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Ribosome-tethered molecular chaperones: the first line of
defense against protein misfolding?
Elizabeth A Craig”, Helene C Eisenman and Heather A Hundley

Folding of many cellular proteins is facilitated by molecular
chaperones. Analysis of both prokaryotic and lower eukaryotic
model systems has revealed the presence of ribosome-
associated molecular chaperones, thought to be the first line
of defense against protein aggregation as translating
polypeptides emerge from the ribosome. However, structurally
unrelated chaperones have evolved to carry out these
functions in different microbes. In the yeast Saccharomyces
cerevisiae, an unusual complex of Hsp70 and J-type
chaperones associates with ribosome-bound nascent chains,
whereas in Escherichia coli the ribosome-associated
peptidyl-prolyl-cis-trans isomerase, trigger factor, plays a
predominant role.
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Abbreviations
PFD prefoldin

PPlase peptidyl-prolyl-cis-trans isomerase

RAC ribosome-associated complex

SRP signal recognition particle

TF trigger factor

TRIC tailless complex polypeptide ring complex
Zuo zuotin

Introduction

While a protein contains within its complete amino acid
sequence all of the information necessary for attaining its
functional three-dimensional structure, a newly synthe-
sized protein faces additional challenges in reaching its
native state within the crowded environment of the cell
[1]. Being vectorial, the protein synthesis process itself is
problematic. Although some domains of a nascent chain
might be capable of folding spontaneously, the folded
structure cannot be obtained until an entire domain
is synthesized [2]. This time lag increases the chance
that hydrophobic sequences normally buried in the
interior of the protein will be exposed, leading to protein
aggregation [3].

Around 40 amino acids of the nascent chain are protected
from the cytosol by the ribosome exit tunnel [4]. Recent
evidence indicates that after the chain leaves the tunnel,
molecular chaperones bind, preventing aggregation. Both
prokaryotic and eukaryotic chaperones have evolved to
associate specifically with ribosomes and bind to poly-
peptide chains that have just emerged from the tunnel. In
addition, non-ribosome-bound chaperones act on longer
nascent chains, either during the process of translation, or
after they have been released from the ribosome.
Although chaperones carrying out these functions might
be structurally unrelated, like all chaperones they share
the ability to interact transiently with short stretches of
amino acids that are predominantly hydrophobic in nat-
ure. However, their mode of action might differ. The
interaction of, for example, Hsp70 and chaperonin-type
chaperones, with polypeptide substrates, is regulated by
binding and hydrolysis of ATP. Chaperonins act as oli-
gomers, providing a cavity in which entire polypeptide
chains are sequestered, whereas others, such as Hsp70s
and trigger factor (TF), act as monomers [5].

In this review, we focus on recent advances in under-
standing the mechanisms of action of molecular chaper-
ones that interact with nascent chains (molecular
chaperones are comprehensively reviewed in [6,7]). We
compare and contrast the chaperone systems in two
diverse model systems, the prokaryote Esdherichia coli
and the unicellular eukaryote Saccharomyces cerevisiae. As
in any comparison between systems that present different
advantages and challenges, experimental approaches are
not entirely parallel. However, striking similarities in the
strategies used by the two organisms emerge, even though
the individual players are quite different.

Ribosome-tethered chaperones: the players

Bacteria and yeast have specialized chaperones that inter-
act directly with ribosomes [8,9]. As described below, both
TF of E. co/i and Ssb of §. cerevisiae are bound to ribosomes
in a stoichiometry of approximately 1:1, regardless of their
translational status. Both are crosslinked to short nascent
chains (56 and 54 amino acids for TF and Ssb, respec-
tively), indicating that they are poised to bind polypeptides
as they exit the ribosome (Figures 1 and 2). The presence
or absence of the nascent chain alters the interaction of
both TF and Ssb with the ribosome, as indicated by
differences in the salt-resistance of the ribosome—chaper-
one interaction. These comparisons suggest that both
organisms have evolved a general chaperone system that
functions on the ribosome to chaperone nascent chains.
However, TF and Ssb share no sequence similarity. TF
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Model of early protein folding by chaperones in the E. coli cytosol. (a) In
wild-type E. coli cells, TF binds to the ribosome, close to the ribosomal
proteins L23 and L29, near the exit tunnel. The specific association of TF
to the ribosome is dependent upon L23. [33°°]. Here, TF can interact with
short nascent chains as they exit the ribosome tunnel. (b) DnakK,
although it does not bind directly to the ribosome, interacts with longer
nascent chains that are still bound to the ribosome [21,22]. The model
places DnaK and TF on the same nascent chain; however, there are
currently no results to support this. (c) The synthetic lethality observed
for TF and DnaK suggests there is functional overlap between them. For
example, when TF is absent, DnaK binds to more nascent chains,
including chains of a shorter length [21,22].

