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Abstract

The Hsp70 cycle is a key element of protein homeostasis, which is essential to avoid protein
aggregation and protein-related diseases. Despite many experimental observations of the
interaction between Hsp70, its co-chaperone DnaJ and various substrates, little focus has
been given so far to the development of general and predictive models of such interactions.

In this context, this thesis introduces different models to highlight the key features of the
Hsp70/Dna]J system and provides a comprehensive description of its mechanism.

We first describe different selection mechanisms and their impact in out-of-equilibrium
dynamics, emphasizing the importance of the catalytic discrimination as a necessary, though
not sufficient, step to ensure a fast and accurate selection.

We then focus on the Hsp70 system, first by presenting an innovative model to explain the
regulation mechanism of its ATPase activity and the synergistic effect of the substrate and
Dna]J on this activity. We highlight how the synergistic effect can be seen as a selection step
allowing Hsp70 to discriminate substrates.

Finally, we examine the complete Hsp70 cycle with an emphasis on the impact of 3-body
interactions and propose the existence of a regulatory mechanism for DnaJ. Our resulting
model allows us to highlight the mechanisms used by Hsp70 to act on misfolded proteins.

Keywords: Hsp70 cycle | DnaJ | Proteins folding | Out-of-equilibrium | Kinetic model | Selection
mechanisms | Regulatory mechanism | ATPase activity
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Résumé

Le cycle de Hsp70 est un élément clé de ’homéostasie des protéines qui est essentielle pour
éviter I’agrégation des protéines et les maladies qui en résultent. Malgré de nombreuses
observations expérimentales sur I'intéraction entre Hsp70, sa co-chaperone DnaJ et différents
substrats, le développement de modeles généraux et prédictifs de ces interactions n’a recu
que peu d’attention a ce jour.

Dans ce contexte, cette theése propose différents modeles pour mettre en évidence les princi-
pales caractéristiques du systéme Hsp70/DnaJ et fournir une description compléte de son
mécanisme.

Nous décrivons en premier lieu différents mécanismes de sélection et leur impact lors de dy-
namiques hors équilibre, en soulignant I'importance de la discrimination catalytique comme
étape nécessaire mais non suffisante pour garantir une sélection rapide et correcte.

Nous nous concentrerons ensuite sur le systeme Hsp70, en proposant tout d’abord un modele
innovant pour expliquer le mécanisme de régulation de son activité d’ATPase et 'effet syner-
gique du substrat et de DnaJ sur cette activité. Nous soulignons comment cet effet synergique
peut étre considéré comme une étape de sélection permettant a Hsp70 de discriminer les
substrats.

Finalement, nous examinons le cycle complet de Hsp70 en mettant 'accent sur 'impact des
interactions a trois corps et proposons l'existence d'un mécanisme de régulation de DnaJ. Le
modele qui en résulte nous permet de mettre en évidence les mécanismes utilisés par Hsp70
pour agir sur les protéines mal repliées.
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|§ Introduction

From my biology courses in high school, I remember a very simple description of proteins.
In my memory, they were simply the result of an alignment of building blocks, called amino
acids, folded in a particular and organized structure. As I dabbled in biophysics, I discovered
that proteins were significantly more complex than I initially thought.

The seemingly infinite possible combinations of amino acids allow proteins to take on a vast
array of shapes, ranging from fibrous structures like collagen in connective tissues and bones
to globular proteins like hemoglobin that transport oxygen to cells, and there are even proteins
that form channels allowing elements to enter or leave cells. As their shape is so closely
related to their function, proteins perform a vast variety of functions, being involved in various
mechanisms from gene expression regulation to the immune system.

The same protein can take a multitude of different 3-dimensional structures, which in some
cases is crucial to its function, and in other cases, can lead to severe and even fatal diseases.
Proteins possess complex regulatory mechanisms, are able to sense and recognize elements
[1], and can even treat information [2; 3]! Furthermore, a significant proportion of proteins in
the human body (approximately 10% of the total protein mass [4]) exist with the sole purpose
of assisting other proteins in their functions. In summary, proteins are far from being simple
and far from being well understood.

Developing a better understanding of their structure and their interaction could eventually
lead to life-changing discoveries for many people affected by protein-related diseases.

It is precisely for those reasons that I decided to dive into the world of proteins a few years ago.
With this thesis, I hope to trigger some interest in the fascinating and complex particularities
of proteins.

But let us first begin with a general description of what constitutes a protein.

1.1 Life and death of a protein

Proteins are synthesized by the ribosome during a process called translation. The ribosome
translates a messenger RNA (mRNA) sequence into a sequence of amino acids that form a
protein. The unique combination of those amino acids in a sequence and the intramolecular



Chapter 1. Introduction

forces resulting from that alignment, due to the amino acids chemical properties, lead the
protein to fold in a specific 3-dimensional structure, which ultimately determines its function.

This functional state is called the native state and corresponds to a local free energy minimum,
as illustrated in Figure 1.1, such that the protein should, in theory, naturally fall into this state
given the correct initial conditions.

This native state, however, is a meta-stable state that can easily be perturbed by various forms
of stress such as chemical stress, heat shocks, and oxidative stress [5]. In such cases, proteins
may lose their native state and adopt a partially folded state or misfolded state, which is
characterized by the exposure of hydrophobic amino acids to the environment. This exposure
increases the likelihood of misfolded proteins binding with other also partially folded proteins
[6; 7], resulting in the formation of aggregates.

Those aggregates can take different forms, depending on their organization and their content.
While amorphous aggregates are disordered accumulations of misfolded proteins, oligomers
and amyloid fibrils have a well-organized structure. Those aggregates can be highly stable due
to their low free energy state, making them difficult to break apart.

To give the reader a better sense of the different possible structures for proteins and their
associated energy level, a schematic representation of the energy landscape of protein is
provided in Figure 1.1.

ey U ‘
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intermediates | / . \
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B ., Partially | ‘ % X ! '
2 folded | Oiigomers § )
i i states [ |
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R aggregates fibrils
Intramolecular contacts Intermaolecular contacts

Figure 1.1: Energy landscape of protein structures. Taken from [8]

The structural transitions are encouraged or discouraged depending on their benefit to the cell,
by a specific group of proteins, called chaperone proteins [9; 10] as illustrated in Figure 1.2.
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Figure 1.2: Life of proteins, influence by chaperones. Adapted from [11]

Chaperone proteins constitute a very diverse group of proteins that are responsible for ensur-
ing the proper folding and function of other proteins and avoiding their aggregation. Originally,
the role of chaperones was understood as a prevention mechanism [12]. By targeting mis-
folded proteins and holding them, chaperones could avoid aggregate formations by occupying
the hydrophobic area of the protein.

However, it is now known that their primary function is to break down protein aggregates and
malfunctioning oligomers via a mechanism called entropic pulling [10; 13]. Recent studies
[14; 15] have also demonstrated that chaperones have the ability to break apart amyloid fibrils
through this same mechanism, despite their increased stability.

Proteins aggregates that cannot be recovered are transported by chaperones to the lysosomes
where they are degraded [16] and their amino acids are "recycled" for the synthesis of new
proteins.

All these processes are part of the proteostasis, also called protein homeostasis, defined as the
collection of biological pathways assuring the regulation of proteins.

However, this idealistic cycle does not always function properly and misfolded proteins and
aggregates can accumulate in living systems with negative consequences.
1.2 When trouble arises

Given the critical role of proteins in so many different biological processes, any protein
malfunction or loss of structure can has devastating consequences if it is not recovered. Indeed,
the deregulation of protein structure has been linked to a number of diseases, including

3
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neurodegenerative disorders and type 2 diabetes [17; 18].

For example, Alzheimer’s disease is closely linked to the degradation of neuronal function and
density, as well as the formation of extracellular amyloid fibrils that aggregate into amyloid
plaques in the brain. [19]. These plaques have been identified as a possible cause of the
disease [20] and therefore, targeting them may act on the progression of the disease. The
recently FDA-approved drug called Legembi intended to do just that. This drug based on
Lecanemab-irmb, an antibody "directed against aggregated soluble and insoluble forms of
amyloid beta" [21], has been shown to effectively reduce the amount of amyloid beta plaques
in Alzheimer patients in an 18 months period [22] in pre-clinical studies.

While the recent FDA approval of Legembi has brought new hope in the search for a cure
for Alzheimer’s disease, much remains to be understood about the root cause of protein
aggregation and its role in diseases.

The decline of the proteostasis network, the network to which the chaperones belong, responsi-
ble for maintaining protein regulation and function, is believed to contribute to the formation
of protein aggregates [23]. While this decline is associated with aging, the accumulation of
stress and mutations, the underlying mechanism behind it remains unknown.

More generally, a complete understanding of the proteostasis network and its function in
maintaining proteins in healthy conditions is lacking and further research is necessary to gain
a deeper understanding of this critical network.

1.3 A physical approach

In order to gain a better understanding of the proteostasis network, we decided to concentrate
on the 70-kDa heat shock protein (Hsp70) chaperone family, a crucial component of the
network. Hsp70 is a highly conserved among living systems family of molecular chaperones
carrying out a large variety of functions. It is widely recognized for its role in facilitating protein
disaggregation and refolding [24]. It carries out its function in collaboration with two other
proteins, called its co-chaperones, DnaJ and a nucleotide exchange factor (NEF).

Despite the large number of experimental observations that have been made on the impact of
Hsp70 and DnaJ on misfolded proteins as well as the particularity of their interactions together,
there is still a need for a better overall understanding. We hope that through presenting
different models, we can emphasize the key features of the Hsp70/Dna]J system and provide a
comprehensive description of their mechanism.

Because these proteins work together to target misfolded proteins, we first investigate the
principles behind accurate substrate selection. By proposing a minimal model of substrate
selection, inspired by the kinetic proofreading model proposed by Hopfield and Nino [25; 26],
we aim to identify the essential elements of accurate and fast substrate selection. In this
process, we demonstrate the importance of energy consumption as a vital component of the
procedure, enabling the system to be more efficient and accurate.



1.3 A physical approach

We then turn our attention to the Hsp70 system, starting with a focus on Hsp70 ATPase activity.
Hsp70s are ATP-dependent chaperones that use the energy from ATP hydrolysis to actively
desegregate proteins. However, their ability to hydrolyze ATP, known as their ATPase activity, is
strongly regulated by the presence of either a substrate protein or their co-chaperone, DnaJ
[27]. The combination of substrate and DnaJ has been shown to significantly enhance Hsp70
ATPase activity in a synergistic manner [28; 29]. We therefore present an innovative model that
can explain both the regulation mechanism of Hsp70 ATPase activity and the synergistic effect
of substrate and Dna].

Finally, we focus on the role of DnaJ in collaboration with Hsp70. We illustrate the existence of
aregulatory mechanism in DnaJ activity as well as study the impact of 3-body interactions on
the dynamics between DnaJ, Hsp70 and the substrate. We examine how these elements affect
substrate binding and its processing by Hsp70.

Before diving into the details, the following chapter will provide an overview of the specificity
of out-of-equilibrium dynamics, which is the foundation of any biological system.






¥4 Equilibrium and out-of-equilibrium
physics

In physics, equilibrium refers to a state in which a system is no longer undergoing any net
changes. In thermodynamics, equilibrium means that the system has reached a stable macro-
scopic state from which no work can be extracted. Microscopically, all changes are compen-
sating one another to keep the state visibly stable. Although this concept is very useful in the
study of physical processes, it is less appropriate when considering biological systems. Life
itselfis intrinsically in a non-equilibrium state, and all living organisms rely on constant energy
input and consumption to survive. It is therefore crucial to have an appropriate description of
living systems phenomena in out-of-equilibrium conditions.

Before going into the details of non-equilibrium dynamics, let’s first describe the properties of
biochemical systems at equilibrium.

2.1 Detailed balance

Biological systems are usually represented by kinetic diagrams, where each node corresponds
to a possible state of the system, and transitions between nodes represent the biochemical
reactions of the system.

For a kinetic model to be at equilibrium, the following condition has to hold:
pikij=pi ki Vi, 2.1)

where pfq is the equilibrium probability to be in state i and k;; is the first order transition rate
from state i to state j. This condition is called detailed balance and states that there is no net
flux between any connected states i and j.

For states connected in a closed loop, called a cycle, this condition translates to
[Tkii+1
l

=1 (2.2)
[Tkis1,i
1

where the product of the rates going in one direction of the cycle is equal to the product of
the rates in the opposite direction, assuming that the states are labeled such that the state i is
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followed by state i + 1.

The variation of Gibbs free energy of any chemical system is given by:

dG=-SdT+VdP+) uidn;. (2.3)
i

where S is the entropy of the system, d T the temperature variation, V the volume, dP the
pressure variation, y; the chemical potential of the state i and dn; the variation in population
of state i. For biochemical systems, we usually assume that dP = d T = 0, such that:

Gzz,uin,-. (2.4)

At equilibrium, each state must have the same chemical potential, therefore y; = u; Vi, j.

Knowing that the chemical potential of a given state i is expressed as p; = ,u‘l.) + kg TIn(c;) [30],
where ,u(l.) is the standard chemical potential and c; the concentration of element in state i, we
have that:

Ci
ui—pj:u?—u(]’.+kBTln(—’) = 0 (2.5)
Cj at equ.
Implying that at equilibrium,
eq
C. _ 0_,,0
'7, = exp PHI~H) (2.6)
€
cl.eq kji
Furthermore, considering (2.1), we have o il Kij,
;' kij
Kij= exp_ﬁAG?f 2.7)

The difference in chemical potential, p‘i) - p(} is usually considered equal to the difference
in standard free energy AG?].. This equality is formally wrong as the chemical potential
is expressed in joules/mol or joule/molecule while the Gibbs free energy is expressed in
joule. The term "partial free energy” is sometimes used instead of free energy to solve that
discrepancy although this is sometimes considered to add to the confusion [31].

In reality, the equality is actually valid in the case of unitary concentration such that
cipd - cju? = AG?]. with ¢; = ¢j = 1.

Substrate-to-product cycle

Let us illustrate the characteristics of a system at equilibrium by considering the most general
reaction in biology: the transformation of a substrate S into a product P assisted by an enzyme
as represented in Figure 2.1A. Although the usual description of this process is uni-directional,
from substrate to product, all possible reactions should be considered in a thermodynamically
consistent description.



2.1 Detailed balance

B

E
kT— kD+
kT+ kD-
IEATP IEADP

\kk_hy//

ksyn

Figure 2.1: A: Schematic representation of a substrate to product cycle. Solid arrows
represent the cycle going from substrate to product and dashed arrows the reverse
cycle from product to substrate. B: Schematic representation of ATP hydrolysis
induced by the enzyme.

In the case of the substrate-to-product cycle, the detailed balance condition as presented in

(2.2) becomes:
[Sleg k™ k5 kT

[Pleqgk9 KBS KT

(2.8)

where k‘s’n, kgff and kgn, k?,ff are the binding and unbinding rates of the substrate, respectively

kSP kPS
E 'g

formation when bound to the enzyme E.

product, to the enzyme and the rate of product formation and inverse product

Assuming that the transition between S and P can also happen without the enzyme, via rates

kSP, kPS. The equilibrium concentrations of S and P are restrained by:

[S] KPS
[Sleqk®F = [Plegk?® =0 = ﬁ = 5 2.9)
Therefore, the equilibrium condition over the cycle becomes:
PS7.0n7.SP j.0ff
ksp kin kgskgff - (2.10)
kSP kP ey kg
Considering (2.1), we also have
[Eleq(Sleqk" — [ES]egkd" =0 (2.11)
off
Defining Kg = % as the dissociation constants between E and S, we can easily express the
S
equilibrium concentration of ES such that
[Eleq[Sleq
[ES]eq = T (2.12)
S
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In addition, we have that
AGY p = kpTIn(KY) (2.13)
where AGOE’ BS = ,uOE s— ,u% - ,ug is the molecular free energy difference between states E and ES,

corresponding to the energy needed to bind the substrate.

Therefore, at the equilibrium, the concentration of each state is determined by the molecular
free energy level, or chemical potential, of that state.

2.2 Out of equilibrium and NESS

Let us now push the system out of equilibrium, by assuming the system to have an inflow of
substrate keeping the concentration of substrate constant such that [S] > [S].; and a constant
outflow of product such that [P] — 0.

As only the concentration of S and P have been modified, (2.10) is still valid because the rates
of the system remain identical. However, the detailed balance condition (2.8) is not holding

anymore:
kPS kgn k}gP k?)ff _ [S] kgn kgP k?)ff
SP jon .PS joff - jon jPS jeoff (2.14)
k P “E ™S [P] P "E kS

Our system is therefore not able to reach equilibrium. It can however reach a steady-state
where all time derivatives are equal to zero, called a non-equilibrium steady-state (NESS) [30].

The system can be described by a set of master equations:

dlE

% = [ESIKT + [EPIKST — [E]([S1AQ™ + [PTKS™)
A Bk + (EPIKES - 1SS + K3 P) (215
TP, = (B PIKG + (ESIEP ~ (EPI K+ KES)

such that the steady-state concentrations of the systems ([E]s, [ES]ss, [EP]ss) can be found by

solving:
dlE] dlES] d[EP]

dt ’ dt ’ dt

The chemical potential difference between two states, as given in (2.5), is also not equal to

(2.16)

Z€ro anymore.

I ) {18121
s — fp = Hg ,up+kBTln([P] =kpgTln [P] [Sle

This difference in chemical potential is referred to as the chemical force X due to its ability to

(2.17)

push the system in a given direction.
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2.2 Out of equilibrium and NESS

Michaelis-Menten

The Michaelis-Menten scheme [32] is one of the first models describing the enzymatic reaction
of product formation and is a special case of out of equilibrium system.

In this model, the enzyme E bind to the substrate S and directly release the product P such
that:

kon cat
5 [ES] L E+P
kgff

E+S

The absence of reverse reactions imposes a direction on the system making it by essence out
of equilibrium.

To solve the system, one needs to solve the following set of master equations describing the
dynamics of the system:

dlE

% = [ESI(K3T + k@) — [E[S]Kk2"
dl Egl (2.18)
— 7 = [ENSIKST — [ESI(k§" + k°)

Two key hypotheses of the model allow to simplify it even further: the system is assumed
to be at steady-state and the concentration of substrate is considered large enough so that
[S]to¢] = [S]. With this assumption, one can compute the rate of the reaction
S kcat
= (S = [El oy — (2.19)
[S]+ Km
lig t
kg™ + K
k"
This model is a simplification of the substrate-product cycle proposed in Figure 2.1A, where
we assume an infinite source of substrate S and a sink of P such that [P] = 0. Additionally,
the Michaelis Menten scheme treats the formation and release of products as a single coarse-
SP kgff
. E
grained step: k°*' = ———.
k" + k3

Similarly, the inverse reaction of product formation is assumed to be nonexistent: kgs — 0.

where Ky = is the Michaelis constant.

Under the assumption of [P] — 0 and kgs — 0, the rate of product released from the cycle in
Figure 2.1A is given by:

£ SP
kg kgnkE [S]

kM k3P 18]+ kTR + k3P + k2™ [S])

v =[EPIKY" = [El o (2.20)

where [EP] was found by solving the master equations in (2.15) and assuring that
[Eltor = [E] + [ES] + [EP].

11



Chapter 2. Equilibrium and out-of-equilibrium physics

Arranging the equation to look more like the Michaelis-Menten equation in (2.19), we found

kP kot
(kP +k51)
kuff (kgff+k§P)

P
[S] + k}ip"'k;’,ff kgn

[S]
V= [Eltor

(2.21)

SP y.off off off Sp
KeTRE™ _ car gnq Kb ks +Ee)
SP , poff SP __ 1.off on
k)t + kS (k" +kp) k$ . .
constant for a more complex mechanism consisting of two first-order steps instead of one.

where corresponds to the Michaelis-Menten

2.2.1 The case of ATP hydrolysis and ATP driven cycles

In biological systems, the primary source of energy comes from ATP hydrolysis. The transition
from ATP to ADP is accompanied by the release of approximately 30 kJ/mol ~ 12k T [33] of
energy through the unbinding of one phosphate group.

hy
ATP k

ADP+Pi Au=12kgT

The role of ATP hydrolysis in biological systems is extremely diverse and can usually be
associated with a gain of information about the system in question [2]. This is for example the
case when considering protein transport [3] or accurate selection [34].

To demonstrate the role of ATP as the source of non-equilibrium, we will consider the biochem-
ical reaction of the cycle of an ATPase E, represented in Figure 2.1B, favoring the transition
from ATP to ADP. Initially, the ATP binds to the enzyme E and is then hydrolyzed. Finally, the
ADB resulting from the hydrolysis, is released.

At equilibrium, the detailed balance condition holds such that:

[ATPlegk T+ K KP- .
[ADP]oq kP ksynfT-

(2.22)

where k7—, kT* and kP, kP*, are the unbinding and binding rates of ATP, respectively ADP,
and k" and kY™ are the ATP hydrolysis and synthesis rates.

As for the substrate-to-product cycle, the system is pushed out of equilibrium when the ratio

[ATP] _, [ATP], . [ATP]  [ATP].
of G5 # [ADP]:;. More specially we can assume {755 > [ADP]:q‘
. . T . [ATP), -
In the cell, the actual ratio [[jgf,]] ~ 10 [33], while the equilibrium ratio ﬁ ~ exp PAH =

exp 12 ~1075.

