‘@ © 2009 Nature America, Inc. All rights reserved.

nature
structural &
molecular biology

The ribosome as a platform for co-translational
processing, folding and targeting of newly synthesized

proteins

Giinter Kramer!, Daniel Boehringer?, Nenad Ban? & Bernd Bukau'

The early events in the life of newly synthesized proteins in the cellular environment are remarkably complex. Concurrently with their
synthesis by the ribosome, nascent polypeptides are subjected to enzymatic processing, chaperone-assisted folding or targeting to
translocation pores at membranes. The ribosome itself has a key role in these different tasks and governs the interplay between the
various factors involved. Indeed, the ribosome serves as a platform for the spatially and temporally regulated association of enzymes,
targeting factors and chaperones that act upon the nascent polypeptides emerging from the exit tunnel. Furthermore, the ribosome
provides opportunities to coordinate the protein-synthesis activity of its peptidyl transferase center with the protein targeting and folding
processes. Here we review the early co-translational events involving the ribosome that guide cytosolic proteins to their native state.

Ribosomes decode genetic information and convert it into the amino
acid sequences of proteins. Ribosomes account for as much as 30% of
total cell mass, with up to 10° and 10° ribosomes in bacteria and
mammalian cells, respectively!. In growing cells, most ribosomes are
active in translation, synthesizing polypeptide chains at rates of about
20 amino acids per second in bacteria and 5-9 amino acids per second
in eukaryotes. Ribosomes are large ribonucleoprotein complexes
composed of two subunits with a total molecular mass ranging
between ~2.4 MDa (bacteria) and ~4 MDa (eukaryotes). The
small subunit is involved in the decoding of mRNA. The large
subunit harbors the peptidyltransferase center, composed of ribo-
somal RNA (rRNA), that forms the active site responsible for peptide
bond formation. It also contains the ribosomal exit tunnel for
nascent polypeptides (Fig. 1a). An mRNA transcript may be translated
by several ribosomes simultaneously, and a recent cryo—electron
tomography analysis of active polysomes revealed that the ribosomes
are arranged in a staggered or pseudohelical organization, with
the polypeptide exit sites facing outward’. This arrangement
maximizes the distances between nascent chains emerging from
neighboring ribosomes, thereby preventing unfavorable interactions
between them.

The ribosomal environment for nascent polypeptides

The peptide exit tunnel has a length of 80-100 A and a diameter of
approximately 10 A at its narrowest and 20 A at its widest points>=>.
The tunnel resembles a tube, able to accommodate a peptide stretch of
approximately 30 amino acids in extended conformation or, if the
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formation of secondary structure is possible, up to 60 amino acids in
an o-helical conformation®3. In bacterial ribosomes, the tunnel wall is
formed predominantly by 23S rRNA and looped-out segments of the
ribosomal proteins L4, L22 and L23. There is a pronounced constric-
tion in the tunnel about 30 A from the peptidyltransferase center. At
this point, a conserved P-hairpin loop of L22 comes into close
proximity to an extended loop of L4 (Fig. 1b,c). At its distal end,
the ribosomal exit tunnel widens up>®°-11, The rim of the exit point
is composed of RNA, a ring of four ubiquitously conserved ribosomal
proteins (L22, 123, L24 and L29) and additional kingdom-specific
proteins (see below). Some of these proteins constitute major inter-
action sites for various factors involved in nascent chain processing,
folding and targeting.

Translation speed can affect protein folding

Translation is physically and functionally coupled to the folding and
targeting of newly synthesized proteins. Several mechanisms of com-
munication allow the adjustment of the translation speed to folding
and targeting processes. Variations of translation rates may result from
local stable mRNA structure or the presence of rare or slowly
translated codons in the translated mRNA, which may have drastic
effects on the folding efficiency of newly synthesized proteins!2. For
instance, replacement of rare codons by more frequent ones in
the genes from Escherichia coli or Saccharomyces cerevisiae results in
faster translation but reduces the specific activity of the encoded
proteins'>!4, In fact, folding efficiency of a multidomain protein
in E. coli is perturbed by synonymous substitutions of rare codons
by others with highly abundant tRNAs'>. A silent mutation in
the human gene ABCBI (also known as MDRI) causes the encoded
P-glycoprotein to fold differently, indicating that the altered confor-
mation is caused by perturbation of the timing of folding and
translation!®. Thus, the speed of protein synthesis can affect protein-
folding pathways. Accordingly, codons translated at a lower speed are
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Figure 1 The path of the nascent chain through the ribosomal exit tunnel.
(a) Schematic drawing of the ribosome (gray) sliced along the tunnel,
showing the path of the nascent chain (orange) from the peptidyl transferase
center (PTC) to the exit site. Proteins that interact with the nascent chain
are color coded (L4, blue; L22, magenta; L23, green). (b) Outside view of
the ribosomal tunnel (transparent gray surface). The loops of ribosomal
proteins L4 (blue) and L22 (pink-magenta) form the narrowest constriction
along the tunnel (arrow). Residues of protein L22 that are important for
SecM stalling are highlighted in magenta. Ribosomal protein L23 at the exit
of the tunnel is shown in green. (c) Blow up of the constriction point viewed
from the PTC along the tunnel.

