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Abstract

Accurate folding, assembly, localization and maturation of newly synthesized proteins are
essential to all cells and requires a high fidelity in the protein biogenesis machineries that mediate
these processes. Here, we review our current understanding on how high fidelity is achieved in
one of these processes, the co-translational targeting of nascent membrane and secretory proteins
by the signal recognition particle (SRP). Recent biochemical, biophysical, and structural studies
have elucidated how the correct substrates drive a series of elaborate conformational
rearrangements in the SRP and SRP receptor GTPases, which provide effective fidelity
checkpoints to reject incorrect substrates and enhance the fidelity of this essential cellular
pathway. The mechanisms used by the SRP to ensure fidelity share important conceptual
analogies with those used by cellular machineries involved in DNA replication, transcription and
translation, and likely represent general principles for other complex cellular pathways.
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INTRODUCTION

Generation of order and organization is an essential feature of life. Central to the
establishment of this organization is the exquisite fidelity of biochemical reactions that
mediate every aspect of biology. Efforts to understand mechanisms that give rise to
biological fidelity began over half a century ago, in consideration of the accuracy with
which genetic information is replicated and decoded. Although the initial hypothesis
suggested that base pairing interactions can provide selectivity, subsequent studies indicate
that the free energy difference between matched and mismatched base pairs are too small to
account for the fidelity required to maintain genome integrity, and far below the observed
accuracy of cellular machineries that mediate these processes. For example, the error rates of
base pairing interactions in solution are typically 1073-1074, whereas DNA and RNA
polymerase exhibit error rates of 107-1078 and 107, respectively. The error rates of amino
acid recognition by tRNA synthetases are on the order of 1072, whereas the translation
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process exhibits error rates of <1073-107° (36), These observations led to the recognition that
cellular machineries must be able to significantly enhance fidelity, beyond what can be
achieved by a simple molecular recognition process.

Investigation of the molecular basis underlying selectivity during gene replication,
transcription and translation revealed a variety of mechanisms by which cellular machineries
enhance fidelity. For example, beyond preferential binding of the correct substrate, DNA
and RNA polymerases use at least three mechanisms to enhance fidelity: (i) the correct
substrate preferentially induces conformational changes on the polymerase that lead to high
catalytic activity; (ii) incorporation of a mismatched nucleotide introduces ‘pauses’, i.e., the
polymerase slows down subsequent rounds of DNA or RNA extension, by introducing off-
pathway conformations; and (iii) proof-reading, during which the mis-incorporated
nucleotide is removed by exonuclease activities ((77, 135) and references therein). A similar
set of strategies was found to enhance fidelity during protein translation by the ribosome: (i)
the cognate tRNA preferentially induces conformational changes that trigger GTP
hydrolysis by elongation factor (EF)-Tu, a process required for EF-Tu to dissociate from the
ribosome; (ii) kinetic proof-reading, in which a near-cognate tRNA is more likely to be
irreversibly rejected from the ribosome rather than being accommodated into the active site
for peptide bond formation ((97, 117) and references therein); (iii) mis-incorporation of an
amino acid causes ribosome slippage that lead to premature release of the nascent
polypeptide (156). Analogously, tRNA synthetases can enhance fidelity using a distinct
‘editing site’, which hydrolytically removes the mischarged amino acid (36-38). During pre-
mRNA splicing, DExD/H helicases play diverse roles in rejecting or discarding complexes
assembled at suboptimal splice sites ((123) and references therein). These studies have
contributed significantly to our current conceptual framework for how fidelity arises in
biology.

Nevertheless, the requirement to achieve high fidelity is pervasive in all cellular processes,
from metabolic reactions, immune responses to signal transduction pathways. Our
understanding of the molecular mechanisms that ensure fidelity in these other pathways lags
far behind those for the replication and decoding of genetic information. In this review, we
discuss recent advances in understanding the fidelity in one of these processes, the
biogenesis of nascent proteins after its synthesis by the ribosome.

FIDELITY CONSIDERATIONS DURING PROTEIN BIOGENESIS

Multiplicity of fates during the biogenesis of nascent proteins

The proper biogenesis and homeostasis of proteins are essential to all cells and requires the
correct folding, localization, maturation, and quality control of all the newly synthesized
proteins (59, 107). Accumulating data now show that mechanisms to ensure proper protein
homeostasis begin at the ribosome exit site, where a variety of protein biogenesis
machineries rendezvous and vie for access to the nascent polypeptide (Fig. 1). For example,
virtually all newly synthesized proteins interact with ribosome-associated chaperones,
including trigger factor and DnaK/DnaJ in bacteria (29, 59, 62, 72, 89, 98), Hsp70 SSB and
the NAC (nascent polypeptide associated complex) and RAC (comprised of Zuo and ssz)
complexes in eukaryotic cells (3, 4, 64, 147, 151) (Fig. 1, route 1). These early interactions
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prevent the nascent polypeptide from misfolding and aggregation, thus directing them
through more productive folding pathways. Upon the completion of protein synthesis,
cytosolic proteins can be passed onto post-translational chaperones, including DnaK/J and
GroEL in bacteria (95, 119) or the Hsp70 SSA, Hsp90, and the TriC complex in eukaryotes
(59, 87, 88, 136, 155), to attain their correct three-dimensional fold (Fig. 1, 1a). On the other
hand, proteins destined for various cellular organelles (or for secretion in bacteria) engage
post-translational targeting factors, which maintain the nascent polypeptide in a loosely-
folded, translocation-competent state and direct them to translocation sites on the target
membrane (Fig. 1, 1b)(26, 28, 30, 46, 52, 60, 93, 122).

In a distinct route, ribosomes translating proteins destined for specific cellular membranes or
for the secretory pathway are recognized by and engage co-translational targeting
machineries, the most well-established example being the signal recognition particle (SRP)
(Fig. 1, route 2)(2, 146). Via interactions with a membrane-localized receptor, the SRP
mediates the delivery and unloading of the translating ribosome onto a protein translocation
machinery on the target membrane, the SecYEG complex in bacteria and archaea or the
Sec61p complex in eukaryotic cells. Through this translocation machinery, the nascent
polypeptide is either integrated into the lipid bilayer or translocated across the membrane to
enter the secretory pathway (30, 69, 112).

In addition, over 50% of proteins are co-translationally processed by nascent chain-
modifying enzymes (76). This includes the peptide deformylase in bacteria, N-acetyl
transferase and arginyl transferase in eukaryotic cells, and methionine aminopeptidase in all
organisms (Fig. 2, route 3) (76). These covalent modifications are essential to the growth
and survival of cells and implicated in the maturation and quality control of the protein
(137), although their precise roles and mechanisms remain to be determined. Finally, protein
quality control could begin during ongoing protein synthesis. Ribosomes translating
damaged mRNAsS, such as those lacking a stop codon, are recognized by a ribosome quality
control complex (RQC) comprised of the ubiquitin ligase Listerin/Rkrl, the AAA* ATPase
cdc48, Taek2 and Ydr333C (19, 67, 141). RQC mediates the dissociation of the ribosomal
subunits and targets the aberrant nascent protein for degradation by the proteasome (19, 67,
141).