Out of equilibrium, the chemical force of a cycle containing an ATP hydrolysis transition is

given by
[ATP] [ADP]eq) ( a )
X — _ :k Tl _— :k Tl 223
TERTED = [ADP [ATPleg ) ~ 27 e 229
T L _ IATP),
where we defined a = {75p5; and similarly aeq = ADp]e{;-
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2.2 Out of equilibrium and NESS

To easily describe the transition from ATP to ADP via exchange, namely the unbinding of one
nucleotide and the binding of the other one, we assume that the enzyme in apo-state, with
no nucleotide attached, is very short-lived. This means that when an enzyme bound to ATP
unbinds its nucleotide, it will quickly either bind to ADP or come back to its ATP state by
binding ATP. This allows us to depict the transitions from one nucleotide to the other as a
direct process, with rates given by:

kP+[ADP]
kD+[ADP] + kT+[ATP]

kT*[ATP]
kD+[ADP] + kT+[ATP]

kTP (ATP],[ADP)) = kT~

(2.24)

kPT(ATP],[ADP]) = kP~

where kTP and kP7T are the overall exchange rate from ATP to ADDP, respectively ADP to ATP,
kT~ and k”* are the unbinding and binding rates of ATP, respectively (and similarly for the
binding/unbinding rates of ADP). As we assume the concentration of ATP and ADP to be large
enough not to limit the exchange, we can further simplify (2.24) to

kTD(a) — kT—L
- kD+ + qk T+
akT+ (2.25)
DT _ 1.D-
k7 (@) =k KD+ + qkT+

Free energy transduction

We mentioned above how ATP hydrolysis is the most common source of energy in biological
systems. However, the reaction only releases energy in the form of heat, therefore biological
systems must have found a way to take advantage of that release of energy to perform work.
This is done via a process called free energy transduction [35].

To demonstrate this concept, let’s consider a closed system with a substrate S and a product P
where the substrate is in a more favorable configuration than the product. This translates to
ug < ,u?,. At equilibrium, regardless of the enzyme binding ability, the free concentration of
substrate will always be greater than the free concentration of product: [S]eq > [Pleg.

However, if the enzymatic conversion of substrate to product is coupled to the hydrolysis of
ATP then the system can behave differently.

The joint reaction of ATP hydrolysis and product formation is, in out of equilibrium condition
(@ > aeq), imposing the following direction to the cycle: E — ES — EP. Therefore it is favoring
the transition from substrate to product against the chemical gradient.

Out of equilibrium, the chemical force of the hydrolysis reaction is given by X7 = kg T'In ( ),
therefore the rate of energy dissipated by the hydrolysis is:
br Xt (2.26)
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Chapter 2. Equilibrium and out-of-equilibrium physics

A B
E pt ATP

S P [\v

\4

ATP ADP

Figure 2.2: A Enzyme-assisted substrate to product cycle, power by ATP hydrolysis. B
Schematic representation of the standard chemical difference between S and P and
the impact of the ATP hydrolysis.

where ¢ corresponds to the flux of ATP hydrolysis.

Similarly, the chemical force needed to maintain a higher concentration of product over the
P] [8]

substrate is Xp = kBTln(u eq
[S] [Plegq

). The work necessary to maintain this situation is:

¢spXp (2.27)

Aslong as ¢sp Xp is lower than ¢ 1 X7, the energy released from the hydrolysis rate, then the
system is able to maintain the non-equilibrium concentrations of S and P with an efficiency
defined by:
_¢spXp _ Xp
C ¢rXr  Xr

due to the fact that, in our example, ¢1 = ¢sp.

(2.28)

This system is described by a similar set of master equations as the one proposed in (2.15),
however with the addition of a chemical drive Ap.

Practically, this chemical drive due to the ATP hydrolysis is added to the transition from ES to
EP such that:

kSP eﬁAu

ES EPwith Au=0

E

For Au =0, the detailed balance condition is respected and the system reaches equilibrium.
Any positive value for Ay breaks the detailed balance conditions and the system can only be
in a NESS.

As expected, an increase in Ay allows the enzyme to maintain a higher concentration of free
product in solution compared to the equilibrium one, properly shifting the balance between
substrate and product. This phenomenon can be observed in Figure 2.3A.

Sleq

(
At equilibrium, the ratio of substrate to product =5 while for Ay ~4.6kgT (eﬁA“ =100),

eq
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2.2 Out of equilibrium and NESS

S
the ratio becomes [[?] =0.5.

In addition to the impact of Ay, we observe that an increase in the binding rate of P, k9", and
consequently in the unbinding rate kgff in order to keep a fixed value for dK g the dissociation
constant between E and P, also allows the product concentration to increase (Figure 2.3B).

0.10-
0.16F
— 0.08} =
0.14f
0.06F = 0.12f
& \ — B8 2 — 8]
5 = 0.0}
£ 004f L P)
g § 0.08/
Q
.02 =1
g 002 g 0.06]
(] Q
0 20 40 60 80 100 5 10 15 20
exp(BAw) k" [s uM]

Figure 2.3: A: Effect of a chemical potential Ay on the concentration of free substrate
and product. B: Free concentration of S and P in function of the binding rate of P to
the enzyme, while keeping K g fixed in out-of-equilibrium dynamics

Indeed, the presence of net fluxes in out-of-equilibrium dynamics makes the systems sensitive
to the rate kinetics, even when reaching a steady-state. Unlike at equilibrium, where the
distribution of the system’s population is solely determined by the free energy difference
between states and therefore the equilibrium or dissociation constant, in a NESS, the kinetics
play a significant role in determining the dynamics of the system.

2.2.2 Energy consumption for protein unfolding

We introduced above the importance of energy consumption in living systems, their ability to
use that energy to perform work against a chemical gradient, and specific characteristics of
out-of-equilibrium systems.

In the context of protein folding, these concepts play a crucial role in determining the stability
and functionality of proteins. Proteins are only functional when they are in their native state.
However, this state lacks stability; chemical and physical perturbations can cause proteins to
lose their native structure and form aggregates characterized by a low energy level.

For proteins to fold back into their native state, they must be taken out of the aggregate and
reach an unfolded state, associated with a high free energy level (Figure 1.1). This transition

from a low energy level to a high energy level can only happen through free energy transduction
as described above.

This is where chaperones come into play. By consuming ATP, chaperones provide the energy
necessary for the transition from aggregates to unfolded proteins [36] and allow for the proper
folding of proteins back into their native state.
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Chapter 2. Equilibrium and out-of-equilibrium physics

Energy consumption also plays an essential role in the accuracy of selection processes, funda-
mental to many biological systems. In the following chapter, we will describe on how energy
consumption enables accurate discrimination in biological systems.
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1 Selection mechanisms

The work presented in this section comes from an article under review during the writing of this
thesis. A pre-print version is available on bioRxiv [37]

3.1 Introduction

In biology, many essential processes are facilitated by specialized entities, called enzymes.
These enzymes play a crucial role in catalyzing biological processes by enabling reactions
to occur without undergoing any changes themselves. For instance, transporters allow the
passage of proteins across membranes, pumps facilitate the movement of ions in and out of
cells against chemical gradients, and the ribosome decodes the genetic information in the
mRNA to synthesize proteins.

At the basis of all these processes, the enzyme needs to accurately choose its substrate, among
many, usually similar, other proteins. A certain accuracy is, therefore, desirable in order to be
efficient.

This is especially true for processes handling genetic information, which are known to be
extremely accurate. The most common example is the synthesis of proteins by the ribosome
where observations show 1 error is made every 1000 codons [38] and DNA replication with an
astonishing 1 error every 10'° base pairs [39]. Such low error rates are clearly understandable
as mistakes during gene replication or gene expression can lead to various issues from non-
functioning proteins to the accumulation of misfolded proteins leading to protein-related
diseases [40]. But the importance of accurate selection holds for any other biological process.

In a very general approach, the classic model of enzyme-substrate interaction is given by
the Michaelis-Menten model, as discussed in Section 2.1 and represented in Figure 3.1. In
this minimal model, the enzyme E binds to a substrate S to form the complex ES before the
formation and the release of a product P. For simplicity, these two last steps are coarse-grained
in one unidirectional transition.

Following this approach, the flux of product released by the enzyme is given by:
_ [EILS]

] —d kcat (3-1)
KS
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Chapter 3. Selection mechanisms

where Kg is the dissociation constant between E and S and k., the rate of product formation.
We assume that the enzyme has the choice between binding a correct substrate, define as the
right substrate, or an incorrect substrate, define as the wrong substrate. It can therefore form
either a correct product or a incorrect product, called right or wrong product. The error rate is
defined as the ratio between the flux of wrong product J,, and right J produce such that:

_Jw _ W1 K W1 aGiksT (3.2)

=7, " RI k%, IR

Therefore, in an environment with both right and wrong substrates in competition, an enzyme
following the Michaelis-Menten scheme will operate with an error rate f directly related to
the difference of free energy between choosing a right or a wrong substrate AG = Gg — Gyy.

This simple description of discrimination between right and wrong substrates is, however, not
able to reproduce the low error rate observed in very precise biological systems where AG is
usually around only a few kpT.

Michaelis-Menten Kinetic proofreading
ES E E*S
E+S ee——2-e——2> o E+P E+Se————= ;S% p———> e E+P
\AS
E

Figure 3.1: Left: Michaelis-Menten scheme where a substrate S is targeted by an en-
zyme E and released into a product P. Right: Kinetic proofreading model as proposed
by Hopfield [25]. Similar to the Michaelis-Menten scheme but with the addition of
an intermediate state E* S acting as a proofreading step.

To solve this paradox, Hopfield [25] and Nino [26] both proposed a model of kinetic proof-
reading with an additional intermediate state before the catalysis and product release (right
side of Figure 3.1). In that case, the additional state E* S acts as a proofreading step and can
discard wrong substrates and reset the system without any release of wrong products. This

. . . 2
system, when optimized, drastically improves the error rate such that f ~ (e26/*s7T)",

(3.3)

d \2
)

Jr TR\ kY,

3.2 Model

Inspired by the kinetic proofreading model, we have developed a model of substrate selection
thermodynamically consistent and which explicitly incorporates energy consumption. Indeed,
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3.2 Model

the directionality of the transition between ES and E* S, as proposed by Hopfield and Nino,
is due to energy consumption, e.i. ATP hydrolysis in the case of biological systems. With the
idea of chaperones in mind, we assumed the enzyme to either be attached to ATP, in a state
characterized by E, or to ADP, namely E*. These two states are assumed to be present when
the enzyme is bound to a substrate, as in Hopfield’s model, but also when it is bound to a
product P or on its own.

. PR&
Hydrolysis P i’
E*R "r E*P
ER¢——— > ' - —e EP

ATP/ADP
exchange
Synthesis

R-A|>>R R_A

ATP/ADP .
h
E < SXChange E

ATP/ADP
exchange

W (|||~ W W~
Hydrolysis
m ATP/ADP
o oxchange e, oo
=W E*W ° E*P v
Synthesis PWV\ w
P~

Figure 3.2: Model of substrate selection with a right and wrong path. The enzyme
is represented by two states, E, representing the enzyme in its ATP-state, and E*,
corresponding to the enzyme in its ADP-state. The right and wrong substrates are
denoted as R and W, respectively, with the corresponding products represented
by Pr and Py . The transitions between NTP and NDP-states of the enzyme can
occur through nucleotide exchange (gray dashed arrows) or by NTP hydrolysis or
NDP synthesis (blue arrows) when the enzyme is bound to either R or W. The latter
occurs as a result of substrate stimulation. Other transitions in the diagram simply
correspond to binding or unbinding to substrates or products.

In summary, the selection cycle of a substrate in our model, illustrated in Figure 3.2, is as
follow: the enzyme in its ATP state, E, binds to a right or wrong substrate, R or W, to form
the dimer ER, EW respectively. The presence of the substrate stimulates ATP hydrolysis to
form E* R or E* W. After hydrolysis, the substrate can either be discarded via the proofreading
pathway or transformed into a product, right or wrong, and then released. The enzyme goes
back to its ATP state, either before or after releasing the product. In addition to the hydrolysis
and synthesis, the transition from ATP to ADP state can occur through nucleotide exchange,
namely unbinding of the current nucleotide and binding of the other one. These transitions
are detailed in (2.25). All reactions in the model must be reversible and, at equilibrium, the
detailed balance condition should be respected as introduced in Chapter 2.
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Chapter 3. Selection mechanisms

The resolution of our system depends greatly on the transition rates between each state. An
explicit description of each transition accounting for energy consumption and respecting
detailed balance at equilibrium is therefore necessary.

The transitions between the ATP bound states and the ADP bound states have to consider

[ATP]
[ADP]

Indeed, rate constraints are applied in order to respect detailed balance when a = aq = 106

a parameter a = , as shown in (2.25), allowing to tune the system out of equilibrium.

while increasing a brings the system out of equilibrium.

For all energy state @, we consider a fixed non-zero concentration for the substrates [R] and
[W] and null concentrations for the products, [Pr] = [Pw] = 0, as they are assumed to be
immediately removed. This choice of concentrations induces a net flux towards the release of
products, even at equilibrium.

Once all transition rates are explicit, a set of master equations can be used to describe the
temporal evolution of the system. For clarity, let us first consider a unique state N; connected
to different states to Nj, j = 1,2,3.... The evolution of the concentration of N; is given by its

master equation:

d[Nj]
L= iji[Nj]—kij[Ni] (3.4)
ar iz

with k;; is the transition rate from NN; to any state N;. As an example, the master equation for
the state E is given by:

dlE
dif)_ S ESIT-(EISIE + Y (EPIKAT — [E1(PIAS™ + (E*1KPT (@) - [E1KTP (@)
dt S_R,W P=P,.P,
(3.5)
Extending this principle to all states INV; allows us to write the whole set of equations as
N _ MN (3.6)
dr '

where N is a column vector containing the concentration of each state and M = M(a, {k; ihis
the rate matrix which varies in function of a.

For an easier description of our system, we look for the non-equilibrium steady-state (NESS)
solution of Equation (3.6), which is given by:

MNnEgss =0 3.7

where NyEgss contains the steady-state concentrations of all the states present in our system.
From those steady-state concentrations, we can compute the production fluxes

Jr = [EP/1KR! + (E*P,1k§! — [E)(P,1K) - [E*][P,1k§? (3.8)
Juw = EPy kg, + (E*Pyl k3 — [E1 Py 1kpD — (E*11Py ke (3.9)
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3.3 Different strategies

where k§" and k;’(ff correspond to the binding and unbinding rates of the products, X = P, or
P, as well as the error rate

Jw
=— 3.10
! Jr (310

These two quantities allow us to assess the accuracy and the velocity of different selection
methods.

3.3 Different strategies

3.3.1 Kinetic proofreading

As our model is a thermodynamically consistent extension of Hopfield’s kinetic proofreading
model presented in Figure 3.1, we should be able to observe a similar behavior when using the
same hypothesis.

To perform any selection, Hopfield’s model is relying only on differences in dissociation
constants and assumes the unbinding rates to be large compared to the other rates in the
model.

To reproduce Hopfield’s model, we assume that our system is symmetric between the right and
wrong path, except for the unbinding rates. To achieve this, we set k%f > k??ff and k%ﬁ > k?eﬂf.
off 7.off
W kpe >
ksp, where kgp is the production formation rate for both correct and wrong substrates. To

Moreover, we assume that these unbinding rates are sufficiently large, such that k

minimize the error rate, Hopfield’s assumption is that the system must reach its minimum
when the transition between the two selection steps, corresponding to the hydrolysis rate, is
near zero.

We, therefore, study the impact of the hydrolysis rate on the error and production rates in our
system, as illustrated in Figure 3.3.

When the system is at equilibrium (red line), both the error rate and the production rate are
constant. In the energy landscape description, increasing the hydrolysis rate is equivalent to
lowering the energy barrier of the transition from ES to E* S, without changing those states’
energy levels. Therefore, the dynamics of the system are not impacted at equilibrium.

Furthermore, as no directionality is imposed between the two selection steps, the system
cannot use the proofreading mechanism and only the last selection step has an effect on the
error rate. This leads to the same selection mechanism as in the Michaelis-Menten scheme
(left side in Figure 3.1) and the same error rate

(W] K¢

== 3.11
(R k& G0

Jeq

On the contrary, when the system is pushed out of equilibrium, the change in the hydrolysis
rate modifies the system dynamics and favors a directionality of the transition between the
two selection steps as in Hopfield’s scheme.
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Figure 3.3: Hopfield-like selection system highly depends on available energy, a, and
on the transition rate between ES and E* S, kgy. The figure shows A the error rate
and B the production rate in function of the hydrolysis rate out of equilibrium in
physiological conditions i.e. « = 10 (blue) and at equilibrium a = @, (orange). Red
dots: minimum error rate under physiological conditions (a = 10). Black dots: maxi-
mum production rate under physiological conditions (@ = 10). Dashed horizontal
line: theoretical limit for the error rate under Hopfield’s assumption (3.3).

This results in a decrease in the error rate, at least for an appropriate value of the hydrolysis
rate. Indeed, as depicted in Fig. 3.3A, the relation between the hydrolysis rate and the error
rate (blue line), can be separated into three different categories. For very low and very high
hydrolysis rates, the error rate approaches its equilibrium values, meaning that the system
is not able to take advantage of the additional selection step. However, there is an optimal
hydrolysis rate between these two extremes, marked by a red dot, where the system reaches
Hopfield’s minimal error rate (fmin = frop) given by Equation (3.3).

In Hopfield’s model, the minimal error rate is obtained for close to zero transition rate between
ES and E* S, which is equivalent to the hydrolysis rate kgy in our model. In our case, slowing
down the hydrolysis rate first improves the error rate up to finin = fHop. From that, any further
decrease in the hydrolysis rate only leads to an increase in the error rate which eventually
reaches its equilibrium value. There is therefore an optimal hydrolysis rate that allows to fully
utilize the two selection steps, as illustrated in Figure 3.4.

If the hydrolysis rate is too slow, the enzyme will mostly bind the substrate from its ADP
state E* (instead of its ATP state E), thus removing the first selection step from the cycle. On
the contrary, a large hydrolysis rate, as stated by Hopfield [25], pushes the substrate directly
towards the E* S state, thus bypassing the ES state. In both cases the system does not benefit
from the error correction that would be provided by the first selection step. This explains why
very high and very low values of klsly reach the same error rate as the equilibrium one.

On top of lowering the system error rate, energy consumption can also speed up the system
(Fig.3.3B). At equilibrium, @ = @.4, the production rate is constrained by the imbalance
between the substrate and product concentrations. Out of equilibrium, the large concentration
of ATP is pushing the enzymes in their ATP state, therefore decreasing the concentration of E*.
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Figure 3.4: Scheme of the selection pathways following Hopfield kinetics for different
values of the hydrolysis rate. A the slow hydrolysis rate prevents the substrate from
entering the selection pathway from the E state. Therefore the system is using only
one selection step (between E* and E* S, implying a high error rate. B the optimal
hydrolysis rate allows the substrate to enter the selection pathway from the E state
and make the most of the two selection steps leading to a low error rate. C with a fast
hydrolysis rate, the substrate entering the selection is directly brought to the state
E*S where it can be rejected or directly proceed to product formation. This prevents

the system from benefiting from the two selection steps, leading to a higher error
rate.

Because the substrate enters the system from the E* at low hydrolysis rate (Figure 3.4A), its
low concentration limits the flux of substrate processed by the enzyme. This leads to a very
low production rate, even lower than in equilibrium conditions.

As the hydrolysis rate increases, the substrate starts to enter the system from the E state
(Figure 3.4A) and they are processed at a higher pace due to the relatively fast transition
from ES to E*S. As described above, the system also starts to utilize both selection steps,
therefore also lowering the error rate and favoring the release of the right product. These

three considerations together explain the increase in the production rate until it reaches a
maximum value marked as a black dot in Figure 3.3B.

Finally, when kgy is too high, the accuracy of the system starts to be low enough to lead to a

small decrease in the production rate, due to the system releasing an increasing amount of
wrong products.

In this Hopfield-like scheme, the system is not able to achieve both minimum error rate and
maximum production rate at the same time. Decreasing the hydrolysis rate allows the system
to fully utilize Hopfield’s two selection steps, but also slows down the substrate’s progress
in the proofreading pathway, resulting in high accuracy but a production rate that is not
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optimal (represented by the red dots in Figure 3.3A and B) and far from the maximum value
(represented by the black dot on Figure 3.3B) by orders of magnitude, in agreement with
[34]. This trade-off between speed and accuracy, often accompanied by energy dissipation, is
commonly seen in models of information processing systems such as proofreading or error
correction [41; 42; 43; 44; 45; 46], sensory adaptation [47], and polymer synthesis [48; 49; 50].

3.3.2 Use of the induced-fit mechanism - recognition of the substrate

The kinetic proofreading model allows to reach error rates as low as the ones observed in
biological systems. However, such low error rates are reached at the cost of slowing down
extensively the selection system. Biologically, most systems require both a low error rate and a
rapid release of products. This observation leads us to explore another mean of discrimination,
based on the induced-fit model [51; 52]. This model proposes that the interaction between
the enzyme active site and the substrate is very flexible with the enzyme undergoing config-
urational changes to accommodate the substrate. Those modifications are not restricted to
the binding site alone and can lead to a completely new configuration of the enzyme with
a different activity. In that case, it is said that the enzyme is allosterically regulated by the
substrate [53; 54].

