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Dynamics of co-translational protein targeting
Margaret M Elvekrog and Peter Walter

Most membrane and secretory proteins are delivered co-
translationally to protein translocation channels in their
destination membrane by the signal recognition particle (SRP)
and its receptor. This co-translational molecular machinery is
conserved across all kingdoms of life, though it varies in
composition and function. Here we report recent progress
towards understanding the mechanism of SRP function,
focusing on findings about Escherichia coli SRP’s
conformational dynamics throughout the targeting process.
These insights shed light on a key checkpoint in the targeting
cycle: how SRP regulates engagement of an actively translating
ribosome with the translocation machinery at the membrane.
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The SRP targeting cycle

About one third of all proteins function in membranes or
traverse membranes for secretion. The signal recognition
particle (SRP) is an ancient, universally conserved ribonu-
cleoprotein complex that mediates the delivery of ribo-
some-nascent chain complexes (RNCs) from the cytosol to
protein translocation channels (translocons) in the endo-
plasmic reticulum membrane in eukaryotes (Sec6lapy
complex) or plasma membrane in prokaryotes (SecYEG
complex) [1,2]. SRP specifically recognizes and targets
RNGCs translating membrane or secretory proteins based
on the presence of a hydrophobic topogenic signal se-
quence, typically embedded in an N-terminal cleavable
signal peptide or a transmembrane segment, as the nascent
chains become exposed after exiting the ribosomal exit
tunnel [3]. In eukaryotes, SRP is composed of six proteins
[4] and one 7S RNA molecule [5], while in most bacteria
SRP has a single protein, Ffh, bound to eithera 4.5S (gram-
negative bacteria) or 6S (gram-positive bacteria) RNA
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[6,7]. Across all species, the SRP RNA minimally has an
elongated hairpin terminated in a tetraloop (also known as
‘helix 8’), with additional features, such as a translation-
elongation-arrest Alu domain, being appended in eukar-
yotes and some prokaryotes [8]. Originally thought to be a
passive scaffold for SRP protein organization, it is now
becoming apparent that the SRP RNA actively drives key
steps in SRP activation and membrane targeting
[9°°,10°°,11°], nicely rationalizing its phylogenetic conser-
vation.

To identify a signal sequence-containing nascent chain
and perform its targeting function, SRP first binds to the
large subunit of the ribosome via SRP54’s (Fth in bacteria)
N-terminal four-helix bundle and G'TPase domains (NG
domain), and to both the ribosome and the hydrophobic
signal sequence with its methionine-rich M domain
[12,13]. Ffh’s NG and M domains are connected by a
30 amino acid flexible linker, which enables relative mo-
bility of these domains within SRP [14—17]. After selection
of an RNC, SRP delivers this cargo to a translocon via an
interaction with the SRP receptor (SR, or FtsY in bacteria)
[18,19]. SRP and SR have homologous NG domains that
together form a reciprocally activating, Ras-like G'TPase
complex [20,21]. At the membrane, SRP releases the RNC
to a translocon in a GTP-dependent manner [22], and SRP
and its receptor dissociate from one another and are
recycled for subsequent rounds of targeting after G'TP
hydrolysis [23,24]. The ribosome completes synthesis of
the protein while remaining bound to the translocon, thus
protecting the nascent chain from cytosolic misfolding and
harnessing the energy of translation to both synthesize and
translocate the nascent chain.

Over three decades of research since the discovery of SRP
in mammals [4] have uncovered a wealth of information
about the inner workings of this fascinating molecular
machine [25°]. However, even as new findings are made
at increasing speed, some longstanding questions remain.
In this brief review, we discuss exciting recent develop-
ments in the field, especially as they relate to the confor-
mational dynamics of SRP and the light that these
findings have shed on the mechanism of co-translational
protein targeting. We also discuss new questions that
have arisen from these recent findings and intriguing
puzzles that still await satisfying explanations.

