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Abstract Cells coordinate chaperones at the exit site of the ribosome. Albeit the 
types and mechanisms of ribosome-associated chaperones differ in the three king-
doms of life, they all share the ability to protect nascent polypeptides from off path-
ways such as aggregation and degradation and, at least in some cases, support initial 
folding steps of newly synthesized proteins. Recent progress was made in under-
standing the nascent interactome of these ribosome-associated chaperones. While 
the bacteria-specific chaperone trigger factor (TF) binds to almost every nascent 
polypeptide made by ribosomes except for membrane proteins, the substrate pool 
of the two eukaryotic ribosome-associated chaperone systems, nascent polypep-
tide-associated complex (NAC) and ribosome-associated complex (RAC), is more 
distinct.

Interestingly, there is culminating evidence that these chaperones also display 
important functions off the ribosome, e.g., in the biogenesis of ribosomal subunits 
and in protein aggregation under proteotoxic stress conditions. In this chapter, we 
will discuss the functions of these chaperones with regard to their broad substrate 
pools.

1  Introduction: Ribosome-Associated Chaperones  
in De novo Folding

Directly upon their synthesis by the ribosome, proteins have to fold into their unique 
three-dimensional structure in order to become biologically active. The folding of 
proteins is problematic since hydrophobic residues of the unfolded polypeptide 
chain are accessible, which enhances the probability that the newly synthesized pro-
tein follows an unproductive off pathway leading to misfolding and aggregation [1].  
As protein misfolding and aggregation represent the hallmarks of several neuro-
degenerative diseases, it is of particular importance to understand the  mechanisms 
by which proteins acquire and maintain their structure under cellular conditions. 
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To accomplish folding and prevent off pathways, newly synthesized polypeptides 
interact with at least one cytosolic chaperone that prevents inappropriate inter- and 
intramolecular interactions, and thus promotes the folding into the native state. 
Among these chaperones, the ribosome-associated ones interact with nascent poly-
peptides while they are still attached to the peptidyl-transferase center of the ribo-
some (Figs. 2.1 and 2.2a) [2–4].

Binding of chaperones to nascent polypeptides can have several effects. The 
unfolded polypeptide is protected from being degraded or from incorrect contact 
with other molecules that may lead to aggregation. Moreover, for polypeptides that 
start their folding program co-translationally, chaperone binding might support very 
early folding. Beyond the interaction of newly synthesized proteins with ribosome-
attached chaperones, additionally other cytosolic chaperones can act during later 
stages of translation on elongated nascent chains or after release of the polypeptides 
from the ribosomes. The latter mainly belong to the heat shock protein (Hsp)70/40 
and the Hsp60/10 chaperone families. Examples are the DnaK/DnaJ (Hsp70/
Hsp40) and GroEL/GroES (Hsp60/Hsp10) systems in the cytosol of E. coli cells [3, 
5]. Together with ribosome-asssociated chaperones they form a robust network that 
promotes the de novo folding of newly synthesized polypeptides and prevents off 
pathways such as aggregation or degradation early in the life of a new protein [4].

Ribosome-associated chaperones are found in every cell but differ significantly 
among the different kingdoms of life with regard to their number and type. Whereas 
prokaryotes have only one ribosome-associated chaperone which is called trigger 
factor (TF) [6–9], eukaryotic ribosomes coordinate two TF-unrelated chaperone 
systems at the ribosome (Fig. 2.2a). These systems are the highly conserved nascent 
polypeptide-associated complex (NAC) and an arrangement of specialized Hsp70 
and Hsp40 chaperones that includes a heterodimer called ribosome-associated com-
plex (RAC; Fig. 2.2a) [4, 10]. In yeast, the RAC system has a third ribosome- 
associated partner, a Hsp70 chaperone called Ssb [11] (Fig. 2.2a).

In the following section, the functions and structures of these ribosome- associated 
chaperones will be discussed together with their respective substrates.

2  The Prokaryotic Ribosome-Associated Chaperone 
Trigger Factor

The only known chaperone of bacterial cells with a direct binding site on ribosomes 
is TF. In E.coli, TF consists of 432 amino acids and has a molecular weight of 
48 kDa. It is a three-domain protein with an N-terminal ribosome-binding domain, 
a middle domain that displays peptidyl-prolyl cis/trans isomerase (PPIase) activity 
and a C-terminal domain [7, 12] (Fig. 2.1a). Its crystal structure revealed that TF 
adopts an extended three-dimensional conformation with an unusual domain ar-
rangement [9]. Although distant in the amino acid sequence, the N- and C-terminal 
domains are located adjacent to each other in the three-dimensional structure to 
form a cradle-like structure (Fig. 2.1a). The C-terminal domain of TF is located in 
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Fig. 2.1  a E. coli trigger factor. The N-domain ( red) contains the ribosome-binding motif 
(40-GFRxGxxP-49). It is located in a loop region between two α-helices, the N-domain is con-
nected to the PPIase domain ( green) via an extended linker. The C-domain ( blue) is located in the 
center of the folded molecule and forms two arm-like protrusions. The N-domain and both arms of 
the C-domain together form a cavity for nascent polypeptide chains. b The nascent polypeptide-
associated complex (NAC). The α-subunit of NAC (encoded in yeast by the EGD2 gene) con-
sists of a NAC-domain in the N-terminal region and an ubiquitin-associated (UBA) domain at its 
C-terminus. In yeast two alternative β-subunits (β and β′) exist, which are either encoded by the 
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the center of the molecule and forms two arm-like protrusions [9]. The N-terminal 
domain contains a signature motif (42-GFRxGxxP-50) that is located in an exposed 
loop region [9] and binds to the ribosomal protein L23 (Fig. 2.1a). Mutation of 
either the signature motif or a conserved surface-exposed residue within the ribo-
somal protein L23 strongly impairs ribosome binding of TF and its activity on na-
scent polypeptides [13]. The N-terminus is connected via a long linker to the second 
domain, the PPIase domain, which is located at the opposite end of the molecule [9] 
(Fig. 2.1a). This domain catalyzes prolyl cis/trans isomerization in peptides in vitro 
and presumably slows down folding processes or acts as auxiliary site to assist the 
folding of substrate proteins [14–16]. However, the in vivo relevance of this domain 
and its enzymatic activity is still not well understood [17].