With this idea, the enzyme can "recognize" the nature of the substrate: binding to the right
substrate leads to the correct configurational changes, usually promoting the hydrolysis of the
ATP molecule attached to the enzyme, while the wrong substrate is not able to promotes those
changes. This allows the right substrate to proceed faster in the system than the wrong one.
From a physical point of view, the enzyme is acting as a Maxwell demon [2; 3], where its action
depends on the result of the measurement.

We model this phenomenon by simply increasing the hydrolysis rate when the enzyme is
bound to the right substrate compared to the hydrolysis rate induced by binding to the wrong
one, such that kgy > lclvl‘}'. This difference between the hydrolysis rates can be explained by
the enzyme possessing two different allosteric states, one inactive, with a low ATPase activity,
and one active with a high ATPase activity. The presence of the right substrate tilts the enzyme
allosteric balance toward the active state while the impact of the wrong substrate is limited.
This idea of hydrolysis acceleration will be further developed in the following chapter.

To isolate this selection method, called catalytic discrimination due to the substrate’s ability
to catalyze the hydrolysis rate, we assume that all transitions, except the hydrolysis rate, are
identical for the right and wrong substrate.

As the dissociation constants of binding the right and the wrong substrate are equal: K g = K{fv
and K g* = K% . the states ER and EW and the states E* R and E* W have the same energy level.
The only difference is the height of the energy barrier to go from ES to E* S as the presence of
the right substrate significantly lowers that energy barrier, as represented on Figure 3.5.
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A ATP hydrolysis

Free energy level

>»

Figure 3.5: Scheme of the effect of the catalytic discrimination of the energy land-
scape between ES and E*S. The red dashed line corresponds to the case with the
wrong substrate while the green one, to the right substrate

As we already established, the discrimination at equilibrium can only depend on the difference
in free energy level. With this discrimination method, the system, therefore, needs to be
pushed out of equilibrium to perform any kind of discrimination between the right and the
wrong substrate as seen in Figure 3.6. Indeed at equilibrium, the error rate is only determined
by the ratio of right and wrong substrates available to the system. Pushing the system out
of equilibrium by increasing the parameter «, allows to take advantage of the energy barrier
difference between the transition from ER to E*R and EW to E*W and favors the right
substrate.

f  Equilibrium
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Figure 3.6: Error rate f in a catalytic discrimination scheme as a function of the
available energy, a. Catalytic discrimination is only effective away from equilibrium.
The upper dashed line corresponds to the error rate at equilibrium where no selection
is effective, while the lower dashed line is the error rate limit (3.12) when the available
energy is approaching co. The red vertical line represents the equilibrium condition
with @ = aeq.

In the limit of an infinite amount of energy available to the system (@ — oo and a4 — 0), the
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error rate based on the catalytic discrimination is given by:

hy ., hy ff
W ky, (kp + kg )

S 4 (3.12)
RO (k) + k9t

ftn

where kgff is the unbinding rate for both W and R, and k;}', kgy, are the hydrolysis rate for EW,

respectively ER. This formula corresponds to the asymptotic limit reached in Fig.3.6 and is
very similar to the theoretical error rate found in [50] when considering similar discrimination

mechanisms.
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Figure 3.7: Error rate (A) and production rate (B) for slow hydrolysis rate for W and R
(blue), fast hydrolysis rates for both W and R and slow hydrolysis rate for W and fast
hydrolysis rate for R. Slow hydrolysis rate = 0.1 s, fast hydrolysis rate = 100 s™!. For
a selection mechanism based on the catalytic discrimination, the fidelity is dictated
by a slow hydrolysis rate for incorrect substrate, kl‘}g, a fast hydrolysis rate for correct

substrate kgy, and a fast enough unbinding rate kgff.

From (3.12), we know that the error rate mainly depends on three rates (k2ff, kgy an klvlg) and
their relative values to each other. While the difference in the hydrolysis rate allows the system
to be selective, this condition is not enough, as displayed in Figure 3.7A. Indeed, a very slow
unbinding rate kgff prevents the discrimination step to be efficient and still maintains a high
error rate. Increasing the unbinding rate such that kgff > klvlg, activates the selection step and
lowers the error rate. This result is completely intuitive, a wrong substrate should have the
time to unbind the enzyme before the hydrolysis, while the right substrate should continue in
the process, hence k}vlg < kgff < kgy.

Interestingly and counter-intuitively, the production rate also benefits from a high value of kgff
as seen in Figure 3.7B. Indeed, the detailed balance condition imposes the ATP synthesis rate

syn 1

to be inversely proportional to the unbinding rate such that k'~ o TofF - Therefore, a low value
S

of kgff imposes a fast synthesis rate k;y " trapping the substrate between the ES and E* S states
and reducing the production rate. As kgff increases, k;y " decreases, and substrates begin to
leave the E* S state to be correctly processed by the enzyme.

This phenomenon is however limited as pushing the unbinding rate kgff to a really high value
will eventually impair the enzyme’s ability to bind any substrate and will decrease both the
error rate and the production rate.
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Despite this, there is a whole range of value for kgff where both the error rate and the produc-
tion rate are optimized, leading to an absence of trade-off between accuracy and velocity with
this selection scheme.

While our description of catalytic discrimination is insightful, it is not yet sufficient to realis-
tically describe real biological systems. First, the configurational changes needed to trigger
the hydrolysis rate most likely also modify the affinity between the substrate and the enzyme.
Secondly, our observation of the production rate where the system is able to produce ATP
for low unbinding rates is clearly biologically unrealistic. To accurately depict real biological
processes, we must therefore make some additions to the selection mechanism.

3.3.3 Combining mechanisms for optimal performance

We previously introduced two means of discrimination, organized in different manners. The
first one is based on the repetition of energetically discriminating steps, separated by a dissi-
pating transition. In the second one, the affinities between the substrates and the enzyme are
all equal, and only the energy-dissipating transition act as a unique discriminating step.

There is no reason to separate these two selection mechanisms as the presence of the first
shouldn’t impair the second. It is therefore interesting to allow these two mechanisms to work
simultaneously. For that matter, let’s consider a unique system where both selection schemes
can be turned on or off using two parameters, A and w. A is the parameter controlling the
selection based on the kinetic proofreading, and w the catalytic discrimination, such that

kot geoft Kby
::kaf:W (U::Ty (313)
R R* kW

A =1 implies no selection based on the free energy difference and A > 1 means that the
system is using a kinetic proofreading scheme, similarly when w = 1 no selection based on the
difference in the energy barrier of the hydrolysis transition is possible and w > 1 turns on the
catalytic discrimination.

By modifying these two parameters, we can transition from one selection strategy to the other
but also allow both to act on the system simultaneously.

In Figure 3.8, we investigate the interplay between the production rate and the error rate in
the phase space defined by the parameters A € [1,100] and w € [1,1000] under three different
energy conditions, @ = @4, @ = 0.005 and a = 10.

At equilibrium, the phase space is represented by a vertical line, with both systems having
the same production rate driven by the chemical force due to the unbalance of the substrate-
to-product ratio. The system relying on catalytic discrimination is not able to perform any

w
selection (f = [[?] = 1), as previously observed. On the other hand, the kinetic proofreading

is able to utilize one of its two selection steps such that f ~0.1.

As a increases, both systems can move away from their equilibrium state and differences
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between them arise. While the kinetic proofreading scheme (KP) is mostly able to improve its
accuracy, the catalytic discrimination (C) mostly increases the system velocity.

However, the combination of the two (KP+C) leads to an improvement of both the accuracy
and the velocity of the selection without any threshold. In that case, the system benefits
from both strategies by first being able to discard the wrong substrate on multiple occasions
due to the proofreading, and secondly by accelerating the correct substrate into the product
formation thanks to the catalytic discrimination.

1
oy,
0.100 ©- L
% @=0.05 TTpm o
“ 0.010 - e 2,
s > a=10 \
L
L % D2
*
001
0.00 b
0] ]
log Sa KP+C
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J,

hy
Figure 3.8: Error and production rates phase space for w = k% € [1,1000], A =
ky

off off
% = k‘% € [1,100] and different energy conditions (equilibrium: a = 107%, non-
R w*
equilibrium: @ = 0.005 and a = 10, physiological conditions). Blue star: KP scheme
(A =100 and w=1), red square: catalytic discrimination C (A =1 and w = 1000) and

purple dot: KP + catalytic discrimination C (A = 100, w = 1000).

In the limit of an infinite amount of energy available, @ — oo, @4 — 0, we can once again
compute the theoretical error rate.

wky (k' +keMksp + k5T w1 (@kyy + kg ke + kg

R (6B 1 oty (egp + kO ) R @ (1KY 4 Ak (hegp + A2

(3.14)

where kgy, k‘v’lﬁf and k%f* were replaced to introduce the parameters A and w. Assuming a pure
kinetic proofreading model, w = 1 and A > 1, the error rate can be simplified as

Wk + kg (ke + k9

- (3.15)
R (k) + AkS™) (ksp + A kST

in the limit of slow hydrolysis and production rates (kl;g, ksp < kl??ff, kgﬁf). This result is equiva-
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lent to the minimal error rate obtained in a pure kinetic proofreading state, (3.3).

Similarly, with a purely catalytic system (1 =1 and w > 1) we recover (3.12):

W 1 @kl + k9 (ksp+£31T)

f~—== (3.16)

R0 (e + kg™ s+

Therefore, the general equation for the error rate, given by (3.14) contains the important

elements of the two past formulas for the error rate. Interestingly, both selection mechanisms
are working independently without interfering with each other. While the impact of catalytic
discrimination is limited by

w (ksp + k§F (3.17)
000 R (kY 4 AKO) (kosp + AKSM)
the kinetic proofreading can, in theory, always improve the accuracy by increasing A:
f — 0. (3.18)

A—00

As the increase in the energy available to the system improves the accuracy and the velocity;, it
is interesting to observe how this additional energy is used in each selection strategy. If we
consider the chemical drive of the system X7 = kgTIn(a/a.4), we can determine how the
energy is used, favoring accuracy or velocity. To achieve this, we define the selection and
production efficiency, yy and 1), respectively, as

kgTIn(f®/ f)
Yr= kpTIn(a/aeq)
kpTInU, /")
M, = kpTIn(a/aeq)

(3.19)

(3.20)

where 1/ f is considered the fidelity of the system.

Figure 3.9 provides insights into how KB, C and KP+C systems use energy to improve their
production rate J, or the fidelity 1/ f. Across all energy conditions, the KP system is favoring
fidelity over speed, as demonstrate by a selection efficiency always higher than the production
one (yf > n,r).
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Figure 3.9: Production and selection efficiencies phase space for w € [1,1000], A €
[1,100] and different energy conditions (a = 1073,10). Black line: Yf=1np, blue star:
KP scheme (1 = 100 and w=1), red square: catalytic discrimination C (1 = 1 and
o =1000) and purple dot: KP + catalytic discrimination C (1 = 100, w = 1000).

On the other hand, the C system always consistently exhibits a higher production efficiency
compared to its selection efficiency, 7, >7y.

The combined KP+C system offers a unique advantage, with both selection and production
efficiencies improving with the energy input. Additionally, the KP+C system is more energy
efficient than both the KP and C systems, as it exhibits a higher selection efficiency than the C
system and a higher production efficiency than the KP system across all energy conditions.

Interestingly, all these three systems reach their optimal efficiencies (max y and maxn;, ) in
energy condition lower than a@ = 10 and the additional energy input is not able to improve
the systems further. Therefore, these systems have a certain tolerance to variation in energy
conditions, as minor changes in a do not have a significant effect on their performance.

3.3.4 Example of selection in biological systems

As real life examples, is worth noting that protein synthesis and DNA replication, biological sys-
tems known for their high accuracy, actually rely on a combination of the kinetic proofreading
mechanism and catalytic discrimination.

The accuracy of protein synthesis is dependent on the ribosome’s ability to select the correct
aminoacyl-tRNA complex matching the targeted mRNA anti-codon. This process involves an
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initial selection step where only cognate and near-cognate codons are accepted, followed by a
proofreading step [55; 56; 57], as proposed by Hopfield. After the initial selection, the interac-
tions between the cognate codon and the correct anti-codon induce changes in the complex
configuration, leading to a fast GTPase activation [55], needed to reach the proofreading step,
while the near-cognate codon is not able to trigger such changes.

Hopfield initially considered DNA replication as an example of a proofreading mechanism
in nature [25]. However, it is now widely accepted that the transitions from the polymerase
activity, which assembles nucleotides, and the exonuclease activity, which removes incorrectly
incorporated nucleotides, rely on an induced-fit mechanism [58]. Therefore, like protein
synthesis, DNA replication relies on a combination of kinetic proofreading and catalytic
discrimination [59].

3.4 Conclusion

In this chapter, we proposed a general model for the enzymatic selection and processing of
substrates. Our model incorporates explicit energy-dependent transitions, which enable us
to drive the system out of equilibrium by tuning the available energy. In this framework, we
have evaluated several selection strategies, based on the kinetic proofreading, as proposed by
Hopfield and Nino [25; 26], and on catalytic discrimination [34; 44] relying on the induced-fit
mechanism and allosteric regulations [53].

The kinetic proofreading mechanism was found to be highly effective in reaching high levels
of fidelity, but at the cost of slowing down the process significantly. On the contrary, catalytic
discrimination has the advantage to induce a fast release of the product out of equilibrium,
but cannot reach the same low error rate as the kinetic proofreading.

By incorporating both selection mechanisms in our model, we were able to reach a high fidelity
and a fast production rate at the same time. The combined effect of both selection strategies
resulted in a lower error rate than that observed in the kinetic proofreading scenario and a
higher production rate than with reliance solely on catalytic discrimination.

We also could highlight the importance of energy consumption in biological processes. By
explicitly considering the ATP consumption, we could observe how our system behaves in
different energy conditions, particularly when far from equilibrium. We were also able to
highlight how the different selection strategies use the available energy and how effective they
are in this respect.

Finally, the prevalence of similar selection mechanisms in real biological systems highlights
the significance of considering them in our model. This also suggests that a combination of
these selection mechanisms could also be prevalent in systems that are not necessarily known
for their high accuracy, making our proposed model applicable to a wide range of situations.

31






Hsp70 chaperone and its co-
chaperone Dna]j

4.1 Introduction to Hsp70

We previously mentioned the importance of maintaining proteins in their native structure.
Indeed, it is only when a protein is in its native structure that it can assure its particular
function. However, the protein’s native state is not the most stable state accessible to the
protein, and external stresses, such as heat shock, chemical stress, or oxidative stress, are
enough for a protein to lose its native structure.

The loss of the native structure is characterized by a misfolded state where the protein is
not able to carry out its function anymore. Apart from the loss of function which clearly
has a negative impact on the cells, the presence of multiple misfolded proteins can lead to
the formation of protein aggregates which have a toxic impact on the cells and can lead to
diseases.

Protein homeostasis, which includes all the biological processes allowing proteins to function
correctly, is maintained, among others, by a specific class of proteins known as chaperones.

Among all classes of chaperones, one of the most essential and abundant in cells is the Hsp70
family. Hsp70s are 70k Dalton (70 kDa) heat shock proteins first known for their role in
preventing protein aggregation during heat shock, hence their name. Hsp70s are able to
unfold misfolded proteins as well as disassemble protein aggregates via the entropic pulling
mechanism [10; 13].

These proteins are composed of two distinct domains, a nucleotide-binding domain (NBD)
and a substrate-binding domain (SBD) attached by a linker (Figure 4.1). The SBD comprises
two elements: a 3-basket where substrates bind and an a-helical subdomain that acts as a
lid on top of the B-basket. The NBD can either bind to ATP or ADP, influencing the overall
configuration of the chaperone. When the NBD is bound to ATP, the SBD docks onto the NBD
in an open configuration allowing rapid binding and unbinding of substrates [63; 64]. Binding
to ADP leads to important configurational changes allowing the SBD to undock [61] and the
closure of the a-helical lid onto the B-basket. In this configuration, the closed configuration of
the SBD highly impairs the binding and unbinding of substrates with an overall higher affinity
compared to the ATP state [65].
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Figure 4.1: Hsp70 structures in ATP and ADP states, with, in blue, the nucleotide-
binding domain (NBD), in the green, the 8-basket of the substrate binding domain
(SBD), and in red the a-helical lid of the SBD. A: Crystal structure of Hsp70 in ATP
state with an open SBD (PDB ID code 4B9Q) from [60] B: Crystal structure of Hsp70
in ADP state with a close SBD (PDB ID code 2KHO) from [61]. C: Schematic represen-
tation of the closure of the SBD on a substrate, figure taken from [62]

In the process of targeting misfolded proteins, Hsp70 is usually assisted by two other proteins
called its co-chaperones: DnaJ and the nucleotide exchange factors (NEF). The role of the
NEF is to promote the ADP to ATP exchange after the hydrolysis whilst Dna] is responsible for
bringing the substrate to Hsp70 and further increasing Hsp70 ATPase activity. More details
about DnaJ-like protein will be given in Section 4.3. For now, we will only state that Dna]J
contains a highly conserved domain called the J-domain which interacts with Hsp70 and a
substrate binding domain targeting misfolded proteins. Due to the presence of the J-domain,
Dnal] is part of the J-domain protein (JDP) family and is sometimes referred to as a JDP.
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Figure 4.2: Traditional representation of the Hsp70 cycle assisted by Dna]J. Hsp70
is represented in blue and changes its configuration depending on the nucleotide
attached to it: Hr for the ATP state and Hp for the ADP state. Dna]J, J, in red, targets
the substrate S, represented as a floppy strand in black and brings it to Hsp70, in
blue.
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The ATPase cycle of Hsp70, depicted in Figure 4.2, typically starts with the binding of DnaJ and
a substrate, the target protein that Hsp70 is interacting with, onto the open SBD, with Hsp70
bound to ATP. The presence of DnaJ and the substrate stimulates ATP hydrolysis, shifting the
Hsp70 in its ADP state. The ATP hydrolysis switches the configuration of the SBD from an
open to a closed one keeping the substrate locked between the -basket and the a-helical lid.

The configurational changes in Hsp70 due to the hydrolysis also impair its affinity for DnaJ,
which is pushed out of the trimer quickly after the hydrolysis.

Finally, the ADP-ATP exchange, release of ADP and its replacement with ATP on Hsp70, allows
the SBD to open and the substrate to escape. The transition from an ADP state to an ATP state
is usually promoted by the NEF but can also happen by itself as illustrated in Figure 4.2.
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4.2 Regulation of the ATPase activity

4.2.1 Introduction

The Hsp70 ATPase activity is an essential part of the Hsp70 cycle. This energy-consuming step
pushes the system in out of equilibrium dynamics and imposes a directionality in the cycle.
However, Hsp70 by itself has a very low ATPase activity with a basal rate of around 6x 1074 s~!
[28] and relies on the presence of other proteins to stimulate its ATPase activity.

Experiments have shown that the presence of Hsp70 co-chaperones, DnaJ, [28; 66; 67] or
substrates increases the Hsp70 ATPase activity, leading to an acceleration of 5 to 20-fold
compared to the basal rate [29; 68]. When both Dna]J-like proteins and substrates are in
solution, the effect on the ATP hydrolysis is drastically increased with a rate able to reach
nearly 2 s7! [28]. This phenomenon was intensely investigated in [29] where the author shows
higher ATPase stimulation when DnaK (bacteria Hsp70) and DnaJ were in solution with a
peptide allowing the formation of a ternary complex rather than with a single-motif peptide
designed to only bind DnaK. The same phenomenon was observed in [28] where the use of
peptide instead of a full-length substrate didn’t allow the system to reach the same hydrolysis

rate in the presence of DnaJ.

The ATP hydrolysis stimulation is believed to come from structural changes in Hsp70-ATP
which are triggered by binding to a substrate [62; 69] or the J-domain of Dna]J [70]. However,
there are no explanations for the synergistic effect these two proteins have when they are
able to interact with each other. Therefore, we want to propose a comprehensive and general
model able to explain the increase in the hydrolysis rate, as well as the synergistic effect DnaJ
and the substrate have on the ATPase activity.

4.2.2 Model
Two allosteric states model

In our model (presented in Figure 4.3), Hsp70 bound to ATP can freely fluctuate between
two allosteric configurations, H; and H», corresponding to an inactive and a highly active
state regarding ATP hydrolysis ability, respectively. Both configurations are able to bind to
a substrate S and/or Hsp70 co-chaperone DnaJ, /, to form dimers represented by H;S, H;J,
i =1,2, and trimers. The trimers can either be in a fully connected state where each protein is
bound to the other two (H; JS) or in a 2-bond trimer, H; JS, characterized by the presence of
only two bonds connecting the trimer.

The difference between the two trimer states is represented in Figure 4.4 where A represents
the fully connected trimer, and B a trimer formed without contact between S and J.

In our model, Hsp70 is able to bind independently to S and J to form H;S, H;J respectively, or
directly to the dimer /S reaching the H;JS state. Furthermore, the dimer or trimer formation
doesn't prevent Hsp70 to transition from its inactive (H;) to its active state (H>) or vice-versa.
There is therefore an equilibrium between the H; and H> states, which is marked by the
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transitions between the red and green planes of Figure 4.3.

Finally, in a way similar to [71], we assume that the chaperone’s ability to trigger ATP hydrolysis
depends on its allosteric state, with kj j,, the hydrolysis rate for H; and k; 5, the hydrolysis
rate for Ho.

