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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 proteins GroEL-dependent and how exactly 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 of this study, therefore, was to characterise
and compare the spontaneous and chaperonin-assisted refolding pathway of an obligate substrate

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

This study presents evidence that encapsulation in the GroEL/ES-cage accelerates the rate and
modulates the mechanism of folding of its obligate TIM-barrel substrate, dihydrodipicolinate
synthase. We found that the spontaneous refolding of DAPA is slow due to high cooperativity of
the process, as it initiates from an ensemble of unstructured intermediates. We demonstrated that
the confining environment of the chaperonin cage promotes formation of the TIM-barrel
structure in a segmental manner, lowering the entropic component of the activation barrier and
accelerating the rate of DAPA folding. Moreover, the spontaneous refolding pathway of a
GroEL-independent homolog of DAPA, MsSNANA, closely resembles that of DAPA inside the
chaperonin cage. Thus, we conclude that GroEL/ES is a powerful folding catalyst for the

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

The word “protein” that I propose to you... I would wish to
derive from proteios as 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. Berzelius, letter to G. J. Mulder, 1838.

Proteins are linear polymers of amino acids linked together in a specific sequence. They are
major macromolecular constituents of all cells, forming key structural elements (cytoskeleton,
outer and intra-cellular membrane components etc.) and participating in nearly all cellular
activities. For 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, DNA-binding proteins, receptors)
control the cell cycle, signal transduction and gene expression, and the superfamily of

immunoglobulins are a central part of the immune system.

In order to perform their functions, proteins must adopt a unique three-dimensional structure.
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 a chain through
covalent peptidic bonds. Recently, two additional aminoacids — selenocysteine and pyrrolysine —
were discovered to occur naturally in proteins, however, these are modifications of the standard

cysteine and lysine residues.

Amino acid sequence is genetically determined and unique for each protein. It is often called the
primary structure of a protein. Once synthesized, proteins begin to fold, forming local secondary
structure elements, such as a-helices and B-sheets (Pauling and Corey, 1951a). These secondary
elements are then packed together through hydrophobic, polar and ionic interactions, forming
compact units called domains (tertiary structure). Domains are considered to be independent
structural units and different domains within a protein can be performing separate functions
(Doolittle et al., 1995). Polypeptide chains can assemble into oligomers and their spacial

arrangement is referred to as the quaternary structure of a protein.
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Carboxyl
terminus

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

Three bonds separate sequential a-carbons in the polypeptide chain. Each peptide bond is
planar and cannot rotate. N — Ca and Ca — C bonds can rotate, with bond angles assigned ¢

and y, respectively (Lehninger et al., 2005).

The o carbon atoms of adjacent amino acid residues in the primary structure are separated by
three covalent bonds, arranged as Ca — C — N — Ca. The peptide bond has considerable double-
bond character and is essentially planar (Figure 2.1). In contrast with the peptide bond, the bonds
N — Ca and Ca — 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
each amino acid allows proteins to fold in many different ways. The rotations about these bonds
can be specified by dihedral or torsion angles: phi (¥) (the angle of rotation about the bond N —
Ca) and psi (y) (the angle of rotation about the bond Ca — C). A clockwise rotation about either
bond as viewed from the front of the back group corresponds to a positive value. The ¢ and v

angles determine the path of the polypeptide chain.

G. N. Ramachandran recognized that many combinations of ¢ and y angles are forbidden
because of steric collisions between atoms (Ramachandran and Sasisekharan, 1968). The
allowed values can be visualized on a two-dimensional plot called a Ramachandran diagram

(Figure 2.2). Considering the energy contained in various pairs of y and ¢ angles, Ramachandran
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and his colleagues found two most stable pairs, the so called a and B conformations. These two

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

In terms of thermodynamics, the favourable entropy associated with the 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 of allowed ¢ and v angles limits the number of structures accessible to the unfolded

form sufficiently to allow protein folding to occur (Berg et al., 2002).
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Figure 2.2 A Ramachandran Diagram Showing the Values of ¢ and y for L-alanine.

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 be a well-defined conformational structure (native
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conformation) under biological conditions. Thus, part of the protein evolution process must

involve pressure to 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 Anfinsen. In the
late 1950s, he found that purified, denatured Ribonuclease A regains its enzymatic activity upon
removal of the denaturant and therefore, demonstrated that all the information required to fold
the protein into its native, three-dimensional structure is contained in the amino acid sequence of

the polypeptide chain (Haber 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 solution. However, this theory was soon opposed by Cyrus
Levinthal, who in 1968 made an argument that there would be too many protein conformations

to be sampled by random searching before reaching the native state.

Levinthal suggested that a protein containing 100 amino acid residues would result in 10100
different possible conformations, assuming the spontaneous folding process is a random process
in which a polypeptide chain tries out all possible conformations with each amino acid residue
having on average 10 different conformations,. Knowing that the interconversion between
conformations needs ~10™ seconds, the 100-residue polypeptide would take about ~ 1000 years
to explore its conformational space, which is beyond the time range of any biological process

(Levinthal et al., 1968).

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

synthesized in about 5 seconds at 37°C. Each E.coli cell divides approximately every 20 minutes,
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which leads to the conclusion that protein folding cannot be a random, trial and error process.
This argument is now known as Levinthal’s paradox. Levinthal concluded that proteins must fold

to their native conformation by specific folding pathways (Levinthal et al., 1968).

This paradox can be 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 reversible in vitro folding of a single protein means that the protein in the native state is
thermodynamically stable, and therefore that the native state has the global minimum free energy
of all kinetically accessible structures (Levinthal et al., 1968). Moreover, the folded structure
must then have the lowest internal energy of all kinetically accessible conformational structures.
Therefore, we should expect the shape of the landscape for a protein to have funnel topography,
at least in the vicinity of the native structure (Figure 2.3) (Plotkin and Onuchic, 2002). A
consequence of funnelled landscape topography is that the native structure is kinetically
accessible at the temperatures where it is thermodynamically stable. A funnelled landscape will
also be robust to environmental perturbations as well as sequence mutations, because potentially

competing low-energy 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 funnelled folding mechanism is a well-defined physical solution to the Levinthal problem,

however other generic ordering processes may operate in parallel with 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 due 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 process may be
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 observed, supporting the notion that the

tertiary structure of the intermediate is not yet well-defined (Hamada et al. 1996).

Another mechanism of generic entropy reduction is the formation of transient helical structure in
the unfolded state. Various studies have observed secondary structure in the unfolded state
(Miranker et al. 1991; Radford et al. 1992). Whether native or non-native, helical structure is
likely to be transient in the high entropy unfolded state, rather than fixed and rigid. Partial
formation of secondary structure in a protein reduces the conformational entropy by reducing the

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

Helices present in an unfolded protein tend to align generically, similar to nematic or cholesteric
liquid crystal order, which assists folding since most helices in the folded state tend to be
aligned. Aligned helices gain steric entropy relative to non-aligned helices, in that their excluded
volume is reduced so that aligned helical residues suffer 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 stacking of B-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 in 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 (Camacho & Thirumalai, 1993; Pande et al.
1994). Local concentrations of non-polar 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 larger proteins, 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 populate intermediates early in their folding. Intermediates may vary in their
conformational properties and stabilities and be highly native like (Lorch, 1999), or contain
native-like structure in regions corresponding to a domain or subdomain of the native protein
(Cavagnero et al., 1999). Sometimes intermediates may contain highly non-native structures
(Kuwajima et al., 1996). Some intermediates are on-pathway and can fold to the native state
without undergoing substantial unfolding steps. They might play a role 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 time scale (Brockwell et al., 2000). Some proteins may form misfolded or
trapped intermediates that cannot fold to the native state without rearrangement of the elements
These non-native species tend to accumulate and can either be rescued by molecular chaperones
(Shtilerman et 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 (Radford et al.,
2000; Troullier et al., 2000). If an intermediate cannot escape a local minimum, it becomes

kinetically trapped and results in the so-called misfolded protein.
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2.1.4 Methods for studying protein folding in vitro

To achieve a detailed description of protein folding pathways has been a fascinating problem and
a challenge for researchers since the times of the first study by Anfinsen. During the past decade,
major advances have been made in the available methodology. New methods were developed
that allow monitoring rapid transitions between structurally dynamic ensembles and advances
were made in theoretical approaches that allow these complex phenomena to be modelled
(Dobson et al., 1999). Combining the results of a vast array of individual experiments on
different protein systems, trends and patterns in the folding mechanisms of the proteins are
beginning to emerge, alongside several successful attempts of predicting protein structure
entirely from its amino acid sequence (Alm et al., 1999). A range of experimental techniques that
have recently been developed and applied in the studies of protein folding is summarized in
Table 2.1. Applied alone or in combination, they allow researchers to investigate the structure,
dynamics, energetics and mechanistic properties of the denatured ensemble and collapsed

species, as well 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 residues

ANS binding ms Burial of hydrophobic area

FRET ms Inter-residue distance

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

Far UV ms Formation of secondary structure

Near UV ms Formation of tertiary structure
Small-angle X-ray scattering ms Polypeptide shape and dimension
(SAXS)
Absorbance (near UV) Environment around aromatic residues

Hydrogen exchange

Native exchange

Global protein stability

Pulsed hydrogen Rate of hydrogen protection of backbone
exchange NMR and amino acid side chains
Pulsed hydrogen Rate of hydrogen protection on folding

exchange ESI MS

populations

Force spectroscopy using the

AFM

Folding and unfolding rates

Solution-state NMR

Environment of protein 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 mechanism by which intermediates form is poorly understood,
because the rate of formation of these species is too rapid for conventional stopped-flow
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 high-energy transition states. One of such
methods, called ® value analysis, has been developed by Fersht and his colleagues. 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 transition state is determined and the ratio of these
stabilities is known as @ values are then compared. Determining many @ values for residues
throughout the native protein allows interfering with the structure of possible intermediates and

the rate-limiting transition state (Fersht et al., 1992).

