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1 Summary

The interactome of GroEL/ES has been characterized extensively in several studies and
substrates of the chaperonin have been classified (Kerner et al., 2005; Fijiwara et al., 2010).
However, the question of what makes some prot@reEL-dependent and howxactly the
chaperonin system promotes their folding remained unresolved. Moreover, it has been unclear
how the chaperonin acts on its substrates and whether the protein folding pathway is modified
inside the cage as compared to free solution. The aim$tudy, therefore, was to characterise

and compare the spontaneous and chapeassisted refolding pathway of an obligate substrate

of GroEL/ES, in order to elucidate the mechanism of GroEL/ES action.

This study presents evidence that encapsulatidghdaiGroEL/EScage accelerates the rate and
modulates the mechanism of folding of its obligate Fkfrel substrate, dihydrodipicolinate
synthase. We found that the spontaneous refolding of DAPA is slow due to high cooperativity of
the processasit initiates from an ensemble of unstructured intermediates. We demonstrated that
the confining environment of the chaperonin cage promotes formatiotmeo® IM-barrel
structure in a segmental manner, lowering the entropic component of the activation barrier and
accelerating the rate of DAPA foldinddoreover, the spontaneous refolding pathway of a
GroEL-independent homolog of DAPA, MsNANA, closely resembles that of DAPA inside the
chaperonin cageThus, we conclude that GroEL/ES is a powerful folding catalysttter

substrates that otherwise falil to effectively reach their native state.
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2 Introduction

The wordthptotepnopose to youé
derive fromproteiosas it appears to be the primitive or
principal substance of animal nutrition that plants prepare for
the herbovores, and which the latter then furnish to the

carnovores.

J. J. Berzeliusletter to G. J. Mulder, 1838.

Proteins are lineapolymers of aminaacidslinked together in a specific sequence. They are
major macromolecular constituents af cells, forming key structural elements (cytoskeleton,
outer and intraellular membrane components etc.) and participating in nearly all cellular
activities. Fo instance, enzymes (catalytic proteins) mediate biochemical reactions, membrane
transport proteins (ion channels, specific transporters and pumps) regulate the flux of molecules
through the cell membrane, regulatory proteins (kinases, -DINding proteins receptors)
control the cell cycle, signal transduction and gene expression, and the superfamily of

immunoglobulins ara central part otheimmune system.

In order to perform their functions, proteins must adopt a unique-timeansionalstructure.
The process of acquiring the native structure is called protein folding and is the major focus of

the current work.
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2.1 Protein folding

2.1.1 Protein structure

Proteins are comprised of 20 different amino acid types, bound to each other in archah th
covalent peptidic bonds. Recently, two additional aminodcgidenocysteine and pyrrolysiine
were discoveretb occurnaturally in proteins, however, these are modifications of the standard

cysteine and lysine residues.

Amino acid sequence is gditally determined and unique for each protein. It is often called the
primary structureof a protein. Once synthesized, protdiegin to fold, forming locatecondary
structureelements, such dshelices and-sheets (Pauling and Corey, 1951a). Thesers#ary
elements are then packed together through hydrophobic, polar and ionic interactions, forming
compact units called domaingeitiary structur§. Domains are condgéred to be independent
structural units and different domains within a protein carpédorming separate functions
(Doolittle et al, 1995). Polypeptide chains can assemble into oligomers and their spacial

arrangement is referred to as theternary structur®f a protein.
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\ Carboxyl
D terminus

Figure 2.1 The planar peptide group and rotation about bonds in a polypeptide.

Three bonds separate sequential U-carbons in the polypeptide chain. Each peptide bond is
planar and cannot rotate. N7 CUand CUi C bonds can rotate, with bono
and vy, ctivelg (bghrénger et al., 2005).

The U carbon atoms of adjacent amino acid re
three covalent be€nNB8GCU.arThhen geaptaisdeCUbond has
bond character and is essentiallynaa(Figure2.1). In contrast with the peptide bond, the bonds

Ni CUand @Ji C bonds are pure single bonds. The two adjacent rigid peptide units may rotate
about these bonds, taking on various orientations. This freedom of rotation about two bonds of
eat amino acid allows proteins to fold in many different ways. The rotations about these bonds

can be specified by dihedral or torsion angpgs: (¢) (the angle of rotation about the boNd

Clandpsi (y) (the angl e CWifC). A dockaiseiratation about either t h e |
bond as viewed from the front of the back gr ¢

angles determine the path of the polypeptide chain.

G. N . Ramachandran recognized that mddeny ¢ o mb
because of steric collisions between atoms (Ramachandran and Sasisekharan, 1968). The
allowed values can be visualized on a fvmensional plot called a Ramachandran diagram

(Figure22) . Consi dering the ener gy anglesnRamachamdchn i n v
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and hiscolleagues ound two most stable pairs, the so

pairs of angles are found to almost exclusively occur in folded proteins.

In terms of thermodynamics, thiavourable entropy associated witthe large number of
conformations in the unfolded form opposes folding and must be overcome by interactions
favouring the folded form. Thus, highly flexible polymers with a large number of possible
conformations do not fold into unique structures. The rigidity of the peptide unit and the
restricted set o fimtathelneamber df stilictuees atcessitolehe unfoleéed

form sufficiently to allow protein folding to occur (Berg et al., 2002).

)

P

g9

60 120 +180 “.("—‘90/'4':-90)
Disfavored

Figure22 A Ramachandran Diagram Showi n@lanine.e Val ues

The most favourable regions are shown in dark green; borderline regions are shown in light
green. The structure on the right is disfavoured because of steric clashes. The most favourable
regions are shown in dark green; borderline regions are shown in light green. The structure on
the right is disfavoured because of steric clashes. (adapted from Berg JM, Tymoczko JL, Stryer

L., 2002)

2.1.2 The complexity of protein folding
Proteins have been evolutionarily designed to perform a specific biological function. Essential to

this function for many proteins appears to bwell-defined conformational structure (native

(0]
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conformation) under biological condition$hus, part of the protein evolution process must

involve pressureo fold to a defined structure.

The question of how the protein chain reaches its native conformation remains a major question
in the field since the time of the pioneering experiments performed by Christian Anfinglea. In

late 1950s, he found thptrrified, denatured Ribonuclease Ageens its enzymatic activity upon
removal of the denaturant and therefore, demonstrated that all the information required to fold
the protein into its native, thretmensional structure is contained in tmeio acid sequence of

thepolypeptide chain (Hady and Anfinsen, 1962; Anfinsen, 1973).

The famous experiment allowed Anfinsen to postulate that folding of a protein is pathway
independent and only depends on protein sequence and the external conditions, such as
temperature or composition of the sabuti However, this theory was soon opposed by Cyrus
Levinthal, who in 1968 made argumenthat there would be too many protein conformations

to besample by random searching before reaching the native state.

Levinthal suggested tha protein containind 00 amino acid residues would result in 10100
different possible conformationassuming the spontaneous folding process is a random process
in which a polypeptide chain tries out all possible conformatwitis each amino acid residue
having on average 1Q@ifferent conformations,. Knowing that the interconversion between
conformations needs ~1Bseconds, the 16@sidue polypeptide would take about ~ 1000 years

to explore its conformational space, which is beyond the time range of any biological process

(Levinthalet al, 1968).

However, it is known that ifE. coli a functional protein containing 100 amino acid residues is

synthesized in about 5 seconds at 37°C. Eachli cell dividesapproximatelyevery 20 minutes,
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which leads to the conclusion thabfein folding cannot be a random, trial and error process.
This argument i s now known as Levinthal ds par

to their native conformation by specific folding pathways (Levin¢hall, 1968).

This paradox caibe solved if we consider that reaching the global energy minimum (acquiring

the native structure) and doing it fast (kinetic control) are not mutually exclusive.

