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Molecular chaperones are central to cellular protein homeostasis. Dynamic disorder is a
key feature of the complexes of molecular chaperones and their client proteins, and it
facilitates the client release towards a folded state or the handover to downstream
components. The dynamic nature also implies that a given chaperone can interact with
many different client proteins, based on physico-chemical sequence properties rather than
on structural complementarity of their (folded) 3D structure. Yet, the balance between this
promiscuity and some degree of client specificity is poorly understood. Here, we review
recent atomic-level descriptions of chaperones with client proteins, including chaperones
in complex with intrinsically disordered proteins, with membrane-protein precursors, or
partially folded client proteins. We focus hereby on chaperone-client interactions that are
independent of ATP. The picture emerging from these studies highlights the importance of
dynamics in these complexes, whereby several interaction types, not only hydrophobic
ones, contribute to the complex formation. We discuss these features of chaperone-client
complexes and possible factors that may contribute to this balance of promiscuity and
specificity.

Keywords: conformational ensemble, holdase, entropy, enthalpy, fuzzy complex, chaperone-client complexes, NMR
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1 INTRODUCTION

Molecular chaperones are the essential components to ensure the protein homeostasis of the cell.
Their importance is highlighted by their abundance in the cell: the family of 70 kDa heat-shock
proteins (Hsp70) on its own, for example, is estimated to correspond to up to 3% of the total
protein mass in eukaryotic cells under non-stress conditions Finka and Goloubinoff (2013).
There are many types and isoforms of chaperones in each cell, and they generally are organized
in cooperating networks Balchin et al. (2016). A central question in understanding chaperone
function is how they interact with the polypeptides they bind, i.e., with their “client” proteins.
How do chaperones achieve their ability to interact with many different client proteins efficiently
while also retaining some kind of specificity? And how do the interactions between chaperones
and their clients enable the clients to be refolded, safely transported or even disaggregated from
insoluble forms? During the last few years, several complexes of chaperones with their full-
length client proteins have been characterized at the atomic level, and have thereby shed light
onto the underlying interaction patterns. In this review, we discuss the features of more than ten
different chaperone systems, and provide insight into the interactions of these (predominantly
folded) chaperones with their (predominantly unfolded) clients, and on how the balance of
different types of interactions (hydrophobic, hydrophilic, electrostatic) may lay the basis for
achieving some degree of promiscuity and some specificity. We invite the reader who wants to
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quickly read only about the general common features that
emerge from these examples to jump directly to section 6. We
also refer to reviews on various aspects of chaperone-client
complexes, e.g., those by Kim et al. (2013), Skjærven et al.
(2015), Craig and Marszalek (2017), Hiller and Burmann
(2018) or Rosenzweig et al. (2019).

2 BASIC CHAPERONE FUNCTION AND
BINDING PROPERTIES

A basic property of a molecular chaperone is its ability to bind to
partially or fully disordered client proteins. When bound to
chaperones, these latter proteins are generally not in their
native functional 3D structure. All proteins in the cell are, at
some stage(s) of their life cycle, in such non-native states. This is
obviously the case at the very start of a protein’s presence in the
cell: when being translated as an unfolded chain on the ribosome,
the nascent chains may bind to chaperones before reaching their
native fold. Other instances where chaperones are essential are
when proteins unfold or misfold. Spontaneous unfolding may
arise due to the fact that folded proteins are often only marginally
stable, and the disruption of a few interactions within the
crowded cellular environment can favor unfolded states
[Christiansen et al. (2013), Gershenson et al. (2014)].
Moreover, some inherently insoluble proteins are produced in
the aqueous environment of the cytosol, and need to be
transported to a different cellular compartment; for example,
membrane proteins destined to the bacterial outer membrane or
the mitochondrial or chloroplast membranes rely on a suite of
chaperones for their transport and insertion into the respective
membranes (discussed in section 5.1, section 5.2.1 and
section 5.2.2).

The basic ability to interact with disordered proteins is
common to all chaperones, at least in some of the
conformational states that a given chaperone can adopt. This
property is often referred to as “holdase” activity. Some
chaperones are assumed to possess primarily, if not
exclusively, a holdase activity; this is the case for prefoldin
[Vainberg et al. (1998), Arranz et al. (2018)], mitochondrial
TIM chaperones [Höhr et al. (2015), Becker et al. (2019)] and
bacterial periplasmic chaperones [Skp, SurA and Dsb Goemans
et al. (2014), Thoma et al. (2015)]. The role of these holdases is
to safeguard their client from aggregation, and hand the protein
to other downstream factors, such as other chaperones or
insertases or degradation machineries (proteases). The case of
J-domain proteins is somewhat particular: they exhibit a holdase
function, and relay their clients to Hsp70 chaperones, and they
also act upon the Hsp70 chaperone by enhancing the ATP
hydrolysis of Hsp70 [Silver and Way (1993), Kampinga and
Craig (2010)].

A chaperone that is able to assist the protein folding to its
native state, is often described as having an additional “foldase”
activity. The notion of foldase comes with the idea that the
chaperone plays an active role, exerting some kind of force on
its client Nunes et al. (2015). However, the distinction between a
holdase and a foldase is not straightforward. Some proteins that

are often assigned a foldase function may be rather passive: a
client protein may exploit the properties of the chaperone surface
to facilitate its refolding (on the chaperone surface), or its
unfolding, followed by spontaneous refolding [He et al. (2016),
Stull et al. (2016)]. Few selected examples of molecular
chaperones classified by their chaperoning properties could be
seen in Figure 1.

2.1 ATP-Driven Chaperones: Using ATP to
Alter the Chaperone While in Action
Some chaperones exploit furthermore an ATPase activity for
their function. As in many motor proteins, ATP hydrolysis is
exploited to drive conformational transitions in chaperones. A
prominent example is Hsp70, in which ATP hydrolysis triggers
a conformational transition which leads to a strongly increased
client-protein affinity [Zhang and Zuiderweg (2004), Mayer and
Bukau (2005)]. The ATP-driven structural transitions that some
chaperones undergo can be seen as switches, by which a given
chaperone changes its properties and, thus, its ability to act as a
holdase. For example, in the large, barrel-shaped group II Hsp60
chaperonins (thermosome, TRiC), client binding occurs in the
open state, at hydrophobic binding sites close to the barrel entry;
it has been proposed that in the course of the ATP-driven
structural transition, these sites become partly buried, which
changes the environment of the client and presumably favors its
refolding within the (predominantly hydrophilic) chamber, and
its subsequent release to the cytosole [Kafri and Horovitz
(2003), Meyer et al. (2003), Bigotti and Clarke (2005), Spiess
et al. (2006), Reissmann et al. (2007), Nakagawa et al. (2014), Jin
et al. (2019)]. Note that this is not the only mechanism by which
Hsp60 assists refolding of its clients: refolding outside the
chamber is another possible mechanism (Priya et al., 2013).
Also other chaperones can employ different mechanism of
chaperoning depending on the client and the clients folding
pathway (reviewed in Koldewey et al., 2017 on the examples of
Hsp60, Hsp70 and Spy).

It is worthwhile noting that it is a common mis-conception
that the energy released upon breaking the bond to the
γ-phosphate group in ATP is what drives large-scale
conformational change. In fact, as any bond breaking,
cleaving of γ-phosphate group in ATP does not release
energy but rather requires it. This reaction is
thermodynamically possible because the phosphoanhydrile
bonds are relatively weak and require less energy to break
them than the energy released when stronger covalent bonds
are formed in the product(s). Breaking the bond of the
γ-phosphate group in ATP by nucleophilic attack from water
(hydrolysis) or some electron-rich species, most commonly
enables the energetically unfavorable reaction to occur by
reaction coupling; for example, a phosphorylated product of
one reaction is used as a reactant in the second reaction (Berg
et al., 2002). In biological systems there are several ways ATP
drives the conformational change and subsequently the activity
of certain proteins. One of the examples is the sodium-
potassium pump that undergoes its first conformational
change upon ATP binding, the second conformational
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FIGURE 1 | Selected examples of molecular chaperones classified by their chaperoning properties.While all chaperones could be considered as holdases, with the
function of binding its structurally unstable client and preventing its aggregation, foldases have an additional function of assisting the client protein folding to its native
state, and disaggregases have an additional function in dissociating protein aggregates. Certain chaperones could have multiple functions. Delineating strictly between
these functions is hardly possible, as chaperones may have different functions depending on their clients; thus, the frontiers are not to be seen as strict boundaries.

FIGURE 2 | Schematic view of the thermodynamic properties of a client protein exemplified for a membrane-protein client (represented in orange). In the unfolded
state of the client (A), the polypeptide exists in an ensemble of multiple rapidly-interconverting conformations. Depending on the concentration of the client (presence of
multiple copies) or the presence of a chaperone, the conformational landscape carries different energetic properties. Aggregation, shown on left (B) is enthalpically
favourable due to multiple intra- and inter-molecular hydrophobic interactions. In the presence of a dedicated chaperone, shown in the middle (C), the chaperone
and client form favorable interactions (enthalpic contribution), and as the client generally stays highly dynamic there is no (or little) entropic cost, i.e., the entropy (Scomplex)
remains large, comparable to the unfolded state shown in section A of this figure. For the membrane-protein clients, the pathway to the fully folded state (D) involves
engaging with an insertase, which promotes folding of the client (E). Certain conformations out of the complex ensemble may have higher affinity towards the insertase.
The interaction of client and insertase may lead to a step-wise dissociation of the client from the chaperone and formation of more specific contacts with the insertase.
The lower conformational entropy (Scomplex) may be compensated by favorable enthalpic interaction, or entropy gain from release of structured water molecules.
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change once the protein gets phosphorylated by the
γ-phosphate group upon cleavage of ATP and the last one
induced by proteins de-phosphorylation. [reviewed in
Jorgensen et al. (2003)]. What drives structural transitions of
other ATP-fueled machines, such as the ATP-driven
chaperones, is the fact that upon hydrolysis two new species,
ADP and phosphate, are generated. Their binding properties
and charges differ from those of ATP, and these altered
properties of the complex drive a conformational
rearrangement of the protein [Bagshaw and Trentham
(1973), Hwang and Karplus (2019)].

In the present review we focus on ATP-independent
chaperones, and their properties as holdases; as stated above,
the holdase activity is common to all chaperones, including ATP-
fueled ones.

3 CHAPERONE-CLIENT COMPLEXES AND
THE BALANCE OF STABILITY VS. EASE OF
RELEASE
The complexes of chaperones with their clients need to fulfill
contradicting requirements: on one hand the complexes, at least
those of some holdase chaperones, need to be at least somewhat
stable, such that the client protein does not spontaneously detach
from the chaperone. This property is important particularly for
“transfer chaperones”, which accompany highly aggregation-
prone clients, such as membrane proteins, to their target
insertase or translocase. Spontaneous detachment of the client
before the complex reaches its destination may lead to
aggregation of the client. On the other hand, release of the
client, for example the handover to a downstream insertase or
the release of the natively re-folded client, should proceed without
a significant energy barrier. From some chaperones (e.g., Spy, see
below), the clients detach spontaneously once they reached a
conformation allowing the detachment; other chaperone–client
complexes dissociate once they reach, e.g., a membrane-protein
insertase or translocase, and need to detach without significant
energy barrier. (The relay often proceeds without energy input
from ATP hydrolysis, e.g., in the bacterial periplasm or the
mitochondrial intermembrane space.) Chaperones, therefore,
must meet the contradicting requirements of stability and
absence of significant energy barriers for dissociation [Hartl
et al. (2011), Burmann et al. (2013), Hiller and Burmann (2018)].

As discussed here, using recent examples that have been
characterized at the structural level, dynamics within the bound
state is the way how this apparent contradiction can be resolved.
In this sense, chaperone–client complexes may be seen as
“fuzzy” complexes. This term, introduced by Fuxreiter and
Tompa Tompa and Fuxreiter (2008), refers to protein-
protein complexes in which at least one of the two proteins
remains dynamic while bound. In many reported cases the
bound client is disordered, and bound to the chaperone as
an ensemble of inter-converting states.

Another example of importance of dynamics in chaperone-
client interaction is increase in flexibility of the linker loop at the

substrate interface of a chaperone Spy, which is proposed to
increase promiscuity of Spy Horowitz et al. (2016).

4 SPECIFICITY VS. PROMISCUITY

The complexity of living organisms relies on the promiscuity of
proteins: enzymes capable of processing a range of substrates or
receptors able to recognize different molecules, and also the
molecular chaperones, which are able to bind to a range of
client proteins. Promiscuity is essential, because if each
chaperone was highly specific to a small set of client proteins,
the energetic cost of maintaining many different regulatory
networks would be very high Cumberworth et al. (2013).

Promiscuity is often assumed to be the rule for chaperones;
trigger factor, for example, has a substrate proteome with more
than 170 members Martinez-Hackert and Hendrickson (2009);
the TIM9.10 chaperone binds at least 40 different proteins; the
familiy comprising the 70 kDa heat-shock protein (Hsp70) and
Hsp90 family has a very wide clientome that covers at least 20% of
the yeast proteome, for example Taipale et al. (2010).

Despite the presence of many chaperones in the cell, each
capable to bind a broad range of clients, cellular experiments
generally reveal preferences, and not all chaperones bind a given
client. This can be nicely illustrated with the example of
mitochondrial protein import. Herein, proteins which are
destined to the mitochondria but produced in the cytosol need
to be guided along the entire way; this is particularly important
for mitochondrial membrane proteins, because of their strong
tendency to aggregate. A central question in the mitochondrial
import field is which chaperones are responsible for the transport
of the newly synthesized mitochondrial precursor proteins from
the cytosolic ribosomes to the mitochondria.

Insightful studies Jores et al. (2018) have revealed, for
example, that newly synthesized outer-membrane β-barrel
porins associate with Hsp70 and Hsp90 chaperones as well
as with a certain number of Hsp40 chaperones (Ydj1, Sis1, and
Djp1) and Hsp104, but not other general chaperones such as
Hsp60 or 14-3-3. When doing the same assay with
mitochondrial inner-membrane proteins, Hsp70 and Hsp90
are again found to associate, but the levels of associated Hsp40
chaperones differ from the ones found to associate with the
β-barrel forming porin. This kind of experiments suggests that
Hsp70 and Hsp90 interact with client proteins mainly by
hydrophobic interactions, but that the Hsp40 association is
based on more subtle differences in their substrate proteins,
allowing also to fine-tune the specificity.

Given such kind of experimental findings, the central
question is: what are the structural or sequence properties of
the client proteins which make one chaperone bind but not
another one? And how does the chaperone recognize these
differences?

Unfortunately, these questions are not well understood. A few
rather rare cases are known where a chaperone is highly specific,
with only one Szolajska and Chroboczek (2011) or few clients
Kuehn et al. (1993); in these cases, the recognition is achieved by
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complementary surfaces and a well defined binding site on the
client. For example, the periplasmic holdase chaperones PapD
and FimC from pathogenic bacteria, are specific for the pilus
forming sub-units Sauer et al. (2000) and they interact with their
clients via the donor-strand complementation mechanism. Such
surface-/strand-complementarity resembles the situation of
complexes formed between folded globular proteins. These
cases are rather rare and not representative of most chaperones.

For most chaperones, identifying the binding motif, or even
clarifying the clientome, is not as easy. In the clients of the
Hsp70 chaperone family, a binding motif has been identified. It
consists of a hydrophobic core and two flanking regions with
basic residues Rüdiger et al. (1997); this motif is indeed very
abundant in most proteins. However, for the very important
Hsp90 family and its very large clientome, bioinformatic
analyses have not been able to identify a specific binding
motif Taipale et al. (2010). In some cases, such as the small
TIMs discussed in section 5.1, preferences for binding one
rather than another client is based on a combination of
interaction types within the same binding groove or on
different binding sites: a hydrophobic interaction with one
binding interface, and a polar/charge-based contact at a
separate binding interface.

The specific recognition of clients is related to the process
by which clients are targeted to organelles within the cell; for
example, precursor proteins destined to chloroplasts or
mitochondria need to be recognized by a set of chaperones/
receptor domains for their import. In some cases, these
targeting signals are very well defined amino acid
sequences von Heijne (2002). However, many targeting
sequences are less well defined and scattered over the
primary structure, that share certain physical properties
rather than exact amino acid sequence. For example,
mitochondrial preproteins targeted for the matrix carry an
amphiphilic helix as a cleavable recognition signal, however
the only similarity between the targeting signal of different
proteins is that one side of the helix is positively charged
whereas the other is hydrophobic Maduke and Roise (1996).
Chloroplast outer membrane proteins carry a targeting signal,
rather than an exact targeting sequence, recognized by the
cytosolic AKR2 (Ankyrin repeat protein) chaperone. In
addition to the importance of moderate hydrophobicity of
the targeting signal, positively charged residues flanking
transmembrane domains are important for specificity, and
if these positive charges are missing, the preproteins are
targeted to the plasma membrane rather than to the
chloroplast Lee et al. (2011).

The mechanisms by which a client is selected by a
chaperone and not bound by another one are far from
being solved. Deciphering the recognition mechanisms is
complicated by the fact that these complexes are often
highly dynamic. Therefore, specific contacts with which
folded proteins recognize each other, e.g., salt bridges, tend
to be short-lived. It is currently poorly understood how specific
recognition is compatible with the higly dynamic character of
the chaperone–client complexes. The general mechanisms that
underlie these complexes, described in the examples below,

may nonetheless provide possible routes how specificity may
be achieved.

5 LESSONS LEARNED FROM
ATOMIC-LEVEL STUDIES OF CHAPERONE
COMPLEXES

5.1 Chaperoning in the Mitochondrial
Intermembrane Space
The vast majority of the mitochondrial proteins are imported into
the organelle in a post-translational manner as precursor
proteins, that are recognized either by a cleavable pre-
sequence or by an internal targeting sequence. Cytosolic
chaperones transport these precursor proteins to the
mitochondrial entry gate, the translocase of the outer
membrane (TOM) complex [reviewed in Becker et al. (2019)].
Depending on their final destination, the precursor proteins are
then either inserted into the outer membrane from the
mitochondrial outside, or directly relayed to the translocase of
the inner membrane (TIM23 complex), or transferred across the
intermembrane space (IMS) to an insertase in the inner or outer
membrane. Here we focus on this latter process and its associated
chaperones, namely the translocation of membrane-protein
precursors in the intermembrane space. The so-called small
TIM chaperones are responsible for this safe translocation of
the highly aggregation-prone membrane-protein precursors
across the aqueous IMS compartment [Koehler et al.
(1998a),Koehler et al. (1998b), Wiedemann et al. (2001),
Vergnolle et al. (2005)]. In their apo state, these chaperones
form hetero-hexameric complexes of ∼ 65 kDa, composed of
alternating subunits of Tim8 and Tim13 [TIM8.13, Beverly et al.
(2008)] or Tim9 and Tim10 [TIM9.10, Webb et al. (2006)], or
Tim9, Tim10 and Tim12 [TIM9.10.12, Gebert et al. (2008)]. It is
interesting to note that the TIM chaperones are in continuous
exchange, whereby subunits co-exist between the hexameric state
(predominant at ambient temperature) andmonomeric forms. At
room temperature, approximately 10% of the Tim9 and Tim10
subunits coexist as monomers, together with the hexameric
TIM9.10 complex. NMR experiments have established that the
integration of subunits into the hexamer (and release of subunits
from the hexamer) is slow, on time scales of many tens of minutes
Weinhäupl et al. (2021).