Fluorescence spectroscopy at single molecule resolution can be another powerful method to
study different aspects of protein folding. The extremely sensitive nature of fluorescence
spectroscopy allows extracting crucial information contained in the ensemble of molecules being
studied as well as the time trajectories of individual molecules (Basak et al., 2014). For instance,
the method of fluorescence correlation spectroscopy (FCS) provides sensitive information on the

diffusion coefficient of a protein labelled with fluorescent dye (Moens et al., 1972; Krichevsky et
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al.,2002) and single molecule Forster resonance energy transfer (FRET) has been successfully
employed in several studies to characterize the conformational dynamics of experimental
systems (Sharma et al., 2008; Chakraborty et 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 the intermediate and native states for the proteins that populate
intermediates is usually a rate limiting step. It involves the stabilisation and formation of final
secondary structure, as well as conversion of disordered side chain conformations to the specific
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
(Morozova-Roche et al., 1999; Englander et al., 2000). One 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 proteins — a continuous exchange of amide hydrogens
with the hydrogens in the surrounding solution (Figure 2.4). In usual aqueous buffer this reaction
is undetectable; however, if all-H,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,0) is used (Englander 2000; Marcsisin et al., 2010).
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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 accessibility/hydrogen bonding in
proteins is shown in Figure 2.4b. Highly dynamic and solvent-exposed regions (such as the loops
connecting the alpha helices) will exchange rapidly whereas less dynamic regions and regions
involved in hydrogen bonding networks (like as B-sheets or a-helices) will exchange slower

(Smith et 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 non-deuterated proteins (Katta et al., 1991). A typical
workflow for a hydrogen exchange experiment monitored with mass spectrometry is presented in
Figure 2.5. Protein solutions equilibrated at room temperature, physiological pH, and in all-H,0
buffer, are diluted 10- to 20-fold into the identical buffer except with all D,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 MS analysis (Smith et 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. With a digestion experiment, deuterium can be localized within the short

peptides produced by the digestion.
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Figure 2.5 Workflow of a hydrogen exchange mass spectrometry experiment
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Protein samples are equilibrated at the desired temperature and pH, in aqueous buffer.
Protein solutions are then diluted with the identical buffer containing 99.9% D,0 instead of H,O.
The exchange reaction is quenched by lowering the pH to 2.5 and the temperature to 0 °C.
Deuterated, quenched protein can then be directly injected 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 are analysed for the full-length protein, or for each of the peptic

peptides (adapted from Marcsisin et al., 2010).

Hydrogen exchange mass spectrometry can provide information about conformation changes
upon ligand/inhibitor binding or protein-protein interaction, protein folding and unfolding
pathways, as well as some insights into the structure of proteins 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 (Wang et al., 2001), to investigate conformational changes in
the HIV-1 capsid protein during 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 high level of

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

HX MS also allows distinguishing populations of molecules in solution. Structurally different
co-existing populations will incorporate different amounts of deuterium and this can be observed
in the raw mass spectra. If the refolding rate of unfolded and exposed regions of a protein is
slower than the deuterium labelling rate (Figure 2.5), the unfolded species will be highly
deuterated and therefore have a higher mass than the folded species (Marcsisin 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 advantageous tool in the current study.
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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 concentration reaching up to
400 mg/ml, corresponding to a volume fraction of macromolecules of 20-40% of the total
cellular volume (Zimmerman and Minton, 1993; Cheung et al., 2013). This leads to a volume
exclusion or ‘macromolecular crowding effect’ (the term introduced by Minton in Minton,

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 increased probability of aggregation during folding (van den
Berg et 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
(Zimmermann et al., 1993). The assumption of crowders as hard core spheres allowed their
modelling in 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 of E. coli.

Conditions in the cell are likely to affect protein folding pathways and it has been speculated
that protein structure could be dynamically ‘tuned’ by changing the microenvironment within the
cell (Wirth et al., 2013). Different types of proteins might exploit properties 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 to have co-translational folding mechanisms in which the
energy landscape for folding is significantly altered versus refolding in vitro, leading to
significant amounts of native-like structure formation for the N-terminal portion of the chain.
(Frydman, J. et al. 1999; Ugrinov et al., Biophys. J 2010; Braselmann et al., 2013).

A nascent chain of average length (~300 amino acid residues in E. coli) 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 (Jaenicke et
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al.,, 1991). However, more recent studies revealed that the three-dimensional organization of
individual ribosomes in polysomes maximizes the distance between nascent 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 a cell-like environment 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 coarse-grained molecular simulations (Stagg et al., 2007). The
amount of experimentally measure o-helical 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 addition of inert 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
aggregation 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 in the highly abundant
photoreceptor protein rhodopsin affect its folding and transport and eventually result in
photoreceptor cell death and blindness (Mendes et al., 2005). Serious neurodegenerative
conditions, including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and prion
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 feature of amyloid is its cross B-fold in which the protein, irregardless of

its native structure, is converted into a 3-strand fibril (Saibil, 2013).

Although the structural and mechanistic bases of cytotoxicity remain obscure, there is
evidence for membrane damage 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., 2008; Powers et

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 protein families that act on a variety of non-native 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 (heat shock proteins, Hsps, as their synthesis is induced under
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conditions of stress. Apart from their role in protein folding, chaperones have a wide range of
functions in proteome maintenance, assisting in macromolecular complex assembly, protein
transport and degradation, as well as dissociation of aggregates and refolding of stress-denatured

proteins (Kim et al., 2013).

Chaperones are known to recognize non-native states of many different proteins by interacting
with exposed hydrophobic sequences, which later are buried inside the native protein structure.
Most of the main chaperones possess ATPase activity and require cycles of ATP binding and
hydrolysis to act on non-native polypeptides, facilitating their folding or unfolding while others

only protect nascent protein subunits during their assembly processes (Mayer et al., 2010).

Binding (and rebinding) of non-native proteins to chaperones prevents aggregation and reduces
the concentration of free folding intermediates. Achieving efficient folding is possible when 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 system —
such is the interplay between, for instance, Hsp70 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 capacity in vivo, protein aggregation occurs, which often induces further cellular

stress response, increasing the 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 (Figure 2.8) (Kerner et al., 2005, Albanese et al., 2006). In all 3 domains of
life — bacteria, archaea, and eukarya, the newly synthesized polypeptide firstly interacts with
ribosome-binding chaperones (trigger factor (TF), nascent-chain-associated complex (NAC), and
specialized Hsp70s) (Del Alamo et al., 2011). Later it is transferred to the next tier of chaperones
that do not have direct affinity to the ribosome, e.g. the classical Hsp70 system (Calloni et al.,
2012). Protein may start folding co-translationally, while still bound to the ribosome, and finish
post-translationally, as they are released from the or after being transferred to downstream

chaperones (Hsp60s and Hsp90 system) (Bukau et al., 2000).
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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 Ribosome-associated chaperones

The nascent polypeptide chain is topologically restricted on the ribosome. Since protein
chain synthesis proceeds in a vectorial manner, the full network of long-rage interactions cannot
be formed until the C-terminal region of the protein emerges from the ribosome tunnel.
Therefore, nascent polypeptide chains usually expose extensive hydrophobic patches and are
significantly prone to aggregation (Hartl et al., 2011). Ribosome-binding 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. (Figure 2.8) (Bukau et al., 2000, Preissler et 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 subunit at the exit of the
ribosomal tunnel. In vitro, TF was shown to bind to nascent chains as short as ~60 amino acid
residues, whereas in vivo it binds ribosomes when nascent chains have reached ~100 amino
acids in length (Oh et al., 2011). This allows time for the nascent chain on the ribosome to
interact with a variety of targeting factors (e.g., signal recognition particle) and modifying
enzymes (Ullers et al., 2003, Bingel-Erlenmeyer et al., 2008). TF is then released from the
nascent chain in an ATP independent manner, permitting folding or transfer of the polypeptide to
downstream chaperones such as DnaK, the major Hsp70 chaperone in bacteria (Calloni et al.,

2012).

TF is absent in eukaryotes, however, other structurally unrelated chaperone systems such as
ribosome-associated complex in Saccharomyces cerevisiae (RAC) and nascent chain-associated
complex (NAC, in archaea and eukaryotes) may fulfil a similar role (Bukau et al., 2000,

Gautschi et al., 2002). In fungi, RAC cooperates with ribosome-binding isoforms of Hsp70.
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NAC is a heterodimeric complex of a- and - subunits, with molecular masses of 33 kDa and 22
kDa, respectively, which associates with ribosomes and short nascent chains (Preissler et al.,
2012). Although the exact role of NAC in folding is not established, in yeast, NAC function

appears to be reminiscent of the interplay between TF and DnaK in bacteria (Koplin et al., 2010)

2.2.4 The Hsp70 system

In bacteria and eukaryotic cells, chaperones of the Hsp70 family form a central “hub” in the
cytosolic chaperone network (Frydman et al., 2001, Calloni et 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 disaggregation and
transferring substrates to the degradation machinery (Saibil 2013). 700 cytoplasmic proteins
were identified as Hsp70 interactors in vivo, among which 180 proteins are particularly Hsp70-
dependent due to their high aggregation propensity (Calloni et al., 2012). Hsp70 chaperones exist
in many orthologs in different cellular compartments and are highly interactive, functioning with
many partners and cofactors.

The role of Hsp70 in folding was proposed to be stabilizing the unfolded state or unfolding
proteins until they can spontaneously fold upon reaching their correct cellular destination (Saibil
2013). Upon release from Hsp70, polypeptides were shown to collapse into their native fold in
free solution or to rebind to Hsp70 when they failed to reach the correctly folded state (Sharma et
al., 2010). Proteins that are unable to utilize Hsp70 for folding are transferred to the chaperonin
or the Hsp90 system (Kim et al., 2013). In addition to its role in folding, Hsp70 participates in
the disassembly of the clathrin coat on membrane vesicles disassembly after completion of
clathrin-mediated endocytosis. Hsp70 also cooperates with Hspl1l0 in eukaryotes in

disaggregating large aggregates (Rothnie et al., 2011, Shorter 2011).



Introduction 33

The Hsp70 structure consists of two domains: an ATPase domain (often also referred to as a
nucleotide-binding domain, or NBD) and a substrate-binding domain (SBD). The chaperone
activity of Hsp70 depends on internal dynamic interactions between these domains and external
interactions with co-chaperones such as the Hsp40 proteins (such as Dnal in E.coli) and
nucleotide exchange factors (NEFs, which stimulate ADP release and nucleotide exchange after
ATP hydrolysis) (Mayer et al., 2010).

The ATPase domain has the same fold as actin and hexokinase, with two flexible domains
surrounding a deep, nucleotide-binding cleft that closes around ATP (Saibil 2013, Figure 2.9a).
The substrate-binding domain has a brick-like shape and consists of a B-sandwich subdomain
with a cleft capped by a mobile a-helical lid. Binding of Hsp70 substrate happens inside the cleft
and is stabilized by closing the lid. The SBD binds to 5-7-residue hydrophobic peptide segments
typically flanked by positively 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 (Bukau et al., 1998, Kim et al.,
2013). The substrate-binding domain can exist in two states — open 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 linker, a key site in Hsp70 allosteric

regulation.

The Hsp70 mechanism of action involves several key steps. In the ADP-bound or nucleotide-free
state, the NBD is connected by a flexible linker to the SBD, with the lid domain locking a
peptide substrate into the binding pocket (Zhu et al., 1996). ATP binding causes the closure of
the nucleotide-binding cleft, creating a binding 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
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NBD, resulting in a widely opened substrate-binding 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 polypeptide chain are thought to

unfold and stabilize non-native proteins either for correct folding or degradation (Saibil 2013).