found predominantly in regions encoding domain boundaries and
specific secondary-structure elements such as B-strands and random
coil regions!”. Such regions occur in numerous eukaryotic and
prokaryotic genomes, indicating a universal selective pressure for

their maintenance!®.

Nascent chains can promote translational pausing

The peptide exit tunnel is not a passive environment for the passage of
nascent polypeptides but provides structural features to regulate
protein synthesis and facilitate association of factors. Furthermore,
interactions with the tunnel may promote the initiation of secondary
structures in nascent chains.

The feedback regulation of translation via tunnel interactions uses
sequence information from the nascent chains and leads to transient
translational pausing. Such pausing can have beneficial effects for the
coordination of ribosome-associated factors or the co-translational
folding of nascent peptides'®. Positively charged lysine or arginine
residues in the nascent chain can slow down or even arrest translation,
probably by charge-specific interactions between the tunnel and the
nascent peptide'®?’. Accordingly, translation of the poly(A) tail of
mRNAs lacking a stop codon results in synthesis of polylysine, which
causes translation arrest and stimulates degradation of the nascent
polypeptide by the proteasome?!-22,

Other short peptide stretches can cause transient translational arrest
by specific interactions with the exit tunnel. For example, in E. coli,
where transcription and translation are coupled, the 24-amino-acid
regulatory peptide TnaC can transiently stall translation in the
presence of tryptophan, thus preventing transcriptional termination
and promoting the expression of the downstream gene within the
same operon?’. Another example is the 170-amino-acid secreted SecM
peptide that regulates the translation of the downstream secA gene in
response to the secretion status of the cell’*. During synthesis, the
nascent SecM polypeptide interacts with the ribosomal exit tunnel to
transiently arrest translation; SecA-mediated transport of SecM across
the cytoplasmic membrane seems to overcome this arrest and cir-
cumvent the translation of the downstream secA gene?*%3. The SecM
nascent chain induces translation arrest through its C-terminal stalling

sequence (150-FxxxxWIxxxxGIRAGP-166), which interacts with ribo-
somal 23S RNA (bases A2058 and A749-753) and projections of L22
and L4 (refs. 26,27; Fig. 1b,c). Interestingly, although Pro166 of SecM
is essential for the arrest, the Pro166-tRNA remains at the ribosomal
A-site without forming a polypeptide bond with the peptidyl-tRNASY
located at the P-site?,

Sequences that cause translational pausing are not limited to
bacteria. For example, the nascent arginine attenuator peptide from
yeast can cause co-translational stalling in both rabbit reticulocyte
lysates and wheat-germ extracts, indicating that this mechanism might
be conserved?’.

A striking interaction between nascent chains and the ribosomal
tunnel regulates the association of the signal recognition
particle (SRP). In E. coli, nascent chains too short to reach the end
of the ribosomal exit tunnel can nevertheless increase the affinity of
SRP for ribosomes by approximately 100-fold®°. Signal transfer from
the inside of the tunnel to the ribosomal surface occurs via a loop in
L23 that reaches into the exit tunnel. This active recruitment of
SRP to the ribosome is independent of a signal sequence in the
nascent chain. In yeast, SRP also shows higher affinity for actively
translating ribosomes harboring nascent chains buried in the exit
tunnel than for vacant ribosomes, but only if the ribosomes are
translating a membrane anchor sequence’!. Together, these findings
show that ribosomes can transmit information about the presence of a
nascent chain from their interior to the surface, to control the
interaction with the SRP.