The reversiblan vitro folding of a single protein means that the protein in the natite &a
thermodynamically stable, and therefore that the native state has the global minimum free energy
of all kinetically accessible structures (Levinttelal, 19@). Moreover, the folded structure

must then have the lowest internal energy of all kiradlif accessible conformational structures.
Therefore, we should expect the shape of the landscape for a protein farireiéopography,

at least in the vicinity of the native structure (Fig@8) (Plotkin and Onuchic, 2002). A
consequence ofunnelled landscape topography is that the native structure is kinetically
accessible at the temperatures where it is thermodynamically stahlanéledlandscape will

also be robust to environmental perturbations as well as sequence mutations, becaudéy/potentia

competing lowenergy states are still similar in structure.
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Figure 2.3 Funnel topography of energy landscape

The depth of the funnel represents the free energy of a conformational state, whereas the width

is a measure of the configurational entropy. Different states have different energies. (adapted

from Radford et al., 2000)

2.1.3 Protein folding mechanism

A funnelledfolding mechanism is a wetlefined physical solution to the Levinthal problem,
however other generic ordering processes may operate atlepavith and possibly accelerate
the folding rate. Such transitions have been experimentally observed and their timescale is often

shorter than the overall protein timescale. (Ballew et al. 1996; Munoz et al. 1998; Kuwata et al.

2001).
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Generic collapse uk to net hydrophobicity in the protein increases the packing density, and
results in an extensive amount of entropy reduction. Nucleation of this state from the coil is
analogous to condensation from the gas phase, although the barriers for each pagckss m
quite different. Many observations of molten globule intermediates may be simply generically
collapsed states with minimal tertiary order (Onuchic, 1997). Additionally, appearance-of non
native contacts in some of these intermediates was obsexyguhrting the notion that the

tertiary structure of the intermediate is not yet vaelfined Hamada et al. 1996

Another mechanism of generic entropy reduction is the formation of transient helical structure in
the unfolded state. Various studies havesevbed secondary structure in the unfolded state
(Miranker @ al. 1991; Radford et al. 19R2Whether native or nenative, helical structure is
likely to be transient in the high entropy unfolded state, rather than fixed and rigid. Partial
formation of seondary structure in a protein reduces the conformational entropy by reducing the

number of the statistical segments on the protein backbone (&akatynes, 1996).

Helices present in an unfolded protein tend to align generically, similar to nematigl@stehic

liquid crystal order, which assists folding since most helices in the folded state tend to be
aligned. Aligned helices gain steric entropy relative to-alogmed helices, in that their excluded
volume is reduced so that aligned helical resiciidter essentially no steric entropy loss upon
collapse of the polymer (Saven & Wolynes, 1996). Aligned helices may grow while reducing the
steric entropy loss and as a helix grows it gains an extra energy in hydrogen bonds proportional
to its length.In contrast, the analogous process of stackin@g-sheets was only observed in
aggregates and therefore plays an important role in protein misfolding rather than the formation

of native protein structure (Plotkin and Onuchic, 2002).
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It is also very important folding that the protein sequence is composed of both hydrophilic and
hydrophobic amino acids, which phase separate in water, analogous to micellar formation. This
process may be thought of as microphase separation (Camachougnalar, 1993; Pande at.

1994). Local concentrations of ngwolar residues along the sequence have been suggested to be
nucleation sites for folding. In smaller proteins this process may remove enough entropy to leave
only a small ensemble of nearly native states. In larggems, the inside and outside behave as

polymer melts with constraints on the interface, and there is a significant amount of entropy left.

In spite of high cooperativity and fast rates of protein folding, most proteins larger than 100
residues tend to palate intermediates early in their folding. Intermediates may vary in their
conformational properties and stabilities and be highly native like (Lorch, 1999), or contain
nativelike structure in regions corresponding to a domain or subdomain of the pediedn
(Cavagneroet al, 1999). Sometimes intermediates may contain highly-native structures
(Kuwajima et al, 1996). Some intermediates are-mathway and can fold to the native state
without undergoing substantial unfolding steps. They might @legte in folding by limiting the
conformational search to the native state as these intermediates would significantly reduce the
number of possible conformations during folding and thus allow protein folding to take place on
a biologically relevant timecale (Brockwellet al, 2000). Some proteins may form misfolded or
trapped intermediates that cannot fold to the native state without rearrangement of the elements
These nomative species tend to accumulate and can either be rescued by maleapkmones
(Shtilermanet al, 1999) or can lead to aggregation (Fink 1999). Populated intermediates on the
way from unfolded to the native state are local minima in the energy landscape (Redihrd

2000; Troullieret al, 2000). If an intermediate naot escape a local minimum, it becomes

kinetically trapped and results in thecalled misfolded protein.



Introduc tion 18

2.1.4 Methods for studying protein folding in vitro

To achieve aetailed description of protein folding pathways has been a fascimatbtemand

a challenge for researchers since the times of the first study by Anfinsen. During thie e

major advances have been made in the available methodology. New methods were developed
that allow monitoring rapid transitions between structurally dynamicnelnies and advances

were made in theoretical approaches that allow these complex phenomena to be modelled
(Dobsonet al, 1999). Combining the results of a vast array of individual experiments on
different protein systems, trends and patterns in the foldieghanisms of the proteins are
beginning to emerge, alongside several successful attempts of predicting protein structure
entirely from its amino acid sequence (Adéal, 1999). A range of experimental techniques that
have recently been developed anglegal in the studies of protein folding is summarized in
Table2.1. Applied alone or in combination, they alloesearchers tmvestigaé thestructure,
dynamics, energetics and mechanistic properties of the denatured ensemtdellapsed

speciesas wdl as partially folded intermediates.
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Table 2.1. Experimental techniques used to study protein folding

Technique Timescale Description (what is measured?)

Fluorescence

Intrinsic fluorescence ms Environment around Trp and Tyr residue

ANS binding ms Burial of hydrophobic area

FRET ms Inter-residue distance

Substrate/inhibitobinding Formation of native contacts
Anisotropy Correlation time/mobility
Circular dichroism

Far UV ms Formation of secondary structure

Near UV ms Formation of tertiargtructure
Smallangle Xray scattering ms Polypeptide shape amimension

(SAXS)

Absorbance (near UV)

Environment around aromatic residues

Hydrogen exchange

Native exchange

Global protein stability

Pulsed hydrogel Rate of hydrogen protection of backbg
exchange NMR and amino acid side chains
Pulsed hydrogel Rate of hydrogen protection on foldir

exchange ESI MS

populations

Force spectroscopy using t

AFM

Folding and unfolding rates

Solutionstate NMR

Environment ofprotein side chains
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Table adapted with modifications from Brockwell et al., 2000 and Radford et al., 2000.

Abbreviations: ANS: 1-anilino naphthalene sulphonic acid; ESI MS: electrospray ionization mass

spectrometry; FRET: fluorescence resonance energy transfer; FITR: Fourier transform intra-red

Mapping the folding pathway of a protein requires identification of the intermediate species.
However, for most proteins, the mechanisynwhich intermediats form is poorly understoqd
because the rate of formation of these species is too rapid for conventional Stopped
experiments. Fast measurements of folding using the techniques described above will be required

to elucidate these details.

Protein engineering can provide information about the role of individual side chains in
stabilizing populated intermediates and transient -Bigérgy transition states. One of such
methodsc al | ed 0 v, &dshbheendeveiopdd Yys Fessht and his ealbues. In this
approach, an amino acid side chain is removed from the protein of interest and the effect of the
mutation on the stability of the native protein is determined by equilibrium denaturation. The
effect of mutation on the intermediate or traiosi state is determinednd theratio of these
stabilities is known as 0 values are then co

throughout the native protein allowserfering withthe structure of possible intermediates and

the ratelimiting transition stateRershtet al, 1992).