Crystallization of the N-terminal fragment of E. coli TF together with the 50S 
large ribosomal subunit from Haloarcula marismortui allowed the superposition 
of full-length TF with ribosomes and paved the way for understanding how this 
chaperone functions on ribosomes [9]. TF binds to the ribosomal protein L23 and 
hunches with its extended cradle-like structure over the ribosomal tunnel exit site 
(Fig. 2.2a). It was suggested that the cradle-like structure provides a shielded envi-
ronment for the emerging nascent polypeptides and thus supports co-translational 
folding events [9]. The interior of the cavity formed by the TF N- and C-terminal 
domains contains hydrophobic as well as hydrophilic areas. Indeed, multiple po-
tential substrate-binding sites within this cradle have been suggested [18, 19]. This 
structure might enable TF to bind a large variety of substrates.

The ribosome-binding activity of TF has been extensively characterized. It cy-
cles on and off the ribosomes and binds as a monomer to the translation machinery 
[14, 20, 21]. TF is present in a two- to threefold molar excess over ribosomes and 

genes EGD1 or BTT1, respectively. The β-subunits of NAC contain a conserved ribosome-binding 
motif in the N-terminus and a central NAC domain. Dimerization of the NAC subunits involves 
the NAC domains of both subunits. α-NAC ( blue) and β-NAC ( orange) form a stable heterodimer. 
The UBA domain is derived from the crystal structure of archaeal NAC (PDB 1TR8) and was 
modeled on the human NAC domain heterodimer PDB 3LKX, aa 84–136 of α-NAC (NACA) and 
aa 97–162 of β-NAC (BTF3 isoform). Broken lines indicate unresolved parts of the molecule. c 
The ribosome-asscoiated heat shock protein (Hsp)70/40 system in eukaryotes. The yeast ribo-
some-associated chaperone system consists of the Hsp70s Ssb, Ssz, and the Hsp40 Zuo. Ssb1 and 
Ssz contain an N-terminal nucleotide-binding domain (NBD, violet) and a C-terminal substrate-
binding domain (SBD, dark green). The SBD of Ssz is shorter compared to canonical Hsp70s. 
Like all Hsp40 co-chaperones Zuo contains a J-domain ( light green) required for stimulation of 
the adenosine triphosphatase (ATPase) activity of its Hsp70 partner. In addition, Zuo contains a 
charged region ( blue) in its C-terminus, which is involved in ribosome binding. The N-terminus 
(N, orange) of Zuo is predicted to be unstructured. Ssz and Zuo form the stable heterodimeric 
ribosome-associated complex (RAC). A schematic model of RAC based on small-angle X-ray 
scattering (SAXS) analysis of yeast RAC (on the right side, shown in light grey) reveals that the 
complex forms an elongated structure that was divided into body, neck and head. Most of the body 
is composed of Ssz, whereas Zuo forms the neck and the head. The head region of Zuo was shown 
to contact the ribosome near the tunnel exit. Lower panel: In contrast, in human, no Ssb homolog is 
found while RAC is conserved. The RAC complex is formed by the Hsp40 MPP11 and Hsp70L1. 
MPP11 contains two SANT domains ( pink) at its C-terminus. The functions of the SANT domains 
are still unknown



312 Functions of Ribosome-Associated Chaperones and their Interaction Network

thus is bound to most cytosolic ribosomes. Unbound TF diffuses freely in the cyto-
sol, probably as a homodimer. The in vivo relevance of this dimerization is unclear 
but dimer formation may represent a storage form of this chaperone to prevent its 

Fig. 2.2  a Ribosome-associated chaperones bind to ribosomes ( grey) in close proximity to the 
ribosomal tunnel exit and interact with nascent polypeptide chains ( yellow). In bacteria, only trig-
ger factor ( orange) binds to the ribosome and interacts with the growing nascent polypeptide. 
In eukaryotes, two chaperone systems are found in association with the ribosome. On the one 
hand, the heterodimeric nascent polypeptide-associated complex (NAC) complex that consists of 
a α- ( dark blue) and β- ( light blue) subunit binds to the ribosome via its β-subunit. Additionally, 
a system consisting of heat shock protein (Hsp)70 and Hsp40 family members binds to ribosomes 
and interacts with nascent chains. In yeast this system comprises the Hsp70 Ssb ( pink) as well 
as the ribosome-associated complex (RAC), which is formed by the Hsp40 Zuo ( green) and the 
Hsp70 Ssz ( violet). Mammalian RAC (mRAC) is formed by the Hsp40 MPP11 and Hsp70L1. As 
Ssb is restricted to fungi, cytosolic Hsp70s ( red) are recruited to the nascent chain by mRAC. b 
The table summarizes the co-translational substrate specificities and the substrate pool of trigger 
factor from E. coli as well as Ssb and NAC from S. cerevisiae. The substrate specificities of trigger 
factor were taken from: [36]; the substrate pool from: [27]. The co-translational interactome of Ssb 
was analyzed in [92] and that of NAC in [79]
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cradle from unspecific associations [22, 23]. Although TF binds to non-translating 
ribosomes with a KD of approximately 1 µM and a mean residence time of 10–15 s, 
the presence of a nascent chain increases the affinity of TF for ribosomes up to 30-
fold [20, 24–26]. It could be shown by cross-linking studies combined with cryo-
electron microscopy structures that TF interacts with very short nascent chains as 
soon as they emerge from the ribosomal exit site in vitro [18]. In vivo, however, 
recruitment of TF to ribosome-nascent chain complexes is delayed until the poly-
peptides reach a length of 100 amino acids [27]. TF binding to nascent substrates 
is controlled by processing enzymes that act first on the N-terminus of the newly 
synthesized protein. It was demonstrated recently that peptide deformylase associ-
ates with nascent chains as soon as they emerge from the ribosomal exit tunnel, 
followed by methionine aminopeptidase [28]. Both enzymes prevent the premature 
recruitment of TF [27, 29]. Most likely TF can also stay bound to a subset of nascent 
polypeptides after their release from the ribosome [30].