Given the multiplicity of fates awaiting a nascent polypeptide, highly accurate molecular
recognition and regulation at the ribosome exit site is crucial for the proper biogenesis of
nascent proteins. Within the first few seconds to minutes after a nascent protein emerges
from the ribosome exit tunnel, it must engage with the correct set of protein biogenesis
machinery and thus commit to the proper pathway (101). Below, we discuss the issues
associated with fidelity in protein localization pathways, which serve as an example for the
general challenges faced by cellular machineries in achieving highly accurate protein
biogenesis.

Fidelity in protein localization: general principles and challenges

The *Signal Hypothesis’, proposed by Blobel and Sabatini in 1971, posits that the cellular
destination of a protein is often encoded by cis signals, termed signal sequences, embedded
within the nascent polypeptide (15). These signal sequences recruit specific cellular
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targeting machineries, which in turn mediate the targeted delivery of the nascent protein to
the proper cellular destination. In the subsequent three decades, various signal sequences
have been identified that encode for localization of nascent proteins to distinct subcellular
organelles (Fig. 1b): hydrophobic signal sequences direct the co-translational targeting of
proteins to the eukaryotic endoplasmic reticulum or the bacterial periplasmic membrane
(142) (see details below); short stretches of amino acids rich in basic residues comprise
different types of nuclear localization signals (NLS), which target folded proteins for nuclear
import and export by virtue of their interaction with karyopherins (61, 154); mitochondrial
targeting peptides are often comprised of positively charged, amphiphilic helices, which can
post-translationally direct mitochondria precursor proteins to translocation machineries on
the mitochondrial outer and inner membranes (31); N-terminal ‘transit peptides’ rich in
hydroxylated residues mediate the post-translational targeting of proteins to the chloroplast
translocation machinery for import into the chloroplast stroma (34, 80). The discovery of
these distinct classes of signal sequences, and the numerous protein targeting machineries
and pathways that utilize them, provide strong evidence for the ‘Signal Hypothesis’ as a
general strategy for mediating the localization of proteins to their correct subcellular
organelles.

Nevertheless, a quantitative understanding of the molecular mechanisms by which highly
accurate substrate selection is achieved during protein localization has been challenging for
multiple reasons. First, signal sequences tend to be highly divergent in length, shape, and
amino acid composition. For example, signal sequences that engage the SRP are
characterized by a core of 8-12 hydrophobic amino acids facilitated by basic residues at the
N-terminus (50, 142) and the propensity to adopt a-helical structures (70, 148), but
otherwise lack a consensus sequence motif. Thus, targeting machineries like SRP must be
sufficiently adaptable to accommodate a variety of degenerate signal sequences (13, 50, 142,
164). Analogous challenges are faced by molecular chaperones, other protein targeting
factors, and quality control machinery. The simplistic view that stereospecific
complementarity between a substrate and its binding site give rise to high selectivity would
be difficult to apply to protein biogenesis pathways. Second, only minor differences
distinguish SRP-dependent signal sequences from related ones, for example the signal
sequences that engage the post-translational Sec pathway for secretion in bacteria (164).
Although a threshold level of hydrophobicity in signal sequences was generally thought to
specify the SRP pathway, it has been difficult to define such a “‘threshold’ for SRP-
dependent signal sequences (3, 66). Thus despite its flexibility, the SRP must remain highly
specific to its correct substrates and be able to effectively discriminate against incorrect
substrates based on minor differences. Third, targeting factors are often present in catalytic
amounts relative to its cargo proteins and must cycle rapidly between the cytosol and target
membrane. For example, translating ribosomes are present at concentrations of 40 — 50 uM
in vivo, over 100-fold higher than that of the SRP. Further, the nascent polypeptide loses its
competence to be targeted by the SRP when it exceeds a critical length of ~140 amino acids
(40, 78, 131); this sets a ‘timer’ during which SRP must complete the targeting reaction.
Given the molecular crowding in the cellular environment and the limited time window of
action, how the SRP and other protein targeting machineries achieve accurate and timely
selection of the correct set of substrates has been a challenging question to address.
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In the sections below, we describe recent work that elucidates how high fidelity is achieved
during the co-translational targeting of proteins by the SRP pathway (Fig. 1, route 2). The
lessons from this pathway draw intriguing analogies to those from the DNA and RNA
polymerases, tRNA synthetases, and tRNA selection by the ribosome, suggesting that they
could provide generalizable concepts to understand how highly accurate substrate selection
is achieved during the biogenesis of nascent proteins in general. Many of these advances in
our understanding of the SRP were enabled by the development of high-resolution
biophysical assays, which allow quantitative measurements of the efficiency of individual
molecular steps in this pathway. These assays are also reviewed here, as they offer
generalizable approaches to decipher how efficiency and specificity is achieved during
protein biogenesis at both the conceptual and experimental level.

SEQUENTIAL CHECKPOINTS GOVERN FIDELITY OF CO-TRANSLATIONAL
PROTEIN TARGETING

Overview of the SRP: composition and interaction partners

The SRP is an ancient and essential ribonucleoprotein particle conserved across all
kingdoms of life (for comprehensive reviews, see (2, 73, 146)). In bacterial cells, the SRP is
thought to mediate the delivery of integral membrane proteins and a subset of the
periplasmic proteome to the cytoplasmic membrane. In higher eukaryotic cells, the SRP
becomes the major pathway for delivering membrane and secretory proteins to the
endoplasmic reticulum. Although the size and composition of SRP vary significantly across
species, the highly simplified bacterial SRP and SRP receptor can replace their mammalian
homologues to mediate efficient targeting of mammalian substrates to ER microsomes (14,
110). This demonstrates the remarkable evolutionary conservation of this pathway, and
allows the bacterial SRP to serve as a model system for detailed mechanistic dissection of
the functional core of this targeting machine.

The bacterial SRP contains the universally conserved SRP54 protein (called Ffh in bacteria)
in complex with the 4.5S SRP RNA. Ffh contains two structurally and functionally distinct
domains connected by a 30 amino acid linker (Fig. 1c): a methionine-rich M-domain that
recognizes signal sequences (55, 68, 74) and binds, with picomolar affinity, to the SRP RNA
(7, 68, 74); and an NG-domain comprised of a helical N-domain and a central GTPase, G-
domain that together form a structural and functional unit ((43, 44, 91) and references
therein). The N-domain mediates interactions with the ribosome (53, 57, 106, 121), and the
G-domain mediates GTP binding and hydrolysis by the SRP. Collectively, the NG-domain
of Ffh also interacts directly with a highly homologous NG-domain in the SR (32, 41) (Fig.
2¢). The bacterial SR, called FtsY, also contains an N-terminal acidic A-domain, which
mediates the peripheral association of this receptor with the phospholipid membrane and
with the SecYEG translocation machinery (100, 149).