Fluorescence spectroscopy at single molecule resolution can be another powerful method to
study differentaspectsof protein folding. The extremely sensitive nature of fluorescence
spectroscopy allows extractiregucial information contained in the ensemble of molecules being
studied as well as the time trajectories of individual molecules (Basalk2014). For instance,
the method of fluorescence correlation spectroscopy (FCS) provides sensitive informdtien o

diffusion coefficient of a protein labelled with fluorescent dyménset al.,1972; Krichevskyet
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al.,2002) and single moleculedrster resonance energy transfERET) has been successfully
employed in several studies to characterize the confamatdynamics of experimental
systems (Sharmet al.,2008; Chakrabortet al.,2010). In our study, among other methods, we
present a novel way of applying FCS technique to measure protein folding rate at single

molecule level.

The transition between thimtermediate and native states for the proteins that populate
intermediatess usually a rate limiting step. It involves the stabilisation and formation of final
secondary structure, as well as conversion of disordered side chain conformations toifibe spec
native state rotamers and packing of the side chains within the native structure. Recent advances
in mass spectrometry made possible describing separate steps of folding for a range of proteins
(MorozovaRocheet al.,1999; Englandeet al.,2000). O of the major methods applied in the
current study is the method of hydrogen/deuterium exchange monitored by mass spectrometry,

which is described in more detail in the following chapter.

2.1.5 Hydrogen/deuterium exchange monitored by mass spectrometry

The method of hydrogen exchange mass spectrometry is based on a fundamental chemical
reaction unique to amide hydrogens in protding continuous exchange of amide hydrogens
with the hydrogens in the surrounding solution (Figudg. In usual aqueous buffer this reaction
is undetectablehowever, if alH,O solvent is replaced with an isotope of hydrogen such as
deuterium then the exchange process can be followed. For most hydrogen exchange experiments,

deuterated water (D) is uged Englande2000; Marcsisiret al.,2010.
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d o deuterium from solvent

R1 0 R3

Amide
Hydrogen

Proline

after 1 minute after 2 hours
© hydrogen Dynamic and exposed Protected amide
@ deuterium amide hydrogens hydrogens
exchange rapidly exchange slower

Figure 2.4 Amide hydrogen exchange in proteins.

(a) The backbone amide hydrogens (blue) are in continuous exchange with hydrogens in the
solvent. Hydrogen bonded to carbon does not exchange. (b) The exposed regions (such as
loops) of proteins exchange rapidly while protected compact regions exchange slower. (adapted

from Marcsisin et al., 2010).

In folded proteins, amide hydrogens display a variety of exchange rates depending on their
position within the protein and whether they are involved in intramolecular hydrogen bonding.
The relationship between hydrogen exchange and solvent accessilllibgbg bonding in
proteins is shown in Figu24b. Highly dynamic and solvemixposed regions (such as the loops
connecting the alpha helices) will exchange rapidly whereas less dynamic regions and regions
involved in hydrogen -bbadt-bejcesywitlbxahangessioned i k e

(Smithet al, 1997).
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As the mass of hydrogen is 1.0078 Da and the mass of deuterium is 2.0141 Da, deuterated
proteins will have a larger mass than fwmuterated proteinKétta et al.,1991). A typical
workflow for a hydrogen exchange experiment monitored with mass spectrometry is presented in
Figure2.5. Protein solutions equilibrated at room temperature, physiological pH, aneHyOall

buffer, are diluted 1:0to 20fold into the identical buffer except with dll,O. The labelling is

then quenched by adjusting the pH of the sample to 2.5 and lowering the temperature to 0 °C.
These conditions decrease the rate of amide exchange up to ~5 orders of magnitude and thus
ensure retention of the deuterium label for MQlgsis (Smithet al, 1997). The quenched
sample is sprayed directly into a mass spectrometer (using liquid chromatography) to determine
the mass of the protein. Following quenching proteins can also be digested using various acid
proteases, e.g. pepsin.ittWa digestion experiment, deuterium can be localized within the short

peptides produced by the digestion.

§ 10Dy .
x,\ : pepsin digestion .
Ts 4 0°'CpH25 N »
¢ DO —
2 — D 4
ﬂ — 1 () [T @
Same pH and el 1 () s::cmm ;’BD
temperature : _{,\c
~ Quench reaction at [ 3
Equilibrate 25°C Deuterium labeled various times, Intact protein »Jb
desired pH backbone amide hydrogens 0°'CpH25
UPLC
& max o T separation, 0°C
'gf Protein \ —‘AM
& alone St gm—
3 Protein "
& co;‘plex &‘_ Q 10 min d times
g Ss . Sty in D,0
= 1 10 100 shown
2 Time (min) — 2Hr
Detistum Data analysis
incorporation ¢ : i ek
c:Jprves and interpretation m/z E'ec';j,'%p'ay

Figure 2.5 Workflow of a hydrogen exchange mass spectrometry experiment
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Protein samples are equilibrated at the desired temperature and plgueous buffer.
Protein solutions are then diluted with the identical buffer containing 99 @4ri3tead of ED.
The exchange reaction is quenched by lowering the pH to 2.5 and the temperature to 0 °C.
Deuterated, quenched protein can then be direcgteg into a mass spectrometer or digested
with a protease prior to liquid chromatography and mass analysis. The mass spectra and the
uptake of deuterium over time aaealysedor the fultlength protein, or for each of the peptic

peptides (adapted fromavisisin et al., 2010).

Hydrogen exchange mass spectrometry can provide information about conformation changes
upon ligand/inhibitor binding or protejprotein interaction, protein folding and unfolding
pathways, as well as some insights into the struadfirproteins difficult to crystallize. For
instance, HX MS was used to study the structural changes induced by pH changes in the capsid
protein of the brome mosaic virus (Waegal, 2001), to investigate conformational changes in
the HIV-1 capsid proteimuring the HIV assembly and maturation (Lanman et al., 2004). Most
recently, it has been applied to determine dynamic properties of processivity clamp proteins from
different species, revealing a wide range of their dynamic behaviour despite a higbflevel

tertiary structure conservation in these proteins (Fang et al., 2014).

HX MS also allowdistinguishingpopulations of molecules in solution. Structurally different
co-existing populations will incorporate different amounts of deuterium and this caivsbeved
in the raw mass spectra. If the refolding rate of unfolded and exposed regions of a protein is
slower than the deuteriuabelling rate (Figure2.5), the unfolded species will be highly
deuterated and therefore have a higher mass than the fgdei@s (Margsin et al., 2010). The

rate of conversion of the folded to the unfolded species will indicate the rate of protein unfolding
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in solution. The process of protein folding can be followed in a similar setting, providing us with

an advantageousdl in the current study.

Folded Unfolded
species species

k| Q¢
-,
DT
D,0
Exchange
Ky
—
_—
Mass
ﬂanﬂlysis

unfolded

Figure 2.6 - Using hydrogen exchange to monitor protein unfolding dynamics.

Two populations in the mass spectra represent the folded state (blue distribution) and the
unfolded state (red distribution). The appearance of two distributions occurs when the rate of
interconversion of the two populations (i.e., folded and unfolded) is slower than the amide
exchange rate (Weis et al., 2006). Unfolding of the protein molecule leads to its full deuteration,

resulting in the higher mass (adapted from Marcsisin et al., 2010).

2.2 Protein folding in the cell

The intracellular environment is highly crowded, with protein concentraganhing up to
400 mg/ml, corresponding to a volume fraction of macromolecules 04020 of the total
cellular volume (Zimmerman and Minton, 1993; Chewtal.,2013). This leads to a volume
exclusion or O0macr omol ecul ared byr Mintod innMjintore f f e c t

1981), which impacts the behavior of biopolymers inside a cell. One of the major consequences
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of the crowding effect is the increase in the intermolecular binding constants between partially
folded states, which leads to an increhpeobability of aggregation during folding (van den
Berget al, 1999).