SRP’s interactions with actively translating
ribosomes

In gram-negative bacteria such as FEscherichia coli, SRP
does not pause translation upon binding to ribosomes
[26]. Instead, due to the absence of an elongation-arrest
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Alu domain in the short 4.5S SRP RNA, translation
continues throughout the targeting cycle, necessitating
SRP to interact with a conformationally dynamic, trans-
lating ribosome and elongating nascent chain. This na-
scent chain emerges from the exit tunnel and encounters
the scrutiny of multiple protein biogenesis factors, in-
cluding methionine aminopeptidase (MAP), peptide
deformylase (PDF), the nascent polypeptide-associated
complex (NAC) (or trigger factor in bacteria), and SRP, all
of which sample the neighborhood of the ribosomal exit
tunnel and compete with one another for nascent chain
binding [27-29]. It follows that SRP, itself a conforma-
tionally dynamic molecular machine (see below), must
nimbly navigate its interactions with a translating RNC,
and do so within a restricted time window, as SRP is
unable to target RNCs with nascent chains longer than
~140 amino acids [30,31]. Numerous studies have inves-
tigated SRP’s ability to bind RNCs at varying points early
in the elongation process and have arrived at a range of
conclusions [31-33], with differences likely arising from
the use of different species, model substrates, modes of
translation stalling, and experimental approaches. A limi-
tation of these experiments was the use of stalled, and
most likely conformationally and compositionally hetero-
geneous RNCs, which may influence SRP’s interactions

with the RNCs.

Recently, E. co/i SRP’s interactions with individual
actively translating ribosomes were studied using a highly
purified translation system and a real-time, single-mole-
cule fluorescence resonance energy transfer (FRET)-
based assay (Figure 1). This study enabled the integration
of the key dimension of ribosome dynamics into kinetic
measurements of SRP-RNC binding [34°°]. The ap-
proach was pioneered in the Puglisi lab to study real-
time transit of tRNAs through actively translating ribo-
somes [35] and, for this modified assay, employed highly
purified translation factors and site-specifically fluores-
cently labeled ribosomes, SRP and tRNAs, as well as
zero-mode waveguides, to observe binding events with all
components present at physiological concentrations
[34°°]. The time series of the fluorescence signal indicat-
ed translation initiation (ribosomal subunit association)
and elongation along the canonical SRP substrate LepB,
and the onset of an anti-correlated donor and acceptor
fluorophore signal (i.e. FRET) revealed SRP-binding to
actively translating ribosomes and eclongating nascent
chains. At the temporal resolution of this assay
(100 ms), it was demonstrated in agreement with earlier
findings [30] that the majority of SRP’s initial binding
events (68%) occurred when RNCs have translated be-
tween 40 and 55 amino acids (Figure 1), that is, when the
signal sequence is first exposed outside the ribosomal exit
tunnel [34°°]. Altering the rate of translation by adjusting
the concentration of elongation factor G (EF-G) present
in the system showed that SRP-RNC initial binding
occurs mainly after signal sequence emergence from

the ribosome exit tunnel, regardless of the time it takes
to translate a LepB nascent chain of that length. It
remains to be seen how the other protein biogenesis
factors that compete for nascent chain binding influence
SRP’s interaction with actively translating ribosomes in
this assay and whether these results obtained in the
bacterial system can be generalized to eukaryotic com-
ponents.

Towards a mechanism for translocon
engagement

Following cargo selection, an SRP-RNC complex needs
to locate a vacant translocon at the membrane. This
process is aided by the SRP receptor, though the mecha-
nism through which the SRP receptor identifies a vacant
translocon is unclear. In bacteria, FtsY can be both soluble
and peripherally membrane-associated [36] and is
thought to cycle between the cytosol and the membrane
[37]. FtsY may initially bind SRP in either location [38]. It
has a strong preference for binding anionic phospholipids
such as PG and cardiolipin [38,39], though how this
preference is harnessed in the membrane targeting cycle
remains to be determined. From crosslinking experi-
ments it has been shown that FtsY binds to the translocon
through its NG domain at residues on cytosolic loops C4
and C5 of SecYEG at a site that overlaps with a binding
site of the ribosome with the translocon [40—42]. Struc-
tures of the FtsY-SecYEG complex are lacking, however,
so the nature of this interaction is still not well under-
stood. The SRP receptor in ecukaryotes presents an even
more intriguing puzzle as it is composed of two subunits,
SRa and SR, both of which are G'TPases — the former
being soluble and the latter being an integral membrane
protein [43]. SRa is highly homologous to FtsY and
dimerizes with SRB at the membrane [44]. In yeast,
SRB directly interacts with the translocon (Sshlp) as
shown by a split ubiquitin assay, and this interaction is
critical for both cell growth and cotranslational protein
targeting [45]. SRB is one of the translocon’s many
interaction partners, however, and there is evidence that
its contacts are dynamic and regulated by substrate length
and identity [46], thus raising questions about the timing
and regulation of the SRB-translocon interaction during
the SRP targeting cycle and translocation process.

