucleotide binding sites in the
complex are not accessible from the solvent. This explains why there is
no dissociation of GTP from the complex without GTP hydrolysis and
subsequent dissociation of the complex (Peluso et al., 2001). Access to
the scissile bonds between β and γ phosphates is spatially restricted and
the water molecules involved in GTP hydrolysis are tightly coordinated
by residues of Ffh and FtsY allowing stringent regulation of the GTPase
activity (Egea et al., 2004; Focia et al., 2004).
Structure-guided biochemical analysis demonstrated that mutations
which alter the interaction interface have a deleterious effect on complex
formation and GTPase activity (Egea et al., 2004). Further, it became
clear that many catalytic residues interact with both, the nucleotide in
cis and with residues and the nucleotide in trans, underlining the strong
coupling between complex formation and catalysis (Egea et al., 2004;
Focia et al., 2004). This is corroborated by the observation that mutations
in the GTPase center of either protein affect dimerization.
In this complex, the SRP and SR stimulate each other’s GTPase activity, and thereby ensure unidirectionality of the targeting process.
The NG-heterodimer between SRP and the SR is the regulatory heart
of the SRP cycle. Even though an intrinsic basal GTPase activity is observed for the dimer – as for most GTPases – it had been elusive when
and more importantly how GTP hydrolysis is ultimately triggered and
how this event is coupled with the handover of nascent-polypeptide to
the translocation machinery, in order to provide specificity and efficiency
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in this process. Furthermore, only fragmented knowledge of the role(s)
of the SRP RNA in the process had been available.
Much insight into the mechanism by which GTP-hydrolysis is stimulated has been be gained from the X-ray structures and biochemical
data presented in the publications that constitute in the main part of
this thesis.
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2.1

biological question

Due to its central role in co-translational protein targeting, an understanding of the regulation of the SRP cycle is necessary to grasp the
principles that govern the localization of proteins in cells.
Incorrectly localized proteins can have deleterious effects on the survival of the cell, due to their "mis-localized" function or aggregation
in the cytosolic environment. How can the cell ensure, that proteins,
which are destined for membrane integration or translocation over the
membrane, are not released into the cytosol?
A potential answer to this question lies in the regulation of the SRP
cycle. GTP hydrolysis by SRP and SR is one key aspect in the regulation
of the SRP cycle. It couples efficient cargo handover from the targeting
machinery to the translocation machinery and confers unidirectionality
of the reaction.
In order to extend our understanding of the molecular details of GTPase activation in the SRP cycle, the structures of SRP–SR complexes have
been determined by X-ray crystallography.
2.2

choice of method

X-ray crystallography allows the determination of the three dimensional
structure of (bio)molecules at the atomic level. The technique can be
used for the structure determination of (bio)molecules of all sizes, ranging from salts to entire viruses, rendering it one of the most valuable
tools to gain insights in the intricate mechanisms that rule biological
processes.
In the presented work, X-ray crystallography was used to elucidate
the structure of the complex between SRP with full length RNA and
the GTPase domain of FtsY at 3.9 Å resolution. Additionally, a 2.6 Å
structure of the NG-domain dimer of SRP and FtsY, bound to a truncated
SRP RNA has been determined.
Based on the interpretation of the structural data, hypotheses on the
function of the complex in the SRP cycle have been devised. Biochemi-
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cal experiments have been perceived and conducted in order to validate
these hypotheses and to arrive at a molecular understanding of the regulation of GTPase activation in the SRP cycle.

Part II
R E S U LT S

3

P U B L I C AT I O N S

3.1
3.1.1

publication i
Statement of contribution

The determination and analysis of the crystal structure of the signal
recognition particle and its receptor are the result of collaborative work
by me, Dr. Sandro Ataide (SA), Kuang Shen (KS), Prof. Ailong Ke (AK),
Prof. Shu-ou Shan (SSO), Prof. Jennifer Doudna (JD) and Prof. Nenad
Ban (NB). The project was started by SA, who purified and crystallized
the heterologous SRP-FtsY complex. After I joined the project, SA and
I were equally involved in solving the structure. I was responsible for
the design, testing and implementation of a crystallographic refinement
strategy for robust structure refinement at low resolution. After building
the initial trace of the RNA molecule, I continued with building the protein part of the structure; the RNA part of the structure was completed
by SA. Both of us analysed the structure. Afterwards I solved, refined
and analysed the low resolution structure of the wt E. coli SRP complex,
which corroborated our findings.
KS and SSO conducted GTPase activity assays, mutational studies and
contributed data on protein translocation efficiency.
The manuscript was written by SA and me with contributions from
KS, SSO, JD and NB. The manuscript was published in 2011 in Science
(Ataide et al., 2011).
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the crystal structure of the signal recognition
particle in complex with its receptor.
Sandro F. Ataide1 , Nikolaus Schmitz1* , Kuang Shen2* , Ailong Ke3 , Shuou Shan2 , Jennifer A. Doudna4 , Nenad Ban1
Correspondence and requests for materials should be addressed to
N.B. (Email:ban@mol.biol.ethz.ch) or J.A.D. (Email:doudna@berkeley.edu).
* These authors have contributed equally to this work.

Cotranslational targeting of membrane and secretory proteins is mediated by the universally conserved signal recognition particle (SRP). Together with its receptor (SR), SRP mediates the guanine triphosphate
(GTP)-dependent delivery of translating ribosomes bearing signal sequences to translocons on the target membrane. Here, we present
the crystal structure of the SRP:SR complex at 3.9 Å resolution and
biochemical data revealing that the activated SRP:SR guanine triphosphatase (GTPase) complex binds the distal end of the SRP hairpin
RNA where GTP hydrolysis is stimulated. Combined with previous
findings, these results suggest that the SRP:SR GTPase complex initially assembles at the tetraloop end of the SRP RNA and then relocalizes to the opposite end of the RNA. This rearrangement provides
a mechanism for coupling GTP hydrolysis to the handover of cargo to
the translocon.
The signal recognition particle (SRP) is a ubiquitous ribonucleoprotein complex that co-translationally delivers membrane and secretory
proteins to the plasma membrane in prokaryotes and to the endoplasmic reticulum in eukaryotes (1, 2). The SRP targeting process starts with
recognition of a hydrophobic signal sequence on the ribosome-nascent
chain complex (RNC or cargo) by the SRP to yield an RNC:SRP complex. Subsequently, the RNC:SRP complex associates on the membrane
with the SRP receptor (SR). The binding between SRP and SR induces
conformational changes of yet unknown nature that allow the cargo to
be transferred to the protein conducting channel (translocon). The cycle
can be resumed following GTP hydrolysis that drives dissociation of the
SRP:SR complex (1-3).
Both the SRP and SR include components that are structurally and
functionally conserved across the different domains of life (1, 2). In E.
coli, SRP comprises of two universally conserved components, the Ffh
protein (SRP54 in eukaryotes) and the 4.5S SRP RNA. Ffh contains a
methionine-rich (M) domain responsible for high-affinity RNA binding
and recognition of signal sequences (4), a helical N-domain responsible
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for interactions with the ribosome, and a Ras-like GTPase (G) domain.
The E. coli SR is a single protein, FtsY, that consists of an N- and a Gdomain that are structurally similar to those found in Ffh (5, 6) and
an additional A-domain responsible for interactions with the membrane
and the translocon (7).
When bound to GTP, SRP and SR form a stable complex via extensive
interactions between their NG-domains (5, 6). At the heterodimer interface, a composite active site is formed in which SRP and SR act as reciprocal activating proteins for one another. GTPase activation within the
SRP:SR complex is achieved by a set of conformational changes in both
proteins that are distinct from those required for their initial complex
assembly (8). Mutations that block GTPase activation severely disrupt
protein targeting and translocation (8), suggesting that conformational
changes leading to GTPase activation play an essential role in the unloading of cargo (5, 9, 10).
The RNA moiety in the SRP system is essential for cell viability in
vivo (4, 11) and for protein targeting and translocation in vitro (12, 13).
The E. coli 4.5S RNA has two characterized biochemical functions: acceleration of the interaction between Ffh and FtsY by increasing their
complex assembly and disassembly rates, and stimulation of GTPase activity once a stable SRP:SR complex is formed (13-15). Additionally, the
SRP RNA has been described to act as a platform for conformational
changes in Ffh and FtsY following recognition of the signal sequence by
the M-domain (15-17).
Despite extensive prior studies of co-translational protein targeting,
several fundamental questions remain unanswered: how does the SRP
RNA stimulate GTP hydrolysis of the SRP:SR complex, why is this GTPase activation essential for protein targeting, and how is cargo transfer
to the translocon coupled to GTP hydrolysis by Ffh and FtsY. To address
these questions, we solved the three-dimensional structure of the SRP:SR
complex with the non-hydrolysable GTP analog GMP-PCP.
The SRP:SR complex structure
The prokaryotic SRP:SR complexes were crystallized in the pre-GTP hydrolysis state (Fig. 1, A and B) (18, 19). Stable complexes were assembled
using E. coli Ffh1-432 , full-length 4.5S RNA from E. coli or D. radiodurans,
and E. coli FtsY196-497 in the presence of GMP-PCP and the non-ionic
detergent C12 E8 proposed to mimic a signal peptide (20). Crystals of
the homologous E. coli SRP:SR complex and the heterologous complex
containing D. radiodurans 4.5S RNA were isomorphous, but the latter
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diffracted x-rays to higher resolution. After extensive screening, a single crystal of the heterologous complex was identified that diffracted xrays better than others and permitted recording of a complete dataset to
3.9 Å resolution (table S1). These data were used to produce an atomicresolution model of the complex. The structure was solved by molecular
replacement using high resolution structures of isolated parts of the assembly, including the NG dimer (5) and the 4.5S RNA domain IV in
complex with the M-domain (4). Iterative rounds of rebuilding and refinement produced excellent electron density maps at 3.9 Å resolution,
which allowed unambiguous tracing of the molecules and placement
of side chains and bases for well ordered parts of the structure (Fig.
1C). The missing parts in previous structures, specifically the distal portion of the SRP RNA and the connective linker between the NG and
M-domains of Ffh, could be unambiguously identified in the calculated
electron density maps (omit map for the linker helix shown in Fig. 1D).
The two molecules in the crystallographic asymmetric unit form a head
to tail dimer with the N-terminus of the symmetry related Ffh molecule
interacting with a groove on the M-domain of the opposing molecule
defined by portions of the finger loop (excluding residues 354-368) (21)
(fig. S2). Electron density maps for the homologous complex calculated
at 7.0 Å resolution, using the coordinates of the heterologous complex
for phasing, revealed that their global structures are virtually identical
(table S1 and Fig. 1A and fig. S1).
The structure shows an unexpected domain arrangement of the Ffh
and FtsY proteins relative to the SRP RNA. While the M-domain binds
near the tetraloop region (also known as helix 8 or Domain IV) as observed previously (4), the NG heterodimer contacts the opposite end of
the 4.5S RNA (also named helix 5) (22). The linker connecting the Ffh
NG- and M-domains forms a well defined, 30 amino acids long, helix
(Fig. 1, A and D). In previous studies the linker region was either too
flexible to be assigned (21) or was modeled as an α-helix and a loop
structure (23). There has been no clear evidence for a structural role of
the linker helix in previous studies. Interestingly, however, mutations
of conserved residues in the linker region abolish the ability of the SRP
RNA to stimulate SRP:SR complex formation as well as GTP hydrolysis,
indicating that the linker is intimately involved in the function of the
SRP RNA (16). In the structure reported here, the linker acts as a spacer
placing the activated NG domains of the Ffh and FtsY at the distal end
of the 4.5S RNA. This conformation of the SRP:SR complex has not been
detected previously (15, 24), possibly because this configuration of the
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Figure 1: Structure of Signal Recognition Particle in complex with its Receptor.
(A) Top view of the SRP:SR complex. Ffh is colored in blue, 4.5S RNA in gray, FtsY
(SR) is shown in green. The atoms of the two GMP-PCP molecules are displayed
as red spheres. (B) Side view of the SRP:SR complex rotated 70o relative to the
view in (A). N denotes the N-domain, G denotes the G-domain, M denotes the
M-domain, L is the flexible linker and F denotes the finger loop. (C) Visualization
of the 2Fo -Fc electron density contoured at 1σ and the stick representation of the
SRP:SR complex. (D) Side view of the SRP:SR complex with the contour of a 2Fo Fc unbiased omit map calculated for linker region residues 300-330 of Ffh. The
linker is displayed as a tube together with the difference density Fo -Fc electron
density contoured at 3σ, shown as green mesh. The 2Fo -Fc electron density for
the entire complex is contoured at 1σ and displayed as gray mesh. The cover
radius used for the figure had a cut-off of 2.6 Å for the 2Fo -Fc and Fo -Fc .
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SRP:SR complex is a transient state that was stabilized by intermolecular interactions in the crystal. Nevertheless, the functional importance
of this conformational state is strongly supported by the following analyses.
New function of the distal end region of the 4.5S RNA
In addition to the structural data presented here, another clue to the
importance of the distal RNA region is its sequence conservation (Fig.
2A and fig S4). The sequence motif GUGCCG (bases 83 to 88 in E. coli)
can be found in the helix 5 region of most known 4.5S RNAs (Fig. 2A)
and is also conserved in the longer prokaryotic 6S SRP RNA (22). The
secondary structure prediction for this region of the SRP RNA always
features a bulged or unpaired base (Fig. 2A). The conservation of this
region is similar to that of the SRP RNA tetraloop and the region recognized by the M domain (Fig. 2, A and B and fig. S4).
In our structures, C83 (C86 in E. coli, fig. S5) is positioned close to both
GMP-PCP molecules and interacts directly with both the Ffh and FtsY
proteins at regions that regulate the GTPase activity (Fig. 2C, 4E and fig.
S5) (25-27). Two residues from Ffh can form H-bonds with C83, Lys 278
interacts with the phosphate group of C83 and Glu 277 interacts with
the N4 of C83 and the 2’O from GMP-PCP. In contrast, the interaction of
C83 with FtsY is hydrophobic: residues Leu 198 and Phe 137 stack with
the base; the latter resides in the insertion box domain (IBD) motif previously described as essential for GTP binding and hydrolysis (5, 10, 28).
Identical interactions have been described in the Ffh:FtsY NG domains
crystal structure (2CNW) containing GDP:AlF4 , in which a peripheral
nucleotide (GMP) was found to bind in the same position as C83 (27)
(fig. S6). The superposition of our NG heterodimer structure with previously determined structures containing GMP-PCP (1OKK), GMP-PNP
(1RJ9) and GDP:AlF4 (2CNW) reveals no large differences in the GTPase
center, within the resolution limits of our structure (5, 6, 25, 26).
The NG heterodimer exhibits an extensive interaction interface with
the 4.5S RNA, burying 890 Å2 (Fig. 3A). FtsY is responsible for the majority of these contacts, whereas Ffh interaction with the distal region of
the RNA is limited to two bases, C82 and C83. However, the M-domain
of Ffh is also responsible for the interaction with domain IV of the 4.5S
RNA. Taken together, the total surface area buried between Ffh and the
4.5S RNA is 780 Å2 , which is similar to the extent of interaction between
FtsY and the distal portion of the 4.5S RNA (Fig. 3B). These observations explain why FtsY will bind the distal portion of the 4.5 S RNA
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Figure 2: Interaction of the Ffh-SR NG domain with a conserved flipped base
at 5’-3’ distal end of the 4.5S RNA. (A) Secondary structure of the D. radiodurans 4.5S RNA with conserved residues indicated in red (sequence alignment
displayed in fig. S4). Base pairings are indicated as (-) and non-canonical interactions are indicated as (#), bulged residues are unpaired. (B) Overall view of the
interaction of Ffh and FtsY (displayed as ribbons and colored as in Fig. 1A) with
the 4.5S RNA (represented as a contoured surface colored according to the conservation indicated in fig. S4). GMP-PCP molecules are shown as red spheres. (C)
Close-up view of the interaction of the conserved flipped C83 with the interface
of Ffh and FtsY. 4.5S RNA is displayed as sticks colored in gray with C83 colored
in orange. Ffh and FtsY residues that interact directly with C83 are displayed as
sticks and colored as in (B). GMP-PCP residues are represented as sticks colored
with white carbons, red oxygens, blue nitrogens and orange phosphates.
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as part of the GTP-activated twin complex but not in its free state (Fig.
2C and 3B). First, the contact to the RNA is mediated by both FtsY and
Ffh. Second, the local concentration of the tethered homodimeric NG
domains is very high since they are connected via the linker region to
the M-domain, which is tightly bound to the SRP RNA (KD of 5 pM) (29,
30).