Hsp70 acts in protein folding together with two co-chaperones — Hsp40 and NEF, which regulate
its reaction cycle. The Hsp40 family is very diverse, with many specialized members targeting
Hsp70 to specific sites or functions (Kampinga et al., 2010). All Hsp40 proteins contain a J-
domain and act as the primary substrate recruiters for Hsp70 as well as stimulate the ATPase
activity of Hsp70. They interact with both the nucleotide- and substrate-binding domains of
Hsp70. The interaction of Hsp40 with Hsp70 stimulates the rate of hydrolysis of Hsp70-bound
ATP to ADP over 1000-fold, leading to stable substrate binding by Hsp70 in the closed
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 release (Kim et al., 2013, Figure
2.9b). Individual levels of Hsp40 and NEF proteins in the cell are lower than those of Hsp70.
However, eukaryotic genomes encodes multiple versions of J-domain proteins and NEFs, thus

diversifying the Hsp70 function and its substrate specificities (Kampinga et al., 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 chaperonins - large,
barrel-shaped protein complexes of ~800 kDa that consist of two rings stacked back to back and
have the ability to bind and engulf unfolded/misfolded proteins. The chaperonins have an
essential role in de novo protein folding and the refolding stress-denatured proteins
(Hemmingsen et al., 1988, Goloubinoff et al., 1989, Bracher et al., 2011). The central cavity
formed by each ring constitutes an active site in which a substrate protein is bound, encapsulated
and released via a complex multi-step cycle (Lucent et al., 2009). Chaperonins interact with 10%
of all cellular proteins and are therefore required for cellular viability (Hartl & Hayer-Hartl 2002,
Fenton & Horwich 2003). Interestingly, unlike GroEL/ES or thermosome, the TRiC/CCT

chaperonin of the eukaryotic cytosol is not stress-inducible (Horwich et al., 2007).

Chaperonins are divided into 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 I chaperonin contains 7 identical subunits and the substrate
is encapsulated inside the tetradecameric complex capped by a co-chaperonin lid (GroES in
bacteria) (Tang et 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 consists of eight 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 (Horwich et al., 2007).

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

ring and then mediate ATP-triggered release followed by folding to the native state in an
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encapsulated cavity. Substrate binding to the hydrophobic surface of the 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 protein to travel down the smooth energy surface as
compared with the rough funnel containing kinetic “traps” that would exist in the bulk solution
(Brinker et al. 2001, Chakraborty et al., 2010). Folding in the cavity is followed by release into
the bulk solution whether or not the polypeptide has reached the native state (Weissman et al.
1996). If the polypeptide is still non-native, another round of binding and encapsulation follows.
In the cell, this can result in a Kinetic partitioning among the different chaperones and proteases

(Hartl and Hayer-Hartl, 2009).

Members of the two chaperonin families function via a similar overall mechanism, however the
major difference can be observed in their architectures (Figure 2.10): Type | chaperonins employ
a detachable “lid” structure (GroES/Hsp10) that binds to the GroEL tetradecamer following the
binding of ATP type Il chaperonins, on the other hand, employ a built-in a-helical protrusions of

the apical domains to close the cavity (Figure 2.10b, top view) (Meyer et al., 2003).

The ATP-directed reaction cycles of the two chaperonin families are mostly similar, directed by
virtually identical equatorial ATP-binding domains. In the GroEL system, a positive
cooperativity of ATP binding to subunits within a ring occurs via a concerted mechanism,
whereas there is a negative cooperativity of ATP binding between the two rings (Yifrach &
Horovitz 1995). In the thermosome and CCT systems the binding of ATP to subunits within one

ring was found to be sequential, however for both systems, negative cooperativity between the
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rings ensures asymmetric behaviour of the complex as a two-stroke 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 — 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-Alid) 3KFK, CCT closed 3IYG and CCT open 2XSM. Adapted from Yebenes et al.,
2011.

2.2.6 The chaperonin system GroEL/ES of E. coli — structure and mechanism

GroEL/ES is the most extensively studied chaperone system to date. The crystal structure of an
open (apo-) GroEL tetradecamer, without its co-chaperonin GroES, was first identified by Braig
et al., in 1994. In an open state GroEL is a 15 nm long cylindrical structure of two back-to-back
rings, each composed of seven 57 kDa subunits (Figure 2.11, a-c). The size of the GroEL
molecular machine in its open state 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 located at the bottom
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 (Figure 2.11c, Saibil et al., 2013). Each 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 asymmetric behaviour of the
machine, ensuring that only one ring is folding active at a time (Clare et al., 2012). The apical
domain, placed at the terminal end of the cylinder ~40A from the equatorial ATP binding pocket,
contains a hydrophobic polypeptide-binding surface facing inside the central cavity (Fenton et
al., 1994). The seven apical domains of an open GroEL ring form a smooth hydrophobic surface
that selectively captures non-native polypeptides (Farr et al., 2000). Finally, the intermediate

domain ensures the flexibility of the subunit structure allowing the apical domains 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 rigid-body movements as was observed by
different methods in free solution, such as cryo-EM and X-ray crystallography (Saibil et al.,

2013).

Figure 2.11. Crystal structures of GroEL and GroEL-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). (d—f) Similar views of the closed complex GroEL—
GroES—-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 (Yang et al., 2009; Clare et 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 rigid-body movements of the GroEL apical
domain to form the closed GroEL/ES complex. The encapsulated substrate then remains inside
the cage during the time required for ATP hydrolysis (half-time ~5-10 s), which allows substrate
folding to take place. However, ATP hydrolysis is not required for protein folding but rather
drives the chaperonin machine forward through its reaction cycle. Once ATP has been
hydrolysed to ADP in the GroES-bound ring, seven other ATP molecules bind to the opposite
ring, which in turn triggers the allosteric discharge of GroES, ADP, and substrate, 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 (Rye et al., 1999). Scheme of the mechanism of GroEL/ES-assisted protein folding is

depicted in Figure 2.12.
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Figure 2.12. Folding in the GroEL-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 the apo-state to the
GroES-bound form, as has been shown through comparison of crystal structures, involves
substantial rigid-body rotations about interdomain hinge points within each GroEL subunit, as
well as local rearrangements of secondary structure elements within each domain (Xu et al.,
1997). Cooperative ATP binding in the equatorial domains induces a downward rotation of the
intermediate domains (Ranson et al., 2001, Clare et al., 2012). The presence of ATP and GroES
causes a major elevation and twist of the apical domains (Roseman et al., 1996, Xu et al., 1997),

moving the hydrophobic polypeptide-binding site on each apical domain (Helices H and | in
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Figure 2.12) 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 binding 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 solution (Fenton et al., 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 (Farr et al., 2000). The interaction of the substrate with the Group I 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 al., 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 central cavity leads to a compaction of the substrate molecule in a confined
environment of the chaperonin, with an upper limit of less than 60 kDa for protein subunits that
can be encapsulated. During this transition, the hydrophobic binding surface of the apical
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 pathways and promotes 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 theories have been proposed in the literature since the discovery of the GroEL/ES

machine describing how chaperonin acts on its substrates. The three major theories that ought to
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be addressed in detail are passive cage theory, active cage theory and the theory 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; Tyagi et al., 2011). The passive
cage theory suggests that the chaperonins encapsulate their substrates and act solely as
aggregation-prevention devices by simulating an ‘‘infinitely dilute’” environment inside the
complex. According to a number of calculations, chaperonins 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 many GroEL-dependent proteins typically endure several
ATPase cycles before folding (Kerner et al., 2005). The average time for an obligate GroEL
substrate to fold is ~30-60 s, equivalent to 3-10 ATPase cycles, assuming the speed of
hydrolysis of approximately 7-10 s per cycle. The accumulated body of evidence suggests that
the folding of these proteins is rate-limited by kinetic intermediates (van der Vies et al., 1992;
Gorovits et al., 1998; Jennings et al., 1993). Some substrates may also encounter topological
frustration, with incorrect intra-chain contacts made too early and therefore preventing a protein
from reaching the native state (Onuchic et al., 2004). The theory of iterative annealing postulates
that substrate denaturation via multiple cycles of binding and release and may free proteins from
kinetic traps, leading to faster folding of frustrated proteins. Iterative annealing has been
predicted mathematically to lead to a refolding rate 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 of cycling (Weissman et al., 1996; Hayer-Hartl 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 hen lysozyme (Coyle et al., 1999) and barnase (Zahn et al., 1996). Confining a protein
in the chaperonin cage would eliminate 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 been shown in a number of studies. For instance, significant rate acceleration
has been observed for a double mutant of maltose binding protein (DM-MBP) in the presence of
GroEL and SR-EL (Tang et al., 2006; Chakraborty et al., 2010; Gupta et al., 2014).

Despite 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 time provides evidence that folding of
a strictly dependent GroEL substrate inside the chaperonin cage is facilitated via an active cage,

confinement-mediated mechanism.
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2.3 Substrates of GroEL and GroES

Estimations of the amount of GroEL/ES in the cell under normal conditions 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 in vivo 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 ATP-dependent release of
substrates) to isolate GroEL-bound substrates for their subsequent separation on 2D gels and
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 proteins were structurally unstable and required
repeated binding to GroEL for their conformational maintenance. Chaperonin substrates were
mostly proteins that contained several domains with mixed alpha/beta-folds, which exhibited

relatively large hydrophobic surfaces and were highly aggregation-prone.

In a subsequent study, to ensure that substrate binding occurred in vivo and not during cell
lysis, substrate-containing GroEL-GroES complexes were isolated from E.coli 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 into three classes based on the level 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 Il

substrates (126 proteins) require GroEL/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 GroEL-substrate complexes from

the living cells.

In a more recent study by an independent group, 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 Il were re-examined and
a new Class IV was 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. Figure 2.13 presents 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 attempt to unravel specific
structural features or motifs that would explain their strong chaperonin-dependence. As
mentioned above, these proteins exhibit increasing aggregation propensity, with Class Il1
proteins being highly aggregation-prone. Another feature of the chaperonin substrates is their
size range that corresponds to the properties of the GroEL 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 by Kerner et al. that the almost half of the Class Il substrates of
GroEL share (ap)s TIM-barrel, compared to only 6.8% TIM-barrel fold representation among all
E. coli lysate proteins. On a large scale, however, it remained unclear to date, what distinguishes
GroEL/ES-dependent 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 hydrophobicity and charge, solvent
accessibility, amino acid frequencies and codon optimality measures, but none of them showed
significance difference between chaperonin-dependent and independent TIM-barrel proteins

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

Interestingly, GroEL sunstrates were found to be less hydrophobic than GroEL-independent
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 not enriched in
hydrophobic amino acids (Niwa et al., 2009). Importantly, homologs of the substrates of E.coli
GroEL in Ureaplasma urealyticum, an organism that lacks the chaperonin system (Glass et al.,
2000), were found to contain a higher amount of hydrophobic amino acids, suggesting a possible

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 known proteins. It is present in various enzyme families,
catalysing completely unrelated reactions (Hegyi et al., 1999). The TIM-barrel domain is
typically comprised of about 200-250 residues and can be present in single-domain enzymes,
such as hevamine (Terwisscha van Scheltinga et al., JMB 1996), or be a part of large,

multimeric, multi-domain enzymes such as B-galactosidase (tetrameric, five domains, 1023

residues per polypeptide chain as described in Juers et al., 1999).