Initially, TF was discovered as a cytosolic protein involved in the translocation 
of the outer membrane protein pro-OmpA across the plasma membrane as it has the 
ability to promote the insertion of chemically denatured pro-OmpA into membrane 
vesicles [31]. However, TF is not essential for viability of E. coli and deletion of its 
gene tig does not cause any growth defect albeit the heat shock response is induced 
leading to enhanced levels of chaperones and proteases [32, 33]. First evidence that 
TF fulfills chaperone function in vivo came from the finding that the simultaneous 
deletion of TF and the cytosolic Hsp70 chaperone DnaK is synthetically lethal at 
temperatures above 30 °C [32, 34]. Cells with low levels of DnaK and without TF 
are viable but show slow growth and massive aggregation of several hundreds of 
cytosolic proteins, especially large-sized proteins and components of protein com-
plexes. Interestingly, TF and DnaK show some overlap in their substrate specificity. 
Both chaperones interact with peptide segments of an unfolded protein that has a 
high mean hydrophobicity and an overall positive net charge [35, 36] (Fig. 2.2b). 
Taken together, these findings suggest that the cytosolic Hsp70 DnaK and the ribo-
some-associated chaperone TF act on a similar substrate spectrum and thus are able 
to cooperate in the de novo folding of newly synthesized proteins.

The mechanism by which the non-adenosine triphosphate (non-ATP)-consuming 
TF promotes de novo folding of newly synthesized proteins is still not fully under-
stood. On the one hand, the cavity formed by the N- and C-terminal domains could 
provide a folding chamber that protects the emerging nascent chain from unfavor-
able interactions while translation proceeds. In agreement with these findings it 
could be demonstrated that TF protects nascent proteins from proteolytic digestion 
in vitro [37, 38]. Additionally, it was shown recently that TF stimulated native fold-
ing in constructs of repeated maltose-binding protein (MBP) domains by protecting 
partially folded domains from distant interactions that produce stable misfolded 
states [39]. On the other hand, it was proposed that TF delays the folding of a na-
scent polypeptide until sufficient sequence information (encoded in the C-terminal 
area of the synthesized polypeptide chain) is available outside of the ribosome to 
allow productive folding [35, 38]. Indeed, recent data suggest that TF can unfold 
preexisting folded states to prevent and revert premature folding, thus limiting the 
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formation of misfolded intermediate states during protein synthesis [8]. In the cur-
rent model, first the ribosome itself limits the conformational freedom of the newly 
synthesized polypeptide chains. As translation proceeds and the chain lengthens the 
influence of the ribosome, in particular on the N-terminal regions, decreases and 
the risk to form misfolded intermediates increases. Therefore, TF binds to nascent 
polypeptides of a length of 100 amino acids in repeated binding and release cycles. 
It limits conformational sampling and folding more efficiently than the ribosome 
and thereby prevents folding intermediates [8]. TF is not only able to block fold-
ing but also unfolds preformed segments in order to give the nascent chain a new 
opportunity for productive folding. After release from the ribosome, some nascent 
chains that do not need further assistance acquire their native structure after disso-
ciation of TF. In contrast, other proteins stay associated with TF and are transferred 
to downstream chaperone systems, in particular to the DnaK/DnaJ/GrpE system or 
to GroEL/ES.

Very recently, the nascent interactome of ribosome-bound TF was identified us-
ing an elegant approach: selective ribosome profiling [27, 40]. For this technique, 
actively translating ribosomes are isolated; the messenger itochondrial ribonucleic 
acid (mRNA) bound to them is converted into deoxyribonucleic acid (DNA) and 
subsequently analyzed by high-throughput sequencing. To gain insights into which 
nascent polypeptides are bound by TF, only those ribosomes with bound TF were 
isolated and the mRNA was analyzed. TF was fused with an affinity purification 
tag, ribosomes were isolated, TF binding to the nascent polypeptides was stabilized 
by cross-linking, and thus specifically the ribosome-nascent-chain complexes con-
taining TF could be isolated by affinity purification [27].

The data revealed that the medium average length at which TF engaged a poly-
peptide was 112 amino acids, half of all nascent chains being bound within ± 20 
amino acids of this position. Nascent chains are generally not engaged by more than 
one TF molecule. Furthermore, the data revealed that TF interacts with all nascent 
chains in E. coli except for those that localize to the plasma membrane (Fig. 2.2b). 
Membrane proteins are poorly bound by TF. Interestingly, outer membrane β-barrel 
proteins (OMPs) represent the strongest TF interactors (Fig. 2.2b). For example, the 
five best-characterized OMPs (LamB, LptD, OmpA, OmpC, and OmpF) were found 
among the 25 strongest TF-interacting nascent polypeptides. This finding is in agree-
ment with very early data, as TF was initially discovered by its ability to promote 
insertion of pro-OmpA into membranes [31]. To prove the in vivo relevance of this 
finding the authors analyzed the protein content of the outer membrane fraction of 
wild type E. coli cells and compared it with those lacking TF using stable isotope 
labeling with amino acids in cell culture (SILAC) combined with mass spectrometry. 
The data revealed that in cells lacking TF, 60 % of all detected proteins were found 
in lower amounts than in the wild type, whereas no proteins were found in higher 
amounts. In agreement with this result, it was shown that loss of TF causes enhanced 
sensitivity of E. coli to SDS/EDTA (sodium dodecyl sulfate/ethylenediamine tet-
raacidic acid) treatment or vancomycin, which suggests defects in the biogenesis of 
outer membrane proteins. In sum, these data clearly suggest that TF not only plays an 
important role in the folding of cytosolic proteins but is also crucial for the folding-
competent conformation of outer membrane proteins during their biogenesis [27].
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3 The Nascent Polypeptide-Associated Complex (NAC)

NAC is a heterodimeric complex that associates with ribosomes likely in a 1:1 stoi-
chiometry [41, 42] (Fig. 2.2a). It is highly conserved among eukaryotes and consists 
of one α- and one β-subunit, referred to as α-NAC and β-NAC (Fig. 2.1b). NAC is 
not found in bacteria but in archaea, where it is built by an α-NAC homodimer [43, 
44].

