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Non-equilibrium stabilisation of proteins by chaperones
The Hsp70 molecular chaperone
MARIA LI LÓPEZ BAUTISTA
Department of Life Sciences
Chalmers University of Technology

Abstract
Within living organisms, proteins are essential components. They are responsible
for carrying out almost every function in the cell. Proteins must fold into a specific
three-dimensional shape to perform their diverse roles effectively. Indeed, improper
folding is the root cause of many diseases.

Not surprisingly, there is a specific group of proteins whose function is to assist
and safeguard the folding process of other proteins. These are known as molecu-
lar chaperones. Here, we focus on the 70 kiloDalton heat shock protein, Hsp70, a
molecular chaperone that has been under the spotlight of scientists for decades due
to its ubiquitous presence across all living systems and its assistance in a wide range
of cellular processes. It is well accepted that the mechanism of action of Hsp70
chaperones consists of a biochemical energy-consuming cycle, which allows them to
drive the system out-of-equilibrium and escape the inherent limitations of equilib-
rium thermodynamics to perform their functions efficiently.

Considering both the molecular details of chaperones and their client protein, along
with a correct inclusion of the energy consumed in each step of the cycle and all rel-
evant conformational transitions, we present a kinetic rate model for the description
of the functional cycle of Hsp70 chaperones in protein folding that aims to elucidate
the fundamental principles that govern their complex behaviour.

Keywords: Hsp70, protein folding, non-equilibrium systems, kinetic modelling.
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1
Introduction

Usually, we think about proteins as something we eat to have a healthy and balanced
diet or to help grow our muscles. Although it is true that they are important nutri-
ents and the main components of muscles, they are much more than this. Indeed,
proteins are complex biological molecules that are present in all living organisms.
They are involved in a diverse range of cellular functions, from providing structural
support to stimulating immune responses [1], which makes them essential to under-
stand life and to be often considered as the workhorse molecules of the cell [2].

Such functional versatility arises from the fact that proteins come in a wide vari-
ety of shapes, ranging from elongated (fibrous) to ball-like (globular) structures [3],
and their shape is closely related to their function. Usually, due to external in-
fluences, the same protein can be found in (often slightly) distinct conformations.
While this attractive characteristic is sometimes crucial to perform its designated
biological function, it can be dangerous in other cases. For instance, several dis-
eases like diabetes type 2 or neurodegerative disorders are suspected to be caused
by the incorrect folding (misfolding) of proteins followed by the formation of toxic
aggregates [4]. More interestingly, proteins themselves contain the information to,
at physiological conditions, fold into their three-dimensional functional conforma-
tion [5], namely the native state, which in turn must correspond to their free-energy
minimum. Therefore, a protein should always be able to spontaneously fold correctly
and be thermodynamically stable in that conformation. However, this is more of an
ideal case since in the crowded environment of the cell the process of folding is prone
to errors and proteins can populate non-native dysfunctional states corresponding
to local minima [6]. In addition, stress conditions, such as an extreme temperature
or exposure to chemical agents, can affect the stability of proteins causing them to
lose their native conformation (unfold or misfold) and become non-functional. This
is often referred to as protein denaturation [7]. So, in general, the native state is
not guaranteed to always be the most stable state accessible to the protein.

In essence, while proteins must assume their native conformation and remain rela-
tively stable to carry out their biological function, processes inherent to the physics
of proteins can lead to unfolding or misfolding and further aggregation. These ab-
normalities in the folding of proteins can subsequently induce severe cell damage.
Fortunately, cells are equipped with a protein quality control (PQC) system [8] to
manage these off-pathway reactions and reduce the presence of harmful non-native
proteins. The PQC system has two operational modes: degradation and repair [9].
On the one hand, irreversibly damaged proteins are disintegrated (degraded) by some
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1. Introduction

protein complexes. On the other hand, structurally altered proteins are natively re-
folded (repaired) with the help of a specific class of proteins known as molecular
chaperones. In this project, we are interested in the latter.

Molecular chaperones were traditionally thought to simply function as a passive
prevention mechanism against aggregation [10]. By binding to unstable non-native
(unfolded or misfolded) proteins and ’holding’ them, chaperones could avoid the for-
mation of irreversible aggregates. Moreover, the reduction in the concentration of
aggregation-prone proteins could induce a kinetic partitioning between the folding
and aggregation pathways [11], decreasing the rate of aggregation since the process
follows second-order kinetics1, and rendering native folding the dominant process as
it obeys first-order kinetics2. However, there is strong evidence suggesting that some
chaperones are also able to actively rescue stable misfolded or aggregated proteins
by consuming (hydrolysing3) ATP to conformationally remodel the client protein
(substrate) they bind to [12, 13]. For example, among the various families of molec-
ular chaperones known to date, the 70 kilo-Dalton heat shock proteins (Hsp70s)
are widely recognised for their role in facilitating protein disaggregation and refold-
ing [14, 15].

Hsp70s are particularly relevant due to their ubiquitous presence among living organ-
isms [16] and their supervision of a diverse range of cellular processes [17, 18]. It is
well accepted that their mechanism of action consists of a complex ATP-fuelled con-
formational cycle [19]. More precisely, the constant energy consumption by Hsp70s
drives the system’s dynamics away from equilibrium, leading to the establishment
of a non-equilibrium steady state that is non-trivially governed by all the kinetic
rates of the chemical reactions involved in the chaperone’s cycle [20, 21]. Several
experimental and theoretical studies suggest that this allows the enhancement of the
native protein substrates stability even under denaturing conditions, in which the
native state is thermodynamically less stable than the non-native species [22, 23, 24].

1.1 Objective

Based on the knowledge about the mechanism of action of Hsp70s in protein folding,
the main purpose of this master’s thesis is to create a kinetic model of the Hsp70
biochemical cycle that accurately captures the key characteristics observed in theo-
retical and experimental models to date. At the same time, we will include both the
molecular details of Hsp70s and substrates along with the energy consumed at each
step of the cycle, considering all relevant conformational transitions. To ensure ther-
modynamic consistency, the model should also hold under equilibrium conditions,
even though most interesting phenomena occur under non-equilibrium conditions.

1A reaction that depends quadratically on the concentration of reactants.
2A reaction that depends linearly on the concentration of reactants.
3Chemical reaction where a phosphate bond on adenosine triphosphate (ATP) is broken by

water, thereby releasing energy and resulting in a adenosine diphosphate (ADP) and an inorganic
phosphate (Pi).
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1. Introduction

Research questions and limitations
Even though numerous experimental observations and groundbreaking discoveries
have led to a general consensus on the action cycle of Hsp70s, some aspects still
need a better overall understanding. In this project, with the help of physics prin-
ciples, we hope to provide an answer to the key determining features of the Hsp70
chaperone cycle in protein folding.

Notwithstanding the above, it should be remembered that we use a coarse-grained
computational model to describe a complex system, with the inherent benefits and
limitations that it entails. Furthermore, while there are far more detailed models
that explicitly account for all the chemical reactions involved in protein folding,
see for example [25], we only consider the fundamental ones. This decision is to
avoid an overly complicated model that is unsuitable for an intuitive interpretation
since adding too many details from the start can hinder the essential underlying
principles.

1.2 Thesis outline
First, we provide a biological insight into the problem of protein folding and the
role of molecular chaperones, with a focus on Hsp70s. This is followed by the phys-
ical concepts necessary to describe a biological system using kinetic rate equations,
including both in and out of equilibrium constraints derived from thermodynamic
principles. Based on all this information, it is presented a simple model in which
the fundamental reactions of the functional cycle of Hsp70s in protein folding are
included. Subsequently, two models for protein folding are described. Finally, all
the results obtained from the simulations of the models are presented in the end.

3
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2
Biological background

In this chapter, we provide the information necessary for a better understanding
of the problem of protein folding and the role of molecular chaperones, in specific
Hsp70s.

2.1 Proteins
As mentioned before, proteins form the main building blocks of life as they under-
take the majority of the work happening in the cell. Proteins are synthesised by a
process called translation, in which the genetic information (originally encoded in
the DNA1) transcribed into a messenger RNA2 (mRNA) molecule and other cellu-
lar components intervene. As a result3, proteins are composed of basic units, called
amino acids, which are attached to each other in long chains. The particular order
of this sequence of amino acids, combined with intramolecular forces, leads to the
folding of the protein in a specific three-dimensional structure, which ultimately de-
termines its function.

Since proteins are integral to numerous cellular processes, their proper folding is
critical. Indeed, to achieve biological activity, proteins must adopt a specific three-
dimensional conformation known as the native state. This precise folding is essential
for the proteins to perform their designated roles within the cell effectively.

In vitro4 experiments [26, 27] suggest that most proteins are able to reach their
native structure spontaneously (without assistance of other molecules) in a phys-
iological environment, following a process determined purely by their amino acid
sequence. Therefore, the native state is the one that corresponds to the minimum of
the Gibbs free-energy (Figure 2.1 i) and hence is the most thermodynamically stable
configuration. Moreover, it is widely accepted that protein folding takes place over
a funnel-like free-energy landscape, representing the steadily decreasing number of
conformations available to the unstructured protein (high free-energy) as the folding
process advances toward the native state [28].

1Deoxyribonucleic acid.
2Ribonucleic acid.
3We acknowledge that we do not give a very precise biologically description here, but we believe

that it is sufficient within the scope of this project.
4Outside of the living organism, often in a test-tube.
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2. Biological background

Figure 2.1: Free-energy landscape of protein folding, misfolding, and aggregation.
i) In the ideal case, the folding process exhibits a smooth funnel energy landscape.
ii) In reality, the landscape is often rugged and intermediate non-native (misfolded)
states can be populated. Sometimes, this causes proteins to leave their original
native folding trajectory, resulting in the iii) formation of aggregates. iv) Molecular
chaperones guide proteins through the landscape by interacting and remodelling
non-native, but not native, conformations, thus avoiding aggregation and promoting
native folding. Figure adapted from [29].

Nevertheless, in vivo5 and in vitro, it has also been observed that many proteins can
acquire non-native conformations [6]. This indicates that the spontaneous folding
process is prone to errors and local minima in the otherwise smooth free-energy
landscape, where proteins are kinetically trapped in metastable misfolded states
(Figure 2.1 ii). In such scenario, the accumulation of misfolded proteins can lead to
the formation of inactive aggregates (Figure 2.1 iii), which can be thermodynami-
cally more stable than the native state, as may occur at high protein concentrations.
So, even though evolution has tried to select protein sequences that are stable in
their native configuration at physiological conditions [30], their stability and fold-
ability can be challenged by the appearance of some ruggedness in the free-energy
landscape.

In fact, under certain environmental conditions, like heat shocks or chemical stress,
the free-energy landscape of proteins can be perturbed in such a way that the na-
tive state is no longer the most stable configuration but is intrinsically less stable
than the non-native conformations, therefore leading to protein misfolding and ag-
gregation, which can eventually result in the formation of toxic aggregates that have
deleterious effects on cellular functions and overall organismal health [31, 29]. In-
deed, protein aggregates have been associated to several diseases, such as type 2
diabetes and neurodegenerative disorders like Parkinson’s or Alzheimer’s [32, 33].