Cargo recognition by the SRP is insufficient to ensure fidelity

Timely and effective capture of cargo is essential for proper initiation of protein targeting.
The cargos recognized by the SRP are translating ribosomes bearing signal sequences near
the N-terminus of the nascent polypeptide (termed the ribosome-nascent chain complex or
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RNC). Extensive crosslinking (53, 106, 165), cryoEM (56, 57, 121), and crystallographic
(55, 68, 74) analyses showed that SRP54/Ffh recognizes its cargo via a bi-dentate
interaction: the signal sequence binds to a groove in the Ffh/SRP54 M-domain comprised
almost exclusively of hydrophobic residues, while the protein L23 adjacent to the ribosome
exit site interacts with conserved basic residues at the ‘tip” of the Ffh N-domain. In addition,
the Ffh N-domain makes limited contacts with the L29 protein in the vicinity of the
ribosome exit site, and its M-domain also contacts ribosomal RNAs and perhaps ribosomal
proteins L22 and L24 (56, 57, 121), although these contacts remain to be verified
biochemically.

Earlier work, largely based on co-sedimentation and crosslinking data, have led to a simplest
view in which the fidelity of co-translational protein targeting could be derived primarily
from the weaker binding of SRP to ‘incorrect’ cargos — RNCs bearing no or weak signal
sequences. However, a direct experimental test of this model has been challenging due to the
lack of quantitative assays that directly report on the energetics of the RNC-SRP
interactions. To overcome this problem, several types of biophysical assays have been
developed in the last decade mostly based on fluorescence spectroscopy (40, 63, 120, 160).
In a recent development (120), amber suppression technology was used to site-specifically
incorporate a fluorescent non-natural amino acid (red in Fig. 2a), into the nascent protein
during translation. Efficient fluorescence resonance energy transfer (FRET) was observed
between the donor dye labeled at the signal sequence on the RNC and an acceptor dye
labeled at the Ffh M-domain (Fig. 2b), providing a robust and sensitive assay to measure the
equilibrium and kinetics of the SRP-cargo interactions (120).

To test the specificity during the cargo recognition step by the SRP, several groups have
compared the binding affinities of SRP for RNCs bearing SRP-dependent and SRP-
independent substrates (16, 40, 63, 160). In a systematic study (160), the hydrophobic core
of the signal sequence of alkaline phosphatase (phoA), a borderline substrate that primarily
uses the post-translational SecB/A pathway (65, 139), was replaced with a combination of
leucine and alanine (Fig. 2c). The Leu/Ala ratio was systematically varied to generate signal
sequences with varying hydrophobicity (Fig. 2c). Two additional SRP-independent
substrates were used as negative controls in this study: (i) the autotransporter EspP, which,
despite the presence of a fairly hydrophobic signal sequence, was able to escape the SRP
pathway due to an unusual N-terminal extension (Fig. 2c, blue) (104); and (ii) firefly
luciferase, a cytosolic protein without a recognizable signal sequence.

A combination of fluorescence anisotropy (160) and FRET (Fig. 2a, b; (120)) measurements
showed that, consistent with previous observations, SRP binds tightly to the correct cargos,
with equilibrium dissociation constants (Kg) in the subnanomolar to low nanomolar range
for RNCs with more than 7 leucines in the signal sequence (Fig. 2d). This binding affinity
weakens up to 102-fold as the signal sequence is weakened (Fig. 2d). Similar observations
were made in earlier measurements with the mammalian SRP based on an environmentally
sensitive fluorescent dye labeled at the signal sequence on the RNC (40), and in a more
recent study that uses FRET between donor labeled at L23 and acceptor labeled on the SRP
to measure ribosome-SRP binding (63). This latter study further showed that the difference
in binding equilibrium derives largely from differences in the kinetic stability of the
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RNCeSRP complex: SRP can bind rapidly to RNCs bearing both SRP-dependent and SRP-
independent substrates, but it dissociates much more slowly from the former.

These studies also showed that even the weakest cargos or empty ribosomes bind the SRP
with significant affinity, with Ky values in the 80 — 100 nM range (Fig. 2d; (40, 63, 160)).
Thus, the interaction of SRP with the ribosome provides a significant driving force for the
recruitment of SRP to RNCs. Given the cellular concentrations of SRP (~400 nM in
bacteria) and ribosomes (40-50 uM), it is unlikely that the observed differences in cargo
binding affinity are sufficient for SRP to discriminate against the incorrect cargos. Most
unexpectedly, RNC bearing an SRP-independent substrate, EspP, binds the SRP as tightly as
a correct cargo (3A7L) (Fig. 2d). These results strongly suggest that the initial cargo-binding
step is insufficient to ensure the accurate selection of substrates by the SRP and hence,
subsequent steps in the targeting pathway must provide additional fidelity checkpoints to
reject the incorrect cargos. These additional fidelity checkpoints are provided by the SRP
and SR GTPases, as described in the next sections.

A novel GTPase cycle for the SRP and SR

The twin GTPases in the SRP and SR represent a novel class of nucleotide hydrolases whose
biological activity is regulated by nucleotide-dependent dimerization cycles (6, 24, 47, 82).
They are distinguished from the classic signaling GTPases, such as Ras (17, 51), in several
aspects: (i) Free Ffh and FtsY exhibit minor structural differences amongst the apo, GDP-,
and GTP-bound states (44, 45, 48, 91, 99, 115). Hence, the exchange between nucleotide
states per se cannot provide the mechanism to regulate these GTPases. (ii) Even with GTP
bound, both Ffh and FtsY by themselves are in an inactive open conformation, exhibiting
weak nucleotide affinities and rapid nucleotide dissociation rates (103). Hence, they forego
the need for an external Guanine Nucleotide Exchange Factor (GEF) to convert them from
the GDP- to GTP-bound state, and the recruitment of a GEF cannot serve as a mechanism to
turn these GTPases to the ‘on’-state. (iii) They reciprocally activate the GTPase (or ATPase)
activity of one another (103, 108), and thus forego the need to recruit an external GTPase
Activating Protein (GAP) to convert them from the GTP- to GDP-bound state. Hence, the
recruitment of an external GAP cannot serve as a mechanism to turn these GTPases to the
‘off’-state either.

Instead, the GTPase cycles of SRP and SR are driven by a series of discrete conformational
changes during their dimerization that culminates in their reciprocal GTPase activation (Fig.
3). Dimerization between the Ffh and FtsY NG domains begins with the assembly of a
transient early intermediate, which forms rapidly but is highly unstable (K4 ~ 4-10 uM; Fig.
3, step 1)(158). This intermediate is primarily driven by electrostatic attractions between the
N-domains of Ffh and FtsY but lacks stable contacts between their G-domains, and hence
can form independently of GTP (Fig. 3, right)(35, 159). Subsequent rearrangements,
involving readjustments at the intramolecular N-G domain interface (32, 41, 124, 126) and
the removal of an inhibitory N-terminal helix (49, 94, 130), generates a stable closed
complex in which the Ffh and FtsY G-domains establish extensive contacts with one another
(Kg ~16 — 30 nM; Fig. 3, step 2 and bottom). At the dimer interface, the two GTP molecules
directly hydrogen bond via their 3-OH and y-phosphoryl oxygens, which further stabilizes
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the closed complex and confers its specificity for GTP (32, 41). The final GTPase activation
step involves readjustments of a conserved catalytic loop, termed the Insertion Box Domain
(IBD) loop, in both proteins, during which multiple catalytic residues are positioned to
coordinate the GTP molecules, the nucleophilic water and the active site Mg2* (Fig. 3, step
3). This generates an activated complex conducive to efficient GTP hydrolysis (32, 41, 126).
The hydrolysis of GTP then drives the irreversible disassembly of the SRPsFtsY complex
(Fig. 3, step 4; (25, 103)), thus completing the cycle.