Various methods have been developed to mimic the macromolecular crowding effects, such
as adding inert synthetic polymers (crowders: PEG, Ficoll, and dextran) into a test tube
(Zimmemann et al., 1993). The assumption of crowders as hard core spheres allowed their
modellingin silico. For example, the group of Elcock (McGuffee et al., 2010) created a detailed
model of the Escherichia coli cytoplasm, including 50 of the most abundant types of
macromolecules at experimentally measured concentrations. Their simulations were in
accordance with the experimentally measured folding stability of several proteins in the
cytoplasm ot. coli

Condiions in the cell are likely to affect protein folding pathways and it has been speculated
that protein structure could be dynamically
cell (Wirth et al., 2013). Different types of proteins might exploibperties of the cellular
environment to increase folding efficiency. For example, the folding mechanism for a large
protein is likely be altered by folding vectorially (from N to C terminus) during translation or
secretion. Several proteins are known &wé cetranslational folding mechanisms in which the
energy landscape for folding is significantly altered versus refoldingitro, leading to
significant amounts of nativike structure formation for the #&rminal portion of the chain.
(Frydman, J. etl. 1999; Ugrinov et al., Biophys. J 2010; Braselmeanal.,2013).

A nascent chain of average lengBB800 amino acid residues i col)) spends about 15 sec
in the unfolded state on the ribosome, exposing hydrophobic residues, which has been earlier

suggested to increase the potential risk for nascent chain aggregation and misfolding (8aenicke
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al., 1991). However, more recent studies revealed that the-dhmemsional organization of
individual ribosomes in polysomes maximizes the distance betwascent chains and reducing
the probability of unproductive interactions between nascent chains (Ellis and Hartl, 1999;

Brandt et al., 2009).

Figure 2.7. The crowded state of the E.coli cytoplasm

Representation of the approximate numbers, shapes and density of packing of macromolecules
inside a cell of Escherichia coli. Small molecules are not shown. The sizes, shapes and
numbers of macromolecules are in the order of actual cytosolic concentration. (adapted from
Ellis et al., 2001).

In another study, the folding energy landscape in aligellenvironment was also explored
for apoflavodoxin (an a/b protein) in the presence of Ficoll 70 by a combined approach of the far
UV CD experiment and the coargeained molecular simulations (8§ta et al., 2007). The
amount of experimentally measutkhelical content at a high concentration of Ficoll 70 was
found to be greater than that in aqueous solution, whereas computer simulations showed more
formation of native contacts upon the additionimért Ficoll crowders, suggesting that the
folding pathways of a protein under a heterogeneous intracellular condition may be distinct from

those in a test tube.
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Mutations in protein sequences that destabilize a protein can lead to their increased
aggregabn propensity in the highly crowded cytoplasm, as well as cause the loss of protein
function. Aggregation of misfolded proteins creates toxicity (toxic gain of function) and may
lead to severe disorders. For instance, retinitis pigmentosa mutations higliye abundant
photoreceptor protein rhodopsin affect its folding and transport and eventually result in
photoreceptor cell death and blindneddefides et al., 20095. Serious neurodegenerative
conditions, including Al zbBei Hendsndteméasedi Pa
disease, result from the aggregation of a diverse set of peptides and proteins converting into
amyloid-like fibrillar assemblies. Another serious disease involving amyloids is type Il diabetes.

The common structural feaesr of a my | o i-fdld im vehich the protein, icegardleds of

its native st r uc tswanddibril (Sahil20l8nverted i nto a b

Although the structural and mechanisbases of cytotoxicity remaiobscure, there is
evidence for membrane mage by oligomeric intermediates in amyloidogenesis, as well as the
overload of protein quality control systems. In healthy individuals, these processes are prevented
or rescued by a subset of protein known as molecular chaperones (Balch et al., 2088 .ePowe

al., 2009).

2.2.1 Molecular chaperone systems

Molecular chaperone can be defined as a protein participating in the folding or assembly of
another protein without being a part of the final structure (Hartl FU. 1996) Molecular chaperones
are a set of proteifamilies that act on a variety of nomative substrates and assist in folding,

unfolding and homeostasis of cellular proteins.

Chaperones can be classified into different groups on the basis of sequence homology and many

of them are stress proteins (heditock proteins, Hsps, as their synthesis is induced under
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conditions of stress. Apart from their rake protein folding, chaperones have a wide range of
functions in proteome maintenance, assisting in macromolecular complex assembly, protein
transport ad degradation, as well as dissociation of aggregates and refolding ofd&enegared

proteins (Kimet al.,2013).

Chaperones are known to recognize -native states of many different proteins by interacting
with exposed hydrophobic sequences, whichr late buried ingle the native protein structure
Most of the main chaperones possess ATPase actindyrequirecycles of ATP binding rad
hydrolysis to act on nenative polypeptides, facilitating their folding or unfolding while others

only protect nasent protein subunits during their assembly processes (Magdr2010).

Binding (and rebinding) of nenative proteins to chaperones prevents aggregation and reduces
the concentration of free folding intermediates. Achieving efficient folding is gessiien the

rate of folding is faster than the rates of aggregation or chaperone rebinding. In those cases when
protein folding is significantly slower, the protein is transferred to a different chaperone gystem
such is the interplay between, for instanéisp70 chaperones and the chaperonins (Hsp60s).
(Kim et al.,2013) If the protein is unable to refold, it may be transferred to the degradation
machinery. In cases when the concentration of folding intermediates exceeds the available
chaperone capacitn vivo, protein aggregation occurs, which often induces further cellular

stress responsmcreasinghe amounts of chaperones.
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2.2.2 The chaperone network in the cytosol

The cytosolic chaperone system is organized as a highly cooperative network, highly conserved
throughout evolution (Figur2.8) (Kerneret al.,2005, Albaneset al.,2006). In all 3 domains of

life T bacteria, archaea, and eukarya, the newly synthesiadggeptide firstly interacts with
ribosomebinding chaperones (trigger factor (TF), nasegrdinassociated complex (NAC), and
specialized Hsp70s) (Del Alanat al.,2011). Later it is transferred to the next tier of chaperones
that do not have direct afity to the ribosome, e.g. the classical Hsp70 system (Catloali.,

2012). Protein may start folding tmanslationally, while still bound to the ribosome, and finish
posttranslationally, as they are released from the or after being transferred tstioam

chaperones (Hsp60s and Hsp90 system) (Bekaii,2000).

a Bacteria b Archaea C Eukarya
Ribosome S £ P -
P | & ) mRNA ) &3 3
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Figure 2.8 Organization of chaperone pathways in the cytosol.

Chaperone network in: Bacteria (a), Archaea (b), and Eukarya (c) Percentages indicate the

approximate protein flux through the various chaperones. (adapted from Kim et al., 2013).
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2.2.3 Ribosoméd associated chaperones

The nascent polypeptide chain is topologically restricted on the ribosome. Since protein
chain synthesis proceeds in a vectorial manner, the full network ofdmegnteractions cannot
be formed until the @erminal region of the protein emerges from the ribosome tunnel.
Therefore, nascent polypeptide chairsually expose extensive hydrophobic patches and are
significantly prone to aggregation (Hast al.,2011). Rbosomebinding chaperones (trigger
factor in prokaryotes and specialised Hsp70 complexes in archaea and eukaryotes) prevent
emerging protein chains from aggregation and unfavourable interactions during translation, by

shielding hydrophobic segments. (Fig2.8) (Bukauet al.,2000, Preissleet al.,2012).