belongs to the peptidyl-prolyl-isomerase family; Ssb
belongs to the heat shock protein 70 (Hsp70) family.
Below, we outline what is known about these two specia-
lized members of these large, unrelated protein families.

Although it has been known for some time that TF
possesses peptidyl-prolyl-cis-trans isomerase (PPlase)
activity [8,10,11], the binding of TF to peptides is not
dependent on the presence of proline residues. Although
binding occurs in the PPlase domain [12°°], it is not yet
known whether PPlase activity is required for the TF
chaperoning of nascent chains. Such analysis will be
challenging, as the domain containing the PPlase active
site is the same domain as that required for general
chaperone activity.

Current evidence implicates the Hsp70 Ssb as the main
chaperone interacting with nascent chains on the ribo-
some in S. cerevisiae, as it can be crosslinked to nascent
chains of between 54 and 152 amino acids [9,13°°].
However, just as TF is not a typical PPlase, Ssb is not
a typical Hsp70. First, its fundamental biochemical prop-
erties are unusual. It has a high K, for ATP, as well as an
unusually high intrinsic ATPase activity [14]. In addition,
direct iz vitro demonstration of peptide-binding ability of
Ssb has remained elusive, even though simple assays for
peptide binding of many Hsp70s have been successful.
However, experimental evidence, including analysis
of chimeras with Ssb and other Hsp70s, and direct
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Model of chaperone function on the yeast ribosome. (a) In wild-type
yeast cells, Ssb and RAC (Zuo-Ssz complex) bind to the ribosome,
where Ssb is positioned to interact with nascent chains emerging from
the ribosome exit tunnel during protein synthesis [9,13°°]. (b) Without
RAC, Ssb remains associated with ribosomes but is unable to interact
with nascent chains [20°°]. (c) Other cytosolic chaperones, such as Ssa,
GimC and TRIiC, might interact with nascent chains in the absence of
Ssb and RAC. Although these chaperones have been shown to function
in the folding of newly synthesized proteins [28,31], there is no evidence
that these chaperones interact with ribosome-bound nascent chains in
yeast.

demonstration of a requirement of the peptide-binding
domain 7z vivo, strongly indicate that Ssb is capable of
binding unfolded protein, and that this binding is neces-
sary for iz vive function [15,16°]. Perhaps association with
the ribosome is required for Ssb to be competent for
binding polypeptides.

Although TF is thought to function alone as a monomer
on ribosomes [17], both genetic and biochemical experi-
ments indicate that the function of the yeast ribosome-
associated chaperone Ssb requires two additional pro-
teins, Zuotin (Zuo) and Ssz. All Hsp70s require a J-type
co-chaperone, and Ssb is no exception; Zuo was proposed
to be the J-protein partner of Ssb [18]. Surprisingly, Zuo
was recently found to form a very stable complex, termed
‘ribosome-associated complex’ (RAC), with Ssz, another
Hsp70 family member [19°]. The evidence for a critical
role for RAC in Ssb function is compelling. Ssb could not
be crosslinked to nascent chains on ribosomes lacking
RAC, but the crosslink from Ssb to nascent chains was
restored upon addition of RAC (Figure 2). In addition,
Zuo containing an alteration in its ] domain, even though
bound to Ssz, could not restore the crosslink by Ssb,
suggesting that Zuo is indeed the J-protein partner of
Ssb [20°°].

These biochemical data are supported by genetic studies.
The absence of Ssb, Ssz or Zuo causes identical defects:
slow growth, particularly at low temperatures, and
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hypersensitivity to both aminoglycoside translation inhi-
bitors and high concentrations of salt. Furthermore, there
is no additive effect on growth when strains lack any two,
or all three chaperones, suggesting that all three function
together in a common process [13°%,20°°].