Figure 3: Major contact area of the Ffh:FtsY NG domain with 5’,3’- region of the
4.5S RNA. (A) Surface representation of the SRP:SR complex in the 5’,3’- region
of the 4.5S RNA. (B) Surface representation of the separated Ffh and FtsY (rotate
each to one direction) from the 4.5S RNA (maintained in the same orientation as
in A). The interface between Ffh and FtsY is displayed in white in both proteins
with GMP-PCP displayed as red spheres. The contact area of each protein to the
RNA is indicated in gray. The FtsY contact area in the RNA is indicated in green
and the Ffh contact area in blue, C83 is indicated in blue but contacted by both
proteins.

The SRP RNA distal end specifically stimulates GTPase activation
Although earlier work implicated the tetraloop region of the SRP RNA
in GTP hydrolysis (13, 15), interpretation of the observed GTPase activity is complicated by the fact that at subsaturating protein concentrations, the observed GTPase reaction is rate-limited by the assembly of
the complex. Recent studies that more rigorously dissected the complex
assembly versus GTP hydrolysis steps established that the tetraloop is
essential for accelerating SRP:FtsY complex assembly, whereas it affects
GTPase activation no more than two-fold once the GTPase complex is
formed (12, 31, 32). To define the RNA site(s) responsible for stimulating
GTP hydrolysis, we systematically truncated the E. coli 4.5S RNA from
the distal end (Fig. 4A, fig. S7, A and B) and tested the effects of these
mutations on the stimulated GTPase reaction between SRP and FtsY. The
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heterologous complex involving D. radiodurans 4.5S RNA was not used
for biochemical experiments since it showed significantly lower GTPase
activity. This could be either due to small differences in sidechain positions at the interface of the RNA and activated NG domains, beyond
the resolution limit of our current data, or due to the possibility that the
experimental conditions have been optimized for measuring the activity
of the E. coli complex. Truncations of up to ten base pairs from the distal
end did not significantly affect the GTPase rate of the SRP:FtsY complex
at saturating protein concentrations (Fig. 4, B and C, and fig. S7B, kcat ).
However, truncation of an additional five base pairs (92mer → 82mer)
reduced kcat over eight-fold to values approaching that observed in the
absence of RNA (Fig. 4, B and C, and fig. S7B). Therefore, the basepaired region C97-C101:G10-G14 at the distal end plays an important
role in the SRP RNA-mediated stimulation of GTPase hydrolysis. Consistent with these findings, this region provides a major site for docking
of the SRP:SR NG domain complex at the RNA distal end (Fig. 3, A and
B).
In contrast, the values of kcat /Km in the stimulated GTPase reaction
were largely unaffected unless the SRP RNA was truncated to less than
56 nucleotides (Figs. 4B and S7B). As the kcat /Km value in this reaction
is rate-limited by SRP:FtsY complex formation (18), this strongly argues
that the distal end accelerates the actual GTP catalysis step, but not the
initial SRP:FtsY complex assembly. To provide independent evidence
for this possibility, we directly measured the complex assembly rate constants using acrylodan conjugated at Ffh-C235, a probe that changes fluorescence upon formation of a GTP dependent complex of SRP and FtsY
(18). SRP:FtsY complex assembly rates were affected no more than twofold for RNA truncations up to the 56mer; only with the 43mer a significant defect was detected (Figs. 4D and S7C). Therefore, the distal end of
the SRP RNA specifically stimulates GTPase activation in the SRP:FtsY
complex without affecting the initial assembly of the complex. Together
with previous work (12, 31, 32), these results demonstrate that the SRP
RNA contains two separate motifs that regulate distinct stages of the
SRP:FtsY interaction: the tetraloop end accelerates the initial assembly
of the complex, whereas the distal end facilitates GTPase activation at
late stages.
To test the role of the extruded base C86 in GTPase activation, C86
was either removed (∆C86) or mutated to A, G or U. Deletion of C86 or
its mutation to G reduced the GTPase rate constant by two-fold, whereas
the C86A and C86U mutations reduced GTPase activity by factors of 7
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Figure 4: The SRP RNA distal end specifically stimulates GTP hydrolysis in the
SRP:SR complex. (A) E. coli SRP RNA systematically truncated from the distal
end that were used in this study (see fig. S7A for the sequence of the truncated
RNA constructs). The FtsY contact area in the RNA is indicated in green and the
Ffh contact area in blue, C86 is indicated in blue but contacted by both proteins.
(B) Stimulated GTPase activity between SRP and FtsY with the SRP RNA mutants
in part A. The data were fit to the Michaelis-Menten equation, and the kinetic
constants kcat and kcat /Km are summarized in figure S7B. (C) A significant defect
in the GTPase rate of the SRP:FtsY complex was observed upon truncation of
the SRP RNA from the 92mer to 82mer. Rate constants were from part B and
normalized to that of the wild-type SRP RNA. (D) Truncation of the RNA distal
end did not significantly affect SRP-FtsY complex formation rates (kon ) until the
C loop is truncated (43mer). Values of kon were derived from figure S7B. (E)
Mutation of the conserved base C86 (C83 in D. radiodurans 4.5S RNA) impairs
the ability of SRP RNA to stimulate GTPase hydrolysis of the SRP:FtsY complex.
Rate constants were relative to that of the wild type SRP RNA and were derived
from the data in figure S7D.
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- 10, to rates approaching that in the absence of the SRP RNA (Figs. 4E
and S7D). These data support a role of the extruded base in modulating
GTPase activity and explain the conservation of the identity of this base.
Modeling the conformation of the SRP:SR on the ribosome
The data presented here, together with previous structural and biochemical studies, shows that the SRP complex can exist in distinct conformational states depending on the orientation of the linker between the NG
and M domains of Ffh. We propose that these conformational states represent different stages of the SRP-mediated protein targeting pathway.
Indeed, the large rearrangement of the NG domains from their initial
position in the vicinity of the 4.5S RNA tetraloop as observed in EM and
biochemical studies (15, 17, 33, 34) to the opposite end of this RNA suggests a plausible mechanism of transferring the RNC from the SRP to
the translocon. In order to better understand the implications of the observed conformational changes in the targeting process, we modeled our
structure onto the ribosome using available cryo-EM data (33) (Fig. 5A).
The SRP bound to the RNC in the absence of the SR is in a conformation
in which its NG domain is next to the M-domain with the linker region
wrapping around the M-domain (Fig. 5B) (23, 33, 35). We propose that
the structure described here represents the cargo release state of the protein targeting cycle. Repositioning the NG domains of Ffh and FtsY to
the distal region of 4.5S RNA exposes ribosomal proteins L23 and L29,
which constitutes the main translocon binding site. Therefore, this conformational change simultaneously exposes the signal sequence-binding
cleft of the M domain and liberates the translocon binding region on the
ribosome (35-37).
Since the SRP cycle is evolutionarily conserved, we speculate that
many of the molecular features that govern the prokaryotic SRP cycle
will also occur in eukaryotes. Upon comparison of the molecular model
in Figure 5 with the cryo-EM density of the eukaryotic RNC:SRP:SR complex arrested with the GTP analogue GMP-PNP, certain similarities can
be observed (36). Most strikingly, in the eukaryotic complex the density
for the NG domains of the SRP54 and SR proteins (homologous to Ffh)
is absent from the tetraloop end of the 4.5S RNA, whereas additional
density appears in the distal end of the SRP RNA as observed in our
complex (fig. S8). It is therefore possible that this density originates
from the activated twin NG domains rather than from SR alone, as suggested (36).
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Figure 5: Conformation of the SRP and SRP:SR structure on the ribosome showing the large rearrangement between cargo binding and cargo release modes.
(A) The structure of the SRP:SR is superimposed on the SRP:RNC bound structure from cryo-EM reconstruction (33), with Ffh in the cryo-EM structure omitted.
The signal peptide from the SRP:RNC structure was maintained (red surface) as
a reference for the exit tunnel. The RNC is displayed as a white surface with the
protein L23 highlighted in yellow. SRP:SR are presented as spheres with 4.5S
RNA colored with dark gray for phosphate and ribose and light gray for bases,
Ffh is blue and FtsY is green. (B) The cargo binding conformation of SRP in the
SRP:RNC model structure from cryo-EM is indicated as spheres with Ffh colored
in purple.
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The SRP cycle revised
Based on these data, a mechanism can be envisioned that governs the
handoff of substrates to the translocon and the role of GTP in this process. The initial interaction of free SRP with the RNC involves binding
of the N-domain of Ffh to the ribosomal proteins L23 and L29 (Fig. 6A)
as well as interaction of the M-domain of Ffh with the signal sequence,
possibly aided by the linker helix that wraps around the M domain in
the RNC-bound conformation of the SRP (Fig. 6B) (33, 35). In this "RNC
pre-organized" state, the Ffh G-domain is positioned in the vicinity of the
tetraloop end of the 4.5S RNA and primed for interaction with the SR
(Fig. 6B) (15, 33-35). Receptor binding is initially facilitated by the RNA
tetraloop (13, 14, 31, 38), which stabilizes an early conformation of the
heterodimeric NG complex through interaction with the SR (Fig. 6C) (5,
10). Subsequent structural rearrangements in the GTPase complex may
reduce the affinity of the RNA tetraloop for the SR as well as that of the
Ffh N-domain for the ribosome (Fig. 6C) (5, 6, 36). Consequently, the activated NG heterodimer detaches from the ribosome exit site, but stays
tethered to the SRP RNA via the tightly bound M-domain, and relocates
to the alternative binding site at the distal end of the 4.5S RNA hairpin
(Fig. 6D). Since the A-domain of FtsY associates with the translocon (7,
39), repositioning of the NG-domain heterodimer will carry the translocon towards its ribosome binding site (L23), which is now exposed (Fig.
6D). This repositioning could also stabilize the linker domain in the extended helical conformation away from the M domain, thus exposing
the signal sequence-binding cleft for peptide release to the translocon.
Concurrently, the interaction of the activated NG heterodimer with the
distal portion of the 4.5S RNA will stimulate GTPase activity in both
Ffh and FtsY, leading to their dissociation and completing the targeting
cycle (Fig. 6D).
The conformation of the SRP in complex with its receptor observed
here also explains many previous observations including the density features observed in the cryo-EM reconstruction of the eukaryotic RNC:SRP:
SR complex (36), and the observation that mutations that disrupt the
conformational changes leading to GTPase activation block late stages
of protein targeting (8). Previous studies also indicated that overexpression of a truncated 4.5S RNA (domain IV) is capable of sustaining cell
viability in a 4.5S depleted strain (4). According to the model described
here, signal sequence transfer would be possible even in the absence of
the distal region of the SRP RNA since the reduced GTPase rate would
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Figure 6: Model of the SRP targeting cycle. Schematic depiction of the sequence
of conformational changes involved in the SRP cycle (viewed in the membrane
plane). (A) SRP recognizes the RNC and M-domain interacts with the signal peptide (finger loop is indicated in pink). (B) The N-domain interacts with L23 and
the linker region folds on top of the signal peptide covering/shielding the Mdomain. (C) SRP bound cargo (RNC) is transferred to the membrane vicinity via
SRP interaction with SR. (D) GTP-dependent rearrangements in the SRP:SR complex enables detachment of the Ffh N-domain from L23 and the RNA tetraloop,
and the NG domain complex relocates to the 5’,3’- end of the 4.5S RNA sandwiching the C83 (orange arrowhead) at the interface of the two G domains. This repositioning simultaneously exposes the signal sequence bound to the M-domain, and
the L23 region of the ribosome for interactions with the translocon (Sec YEG),
which is associated with the A-domain of FtsY (black tail). In the final step, signal sequence is transferred from the M-domain to the translocon and the distal
region of the 4.5S RNA promotes GTP hydrolysis and subsequent Ffh and FtsY
dissociation.