As the only known chaperone system of the mitochondrial
IMS, TIM chaperones are crucial for the recognition and transfer
of most of the mitochondrial membrane precursor proteins
Morgenstern et al. (2017). They recognize a broad range of
membrane proteins and transfer them in an unfolded state
from the mitochondrial outer membrane pore (TOM, with its
central pore formed by Tom40), through the aqueous
mitochondrial intermembrane space, towards the insertases of
the inner membrane (TIM22) or outer membrane (SAM)
[Koehler et al. (1999), Bauer et al. (2000), Rehling et al.
(2003), Paschen et al. (2003), Kozjak et al. (2003), Gentle et al.
(2004), Lithgow and Schneider (2010)]. As for many chaperone-
substrate pairs, where the substrate is often aggregation prone,
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FIGURE 3 | Properties of mitochondrial intermembrane space chaperones and their selected clients. (A) Representation of the structure of TIM9.10 (blue/green)
holding full-length client GDP/GTP carrier (Ggc1, orange), as reported in Weinhäupl et al. (2018). In contrast to the complexes of TIM8.13, the entire client protein is
bound to two chaperone molecules in the hydrophobic binding cleft of the chaperone. Figure adapted from Sučec et al. (2020). (B) Properties of full length Ggc1 client
protein. Hydrophobicity and polarity predictions were calculated as mentioned for Tim23. (C) Properties of TIM8.13 chaperone (PDB 3cjh). In the upper panel the
electrostatic potential is mapped on the TIM8.13 structure (model with extended tentacles), calculated with PyMOL APBS plugin. The molecule was prepared with the
pdb2pqr method and the script was run with the standard setup (range of ±5.00, grid spacing 0.5). The top part of the chaperone shows more exposed negatively

(Continued )
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protecting the clients from misfolding and aggregation requires
that these complexes do not dissociate spontaneously, i.e., the
overall affinity of chaperone and client needs to be relatively
strong. It is difficult to experimentally determine dissociation
constants (Kd) because one cannot obtain these complexes by
simply titrating solutions of chaperone and client due to the
insolubility of the membrane-protein precursors. For the small
TIM chaperones, no experimental Kd values are available.
However, it has been experimentally shown that the transfer
of client proteins (membrane proteins of the inner membrane, so-
called mitochondrial carriers) from one TIM chaperone to
another takes approximately 4 h Weinhäupl et al. (2018),
indicating high stability of the client-TIM complex in the
absence of the downstream insertase of the inner membrane.
In the cell, release at the insertase is presumably energetically
more favorable (Figure 2), as the time scale for import into
mitochondria is rather in the minutes time scale Wiedemann
et al. (2006). It is likely that interactions of a part of the (highly
dynamic) precursor protein with the insertase complex lowers the
energy barrier for release (Figure 2).

When TIM chaperones bind clients, they do not undergo
significant changes of their structure, nor of their backbone or
sidechain dynamics, as revealed by NMR methods Weinhäupl
et al. (2018). Interestingly, also the above-mentioned exchange of
subunits between monomers still exists when the client is bound
to the hexameric TIM9.10. Subunits still enter and exit the
hexamers, with a time scale similar to the apo chaperone
Weinhäupl et al. (2021). The very different size and thus
NMR properties of the chaperone-client complexes and
monomers makes it difficult to quantify the populations with
precision, but the data suggest that even the ratio (monomeric
subunits vs. hexamer) is similar to the apo state. This is different
to the Skp chaperone or DegP (see below), which assemble upon
client binding.

The α-helical inner-membrane protein clients are wrapped
around the TIM chaperones, using a cleft that is formed by highly
conserved hydrophobic residues. The fact that these hydrophobic
patches are in a cleft presumably helps to shield them, such that
TIM chaperones do not aggregate by intermolecular hydrophobic
interactions. Depending on the client length, a single client can
recruit up to two TIM9.10 chaperones for the transfer
(Figure 3A), or possibly even more than two chaperones
(although this has not been shown yet). The clients are, thus,
in extended conformation, which is quite different from the
compact “fluid-globule” state that OMPs adopt in the bacterial
membrane-protein chaperone Skp (see below). Interestingly, the

clients, both α-helical and β-barrel-forming proteins, have some
degree of secondary structure; some residual α-helical propensity
was detected for inner-membrane proteins Weinhäupl et al.
(2018), and for β-barrel clients it was shown that only clients
with pre-formed β-turns bind efficiently Jores et al. (2016). For
the latter case, this appears intuitive, because in a β-turn of
β-barrel outer-membrane proteins one face is hydrophilic and
the other is hydrophobic. A β-hairpin conformation would
ensure exposure of an entire hydrophobic patch for efficient
binding to the hydrophobic cleft of the chaperone.

The bound clients are highly dynamic, adopting multiple
inter-converting, short-lived conformations, while staying
bound on the chaperone surface, in an unfolded, extended
state Weinhäupl et al. (2018). These inter-conversion
dynamics occur on a time scale of ca. 1 ms: specific NMR
methods probing this time window (relaxation-dispersion
NMR) have highlighted extensive conformational exchange in
the complex Weinhäupl et al. (2018). The overall high affinity is
thus achieved by multiple contributions from weak interactions,
primarily within the conserved hydrophobic cleft. The authors
have proposed that the dynamics of the client protein in the
bound state enable the successful transfer of the client protein to
the insertase without significant energy barrier: in some of these
inter-converting client–chaperone conformations certain parts of
the client protein, those with a higher affinity for the insertase, are
transiently detached from the complex. Upon interaction with the
insertase the clients are gradually released from the chaperone
without significant energetic barrier. The favorable enthalpical
contribution of the client’s folding makes this process
energetically favorable (Figure 2). The dynamics of these
chaperone-client complexes are the key to reconcile two
apparently contradicting requirements: high overall stability
and a low energy barrier for release. Here, the avidity of many
individually weak interactions ensures high overall complex
stability, whereas transfer to the downstream insertase
proceeds step-wise, breaking only a few, weak interactions at a
time, and therefore without the need for a large activation energy
to be overcome. This kind of mechanism has been proposed for
the functionally similar but structurally very different Skp
complexes Burmann et al. (2013).

It has also been investigated which parts of the client interact
with and are important for binding to the chaperones. Regarding
the transmembrane part of the clients, e.g., the ADP/ATP carrier
(Aac) or the GDP/GTP carrier of the inner membrane, the above-
mentioned integrated NMR study has provided only limited
information on a residue-by-residue basis. The millisecond

FIGURE 3 | charged residues, lower electrostatic potential, compared to the rest of the protein and compared to TIM9.10 (panel E). Mapped conserved hydrophobic
residues on TIM8.13 model (purple, lower panel). Yellow: polar residues in the conserved hydrophobic positions leading to weaker binding of all hydrophobic clients.
(D) Properties of TIM9.10 chaperone (PDB: 3dxr). Upper panel: positive (blue), negative (red) charges and polar (green) residues. Electrostatic potential mapped on
TIM9.10 model with extended tentacles (middle panel). Lower panel: conserved hydrophobic residues (in the binding cleft and on the “top”) on TIM9.10 model, shown
in purple. In the top view, all hydrophobic residues of TIM9.10 are shown. (E) Properties of full length Tim23 client protein. Upper plot: hydrophobicity prediction (Kyte-
Doolittle scale); lower plot: polarity prediction (Grantham scale, Expasy Bioinformatics Resource Portal). Red and blue bars: negatively and positively charged residues.
NMR spectra of the soluble Tim23 N-terminal fragment (residues 1–98) in isolation show the hallmark features of a highly flexible intrinsically disordered protein Sučec
et al. (2020). (F) Representative conformations of TIM chaperones bound to Tim23 client protein in which the hydrophilic N-tail of Tim23 is either bound or unbound on
the ‘top’ part of the chaperone. The best-fit populations of the two classes of states are shown for either TIM9.10 or TIM8.13 as derived from SAXS/MD. Figure adapted
from Sučec et al. (2020).
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dynamics of the client within the binding cleft leads to severe line
broadening and relatively poorly resolved spectra of the clients
Weinhäupl et al. (2018), and has hampered the identification of
specific residues of the clients that bind to the cleft. Some
information about the relative importance of different parts of
the client Aac comes from interaction studies with peptide
fragments Curran et al. (2002). Briefly, a peptide scan with 13-
residue-long fragments along the sequence of Aac, each
overlapping with its predecessor by 10 residues, was
performed; the peptide fragments were covalently linked to a
cellulose membrane, incubated with TIM9.10, and the quantity of
bound chaperone was assessed by immunodetection (α-Tim10).
By far the highest complex yield was achieved for fragments
derived from the transmembrane helices, while only very small
amounts were detected for fragments from the hydrophilic loop
regions. Although this data does not provide residue-specific
information, it establishes that hydrophobic fragments are
important for binding. This finding is expected, given the
hydrophobic character of the binding groove on the TIM
chaperone.

Analysis of the structural properties of the TIM–client
complexes have shed light onto the types of interactions that
are crucial for complex formation. The two TIM chaperones,
TIM8.13 and TIM9.10, are structurally very similar, and they
both have highly conserved hydrophobic residues located in the
cleft formed between the inner (N-) and outer (C-terminal)
α-helices. However, they have different specificity towards the
mitochondrial precursor proteins [Weinhäupl et al. (2018), Sučec
et al. (2020)]. For membrane-protein clients consisting essentially
of transmembrane spanning parts, such as mitochondrial solute
carriers of the inner membrane like the ATP/ADP carrier (Aac)
Curran et al. (2002) and the outer membrane β-barrel proteins
[Hoppins and Nargang (2004), Habib et al. (2005)], TIM9.10 has
higher binding affinity than TIM8.13 [ca. 10-fold higher
Weinhäupl et al. (2018), Sučec et al. (2020)]. However,
TIM8.13 has higher affinity for binding membrane-protein
clients with an additional soluble and more hydrophilic
domain, such as Tim23, the translocase of the inner-
membrane (TIM23) complex Davis et al. (2007), and the
aspartate-glutamate carriers Roesch et al. (2004). TIM9.10’s
native clients are all-transmembrane mitochondrial precursor
proteins which are highly hydrophobic, such as the
mitochondrial carriers, of which one representative is shown
in Figure 3B., although TIM9.10 is also able to bind to e.g.,
Tim23.

How can this somewhat different client specificity of the two
overall very similar chaperones be explained? Two regions on
TIM chaperones have distinct properties, and are, thus,
presumably responsible for the client specificity. Firstly, certain
residues within the conserved hydrophobic cleft are less
hydrophobic (Lys, Ser) in TIM8.13 compared to the
corresponding positions in TIM9.10 (see the orange residues
in Figure 3C, lower panel). As a consequence, TIM8.13 might be
less able to hold the transmembrane, hydrophobic parts of
mitochondrial preproteins than TIM9.10. In a recent study it
was shown that a TIM8.13 mutant, in which these more
hydrophilic residues were changed to hydrophobic ones, was

much more capable of holding all-transmembrane (TIM9.10)
clients Sučec et al. (2020).

A second difference is found in the top part of the chaperones,
where TIM9.10 differs from TIM8.13 in polarity and charge
(Figures 3C,D). TIM8.13 uses additional hydrophilic
interactions for binding the N-terminal region of Tim23 via
the top part of the chaperone (Figure 3C). It is noteworthy,
however, that single-point mutations in this top part of the
chaperones did not swap the client affinities of TIM9.10 and
TIM8.13, unlike in the above-described case where the
hydrophobic cleft of TIM8.13 was rendered more
hydrophobic. This suggests that the interaction with the
hydrophilic part of Tim23 involves a more complex pattern
than could be resolved by the few mutations introduced Sučec
et al. (2020).

NMR data of the soluble Tim23 fragment show that TIM9.10
hardly interacts with this predominantly polar fragment; in fact
the detected interaction involves only a patch of hydrophobic
residues at the N-terminus of Tim23 (MSWLFG) and a further
stretch with increased hydrophobicity Sučec et al. (2020).
TIM8.13 interacts much more strongly with the soluble
fragment of Tim23, and the interaction involves a stretch of at
least 35–40 residues of Tim23.

Taken together, the current view is that the hydrophobic
binding cleft of small TIMs enables (promiscuous) binding to
the hydrophobic transmembrane parts of the clients, whereby
TIM8.13 is less hydrophobic and thus less performing in this
binding; additional hydrophilic interactions compensate to
some degree for this lower affinity, depending on the client.
In the case of Tim23 (Figure 3E), the resulting ensembles of
states of the TIM9.10 or TIM8.13 complexes have different
population levels, as revealed by SAXS/MD data. Figure 3F
recapitulates this situation for Tim23-binding to the two
chaperones. The states in which the hydrophilic tail of the
client interacts with the hydrophilic top part of the
chaperone are much more populated in the case of TIM8.13
than TIM9.10, and these hydrophilic interactions compensate
for the inherently lower ability of TIM8.13 to interact via its
hydrophobic cleft with the transmembrane part.

5.2 Chaperoning in the Bacterial Periplasm
In Gram-negative bacteria, outer membrane proteins (OMPs)
are synthesized on the cytoplasmic ribosome and translocated
in an unfolded form across the inner membrane by the Sec
machinery [reviewed in Komarudin and Driessen (2019),
Oswald et al. (2021)]. To reach their final destination, they
have to cross the periplasm, an aqueous compartment. At the
exit of the Sec machinery, OMPs are taken in charge by
periplasm-specific chaperones. The bacterial periplasm is a
special and somewhat demanding environment for
chaperones, because 1) it lacks ATP, 2) it is an oxidizing
environment and 3) it is separated from the outside only by
a porous membrane, and is therefore particularly susceptible
to changes in the outside. The periplasm of gram-negative
bacteria contains ATP-independent chaperones that
contribute to the biogenesis of OMPs Sklar et al. (2007): the
holdases SurA, Skp, FkpA and PpiD as well as DegP, which has
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chaperone and protease functions [Arié et al. (2001), Matern
et al. (2010), Merdanovic et al. (2011), Ge et al. (2014)]. The
membrane anchored chaperone PpiD contributes to the
efficient detachment of newly secreted OMPs from the Sec
machinery Fürst et al. (2018). Other periplasmic chaperones
such as SurA, DegP, and Skp are likely to take over newly
translocated proteins from PpiD on their way into the
periplasm or to the outer membrane. Outer membrane
protein biogenesis in Gram-negative bacteria is reviewed in
detail, e.g., in Rollauer et al. (2015), Schiffrin et al. (2017),
Tomasek and Kahne (2021).

The bacterial periplasmic chaperones Skp (Seventeen
Kilodalton Protein; Chen and Henning (1996)) and SurA
[Survival factor A, Behrens et al. (2001), Bitto and McKay

(2002)] share the pool of OMP clients; initially, they appeared
to have redundant function in escorting the OMPs to the BAM
complex of the outer membrane [Sklar et al. (2007), McMorran
et al. (2015)]. Recent work Wang et al. (2021) indicates that the
SurA chaperone, with the PPIase (peptidyl-prolyl cis-trans
isomerase) activity Sklar et al. (2007), has a role in targeting
OMPs to the BAM complex, while the chaperone Skp delivers
unintegrated OMPs to the DegP for their degradation. The client
proteins that have been extensively used as models for
interactions, OmpX and OmpA, share similar hydrophobic
and polar properties of their amino-acid sequence in the
transmembrane parts (Figures 4A,B); OmpA has an
additional soluble periplasmic domain on the C-terminus (but
several studies used only the TM part as client).

FIGURE 4 | Properties of periplasmic chaperones SurA and Skp and their selected client proteins. (A) Hydrophobicity prediction of the full length OmpX client
protein based on Kyte-Doolittle hydrophobicity scale is shown in the upper plot. Polarity prediction based on Grantham scale, performed with Expasy, is shown in the
lower plot as a function of OmpX residue number. In red and blue bars, position of negatively and positively charged residues is shown. Position of tyrosine residues is
shown with green bars and proposed binding site to SurAMarx et al. (2020b) is shown with orange bars. (B) Upper plot shows hydrophobicity prediction of the full-
length OmpA client protein. In the lower plot polarity prediction for residues 1–171 of OmpA is shown based on Grantham scale. In red and blue bars, position of
negatively and positively charged residues is shown. Position of tyrosine residues is shown with green bars, as they are proposed to be involved in the binding to SurA
Marx et al. (2020b). (C) Electrostatic potential and hydrophobicity (Eisenberg scale) plotted onto the core and P1 domains of SurA [in the open/bound conformation Xu
et al. (2007)]. (D) Model of the SurA-OmpA (1–171) complex with four full-length SurA (colored molecules) docked to expanded OmpA (shown in gray). Figure adapted
from Marx et al. (2020b). (E) Electrostatic potential and hydrophobicity (Eisenberg scale) plotted on the surface of the Skp chaperone. On the right, representation of
OmpA-Skp complex whith the client protein shown in orange. The periplasmic domain of OmpA is proposed to be folded and not bound to Skp while the β-barel domain
remains unfolded in the Skp binding cleft Walton et al. (2009). The whole transmembrane part of OmpA is bound within the Skp tentacles through multiple electrostatic
and hydrophobic interactions Qu et al. (2009). In the complex, hydrophobic residues of Skp are shown as sticks colored in red.
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5.2.1 SurA
SurA is the key chaperone for insertion of OMPs into the OM by
the help of the BAM complex Sklar et al. (2007). It is composed of
three domains: the core domain which is formed by the N- and
C-terminal regions and two central PPIase domains (P1 and P2).
The crystal structure of SurA has been determined in its apo form
Bitto and McKay (2002). In this structure, P1 is bound to the core
domain whereas P2 is connected to the core domain by an
extended linker. In solution, SurA appears to be monomeric
[Calabrese et al. (2020), Marx et al. (2020a)] and samples at least
two different conformational ensembles that are distinct from the
crystal structure Calabrese et al. (2020). The different
conformations are in dynamic interconversion on a
submillisecond time scale. The hydrodynamic properties of
SurA reveal a radius of gyration compatible with one of the
two PPIase domains being spatially separated from the core
structure. SurA switches between a major P1-closed and a
minor P2-closed state [Marx et al. (2020a), Jia et al. (2020)]. It
has been shown that the two PPIase domains compete in a non-
allosteric manner with each other for binding to the core domain
Marx et al. (2020a).

The presence of either P1, P2, or both PPIase domains was
shown not to be required for chaperoning activity of SurA, as all
three mutants fully complement ΔsurA OMP assembly
phenotypes in an otherwise unmodified genetic background
Soltes et al. (2016). Whereas other chaperones (Skp, DegP)
assemble to form a cage-like cavity for client binding (see
below), SurA does not oligomerize. Client binding and the
client complexes have been studied using different techniques
including NMR Thoma et al. (2015), single molecule
flourescence Chamachi et al. (2021) and cross-linking mass
spectrometry [Calabrese et al. (2020), Marx et al. (2020b)]
experiments. It has been shown that SurA recognizes
substrates with a preferential Ar-X-Ar motif (Ar: aromatic
amino acid, X: any type of residue) Bitto and McKay (2003).
Such a tripeptide is found at the C-terminus of many OMPs and
this so-called β signal has been proposed to play a role in the
recognition of OMP clients by the BAM complex [Hennecke
et al. (2005), Wang et al. (2021)].