Given the fatal consequences of protein misfolding and aggregation while being un-
avoidable processes for cells since they stem from the physics of proteins, organisms,

5Inside of the living organism.
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2. Biological background

in response, developed the cellular protein quality control (PQC) system [8] with the
aim of minimising the presence of non-native proteins. One of the main components
of this elaborate machinery is a specific group of proteins called molecular chaper-
ones [34], whose main role is to avoid the aggregation of misfolded proteins and, in
some cases, also to bring them back to the pathway of proper native folding [35].
Roughly speaking, molecular chaperones prevent or promote structural transitions
with the aim of directing proteins toward its native conformation (Figure 2.1 iv). A
more extensive description of these proteins is given in the following section.

2.2 Molecular chaperones
Recapitulating the description given in the previous section, molecular chaperones
are a class of proteins that ensure the correct (native) folding of other proteins and
thus their functionality, avoiding their misfolding and aggregation.

Molecular chaperones comprise a very diverse group of proteins. Several chaperone
families have been identified, among the main conserved6 ones are Hsp60 (GroEL),
Hsp70 (DnaK), Hsp90 (HtpG), and Hsp100 (ClpB) [36] (bacterial homologues names
in brackets). The acronym Hsp stands for heat shock protein and it is a reminder of
their experimental correlation with thermal stresses, such conditions provided the
first evidence of their existence and hinted their contribution to the cell, though
they also participate in the response to other stresses and the regulatory (house-
keeping) processes of cells under non-stressful conditions. The number indicates
their approximate molecular mass in kiloDaltons (kDa). While having completely
different structures and molecular mechanisms of action, they do share some com-
monalities: they bind to the client protein (usually called substrate) and hydrolyse
ATP, classifying them as ATPases. Likewise, they use the energy produced in the
ATP hydrolysis to perform mechanical work and remodel the conformation of the
substrate. As a consequence, they are also known as ATP-driven or ATP-dependent
molecular chaperones [37, 38].

Here, it is worth mentioning that in the cell the production of energy is continu-
ous since the concentrations of ATP and ADP are kept fixed to maintain the cell
alive [39]. This is particularly significant, since this constant supply of energy places
the system out-of-equilibrium, driving it after a relaxation time to a non-equilibrium
steady state (NESS) [40] in which the distribution of conformational states between
the chaperones and their substrate is different from that in equilibrium [20, 21].
More details on this in the case of Hsp70s are given in the next section.

To complete the list of main conserved chaperone families, we must also mention
the small (around 12-43 kDa) heat shock proteins (sHsps) [41]. These, at variance
with the previous heat shock proteins, are not ATPases (i.e. they do not hydrolyse
ATP) and their effect is thus constrained to the bounds imposed by equilibrium

6In an evolutionary perspective, namely, molecular chaperones have a high degree of sequence
conservation across most domains of life.
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2. Biological background

thermodynamics. In addition, they are traditionally assumed to take the passive
role of the holding mechanism in the sense that they bind to non-native proteins to
avoid their aggregation until conditions are again favourable for native folding or an
active chaperone takes over. However, some studies have provided a different insight,
potentially picturing them as active protein holders [42, 43] due to their ability to
adapt their concentration depending on the amount of non-native proteins present.
This once again reiterates the complexity entailed to the functioning of chaperones,
which will be also noticeable as we focus on the Hsp70 family of chaperones in the
following section.

2.3 The Hsp70 chaperone family
Among the highly conserved families of molecular chaperones present in living sys-
tems, Hsp70s are very attractive to study because of their ubiquitous presence in
eukaryotic and prokaryotic (mainly in bacterial) cells [17] and their assistance in
a large amount of fundamental cellular processes beyond protein folding [18, 44].
Examples include, but are not limited to, protein transport [45], signalling [46], and
protein degradation [47].

The participation of Hsp70s in such diverse cellular functions is particularly inter-
esting as, at first, it seems to be in contradiction with the fact that Hsp70s are
structurally and functionally conserved in evolution [48]. Indeed, across and within
species Hsp70s show a high sequence identity. For instance, the eukaryotic Hsp70
shares around 50% amino acid identity with the prokaryotic Hsp70 protein DnaK.
And, the human Hsp70 (sub)family has at least a group of eight members that
are very similar, having between 52-99% amino acid identity [49]. So, in general,
many Hsp70s have a common domain structure, which results in functional redun-
dancy; They share a single biochemical mechanism of action: an ATP-driven cycle
of client-binding and release. Intuitively, it makes sense that Hsp70s should not
be specific as in principle any protein could need their assistance. Yet, the ear-
lier mentioned functional diversity requires correct selection of substrates: Hsp70s
should associate promiscuously with misfolded proteins while being selective with
folded proteins. The apparent paradox is solved by noting that generally molecular
chaperones do not work alone but with other chaperones and Hsp70s are no ex-
ception. Precisely, they are usually assisted by the so-called cochaperones7, which
can regulate Hsp70s interaction with substrates and thus grant them specificity [50].
Additionally, Hsp70s functionality can benefit from the cooperation with other chap-
erone systems. For example, they are known to collaborate with Hsp100s during
protein disaggregation [51].

Hsp70s consist of two distinct domains, a nucleotide-binding domain (NBD) and a
substrate-binding domain (SBD) attached by a linker (see Figure 2.2). These two
domains are allosterically coupled such that the type of nucleotide bound to the

7Molecular chaperones are usually accompanied by other proteins whose main role is to provide
support to the chaperone, and therefore are usually referred as cochaperons.
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2. Biological background

NBD influences the structure of the SBD, which in turn affects the affinity8 for
the substrate [19]. In particular, when the NBD is bound to ADP, the SBD is in
a closed configuration. While when the NBD is bound to ATP, the SBD is in an
open configuration, hence is more accessible to the substrate. As a consequence,
the ADP-bound state of Hsp70 binds to the substrate more stably (with higher
affinity) than the ATP-bound state. Furthermore, this structural difference also has
an effect on the binding/unbinding kinetics. Indeed, when ATP is bound, substrate
association to and dissociation from the chaperone occurs at high rates, which are
several orders of magnitudes faster than when ADP is bound [52].

Figure 2.2: Hsp70s conformational states. Cartoon representation of the structure
of Hsp70 in the ATP-bound state (left) and in the ADP-bound state (right). Figure
adapted from [53].

The conversion between these two states can occur through two different processes:
ATP hydrolysis9 and nucleotide exchange. However, the spontaneous transition from
one state to the other is extremely slow since the Hsp70s’ ATP hydrolysis basal rate
is low and the nucleotides (ATP and ADP) typically bind stably to Hsp70s (see Ta-
ble 4.1). This reiterates the necessity of cochaperones for the regulation of Hsp70s
action. In particular, Hsp70s most relevant cochaperones are the J-domain proteins
(JDPs) [55] and the nucleotide exchange factors (NEFs) [56]. JDPs target the sub-
strate and in synergism with the substrate enhance the rate of ATP hydrolysis whilst
NEFs promote the exchange of ADP to ATP after hydrolysis, thus facilitating the
release of the substrate [57].

Here it should be remarked that while from the ATP hydrolysis (non-equilibrium
process) there is energy consumption by Hsp70s, from the nucleotide exchange there
is not since it is an equilibrium process driven by thermal fluctuations. This has
crucial implications in the dynamics of the system, as the populations of ATP-bound
and ADP-bound states are no longer thermodynamically fixed by their free-energy
difference, but are kinetically influenced by the ATP hydrolysis and nucleotide ex-
change rates.

8In chemistry, affinity is the tendency of different chemical species to form compounds.
9The rate of ATP synthesis by Hsp70s is negligible [54].
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2. Biological background

2.3.1 Hsp70s exploitation of ATP hydrolysis
Hsp70s activity depends on the nucleotide-regulated alternation between these two
conformational states. Substrate binding not only benefits from the low-affinity of
the ATP-bound state and high-affinity of the ADP-bound state, but also, and more
importantly, from the time-scale separation between the binding/unbinding kinetics
in the two states. To be exact, the fast-association rate of the ATP-bound state
in combination with the slow-dissociation rate of the ADP-bound state results in a
non-equilibrium (energy-consuming) affinity, commonly termed as ultra-affinity [20],
that can go beyond the possible affinities in either the ATP- or ADP-bound states
of Hsp70s (see Figure 2.3). Therefore, escaping the bounds imposed by equilibrium
thermodynamics [58].

Figure 2.3: Non-equilibrium enhancement of Hsp70 affinity (ultra-affinity). Ef-
fective dissociation constant (product of the concentrations of free substrate and
chaperone divided by the concentration of substrate-bound chaperone) of Hsp70 at
non-equilibrium conditions as a function of the hydrolysis acceleration ratio ks

h/kh.
The dissociation constants (ratio of unbinding and binding rates) of the ATP- and
ADP- bound states, respectively KATP

d and KADP
d , are shown for reference. Likewise,

the limit case where binding/unbinding to/from the ADP-bound state are negligible
(black dashed line) and the lower bound (achieved when exclusively the substrate
binds to the ATP-bound state and is only released from the ADP-bound state) of the
dissociation constant are also included. Figure adapted from [20]. Refer to [20, 58]
for further details.

Of note, on top of the difference in the (fast) ATP-bound and the (slow) ADP-
bound timescales of substrate-exchange, from Figure 2.3 it can be observed that
ATP hydrolysis must be stimulated several orders of magnitude to enter the ultra-

10



2. Biological background

affinity regime. This reflects the influence of ATP hydrolysis on the chemical cycle
of Hsp70s and the importance of energy consumption in their mechanism of action,
as the ratio ks

h/ks is related to the total energy consumed [20]. Furthermore, in the
expression of the effective non-equilibrium dissociation constant, refer to [20], it can
be noted a dependence on the concentration of substrate, which results in the need
of having the chaperone in excess over the substrate to reach ultra-affinity. The
explanation of this condition is that in case of an excess of substrate there would be
dominant substrate binding to the ADP-bound state, which would make impossi-
ble the utilisation of the time-scale separation in the binding/unbinding kinetics to
achieve ultra-affinity.

In general, all these conditions are met in the cell by canonical10 Hsp70s. There-
fore, at physiological conditions, Hsp70s are able to exploit the energy provided by
hydrolysis of ATP to overcome the inherent limitations of equilibrium thermody-
namics.

Hsp70s conversion of chemical energy into mechanical work

As mentioned before, Hsp70s are ATPases (hydrolyse ATP) and use the energy pro-
duced to induce conformational changes in their substrates, which have a certain
flexibility. In fact, the binding of Hsp70s to large proteins (polypeptides) provides
their expansion [59], which depends on the presence of ATP [60]. Moreover, in
cellular conditions, Hsp70s are efficient converters of ATP hydrolysis energy into
mechanical work to unfold the substrate [61]. This relies on the inherent non-
equilibrium dynamics associated to ATP hydrolysis in the cell, where the concentra-
tion of ATP is maintained in excess over the ADP one [62]. More precisely, Hsp70s
generate a force due to excluded volume effects, namely of entropic origin (entropic
pulling [63, 64, 65]), that requires the conversion of ATP chemical energy into ultra-
affinity to guarantee the binding. This ultimately results in the unfolding of the
attached substrate to Hsps70s (see Figure 2.4).

Figure 2.4: Expansion of the substrate (in green) by the binding of Hsp70s (in
different colours). Probability density maps of the substrate potential energy and
radius of gyration, Rg, for Hsp70-substrate complexes with one (left), three (center),
and six (right) bound chaperones. Figure from [61].