A high-resolution understanding of this GTPase cycle was made possible by several
complementary sets of tools. First, a set of mutant GTPases and GTP analogues was isolated
that specifically lock the SRPeSR GTPase complex at distinct conformational stages (126,
158). This allowed characterization of the structure, energetics, and dynamics of each
conformational state during the dimerization cycle of SRP and SR (35, 158, 159, 161).
Second, a complete set of fluorescence probes was developed that detect specific
conformational states in the GTPase dimer. For example, FRET between donor (coumarin)
and acceptor (BODIPY-FI) probes labeled in the Ffh and FtsY G-domains, respectively,
provides a highly sensitive assay that enabled detection of the transient early intermediate
(Fig. 3, right panel)(63, 158). Further, this intermediate exhibits a lower FRET value than
the closed and activated complexes, so that it can be distinguished from the subsequent
conformations (158). An environmentally sensitive probe, acrylodan labeled at residue 235
of Ffh, detects the N-G domain readjustment during the early-to-closed rearrangement and
thus specifically detects the closed and activated complexes (Fig. 3, bottom) (161). Finally,
acrylodan labeled at residue 356 of FtsY, near its IBD loop, specifically detects the activated
complex (Fig. 3, left panel) (161). Importantly, these tools revealed that each of the
conformational changes during the SRP/SR GTPase cycle is extensively regulated by the
cargo protein and the target membrane (1, 79, 161). These allosteric regulations not only
enhance the efficiency of the protein targeting reaction, but also provide additional fidelity
checkpoints that help reject the incorrect cargos.

Correct cargos drive rapid assembly of the SRP-SR GTPase complex

Once a cargo is loaded on the SRP, it must be rapidly delivered to the target membrane via
the interaction between the SRP and SR GTPases. However in the absence of any biological
cues, the assembly of a stable closed SRPeFtsY GTPase complex is extremely slow (Ko
~102-10% M~1s71; (18, 102, 103)) and insufficient to support protein targeting. These slow
rates are primarily due to the labile nature of the early intermediate, >98% of which
dissociates before it rearranges into the stable closed complex (158). A resolution to this
problem came from the finding that a correct cargo bearing a bona-fide SRP substrate FtsQ
(RNCrsq) stabilizes the early intermediate over 100-fold (161), such that a RNC+SRP+SR
early targeting intermediate can be sufficiently stable to accumulate under physiological
conditions. Importantly, stabilization of the early intermediate is observed specifically with
the correct cargos, whereas the early targeting complexes formed by incorrect cargos are up
to 50-fold less stable (Fig. 4a, step 2) (160). Compared to the correct cargos, the early
intermediates formed with the incorrect cargos also appear to be mispositioned and less
productive; they exhibit lower FRET efficiencies between donor- and acceptor-labeled Ffh
and FtsY (Fig. 3, right), and mediate the early — closed rearrangement 5-10 fold more
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slowly than the correct cargos (Fig. 4b, step 3)(143, 160). Thus, correct cargos mediate the
formation of more stable and productive early targeting intermediates.

As would be expected from the combination of these effects, measurements using several
independent probes showed that the correct cargos mediate much more rapid assembly of
the stable closed SRP+FtsY complex, with up to ~103-fold discrimination between the
strongest (RNCya9.) and weakest (RNCgspp and RNCgap ) cargos (Fig. 4c). Consistent
with these observations, a more recent study showed that RNC bearing the nascent chain of
leader peptidase, an SRP-dependent substrate, mediate faster SRP-FtsY complex assembly
than non-translating ribosomes (63). In addition, signal peptides or signal sequence fused to
SRP54 partially mimic the effect of RNC and stimulate more rapid SRP-FtsY complex
assembly (18, 55). Collectively, these results demonstrate that the correct cargos can be
rapidly delivered to the target membrane once they are loaded on the SRP, whereas the
targeting complexes formed with incorrect cargos are more likely to disassemble and thus
exit the SRP pathway prematurely before arrival at the membrane (Fig 6a, steps 2 and 3).

Kinetic proofreading through GTP hydrolysis

The timing of GTP hydrolysis in the SRPsFtsY complex is critical during the protein
targeting reaction. On the one hand, efficient GTP hydrolysis is needed at the end of the
reaction to recycle the SRP and SR for additional rounds of targeting (125, 152). On the
other hand, premature GTP hydrolysis would lead to abortive targeting reactions before the
RNCeSRP-SR targeting complex identifies and successfully transfers the cargo to the
SecYEG translocation machinery on the membrane. By itself, a stable SRP<FtsY complex
hydrolyzes GTP rapidly (Fig. 5a), with a lifetime of v < 1 s (103). Importantly, a correct
cargo such as RNCrysq delays the conformational rearrangement that leads to GTPase
activation, such that the observed GTP hydrolysis rate is slowed 6-8 fold (Fig. 5a) (161).
This effect, termed “pausing’, extends the lifetime of the targeting complex from<1sto ~5
s, providing it with an important time window to search for the target membrane and the
SecYEG translocon before GTP hydrolysis drives the irreversible dissociation of the
targeting complex (Fig. 5a). Consistent with this hypothesis, delayed GTPase activation in
the RNC+SRP+SR complex can be reversed by the SecYEG complex (Fig. 5a) (1), indicating
that the timing of GTP hydrolysis is exquisitely regulated during the targeting reaction and
tightly coupled to the unloading of cargo at the target membrane (Fig. 6a, step 4; more
discussions below).