Fully connected
trimer formation

—
HS J\> HJS HJS
ravgpNe Y.
& No hydrolysis s
o H H,J \ Equilibrium between
,,' J/' : H1 and H2 states
'. ) J—
. S5/ HS HJS @ Y "¢
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JS S
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Figure 4.3: Pre-equilibrium model of Hsp70-ATP interaction with substrate S and its
co-chaperone Hsp40, /. H; and H> (in the red and green planes) are the two allosteric
configurations of Hsp70-ATP. In configuration H;, ATP hydrolysis is blocked while in
configuration H, the hydrolysis is a fast process.

A B

Figure 4.4: Schematic representation of the Hsp70 in ATP configuration, Hsp40, and
substrate trimer . A: fully connected trimer, B: one of the three possible 2-bond
trimers.

In order to explain the apparent acceleration of the ATP hydrolysis, we assume that H, can
hydrolyze ATP extremely fast to complete the ATP cycle, so that the hydrolysis rate ky ,, = k"~
while H configuration is blocking the hydrolysis, leading to k; ;) = 0. The overall hydrolysis
rate observed is then simply given by the contribution of the two allosteric states:

obs _ [Hiltorky,ny + [Holror k2, ny
hy (Hiltor + [H2lror

[HZ][O[ kmax
[(Hiltor + [H2ltor

(4.1)

where [Hil:or, [H2ls0s, corresponds to the total concentration of Hsp70 in configuration 1,
respectively 2, regardless of the elements attached to it. The basal hydrolysis rate, of Hsp70
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alone, is simply determined by the natural equilibrium between the active and inactive states.
In order for a substrate or a J-domain protein to stimulate the ATPase activity, the equilibrium
between active and inactive states needs to be tilted toward the active state. This will be the
case if the active state has a higher affinity for the substrate and the J-domain protein than the
inactive state.

Intuitive understanding of the synergistic effect

As we already mentioned, J-protein and substrates work together to highly stimulate Hsp70
ATPase activity. Their joint impact on the hydrolysis rate is then higher than the combination
of their individual effect. However, this phenomenon seems only to take place when the two
proteins are able to bind to each other, as shown in [29].

Before going into detailed mathematics, let us first propose an intuitive explanation of this
phenomenon.

We assume that the observed hydrolysis rate is simply due to the proportion of Hsp70 in its
active states (H) compared to its inactive states (H;). Binding to a substrate S or to a J-domain
protein J shifts the equilibrium between those two states toward the active state provoking an
increase in the hydrolysis rate. In the presence of both S and J, the binding of the two proteins
to Hsp70 results in the formation of the HJS or complex. This binding further shifts the
ratio towards the H2 states, resulting in an increased rate of hydrolysis.

Without synergy/affinity: If S and J are not able to bind to each other, they both act in-
dependently and the probability of them binding to Hsp70 is directly linked to their bulk
concentration. They can form the 2-bond trimers H, /S and H,JS but for relatively low con-
centration of J and S, most of the Hsp70 in solution will be found in dimers with either J or
S.

With synergy/affinity: If /] and S can bind to each other, the formation of the dimer /S modifies
the whole system. Indeed, when one protein of this dimer binds to Hsp70, the other one,
due to the proximity with Hsp70 can easily bind as well. The same phenomenon is also
happening for the HS dimer when binding to free J and for the HJ dimer with free S. In other
terms, the localization of the three proteins in a small space creates a local concentration p
of these proteins which is high enough compared to the dissociation constants to allow for
the formation of the fully connected trimer (HJS). Thus, the co-localization stabilizes the fully
connected trimer and increases the proportion of Hsp70 simultaneously bound S and J.

Mathematical details

Although we are considering an intrinsically out-of-equilibrium system, due to the release of
energy during ATP hydrolysis, we decided to limit ourselves to a pre-equilibrium description
of the system. This assumes that the transitions described in Figure 4.3 are fast compared to
the hydrolysis rate. In addition, the ADP states of Hsp70 are neglected due to the assumption
of fast nucleotide exchanges after the hydrolysis.
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At equilibrium, all transitions should respect detailed balance. This simple condition imposes,
for example,

k1 2[Hil = k1 [Hy] = [Hp] = Kp[Hi] 4.2)
where K, = % is the equilibrium constant between H; and H» and k; 2, k1 are the tran-
sition rates between H; and H,, respectively H, and H;. In the same way, the equilibrium
concentrations of H;S is given by satisfying the detailed balance condition:

H;l[S
[H1[S1k%% = [H; S1kT = [H;S] = [ ’L[ Lo (4.3)
’ ' Kis

off
i,S
on
) ki,S
equilibrium concentrations are

where Kids = is the dissociation constant between H; and S. Similarly, the other dimers

H; S
[ L[]] US]=U]L]
Ki,] K],S

[(H;J]= (4.4)

where Klfi] is the dissociation constant of H; with J for i = 1,2 and K;is the dissociation
constant between S and J.

The equilibrium concentrations of the trimer are separated in two cases. Either the trimer
is formed with two bonds linking the three proteins one after the other, or with three bonds
with the three proteins all attached to each other forming the fully connected trimer. In the
first case, three configurations are possible depending on the protein that is forming the two

bonds.
1 1

+ +
d zd d pd d pd
Ki,SKi.] KLSKiJ K],SKZ',S

[(H;JS] = [H;1UJ1[SI( ) (4.5)

where the terms on the right-hand side correspond to a trimer with Hsp70 bound to both S
and J (Figure 4.4), then with J forming the two bounds and the last with S.

In the 2-bond trimer configuration, the two proteins not interacting with each other are very
close in space. This co-localization, pushing them to bind, is associated to an apparent high

concentration p such that
_ [HIU1ISlp

T pd pd pd
Ki,SKi,]K],S

(H;JS] (4.6)

Prevention of the synergistic effect of S and J is achieved by impairing their binding ability. In
that case, assuming K qu ¢ — 0o, the trimers concentrations are modified such that:

(HiJ1IS)
KoK

=0 (4.8)

with i = 1,2 representing the two allosteric states.

[(H;J]S] = (4.7)

39



Chapter 4. Hsp70 chaperone and its co-chaperone Dna]J

Similarly to [72], we also assume that protein complexes containing more than three proteins
can be formed. For example, Hsp70 in the dimer HJ may still bind to a substrate, even if
that substrate is already bound to another DnaJ. This will form the HJJS complex, where
the proteins are connected as such: /- H— S —J. However, as those complexes become
significant only for high enough concentration of substrate and/or Dna], they are ignored in
the following description here but are still considered in the model. More details are provided
in the appendices.

To give the full hydrolysis rate equation, let’s first compute [Hjlior and [Hz]or. With egs. (4.2)
and (4.4) to (4.6), we have that:

[Hiltot = [H1] + [Hy S+ [H1 J1 + [H1 JS] +(H1JS))

[S] [J] [J1[S] [J1[S] [J1[S] [J11Slp
=+t Y od T od vd T wd od od (4.9)
Kis Ky KKy KKy, KgKis KsKy Ks

=0 if no affinity between S and J

=[H]RU,9)

[Haltot = [Hal + [HaS] + [Ha J] + [Ho JS] +([H2J S))

B [S] [J] [J11S] [J11S] J11S] [J1[Slp
=K | 1+ + -ttt Y T a
K2,S K2,] I<2,SI<2,]L K],SKZ, K],SK2,S K2,SK2,]K],SJ

(4.10)

=0 if no affinity between S and J

= [H]K.F2(J,$)

where we are considering here F; and F» as functions of the free concentrations of substrates
and JDPs to ease the description !.

Using the definition of F; and F», the hydrolysis rate (4.1) can be written as:

kny =

F,(J,S) Max o g F>(J,S) jmax

~ +0(K3) (4.11)
‘FLU,9)+KF2(,9) ‘FU,S) °
where we considered K, <« 1.

Without any substrate or JDP, we find F;(J = 0,S = 0) = 1 for i = 1,2 therefore the basal
hydrolysis rate is simply given by:
kgy =~ K, k™ (4.12)

Once we have the basal rate, we can compute, in each concentration condition, the acceler-

IThe actual calculation were however performed while considering the total concentrations of substrates and
DnaJ, but those solutions will not be presented here to keep a light description. The conclusions we present here
are however identical to the ones resulting from the more complex calculations.
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ation of the hydrolysis rate. This approach allows us to eliminate the dependence in k™%*,
reducing the number of parameters of the system.

[S]

With only substrates, F;(J=0,S) =1+ K—, i = 1,2, the acceleration induced by the substrate
iS
is given by:
s
" Kﬁlys max
RIS R
K K
ag = LS = 2.5 (4.13)
Ke kmax 1+ %

In order to have an effective acceleration, as > 1, a condition on sz s imposes that Kld s> sz s
This implies, as expected, that the H> states, characterized by a fast hydrolysis rate, have a
higher affinity for the substrate.

Similarly, if only J is present F;(J,S=0) =1+ Iiid] and the acceleration is given by:
i,J
1+ -2
ay T (4.14)
1+ X

with the same condition Kld ;> sz ;as above.

The maximal acceleration is obtained at saturating concentration of S or J (S > Kld S and
> Kld ]) and is determined by the ratio of the dissociation constants between the active and
inactive state:

d d
max . KI.S max . KIJ
ag™ = lim as=—==:As, ap ™= lim aj=—==:1;. (4.15)
S>K{lg, Ky KZ,S J>K{ Ky, Kz,]

In the presence of both J and S, but without affinity between the two (case without synergy),
J] [S]

the functions F; and F, are given by F;(J,S) =)(1 + —d)(l + —d), i =1,2. The acceleration is
iJ iS
then given by:
J] [S]
A+ )+
ajs = 2J 25 _ ajas (4.16)
1 J] 1 [S]
I+ 0+
1,J LS

where the two components of the acceleration are completely independent of each other.

At large concentration of S and J, both component of the acceleration, a; and ag, will reach
their maximal value, allowing the overall acceleration a;g to reach:

Kkd kd
1,571,J
A = aperaner = ML g (4.17)

d d
KZ,SKZ,]
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In the case with synergy, i.e. with affinity between S and J, the functions F; and F, do not
simplify, leading to a really complicated expression for the hydrolysis rate. However, we
can assume that with the appropriate concentrations of S and J, the formation of the fully

connected trimers ([H; JS]) and ([H,JS]) will exceed any other dimers or trimers formation,
due to the high local concentration p. Therefore, we can approximate F; and F» such that:

, - UliSlp & _
Fl(]vs) - ]-+ Kgsng]KﬁS; 1= ].;2

Then, the acceleration of the hydrolysis rate becomes

J1(Slp
K sK3 K]l

1+ d prd pd
KI,SKLIK],S

1+

To reach its maximal value, the condition S > Kld s sz gan /> Kld It sz I

Instead, the condition is now [J][S]p > Kld SKld ]Kjds where the high value of p can compensate

for concentrations of J and S lower than saturation concentrations.

is no longer necessary.

K
1,J°°1,S8
ant® = L 25 _ 306 = qmax (4.19)

In summary, the stimulation of ATP hydrolysis by S and J is attributed to their ability to shift
Hsp70 into its active state. The maximal acceleration one can obtain with S or J depends
on the dissociation constant ratio between binding the inactive and active state such that

d Kd
max _  LJ max _ LS
a =—=anda = —=
J Kd S Kd '
2,] 2,8

Two cases arise in the presence of both S and J. The two proteins can either not interact with
each other such that the ATPase stimulation simply corresponds to their combined effect,
or interact with each other and therefore promote the formation of a fully connected trimer.

d pd
max _ max _ KIJKLS

In both cases, the same maximal acceleration is reached, aj¢™* = aj¢"* = < xd but under
— 2,]7°2,8

different concentration conditions.

Theoretical results

The idea that the synergy helps with trimer formation can be verified in Figure 4.5 displaying
the percentage of Hsp70 in a trimer in function of the concentration of S and J.
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Figure 4.5: Percentage of Hsp70 in a trimer configuration in function of the con-
centration of substrate and J-domain protein. Blue curve: case with synergy due
to the high affinity between J and S, orange curve: case without synergy due to the
absence of affinity between J and S. Blue area: low concentration of S and J, nearly
no trimers. Red area: intermediate concentration of S and J leading to an increase
and saturation of the trimer formation in the case of affinity between S and J due to
the effect of the co-localization. Green area: concentration of J and S high enough to
create trimers even without affinity. See Table 4.1 for the used parameters

At really low concentrations, no trimers, or very few, are formed as shown in the blue area on
Figure 4.5. As the concentrations increase, trimers start to appear in the case with synergy
thanks to the local high concentration of proteins (red area on Figure 4.5). Finally, for even
higher concentrations, trimers in the case without synergy are formed and can even saturate
Hsp70 but only for extremely high concentrations of S and J.

Kel-1  KflgudM)  KfgluM) K{ (uM] K, (uM] - Kf'g (uM] - p (pM]
107 4.4[64;73] 0.47([74]  0.07 [74] 0.0014 0.02 [74] 1000

Table 4.1: Parameters selected for the theoretical plots. The affinity between H,
and S was assumed to be similar that the affinity between S and Hsp70-ADP. Total
concentration of Hsp70 was fixed to 10uM.

As a high proportion of trimers is directly linked to a high hydrolysis rate, we can conclude
that the synergistic effect of J and S on the hydrolysis rate is efficient at boosting the ATPase
activity for relatively low concentrations.

Indeed, as observed in Figure 4.6A and B, in high concentrations of / and S, both configurations
are reaching a maximum hydrolysis rate of ~ 460 times the basal hydrolysis rate, in agreement
with [75].
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Figure 4.6: A: Acceleration with synergy for varying concentrations of substrates and
DnaJs. B: Acceleration without synergy for varying concentrations of substrates and
DnaJs. C: Ratio between acceleration with synergy and without synergy in function
of the concentration of substrate and DnaJ. D: Acceleration of the ATP hydrolysis
with and without synergy. Blue curve corresponds to the acceleration with synergy,
orange curve is the acceleration of the hydrolysis rate without synergy, orange dot:
combination of the individual acceleration due to the substrates and DnaJs, brown
horizontal line: theoretical limits of the acceleration. Parameters used given in
Table 4.1

While the difference between the acceleration with and without synergy is minimal at low
or high concentrations (ajs/ajs = 1 on panel C), the synergistic effect is clearly visible at
intermediate concentrations, between 0.1 and 1 uM, which are in the range of physiological
concentration [33; 76]. The synergistic effect is maximal for concentrations around 0.5 uM for

both § and J and the ratio a;s/ajs > 5.

Therefore, we can confirm that the principal effect of the synergy is not to reach a faster
hydrolysis rate but to compensate for the low concentration of substrates and/or JDPs in order

to reach the same fast hydrolysis rate at lower concentrations.
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The results also confirm that the acceleration induced by substrate and DnaJ without synergy
is simply the combination of their individual contributions, as demonstrated by the perfect
alignment between the ajs and aj x as curves in Figure 4.6D.

4.2.3 Applications
A special case: the HscA/HscB/IscU system

This work was done in collaboration with Jarostaw Marszatek and Aneta Grabiriska at the Uni-
versity of Gdansk and Medical University of Gdansk. All the experimental work was performed
by Aneta Grabiriska.

Steady-state experiments of HscA (from the Hsp70 family) ATPase activity were performed in
the presence of its co-chaperon HscB, a DnaJ-like protein, and IscU as substrate.

The HscA/HscB/IscU system was chosen due to HscA fast nucleotide exchange rate after the
hydrolysis [77; 78] without the need of a nucleotide exchange factor (NEF). This allowed the
use of the pre-equilibrium assumption on which our model is based, even in steady-state
experiments.

It is important to know that HscA, HscB and IscU are part of a very specialized Hsp70 system
and only interact with each other [79], in opposition to many Hsp70s which are known for
their versatility due to their interactions with multiple different DnaJs and substrates.

Two different HscB were considered, the wild type (HscB WT) which can bind to IscU, allowing
the formation of a fully connected trimer and a mutant (HscB LMF) modified to impair its
binding with IscU. Similarly, IscU MVY, a mutant form of IscU with a reduced affinity for HscB
was used in the experiments, in addition to IscU WT.

The experiments were performed multiple times and the measured hydrolysis rates were
averaged in-between repetitions. First, to assess the individual impact of IscU and HscB,
titrations of both proteins alone were performed separately (Figure 4.7A). The synergistic
effect was then observed in titrations of HscB with a fixed initial concentration of IscU (5 uM,
10pM and 20uM), Figure 4.7B. Finally, using mutants impairing the affinity between HscB and
IscU, the decrease in the synergistic effect was shown with the titration of HscB LMF with an
initial 20 uM concentration of IscU WT and similarly with the titration of HscB WT with 20
puM IscU MVY (Figure 4.7C).

The data presented in Figure 4.7 corresponds, for each experimental condition, to the average
acceleration of the hydrolysis rate compared to the first measurement of the titration, at zero
concentration of titrant. In this way, we eliminate the dependence on the intrinsic hydrolysis
rate of the system. For the titrations of HscB with a fixed concentration of IscU, the initial
hydrolysis rate corresponds to the hydrolysis rate induced by IscU, not the basal hydrolysis
rate. Therefore the data actually correspond to a;s/as and a;s/ as.
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Both IscU and HscB alone are able to increase the ATPase activity, although the acceleration is
limited to about 7-fold for HscB and 3-fold for IscU (Figure 4.7 panel A). The addition of HscB
to a solution with a fixed concentration of IscU (5, 10 or 20 M), leads to an acceleration of about
20/25-fold compared to the ATPase activity due to IscU alone (Figure 3B), thus greater than the
intrinsic acceleration due to HscB alone. Finally, the presence of a mutant altering the affinity
between IscU or HscB (either HscB LMF or IscU MVY) significantly reduces the acceleration
compared to the case with the two wild types HscB and IscU. Indeed, an acceleration of about
7-fold was reached with IscU MVY and HscB WT and of about 15-fold for IscU WT and HscB
LMF (Figure 4.7C).

Our theoretical model was tested to reproduce those experimental results. Let f({f}, c) be the
function computing the theoretical acceleration of the hydrolysis rate, a;j, in function of a set
of parameters intrinsic to the model {f}, and c the substrate or DnaJ concentration, such that

fUpyo)=am (4.20)

For each experimental titration d = (d, d», ...), we can find the optimal set of parameters {f,}
that minimizes the error

SSE =} (f(B}ci) —di)® (4.21)

between the data points d; and the theoretical acceleration given by the function f({8}, c;)
where c; is the titrant concentration. As many parameters of {8} are the same in-between
different titration experiments, all experiments were fitted simultaneously to get a unique
set {f}op:. The actual parameters in {f} are K,, the equilibrium constant between the two al-
losteric states Hy and Ho, Kl"f s Kg o
with Hsp70 in states 1 and 2, Kfs,
p, the apparent concentration of the unbound protein during the trimer formation. Finally,

Kld ] and sz It the substrate and JDP dissociation constants

the dissociation constant of the substrate with JDP and

to account for the use of mutants, two other dissociation constants were added K f‘i eS and
K]dsMVy’ which corresponds to the dissociation constants between HscB LMF and IscU WT,
and HscB WT and Iscu MVY respectively.

To avoid falling into a local minimum when minimizing SSE, the minimization was repeated
multiple times with, each time, a randomly chosen initial guess. Due to the large number
of parameters we are trying to estimate, the surface landscape of SSE is difficult to explore
thoroughly in one occasion. Hence, the large disparity in the parameters estimated values
between each repetition, as represented in the appendices (Figure A.2).

The data and best fit, on Figure 4.7, were obtained with the set of parameters presented in
Table 4.2.
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Ke [-] Kl‘%S KZ‘{S Kl‘{] K?-a,}] K]a,}S KZMFvS K]a,ZSMVY p [uM]
(WMl (M) (pM) (uM) M) (M) [aM]
0.014 408.6 65.7 26.6 2.9 10 754.2 12663.0 8100.1

Table 4.2: Parameters obtained from fitting with the least-square methods on the
experimental data . The value of K, was fixed to 0.014, corresponding to the ratio
between the basal hydrolysis rate and the highest measure of the hydrolysis rate, and
K]?is was constrained to [0.1, 10] uM in agreement with experimental observations

(80].
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Figure 4.7: Measure of the ATP hydrolysis acceleration induced by the addition of
IscU and/or HscB. Data are presented by dots and the model simulation by the solide
line. A: Titration of IscU (red) or HscB (blue) alone. B: Titration of HscB WT with
fixed concentrations of IscU WT (5 uM in beige, 10 uM in purple and 20 uM in green).
C: Titration of HscB with 20 uM IscU with mutants. In green HscB WT with IscU WT,

in pink HscB LMF with IscU WT and in blue HscB WT with IscU MYV.
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The individual effect of HscB (J) and IscU (S) on the ATPase activity is well reproduced by our
model, as seen in Figure 4.7A. The synergistic effect of IscU (fixed 20 uM) and HscB is also
fully replicated (green line in Figure 4.7B and C). However, for lower concentration of IscU, the
fitis not as able to follow the data. Indeed, while the three predictions are extremely close to
each other, the three curves differ highly when we look at the data.