45

46

publications

provide a longer time frame for the less efficient signal sequence transfer
to occur.
The results presented here, together with previous biochemical evidence (13-17, 20), define the SRP RNA as a bifunctional molecule acting
as a binding platform for the initial receptor interactions on one end
of the 142 Å long molecule and for the activated GTPase domains of
the Ffh:FtsY complex on the other end. Such conformational change
provides a mechanism for the temporal and spatial exchange of large
factors that have to access the signal sequence as it emerges from the
ribosomal exit tunnel.
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Supplement
Protein and RNA expression and purification
Cloning of the wild type 4.5S RNA from E. coli and D. radiodurans
was performed as described previously (1). The N-terminal truncated
version of FtsY (residues 196-498) and the C-terminally truncated Ffh
(residues 1-432) from E. coli containing an amino-terminal His6 tag were
expressed and purified as described previously (2). The homologous
and heterologous complexes were reconstituted in vitro by RNA refolding (3) followed by incubation with a 2x molar excess of purified Ffh in
buffer containing (50mM Hepes pH 7.5, 150mM KOAc, 5mM MgOAc2 ,
2mM TCEP, 0.01% Nikkol (C12 E8 ), 10% (w/v) glycerol) and incubated
at room temperature for 30 min. After SRP reconstitution, purified FtsY
(at same molar equivalent to Ffh) was added to the reaction together
with 2.5mM GMP-PCP and further incubated for 30 min at room temperature followed by an overnight incubation at 4°C. The complex was
purified using a Mono-Q column (Pharmacia) equilibrated with buffer A
(50mM Hepes pH 7.5, 150mM KOAc, 5mM MgOAc2 , 2mM TCEP, 0.01%
Nikkol, 5% (w/v) glycerol, 50 µM GMP-PCP) and eluted with a gradient of Buffer B (Buffer A with 1M NaCl). The SRP:SR complex elutes
around 50% of Buffer B and fractions containing the entire complex were
pooled, concentrated and buffer exchanged to Buffer A supplemented
with 2.5mM GMP-PCP and stored at 4°C.
E. coli Ffh, FtsY and wild type 4.5S RNA for biochemical assays were
expressed and purified as described (15). Truncated SRP RNAs and
mutations of C86 were prepared by in vitro transcription, using a pSP65-
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derived plasmid in which an extra SacI restriction site was introduced
by QuickChange mutagenesis. DNA fragments encoding the truncated
RNAs were cloned between the PstI and SacI sites behind the T7 promoter. Plasmids containing truncated SRP RNAs were digested with
SacI for run-off transcription by T7 polymerase (Ambion Megascript).
The RNAs were allowed to fold during transcription, isolated by acid
phenol extraction, and further purified by gel filtration chromatography
on TSK3000. Only the peaks corresponding to the monomeric species
(Table S2) were used for activity assays. All the truncated RNAs were
confirmed by MALDI-TOF to have the correct molecular weight.
Crystallization conditions and structure determination
Crystals of the purified homologous complex grew under vapor diffusion at 19°C in sitting drops. 0.5 µL of the complex solution (8 mg/mL)
was mixed with 0.5 µL of the well solution containing 16% PEG 3350,
210mM LiCl, 5mM MgOAc2 , 5% (w/v) glycerol, in 50 mM MES pH
6.7. Crystals were observed after 4 days and harvested after 2 weeks
incubation. Well solution containing 25% glycerol was used as a cryoprotectant. Crystals of the purified heterologous complex grew under
vapor diffusion at 19°C in sitting drops. 1 µL of the complex solution
(7mg/mL) was mixed with 1 µL of the well solution containing 12% PEG
2000 MME, 260mM LiCl, 50mM MgOAc2 , 11% (w/v) glycerol, in 50mM
Bis-Tris pH 6.9. Crystals were observed after 4 days and harvested after
2 weeks incubation. Well solution containing 25% glycerol was used as a
cryo-protectant. Data of the heterologous complex was collected on the
Beamline X06SA of the Swiss Light Source, PSI, Villigen and the data
of the homologous were collected on Beamlines 8.2.2 of Advanced Light
Source, Lawrence Berkeley National Laboratory. Data reduction and
scaling were carried out using the XDS package (4). The structure of the
heterologous complex was solved at a resolution of 3.9 Å by molecular
replacement with PHASER (5) using available high-resolution structures
of the Ffh-FtsY NG heterodimer and the Ffh M-domain and the tetraloop
region of 4.5S RNA (PDB identifier 1RJ9 and 1HQ1, respectively). The
model was built using iterative rounds of model building in COOT (6)
and ONO (7) and refinement with AutoBuster 2.4 (8) and CNS1.3 (9,
10). 2-fold local similarity symmetry restraints (LSSR) as implemented
in AutoBuster or 2-fold NCS have been applied in all refinements. For
model building and representation, B-factor sharpening and softening
according to the local signal to noise ratio of the electron density was applied (between -80 and +20Å2 ). The bound GTP analogues were refined
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as single rigid bodies, due to the intermediate resolution of the structure
(GMPPCP coordinates taken from PDB ID 2cnw). Canonical RNA basepair hydrogen bonds were restrained during the refinement by manually
setting up corresponding distance restraints for CNS or AutoBuster. Inspection of the overall B-factor distribution indicates that one NG dimer
and the M-domain tetraloop region of the respective other molecule in
the ASU are better ordered, which can be explained by the observed
crystal packing. Moreover the smallest thermal motion is observed for
the GTPase centers of the NG-dimers, while peripheral, solvent exposed
regions show higher B-factors. Intrinsic flexibility of the complex mainly
through interdomain movements (as indicated by high contribution of
the TLS tensors to the overall B-factors) is observed, resulting in high
overall B-factors.
The datasets of the heterologous and homologous complexes are isomorphous (weighted cross R-factor: 6.1 %, overall correlation 0.87, calculated using SCALEIT and phenix.reflectionstatistics, respectively) (11,
12). A rigid body refinement of the coordinates of the heterologous
complex against the data of the homologous complex in AutoBuster 2.4
resulted in R_work/R_free: 33.6/33.9 and yielded interpretable maps
at 7.0 Å. The electron density maps confirmed that the homologous and
the heterologous complexes share the same overall structure. Additional
density at the 5’,3’ end of the E. coli SRP RNA representing additional
nucleotides of the larger E. coli SRP RNA is observed.
An omit map for the Ffh linker (residues 300-330) and the SRP RNA
tetraloop (residues 47-54) shows clear difference densities for both regions (Figure S1).
All figures are generated with Pymol (13). Surface area interaction
was calculated with PISA (14). For the generation of all figures the better
ordered molecule of the heterologous complex in the crystal was used.
GTPase activity
Measurements of the stimulated GTPase reaction between SRP and FtsY
were carried out as described previously (15, 16).
Briefly, reactions were carried out in SRP buffer (50 mM HEPES, pH 7.5,
150 mM KOAc, 2 mM Mg(OAc)2 , 2 mM DTT, 0.01% Nikkol) in the
presence of a small, fixed amount of SRP (50–100nM) or Ffh (500nM),
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varying amounts of FtsY, and saturating GTP 100 µM to 200 µM). The
observed rate constants (kobsd ) were fit to Eq. 1,

k obsd = k cat ×

[SR]
Km + [SR]

(1)

in which kcat is the maximal rate constant at saturating FtsY concentrations, and Km is the concentration required to reach half saturation.
Because kcat is at least 100-fold faster than the rate of SRP:FtsY complex
disassembly, the rate constant kcat /Km in this assay is rate-limited by and
therefore equal to the rate of stable SRP-FtsY complex formation (15),
and the value of kcat represents the rate of GTP hydrolysis or a ratelimiting conformational change preceding GTP hydrolysis.
Fluorescence experiments.
Ffh-C235 was labeled with acrylodan (Invitrogen) and purified as described (1, 6). Fluorescence measurements were carried out on a FluoroLog-3-22 spectrofluorometer (Jobin-Yvon, Edison, NJ) in SRP buffer. Association rate constants for GTP-dependent SRP-FtsY complex formation were determined by mixing 50 – 100nM acrylodan-labeled Ffh-C235
(bound to wildtype or mutant SRP RNAs) with varying amounts of FtsY
in the presence of 100 µM GppNHp and monitoring the time course of
fluorescence change. Linear fits of observed rate constants as a function of FtsY concentration (kobsd = kon [FtsY] + koff ) gave the second-order
association rate constant kon .
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Table 1: Summary of crystallographic data

Crystal form
Space group
Unit cell dimensions
a, b, c (Å)
α, β, γ (°)
Data collection
Wavelength (Å)
Resolution (Å)a
Unique reflections
Redundancya
Completeness (%)a
Rmeas (%)a
I/σ(I)a

SRP:SR complex
(D. radiodurans RNA)

SRP:SR complex
(E. coli RNA)

P212121

P212121

84.1, 131.04, 266.0
90, 90, 90

86.1, 131.4, 266.9
90, 90, 90

1.000
49.0 - 3.9 (4.2 - 3.9)
26790
2.5 (2.5)
94.0 (95.3)
4.8 (84.0)
12.9 (1.6)

1.000
25.0 - 7.0 (7.4 7.0)
5100
6.8
99.2 (97.2)
12.8 (41.0)
14.3 (3.9)

Model statistics
Refinement
Nonhydrogen atoms
Protein
Ligand/ion
B-factor overall
Protein
Ligand/ion
Resolution (Å)
Rwork/Rfree (%)
Number of
test reflections
RMS deviations
Bonds (Å)
Angles (°)
a:

15088
10570
4518
227.7
220
183.1
45.79 - 3.94
23.4/26.8
1281

0.008
1.08

Values for highest resolution shells are given in parentheses.
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Figure S1: Electron density maps for the E. coli SRP SR complex at 7.0 Å. 2 FobsFcalc electron density map shown in light blue (contour level 1.0σ). Unbiased
omit maps for the linker region and the tetraloop (Fobs-Fcalc, green mesh) is
contoured at 2.5σ Maps were calculated after one round of rigid body refinement
using the coordinates of heterologous complex with occupancies for the linker
region and the tetraloop set to 0. For clarity, maps were carved with a radius of
5 Å using pymol.
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Figure S2: Arrangement of the SRP:SR complex in the asymmetric unit with showing the interaction of the Ffh N-terminal domain with NCS related Ffh M-domain.
(A) Arrangement of the NCS related molecules in the asymmetric unit for the
SRP:SR complex. Ffh is colored in blue, 4.5S RNA in gray, FtsY (SR) is shown
in green for one copy and Ffh is colored in cyan, 4.5S RNA in light gray, FtsY
is shown in gold. The atoms of the two GMP-PCP molecules per complex are
displayed as red or burgundy spheres. N corresponds to N-terminal domain, G
is the GTPase domain, M is the M-domain and L is the flexible linker, F is part
of the finger loop. (B) The bound conformation of the M-domain encloses an
N-terminal helix of the NCS related Ffh. The surface and cartoon representation
of Ffh M-domain and the observed parts of the finger loop (residues 358-366 not
build) is displayed in blue with N-terminal helix form the NCS Ffh displayed as
a tube cartoon in golden and the 4.5S RNA in gray.
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Figure S3: Real space crosscorrelation
between
2mFo-DFc
and Fc maps and B-factor distribution for both complexes in the
asymmetric unit. Plot shows cross
correlation and B-factor per residue.
The twin NG domains and the distal
part of the RNA of SRP exhibit lower
B-factors, while the M domain and
the tetraloop are less defined. This
is especially pronounced for the side
chains in the finger loop region in the
M domain (Chains A and C, residues
343-368). Real space cross-correlation
has been computed using the Phenix
model_vs_data module. Plots were
generated using Gnuplot (PHENIX
version 1.6.1).

Figure S4: Conservation of 4.5S RNA. Alignment of 4.5S RNA with >95% conserved residues indicated in red and residues with >75% conservation indicated
in light pink. E.coli numbering indicated on top and D. radiodurans numbering
indicated on the bottom.
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Table 2: Elution volume of wildtype and mutant SRP RNAs during size-exclusion
chromatography on TSK3000.