Remarkably, the delay of GTPase activation is observed specifically with correct cargos
bearing strong signal sequences, but becomes much less pronounced with the incorrect
cargos (Fig. 5b)(160). Effectively, GTP hydrolysis is used to set a differential timer for the
different cargos: those with SRP-dependent signal sequences have a much longer time
window to search for and locate the SecYEG machinery, whereas those with SRP-
independent substrates are more likely to be rejected through premature GTP hydrolysis
(Fig. 6a, step 4). Such a kinetic partitioning mechanism utilizing the energy of GTP
hydrolysis is conceptually analogous to the kinetic proofreading mechanisms observed
during tRNA selection by the ribosome described in the INTRODUCTION (116, 117).
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Multiple fidelity checkpoints govern substrate selection by the SRP

The quantitative dissection of the bacterial SRP pathway described above supports a novel
model in which the fidelity of the protein targeting reaction is achieved through a
combination of mechanisms including preferential binding, induced fit, and kinetic
proofreading (Fig. 6a). A mathematical simulation, based on the rate and equilibrium
constants of the individual steps, the rate of nascent polypeptide elongation, and the cellular
concentrations of SRP and FtsY, illustrates how the incorrect cargos are rejected through a
sequential series of checkpoints in the pathway including: (i) weaker binding to the SRP
(Fig. 6a, step 1 and Fig. 6b, light grey line), (ii) slower delivery to the target membrane (Fig.
6a, steps 2 & 3 and Fig. 6b, dark grey line); and (iii) premature GTP hydrolysis prior to
productive unloading of the cargo (Fig. 6a, step 4 and Fig. 6b, black solid line). Remarkably,
the results of this simulation faithfully reproduced the experimentally observed pattern of
substrate selection in a reconstituted protein targeting assay (Fig. 6b, red line) (160),
suggesting that all these fidelity checkpoints are required to effectively reject the incorrect
cargos from the pathway.

A critical factor that contributes to the fidelity of the SRP is kinetic competition of the
targeting pathway with the elongation of the nascent polypeptide by the ribosome. Multiple
lines of evidence have suggested that SRP loses its targeting competence when the nascent
proteins exceeds a critical length of ~140 amino acids (39, 133). This gives the SRP
pathway a limited time window of 3-5 seconds to complete the protein targeting reaction,
such that incorrect cargos that are delivered to the membrane more slowly and hence miss
this time window are irreversibly rejected. In vitro and in vivo targeting experiments show
that reducing the rate of translation elongation can rescue substrate proteins bearing mutant
signal sequences that are otherwise sub-optimal in co-translational protein targeting (78, 96,
157). Similar observations were made either when the SRP subunits were depleted, or when
the kinetics of SRP-receptor binding was compromised (96, 157). These data support the
earlier proposals by Gierasch (164) and Rapoport (114) in which co-translational protein
targeting is in kinetic competition with ongoing translation and contributes to substrate
selection by the SRP.

Although a good understanding has been reached for how the SRP achieves accurate
substrate selection in a single round of protein targeting, additional mechanisms could
contribute to the fidelity of the SRP pathway in vivo. First, competition between the strong
and weak cargos may lower the effective concentration of free SRP in vivo; this would allow
the differences in SRP’s cargo binding affinities to maker a greater contribution to
specificity. Second, during multiple rounds of protein targeting, the faster SRP-FtsY
interaction kinetics driven by the correct, than the incorrect, cargos will allow a larger
number of the former to be targeted within a given time window. Third, SRP-FtsY
interaction kinetics could be slower in vivo than in vitro, as protein diffusion rates tend to be
slower within the crowded environment of the cell. This would render the SRP-SR complex
assembly step more rate-limiting for the targeting reaction in vivo and thus increase its
contribution to the rejection of borderline substrates such as phoA. Finally, the SecYEG
translocation machinery, which also provides a binding site for signal sequences (30, 113),
could provide an additional fidelity checkpoint to further reject proteins that lack a signal
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sequence (71). The contribution of these additional factors to the fidelity of the SRP remains
to be evaluated.

STRUCTURAL AND MOLECULAR BASIS OF FIDELITY CONTROL

As described above, the fidelity of the SRP pathway is derived in large part by a series of
signal sequence-driven conformational rearrangements in the SRP and SR GTPases.
Nevertheless, the signal sequence binding site and the GTPase module of SRP are located on
two distinct domains, M and NG, that are connected by a 30-amino acid long linker (Fig.
1c). Direct interaction between these two domains has not been demonstrated. This raises
the question: how does the SRP sense the information about signal sequence occupancy in
its M-domain and transmit this information to its GTPase domains? Recent biochemical,
biophysical and structural studies strongly suggest that this role is fulfilled by the other
essential and universally conserved component of the SRP, the SRP RNA.

The SRP RNA mediates substrate-induced reorganization of the SRP

When the mammalian SRP was discovered, the SRP RNA was considered largely as a
scaffold that holds multiple SRP protein subunits together in a ribonucleoprotein complex
(132, 144, 145). The discovery of the bacterial SRP (13, 14), in which the SRP RNA binds a
single protein Ffh, strongly argued against this simple view and suggested a more active role
for this RNA. The bacterial 4.5S SRP RNA shares the most evolutionarily conserved
domain IV of the SRP RNA, which forms a stable hairpin structure capped by a highly
conserved GGAA tetraloop at one end (Fig. 7a). Two internal loops, A and B, adjacent to
the tetraloop mediate binding of the SRP RNA to the M-domain of Ffh with picomolar
affinity (Fig. 7a) (7, 8). Despite the lack of additional stable interactions between the SRP
RNA and the Ffh NG-domain, kinetic analyses demonstrated that the SRP RNA can
communicate with the SRP and SR GTPases: it catalyzes the rapid formation of the stable
SRPsFtsY GTPase complex, accelerating this otherwise extremely slow process ~102-fold
(102, 103). More recent biochemical, structural, and phylogenetic analyses identified a
critical interaction between the GGAA tetraloop of the SRP RNA and the conserved basic
residues surrounding Lys399 on the lateral surface of FtsY (35, 127, 134). This interaction
strongly stabilizes the otherwise highly labile early intermediate, and thus accelerates the
formation of the stable closed complex between SRP and FtsY (127, 158).

Importantly, a series of structural studies strongly suggest that this key interaction is made
only when the SRP is bound to ribosomes translating an SRP-dependent substrate. In the
free SRP, the orientation of the Ffh M-domain/RNA complex relative to its NG-domain can
be highly variable, likely due to the long linker connecting the M- and NG-domains of Ffh.
Crystallographic analyses and structural mapping studies have observed at least four
different Ffh structures, each showing a distinct inter-domain organization, and the GGAA
tetraloop of the SRP RNA points away from the potential Ffh-FtsY interaction surface in
most of these structures (Fig. 7b, SRP structural ensemble) (22, 23, 54, 74, 85, 118). Thus,
the key interaction between the RNA tetraloop and FtsY-Lys399 would not be favored
during the interaction of FtsY with the free SRP. In contrast, cryo-EM analyses of the RNC-
SRP complex (21, 57, 121) show that the bidentate interactions of the Ffh M- and NG-
domains with the signal sequence and with ribosomal proteins L23/L29 reorganize these
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domains, allowing the SRP RNA to lie in parallel to the ribosomal surface with its GGAA
tetraloop positioned adjacent to the FtsY-interacting surface on the Ffh NG-domain (Fig. 7b,
RNCeSRP complex). In this conformation, only modest re-adjustment of SRP is needed for
the GGAA tetraloop to establish close contact with Lys399 on the incoming FtsY (Fig. 7b,
early intermediate) (35). Thus, binding of a correct cargo optimizes the conformation of
SRP, allowing it to establish the key interaction between the RNA tetraloop and FtsY-
Lys399 (Fig. 7b, steps 1-2).