The ribosome initiates folding

Several studies suggest that ribosomes promote the formation of
secondary structure in nascent chains. In a published study, Forster
resonance energy transfer (FRET) pairs placed at opposite ends of a
nascent transmembrane segment were used to measure the degree of
folding in the tunnel of eukaryotic ribosomes®’. Strikingly, the
distance between the labels was as short inside the tunnel as when
the transmembrane domain was inserted into the membrane as an
a-helix, suggesting that the ribosome can promote helix formation. In
another study, PEGylation of cysteines placed at defined positions was
used to measure the relative compaction of arrested nascent chains!!.
Distinct zones of secondary-structure induction or stabilization within
the tunnel were detected, predominantly in regions close to the
peptidyl transferase center (PTC) and near the protein exit channel.
Similar analyses suggest that co-translational acquisition of secondary
structure, and even some tertiary structure, might occur within the
last 20 A of the tunnel, where it widens up®%.

Enzymatic processing of nascent chains

Many cellular proteins are subjected to chemical modifications, some
of which occur during protein biosynthesis. Among the various factors
that interact with nascent chains are enzymes involved in N-terminal
deformylation or methionine excision, two proteolytic pathways
needed to produce diverse N termini in proteins, or enzymatic
modification by acetylation®* (Fig. 2). Other modifications such
as N-myristoylation have also been suggested to occur co-translation-
ally; however, mechanistic details on how this might be coupled to
translation are lacking?®.

Methionine aminopeptidase and peptide deformylase. Methionine
aminopeptidases (MAPs) are essential in all kingdoms of life’. This
protein family catalyzes the removal of N-terminal methionine from
nascent chains, a reaction controlled by the sequence of the nascent
chain itself.
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Several lines of evidence suggest that some MAP family members
interact with ribosomes. N-terminal methionines can be removed
co-translationally when the nascent chains reach a minimal length
of just 40 amino acids®’. Furthermore, yeast MAPs have been found
to be associated with ribosomes®®*, The MAP-ribosome interaction
sites are not known to date, but a 50-100-amino-acid N-terminal
extension was suggested to facilitate the proper interaction of yeast
MAP with the large ribosomal subunit>*,

Bacteria, mitochondria and plastids initiate translation by the
binding of a specialized initiator tRNA charged with formylmethio-
nine®®. N-formylation is assumed to block the reactive amino group
to prevent unfavorable side reactions and to enhance the efficiency
of translation initiation. The bacterial enzyme peptide deformylase
(PDF) is an essential protein that co-translationally removes the
formyl group of nascent proteins (Fig. 2a), a step required for
the subsequent action of the MAP to excise the N-terminal methio-
nine*! 3. Escherichia coli PDF associates with the large subunit of the
ribosome through a C-terminal helical extension that binds to a
groove between ribosomal proteins L22 and L32, located next to
the ribosomal exit tunnel** (Figs. 2a and 3). Binding of PDF
to the ribosome positions its active site for interaction with the
emerging nascent polypeptides, and this is functionally important

Figure 3 Model of bacterial chaperones involved in de novo protein folding.
(a) The ribosome-bound chaperone Trigger factor interacts with nascent
chains at the ribosome. Trigger factor (TF) can stay bound and move with
the nascent chain for a limited time to promote the folding of cytosolic
proteins. Besides the interaction with Trigger factor, some proteins need
further folding assistance by either the Hsp70 chaperone system, consisting
of DnaK together with its cochaperone DnaJ and the nucleotide-exchange
factor GrpE, or by the Hsp60 chaperonin GroEL together with its
cochaperone GroES. For some proteins, productive folding requires
consecutive binding steps and shuttling between both chaperone systems.
(b) The tunnel exit (black) of the large ribosomal 50S subunit, showing the
ribosomal proteins surrounding it and associated enzymes. The surface of
the ubiquitously conserved proteins L23, L29, L24 (green) and L22
(magenta) is indicated. Bacterial specific proteins L17 and L32 are colored
yellow. The projections of PDF (blue) and TF (red) on the bacterial ribosomal
surface are shown as outlines.

Figure 2 N-terminal co-translational enzymatic processing and modification
of nascent polypeptides in the vicinity of the ribosome. (a) In bacteria, the
ribosome-associated peptide deformylase (PDF) removes the formyl group
of the N-terminal formyl methionine of nascent proteins. This process is a
prerequisite for the proteolytic removal of the unmasked methionine by
methionine aminopeptidase (MAP). The enlargement shows PDF (cyan
ribbon) bound to ribosomal protein L22 (magenta) next to the ribosomal
tunnel exit (white star). The second interaction site of PDF on the ribosome,
protein L32, is not visible in this view of the ribosome, which is sliced along
the tunnel. The path of the nascent chain is indicated by yellow spheres.
(b) In eukaryotes, the N-terminal methionine of nascent polypeptides is
often removed by methionine aminopeptidase. Irrespective of whether this
enzymatic processing occurs, ribosome-associated N-acetyltransferases

can transfer an acetyl moiety to the N-terminal amine group of the

nascent polypeptide.