RNA Species
wt 4.5S RNA (114mer)
tRNA (74mer)
100mer
92mer
82mer
68mer
56mer
43mer

Monomer Elution Volume (mL)
115.4
131.9
119.8
123.6
127.1
135
144.9
142.6

Figure S5: Electron density maps for the nucleotide binding region. (A) Unbiased
Fobs -Fcalc omit map for bases C82 to G84 shown as green mesh countered at 2.5σ.
The flipped out orientation of the unpaired base can be unambiguously identified.
(B) 2 Fobs-Fcalc electron density map for the nucleotide binding region shown as
blue mesh. Map is countered at 1.0σ and B-sharpened by −60Å2 . Most side chains
can be placed unambiguously.
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Figure S6: Comparison between SRP:SR NG domain interacting with a conserved
flipped base at 5’-3’ distal end of the 4.5S RNA or and external GMP. (A) Closeup view of the interaction of the conserved flipped C83 with the interface of Ffh
and FtsY . 4.5S RNA is displayed as sticks colored in gray with C83 colored in
orange. Ffh (blue) and FtsY (green) residues that interact directly with C83 are
displayed as sticks. GMP-PCP residues are represented as sticks colored with
white carbons, red oxygens, blue nitrogens and orange phosphates. (B) Close
up view of the external nucleotide binding site of Ffh:FtsY NG domain from
T. aquaticus (PDB 2cnw)(17) and GDP:AlF4 . GMP is colored and displayed as
base C83 in (A). GDP:AlF4 residues are represented as sticks colored with white
carbons, red oxygens, blue nitrogens, orange phosphates, cyan fluorines and grey
aluminium.
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Figure S7: (A) E. coli SRP RNA systematically truncated from the distal end that
were used in this study. (B) Summary of the rate constants derived from the
data in Figure 4B. (C) Observed rate constants of SRP-FtsY complex formation
(k obsd = k on [ FtsY ] + k o f f ) were determined for the wild type and mutant SRP
RNAs using fluorescence assays. Linear fits of the data gave complex formation rate constants (kon) of 4.58×104, 3.90×104, 3.48×104, 2.88×104, 3.74×104,
1.22×104, and 1.51×103 M−1 s−1 for wild type SRP RNA and for the 100mer,
92mer, 82mer, 68mer, 56mer, and 43mer RNAs, respectively. (D) Stimulated
GTPase activity between SRP and FtsY with mutations in SRP RNA C86. The
data were fit to the Michaelis-Menten equation, and the relative values of kcat are
summarized in Figure 4E.
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Figure S8: Conformation of the prokaryotic and eukaryotic SRP:SR structure on
the ribosome. (A) The SRP receptor complex in the cargo release conformation
modeled on the ribosome is compared to the cartoon representation of the eukaryotic RNC:SRP:SR complex reconstruction (18, 19). (B) SRP54 M-domain is colored
blue (54-M) the 7S RNA S-domain in gray, signal peptide as red, SRP19 (19) in
light blue. Additional density observed in the distal region of the 7S SRP RNA
may originate from the repositioned heterodimeric NG domains rather than the
SRP receptor alpha and beta as suggested (18). The distance between tetraloop
and C84 for SRP:SR and the tetraloop of Helix 8 and the 5’,3’-distal portion oh
Helix 5 of the 7S RNA are the same and indicated in the figure.
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The determination of the structural basis of FtsY recruitment and GTPase activation by SRP RNA is the result of work by me, Dr. Felix VoigtsHoffmann (FVH), Dr. Sandro Ataide (SA), Kuang Shen (KS) and
Prof. Shu-ou Shan (SSO) and Prof. Nenad Ban (NB).
In the aftermath of our previous publication SA and me started the
project and designed as well as purified distal site RNA constructs. SA
purified proteins for crystallization and set up the crystallization. SA,
FVH and me processed the diffraction data and refined the structure.
Since I was also involved in another research project, FVH built the final
model with my input and advice. FVH and me equally contributed to
the analysis of the structural biochemical data and designed biochemical
experiments. I conducted binding assays with various nucleotide analogues and cloned, purified and characterized amino acid substituted
Ffh (E277A/Q/W).
The characterization of the GTPase activity of amino acid substituted
and wt SRP and as well as investigation of the protein translocation
efficiency were conducted in the laboratory of SSO by KS. KS also contributed biochemical data for base substituted RNA constructs.
The manuscript was written in equal parts by FVH and me with contributions from NB, SA, KS and SSO. I was in charge of depositing the
structure to the PDB and edited the paper during the reviewing process. The manuscript was published in Molecular Cell in December 2013
(Voigts-Hoffmann et al., 2013).
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Summary
The universally conserved Signal Recognition Particle (SRP) system mediates the targeting of membrane proteins to the translocon in a multistep process controlled by GTP hydrolysis. Here we present the 2.6Å
crystal structure of the GTPase domains of the E. coli SRP protein (Ffh)
and its receptor (FtsY) in complex with the tetraloop and the distal region
of SRP-RNA, trapped in the activated state in presence of GDP:AlF4 . The
structure reveals the atomic details of FtsY recruitment and, together
with biochemical experiments, pinpoints G83 as the key RNA residue
that stimulates GTP hydrolysis. Insertion of G83 into the FtsY active
site orients a single glutamate residue provided by Ffh (E277) triggering GTP hydrolysis and complex disassembly at the end of the targeting
cycle. The complete conservation of the key residues of the SRP-RNA
and the SRP protein implies that the suggested chemical mechanism of
GTPase activation is applicable across all kingdoms.
Introduction
The Signal Recognition Particle (SRP) is a universally conserved component of the cellular protein targeting machinery. It binds to ribosome
nascent chain complexes (RNCs) that expose a SRP signal sequence and
delivers them to the target membrane via interactions with the SRP receptor. The RNC is then transferred to the translocon, which mediates
the co-translational transport of the emerging polypeptide across the
lipid bilayer and also guides the insertion and folding of membrane proteins (Doudna and Batey, 2004; Egea et al., 2005; Saraogi et al., 2011,
Akopian et al., 2013a).
In bacteria, SRP consists of the ~50 kDa signal recognition particle protein Ffh and a 4.5S SRP RNA. The methionine-rich M-domain of Ffh interacts with SRP RNA and the signal sequence (Zopf et al., 1990; Keenan
et al., 1998; Batey et al., 2000). The NG domain has a Ras-like guanosine
triphosphatase (GTPase) fold with an SRP-specific insertion (insertion
box domain, IBD) and an N-terminal helical bundle that mediates interactions with the ribosome (Freymann et al., 1997; Halic et al., 2004;
Schaffitzel et al., 2006) (Figure S1). In E. coli, the 100 nucleotide SRP
RNA forms an elongated, mostly helical hairpin structure with a GNRA
type tetraloop. The Ffh M-domain binding element is located close to
the tetraloop, while the distal binding site is located 100 Ångstrom (Å)
away from the tetraloop, towards the 50 -30 end of the hairpin (Ataide et
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al., 2011).The prokaryotic SRP receptor (FtsY) is a single protein consisting of an NG domain homologous to Ffh (Montoya et al., 1997) and
an additional acidic domain (A domain) that interacts with the SecYEG
translocon (Weiche et al., 2008). Ffh and FtsY belong to the signal recognition, MinD, and BioD (SIMBI) class of GTPases and their GTPase activity is regulated by dimerization (Wittinghofer and Vetter, 2011). In
the heterodimer, both polypeptides contribute nearly identical residues
to a composite active site that binds two guanosine triphosphate (GTP)
nucleotides (Egea et al., 2004; Focia et al., 2004).
The SRP RNA serves as a platform for the association of Ffh and
FtsY in the membrane targeting process and is also required for efficient
GTPase activation (Peluso et al., 2000; 2001; Zhang et al., 2008). Ffh
mediates initial interactions between SRP and the RNC: The M-domain
recognizes the emerging signal sequence and the NG domain contacts
ribosomal protein L23 on the opposite side of the exit tunnel (Gu et al.,
2003; Halic et al., 2004; Schaffitzel et al., 2006). The targeting process
begins with the formation of an early complex stabilized by an interaction
between FtsY and the tetraloop (Zhang et al., 2007; Shen and Shan, 2010).
Subsequent formation of the closed complex involves the GTP-mediated
dimerization of FtsY and Ffh via their NG-domains (Egea et al., 2004;
Focia et al., 2004; Zhang et al., 2008). The GTP-bound NG-domain heterodimer then undergoes a large-scale repositioning to the distal region
of the SRP RNA, which is facilitated by a helical linker between the
RNA-bound M-domain and the NG domain of Ffh (Ataide et al., 2011).
This SRP remodeling is required for efficient GTPase activation, which
leads to the dissociation of the complex and handover of the cargo (the
ribosome nascent chain complex) to the translocon (Jagath et al., 2001;
Siu et al., 2007; Estrozi et al., 2011).
While structural and biochemical evidence shows that both tetraloop
(Jagath et al., 2001; Egea et al., 2004; Focia et al., 2004; Siu et al., 2007;
Estrozi et al., 2011) and distal interactions (Ataide et al., 2011; Shen et
al., 2012) with the SRP RNA are required for the efficient formation
of an Ffh:FtsY complex, GTP hydrolysis and protein translocation, the
lack of high resolution models has so far limited our understanding of
the SRP RNA in the targeting process. We have determined the 2.6 Å
crystal structure of two Ffh:FtsY NG domain heterodimers, bound to
the tetraloop and the distal region of SRP RNA in presence of guanosine diphosphate (GDP) and aluminium tetrafluoride (AlF4 ), a mimic
of the GTP hydrolysis transition state (Wittinghofer, 1997). In combination with the biochemical evidence presented herein, the complex re-
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veals the structural basis for the regulation of the SRP pathway at several stages, including the recruitment of FtsY and the RNA-mediated
GTPase-activation upon SRP remodelling.
Results
GDP-aluminum fluoride stabilizes the interaction between the Ffh and FtsY
NG heterodimer and SRP RNA
Binding of transition state analogs such as GDP-AlFx to GTPases increases the affinity for their cognate GTPase activating proteins (GAPs)
and therefore promotes the formation of a hydrolysis competent complex (Gasper et al., 2009). Since it was established that the RNA is directly responsible for GTPase activation in the SRP system (Ataide et al.,
2011) we decided to test whether the presence of AlFx enhances binding
of the Ffh and FtsY NG domain heterodimer to SRP RNA. Dimerization
of Ffh:FtsY NG-domains in the presence of either of GMPPCP or GDP
AlFx was confirmed by analytical size exclusion chromatography. Then,
a constant amount of a shortened SRP RNA construct (described in detail below) was incubated with increasing concentrations (1:1 to 1:10 fold
molar ratio) of proteins in the presence of either nucleotide analogue. In
presence of GDP-AlFx , but not GMPPCP, the RNA elution volume shifts,
indicating the formation of a larger complex (Figure 1, S2). Hence, the
affinity of the NG heterodimer for the RNA is increased in presence of
the transition state mimic, relative to the ground state analogue. Based
on the RNA concentration of 5 µM and the dilution effect on the SEC column, we estimate the dissociation constant of the NG-heterodimer:RNA
complex in the presence of GDP:AlFx in the order of 0.5 µM to 1 µM.
Overview of the crystal structure
In order to obtain further insights into the mechanism of receptor recruitment and GTPase activation by the SRP RNA we co-crystallized the NG
domains of FtsY and Ffh with GDP:AlFX and shortened SRP RNA (also
used in the gel filtration experiments above). To facilitate crystallization,
the RNA construct was truncated to the tetraloop and the distal region
identified previously as responsible for the binding of the NG heterodimer and GTPase activation by structural and biochemical experiments
(Ataide et al., 2011; Shen et al., 2012) (Figure 2) .
Based on our current understanding of complexes involved in SRP
targeting (Akopian et al., 2013a) omitting the M-domain and the RNA
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Figure 1: Analytical size exclusion chromatography of NG-heterodimer-RNA
complexes. a) Activated complex with transition state analogue GDP:AlF4 bound.
Tenfold molar excess of protein complex over RNA (50 µM:5 µM) shows full complex formation as seen by a thorough shift of the RNA elution volume. b) In
contrast, no shift in the RNA or NG-dimer elution volumes is observed if the protein complex is formed with the non-hydrolyzable preactivation state GTP analog
GMPPCP. Traces for both proteins and the complex without RNA are shown in
figure S2.

region it interacts with is unlikely to perturb physiological interactions
between the SRP RNA and the NG domains of Ffh and FtsY. Crystals
diffracted to 2.6 Å and the structure was solved by molecular replacement (Table 1). Coordinates and structure factors have been deposited
in the Protein Data Bank (accession code 4c7o). The asymmetric unit consists of a single SRP RNA molecule that interacts simultaneously with
two Ffh:FtsY NG-domain heterodimers. One is bound to the tetraloop,
and the second interacts with the distal region of the SRP RNA (Ataide
et al., 2011). Two GDP-AlFx complexes are bound in a head-to tail orientation at each NG-domain interface, and a flipped-out RNA base (corresponding to base G83 of full length E. coli SRP RNA) projects into
the NG-domain interface, pointing toward the FtsY-bound AlF4 moiety,
while the G83 binding site of the tetraloop-bound heterodimer is occupied by a free nucleotide from the crystallization buffer.
The structure captures a snapshot of two distinct stages of the SRP cycle: (1) The closed GTPase heterodimer that is formed after cargo recognition, just before it detaches from the tetraloop, and (2) the activated state
of GTP hydrolysis that occurs after the heterodimer has re-localized to
the distal region of the SRP RNA (Ataide et al., 2011; Zheng et al., 2011;
Shen et al., 2012) (Figure 2).
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Figure 2: Crystal structure of Ffh:FtsY NG heterodimers bound to truncated
SRP RNA in distal and tetraloop positions. a) SRP RNA is shown as orange
spheres and the GTPase-activating flipped out G83 is highlighted in red. The
SRP receptor (SR or FtsY) is shown in green and the Ffh in blue. Two GDPAlF4 complexes bound at each dimer interface are shown as sticks, coloured by
atom. Details of the structural elements of the GTPases are shown in Figure S1.
b) Schematic representation of the structural rearrangements during substrate
recognition and GTPase activation. (top) Initial interactions between SRP and the
ribosome are mediated mainly via the N-domain of Ffh and protein L23. FtsY
transiently associates with the tetraloop (orange) in a GTP-independent fashion,
before a tight heterodimer between the homologous NG domains of FtsY and Ffh
is formed upon binding of two GTP molecules (middle). The flexible linker tethering M-domain and NG domain of Ffh allows the relocation of the heterodimer
to the distal binding site (orange) on the SRP RNA, where a flipped-out base stimulates GTPase activity (bottom). c) Secondary structure diagrams of E. coli SRP
RNA and the shortened construct employed in this study. The regions present
in the shortened construct are highlighted in orange. Tetraloop, distal docking site
and GTPase activating site are shaded in grey. The GTPase-activating G83, which
is rotated out of the stack of the helix is highlighted in red.
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The tetraloop is recognized by FtsY helix 2 and Insertion Box Domain (IBD)
helix B
The interaction between the tetraloop and FtsY –although transient in
nature (Shen and Shan, 2010; Estrozi et al., 2011)– is crucial for successful
complex formation and targeting in vivo and in vitro (Peluso et al., 2000;
Siu et al., 2007). The presence of the SRP RNA accelerates the formation
of the GTPase heterodimer (Peluso et al., 2000; 2001; Siu et al., 2007;
Zhang et al., 2008; Gasper et al., 2009) via the tetraloop. As proposed
earlier (Peluso et al., 2000; Zhang et al., 2008) the SRP RNA acts as an
initial attachment point that increases the local concentration of FtsY
and orients it in the correct orientation to form an early complex with Ffh
(Zhang et al., 2008; Estrozi et al., 2011). Upon GTP binding, the NG
heterodimer rearranges into the closed, tightly associated state observed
in the crystal structure (Egea et al., 2004; Focia et al., 2004).
The presented crystal structure reveals the atomic details of the SRP
RNA-FtsY interaction at the tetraloop, which are in agreement with the
contacts observed for the early complex visualized by electron microscopy (Estrozi et al., 2011). The contacts involve three clusters of universally
conserved residues (Figure 3, S3); First, a highly basic patch on FtsY helix 2 (Shen and Shan, 2010) forms salt bridges with the tetraloop backbone
via residues K399, R402 and to a lesser extent K406. Biochemical experiments demonstrated that these residues are critical for complex formation (Egea et al., 2004; Shan et al., 2004; Shen and Shan, 2010) and also
play a role in binding to the SRP RNA on the distal site (see below and
Figure S6). The second recognition patch forms aromatic interactions
with bases two to four of the tetraloop and consists of the hydrophobic
residues L407 and phenylalanine F365 of helix 2 and IBD helix B, respectively. The hydrogen-bonding pattern between D366 (IBD helix B) and
the exocyclic amine of the second base in the tetraloop motif is specific for
a guanosine in this position. The exocyclic amine of the second tetraloop
base also hydrogen bonds to the backbone carbonyl oxygen of the preceding S362. RNA sequence-independent hydrogen bond interactions
occur between IBD helix B D359 and the ribose of the second tetraloop
residue.
These interactions with the SRP tetraloop optimally position FtsY for
formation of the closed complex with the NG domains of the Ffh. Due
to steric effects the closed complex detaches from the SRP RNA tetraloop
in the context of the ribosome (Halic et al., 2006b), as discussed below.
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Figure 3: Detailed view of the tetraloop FtsY interaction. a) FtsY helix 2 contributes mainly electrostatic interaction with the backbone of the SRP RNA while
residues in IBD helix B (Phenylalanine 365 as well as Aspartate 366 and 359) form
specific interactions mainly with the base on top of the RNA stack in position to
of the GNRA type tetraloop. b) Electron density at the contact area exemplifies
quality of the electron density maps in well-ordered regions. The 2mFo -dFc electron density map shown as grey mesh is countered at 1.5 σ. See also S3, S4, S5
and S6