NMR and single-molecule fluorescence have shown that the
SurA-bound OMP client proteins form a rapidly exchanging
conformational ensemble with exchange rate constants on the
microsecond timescale [Thoma et al. (2015), Chamachi et al.
(2021)]. Crosslinking mass spectrometry experiments [Calabrese
et al. (2020), Marx et al. (2020b)] revealed that SurA binds the
OMPs in a groove formed between the core and P1 domains. This
groove forms when the two PPIase domains are simultaneously
dissociated from the core Marx et al. (2020b) and the role of the P2
domain is regulating the interaction between the P1 and the core
domains Calabrese et al. (2020). The OMP binding site on SurA is
large enough to accommodate an entire transmembrane β-strand
or β-hairpin. The bottom of the groove is formed by a 30 Å-wide
hydrophobic stretch and is positively charged (Figure 4C, left
panel). Regions of the core and the P1 domain outside of the groove
bear negative charges, suggesting that electrostatic interactions
contribute to the complex formation between SurA and its

clients. These features may be required to accommodate the
alternating hydrophobic–hydrophilic patterns of extended OMP
transmembrane domains. Interestingly, the non-client protein
OmpLA showed much less cross-linking products than the
SurA clients OmpA (transmembrane domain) and OmpX,
suggesting that SurA shows substrate specificity in solution,
independently of co-chaperones Marx et al. (2020b). SurA-
bound OMPs are in an extended conformation [Marx et al.
(2020b), Chamachi et al. (2021)]. Several binding regions of
SurA, on both OmpX and transmembrane domain of OmpA,
were detected (Figures 4A,B, shown as orange bars); the
importance of multiple conserved Tyr residues in the binding
site has been suggestedMarx et al. (2020b). It is noteworthy that the
preferred contact sites do not occur at the site of the β-signal. This
suggests that this fragment, important for the recognition by the
BAMcomplex is free, flexible and thus available for protein-protein
interactions.

SurA binds the unfolded OMPs with a dissociation constant
(Kd) of a few hundred nanomolar [Bitto and McKay (2003), Bitto
and McKay (2004), Wu et al. (2011), Chamachi et al. (2021)].
This overall strong binding of SurA and the client is achieved
through many weak and not very site-specific interactions He
et al. (2020). A recently proposed model Marx et al. (2020b) is
that multiple SurA can bind to the transmembrane domain of
OmpA, keeping it in an extended, insertion-competent state
(Figure 4D). Such higher order complex formation may
depend on the length of the client protein, as also observed
for the small TIM chaperones [Figure 3A; Weinhäupl et al.
(2018)]. FhuA, which forms a 22 strand β barrel showed a
close to 1:2 stoichiometry in complex with SurA Thoma et al.
(2015). Effective transfer of the client to the BAM complex
requires the BAM interacting region of the OMP to be free
and flexible [Wang et al. (2016), Marx et al. (2020b), Wang
et al. (2021)]. Since the client samples multiple conformations
during its interaction with the chaperone He et al. (2020), it can
be expected that some of those client conformations have higher
binding affinity towards the BAM complex and the dissociation
from SurA and insertion into the membrane can continue in a
similar way as seen for TIM chaperones.

It has been proposed that SurA may not hold the OMP client
continuously, but rather bind and unbind rapidly and repeatedly.
Marx et al. (2020a) proposed that the binding to the OMPmay be
faster than the collapse of the OMP to a molten-globule state, as
the OMPs are not very hydrophobic. This “kinetic trapping”
model awaits further experimental investigation.

5.2.2 Skp
The 17 kDa protein (Skp) chaperone represents a pathway for
OMP transport across the bacterial periplasm that is parallel to
SurA. The crystal structure of Skp shows a trimeric oligomeric
state with a “jellyfish”-like architecture [Korndörfer et al. (2004),
Walton and Sousa (2004)]. Within the trimer, a nine-stranded
β-barrel is formed to which each monomer contributes three
β-strands (the trimerization interface) and a long, α-helical
“tentacle,” made of two α-helices in a coiled-coil arrangement.
These helices are highly dynamic in solution and sample a large
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conformational space Holdbrook et al. (2017), thereby allowing a
drastic increase of the cavity in an ATP-independent manner.
Interestingly, a recent study proposes an Skp activation
mechanism that involves a monomer to trimer transition
induced by the unfolded client protein. wtSkp has been shown
to exist in a monomer-trimer equilibrium [Mas et al. (2020),
Sandlin et al. (2015)], the monomer being intrinsically disordered
Mas et al. (2020). Fully monomeric Skp mutant proteins were
unable to bind unfolded client proteins, whereas NMR Mas et al.
(2020) and smFRET Pan et al. (2020) studies showed substrate-
induced trimer formation for Skp. It seems that simultaneous
contacts of the unfolded client protein with all three Skp subunits
stabilizes the trimer by avidity. This coupled folding and
oligomerization mechanism may ensure the tight regulation of
Skp activity in the periplasm Mas et al. (2020).

Skp-OMP complexes have been extensively studied by NMR,
and it represented the first such atom-specific study of a full-
length client bound to a chaperone Burmann et al. (2013). NMR
spectra acquired on trimeric Skp show only a single set of NMR
resonances for the three subunits, demonstrating that on time
average each subunit samples the same conformational space.
Binding of client protein to the trimer induces a transition from a
very flexible state Holdbrook et al. (2017) to a more rigid state of
the long α-helical tentacles Burmann et al. (2013). The decrease in
dynamics within the helices forming the substrate-binding cavity
is thought to keep the uOMP within the cavity. The three-fold
symmetry of the Skp subunits remains intact in the Skp-OMP
complexes, which shows that the complex must be in a dynamic
equilibrium of multiple states on a sub-millisecond time scale;
non-dynamic binding would break the symmetry. The
interaction strength of Skp with client proteins has been
determined experimentally, and lies in the nanomolar KD

range [Qu et al. (2007), Wu et al. (2011), Chamachi et al.
(2021)]. Skp-client protein complexes were shown to have
global lifetimes of several hours in vitro Burmann et al.
(2013). Although it may at first sight appear counter-intuitive
to have such a high affinity in such a dynamic complex, it is the
avidity of the multiple interactions, each individually weak and
thus short-lived, which allows for the high overall affinity.

NMR data, including paramagnetic NMR that probe distances
from a paramagnetic tag, suggest that, despite its high dynamics,
the client protein adopts a more compact state within the Skp
cavity than expected for a urea-denatured protein. From such
NMR data, an average radius of 21 Å for OmpX in the Skp cavity
has been found, whereas in 8 M urea the corresponding radius is
more than two-fold larger Burmann et al. (2013). The authors
proposed the term “fluid globule” to describe this very compact,
yet highly dynamic nature of the client.

Recently, smFRET studies have revealed that Skp-bound
uOMP had a lower energy transfer efficiency than aqueous
OmpX Chamachi et al. (2021) or OmpC Pan et al. (2020),
suggesting chaperone-induced extension of the aqueous,
unfolded (but not denatured) OMPs. Pan et al. have estimated
the radius of the OmpC-Skp complex to 39 Å Pan et al. (2020)
which, assuming a radius of 6 Å for the Skp helices surrounding
the binding cavity, seems compatible with the radius of the
(shorter) OmpX client of 21 Å, deduced from NMR data

Burmann et al. (2013). Skp therefore binds its client protein in
a highly dynamic state, which is more compact than the urea
denatured protein but more extended than the collapsed, aqueous
OMP at pM concentration. Using single molecule FRET
spectroscopy, Chamachi et al. found intra-chain dynamics on
the µs time-scale for Skp-bound OmpX Chamachi et al. (2021).
As stated above, fast inter-converting client conformations
(fuzziness of the client) are providing multiple protein-protein
interaction sites. These are required for the formation of the
holdase-competent Skp trimer and may also allow the ATP-
independent transfer to downstream factors, such as BamA or the
degradase DegP.

There is no specific motif in the transmembrane domain of
OMPs that is known to be the recognition site of Skp. Instead, it is
thought that the entire unfolded transmembrane domain is
engaged in the interaction. By adapting the size of its binding
cage or by recruiting more homotrimer chaperone complexes
[Korndörfer et al. (2004), Schiffrin et al. (2016)] Skp is able to
bind a broad range of clients of different sizes, including OMPs
and periplasmic proteins Jarchow et al. (2008). This ability of
clients with different lengths to recruit more or less chaperones is
reminiscent of the case of the mitochondrial TIM chaperones or
SurA (see above). Positively charged Skp tentacles (Figure 4E)
bind the entire transmembrane domain of the OmpA client
(Figure 4B) through multiple electrostatic and also
hydrophobic interactions, encapsulating it completely, while
the periplasmic domain of OmpA is soluble, outside of the
Skp binding cavity, and according to its NMR signature in a
folded state that resembles the final native state of this domain
[Qu et al. (2009), Walton et al. (2009)]. This ability of leaving
soluble parts of the client outside the binding cleft/cavity was also
found in the case of the mitochondrial TIM8.13/TIM9.10
interacting with the Tim23 client (see section on
mitochondrial TIM chaperones, Figure 3F).

Interestingly, different OMPs show very similar behavior in
Skp Burmann et al. (2013); furthermore, a given OMP shows a
very similar random-coil behavior in different chaperones [Skp
and SurA; Thoma et al. (2015)].

5.2.3 DegP
The stress-induced DegP belongs to the High Temperature
Requirement A (HtrA) protein family in the bacterial
periplasm, where it is important for quality control of outer-
membrane proteins. It has an established function in the
degradation of proteins via its serine protease activity; it has
also been shown to exhibit chaperone properties [Spiess et al.
(1999), Clausen et al. (2002), Jiang et al. (2008), Subrini and
Betton (2009), Clausen et al. (2011), Sawa et al. (2011)]. The
protease function may be the more important one. Binding of
unfolded OMPs to SurA or Skp is at the rate 1000-fold higher
than binding to the DegP. It has been proposed that this
difference in kinetics favors OMP binding to the former two
chaperones, thus preventing degradation Wu et al. (2011).

DegP is found to exist in an inactive hexameric form
(presumed to be a resting state) in which the so-called LA
loop of the PDZ1 domain interacts with the active site L1 and
L2 loops from a neighbouring subunit, thereby blocking the
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access to the catalytic side Krojer et al. (2002). The inactive
hexameric form of DegP is converted into 12- and 24-mers upon
interaction with client proteins [Krojer et al. (2008b), Jiang et al.
(2008)]. This transition requires binding of unfolded substrate
protein, where the C-terminus binds to the PDZ1 domain while
the cleavage site is presented to the protease domain Krojer et al.
(2008a). It has been shown that simultaneous binding of
covalently linked PDZ1-binding and cleavage-site degrons is
required for efficient formation of the active, dodecameric
protease complex Kim et al. (2011). The crystal- and cryo-EM
structures of the 24-mer of DegP have been obtained from the
proteolytically inactive DegPS210A mutant that lacks the
catalytical Ser; the protease-inactive 12- and 24-mer DegP
variants were purified in presence of substrate protein Krojer
et al. (2008b). The crystal structure of the 1.13 MDa large 24-mer
of DegP Krojer et al. (2008b) shows the formation of a large cavity
interior of the 24-mer forming wide pores (up to 35Å) and 24
proteolytic sites that could be accessed only by the encapsulated
client protein. It is interesting to note that oligomerization, in this
case to 12- or 24-mers, plays an important role for activating the
chaperone; dynamic oligomerization has been found already in
Skp and TIM chaperones (see above).

In the context of this review, it is particularly interesting to
consider the state of the encapsulated protein and the way it may
interact with the chaperone. For the DegP case, the information
available about the state of the encapsulated client protein and the
binding motif(s) is somewhat indirect, as there are no NMR or
smFRET studies available to date. Intriguingly, Krojer et al.
(2008b) have proposed that the OMPs may be present in a
folded state inside the cavity. This proposition comes from
several observations. The co-purified substrates with wild-type
DegP were stable over tens of minutes; as unfolded model
proteins are digested over this time scale, their interpretation
is that the OMPs may be folded. Furthermore, a characteristic
shift in SDS-PAGE mobility, often used as a signature of folded
OMPs, suggested that at least 50% of the encapsulated OMP
clients had some residual tertiary structure. In the same study,
cryo-EM reconstitution of co-purified OMP and protease-
inactive DegP 12-mer variant showed an electron density in
the center of the cavity, which was interpreted as belonging to
a folded OMP encapsulated. However, due to low resolution of
the electron density map (28 Å), it is difficult to make definite
statements on the folding state, or to characterize the interactions
formed between chaperone and client.

5.2.4 DegQ
A study of the related HtrA protein DegQ, another degradase of
the bacterial periplasm with dual protease and chaperone
functions, provides interesting further insight into this
family. Like DegP, DegQ exists in a resting hexamer state
and can form 12- and 24-mers upon substrate interaction.
DegQ does not play a role in OMP biogenesis but targets
rather soluble proteins. Malet et al. used chemically unfolded
and reduced lysozyme, or a short peptide that binds to the PDZ1
domain, to trigger the oligomerization to the 12-mer or 24-mer
state Malet et al. (2012). The cryo-EM structure (at ca. 12–14 Å
resolution) and mass-spectrometry analysis of a protease-

deficient DegQ mutant in its 12-mer state shows that it
harbors simultaneously five to six lysozyme molecules. At
this resolution it remains difficult to make definite statements
about the state of the client or its interaction mode with the
chaperone; nonetheless, the identification of rather well-defined
lobes is compatible with a lysozyme molecule that is close to its
native conformation Malet et al. (2012). Six lysozyme molecules
could be fitted into the electron density without clashes.
Tryptophan fluorescence measurements suggested a folded
state, although a slight shift relative to the Trp spectrum of
isolated folded lysozyme suggested that the fold may be altered.

By comparison of the lysozyme-filled DegQ with DegQ that
was triggered to form the 12-mer with the short peptide, the
authors could localize the lysozyme molecules, and thus infer
information about the interacting parts of the chaperone Malet
et al. (2012). Several loops have been found in the vicinity of the
density that was ascribed to lysozyme [see Figure 1D of ref.
Malet et al. (2012)]; these regions (a helix corresponding to
residues 251–257, and loop residues 408–413, 31–33 and 58–62)
contain predominantly methyl-bearing residues and only few
charges (a single Lys is oriented towards the lysozyme).

To summarize, both DegP and DegQ seem to support folded
clients within their cavities, although the low resolution of the
available data hampers precise statements about the
interaction modes.

5.2.5 Spy
The ATP-independent periplasmic chaperone Spy (spheroplast
protein y) can bind to both native (folded) and non-native
proteins, but with higher affinity for the latter. Ability to bind
both unfolded and folded clients enables client folding while
bound to the chaperone Mitra et al. (2021). It can be imagined
that this ability could disrupt normal cell function by interacting
with folded proteins. However, in the cell, levels of Spy are well
controlled and Spy is only up-regulated in the stress conditions
induced by protein aggregation Quan et al. (2011).

This stress-induced dimeric chaperone forms a cradle-like
structure through an anti-parallel coiled-coil interaction of
two 16 kDa monomers [Quan et al. (2011), PDB ID: 3o39].
Spy binds unfolded periplasmic or outer-membrane proteins
with its cradle-shaped binding site, formed mostly by
positively charged residues, and allows for their full folding
while they are bound Stull et al. (2016). The structural and
dynamical properties of Spy with a client, the small helical
protein Im7, have been investigated independently by several
groups, using NMR spectroscopy, MD simulations,
crystallography and other biophysical methods [Salmon
et al. (2016), Horowitz et al. (2016), He et al. (2016)]. Im7
is an interesting case because in the absence of its cognate
binding partner (colicin E7), several residues at its binding
interface are in energetic conflicts, i.e., they are restrained
such that they cannot engage in the energetically favorable
interactions with other residues, a situation termed local
frustration Ferreiro et al. (2014). The Spy-Im7 complex is
an instructive example for understanding chaperone-client
interactions. It is also an interesting case that highlights the
difficulty of studying such complexes by crystallography: the

Frontiers in Molecular Biosciences | www.frontiersin.org October 2021 | Volume 8 | Article 76200512

Sučec et al. Dynamic Chaperone-Client Complexes

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


high flexibility of the client and accordingly low electron
density renders interpretation of the data difficult, possibly
leading to mis-interpretation Wang (2018), which might have
challenged one such study Horowitz et al. (2016). This
controversy regarding Spy-Im7 crystal structures has been
addressed (Rocchio et al., 2019), where the low occupied
conformational ensembles of Im7 were reconstituted using
selective anomalous labeling and residual electron and
anomalous density (READ) method.

When Spy binds client proteins (as tested with Im7), it does
not undergo large structural alterations. The main change is an
increased flexibility of the linker loops; this increased loop

flexibility may facilitate the interaction with different
substrate conformations Salmon et al. (2016). Remarkably, it
was found that a more flexible mutant of Spy, with mutations in
client-binding cradle shown up to seven-fold higher chaperone
activity Quan et al. (2014), suggesting that increased flexibility is
important for tight client binding. Furthermore, the polar and
charged surface of Spy’s binding cradle is changed (Figure 5A),
forcing the conformational changes of the client while the client
is still bound Horowitz et al. (2016).

In the complex, the client interacts primarily through a part
that forms one face of the folded state (residues ca. 20–38 and
52–65), and the remainder of Im7 adopts essentially a native-

FIGURE 5 | Properties of periplasmic chaperone Spy and its substrate Im7. (A) Hydrophobicity (upper) and electrostatic potential (lower) of the Spy chaperone in
its apo or peptide-bound conformation show distinct patterns. (B)Chemical shift perturbations mapped on the structure of Im7 (PDB: 1AYI) upon adding Spy chaperone
He et al. (2016) are shown in the left panel. In the right panel, structurally frustrated contacts (red lines) mapped on the Im7 structure. Figure adapted from He et al. (2016).
(C) Representation of chaperone Spy (in yellow) bound to ensemble state of unfolded Im7 (purple) or to folded Im7 (blue). Figure adapted from He et al. (2016). (D)
Upper: Hydrophobicity prediction of the full length Im7 client protein (Kyte-Doolittle scale). Lower: Polarity prediction (Grantham scale). Red and blue bars denote position
of negatively and positively charged residues. The Spy binding site He et al. (2016) is shown with an orange bar. Figure 5B,C has been adapted fromHe et al. (2016) with
permission from Science Advances.
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like conformation in the complex He et al. (2016), as judged by
NMR chemical-shift perturbations (CSPs) (Figure 5B left
panel). The client protein was found to be destablized,
i.e., more dynamics, as evidenced by hydrogen/deuterium
exchange. Spy spatially compacts the conformational
ensemble of its substrates. The binding is entropy (rather
than enthalpy) driven, presumably due to the release of
water molecules that are ordered in the apo state He et al.
(2016).

He et al. have also prepared a triple mutant of Im7 which is
unable to fold, and observed how this unfolded client interacts
with Spy He et al. (2016). The mutant binds to Spy with Kd �
0.3 µM affinity (the wt Im7 has a somewhat higher Kd � 2 μM;
Figure 5C). The Spy-bound Im7 mutant shows the hallmark
features of a random-coil polypeptide, and the interacting part of
this Im7 includes the residues that are most involved in complex
formation in the wild-type Im7, but also residues beyond this
stretch, i.e., the binding sequence on the unfolded Im7 mutant is
less well defined than on the wild-type Im7.