But how this unusual triad functions together remains a
mystery. Certainly, Ssz is not simply playing a role as a
‘traditional’” Hsp70; a Ssz truncation lacking its entire
putative peptide-binding domain is functional 7z vivo,
indicating that peptide binding is not a critical function of
Ssz [13°°]. This idea is consistent with the failure to
observe crosslinking of Ssz with nascent chains. Ssz might
function as a cofactor/regulator of Zuo, perhaps by mod-
ifying the ability of Zuo to interact with Ssb. Overexpres-
sion of Zuo or Ssb can partially compensate for the lack of
Ssz, but Ssz overexpression cannot compensate for the
absence of either Zuo or Ssb [20°°], indicating a more
central role for Ssb and Zuo than for Ssz.

Non-ribosome-associated chaperones:
taking over part of the workload

Both E. coli and §. cerevisiae have evolved ribosome-
associated chaperones. But are they functionally unique
in vivo? Analysis of the E. co/i system revealed an exten-
sive overlap in function with the abundant Hsp70, DnaK.
Remarkably, the lack of TF has almost no effect on cell
growth. Similarly, the lack of DnaK has surprisingly little
deleterious effect on growth between 30°C and 37°C.
However, the absence of both TF and DnaK is lethal
[21,22], suggesting that DnaK can take over TF function
when absent. Indeed, normally DnaK interacts with
nascent chains on the ribosome, as was demonstrated
by re-precipitation of DnaK-bound polypeptides with
anti-puromycin antibodies [21], but cannot be crosslinked
to very short nascent chains [8] (Figure 1). Deletion of
either gene resulted in increases in substrates bound by
the reciprocal protein [21,22]. However, DnaK is unlikely
to ‘take the place’ of TF, as it is not recruited to ribosomes
in the absence of TF [23].

Although there are similarities between TF and Dnak|
there are also differences, as would be expected for such
structurally different molecules. Both chaperones recog-
nize hydrophobic residues and both prefer that these
residues be flanked by positively charged ones. However,
the binding of TF encompasses more amino acids and
there is no preference for the position of the positively
charged residues [12°°,24]. TF, unlike DnaK, can retard
the folding and export of some proteins [25,26°]. TF has
PPIase activity; recently DnaK was shown to accelerate
the cis-trans 1somerization of non-prolyl peptide bonds
[27°]. The biological significance of these activities
remains unresolved.

Functional overlap of the Ssb system with other yeast
chaperones is less clear. Cells lacking this system are

viable, but have severe growth defects, indicating that
other chaperones are normally unable to completely
compensate for their absence. But, of course, the cytosol
of §. cerevisiae contains additional general chaperones that
might be able to partially function in place of Ssb
(Figure 2). Considering the role of DnaK in E. co/i, other
Hsp70s, such as Ssa are obvious candidates. No cross-
linking of Ssa to ribosome-bound nascent chains has been
observed [9], but evidence does exist for the importance
of Ssa in folding of newly synthesized polypeptides. A
temperature-sensitive ssz-deficient strain has reduced
specific activity of a cytosolic enzyme ornithine transcar-
bamylase [28]. In addition, the cytosol of both K. co/i and
8. cerevisiae contains chaperones that are oligomeric rings
with central cavities, GroEL and TRiC (tailless complex
polypeptide ring complex), respectively, that normally
encapsulate substrate proteins. Although, at this point
there is no evidence that these chaperonins interact with
nascent chains on ribosomes in either yeast or bacteria,
the mammalian homolog of TRiC has been found asso-
ciated with ribosome-bound nascent chains [29,30]. Of
particular interest in eukaryotic cells is the chaperone
complex GimC (known as prefoldin [PFD] in mammalian
cells). It is believed to bind newly synthesized substrate
proteins such as actin, transferring them to TRiC [31].
Recently, the crystal structure of PFD from Methanobac-
terium thermoautrophicum has been solved, revealing a
novel structure: PFD is a multisubunit protein with a
structure resembling a jellyfish, with subunits held
together at one end by P strands. Six long coiled coils
extend from this end like tentacles, their ends containing
hydrophobic patches, predicted to interact with unfolded
protein substrates [32].