Trigger factor (TF) is an abundant bacterial protein of ~50 kDa, which interacts with most
newly synthesized cytosolic proteins, binding to the large ribosomal subuhi exit of the
ribosomal tunnel. In vitro, TF was shown to bind to nascent chains as siag0asmino acid
residues, whereas in vivo it binds ribosomes when nascent chains have rf@aéledmino
acids in length (Ofet al.,2011). This allows time for theascent chain on the ribosome to
interact with a variety of targeting factors (e.g., signal recognition particle) and modifying
enzymes (Ullerset al., 2003, BingelErlenmeyer et al.2008). TF is then released from the
nascent chain in an ATP independsmanner permitting folding or transfer of the polypeptide to
downstream chaperones such as DnaK, the major Hsp70 chaperone in bacteria éCallpni

2012).

TF is absent in eukaryotes, however, other structurally unrelated chaperone systems such as
ribosame-associated complex iBaccharomyces cerevisi@@AC) and nascent chagmssociated
complex (NAC, in archaea and eukaryotes) nfial§il a similar role (Bukauet al., 2000,

Gautschiet al., 2002). In fungi, RAC cooperates with ribosoimeding isoforms ofHsp70.
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NAC is a het er oda masuliudts, with mgecuaxmassés oflB3 kDa and 22
kDa, respectively, which associates with ribosomes and short nascent chains (Rreisisler
2012). Although the exact role of NAC in folding is not eBgiled, in yeast, NAC function

appears to be reminiscent of the interplay between TF and DnaK in bacteria @adlia010)

2.2.4 The Hsp70 system

I n bacteria and eukaryotic cell s, chaperones
cytosolic chapmne network Erydmanet al., 2001, Calloniet al.,2012). They interact with
multiple nascent and newly synthesized polypeptides, directing them for refolding or
translocation between cellular compartments, as well as participate in protein disaggeaghtion
transferring substrates to the degradation machinery (Saibil 2013). 700 cytoplasmic proteins
were identified as Hsp70 interactarsvivo, among which 180 proteins are particuladgp70
dependentiue to their high aggregation propensity (Calleind., 2012). Hsp70 chaperones exist

in many orthologs in different cellular compartments and are highly interactive, functioning with
many partners and cofactors.

The role ofHsp70in folding was proposed to be stabilizing the unfolded state or unfolding
proteins until they can spontaneously fold upon reaching their correct cellular destiSatlaih (
2013. Upon release from Hsp70, polypeptides were shown to collapse into thed fodd in

free solution oto rebind to Hsp7@vhen theyfailed to reach the correctly folded state (Shaema

al., 2010).Proteins that are unable to utilize Hsp70 for folding are transferred to the chaperonin
or the Hsp90 system (Kinat al.,2013).In addition to its role in folding, Bp70 participates in

the disassembly ofthe clathrin coat on membrane vesicles disassembly after completion of
clathrirmediated endocytosisHsp70 also cooperates with Hsp110 in eukaryotes in

disaggregating large aggregatRothnieet al.,2011, Shorter 20)1
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The Hsp70structure consists of two domains: an ATPase domain (often also referred to as a
nucleotidebinding domain, or NBD) and a substriieding domain (SBD). The chaperone
activity of Hsp70 depends on intelrdynamic interactions between these domains and external
interactions with cechaperones such as tlitsp40 proteins (such as DnaJ iB.coli) and
nucleotide exchange factors (NEFs, which stimulate ADP release and nucleotide exchange after
ATP hydrolysis) Mayeret al.,2010).

The ATPase domain has the same fold as actin and hexokinase, with two flexible domains
surrounding a deep, nucleotibending cleft that closes around ATP (Saibil 2013, Figuga).

The substratdinding domain has a bridike shapeand consists of &-sandwich subdomain

with a cleft capped by a mobilghelical lid. Binding of Hsp70 substrate happens inside the cleft
and is stabilized by closing the liflhe SBD binds to57-residue hydrophobic peptide segments
typically flanked bypositively charged residues. The interaction between the SBD and the
substrate backbone is mediated by hydrogen bonds, whereas binding of hydrophobic side chains
of the substrate happens mainly through van der Waals contacts (@u#ia1998, Kimet al,
2013).The substratdinding domain can exist in two staiespen state, which is stimulated by

ATP binding to the ATPase domain, and closed state, which is triggered by ATP hydrolysis. The
two domains are connected by a flexible hydrophobic linkereya dite in Hsp70 allosteric

regulation.

TheHsp70mechanism of action involves several key stépshe ADRbound or nucleotidéree
state,the NBD is connected by a flexible linker the SBD, with the lid domain locking a
peptide substrate into the bind pocket (Zhuet al.,1996). ATP binding causes the closure of
the nucleotidébinding cleft, creating dinding site on the NBD for the interdomain linker

(Figure 2.9b). Linker binding causes the SBD and the lid domain to bind different sites on the



Introduc tion 34

NBD, resulting in a widely opened substri@ding site that enables rapid exchange of
polypeptide substrates. After hydrolysis, the domains separate and the lid closes over the bound
substrate. Such binding and release of extended regions of polypeptideaohahought to

unfold and stabilize nenative proteins either for correct folding or degradation (Saibil 2013).

Hsp70acts in protein folding together with two-cbaperones Hsp40and NEF, which regulate
its reaction cycle. Thélsp40family is very diverse, with many specialized members targeting
Hsp70to specific sites or functions (Kampinga al., 2010). All Hsp40 proteins contaira J-
domain and act as the primary substrate recruitersi$pi70Oas well as stimulate the ATPase
activity of Hsp7Q They interact with both the nucleotidand substratbinding domains of
Hsp70 The interaction of Hsp40 with Hsp70 stimulates the rate of hydrolysis of Humntd
ATP to ADP over 1004old, leading to stable substrate binding by Hsp70 ie tosed
conformation. Subsequent binding of NEF to the NBD of Hsp70 catalyses the exchange of ADP
to ATP, which in turn opens the SBD and initiates substrate releasegtkam, 2013, Figure
2.9b). Individual levels of Hsp40 and NEF proteins in the as#l lower than those of Hsp70.
However, eukaryotic genomes encodes multiple versionsdomhin proteins and NEFs, thus

diversifying the Hsp70 function and its substrate specificities (Kamm@hgh,2010).
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Figure 2.9. The structure and reaction cycle of the DnaK system

(A) Structure of the Hsp70 chaperone. Nucleotide-binding domain and substrate-binding domain

are shown in yellow and green ribbons, respectively. (B) Reaction mechanism of Hsp70
chaperone. In an ATP-bound state, Hsp70 binds the non-native polypeptide delivered by Hsp40.
ATP hydrolysis causes dissociation of Hsp40 from the complex and trapping the substrate in the
substrate-binding cleft by closing the lid. NEF assists in exchanging the ADP to ATP, triggering

substrate release (adapted from Kim et al., 2013)
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2.2.5 The chaperonins

A special group within the broad class of molecular chaperones are the chaperainges
barretshaped protein complexes of ~800 kDa that consist of two rings stacked back todack an
have the ability to bind and engulf unfolded/misfolded proteins. The chaperonins have an
essential role inde novo protein folding and the refolding stresslenatured proteins
(Hemmingsen et al., 1988, Goloubinoff et al., 1989, Bracher et al., 2011)cehteal cavity

formed by each ring constitutes an active site in which a substrate protein is bound, encapsulated
and released via a complex mdtep cycle (Lucentt al.,2009). Chaperonins interact with 10%

of all cellular proteins and are thereforgueed for cellular viability (Hartl & HayeHartl 2002,

Fenton & Horwich 2003). Interestingly, unlike GroEL/ES or thermosothe, TRIC/CCT

chaperonirof the eukaryotic cytosa$ not stressnducible (Horwich et al., 2007).