Two conserved sites provide an interface for FtsY at the distal region of the SRP
RNA
The interaction between FtsY and the SRP RNA at the distal region was
first described in the structure of E. coli FtsY and Ffh in complex with
D. radiodurans SRP RNA, determined at 3.94 Å resolution (PDB identifier 2XXA) in presence of the non-hydrolysable GTP analog GMPPCP
(Ataide et al., 2011). The binding interface can be subdivided into two
sites, the docking site and the GTPase activation site, which are separated
by one helical turn of the SRP RNA (Figure 2c). Both sites of the RNA
are highly conserved among bacteria and across all kingdoms of life
(Figure 2, S4).
The interactions at the SRP RNA docking site are mediated by helix B
and the preceding loop of the FtsY insertion box domain (IBD) and the
minor groove of the RNA helix (Figure 2a, Figure S1). Within experimental accuracy, these interactions are equivalent to the previous structure
(Figure 4).
However, the RNA backbone in the current structure is partially untwisted and G83 is inserted into the cleft between the G-domains of FtsY
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Figure 4: Overview of the
distal interaction site. a)
Base G83 is sandwiched between the GTPase domains.
RNA is almost exclusively
bound by FtsY (buried surface area FtsY:RNA ~1000Å2
Ffh:RNA ~90Å2 ). See also
Figures S3 and 4.
bc)detailed view of the distal
interaction site as found in
2xxa (b) and 4c7o (c). The
SRP RNA is mainly interacting with FtsY IBD elements
(helix B and to a lesser extent
strand B). While the binding of the distal docking site
nearly identical between the
GMPPCP- bound complex
shown in b) and the structure determined with bound
transition state mimic shown
in panel c), dramatic differences in the configuration of
the GTPase activating site are
found: An unwinding of approximately 100 degrees of
the distal RNA brings the
catalytic base (G83) close to
the active site. This RNA
conformation also orients the
bulge region around bases
C86 and C87 in the proximity
of the secondary nucleotidebinding site of FtsY allowing C87 to bind into the
pocket formed by residues
K406, F365 and E396.
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and Ffh. Another flipped-out base, C87, occupies a secondary binding
site on the surface of FtsY, where it interacts specifically with K406. The
untwisted region of the RNA backbone is stabilized by interactions of
K399 and R402 with the phosphate groups. In the previous structure,
C87 is base-paired to G22 and C86 is flipped out (E. coli numbering), occupying the binding site between the two proteins (Ataide et al., 2011).
Inspection of the secondary structure diagram of the SRP RNA in this
region (Figure 2c) reveals that both conformations may exist at equilibrium.
Interestingly, the same residues of FtsY that mediate tetraloop binding
also contribute to the distal interaction and engage in very similar interactions at the two sites. For example, the hydrogen-bonding pattern between D366 and the unpaired exocyclic amine of G12 echoes the specific
recognition at the top of the tetraloop base stack. Moreover, salt bridges
to the RNA backbone are mediated at both sites by helix 2 residues R402
and K406 (Figure 3a, Figure 4c). With the exception of the interaction between D366 and the highly conserved G12 (Figure S4), binding of FtsY
to the SRP RNA relies on the general electrostatic features (Figure S5)
of an RNA helix rather than sequence specific contacts. Mutations in
the basic patch residues K399, K402 or K406 (Figure 3 and Figure 4) involved in RNA interactions at the tetraloop and at the distal docking site
of the SRP RNA affect both: initial complex formation and the observed
GTPase rate. (Figure S6).
The distal region is critical for the stimulation of GTPase activity
Since we now have structural evidence that the RNA may exist in two
conformations with either C86 or C87 flipped out of the helix and both
C86 (Ataide et al., 2011) and G83 (presented here) have been observed
inserted into the GTPase active site in the GMPPCP and GDP-AlF4 complexes, respectively (Figure 4 and Figure 5a,b), either of these may be
implicated in GTPase activation. To explore the functional roles of C86,
C87 and G83, we assayed the ability of various SRP RNA mutants to
stimulate GTP hydrolysis and translocation.
Deletion as well as any base-substitution of G83 has a deleterious effect on the GTPase activity reducing it to levels observed in absence
of RNA (Figure 5c). This demonstrates that not only the presence but
also the identity of the base at position 83 is critical for the ability of
the SRP RNA to stimulate GTP hydrolysis. The mutations also have a
pronounced effect on translocation efficiency, which is strongly reduced
compared to wild type RNA (Figure S6). Further reduction of transloca-
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Figure 5: Schematic representation of GTPase dimer RNA binding modes. a)
non-activated and b) the activated SRP-FtsY complex. In the activated complex
presented here, the RNA is slightly untwisted, and as a result, G83 is inserted into
the active site, rather than C86, as observed previously, while the interaction at
the distal docking site is virtually identical. c) Biochemical characterization demonstrates that the presence and identitiy of G83 is crucial for GTPase activation and
also for translocation (see Figure S6). d) C86 A or U substitutions strongly reduce
GTPase activation, consistent with the observation that a flipped out base at this
position impedes access to G83 (Figure 2,3). e) In contrast to C86 A or U substitutions, C87A and G substitutions increase GTPase activation. A flipped out base
at position 87 leaves G22 available for basepairing to C86 and therefore improves
accessibility of G83. f) Deletion of either C86 or C87 results in a modest reduction
of GTPase rate, in agreement with the loss of interaction surface area (Figure 2c)
that weakens the interaction between RNA and FtsY. g) Substitution of C86 with
a guanosine only reduces GTPase activation moderately, compared to the C86 A
or U substitution panel (d). The C86G substitution rescues GTPase activation by
SRP RNA with a G83 substitution (panel c), thus indicting that a flipped-out G86
may insert into the active site to stimulate GTP hydrolysis. Data represent mean
±SD (c-f: n = 3, g: n = 2)
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tion activity is observed in absence of RNA (Shen et al., 2012), consistent
with additional roles of the RNA in in the targeting reaction such as
accelerating SRP-FtsY assembly via the tetraloop.
Base-substitutions of C86 and C87 have opposed effects on GTPase
rate: While C87A increases GTPase stimulation, C86A reduces observed
rates to those observed in absence of RNA (Figure 5d,e) (Ataide et al.,
2011). Neither of the C86 or C87 substitutions have an appreciable effect on translocation efficiency (Figure S6). Deletions of C86, as demonstrated previously (Ataide et al., 2011), or C87 also reduce the ability to
stimulate GTPase activity. However, the reduction is not as pronounced,
resulting in a 50% lower GTPase rate compared to wild type (Figure 5f).
The existing structural data are consistent with biochemical observations and can be rationalized with the following model (Figure 5a,b):
According to the secondary structure diagram (Figure 2c), either C86 or
C87 may base pair to G22, as observed in this structure and the previous one(Ataide et al., 2011)(Figure 4b,c). If the flipped-out C is deleted,
several interactions with FtsY are lost, which may affect binding affinity. Moreover, a flipped-out base at position 86 sterically impedes access
to the GTPase-activating G83 (Figure 4b). Therefore, a substitution that
shifts the equilibrium towards a flipped out base at position 87 improves
access to G83, and a substitution that shifts the equilibrium towards a
flipped out base at position 86 impedes access (Figure 5d,e). This model
not only explains the inhibitory effect of the C86 substitutions, but also
the stimulatory effect observed for C87 substitutions. Notably, mutation of C86 to G results in only a two-fold reduction in GTPase rate.
In addition, double mutations show that the deleterious effects of G83
substitution or deletion on GTPase activation can be compensated by
a C86G substitution (Figure 5g). Taken together, these results indicate
that a structural state with base 86 inserted into the active site exists in
solution, but activation only occurs if the inserted base is a guanosine.
Insertion of G83 rearranges conserved active site residues and water molecules
Compared to the apo-form of FtsY (PDB 1FTS) and the GDP-bound
form of Ffh (PDB 1JPJ), both proteins undergo concerted rearrangements
during hetero-dimerization in the presence of non-hydrolysable GTP
analogs (PDB 1OKK, 1RJ9) (Egea et al., 2004; Focia et al., 2004). A
rigid-body shift of the N domain relative to the conserved core of the
G-domain is accompanied by rearrangements of the conserved GTPase
sequence motifs G1-G5 (Figure S1) to form an almost symmetrical binding site for two nucleotides at the subunit interface. The 3 p rime OH
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groups of the FtsY and Ffh-bound nucleotides, which are essential for
association and GTP hydrolysis in trans donate a hydrogen bond to the γphosphate of the opposite nucleotide (Egea et al., 2004; Focia et al., 2004).
Large rearrangements occur in the G2/switch 1 (SW1) and G3/switch 2
(SW2) regions of both proteins as well as the G4 and G5 regions of FtsY,
relative to the nucleotide-free state (Freymann et al., 1997; Montoya et
al., 1997; Egea et al., 2004; Focia et al., 2004). These rearrangements
bring several conserved sidechains into the active site: Arginines R141
and R333 of the Ffh- and FtsY G2 regions hydrogen-bond to the α- and
γ-phosphate groups. The arrangement of the arginine residues is asymmetric, as they coordinate a single water molecule (C) between the two
nucleotides. The G1 aspartate residues 138 and 330 are positioned by hydrogen bonds to a water molecule in the coordination shell of the magnesium ion and a second water molecule (N) close to the γ-phosphate,
that is thought to act as a nucleophile in GTP hydrolysis (Egea et al.,
2004; Focia et al., 2004) (Figure 6a).
In contrast to the large conformational changes during dimerization,
the structure of the RNA-bound GTPase heterodimer in complex with
RNA and the transition-state analog GDP-AlF4 does not reveal additional large scale rearrangements (Figure 6b). Nevertheless, the small
differences between the structure determined here and the structures of
the NG heterodimer in presence of the ground state analogs GMPPCP
(PDB 1RJ9, 1OKK) provide important clues to the mechanism of RNAmediated GTPase activation (Egea et al., 2004; Focia et al., 2004). The
active site region of the structure presented here - including the flippedout base, ligands and water molecules - is well defined, with temperature factors significantly below the average of the structure, also for the
observed solvent molecules (Table 1). The flipped-out RNA base G83
reaches into a binding pocket formed predominantly by residues of FtsY
in the vicinity of the γ-phosphate (mimic) of the FtsY-bound nucleotide.
G83 is stacked between FtsY F332 (G2/SW1 motif) and L393 (helix 1).
The 20 hydroxyl group of G83 is within hydrogen bonding distance of
FtsY E396, which is in turn positioned by R386 of the FtsY G3 region,
and the 50 phosphate of G83 accepts a hydrogen bond from K278 of Ffh.
In addition to these stacking- and backbone interactions, G83 forms a
Watson-Crick-like hydrogen bond pattern with residues from FtsY and
Ffh that is specific for the guanine base: The exocyclic N2 amine donates
a hydrogen bond to the backbone carbonyl of FtsY G385 (G3/SW2 motif), the cyclic N1 amine donates a hydrogen bond to the carboxyl group
of E277 in the Ffh G5 motif (closing loop) and the O6 carbonyl group of
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Figure 6: Active site comparison and conservation levels of SRP. a) Closeup of
the active site in the GMPPCP bound form (PDB 1RJ9). Glutamate 277 in the
closing loop points away from the active chamber. The closing loop of Ffh is
shown as a dark blue cartoon, and the P-loop (G1), SW1 (G2) and SW2 ( G3) regions of FtsY are show as a green cartoon (see also S1 and S5). The nucleophilic
(N) and auxiliary (A) water molecules implicated in GTP hydrolysis (Focia et al.,
2006) are highlighted in red. Dashed lines represent hydrogen bonds. b) RNA
bound complex with GDP:AlF4 . The flipped out base G83 of the SRP RNA makes
specific contacts with FtsY and Ffh residues, organizing a network of hydrogen
bonds that finally activates the nucleophilic water (N) for hydrolysis of the FtsY
bound GTP. c) Sequence alignment of bacterial SRP RNAs. Conservation is indicated by color intensity, based on an alignment of more bacterial sequences
(Figure S4). G83 (E. coli numbering) and several other residues on both strands
of the GTPase-activating region are highly conserved. Significant conservation is
also observed for residues of the distal binding site. d) Alignment of bacterial Ffh
sequences. The universally conserved E277 (E. coli gene numbering) is indicated
by (*) and has 100% sequence identity, also across sequences from different kingdoms (full alignment in figure S3b) e) Effects of Ffh E277 mutations on stimulated
GTP hydrolysis by SRP. E277A and E277W substitutions reduce GTPase rate below levels observed in absence of the activating G83, and even the conservative
E277Q mutation reduces GTPase rate approximately fivefold. The difference in
activity observed in presence of full length (grey bars) or truncated SRP RNA
(Ataide et al., 2011) lacking the distal binding site (green bars) shows that the Ffh
mutants cannot be effectively stimulated by SRP RNA. Shortened RNA is assayed
once; data for wt RNA represent the mean of two experiments ±SD.
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G83 interacts with the main chain amine of Ffh E277 via a bridging water
molecule. Thus, the insertion of the flipped-out base may stabilize a catalytically active conformation of the FtsY active site motifs G2 and G3, as
well as the Ffh G5 motif. In the light of the specificity of the interaction,
it is not surprising that G83 is completely conserved in bacterial SRP
RNA sequences (Figure 6c). Moreover, a conserved, unpaired guanine
can be identified at the corresponding position of archaeal or eukaryotic
SRP RNA sequences (Andersen et al., 2006; Hainzl et al., 2007) (Figure
S4).
Compared to the GMPPCP bound state (Figure 6a), the sidechain of
Ffh E277 is positioned by hydrogen bonds to G83 and the 30 hydroxyl
group of the Ffh-bound nucleotide to interact with the auxiliary (A)
water molecule in the activated state (Figure 6b). The auxiliary water
in turn hydrogen bonds to the nucleophilic water (N) and the water
molecules concertedly move closer to the γ-phosphate position occupied