10Structurally and functionally similar to the bacterial Hsp70, DnaK.
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2. Biological background

In particular, it can be observed that the progressive expansion of the chaperone-
substrate complex and disruption of the attractive intramolecular interactions of the
protein places the substrate at larger gyration radius11 and higher potential energies.
This increase in the free energy of the conformation penalises the binding of Hsp70s
to the substrate, reflecting the growing difficulty of Hsp70s to bind to very spatially
constrained (prone to steric clashes) regions.

It should be noted that while the binding of several Hsp70s leads to the stretching
of the bound protein due to the steric effects between them, the binding of a single
Hsp70 is also enough to induce a conformational change in the locked protein since
there is also mutual exclusion of molecular volumes between the Hsp70 and the
substrate.

2.3.2 Hsp70 chaperone in protein folding
Previously, we have mentioned that a protein must acquire its native conformation
given that only in this state it is functional, i.e., it can perform its designated bi-
ological function. However, sometimes, in the cell the protein’s native state is not
the most stable state accessible to the protein. In fact, external stresses, such as an
abrupt increment of temperature (heat shock) or addition of chemical agents like
urea12 (chemical stress) can interfere in the natural folding process, leading the pro-
tein to a dysfunctional non-native conformation. Moreover, such conditions can also
be denaturing since they can be enough to destabilise the protein, causing it to lose
its native structure and become non-functional. As a consequence, molecular chap-
erones are needed, either to facilitate the proper folding of the protein or to enhance
(assist) its refolding (if removal of the stress is not enough for the protein recovery).
In any case, the ultimate task presented to the molecular chaperone, namely Hsp70,
is the same: ensure that the protein achieves and maintains its native conformation.

Within the role of Hsp70s in protein folding it is implicit that they should be able
to act on a broad range of substrates. Hsp70s are attracted to a certain regions in
the protein that consists of a sequence of 5-7 sticky water-repellent (hydrophobic)
amino acids. Such segments are typically exposed on the surface when the protein
is in a non-native conformation and buried inside the protein’s core when correctly
folded [66]. As a consequence, Hsp70s interact with unfolded, misfolded, or aggre-
gated proteins but not with their folded (native) counterparts.

It is well accepted that the mechanism of action of Hsp70 follows a cycle of substrate
(client protein) binding, remodelling (mechanically unfolding but not folding [59])
and release (see Figure 2.5). The precise steps of this cycle are the following: (1)
JDP cochaperone targets the non-native protein and mediates the delivery of the
substrate to the ATP-bound state of Hsp70, which is followed by (2) a rapid tran-

11In biology, the radius of gyration of a protein is considered to give a measure of the structure
compactness and size of the protein. It is defined as the root mean square distance of all atoms
from the centre of mass the protein.

12A colourless substance found in urine.
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2. Biological background

sition, as the hydrolysis rate is enhanced due to the presence of the substrate and
the JDP, to the high affinity ADP-bound state of Hsp70. Hence, it needs the (3)
NEF cochaperone to induce the dissociation of ADP and (4) binding of ATP in
exchange, which leads to the (5) release of the unfolded substrate, thus allowing it
to spontaneously refold or misfold, causing the substrate to undergo another cycle
in the latter.

Figure 2.5: Functional cycle of the Hsp70 chaperone. Schematic representation of
the conformational transitions in the canonical model of Hsp70 in protein folding.
Figure adapted from [53]. Refer to the main text for further information about the
steps along the cycle.

Here, it should be clarified that we do not specialise in a specific member of the Hsp70
chaperone family and rather assume the so-called canonical model for the functioning
of Hsp70s [66]. This includes the regulating action of Hsp70s’ cochaperones: JDPs
delivering the protein and NEFs driving its release.

Regulation by JDPs

JDPs, sometimes referred to as the Hsp40 chaperone family, share a conserved
stretch of amino acids, called the J-domain (named after the bacterial Hsp40, DnaJ),
but not the substrate-binding domains [67]. The first domain is involved with the
ATPase activity of Hsp70s, while the latter is essential in aiding the accomplishment
of the mentioned Hsp70s’ multifunctionality [66].

Until this point, it has been implicitly considered that during the functional cycle of
Hsp70s JDPs interact both with substrates and Hsp70s. Indeed, the assumed role of
JDPs cochaperones is to recognise Hsp70s’ substrates and enable their interaction
with the chaperones. Moreover, in experiments it has been observed that their pres-
ence affects the ATP hydrolysis rate, slightly enhancing it at cellular conditions [68]
where the concentration of JDP is an order of magnitude lower than the one of
Hsp70 [69].

However, and more interestingly, the joint presence of JDPs and the substrate (which

13



2. Biological background

accelerates ATP hydrolysis about an order compared to the basal rate [70]) drasti-
cally stimulates ATP hydrolysis, with their resulting impact higher than the com-
bination of their individual effect: the ATP hydrolysis rates is increased by several
orders of magnitude [70].

Regulation by NEFs

NEFs, recognised to date, comprise four different types of protein families with no
sequence similarity and structurally unrelated [66, 44]. As a consequence, it is known
that they use different mechanisms in their task of inducing ADP release, which in
turn enables ATP binding and substrate dissociation from Hsp70s. Furthermore,
NEFs can also in part control the timing of nucleotide exchange.

Nevertheless, it has been observed that some Hsp70s may function independently of
the presence of NEFs as they have high intrinsic ADP dissociation rates [71, 72].
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3
Physical theory

Biological systems are often described using kinetic networks, in which the nodes
represent the possible states of the system and the biochemical reactions of the
system configure the connections (transitions) between them. Through this coarse-
grained description, one can model the dynamical evolution of the system, that is,
how the population of each state changes over time.

Within the framework of this project, it is assumed that the time evolution of the
concentrations of the states is dictated by deterministic mass-action kinetics. Any
possible fluctuations are neglected on the basis that the concentrations of molecular
chaperones and substrates are high enough in standard cellular conditions. Other-
wise, a more detailed stochastic description of the process should be considered [40].

Before moving into the mathematical details needed for the description of these
systems, let us review the meaning of mass-action kinetics.

The law of mass action
The law of mass-action, introduced by Guldberg and Waage [73, 74, 75], states that
the rate at which a chemical reaction occurs is proportional to the probability of
collision of the reactants. This probability, assuming spatial homogeneity, is in turn
proportional to the concentration of the reactants, each elevated to the power equal
to its coefficient in the reaction.

To get a clearer idea of this definition, let us consider a reversible reaction1 of the
form,

a A +b B
kf−−⇀↽−−
kb

c C +d D, (3.1)

where kf and kb are, respectively, the rate constants (generally independent of space
and time) of the forward and backward reactions.

The reaction rate (net flux) is defined as

r = rf − rb, (3.2)

1A chemical reaction is reversible if it can proceed in a forward a backward direction, i.e., both
the conversion of reactants to products and the conversion of products to reactants are possible.
Conversely, a reaction is irreversible if only one of the direction is possible.
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3. Physical theory

where are the forward and backward rates (fluxes) are given by

rf = kf [A]a[B]b

rb = kb[C]c[D]d.
(3.3)

At this point, it is also beneficial to introduce the equilibrium constant, a quantita-
tive measure that characterises the relation between the concentrations of reactants
at equilibrium.

Equilibrium constant

The equilibrium constant of the reaction is defined as the ratio of reactant and
product concentrations at equilibrium, that is, when the forward and backward
rates are equal.

Keq ≡ kf

kb

=
[C]ceq[D]deq

[A]aeq[B]beq
. (3.4)

3.1 Rate equations

The kinetic scheme of a biological system under the law of mass action (Equa-
tions (3.2), (3.3)) leads to a system of coupled ordinary differential equations, com-
monly referred to as rate equations.

As a result, the time evolution of a biological system of N states with first-order
kinetics is as follows

dci

dt
=

N∑
j=1

kjicj −
N∑

j=1
kijci, (3.5)

where the solution, ci(t), is the concentration of state i (i = 1, ..., N) and kij is
the transition rate from state i to state j, assuming always j ̸= i. The first sum
represents the total flux of molecules from other states toward state i, namely the
gain term. While the second sum represents the total flux of molecules from state i
toward other states, namely the loss term.

Let us remark some relevant properties of the system.

Conservation of mass
The law of conservation of mass in Equation (3.5) is implicitly implied as by con-
struction ∑

i

dci

dt
= 0, (3.6)

and hence, ∑i ci = const. at all times.
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3. Physical theory

Steady-state condition
A well-known asymptotic behaviour of dynamical systems is to become stationary.
In the case of system in Equation (3.5) it means that after a sufficiently long time
the concentrations no longer depend on time, i.e.,

dci

dt
= 0 ∀i. (3.7)

This condition defines the steady-state distribution of the system.

3.2 Equilibrium and detailed balance
In physics, a system is considered to be in equilibrium when there are no net flows
or changes going through it. Thus, the system maintains a fixed configuration of
states unless externally perturbed.

For the system in Equation (3.5) to be in equilibrium, the fluxes between any con-
nected states need to be individually balanced, i.e.,

kijc
eq
i = kjic

eq
j ∀i, j (3.8)

where ceq
i is the equilibrium concentration of state i. This condition is known as the

principle of detailed balance. Here it should be noticed that when detailed balanced
is respected, so is the steady-state condition (Equation (3.7)). Therefore, the system
is in an equilibrium steady state.

And, for a any reaction from state i to j the equilibrium constant (Equation (3.4))
is given by

Kij = kij

kji

=
ceq

j

ceq
i

, (3.9)

which draws a connection between the kinetic description of biological systems and
thermodynamics. Further details are provided in the next section.

In the presence of a closed loop (cycle) in the chemical network, the detailed balance
conditions for the states involved are satisfied only if∏

i ki,i+1∏
i ki+1,i

= 1, (3.10)

where the states in the cycle are ordered so that state i is connected with state i + 1
by a reversible reaction with nonzero rates ki,i+1 and ki+1,i, with the exception of
the last state that is connected to the first state. The derivation to go from Equa-
tion (3.8) to Equation (3.10) in the case of a system of three components is showed
in Appendix A.1.

The meaning of Equation (3.10) is that in a cycle the product of the rates in one
direction is equal to the product of rates in the opposite direction. This is the
Wegscheider-Lewis cycle condition [76, 77].
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3. Physical theory

3.2.1 Reaction kinetics and thermodynamics
From the principles of (reversible) thermodynamics, the Gibbs free energy2 of a
chemical system at constant temperature and pressure is

G =
∑

i

niµi, (3.11)

where ni is the population of state i and µi is the chemical potential of state i, with
the latter given by

µi = µ◦
i + kBT ln ci

c◦ , (3.12)

where µ◦
i is the standard3 chemical potential, c◦(= 1M) is the standard concentra-

tion, kB is the Boltzmann’s constant and T is the absolute temperature of the system.

Following from Equation (3.11), the free energy of an arbitrary state i can be defined
as Gi = niµi. Considering the formula of the chemical potential (Equation (3.12)),
the Gibbs free energy difference between states i and j is the following

∆Gij = Gj − Gi = ∆G◦
ij + kBT ln cj

ci

, (3.13)

where it has been assumed that the difference in chemical potential is equal to
the difference in free energy both at standard and non-standard conditions, i.e.,
∆G◦

ij = ∆µ◦
ij and ∆Gij = ∆µij, since it only implies a change in the units that the

free energy is expressed.