Chaperonins are divided ton groups | and Il. Group | chaperonins are present in bacteria
(GroEL/ES) and cellular organelles of endosymbiotic descent, such as mitochondria and
chloroplasts. Each ring of the group | chaperonin contains 7 identical subunits and the substrate
is encapsulad inside the tetradecameric complex capped by-ehaperonin lid (GroES in
bacteria) (Tangt al.,2007). Group Il chaperonins are found in archaea (thermosome) and in the
eukaryotic cytosol (TRIC/CCT). The ring of a group Il chaperonin usually corfigght or

nine subunits, encoded by several different genes. For instance, thermosome is comprised of 2 to
three different types of subunits, whereas TRIC/CCT chaperonin contains eight different subunits

in each ring (Horwiclet al.,2007).

The ring structures of chaperonins bimoh-native proteins via a hydrophobic lining of an open

ring and then mediate AFRiggered release followed by folding to the native state in an
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encapsulated cavity. Substrate binding to the hydrophobic surfabe apical domains may in

some cases effectively unfold a misfolded substrate which is then allowed another attempt of
refolding inside the hydrophilic cavity (Dill & Chan 1994). During ATP hydrolysis, folding

inside a sequestered chamber allows the prdteitnavel down the smooth energy surface as
compared with the rough funnel containing kin
(Brinker et al. 2001Chakraborty et al., 20)0Folding in the cavity is followed by release into

the bulk solutio whether or not the polypeptide has reached the native ¥¥aissman et al.

199%). If the polypeptide is stilhon-native another round of binding and encapsulation follows.

In the cell, this can result in a kinetic partitioning among the differergerbbaes and proteases

(Hartl and HayeiHartl, 2009).

Members of the two chaperonin families function via a similar overall mechanism, however the
major difference can be observed in their architectlggife2.10): Type | chaperonins employ
adetachabl& | i d0 structur e ( Gthe@dEl tekmgedaddolloviimgahe b i nd s
binding of ATP ype Il chaperonins, on ¢hother hand, employ a built n-helital protrusions of

the apical domains to close the cavigygure2.10b,top view) Meyer etal., 2003.

The ATRdirected reaction cycles of the two chaperonin families are mostly similar, directed by
virtually identical equatorial AT®inding domains. In the GroEL system, a positive
cooperativity of ATP binding to subunits within a ring occura @ concerted mechanism,
whereas there is a negative cooperativity of ATP binding between the two Yifigeclf &
Horovitz 1999. In the thermosome and CCT systems the binding of ATP to subunits within one

ring was found to be sequential, however for bmthtems, negative cooperativity between the
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rings ensures asymmetroehaviourof the complex as a twstroke machine (Reissman et al.,

NSMB 2007, Zhang et al., 2010).
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Figure 2.10. Structure representation of the chaperonins of Group | and Group Il

The first column shows a side view of each structure, highlighting the geometry of a pair of
subunits, one in each ring. The middle column shows a detailed view of this pair. Lime green -
the equatorial and intermediate domains; dark green i the apical domains. The third column
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depicts a top view where the chaperonin is in the closed state. The structure coordinates used

were: GroEL/ES closed 1AON, GroEL open 3E76, thermosome closed 1A6D, thermosome

open (Cpn-pl i d) 3 KFK, CCT cl osed 3Adipkd faomdebéh€sTetab,pen 2 X!
2011.

2.2.6 The chaperonin system GroEL/ES oE. colii structure and mechanism

GroEL/ES is the most extensively studied chaperone system to date. The crystal structure of an
open (ape) GroEL tetradecamer, without its-chiaperom GroES, was first identified by Braig

et al., in 1994. In an open state GroEL is a 15 nm long cylindrical structure of twaoblaa&k

rings, each composed of seven 57 kDa subunits (Figir ac). The size of the GroEL
molecular machine in its opetate is about 146 A in height and the central cavity is about 47 A
in diameter, with the walls lined by a band of continuous hydrophobic surfaces (Horwich et al.,
2007).

Each GroEL subunit is composed of three domains, an equatorial domain locatedctoime

of the ring and forming contacts with the other ring, an apical domain at the terminal end of the
subunit and a smaller intermediate domain covalently connecting the other two allowing for
rigid-body movements (Figur2.1l1lc, Saibil et al., 2013). Eh equatorial domain contains an
ATP pocket where binding and hydrolysis of the nucleotide occurs. The equatorial domains
undergo subtle cooperative movements and are responsible for the asyrbetetviourof the
machine, ensuring that only one ring adding active at a time (Clare et al., 2012he apical
domain, placed at the terminal end of the cylinder ~40A from the equatorial ATP binding pocket,
contains a hydrophobic polypeptidending surface facing inside the central cavity (Fenton et
al., 1991). The seven apical domains of an open GroEL ring form a smooth hydrophobic surface
that selectively capturesonnative polypeptides (Farr et al., 2000). Finally, the intermediate

domain ensures the flexibility of the subunit structure allowing the lagaraains to open via
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elevation and twisting movements (Fenton et al., 1994). The movements of the intermediate and
apical domains, and of the machine overall, are #igidy movements as was observed by
different methods in free solution, such as eBM and Xray crystallography aibil et al.,

2013.

Figure 2.11. Crystal structures of GroEL and GroELT GroES complexes.

(a) Side view slice through the GroEL structure (1OEL); (b) Top view from the outside of an
open GroEL ring; (c) A subunit of GroEL. The apical and equatorial domains are labelled, as
well as the main functional helices within each domain and the residues forming the inter-ring
contacts (E461, R452, V464, and A109). (dif) Similar views of the closed complex GroEL
GroEST ATP (1SVT). Adapted from Saibil 2013.
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The main steps in the structural transition from an open hydrophobic ring to a closed folding
chamber have been determined using computational methods as well experimentally using cryo
EM microscopy Yangetal., 2009; Clareet al., 2012). The process is initiated by the substrate
binding to the hydrophobic sites, followed by concerted ATP binding to a GroEL ring and initial
contact with GroES, and concludes with additional rigodly movements of the GroEL apical
domain to form the cked GroEL/ES complex. The encapsulated substrate then remains inside
the cage during the time required for ATP hydrolysis il D5-10 s), which allows substrate
folding to take place. However, ATP hydrolysis is not required for protein foldingabioer

drives the chaperonin machine forward through its reaction cycle. Once ATP has been
hydrolysed to ADP in the GroE&ound ring, seven other ATP molecules bind to the opposite
ring, which in turn triggers the allosteric discharge of GroES, ADP, ahdtrste, from the
folding chamber (Hartl et al., Nature 2011). If the released substrate is not correctly folded, it can
rebind to the chaperonin and undergo another cycle of encapsulation inside the GroEL/ES
complex Ryeetal., 1999. Scheme of the mechiam of GroEL/ESassisted protein folding is

depicted in Figur@.12.
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Figure 2.12. Folding in the GroELT GroES chaperonin cage.

The substrate delivered by Hsp70 binds to the apical domains of GroEL, which leads to its
partial unfolding. GroEL then binds seven molecules of ATP and GroES, forming a closed (cis-
complex) with the substrate inside the cavity. Once ATP has been hydrolysed in a cis-ring,
another unfolded substrate molecule binds the opposite (trans-) ring, together with seven other
ATP molecules and GroES. This results in a dissociation of the cis-complex and a release of
substrate from the cis-cavity. PDB structure 1IAON was used to build the scheme. Adapted from
Hartl et al., Nature 2011.