by the AlF4 (Figure 6a,b). As a result, the auxiliary water molecule is exposed to the carboxyl groups of the E277 side chain and the backbone
carbonyl of FtsY G385 (G3/SW2 motif). To investigate the role of this
residue in propagating the signal from the bound RNA to trigger GTP
hydrolysis we have introduced mutations at this position and measured
the rates of RNA-stimulated GTP hydrolysis (Figure 6d,e). The E277A
and E277W mutations reduce relative GTPase rate below levels observed
in absence of G83, and even the conservative E277Q mutation leads to a
fivefold reduction. An essential role of E277 is consistent with the observation that E277 is highly conserved in bacteria (Figure 6d) and across
kingdoms (Figure S3b). These results suggest that the insertion of G83
positions E277 of Ffh to polarize the auxiliary water molecule (A) allowing it to partially accept a proton from the nucleophilic water, therefore
activating it for attack on the γ-phosphate of the FtsY-bound nucleotide
(Figure 6b).
Since the interaction with the flipped-out base of the SRP RNA occurs
specifically on one side of the GTPase heterodimer (Figure S5), GTP
hydrolysis is likely to begin with the FtsY bound nucleotide. This is
supported by the observation that the chemical environment of the auxiliary water molecule near the Ffh bound nucleotide is significantly less
polarizing (Figure S5e,f). Moreover, the asymmetrically positioned central water molecule (Egea et al., 2004; Focia et al., 2004) links the α- and
γ-phosphates of the FtsY-bound nucleotide to FtsY R333 and Ffh R141.
This may stabilize the build-up of negative charges during GTP hydrol-
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ysis and also provides a possible route for coupling of GTP hydrolysis
at the two sites (Powers and Walter, 1995, Shan et al. 2004).
Discussion
Membrane protein targeting by SRP requires the spatial and temporal
coordination of several events (Figure 7b): Initially, SRP binds to the ribosome near the exit tunnel via interactions of the Ffh NG domain with
ribosomal protein L23 (Gu et al., 2003) and the Ffh M-domain recognizes
the emerging signal sequence (Zopf et al., 1990; Schaffitzel et al., 2006;
Halic et al., 2006a). Upon signal sequence binding the SRP molecule
adopts a discrete orientation (Estrozi et al., 2011), in which the tetraloop
of the RNA binds the FtsY and orients it for GTP-dependent association
with Ffh, which recruits the RNC to the membrane (Batey et al., 2000;
Peluso et al., 2000; Bradshaw et al., 2009). Next, the Ffh and FtsY NG
domain complex is detached from the tunnel exit and the tetraloop (Halic
et al., 2006b) freeing up the L23 region of the ribosome for binding of
the translocon (Schaffitzel et al., 2006; Halic et al., 2006a; 2006b). Translocon binding enables repositioning of the NG heterodimer to the distal
region of the SRP RNA where GTP hydrolysis is triggered, leading to
the disassembly of the Ffh:FtsY complex (Ataide et al., 2011; Shen et al.,
2012).
Although we have an increasingly accurate mechanistic understanding of this process, several important questions remain; i) How does the
SRP RNA position FtsY to accelerate the association with Ffh? ii) Why
does the closed complex dissociate from the tetraloop? iii) How does the
RNA stimulate GTPase activity? iv) How is RNA-mediated GTP hydrolysis delayed until the RNC has been transferred to the translocon?
Interactions with the SRP RNA tetraloop position FtsY for binding to Ffh
Biochemical data and cryo-EM show that the Ffh:FtsY complex initially
assembles on the tetraloop of the SRP RNA and departs from it upon formation of a tight GTP activated heterodimer. However, in the absence
of the ribosome the activated complex visualized in this study has maintained interactions with the tetraloop. Several lines of evidence suggest
that the observed contacts are representative for the initial interactions
between FtsY and the tetraloop, which occur during RNC recruitment
to the membrane; i) very similar interactions have been observed for
the early complex between FtsY and Ffh visualized on the translating
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Figure 7: a) Schematic representation of GTPase activation and b) steric regulation in the SRP cycle. a)Insertion of G83 reorients Glu 277 of Ffh and repositions
active site water molecules. The auxiliary water molecule (A) is polarized by interactions with several carboxyl and carbonyl groups in its environment and may
therefore partially accept a proton from the nucleophilic water molecule (N) activating it for attack on the γ-phosphate. The central water molecule (C) bridges
the α- and γ-phosphates of the FtsY-bound nucleotide and stabilizes the negative
charges. b) (1) SRP recognizes the signal sequence on the nascent peptide chain
emerging from the RNC via the M-domain of Ffh. (2) FtsY binds to the SRP RNA
tetraloop and is oriented for interaction with Ffh. The formation of the closed,
GTP-bound complex supports the detachment of the NG heterodimer from the
tetraloop, see also S7 (3) However, access to the distal site is blocked in absence of
SecYEG (Ataide et al., 2011, Shen et al., 2012)., (4) Binding of SecYEG may induce
a rotation of the SRP RNA that facilitates SRP remodeling and insertion of the
catalytic G83 into the active site of FtsY.
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ribosome by cryo-electron microscopy (Estrozi et al., 2011), ii) these interactions are consistent with mutational and biochemical studies (Egea
et al., 2004; Spanggord et al., 2005; Zhang et al., 2008) which identified
regions of FtsY responsible for the tetraloop binding, iii) the tetraloop interaction site (helix 2, IBD helix B) is spatially separated from the active site
and does not change in response to nucleotide binding and dimerization
(Montoya et al., 1997; Egea et al., 2004) (PDBs 1FTS, 1RJ9). Therefore, we
reason that the interaction of FtsY with the tetraloop is independent of
the functional state of the GTPase heterodimer.
To obtain further insights into the mechanism of NG heterodimer detachment from the tetraloop, our high-resolution structure can be combined with information from previous cryo-EM studies. Superimposing
the crystal structure to the ribosome bound SRP RNA (Schaffitzel et al.,
2006; Halic et al., 2006a) reveals that formation of the tetraloop bound
closed complex would lead to clashes of the Ffh N-domain with the
ribosomal surface (Figure S7). Therefore, the GTP-dependent dimerization supports the dissociation from the tetraloop in the ribosomal context.
This agrees with the reduced affinity of the closed complex for the ribosome (Shan et al., 2007; Zhang et al., 2009) and the detachment of the
Ffh NG domain upon receptor binding (Halic et al., 2006b). In agreement with the transient character of the tetraloop:FtsY interaction (Shen
and Shan, 2010) in the SRP targeting cycle the interaction surface between FtsY and the tetraloop is small (~270 Å2 ) compared to the distal site
(~1000 Å2 ) or the M-domain RNA binding site (~680 Å2 ).
Insertion of SRP RNA G83 into the active site of FtsY triggers GTP hydrolysis
In this work we visualized the activated complex of the GTPase heterodimer bound to the distal region of the SRP RNA (Figure 2). The
complex is stabilized by the presence of GDP-AlF4 in the active site,
which mimics the transition state of GTP hydrolysis and significantly
increases the affinity of the NG heterodimer for the RNA. At 22.6 Å resolution, the structure allows us to characterize the distal docking site of
FtsY on the SRP RNA (Figure 4) and to deduce how the flipped out nucleotide rearranges the active site to stimulate GTP hydrolysis (Figure
5,6). The flipped out base of G83 inserts on one side of the NG heterodimer into a binding pocket on FtsY and contacts the G2 and G3 motifs
of the FtsY active site, close to the γ-phosphate mimic of FtsY bound
GTP. Although most interactions involve FtsY residues, G83 also reorients the completely conserved E277 (Figure 6, S3b) provided in trans
by Ffh to interact with the auxiliary water molecule. Consequently, the
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auxiliary water molecule is exposed to several carbonyl- and carboxyl
groups. This suggests a chemical mechanism in which the auxiliary water molecule partially accepts a proton from the nucleophilic water and
consequently activates it for nucleophilic attack on the γ-phosphate of
the FtsY-bound nucleotide (Figure 6, Figure 7a). A catalytic mechanism
involving a second water molecule has recently been proposed for the
related Ras GTPase: Ras residue Q61 occupies a position close to the
reoriented Ffh E277 sidechain and has been implicated in the stabilization OH− and H3 O+ ions generated in the reaction (Martin-Garcia and
Mendieta-Moreno, 2012). In agreement with such a mechanism, two water molecules are also observed in GTP bound Ras (PDB 1CTQ), and the
Ras Q61A mutation decreases GTPase activity, while the Q61E mutation
increases it (Martin-Garcia and Mendieta-Moreno, 2012).
The asymmetric interaction between the NG heterodimer and the SRP
RNA is reflected by the differences in the charge distribution on the
surface of the proteins and by sequence differences near the active site
(Figure S5). Moreover, the relative positions of the water molecules differ
between the two-nucleotide binding sites of the heterodimer. The chemical environment of the auxiliary water molecule at the Ffh-bound nucleotide is significantly less polarizing than at the FtsY-bound nucleotide,
indicating that although GTP hydrolysis is coupled (Powers and Walter,
1995), it may be triggered in an asymmetric manner, beginning with the
FtsY-bound nucleotide (Figure S5e,f, Figure 7a). As observed previously
(Focia et al., 2006), the central water molecule (C) bound at the interface
of the NG heterodimers, is positioned asymmetrically relative to the two
nucleotides. It bridges the α- and γ-phosphates of the FtsY-bound nucleotide but does not contact the Ffh-bound nucleotide. The position of
the central water relative to the FtsY-bound nucleotide mirrors the position of the Arginine Finger R789 in the complex of Ras with its GTPase
activating protein, GAP334 (PDB 1WQ1) (Scheffzek et al., 1997). The
central water is within hydrogen bonding distance of the two asymmetrically positioned arginine sidechains of FtsY (R333) and Ffh (R141), suggesting that it plays a similar role in the stabilization of negative charges
during GTP hydrolysis (Figure 6, Figure S5, Figure 7a).
The final stage of the SRP targeting process involves GTP hydrolysis
followed by the dissociation of the SRP:FtsY complex. To prevent premature release of the cargo, GTP hydrolysis must be delayed until the
signal sequence has been handed over to the translocon. Superposition
of the Ffh:FtsY heterodimer to the distal region of a ribosome-bound SRP
RNA (Halic et al., 2006a; Estrozi et al., 2011) reveals that the access to
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the GTPase site with the flipped out G83 is sterically precluded. This is
consistent with the observation that RNCs displaying signal sequence inhibit the binding of the GTPase dimer to the distal site as well as GTPase
activation. The inhibition can be overcome by the addition of the translocon (Shen et al., 2012, Akopian et al., 2013b). Therefore, binding of the
translocon to the SRP during signal sequence handover may induce a
rotation the SRP RNA that would allow the insertion of the flipped out
G83 base into the GTPase active site of the FtsY:Ffh complex, triggering
GTP hydrolysis and complex dissociation (Figure 7b).
Conclusions
The structural investigation combined with biochemical experiments reported in this study reveal the molecular basis of the SRP receptor recruitment to the tetraloop of the SRP RNA and the GTPase activation at
the distal site of the SRP RNA. Since the protein and RNA residues involved in the chemistry of GTPase activation are completely conserved,
the identified chemical mechanism is likely to apply to SRP targeting
across all kingdoms. Future work on this fascinating and complex system is likely to focus on the remaining mechanistic questions, in especially the role of the translocon during cargo handover.
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Experimental Procedures
Protein and RNA expression and purification
The shortened RNA construct was generated by PCR from wild type
SRP RNA from E. coli and refolded as described previously (Ataide et
al., 2011). His-tagged Ffh (residues 1-298) and FtsY (residues 196-498) for
crystallization and SEC binding assays were expressed in E. coli and purified essentially as described (Ataide et al., 2011). The Ffh:FtsY complex
was formed by incubation of equimolar amounts of the two proteins for
3 days at 4°C in complex formation buffer (50mM HEPES-KOH pH 7.5,
50mM NaCl, 2mM MgCl2 , 2mM TCEP) supplemented with 1mM GDP,
20mM NaF and 2mM AlCl3 . The complex was purified on a Mono-Q
column as described previously for the SRP:FtsY complex.
Full length Ffh for biochemical assays was produced as described and
E277A/W/Q mutations were introduced by PCR. The mutations were
confirmed by plasmid sequencing and protein mass spectrometry and
do not alter the elution properties in analytical SEC. Wild type SRP RNA,
and proteins for biochemical assays were expressed and purified as described (Peluso et al., 2001). Mutant SRP RNA was prepared by in vitro
transcription as previously described (Ataide et al., 2011).
Crystallization conditions and structure determination
Purified Ffh:FtsY NG heterodimers were combined with an equimolar
amount of refolded RNA. For crystallization, 1 µL of well solution containing 18% PEG 3350, 100mM Bis-Tris pH 7.2, 140 mM NH4 OAc and
10mM MgCl2 , was added to 1 µL of sample and crystals were grown by
vapor diffusion at 19°C in siting drops. Crystals were stabilized with
25% glycerol and flash-frozen in liquid nitrogen. Data were collected at
the Swiss Light Source, PSI, Villigen on the Beamline X06SA. Data reduction and scaling were performed using the XDS package (Kabsch, 2010).
The structure was solved by molecular replacement with a models of
the Ffh-FtsY NG heterodimer (PDB 2CNW) using PHASER (McCoy et
al., 2007). Iterative rebuilding of the model was performed in COOT
(Emsley et al., 2010) and ONO (Jones et al., 1991) with several rounds
of XYZ, individual ADP and TLS refinement in PHENIX (Adams et al.,
2002). TLS groups were defined automatically and updated manually.
NCS restraints were applied between chains A/C and B/D during refinement along with secondary structure restraints to limit distortions
at the more flexible periphery of the complex. Small thermal motions
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Crystallographic statistics
Wavelength (Å)
Resolution range (Å)
Space group
Unit cell
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
Refinement statistics
R-factor
R-free
Number of atoms
macromolecules
ligands
water
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran outliers (%)
Clashscore
Average B-factor
macromolecules
solvent