Interestingly, the presence of both HscB and IscU does not result in a significant increase in
HscA ATPase activity. Upon evaluating the acceleration of the hydrolysis rate in comparison to
the basal rate, even at saturation, the highest value obtained is only about 30-fold, which is
considerably lower compared to other Hsp70 systems where an acceleration of up to 300-fold
can be easily achieved [29]. Finally, our model successfully reproduces the impact of the
low affinity between the pairs HscB LMF and IscU WT and HscB WT and IscU MYV. Indeed,
the only difference between the three fitted curves of Figure 4.7C is the value of dissociation
constant between HscB and IscU.

In Table 4.2, the fitted parameters corresponded to those that provided the best fit to the
model. It is worth noting, however, that numerous other parameter sets also resulted in a good
fit characterized by SSE < 1. Among those different sets of parameters, all parameters exhibit
a high variability as shown in Figure 4.8B. This is especially true for Kj s,,,, whose distribution
spans over an order of magnitude. The value of K ;{ ¢ was artificially limited to 10 uM, due
to biological constraints, explaining the difference in its distribution compared to the other
parameters.
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Figure 4.8: Information on the value of our model fitted parameters. Only parameters
inducing a good enough fit were considered (SSE < 1) corresponding to 12 sets of
parameter values. A: Distribution of the parameters B: Correlation matrix between
each parameter. K, was dropped as its value was fixed.

Although we are not able to define a precise value for each parameter, the very strong correla-
tion between some of them highlights the importance of their relative values to one another
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rather than their absolute values. This is, for example, the case with the dissociation constants
of Hsp70 in its active and inactive state for a given protein (Kld s with sz gand Kld ; with sz -
In both cases, the correlation is nearly perfect with a correlation coefficient of 0.94 for Kld gand

sz s and of 0.96 for Kld ;and sz ;- This strong correlation is due to a pretty stable estimation
. K¢ K4 . .
of the ratio between the constants. Indeed, 1gs:= K+f and Ay = # characterize the maximal

2,8 2,]
acceleration the system can reach during the titration of substrates, JDPs respectively and
have a relatively low coefficient of variation (CV) compared to other parameters (Table 4.3).

The most consistent parameters along the 12 fits, AgA; with CV=0.12, is directly linked to the
maximal acceleration the system can reach. This consistency is due to the relatively strong
anti-correlation between KfS,KgS pair and the Kf ],Kg ; bair, between -0.55 and -0.72 in
Figure 4.8B.

Kﬁs KZ@? S Klaf KZ‘% K]‘{S KjdLMFrS KfSMVY p As /1] A] As
(uM]  [uM]  [pM] [pM]  [pM]  [uM] [uM] [uM] (-] [-] (-]

Mean 328.2 58.8 495 3.9 8.0 8759 157209 94336 52 11.6 555
SD 194.2 15,7 31.8 1.3 3.1 471.0 9763.9 461483 1.8 34 6.4
Cv 059 026 064 034 0.38 0.54 0.62 0.49 035 0.29 0.12

Table 4.3: Mean, standard deviation (SD) and coefficient of variation (CV) for the
d d

. . . K{ K
parameters of the model on the 12 best iterations with As = > and A; = =#.

2,8 KZ J

4.2.4 4 allosteric configurations model

Recent publications by Hendrickson et al. [69; 71; 81] have investigated the mechanism
of Hsp70 ATPase activity stimulated by substrate binding. The authors have proposed a
theoretical model [71] based on the presence of two different allosteric configurations of
Hsp70-ATP characterized by their substrate affinity and their ATPase activity.

A restraining state with low substrate affinity and low ATPase activity is in equilibrium with a
stimulating state with high substrate affinity and high ATPase activity. This equilibrium defines
the observed hydrolysis rate and the binding of a substrate effectively shifts the equilibrium
toward the stimulating states due to its higher affinity.

Furthermore, the authors claimed to have identified those two states structures [81]. While
the restraining state corresponds to the usual Hsp70-ATP structure with an open SBD and
the linker docked into the NBD as in Figure 4.1B, the stimulating state still display a docked
linker but with a closed SBD, represented in Figure 4.9B. This state can be associated to an
intermediate structure between the ATP and the ADP configurations.

Finally, the authors compared the effect of the substrate concentration on the ATPase activity
(data on Figure 4.10) on WT DnaK and on diverse mutants, including 1483D, blocked into
the stimulating state [69]. While WT DnaK ATPase activity increases as expected with the
substrate concentration, 483D is not affected by the addition of substrate and hydrolyses ATP
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Figure 4.9: A: HscA AlphaFold prediction [82; 83], B: Hendrickson S-state cristal (PBD
ID code: 7KRU) [69]

at a constant higher rate than WT.

The idea of Hsp70-ATP possessing different allosteric structures is consistent with a prior
study [62], which proposed the existence of a SBD-undocked configuration with a bound
linker as an allosterically active state Hsp70-ATP, in opposition to the classic Hsp70-ATP state
with a docked SBD and a bound linker. This finding is similar to the structure proposed by
Hendrickson. Additionally, the predicted structure of HscA, a specific Hsp70, as determined
by AlphaFold and illustrated in Figure 4.9A, displays similarities, featuring a closed SBD and a
bound linker. All those observations can be seen as evidence of the flexibility of the Hsp70-ATP
structure and of the possible presence of multiple allosteric structures.

By combining the observed allosteric configurations with the theoretical aspect of the hydroly-
sis stimulation, Hendrickson et al. are pushing forward toward a better understanding of the
role of these allosteric structures. Their approach is therefore extremely insightful for our own
research.

However, their model is limited to substrate-induced ATPase activity and assumes that, at
saturation, all Hsp70 are in the stimulating state. This assumption completely ignores the
possible impact the J-domain protein could have on such a system. We now know that DnaJ
binds Hsp70 with contact points on the NBD, the linker, and the SBD and is thought to
stimulate hydrolysis rate by increasing Hsp70 sensitivity for the substrate’s signal [70]. But it
also stimulates the hydrolysis rate by itself. If we assume, in agreement with Hendrickson, that
the ATPase activity is stimulated by a change in configuration, then DnaJ should also trigger
structural changes in Hsp70.

Furthermore, as reported in [69], other DanK mutants with a mutation in the NBD, 1160D and
N170D, displayed a high hydrolysis rate in their apo-state, characterized by the absence of
peptide. Moreover, [160D ATPase activity was further stimulated in the presence of peptides,
as depicted in Figure 4.10. This observation is very similar to what would be anticipated in the
case of a peptide titration with fixed initial concentrations of DnaK WT and Dna]J.

This leads us to assume the [160D mutant is in a structure close to or equivalent to the one
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Figure 4.10: ATPase activity of various Hsp70 with different mutations in function of
peptide concentration. Figure from [69].

induced by J-domain binding. Therefore, the high hydrolysis rate could be due to the mutation
mimicking the action of Dna].

If this is true, we can assume that in addition to the new allosteric structure, named here
Hsp70sgp and proposed in [81], there is an additional allosteric configuration triggered by
JDP binding. Due to the location of the mutations, this additional configuration is called
Hsp70nsD, although we have no evidence of the actual location of the configuration change.

Assuming both these changes to be independent of one another, a fourth allosteric structure,
Hsp70spp-NBD, characterized by configurational changes in both the SBD and the NBD should
exist. In that case, we can naturally extend our previous model with one inactive (H;) and
one active state (H») to a 4-state model composed of three non-active states (H, Hsgp, HNBD)
which were coarse-grained in a unique state H; and one active state (Hsgp.nsp) €quivalent to
our state H,.

Mathematical details

Similarly to our previous model, Hsp70 fluctuates between these four different states, as
illustrated in Figure 4.11, and the equilibrium between each state is influenced by the pres-
ence of substrate and JDP. However, as JDPs are not part of the experiment, mathematical
development involving them will be avoided to lighten the description.

The equilibrium between the different allosteric states now depends on two different constants,
namely K, s and K, ;, where K, s is associated with the allosteric change on the substrate
binding domain (SBD) induced by the substrate and K, ; is associated to the configurational
modification on the NBD and triggered by JDP binding.

Therefore the equilibrium concentrations are given by:

[Hsgp] = K¢, s[H] [Hnep] = K,y [H]. (4.22)
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Assuming the two allosteric changes to be independent of each other, the equilibrium concen-
tration for the active state is:

[Hspp-NBD! = Ke, 7[Hsgp] = Ke,s|HNBD] = K¢, 7 Ke, s[H]. (4.23)

H NBD in active
NBD configuration

H

SBD*NBD

Active state

H S

SBD-NBD

SBD in active
configuration

HS

Figure 4.11: Graphical representation of the 4-state Hsp70 model with binding to
substrates. Other possible binding states (with JDPs or trimers configurations) are
not represented to preserve the reader’s sanity.

As previously, we assume that only the active state is able to hydrolyze the ATP at a very fast
rate called k"%, In that case, the observed hydrolysis rate simply depends on the ratio of
Hsp70 in the active state Hspp.ngp compared to the total concentration of Hsp70. Therefore,
the basal hydrolysis rate is simply:

WO - [Hspp-NBD] jmax _ Ke, jKe,s max
" [Hltor (1+Ke, )1 +Keys)

(4.24)

Adding substrates modifies the Hsp70 equilibrium toward the allosteric states with the config-
urational change in the SBD. To be able to do that, those states, namely Hsgp and Hsgp.NBD
should have a higher affinity for the substrate that the states with the SBD in the normal
configuration.

[H][S] [HngD][S]
HS] = H; S]=————+— 4.25
[HS] Kgi [HnBDS] Kg (4.25)
H S Hggp. S
[HsppSI = HsepllS] SB],)d” ] [Hsgp.NBDS] = [Hsnn en] (5] I\ESD][ ] (4.26)
K K

where Kg is the dissociation constant of S with H and Hyngp and Kg‘i is the dissociation

constant of S with Hsgp and Hspp.NBD- As before, for the substrate to stimulate ATPase activity,
1d d

Ks < Ks-
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The hydrolysis rate induced by binding to the substrate is therefore given by:

d prd
is _ [Hsepl + [HsepS] _ KejKe,sKs (Kg" +5) K 407
hy (Hltor (1+Ke ) (K S+ KK + Ko s K + Ko, 5S))
Let’s once again consider the acceleration of the hydrolysis rate.
S
Ky, (1+ K, )KZ (K +5)
as=75 = d id d (4.28)
kp,  KES+KEKE + Ko sKE + Ko 58)
At saturation, S > Kg , the acceleration reaches its maximal values:
K¢ +Kes)
ag® = lim ag= (4.29)

S — .
s>k K@+ KIKes
The 2-state model as a coarse-grained version of the 4-state model

As previously stated, the 2-state model (with H;/H>) is a coarse-grained version of the more
detailed model with four states presented above, where H is characterized by the 3 inactive
states H, Hspp and Hnpp and H» is equivalent to the active state Hsgp.ngp. This means
that both models should be able to reproduce the same phenomenon regarding the ATPase
stimulation with adequate parameters.

The equilibrium constant, K,, is defined as:

KesKe,
Hy = K, Hy = Hspp.NBD = Ke(H + Hngp + Hspp) <— K, = _—oShel (4.30)
(1+Kes+Kej)

where the last equivalence comes from (4.22) and (4.23).

Similarly, we can compute the coarse-grained dissociation constant of Hsp70 with substrates
in its inactive state H; and its active state H» from the detailed equilibrium constant of the 4
states model:

a _ UHIIS]  ([Hl+ [Hsppl + [HnDDIS]  (1+Ke s+ Ke,j)
KL= Trns) ~ [HSI+ (HspnS] + [xpnS] (L 1 Kes 1 Kol @30
KRR
a _ [H2][S]  [Hspp.NBDIIS] 'd
2.8 = = = KS
[H>S] [Hspp-NBDSI

(4.32)

Similarly, the Hsp70:DnaJ dissociation constants in the two states model can be computed
from the 4 states model ones:

1+K,;5+K,
1d, ( e e,S) (4.33)

JT 71 Koy  Kes
(z7+ =7 +=2)
K] K/ K]

+

K¢, =K/ (4.34)
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where K f is the dissociation constant of H and Hsgp with J and K }d, the dissociation constant
of Hngp and Hspp.ngp with J. The other parameters, p, and K ]‘.i ¢ arenot affected by the model
coarse-graining as they are not directly linked to Hsp70 allosteric states.

Results with the 4-state model

The ATPase activity of DnaK WT and 1483D, the mutant stuck in Hendrickson’s stimulating
state, were measured in single turn-over experiments in [69] in function of the concentration
of the NRLLLTG peptide as substrate. While the increase in peptide concentration leads to
a higher hydrolysis rate for the DnaK WT, no impact of the peptide is found on 1483D which
keeps a roughly constant high hydrolysis rate.

While fitting the data with our 4-state model, we also took into account the 1483D data. Indeed,
according to [71], the mutant SBD is blocked in its active state. In our model, this state is
characterized by Hsgp and the Hsgp.ngp states (blue area on Figure 4.11). Assuming that
1483D can still fluctuate between these two states, the hydrolysis rate is given by:

jemutant _ [Hspp-NBD] max (4.35)
hy [Hsgp] + [Hsp-NBD]
K,
= +‘;<f femax. (4.36)
eJ
And the acceleration is simply given by:

mutant

amutant _ K ]kmax (1 + Ke ])(1 + Ke S) _ 1+ Ke,S (4.37)
kgy 1+Ke; KoK gkmax Kes '

The presence of a substrate, indeed, cannot modify the hydrolysis rate as the hydrolysis rate
depends on the equilibrium between the [ Hsgp] and the [ Hsgp.NBD] States.

Smutant _ [Hsgp-NBD] + [HspD-NBD S] fmax (4.38)
hy [Hspp] + [Hspp S| + [Hspp-NBD] + [Hsep-NBD S|
KeoyS
[Hsgp] (Ke,j + K/]d)
_ : — e (4.39)
[Hspp] (1+ 57) Ko, + Ig,’d )
_ Key &) jpmax._ kmutant. (4.40)

1+Ke] hy

Therefore, we imposed an additional constraint to (4.21) to minimize the error between the
data from the 1483D mutant and the model prediction.

The optimal parameters {f4s}op, to reproduce the data in Figure 4.12 were obtained by mini-
mizing the following expression:

1+ K,
SSE =Y (fas(Pash ci)) - a1y +Z( KSS 483Dy (4.41)
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where f; is the function of the 4-state model reproducing the acceleration of the hydrolysis
rate, {4} the set of parameters describing the system, c¢; the concentration of substrate,
wr 1483D are the measured acceleration of the hydrolysis rate for DnaK WT, 1483D
respectively, at substrate concentration c;.

a and a

(24 ¢
) N .
0.25 ’
-
E | 4
£ .-
0
2015
o
§ ¥
a 010 ¢ WT data
= * WT fit (4 states model)
0.05 g e WT fit (2 states model)
¢ ¢ 1483D data
0.004 ¢ —— 1483D fit
100 200 300 200

Substrate concentration [microM]

Figure 4.12: Substrates induced ATPase stimulation of DnaK WT and DnaK 1483D
(data from [69]). The fits were obtained with the 4-state model (solid lines) and the
2-state model (dashed line)

4-state model 2-state model
Kesl-1 K¢ uMl K& [uM] | Ko [ K{g[pM] - Kf'g [uM]
0.004 1064.3 0.37 107° 78.9 0.37

Table 4.4: Fitted parameters obtained from fitting Hendrickson’s data presented on
Figure 4.12 with the 4-state model and the 2-state model

The 4-state model easily reproduces both the wild type and the mutant ATPase activity as de-
picted in Figure 4.12 using the parameters from Table 4.4. The value of K, s is strongly dictated
by the ATPase measurement of the 1483D mutant and in agreement with Hendrickson’s ap-
proach, a very low affinity is found between the peptide and Hsp70 in state H (K g =1064.3uM).

The 2-state model gives exactly the same curve reproducing the data for the DnaK WT, but
does not contain enough details to correctly represent the state of the mutant. The equivalence
between the 4-state and the 2-state models is explicit when looking at the parameters both
models used.

As expected from (4.32), both models obtain the same exact value for K gd and sz s- Using (4.30)
to compute K, j (K, ; = 0.0023), we can also verify if the values of K g and Kld ¢ are consistent
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with each other. From (4.31):

1+ Kej + Ke,s)
Koy | Kes )
K1 K

=78.87 (4.42)

(Kljd yoe
which indeed corresponds to the fitted value of Kld s found by fitting the data with the 2-state
model.

4.2.5 Link between acceleration and selection

Over two decades ago, a hypothesis was put forth that DnaJ enables Hsp70 to distinguish
between short peptides and long proteins [28], due to short peptides inability to interact
synergistically with DnaJ in promoting Hsp70 ATPase activity.

We can now explain that a short peptide may not be able to bind simultaneously to Dna]J
and Hsp70, due to a lack of available binding sites, which prevents the formation of the fully
connect trimer and therefore limits the hydrolysis rate. On the other hand, a long protein
with multiple binding sites will allow the formation of the fully connected trimer and its
collaboration with Dna]J will maximally stimulate Hsp70 ATPase activity.

This mechanism is equivalent to the catalytic discrimination introduced in Chapter 3, where
correct substrates are preferentially accelerated into the selection pathway over incorrect
ones. Furthermore, the substrate selection also relies on its binding affinity with DnaJ and
Hsp70. In the end, the collaboration between Hsp70 and Dna]J can be seen as a discriminatory
mechanism, where the substrate needs to be accepted by the two proteins to be processed.
This mechanism is part of DnaJ Hsp70 recruitment mechanism [84] and is at the base of the
multi-functionality of the Hsp70 system.

In this context, the HscA/HscB/IscU system is of particular interest as a unique example
of an Hsp70/DnaJ/substrate system with limited versatility. Indeed, these proteins interact
exclusively with each other, implying that this system may not require a strong discriminatory
mechanism.

This is suggested by the relatively low HscA ATPase stimulation obtained in presence of both
HscB and IscU (Figure 4.7B), which is only about 30-fold compared to the basal hydrolysis
rate. This relatively low level of stimulation stands in contrast to other Hsp70 systems which
have demonstrated acceleration rates of up to 300 [29] to 1000-fold [28].

Additionally, as observed in Figure 4.9, the predicted structure of HscA is in a conformation
that is highly similar to the Hendrickson stimulating state, in contrast to the conventional
ATP-state relaxed state seen in the standard DnaK prediction (Figure A.3).

This suggests that HscA natural equilibrium is titled toward the Hsgp state. Binding to the
substrate IscU has therefore little to no effect on its ATPase activity, as observed in Figure 4.7A,
and the overall maneuvering space to improve the hydrolysis rate with both HscB and IscU is
limited.

In the extreme scenario where the substrate-binding domain (SBD) of HscA is always in its
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active state, the maximal hydrolysis rate is limited to the impact of DnaJ. To demonstrate this,
we can compute the basal hydrolysis rate and the maximal hydrolysis rate in this particular
scenario:

0 _ [Hspp-NBD] max _ _KeJ 1 max (4.43)
hy " [Hspp] + [Hspp.NBD] 1+K.y
[Hsgp.nepl [J1[S]p d
1d p1d -d
lim k]S _ KKK max _ Ke']K] fmax (4.44)
S, J>K4Kd hy — [HsgplU1[Slp 4 [Hspp-ngDl [J1[S]p K’d +K Kd ’
MRS KEKIKT KKK T el

where we consider that the maximal hydrolysis rate is reached when all Hsp70 are in the fully
connected trimer configuration.

The maximal acceleration is therefore given by:

d d
max K] (1+Ke)) _ K]

a =~ — (4.45)
JS 1d d 1d
— K] +K] Ke,; K]

where we suppose K, j < 1.

In this hypothetical scenario, the maximal acceleration of the hydrolysis rate is limited to
the influence of HscB. As a result, HscB would be the only component capable of affecting
HscA ATPase activity, while IscU sole function would be to facilitate the formation of the fully
connected trimer in non-saturating concentrations conditions.

Although HscA is not as extreme as this scenario, the low hydrolysis rate observed with the
substrate alone, the similarity between the IscU/HscB titration curves in Figure 4.7B and the
modest value of the maximal acceleration suggests that HscA SBD may be naturally tilted
towards its active state.

4.2.6 Summary

Hsp70 ATPase activity is a key element in driving the Hsp70 cycle to ensure a proper response
to protein aggregation. It is regulated by the presence of substrates and/or DnaJ which trigger
the ATP hydrolysis when bound to Hsp70.

In our model, based on the presence of allosterically active and inactive states, the observed
hydrolysis rate is directly linked to the proportion of Hsp70 in the active state, able to hydrolyze
ATP In this framework, the increase in the hydrolysis rate upon binding to a substrate or DnaJ
is explained by their ability to shift the equilibrium in between the allosteric states, toward
the active state. With this hypothesis, corroborated by recent experimental observations high-
lighting the presence of different allosteric structures of Hsp70-ATP, we perfectly reproduced
experimental ATPase measurement from titration of substrates and Dna]J individually.

In addition, we have provided insight into the synergistic effect between DnaJ and the substrate.
The high hydrolysis rate, observed when DnaJ and the substrate can interact with each other,
is explained by the proteins co-localization promoting the formation of the very stable fully
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connected trimer formed by Hsp70, DnaJ and a substrate. A decrease in the affinity between
DnaJ and substrates, as expected, leads to a decrease in their synergistic effect, lowering the
hydrolysis rate. Furthermore, we propose that the synergistic effect’s main purpose is not to
reach a higher hydrolysis rate but simply to reach that high hydrolysis rate at low physiological
concentrations.