Consistent with these structural insights, biochemical analyses show that the ability of the
SRP RNA to stabilize the early targeting complex and to accelerate stable SRP-FtsY
assembly is only observed when the SRP is bound to correct cargos (127, 129) and, to a
lesser extent, to signal peptide or detergents that mimic the effect of signal peptide (18, 55).
Incorrect cargos, represented by RNCjyciferase and RNCggpp, cannot enable the interaction
between FtsY-Lys399 and the GGAA tetraloop to be effectively established and are hence
incapable of mediating rapid assembly of the targeting complex (127, 129, 143). A recent
cryo-EM analysis of a “false” early targeting complex formed by an incorrect cargo, RNCggp
(143), shows that the Ffh and FtsY NG-domains form a distorted, more flexible complex
compared to that observed with a correct cargo, RNCrsq. In addition, the FtsY NG-domain
is tilted and makes less well-defined contacts with the SRP RNA tetraloop in the ‘false’
early targeting complex. These structural analyses, combined with biochemical evidence,
provide a coherent model in which the correct but not the incorrect cargos optimize the
conformation of SRP so that the SRP RNA tetraloop is pre-positioned to interact with the
incoming FtsY, thus allowing rapid recruitment of the SR to be achieved specifically for the
correct cargos.

GTPase movement to the RNA distal end activates GTP hydrolysis

Despite the important role in stabilizing the early intermediate, the SRP RNA tetraloop has
no effect on the equilibrium stability of the SRP-FstY complex in the closed/activated states
(102, 103), suggesting that this interaction is highly transient and exists only in the early
intermediate. Consistent with this notion, the density for the NG-domains of SRP and SR
becomes invisible in a cryo-EM structure of the eukaryotic RNCeSRP<SR complex formed
with a non-hydrolyzable GTP analogue (58), suggesting their detachment from the tetraloop
of the SRP RNA in the vicinity of the ribosome exit site. A recent crystallographic study (5)
trapped the SRP<FtsY complex in the closed/activated state and showed that the FfheFtsY
NG-domain complex is located at the 5/, 3’-distal end of the SRP RNA (Fig. 7a), ~100 A
away from the tetraloop end (Fig. 7b, activated). Biochemical studies identified specific
sites at the SRP RNA distal end that stimulates GTP hydrolysis in the activated complex (5),
supporting the importance of this alternative RNA-GTPase interaction. Collectively, these
results suggest that after the SRP<SR complex initially assembles at the tetraloop end of the
SRP RNA, it subsequently docks at the opposite end of the RNA where GTP hydrolysis is
fully activated.

These results imply that attainment of the activated state in the FfheFtsY GTPase complex is
coupled to a global movement of this complex along the two functional ends of the SRP
RNA. This large-scale movement is directly demonstrated in a recent study using single-
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molecule fluorescence-TIRF (total internal reflection) microscopy (128). Individual SRP
molecules were immobilized on microscope slides via a DNA splint that hybridizes to a 3’-
extension from the SRP RNA (Fig. 7c). The location of the FfheFtsY NG-domain complex
on the SRP RNA is tracked using FRET between a donor dye on the Ffh or FtsY NG-
domain and an acceptor dye near the RNA distal end (Fig. 7c). The analysis showed that
occurrence of stable high FRET signals arise specifically under conditions that allow
formation of the activated complex, and the frequency of attaining the high FRET state
directly correlates with observed GTP hydrolysis rates, providing unequivocal evidence that
movement to the SRP RNA distal site is responsible for GTPase activation (128).

Most importantly, this GTPase movement to the RNA distal end is almost completely
inhibited by a correct, but not an incorrect, cargo (Fig. 7d) (128). On the other hand, addition
of purified SecYEG translocon to the RNCeSRPsFtsY complex effectively restores the
occurrence of high FRET states (Fig. 7e)(128), suggesting that the GTPase movement to the
RNA distal end is specifically induced at the membrane when the targeting complex
encounters the translocation machinery (Fig. 7b, step 4). These results provide a molecular
explanation for the effects of these machineries on the observed GTP hydrolysis activity of
the SRPsFtsY complex (Fig. 6a). Because both SecYEG and the SRP NG-domain contact
the ribosome via the L23 protein and hence must compete for overlapping binding sites (10,
11, 42, 90), the movement of the GTPase complex away from the ribosome exit (while its
M-domain is still bound to the signal sequence) also suggests an attractive mechanism for
how these two machineries could productively exchange at the ribosome exit site without
irreversible loss of cargo (Fig. 6a and 7b, steps 4-5). Most importantly, these results provide
an attractive model for how the timing of GTP hydrolysis is spatially and temporally
regulated during the targeting reaction and coupled to the eminent unloading of the cargo
from the targeting to the translocation machinery.

In summary, the SRP RNA is responsible for mediating the extensive allosteric regulations
that the cargo exerts on the SRP and FtsY GTPases, thus providing the molecular linker that
couples the loading of a correct cargo to its rapid delivery to and productive unloading at the
membrane. As one of the most ancient ribonucleoprotein complexes, studies of the bacterial
SRP also demonstrates how a large RNA molecule can provide an active scaffold, not only
for holding multiple proteins together but also for coordinating large-scale protein
rearrangements, the exchanges of distinct factors, and the precise timing of these events in a
complex cellular process. These lessons resonate well with those from the spliceosome (10,
11, 42, 90), and may provide general concepts to understand the role of other large
functional RNAs in biology.

PERSPECTIVE

In summary, recent advances in biochemical and biophysical dissections of protein
biogenesis pathways make it possible to begin to decipher the molecular basis underlying
fidelity of these processes. Although the molecular details differ significantly between
protein localization by the SRP and the decoding of genetic information by the polymerases,
tRNA synthetases and the ribosome, striking conceptual analogies can be found between the
mechanisms that ensure fidelity in all these processes. A recurring theme appears to be the
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presence of multiple fidelity checkpoints in a pathway, such that incorrect substrates can be
discriminated at multiple stages by using a variety of mechanisms including preferential
binding, induced fit, editing, and proofreading. This provides a simple and effective
principle to enhance specificity, and may be particularly useful in protein biogenesis
pathways in which cellular machineries must recognize a diverse set of substrates based on
highly degenerate structural and sequence features, while also discriminate between correct
and incorrect substrates based on minor differences.

A common strategy used by many pathways is the induced-fit mechanism, in which the
correct substrate is much more effective at triggering conformational changes conducive to
subsequent steps of the reaction. This can manifest as chemical steps, such as nucleotide
incorporation by the polymerases and GTP hydrolysis by EF-Tu during translation, or as
noncovalent steps, such as the recruitment of SRP receptor during SRP-dependent protein
targeting. A key concept here is that a large fraction of the binding energy with a correct
substrate is used to overcome the energetic barrier for otherwise unfavorable conformational
changes in the cellular machinery; thus, the more favorable interaction with a correct
substrate does not necessarily manifest, in its full extent, in a stronger binding equilibrium.
Hence, it will be important experimentally to not only examine the differences in substrate
occupancy between correct and incorrect substrates, but also to investigate the functional
consequences of these binding interactions.