This free-energy difference can be understood as the (potential) energy needed to
go from state i to state j. And hence, it gives a measure of the spontaneity of the
chemical reaction between the two states. Indeed, the reaction is spontaneous if
∆Gij < 0 and there is energy release. On the contrary, the reaction is not energeti-
cally favourable if ∆Gij > 0, and needs external energy to happen.

From the perspective of thermodynamics, a system has reached its equilibrium dis-
tribution when there is no net macroscopic flows of matter or energy within the
system and thus no work can be extracted. So, a system is in equilibrium if and
only if ∆Gij = 0. Introducing this constraint in Equation (3.13) leads to

∆G◦
ij = −kBT ln kij

kji

(3.14)

where the definition of the equilibrium constant between two connected states i and
j (Equation (3.9)) has been applied. It should be noted that this condition is just
another way of expressing the detailed balance condition (Equation (3.8)).

2In physics, the change in Gibbs free energy is defined as the energy available to perform
non-expansion (without volume changes) work in a closed system at constant temperature and
pressure.

3At standard conditions. In chemistry, defined by a temperature T = 298 ◦K (25 ◦C), and a
pressure p = 1 bar.
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The free-energy difference of a cycle is then given by

∆Gcycle =
∑

i

∆Gi,i+1 =
∑

i

∆G◦
i,i+1 = −kBT ln

∏
i ki,i+1∏
i ki+1,i

, (3.15)

where the cycle follows the same definition given above.

Therefore, a chemical system that contains a cycle is in equilibrium if ∆Gcycle = 0.

3.3 Non-equilibrium and NESS
It has been mentioned that the fulfilment of the detailed balance condition gives a
condition to have an equilibrium stationary state. However, the opposite is not al-
ways true. The existence of a steady state does not guarantee that detailed balance
holds and that the system is in equilibrium.

In fact, the system can reach a state where the concentrations are independent of
time due to a compensation between the total gain and loss, but the net flux is not
zero along all branches of the network. Thus, the detailed balance condition is not
satisfied and the system is not in equilibrium. This is called as the non-equilibrium
steady state (NESS).

Such state is maintained by a circular balance (cyclic flux) that usually requires a
external driving force [78, 40]. As a consequence, the detailed balance condition in
Equation (3.14) generalises to the so-called local detailed balance [79]

kij

kji

= e−β(∆G◦
ij−Fij), (3.16)

where β = 1/kBT and Fij is the non-equilibrium driving force between the states i
and j.

3.3.1 Source of non-equilibrium: ATP hydrolysis
In living systems, the primary source of energy comes from the hydrolysis of ATP.
During ATP hydrolysis a phosphate bond on ATP is broken by water (H2O), which
results in a ADP and an inorganic phosphate (Pi). The chemical reaction is then

ATP + H2O
kh−−⇀↽−−
ks

ADP + Pi, (3.17)

where kh is the rate of hydrolysis. And, it has also been included the reversed pro-
cess: ATP synthesis, which has a rate ks.

The available energy from the reaction, using Equations (3.13) and (3.14), is given
by

∆GATP = −∆GATP,ADP = kBT ln
{

[ATP]
[ADP][Pi]

− [ATP]eq

[ADP]eq[Pi]eq

}
. (3.18)
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It should be noted that the concentration of H2O does not appear in the expression
for the free-energy difference since it is assumed that the solutions are dilute so that
the concentration of H2O does not change during the reaction.

In the previous chapter, it has been constantly mentioned that in the cell ATP hy-
drolysis is a non-equilibrium process given that the concentration of ATP is main-
tained in excess over the concentration of ADP. To clarify this idea, let us consider
the case of a chemical system of two states.

A B

kf

kb

wf

wb

Figure 3.1: Network representation of a chemical reaction system of two states
connected through two different pathways.

Applying the detailed balance condition, Equation (3.8), to the chemical newtork
in Figure 3.1

kf

kb

= [A]eq

[B]eq

wf

wb

= [A]eq

[B]eq

, (3.19)

and both ratios are equal to e−β∆G◦
AB . Moreover, it can be easily observed that the

detailed balance condition for the cycle is also satisfied, i.e., kfwb/wfkb = 1.

If we include the hydrolysis of ATP in the top pathway, from the local detailed
balance in Equation (3.16)

kf

kb

= e−β∆G◦
ABeβ∆GAT P (3.20)

and then,
kfwb

wfkb

= eβ∆GAT P . (3.21)

Therefore, unless ∆GATP = 0, the system is out-of-equilibrium. Indeed, this is the
case in the cell since the concentrations of ATP and ADP are fixed (i.e., they do not
reach their equilibrium values) to have a continuous production of energy.

In general, having ∆GATP ̸= 0 is a necessary and sufficient condition to have a
biological system displaced from its equilibrium distribution. This actually relies on
the inherent presence of a cycle in the chemical network, as then different pathways
connecting the same states lead to different equilibrium configurations and thus
equilibrium can not be established since the detailed balance condition is broken.
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In this chapter, we will provide a description of the kinetic models used for the char-
acterisation of the role of the Hsp70 chaperone in protein folding. Here it should
be reminded that we do not specialise in any specific member of the Hsp70 family.
Instead, our models are based on the already known biochemical and biophysical
information about canonical Hsp70s. Furthermore, to guarantee thermodynamic
consistency we will consider all reactions reversible, even if the rate in one of the
directions is much slower than in the other. Likewise, while most of the rates
will be taken from the literature, some of them will be defined and/or constrained
by relations imposed from the detailed balance condition (Equation (3.8) or Equa-
tion (3.14)) between pairs of connected states and in cycles (Equation (3.10)). These
must hold in equilibrium conditions so that the kinetic model is consistent both at
equilibrium and away from it.

4.1 Kinetic rate models
To begin with, let us recall the rate equations that describe a biochemical system of
N states with first-order kinetics

dci

dt
=
∑

j

kjicj −
∑

j

kijci, (4.1)

where the solution ci(t) is the concentration of state i (i = 1, ..., N) and kij is the
transition rate from state i to state j, assuming j ̸= i.

This system of equations will be used for the description of the kinetic models of
the Hsp70 chaperone system, as the reactions involved can be considered to follow
first-order kinetics, and hence the transition rates kij are independent of time.

It is worth mentioning that by defining a vector c = (c1, ..., cN)⊤ and a certain
matrix A that only contains the transition rates and not the system concentrations
since all the reactions follow first-order kinetics, the system in Equation (4.1) can
be rewritten in a matrix formulation as

dc
dt

= Ac, (4.2)

whose general solution is
c(t) = eAtc(t = 0). (4.3)
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It should be noted that this solution is valid only under the constraint that the
transitions rates are independent of time.

4.1.1 Hsp70s and ultra-affinity
In order to study the non-equilibrium effect of ATP-hydrolysis in the functional
cycle of Hsp70s, we started by considering a simple model in which the substrate is
in a misfolded state (M) that can bind to either a Hsp70 in the ATP-bound state
(MT) or a Hsp70 in the ADP-bound state (MD), see Figure 4.1. These are coarse
grained representations of all the possible structural conformations of these states
at the molecular level.

M

MT

MD

kM,MT

kMD,M

kMT,M

kM,MD

kMT,MDkMD,MT

Figure 4.1: Kinetic model for ultra-affinity. Network representation of the bio-
chemical system consisting of the misfolded substrate (M), the misfolded substrate
bound to the ATP-bound state of Hsp70 (MT), and the misfolded substrate bound
to the ADP-bound state of Hsp70 (MD). Refer to the main text for more details
about the indicated transition rates.

The concentrations of this system are determined by the following rate equations
d[M]
dt

= −(kM,MT + kM,MD)[M] + kMT,M[MT] + kMD,M[MD]

d[MT]
dt

= −(kMT,M + kMT,MD)[MT] + kM,MT[M] + kMD,MT[MD]

d[MD]
dt

= −(kMD,M + kMD,MT)[MD] + kM,MD[M] + kMT,MD[MT]

, (4.4)

where the transition rates (in s−1) are defined as

kM,MT = kATP
on [Hsp70 · ATP]e−β∆GM,M 70

kM,MD = kADP
on [Hsp70 · ADP]e−β∆GM,M 70

kMT,MD = keff
ex,TD + ks

h

kMT,M = kATP
off

kMD,M = kADP
off

kMD,MT = keff
ex,DT + ks

s

. (4.5)
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Here, it has been considered that the Hsp70 binding/unbinding rates to/from the
substrate (kATP

on , kATP
off , kADP

on , kADP
off ) depend on the type of nucleotide bound to the

chaperone. Moreover, for the binding rates the conformational free-energy cost of
Hsp70 binding (∆GM,M 70) as well as the concentration of Hsp70 in its two possi-
ble conformational states ([Hsp70 · ATP], [Hsp70 · ADP]) have been included. The
total conversion rate between these two is given by the sum of the hydrolysis/syn-
thesis rates (ks

h, ks
s) in the presence of the substrate, assuming JDP co-localisation,

and the nucleotide exchange rates (keff
ex,TD, keff

ex,DT), which effectively describe the ex-
change process as the unbinding of a nucleotide and the binding of a different one
are simultaneously taken into account.

Such system, actually, considers all relevant biochemical reactions of the Hsp70-
substrate system. That is, chaperone binding/unbinding to/from the non-native
misfolded protein (transitions between M and MT/MD), hydrolysis/synthesis and
exchange (transitions between MT and MD) of the nucleotide bound to Hsp70.
Indeed, these reactions form the fundamental basis of the functional cycle of the
Hsp70 chaperone. So, let us provide more details about their rates.

Mathematical details

The core rates for Hp70s are taken from the literature in studies about the bacteria
Escherichia coli (E. coli), see Table (4.1). In this organism, the Hp70-cochaperones
system is formed by the DnaK/DnaJ/GrpE trio, usually referred to as the KJE
system [23].

kATP
+ 1.3 × 105 M−1s−1 kATP

− 1.33 × 10−4 s−1

kADP
+ 2.67 × 105 M−1s−1 kADP

− 0.022 s−1

kATP
on 1.28 × 106 M−1s−1 kATP

off 2.31 s−1

kADP
on 1000 M−1s−1 kADP

off 2 × 10−3 s−1

kh 6 × 10−4 s−1 ks
h 1.8 s−1

Table 4.1: Parameters of the kinetic rate models. Rates for nucleotide bind-
ing/unbinding to/from the chaperone: kATP

+ , kATP
− , kADP

+ , kADP
− , respectively. Rates

for chaperone in the ATP and ADP states binding/unbinding to/from the sub-
strate: kATP

on , kATP
off , kADP

on , kADP
off , respectively. And, rates for ATP hydrolysis without

and with substrate: respectively kh and ks
h, with the latter considering also the co-

localised presence of the JDP cochaperone. Taken from [52, 70, 60].

It can be observed that some of the rates mentioned in Equation (4.5) are not present
in the table above. For instance, the rate for ATP synthesis. This, in general, can
not be measured in experiments due to its very low value. Nevertheless, since we
wanted to consider the reversibility of all reactions we derived an expression for it.
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Further details are given below.

Let us start with the nucleotide exchange process as it is related to the rates of the
other reactions.