Both subunits of heterodimeric NAC were shown to contact nascent polypeptide 
chains [42, 45] while only β-NAC interacts with the ribosome and mediates ribo-
some binding of the complex [43, 46] (Fig. 2.2a). NAC is present in equimolar 
concentration relative to ribosomes and binds to them irrespective of their transla-
tion status [41]. In yeast, NAC is encoded by three genes. The α-NAC subunit is 
encoded by EGD2 while EGD1 as well as BTT1 both encode for β-subunits. The 
gene product of EGD1 is referred to as β-NAC and the one of BTT1 as β′-NAC 
(Fig. 2.1b). Both β-subunits are able to form a complex with the α-subunit. Howev-
er, the β′-NAC version is approximately 100 times less expressed than the β-version 
[44, 47]. Thus, the most abundant NAC type is formed by α β in yeast cells.

Both subunits of NAC share a homologous structural element, the so-called 
NAC-domain. These domains are responsible for the dimerization of NAC into the 
heterodimeric complex (Fig. 2.1b). The NAC-domain is located in the N-terminal 
part of α-NAC and in the central domain of β-NAC. Crystal structures of parts of 
the human complex give insights into the molecular interactions governing NAC 
complex formation [48, 49]. They reveal a handshake interaction of the two NAC-
domains consisting of a six-stranded β-barrel that is stabilized by hydrophobic 
contacts between conserved residues [49, 50]. Additionally, α-NAC contains an 
ubiquitin-associated (UBA) domain [50] (Fig. 2.1b). UBA domains were described 
to bind mono- and polyubiquitin but also mediate other protein-protein interactions 
[51]. They are commonly found in factors dedicated to ubiquitin-dependent protein 
degradation or in components of signal transduction pathways [51–54]. However, 
the function of the UBA domain of α-NAC remains elusive.

There is no structure available of NAC in complex with the ribosome and thus 
its orientation on the ribosome and relative to the exit site for nascent polypeptides 
is unknown. Different physical contact points for NAC are under debate. Based on 
cross-linking data various anchor points have been suggested: either Rpl25, the L23 
homolog that coordinates TF in bacteria [55] or Rpl31 [56, 57] which is also the 
main interaction site for RAC (see below). Both Rpl25 and Rpl31 are located direct-
ly at the ribosomal exit site and would position NAC in a way that favors its interac-
tion with nascent polypeptides. Previous work suggested that NAC binds to Rpl25 
via a conserved motif (RRK-(X)n-KK, amino acids 23–31 located in a loop region 
between two α-helices in the N-terminus of β-NAC (Fig. 2.1b). Upon mutation of 
the amino acid residues arginine arginine lysine (RRK) to alanine alanine  alanine 
(AAA) ribosome binding of NAC was abolished both in vivo and in vitro [55].

Despite the evolutionary conservation of NAC in eukaryotes, its in vivo function 
is still rather obscure. Originally, NAC was discovered in 1994 by Wiedman and 
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coworkers and described as a translocation and sorting factor [42]. Based on in vitro 
data, they suggested that NAC interacts with ribosomes and nascent polypeptides 
in order to prevent mislocalization of ribosomes translating cytosolic proteins to the 
endoplasmic reticulum (ER) [42–46, 57–64]. However, in vivo evidence for such a 
function is missing till today. Another study reported a correlation between altered 
NAC levels and neurodegenerative diseases [65]. β-NAC was also described as a 
target for caspases [66] and an apoptosis-suppressing activity of NAC was reported 
[67]. Moreover, functions as a transcriptional regulator were described for indi-
vidual NAC subunits [68–71].

The deletion of the NAC-encoding genes has no effect on the growth or viabil-
ity of yeast cells. However, β-NAC knockout cells ( egd1∆btt1∆) where only the 
α-NAC subunit is expressed show a slight growth defect at 37 °C [44]. In contrast, 
there is an embryonic lethality of NAC mutants in C. elegans [67], D. melanogaster 
[72], and mice [73] indicating that this complex fulfills essential functions in higher 
eukaryotes.

Since NAC binds to ribosomes and interacts with nascent polypeptides, a chap-
erone-like function of NAC was proposed [4, 74–76]. First evidence for such a role 
was obtained by a recent study showing that NAC cooperates with the Ssb-RAC 
chaperone system in yeast [77]. It could be demonstrated that the absence of NAC 
enhances the sensitivity of ssb∆ cells towards drugs that cause misreading during 
translation or folding stress. Cells lacking Ssb and NAC show aggregation of newly 
synthesized polypeptides and defects in translation [77]. Another study showed that 
NAC is a central component of the protein homeostasis network in the metazoan 
animal model C. elegans [78]. Under non-stress conditions NAC is associated with 
the ribosome where it supports protein folding as well as translation activity. How-
ever, NAC seems to fulfill a dual function that becomes evident under stress condi-
tions: Upon proteotoxic stress, NAC interacts with protein aggregates and thereby 
becomes discharged from its ribosomal housekeeping function. The localization of 
NAC to protein aggregates induced by heat shock conditions is important for the 
fast resolubilization of these aggregates after the stress. Likewise, the sequestra-
tion of NAC from ribosomes to protein aggregates causes a strong decrease in the 
cytosolic pool of actively translating polysomes. It is suggested that a decrease of 
translation is beneficial under stress conditions that cause protein misfolding and 
aggregation since the influx of newly synthesized and unfolded proteins is reduced. 
This, in turn, decreases the overall folding load for chaperones and allows the chap-
erone network to act on the remodeling of existing aggregates. Thus, NAC has 
crucial housekeeping and stress reducing functions in metazoans. It acts as a modu-
lator of protein synthesis to establish a regulatory feedback mechanism that adjusts 
translational activity to the cellular protein folding load [78].