The ribosome-chaperone interaction

Although the existence of ribosome-associated chaper-
ones has been known for some time, only very recently
has progress been made in defining the chaperone-ribo-
some interaction. Crosslinks were obtained between .23
and L29 (ribosomal proteins located at the exit tunnel)
and TF [33°°]. The interaction with .23 proved to be the
critical one. The absence of .29 had no obvious affect on
the TF-ribosome interaction, whereas substitution of
specific residues of 1.23, exposed on the ribosome surface,
disrupted TF binding to the ribosome, as well as binding
of purified .23 to TF. A positive correlation was observed
between the association of TF with the ribosome in 1.23
mutants and growth, suggesting that ribosome association
of TF is required for its effective action.

Analysis of the yeast ribosome-associated chaperone
machinery of Ssb/Zuo/Ssz is less clearly defined. But it
is known that Ssb and Zuo bind independently to the
ribosome, whereas Ssz is tethered through its association
with Zuo [18,19°]. Zuo function is correlated with its
ability to associate with ribosomes, as its central highly
charged region is necessary for both ribosome association
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and function [18]. In addition, the expression of Ssb is
tightly coupled to the translational status of the cell, as its
expression is co-regulated with ribosomal protein genes
[34,35]. Precisely defining the docking sites of the yeast
chaperones will be of interest to determine the extent of
the parallels between the yeast and bacterial systems.

T'he ribosome association of the structurally distinct TF
and Ssb suggests a conserved role for chaperones in
nascent chain folding. The connection between chaper-
ones and the ribosome might extend beyond folding of
the newly synthesized protein, for example, to transla-
tion. The sequence of a nascent chain can influence
translation through its interaction with the exit tunnel
[36°,37°]. 'That the translating ribosome can sense the
progress of a nascent chain and relay a message ahead to
the chaperone machinery is an intriguing possibility.
Conceivably, such signaling could generate a conforma-
tional change, activating the chaperone. A precedent for
such a change in mammalian ribosomes exists in the case
of signal recognition particles (SRPs), which mediates
targeting of ribosome—nascent-chain complexes to the
endoplasmic reticulum (ER) [38°°]. When SRP contacts
its receptor, it is repositioned on the ribosome. The
recent advances in determining the structures of both
prokaryotic and eukaryotic ribosomes should help in
identifying any such regulatory interactions involving
chaperones [39-41].

Ribosome-associated chaperones in
mammalian cells?

In mammalian cells, evidence for the interaction of ribo-
some-bound nascent chains has existed for many years.
These include Hsc70 (an Hsp70), PFD and TRiC [29-31,
42,43]. However, no specialized ribosome-associated
member of these families has been identified. A protein
related to Zuo, Zrf1/MIDAI1, has been found in mamma-
lian cells and is thought to play a role in regulating cell
growth [44,45]. Whether it also associates with ribosomes,
or plays a role in protein synthesis is unknown. Another
mammalian ] protein, Mtj1, shares some features with
Zuo. Mgl traverses the ER membrane, associating with
ribosomes docked to the translocation complex on the
cytosolic side and the Hsp70 BiP on the lumenal side.
Like Zuo, the interaction of Mtj1 with ribosomes involves
a highly charged region of the protein [46°°].

Conclusions

In summary, although structurally distinct, ribosome-
tethered molecular chaperones that interact with nascent
polypeptide chains exist in both yeast and bacteria.
Future work should resolve whether these different
chaperones mechanistically function the same and
whether in either or both systems their function is more
intimately entwined with the process of translation than
we currently envision. In addition, a better understand-
ing of early protein folding events in mammalian cells

will reveal the extent of conservation of molecular cha-
perone function.

Update

Using a fluorescently labeled TF, Maier er al. [47]
recently determined that the association and dissociation
of TF with the ribosome were slow processes. The
dynamics of the ribosome interaction are significantly
different from the previously characterized fast binding
and release of TF with substrates [12°°]. The authors
suggest that these differences in dynamics would allow
TF to remain bound to the ribosome while interacting
with many sites on the nascent chain during its complete
synthesis.
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might serve as a model for understanding the action of ribosome asso-

ciated chaperones.
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