What drives the interaction between Im7 and its chaperone?
When inspecting the biophysical properties of the residues of
Im7 that are involved most in the interaction (20–38; 52–65)
no clear relationship with the hydrophobic character or the
presence of charges appears (Figure 5D). The interaction
between the chaperone and the clients involves both
hydrophilic and hydrophobic residues. Interestingly, the
sites of Im7 that interact most strongly with Spy (residues
ca. 20–38 and 52–65) correspond well to the sites for which
the local frustration is highest in the native state (Figure 5B).
Similar observations have been made with a different client,
SH3, bound to Spy He and Hiller (2019). Thus, simple
sequence properties do not seem to be the driving force
for interactions, and it is rather the properties of the
folded state, in particular the local frustration that plays
an important role for the interaction of wild-type Im7 and
its chaperone. Of note, the client protein in this case, wild-
type Im7, appears to be already close to its native fold when it
interacts with Spy. For the Im7 mutant that is unable to fold,
the argument on structurally frustrated sites does not hold; in
this case, a combination of hydrophobic and charged residues
appears to be required for binding.

Do these client proteins behave differently when bound to
different chaperones? This question was investigated by
binding Im7 or SH3 to Skp or SurA He and Hiller (2018).
Interestingly, a very similar pattern of CSPs is observed, both
for the predominantly folded wild-type Im7 and the
unfolded triple mutant, as well as for SH3, showing that
the interaction with chaperones is rather independent of the
exact details of the chaperone. One may argue that these
three chaperones are similar to some extent, an amphipathic
binding surface of both hydrophobic and polar residues.
Further investigations with chaperones of more divergent
properties (e.g., a highly hydrophobic surfaces) would
allow clarifying how binding depends on polar/charge/
hydrophobic properties.

5.3 Hsp90 Interaction With an Intrinsically
Disordered Client
The ATP-dependent 90 kDa heat-shock protein family (Hsp90)
has been extensively studied [see e.g., reviews by Taipale et al.
(2010), Biebl and Buchner (2019)], and represents in itself a field
that is far too vast to grasp in this review. The Hsp90
chaperones act in the late stage of protein folding (after
Hsp70) and take care of a diverse substrate pool, including
intrinsically disordered proteins (IDPs). We focus here only
on one insightful complex of cytosolic Hsp90 with the IDP
Tau, which has been investigated by NMR and small-angle
X-ray scattering (SAXS) methods Karagöz et al. (2014) and
EPR methods Weickert et al. (2020). Even though this review
focuses on ATP-independent chaperones, we find it
insightful to discuss this particular complex, formed by
Hsp90 and Tau in the absence of ATP, where the ATP-
independent holdase function is of main interest. Hsp90
aids Tau’s association with microtubules or its
degradation, and in that way plays a protective role against
Tau’s aggregation which is present in certain
neurodegenerative diseases Medeiros et al. (2011).

Tau binds Hsp90 with a dissociation constant in the low
micromolar range through its microtubule-binding part,
including the aggregation-prone repeat region Karagöz et al.
(2014). Although the authors have not determined the life
time explicitly, the Tau-concentration-dependent NMR and
fluorescence signal shows a behavior characteristic of the so-
called fast exchange regime. This observation points to on/off rate
constants in the µs-ms regime, i.e., the Hsp90-Tau complex forms
transiently (as opposed to e.g. the complexes of small TIM
chaperones with membrane-protein precursors, section 5.1).

The parts of Tau that appear to be themost importantmotifs (as
seen from NMR data) contain hydrophobic residues (amino acid
types Leu, Ile, Val, Phe and Tyr), and these sequences have a
positive net charge, comprising several Arg and Lys residues
(Figure 6A). This part of Tau binds to an extended surface of
the chaperone (Figure 6B). The interaction surface on the
chaperone has mixed properties: it comprises hydrophobic
residues, but they are scattered, rather than forming a
continuous hydrophobic patch; the authors claim that this
scattered nature may ensure that it can make a large number of
low-affinity contacts, and that it may also prevent Hsp90 from self-
aggregation. The domains that are involved in the binding (N-ter
and middle domains) have an overall negative charge, which shall
complement the positive net charge of its client, but the binding site
itself has a mixed positive/negative potential. Thus, it appears that
the Hsp90/Tau interaction is based on amixture of rather scattered
hydrophobic and charge interactions. Hsp90-bound Tau is in an
extended, unfolded and dynamic ensemble (Figure 6C). Electron
paramagnetic resonance data show that Tau in isolation is also very
dynamic, but has a tendency to fold back on itself (“paper-clip
like”); when bound to Hsp90, Tau is extended further than in
isolation, and the Hsp90-Tau interaction exposes Tau to
oligomerization involving the two C-terminal pseudorepeats
Weickert et al. (2020).
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5.4 The Cytosolic Chaperone SecB
In Gram-negative bacteria, secretory proteins are synthesized on
the cytoplasmic ribosome and targeted for post-translational
translocation through the inner membrane. Nascent
polypeptide chains of these proteins are recognized and
transported to the Sec machinery by certain cytosolic
chaperones [reviews on Sec machinery by Lycklama a Nijeholt
and Driessen (2012), Chatzi et al. (2013), Tsirigotaki et al.
(2017)]. The current model is that the ATP-independent SecB
chaperone carrying an unfolded client protein binds to SecA in
the cytosol and that this ternary complex interacts with the
membrane-bound Sec machinery, after which the SecB
dissociates, i.e. the client protein is handed over from SecB to
the Sec complex [Hartl et al. (1990), Suo et al. (2015)]. [SecB also
has other roles reviewed by Sala et al. (2014)].

An early model of client-protein recognition by SecB
chaperone based on peptide-binding assays and stopped-flow
fluorimetric experiments suggests that the primary interaction is

of ionic nature; initial binding could cause a conformational
change in SecB, exposing its hydrophobic areas which would then
further strengthen the interactions with the substrate protein
(Randall, 1992; Stenberg and Fersht, 1997). It was shown that
SecB exhibits a preference for unstructured stretches of
polypeptides, that contain both basic and aromatic residues
(Rüdiger et al., 1997; Knoblauch et al., 1999) and that it binds
its clients in a 1:1 ratio [1 SecB tetramer per 1 unfolded client;
Lecker et al. (1989), Hardy and Randall (1991), Stenberg and
Fersht (1997)] with a 30 µM affinity [obtained by calorimetric
titration of SecB into a solution of maltose-binding protein
(MBP) at 7°C Randall et al. (1998)]. Huang et al. (2016)
reported affinities for binding of unfolded MBP and
phosphotase A (PhoA), which are of the order of 0.05 µM
(MBP) to 0.5 µM (PhoA); for shorter fragments of the clients
(of the order of 30–80 residues) the Kd are in the 1–70 µM range.

SecB forms homo-tetramers (dimer of dimers) of ∼68 kDa
[PDB: 1qyn, Dekker et al. (2003)]. Huang et al. (2016) have used

FIGURE 6 | Properties of human Hsp90 and one of its clients, the intrinsically disordered protein Tau. (A) Upper: Hydrophobicity prediction of the full length Tau
(isoform F) client (Kyte-Doolittle scale). Lower: Polarity prediction (Grantham scale). Red and blue bars: negatively and positively charged residues. Orange bar: Hsp90
binding region. (B) Hsp90 has hydrophobic residues distributed over an extended Tau binding surface, shown in red based on Eisenberg hydrophobicity scale in the
model on the left, and negatively charged surface centered near the Tau binding region (right). Residues shown to be involved in Tau binding [left, Karagöz et al.
(2014)], represented as spheres. Model of human Hsp90, built with the Swiss-Model server Waterhouse et al. (2018) using the PDB structure of yeast Hsp90 bound to
Sba1 (PDB:2cg9) as a template. (C)Representation of different Tau conformations (in different colors) bound to Hsp90 chaperone (dark gray), fromNMR and SAXS data.
The second Hsp90 protomer, not bound to Tau is shown in light gray. Model provided by Dr. Karagöz Karagöz et al. (2014).
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two different client proteins, the periplasmic maltose binding
protein (MBP, 396 amino acids) and alkaline phosphatase A
(PhoA, 471 amino acids) as client proteins, and investigated the
formed complexes by NMR spectroscopy. MBP and PhoA were
chemically unfolded (urea), and while they fold upon removal of
urea in the absence of chaperone, SecB keeps them in an
unfolded state.

NMR spectroscopy experiments showed that both MBP and
PhoA remain in an unfolded conformation upon binding SecB
Huang et al. (2016): NMR spectra of the SecB-bound clients
strongly resemble those of the urea-denatured unfolded state. The
authors performed a structure calculation of the complex based
on distance measurements between the chaperone and client
[nuclear Overhauser effect (NOE) and paramagnetic relaxation
enhancement data]. Interestingly, the authors performed a
structure calculation akin to what one generally does when
determining the structure of a folded protein, i.e. attempting
to determine a single state. Conceptually, their approach of
structure determination implies that the energy landscape has
a well-defined minimum (cf. Figure 2), which contrasts e.g. the
cases of TIM and Skp, where an explicit ensemble is the only way
to realistically represent the complex. Whether this implicit
single-structure assumption is justified is not within the scope
of this review. Based on the resulting structural models, the
authors draw the following conclusion on the complex.
Distinct parts of the client proteins bind to grooves on the
four subunits as well as to a secondary binding site. A slight
structural rearrangement of SecB is reported, involving rotation
of a helix, which increases the hydrophobic surface;
rearrangement of side chains of SecB increases the space
available to bulky hydrophobic side chains of the client. The
interaction surface is maximized by the client protein being
wrapped around the chaperone; the authors state that the
simultaneous binding of the multiple sites enhances affinity,
but that the binding synergy is not strong.

The interacting regions on the clients are enriched in
hydrophobic and aromatic residues; while hydrophobic
contacts appear to be the driver of the interaction, several
hydrogen bonds line the hydrophobic groove, according to the
structure that was determined. Simultaneous substitution of three
hydrophobic amino-acids of the SecB binding site were shown to
be sufficient for defective binding of the MBP Huang et al. (2016).
This observation is remarkably similar to the disruption of client-
protein binding of TIM9.10 which can be caused by a single
mutation in each Tim subunit Weinhäupl et al. (2018).

In conclusion, the SecB chaperone appears to employ
primarily hydrophobic contacts for client binding. As an
interesting difference to the other examples, distinct NOE
signals are detected and interpreted in the framework of a
well-defined binding pose for each of the binding fragments.

5.5 The Cytosolic Chaperone Trigger Factor
Trigger factor (TF), an ubiquitous chaperone that forms dimers
in the cytosol and binds to the ribosome as a monomer,
commonly functions in facilitating co-translational folding of
cytoplasmic proteins or in handing them over to downstream
foldases for post-translational folding. The structure and function

of TF are reviewed, e.g., by Hoffmann et al. (2010). For the
purposes of this review we focus on the holdase function of TF
and in particular on one complex, the one with model client
proteins, PhoA, which was also discussed as a client in SecB
studies, and the aggregation-prone G32D/I33P variant of MBP
Saio et al. (2014). The complex formation with PhoA was
achieved under reducing conditions where PhoA is unfolded,
as PhoA requires oxidizing conditions to fold. The affinity is in
the low µM range (Kd), whereby increasing the length of client
(full-length PhoA or fragments) leads to enhanced affinity, which
points to some degree of binding synergy (avidity). Due to its
large size (471 amino acids), PhoA recruits 3 TF monomers Saio
et al. (2014). Similar characteristics as for SecB emerged from
NMR experiments on TF-bound PhoA and complexes of TF with
PhoA fragments: PhoA shows the hallmark features of an
unfolded protein when bound to TF, in particular NMR
spectra and NMR relaxation parameters characteristic of
disordered proteins. It uses only ca. one third of its sequence
to bind. A combination of NMR experiments with PhoA
fragments allowed structure calculation, which was again
performed with methods that aim for a single structure, as
discussed in the SecB section above.

The important interactions identified in the resulting complex
structures are predominantly hydrophobic in nature, with
aromatic residues being mostly involved. A single amino-acid
substitution at the hydrophobic substrate-binding sites in TF
resulted in a significant decrease in the affinity for PhoA Saio et al.
(2014), similarly to TIM9.10 or SecB.

5.6 J-Domain Proteins (Hsp40) and Client
Specificity
J-domain proteins (JDP) are a component of the important
Hsp70-Hsp40/NEF (nucleotide-exchange factor) system. They
are often referred to as 40 kDa heat-shock proteins (Hsp40),
arguably a misleading name as most JDPs have a mass rather
different from 40 kDa. In this tripartite chaperoning system,
Hsp70 is the ATP-driven holdase/foldase which binds to a
very broad range of substrates. Hsp70 is very promiscuous: the
binding sequence has a hydrophobic core (4–5 residues) flanked
by basic residues. In the E. coli proteome, Hsp70-binding motifs
occur statistically every 36 residues Rüdiger et al. (1997). A
number of crystal structures of Hsp70 in complex with
peptides have revealed a well-defined binding pocket [Mayer
and Gierasch (2019), Mayer (2021)]. NEF assists the release of
ADP from Hsp70 after ATP hydrolosis Kampinga and Craig
(2010). The JDPs have several roles: 1) they stimulate the ATP-
hydrolysis of Hsp70, which in turn leads to tighter binding of
Hsp70 to its client, and 2) they bind to clients and hand them to
Hsp70. The latter generally has higher client affinity; for example,
a fragment of a mitochondrial outer-membrane protein binds to
yeast Hsp70 about ten-fold stronger than it does to the JDP Ydj1,
suggesting the directional transport, from JDP to Hsp70 Jores
et al. (2018).

The ability of a given Hsp70 (highly promiscuous) to interact
with different JDP co-chaperones brings the outstanding
versatility to the Hsp70 system, engaged in a myriad of
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cellular processes [Kampinga and Craig (2010), Craig and
Marszalek (2017), Barriot et al. (2020), Mayer (2021)].
Consequently, most species have many more JDP genes than
Hsp70 genes; e.g., the cytoplasm of Saccharomyces cerevisiae
contains 13 different JDPs (Apj1, Xdj1, Ydj1, Caj1, Djp1, Hlj1,
Sis1, Cwc23, Jjj1, Jjj2, Jjj3, Swa2, and Zuo1) but only two classes
of Hsp70s, Ssa (SSA1–4) and Ssb (SSB1–2) (Sahi and Craig,
2007). JDPs by themselves can suppress protein aggregation,
and in some cases they function in the cell without the
involvement of Hsp70 [Kampinga and Craig (2010), Craig
and Marszalek (2017)].

Common to all JDPs is the presence of a J-domain, a ca. 80-
residue helix-bundle domain; besides this defining common
feature, there is a wide variety of additional domains. The
most ubiquitous classes of JDPs (type I and II) comprise
β-barrel C-terminal domains I and II (CTD-I, CTD-II) and a
dimerization domain at the extreme C-terminus; thus, these JDPs
act as dimers, which increases the number of interaction sites to
clients (as compared to monomers). Type I JDPs carry an
additional zinc-finger domain Kampinga and Craig (2010).
The JDPs that do not fulfill these definitions are called type
III, with a large variety of domains. Some JDPs, especially of type
III, are highly client specific, and bind only a single protein [Fotin
et al. (2004), Vickery and Cupp-Vickery (2007)]. To do so,
however, they use a dedicated domain for recognition;
however, most type I and type II JDPs have a larger
clientome. Nonetheless, specific involvement of certain JDP
chaperones in binding different clients is common. For
example, How do JDPs recognize their clients? Interesting

insight comes from an NMR study of several JDPs (type I and
type II) with the model client proteins PhoA and MBP, which
were introduced in the SecB and TF sections above Jiang et al.
(2019). Akin to their behavior on SecB and TF, the two client
proteins bind the JDP chaperones in a largely unfolded dynamic
conformation devoid of secondary structure. Making use of the
changes observed for NMR signals of the clients, the authors
identified regions of PhoA andMBPwhich bind to the JDP. These
are enriched in hydrophobic residues and comprise at least one
aromatic residue; a negatively charged residue preceding the
aromatic residue increases the affinity. These distinct stretches
are shown in Figures 7A,B. The native-state secondary structure
of these interacting stretches varies, suggesting that the final
secondary structure is unimportant for binding.

The binding sites on the JDPs are located to the C-terminal
domains I and II, within hydrophobic grooves in these domains;
the sequence preferences of these two grooves slightly differ.
However, not all the tested JDPs use both CTDs, and the authors
propose how client specificity in the JDP family may arise, namely
through the fact that not all JDPs use both CTDs, and the
different preferences of the two CTDs within a JDP.

Structure calculation in that study involved a complex
protocol based on calculations with small fragments; it is
challenged by the inherent dynamics of the complex and the
difficulty to identify with certainty which part of the client binds
to which part of the JDP (Jiang et al., 2019). From NMR
relaxation-dispersion (RD) data and bio-layer interferometry
(BLI) data the authors state that the life time of the complexe
is in the millisecond range. To us, this estimation is not entirely

FIGURE 7 | Properties of the model client proteins alkaline phosphatase A (PhoA) andmaltose-binding protein (MBP). (A) Plot of hydrophobicity (upper panel) and
polarity (lower panel) of PhoA as a function of its residue number. Same as for the plots shown previously, plots were obtained with Expasy ProtScale bioinformatic tool
(window size 13). (B) Hydrophobicity (upper) and polarity (lower) plots of MBP as a fuction of its residue number. In orange colored bars, experimentally determined
binding site of TF chaperone on PhoA client protein are shown Saio et al. (2014). Binding sites of SecB chaperone Huang et al. (2016) and of Hsp40 chaperone
Jiang et al. (2019) on PhoA and MBP are shown with blue and green colored bars, respectively. For each client protein, position of aromatic residues (Phe in cyan, Tyr in
orange and Trp in green) are indicated on the plots, along with the position of structurally frustrated residues (in red). Measuring of how favorable a particular amino-acid
contact is in the protein structure was calculated with Frustratometer Server Ferreiro et al. (2014) where contacts with frustration index <−1 were classified as highly
frustrated and indicated in this figure.
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clear, as their BLI data rather point to slower on/off kinetics
[seconds; Figure S10 of Jiang et al. (2019)], and the RD data were
obtained only for a small fragment of PhoA, not representative of
the entire client.

Other studies reported that when a given JDP engages with
different client proteins, it may use different parts to do so. For
example, both DNAJB6 and DNAJB8 bind stretches of glutamine
(polyQ) in an amyloid-forming polypeptide (GAMKSFQ45F) that
is largely disordered with a tendency to form β-turns and
aggregate. For the interaction with these polyQ stretches, a
Ser/Thr-rich region of the JDP is essential Kakkar et al.
(2016b). The same JDPs also bind to another target, a mutant
of the E3 ubiquitin ligase Parkin, a protein comprising globular
folded ubiquitin-like and RING domains in its native state.
Interestingly, for the interaction with this Parkin mutant, the
Ser/Thr-rich region of the JDP is dispensable Kakkar et al.
(2016a). Thus, this JDP has different modes of client
interaction. Of note, the two described clients are structurally
different, one is intrinsically disordered and the other one folds to
a well-defined 3D structure, which may be responsible for
recruiting different parts of the JDP.