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 TIM-barrel 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 presented in Figure 2.14. Interestingly, the
most hydrophobic region of the TIM-barrel was found to be not the inner part of the B-barrel, but
the core region between the B-strands and a-helices (Nagano et al., 1999). The active sites of all
TIM-barrel enzymes are located at the C-terminal ends of the B-strands and are shaped by
residues of the eight loops following after the B-strands. Whereas the Pa loops are important for
the function, the aff loops at the N-side of the molecule are believed to be more important for the

stability of the TIM-barrel protein (Urfer et al., 1992).

No significant amino acid sequence similarity has been detected in TIM-barrel proteins from
different families. However, complementing sequence alignments with structural analysis
revealed the presence of physicochemically similar clusters of residues in the same topological
positions of the TIM-barrel domain (Selvaraj et al., 1998). It was suggested that these residue
clusters, defined by long-range hydrophobic and electrostatic interactions, may direct and
determine the common TIM-barrel folding pattern. This hypothesis is supported by the data
obtained from studying circular permutated sequence variants of a TIM-barrel enzyme TrpF,
which have been shown to fold similarly to the wild-type enzyme (Luger et al., 1989). Another
example comes from the proof-of-principle study by Sterner and co-workers, who have shown
that a single point mutation is sufficient to convert a TIM-barrel enzyme HisA catalysing a step
in histidine biosynthesis into a protein with TrpF, which in turn is a part of the tryptophan

biosynthesis pathway (Jurgens et al., 2000).
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An interesting feature of HisA protein and its homolog from the histidine synthesis pathway,
HisF, is that these TIM-barrels have an internal twofold repeat 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 half-barrel folding unit. Indeed, the N-terminal and C-terminal half-barrel domains
of HisF have now been shown to be separate folding units. The half-barrel constructs, HisF-N
and HisF-C can be expressed separately and isolated as inactive homo-oligomers (Hoecker et al.,
2001). Mixing the purified half-proteins or gene co-expression in vivo allowed to obtain fully
functional heterodimers, suggesting that at least in some cases the TIM-barrel may have been

formed by modular construction from half-barrel units (Gertl et al., 2001).

2.3.2 GroEL substrate - dihydrodipicolinate synthase (DAPA) from E.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 and bacteria, but not 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) and (S)-aspartate
semialdehyde (ASA). The reaction is initiated by condensation of pyruvate with an active site
lysine residue Lys161 forming a Schiff base, followed by a subsequent tautomerization and an
aldol-type reaction with ASA, producing the acyclic enzyme-bound intermediate ASA:Pyr.
Transimination of the ASA:Pyr intermediate is thought to yield the cyclic alcohol (S)-4-
hydroxytetrahydrodipicolinic acid (HTPA), with simultaneous release of the active site lysine

residue. The scheme of the DAPA-catalysed enzymatic reaction is shown in Figure 2.15.
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J% K/L DHDPS _ ,dj\ -HO_ m

HTPA DHDP

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 from E. coli is a homotetramer, existing in as a ‘dimer of dimers’ with a so-called
‘tight” and ‘weak’ dimer interfaces (Figure 2.16). Residues T44, Y107 and Y133 of the catalytic
site are located at the tight-dimer interface. Therefore, each tight dimer contains two complete
active sites within the TIM-barrel domain and an allosteric site that binds two (S)-lysine
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 tight-dimer 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 mutational study where a central residue in the weak dimer-dimer 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 aggregation-prone, consistently losing its residual enzymatic activity within 24

hours after purification (Muscroft-Taylora et al., 2010).
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Active site

Figure 2.16. Crystal structure of dihydrodipicolinate synthase from E.coli.

A. Homotetrameric structure of E. coli DAPA indicating symmetry-related residues at the weak-
dimer interface (L197D, horizontal) and tight-dimer interface (Y107W, vertical). The (S)-lysine
allosteric binding site is located at the intradimeric cleft. Adapted with modifications from
Dobson et al., 2004 B. Monomeric unit of E. coli DAPA illustrating N-terminal TIM-barrel domain
and 3 C-terminal a-helices (light blue) (PDB 1yxc).

2.3.3 GroEL substrate - N-acetylneuraminate lyase (NANA) from E.coli

Another Class Il substrate of GroEL carrying TIM-barrel domain is enzyme N-
acetylneuraminate lyase (NANA, EC 4.1.3.3). NANA belongs to the dihydrodipicolinate
synthase family of enzymes and is closely structurally related to DAPA (lzard et al., 1994). The
enzyme splits N-acetyl-neuraminic acid (NAN) into its constituent N-acetyl-D-mannosamine and
pyruvate and can, under suitable conditions, synthesize NAN from these same molecules (Figure
2.17A). Like DAPA, NANA is also a homotetrameric enzyme, with the monomers arranged as a
‘dimer of dimers’. The active site of NANA is also located inside the TIM-barrel and is centred
about the catalytic residue Lys165, which forms a Schiff base with the first substrate, pyruvate,

to facilitate the required aldol chemistry, however, the substrates and products for the two
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enzymes are very different. The sialic acids are a large family of sugars derived from the parent
compound N-acetylneuraminic acid (Aisaka et al., 1991), widely utilised on the surface of cells
in animals and on the surface of a number of pathogenic bacteria, where they are thought to

provide camouflage from the host immune system or to facilitate tissue invasion.

CH,OH ?

HO-C-H
H _C
H-C-OH : on )7 TCHs
0250 O 0 9
H OH — HOCH, o + _C_
on H,C CO,-
CO00~

sialic acid N-acetyl-D-mannosamine pyruvate

Figure 2.17. N-acetylneuraminate lyase — enzymatic reaction and crystal structure.

A. Cleavage of N-acetylneuraminic acid (sialic acid) by N-acetylneuraminate lyase. Adapted
from lzard et al., 1994. B. Crystal structure of NANA monomer illustrating N-terminal TIM-barrel
domain and 3 C-terminal a-helices (light blue) (PDB 1NAL).
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3 Materials and methods

3.1 Materials

3.1.1 Chemicals

Acetic acid

Adenosine triphosphate, disodium salt (ATP)
Agarose (SeaKem LE)

Anti-rabbit 1gG secondary antibody
Ammonium persulfate (APS)
Ampicillin

Atto-532 C5 maleimide

Atto-647N C5 maleimide

Bacto agar

Bacto trypton

Bacto yeast extract

Bromophenol blue

Calcium chloride

Complete EDTA-free protease inhibitor
Coomassie brilliant blue R-250
Dithiothreitol (DTT)

ECL™ detection kit

Ethanol

Ethidium bromide
Ethylenediaminetetraaceticacid —sodium salt (EDTA)
Glycerol

Glycine

Merck
Sigma-Aldrich
Cambrex Bio Science
New England Biolabs
Sigma-Aldrich
Merck

Atto-Tec

Atto-Tec

Difco

Difco

Difco

Sigma-Aldrich
Merck

Roche

Roth

Roche

Amersham Pharmacia Biotech
Merck

BioRad

Merck

Merck

Roth
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S7

Guanidium hydrochloride (GuHCI)

HEPES

Hydrochloric acid (37%)
Isopropyl-p-D-thiogalactopyranoside (IPTG)
Magnesium chloride

[-mercaptoethanol

Methanol

Phenyl-methyl-sulfonyl-fluoride (PMSF)
Polyacrylamide/bisacrylamide solution 30 % (30 : 0.8)
Potassium hydroxide

Rabbit anti-DAPA antibody

Sodium chloride

Sodium dodecylsulfate (SDS)

Sodium hydroxide

N, N, N’, N’-Tetramethylethylendiamine (TEMED)
Tris-base

Tween-20

3.1.2 Enzymes

Benzonase

Lysozyme

Pfu DNA polymerase
Restriction enzymes

T4 DNA ligase
Centricon 30 kDa cut-off
Microcon 10 kDa cut-off
Microcon 30 kDa cut-off

Sigma-Aldrich
Sigma-Aldrich
Merck

BioMol

Merck
Sigma-Aldrich
Merck
Sigma-Aldrich
Roth
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Calbiochem

Merck
Sigma-Aldrich
Stratagene

New England Biolabs
New England Biolabs
Amicon

Amicon

Amicon
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Nitrocellulose transfer membrane

Sterile filter 0.22 um

Sterile filter 0.45 um

Electrophoresis power supply Power PAC 300
Fluorescence spectrometer Fluorolog 3

FPLC systems

EmulsiFlex high pressure homogenizer
Gilson Pipetman (2, 10, 20, 100, 200, 1000 ul)

HDMS ESI-QToF mass spectrometer
Incubators Innova 4430

Luminescent Image Analyzer LAS-3000
Mini Trans-Blot Electrophoretic Transfer Cell
Microtime 200 confocal microscope
PCR-Thermocycler T3

pH meter Accumet Basic

SMART system

Sonicator Ultrasonic Processor XL
Spectrophotometer DU 640 UV/VIS
Spectrophotometer LS50
Spectropolarimeter J-715

Stopped-Flow Reaction Analyser Sx.18MV
SZX10 Stereomicroscope

Thermomixer Comfort

Vortex

Water bath

3.1.3 Media

Whatman Schleicher & Schuell

Millipore
Millipore
Bio-Rad

HORIBA Jobin Yvon

Avestin
Abimed

Waters Synapt
New Brunswick Scientific

FUJIFILM
Bio-Rad
PicoQuant
Biometra

Fisher Scientific

Amersham Pharmacia Biotech

Misonix Inc.
Beckmann
Perkin-Elmer
Jasco

Photo Physics
Olympus
Eppendorf
Ikamag

Bioblock Scientific
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LB medium: 10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl, (+
15 g/l agar for solid medium). Adjusted to pH 7.0
with NaOH (Sambrook et al., 1989).

SOC medium: 20 g/l tryptone, 5 g/l yeast extract, 0.5 g/l NaCl,
0.186 g/l KCI, 0.95 g/l MgClI2. Twenty ml of filter

sterilized 1M glucose were added after autoclaving
(Sambrook et al., 1989).

MacConkey medium: 40 g/l of MacConkey base was autoclaved.
Maltose was then added to a final concentration of
1% (solid medium).

3.2 Methods

3.2.1 Strains and Plasmids

The E. coli strains DH5a and BL21 (DE3) Gold (Stratagene) were used for cloning and protein
expression, respectively. The genes dapA and nanA from E. coli were cloned into the vector
PET22b (pET22b-DAPA; pET22b-ECNANA) and nanA from Mycoplasma synoviae into
pET1la (pET1la-MsNANA) using Ndel and BamHI restriction sites. The DAPA mutant,
DAPA-293C (in which the three surface cysteines were replaced with seines, C20S, C141S,
C218S, and an additional cysteine added to the C-terminus) was generated by QuikChange
mutagenesis (Stratagene) of the wild-type dapA gene. The authenticity of each construct was

confirmed by DNA sequencing.