in vivo—expression of a C-terminally truncated and ribosome
binding—deficient PDF in cells lacking full-length PDF reduces the
viability and growth rate of cells under PDF-limiting conditions*4,

Acetyltransferases. N-terminal acetylation is another protein mod-
ification believed to occur co-translationally in eukaryotes®. Although
found only rarely on prokaryotic or archaeal proteins, it is one of the
most frequent protein modifications in eukaryotes, occurring on
approximately 80-90% of the cytosolic mammalian proteins and
about 50% of yeast proteins. Despite being so widespread, the
significance of acetylation is not well understood. The reaction is
catalyzed by several non-essential hetero-oligomeric acetyltransferases
(NATs), which differ in their substrate specificities (Fig. 2b). Several
lines of evidence indicate co-translational acetylation of nascent chains
and suggest that NATs might be ribosome associated*>*”. N-terminal
acetylation of 40-70-amino-acid nascent polypeptides by a mainly
polysome-bound acetyltransferase was observed in rat liver extracts*.
In reticulocyte lysates, the N-terminal methionine excision by MAP
and the acetylation of the N-terminal glycine of ovalbumin occurs
when the nascent chain has a length of only 41-47 amino acids®.
NatA from yeast is bound to vacant as well as active ribosomes>® and
can be cross-linked to nascent polypeptides®. Recent evidence shows
that NatB and NatC are also ribosome associated®. Furthermore,
copurification experiments suggest that ribosomal proteins Rpl25p (or
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Figure 4 Interaction of Trigger factor with nascent chains. (a) Model of the functional cycle of Trigger factor (red). Unbound Trigger factor exists in a
monomer-dimer equilibrium (1). Trigger factor may interact with folding proteins in the cytosol (2) or bind to vacant ribosomes (3). Trigger factor association
is accelerated by the presence of a peptide chain emerging from the ribosome (4). The affinity of Trigger factor can be substantially increased by the
presence of longer nascent chains exposing hydrophobic sequences (cyan). Such increase in affinity is caused by a several-fold accelerated association rate
and decreased dissociation rate and can cause a prolonged t1,» of Trigger factor at the ribosome of up to 50 s (5). The association rate of Trigger factor
binding to ribosomes eventually decreases when a large nascent polypeptide is exposed on the ribosomal surface, presumably as a result of steric hindrance.
Trigger factor may remain associated with some nascent chains even after its dissociation from the ribosomal binding site (6). Rate constants determined
for Trigger factor interactions with ribosomes or ribosome nascent chain complexes are from ref. 56. Inset, binding sites in the nascent chain increase
Trigger factor’s association rate to ribosomes, presumably by a fast interaction with the nascent chain (1) followed by ribosome binding (2). (b) Model of

E. coli Trigger factor bound to an E. coli ribosome nascent chain complex derived from a combination of EM and crystallographic data. The crystal structure
of Trigger factor is shown in surface representation (colored by electrostatic potential) on the E. coli ribosome (rRNA, grey; proteins, green) and sliced along
the tunnel (white star). The Trigger factor arms and the ribosome-bound tail form a cradle that might allow folding of the nascent chain. (c) The crystal

structure of Trigger factor (colored as in b) viewed from the tunnel.

L23) and Rpl35p (or L29), both positioned in close proximity to the
ribosomal polypeptide exit tunnel, might have a role in NatA binding
to the ribosome.

Ribosome associated chaperones in co-translational folding

In principal, newly synthesized polypeptide chains of cytosolic
proteins have the potential to start the folding process co-
translationallysz. Within the cellular environment, however, they
interact with a large arsenal of molecular chaperones that guide the
folding process. At the forefront are chaperones that transiently
associate with ribosomes and are thereby optimally positioned to
assist folding during ongoing synthesis. They cooperate with
cytosolic chaperones of the Hsp60, Hsp70 and Hsp90 families
that act downstream in the folding process>2. Strikingly, pro-
karyotes and eukaryotes have evolved structurally unrelated
ribosome-associated chaperone systems (Figs. 3 and 5). Whereas
prokaryotes use the chaperone Trigger factor, eukaryotes have
evolved Hsp70 and J-protein-based systems and the heterodimeric
nascent polypeptide-associated complex (NAC).