Moreover, we show how our model of two allosteric states could be extended to a more complex
model with four different allosteric states, assuming DnaJ and the substrate trigger different
configurational changes in the Hsp70 structure. This model allows to better adapt to particular
cases, such as Hsp70 mutant or HscA.

Finally, we highlight the role of the collaboration between Hsp70 and DnaJ in substrate
discrimination. Their combined action favors the processing of longer protein substrates
bound to DnaJ over short peptides or proteins in isolation. This highlights the two-signal
discrimination mechanism of the Hsp70 system, which requires both the recognition of the
substrate by Dna]J and its subsequent binding by Hsp70 for efficient processing.
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4.3 Dnaj

The J-domain protein (JDP) family, to whom the Dna]J family belongs, gathers a large number
of proteins of very different structures, all containing a highly conserved domain called the
J-domain. Due to the large variation in the family, JDPs are usually separated into three
categories, class A, B, and C. Class A and B proteins are characterized by their J-domain located
at the N-terminal while class C proteins J-domain can be situated anywhere on the protein.
Class A and B proteins have in common a glycine/phenylalanine (G/F) rich region following
immediately after the J-domain and class A proteins also sports a Cysteine-rich region (CRR)
in their C-terminal domain. The precise differences between class A and class B JDPs and their
unique specificity are not of prime importance for the understanding of the following work
and, therefore, will not be developed here. It is sufficient to know that there are some slight
structural and functional differences between class A and B JDPs. Class C proteins present
a large variety in sequences [85], and their complex structure and function is outside of the
scope of this study.

The J-domain’s function is to interact with Hsp70 and promote its ATPase activity, while the rest
of the protein allows Hsp70 to carry a particular function. The large variation of JDPs allows
Hsp70 to perform many different tasks [76; 84] under the principle that each combination
of specific DnaJ and Hsp70 leads to a specific task [86]. As an illustration, the human body
only expresses 11 different types of Hsp70 for 50 different DnaJ [76]. Although there are more
different JDPs proteins than Hsp70, the total concentration of JDPs in vivo is usually about
10-fold lower than that of Hsp70s [85].

The difference between JDPs and Dna]J-like proteins comes from their ability to bind substrates.
While the main role of all DnaJ-like proteins is to bind to substrates and to bring them to
Hsp70, JDPs may recruit Hsp70 in other cases. For example, the JDP involved in translocation,
i.e. displacement of proteins across a membrane, acts as a targeting device to attract Hsp70
close to the translocation pore, ready to bind incoming substrates and pull them across the
membrane. In this case, the JDP is not directly interacting with the substrate but assisting
Hsp70 interaction with the substrate.

In the following sections, we will only consider Dna]J-like proteins, interacting with both Hsp70
and substrates.

4.3.1 Self-binding DnaJ

The model presented in this section is a small part of a larger project carried out by Pierre
Goloubinoff, Paolo De Los Rios, Mathieu Rebeaud, Bruno Fauvet and Satyam Tiwari on DnaJ
"stop-start" mechanism. Special thanks to Mathieu Rebeaud who performed all the experimen-
tal work in this section and introduced me to a nice modeling problem.

DnaJ is commonly recognized as playing a dual role in the Hsp70 cycle. First DnaJ is known to
assist Hsp70’s unfolding process by bringing misfolded proteins to it. Secondly, the presence
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of DnaJ, even without a substrate, stimulates Hsp70 ATPase activity, increasing the rate at
which the Hsp70-bound ATP is hydrolyzed.

A recent study [87] challenges that description by showing that a truncated class B JDP, contain-
ing only the J-domain and the following domain, the G/F rich region, was not able to stimulate
ATP hydrolysis. This observation was explained by structural changes in this truncated JDP
protein where the J-domain was found to bind to the G/F-rich region, preventing it to interact
with Hsp70. However, the full JDP was able to interact with Hsp70 and promote ATP hydrolysis.

From that observation, we propose the existence of an auto-regulatory mechanism of DnaJ
proteins in which the G/F-rich region inhibits the DnaJ protein’s ability to interact with Hsp70
by binding to the J-domain.

Mathematical description of the models

In order to model the auto-regulatory mechanism of DnaJ, we assume that the protein can
fluctuate between two allosteric states, an auto-inhibited and inactive state, J_, and an active
state, /.. Whereas Dna]J in the active state, with a free J-domain, is able to bind to Hsp70-ATP,
the auto-inhibited state is characterized by the binding of the J-domain to the G/F-rich region,
preventing any binding to Hsp70-ATP and therefore any stimulation of the hydrolysis rate.

The simplest model of interaction between DnaJ and Hsp70 is represented in Figure 4.13.
Hsp70, in its ATP state, can bind to DnaJ in the J; state to form H7 /.. The binding of Dna]J
promotes ATP hydrolysis and the configurational changes in Hsp70 leading to the state Hp.p;
and immediately ejecting DnaJ. Finally, the phosphate is released (k;;,) and the nucleotide
exchange (k) allows Hsp70 to go back to its initial state. In addition to this cycle, powered
by DnaJ, Hsp70 can also hydrolyze ATP by itself with a low hydrolysis rate k" < k;’, where k}l
corresponds to the hydrolysis rate stimulated by Dna].

Using a Michaelis-Menten-like model, we are assuming that the interactions between Hsp70-ATP
and the JDPs are in rapid equilibrium. This assumption is justified by the rate-limiting aspect
of the ADP to ATP exchange. Furthermore, to be as concise as possible, the two allosteric
states of Hsp70, H; and H, presented in Section 4.2 during the investigation of the synergy
between substrates and DnaJs, are coarse-grained into one and a unique hydrolysis rate due
to the presence of Dna] is considered.

At steady state, the balance between the active and inactive state of DnaJ is characterized by
the equilibrium constant K such that

Uil = K- (4.46)
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Figure 4.13: Simplified model of the Hsp70 ATP cycle stimulated by DnaJ, with the
addition of Dna]J in an auto-inhibited state J_.

Similarly, the steady-state concentrations of the different states of the model needs to satisfy
the following equations:

[H][J+) [HJ. ]k} + [HIK" [Hp.p, km
HIL= =2 Hpp)=—— (Hp] = =2 (4.47)
The total concentrations of DnaJ and Hsp70 are therefore given by
— _ [H]
Urorl = U-1+ U1+ [HJ1 1 =U-1{1+K; + Kj — (4.48)
Ky
(Hiorl = [H] + [HJ+]1+ [Hp.p,1 + [Hp] (4.49)
__ Al h h
= e (U] (i + ) + Ko (kR e + D) (450
—Eﬂ[]m+fg+K’u+Es (4.51)
K (770 TRk '
= [H] (z]% + z) (4.52)
where Ky, = kOffkh is the Michaelis-Menten constant, k = ki_ﬂ is the coarse grained
+ X m
on ]

h ih
exchange rate and z = 1+ f and zy =1+ 7] In the assumption of slow exchange rate,

km > ky, we can assume that ke ~ Ky.

Using [J_] = %, we found the following quadratic equation for [H]:
IR %

1+K; H,, 1+K; [H,,
LI + [H] (K —ad + (o) 2L = Wrotdy g Z¥ 5 Wrod
z z Kj z

0 (4.53)

J
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The flux of hydrolyze ATP is given by

_ [HJL )k} + HIK"

(4.54)
Htot
Solving (4.53) for [H] and replacing its solution in (4.54), we are finally obtaining
VU (Hiot Zon ony, (2 oh_ oy & 1+Kj
= — k7 + k") +(—k; k") (—Jtor + K;
f 2Ht0t( . (Z] Ji ) (Z] b )( 2 Jtot ; M
1+K H H 1+K (4.55)
. Z Z ;
—\/2 LR (2 + L o)+ (2 = g2 4 (—1)2K2)
Kj V4 V4 j

This expression, although quite complex, simply corresponds to the quadratic rate equation
of the Michaelis-Menten scheme fﬁ p @s introduced in [88], but with a re-scaling such that
Hior — %, Jtor — %]mt, Ky — 1JrTijM, and k;’ — fjk;l Compared to a proper Michaelis-
Menten scheme, this re-scaling comes from of the consideration of the auto-regulatory mech-
anism and the nucleotide exchange transition.

H z 1+K; z
0 Jtotr ——LKat, — kD). (4.56)

Hyot, Jrot, Knt, kJ) = 23 n
fHeot, Jtor, Kn ]) fMM( z 'z K] zZy

In detail, the Michaelis-Menten model of the ATP hydrolysis stimulation would ignore the
release of phosphate, the exchange back to the ADP state and the auto-regulation of Dna],
leading to the following rate equation:

f?\/[M(HIOtr ]tot» KM; k;l)
Hior (k! + k™) + (k] = k") Uror + Ky — \/ZKM(Hzgt +Jtor) + (Hror = Jron)? + K2 (4:57)
B 2Hio;

Results

The ATPase activity induced by DnaJ was evaluated for two different proteins with highly
similar sequences but from two distinct Dna]J classes: a class A Dna]J, Ydj1 (YY), and a class B,
Sis1 (SS). These two proteins are yeast cytosolic DnaJs interacting with the cytosolic Hsp70,
Ssal. Despite their close resemblance in sequence, illustrated in Figure 4.14, Sis1 and Ydj1
show large differences in efficiency, with Sisl exhibiting higher ability over Ydj1 in protein
refolding [89]. This difference, however, cannot be attributed to variations in their stimulation
of Ssal ATPase activity when Ydj1 and Sis1 are purified [90]. Furthermore, it was demonstrated
that the proteins exhibit a higher efficiency when present in solution together, as opposed to
alone [91]. This could imply that Sis1 and Ydj1 alone are not operating at their full potential.

To investigate the potential regulatory mechanisms of these Dna]J proteins, two chimera
proteins, formed by swapping the J-domains of Ydj1 and Sis1, were also examined in the
experiment, similarly to [90]. These chimeras, denoted as YS and SY, correspond to the Ydjl
J-domain attached to the remainder of the Sis1 protein and the Sis1 J-domain attached to the
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Ydj1 protein, respectively, as pictured in Figure 4.14.

Due to intra-proteins co-evolution, those chimeras are considered to not be able to form the
auto-inhibited state. Indeed, while Ydj1 J-domain can bind to its G/F-rich region, it may not
be the case for Sis1 G/F-rich region and vice-versa for Sis1 J-domain and Ydj1 G/F-rich region.

G/M X C-terminal )
ZFLR X C-terminal )

ZFLR X C-terminal )
G/M X C-terminal )

Figure 4.14: Schematic representation of Sis1, Ydj1 [92] and the chimeras YS and SY
sequences. G/F characterizes the G/F-rich region, G/M the Glycine/Methionine-rich
region, and ZFLR the zinc-finger-like region. Both the C-terminal region and the
ZFLR define the protein activity [93; 94; 95].

Sis1 J-domain

Ydjl1 J-domain

SY J-domain

YS J-domain

Assuming that only the J-domain interacts with Hsp70, YY and YS, and SS and SY respectively,
should share the same binding and stimulating ability, apart from the presence of the auto-
inhibited state.

Therefore, any differences in the ATP hydrolysis rate can be attributed solely to the presence or
absence of the auto-inhibited state J-. The ability of YY to stimulate ATP hydrolysis in Hsp70
was then compared to that of YS and SS to SY, with the assumption that YY and SS can be
in the active or auto-inhibited state, while YS and SY can only be in their active state. The
variations in the ATPase stimulation ability of YY, YS, SS and SY are depicted in Figure 4.15,
where it is clear that both chimeras (YS and SY) have much larger ATPase stimulation abilities
than the wild type (WT) SS and YY.

The ATPase activity measurements were fitted with the model outlined in (4.55). Parameters
related to the J-domain, Kj; and k}’, were considered identical for DnaJs with the same J-
domain, thus K Alf[ and k;"y were associated to YY and YS and K;\q/l and k;l's to SS and SY. In
addition, to account for the particularity of the chimeras, i.e. no regulatory mechanism, we
set Kj — oo for the SY and YS curves, while introducing K]Y forYYand K ]S for SS. Finally, the
coarse-grained rate of phosphate release and nucleotide exchange, k, depending only on
Hsp70, has to be the same for all curves.

Ky Ml K[ kT s | Ky Ml K5 KPS (sl | ks
23.4 0.033 4.6 145.2 0.52 16.7 0.026

Table 4.5: Fitted parameters, fixed value of K¢ to assure reasonable rates and k;”s
was limited to a reasonable range of values.
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Figure 4.15: Measurement and fit on the three individual repetitions of the Hsp70
ATPase activity for WT DnaJ (YY and SS) and the chimeras (YS and SY). Data is
represented as mean+SD. Experiments were performed with a fixed concentration
of Hsp70 at 6uM, basal rate measured at 2.9 x 1073 s71.

While YS and YY share the same J-domain, their impact on Hsp70 ATPase activity is drastically
different; YS is the JDP allowing for the highest stimulation while YY displays the lowest
stimulation ability (Figure 4.15). Although surprising, this large difference is fully explained by
the strong tendency of YY toward the auto-inhibited state due to a low equilibrium value of K;
(Kj =0.03 in Table 4.5).

To a lesser extent, the same behavior is observed for the pair SS and SY, where the smaller
difference between the two curves is due to an equilibrium less titled toward the inactive state
for SS (K; = 0.5) compared to YY.

We observe that both chimeras curves are reaching a maximum value for the rate of ATP
hydrolysis around 0.03 s~!, which roughly corresponds to the nucleotide exchange rate k ~ ki
of Hsp70. Indeed, in ATPase steady-state experiments like the one performed here, ATP cannot
be hydrolyzed faster than it is recovered in the Hsp70 cycle. The whole Hsp70 cycle is therefore
limited by the exchange rate.
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Despite this fact, our model is able to estimate the intrinsic hydrolysis rate due to the Dna]Js,
k?’y =4.6s!and k?’s =16.6 s7!, corresponding to the rate the system would reach if the
hydrolysis rate was the limiting transition in the Hsp70 cycle.

Furthermore, the exchange as a rate-limiting step is also allowing the curves to reach saturation
even when the DnaJs are present in substoichiometric quantities ([Hy;] = 6uM vs. max
[Jror] = 3uM). This is due to the difference in time scale between the nucleotide exchange and
the binding of DnaJ to Hsp70-ATP. While one Hsp70 is going back to its initial ATP state, DnaJ
has the opportunity to bind multiple Hsp70 and trigger their ATP hydrolysis. This highlights
the catalytic role of Dna] in the process.

Extension to HscA/HscB

Our model, as depicted in Figure 4.13, is not limited to the wild-type and chimeras experiment
with Ydj1 and Sis1 and can be applied to other Hsp70/DnaJ pairing. We can therefore apply it
on the data presented in Section 4.2, specifically the ATPase activity measurement of HscA
during the titration of HscB. The data and fit are represented in Figure 4.16.

It is worth recalling that HscA and HscB are distinct from typical Hsp70 and Dna]J proteins, as
they are known to interact exclusively with each other [79], whereas most Hsp70s and DnaJs
are characterized by their ability to interact with various partner.
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Figure 4.16: Fit of the HscA (Hsp70) ATPase activity during HscB (Dna]J) titration using
the model presented on Figure 4.13 considering the presence of an auto-inhibited
state J_. Data point, (blue dots): Average of three steady-state experiments with a
fixed concentration of HscA, [H;:] = 0.5uM.
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As observed in Table 4.6, HscB displays a very weak auto-regulatory mechanism with K; > 1,
indicating that the system is favoring the active state over the auto-inhibited state.

o [uM s K9 M) K- kP st ks
0.062 68.4 6.38  0.026  0.029

Table 4.6: Parameters obtained by fitting HscA ATPase activity during HscB titration
in Figure 4.16. The basal hydrolysis rate is k" = 0.001485 s

Furthermore, in contrast to previous observations for other Hsp70/DnaJ systems (Figure 4.15),
the HscA cycle, triggered by HscB, is not limited by the exchange rate k. Indeed, we found
k e k}’. This result is in agreement with the biological knowledge of the HscA/HscB/IscU
system as it is known to have a relatively fast exchange rate and to function properly without a
nucleotide exchange factor (NEF).

The results obtained from these two observations (low regulatory mechanism and absence of
NEF) demonstrate the uniqueness of the HscA/HscB/IscU system, in which the proteins have
been specifically designed to interact exclusively with one another. This contrasts with the ma-
jority of Hsp70/DnaJ/substrate pairings, which exhibit greater versatility in their interactions
and functions.

Finally, comparable values were found for the intrinsic hydrolysis rate k;’ in Table 4.6 and
the maximal acceleration induced by HscB obtained with the H;/H, model introduced in
Section 4.2. Indeed, from Table 4.6 we found that k?/kh ~ 17 while the maximal acceleration
induced by HscB with the 2-state model is given by a*®* = KI‘% ;! sz, 7~ 10. Overall, these results,
although not equal, are relatively close to each other.

However, the estimation of the dissociation constant K¢ between HscA and HscB is not
consistent with the dissociation constant found in Section 4.2 when considering the same
system. The estimated K¢ is approximately 70uM, while with the H;/H, model we find
Kf ; ~ 26pM. This difference highlights that, despite providing an accurate description of
the observed phenomena, our models may not necessarily provide precise estimations of all
biological system parameters.

4.3.2 Effect of 3-body interactions

One key element of the Hsp70 cycle is the formation of a trimer involving Hsp70, DnaJ and
the target protein, also known as substrate. However, the specificity of 3-body interaction has
never been, to our knowledge, properly addressed in the context of Hsp70 chaperones and the
different configurations of a trimer have simply been ignored.

Part of this issue was addressed in Section 4.2 when we considered the three different con-
figurations of 2-bond trimers and the facilitated transition from a 2-bond trimer to a fully
connected trimer due to the high local concentration p between proteins. We now want to
propose a more complete description that also takes into account the differences between
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binding a single protein to another single protein and binding a single protein to a dimer to
form a 2-bond trimer.

The statistical properties of a system containing interacting particles can be obtained by its
partition function Z. To describe the pair-wise interaction between a unique protein i and
a dimer jk when the protein i bind to one of the elements of the dimer, j, we define the
interaction potential between i and j as V; jr. The partition function thus becomes:

]. ,BZVLJIC _ﬁvl N
/13NN'VNfHdrl l /13NN'VN (/d 'Jk)

1 N
V; =0 ,~BVijk _
—/13NN'VN U di 1+ (e PV — 1)) —AsNN!VN(V+der(e ik 1))

where V is the volume available to the system and N the number of particles i.

(4.58)

From the virial theorem, this quantity can be expanded such that: c

1 N N—l/ R NIN-1) n_p (f BV, )2
=————(VN+NV d k1) 4 ————V d Wk —1)| +
ASNNIVN 1% rie ) 2 v rie :
(4.59)
Stopping at the second term, the expansion becomes:
1 B
- BV.jk et
7 =~ TBNN 1+ f dr (e PV 1)] /13NN' [1+ V] (4.60)

where B is the second virial coefficient linked to pair-wise interaction between particles.

Due to the presence of k, the interaction between i and j can be modified as such: V; jr(r) =
Vi,j(F) + Viep(F), where V; ; is the interaction potential between i and j and is defined in an
area Q0 around the protein j and V;.), is a repulsive potential around the protein k, in a space
defined as Q. Those two areas, Q; and Qy are partially superimposed due to the proximity
between j and k.

Therefore the integral defining B can be separated into three distinct regions:

f dr (e PV.ix 1) :f dr (e PVii — 1) _,_f A7 (e PViitVien) _ 1) +f dr (e PVrer — 1)
14 QinQ QjﬁQk QkﬂQ’.

= f dr (e PVii —1) - dr (e PVii — e PWViitVrep) 1 o=PVrew _ 1) 4 | a7 (e PVrer — 1)
Qj QjﬂQk Qp
(4.61)

We can therefore express B as B = B; j — Bg inQ — |Brepl, where B;; represent the interaction
between i and j in absence of k, By, the absence of interaction due to the volume take by k
and Ba,na, the impact of k on the interaction of i with j.

Linking the second virial coefficient to the dissociation constant with the equation K¢ =
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1
—3n.5 We found that

K& =- !
Lik ™ 2Nu(B;;-B ~|B
Al i,j Q;NQ | rep|)
~ 1 1
2NaBi,j 1= Ba;na,/Bi,j = |Brepl/ Bi, ) (4.62)

= Kf] exp(—ﬁkB Th’l(l—BQijk/Bi'j - |Brep|/Bi,j))
_ d
=K;; exp(fe)

where € = |kB Tln(l - BQijk/Bl'yj - |Brep|/Bi,j)|-
Assuming that the unbinding rate of i with j is not impacted by the presence of the protein k,
we finally found that:

:)l:]lk = k7} exp(—pe) (4.63)

The |By.pl/B;,j parameter can easily be computed. Using the hard sphere assumption:

. oo VFeQy
Vrep(r) = . (4.64)
0 V7ieQy

Therefore, we found |Byepl/B; j = QxNaK, l."lj. Assuming that Hsp70 is trying to bind to the

substrate, already attached to DnaJ, we have that:

4 4
Qi = 57133 =5 xmx (60 10793 ~1x107%L (4.65)
NAK;fj =6x102%x45x10%~3x10"8L7! (4.66)

where R = 60A is the radius of gyration of DnaJ and K¢ = 4.5uM is the dissociation constant
between Hsp70 and the substrate. Therefore, we find

|Brepl/Bi,j~107 (4.67)
which becomes negligible. Therefore, the excluded volume due to the presence of DnaJ around

the substrate does not significantly impact the interaction between Hsp70 and the substrate.