3.2.2 Protein Expression and Purification
Chaperone proteins GroEL, GroES, DnaK, DnaJ and GrpE were purified as previously described

(Brinker et al., 2001; Hayer-Hartl et al., 1996; Kerner et al., 2005). GroEL substrate proteins
DAPA (dihydrodipicolinate synthase), DAPA-293C and NANA (N-acetylneuraminic acid
aldolase) from E. coli (ECNANA) and from M. synoviae (MsSNANA) were purified from the

soluble fraction of BL21 (DE3) Gold cells.
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Generally cells were grown at 20°C to an OD of 0.45 and protein expression induced by addition
of 1 mM IPTG (Roth). After 4 h at 20°C, the cells were harvested by centrifugation (3200 x g,
45 min, 4°C) and subsequently frozen in liquid nitrogen as a suspension in 200 mM Tris-HCI pH
7.5, 10 mM DTT. Thawed cells were incubated for 1 h at 4°C in the presence of complete
protease inhibitor (Roche), 1 mg lysozyme L-1 (42.35 U mg-1; Sigma) and 10 U benzonase L-1
(Novagen) and subsequently lysed on ice by sonication with a tip sonicator (Misonix Sonicator
3000, power output 7 in pulse mode, 10 x 30 s pulses interrupted by 90 s pause). All purification
steps were performed at 40C, the theoretical mass of the purified proteins confirmed by MS and
the protein concentration determined spectrophotometrically at 280 nm. Chaperonin
concentrations refer to the oligomeric state, while concentrations of the substrate proteins refer

to the monomeric state.

3.2.3 DAPA Purification

DAPA protein purification was essentially as previously described (Laber et al., 1992) with
minor modifications. After removal of cell debris and membranes by ultracentrifugation (200
000 x g, 45 min, 4°C), the supernatant was fractionated by chromatography on Source 30Q
(Pharmacia Biotech) (20 mM Tris-HCI pH 7.5, 1 mM DTT, gradient from 0.1 M to 1 M NaCl).
Fractions containing DAPA were pooled and adjusted to 20 mM Tris-HCI pH 7.5 2 M
(NH4)2S04, 1 mM DTT and any precipitated protein was removed by centrifugation (3 200 x g,
30 min, 4°C). The supernatant was next applied to a phenyl-Sepharose CL-4B column(GE
Healthcare) equilibrated in buffer (20 mM Tris-HCI pH 7.5, 1 mM DTT) and proteins eluted
with a gradient from 2 M to 0 M (NH4)2SO4. Fractions containing DAPA were pooled, dialyzed

against buffer A (20 mM Tris-HCI pH 7.5, 100 mM KCI, 1 mM DTT) and applied to a MonoQ
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HR 16/10 column (Pharmacia Biotech) (20 mM Tris-HCI pH 7.5, 1 mM DTT, gradient from 0.1
M to 1 M NacCl).

DAPA containing fractions were pooled and subjected to Sephacryl S300 HiPrep 26/60
(Amersham Biosciences) gel filtration chromatography in buffer A. Fractions containing DAPA
were concentrated at 4°C using Vivaspin (MWCO 10 kDa; GE Healthcare) and supplemented

with 5 % glycerol, flash-frozen in liquid nitrogen and stored at -80°C.

3.2.4 EcNANA and MsNANA Purification
The purification of ECNANA and MsNANA was performed as previously published (Aisaka et

al.,, 1991) with some modifications. After removal of cell debris and membranes
ultracentrifugation as for DAPA above, the supernatant was subjected to heat precipitation at
70°C for 10 min and then immediately cooled on ice. Precipitated material was removed by
centrifugation (20 000 x g, 4°C, 15 min) and the supernatant fractionated by chromatography on
Source 30Q (Pharmacia Biotech) (20 mM Tris-HCI pH 7.5, 1 mM DTT, gradient from 0.01 M to
1 M NaCl). Fractions containing ECNANA (or MsNANA) were pooled and dialyzed against 20
mM Tris-HCI pH 7.5, 10 mM NaCl, 1 mM DTT. The protein was next applied to a MonoQ HR
16/10 column (Pharmacia Biotech) (20 mM Tris-HCI pH 7.5, 1 mM DTT, gradient from 0.01 M
to 1 M NaCl). EcNANA (or MsNANA) containing fractions were pooled, dialyzed against 20
mM Tris-HCI pH 7.5, 0.01 M KCI, 1 mM DTT, concentrated using Ultricon concentrators
(MWCO 10kD) (3 200 x g, at 4°C). In the case of ECNANA, the concentrated protein was
applied onto a hydroxyapatite column (BioRad) (20 mM Tris-HCI pH 7.5, 1 mM DTT, gradient
from 0.01 M to 0.1 M KCI) and the pooled fractions containing ECNANA were subjected to gel
filtration on a Sephacryl S300 HiPrep 26/60 column (Amersham Biosciences) in buffer A. In the

case of MSNANA, the concentrated protein was only subjected to gel filtration on Sephacryl
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S300 HiPrep 26/60 column (Amersham Biosciences) in buffer A. After gel filtration, EENANA
(or MsNANA) containing fractions were concentrated at 4°C using Vivaspin (MWCO 10 kDa;
GE Healthcare) and supplemented with 5 % glycerol, flash-frozen in liquid nitrogen and stored

at -80°C.

3.2.5 Refolding, Assembly and Enzymatic Assays

3.2.5.1 Spontaneous Refolding of DAPA
DAPA was unfolded in 7.2 M GuHCI/10mM DTT or 7.2 M urea/10 mM DTT by incubation for

at least 1 h at 25°C. Spontaneous refolding was initiated by diluting the protein 100- to 200-fold
into buffer B (20 mM Tris-HCI pH 7.5, 100 mM KCI, 10 mM MgCl,, 10 mM pyruvate) at the
temperatures and final DAPA monomer concentrations indicated in the figures. Refolding was
stopped after different times by addition of a 4-fold molar excess of GroEL D87K (GroEL Trap)
(Farr et al., 1997) over DAPA monomer and DAPA enzyme activities were measured as
previously described (Kerner et al., 2005) after incubation for at least 1 h at 25°C to ensure
complete assembly. Briefly, the product of DAPA enzymatic assay (2S,4S)-4-hydroxy-2,3,4,5-
tetrahydrodipicolinate, reacts with o-aminobenzaldehyde under acidic conditions which results in
the formation of diazaanthracene, purple chromophore absorbing at 550 nm (Mitsakos et al.,
2011). Activities are expressed as percentage of the activity of the native protein.

3.2.5.2 GroEL/ES-assisted Refolding of DAPA

DAPA was unfolded as above and diluted at least 100-fold into refolding buffer B containing 2
MM GroEL/4 uM GroES. In order to ensure full capture of DAPA by GroEL the concentration of
GroEL was kept constant at 2 uM as the concentration of DAPA was varied from 0.2 uM to 1.0
MM. Refolding was initiated by addition of 5 mM ATP and stopped at different times by adding

an equal volume of 100 mM CDTA. DAPA enzymatic activity was measured as above.
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3.2.5.3 SREL/ES-assisted Refolding of DAPA
Urea-denatured DAPA was diluted 100-fold into low salt buffer C (20 mM Tris-HCI pH 7.5, 10

mM KCI, 5 mM MgCl,, 10 mM pyruvate) containing 2 pM SREL and 4 uM GroES. Refolding
was initiated by adding 2 mM ATP at 25°C. At different time points aliquots were withdrawn
from the refolding reaction and mixed with an equal volume of 100 mM CDTA and 60 mM
GuHCI to stop the reaction and facilitate disruption of the SREL/ES complex. DAPA enzymatic
activity was measured as above.

3.2.5.4 DAPA Assembly

Spontaneous and GroEL/ES-assisted assembly of DAPA was monitored in refolding reactions
essentially as described above except that DAPA enzymatic activities were measured directly at
the different time points without stopping refolding.

3.2.5.5 Spontaneous Refolding of E. coli NANA (ECNANA)

EcNANA was unfolded in GuHCI and refolding in buffer D (20 mM Tris-HCI pH 7.5, 100 mM
KCI, 10 mM MgCI2) as described above for DAPA. EcCNANA enzymatic activity was
determined in a coupled assay containing 10 mM N-acetylneuramic acid (Sigma), 4.0 mM
NADH (nicotinamide adenine dinucleotide), 3.0 U LDH (lactate dehydrogenase) (Roche) by
measuring the first derivative of the decrease in absorbance of NADH at 340 nm (JASCO V-560
UV/VIS spectrometer). NANA catalyzes the cleavage of N-acetylneuraminic acid to form
pyruvate and N-acetylmannosamine.

Activities are expressed as percentage of the activity of the native protein.

3.2.5.6 GroEL/ES-assisted Refolding of ECNANA

GuHCI-denatured ECNANA was diluted 100-fold into refolding buffer D containing 0.8 pM
GroEL and 1.6 uM GroES. The final concentration of ECNANA was 0.4 pM. Refolding was

initiated and stopped as described for DAPA at 25°C.
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3.2.5.7 Spontaneous Renaturation of Mycoplasma synoviae NANA (MsNANA)
MsNANA was unfolded in GuHCI as above and renaturation in buffer D was performed

essentially as described for DAPA assembly with direct enzymatic assay as the read-out.
MsNANA activity was determined by coupled enzyme assay as for ECNANA and the activities

expressed as percentage of the native protein.

3.2.6 Circular Dichroism (CD) Spectroscopy
DAPA or MsNANA (1 uM) was incubated at 10°C for 16 h at increasing GUHCI concentrations

in refolding buffer B. The steady state ellipticity was measured at 220 nm. Ellipticity was also
measured immediately upon 67-fold dilution of denatured protein (7.2 M GuHCI/10mM DTT)
into buffer B containing GUHCI to give final concentrations of 100 mM to 0.5 M GuHCI. Far
UV CD spectroscopy was performed at 10°C on a J-715 spectropolarimeter (JASCO) equipped

with Peltier-thermostat using 0.1 cm cuvettes.

3.2.7 Fluorescence Correlation Spectroscopy

3.2.7.1 Protein Labeling

For single molecule experiments, the mutant DAPA-293C was labeled with either Alexa647
(Invitrogen) or Dy530 (Dyomics) using maleimide chemistry. The purified protein in buffer
A/10 mM DTT was first buffer exchanged on a NAP5 column (Amersham Biosciences)
equilibrated in buffer B and immediately mixed with a 1.2 molar excess of dye molecules and
incubated for 30 min at 20°C. Free dye was removed using a NAP5 column equilibrated in
buffer B/10 mM DTT and concentrated using Vivaspin (MWCO 10 kDa, GE Healthcare). The
degree of labeling (DOL) was controlled with absorption spectroscopy (DAPA: €280 = 12950 M
Lem™; Alexa647: emax = 265000 M™ cm™ cfgp = 0.023; Dy530: &max = 100000 M™ cm™ cfg0 =

0.15) using the following equation,
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Adye X Edye
(_(Ad}re X CfZSO) + AZSO) X E‘]_JTIJT.'E]'I'I

DOL =

and found to be >90 %. The absence of free dye in the sample was confirmed by fluorescence

correlation spectroscopy (FCS). Specific labeling at C293 was confirmed by mass spectrometry.