The bacterial Trigger factor. Trigger factor is the only ribosome-
associated chaperone for which we have significant mechanistic insights.
The chaperone activity of Trigger factor crucially depends on its

transient association with the ribosome> (Fig. 4a). In the absence of
nascent chains, Trigger factor cycles on and off the ribosome with a
mean residence time of 11-15 s*°, Depending on their length,
sequence and folding status, nascent chains can accelerate Trigger factor
association with ribosomes and delay its dissociation, leading to an
overall increase in affinity of 9-fold to 30-fold>>7. In this manner, the
nascent chains themselves control the timing of Trigger factor binding
to the ribosome. This mechanism presumably relies on Trigger factor’s
ability to rapidly bind and release peptides enriched in aromatic and
basic residues, allowing it to sample for binding sites on the growing
nascent chains®®. Such a mechanism enables Trigger factor to
discriminate between vacant and translating ribosomes and to prefer-
entially associate with ribosome-nascent chain complexes (RNCs).

An elegant FRET study showed that Trigger factor may stay
associated with newly synthesized polypeptide chains for up to 35 s,
even when dissociated from the ribosome, provided that the polypep-
tide has high overall hydrophobicity®>. The kinetic features of Trigger
factor allow its rapid reloading to RNCs>>*®. Such cycling may be
particularly relevant for the assisted folding of multidomain proteins,
which are the preferred clients for Trigger factor in vivo®®. For such
proteins, one could envision that, through consecutive loading, several
molecules of Trigger factor could simultaneously associate with a
nascent chain®l.
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Figure 5 Model of eukaryotic chaperones presumably involved in de novo protein folding. (a) In yeast,
two ribosome-associated systems interact with nascent polypeptides, the nascent chain-associated
complex (NAC) and the Hsp70- and Hsp40-based triad system Ssb/Ssz/Zuo. In analogy to the bacterial
system, some proteins need further assistance by cytosolic chaperones of the Hsp60 family of
chaperonins (TriC/CCT) or the Hsp70 system consisting of Ssal-4, together with the J-proteins Ydj1 or
Sis1 and a nucleotide-exchange factor (NEF). The prefoldin-GimC complex is implicated in the folding
of actin and tubulin. In higher eukaryotes, Mppll, a member of the J-protein class of cochaperones
recruits Hsp70L1 to ribosomes. (b) Illustration showing the tunnel exit (black) of the eukaryotic 60S
subunit with the ribosomal proteins surrounding the tunnel exit and associated enzymes. The surface of
the ubiquitously conserved proteins L25, L35, L26 (green) and L22 (magenta) is indicated. Eukaryote-
specific proteins L31, L19 and L39 are colored blue. The suggested binding sites for Zuo and NAC

on the eukaryotic ribosome are indicated by magenta and red ellipses, respectively. The projection of

expansion segment 27 of ribosomal 28S rRNA is shown as gray outline.

perhaps in response to the presence of a
particular nascent chain, as suggested by
nascent chain protease-protection assays®”%,
How exactly Trigger factor supports the
folding of nascent chains has not been con-
clusively answered. Studies using ribosome
complexes with stalled nascent chains revealed
that, over a stretch of at least 85 residues, the
largely unfolded nascent polypeptide initially
follows a rather defined path in the interior
of Trigger factor, contacting all three
domains®®®. This interior has, overall, a
hydrophobic character, but it also exposes
some polar and charged residues (Fig. 4c),
thereby permitting interaction with stretches
of nascent chains with differing chemical
characteristics. The nascent chains can remain
accommodated inside the protective cradle of
ribosome-bound Trigger factor, even after
folding®. Through this interaction Trigger
factor can shield nascent chains from degra-
dation by proteases®”%8, Furthermore, Trigger
factor was shown to improve the yields of
correctly folded model substrates by reducing
the speed of folding in vivo and in vitro®'. It
remains to be seen whether this reflects the
general mode of action of this chaperone.
There are a number of open questions
regarding the action of Trigger factor, includ-
ing the enigmatic role of its PPIase domain.
Its deletion or an active site mutation reduce

The crystal structure of Trigger factor® greatly improved our
understanding of how this chaperone works (Fig. 4b,c). Trigger factor
folds into an elongated molecule with a dragon shape. The N-terminal
domain (the ‘tail’) harbors a conserved loop sequence involved in
ribosome binding, mainly through contacts with L23 close to the
tunnel exit®?%3, It is connected via a long linker to the peptidyl-prolyl
isomerase (PPlase) domain (the ‘head’) at the other end of the
protein. The C-terminal domain (the ‘back’) lies between the head
and the tail, and forms a cradle with two protruding helical arms. In
addition to the full-length crystal structure of E. coli Trigger factor, a
fragment comprising its N-terminal domain was cocrystallized in
complex with the archaeon Haloarcula marismortui 50S ribosomal
subunit®?, By superimposing full-length Trigger factor onto the
structure of the 50S subunit, it was proposed that Trigger factor
forms a hydrophobic cradle directly at the exit of the nascent
polypeptide tunnel. This cradle is open on both sides and seems to
be large enough to accommodate small globular domains, even when
they are folded.