1.000
49.22 - 2.6 (2.693 - 2.6)
P 21 21 21
56.72 166.33 154.59 90 90 90
195365
45637 (4506)
4.28
99.32 (99.21)
13.38 (2.77)
61.98
0.1632 (0.2701)
0.2255 (0.3576)
10375
9709
164
501
1214
0.01
1.34
96
0.088
17.94
87.5
89.1
67.7

Table 1: Crystallographic data collection and refinement statistics. Values for the
highest-resolution shell are shown in parentheses.

3.2 publication ii

are observed for the GTPase centers and protein-RNA interfaces, while
the N-domains and the termini of the RNA display increased temperature factors. All crystallographic figures were generated with Pymol
(Schrödinger).
Analytical size exclusion chromatography
Purified Ffh and FtsY NG-domains were combined in equimolar amounts
(approx. 300 µM each) and incubated overnight with 1mM nucleotide
analogue (1mM GMPPCP or 1mM GDP, 2mM AlCl3 and 4.5mM NaF)
in complex formation buffer (50mM Hepes pH 7.5, 50mM NaCl, 1mM
TCEP). GDP:AlF4 bound NG-dimer RNA complexes form rapidly at
room temperature. All complexes were set up by incubating 5 µM refolded RNA (Ataide et al., 2011) with 2.5 µM to 50 µM NG-dimer 10-30
minutes prior to size exclusion chromatography. 50 µL of each complex
were injected onto a Superdex 200 3/150 (GE Healtcare) equilibrated in
NG-SEC buffer (50mM Hepes KOH pH 7.5, 150mM Potassium Acetate,
1mM TCEP and 25 µM of the corresponding nucleotide analogue).
GTPase activity
Measurements of the stimulated GTPase reaction between SRP and FtsY
were carried out as described before (Ataide et al., 2011). In general,
reactions containing 100 nM Ffh, 200 nM SRP RNA, and varying concentrations of FtsY were initiated by the addition of 100 µM GTP (doped
with γ-32 P-GTP). Reactions were then quenched by 0.75 M KH2 PO4 (pH
3.3) at different time points. The product (Pi ) was separated from unreacted GTP by thin layer chromatography (TLC) and quantified by autoradiography.
Translocation Assays
Efficiency of the co-translational protein targeting and translocation was
determined as described (Powers and Walter, 1997; Shan et al., 2007).
Reactions contained 10 µL in vitro translation mixtures synthesizing 35 Smethionine labeled preprolactin (pPL), to which 67nM Ffh, 333nM wildtype or mutant SRP RNA, 333nM FtsY, and 0.5 eq/µL of salt washed,
trypsin digested microsomal membrane was added to a total volume of
15 µL. Reactions were analyzed by SDS-PAGE followed by autoradiography.
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Alignments
Alignments were prepared using CLUSTAL W (Larkin et al., 2007) and
visualized using ALINE (Bond and Schüttelkopf, 2009).
Accesion numbers
The coordinates of the structure reported in this paper have been deposited in the Protein Data Bank under ID code 4c7o.
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Figure S1: Organization of structural elements of FtsY, related to figure 2. a) The
structure of FtsY shown as cartoon, with the G-domain core colored in green, the
insertion box domain (IBD) is colored in grey and the N-domain is colored in light
pink. The GDP and aluminum tetrafluoride ligand is shown as sticks colored by
element and the magnesium ion is shown as a green sphere. The P-loop/G1 is
colored in olive, the SW1/G2 region in red, the SW2/G3 region in purple, the
G4 region in light orange and the G5 region (closing loop) in yellow. The Gprotein nomenclature is adapted from (Wittinghofer and Vetter, 2011). b and c)
Secondary structure diagram of FtsY and Ras, using the same color scheme. The
insertion box domain (IBD) of the SRP GTPases replaces sheet 3 of the G-domain
found in Ras (PDB:5P21), resulting in an extension of the α-β repeat. In contrast
to Ras, sheets A, B and 3 are in a parallel orientation and the direction of the G1
motif is reversed. d) Tetraloop binding is mediated by the Insertion Box Domain
of FtsY. The NG heterodimer is shown as a cartoon and FtsY is colored as above.
The core of the Ffh G-domain is shown in blue, SRP RNA in orange. Tetraloop
bases shown as sticks and colored by element.
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Figure S2: Control experiments for the size exclusion chromatography of GTPase Dimer:RNA complexes, as shown in Figure 1. Analytical size exclusion chromatography of Ffh (blue), FtsY (green) and NG-heterodimer (red) (25 µM each).
The Ffh:FtsY NG heterodimer is stable in buffer containing either (a) GDP:AlF4
or (b) GMPPCP and elutes as a single, symmetric peak at lower elution volume
than the individual proteins.
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Figure S3: Color coded sequence alignment of bacterial FtsY proteins and
Ffh/SRP54 proteins across all kingdoms of life, related to figures 3, 4 and 6.
a) Alignment of Bacterial FtsY sequences. Residue numbers are based on the E.
coli sequence. RNA interacting regions: IBD strand B 350-355, IBD helix B 359375, Helix 2 390-407 (important residues: K399, R402, K407, F365, D366. Colors
are based on sequence similarity, as indicated in the color key. b) Alignment
of Ffh/SRP54 across all kingdoms. The universally conserved E277 (E. coli gene
numbering) is indicated by (*) and has 100% sequence identity. Colors as in panel
(a).
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Figure S4: A-C. Color coded sequence alignments for SRP RNA across
kingdoms, related to figure 3 and 6.a) Sequence alignment of bacterial 4.5S
RNAs(Andersen et al., 2006), generated with Clustal(Larkin et al., 2007) and colored by conservation(Bond and Schüttelkopf, 2009). Highly conserved regions
symmetrically distributed around the tetraloop correspond to the M-domain
binding site, the GTPase activating site and the distal docking site. The position of the conserved unpaired guanine (G83 in E. coli) is marked by an arrow.
b) Sequence alignment of archaeal and c) metazoan SRP RNAs, reproduced from
the SRPDB(Andersen et al., 2006). Only regions homologous to the bacterial SRP
RNA are shown.

3.2 publication ii

Figure S4: D-E. d) Secondary structure diagrams of archaeal and e) metazoan
SRP RNAs, adapted from the SRPDB(Andersen et al., 2006). Regions depicted
in red correspond to the alignments above. Both eukaryotes and archaea have
a conserved unpaired guanine in a position corresponding to the bacterial G83
(black arrows).
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Figure S5: A-B. Distribution of surface charges on FtsY highlights RNA interaction regions and asymmetry of the GTPase complex, related to figure 3, 4
and Scheme 1. a) The distribution of surface charges on FtsY mirrors the surface charges of an RNA helix. Positively charged residues compensate the negative charges of the RNA backbone phosphates, while a negatively charged patch
forms the interface for G54 at the top of the tetraloop base stack. FtsY is shown
as a surface and colored by charge distribution, the SRP RNA backbone is shown
as an orange cartoon, and bases are shown as sticks, with non-carbon atoms colored by element (generated with the ABPS Pymol (Schrödinger) plugin). b) The
same region of FtsY (shown in the same orientation as in panel a)) also mediates
binding to the distal docking site of the SRP RNA. Positively charged residues on
the surface of FtsY compensate the negative charges of the RNA backbone phosphates while negatively charged and hydrophobic residues are lined up along the
minor groove.
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Figure S5: Figure S5 continued c) Surface charge distribution on the RNA-bound
side of the Ffh-FtsY heterodimer and d) on the opposite side. The surface residues
on the RNA bound side of the protein heterodimer form a positively charged to
hydrophobic surface, mirroring the charges of the SRP RNA helix. In contrast,
the surface that points away from the RNA is dominated by negatively charged
residue. Thus, the interaction with the SRP RNA is asymmetric and specifically
occurs on one side of the heterodimer. Compared to the corresponding F332 of
FtsY (e), Ffh Y140 partially obstructs the cleft between the two proteins (f), which
would prevent base insertion. This conformation is stabilized by interactions
with the conserved Ffh E204 (FtsY S396) and M201 (FtsY L393). Between the two
nucleotide binding sites of the heterodimer, the relative position of the auxiliary
water molecule differs by 1.1Å: On the RNA-facing side, it is 0.8Å closer to the
main chain carbonyl group of the G3 motif glycine and further away from the 3’
OH group of the nucleotide. As a result, the auxiliary water molecule is within
hydrogen bonding distance of three carbonyl/carboxyl groups on the RNA-facing
side, compared to one carbonyl/carboxyl group and one hydroxyl group on the
opposite side. Ffh is shown in blue, FtsY in green, GDP in yellow, magnesium
ions in bright green and the central (C), nucleophilic (N) and auxiliary water
molecules are depicted in red. Water molecules in the coordination shell of the
magneisum ion are shown as grey spheres. Panel (f) shows a 180° rotation of the
NG heterodimer, relative to (e). The core domains of Ffh and FtsY superimpose
with an RMS of ~0.8 Å , with the N-domain, the RMS rises to ~1.3 Å. For the
figure, the proteins were aligned via one of the two nucleotides.
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Figure S6: Mutational analysis of FtsY’s RNA binding region and RNA base
substitutions, related to figure 3,4 and 5. a) Relative GTPase rate for mutations
in the RNA binding region of FtsY. All tested mutants can be efficiently stimulated by full length SRP RNA. b) NG-domain dimer complex formation rates
observed for FtsY mutants in the RNA binding region. The complex formation
rate of the K399A mutation is similar to the rates observed in the absence of
RNA. (Shen and Shan, 2010). Complex formation rates determined as in (Peluso
et al., 2001). c) Stimulation of GTP hydrolysis and d) translocation by SRP RNA.
Substitutions or deletions of G83 have a marked effect on both GTPase activation
and translocation. Substitutions of C86 or C87 have opposed effects on GTPase
activation, decreasing or increasing the observed GTPase rate, respectively. However, substitutions or deletions of C86 or C87 do not have a strong effect on the
observed translocation rate. Data represent mean ±SD (A,B:n = 2, C:n = 3,
D:n = 4).
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Figure S7: Comparison of the orientation of the tetraloop-bound SRP NG domain bound to the ribosome and in the closed SRP:FtsY complex structure,
related to scheme 1. a) Cryo-EM structure of the bacterial SRP bound to a translating ribosome (PDB 2J28). SRP RNA is shown in orange, Ffh in blue and the
ribosome is shown in grey). b) The structure of the closed NG domain heterodimer on the tetraloop determined here reveals that the position of Ffh overlaps
partially with the ribosome if the SRP RNA adopts the same orientation as shown
in panel a). FtsY is shown in green. Superposition is based on the coordinates of
the SRP RNA tetraloop.

103

Part III
DISCUSSION & OUTLOOK
"Personally, I would consider it a crowning highlight of my career
if some aspects of the basic knowledge that we have accumulated
over the years are translated into a tangible benefit for mankind.
Yet importantly, none of these tremendous opportunities were obvious when we started on our journey; they only emerged gradually
as we playfully and fervently followed the turns of our meandering
and serendipitous path."
Peter Walter,
the discoverer of the SRP, in:
"Walking along the serendipitous path of discovery."
(Walter, 2010)

4

DISCUSSION AND OUTLOOK

4.1

discussion

The understanding of the GTPase regulation in the SRP-cycle has been
significantly extended by the RNA-comprising structures of SRP-SR complexes, presented in this thesis. It has been shown that the SRP RNA
plays a pivotal role in the regulation of the SRP cycle.
The regulatory action of the SRP RNA is located at two distinct parts
of the RNA, where it interacts with the RNA binding domain of FtsY:
The tetraloop and the distal site. The tetraloop interaction of FtsY ensures rapid complex formation with ribosome attached SRP and is of
great importance for receptor recruitment in the early stage of protein
targeting. Furthmore, GTP hydrolysis is blocked at this stage.
GTP hydrolysis is initiated after a substantial conformational rearrangement of the SRP-FtsY complex which relocates the GTPase domain
complex to the distal part of the SRP RNA. Finally, GTP hydrolysis is
triggered through the interaction of an conserved guanosine base in the
distal part of the SRP RNA with the active site of FtsY in the GTPase
dimer.
The interaction of the base with the GTPase dimer leads to the reorientation of a protein sidechain provided by Ffh (E277) in trans. This relays
the initiation of hydrolysis and activates a coordinated water molecule
for a nucleophilic attack the FtsY bound GTP.
Biochemical experiments and mutational studies were designed to test
and extended our hypotheses derived from the structural analysis of
SRP-SR complexes.
The hypothesis, that large scale structural rearrangements of the SRPSR complex govern the regulation of GTPase activation has been corroborated by a further biochemical study based on single-molecule FRET1
experiments on SRP-FtsY complexes (Shen et al., 2012).