3.2.7.2 Fluorescence Correlation Spectroscopy

FCS measurements using pulsed interleaved excitation (PIE) (Muller et al., 2005) were
performed on a Microtime 200 inverse time-resolved fluorescence microscope (PicoQuant),
which was maintained at a constant temperature of 20°C. For excitation of Alexa647 and Dy530
picosecond pulsed diode lasers at 640 nm (LDH-PC-640B) and at 530 nm (LDH-P-FA-530)
were used, respectively. Each laser had a laser power of 60 uW measured before the major
dichroic. The lasers were pulsed with a rate of 26.6 mHz. The excitation light was guided
through a water immersion objective (60 x 1.2 NA, Olympus) into the sample cuvette (Ibidi).
The emitted fluorescence was separated from excitation light by a dichroic mirror
(Z2532/635RPC), guided through a pinhole (75 pum) and in case of cross correlation split
according to wavelength by a beam splitter (600 DCXR) onto photon avalanche diodes (SPADS)
(PDM series, MPD). The emission light was cleaned up by emission band pass filters (HQ 90/70
and HQ 580/70, Chromas) in front of the respective detector. Detection was performed using
time correlated single photon counting, making it possible to correlate any given photon with the
excitation source. In case of auto correlation measurements, after-pulsing artifacts were removed
using fluorescence lifetime filters (Symphotime, PicoQuant) (Gregor and Enderlein, 2007).
3.2.7.3 Refolding Measured by Fluorescence Correlation Spectroscopy (FCS)

Refolding kinetics of spontaneous and assisted refolding were measured for 100 pM DAPA-

293C-Alexa. DAPA-293C-Alexa was denatured as above. Spontaneous refolding was initiated
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by dilution of the unfolded protein into buffer B to a final concentration of 100 pM at 20°C and
stopped after different times by addition of 2 uM GroEL. For assisted refolding, the unfolded
protein was diluted to 100 pM final concentration into buffer B containing 2 pM GroEL.
Refolding was initiated by addition of 4 pM GroES and 5 mM ATP and stopped after different
times by addition of Apyrase (Sigma). By stopping the folding reaction not-yet folded DAPA
monomers will be bound by GroEL whereas folded monomers remain free in solution. The
significant size difference of folded DAPA monomer (~31 kDa) and non-native DAPA in
complex with GroEL (~830 kDa) results in different diffusion rates (102 £ 2 pm? s™ and 49 # 1
um? s, respectively) which can be monitored using FCS. FCS measurements were performed
within 10 min after stopping the reaction.

The auto-correlation data was fitted with the following one triplet one diffusion equation using

the Symphotime software (PicoQuant):

(-%) T\ ! T 2
G(T)=[1-T+Txe TT]X px(l+—) X(1+ )
Tp Tp X K2

The mean diffusion time tD of particles through the focal spot is described by the structural
parameter kK = z0/w0 where z0 and ®0 denote the axial and radial dimensions of the confocal
volume, respectively. The amplitude of the correlation function is denoted by p. The first term is
used to compensate for fast dynamics arising from dye photophysics such as triplet blinking with
the amplitude T on the timescale TT (Widengren et al., 1995). The diffusion coefficients were

calculated using the following equation

(Voge X m73/2 x w‘l)zﬁ

D
4 X 1p

by calibrating the confocal volume Veff with Atto655 dye, for which accurate diffusion

parameters have been published (Muller et al., 2008). To analyze refolding kinetics the mean



Materials and methods 67

diffusion time, reflecting a shift of DAPA molecules from GroEL-bound (D =49 + 1 umz/s, ™D
= 1.02 + 0.02 ms) to free (D = 102 + 2 pm?/s, 1p = 0.52 + 0.01 ms) was plotted against the
refolding time and fitted with a single exponential rate.

3.2.7.4 Dual Color Fluorescence Cross Correlation Spectroscopy

Dual color FCCS (dcFCCS) was employed to demonstrate the absence of inter-molecular
association during spontaneous refolding of DAPA at 100 pM. DAPA-293C was labeled with
either Alexa647 or Dy530 as above. The labeled proteins were denatured (at 5 nM in 7.2 M
GuHCI/10 mM DTT) and diluted into buffer B to a final concentration of 50 pM each. FCCS
was recorded with PIE during refolding at 20°C. As a positive control, the two labeled and
unfolded molecule populations were mixed 1:1 at a concentration of 100 nM each and allowed to
refold and assemble (note that folded DAPA will not assemble at 100 pM). The assembled
tetramer was then diluted to a final particle concentration of 100 pM for dcFCCS analysis. A 1:1
mixture of Dy530 and Alexa647, again at 50 pM concentration each, was used as a negative

control.

3.2.8 X-ray Crystallography
For crystallization of MSNANA, the screens Magicl and Magic2 from the MPIB crystallization

facility were used. An orthorhombic crystal form was obtained with a precipitant containing 50
mM MES pH 6.0, 4 % MPD, 0.2 M NaCl and 35 % PEG 400 (Magicl, condition C6) at 4°C. A
monoclinic crystal form was obtained with 50 mM MES pH 6.0 and 50 % MPD (Magic2,
condition C12) at 4°C. The crystals were directly picked from the drop and immediately

cryocooled with liquid nitrogen.
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3.2.8.1 Structure Solution
Diffraction data were collected at beamline X10SA of the Swiss Synchrotron Light Source (SLS;

Villigen, Switzerland). The data were integrated with XDS (Kabsch et al., 2010). Subsequently
programs as implemented in the CCP4i graphical user interface were used (Collaborative
Computational Project, 1994). Pointless, Scala and Truncate were employed to scale the data and
generate structure factor amplitudes (Evans et al., 2006; Evans et al., 1997). The orthorhombic
crystal form was solved by molecular replacement using the program Molrep (Vagin and Isupov,
2001) with the coordinates of NANA from H. influenzae (PDB code 1F5Z; Barbosa et al., 2000)
as a search model. After several rounds of refinement using Refmac (Murshudov et al., 1997), a
nearly complete model was auto-build with ArpWarp (Langer et al., 2008). The model was
completed by cycles of manual building with Coot (Emsley and Cowtan, 2004) and refinement
with Refmac. This model served as a search model for structure solution of the monoclinic
crystal form with Molrep.

3.2.8.2 Structure Analysis

For structure analysis the programs Lsgman (Kleywegt and Jones, 1994), Pymol

(http://www.pymol.org/) and SC (Lawrence and Colman, 1993) were used.

3.2.9 Hydrogen/Deuterium Exchange (H/DX)

3.2.9.1 Spontaneous Refolding of DAPA and MSNANA
The reaction scheme shown in Figure 4.4A was followed. DAPA or MsNANA were denatured in

7.2 M GUHCI/10 mM DTT and diluted 100-fold into refolding buffer B at 10°C to a final
concentration of 2.4 uM. At different times of refolding, an aliquot of 40 pL was withdrawn and
added to 360 pL of pulse-labeling buffer E (20 mM Tris-HCI, 20 mM KCI, pD 7.5, 99.9% D20)

to a final concentration of 90 % D20. H/DX was allowed to proceed for 12 s before quenching
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by addition of 8 uL. of 10 % formic acid (final pH 2.5), followed by immediate analysis by
LCMS.

As controls, denatured and native DAPA or MsNANA were subjected to D20 pulse-labeling and
LC-MS analysis. To account for back-exchange, a reaction containing 99.9 % D20 was prepared
by diluting denatured DAPA (6 M GuDCI/10 mM DTT) into refolding buffer B made with
99.9% D20 and after 12 s the reaction was quenched and immediately subjected to LC-MS at
0°C.

3.2.9.2 Chaperonin-assisted Refolding of DAPA

GuHCl-denatured DAPA was diluted 100-fold into refolding buffer B containing 4.8 uM GroEL
or 4.8 uM SREL. The chaperonin-DAPA complex was purified on a Superdex 200 gel filtration
column and concentrated to 2.4 pM DAPA at 40C using 0.5 mL Amicon Ultra filter (MWCO 30
kDa; Millipore). An aliquot of 50 puL of GroEL-DAPA (or SREL-DAPA) complex was mixed
with 0.5 uL of 4.8 uM GroES in refolding buffer B (or buffer C in case of SREL-DAPA) and 1
uL of 250 mM ATP was added to initiate refolding at either 10°C or 25°C. At different times of
refolding, aliquots of 20 uL were withdrawn and added to 180 pL of pulse-labeling buffer E.
H/DX labeling was allowed to proceed for 12 s at 10°C before quenching as above, followed by
processing of samples for peptide analysis (see below). For controls, GroEL-DAPA and
SRELDAPA complexes were analyzed in the absence of ATP and GroES as above.

3.2.9.3 Intact Protein Mass Analysis and Data Processing

Protein samples (400 pL) were injected immediately after pulse-labeling and acid quenching into
an Alltech analytical in-line guard column, packed with POROS 20-R1 reversed-phase media
(PerSeptive Biosystems) that was placed in an ice-bath. 400 uL ice-cold 0.1 % formic acid was

immediately injected (time required to complete this step was ~10 s) to wash the protein. The
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guard column was then switched to position it in line with the HPLC inject port with a flow rate
of 200 pL min™ of 15% acetonitrile/0.1% formic acid, pH 2.5 for 2 min. The protein was eluted
at 40 pL min™ using a 1.5 min gradient of 15-75 % acetonitrile directly into a Waters Synapt G1
mass spectrometer with a standard electrospray interface. The injector, column and all associated
tubings were kept at 0°C using an ice bath to minimize back exchange (Zhang and Smith, 1993).
All experiments were conducted under identical conditions to allow comparison of relative
deuterium levels (Wales and Engen, 2006); deuterium levels were not corrected for back
exchange and are therefore reported as relative deuterium levels (Wales and Engen, 2006). Mass
accuracy of less than 20 ppm was maintained by infusing horse heart myoglobin into the mass
spectrometer at the end of each chromatographic gradient. Intact mass spectra were deconvoluted
using MassLynx (Waters). All intact-protein H/DX-MS experiments were conducted at least in
triplicate. Differences in the intensity of the species were observed but no new peaks were
detected.