Recent cryo-EM work has revealed the structure of E. coli Trigger
factor in complex with a translating ribosome®*. The EM reconstruc-
tion shows that Trigger factor forms an arch over the tunnel exit,
similar to the model derived by crystallography®2. Nevertheless, it is
important to note that Trigger factor has substantial rotational free-
dom in its ribosome-bound state®>%4, which may explain why Trigger
factor was observed bound to the large ribosomal subunit in several
other conformations, trapped by crystal contacts®>%°, This flexibility
allows Trigger factor to open up or close in over the exit tunnel,

the chaperone activity of Trigger factor only
slightly’®72. How the substrates are trans-
ferred from Trigger factor to other chaper-
ones that act in subsequent folding steps is another interesting future
question in the field.

Ribosome-associated chaperones in eukaryotes. The ribosome-
associated factors acting in eukaryotes are best characterized for
S. cerevisiae, although their functional roles in protein folding remain
enigmatic. Yeast contains two different systems, the Ssb/Ssz/Zuotin
chaperone triad and NAC”>7¢ (Fig. 5a).

Deletion of any single component of the triad causes similar cellular
defects, including cold and salt sensitivity, slow growth and hypersen-
sitivity toward aminoglycosides, indicating a functional interplay’”~°.
Ssb directly associates with ribosomes and has been reported to
bind to a large fraction of nascent chains and to protect them
from off pathways that eventually lead to misfolding and ubiquitina-
tion”47>77:8081 - Additional ribosome-independent roles for Ssb are
currently being discussed.

Ssz and Zuotin assemble into a stable heterodimeric complex termed
the ribosome-associated complex (RAC). Ribosome association is
mediated by Zuotin’’, which was shown to contact the ribosomal
protein Rpl31 (ref. 82; Fig. 5b). As deletion of Rpl31 does not affect
ribosome association of Zuotin, additional interaction sites are likely to
exist. RAC acts as a cochaperone of Ssb, stimulating its ATPase activity,
although a direct contact to the nascent chain has not been demon-
strated so far. Although Zuotin can stimulate the ATPase activity of Ssb
on its own, it requires Ssz for full activity®>84, Ssz is unusual because it
lacks any detectable ATPase activity in vitro, and its function in vivo
does not depend on its ability to bind ATP or peptide substrates®.
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An ortholog of yeast Zuotin has been recently described, the human
J-protein MPP11 (refs. 85,86; Fig. 5a). MPP11 associates with ribo-
somes and forms a stable complex with Hsp70L1, a remote relative of
Ssz in humans. Complementation analysis in yeast revealed that
MPP11 cannot functionally interact with Ssb but, instead, teams up
with the cytosolic Hsp70 Ssa and thereby partially rescues cells lacking
Ssb and Zuotin. Thus, ribosome-associated chaperones belonging to
the Hsp70 and J-protein class seem to be a general feature, found from
yeast to humans.

Ssb is subject to further regulation in yeast by three nucleotide-
exchange factors (NEFs) that accelerate the exchange of ADP for ATP:
Fesl, the Hsp110 family member Sse and Snll (refs. 87-90). The roles
of these NEFs in regulation of Ssb are still debated. They obviously
accelerate the functional cycle of Ssb; however, whether this occurs in a
regulated fashion, leading to substrate dissociation when needed, is
unclear. Furthermore, in the case of Sse, it is tempting to speculate
that its putative substrate binding site®! is used to directly transfer Ssb-
bound substrate onto Sse, thereby establishing a chaperone cascade.