Chaperonins are intricate allosterically driven machines. Transition from thetatpoto the
GroESbound form, as has been shown through comparison of crystal structures, involves
substantial rigiebody rotations about interdomain hinge points within each GroEL subunit, as
well as local rearrangements of secondary structure elements within each d¥maina(.,

1997. Cooperative ATP binding in the equatorial domains induces awarwd rotation of the
intermediate domaindgk@nsoretal., 2001, Clare et al., 2012). The presence of ATP and GroES
causes a major elevation and twist of the apical domRiosegmaretal., 1996,Xu etal., 1997,

moving the hydrophobic polypeptidending site on each apical domain (Helices H and | in
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Figure2.12) into a different orientation, slightly away from facing the cavity to a position where
they bind to mobile loops of the GroES (Clare et al., 2012). A substantial overlap between the
substrate biding and GroES binding part of the hydrophobic binding sites has been observed in
mutational studies, explaining the mechanism of substrate displacement from the apical domains
into the folding chamber without their escape into free solutt@mtonetal., 1994. It has been
proposed that the continuous collar of binding sites is essential for productive folding of strictly
GroEL-GroES dependent substrates, allowing substrate binding to several adjacent apical
domains Farretal., 2000. The interaction fothe substrate with the Group | chaperonins occurs

via multiple hydrophobic interactions (Elad et al., 2007).

Several studies have shown that the substrate on the apical domain of GroEL is stretched and
essentially unfolded (Falke et al., 2005, Elad et 2007, Sharma et al., 2008, Koculi et al.,
2011). The mechanical forces applied on the substrate can potentially result in unfolding of
trapped, misfolded proteins (Lin et al., 2008). Displacement of the substrate from the apical
domains into the centralavity leads to a compaction of the substrate molecule in a confined
environment of the chaperonin, with an upper limitesfs thar60 kDa for protein subunits that

can be encapsulated. During this transition, the hydrophobic binding surface of thie apica
domains is replaced with a hydrophilic, net negatively charged lining of the cavity inner wall (Xu
et al., 1997; Chaudhry et al., 2003). The lack of exposed hydrophobic sites together with
confinement, blocks further misfolding or aggregation pathwagspsmomotes the refolding of

the substrate. For substrates that are too large to be encapsulated, GroES may act allosterically
facilitating productive folding of the substrate on the open ring (Paul et al., 2007).

A number of theoriebave been proposed ihe literature since the discovery of the GroEL/ES

machine describingow chaperonin acts on its substrates. The three major theories that ought to
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be addressed in detail are passive dhgery, active cage theory and ttieory of iterative
annealing.

The Anfinsen cage model (passive cage) suggests that GroEL has only a minimal effect on the
behavior of its protein substrates, does not modify the folding pathway or accelerate folding
kinetics of its substrate (Chen et al., 2001; Horst et al., 2007; Byai, 2011). The passive

cage theory suggests that the chaperonins encapsulate their substrates and act solely as
aggregatiopr eventi on devices by simulating an 066¢6i
complex. According to a number of calculatipokaperonins significantly reduce the time that
proteins spend in the cytosol before folding (Jewett and Shea, 2008).

Expansion of substrates on the apical domains of GroEL has been suggested to be a critical
aspect of its function. It is known that ma@yoEL-dependent proteins typically endure several
ATPase cycles before folding (Kerner et al., 2005). The average time for an obligate GroEL
substrate to fold is ~3@0 s, equivalent to -830 ATPase cycles, assuming the speed of
hydrolysis of approximately-10 s per cycle. The accumulated body of evidence suggests that
the folding of these proteins is rdimited by kinetic intermediates (van der Vies et al., 1992;
Gorovits et al., 1998; Jennings et al., 1993). Some substrates may also encounter tbpologica
frustration, with incorrect intrehain contacts made too early and therefore preventing a protein
from reaching the native state (Onuchic et al., 200d¢. theory of iterative annealing postulates

that substrate denaturation viaultiple cycles of binohg and release and may free proteins from
kinetic traps, leading to faster folding of frustrated proteins. lterative annealing has been
predicted mathematically to lead aoefoldingrate acceleration as has been observed in various

polymer simulations (Jewett et al., 2004).
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A number of experiments, however, have demonstrated that GroEL/ES can assist protein folding
in the absence afycling (Weissman et al., 1996; Hay#lartl et al.,1996; Brinker et al., 2001,
Chakraborty et al., 2010). Some other proteins can fold in presence of GroEL alone as has been
shown for ha lysozyme (Coyle et al., 1999) ahdrnase (Zahn et al., 199€onfining a protein

in the chaperonin cage woul@liminate extended conformations, thus reducing the
conformational entropy of the unfolded state and increase the stability of the folded state.
Eliminating a number of conformations with high entropy would also increase substrate folding
rates as has indeed Ipeghown in a number of studies. For instarsognificant rate acceleration

has been observed for a double mutant of maltose binding proteirMBR) in the presence of
GroEL and SREL (Tang et al., 2006; Chakraborty et al., 2010; Gupta et al., 2014).

Despte the vast amount of existing data, it remained unclear to date which of the mechanisms
described above would hold true for a natural substrate of GroEL/ES, in particular, one of its
obligate substrates. The study presented here, for the first timelgsawidence that folding of

a strictly dependent GroEL substrate inside the chaperonin cage is facilitated via an active cage,

confinemenimediated mechanism.



Introduc tion 47

2.3 Substrates of GroEL and GroES

Estimations of the amount of GroEL/ES in the cell under noooatlitions indicate that no
more than 5% of all cellular proteins can be actively using GroEL/ES for their folding (Lorimer
et al.,1996). This early data prompted a series of studies aimed at identifying substrates

of the chaperonin system.

The first study, which has been conducted by Hartl and colleagues, employed methods of
protein immunoprecipitation in the presence of EDTA (to prevent-Adpendent release of
substrates) to isolate GroEound substrates for their subsequent separation oge&Dand
identification by mass spectrometry (Houry et al., 1999). Among 300 proteins described in this
study were found components of the transcription/translation machinery and metabolic enzymes.
It was found that approximately one third the proteinsewstructurally unstable and required
repeated binding to GroEL for their conformational maintenance. Chaperonin substrates were
mostly proteins that contained several domains with mixed alphdtddsa which exhibited

relatively large hydrophobic surfaz@and were highly aggregatiqmone.

In a subsequent study, to ensure that substrate binding occurred in vivo and not during cell
lysis, substrateontaining GroELGroES complexes were isolated froicoli spheroplasts
using immobilized affinity chromatography (Kerner et al., 2005). Subsequent mass spectrometry
analysis led to identification of about 250 proteins interacting with GroEL under normal growth
conditions. All substrates were partitioned intoethrclasses basesh thelevel of on their
GroEL-dependency. Class | substrates (38 proteins) were found inside GroEL/ES complexes,
however, their efficient folding can also occur in the absence of the chaperonin. Class I

substrates (126 proteins) requiseoEL/ES for their successful folding, but can also be assisted
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by Hsp70 system chaperones. Finally, 84 proteins assigned to class Il are stringent substrates of
GroEL and at 37°C can only fold in presence of the chaperonin system. Importantly, the amount
of proteins identified as Class Il is similar to the earlier findings by the Hartl group in 1999 in
vivo, which confirms the previously used method for isolating Grsklstrate complexes from

the living cells.

In a more recent study by an independewiugy all previously found GroEL substrates have
been confirmed and their abundance shown to be significantly reduced upon GroEL depletion in
E.coli cells (Fujiwara et al,. 2010). Additionally, all substrates of Class Ill wesgamined and

a new Class IMvas formed to include the most stringent 49 substrates of the chaperonin that
aggregated or degraded upon depletion of GroEL. Testing each of the Class IV proteins in vitro
confirmed that they all indeed require GroEL/ES for their proper folding. FRiBepresents a

scheme of how all chaperonin substrates are subdivided into classes.

\ class | class Il class Il

# of proteins Y4 126 84

Average abundance
in cytosol (ppm)

8200 900 400

# of essential proteins L 36 13
Fractlvolg folde I<1oﬂ)% Z2100%
Mol%rnfractlon I 20% ~ 80%
. -~ 45%

Figure 2.13. Classification of GroEL-interacting proteins.