However, the presence of DnaJ "hides" part of the substrate volume, impairing its interaction
with Hsp70. This impact is characterized by Bg Q- Therefore, we obtain that e ~ |kg T'In(1 —
Ba;na./Bi,j)l-

Hsp70 cycle model

To ensure a full description of the Hsp70 cycle, we consider all the possible interactions
between the three proteins, Hsp70, DnaJ and substrate, from dimers and trimers formation to
ATP/ADP exchange and hydrolysis/synthesis.

To ease the description, the two Hsp70-ATP allosteric states H; and H,, presented above, are
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coarse-grained in a unique state, Hr, and the Hsp70-ADP state is represented by Hp. Dna],
marked as J and the substrate, as S, can interact with Hr and Hp independently or as the
dimer JS. As in Section 4.2, HyJS and HpJS refer to a 2-bond trimer, with either H, J or S
bound to the two proteins and (Hr JS), to the fully connected trimer. A more detailed
description of the model and the specific reactions and reaction rates can be found in the
appendix. In this section, we will provide only the essential information needed to understand
the model features.

The transitions between ATP and ADP states are as follows and dictated by both the exchange
rates (2.25) and the hydrolysis and synthesis rates:

Hr=Hp, HrS= HpS, HrJ= HpJ, HrJS= HpJS, =(HpJ]S.  (4.68)
Here and in all the following description HrJS and HpJS refer to three combinations of
2-bond trimer, i.e. H bound to S and /, S bound to H and J and J bound to H and S.

The dimers formation transitions simply depend on the binding and unbinding rates between
the two proteins and follow:

J+S=JS (4.69)
Hr+J]J=Ht] (4.70)
Hry+S= H7S (4.71)
Hp+J=Hp]J (4.72)
Hp+S= HpS (4.73)

(4.74)

The reactions? of the 2-bond trimers formation where the binding rate is penalized by a cost
e due to the excluded volume of the pre-existing dimer, such that k°® — e~P¢k°" are given
below:

JS+ Hr = HrJ]S HrS+J= HrJ]S HrJ+S=H7]J]S (4.75)
]S+HD:‘HD]S HDS+];‘HD]S HD]+S\ﬁHD]S (4.76)

Finally, the formation of the fully connected trimer is promoted by the co-localization of the
two remaining proteins not bound to each other, mimicking a high concentration p.

HrjS=(HrJS, HpJS=(HpJS (4.77)

2Itis important to acknowledge that the equations presented here for the formation of the Hsp70-DnaJ-substrate
trimer have been simplified for the sake of clarity. However, the different configurations of the trimer have been
considered in the analysis.
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Results

Choosing physiological concentrations of Hsp70, DnaJ and substrates ([H;o;] = 10uM, [J1o¢] =
1uM, [S¢o;] = 0.3uM) and binding and unbinding rates from the literature [74; 96; 971, we are
trying to reproduce the actual dynamics of the Hsp70 cycle in biological systems.

As already mentioned, the ternary complex formed by Hsp70, Dna]J and the substrate is the
key element of the Hsp70 cycle, promoting the hydrolysis rate to drive the cycle in a specific
direction and acting on misfolded substrates. This trimer is mostly formed by an important
flux of the dimer JS into the Hsp70 cycle to bind Hr as depicted in Figure 4.17. Increasing € at
first has a positive outcome on the flux of /S into the cycle and reaches a maximal value for
€ =5kpT. However, higher values of € start to have a negative impact on the system and the
flux of JS entering the cycle decreases.
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0.0004 - I HIS—H 4] — Jou
JS in 0.0003 JS out
&°0.0003 w
\ ~
= = 0.0002
—=0.0002 =
ay X
= =
= 0.0001 S 0.0001
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Figure 4.17: Net flux of DnaJ in and out of the Hsp70 cycle in function of the cost
€. A: Inward flux of J and JS to form the trimer HrJS before the hydrolysis rate. B:
Outward flux of J and JS from the HpJS trimer.

After the hydrolysis, both J alone and JS can leave the trimer formed now with Hp (Fig-
ure 4.17B). While a low value of € favors the release of the dimer JS, increasing the parameter
allows the expulsion of Dna]J alone, allowing Hsp70 to act on the substrate. Indeed, for Hsp70
to act on the substrate it needs to hold onto it in its ADP form and release it after the nucleotide
exchange with the opening of the substrate binding domain.

As for the in-flux, the out-flux of DnaJ is optimized for € ~ 5kg T. In this case, DnaJ enters in
the Hsp70 cycle while in the /S dimer, therefore bringing the substrate to Hsp70 and exits as
J alone immediately after the hydrolysis. A larger € (over 5 kg T) leads to a decrease in these
mechanisms due to the difficulty in forming any kind of trimers.

Understanding how and why the addition of an energy cost to the formation of trimers can,
to some extent, increase the concentration of certain trimers and the release rate of DnaJ
requires a deeper understanding of the underlying mechanisms involved.

The key element is the change in affinity between Hsp70 and DnaJ during the Hsp70 cycle.
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Indeed, in its ATP state, Hsp70 has a strong affinity for DnaJ (KI‘?IT ; =0.07uM [74]), while the
configurational changes due to the ATP hydrolysis in Hsp70 decrease strongly its affinity with
Dna]J. As no references are reporting any values for the dissociation constant, we assumed it to
be large enough to ensure DnaJ unbinding with Hp (KZDY ;=500 uM).

This decrease in affinity allows Dna]J to detach from Hp from the fully connected trimer right
after the ATP hydrolysis. However, for very low values of €, DnaJ is easily maintained in the
trimer due to its high affinity for the substrate, as illustrated in Figure 4.18.

Increasing e affects the trimer stability by strongly impairing the balance between the binding
and unbinding of elements in the trimer. This effect will prevent any rebinding of Dna]J exiting
the trimer, hence increasing the net flux of DnaJ out of the cycle, leaving the fully connected
trimer.

Hsp70 Hsp70
K!¢=0.07 pM Ki=45 pM K!¢=500 uM K{=047 uM
fast kinetics slow kinetics
Dna] ——— Substrate Dna] ———— Substrate
K'=002 M K'=002 uM

Figure 4.18: Schematic description of the affinity between the three proteins involved
in the Hsp70 cycle and their modification due to the nucleotide change. Marked
in purple, the dissociation constant of DnaJ and Hsp70 which increases drastically
when Hsp70 is in ADP state, and in green the dissociation constant of Hsp70 with
the substrate which increases strongly in the ADP state.

Increasing € does not have the same effect on the flux of /S out of the trimer as seen in
Figure 4.17B. Indeed, most of this flux comes from the unbinding of DnaJ to Hp from the
2-bond trimer configuration where S and Hp are not bound to each other. As the substrate is
already unbound from, or never was bound to, Hsp70, the sudden decrease in affinity between
DnaJ and Hsp70 immediately pushes the dimer /S away. Increasing € does not reinforce
this mechanism but actually leads to greater instability of those 2-bond trimers where the
substrate is not bound to Hsp70. This leads to a decrease in their concentrations, thus implying
a decrease in the release of JS.

As the total outward flux of DnaJ increases, the total inward flux must also increase due to
mass conservation. While Hsp70 has a higher binding affinity for /] compared to S, the fast
kinetics of its interaction with S allows for rapid binding to the substrate, even as € increases.
Thus, it favors the binding of Hsp70 to the substrate in the JS dimer. Once the HrSJ complex
is formed, characterized by the substrate being bound to both Hy and J, the fast unbinding
rate between Hr and S is compensated by the co-localization of Hr and J promoting their
binding. Therefore, the co-localization is able to stabilize the trimer in the fully connected

71



Chapter 4. Hsp70 chaperone and its co-chaperone Dna]J

state before the unbinding of Hsp70 and the substrate.

Without DnaJ, the substrate can easily bind and unbind to Hsp70, leading to a low concentra-
tion of HS which implies a constant low flux of J binding to HrS for all €.

Therefore, it seems that a high enough value of € is able to select and amplify a precise selection
of reactions while decreasing the others.

A B

Hsp70-DnaJ-substrate cycle Hsp70-Dna] cycle
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T exchange T
H.S H. SJ T \
effect of the HJ
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Figure 4.19: A: Hsp70-DnaJ-substrate (HJS) cycle where Hsp70 act on a substrate, S,
assisted by DnaJ (J). B: Hsp70-Dna]J (HJ) cycle where Hsp70 ATPase activity is only
stimulate by DnaJ.

Overall, those selected reactions, displayed in Figure 4.19A, seem to correspond to the ones
presented in the usual description of the Hsp70 cycle in the literature. DnaJ selects the
substrate and brings it to Hsp70. The three proteins bind together forming a ternary complex
and the presence of both DnaJ and the substrate easily stabilizes Hsp70 in its allosterically
active state leading to a high ATPase activity. The hydrolysis provokes the closure of the SBD,
trapping the substrate in place, while other configurational changes decrease the affinity
between DnaJ and Hsp70-ADP. Dna] is then expelled from the complex and a nucleotide
exchange allows the SBD to open, leading to the release of the substrate, resetting Hsp70 in its
original state Hy. However, the release of DnaJ and then of the substrate is slowed down by
the exchange rate between HpJS and HrJS resetting the trimer at the beginning of the cycle,
before the hydrolysis rate and keeping the substrate bound to Hsp70 for a long time.

This phenomenon is likely due to the absence of nucleotide exchange factors (NEF) in our
simulation. The NEF is known to promote the unbinding of ADP and the binding of ATP when
itis bound to Hsp70. While the proper mechanisms of its function are not fully known, we can
reasonably assume the NEF would bind with more ease to Hsp70 alone or bound to J or S than
directly to a trimer. Indeed, as the formation of a trimer is already impaired by steric effects,
a tetramer, a complex made of four proteins, will be even less probable. Therefore, we can
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hypothesize that the exchange between HpJS and HrJS will not benefit from the presence of
the NEE contrary to the reaction HpS — HrS, pushing the system toward releasing substrates
faster.

Confirming our deductive reasoning, experimental observations have shown that a decrease
in the release of substrate correlates with a decrease in the NEF activity [98]. For example,
during a heat shock, Hsp70 and Dna]J efficiently target misfolded proteins and prevent their
aggregation but the refolding only starts once the system is back in normal condition [99].
This is likely due to the denaturation of the NEF during the heat shock which leads to "the
sequestering of protein substrates at heat-shock temperatures” [100].

While the three proteins indeed interact with each other according to the usual Hsp70 cycle as
displayed in Figure 4.19A, the surplus in DnaJ concentration compared to the substrates results
in a second and more prevalent cycle. The large amount of free DnaJ binds to Hsp70-ATP,
promotes the ATP hydrolysis, and exits the cycle without presenting a substrate to Hsp70, as
illustrated in Figure 4.19B.

Although the Hsp70-DnaJ cycle does not impair Hsp70 ability to act on substrates, due to
the excess concentration of Hsp70 and DnaJ compared to the substrates, it is energetically
costly. Despite the presence of high levels of ATP in both our simulation and in vivo, where the
concentration of ATP ranges from 1-10 mM, it is unlikely that biological systems would have
evolved to waste such an important resource through useless Hsp70 cycles.
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Figure 4.20: Total fluxes of the cycle presented in Figure 4.19, in blue the HJ cycle and
Hsp70 and in orange the HJS cycle.

This observation highlights the need for DnaJ regulation mechanism in an effort to reduce the
hydrolysis of ATP outside of cycles targeting a substrate.
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4.3.3 Dna]J’s auto-regulatory mechanism in the full Hsp70 cycle

Considering the auto-inhibited state of DnaJ, J_, introduced in Section 4.3.1 we add to our
model the following reaction
J=1T. (4.78)

dictated by the equilibrium constant K. As before, /- cannot bind to Hsp70.

Itis not yet clear whether DnaJ in its auto-inhibited state is able to bind to the substrate, nor
what the effect of the substrate is, if it can actually bind.

Assuming that an interaction between J_ and S is possible, the following reaction

JS=J_S§
J-+S85=J]_§

(4.79)

dictated by K js the equilibrium constant between JS and J_S and the dissociation constant

K }{ ¢ are also added to the Hsp70 cycle model presented above.

Due to detailed balance condition (interaction cycle presented in Figure 4.21), the equilibrium
constant between JSand J_S, K ]S is given by:

Kd
K.S;:ﬂ=ﬁ](j (4.80)
IS K

where K }’l gis the dissociation constant between J and S.

J K J-

K¢ K¢

1S J-S

IS K> 18

Figure 4.21: Interaction cycle of the substrate and Dna]J in active state and auto-
inhibited state.

An efficient regulatory mechanism will push most of the individual DnaJ in the state J_,
implying K; < 1, while promoting the JS dimer, K].S > Kj, to assure substrates are passed to
and processed by Hsp70.

This condition requires J_S to be less stable than the JS, meaning that K]d_y s> K ;f - Inthe
limits of K ]d_ s — 00, the equilibrium between JS and J_ S will be completely titled toward the
JS dimer:

lim K} — o0 (4.81)

d J
K]7‘S—>oo
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This means that to maximize the substrate impact on DnaJ regulation, J_ should not be able
to bind to the substrate.

Due to the lack of evidence on the interactions between the substrate and Dna]J in its auto-
inhibited state, we will consider two opposite and extreme cases.

The first case assumes that the substrate has no impact on the auto-regulatory mechanism of
DnaJ K ]S =K;=>K ﬁ =K f ¢ such that the substrate has the same affinity for J than for J_.

The second case proposes that the substrate is strongly pushing DnaJ toward its active state:
K ]S —-o00=>K ]d_ g~ 00, therefore the substrate cannot bind to J_.

To fully represent the behavior and performance of the Hsp70-DnaJ-substrate cycle, we are
defining two parameters of particular interest; (,bg”t, the net flux of substrate out of the Hsp70-
DnaJ-substrate cycle, and 7, the efficiency of the cycle in releasing substrate, as defined below.

Assuming the HJS cycle behaves as proposed in Figure 4.19A, the substrate is released from
HrS state after the ADP/ATP exchange. This allows us to define gbg‘” as:

P = [HrSIk s — [HT1ISIKS] g (4.82)

The efficiency of the cycle measures the ratio between the released of substrates ¢2*’ and the
use of ATP, ¢parp, such that

¢t = (Hrlk" — [Hplk* + [Hr SIk{ — [HpS)k§ + (Hr J1k} — [Hp 1k + [Hr JS) k!l — [Hp T STk
(4.83)
Therefore, the efficiency 1 is defined as

~ d)gut

Parp

(4.84)

The fluxes of substrate out of the ATP cycle, represented by ¢g”‘ and the efficiency, represented
by 7, are directly impacted by variations in K; and € as demonstrated in Figures 4.22 and 4.23.
The impact of the substrate on the DnaJ regulatory mechanism can be fully appreciated when
comparing Figure 4.22 where the presence and binding of the substrate to DnaJ does not
impact the equilibrium between the auto-inhibited and the active state of DnaJ and Figure 4.23

where the substrate can fully counter the effect of the regulation.
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Figure 4.22: (/)0’” and 7 in function of € and K, in the assumption that the substrate
doesn’t influence the regulation of DnaJ.
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Figure 4.23: ([)"’” and 7 in function of € and K}, in the assumption of no binding
between J_ and S

As previously established (Figure 4.17), there is an optimal value for € for which the HJS cycle
is promoted. This also leads to an optimization of substrate flux out of the ATP cycle. However,
this optimal € changes in the function of DnaJ regulatory ability (K;). A low value of K; implies
a lower value for the optimal € whether the substrate modifies the equilibrium between the
auto-inhibited state and the active state of DnaJ (Figure 4.23) or not (Figure 4.22).

The maximal value for (,b‘”” in Figure 4.22, max((/)g’”) =0.00034uM/s, is found at € = 4.4kg T
and K;=0.8, while in Figure 4.23 we found max((,bg‘”) =0.00038uM/sate =3kp T and K; = 0.03.

Therefore, the substrate can improve a little bit the regulation of DnaJ by avoiding binding to
its auto-inhibition form but the impact is not found to be large.

In both cases, for lower values of K than represented (K < 1073), the auto-inhibition mecha-
nism would be too strong, preventing any interaction of DnaJ with Hsp70, therefore canceling
the HJS cycle.
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Interestingly, the optimal conditions for the release of substrates are not the same as the
optimal conditions for the efficiency . Indeed, n maximal values are found for lower K; and €.
In Figure 4.22, max(n) = 0.014 at e = 1.4kg T and K; = 0.008 and in Figure 4.23, max(n) = 0.016
ate=1.6kgT and K; = 0.003.

This difference in optimal conditions is explained by K; ability to reduce the use of ATP in
useless cycles, i.e. Hsp70 cycles not acting on the substrate. Indeed, by pushing free DnaJ in
the auto-inhibited state, a low K; is preventing them to interact with Hsp70 in an H]J cycle.

The optimal values for K}, are found to be within the range of biologically relevant values.
Indeed, in the previous section, we identify K; = 0.52 for Sis1 and K; = 0.033 for Ydj1 (in
Table 4.5) which are nicely within the range of the optimal values for ¢Z*'.

Finally, it should be noted that the negative flux and efficiency that arise for very low K; and
high € is due to the system’s inability to form trimers under these conditions. While the low K;
pushes a large proportion of Dna]J into the J_ state, the high € impairs the formation of trimers.
Those two phenomena together prevent the functioning of the HJS cycle. Therefore, Hsp70
alone acts on the substrate in an HS cycle, similar to the HJ cycle in Figure 4.19B. This results
in the substrate exiting the cycle from Hsp70-ADP and entering it by binding to Hsp70-ATP,
leading to negative out-flux ¢p2*'.

4.3.4 Summary

In this section, we investigated the role and impact of DnaJ in the Hsp70 cycle. We first
introduced a very basic model of Hsp70 and DnaJ interaction during the Hsp70 cycle taking
into account an auto-regulatory mechanism for DnaJ. Through experimentation with wild-
type and chimeric forms of Sis1 and Ydj1, we were able to demonstrate the existence of an
auto-inhibited state of DnaJ and highlight its impact on Hsp70 ATPase activity.

Applying the same model to the HscA/HscB system demonstrates the specificity of that
same system. Indeed, the HscA/HscB system was found to have a nearly absent regulatory
mechanism and a fast exchange rate, in comparison to experiments with Sis1 and Ydj1.

To fully represent the role of DnaJ in the Hsp70 cycle, we employed a kinetic model considering
all possible interactions between Hsp70, DnaJ, and the substrate. Among the multitude of
possible interactions, our model successfully reproduced the role of DnaJ in Hsp70 cycle as
described in the literature, in which Dna]J brings the substrate to Hsp70 and leaves on its
own right after the ATP hydrolysis. Interestingly, the presence of a cost impairing the trimer
formation initially promotes the functioning of this cycle.

However, a more prevalent cycle where Dna]J alone interacts with Hsp70 was identified, due to
the higher concentration of DnaJ and Hsp70 compared to the substrate concentration. This
cycle highlighted the necessity of an auto-regulatory mechanism for DnaJ, by minimizing the
unnecessary consumption of ATP in cycles where Hsp70 is not interacting with the substrate
and therefore improves the efficiency of the protein refolding process.

Both the cost associated with trimer formation and the auto-regulatory mechanism of DnaJ
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impacted the function of the HJS cycle. A strong interplay between these two parameters was
found such that a stronger auto-regulatory mechanism implied a lower cost for the system to
operate in optimal conditions.

Overall, we identified two novel parameters associated with the presence of DnaJ which may
have a significant impact on the functioning of the Hsp70 cycle. Experimental studies are now
needed to gain more insight into the role of these parameters and confirm their importance
for the chaperone function of Hsp70.
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5] Concluding remarks

Our work brings new insights into the physics of Hsp70 and its interaction with its co-
chaperone DnaJ during its ATP cycle. The models we developed were intended to be generic
enough to be applied to various Hsp70 systems, rather than being specific to a particular
system. This approach is designed to highlight the fundamental characteristics of Hsp70 and
DnaJ, and the nature of their interactions, which are essential to gain a better comprehension
of protein disaggregation and refolding mechanisms.

As Hsp70 typically targets specific proteins, particularly misfolded proteins or protein aggre-
gates, we first investigated the general mechanism of substrate selection in biological systems.
Using a minimal model of enzymatic substrate-to-product transformation and with explicit
energy consumption transitions, we studied the impact of different selection mechanisms
in out-of-equilibrium dynamics. Our results showed that accurate and fast substrate selec-
tion could not only rely on the difference in affinity, as proposed in the kinetic proofreading
scheme [25; 26], but should also rely on catalytic discrimination, where the recognition of
the correct substrate induces faster transitions than an incorrect one. This phenomenon
is well-known in systems renowned for their accuracy, such as tRNA translation, where the
induced-fit mechanism has been overly studied but has not been fully considered in other
systems, such as the Hsp70 cycle.

In the Hsp70 chaperone cycle, the ATPase activity of Hsp70 varies depending on the presence
of a suitable substrate or its co-chaperone DnaJ. Furthermore, the joint interaction of DnaJ
and the substrate amplifies drastically the ATP hydrolysis rate. We proposed a model that
explains both the mechanism of the acceleration of the ATPase activity and the synergistic
effect DnaJ and the substrate have on the ATPase rate. Our findings are also in agreement
with experimental observations showing that impairing the affinity between DnaJ and the
substrate results in a lower hydrolysis rate in the same concentration condition. Finally, we
proposed that the synergy is a feature allowing to reach a fast hydrolysis rate at relatively low
physiological concentrations of DnaJ and substrates.