A study by Frydman and co-workers recently identified the nascent interac-
tome of NAC in yeast [79]. They expressed individual tandem-affinity-purification 
(TAP)-tagged NAC subunits to purify the NAC-ribosome-nascent chain complexes 
(NAC-RNCs) together with the corresponding mRNA. The mRNAs were identi-
fied by DNA microarray hybridization. Using this strategy, the authors were able to 
show that the different subunits of yeast NAC interact with distinct sets of nascent 
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polypeptides, but virtually every nascent protein on ribosomes contacts at least one 
NAC subunit. In other words, every protein that is translated in a yeast cell inter-
acts co-translationally with NAC. According to these data, β′-NAC associates with 
ribosomes translating mRNAs that encode proteins with high intrinsic disorder and 
low hydrophobicity as well as mitochondrial or ribosomal proteins. The substrates 
of β-NAC and α-NAC showed a large overlap and were more distinct from those 
of β′-NAC. For example, hydrophobic proteins and metabolic enzymes were highly 
enriched among their interactors [79] (Fig. 2.2b).

As mentioned above, a role for NAC in co-translational protein targeting has been 
discussed since decades [42–46, 57–64]. Therefore, the authors also analyzed the 
interplay between the targeting factor SRP (signal recognition particle) and NAC. 
Originally, it was proposed that NAC and SRP compete for ribosome binding and that 
a nascent polypeptide can only interact with one of them at the same time. In contrast, 
this study indicates that both factors can bind simultaneously to one ribosome and the 
presence of NAC does not prevent the interaction of nascent chains with SRP in yeast. 
In the absence of NAC, however, a subset of the nascent secretory proteins was unable 
to interact efficiently with SRP, whereas on the other hand, increased false contacts 
between SRP and cytosolic proteins were detected which are no SRP substrates [79].

In addition, NAC plays a role in protecting nascent chains from premature and 
incorrect co-translational ubiquitination and degradation [80]. Pulse-labeling ex-
periments revealed an increased ubiquitination of nascent chains upon loss of NAC. 
Thus, NAC protects nascent unfolded polypeptides as they emerge from the ribo-
some. Many nascent chains shielded by NAC are quite long, suggesting that NAC 
does not only function by sterically blocking the access of the ubiquitin-proteasome 
system to the ribosome [80].

4 The Ribosome-Associated Hsp70/Hsp40 System

Besides NAC a second ribosome-associated chaperone system consisting of Hsp70 
and Hsp40 chaperones is found in association with eukaryotic ribosomes (Figs. 2.1c 
and 2.2a). The RAC is the central component of this system and conserved from 
yeast to mammals [4] (Fig. 2.1c). RAC is a stable heterodimer formed by an Hsp40 
chaperone called Zuotin (Zuo) and an Hsp70 called Ssz [10, 11, 81]. In S. cerevisiae 
this system is extended by another ribosome-anchored chaperone, the Hsp70 Ssb 
(Fig. 2.1c). Ssb binds to the nascent polypeptide, which requires the activity of RAC 
[11, 82] (Fig. 2.2a). RAC stimulates the ATPase activity of Ssb and thus enhances its 
affinity for unfolded polypeptides, but RAC seems not to bind to substrate proteins 
itself (Fig. 2.2a) [83]. Within the RAC complex, Zuo contacts Ssb by its J-domain 
and in addition anchors RAC at the ribosome [84–86] (Fig. 2.1c). The function of 
Ssz is less clear. It might fulfill regulatory functions by inducing structural rear-
rangements within the J-domain of Zuo, which in turn might strengthen the contact 
to Ssb [87]. Alternatively, Ssz might play a role in the recruitment of substrates to 
Ssb [84]. However, no experimental data exist so far to support this hypothesis.
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In the yeast genome, two genes ( SSB1 and SSB2) encode the proteins Ssb1 and 
Ssb2 that differ only in four amino acids. Therefore, in the following, they are col-
lectively referred to as Ssb. The functional cooperation between the members of the 
yeast Hsp70/Hsp40-chaperone triad was discovered by genetic experiments. Yeast 
cells lacking either one or all three proteins of this system show similar pheno-
types: sensitivity to high salt concentrations, hypersensitivity to aminoglycosides 
that increased translational error rates, and cold-sensitivity [11, 82, 86, 88, 89]. 
The first hint that the RAC-Ssb system might be involved in the folding of nascent 
chains came from cross-linking experiments showing that Ssb is able to contact 
short nascent polypeptide chains and this interaction was dependent on RAC [11, 
82, 90]. This suggests that Ssb acts as a chaperone for nascent polypeptides. In ad-
dition, these data indicate that the chaperone triad must bind to ribosomes in close 
proximity to the ribosomal tunnel exit site. Moreover, the finding that expression of 
the prokaryotic ribosome-associated chaperone TF could partially alleviate the ami-
noglycoside sensitivity of triad-deficient yeast cells indicates overlapping functions 
of the two chaperone systems from different kingdoms of life [91]. A more recent 
study shows that the RAC-Ssb and the NAC systems are functionally connected 
in yeast [77]. The simultaneous deletion of NAC- and Ssb-encoding genes caused 
conditional loss of cell viability under protein-folding stress conditions. Further-
more, loss of Ssb resulted in the aggregation of newly synthesized polypeptides, 
ribosomal proteins, as well as several ribosome biogenesis factors. Likewise, the 
levels of translating ribosomes and 60S ribosomal subunits were decreased in ssb∆ 
cells. These defects were aggravated when NAC was absent in addition to the Ssb 
chaperone. These findings suggest that not only the folding of cytosolic proteins is 
affected by these chaperones but also ribosome biogenesis.

Based on the finding that mainly ribosomal proteins are aggregation-prone in the 
absence of Ssb and on a recent study investigating the nascent interactome of Ssb, 
it is likely that ribosomal proteins represent important substrates of this chaperone 
[77, 92].