1 FRET: Förster resonance energy transfer; physical effect observed between (most often fluorescent) chromophors. Measurement of the transfer efficiency allows to determine distances
at the molecular scale.
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4.1.1

Extended description of the SRP cycle & open questions

The description of the SRP targeting cycle now includes the structural rearrangement of the ribosome-bound SRP-FtsY complex, which is thought
to facilitate the handover of the nascent polypeptide to the translocon.
This is shown schematically in step IV of figure 8. The rearrangement
of the GTPase dimer from the tetraloop, close to the polypeptide exit
tunnel, to the distal site of the SRP RNA provides an elegant mechanism
to explain how the translocon gains access to the surface of the ribosome
as well as to the nascent chain.

Figure 8: The SRP cycle. Extended version of the SRP cycle including the cargo
release conformation of SRP (step IV).

Since the SRP RNA found in E. coli is amongst the shortest SRP RNAs
found in nature it can be inferred, that it represents the minimal size
that is needed in order to comply with the spatial requirements for cotranslational cargo handover to a protein conducting channel.
However, the structures of isolated SRP-SR complexes do not fully explain certain aspects concerning the interplay between ribosome, nascent
chain, targeting and translocation machineries.
GTP hydrolysis is efficiently suppressed in early stage RNC–SRP-FtsY
complexes (SRP cycle step III, Figure 8). This is likely due to steric constraints within the complex which do not allow the relocalization of the

4.1 discussion

GTPase domains to the distal end of the SRP RNA (Shen et al., 2012). In
order to rearrange the GTPase domains of SRP and FtsY, the GTPase domains have to be released from the tetraloop. Biochemical experiments
by the Shan group indicate that an interaction of the translocon is sufficient to release the GTPases from the tetraloop, leading to re-localization
of the GTPase dimer (Shen et al., 2012; Akopian et al., 2013a). In this process the formation of a transient, quaternary, complex consisting of RNC,
SRP-FtsY and the translocon is anticipated (Akopian et al., 2013a). The
handover of the nascent chain from the SRP M-domain to the translocon
most likely takes places in this complex. Mutational experiments also
suggest an important role of the finger-loop in the transfer (Ariosa et al.,
2013). However, structural details of the handover process remain to be
determined.
The successful handover of the nascent chain to the translocon leads to
disassembly of the quaternary complex and subsequent GTP hydrolysis
by SRP and FtsY. After the detachment of the SRP from the ribosome, the
ribosome is tightly bound to the translocon for co-translational protein
transport. Finally, the SRP-FtsY complex disassembles and SRP and FtsY
can participate in a new targeting reaction. This constitutes the end of
the targeting cycle and is shown as step V of figure 8.
Structural data of the complex between RNC and SecYEG or Sec61p
obtained by cryo-electron microscopy (Ménétret et al., 2007; Becker et al.,
2009; Frauenfeld et al., 2011; van den Berg et al., 2004; Park et al., 2013;
Gogala et al., 2014) as well as genetic and biochemical studies (Cheng
et al., 2005; Ménétret et al., 2007) identified highly conserved patches
of basic residues in the cytoplasmatic loops of SecY (loops between TM
helices 6/7 and 8/9) as well as Sec61 as binding partners for the ribosome. Available structures of SecYE-ribosome complexes show that SecYE binds to the ribosomal protein L23 as well as the ribosomal RNA at
the polypeptide exit tunnel (figure 9 D). Similar observations have been
made in the eukaryotic system.
The binding sites of the SecYEG/Sec61 complex on the translating
ribosome overlap extensively with those of the SRP (compare figure 9 A
and D) or the early SRP-FtsY complex (figure 9 B). Superimposition of
the late, rearranged, SRP-FtsY complex onto the ribsomal surface shows
that the re-localization of the GTPase dimer to the distal end of the SRP
RNA reduces the overlap of the binding interfaces significantly (figure 9
C).
However, it is still not possible to reconcile simultaneous binding of
SecYEG and the SRP-FtsY complex to the ribosome. Modelling of the
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Figure 9: Models of different states in the SRP pathway. Ribosomal RNA is
shown in black (Phosphate backbone) and grey (sugar moieties and nucleo-bases).
Ribosomal proteins are coloured yellow. Other components as labelled. A Coordinates of a cryo-EM reconstruction of a SRP–RNC complex. PDB ID: 2j28. The NGdomain of SRP is bound to L23/L29 and located in the vicinity of the tetraloop. B
Coordinates of the early complex between SRP-FtsY and the RNC. PDB ID: 2xkv.
Both GTPase domains are located in direct contact to the tetraloop of the SRP
RNA. C Structure of the SRP-FtsY complex modelled onto the ribsomal surface.
The polypeptide tunnel exit is highlighted with a star. The superimposition is
based on coordinates of the M-domain. Access to the polypeptide exit tunnel and
ribosomal protein L23 is facilitated in this conformation. However, the M-domain
of SRP as well as the SRP RNA would not allow simultaneous binding of SecYE
to the ribosome in the translocating conformation as shown in D.

4.2 future directions of research

rearranged SRP-FtsY complex onto the ribosome (figure 9 C) shows that
the presence of the M-domain and the SRP RNA does not allow SecYEG
to bind in the conformation observed in the structures of translocation
competent complexes (figure 9 D) (Park et al., 2013).
This raises the challenging question as to how the efficient transfer
of the polypeptide chain from the targeting to translocation machinery
is ensured. Based on accumulated structural and biochemical data, it
seems likely, that the mechanism for the cargo transfer proceeds through
a concerted reaction in which the contacts between SRP and the RNC
are sequentially replaced with contacts between the cytoplasmatic loops
of SecYEG and the RNC. It is anticipated that this process is highly
conserved in all forms of life.
Nevertheless, the handover of the nascent chain remains the least understood aspect in the SRP targeting cycle. The elucidation of fate of the
signal sequence in the cargo handover event, the timing of the conformational rearrangements, the role of the translocon in the regulation of the
process and the molecular forces that drive this step remain challenging
questions for future investigations.
Another aspects that deserves investigation is the interaction between
the ribosome and the nascent polypeptide. Bornemann et al. (2008) report, that the affinity of SRP to the ribosome is enhanced even before the
nascent polypeptide is emerging from the exit tunnel. The implications
of this finding may be of great importance for the understanding of the
recognition of signal sequences by SRP.
The interplay between ribosomal proteins (most likely mainly L23)
and parts of the 23S rRNA as well as SRP could determine singal recognition and routing of proteins to co-translational translocation by the
SecYEG machinery. Expanding the concept of signal sequence recognition to include the interaction with the ribosome may help to rationalize the prerequisites for signal sequences that destine proteins for
SRP-mediated protein targeting.
4.2
4.2.1

future directions of research
Gaining structural data on the cargo handover process

In a recent study Akopian et al. (2013a) estimated the association constant for a quaternary complex between the RNC, SRP-FsY and the translocon to lie in the low µM range. This would render the complex, in
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principle, accessible to structure determination by means of X-ray crystallography.
However, crystals comprising RNCs have been proven to be intrinsically difficult to handle and very often exhibit poor diffraction properties (personal observation). In order to visualize a snapshot of the
cargo transfer, we therefore decided to undertake the crystallization of
a trimeric complex consisting SecYEG, SRP and FtsY. To this end we stabilize the complex in the cargo handover conformation by the addition
of a transition state analogue of GTP (GDP:AlFX ) and signal sequence
surrogates. The addition of GDP:AlFX enhances binding of the SRP-FtsY
GTPase dimer to the distal part of the SRP RNA (Voigts-Hoffmann et al.,
2013) and is therefore used in binding assays and crystallization trials.
Signal sequence surrogates or synthetic signal peptides are sufficient to
activate protein transport of SecYEG in vitro (Gouridis et al., 2009) and
are used to aid complex assembly.
Preliminary data suggest that, under theses conditions, a complex between solubilized SecYEG, SRP and FtsY can be formed off the ribosome.
Analytical size exclusion chromatography as shown in figure 10 and mircoscale thermophoresis experiments (data not shown) suggest that the
complex can be established at low micromolar concentrations. Currently,
crystallization trials of purified complexes are conducted.
A high resolution structure of a snapshot of the cargo transfer from
the SRP to the translocon may yield biochemically testable hypotheses
and may ultimately allow us to rationalize the mechanisms that govern
the transfer process of a polypeptide from SRP to the translocon.

4.2 future directions of research

Figure 10: Analytical size exclusion chromatography of SRP-SR–SecYEG complexes. Preliminary data showing analytical size exclusion chromatography
(SEC)of complexes between GDP:Al4 -bound SRP-SR complexes and SecYEG in
an 1:1 ratio. The concentration of the complex is 18 µM. SEC has been carried out
using a GE Healthcare Superdex S200 3/150 column. Samples containing SRP exhibit high UV absorption levels due to the RNA component. The thorough shift
in the elution volume of the complex sample (blue line) towards higher molecular weight implies the formation of a stable complex under the experimental
conditions (Courtesy of Philip Wismer).
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4.2.2

Towards an atomic structure of a RNC

An atomic structure of a translation arrested or "stalled" ribosome may
provide insights into the interaction between the ribosome and the nascent polypeptide chain that are important in the early stages of protein targeting. To this end I developed and optimized a purification
scheme for SecM stalled ribosomes that yields large quantities of homogeneously stalled ribosomes, sufficient for the use in structural studies.
Crystallization of a translation-arrested RNC
In the course of the PhD-work, RNCs have been crystallized in several
different crystallization conditions and crystallization setups. Despite
extensive screening and optimization of crystallization conditions and
crystal handling, no experimental setting has been be identified which
allowed to collect diffraction data at a resolution better than 7 Å. The
low resolution crystal structure of the SecM stalled RNC shows high occupancy for the P-site tRNA and ordering of several ribosomal domains
compared to an apo ribsome structure (displayed in figure 11). As expected for the low resolution, no density for the nascent chain is visible.

Cryo-electron microscopy reconstruction of a translation-arrested RNC
The advent of more advanced electron microscopes and direct electron
detectors for the use in biological electron microscopy has the potential
to revolutionize the analysis of large macromolecular assemblies (Faruqi
and Henderson, 2007). With latest technical advances, especially in
electron detector technology (McMullan et al., 2009a,b; Campbell et al.,
2012), structure determination of large asymmetric specimens to nearatomic resolution by means of single particle cryo-electron microscopy
became feasible, as examplified by (Fernández et al., 2013; Greber et al.,
2014).
The stability and homogeneity of SecM stalled RNCs purified for crystallization rendered SecM-stalled RNCs as a promising sample for the
structure determination by cryo-EM.
Due to errors in the alignment of particles in the cryo-EM 3D reconstruction process, the resolution of single particle reconstructions tends
to be highest in the center of the analysed molecule, which is beneficial
for the analysis of the nascent chain in the polypeptide exit tunnel of
ribosome. Taken together, single particle cryo-electron microscopy may

4.2 future directions of research

Figure 11: X-ray crystallography structure a translation arrested ribosome. The
resolution of the structure is at approximately 7 Å. The main feature of the crystal
structure is the strong positive difference density for the P-site tRNA, indicating
high occupancy of the P-site. Additional electron density at the anticodon stem
loop of the tRNA is visible, most likely representing a short piece of ordered
mRNA. No additional electron density is seen inside the ribosomal tunnel, which
is likely due to the low resolution of the crystal structure. The 2 F0 -FC electron
density map is shown in light blue, countered at 1.5σ. Shown in green and red
is the difference density map (F0 -FC ), countered at ±3σ. The Rwork /Rfree -factors
are 23.7/28.6 %.
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Figure 12: Cryo electron microscopy reconstruction of a translation arrested ribosome. The electron density map is countered at 1.4σ (light blue) and 4σ (pink).
The backbone of ribosomal RNAs and proteins is shown in yellow, tRNA is shown
in white. A View onto the P-site tRNA, showing high occupancy for the tRNA.
B View along the ribosomal exit tunnel (top to bottom, with the peptidyl transferase center on top). A preliminary backbone trace of the nascent chain is shown
in red. The nascent chain adopts a stretched geometry inside the tunnel. The
resolution of the reconstruction is approximately 3.8 Å. The reconstruction has
been calculated by Dr. Daniel Boehringer using approximately 40 000 ribosomal
particles.

4.3 conclusion

pave the way for an atomic structure of the translation arrested ribosome.
A preliminary dataset consisting of 40 000 sorted ribosomal particle allowed the reconstruction of a SecM-stalled ribosome at 3.8 Å resolution.
An example of the quality of the electron density maps is shown in figure
12A. The phosphate backbone and the main-chain of ribsomal proteins,
including the nascent chain, can be visualized (figure 12B), as expected
for the resolution. The electron density maps show prominent density
for the ribosomal subunits, P-site tRNA and the mRNA. Further structure determination of nascent chains with and without signal sequence
may allow a description of the interactions between the ribosome and
nascent polypeptides at the atomic level. These experiments could allow
to identify the mechanisms that are responsible for signalling to factors
bound to ribosome, such as SRP in early stages of the targeting cycle.
4.3

conclusion

The work presented in the main part of the thesis represents a conceptual advance in our understanding of the function of the SRP RNA in
the GTPase activation in the SRP targeting cycle. Although these studies
are conducted on the bacterial system, it is anticipated that the fundamental principles of co-transactional protein targeting are the same in
other domains of life.
The SRP RNA couples GTPase activation to a conformational change
of the SRP-FtsY complex. This idea has made an significant impact on
the field of SRP-mediated protein targeting and set the stage for new
studies.
Future research will likely focus on the details of the cargo handover
to the translocation machinery and the interactions between the ribosome and the nascent chain.
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