• Nucleotide exchange

During the exchange of the nucleotide bound to Hsp70, first the nucleotide
bound is released and then the other nucleotide can bind. The reaction can
be described by the following scheme

Hsp70 · ATP + ADP
kATP

−−−−−⇀↽−−−−
kATP

+

Hsp70 + ATP + ADP
kADP

+−−−−⇀↽−−−−
kADP

−

Hsp70 · ADP + ATP . (4.6)

It is shown, refer to [20], that solving the rate equations of this reactions
under the assumption that the concentration of the nucloetide-free chaperone,
[Hsp70], is the steady state one leads to an effective description of the process,
which can be expressed by the following reaction scheme

Hsp70 · ATP
keff

ex,TD−−−−⇀↽−−−−
keff

ex,DT

Hsp70 · ADP, (4.7)

where keff
ex,TD and keff

ex,DT take the following definitions

keff
ex,TD = kADP

+ kATP
−

kADP
+ + kATP

+
[ATP]
[ADP]

keff
ex,DT =

kADP
− kATP

+
[ATP]
[ADP]

kADP
+ + kATP

+
[ATP]
[ADP]

. (4.8)

These effective constants correctly capture the nucleotide exchange process as
the nucleotide-free chaperone state is generally non-populated in comparison
with the ATP- and ADP-bound states given that the nucleotide binding rates
are much faster than the nucleotide release rates, as exposed in Table 4.1,
hence the transitions are rapid, and the concentrations of free nucleotides
(ATP, ADP) are in high abundance at the cell, usually several orders higher
than the chaperone concentration. Analogous expressions can be obtained in
the presence of the substrate.

• Hydrolysis/synthesis

In the previous chapter, it has been mentioned that presence of either the
substrate or the JDP cochaperone can stimulate the rate for ATP hydrolysis,
and that the presence of both results in a synergistic enhancement. In our
models, we did not consider the explicit reactions behind these effects but im-
plicitly included their contribution through the choice of the rate constants,
see Table 4.1.
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To obtain the ATP synthesis rates we considered a chemical network that
contains the free nucleotides and the Hsp70 ATP- and ADP-bound states, see
Figure 4.2.

ATP Hsp70·ATP

ADP Hsp70·ADP

kATP
+ [Hsp70]

kATP
−

kADP
+ [Hsp70]

kADP
−

k̄hk̄s khks

Figure 4.2: Network representation of a chemical system that contains the
free nucleotides and the Hsp70 ATP- and ADP-bound states. The parameters
k̄h and k̄s, respectively, denote the hydrolysis and synthesis rates between
the free nucleotides, whose values are not specified as these reactions are not
explicitly considered in our models.

Combining the detailed balance conditions for the reaction between free nu-
cleotides (Equation (3.8)) and for the cycle (Equation (3.10)) in Figure 4.2

k̄h[ATP]eq = k̄s[ADP]eq

k̄sk
ATP
+ [Hsp70]khkADP

−

k̄hkADP
+ [Hsp70]kskATP

−
= 1

(4.9)

with the definitions of the effective nucleotide exchange rates (Equation (4.8)),
results in

kh

ks
= [ADP]eq

[ATP]eq

[ATP]
[ADP]

keff
ex,TD

keff
ex,DT

. (4.10)

And thus, the synthesis rate is given by

ks = kh
kADP

− kATP
+

kADP
+ kATP

−

[ATP]eq

[ADP]eq
(4.11)

It can be showed that that the same relationship holds when the substrate is
considered. Therefore, it can be assumed that the ratio between the rate of
hydrolysis and synthesis is not affected by the presence of the substrate

kh

ks
= ks

h
ks

s
. (4.12)

It is worth noting that when the ratio [ATP]/[ADP] is the equilibrium one
([ATP]eq/[ADP]eq ∼ 10−9 [80]), then Equation (4.10) is written as

kh

ks
=

keff
ex,TD

keff
ex,DT

. (4.13)
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This, in fact, is the detailed balance condition in the cycle defined by the ATP-
and ADP-bound states connected through two possible reactions: hydroly-
sis/synthesis and nucleotide exchange. So, when it holds, the two pathways
lead to the same equilibrium distribution. Moreover, the ratio [ATP]/[ADP] is
closely related to the energy released by ATP hydrolysis, see Equation (3.18).
Therefore, the ratio [ATP]/[ADP] is a natural parameter to determine how far
from equilibrium the system is.

Throughout the testing of our models, for the non-equilibrium scenario we
considered a ratio of [ATP]/[ADP] = 10, which approximately reproduces the
conditions at the cell [62].

• Binding/unbinding

The rates for binding/unbinding, hydrolysis/synthesis and nucleotide exchange
are collectively constrained by thermodynamic relations since in equilibrium
all cycles of the network must satisfy the detailed balance condition (Equa-
tion (3.10)). In fact, the ATP- and ADP-bound states of Hsp70 form a cycle
with their respective conformations in the presence of the substrate via the
hydrolysis of the bound nucleotides to the chaperone. Therefore, the following
relation should hold

kATP
on ks

hkADP
off ks

kADP
on ks

sk
ATP
off kh

= kATP
on kADP

off
kADP

on kATP
off

= 1, (4.14)

where Equation (4.12) has been introduced in the first equality. We can arrive
at the same expression by considering only the nucleotide exchange process.

However, this conditions is not satisfied using the chaperone binding/unbind-
ing rates in Table 4.1. So, we adopted the correction proposed in [61] and
modified the binding and unbinding rates in the following way

r ≡ kATP
on kADP

off
kADP

on kATP
off

(4.15)

kATP
on , kADP

off → r1/4kATP
on , r1/4kADP

off

kADP
on , kATP

off → 1
r1/4 kADP

on ,
1

r1/4 kATP
off

. (4.16)

Furthermore, we have included two more modifications to the chaperone bind-
ing rates.

First, the concentrations of Hsp70 in the ATP- and ADP-bound states have
been multiplied to the respective intrinsic binding rates. In particular, these
concentrations are determined once and remain fixed during the temporal evo-
lution of the system. This relies on the assumption that the concentration of
chaperones is constant given that it is large enough with respect to the sub-
strate concentration.
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The concentrations in both Hsp70 conformational states can be obtained by
solving the rate equations of the following three-state system

Hsp70 + ATP
kATP

+−−−−⇀↽−−−−
kATP

−

Hsp70 · ATP kh−−⇀↽−−
ks

Hsp70 · ADP
kADP

−−−−−⇀↽−−−−
kADP

+

Hsp70 + ADP . (4.17)

Since we are under the assumption of excess of Hsp70 in the system, it can
be considered that [Hsp70 · ATP] and [Hsp70 · ADP] are also constant in time.
Imposing the steady state condition (Equation (3.7)), one can arrive to

[Hsp70 · ATP]
[Hsp70 · ADP] =

keff
ex,DT + ks

keff
ex,TD + kh

(4.18)

Thus, considering that the total concentration of Hsp70 is given by

[Hsp70] = [Hsp70 · ATP] + [Hsp70 · ADP], (4.19)

the concentrations of Hsp70 in the ATP- and ADP-bound states can be deter-
mined.

Second, the effect of substrate expansion upon chaperone binding has been
modulated in the following way

k̂on,ij = kon,ije
−β∆Gij , (4.20)

where ∆Gij is the conformational free-energy difference1 between states i and
j. That is, it represents the energetic cost to go from the structure at state i
to the one at state j.

This conformational free-energy cost of chaperone binding and the other rele-
vant in our models, namely substrate unfolding with and without the presence
of a chaperone, were determined using the results from Molecular Dynamics
(MD) simulations that studied the action of DnaK on the substrate (rho-
danese), which was modeled as a polypeptide with six binding sites that were
identified through bioinformatic algorithms. In brief, from steering MD trajec-
tories, the distribution for the work needed to go from the initial equilibrium
conformation, Rg,eq, to an elongated structure with a certain gyration ra-
dius, Rg, was obtained. Furthermore, the Jarzynski equality [81] was used to
calculate the conformational free-energy difference between these two states,
δG(Rg) = G(Rg) − G(Rg,eq), for the free substrate and several chaperone-
substrate complexes. For the models in this work, we took the values for both
the free substrate and the substrate with one Hsp70 bound (see Figure 4.3),
as we only considered the case of single chaperone binding.

1Reminding that, in physics, the Gibbs free-energy difference is the energy available to perform
non-expansion work in a closed system at constant temperature and pressure. In this project, we
treat the Gibbs and conformational free-energy differences interchangeably as the effects on the
overall volume of the system due to the protein conformational changes are negligible.
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Figure 4.3: Free-energy difference δG between equilibrium conformations
and the fully-stretched state (represented at the top for a given chaperone-
substrate complex, figure adapted from [61]) for the free substrate (blue line)
and the substrate with one Hsp70 bound (orange line) as a function of the
corresponding radius of gyration Rg. An amplification of the low values of
Rg is depicted in the inset. Data taken from [61] (under the courtesy of S.
Assenza).

Since the initial equilibrium radius was defined as the one in which the confor-
mation remains unperturbed, δG(Req

g ) = 0, we assumed to it to be the radius
of the misfolded protein, Rg,m ≡ Rg,eq ∼ 20 Å.

In order to calculate the conformational free-energy cost of Hsp70 binding,
we took as reference the fully-stretched conformation, Rg,fs ∼ 290 Å, as the
effect of chaperone binding on this conformation is negligible due to the large
intermolecular distances. As a result,

∆Gij = δG(Rg,j) − δG(Rg,i), (4.21)

with δG(Rg) redefined as δG(Rg) = G(Rg) − G(Rg,fs). And, then the was
calculated as

∆GM,M 70 = δG70(Rg,m) − δG(Rg,m), (4.22)
where the subscript in δG indicates the case of the substrate with one Hsp70
bound.

28



4. Methods

For the determination of the conformational free-energy costs of unfolding
the misfolded protein with and without a chaperone bound, the following
expressions were used

∆GM,U = δG(Rg,u) − δG(Rg,m), (4.23)

∆GM 70,U 70 = δG70(Rg,u) − δG70(Rg,m). (4.24)
In these, Rg,u ∼ 40 Å is the radius of the unfolded substrate. This value was
chosen so that the values obtained were reasonable and the following constraint
was satisfied

∆GM,U = ∆GM,M 70 + ∆GM 70,U70 + ∆GU 70,U. (4.25)

The values obtained are shown in Table 4.2. This condition comes from ther-
modynamics since the free-energy is a state function, namely it depends on
the start and end states but not on the path taken.

Furthermore, it was assumed that from an energetic point of view there was
no cost to bind a chaperone to the substrate once it was unfolded, namely
∆GU,U 70 = 0. Therefore, ∆GU 70,U = 0.

∆GM,U ∆GM,M 70 ∆GM 70,U 70 ∆GU 70,U

4 kcal/mol 2.5 kcal/mol 1.5 kcal/mol 0 kcal/mol

Table 4.2: Conformational free-energy cost of unfolding the substrate from a
misfolded conformation (∆GM,U), binding a chaperone to the misfolded sub-
strate (∆GM,M 70), unfolding a misfolded substrate with a chaperone bound to
it (∆GM 70,U 70), and binding a chaperone to the unfolded substrate (∆GU,U 70).

It should be mentioned that to guarantee the stability and precision of the
values shown in Table 4.2 further means over different chaperone-substrate
conformations, in which the chaperone is fixed at other binding sites, should be
performed. However, within the scope of this project, the order of magnitude
of these quantities were enough given the level of coarse graining in the models.
Moreover, they were also partially determined to avoid falling into a hyper-
parameter space in the models.