Ssb represents a member of the Hsp70 chaperone family with a N-terminal nu-
cleotide-binding domain (NBD) and a C-terminal substrate-binding domain (SBD) 
(Fig. 2.1c). Additionally, it contains a potential nuclear export sequence (NES) at its 
C-terminus [93]. Ssb is found primarily in the cytosol, upon mutation of the NES 
however, it strongly accumulates in the nucleus [93]. This suggests that Ssb may 
rapidly shuttle between the nucleus and cytosol.

Like Ssb, also the Hsp70 Ssz is composed of a NBD and SBD. In contrast to 
other Hsp70 chaperones, Ssz is not able to hydrolyze ATP and up to now no bind-
ing of Ssz to a substrate could be detected [81, 83]. One reason might be its shorter 
substrate-binding domain (Fig. 2.1c) [90]. Furthermore, it was suggested that amino 
acid substitutions at three positions in the ATP-binding pocket (compared to other 
Hsp70s) might be the reason for the inability of Ssz to hydrolyze ATP [84]. As Ssz 
is continuously in an ATP-bound state its affinity for potential substrates is assumed 
to be rather low. It was proposed that Ssz could potentially act as a low-affinity 
holding chaperone that guides the growing nascent chain from the tunnel to Ssb; an 
interesting aspect that needs to be experimentally tested in the future [84].
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The other subunit of RAC, Zuo, consists of an unstructured N-terminal domain 
that is followed by a J-domain. The J-domain has a conserved HPD (Histidine, Pro-
line, Aspartic acid) motif and is required to stimulate the ATPase activity of Ssb. A 
characteristic feature of Zuo is a highly positively charged region (charged region) 
that is located near its C-terminus (Fig. 2.1c) [10, 86, 94]. This region was discussed 
for a long time to be involved in the ribosome association of Zuo [85, 86].

It was shown that the highly flexible and unstructured N-terminus of Zuo is respon-
sible for the formation of the RAC complex. The first 62 N-terminal amino acids of 
Zuo contact both domains of Ssz. This interaction is crucial and results in the formation 
of the unusual, stable chaperone-chaperone complex RAC [87]. Interestingly, upon 
complex formation the J-domain of Zuo becomes more dynamic. As the J-domain is 
required for the stimulation of the ATPase activity of Ssb, the complex formation with 
Ssz might induce a conformation of Zuo that favors the interaction with Ssb and thus 
might be crucial for the function of RAC as a co-chaperone [87].

Recently, the crystal structure of a truncated RAC version from the thermophilic 
fungus Chaetomium thermophilium could be solved [84]. The structure was mod-
eled into small-angle X-ray scattering (SAXS) densities of RAC bound to the ribo-
some. The data revealed that RAC forms an elongated complex of 180 Å in length 
(Fig. 2.1c) that binds to the ribosome near the ribosomal proteins L22 and L31. In 
combination with cryo-electron microscopy data of ribosome-bound RAC, it was 
shown that the complex bends over the ribosomal tunnel exit site and contacts the 
ribosomal extension segment ES27 that stabilizes a distinct conformation of RAC. 
The elongated RAC structure can be divided into a head, neck and a body region 
(Fig. 2.1c). Whereas the large body is mainly composed of Ssz, the head is formed 
by Zuo and mediates the ribosome association (Fig. 2.1c). In agreement with previ-
ous data, it could be shown that ribosome association is mediated by a helix that is 
formed by the C-terminal part of the charged region [84].

While Ssb is found exclusively in fungi, homologs of RAC were identified in 
 mammals as well [95–97] (Fig. 2.1c). This indicates that the presence of Hsp70/Hsp40 
chaperones on ribosomes is common in the eukaryotic world (Figs. 2.1c and 2.2a). 
Supporting this assumption, the human homologs of Ssz (Hsp70L1) and Zuo 
(MPP11) can partially substitute for the loss of RAC in yeast [95–97]. Additionally, 
the knockdown of human MPP11 in HeLa cells results in growth defects and sensi-
tivity towards drugs similar to what was observed for yeast cells lacking RAC [96]. 
These findings indicate that RAC fulfills similar functions in yeast as well as in 
metazoans. Despite these similarities between yeast and mammalian RAC, there are 
also large structural and functional differences. Most strikingly, complementation 
of yeast RAC with the mammalian system is independent of Ssb [97]. It was thus 
suggested recently that cytosolic Hsp70s, which cannot bind to the ribosome on 
their own, act as functional partners for RAC in higher eukaryotes (Fig. 2.2a) [96]. 
In addition, MPP11 has some variation in its domain composition compared to Zuo 
including two additional SANT-like domains at the C-terminal end of the chaperone 
(Fig. 2.1c). SANT (Swi3, Ada2, N-Cor, TfIIIB)  domains are normally involved in 
DNA binding and chromatin remodeling,  however, their role in MPP11 is unknown.



392 Functions of Ribosome-Associated Chaperones and their Interaction Network

A recent analysis directly addressed the substrate-specificity of ribosome-bound 
Ssb [92]. In an elegant approach, a TAP-tagged Ssb version was expressed in yeast 
and used to pull down associated ribosomes along with the translated mRNA. Sub-
sequently, the mRNAs were subjected to sequence analysis to determine the co-
translational interactome of Ssb. The data revealed that Ssb preferentially binds 
to nascent cytosolic and nuclear proteins, but not secretory polypeptides, which 
are targeted by SRP (Fig. 2.2b). Moreover, about 80 % of all nascent cytosolic and 
nuclear proteins interact with Ssb. A common feature among the Ssb substrates is 
that they are large in size, have a low α-helical content, and an increased content 
of hydrophobic elements. Additionally, Ssb interacts with many nascent subunits 
of oligomeric complexes and proteins that are engaged in a large number of in-
teractions (Fig. 2.2b), for example, all subunits of the chaperonin complex TRiC, 
most subunits of the proteasome, and a large set of ribosomal proteins associated 
with Ssb during their synthesis [92]. In contrast, the abundance of a protein had 
no influence on Ssb binding. Thus, Ssb may assist co-translational folding of large 
proteins with complicated structures or with substrates that require binding partners 
for their stability. This also agrees with a potential role for Ssb in stabilizing free 
subunits of oligomeric complexes, which may expose contact sites that are prone 
to undergo false interactions. In a next step, the authors of the same study analyzed 
if RAC modulates the substrate specificity of Ssb [92]. To this end, they compared 
the substrate interactions of Ssb in a wild type yeast strain and in a strain lacking 
both RAC subunits. They indeed observed an influence of RAC on substrate bind-
ing of Ssb. While a subset of Ssb-substrate interactions was unaffected by the loss 
of RAC, others were significantly altered. For example, the interaction between Ssb 
and nascent cytosolic proteins was reduced while the interaction with membrane 
and mitochondrial proteins was enhanced in cells lacking RAC. Thus, RAC influ-
ences the co- translational substrate-specificity of Ssb [92].