6 CONCLUSION: EMERGING PATTERNS
OF CLIENT-CHAPERONE INTERACTIONS

The function of chaperone proteins and the mechanisms by
which they recognize, bind and fold their client proteins has
been of great interest to structural biologists for more than
3 decades [Ellis (1990), Neupert et al. (1990), Hartl et al.
(1992), Kelley and Georgopoulos (1992), Jakob and Buchner
(1994), Horovitz (1998), Feldman and Frydman (2000)].
Crystallography has been crucial to obtain structures of the
apo states but it has so far turned out to be very limited when
it comes to characterizing structures of chaperones with full-
length client proteins, due to the heterogeneity and dynamics.
Only recently, and by combined efforts from several techniques
(NMR, SAXS, SANS, FRET, MD, often integrated), we are getting
atomic-level insights into the interactions that underlie
chaperone–client interaction.

It is often assumed that the mechanisms by which chaperones
hold polypeptides is by binding to hydrophobic stretches, thereby
protecting them from self-aggregation in the aqueous
environment. The selection of chaperone complexes that we
have reviewed here shows that chaperone–client interaction is
more complex than being limited to hydrophobic interactions,
and we summarize here the emerging view.

The kind of interactions that is important for the complex
formation depends on the nature of the client protein and the
degree at which it is folded when encountering the chaperone.
Among the clients we have encountered here were proteins
which are unable to fold (in the environment where they bind
the chaperone), while others can fold, or are even already close
to the folded state. Along this continuum from disordered to
folded proteins the way how chaperones and client proteins
interact with each other necessarily differs. For proteins that are
close to their native state already, the interaction sites are

essentially those sites that are least stable. Structurally
frustrated sites generally correspond to these least stable
parts of proteins (Ferreiro et al., 2014), therefore there is a
good correspondence between the sites with highest structural
frustration and the chaperone-binding sites. This was found for
Im7 and SH3, two proteins which are known to populate
partially unfolded intermediate folding states in solution, and
which are close to their native state when bound to Spy (see
section 5.2.5). The exact nature of the amino acids or the
structural motif does not appear to be the determining
criterion in such cases; in the Im7 and SH3 cases it is a mix
of charged, polar and hydrophobic residues which binds the
chaperone.

On the opposite extreme of this spectrum are proteins which
are unable to fold, and which comprise parts that need to be
shielded from the solvent to prevent aggregation. The
mitochondrial membrane proteins are such a case (section
5.1), which bind to hydrophobic groove of the chaperone with
their hydrophobic transmembrane parts, retaining only a small
helical tendency in an otherwise elongated conformation.
Reducing the hydrophobic nature of the chaperone by a single
hydrophobic-to-charged mutation can totally abrogate the ability
to hold the client. However, even for such unfolded clients, not
only hydrophobic contacts are important, as highlighted by the
cases of the complex formed by Hsp90 and the intrisically
disordered (and aggregation-prone) Tau (section 5.3), or the
SurA-Omp and Skp-Omp cases (section 5.2.1 and section 5.2.2);
these chaperones present a binding surface that comprises many
charged residues, and electrostatic interactions contribute to the
complex formation. In the case of the (unfolded) clients PhoA
andMBP binding to SecB, TF and JDPs, the frustrated sites do not
appear to be particularly involved in binding (Figure 7); arguably,
this can be expected, as the clients are totally unfolded, and thus
their primary structure is important, but not the structure of the
folded state.

The different types of interactions (hydrophobic, polar,
electrostatic) may also contribute at different points along the
complex-formation process: for the Skp chaperone, for example,
initial binding is most likely driven by electrostatic interactions
and the client is then encapsulated additionally by the
hydrophobic interactions [Qu et al. (2007), Qu et al. (2009)].
Similarly, rapid initial binding of the Im7 substrate by the Spy
chaperone is thought to be achieved thought the electrostatic (not
hydrophobic) interactions, and the complex is further
strengthened by the hydrophobic interactions in the binding
site Koldewey et al. (2016). Hereby, locally frustrated, and thus
inherently unstable/unfolded parts of the partly folded client are
particular hotspots of interaction with the chaperone He and
Hiller (2019). The self-folding of the client on the chaperone
surface triggers client release, and thereby the chaperone-client
interaction is terminated without the need for any particular
trigger event Koldewey et al. (2016).

ATP-driven chaperone machineries exploit this combination
of interaction types in a more active manner: Hsp60 chaperonins
“capture” their clients through hydrophobic interactions close to
the chamber entry, and then, upon ATP hydrolysis and allosteric
closure of the chamber including rotation of some helices, the
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client protein finds itself in a much more hydrophilic
environment (Yebenes et al., 2011; Lopez et al., 2015).

Client-specificity of a chaperone, and chaperone-specificity of
a given client protein are important in the complex environment
of the cell, where the right cellular localization of a protein is also
related to the way it is transported to e.g., cellular compartments.
The question about specificity comprises two questions: does a
given client protein interact in similar ways with different
chaperones? And does a given chaperone hold different client
proteins in a similar manner? The examples discussed here show
that there are clearly similarities when a client binds to different
chaperones: for example, OMPs are similarly behaved (namely
unfolded) in Skp and SurA; PhoA and MBP engage with similar
stretches along their sequence when binding to SecB, TF and
Hsp40; the Tim23 client wraps its hydrophobic transmembrane
part around the clefts of TIM9.10 and TIM8.13 similarly.
However, in detail the interactions differ, which opens the
possibility for introducing specificity. We have discussed the
case of Tim23-binding to TIM8.13 vs. TIM9.10, where only
one of the two (TIM8.13) is able to engage in hydrophilic
contacts with a 100-residue long stretch of the client, while the
other one is better in binding hydrophobic stretches; accordingly,
these two chaperones are able to diversify their clientome Sučec
et al. (2020). The Hsp40 (JDP) chaperone system is another
important case, and we discussed the example where a given
Hsp40 uses a Ser/Thr rich part when interacting with some
clients, but not with others (section 5.6). Along these lines, we
described the NMR study that suggested that different JDPs use
either only one or two of the CTDs to engage with a given client,
thus also allowing for specificity.

In the context of specificity, it must be mentioned that the
cellular localization is also of central importance. Chaperones are
often positioned at strategic points, for example on the ribosome
Craig andMarszalek (2017) or near the exit of translocation pores
[e.g. in the two mitochondrial membranes Shiota et al. (2015),
Craig (2018)]. Interactions of the chaperones with these
machineries (ribosome, translocases) keeps them right at the
location where they are required.

Furthermore, chaperones collaborate, and a given client
protein is often handed over from one chaperone to the next.
Such interaction networks can either involve functionally
redundant chaperones or a step-wise substrate transfer within
chaperone cascades. For example, bacterial OMPs are handled by
different periplasmic chaperones. A holistic view on the
periplasmic chaperone network was obtained from a
mathematical model that integrated available experimental
information from in vivo and in vitro studies. From these
simulations, the authors concluded that functional robustness
does not necessarily rely on the concept of specific pathways
[Costello et al. (2016), Chum et al. (2019)]. On the other hand,
within the GET pathway, tail-anchored membrane proteins (TA-
MBPs) are transported to the ER membrane via a step-wise
substrate transfer from highly promiscuous Hsp70 (Ssa1 in
yeast) to the selective Get3 that traps TA-MBPs for membrane
insertion. Such a cascade, engaging more specialized chaperones
with increasing affinity allows for efficient, selective, and
unidirectional targeting of nascent TAs, while protecting them

from reaction with other cytoplasmic chaperones [reviewed in
Shan (2019)]. In a similar way, a network of chaperones including
different Hsp40s, Sti, Hsp70 and Hsp90 is important for
safeguarding mitochondrial precursor proteins across the
cytoplasm Bykov et al. (2020).

A common theme found in many chaperone systems is their
oligomeric nature, found for example in small TIMs (hexamer),
Skp (trimer), Hsp40 (dimer), Spy (dimer) or Hsp60 (14- or 16-
mer). The dimerization represents several advantages for a
chaperone. Most importantly, it enables the chaperone to
present a larger binding surface which is often also used as a
cavity-like architecture. Through the multiple interaction sites
with the client, the oligomeric chaperone strongly enhances its
affinity to the client by avidity. When the subunits are
allosterically coupled to each other, such an oligomeric
machinery may perform even concerted large scale
movements; positive intra-ring allostery and negative inter-
ring allostery in chaperonins are an example of the functional
complexity that can be achieved from relatively small building
units Yebenes et al. (2011). The oligomeric nature often implies
that subunits can go in an out in a dynamic manner. In small TIM
chaperonesWeinhäupl et al. (2021) and SkpMas et al. (2020), the
oligomeric chaperones are in equilibrium with monomeric
subunits. Together with a protease system that clears
exclusively the monomers Baker et al. (2012) and
replenishment by newly synthesized subunits, the
concentration of chaperones can thus be adjusted very
efficiently. This may present a simple way to adjust the
chaperone level to the state of the cell. The dynamic
monomer-oligomer equilibrium also presents a direct way of
regulating the chaperone activity. In the Skp system, the presence
of client proteins shifts the equilibrium from the monomeric to
the oligomeric state; thus, the presence of clients generates a
higher effective chaperone concentration, and therefore the
chaperone activity is very rapidly adjusted to the needs.
Interestingly, in some chaperone systems, the inverse process
occurs: the chaperone exists in a high-oligomer “resting state”,
and the presence of client leads to a deoligomerization of the
chaperone into smaller subunits and activation of its chaperone
activity [Haslbeck et al., 1999; Jehle et al., 2010].

A central property of all the chaperones discussed here is their
dynamic nature. These complexes are often held together by a
multitude of individually weak interactions, which, due to their
large number, can result in a strong overall affinity. Dynamics is
important in chaperone-client complexes for several reasons. First,
the multi-conformation dynamical ensemble results in a more
favorable entropic contribution for binding than a single
conformation would do. In contrast to complexes of folded
proteins, which are rich in highly specific interactions (such as
salt bridges) which make a large enthalpic contribution to binding,
chaperone-client complexes often do not have such interactions.
Thus, while the free energy of binding in rather rigid complexes of
folded proteins is dominated by a strong enthalpic component
(and an entropic penalty), this is not the case for chaperone-client
complexes, and the entropic component shall be favorable (or at
least less disfavored) than for complexes of folded proteins. Second,
as discussed above, dynamics in chaperone complexes can lead to
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high overall affinity (particularly important for holdases of highly
aggregation-prone client proteins), while avoiding high energy
barriers for release (important for efficient release).

The details of the dynamics of a given client bound to different
chaperones, or of different clients bound to a given chaperone
certainly differ. Such differences may provide a further layer by
which the cell can differentiate client proteins. Technically,
different dynamic behaviors of diverse clients means that their
experimental characterization has to be adapted. For example, the
NMR signature of a protein sliding in a chaperone’s binding pocket
depends on the time scale of this motion; if it falls into the
millisecond range, NMR line broadening is induced, which
challenges the extraction of information about the conformation
and inter-molecular contacts. Due to the broad range of dynamics
in these complexes, their characterization generally requires
multiple techniques, and it will certainly continue to be a
playground of integrated structural biology, where advanced
computational methods, such as explicit ensembles derived
from MD simulations are confronted with a multitude of
experimental observables.

It must be stressed that we are only starting to decipher the
chaperone function at the atomic level, and that it can be expected
that there is much more diversity than what appears from the
examples described here. The proteins that have been selected in
these studies may well provide a biased view: the clients are often
model proteins, or artificially denatured by urea or mutations. The
complexes have also rather divergent life times and affinities: Skp
or TIM chaperones capture their clients for many hours, while
Spy–Im7 or Hsp90–Tau complexes have life times in the
millisecond range. Whether this impressive factor of 105–106

difference is related to the fact that the former rely much more
on hydrophobic interactions, or whether the difference comes from
the interaction surface area or the architecture of the chaperone is
not clear and needs further investigation.

Although we have just scratched the surface of the molecular
and structural features of these complexes, the features that these

examples have revealed will provide an important foundation as
the community will explore more complex targets. Moving
towards such more complicated and larger clients, and to
higher-order complexes is certainly on the “to do list” for the
field. It is becoming increasingly clear, for example, that many
JDP clients are mature folded proteins, and that the JDPs remodel
large multiprotein complexes, acting on the protein-protein
interactions within these complexes. Studying such complexes
will likely shed light onto new mechanisms. Another field of
central importance is the one of membrane-insertion
machineries. The hydrophobic membrane environment
corresponds to physico-chemical properties very different from
the aqueous solution in which most chaperones are studied
currently. Continued technical improvements will be
important for tackling these complex membrane-integrated/
membrane-associated machineries.

AUTHOR CONTRIBUTIONS

IS, BB, and PS wrote this manuscript. IS prepared the figures.

FUNDING

This study was supported by the European Research Council
(StG-2012-311318-ProtDyn2Function) and the Agence
Nationale de la Recherche (ANR-18-CE92-0032-
MitoMemProtImp).

ACKNOWLEDGMENTS

We thank Juan C. Fontecilla-Camps for insightful discussions
related to ATP-driven machineries, and Elif Karagöz for
providing the structural model of the Hsp90-Tau complex.

REFERENCES

Arié, J.-P., Sassoon, N., and Betton, J.-M. (2001). Chaperone Function of FkpA, a
Heat Shock Prolyl Isomerase, in the Periplasm of Escherichia coli. Mol.
Microbiol. 39, 199–210. doi:10.1046/j.1365-2958.2001.02250.x

Arranz, R., Martín-Benito, J., and Valpuesta, J. M. (2018). Structure and Function
of the Cochaperone Prefoldin. Adv. Exp. Med. Biol. 1106, 119–131. doi:10.1007/
978-3-030-00737-9_9

Bagshaw, C. R., and Trentham, D. R. (1973). The Reversibility of Adenosine
Triphosphate Cleavage by Myosin. Biochem. J. 133, 323–328. doi:10.1042/bj1330323

Baker,M. J.,Mooga, V. P., Guiard, B., Langer, T., Ryan,M. T., and Stojanovski, D. (2012).
Impaired Folding of theMitochondrial Small TIMChaperones Induces Clearance by
the I-AAA Protease. J. Mol. Biol. 424, 227–239. doi:10.1016/j.jmb.2012.09.019

Balchin, D., Hayer-Hartl, M., and Hartl, F. U. (2016). In Vivo aspects of
Protein Folding and Quality Control. Science 353, aac4354. doi:10.1126/
science.aac4354

Barriot, R., Latour, J., Castanié-Cornet, M.-P., Fichant, G., and Genevaux, P.
(2020). J-domain Proteins in Bacteria and Their Viruses. J. Mol. Biol. 432,
3771–3789. doi:10.1016/j.jmb.2020.04.014

Bauer, M. F., Hofmann, S., Neupert, W., and Brunner, M. (2000). Protein
Translocation into Mitochondria: the Role of TIM Complexes. Trends Cel
Biol. 10, 25–31. doi:10.1016/s0962-8924(99)01684-0

Becker, T., Song, J., and Pfanner, N. (2019). Versatility of Preprotein Transfer from
the Cytosol to Mitochondria. Trends Cel Biol. 29, 534–548. doi:10.1016/
j.tcb.2019.03.007

Behrens, S., Maier, R., De Cock, H., Schmid, F. X., and Gross, C. A. (2001). The
SurA Periplasmic PPIase Lacking its Parvulin Domains Functions In Vivo and
Has Chaperone Activity. EMBO J. 20, 285–294. doi:10.1093/emboj/20.1.285

Berg, J. M., Tymoczko, J. L., and Stryer, L. (2002). Biochemistry. 5th edn. New York,
NY: W. H. Freeman.

Beverly, K. N., Sawaya, M. R., Schmid, E., and Koehler, C. M. (2008). The Tim8-
Tim13 Complex Has Multiple Substrate Binding Sites and Binds Cooperatively
to Tim23. J. Mol. Biol. 382, 1144–1156. doi:10.1016/j.jmb.2008.07.069

Biebl, M. M., and Buchner, J. (2019). Structure, Function, and Regulation of the
Hsp90 Machinery. Cold Spring Harb. Perspect. Biol. 11, a034017. doi:10.1101/
cshperspect.a034017

Bigotti, M. G., and Clarke, A. R. (2005). Cooperativity in the Thermosome. J. Mol.
Biol. 348, 13–26. doi:10.1016/j.jmb.2005.01.066

Bitto, E., and McKay, D. B. (2004). Binding of Phage-Display-Selected
Peptides to the Periplasmic Chaperone Protein SurA Mimics Binding
of Unfolded Outer Membrane Proteins. FEBS Lett. 568, 94–98.
doi:10.1016/j.febslet.2004.05.014

Bitto, E., and McKay, D. B. (2002). Crystallographic Structure of SurA, a Molecular
Chaperone that Facilitates Folding of Outer Membrane Porins. Structure 10,
1489–1498. doi:10.1016/s0969-2126(02)00877-8

Frontiers in Molecular Biosciences | www.frontiersin.org October 2021 | Volume 8 | Article 76200520

Sučec et al. Dynamic Chaperone-Client Complexes

https://doi.org/10.1046/j.1365-2958.2001.02250.x
https://doi.org/10.1007/978-3-030-00737-9_9
https://doi.org/10.1007/978-3-030-00737-9_9
https://doi.org/10.1042/bj1330323
https://doi.org/10.1016/j.jmb.2012.09.019
https://doi.org/10.1126/science.aac4354
https://doi.org/10.1126/science.aac4354
https://doi.org/10.1016/j.jmb.2020.04.014
https://doi.org/10.1016/s0962-8924(99)01684-0
https://doi.org/10.1016/j.tcb.2019.03.007
https://doi.org/10.1016/j.tcb.2019.03.007
https://doi.org/10.1093/emboj/20.1.285
https://doi.org/10.1016/j.jmb.2008.07.069
https://doi.org/10.1101/cshperspect.a034017
https://doi.org/10.1101/cshperspect.a034017
https://doi.org/10.1016/j.jmb.2005.01.066
https://doi.org/10.1016/j.febslet.2004.05.014
https://doi.org/10.1016/s0969-2126(02)00877-8
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Bitto, E., and McKay, D. B. (2003). The Periplasmic Molecular Chaperone Protein
SurA Binds a Peptide Motif that Is Characteristic of Integral Outer Membrane
Proteins. J. Biol. Chem. 278, 49316–49322. doi:10.1074/jbc.m308853200

Burmann, B. M., Wang, C., and Hiller, S. (2013). Conformation and Dynamics of
the Periplasmic Membrane-Protein-Chaperone Complexes OmpX-Skp and
tOmpA-Skp. Nat. Struct. Mol. Biol. 20, 1265–1272. doi:10.1038/nsmb.2677

Bykov, Y. S., Rapaport, D., Herrmann, J. M., and Schuldiner, M. (2020). Cytosolic
Events in the Biogenesis of Mitochondrial Proteins. Trends Biochem. Sci. 45,
650–667. doi:10.1016/j.tibs.2020.04.001

Calabrese, A. N., Schiffrin, B., Watson, M., Karamanos, T. K., Walko, M., Humes,
J. R., et al. (2020). Inter-domain Dynamics in the Chaperone SurA and Multi-
Site Binding to its Outer Membrane Protein Clients. Nat. Commun. 11,
2155–2216. doi:10.1038/s41467-020-15702-1

Chamachi, N., Hartmann, A., Ma, M. Q., Krainer, G., and Schlierf, M. (2021).
Chaperones Skp and SurA Dynamically Expand Unfolded Outer Membrane
Protein X and Synergistically Disassemble Oligomeric Aggregates. Cold Spring
Harbor, NY: Cold Spring Harbor Laboratory.