4.1.2 Hsp70s in protein folding
Based on the canonical cycle of Hsp70s depicted in Figure 2.5, we constructed a
first model that included the main conformational states present in the cycle. The
action of JDPs was considered but not the one of the NEFs, as it is known that some
Hsp70s may function without their assistance. Their intervention was included in
the later and, for now, final model.

It should be noted that in both models we did not consider the process of aggregation
on the basis that substrate concentration was small, generally orders of magnitude
lower with respect to the concentration of Hsp70.
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Initial model

For the initial description of the role of Hsp70s in protein folding, we considered a
kinetic model in which the substrate protein could be in five states: mifolded (M),
misfolded bound to the ATP-bound state of Hsp70 (MT), misfolded bound to the
ADP-bound state of Hsp70 (MD), unfolded (U), and in its native conformation (N),
see Figure 4.4. As before, these are coarse grained representations of all the possible
structural conformations of these states at the molecular level.

M

MT

MD

U N

kM,MT

kMD,M

kMT,M

kM,MD

kMT,MDkMD,MT

kMD,U

kU,MT

kU,MD

kMT,U

kU,N

kN,U

kM,U

kU,M

Figure 4.4: Initial kinetic model for Hsp70s in protein folding. Network represen-
tation of the biochemical system with five states for the client protein: misfolded
(M), misfolded bound to the ATP-bound state of Hsp70 (MT), misfolded bound to
the ADP-bound state of Hsp70 (MD), unfolded (U), and native conformation (N).
Refer to the main text for more details about the indicated transition rates.

It can be noticed that this model is basically an amplification of the previous three-
state system, which here is the left triangle formed by the nodes M,MT and MD in
Figure 4.4. Therefore, the information provided about the transition rates between
these states can be applied here.
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The concentrations of this system are given by the following rate equations

d[M]
dt

= − (kM,MT + kM,MD + kM,U)[M]

+ kMT,M[MT] + kMD,M[MD] + kU,M[U]
d[MT]

dt
= − (kMT,M + kMT,MD + kMT,U)[MT]

+ kM,MT[M] + kMD,MT[MD] + kU,MT[U]
d[MD]

dt
= − (kMD,M + kMD,MT + kMD,U)[MD]

+ kM,MD[M] + kMT,MD[MT] + kU,MD[U]
d[U]
dt

= − (kU,MT + kU,MD + kU,M + kU,N)[U]

+ kMT,U[MT] + kMD,U[MD] + kM,U[M] + kN,U[N]
d[N]
dt

= − kN,U[N] + kU,N[U]

, (4.26)

where the reaction rates (in s−1) are defined as

kM,MT = kATP
on [Hsp70 · ATP]e−β∆GM,M 70

kM,MD = kADP
on [Hsp70 · ADP]e−β∆GM,M 70

kMT,MD = keff
ex,TD + ks

h

kMT,U = kATP
off e−β∆GM 70,U

kMD,U = kADP
off e−β∆GM 70,U

kU,M = α

kU,N = kU,M

kMT,M = kATP
off

kMD,D = kADP
off

kMD,MT = keff
ex,DT + ks

s

kU,MT = kATP
on [Hsp70 · ATP]

kU,MD = kADP
on [Hsp70 · ADP]

kM,U = kU,Me−β∆GM,U

kN,U = γ · kM,U

. (4.27)

For the transition rates to the added states U (unfolded) and N (native), the follow-
ing was considered.

First, it was assumed that the intrinsic rates for Hsp70 chaperone binding/unbinding
to/from the substrate were the same, regardless of the latter being in an unfolded
conformation. And, as explained before, the binding rates needed to be multiplied
by the concentration of Hsp70 in the ATP- and ADD bound states. Moreover, at
the beginning it was also supposed that there should not be any energy penalty in
the transition from the misfolded conformations bound to a chaperone (MT,MD) to
the unfolded state (U) since it is known that the binding of Hsp70s facilitates the
unfolding of the substrate [61]. Otherwise said, it was considered that ∆GM 70,U was
zero and hence ∆GM,M 70 = ∆GM,U. The implications of this choice will be shown
in the next chapter.

Second, the rates between the unfolded and misfolded states (kU,M, kM,U) and the un-
folded and native states (kU,N, kN,U) were chosen so that the unfolded state was less
stable than the misfolded and native states, i.e., kUM/kMU > 1 and kUN/kNU > 1
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as in equilibrium the free-energy difference2 of two states is ∆G◦
ij = kBT ln(kij/kji)

(detailed balance condition, Equation (3.14)). At the same time, it was also consid-
ered that the misfolded state needed to be more stable than the native state, namely
kU,M/kM,U > kU,N/kN,U since then

∆G◦
M,N = G◦

N − G◦
M = −kBT

[
ln
(

kU,N

kN,U

)
− ln

(
kU,M

kM,U

)]
> 0. (4.28)

This condition represents the denaturation of the protein.

These constraints were combined with the detailed balance condition to have two
free parameters (α and γ) instead of four.

Final model

In order to be able to add the effect of NEFs in the functional cycle of Hsp70s,
we added to the initial model two more possible states for the substrate: unfolded
bound to Hsp70 in the ATP-bound state (UT) and unfolded bound to Hsp70 in the
ADP-bound state (UD), see Figure 4.5.

M

MT

MD

UT

UD

U N

kM,MT

kMD,M

kMT,M

kM,MD

kMT,MDkMD,MT

kMT,UT

kUT,MT

kMD,UD

kUD,MD

kUT,UDkUD,UT

kUD,U

kU,UT

kU,UD

kUT,U

kU,N

kN,U

kM,U

kU,M

Figure 4.5: Final kinetic model for Hsp70s in protein folding. Network represen-
tation of the biochemical system with seven states for the client protein: misfolded
(M), misfolded bound to the ATP-bound state of Hsp70 (MT), misfolded bound
to the ADP-bound state of Hsp70 (MD), unfolded bound the ADP-bound state of
Hsp70 (UT), unfolded the ADP-bound state of Hsp70 (UD), unfolded (U), and na-
tive conformation (N). Refer to the main text for more details about the indicated
transition rates.

2Notice that here the Gibbs and conformational free-energies are interchangeably used.
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The concentrations of the system are given by the following rate equations

d[M]
dt

= − (kM,MT + kM,MD + kM,U)[M]

+ kMT,M[MT] + kMD,M[MD] + kU,M[U]
d[MT]

dt
= − (kMT,M + kMT,MD + kMT,UT)[MT]

+ kM,MT[M] + kMD,MT[MD] + kUT,MT[UT]
d[MD]

dt
= − (kMD,M + kMD,MT + kMD,UD)[MD]

+ kM,MD[M] + kMT,MD[MT] + kUD,MD[UD]
d[UT]

dt
= − (kUT,U + kUT,UD + kUT,MT)[UT]

+ kU,UT[U] + kUD,UT[UD] + kMT,UT[MT]
d[UD]

dt
= − (kUD,U + kUD,UT + kUD,MD)[UD]

+ kU,UD[U] + kUT,UD[UT] + kMD,UD[MD]
d[U]
dt

= − (kU,UT + kU,UD + kU,M + kU,N)[U]

+ kUT,U[UT] + kUD,U[UD] + kM,U[M] + kN,U[N]
d[N]
dt

= − kN,U[N] + kU,N[U]

, (4.29)

where the reaction rates (in s−1) are defined as

kM,MT = kATP
on [Hsp70 · ATP]e−β∆GM,M 70

kM,MD = kADP
on [Hsp70 · ADP]e−β∆GM,M 70

kMT,MD = keff
ex,TD + ks

h

kMT,UT = kATP
M,U e−β∆GM 70,U 70

kMD,UD = kADP
M,U e−β∆GM 70,U 70

kUT,U = kATP
off e−β∆GU 70,U

kUD,U = kADP
off e−β∆GU 70,U

kUT,UD = keff
ex,TD + ks

h

kU,M = α

kU,N = kU,M

kMT,M = kATP
off

kMD,M = kADP
off

kMD,MT = keff
ex,DT + ks

s

kUT,MT = kMT,UTe+β∆GM 70,U70

kUD,MD = kMD,UDe+β∆GM 70,U70

kU,UT = kATP
on [Hsp70 · ATP]

kU,UD = kADP
on [Hsp70 · ADP]

kUD,UT = keff
ex,DT + ks

s

kM,U = kU,Me−β∆GM,U

kN,U = γ · kM,U

. (4.30)

It can be noticed that we conserved all the definitions from the previous model,
and just shifted the rates defined for kMT,U, kU,MT, kUT,U, kU,UT to the ones for
kMD,U, kU,MD, kUD,U, kU,UD, respectively.

For the transition rates between the misfolded conformations bound to Hsp70 (MT,
MD) and the added unfolded states bound to Hsp70 (UT, UD), we chose to not make
any distinction between the two pathways. That is, the unfolding was considered to
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be independent of having the chaperone in the ATP- or ADP-bound state. Further-
more, we defined kATP

M,U = kADP
M,U = 1

τ
e+β∆GM 70,U70 so that kMT,UT = kMD,UD = 1/τ ,

with τ being approximately the transition time from state the chaperone bound
misfolded state (MT or MD) to the chaperone bound unfolded state (UT or UD).
This was also a free parameter of the network. While for the rates in the opposite
direction, kUT,MT and kUD,MD, we imposed the detailed balance condition (Equa-
tion (3.14)).
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Results

In this chapter, we present the results obtained for each model and include a dis-
cussion about them.

Since our aim is to understand the action of Hsp70s in guiding non-native pro-
teins to their native conformation, in the simulations we always begin with all the
substrates in their misfolded conformation. Hence, for the integration of the rate
equations of the kinetic models, only the misfolded state (M) has an initial non-zero
concentration. In general, unless otherwise specified, we have that [M]t=0 = 10 nM
as we are under the assumption of low concentrations of misfolded substrates to
avoid the formation of aggregates. Furthermore, we consider that [Hsp70] = 10 µM,
which is close to the value at physiological conditions. And then, in our system, the
chaperone is in excess over the substrate.

Here it should be mentioned that the rate equations are both integrated numerically
to high accuracy using the function odeint from the SciPy library in Python and
solved analytically through the Equation (4.3) to guarantee the reliability of the
results. Moreover, the resulting concentrations are normalised by the total concen-
tration of substrate and converted to percentages to facilitate the analysis.

5.1 Exploring ultra-affinity
It has been explained that Hsp70s exploit the energy from ATP hydrolysis to achieve
a non-equilibrium affinity (ultra-affinity) for the substrate that goes beyond the
bounds imposed by equilibrium thermodynamics.

A general measure of how well Hsp70s can bind to the substrates through their cycle
is the effective dissociation constant Keff

d , which is defined as

Keff
d = [S][Hsp70]

[Hsp70 · S] , (5.1)

where [S] is the concentration of free substrate, [Hsp70] is the total concentration of
chaperone in the system ([Hsp70] = [Hsp70 · ATP] + [Hsp70 · ADP]), and [Hsp70 · S]
is the concentration of chaperone-substrate complex ([Hsp70 · S] = [Hsp70 · ATP · S]+
[Hsp70 · ADP · S]).
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In order to observe the non-equilibrium effect on the chaperone’s affinity for the
substrate, we use the three-state model 4.4. We should recall that is formed by the
misfolded substrate (M) that can bind to the Hsp70 ATP-bound state (MT) or to the
Hsp70 ATP-bound state (MD). We start by comparing the time evolution of this
system at equilibrium ([ATP]eq/[ADP]eq = 10−9) and non-equilibrium conditions
([ATP]/[ADP] = 10), see Figure 5.1.