The second ribosome-associated system is NAC, which binds
nascent chains and ribosomes in a 1:1 stoichiometry’>°2%3, In
eukaryotes NAC is composed of o and § subunits, whereas in archaea
NAC is formed by two o components®. The binding of eukaryotic
NAC to ribosomes is mediated exclusively by the B subunit, whereas
both subunits contact the nascent polypeptides®. So far, a putative
role of NAC in protein folding is indicated only by its ribosome
association and interaction with nascent chains’®’. Deletion of the
NAC-encoding genes in S. cerevisiae causes only minor growth
impairment at higher temperature in some strain backgrounds, and
fission yeast devoid of NAC do not show any phenotype’®®. In
contrast, a lack of NAC in nematodes, fruitflies and mice causes
embryonic lethality!00-102,

In S. cerevisiae the ribosome-associated chaperones mentioned
above (Ssb1, Ssb2, Ssz and Zuotin) are members of the cellular network
of chaperones linked to protein synthesis (CLIPS)3°. CLIPS-encoding
genes are repressed under all stress conditions and transcriptionally co-
regulated with the translational apparatus, suggesting roles in the
folding of newly synthesized proteins®®1%3, Among the CLIPS are the
chaperonin TRiC/CCT, the GimC—prefoldin complex, the prolyl iso-
merases Cpr6/7p and the Hsp70s Ssal and Ssel. Strikingly, all CLIPS
are physically linked to the protein-synthesis machinery, that is, they
comigrate with translating polysomes. Consistent with their specialized
function, the deletion of any CLIPS-encoding gene increases cellular
sensitivity to antibiotics that inhibit translation and to acetidine-2-
carboxylic acid, a proline analog that is incorporated into newly made
proteins and prevents their correct folding. On the other hand, CLIPS
mutant cells are not sensitive to protein misfolding caused by heat
shock, because yeast cells use a different set of stress-regulated chaper-
ones for quality control of misfolded proteins®®1%4,

Why have eukaryotes developed two distinct protein-folding sys-
tems, whereas bacterial chaperones do not show this specialization?
Eukaryotes have a higher proportion of larger multidomain proteins,
as well as more complex protein folds, which is likely to result in an
increased need for a dedicated and efficient chaperone network®!.
Conversely, the evolution of a highly potent chaperone system for co-
translational folding in eukaryotes may have allowed the coevolution
of multidomain proteins that have highly complex folding pathways.
Furthermore, the range of cellular functions for the chaperones has
increased in eukaryotes (for example, protein transport into organelles
and regulation of signaling pathways). The specialization of chaperone
machines may ensure faithful assistance of the folding of newly
synthesized proteins in the cytosol at all growth conditions.

Figure 6 Spatial arrangement of nascent chain—processing factors around
the tunnel exit (star). (a) For short nascent chains (yellow spheres) Trigger
factor (TF, red ribbon) might function as a router, coordinating the nascent
chain processing by peptidyl deformylase (PDF, blue ribbon) and sampling
for signal sequences by the signal recognition particle (SRP). The flexibly
bound SRP is represented by the EM density observed for SRP (orange
surface) bound to the nontranslating 70S ribosome in a partially disordered
state!10. (b) Longer nascent chains displaying the signal sequence for
protein translocation are bound by SRP (orange ribbon), which stably
associates with the ribosome. In this conformation, SRP would overlap with
the Trigger factor bound to a translating ribosome, as observed by EM (EM
density shown in transparent red).

Interplay between processing, folding and targeting factors
Ribosomal L23 (Rpl25) as a general docking site for nascent chain—
associated factors. Available crystal structures of large ribosomal
subunits from bacteria and archaea show several proteins surrounding
the exit of the nascent polypeptide tunnel (Figs. 3b and 5b). These are
the universally conserved proteins 122 (Rpll7), L23 (Rpl25), L24
(Rpl26) and L29 (Rpl35) together with kingdom-specific proteins. L17
and L32 are found only in bacteria, whereas Rpl19, Rpl31 and Rpl39
exist only in archaea and eukaryotes®>>%. Interestingly, one of them,
the ribosomal protein L23 (Rpl25), is involved in almost all inter-
actions of the ribosome with ribosome-associated factors investigated
so far, including the translocon, SRP, Trigger factor, NAC, ERj1, Oxal
and NatA>0626396,106-112 Thys, 123 (Rpl25) seems to constitute a
general docking platform for various factors that transiently associate
with ribosomes to act on nascent chains.