3.2.9.4 Peptide Mass Analysis and Data Processing

Each quenched sample was injected into a Waters nanoACQUITY UPLC with H/DX, as
previously described (200 pL sample into a 100 uL loop) (Wales et al., 2008). The protein
passed through a Poroszyme immobilized pepsin cartridge (Applied Biosystems) accommodated
within the H/DX manager at a flow rate of 100 uLL min-1 and temperature of 20°C. The peptic
peptides eluting from the pepsin column were trapped and desalted for 3 min at 100 uL. min™ and
then separated in 6 min with 8-40 % acetonitrile gradient in 0.1 % formic acid pH 2.5, at 40 uL
min™. The cooling chamber of the H/DX manager, housing all the chromatographic elements,
was held at 2.5°C. The separation column was a 1.0x100.0 mm ACQUITY UPLC C18 BEH

(Waters) containing 1.7 um particles (back pressure averaged 7800 psi). The average amount of
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back-exchange using this experimental setup was 20-25 %, based on analysis of highly
deuterated peptide standards. Deuterium levels were not corrected for back-exchange and are
therefore reported as relative (Wales and Engen, 2006); all experiments were done under
identical experimental conditions thus negating the need for back exchange correction. The
UPLC was performed with protonated solvents, allowing deuterium to be replaced with
hydrogen from side-chains and amino/carboxyl termini that exchange much faster than backbone
amide linkages (Englander and Kallenbach, 1983). All experiments were performed between 2-5
times. The error of determining the deuterium levels was +£0.20 Da in this experimental setup
(Burkitt and O'Connor, 2008; Houde et al., 2011). Mass spectra were obtained with a Waters
Synapt G1 with a standard ESI source (Waters Corp., Milford, MA, USA) over an m/z range of
50-1700. Mass accuracy was ensured by calibration with Glu-fibrinogen peptide, and was less
than 10 ppm throughout all experiments. Identification of the peptic fragments was accomplished
with at least 4 replicate MSE (Plumb et al., 2006) analyses using ldentity Software (Waters
Corp., Milford, MA, USA). MSE was performed by a series of low-high collision energies
ramping from 5-30 V, ensuring proper fragmentation of the peptic peptides. The mass spectra
were processed with DynamX software (Waters Corp., Milford, MA, USA) by identifying the
isotopic distribution (from +1 to +6 charge state, depending on the peptide). Isotope distribution
and peak selection was verified manually for all peptides. In many cases, the isotope
distributions were bimodal and all isotopes of the entire bimodal pattern were 15 selected for
processing. The first-moment centroid m/z values of the distributions were calculated by
DynamX and plotted with respect to refolding time. The unfolded reference or the GroEL-DAPA
or SREL-DAPA references were arbitrarily given a refolding time of 0.05 min of the log time

scale of these graphs and the native reference was given a value of 100 min. The relative
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deuterium incorporation was calculated by subtracting the centroid of the isotopic distribution for

peptide ions of the native reference from the centroid of the isotopic distribution for peptide ions

from each refolding sample.
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4 Results

This work was performed in close collaboration with Dr. Florian Georgescauld in the laboratory
of Prof. Dr. F. Ulrich Hartl. Dr. Florian Georgescauld was involved in planning the experimental
design as well as performing pulse-labelling H/DX coupled to liquid chromatography (LC) and

MS experiments. Dr. Andreas Bracher solved the structure of MSNANA protein.

4.1 GroEL/ES accelerates the refolding of its natural substrate,
dihydrodipicolinate synthase (DAPA)

4.1.1 DAPA is a Class Il GroEL substrate that can refold spontaneously at low
temperatures

In order to investigate the mechanism of GroEL/ES-assisted protein folding, a suitable substrate

is required for which the spontaneous and chaperonin-assisted refolding could be compared.

A number of studies of GroEL/ES-assisted protein folding were performed using different model
proteins such as lysozyme, rhodanese or DM-MBP, none of which is a substrate of GroEL in
vivo (Weber F et al., 2000; Rozema et al.,1996; Chakraborty et al., 2010). It is of particular
interest, therefore, to investigate folding of a natural substrate of the chaperonin, especially that
of a strictly chaperonin-dependent (Class I11) substrate identified in a recent study by Kerner et
al., 2005, and compare spontaneous and GroEL/ES-assisted refolding of such a protein.
However, such studies are difficult, due to a high aggregation propensity of all obligate

substrates of GroEL.

In our study, we found that one of the obligate substrates of GroEL (dihydrodipicolinate
synthase, DAPA from E.coli) was able to refold spontaneously in vitro with a high yield at 25°C

and at lower temperatures (Figure 4.1). The amount of enzymatically active protein observed
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upon refolding of DAPA at different temperatures correlated well with the amount of soluble
protein in the refolding sample analysed by SDS-PAGE (Figure 4.1, B and C). At a physiological
temperature for E.coli growth, 37°C, no activity was observed upon refolding and all protein was
insoluble. At 25°C, the recovery of DAPA enzymatic activity was ~75% and at 15°C and lower

temperatures, the amount of active soluble protein reached almost 100%.
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Figure 4.1: Dihydrodipicolinate synthase from E.coli (DAPA) refolds spontaneously at

low temperatures.

(A) Structure of E. coli DAPA monomer (left) and tetramer (right) in ribbon representation (PDB
1YXC). The (Ba)s TIM-barrel domain is shown in blue and the C-terminal domain in gold.
Helices H1 to H11 and locations of the strong and weak interfaces of the tetramer (interface |

and Il, respectively) are indicated.

(B) and (C) Yield of spontaneous DAPA refolding at different temperatures. (B) Refolding was
initiated by diluting GuHCI-denatured DAPA into refolding buffer B to a final concentration of 200
nM monomer and yields analysed by enzyme assay after 1.5 h (15°C-37°C) and after 16 h
(10°C). Folding vields are plotted as DAPA activities in % of native enzyme control incubated at
the respective temperature. (C) Refolding was initiated as in B to a final concentration of 500 nM
monomer and yields analysed by SDS-PAGE after ~3 hours. Total (T), Supernatant (S) and
Pellet (P) protein fractions are shown.
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4.1.2 DAPA is efficiently folded upon translation by GroEL/ES but not Hsp70

system

The above mentioned experiments represent the reactivation of a denatured protein. In order to
investigate de novo DAPA folding, similar to what occurs in vivo upon translation, we performed
cell-free synthesis of DAPA from a DNA template using the in vitro PURExpress system

containing all necessary components for transcription and translation of a protein chain.

Hsp70 +
No chaperones GroEL/ES GroEL/ES Hsp70

TSP TSP TSP TSP

Figure 4.2: Aggregation of DAPA in cell-free transcription/translation system In vitro is

prevented by DnaK/DnaJ/GrpE and GroEL/ES chaperones.

The coupled in vitro transcription and translation of DAPA was performed using the
PURExpress system (New England Biolabs). DNA template containing the DAPA gene was
added to the in vitro translation reactions containing no chaperones, Hsp70 system
(DnaK/DnaJ/GrpE) alone, GroEL/ES alone or Hsp70 + GroEL/ES (see Materials and Methods
for more details). Total (T), supernatant (S) and pellet (P) protein fractions of each sample were

analysed by SDS-PAGE followed by autoradiography imaging (FUJIFILM Image Reader).

Like Class Il GroEL substrates, DAPA does not fold spontaneously and upon synthesis in the
absence of the chaperonin at 37°C the protein is resolved in the pellet fraction of the translation
lysate (Figure 4.2). However, DAPA aggregation is efficiently prevented when either Hsp70

system (DnaK/DnaJ/GrpE) or GroEL/ES or both these systems are present in the solution.

In order to elucidate whether Hsp70 system alone could efficiently fold DAPA to its native state
or if, as has been shown in Kerner et al., 2005 it can only prevent aggregation of the Class IlI

GroEL subastrates, we performed in vitro experiments of DAPA refolding at 37°C in presence or
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absence of the chaperones. As shown in Figure 4.3, in the absence of chaperones DAPA is
unable to regain its enzymatic activity whereas in the presence of Hsp70 system only about 40%

of the substrate protein is refolded slowly within 1 hour.

Importantly, the apparent refolding rate of DAPA in presence of the Hsp70 system is
significantly slower than even the rate of spontaneous DAPA refolding at 25°C or 10°C (Figure
4.4), (half-time of spontaneous DAPA refolding at 25°C is ~3.6 min, half-time of DAPA
refolding with Hsp70 system is >1 hour). This phenomenon can be explained if the substrate is
not stably bound to DnaK during the whole time of the experiment and individual molecules of
DAPA are occasionally released into free solution where they can refold, aggregate or to be
captured back by the Hsp70 system. Since the concentration of the free substrate molecules in
the solution in this case would be extremely low, some of the molecules will have a chance to
refold spontaneously which is reflected by the appearance of enzymatic activity. Simultaneously,
a competition between spontaneous refolding and rebinding of unfolded molecules to Hsp70
would likely slow down the refolding, which is reflected by a half-time of the DnaK/DnaJ/GrpE-
assisted reaction longer than 25 minutes. Aggregation, as shown later in this study (Figure 4.5),

is irreversible and therefore has no contribution to the apparent refolding rate.
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v DnaK/DnaJ/GrpE ATP +GroEL/ES 25 min

Figure 4.3: Hsp70 chaperone system keeps DAPA in a refolding-competent state for

subsequent transfer to GroEL/ES at 37°C.

Refolding was measured at 200 nM final DAPA concentration by diluting denatured DAPA into
refolding buffer B or containing 1.25 pM DnaK/0.63 uM DnaJ/1.25 uM GrpE or 2 uM GroEL/4
UM GroES or containing 1.25 uM DnaK/0.63 uM DnaJ/1.25 uM GrpE but with addition of 2 uM
GroEL/4 uM GroES after 5 and 25 min after initiating folding. Assisted refolding was initiated by
addition of ATP.

Of note is that upon addition of GroEL/ES into the refolding reaction that already contains the
Hsp70 system, DAPA reaches its enzymatically active state with a high yield within only 1-2
minutes, which indicates efficient transfer of the substrate from Hsp70 system to GroEL/ES.

When added into the reaction at later time points (25 minutes), GroEL/ES is only able to restore
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~60-70% of DAPA activity compared to more than 80% when added early on, consistent with
the slow release of substrate from the Hsp70 system and its subsequent aggregation in the
solution. Taken together, our results show that the Hsp70 system efficiently maintained DAPA in
a non-aggregated folding-competent state for its subsequent transfer to GroEL/ES and rapid

completion of folding. Thus, the ability to promote DAPA folding is unique to GroEL/ES.