Another recurring strategy is the introduction of branch points in a pathway, at which the
productive forward reaction kinetically competes with irreversible processes that abort the
pathway. The conceptual framework for this mechanism has been well established: the
correct substrates partition more favorably into the forward reactions than the incorrect
substrates, thus amplifying the discrimination against the incorrect substrates (36). This
principle was amply demonstrated as editing mechanisms in tRNA synthetases and as
proofreading activity during replication, transcription, and tRNA selection by the ribosome
(see INTRODUCTION). In the SRP pathway, this principle manifests at two stages: (i)
during cargo delivery to the target membrane, at which SRP-FtsY assembly must compete
with elongation of the nascent polypeptide; and (ii) at the target membrane, where
productive cargo unloading onto the secYEG machinery must compete with GTP hydrolysis
that irreversibly disassembles the targeting complex.

A conceptually analogous example has been described for the chaperone SecB that mediates
post-translational protein export in bacteria (Fig. 1a, step 1b). Although SecB binds unfolded
polypeptides with high affinity, the signal sequence on its substrate proteins does not
mediate these interactions and hence could not contribute to selective binding (111). Instead,
SecB binding kinetically competes with the irreversible folding/aggregation of the substrate
protein; the signal sequence delays these latter processes and thus allows more favorable
partitioning of the correct substrates into the export pathway (111). Another example of this
principle is recently described for regulated protein quality control of the CD4 receptor by a
viral protein Vpu (163). In this system, generation of a mismatched Vpu-CD4 interacting
pair causes only minor differences in the rate of CD4 ubiquitylation; however,
discrimination against the mismatched Vpu-CD4 pair is increased substantially by kinetic
competition from deubiquitylation enzymes that remove the ubiquitin chain on CD4 (163). It
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remains to be determined whether kinetic partitioning between productive and abortive
pathways is a general strategy for ensuring the fidelity of protein biogenesis and quality
control pathways.

The ribosome exit site is a crowded environment where numerous protein biogenesis factors
interact with the nascent protein (Fig. 1a). Within the cell, the SRP does not act in isolation,
but rather must interface with many other factors at the ribosome exit site. Moreover, many
of these factors (such as trigger factor, SecA, or the NAC complex) bind the ribosome at or
near the same protein, L23 (75), and they preferentially interact with nascent polypeptides
via hydrophobic sequences. Given these overlapping preferences, whether and how the
different factors compete, collaborate, or interplay with one another via other mechanisms
remain to be deciphered. Earlier in vitro analyses in cell extracts have shown that NAC
could improve the discrimination of SRP against incorrect SRP substrates (109, 150). More
recent studies revealed additional nuances in this interplay: a genome-wide analysis showed
that NAC can both enhance or reduce the interaction of SRP with different sets of nascent
proteins (3), and crosslinking studies suggest that NAC influences the SRP-cargo
interactions in distinct ways depending on the nascent chain length (162). Analogously,
trigger factor has been shown to modulate the interaction of SRP with translating ribosomes
(9, 20, 33, 81, 138, 140). A coherent model to conceptualize how this molecular interplay
contributes to the fidelity of SRP-dependent protein targeting in vivo remains to be
established. More broadly, how accurate decisions are made in a timely manner to allow a
nascent protein to engage the correct biogenesis factors at the ribosome exit site remain an
important and intriguing question to be explored in future investigations.

Accumulating evidence suggest that the ribosome itself may provide the initial platform that
examines the nascent protein and facilitate the recruitment of proper biogenesis factor(s) to
the exit site. The earliest evidence for this view came from the observation that opening and
closing of the Sec61p translocon can be regulated by the presence of transmembrane
domains (TMD) of the nascent protein before they emerge from the exit tunnel ribosome
(83). A number of more recent biochemical and crosslinking studies found that the presence
of a signal sequence inside the ribosome could enhance the binding of SRP to the RNC (12,
16) and help recruit a regulatory protein RAMP4 to the Sec61p translocon (105). In the
guided entry of tail-anchored protein (GET) pathway, the Bagé complex could more
favorably associate with the RNC when the C-terminal TMD of the nascent substrate protein
emerges inside the ribosome (86). Less direct observations, which also support an active
communication between the nascent protein and the ribosome, include the finding of *stall’
sequences on the nascent protein that arrest protein synthesis (27, 92) and the observation
that nascent polypeptides could assume a-helical folds inside the ribosome tunnel (84, 153).
These results raise the intriguing possibility that sequence or structural features of the
nascent polypeptide inside the polypeptide exit tunnel could ‘signal’ the ribosome and lead
to the recruitment of cellular factors. The nature of ribosome structural changes that underlie
these signaling events, whether and how they contribute to the respective protein biogenesis
pathways, and the mechanisms ensuring the specificity of these ‘signals’ remain intriguing
questions to pursue in future studies.
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SR
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Hsp70

Hsp90
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the process of delivering newly synthesized protein to specific
organelles in the cell

molecular interactions and pathways that occur while the nascent
protein is still being synthesized and attached to the translating
ribosome

molecular interactions and pathways that occur after the nascent
protein is released from the ribosome

protein complexes that mediate the vectorial translocation across or
lateral integration of proteins into the membrane bilayer. Used
interchangeably with “translocation machinery’ and ‘translocase’

transferable element on the nascent polypeptide that enables the
protein to engage with protein targeting machineries and mediates
proper localization of the protein

a technology that allows site-specific incorporation of a non-natural
amino acid into a protein in response to an amber codon during
translation. Most often, this utilizes an engineered tRNA that can
compete with the release factor in recognizing the amber codon

a family of ATPases Associated with diverse cellular Activities that
mediate ATP-dependent remodeling of protein complexes or
aggregates

signal recognition particle

signal recognition particle receptor
ribosome-nascent chain complex
guanosine 5’-triphosphate (GTP) hydrolase
adenosine 5’-triphosphate (ATP) hydrolase

the 70-kDa heat shock proteins, a family of molecular chaperones that
facilitate protein folding and biogenesis. Homologs include DnaK in
bacterial and SSA and SSB in yeast cells

the 90-kDa heat shock proteins

the eukaryotic chaperonin that provides favorable conditions for a correct
protein folding process

nascent polypeptide associated complex, a heterodimeric complex that
binds eukaryotic ribosomes in close proximity to the emerging nascent
protein
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ribosome-associated complex, a yeast heterodimer complex formed by
Zuotin (zuo) and Ssz, which are members of the conserved Hsp40 and
Hsp70 chaperones families

SecYEG a trimeric protein complex consisting of the subunits SecY, SecE, and

SecG, which together form the minimal component of the bacterial
translocon. The homologue in mammalian cells is termed the Sec61p
complex, comprised of the a, B, and vy subunits

RQC ribosome quality control complex, which mediates ubiquitin-dependent

GET

degradation of polypeptides on stalled ribosomes and signals stress to
Hsfl

guided entry of tail-anchored proteins, a pathway that mediates the post-
translational targeting of tail-anchored membrane proteins to the
endoplasmic reticulum
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SUMMARY POINTS

The ribosome exit site is a crowded environment where the nascent protein must
be efficiently and accurately sorted among multiple protein biogenesis factors.