What might be the reason for the concentration of different factors
on just one binding site? The binding to L23 could be used for the
coordination of ribosome-associated factors in time and space.
Accordingly, several factors may sequentially associate with the ribo-
somal exit site in a kinetically controlled fashion, with additional
contacts to the nascent chains acting as codeterminants. In contrast,
simultaneous binding of factors could be facilitated by adjacent
binding sites located in close proximity to each other at L23. Con-
sistent with this idea, structural modeling based on crystallographic
data indicates that binding of PDF and Trigger factor may not be
sterically exclusive?02 (Figs. 3b and 6a). Therefore, PDE, the first
enzyme that processes nascent chains, could bind to the ribosome
next to Trigger factor and process nascent chains emerging from one
of the lateral openings of the Trigger factor cradle. In this scenario,
nascent polypeptides do not have to leave the Trigger factor cradle to
be processed by PDF#4. It will be interesting to determine whether
MAP also joins in with Trigger factor and PDF at the ribosomal
exit site.

The interplay of SRP with Trigger factor and NAC. A crucial process
that takes place at the ribosome is the decision concerning the
co-translational protein translocation into and across membranes
versus folding in the cytosol. Co-translational protein translocation
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involves the interaction of SRP with ribosomes!!3, which allows SRP
to recognize the hydrophobic signal sequence at the N termini of
nascent chains as they emerge from the exit tunnel. The SRP—-RNC
complex interacts in a GTP-controlled fashion with the membrane-
bound SRP receptor and is targeted to the translocon in the ER
membrane!'%, In eukaryotes, this process is coupled to a transient
arrest of translation.

An interplay of bacterial SRP and Trigger factor is indicated by
cross-linking studies demonstrating competition between both factors
for association with nascent chains harboring hydrophobic signal
sequences!>118, Likewise, the appearance of a hydrophobic signal-
anchor sequence in the nascent chain stabilizes SRP association with
the ribosome while diminishing the association of Trigger factor with
nascent chains; Trigger factor, on the other hand, inhibits binding of
SRP to less hydrophobic signal sequences!'>!17119-122, This relation-
ship is further supported by in vivo observations showing that the
absence of Trigger factor accelerates protein export, suppresses the
need for the targeting factor SecB and increases the number of
ribosomes at the membrane!?*124, These findings indicate that Trigger
factor directly or indirectly interferes with protein targeting to
the Sec translocon.

The competitive association of SRP and Trigger factor with nascent
chains does not seem to be due to a principally mutually exclusive
binding of both factors to their ribosomal docking sites, as their
concurrent association to ribosomes has been reported119’125. However,
both factors share L23 as docking site, and structural modeling predicts
significant clashes upon simultaneous binding to ribosomes display-
ing a signal sequence®»'1? (Fig. 6). Interaction of SRP with signal
sequences within nascent chains generates additional contacts with the
ribosomal surface including rRNA as well as ribosomal proteins 124,
122 and L32 (refs. 110,126). Massive structural rearrangements of at
least one of the two factors would be required for simultaneous
binding. Consistent with this idea is the observation that SRP under-
goes substantial conformational changes during its activity at the
ribosome!%®127, but how these relate to the interplay of SRP with
other factors acting at the ribosome remains to be determined.

Another kind of interplay of SRP in eukaryotes is that with NAC.
This protein complex has not only been suggested to be involved in
co-translational protein folding, but also in negatively regulating the
targeting function of SRP%’. In vitro, the absence of NAC causes the
irregular interaction of SRP with RNCs lacking signal sequences and,
presumably as a consequence, the mistargeting of signal-less RNCs to
and the translocation of these nascent chains across the endoplasmic
reticulum membrane!28-13%, These results led to the proposal that
NAC controls the fidelity of protein translocation to the ER by
increasing the specificity of SRP. This interpretation is also supported
by recent data suggesting that NAC and SRP compete for a common
binding site at the ribosome™®. It is intriguing that many features of
NAC are shared with those of Trigger factor, although both factors are
structurally unrelated and may use different mechanisms for their
action at the ribosome.

Perspectives

A myriad of recently accumulated experimental evidence demon-
strates that nascent chains are co-translationally welcomed by various
ribosome-associated factors. These factors exert their function or
increase their efficiency by specifically binding to the ribosome in
the vicinity of the ribosomal exit tunnel. They are involved in the
processing and modification of nascent chain N termini, and they
assist co-translational protein folding and the targeting of the nascent
membrane or exported proteins to the translocation machinery.

However, we are only beginning to understand the mechanistic aspects
of their function and their interaction with the ribosome. To better
understand these processes and their dynamic interplay, it will be
necessary to use interdisciplinary experimental approaches combining
in vivo studies with detailed biophysical studies of binding affinities,
single-molecule experiments and structural studies ranging from
crystallography and EM to NMR. Undoubtedly, owing to the com-
plexity of these processes and the large size of the ribosome, these
experiments will present formidable challenges, but we can be certain
that the future in this field will bring many exciting discoveries.
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