Chatzi, K. E., Sardis, M. F., Karamanou, S., and Economou, A. (2013). Breaking on
through to the Other Side: Protein export through the Bacterial Sec System.
Biochem. J. 449, 25–37. doi:10.1042/bj20121227

Chen, R., and Henning, U. (1996). Aperiplasmic Protein (Skp) of Escherichia coli
Selectively Binds a Class of Outer Membrane Proteins. Mol. Microbiol. 19,
1287–1294. doi:10.1111/j.1365-2958.1996.tb02473.x

Christiansen, A., Wang, Q., Cheung, M. S., and Wittung-Stafshede, P. (2013).
Effects of Macromolecular Crowding Agents on Protein Folding In Vitro and In
Silico. Biophys. Rev. 5, 137–145. doi:10.1007/s12551-013-0108-0

Chum, A. P., Shoemaker, S. R., Fleming, P. J., and Fleming, K. G. (2019). Plasticity
and Transient Binding Are Key Ingredients of the Periplasmic Chaperone
Network. Protein Sci. 28, 1340–1349. doi:10.1002/pro.3641

Clausen, T., Kaiser, M., Huber, R., and Ehrmann, M. (2011). HTRA Proteases:
Regulated Proteolysis in Protein Quality Control. Nat. Rev. Mol. Cel Biol. 12,
152–162. doi:10.1038/nrm3065

Clausen, T., Southan, C., and Ehrmann, M. (2002). The HtrA Family of Proteases.
Mol. Cel 10, 443–455. doi:10.1016/s1097-2765(02)00658-5

Costello, S. M., Plummer, A. M., Fleming, P. J., and Fleming, K. G. (2016). Dynamic
Periplasmic Chaperone Reservoir Facilitates Biogenesis of OuterMembrane Proteins.
Proc. Natl. Acad. Sci. USA 113, E4794–E4800. doi:10.1073/pnas.1601002113

Craig, E. A. (2018). Hsp70 at the Membrane: Driving Protein Translocation. BMC
Biol. 16, 11. doi:10.1186/s12915-017-0474-3

Craig, E. A., and Marszalek, J. (2017). How Do J-Proteins Get Hsp70 to Do So
Many Different Things? Trends Biochem. Sci. 42, 355–368. doi:10.1016/
j.tibs.2017.02.007

Cumberworth, A., Lamour, G., Babu, M.M., and Gsponer, J. (2013). Promiscuity as
a Functional Trait: Intrinsically Disordered Regions as central Players of
Interactomes. Biochem. J. 454, 361–369. doi:10.1042/bj20130545

Curran, S. P., Leuenberger, D., Oppliger, W., and Koehler, C. M. (2002). The
Tim9p-Tim10p Complex Binds to the Transmembrane Domains of the ADP/
ATP Carrier. EMBO J. 21, 942–953. doi:10.1093/emboj/21.5.942

Davis, A. J., Alder, N. N., Jensen, R. E., and Johnson, A. E. (2007). The Tim9p/10p and
Tim8p/13p Complexes Bind to Specific Sites on Tim23p during Mitochondrial
Protein Import. MBoC 18, 475–486. doi:10.1091/mbc.e06-06-0546

Dekker, C., Kruijff, B. d., and Gros, P. (2003). Crystal Structure of SecB from
Escherichia coli. J. Struct. Biol. 144, 313–319. doi:10.1016/j.jsb.2003.09.012

Ellis, R. J. (1990). The Molecular Chaperone Concept. Semin. Cel Biol. 1, 1–9.
Feldman, D. E., and Frydman, J. (2000). Protein Folding In Vivo: the Importance of

Molecular Chaperones. Curr. Opin. Struct. Biol. 10, 26–33. doi:10.1016/s0959-
440x(99)00044-5

Ferreiro, D. U., Komives, E. A., and Wolynes, P. G. (2014). Frustration in
Biomolecules. Quart. Rev. Biophys. 47, 285–363. doi:10.1017/s0033583514000092

Finka, A., and Goloubinoff, P. (2013). Proteomic Data from Human Cell Cultures
Refine Mechanisms of Chaperone-Mediated Protein Homeostasis. Cell Stress
and Chaperones 18, 591–605. doi:10.1007/s12192-013-0413-3

Fotin, A., Cheng, Y., Grigorieff, N., Walz, T., Harrison, S. C., and Kirchhausen, T.
(2004). Structure of an Auxilin-Bound Clathrin Coat and its Implications for
the Mechanism of Uncoating. Nature 432, 649–653. doi:10.1038/nature03078

Fürst, M., Zhou, Y., Merfort, J., andMüller, M. (2018). Involvement of PpiD in Sec-
dependent Protein Translocation. Biochim. Biophys. Acta (Bba) - Mol. Cel Res.
1865, 273–280. doi:10.1016/j.bbamcr.2017.10.012

Ge, X., Lyu, Z.-X., Liu, Y., Wang, R., Zhao, X. S., Fu, X., et al. (2014). Identification
of FkpA as a Key Quality Control Factor for the Biogenesis of Outer Membrane
Proteins under Heat Shock Conditions. J. Bacteriol. 196, 672–680. doi:10.1128/
jb.01069-13

Gebert, N., Chacinska, A., Wagner, K., Guiard, B., Koehler, C. M., Rehling, P., et al.
(2008). Assembly of the Three Small Tim Proteins Precedes Docking to the
Mitochondrial Carrier Translocase. EMBO Rep. 9, 548–554. doi:10.1038/
embor.2008.49

Gentle, I., Gabriel, K., Beech, P., Waller, R., and Lithgow, T. (2004). The Omp85
Family of Proteins Is Essential for Outer Membrane Biogenesis inMitochondria
and Bacteria. J. Cel Biol. 164, 19–24. doi:10.1083/jcb.200310092

Gershenson, A., Gierasch, L. M., Pastore, A., and Radford, S. E. (2014). Energy
Landscapes of Functional Proteins Are Inherently Risky. Nat. Chem. Biol. 10,
884–891. doi:10.1038/nchembio.1670

Goemans, C., Denoncin, K., and Collet, J.-F. (2014). Folding Mechanisms of
Periplasmic Proteins. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1843,
1517–1528. doi:10.1016/j.bbamcr.2013.10.014

Habib, S. J., Waizenegger, T., Lech, M., Neupert, W., and Rapaport, D. (2005).
Assembly of the TOB Complex of Mitochondria. J. Biol. Chem. 280, 6434–6440.
doi:10.1074/jbc.m411510200

Hardy, S., and Randall, L. (1991). A Kinetic PartitioningModel of Selective Binding
of Nonnative Proteins by the Bacterial Chaperone SecB. Science 251, 439–443.
doi:10.1126/science.1989077

Hartl, F.-U., Lecker, S., Schiebel, E., Hendrick, J. P., and Wickner, W. (1990). The
Binding cascade of SecB to SecA to SecYEMediates Preprotein Targeting to the
E. coli PlasmaMembrane. Cell 63, 269–279. doi:10.1016/0092-8674(90)90160-g

Hartl, F. U., Bracher, A., and Hayer-Hartl, M. (2011). Molecular Chaperones in Protein
Folding and Proteostasis. Nature 475, 324–332. doi:10.1038/nature10317

Hartl, F. U., Martin, J., and Neupert, W. (1992). Protein Folding in the Cell: the
Role of Molecular Chaperones Hsp70 and Hsp60. Annu. Rev. Biophys. Biomol.
Struct. 21, 293–322. doi:10.1146/annurev.bb.21.060192.001453

Haslbeck, M., Walke, S., Stromer, T., Ehrnsperger, M., White, H. E., Chen, S., et al.
(1999). Hsp26: a Temperature-Regulated Chaperone. EMBO J. 18, 6744–6751.
doi:10.1093/emboj/18.23.6744

He, C., Pan, S., Li, G., and Zhao, X. S. (2020). Molecular Mechanism of SurA’s
Chaperoning Function to Outer Membrane Proteins Revealed by Purification-
After-Crosslinking Single-Molecule FRET. Sci. China Chem. 63, 1142–1152.
doi:10.1007/s11426-020-9758-2

He, L., Sharpe, T., Mazur, A., and Hiller, S. (2016). A Molecular Mechanism of
Chaperone-Client Recognition. Sci. Adv. 2, e1601625–12. doi:10.1126/
sciadv.1601625

He, L., and Hiller, S. (2018). Common Patterns in Chaperone Interactions with a Native
Client Protein. Angew. Chem. Int. Ed. 57, 5921–5924. doi:10.1002/anie.201713064

He, L., and Hiller, S. (2019). Frustrated Interfaces Facilitate Dynamic Interactions
between Native Client Proteins and Holdase Chaperones. ChemBioChem 20,
2803–2806. doi:10.1002/cbic.201900215

Hennecke, G., Nolte, J., Volkmer-Engert, R., Schneider-Mergener, J., and Behrens,
S. (2005). The Periplasmic Chaperone SurA Exploits Two Features
Characteristic of Integral Outer Membrane Proteins for Selective Substrate
Recognition. J. Biol. Chem. 280, 23540–23548. doi:10.1074/jbc.m413742200

Hiller, S., and Burmann, B. M. (2018). Chaperone-client Complexes: A Dynamic
Liaison. J. Magn. Reson. 289, 142–155. doi:10.1016/j.jmr.2017.12.008

Hoffmann, A., Bukau, B., and Kramer, G. (2010). Structure and Function of the
Molecular Chaperone Trigger Factor. Biochim. Biophys. Acta (Bba) - Mol. Cel
Res. 1803, 650–661. doi:10.1016/j.bbamcr.2010.01.017

Höhr, A. I. C., Straub, S. P., Warscheid, B., Becker, T., and Wiedemann, N. (2015).
Assembly of β-barrel Proteins in the Mitochondrial Outer Membrane. Biochim.
Biophys. Acta (Bba) - Mol. Cel Res. 1853, 74–88. doi:10.1016/
j.bbamcr.2014.10.006

Holdbrook, D. A., Burmann, B.M., Huber, R. G., Petoukhov,M. V., Svergun, D. I., Hiller,
S., et al. (2017). A Spring-Loaded Mechanism Governs the Clamp-like Dynamics of
the Skp Chaperone. Structure 25, 1079–1088. doi:10.1016/j.str.2017.05.018

Hoppins, S. C., and Nargang, F. E. (2004). The Tim8-Tim13 Complex of
Neurospora Crassa Functions in the Assembly of Proteins into Both
Mitochondrial Membranes. J. Biol. Chem. 279, 12396–12405. doi:10.1074/
jbc.m313037200

Horovitz, A. (1998). Structural Aspects of Groel Function. Curr. Opin. Struct. Biol.
8, 93–100. doi:10.1016/s0959-440x(98)80015-8

Frontiers in Molecular Biosciences | www.frontiersin.org October 2021 | Volume 8 | Article 76200521

Sučec et al. Dynamic Chaperone-Client Complexes

https://doi.org/10.1074/jbc.m308853200
https://doi.org/10.1038/nsmb.2677
https://doi.org/10.1016/j.tibs.2020.04.001
https://doi.org/10.1038/s41467-020-15702-1
https://doi.org/10.1042/bj20121227
https://doi.org/10.1111/j.1365-2958.1996.tb02473.x
https://doi.org/10.1007/s12551-013-0108-0
https://doi.org/10.1002/pro.3641
https://doi.org/10.1038/nrm3065
https://doi.org/10.1016/s1097-2765(02)00658-5
https://doi.org/10.1073/pnas.1601002113
https://doi.org/10.1186/s12915-017-0474-3
https://doi.org/10.1016/j.tibs.2017.02.007
https://doi.org/10.1016/j.tibs.2017.02.007
https://doi.org/10.1042/bj20130545
https://doi.org/10.1093/emboj/21.5.942
https://doi.org/10.1091/mbc.e06-06-0546
https://doi.org/10.1016/j.jsb.2003.09.012
https://doi.org/10.1016/s0959-440x(99)00044-5
https://doi.org/10.1016/s0959-440x(99)00044-5
https://doi.org/10.1017/s0033583514000092
https://doi.org/10.1007/s12192-013-0413-3
https://doi.org/10.1038/nature03078
https://doi.org/10.1016/j.bbamcr.2017.10.012
https://doi.org/10.1128/jb.01069-13
https://doi.org/10.1128/jb.01069-13
https://doi.org/10.1038/embor.2008.49
https://doi.org/10.1038/embor.2008.49
https://doi.org/10.1083/jcb.200310092
https://doi.org/10.1038/nchembio.1670
https://doi.org/10.1016/j.bbamcr.2013.10.014
https://doi.org/10.1074/jbc.m411510200
https://doi.org/10.1126/science.1989077
https://doi.org/10.1016/0092-8674(90)90160-g
https://doi.org/10.1038/nature10317
https://doi.org/10.1146/annurev.bb.21.060192.001453
https://doi.org/10.1093/emboj/18.23.6744
https://doi.org/10.1007/s11426-020-9758-2
https://doi.org/10.1126/sciadv.1601625
https://doi.org/10.1126/sciadv.1601625
https://doi.org/10.1002/anie.201713064
https://doi.org/10.1002/cbic.201900215
https://doi.org/10.1074/jbc.m413742200
https://doi.org/10.1016/j.jmr.2017.12.008
https://doi.org/10.1016/j.bbamcr.2010.01.017
https://doi.org/10.1016/j.bbamcr.2014.10.006
https://doi.org/10.1016/j.bbamcr.2014.10.006
https://doi.org/10.1016/j.str.2017.05.018
https://doi.org/10.1074/jbc.m313037200
https://doi.org/10.1074/jbc.m313037200
https://doi.org/10.1016/s0959-440x(98)80015-8
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Horowitz, S., Salmon, L., Koldewey, P., Ahlstrom, L. S., Martin, R., Quan, S., et al.
(2016). Visualizing Chaperone-Assisted Protein Folding. Nat. Struct. Mol. Biol.
23, 691–697. doi:10.1038/nsmb.3237

Huang, C., Rossi, P., Saio, T., and Kalodimos, C. G. (2016). Structural Basis for the
Antifolding Activity of a Molecular Chaperone. Nature 537, 202–206.
doi:10.1038/nature18965

Hwang, W., and Karplus, M. (2019). Structural Basis for Power Stroke vs.
Brownian Ratchet Mechanisms of Motor Proteins. Proc. Natl. Acad. Sci.
USA 116, 19777–19785. doi:10.1073/pnas.1818589116

Jakob, U., and Buchner, J. (1994). Assisting Spontaneity: the Role of Hsp90 and
Small Hsps as Molecular Chaperones. Trends Biochemical Sciences 19, 205–211.
doi:10.1016/0968-0004(94)90023-x

Jarchow, S., Lück, C., Görg, A., and Skerra, A. (2008). Identification of Potential
Substrate Proteins for the Periplasmic Escherichia coli Chaperone Skp.
Proteomics 8, 4987–4994. doi:10.1002/pmic.200800288

Jehle, S., Rajagopal, P., Bardiaux, B.,Markovic, S., Kühne, R., Stout, J. R., et al. (2010). Solid-
state NMR and SAXS Studies Provide a Structural Basis for the Activation of αB-
crystallin Oligomers. Nat. Struct. Mol. Biol. 17, 1037–1042. doi:10.1038/nsmb.1891

Jia, M., Wu, B., Yang, Z., Chen, C., Zhao, M., Hou, X., et al. (2020). Conformational
Dynamics of the Periplasmic Chaperone SurA. Biochemistry 59, 3235–3246.
doi:10.1021/acs.biochem.0c00507

Jiang, J., Zhang, X., Chen, Y., Wu, Y., Zhou, Z. H., Chang, Z., et al. (2008).
Activation of DegP Chaperone-Protease via Formation of Large Cage-like
Oligomers upon Binding to Substrate Proteins. Proc. Natl. Acad. Sci. 105,
11939–11944. doi:10.1073/pnas.0805464105

Jiang, Y., Rossi, P., and Kalodimos, C. G. (2019). Structural Basis for Client
Recognition and Activity of Hsp40 Chaperones. Science 365, 1313–1319.
doi:10.1126/science.aax1280

Jin, M., Han, W., Liu, C., Zang, Y., Li, J., Wang, F., et al. (2019). An Ensemble of
Cryo-EM Structures of TRiC Reveal its Conformational Landscape and Subunit
Specificity. Proc. Natl. Acad. Sci. USA 116, 19513–19522. doi:10.1073/
pnas.1903976116

Jores, T., Lawatscheck, J., Beke, V., Franz-Wachtel, M., Yunoki, K., Fitzgerald, J. C.,
et al. (2018). Cytosolic Hsp70 and Hsp40 Chaperones Enable the Biogenesis of
Mitochondrial β-barrel Proteins. J. Cel Biol. 217, 3091–3108. doi:10.1083/
jcb.201712029

Jores, T., Klinger, A., Groß, L. E., Kawano, S., Flinner, N., Duchardt-Ferner, E., et al.
(2016). Characterization of the Targeting Signal in Mitochondrial β-barrel
Proteins. Nat. Commun. 7, 12036. doi:10.1038/ncomms12036

Jorgensen, P. L., Håkansson, K. O., and Karlish, S. J. D. (2003). Structure and
Mechanism of Na,K-ATPase: Functional Sites and Their Interactions. Annu.
Rev. Physiol. 65, 817–849. doi:10.1146/annurev.physiol.65.092101.142558

Kafri, G., and Horovitz, A. (2003). Transient Kinetic Analysis of ATP-Induced
Allosteric Transitions in the Eukaryotic Chaperonin Containing TCP-1. J. Mol.
Biol. 326, 981–987. doi:10.1016/s0022-2836(03)00046-9

Kakkar, V., Kuiper, E. F., Pandey, A., Braakman, I., and Kampinga, H. H. (2016a).
Versatile Members of the Dnaj Family Show Hsp70 Dependent Anti-
aggregation Activity on Ring1 Mutant Parkin C289g. Sci. Rep. 6,
34830–34912. doi:10.1038/srep34830

Kakkar, V., Månsson, C., de Mattos, E. P., Bergink, S., van der Zwaag, M.,
van Waarde, M. A. W. H., et al. (2016b). The S/t-Rich Motif in the Dnajb6
Chaperone Delays Polyglutamine Aggregation and the Onset of Disease in a
Mouse Model. Mol. Cel 62, 272–283. doi:10.1016/j.molcel.2016.03.017

Kampinga, H. H., and Craig, E. A. (2010). The HSP70 Chaperone Machinery: J
Proteins as Drivers of Functional Specificity. Nat. Rev. Mol. Cel Biol. 11,
579–592. doi:10.1038/nrm2941

Karagöz, G. E., Duarte, A. M. S., Akoury, E., Ippel, H., Biernat, J., Morán Luengo,
T., et al. (2014). Hsp90-tau Complex Reveals Molecular Basis for Specificity in
Chaperone Action. Cell 156, 963–974. doi:10.1016/j.cell.2014.01.037