Cryo-EM reconstructions of SRP-RNC complexes [47—
49] and RNC-translocon complexes [50°,51°,52,53] show
that SRP’s binding site on the large ribosomal subunit
partially overlaps with the binding site of the translocon
with the ribosome. Considering the mutually exclusive
binding sites, it is clear that a large structural rearrange-
ment and/or displacement of both SRP and FtsY is
required for RNC-translocon engagement. A major in-
sight into a possible mechanism for the SRP-mediated
engagement of RNC-translocon complexes came from
the crystal structure [10°°] of SRP in complex with the
FtsY NG domain in the presence of GMPPCP and the
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SRP binds to actively translating RNCs after emergence of a signal sequence-containing nascent chain. Representative single-molecule
fluorescence versus time trajectory of Cy3B-labeled 50S ribosomal subunits, Cy5-labeled SRP, and unlabeled translation mix delivered at

time = 0 to pre-initiation complexes assembled on a truncated lepB mRNA (encoding the first 115 amino acids), immobilized in zero mode
waveguides, and imaged by TIRF microscopy. The top panel shows a cartoon representation of the molecular events throughout the time series.
The bottom panel shows the fluorescence intensity of the Cy3B (green), and Cy5 (red) signals upon 532 nm excitation. ‘AU’ indicates ‘arbitrary

units’. * denotes 50S ribosomal subunit joining.
Figure from Noriega et al. [34].

nonionic detergent C;,Eg acting as a signal peptide mimic
[54]. This structure, and a second one trapped with
GDP:AIF 4 [55], revealed the SRP (FFfh) and FtsY G TPase
complex bound at the 5,3’-end of the SRP RNA hairpin,
hereafter referred to as the distal end [10°°] (Figure 2a).

The importance of this distal binding site of the SRP-
FtsY GTPase complex was confirmed biochemically
[10°°,11°,55]. By mutagenesis and truncation analysis, it
was shown that the distal end of the SRP RNA has
residues critical for the SRP RNA-mediated stimulation
of G'T'Pase activation and G'TP hydrolysis by the SRP-
FtsY G'TPase complex after initial assembly at the tetra-
loop end of the SRP RNA. The distal end of the SRP

RNA contains two docking sites for the SRP-FtsY
GTPase complex: a primary site containing residues
G14, U15, G96, and U98, and an auxiliary site at C87,
which together ensure complex recruitment and activa-
tion (Figure 2b) [11°].

By modeling the SRP-FtsY crystal structure on the ribo-
some, it became apparent that this conformation of the
GTPase complex exposes ribosomal proteins .23 and
.29, which are the main site of translocon-RNC binding,.
T'hus, a potential mechanism for the exchange of an RNC
from SRP to a translocon emerged: by relocalizing the
GTPase complex from the proximal, tetraloop binding
site to this distal site upon SRP-FtsY G'TPase complex
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SRP-FtsY GTPase complex relocalization to the SRP RNA distal end. (a) Crystal structure of SRP in complex with FtsY trapped with GMPPCP.
Full-length 4.5S SRP RNA in tan, with the tetraloop and distal end indicated. Ffh in violet with M and NG domains indicated, and FtsY(NG) in
green. PDB: 2XXA. The figure was prepared using PyMOL. (b) E. coli 4.5S SRP RNA secondary structure. The tetraloop and distal end GTPase

complex binding site are indicated in tan boxes.

assembly, the translocon binding site on the ribosome is
vacated, thus facilitating RNC-translocon binding.