5  Versatility of Ribosome-Associated Chaperones  
and their off Ribosomal Functions

The function of ribosome-associated chaperones was initially thought to be limited 
to assistance in de novo folding of newly synthesized proteins [5]. However, all 
ribosome-associated chaperones known so far bind to the ribosome only transiently 
and thus are additionally found in a non-ribosomal state in the cytosol. There is in-
creasing evidence that ribosome-associated chaperones are not in an inactive state 
when they are off the ribosome, rather they are assumed to display additional func-
tions (Fig. 2.3). In a ribosome-associated state, they all contact the nascent chain 
and support the de novo folding of newly synthesized proteins by different modes 
of action. In contrast, the functional spectrum in a non-ribosome-associated state is 
much more diverse and less well understood.

E. coli TF was found to co-purify with several full-length proteins including 
many ribosomal proteins, such as ribosomal protein S7 [19]. Interestingly, many 
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Fig. 2.3  a When bound to the ribosome trigger factor (TF) protects cytosolic nascent polypeptides 
( yellow) from aggregation, proteolysis, and premature folding. Thus, TF supports correct de novo 
protein folding. Thereby, especially outer membrane proteins strongly bind to TF, and TF was 
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of the interacting proteins were previously found to be aggregation-prone in E. 
coli cells lacking TF and the cytosolic Hsp70 chaperone DnaK [32]. To further 
investigate the non-ribosomal interaction of TF with substrates, Hendrickson and 
co-workers co-crystallized TF with the S7 protein, both derived from Thermotoga 
maritima [19]. The structural data revealed that TF binds to almost natively folded 
S7 proteins in a 2:2 stoichiometry. Through the binding of the TF molecules, large 
surfaces of the S7 are masked which are normally buried in the interior of the 30S 
ribosomal subunit. Accordingly, TF might not only co-translationally support pro-
tein folding but also function post-translationally in the biogenesis of large macro-
molecular assemblies such as ribosomes by stabilizing newly synthesized proteins 
until they become incorporated into complexes [19] (Fig. 2.3a)

Also eukaryotic ribosome-tethered chaperones display off-ribosomal functions. 
It was shown earlier that depending on the characteristics of the nascent chain be-
tween 17.8 and 41.8 % of the Ssb molecules, 12.3–16.2 % of the RAC molecules, 
and 29.3–66.4 % of all NAC molecules are found in association with actively trans-
lating ribosomes in an in vitro translation extract derived from yeast cells while the 
other molecules diffuse freely [41]. Cells lacking Ssb accumulate insoluble newly 
synthesized proteins and additionally reveal a strong reduction in translation along 
with a strong decrease in the levels of ribosomal particles, in particular of the large 
60S ribosomal subunit. In line with this finding, Ssb as well as Zuo show genetic 
interactions with Jjj1, a chaperone specific for ribosome biogenesis [77, 98]. More-
over, Zuo associates with nuclear 60S ribosomal biogenesis intermediates and Zuo 
(together with Ssb) also participates in the maturation of the 35S ribosomal RNA 
(rRNA) [98]. Thus, the RAC-Ssb system seems to play an import role in the biogen-
esis of ribosomal 60S particles (Fig. 2.3b). Whether Ssb and Zuo act independently 
of each other in ribosome biogenesis or—similar to their activity on ribosomes— 
always as a RAC-Ssb system is unclear (Fig. 2.3b).

Ribosome biogenesis is a highly complex and energy-consuming process and 
thus has to be tightly regulated. In eukaryotes, the ribosomal proteins are synthe-
sized in the cytosol and subsequently imported into the nucleus where the assembly 
of the pre-ribosomal particle takes place. With the help of a variety of ribosome 
biogenesis factors, the pre-ribosomes undergo several processing steps and are 
transported out of the nucleus into the cytosol [99]. How might RAC-Ssb act dur-
ing the biogenesis of new ribosomal particles? One possibility is that the RAC-Ssb 
system is required for the co-translational folding and prevention of aggregation of 