Kelley, W., and Georgopoulos, C. (1992). Chaperones and Protein Folding. Curr.
Opin. Cel Biol. 4, 984–991. doi:10.1016/0955-0674(92)90130-5

Kim, D. H., Xu, Z.-Y., Na, Y. J., Yoo, Y.-J., Lee, J., Sohn, E.-J., et al. (2011). Small
Heat Shock Protein Hsp17.8 Functions as an AKR2A Cofactor in the Targeting
of Chloroplast Outer Membrane Proteins in Arabidopsis. Plant Physiol. 157,
132–146. doi:10.1104/pp.111.178681

Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M., and Ulrich Hartl, F. (2013).
Molecular Chaperone Functions in Protein Folding and Proteostasis. Annu.
Rev. Biochem. 82, 323–355. doi:10.1146/annurev-biochem-060208-092442

Knoblauch, N. T. M., Rüdiger, S., Schönfeld, H.-J., Driessen, A. J. M.,
Schneider-Mergener, J., and Bukau, B. (1999). Substrate Specificity of
the SecB Chaperone. J. Biol. Chem. 274, 34219–34225. doi:10.1074/
jbc.274.48.34219

Koehler, C. M., Jarosch, E., Tokatlidis, K., Schmid, K., Schweyen, R. J., and Schatz,
G. (1998a). Import of Mitochondrial Carriers Mediated by Essential Proteins of
the Intermembrane Space. Science 279, 369–373. doi:10.1126/
science.279.5349.369

Koehler, C. M., Merchant, S., Oppliger, W., Schmid, K., Jarosch, E., Dolfini, L., et al.
(1998b). Tim9p, an Essential Partner Subunit of Tim10p for the Import of
Mitochondrial Carrier Proteins. EMBO J. 17, 6477–6486. doi:10.1093/emboj/
17.22.6477

Koehler, C. M., Merchant, S., and Schatz, G. (1999). How Membrane Proteins
Travel across theMitochondrial Intermembrane Space. Trends Biochem. Sci. 24,
428–432. doi:10.1016/s0968-0004(99)01462-0

Koldewey, P., Horowitz, S., and Bardwell, J. C. A. (2017). Chaperone-client
Interactions: Non-specificity Engenders Multifunctionality. J. Biol. Chem.
292, 12010–12017. doi:10.1074/jbc.r117.796862

Koldewey, P., Stull, F., Horowitz, S., Martin, R., and Bardwell, J. C. A. (2016). Forces
Driving Chaperone Action. Cell 166, 369–379. doi:10.1016/j.cell.2016.05.054

Komarudin, A. G., and Driessen, A. J. M. (2019). SecA-Mediated Protein
Translocation through the SecYEG Channel. Microbiol. Spectr. 7 (4).
doi:10.1128/microbiolspec.PSIB-0028-2019

Korndörfer, I. P., Dommel, M. K., and Skerra, A. (2004). Structure of the
Periplasmic Chaperone Skp Suggests Functional Similarity with Cytosolic
Chaperones Despite Differing Architecture. Nat. Struct. Mol. Biol. 11,
1015–1020. doi:10.1038/nsmb828

Kozjak, V., Wiedemann, N., Milenkovic, D., Lohaus, C., Meyer, H. E., Guiard, B.,
et al. (2003). An Essential Role of Sam50 in the Protein Sorting and Assembly
Machinery of the Mitochondrial Outer Membrane. J. Biol. Chem. 278,
48520–48523. doi:10.1074/jbc.c300442200

Krojer, T., Garrido-Franco, M., Huber, R., Ehrmann, M., and Clausen, T. (2002).
Crystal Structure of DegP (HtrA) Reveals a New Protease-Chaperone Machine.
Nature 416, 455–459. doi:10.1038/416455a

Krojer, T., Pangerl, K., Kurt, J., Sawa, J., Stingl, C., Mechtler, K., et al. (2008a). Interplay of
PDZ and Protease Domain of DegP Ensures Efficient Elimination of Misfolded
Proteins. Proc. Natl. Acad. Sci. 105, 7702–7707. doi:10.1073/pnas.0803392105

Krojer, T., Sawa, J., Schäfer, E., Saibil, H. R., Ehrmann, M., and Clausen, T. (2008b).
Structural Basis for the Regulated Protease and Chaperone Function of DegP.
Nature 453, 885–890. doi:10.1038/nature07004

Kuehn, M., Ogg, D., Kihlberg, J., Slonim, L., Flemmer, K., Bergfors, T., et al. (1993).
Structural Basis of Pilus Subunit Recognition by the PapD Chaperone. Science
262, 1234–1241. doi:10.1126/science.7901913

Lecker, S., Lill, R., Ziegelhoffer, T., Georgopoulos, C., Bassford, P. J., Kumamoto, C.
A., et al. (1989). Three Pure Chaperone Proteins of Escherichia Coli--SecB,
Trigger Factor and GroEL--form Soluble Complexes with Precursor Proteins In
Vitro. EMBO J. 8, 2703–2709. doi:10.1002/j.1460-2075.1989.tb08411.x

Lee, J., Lee, H., Kim, J., Lee, S., Kim, D. H., Kim, S., et al. (2011). Both the
Hydrophobicity and a Positively Charged Region Flanking the C-Terminal
Region of the Transmembrane Domain of Signal-Anchored Proteins Play
Critical Roles in Determining Their Targeting Specificity to the
Endoplasmic Reticulum or Endosymbiotic Organelles in Arabidopsis Cells.
Plant Cell 23, 1588–1607. doi:10.1105/tpc.110.082230

Lithgow, T., and Schneider, A. (2010). Evolution of Macromolecular Import
Pathways in Mitochondria, Hydrogenosomes and Mitosomes. Phil. Trans. R.
Soc. B 365, 799–817. doi:10.1098/rstb.2009.0167

Lopez, T., Dalton, K., and Frydman, J. (2015). The Mechanism and Function of
Group II Chaperonins. J. Mol. Biol. 427, 2919–2930. doi:10.1016/
j.jmb.2015.04.013

Lycklama a Nijeholt, J. A., and Driessen, A. J. M. (2012). The Bacterial Sec-
Translocase: Structure and Mechanism. Phil. Trans. R. Soc. B 367, 1016–1028.
doi:10.1098/rstb.2011.0201

Maduke, M., and Roise, D. (1996). Structure and Function of Mitochondrial
Presequences.Membr. Protein Transport 3, 49–79. doi:10.1016/s1874-592x(96)
80004-7

Malet, H., Canellas, F., Sawa, J., Yan, J., Thalassinos, K., Ehrmann, M., et al. (2012).
Newly Folded Substrates inside the Molecular Cage of the HtrA Chaperone
DegQ. Nat. Struct. Mol. Biol. 19, 152–157. doi:10.1038/nsmb.2210

Frontiers in Molecular Biosciences | www.frontiersin.org October 2021 | Volume 8 | Article 76200522

Sučec et al. Dynamic Chaperone-Client Complexes

https://doi.org/10.1038/nsmb.3237
https://doi.org/10.1038/nature18965
https://doi.org/10.1073/pnas.1818589116
https://doi.org/10.1016/0968-0004(94)90023-x
https://doi.org/10.1002/pmic.200800288
https://doi.org/10.1038/nsmb.1891
https://doi.org/10.1021/acs.biochem.0c00507
https://doi.org/10.1073/pnas.0805464105
https://doi.org/10.1126/science.aax1280
https://doi.org/10.1073/pnas.1903976116
https://doi.org/10.1073/pnas.1903976116
https://doi.org/10.1083/jcb.201712029
https://doi.org/10.1083/jcb.201712029
https://doi.org/10.1038/ncomms12036
https://doi.org/10.1146/annurev.physiol.65.092101.142558
https://doi.org/10.1016/s0022-2836(03)00046-9
https://doi.org/10.1038/srep34830
https://doi.org/10.1016/j.molcel.2016.03.017
https://doi.org/10.1038/nrm2941
https://doi.org/10.1016/j.cell.2014.01.037
https://doi.org/10.1016/0955-0674(92)90130-5
https://doi.org/10.1104/pp.111.178681
https://doi.org/10.1146/annurev-biochem-060208-092442
https://doi.org/10.1074/jbc.274.48.34219
https://doi.org/10.1074/jbc.274.48.34219
https://doi.org/10.1126/science.279.5349.369
https://doi.org/10.1126/science.279.5349.369
https://doi.org/10.1093/emboj/17.22.6477
https://doi.org/10.1093/emboj/17.22.6477
https://doi.org/10.1016/s0968-0004(99)01462-0
https://doi.org/10.1074/jbc.r117.796862
https://doi.org/10.1016/j.cell.2016.05.054
https://doi.org/10.1128/microbiolspec.PSIB-0028-2019
https://doi.org/10.1038/nsmb828
https://doi.org/10.1074/jbc.c300442200
https://doi.org/10.1038/416455a
https://doi.org/10.1073/pnas.0803392105
https://doi.org/10.1038/nature07004
https://doi.org/10.1126/science.7901913
https://doi.org/10.1002/j.1460-2075.1989.tb08411.x
https://doi.org/10.1105/tpc.110.082230
https://doi.org/10.1098/rstb.2009.0167
https://doi.org/10.1016/j.jmb.2015.04.013
https://doi.org/10.1016/j.jmb.2015.04.013
https://doi.org/10.1098/rstb.2011.0201
https://doi.org/10.1016/s1874-592x(96)80004-7
https://doi.org/10.1016/s1874-592x(96)80004-7
https://doi.org/10.1038/nsmb.2210
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Martinez-Hackert, E., and Hendrickson, W. A. (2009). Promiscuous Substrate
Recognition in Folding and Assembly Activities of the Trigger Factor
Chaperone. Cell 138, 923–934. doi:10.1016/j.cell.2009.07.044

Marx, D. C., Leblanc, M. J., Plummer, A. M., Krueger, S., and Fleming, K. G.
(2020a). Domain Interactions Determine the Conformational Ensemble of the
Periplasmic Chaperone SurA. Protein Sci. 29, 2043–2053. doi:10.1002/pro.3924

Marx, D. C., Plummer, A. M., Faustino, A. M., Devlin, T., Roskopf, M. A., Leblanc,
M. J., et al. (2020b). SurA Is a Cryptically Grooved Chaperone that Expands
Unfolded Outer Membrane Proteins. Proc. Natl. Acad. Sci. USA 117,
28026–28035. doi:10.1073/pnas.2008175117

Mas, G., Burmann, B. M., Sharpe, T., Claudi, B., Bumann, D., and Hiller, S. (2020).
Regulation of Chaperone Function by Coupled Folding and Oligomerization.
Sci. Adv. 6, eabc5822. doi:10.1126/sciadv.abc5822

Matern, Y., Barion, B., and Behrens-Kneip, S. (2010). PpiD Is a Player in the
Network of Periplasmic Chaperones in Escherichia coli. BMC Microbiol. 10,
251. doi:10.1186/1471-2180-10-251

Mayer, M. P. (2021). The Hsp70-Chaperone Machines in Bacteria. Front. Mol.
Biosci. 8, 694012. doi:10.3389/fmolb.2021.694012

Mayer, M. P., and Bukau, B. (2005). Hsp70 Chaperones: Cellular Functions and
Molecular Mechanism. Cmls, Cel. Mol. Life Sci. 62, 670–684. doi:10.1007/
s00018-004-4464-6

Mayer, M. P., and Gierasch, L. M. (2019). Recent Advances in the Structural and
Mechanistic Aspects of Hsp70 Molecular Chaperones. J. Biol. Chem. 294 (6),
2085–2097. doi:10.1074/jbc.REV118.002810

McMorran, L. M., Brockwell, D. J., and Radford, S. E. (2015). Mechanistic Studies
of the Biogenesis and Folding of Outer Membrane Proteins In Vitro and In
Vivo: What Have We Learned to Date? Arch. Biochem. Biophys. 564, 265–280.
doi:10.1016/j.abb.2014.02.011

Medeiros, R., Baglietto-Vargas, D., and Laferla, F. M. (2011). The Role of Tau in
Alzheimer’s Disease and Related Disorders. CNS Neurosci. Ther. 17, 514–524.
doi:10.1111/j.1755-5949.2010.00177.x

Merdanovic, M., Clausen, T., Kaiser, M., Huber, R., and Ehrmann, M. (2011).
Protein Quality Control in the Bacterial Periplasm. Annu. Rev. Microbiol. 65,
149–168. doi:10.1146/annurev-micro-090110-102925

Meyer, A. S., Gillespie, J. R., Walther, D., Millet, I. S., Doniach, S., and Frydman, J.
(2003). Closing the Folding Chamber of the Eukaryotic Chaperonin Requires
the Transition State of ATP Hydrolysis. Cell 113, 369–381. doi:10.1016/s0092-
8674(03)00307-6

Mitra, R., Gadkari, V. V., Meinen, B. A., van Mierlo, C. P. M., Ruotolo, B. T., and
Bardwell, J. C. A. (2021).Mechanism of the Small ATP-independent Chaperone Spy
Is Substrate Specific. Nat. Commun. 12, 851–913. doi:10.1038/s41467-021-21120-8

Morgenstern, M., Stiller, S. B., Lübbert, P., Peikert, C. D., Dannenmaier, S.,
Drepper, F., et al. (2017). Definition of a High-Confidence Mitochondrial
Proteome at Quantitative Scale. Cel Rep. 19, 2836–2852. doi:10.1016/
j.celrep.2017.06.014

Nakagawa, A., Moriya, K., Arita, M., Yamamoto, Y., Kitamura, K., Ishiguro, N., et al.
(2014). Dissection of the ATP-dependent Conformational Change Cycle of a
Group II Chaperonin. J. Mol. Biol. 426, 447–459. doi:10.1016/j.jmb.2013.09.034

Neupert, W., Hartl, F.-U., Craig, E. A., and Pfanner, N. (1990). How Do
Polypeptides Cross the Mitochondrial Membranes? Cell 63, 447–450.
doi:10.1016/0092-8674(90)90437-j

Nunes, J. M., Mayer-Hartl, M., Hartl, F. U., and Müller, D. J. (2015). Action of the
Hsp70 Chaperone System Observed with Single Proteins. Nat. Commun. 6,
6307. doi:10.1038/ncomms7307

Oswald, J., Njenga, R., Natriashvili, A., Sarmah, P., and Koch, H. G. (2021). The
Dynamic SecYEG Translocon. Front. Mol. Biosci. 8, 1–30. doi:10.3389/
fmolb.2021.664241

Pan, S., Yang, C., and Zhao, X. S. (2020). Affinity of Skp toOmpCRevealed by Single-
Molecule Detection. Sci. Rep. 10, 14871. doi:10.1038/s41598-020-71608-4

Paschen, S. A., Waizenegger, T., Stan, T., Preuss, M., Cyrklaff, M., Hell, K., et al.
(2003). Evolutionary Conservation of Biogenesis of β-barrel Membrane
Proteins. Nature 426, 862–866. doi:10.1038/nature02208

Priya, S., Sharma, S. K., Sood, V., Mattoo, R. U. H., Finka, A., Azem, A., et al. (2013).
Groel and Cct Are Catalytic Unfoldases Mediating Out-Of-Cage Polypeptide
Refolding without Atp. Proc. Natl. Acad. Sci. 110, 7199–7204. doi:10.1073/
pnas.1219867110

Qu, J., Behrens-Kneip, S., Holst, O., and Kleinschmidt, J. H. (2009). Binding
Regions of Outer Membrane Protein A in Complexes with the Periplasmic

Chaperone Skp. A Site-Directed Fluorescence Study. Biochemistry 48,
4926–4936. doi:10.1021/bi9004039

Qu, J., Mayer, C., Behrens, S., Holst, O., and Kleinschmidt, J. H. (2007). The
Trimeric Periplasmic Chaperone Skp of Escherichia coli Forms 1:1 Complexes
with Outer Membrane Proteins via Hydrophobic and Electrostatic Interactions.
J. Mol. Biol. 374, 91–105. doi:10.1016/j.jmb.2007.09.020

Quan, S., Wang, L., Petrotchenko, E. V., Makepeace, K. A., Horowitz, S., Yang, J.,
et al. (2014). Super Spy Variants Implicate Flexibility in Chaperone Action. Elife
3, e01584. doi:10.7554/eLife.01584

Quan, S., Koldewey, P., Tapley, T., Kirsch, N., Ruane, K. M., Pfizenmaier, J., et al.
(2011). Genetic Selection Designed to Stabilize Proteins Uncovers a Chaperone
Called Spy. Nat. Struct. Mol. Biol. 18, 262–269. doi:10.1038/nsmb.2016

Randall, L. L., Topping, T. B., Suciu, D., and Hardy, S. J. S. (1998). Calorimetric
Analyses of the Interaction between SecB and its Ligands. Protein Sci. 7,
1195–1200. doi:10.1002/pro.5560070514

Randall, L. (1992). Peptide Binding by Chaperone SecB: Implications for
Recognition of Nonnative Structure. Science 257, 241–245. doi:10.1126/
science.1631545

Rehling, P., Model, K., Brandner, K., Kovermann, P., Sickmann, A., Meyer, H. E.,
et al. (2003). Protein Insertion into the Mitochondrial Inner Membrane by a
Twin-Pore Translocase. Science 299, 1747–1751. doi:10.1126/science.1080945

Reissmann, S., Parnot, C., Booth, C. R., Chiu, W., and Frydman, J. (2007). Essential
Function of the Built-In Lid in the Allosteric Regulation of Eukaryotic and
Archaeal Chaperonins. Nat. Struct. Mol. Biol. 14, 432–440. doi:10.1038/
nsmb1236

Rocchio, S., Duman, R., El Omari, K., Mykhaylyk, V., Orr, C., Yan, Z., et al. (2019).
Identifying Dynamic, Partially Occupied Residues Using Anomalous
Scattering. Acta Cryst. Sect D Struct. Biol. 75, 1084–1095. doi:10.1107/
s2059798319014475

Roesch, K., Hynds, P. J., Varga, R., Tranebjaerg, L., and Koehler, C. M. (2004). The
Calcium-Binding Aspartate/glutamate Carriers, Citrin and Aralar1, Are New
Substrates for the DDP1/TIMM8a-TIMM13 Complex. Hum. Mol. Genet. 13,
2101–2111. doi:10.1093/hmg/ddh217

Rollauer, S. E., Sooreshjani, M. A., Noinaj, N., and Buchanan, S. K. (2015). Outer
Membrane Protein Biogenesis in Gram-Negative Bacteria. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 370. doi:10.1098/rstb.2015.0023

Rosenzweig, R., Nillegoda, N. B., Mayer, M. P., and Bukau, B. (2019). The Hsp70
Chaperone Network. Nat. Rev. Mol. Cel Biol. 20, 665–680. doi:10.1038/s41580-
019-0133-3

Rüdiger, S., Germeroth, L., Schneider-Mergener, J., and Bukau, B. (1997). Substrate
Specificity of the DnaK Chaperone Determined by Screening Cellulose-Bound
Peptide Libraries. EMBO J. 16, 1501–1507. doi:10.1093/emboj/16.7.1501

Sahi, C., andCraig, E. A. (2007). Network of General and Specialty J Protein Chaperones
of the Yeast Cytosol. PNAS 104, 7163–7168. doi:10.1073/pnas.0702357104