Work with mammalian SRP hints at a similar mechanism
for exposing the translocon-binding site on the ribosome.
Protein crosslinking studies of SRP-RNC interactions in
the presence and absence of the SRP receptor [56],
showed that in the absence of the SRP receptor,
SRP54 is bound to the ribosome near the exit site, but
is rearranged upon receptor binding such that it is no
longer in the vicinity of the exit site. Thus, the exit site
may be vacated for translocon-binding by mammalian
SRP in a mode similar to the model for E. co/i SRP,
though detailed biochemical and structural studies are
needed to confirm this due to mammalian SRP’s extra
structural features compared with E. co/i SRP.

To test more directly the model proposed from the SRP-
FtsY crystal structure, single-molecule FRET experi-
ments were performed with fluorescently labeled 4.5S
RNA and Ffh-FtsY G'TPase complex (labeled either on
FtsY-NG or Ffh-NG) to monitor the conformational
dynamics of individual E. ¢o/i SRP molecules during
the membrane targeting cycle [9°°]. In these experi-
ments, SRP alone was observed to stably bind a low,
~0.1 FRE'T efficiency (EprgT) state that was assigned to

the proximal, tetraloop SRP RNA binding site
(Figure 3a). The same observation was made in the
presence of FtsY (Figure 3b), however in the presence
of FtsY and GMPPNP, the SRP-FtsY GTPase complex
showed dynamic transitions between the proximal con-
formational state and one with high, ~0.8 Eprgr
(Figure 3c,d). The high Epggr state was assigned to
the distal binding site, 100 A away from the tetraloop
(Figure 2a,b). The GTPase complex rapidly sampled
multiple binding sites on the path between its distal
and proximal SRP RNA binding sites as evidenced by
numerous intermediate states in the single-molecule
FRET (smFRET) transition density plot (Figure 3e)
[9°°]. This was also suggested by the absence of strong
electron density at either the distal or proximal binding
sites in the cryo-EM reconstruction of the RNC-SRP-
FtsY GTP-bound, closed state complex [12]. Addition of
an RNC carrying a bona fide SRP substrate, RNCysq,
further altered this conformational equilibrium by abol-
ishing the GTPase movements on the RNA and stabiliz-
ing the complex in just the low Epgrpr, proximal state
(Figure 3f). This was specific to correct SRP substrates, as
an RNC with a nascent chain lacking a signal sequence,
RNCuciferases had no effect. RNCs delay G'TPase activa-
tion [57,58], but this pausing was reversed in the presence
of detergent-solubilized SecYEG (Figure 3g). SecYEG
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Conformational rearrangements within the SRP-FtsY GTPase complex drive its movement to the RNA distal site. (a-d) smFRET histograms of (a)
free SRP in the open state and of the Ffh-FtsY complex in the (b) early, (c) closed, and (d) activated states. (e) Transition density plot depicting
the range of Egrer values sampled by the Ffh-FtsY (GMPPNP) GTPase complex. The plot depicts idealized Ergrer before a transition versus Egger

after the transition as 2-D population histograms. At least two distinct intermediate states, M1 and M2, are sampled by the Ffh-FtsY GTPase
complex along the path between the proximal and distal sites of the SRP RNA. (f) SRP-FtsY complex bound to RNCrsq, and (g) SRP-FtsY

complex bound to RNCpisq and SecYEG.
Figure modified from Shen et al. [9°°].

restored the distal, high Epggr state and restored effi-
cient GTP hydrolysis. Thus, RNCs negatively regulate
the G'TPase complex’s movement to the distal state,
preventing premature GTP hydrolysis, but the addition
of SecYEG drives relocalization to the distal site and
reactivates G'TP hydrolysis, demonstrating that SRP’s
conformational dynamics are regulated and critical to
ensuring the timing of G'TP hydrolysis and fidelity of
protein targeting.