Considering the acceleration of the ATP hydrolysis rate as a selection step, we further proposed
that the collaboration between Hsp70 and DnaJ plays a crucial role in substrate selection.
Indeed, to be efficiently processed through the Hsp70 cycle, a substrate needs to be able to
interact individually with both proteins but also simultaneously, eliminating short proteins
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such as peptides out of this process.

This idea was reinforced by the counterexample of the HscA/HscB/IscU system which did not
display a very high acceleration of the hydrolysis rate. Because this system is designed to be
highly specialized, it is plausible that it may not require a particularly strong selection process,
and therefore may not necessitate a large acceleration of the ATP hydrolysis rate.

While considering the interactions of Hsp70, Dna]J and the substrate in the Hsp70 cycle, we
found that steric effects were an important element that should not be neglected. While the
absence of steric effects would lead to the release of the JS dimer right after ATP hydrolysis,
preventing Hsp70 to act on the substrate, strong steric effects completely cancel the formation
of trimers, preventing the DnaJ-bound substrate from even entering the Hsp70 cycle. It is only
for moderate effect, associated to an energetic cost of a few kp T that the steric effects promote
the binding of the dimer JS to Hsp70-ATP and release of Dna]J alone after ATP hydrolysis, in
agreement with the general description of the Hsp70 cycle.

Furthermore, based on experimental evidence, we proposed that DnaJ exhibits a regulatory
mechanism that influences its interaction with Hsp70, and that this mechanism plays a
critical role in preventing wasteful cycles where no substrates are being treated by Hsp70. We
suggested that this regulatory mechanism may be influenced by the presence of a substrate,
adding an additional layer to the selection mechanism of the Hsp70 cycle. Indeed, while DnaJ
allows Hsp70 to discriminate substrates by bringing them to it, the appropriate substrate
could activate DnaJ by impacting its regulatory mechanism.

In our models, we predict the existence of four parameters, namely K., p, Kj,€, which are
essential to the function of the Hsp70 cycle but have not been experimentally validated yet.
The first parameter, K, is at the base of Hsp70 ATPase activity and governs the Hsp70-ATP
equilibrium between its allosteric states.

The parameter p corresponds to the apparent concentration of the proteins during the binding
of the three proteins together and enables the synergy between Dna]J and the substrate. This
mechanism seems to be at the root of Hsp70 selection due to Dna]J recruitment. Moreover,
we observed that this parameter is essential for stabilizing the binding of the substrate onto
Hsp70.

The regulation of the DnaJ protein is illustrated by K;, which describes the equilibrium
constant between Dna]J active and inactive states.

Finally, € denotes the cost associated with the steric effects of combining three proteins to
form a trimer and is associated with the volume those proteins occupy in space.

Experimental validation of these parameters should be performed to confirm our findings and
would be a crucial step in understanding the dynamics and interactions in the Hsp70 cycle.
While our proposed models provide important insights into the Hsp70 system and its relation
with its co-chaperone Dna]j, there are still many aspects that require further investigation and
improvement.

First, our synergy model could be extended to explicitly consider the ATP hydrolysis and
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the nucleotide exchange transitions, in order to have a model adapted to any Hsp70 system,
including those characterized by slower nucleotide exchange rates. It would also be important
to test both experimentally and through simulations whether the synergy between Hsp70 and
DnaJ is indeed a selection mechanism.

Regarding DnaJ regulatory mechanism, more investigation is needed to characterize the
substrate impact, and how these elements play out in ensuring accurate substrate selection.

Finally, the nucleotide exchange factor could be a significant element that has not yet been
included in our proposed models and requires further studies, through experiments and
simulations, to better understand its role in the system and its impact on the mechanism we
studied in this work.
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.\ Appendices

A.1 Selection mechanisms

A.1.1 Rates for the simulations

The Tables A.1 to A.3 gather the rates used for each simulation presented in the section. All
rates were carefully chosen to respect detailed balance at equilibrium (a = a.4), as stated
above. Therefore, among the following rates, some were freely chosen while others were
constrained by the equilibrium condition. In the following tables, KP is associated to the
kinetic proofreading system, and the rates presented were used for Figure 3.3, C corresponds
to the catalytic discrimination and Figures 3.6 and 3.7, finally KP+C is associated to the figures
where the two selection systems could be turn on and off namely Figures 3.8 and 3.9.

KP C Comparison

Rl 1 10 5
- [uM

Cone. [uMl 10 5

On rates k95 95 100

-1 -1 -3 -3 -3

[sluM™ kS 107 10 10
k;’?ff 45  varies 4.5
k%f 450  varies kgff x A

Off rates K 84 84 8.4

[s7'] KO 840 84 ko x A
Ko 107 1070 107°
e 108 10° 10%

Table A.1: Concentration and binding and unbinding rates used for the simulation of
the Hopfield’s like scheme (KP), the catalysis discrimination (C), and when comparing
the two (Comparison), with A € [1,100].
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KP C Comparison
Production krp 1 1 100
rates [s7!] kwp 1 1 100
‘Reverse k 1.2x107°  1.2x107° 0.012
. " PR . . .
production K 12 6 _g
1 PW .2 x10 1.2x10 0.012/1
rates [s™ ]
Hydrolysis k;y varies varies kﬁ}' X
rates [s7!] kﬁ}’ varies varies 0.1
hy
(7.98k,”")
. k;y " varies - R 0.19 kzy
Synthesis kgff
rates [s71] (7.98khy)
k;y " varies Tffw 0.019
S

Table A.2: Rates of products formation and destruction and NTP hydrolysis and
synthesis in a Hopfield’s like scheme (KP), in the catalysis discriminating case (C)
and when comparing the two (Comparison), with A € [1,100], w € [1,1000].

Enzyme bound to: © Py S (KP) SO S (Comparison)
On rates D+ -5 —4,7.0ff\1/3
1M1 k 10 2x10 0.0018  5x107* (kS 0.0018

K KT* 10 46x10° 57x10' 2x1075(k9H7V3 5.7x108
Off rates kP~ 10 10710 1075 107° 107°
[s7] kT~ 10 2x107°  0.0018  5x107*(k3M)!/3 0.0018

Table A.3: Rates of binding and unbinding NTP and NDP for the enzyme alone (&) or
bound to the produced (P;) for each simulation.

Finally, their rate are explicitly identified on Figure A.1.
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A.2 Hsp70 - Regulation of the ATPase activity

Figure A.1: Additional scheme of the proofreading system with explicit mention of
the different rates

A.2 Hsp70 - Regulation of the ATPase activity

A.2.1 Additional details from the model

In addition to the five different states presented in the section, namely H, HS, H], HJS and
(H]S), we also considered complexes containing more than three proteins. Indeed, we assumed
that HS could bind to JS to form the HJSS complex such that the J-protein from the dimer will
bind to HS in the following configuration: S — J— H — S. Similarly, a HJJS complex can exist
implying J-S—H—Janda HJJSSas J—S— H—J—S. The presence of those complexes only
has an impact for really large concentrations of S and or J and allows us to avoid observing a
Hook effect when drastically increasing the concentration of S or J in Figure 4.5 and Figure 4.6.
The equilibrium concentrations of those states are given by:
11751 LS
i, TNLS

[H;1J1ISIIS] Al
K KK s '
[H;1J1J1ISILS]

d ypd pd rd
Ki,]Ki,SK],SK],S

[H;JSS] =

(H;JJSS] =
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Furthermore, the actual computation for the estimation of the hydrolysis rate considers that
the total concentration of substrate and/or Dna] is different from their free concentrations.
We actually have to find the free concentration of H;, J and S by considering the total con-
centrations [H] ¢, [Slzor and [J] 0t as constant. However, this system doesn'’t always have an
algebraic solution [101] or a very unreadable one.

A.2.2 Distributions of the parameters estimated for the HscA/HscB/IscU system

SSE <1 All fits
° 10° ° s 8
° g 8 E o
. 5
10 é 10 E 88
8 ® °
-]
10 I 10% o
i T :
5
? 10?
10? o 2
T @
10! ) 100
2o
100 ° 107!
R S A B SN I PR T N N Y s 4 Q
DO S S P SR R S R S SN
RSN Y AN Y

Figure A.2: Distribution of the fitted parameters for the parameters inducing a good
fit A and all parameters B
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A.2.3 Experimental data

The averaged data from the steady-state ATPase experiment of the HscA/HscB/IscU system
presented in Figure 4.7 are given in Tables A.4 to A.10.

HscA [uM] IscU [uM] Vp [s—1]
0.5 0 0.00182
0.5 0.015625 0.00151
0.5 0.031250 0.00159
0.5 0.125 0.0018

0.5 0.25 0.00171
0.5 0.5 0.00157
0.5 1 0.00147
0.5 2 0.00162
0.5 6 0.00159
0.5 10 0.00179
0.5 20 0.00272
0.5 40 0.00289
0.5 80 0.00387
0.5 100 0.00374
0.5 200 0.00442

Table A.4: Data from the titration of IscU

HscA [uM] HscB [uM]  Vy [s—1]
0.5 0 0.001485
0.5 0.015625 0.00103
0.5 0.03125 0.00125
0.5 0.0625 0.00113
0.5 0.25 0.00112
0.5 0.5 0.001

0.5 1 0.00115
0.5 2 0.00107
0.5 4 0.002385
0.5 6 0.00269
0.5 10 0.0036
0.5 20 0.00603
0.5 30 0.00825
0.5 40 0.00744
0.5 80 0.00997

Table A.5: Data from the titration of HscB

HscA [uM]  IscU [uM] HscB [uM]  Vp [s—1]
0.5 5 0 0.00233
0.5 5 0.01563 0.00308
0.5 5 0.03125 0.003795
0.5 5 0.0625 0.006875
0.5 5 0.125 0.0092
0.5 5 0.25 0.0148
0.5 5 0.5 0.0150
0.5 5 1 0.0216
0.5 5 2 0.0230
0.5 5 4 0.0331
0.5 5 6 0.0395
0.5 5 10 0.04325
0.5 5 20 0.0471
0.5 5 30 0.0465
0.5 5 40 0.0502

Table A.6: Data from the titration of HscB WT with a fixed 5 uM concentration of

IscU
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HscA [uM] IscU [uM] HscB [uM]  Vy [s—1]
0.5 10 0 0.00199
0.5 10 0.015625 0.00344
0.5 10 0.03125 0.0041
0.5 10 0.0625 0.005735
0.5 10 0.125 0.009635
0.5 10 0.25 0.0215
0.5 10 0.5 0.01773
0.5 10 1 0.0259
0.5 10 2 0.03275
0.5 10 4 0.03405
0.5 10 6 0.0366
0.5 10 10 0.0501
0.5 10 20 0.0582
0.5 10 30 0.0536
0.5 10 40 0.0525

Table A.7: Data from the titration of HscB WT with a fixed 10 uM concentration of

IscU

HscA [uM] IscU [uM] HscB [pM]  Vy [s—1]
0.5 20 0 0.00234
0.5 20 0.015625 0.00416
0.5 20 0.03125 0.003997
0.5 20 0.0625 0.005443
0.5 20 0.125 0.00868
0.5 20 0.25 0.0304
0.5 20 0.5 0.02204
0.5 20 1 0.03307
0.5 20 2 0.04003
0.5 20 4 0.04547
0.5 20 6 0.0491
0.5 20 10 0.0519
0.5 20 20 0.05153
0.5 20 30 0.05315
0.5 20 40 0.0512

Table A.8: Data from the titration of HscB WT with a fixed 20 uM concentration of

IscU
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HscA [uM] IscU [uM] HscB LMF [uM] Vj [s—1]
0.5 20 0 0.002235
0.5 20 0.01563 0.002855
0.5 20 0.0313 0.002975
0.5 20 0.063 0.003175
0.5 20 0.13 0.003515
0.5 20 0.3 0.00428
0.5 20 0.5 0.00455
0.5 20 1 0.006005
0.5 20 2 0.006615
0.5 20 4 0.00914
0.5 20 6 0.0123
0.5 20 10 0.01675
0.5 20 20 0.0265
0.5 20 30 0.0355

Table A.9: Data from the titration of HscB LMF with a fixed 20 uM concentration of

IscU

HscA [uM] IscU MVY [uM] HscB [uM]  Vp [s—1]
0.5 20 0 0.002790
0.5 20 0.01563 0.00275
0.5 20 0.0313 0.00298
0.5 20 0.0625 0.00324
0.5 20 0.25 0.00338
0.5 20 0.5 0.003105
0.5 20 1 0.003265
0.5 20 2 0.00421
0.5 20 4 0.00679
0.5 20 6 0.00762
0.5 20 10 0.015
0.5 20 20 0.01455
0.5 20 30 0.0194
0.5 20 40 0.0201

Table A.10: Data from the titration of HscB WT with a fixed 20 uM concentration of

IscU MVY
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A.2.4 Additional structures

Figure A.3: AlphaFold prediction of the DanK structure [82; 83]

A.3 Dna)j

A.3.1 Auto-inhibition mechanism

Table A.11 collect all the parameters estimated to fit the data presented in Figure 4.15 and the
raw data are displayed in Tables A.12 and A.13.

Table A.11: All parameters obtained from fitting the curve in Figure 4.15

kon kg K¢ kK¢ KK kT kS k
11.8uM st 7.7uMIs7! 23uM  143uM  0.033 0521 4.6s! 16.7s7! 0.026s7!
JDP [uM]  YY1[s7!] YY2[s7!] YY3[s7!] SS1[s7'] SS2[s7!] SS3[s7!]
0.0 0.002453  0.002982 0.003284 0.002453 0.002982 0.003284
0.2 0.004491  0.004567 0.004793 0.010379 0.011738 0.009171
0.4 0.005020 0.005171 0.004793 0.015134 0.015285 0.015663
0.8 0.007284 0.007888 0.007133 0.018758 0.018682 0.016493
1.6 0.010152  0.010907 0.010756 0.020720 0.021324 0.021324
3.2 0.014002 0.014681 0.014983 0.023211 0.023890 0.024041
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JDP [uM] SY1[s™'] SY2[s7'] SY3[s7!] YSI1[s7!] YS2[s7!] YS3[s7!]

0.0 0.002453 0.002982 0.003284 0.002453 0.002982 0.003284
0.2 0.014380 0.014908 0.015512 0.018456 0.019210 0.018833
0.4 0.020418 0.019814 0.020720 0.022834 0.024268 0.024570
0.8 0.024419 0.024041 0.025400 0.027287 0.027136 0.027061
1.6 0.028193 0.028042 0.030457 0.028646 0.028872 0.029401
3.2 0.031665 0.030835 0.033099 0.030382 0.030608 0.031363

Table A.13: Raw data from the chimeras ATPase experiments

A.3.2 The full Hsp70 cycle

When simulating the full Hsp70 cycle (Figures 4.17 and 4.20), we consider the following ele-
ments in the cycle: a substrate S, Hsp70 either in its ATP state, marked as T or in ADP-state, D
and Dna]J, J. Those proteins can interact together to form dimers: JS, TS, TJ, DS and D].
For each Hsp70, four different trimers can be formed: SHJ,SJH, HSJ and (H]S, H = T or
D, such that: SHJ corresponds to the 2-bond trimer with H bound to both S and J, S/H is
the 2-bond trimer with J bound to S and H and HSJ, S is bound to H and J. Finally,
corresponds to the fully connected trimer with all proteins interacting with each other.

The values of reaction rates used in the simulation are given in Tables A.14 and A.15.

Elements Hr-SI[64;73] Hr-J74] Hp-S[74 Hp-]J J—S[74]
On-rate [uM~!s7!]  0.45 23x107% 1073 23 %107 0.33
Off-rate [s™!] 2 1.6 x1073  4.7x107*  1.15 6.2 x1073

Table A.14: Binding and unbinding rates between the three proteins

kT~ 1.33x107*s7' [ k" 0.0006 57!
kT 013M7lsTh |k 0.00757!

kP~ 0.02257! | k] 0.79 571
kP 0.267M7!s7! | KT 1857

Table A.15: References for the nucleotide exchange rate [97]and for the hydrolysis
rate [28; 27]

Additionally, we define some useful constants:

ff ff
_ kepksh Kk -
S Joff jon J= joff jon (A.2)
SD™ST DJ™T]
p=1000uM  a,=10"°% a=10 (A.3)

Respecting the detailed balance condition, the nucleotide binding and unbinding rates when
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Hsp70is bound to S and/or J are given by:

— _ 1.T-1/4 T— _ 1.T-1/4 T- _ 1.T-~1/14-1/4
ki =k""cl, kf-=k"cl, kls =k"-clic)
k§+ — kT+C§1/4, k]T+ — kT+C]_1/4, k]Ts+ — kT+C§1/4C]—1/4 (A 4)
ks - _ kD—C§1/4, k]D_ — kD_C]_1/4, k]DS_ — kD—C§1/4C]—l/4
kSD+ — kD+Cé/4, k]D+ — kD+C}/4, k?;- — kD+ C;/4C}/4
kDT B kkaT+a kTD _ kT*kD‘F
T kDt + qkTH T kDt 4 qkTH
D—1.T T-1.D
kDT — ky ky'a ro__kx kx "
N e (A.5)
D-1.T+ T-1.D+
KkPT — k]S kIS @ TD _ kJS k]s
JS T 1D T+’ JS ~ 1D T
kjs" +akg kjs +akyg
kP~ k™a kP~ k™a kP~ k™a
s _1.h eq s _ 1.h eq -1 s _1.h eq ~—1,-1
k k KD+ T ’ kX_kX KD+ T— CX ’ k]S_k]S D+ T- CS C] . (A.6)

All the equations characterizing the Hsp70 cycle interactions are presented below with the

rates associated to the reactions.

Equations of dimers binding and unbinding:

J+S8—JS
T+]—-T]
T+S—ST
D+J—DJ
D+S—SD
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(kgD
(kg),
(kD)
(k%)

(ksp),

JS—J+S
T]—-T+]
ST—-T+S
Dj—D+]
SD—-D+S

(k2.
(K9,
(K2,
(k)

(kD).

(A7)
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Equations for the trimers formation with the energetic cost associated to the steric effect:

S]+T—S]T
S]+T—TS]
SJ]+D—SJD
SJ]+D— DSJ
SD+]—SDJ
SD+]— DSJ
ST+ ]—S8TJ
ST+]—TSJ]
Dj+S—SDJ
Dj+S—SJD
TJ]+S—STJ
TJ]+S—SJ]T

(k95 x e7P),
(kg7 x e Py,
(kfyy x e~P),
(kgp x e Fey,
(k§yy x e=P),
(k3" x e7Fe),
(k95 x e7P),
(k2 x e~Pe),
(k3 x e~F9),
(k) x e7Pe),
(k7 x e P9y,

(k3" x e7F°),

SJT—SJ+T (k3
TS]—ST+T (k)
SJID—Sj+D (k)),
DS]—SJ+D (k)
SDJ—SD+] (k),
DS]—SD+] (k¥
STJ—ST+] (k)
TS —ST+] (k¥
SDJ—DJ+S§ (kM)
SJID—DJ+S (k3
ST]—TJ+S (k3D
SIT—TJ+S (k3.

(A.8)

Formation of the fully connected trimer promoted by the apparent high concentration of the

last not-bound proteins:

ST —(T]S) (k3 % p),
SDJ—DJY (k3 x p),
SIT—(TJS (k% xp),
SID—DJS (kS x p),
TS]—TJS) (kY xp),
DS]—DJY (k) p),

Transitions between the ATP to ADP states through nucleotide exchange and hydrolysis

/synthesis:

T—D, kTP+iM
ST—SD, (kiP+kbh
TJ—DJ, (k/°+k}
STJ—SDJ, (k] +kf)
SJT—SJD, (k]P+k
TS]—DSJ, (kiP+kd

—[@JS, (k] +k])

Finally, in Figures 4.22 and 4.23, DnaJ regulatory mechanism was also considered. Therefore

TJS)—STT (KM,
DJS—SDJ (kD
TS —SJT (K3,
DJ9—SID (kD)
T]j9— TS (KD,
DJ9— DS (k).

D—T, kPT+k%
SD— ST, (k§"+kY
Dj—T], (k" +k})
SDJ —ST], (kj§ +kjg)
SID—SJT, (k8" +k)
DS]—TSJ, (k&7 +k3)

—~ TS, (kjs' + ki)

(A.9)

(A.10)
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those additional transitions were added to the cycle:

J=J- k") J-—=J k)

(A.11)
SJ—SJ- (ki) SJ-—SJ (kg™

And the reaction rates are detailed in Table A.16. The value of K ﬁ ¢ the dissociation constant
between J_ and S, was considered in Figure 4.22 as equal to the dissociation constant between

Jand S, such that K }{ s=K }’f ¢ =0.019uM and as very high to prevent any binding in Figure 4.23,
such that K ¢ =105uM.

+—— J— JE— ——
k Kkl kg™t
K}” S
-1 —_— - - ——
s Kkt 1s7! K—=k
.S

Table A.16: Added rates when considering the auto-regulation mechanism on Dna].
K¢ ¢=10%uM.
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