Saio, T., Guan, X., Rossi, P., Economou, A., and Kalodimos, C. G. (2014). Structural
Basis for Protein Antiaggregation Activity of the Trigger Factor Chaperone.
Science 344, 1250494. doi:10.1126/science.1250494

Sala, A., Bordes, P., and Genevaux, P. (2014). Multitasking SecB Chaperones in
Bacteria. Front. Microbiol. 5, 666–712. doi:10.3389/fmicb.2014.00666

Salmon, L., Ahlstrom, L. S., Horowitz, S., Dickson, A., Brooks, C. L., and Bardwell,
J. C. A. (2016). Capturing a Dynamic Chaperone-Substrate Interaction Using
NMR-Informed Molecular Modeling. J. Am. Chem. Soc. 138, 9826–9839.
doi:10.1021/jacs.6b02382

Sandlin, C. W., Zaccai, N. R., and Fleming, K. G. (2015). Skp Trimer Formation Is
Insensitive to Salts in the Physiological Range. Biochemistry 54, 7059–7062.
doi:10.1021/acs.biochem.5b00806

Sauer, F. G., Knight, S. D., Waksman and, G. J., and Hultgren, S. J. (2000). PapD-
like Chaperones and Pilus Biogenesis. Semin. Cel Dev. Biol. 11, 27–34.
doi:10.1006/scdb.1999.0348

Sawa, J., Malet, H., Krojer, T., Canellas, F., Ehrmann, M., and Clausen, T. (2011).
Molecular Adaptation of the DegQ Protease to Exert Protein Quality Control in
the Bacterial Cell Envelope. J. Biol. Chem. 286, 30680–30690. doi:10.1074/
jbc.m111.243832

Schiffrin, B., Brockwell, D. J., and Radford, S. E. (2017). Outer Membrane Protein
Folding from an Energy Landscape Perspective. BMC Biol. 15, 123–216.
doi:10.1186/s12915-017-0464-5

Schiffrin, B., Calabrese, A. N., Devine, P. W. A., Harris, S. A., Ashcroft, A. E.,
Brockwell, D. J., et al. (2016). Skp Is a Multivalent Chaperone of Outer-

Frontiers in Molecular Biosciences | www.frontiersin.org October 2021 | Volume 8 | Article 76200523

Sučec et al. Dynamic Chaperone-Client Complexes

https://doi.org/10.1016/j.cell.2009.07.044
https://doi.org/10.1002/pro.3924
https://doi.org/10.1073/pnas.2008175117
https://doi.org/10.1126/sciadv.abc5822
https://doi.org/10.1186/1471-2180-10-251
https://doi.org/10.3389/fmolb.2021.694012
https://doi.org/10.1007/s00018-004-4464-6
https://doi.org/10.1007/s00018-004-4464-6
https://doi.org/10.1074/jbc.REV118.002810
https://doi.org/10.1016/j.abb.2014.02.011
https://doi.org/10.1111/j.1755-5949.2010.00177.x
https://doi.org/10.1146/annurev-micro-090110-102925
https://doi.org/10.1016/s0092-8674(03)00307-6
https://doi.org/10.1016/s0092-8674(03)00307-6
https://doi.org/10.1038/s41467-021-21120-8
https://doi.org/10.1016/j.celrep.2017.06.014
https://doi.org/10.1016/j.celrep.2017.06.014
https://doi.org/10.1016/j.jmb.2013.09.034
https://doi.org/10.1016/0092-8674(90)90437-j
https://doi.org/10.1038/ncomms7307
https://doi.org/10.3389/fmolb.2021.664241
https://doi.org/10.3389/fmolb.2021.664241
https://doi.org/10.1038/s41598-020-71608-4
https://doi.org/10.1038/nature02208
https://doi.org/10.1073/pnas.1219867110
https://doi.org/10.1073/pnas.1219867110
https://doi.org/10.1021/bi9004039
https://doi.org/10.1016/j.jmb.2007.09.020
https://doi.org/10.7554/eLife.01584
https://doi.org/10.1038/nsmb.2016
https://doi.org/10.1002/pro.5560070514
https://doi.org/10.1126/science.1631545
https://doi.org/10.1126/science.1631545
https://doi.org/10.1126/science.1080945
https://doi.org/10.1038/nsmb1236
https://doi.org/10.1038/nsmb1236
https://doi.org/10.1107/s2059798319014475
https://doi.org/10.1107/s2059798319014475
https://doi.org/10.1093/hmg/ddh217
https://doi.org/10.1098/rstb.2015.0023
https://doi.org/10.1038/s41580-019-0133-3
https://doi.org/10.1038/s41580-019-0133-3
https://doi.org/10.1093/emboj/16.7.1501
https://doi.org/10.1073/pnas.0702357104
https://doi.org/10.1126/science.1250494
https://doi.org/10.3389/fmicb.2014.00666
https://doi.org/10.1021/jacs.6b02382
https://doi.org/10.1021/acs.biochem.5b00806
https://doi.org/10.1006/scdb.1999.0348
https://doi.org/10.1074/jbc.m111.243832
https://doi.org/10.1074/jbc.m111.243832
https://doi.org/10.1186/s12915-017-0464-5
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Membrane Proteins. Nat. Struct. Mol. Biol. 23, 786–793. doi:10.1038/
nsmb.3266

Shan, S.-o. (2019). Guiding Tail-AnchoredMembrane Proteins to the Endoplasmic
Reticulum in a Chaperone cascade. J. Biol. Chem. 294, 16577–16586.
doi:10.1074/jbc.rev119.006197

Shiota, T., Imai, K., Qiu, J., Hewitt, V. L., Tan, K., Shen, H.-h., et al. (2015).
Molecular Architecture of the Active Mitochondrial Protein Gate. Science 349,
1544–1548. doi:10.1126/science.aac6428

Silver, P. A., and Way, J. C. (1993). Eukaryotic DnaJ Homologs and the Specificity
of Hsp70 Activity. Cell 74, 5–6. doi:10.1016/0092-8674(93)90287-z

Skjærven, L., Cuellar, J., Martinez, A., and Valpuesta, J. M. (2015). Dynamics,
Flexibility, and Allostery inMolecular Chaperonins. FEBS Lett. 589, 2522–2532.
doi:10.1016/j.febslet.2015.06.019

Sklar, J. G., Wu, T., Kahne, D., and Silhavy, T. J. (2007). Defining the Roles of the
Periplasmic Chaperones SurA, Skp, and DegP in Escherichia coli.Genes Dev. 21,
2473–2484. doi:10.1101/gad.1581007

Soltes, G. R., Schwalm, J., Ricci, D. P., and Silhavy, T. J. (2016). TheActivity ofEscherichia
coli Chaperone SurA Is Regulated by Conformational Changes Involving a Parvulin
Domain. J. Bacteriol. 198, 921–929. doi:10.1128/jb.00889-15

Spiess, C., Beil, A., and Ehrmann, M. (1999). A Temperature-dependent Switch
fromChaperone to Protease in aWidely Conserved Heat Shock Protein. Cell 97,
339–347. doi:10.1016/s0092-8674(00)80743-6

Spiess, C., Miller, E. J., McClellan, A. J., and Frydman, J. (2006). Identification of the
TRiC/CCT Substrate Binding Sites Uncovers the Function of Subunit Diversity in
Eukaryotic Chaperonins. Mol. Cel 24, 25–37. doi:10.1016/j.molcel.2006.09.003

Stenberg, G., and Fersht, A. R. (1997). Folding of Barnase in the Presence of theMolecular
Chaperone SecB. J. Mol. Biol. 274, 268–275. doi:10.1006/jmbi.1997.1398

Stull, F., Koldewey, P., Humes, J. R., Radford, S. E., Bardwell, J. C. A., and Biology,
C. (2016). Substrate Protein Folds while it Is Bound to the ATP-independent
Chaperone Spy. Nat. Struct. Mol. Biol. 23, 53–58. doi:10.1038/nsmb.3133

Subrini, O., and Betton, J.-M. (2009). Assemblies of DegP Underlie its Dual
Chaperone and Protease Function. FEMS Microbiol. Lett. 296, 143–148.
doi:10.1111/j.1574-6968.2009.01658.x

Sučec, I., Wang, Y., Dakhlaoui, O., Weinhäupl, K., Jores, T., Costa, D., et al. (2020).
Structural Basis of Client Specificity in Mitochondrial Membrane-Protein
Chaperones. Sci. Adv. 6, eabd0263. doi:10.1126/sciadv.abd0263

Suo, Y., Hardy, S. J. S., and Randall, L. L. (2015). The Basis of Asymmetry in the
SecA:SecB Complex. J. Mol. Biol. 427, 887–900. doi:10.1016/j.jmb.2014.12.008

Szolajska, E., and Chroboczek, J. (2011). Faithful Chaperones. Cell. Mol. Life Sci. 68,
3307–3322. doi:10.1007/s00018-011-0740-4

Taipale, M., Jarosz, D. F., and Lindquist, S. (2010). Hsp90 at the Hub of Protein
Homeostasis: Emerging Mechanistic Insights. Nat. Rev. Mol. Cel Biol. 11,
515–528. doi:10.1038/nrm2918

Thoma, J., Burmann, B. M., Hiller, S., and Müller, D. J. (2015). Impact of Holdase
Chaperones Skp and SurA on the Folding of β-barrel Outer-Membrane
Proteins. Nat. Struct. Mol. Biol. 22, 795–802. doi:10.1038/nsmb.3087

Tomasek, D., and Kahne, D. (2021). The Assembly of β-barrel Outer Membrane
Proteins. Curr. Opin. Microbiol. 60, 16–23. doi:10.1016/j.mib.2021.01.009

Tompa, P., and Fuxreiter, M. (2008). Fuzzy Complexes: Polymorphism and
Structural Disorder in Protein-Protein Interactions. Trends Biochem. Sci. 33,
2–8. doi:10.1016/j.tibs.2007.10.003

Tsirigotaki, A., De Geyter, J., Šoštaric´, N., Economou, A., and Karamanou, S.
(2017). Protein export through the Bacterial Sec Pathway. Nat. Rev. Microbiol.
15, 21–36. doi:10.1038/nrmicro.2016.161

Vainberg, I. E., Lewis, S. A., Rommelaere, H., Ampe, C., Vandekerckhove, J., Klein,
H. L., et al. (1998). Prefoldin, a Chaperone that Delivers Unfolded Proteins to
Cytosolic Chaperonin. Cell 93, 863–873. doi:10.1016/s0092-8674(00)81446-4

Vergnolle, M. A. S., Baud, C., Golovanov, A. P., Alcock, F., Luciano, P., Lian, L.-Y., et al.
(2005). Distinct Domains of Small Tims Involved in Subunit Interaction and
Substrate Recognition. J. Mol. Biol. 351, 839–849. doi:10.1016/j.jmb.2005.06.010

Vickery, L. E., and Cupp-Vickery, J. R. (2007). Molecular Chaperones Hsca/ssq1
and Hscb/jac1 and Their Roles in Iron-Sulfur Protein Maturation. Crit. Rev.
Biochem. Mol. Biol. 42, 95–111. doi:10.1080/10409230701322298

von Heijne, G. (2002). “Targeting Sequences,” in Protein Targeting, Transport, and
Translocation. Editors R. E. Dalbey and G. von Heijne (London: Academic
Press), 35–46. doi:10.1016/B978-012200731-6.50005-7

Walton, T. A., Sandoval, C. M., Fowler, C. A., Pardi, A., and Sousa, M. C. (2009).
The Cavity-Chaperone Skp Protects its Substrate from Aggregation but Allows

Independent Folding of Substrate Domains. Pnas 106, 1772–1777. doi:10.1073/
pnas.0809275106

Walton, T. A., and Sousa, M. C. (2004). Crystal Structure of Skp, a Prefoldin-like
Chaperone that Protects Soluble and Membrane Proteins from Aggregation.
Mol. Cel 15, 367–374. doi:10.1016/j.molcel.2004.07.023

Wang, J. (2018). Misreading Chaperone-Substrate Complexes from Random
Noise. Nat. Struct. Mol. Biol. 25, 989–990. doi:10.1038/s41594-018-0144-3

Wang, X., Peterson, J. H., and Bernstein, H. D. (2021). Bacterial Outer Membrane
Proteins Are Targeted to the Bam Complex by Two Parallel Mechanisms.mBio
12. doi:10.1128/mbio.00597-21

Wang, Y., Wang, R., Jin, F., Liu, Y., Yu, J., Fu, X., et al. (2016). A Supercomplex
Spanning the Inner and Outer Membranes Mediates the Biogenesis of β-Barrel
Outer Membrane Proteins in Bacteria. J. Biol. Chem. 291, 16720–16729.
doi:10.1074/jbc.m115.710715

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R.,
et al. (2018). Swiss-model: Homology Modelling of Protein Structures and
Complexes. Nucleic Acids Res. 46, W296–W303. doi:10.1093/nar/gky427

Webb, C. T., Gorman, M. A., Lazarou, M., Ryan, M. T., and Gulbis, J. M. (2006).
Crystal Structure of the Mitochondrial Chaperone TIM910 Reveals a Six-
Bladed α-Propeller. Mol. Cel 21, 123–133. doi:10.1016/j.molcel.2005.11.010

Weickert, S., Wawrzyniuk, M., John, L. H., Rüdiger, S. G. D., and Drescher, M.
(2020). The Mechanism of Hsp90-Induced Oligomerizaton of Tau. Sci. Adv. 6,
eaax6999. doi:10.1126/sciadv.aax6999

Weinhäupl, K., Lindau, C., Hessel, A., Wang, Y., Schütze, C., Jores, T., et al. (2018).
Structural Basis of Membrane Protein Chaperoning through the Mitochondrial
Intermembrane Space. Cell 175, 1365–1379. doi:10.1016/j.cell.2018.10.039

Weinhäupl, K., Wang, Y., Hessel, A., Brennich, M., Lindorff-Larsen, K., and
Schanda, P. (2021). Architecture and Assembly Dynamics of the Essential
Mitochondrial Chaperone Complex TIM9·10·12. Structure 29, 1–9.
doi:10.1016/j.str.2021.04.009

Wiedemann, N., Pfanner, N., and Rehling, P. (2006). Import of Precursor Proteins
into Isolated Yeast Mitochondria. Methods Mol. Biol. 313, 373–383.
doi:10.1385/1-59259-958-3:373

Wiedemann, N., Pfanner, N., and Ryan, M. T. (2001). The Three Modules of ADP/
ATP Carrier Cooperate in Receptor Recruitment and Translocation into
Mitochondria. EMBO J. 20, 951–960. doi:10.1093/emboj/20.5.951

Wu, S., Ge, X., Lv, Z., Zhi, Z., Chang, Z., and Zhao, X. S. (2011). Interaction between
Bacterial Outer Membrane Proteins and Periplasmic Quality Control Factors: A
Kinetic Partitioning Mechanism. Biochem. J. 438, 505–511. doi:10.1042/bj20110264

Xu, X., Wang, S., Hu, Y.-X., and McKay, D. B. (2007). The Periplasmic Bacterial
Molecular Chaperone SurA Adapts its Structure to Bind Peptides in Different
Conformations to Assert a Sequence Preference for Aromatic Residues. J. Mol.
Biol. 373, 367–381. doi:10.1016/j.jmb.2007.07.069

Yébenes, H., Mesa, P., Muñoz, I. G., Montoya, G., and Valpuesta, J. M. (2011).
Chaperonins: Two Rings for Folding. Trends Biochem. Sci. 36, 424–432.
doi:10.1016/j.tibs.2011.05.003

Zhang, Y., and Zuiderweg, E. R. P. (2004). The 70-kDa Heat Shock Protein
Chaperone Nucleotide-Binding Domain in Solution Unveiled as a Molecular
Machine that Can Reorient its Functional Subdomains. Proc. Natl. Acad. Sci.
101, 10272–10277. doi:10.1073/pnas.0401313101

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Sučec, Bersch and Schanda. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org October 2021 | Volume 8 | Article 76200524

Sučec et al. Dynamic Chaperone-Client Complexes

https://doi.org/10.1038/nsmb.3266
https://doi.org/10.1038/nsmb.3266
https://doi.org/10.1074/jbc.rev119.006197
https://doi.org/10.1126/science.aac6428
https://doi.org/10.1016/0092-8674(93)90287-z
https://doi.org/10.1016/j.febslet.2015.06.019
https://doi.org/10.1101/gad.1581007
https://doi.org/10.1128/jb.00889-15
https://doi.org/10.1016/s0092-8674(00)80743-6
https://doi.org/10.1016/j.molcel.2006.09.003
https://doi.org/10.1006/jmbi.1997.1398
https://doi.org/10.1038/nsmb.3133
https://doi.org/10.1111/j.1574-6968.2009.01658.x
https://doi.org/10.1126/sciadv.abd0263
https://doi.org/10.1016/j.jmb.2014.12.008
https://doi.org/10.1007/s00018-011-0740-4
https://doi.org/10.1038/nrm2918
https://doi.org/10.1038/nsmb.3087
https://doi.org/10.1016/j.mib.2021.01.009
https://doi.org/10.1016/j.tibs.2007.10.003
https://doi.org/10.1038/nrmicro.2016.161
https://doi.org/10.1016/s0092-8674(00)81446-4
https://doi.org/10.1016/j.jmb.2005.06.010
https://doi.org/10.1080/10409230701322298
https://doi.org/10.1016/B978-012200731-6.50005-7
https://doi.org/10.1073/pnas.0809275106
https://doi.org/10.1073/pnas.0809275106
https://doi.org/10.1016/j.molcel.2004.07.023
https://doi.org/10.1038/s41594-018-0144-3
https://doi.org/10.1128/mbio.00597-21
https://doi.org/10.1074/jbc.m115.710715
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1016/j.molcel.2005.11.010
https://doi.org/10.1126/sciadv.aax6999
https://doi.org/10.1016/j.cell.2018.10.039
https://doi.org/10.1016/j.str.2021.04.009
https://doi.org/10.1385/1-59259-958-3:373
https://doi.org/10.1093/emboj/20.5.951
https://doi.org/10.1042/bj20110264
https://doi.org/10.1016/j.jmb.2007.07.069
https://doi.org/10.1016/j.tibs.2011.05.003
https://doi.org/10.1073/pnas.0401313101
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	How do Chaperones Bind (Partly) Unfolded Client Proteins?
	1 Introduction
	2 Basic Chaperone Function and Binding Properties
	2.1 ATP-Driven Chaperones: Using ATP to Alter the Chaperone While in Action

	3 Chaperone-Client Complexes and the Balance of Stability vs. Ease of Release
	4 Specificity vs. Promiscuity
	5 Lessons Learned From Atomic-Level Studies of Chaperone Complexes
	5.1 Chaperoning in the Mitochondrial Intermembrane Space
	5.2 Chaperoning in the Bacterial Periplasm
	5.2.1 SurA
	5.2.2 Skp
	5.2.3 DegP
	5.2.4 DegQ
	5.2.5 Spy

	5.3 Hsp90 Interaction With an Intrinsically Disordered Client
	5.4 The Cytosolic Chaperone SecB
	5.5 The Cytosolic Chaperone Trigger Factor
	5.6 J-Domain Proteins (Hsp40) and Client Specificity

	6 Conclusion: Emerging Patterns of Client-Chaperone Interactions
	Author Contributions
	Funding
	Acknowledgments
	References