The molecular gymnastics of the SRP-FtsY GTPase
complex — its reversible relocalization from the proximal
binding site on the SRP RNA to the distal binding site
through a trial and error search process — are likely a
critical step in ensuring productive exchange of the
targeting and translocation machineries at the ribosomal
exit tunnel binding site (Figure 4). It remains to be seen,
however, precisely how the SRP-mediated RNC-translo-
con engagement is executed after the G'TPase complex is
stabilized at the SRP RNA distal site, as well as when and
how the signal sequence is transferred from SRP’s M
domain to the translocon, and the timing of SRP’s and the
SRP receptor’s dissociation from the RNC relative to

translocon engagement. There is support for the exis-
tence of a transient quaternary RNC-SRP-SR-translocon
complex [9°°,59°] and thus support for a model involving
concerted exchange of binding partners, however struc-
tural information on this complex, which would truly
inform this mechanism, is lacking.

Old dog, new tricks

In the cell, there is one SRP molecule for every 100 ribo-
somes [60]. For many years, the field has tried to reconcile
this large imbalance in concentrations and explain how
SRP is able to rapidly sample all these ribosomes and
effectively identify its cargo in a crowded cellular envi-
ronment. The simple comparison of 7z vive concentra-
tions may be oversimplifying the picture, however. It
remains to be seen whether SRP targets all membrane-
targeted ribosomes, or only the ‘pioneering’ ribosome
within a polysome translating any given mRNA. Addi-
tionally, it is debated whether ribosomes are recycled to
the cytosol after translation termination [61°], or remain
bound to the membrane for subsequent translation initi-
ation [62], which would further alter the number of
ribosomes that SRP needs to scrutinize.
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Ribosome-nascent
chain complex (RNC)

30S subunit

—0 /. mRNA
Signal
sequence

508 subunit

Signal recognition
particle (SRP)

4.5S RNA _
/‘ distal end M domain
NG . tetraloop
domaln Linker
v Fih
"\ )

~g e,
X *‘
T \ —( ) D{ \
N~ \_’

> -
E

==Y

GDP

GTP

Cytosol

=

T

Membrane

SecYEG | a Periplasmic space

Current Opinion in Chemical Biology

Mechanistic model of co-translational protein targeting. E. coli SRP is composed of 4.5S RNA (violet) and Ffh (blue). SRP binds a ribosome-
nascent chain complex (RNC) (gray) and exposed signal sequence (magenta) in its GTP-bound state (‘T’). Ffh associates with FtsY (green), driving
membrane localization. SecYEG promotes a conformational rearrangement of the Ffh-FtsY GTPase complex from the proximal to the distal site on
4.5S RNA, allowing transfer of the RNC onto SecYEG. GTP hydrolysis triggers SRP-FtsY disassembly and recycling (GDP = ‘D’).

There is also a growing body of work that points to SRP-
independent membrane targeting pathways [61°,63] and
new roles for SRP beyond its well-studied canonical
membrane targeting pathway, thus expanding what we
know about protein targeting and SRP’s cellular func-
tions. For example, it has recently been shown that 032,
the central transcription factor driving the heat shock
response, requires membrane localization, not cytosolic
localization, for proper signaling function and that mem-
brane delivery is accomplished via a direct interaction
with SRP and its receptor despite 0%’ lack of a canonical
signal sequence [64]. This finding points to an important
new regulatory role for SRP in protein-folding homeosta-
sis, and raises the possibility that the cell may also use the

co-translational targeting machinery to functionally jux-
tapose other components without engaging the transloca-
tion machinery.

Conclusions

Despite many years of study, SRP continues to surprise us
with its varied and sophisticated mechanisms for recog-
nizing and targeting proteins destined for the membrane.
Recent studies on the structure and dynamics of the SRP-
FtsY GTPase complex, as well as detailed analysis of the
SRP RNA features that regulate these conformational
rearrangements, indicate another critical role for the SRP
RNA in regulating SRP-FtsY GTPase complex move-
ments and catalyzing G'TP hydrolysis in addition to its

Current Opinion in Chemical Biology 2015, 29:79-86
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other roles in the Fth-FtsY GTPase cycle [25°]. Dynamic
assays have also revealed SRP’s interactions with actively
translating ribosomes — a critical aspect of its mechanism
that has long been overlooked — and shown that its
recruitment to RNCs is dependent on the emergence
of a signal sequence from the ribosome’s exit tunnel. It
will be exciting to see what additional mechanistic fea-
tures SRP has hidden from view as more tools become
available to dissect this molecular machine.
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