All GroEL-interacting proteins were subdivided into three Classes, according to the extent of

their chaperonin-dependence. Adapted with modifications from Kerner et al., Cell 2005.
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All identified GroEL substrates have been extensively analysed in an atteonravel specific
structural features or motifs that would explain their strong chaped®pandence. As
mentioned above, these proteins exhibit increasing aggregation propensity, with Class |lI
proteins being highly aggregatiqmone. Another featuref the chaperonin substrates is their

size range that corresponds to the properti¢sed®roEL cage, which only allows proteins of up

to 60 kDa in size to be fully encapsulated (Horwich et al., 2007). Important and rather
unexpected was the discovery Kgrner et al. that the almost half of the Class Il substrates of
Gr o EL s g HM-earre], tbimpared to only 6.8% THehrrel fold representation among all

E. coli lysate proteins. On a large scale, however, it remained unclear to date, what digtsnguis
GroEL/ESdependent TIM barrels from all other TIM barrels that fold without the chaperonin
assistance. Several studies attempted to address this question employing computational approach,
analysing such features as sequence length, overall hydrogihobitd charge, solvent
accessibility, amino acid frequencies and codon optimality measures, but none of them showed
significance difference between chapered@pendent and independent TFiMdrrel proteins

(Chapman et al., 2006; Azia et al., 2012).

Interesingly, GroEL sunstrates were found to be less hydrophobic than @nuependent
proteins (Raineri et al., 2010), which is consistent with another finding by Niwa et al. that
proteins with poor solubility (including members of classes Il and IV) are nothed in
hydrophobic amino acids (Niwa et al., 2009). Importantly, homologs of the substré&ie®lof
GroEL in Ureaplasmaurealyticum an organism that lacks the chaperonin system (Glass et al.,
2000), were found to contaahigher amount of hydrophabamino acids, suggestiragossible

compensation for the chaperonin deficiency in this bacteria.
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2.3.1 TIM -barrel protein fold

The TIM-barrel fold is the most common enzyme fold in the Protein Data Bank (PDB) and has
been identified in about 10% of all knovgmoteins. It is present in various enzyme families,
catalysing completely unrelated reactions (Hegyi et al., 1999). Thebalk&l domain is
typically comprised of about 26260 residues and can be present in sidgi®main enzymes,
such as hevamine (Tersgcha van Scheltinga et al., JMB 1996), or be a part of large,

multimeric, multtd o mai n e n z y mgakctosdase I{tetrameric, five domains, 1023

residues per polypeptide chain as described in Juers E9229).

Figure 2.14. Structure of a TIM-barrel fold, illustrated using trypanosomal TIM (5TIM in
PDB, Borchert et al., Structure 1993).

A. Top view (along the barrel axis) of the TIM-barrel, into the active site. B. Side view of the
TIM-barrel. Adapted from Wierenga et al., FEBS Lett 2001, with modifications.
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The first protein found to carry a THdarrel was triose phosphate isomerase, which
subsequently gave a name to this protein fold (Banner et al., 1975). The structure of a typical
TIM-barrel fold (TIM protein from trypanosoma) is prewehin Figure2.14. Interestingly, the

most hydrophobic region ofthe THlar r el was found t o -lmeel,bubt t
the core r egisdnm amewelicesaihgatiheeal.,f1999). The active sites of all
TIM-barrel enzymesra located at the € e r mi n a l e-stranhdsand &re shdped by
residues of the ei ghstt rlaonodpss. fVhlelroewaisn gt fhaef tbelt
the function, -sideefthe molecubace paievedto bé rhoee imyortdar the

stability of the TIMbarrel protein (Urfer et al., 1992).

No significant amino acid sequence similarity has been detected irbaiidl proteins from
different families. However, complementing sequence alignments with structural analysis
revealel the presence of physicochemically similar clusters of residuttee sameopological
positions of the TIMbarrel domain (Selvaraj et al., 1998). It was suggested that these residue
clusters, defined by loagange hydrophobic and electrostatic intei@tsi may direct and
determine the common THWarrel folding pattern. This hypothesis is supported by the data
obtained from studying circular permutated sequence variants of ebdiidl enzyme TrpF,
which have been shown to fold similarly to the wijghe enzyme (Luger et al., 1989). Another
example comes from the preof-principle study by Sterner arab-workers who have shown
thata single point mutation is sufficient to convert a Tidrrel enzyme HisA catalysing a step

in histidine biosynthesis inta protein with TrpF, which in turn is a part of the tryptophan

biosynthesis pathway (Jurgens et al., 2000).

he

It
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An interesting feature of HisA protein and its homolog from the histidine synthesis pathway,
HisF, is that these TIMoarrels have an internal twotblrepeat pattern in their sequence,
indicating that these proteins likely evolved from a common ancestor (Fani et al., 1994). It was
suggested that the ancestor of these proteins appeared as a result of a gene duplication and fusion
event, from a halbarrel folding unit. Indeed, the fierminal and @erminal haltbarrel domains

of HisF have now been shown to be separate folding units. Thédra#fl constructs, HisN

and HiskFC can be expressed separately and isolated as inactivediigmmers (Hoeckeet al.,

2001). Mixing the purified halproteins or gene eexpression in vivo allowed to obtain fully
functional heterodimers, suggesting that at least in some cases tHeafr¥l may have been

formed by modular construction from hdlérrel units (Geltet al.,2001).

2.3.2 GroEL substrate - dihydrodipicolinate synthase (DAPA) fromE.coli
Dihydrodipicolinate synthase (DAPA, EC 4.2.1.52) is an essential enzyme of the lysine

biosynthesis pathway across different species. It was found in both plants andbaterot in
animals, rendering it a potential target for herbicides and antibiotics (Hutton et al., 2007). The
reaction catalysed by DAPA is the condensation of pyruvate (pyr) andsf8)tate
semialdehyde (ASA). The reaction is initiated by condensatiopyruvate with an active site
lysine residue Lys161 forming a Schiff base, followed by a subsequent tautomerization and an
aldottype reaction with ASA, producing the acyclic enzypmnd intermediate ASA:Pyr.
Transimination of the ASA:Pyr intermediaie thought to yield the cyclic alcohol (8)
hydroxytetrahydrodipicolinic acid (HTPA), with simultaneous release of the active site lysine

residue. The scheme of the DARAtalysedenzymatic reaction is shown imglare 2.15.
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Figure 2.15. Scheme of the enzymatic reaction catalysed by DAPA.

Condensation of pyruvate and ASA to form HTPA, catalysed by DHDPS is then followed by
dehydration to give dihydrodipicolinate (DHDP).

DAPA protein fromE.colii s a homotetramer, existiqaledi n as
0tightd and O0we ak 62.16).iReselues T44, YIOT dnch X183f tHe Eadtatytic r e
site are located at the tigimer interface. Therefore, each tight dimer contains camplete

active sites within the TIMbarrel domain and an allosteric site that binds twolyShe
molecules to mediate feedback inhibition and is located in a cleft between the subunits (Dobson
et al., 2004). Residue Y107 from one subunit of the 4itymer protrudes into the active site of

the adjacent subunit, forming a part of a catalytic triad that is essential for the enzyme activity
(Blickling et al., 1997). Proper assembly of the tetramer is required for catalysis as has been
shown in a mutationastudy where a central residue in the weak ditherer interface was
replaced with glutamate (L197D) to produce dimeric variants of DAPA with severely reduced
catalytic function (Griffin et al., 2010). If an additional mutation Y107W is introduced into the
tight-dimer interface, the resulting enzyme exists in primarily monomeric state in free solution
and is highly aggregatieprone, consistently losing its residual enzymatic activity within 24

hours after purification (Muscreffaylora et al., 2010).











































































































































































































































