Figure 5.1: Ultra-affinity: equilibrium versus non-equilibrium conditions. Time
evolution of the concentrations in the system 4.4 under equilibrium conditions (top
panel) and non-equilibrium conditions (bottom panel).

From this simulations, we can observe that in equilibrium conditions chaperone
binding to the substrate is very low; the concentration of mislfoded substrate bound
to Hsp70 in the ADP state, [MD], is less than 20%. On the contrary, when the
system is placed out of equilibrium chaperone binding is high; [MD] around 85 %.
The substrate is locked in the ADP-bound state of Hsp70 since this state has a
higher affinity than the ATP-bound state of Hsp70.

Considering the concentrations obtained at the steady state, we can calculate the
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effective dissociation constant (Equation (5.1)) for this system as

Keff
d = [M][Hsp70]

[MT] + [MD] (5.2)

Thus, in equilibrium conditions the effective dissociation constant is Keff,eq
d = 124.48

µM while in non-equilibrium conditions is Keff,neq
d = 1.51 µM, which is much lower.

To directly relate this quantity with the dissociation constant of the ATP- and ADP-
bound states: KATP

d = kATP
off /kATP

off = 4.4 µM, KADP
d = kADP

off /kADP
off = 0.47 µM (see

Table 4.1), we can consider the scenario in which there is not a conformational free-
energy in chaperone binding, ∆GM,M 70 = 0. For instance, this would correspond to
the case of a small substrate (peptide), which does not undergo through structural
changes upon chaperone binding. From the simulations, the following values were
obtained: Keff,eq

d = 1.90 µM and Keff,neq
d = 0.023 µM. Therefore, we can clearly see

that Keff,neq
d < KATP

d and Keff,neq
d < KADP

d , as expected.

It should also be noticed the difference in the timescales between the equilibrium
and non-equilibrium scenarios. While the system is in equilibrium the dynamics
are slow but once the system is driven away from it, the system is able to reach its
steady-state configuration faster. This can be reasoned by considering that the con-
centrations of Hsp70 in the ATP and ADP states depend on the ratio [ATP]/[ADP]
(Equation (4.18)), which in turn affect the chaperone binding rates as we multiply
them to its intrinsic binding rates, see Equation (4.5).

Furthermore, in Figure 5.2, it is shown how the value of the ratio [ATP]/[ADP]
affects the steady-state distribution of the system.

Figure 5.2: Effect of the ratio [ATP]/[ADP] on the dynamics. Steady-state con-
centrations of the system 4.4 as a function of the ratio [ATP]/[ADP].

It can be observed that, as expected, as the ratio [ATP]/[ADP] goes from low to
high values, so it does the concentration of substrate bound to Hsp70 in the ADP-
bound state. However, we can see that there is a small decrease at high values of
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ATP. This is assumed to be explained by the low affinity of the Hsp70 ATP-bound
state for the substrate, which slightly disfavours the binding. However, a complete
explanation for this phenomena at the molecular level it is not yet determined.

However, it should be remarked that this (ultra) enhancement of the chaperone
affinity for the substrate is not only a result of the excess of ATP over ADP or the
difference between the affinities of the ATP and ADP states of Hsp70, but is a non-
equilibrium effect driven by the energy produced from hydrolysing ATP. Indeed,
in Figure 5.3, we can observe that if we neglect the chaperone ATPase activity
(ks

h = ks
s = 0) while keeping the other parameters unchanged, then ultra-affinity can

not be achieved.

Figure 5.3: Influence of the ATPase activity in ultra-affinity. Time evolution of
the concentrations in the system 4.4 when the Hsp70 ATPase activity is neglected,
namely ks

h = ks
s = 0.

Hence, the results from the simulations are in agreement with the fact that it is
the energy of ATP hydrolysis what permits the population of certain states that
otherwise would not be accessible.

5.2 Protein folding
In this section, we only show the results of the models for the non-equilibrium case
as it is the relevant one to study the action of Hsp70s in protein folding. However,
in the background, we still consider the equilibrium case to check that the detailed
balance conditions are satisfied.

For the mentioned free parameters in the rates of the models, at first, we consider
α = 1 and γ = 5 in Equations (4.27) and (4.30). This results in ∆GM,N ≃ 1
kcal/mol. It should be mentioned that this choice is arbitrary as it is not based in
any experimental observation.
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5.2.1 Initial model
From the simulations of the initial model 4.26, we obtain that when there is no
free-energy cost in the unfolding of the misfolded substrate bound to a chaperone
(∆GM 70,U = 0 in Equation (4.27)), the binding is penalised compared to the case in
which we distribute the conformational free-energy cost of unfolding the misfolded
substrate between the steps of chaperone binding and the unfolding (see Figure 5.4).
However, in the second scenario, we were unable to promote the misfolded substrate
bound to Hsp70 in the ADP state toward its native state.

Figure 5.4: Effect of the distribution of the conformational free-energies. Time
evolution of the concentrations of the system 4.26 when there is no free-energy cost
to unfold the misfolded substrate bound to the chaperone (top panel) and when
there is (bottom panel).

It should also be mentioned that while the concentration of substrate in its native
state appears to be higher in the first scenario, this is mainly because of the sponta-
neous (without the intervention of the chaperone) unfolding of the protein, followed
by the transition to the native state. Indeed, if we increase the free-energy differ-
ence between the unfolded and native states, then the concentration of native states
decreases while the concentration of bounded substrates remains almost unchanged.
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5.2.2 Final model
For the final model 4.29, we consider τ = 60 s. That is, the time to transition from
the misfolded bound to a chaperone state to the unfolded bound to a chaperone
state is around one minute in our model. Here, as before, this choice does not rely
on any observation of this process.

From the simulations of this system, we observe that if we keep the parameters from
the initial model in the scenario with an energetic penalty in the transition from the
misfolded to the unfolded bound to Hsp70 states, the results obtained are similar.
The only change is an almost imperceptible concentration of unfolded substrate
bound to Hsp70 in the ADP state, see Figure 5.5.

Figure 5.5: Effect of the asymmetry in the hydrolysis and nucleotide exchange
rates. Time evolution of the concentrations of the system 4.29 considering the
parameters of the initial model (top panel) and adding the effect of cochaperones
on the hydrolysis/synthesis and nucleotide exchange rate (bottom panel).

However, in this case, it is also shown that we are able to promote the misfolded
substrate toward its native configuration by decreasing the hydrolysis/synthesis rates
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and increasing the rates for nucleotide exchange when the substrate is unfolded.
In fact, this corresponds to taking into account that JDPs might leave after the
hydrolysis of ATP and the intervention of NEFs, which ultimately facilitate the
release of the substrate. Particularly, the recovery of misfolded substrates is higher
when these rates are modified so that the transition rates between the states MT
and MD are asymmetric with respect to the ones between the states UT and UD.

Exploitation of the asymmetry

To investigate the main determinants of this asymmetry, first, we define basal and
maximal rates for the hydrolysis/synthesis and nucleotide exchange reactions (see
Table 5.1). These are derived by increasing or decreasing the original rates of the
reactions depending on the presence of a cochaperone. Second, we define modified
rates for these reactions in the following way

k̂ij(y) = kbasal
ij [1 − P (x S)] + kmax

ij P (x S)

= kbasal
ij

Kx
d(y)

Kx
d(y) + [x] + kmax

ij

[x]
Kx

d(y) + [x]
(5.3)

where x denotes the cochaperone (JDP or NEF) bound to the substrate (S), y is the
conformational state of the substrate, misfolded (M) or unfolded (U), and P (x S)
is the probability1 of having the cochaperone bound to the substrate. Third, for
some fixed concentrations of the cochaperones, we exploit the asymmetry between
the MT-MD and UT-UD pathways through varying the dissociation constants of
the cochaperones from the substrate, Kx

d(y). Finally, we measure the asymmetry
from hydrolysis and nucleotide exchange of ADP through the following ratios

k̂h(M)
k̂h(U)

,
k̂ex,DT(U)
k̂ex,DT(M)

. (5.4)

Here it has been considered that the influence of synthesis and nucleotide exchange
of ATP are negligible as their rates are low. Furthermore, for convenience, we take
the logarithm of these ratios as then when there is no asymmetry (the rates are
equal for both pathways) this quantity is zero. The results are shown in Figure 5.6.

kbasal
h 0.0018 s−1 kbasal

s 1.45 × 10−10 s−1

kmax
h 1.8 s−1 kmax

s 1.45 × 10−7 s−1

kbasal
ex,TD 2.27 × 10−5 s−1 kbasal

ex,DT 0.0183 s−1

kmax
ex,TD 2.27 × 10−3 s−1 kmax

ex,DT 1.83 s−1

Table 5.1: Basal and maximal rates for hydrolysis (kbasal
h , kmax

h ), synthesis
(kbasal

s , kmax
s ), and nucleotide exchange (kbasal

ex,TD, kmax
ex,TD, kbasal

ex,DT, kmax
ex,DT).

1The derivation of this expression can be found in Appendix A.2
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Figure 5.6: Comparison between the asymmetry from hydrolysis and from nu-
cleotide exchange. Contour map of the concentration of native substrate at the
steady state as a function of the asymmetry from hydrolysis (k̂h(M)/k̂h(U)) and
from nucleotide exchange (k̂ex,DT(U)/k̂ex,DT(M)). In the simulations, the dissoci-
ation constants of the cochaperones were ranged from 0.01 µM to 1000 µM while
considering [JDP] = 1 µM and [NEF] = 5 µM, which are values close to physiological
conditions.

It can be observed that if there is asymmetry from the hydrolysis but not from the
nucleotide exchange, the yield of native substrates is still high. On the contrary, if
there is no asymmetry from the hydrolysis but only from the nucleotide exchange,
then the yield of native proteins is severely reduced. So, the asymmetry from ATP
hydrolysis has a larger effect on the final concentration of native than the asymmetry
from nucleotide exchange. This can be reasoned by considering that the functional
cycle of Hsp70 has a certain direction and that ATP hydrolysis comes first.

Furthermore, these results also indicate that it is essential that the enhancement
of ATP hydrolysis by JDPs only happens when the substrate is misfolded. This
observation again connects with the idea that JPDs unbinding from the substrate
likely occurs after hydrolysis. Nevertheless, this does not mean that the action of
NEFs is irrelevant. In fact, the concentration of native proteins is maximal when
there is asymmetry from both hydrolysis and nucleotide exchange.
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Connection with experiments

First, we consider the experiments from Imamoglu et al. [23]. In these, they showed
that the bacterial Hsp70 system, DnaK/DnaJ/GrpE (KJE), is able to resolve non-
native firefly luciferase (FLuc) in natural conditions and stabilise the protein in its
native state under otherwise denaturing conditions, caused by high temperatures.