shown to facilitate their correct targeting and assembly. In addition, TF is suggested to facilitate the 
assembly of large protein oligomers and assemblies independent of its function at the ribosome. 
b In yeast, nascent polypeptide-associated complex (NAC) and ribosome-associated complex 
(RAC)–Ssb bind to ribosomes and interact with nascent polypeptide chains to support de novo fold-
ing. NAC is suggested to modulate SRP-dependent co-translational targeting of secretory proteins 
to the endoplasmic reticulum (ER) translocon. Moreover, NAC interacts with various types of pro-
tein aggregates and supports the resolubilization of heat-shock-induced protein aggregates. Non-
ribosomal Ssb seems to be involved in glucose signaling by regulating the phosphorylation status 
of Snf1. Ssb-RAC and NAC have also additional functions in the nucleus. Ssb-RAC and NAC 
are suggested to be involved in ribosome biogenesis and Zuo or the entire RAC was suggested to 
interact with the transcription factor Pdr1, which initiates the pleiotropic drug resistance (PDR).
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ribosomal proteins and, likewise, Ssb and/or Zuo may additionally assist the trans-
port of the newly synthesized ribosomal proteins into the nucleus where the ribo-
somal proteins become incorporated into pre-ribosomal particles. In this scenario, 
Ssb and/or Zuo would stay bound to newly synthesized ribosomal proteins even 
after their release from the ribosome and accompany them during the transport to 
the nucleus. Thus, the RAC-Ssb system could act by preventing the aggregation of 
ribosomal proteins after their synthesis and before they become stabilized by incor-
poration into a new ribosomal subunit. Alternatively, and not mutually exclusive to 
this hypothesis, Ssb and Zuo could act by directly promoting ribosome biogenesis 
in the nucleus, for example, by supporting the processing of rRNA or by modulat-
ing the activity of certain ribosome biogenesis factors. The finding that Zuo and Ssb 
are also detectable in the nucleus albeit only very transiently supports the idea that 
RAC-Ssb is not only engaged in the co-translational folding of ribosomal proteins 
in the cytosol but also fulfills functions in the nucleus besides its action on the ribo-
some [93, 98] (Fig. 2.3b).

Additionally, it was suggested that Ssb regulates the phosphorylation state of the 
kinase Snf1 and that this function is independent of its ribosome association [100] 
(Fig. 2.3b). Snf1 is active in a phosphorylated state under non-glucose conditions 
and drives the expression of glucose-repressed genes. Ssb, however, was shown to 
be required to keep Snf1 unphosphorylated and inactive when glucose is available. 
Thus, Ssb might play a role in the appropriate response to changing glucose con-
centrations [100].

Both RAC subunits where shown to be able to activate the transcription factor 
Pdr1 resulting in the induction of the pleiotropic drug resistance (PDR) [101–103] 
(Fig. 2.3b). The PDR is a highly specific transcriptional response that leads to the 
upregulation of a set of genes involved in the resistance towards several drugs and 
toxic agents in the cellular environment. For example, Pdr1 target genes include 
several ATP-binding cassette transporters that extrude xenobiotics from cells, ren-
dering them resistant to a variety of toxic compounds [101]. For activation of Pdr1 
in S. cerevisiae, the ATPase domain of Ssz or the 13 C-terminal amino acids of Zuo 
are required and sufficient. Interestingly, when Zuo is bound to the ribosome, its 
C-terminal 86 residues form a left-handed four helix bundle that buries the residues 
critical for activation of Pdr1 within its interior. However, the simple dissociation 
of Zuo1 from the ribosome is not sufficient for Pdr1 transcriptional activity but 
requires the additional unfolding of the C-terminus of Zuo. How this unfolding is 
regulated is not clear so far [101]. For Ssz too, it was shown that it has to be free 
of ribosomes to induce the PDR [101, 103]. These findings imply that the role of 
the RAC components in the PDR is distinct from their roles as ribosome-associated 
chaperones (Fig. 2.3b).

A very recent study unraveled a new function of NAC during misfolding and 
aggregation of cytosolic and nuclear proteins beyond its activity on ribosomes. It 
was shown that C. elegans NAC interacts with different types of amorphous aggre-
gates, like aggregates that accumulate during aging or upon heat shock, as well as 
with amyloid-like Aβ fibrils [78] (Fig. 2.3b). These findings are in agreement with 
another study that identified human NAC to associate with artificial β-sheet fibrils 
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[104]. The physical interaction between NAC and aggregates has also physiologi-
cal consequences, as disaggregation of heat shock protein aggregates in C. elegans 
is dependent on the presence of NAC [78] (Fig. 2.3b). However, it is not clear how 
NAC is able to support disaggregation in metazoans. As NAC has no ATPase activ-
ity and thus cannot apply mechanical force, its mechanism must be different from 
the one of classical disaggregases such as the Hsp70-Hsp40-Hsp100 system [105]. 
One possibility is that NAC in C. elegans interacts with non-native proteins dur-
ing the aggregation process and thereby becomes itself associated with aggregates. 
NAC associated with aggregates perhaps recruits other chaperones with the capac-
ity to remodel the aggregates, e.g., Hsp70/40 and Hsp110 type chaperones. This is 
in line with the finding that NAC co-immunoprecipitates with many other chap-
erones [78]. Thus, NAC is able to dissociate from the ribosome and to re-localize 
towards misfolded and insoluble proteins. Importantly, the depletion of NAC by 
RNA interference (RNAi) as well as the re-localization of NAC to protein aggre-
gates upon protein stress conditions is associated with a strong decline of translation 
in the cytosol in C. elegans. This suggests that NAC is also able to modulate ribo-
some activity. Thus, NAC has a housekeeping function on ribosomes to promote 
folding and translation while under proteotoxic stress, its action is shifted towards 
aggregated proteins. This has beneficial consequences: NAC can aid in the re-sol-
ubilization of misfolded proteins in cooperation with other molecular chaperones 
and, likewise, translation and thus the influx of new proteins that need to be assisted 
by chaperones in their folding program is reduced. The re-localization is reversible, 
as NAC can re-associate with the ribosome once misfolded and aggregated proteins 
are eliminated and proteostasis is re-balanced. Based on these observations, it was 
suggested that the functional depletion of NAC from ribosomes into aggregates is 
an important regulatory circuit to modulate translation [78, 106].

In sum, there is strong evidence that ribosome-associated chaperones are versa-
tile and vital elements of the chaperone network that interact in vivo with a large 
variety of substrates to perform more than one function (Fig. 2.3). They co-transla-
tionally support de novo folding and also act by unknown mechanisms to regulate 
ribosome biogenesis and translation which regulates the influx of new proteins into 
the cellular proteome. In addition, there is a stress-related function at least for NAC. 
This complex associates with protein aggregates and, as a consequence, either di-
rectly or indirectly dims protein synthesis to reduce the new protein load for chap-
erones and to allow the cells to recover from proteotoxic stress. It will be exciting 
to illuminate the individual roles, mechanisms, and substrate specificities of these 
chaperones in their functions on and off the ribosome.
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