Signal sequences enable nascent proteins to engage the correct protein targeting

machinery, and thus be directed to their proper cellular destination. These
topogenic sequences are highly degenerate, posing challenges to protein
biogenesis machineries in achieving specificity.

SRP recognizes its cargos through bidentate interactions with the signal
sequence and the ribosome. However, the SRP-cargo binding affinity is
insufficient to ensure the correct selection of substrates by the SRP.

Correct cargos drive conformational rearrangements in the SRP and SRP
receptor GTPases necessary for the delivery and unloading of cargo, which
provide additional opportunities to reject the incorrect cargo.

The fidelity of substrate selection by the SRP is achieved through the
cumulative effects of multiple checkpoints in the pathway.

The SRP RNA orchestrates global rearrangements of the SRP upon cargo
binding, thus providing the molecular basis for efficient and accurate co-
translational protein targeting.

Induced fit and kinetic partitioning are commonly used strategies to achieve
biological specificity.
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Figure 1.

Multiplicity of fates awaiting a newly synthesized protein. (a) A variety of protein
biogenesis factors can interact with a nascent protein during and immediately after
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its

synthesis by the ribosome, including co- and post-translational chaperones, co- and post-
translational protein targeting machineries, and ribosome-associated modification enzymes

and quality control complexes. (b) General features of signal sequences that direct

proteins

to distinct subcellular organelles. (¢) Domain structures of the SRP, which is composed of
the SRP54 (Ffh) protein and the SRP RNA (left), and of the bacterial SRP receptor FtsY

(right).
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Cargo binding by the SRP is insufficient to ensure a high fidelity of co-translational protein

targeting. (a) Incorporation of a fluorescent non-natural amino acid to produce site-

specifically labeled RNC. (b) FRET assay to monitor the SRP-RNC interaction.
Fluorescence emission spectra are shown for Cm-labeled RNCyag; (black), BODIPY-FI

labeled SRP (blue), and their complex (red). (c) Design of signal sequence variants for
investigation of the fidelity of SRP-dependent protein targeting. Bold highlights the

hydrophobic core, and blue highlights the N-terminal signal sequence extension of EspP. (d)
Summary of the binding affinities of SRP for RNCs bearing the different signal sequences.

Adapted from Figure 1E in reference (160). The green line denotes the cellular SRP

concentration of ~400 nM.
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Figure 3.

A series of conformational rearrangements in the SRP<FtsY dimer drive their GTPase cycle.
The SRP and SR NG-domains are in green and blue, respectively. (Right) molecular model
of the early intermediate [Protein Data Bank (PDB) 2XKV]. (Bottom and left) co-crystal
structure of the Ffh-FtsY NG domain complex in the closed/activated conformation (PDB:

1RJ9). The positions of fluorescence probes that detect each conformational state are
depicted in the structures.
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10 Dissociation Constants of Early Complex
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Correct cargos stabilize the early intermediate and mediate faster rearrangement to the
closed complex, and thus enabling faster assembly of a stable SRP-FtsY complex. (a)
Summary of the equilibrium dissociation constants (Kg) of the early intermediate formed
with different cargos (adapted from Fig. 2C in ref. (160)). (b) Summary of the rate constants
for the conformational rearrangement from the early to closed complex mediated by the
different cargos (adapted from Fig. 2G in ref. (160)). (c) Rate constants for assembly of the
stable, GTP-dependent closed complex mediated by the different cargos (adapted from Fig.

3C in ref. (160)).
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Correct cargos delay GTP hydrolysis. (a) The correct cargo delays GTP hydrolysis from the
RNC-SRP-FtsY complex, which is restored by the SecYEG translocon. (b) Summary of
GTPase rate constants from the RNCeSRP+FtsY complex mediated by the different cargos.
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A sequential series of checkpoints reject incorrect cargos from the SRP pathway. (a) Model
for how conformational rearrangements in the SRP/SR GTPases provide the driving force
and ensure the fidelity of protein targeting. Step 1, a cargo with a signal sequence (magenta)
enters the pathway upon binding SRP. Step 2, the cargo-bound SRP forms a stabilized early
intermediate with FtsY. Step 3, association of FtsY with membrane drives the
rearrangements from the early intermediate to the closed complex. Step 4, the SecYEG
translocon promotes conformational rearrangements that drive GTPase activation and cargo
handover. Step 5, the cargo is unloaded from the SRP onto SecYEG, and GTP hydrolysis
drives the disassembly and recycling of SRP and FtsY. At each step, the cargo can be either
retained in (black arrows) or rejected (red arrows) from the pathway. Color codings are the
same as in Figure 3. (b) Predicted fraction of cargos retained in the SRP pathway after cargo
binding (light grey), induced SRP-SR assembly (dark grey), and kinetic proofreading
through GTP hydrolysis (black). The experimentally determined protein targeting
efficiencies are shown in red.
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SRP RNA-mediated global rearrangement of SRP couples cargo loading and unloading
events to the GTPase cycle during protein targeting. (a) Secondary structure of the
Escherichia coli 4.5S SRP RNA. The binding sites for the Ffh-M domain (blue) and for
FtsY during the GTPase assembly (green) and activation (tan) steps are denoted. (b) Global
rearrangement of SRP mediated by the SRP RNA during the protein targeting cycle. Top,
free SRP exist in a variety of ‘latent’ conformations not conducive to the recruitment of
FtsY. Right, binding of RNC induces a more active conformation of SRP (step 1), in which
the SRP RNA tetraloop is properly positioned to interact with the G-domain of SR and
hence form a stabilized early targeting complex (step 2). Molecular models derived from
cyro-EM reconstructions are shown for the RNCeSRP (right panel) and RNCeSRP+SR early
complex (lower right panel); the ribosome was not shown for clarity. Bottom, the GTPases
detach from the SRP RNA tetraloop upon formation of the closed complex (step 3). Left, the
GTPase complex relocalizes to the distal end of the SRP RNA (step 4), a conformation (left
panel; PDB 2XXA) conducive to GTPase activation and cargo unloading (Step 5). All
structures are aligned with respect to the SRP RNA. Color codings are the same as in Figure
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3. The steps are numbered to be consistent with Figure 6a. (c) The SmFRET setup to monitor
the dynamic movements of the SRP-FtsY GTPase complex on the SRP RNA. FtsY Cys345
is labeled with Cy3, and the 5’end of the DNA splint is labeled with Quasar 670. (d-€) RNC
and SecYEG regulate GTPase movement on the SRP RNA, as shown by the SmFRET
histograms of the SRP-FtsY complex bound to RNCrsq in the absence (d) and presence (€)
of the SecYEG translocon. Adapted from reference (128).
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