In the simulations, we modify the free parameters α and γ (i.e., we alter the stability
of the misfolded and native state) to obtain the same behaviour in the case of
spontaneous refolding, namely without the intervention of chaperones. Furthermore,
to reach maximal yield of native proteins, the case of maximal asymmetry from both
hydrolysis and exchange of ADP is considered. Hence, we assume the following
dissociation constants of the JDP and NEF cochaperones from the substrate

KJDP
d (M) = 0.01 µ M KJDP

d (U) = 1000 µ M
KNEF

d (M) = 1000 µ M KNEF
d (U) = 0.01 µ M

, (5.5)

which reflect the very low or very high affinity for the substrate depending on its
conformation: misfolded (M) or unfolded (U).

• Natural conditions (T = 25 ◦C). Spontaneous refolding and assistance by
adding KJE-ATP: [DnaK] = 0.3 µM, [DnaJ] = 0.1 µM, [GrpE] = 0.5 µM, and
[ATP] = 5 mM.

Figure 5.7: Natural conditions. Rescue of spontaneous folding of misfolded sub-
strate (FLuc) by adding KJE-ATP. FLuc activity as a function of time (left panel,
figure adapted from [23]). Results from the simulations (right panel).

From the experimental observations at natural conditions, we focus on the case of
having 1 nM of misfolded (aggregation is avoided due to the low concentrations)
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substrate. It can be observed that the spontaneous refolding has a yield of native
proteins of around 80% at t = 600 min. To simulate this scenario, we consider
α = 0.2 and γ = 0.5. Furthermore, we also add the assistance of KJE-ATP at the
same time than in the experiments. It should be noted that to ease the visualisation
we use different colours to represent the assisted refolding, as we do not have discrete
measures but a continuous integration over time.

• Denaturing conditions (T = 37 ◦C). Refolding of 10 pM of misfolded sub-
strate in the presence or absence of KJE-ATP. Assistance by adding: [DnaK] =
1 µM, [DnaJ] = 0.33 µM, [GrpE] = 1.5 µM, and [ATP] = 5 mM.

Figure 5.8: Denaturing conditions. Refolding of 10 pM of misfolded substrate
(FLuc) in the presence (black line), absence (red line) or assistance (green line) of
KJE-ATP. FLuc activity as a function of time (left panel, figure adapted from [23]).
Results from the simulations (right panel).

From the experimental observations at denaturing conditions, it can be observed
that the spontaneous refolding of 10 pM of misfolded substrate has a yield of native
proteins of around 15% at t = 180 min. To simulate this scenario, we consider
α = 0.07 and γ = 5. Furthermore, we also add the assistance of KJE-ATP at the
same time than in the experiments.

From Figures 5.7 and 5.8, it can be observed that there is a good agreement be-
tween the experimental observations and the results of the simulations. It should
be remarked apart from the free parameters α and γ that determine the stability of
the misfolded (M) and native (N) state, there is no fine-tuning or modification in
the rest of the system’s rates.

Second, motivated by unpublished observations from Pierre Goloubinoff, we inves-
tigate the effect of a large addition of DnaJ in the recovery of 200 nM of urea-
preunfolded MLucV (a fluorescent multi-domain luciferase). In the experiments,
it is noticed that an overexpression of DnaJ with respect to the concentration of
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DnaK (4000 nM) is detrimental (see Figure 5.9). And, while it is well-known that
GrpE works in combination with DnaJ in the folding of non-native proteins, in these
experiments it is also observed that the addition of GrpE can help to reduce the
inhibitory effects of excessive amounts of DnaJ.

Figure 5.9: Detrimental effect due to the excess of DnaJ. Light intensity (pho-
ton emission produced from the luciferase reaction) of the substrate (MLucV) as
a function of the concentration of DnaJ (from 0 to 8000 nM) in the absence (blue
line) or presence (orange line) of GrpE (top panel, from unpublished observations of
P. Goloubinoff). Concentration of native proteins at the steady state as a function
of the concentration of DnaJ from the simulations. Both the cases of absence or
presence of GrpE are shown (bottom panel).

For the reproduction of the presented behaviours in the simulations, the dissociation
constants of the cochaperones are adapted in the following way:

KJDP
d (M) = 0.1 µ M KJDP

d (U) = 10 µ M
KNEF

d (M) = 100 µ M KNEF
d (U) = 0.01 µ M

. (5.6)

It should be noticed that presence of asymmetry from hydrolysis and ADP exchange
is still needed. Furthermore, since in this case we did not have the data for spon-
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taneous refolding, we independently define kU,M = 0.0007 s−1 and kU,N = 0.4 s−1,
with kN,U = 0.04 s−1 so the misfolded state is still more stable than the native con-
figuration.

In this case, we were unable to have the same units on the y-axis. Therefore, the
comparison between the experimental data and the simulation results is not based
on the final yield of native proteins but rather on the relative behaviour between
the cases with and without GrpE, which is to a great extent accurately reproduced.

Given these observations, we decided to simulate what happens in the case of an
excess of GrpE over the concentration of DnaK (see Figure 5.10).

Figure 5.10: Effects of an excess of cochaperones in the system. Concentration
of native substrate at the steady state as a function of the concentration of DnaJ,
without GrpE (left panel; an inset for low values of DnaJ is also included), with
GrpE lower than DnaK (center panel), and with an overexpression of GrpE (right
panel).

It can be observed that a certain amount of JDPs and NEFs is needed to reach
a maximal yield of native proteins. However, when they are in excessive amounts
the final concentration of native substrates is negatively affected. These results
are in agreement with some other experimental findings. Particularly, it has been
observed that an increase of the concentration of JDP while maintaining fixed the
concentration of Hsp70 leads to a decrease in the yield of refolded substrates [68].
Analogously, it has been also noted that folding efficiency declines when there is
an overexpression of NEFs in the system [82]. Furthermore, in other studies it has
also been remarked the importance of the fine-tuning of the cochaperones, as an
overstimulation of ATP hydrolysis by JDPs may prevent the capture of substrates
and an excess of NEFs may cause the premature release of captured clients [66].

In essence, while it has been observed that JDPs and NEFs are necessary factors
for the functional cycle of Hsp70s in protein folding, as almost everything in life, an
excessive amount of them with respect to Hsp70s might be counterproductive.
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From the simple model with the substrate protein in three conformational states,
imposing thermodynamic consistency, we have been able to derive the transitions
rates for the core biochemical reactions of the cycle of Hsp70s in protein folding.
That is, chaperone binding/unbinding, ATP hydrolysis/synthesis and nucleotide ex-
change. Furthermore, from the simulations of this model we have observed that ATP
hydrolysis is strictly necessary for Hsp70s to achieve an enhanced non-equilibrium
affinity (ultra-affinity) for the substrate, which facilitates chaperone binding.

Based on this information and the widely accepted canonical functional cycle for
Hsp70s in protein folding, we proposed an initial model consisting of five possible
conformational states for the substrate. Even though this model was unable to re-
produce the expected recovery of misfolded proteins, it has indicated the need of
considering in more detail the unfolding action of Hsp70s.

Finally, the last model proposed for protein folding suggests that an asymmetry in
the reaction network is needed to promote the transition toward the native state.
In particular, it seems necessary for the cochaperones assisting Hsp70s (JDPs and
NEFs) to have different affinities for the substrate depending on its conformation
(misfolded or unfolded). Likewise, we have observed that the asymmetry from the
hydrolysis of ATP has a higher effect on the yielding of native proteins than the
asymmetry from the nucleotide exchange of ADP. While these ideas seem reason-
able from the perspective of the system’s network and how the cycle is directed
through it, the underpinning reason at the molecular level has not yet been deter-
mined. Furthermore, with this model we have been able to reproduce experimental
observations. Indeed, it has been shown that it can model the Hsp70 chaperones
rescue of misfolded proteins in natural conditions and their stabilisation under oth-
erwise denaturing conditions, and the counterproductive effects of an excess of JDPs
and NEFs in the yield of native proteins.

Even though our model, at the coarse-grained level used, seems to capture the in-
tricacies of the mechanism of Hps70s in protein folding, it still needs improvement
and could benefit from experimental observations. For instance, by measuring the
time it takes for a substrate protein to unfold once it is bound to a chaperone or
by performing a study on the dissociation constants of the cochaperones depending
on the conformational state of the substrate. Indeed, adding these details would
eliminate the majority of the freedom in the rate constants and thus be determinant
in assessing the reliability of the dynamics observed in the model up to this point.
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6. Conclusion

Moreover, since the proposed model is intended to explain the generic behaviour
and activity of canonical Hsp70 systems, it would also be interesting to see if it can
reproduce observations from experiments using Hsp70 chaperones other than the
bacterial one, such as those present in yeast or the human body.
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A
Mathematical derivations

A.1 Detailed balance condition in a cycle of three
states

1

2 3

k12 k31

k21 k13

k23

k32

Figure A.1: Network representation of an arbitrary three-states system.

Applying the detailed balance condition (Equation (3.8)) in the kinetic scheme dis-
played in Figure A.1:

k21[2]eq = k12[1]eq

k13[1]eq = k31[3]eq

k23[2]eq = k32[3]eq,

(A.1)

where [i]eq denotes the concentration of state i at equilibrium.

Assuming that all concentrations and constant rates are non-zero. From the first
equality, one obtains

[1]eq

[2]eq
= k21

k12
. (A.2)

While from dividing the second and third equations

k13[1]eq

k23[2]eq
= k31

k32
. (A.3)

Finally, substituting equation (A.2) in (A.3) leads to

k13k32k21 = k12k23k31, (A.4)

which corresponds to the detailed balance condition in a closed cycle (Equation (3.10).

I



A. Mathematical derivations

A.2 Probability of the molecule complex AB
Considering the chemical components A,B that can form the complex AB through
a binding process. The reversible chemical reaction that describes the process is

A + B
kA

on−−⇀↽−−
kA

off

AB, (A.5)

where kon, koff are the binding and unbinding rates.

From classical probability, the probability to have the complex AB is

P (AB) = [AB]
[A]t

, (A.6)

where [AB] is concentration of the complex AB and [A]t the total concentration of
A in the system.

The time evolution of the concentration of the complex AB (Equation (4.1)) is

d[AB]
dt

= kon[A][B] − koff [AB], (A.7)

where [A],[B] are the concentrations of free A and B.

Assuming that the concentration of AB is the steady state one, leads to

kon[A][B] − koff [AB] = 0, (A.8)

where the steady state condition (Equation (3.7) has been applied to Equation (A.7).

While, from the mass conservation law, the total concentrations of A and B in the
system ([A]t, [B]t) are given by

[A]t = [A] + [AB]
[B]t = [B] + [AB]

. (A.9)

So, for instance, considering that the total concentration of B is in excess over the
total concentration of A

[B]t ≫ [A]t
and that, in turn

[A]t ≥ [AB],

we have that [B]t ≫ [AB]. Therefore, we can assume [B]t ≈ [B].

Introducing it into Equation (A.8) leads to

kon
(
[A]t − [AB]

)
[B]t − koff [AB] = 0, (A.10)
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A. Mathematical derivations

and, solving for [AB] results in

[AB] = kon[A]t[B]t
koff + kon[B]t

= [A]t[B]t
Kd + [B]t

, (A.11)

where Kd = koff/kon is the dissociation constant of the system.

Thus, introducing it into Equation (A.6), the probability of having the complex AB
is

P (AB) = [AB]
[A]t

= [B]t
Kd + [B]t

. (A.12)

Furthermore, the probability of not having the complex AB is given by its comple-
mentary probability

1 − P (AB) = 1 − [B]t
Kd + [B]t

= Kd

Kd + [B]t
. (A.13)
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