4.1.3 GroEL/ES catalyses the refolding of DAPA subunits

Formation of enzymatically active DAPA involves folding of individual subunits, followed by
their assembly to dimers and finally tetramers (Reboul et al., 2012). To distinguish these
processes and measure subunit folding independent of assembly, we stopped spontaneous
refolding reactions by addition of GroEL D87K mutant to trap not-yet folded subunits (Figure
4.4A). This mutant of GroEL is unable to bind and hydrolyse ATP, which prevents the release of
the captured unfolded molecules from its apical domains (Weissman et al., 1994). The
GroEL/ES-assisted reaction was stopped by addition of CDTA to chelate Mg®* ions and
therefore inhibit the ATPase activity of the chaperonin, stopping the folding. To ensure that all
individual DAPA subunits assemble into tetramers, we incubated all samples at 25°C for at least
1 hour prior to enzyme assay. The concentration of GroEL and GroES in the refolding reaction
was kept close to their physiological levels (2uM GroEL and 4puM GroES in the reaction, as

compared to ~3uM GroEL 14-mer in the cell (Ewalt et al., 1997, Mogk et al., 1999).
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Figure 4.4: GroEL/ES accelerates DAPA subunit folding at different temperatures
(A) Scheme of the experiment measuring refolding of DAPA subunits.

(B) and (C). Refolding was measured at 200 nM final monomer concentration by diluting GuHCI-
denatured DAPA 100-fold into refolding buffer B (20 mM Tris-HCI pH 7.5, 100 mM KCI, 10 mM
MgCl,, 10 mM Pyruvate) or into buffer B containing 2 puM GroEL and 4 pM GroES. Assisted
refolding was initiated by addition of ATP. Spontaneous refolding was stopped by addition of 0.8
MM GroEL Trap (GroEL D87K) and GroEL/ES-assisted refolding was stopped with 50 mM
CDTA. Reactions were incubated for 1 h at 25°C to allow for complete assembly prior to

enzyme assay. Single exponential rates are indicated. Standard deviations are from at least 3

independent experiments.
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Upon dilution from GuHCI, DAPA refolded efficiently at 25°C and 10°C but aggregated at 37°C
(Figure 4.4, B and C). The rate of spontaneous folding at 25°C was ~0.19 min (ty, ~ 3.6 min)
whereas at 10°C the reaction was about 2-fold slower with a rate of ~0.09 min™ (t;, ~ 9 min).
Strikingly, GroEL/ES accelerated the folding reaction about 30-fold at 25°C to a rate of ~6.0
min-1 (ty, ~7 sec). At 37°C, where spontaneous refolding of DAPA could not be followed, the
chaperonin-assisted reaction was even faster than at 25°C and a yield of 100% was reached
within 20 sec after addition of ATP. It is important to note that the time needed to fold all
substrate molecules at 37°C is comparable to the rate of protein synthesis in E.coli cell (~14 sec,
assuming translation at a rate of ~20 amino acids per second; Hartl and Hayer-Hartl, 2009). It
would therefore prevent the accumulation and possible aggregation of newly synthesized protein
in the cell upon its translation. At 10°C, the acceleration of folding reaction by the chaperonin
was ~16-fold with a rate of ~1.5 min™ (ty; ~ 28 sec). The yield of DAPA refolding in presence of
GroEL/ES at all temperatures was 100%, in line with the previously obtained data showing that

chaperonins efficiently prevent aggregation of substrate proteins.

4.1.4 Transient aggregation is not the reason for slow spontaneous refolding of
DAPA

All above mentioned data strongly implies that GroEL/ES does not merely prevent aggregation
of DAPA but is rather a protein folding catalyst. However, a recent report suggested that a
reversible aggregation of the unfolded molecules could be the cause of the slow spontaneous
folding of GroEL/ES substrates. In previous studies by Tang et al., 2006 and Chakraborty et al.,
2010, aggregation of a heterologous chaperonin substrate, DM-MBP, was shown to be
irreversible, which suggested that GroEL/ES can accelerate the intrinsic folding rate of a protein.

Whether the same would hold true for the natural substrates of GroEL/ES remained to be tested.
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To gain insight into this question we performed spontaneous and chaperonin-assisted refolding
of DAPA over a wide range of substrate concentrations. If aggregation of substrate molecules
were reversible and therefore affected refolding rates, we would expect to observe slower rates
of spontaneous refolding at higher concentrations of the substrate. However, the rate of
spontaneous folding was independent of DAPA concentration from 200 to 3500 nM at 10°C and
from 200 to 1000 nM at 25°C (Figure 4.5). As can be further seen in Figure 4.6, partial
aggregation of substrate protein at high concentrations resulted in a reduction in final yield but

did not slow the apparent folding rate, indicating that aggregation was irreversible.
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Figure 4.5: Rates of spontaneous and GroEL/ES-assisted refolding are concentration-
independent. Spontaneous and GroEL/ES-assisted subunit refolding was performed at 10°C
and 25°C as in Figure 4.4 over a range of DAPA concentrations. Standard deviations are from

at least 3 independent experiments.
Significant protein aggregation precluded accurate rate measurements at >1000 nM at 25°C
(Figure 4.6). However, in line with the notion that protein aggregation is a temperature-

dependent phenomenon, at 10°C aggregation of DAPA was noticeably reduced. This later
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allowed us to perform the refolding and assembly experiments at a high concentration of
substrate and investigate DAPA folding in detail by methods of HD/X coupled to LC and MS

(where the minimal concentration required to obtain good signal to noise ratio was ~2uM).
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Figure 4.6: The rate of spontaneous refolding of DAPA at 10°C and 25°C is concentration-

independent

Refolding was performed at 10°C (A) and 25°C (B) as in Figure 4.5 over a range of DAPA
concentrations. Data were fitted with single exponential rates. Standard deviations are from at
least 3 independent experiments. Note that the decrease in folding yield at 1000 nM DAPA in

(B) is due to aggregation which does not affect the apparent rate of folding.

To further rule out aggregation as the cause of slow spontaneous folding, we used fluorescence

cross-correlation spectroscopy (FCCS) to analyse refolding reactions at a very low DAPA
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concentration (100 pM), where intermolecular association is excluded (Mukhopadhyay et al.,
2007). A mutant of DAPA was designed in which the surface exposed cysteines (C20, C141,
C218) were changed to serines and another cysteine was added to the C-terminus (DAPA-293C).
DAPA-293C was labelled with Alexa647 or Dy530 dyes and the proteins mixed at equimolar

amounts, denatured and allowed to refold at a concentration of 100 pM.
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Figure 4.7. GroEL/ES catalyses DAPA refolding at single molecule level

(A) Absence of inter-molecular association during refolding by FCCS. DAPA-293C was labelled
with either Dy530 or Alexa647 fluorophores. The labelled proteins were mixed, denatured and
diluted into refolding buffer to a final concentration of 50 pM each. FCCS was recorded within
the first 30 min of refolding. As a positive control, DAPA-293C tetramer that has been refolded
and assembled from Dy530 and Alexa647 labelled subunits at 200 nM concentration was
diluted to 100 pM. A 1:1 mixture of the free dyes at 50 pM each was used as a negative control.

Experiments in this Figure were performed by Amit Jean Gupta.

(B) Spontaneous and assisted refolding of DAPA-293C labelled with Alexa647 was measured at
a final concentration of 100 pM at 20°C. GroEL and GroES, when present, were 2 uM and 4 puM,
respectively. Refolding was stopped either by addition of 2 uM GroEL (spontaneous refolding)
or by addition of Apyrase (assisted refolding). The difference in diffusion rate between not-yet
folded DAPA bound to GroEL and folded DAPA monomer free in solution was monitored by
FCS, resulting in rates of subunit refolding. All standard deviations are from at least 3

independent experiments. Experiments in this Figure were performed by Amit Jean Gupta.
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No FCCS signal was observed during DAPA refolding, indicating the absence of intermolecular
association (Figure 4.7A). In contrast, cross-correlation was observed for 100 pM native tetramer
when separately labelled proteins were first allowed to refold and assemble at 200 nM (Figure
4.7A). Taking advantage of the slower diffusion speed of the GroEL-DAPA complex and the
ability of GroEL to trap not-yet folded DAPA molecules, we monitored the time dependent
decrease in the average diffusion time of DAPA-293C-Alexa and extracted a refolding rate of
0.01 + 0.001 min™ (Figure 4.7B). Note that DAPA-293C-Alexa is enzymatically active but its
spontaneous refolding rate is ~13-times slower than that of wild-type DAPA. Importantly,
GroEL/ES accelerated the folding of DAPA-293C-Alexa (100 pM) more than ~50-fold at 20°C
(Figure 4.7B). These data demonstrate that GroEL/ES functions as a highly efficient catalyst of
DAPA folding under conditions where subunit association (due to aggregation or productive

assembly) is excluded.

Taken together, results in this chapter argue strongly against the notion of transient aggregation
as a rate-limiting step in the DAPA refolding reaction and support of the hypothesis that

GroEL/ES is a protein folding “catalyst”.

4.1.5 Acceleration of DAPA refolding by GroEL/ES is independent of buffer

conditions
However, another recently published study (Tyagi et al., 2011) suggested that the acceleration of

protein folding by GroEL/ES can only be observed in certain buffer conditions and strongly
depends on the presence of CI" ions in the solution. The high salt refolding buffer B used in our
experiments contained 100mM KCI and 10mM MgCI, which corresponds to physiological
concentration of CI in E.coli cells (Schultz et al., 1962).To elucidate whether the absence of CI’

in the buffer would change the refolding rate of DAPA, we performed spontaneous and
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chaperonin-assisted refolding reactions in buffer where KCI and MgCl, were replaced with
potassium acetate and magnesium acetate, respectively. The pH value of Tris buffer in this case

was adjusted using acetic acid instead of HCI. DAPA was unfolded in 8M Urea instead of the

previously used 8M GuHCI.

As shown in Figure 4.8A, the rates of spontaneous and chaperonin-assisted refolding in CI*-
depleted buffer are similar to the values obtained in the high salt refolding buffer B. Therefore,
the important acceleration of DAPA refolding observed in presence of GroEL/ES system in the
above mentioned conditions is due to an intrinsic property of the chaperonin, independent of

concentration of the substrate or composition of the refolding buffer.
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Figure 4.8: Acceleration of DAPA subunit folding by GroEL/ES at 25°C is independent of

buffer conditions

Refolding was measured at 200 nM final monomer concentration by diluting Urea-denatured
DAPA 100-fold into refolding buffer without CI" (20 mM Tris-Acetate pH 7.5, 100 mM potassium
acetate, 10 mM magnesium acetate, 10 mM Pyruvate) or into buffer without CI', containing 2 uM
GroEL and 4 uM GroES. Assisted refolding was initiated by addition of ATP. Spontaneous
refolding was stopped by addition of 0.8 uM GroEL Trap (GroEL D87K) and GroEL/ES-assisted
refolding with 50 mM CDTA. Reactions were incubated for 1 h at 25°C to allow complete
assembly prior to enzyme assay. Refolding rates in High salt buffer are taken from Figure 4.4

Standard deviations are from at least 3 independent experiments.
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4.1.6 GroEL/ES promotes DAPA subunit assembly

Formation of enzymatically active DAPA requires assembly of individual folded subunits into
homotetramers. To find out if subunit assembly is the limiting step on the way to produce the
active enzyme, we performed enzyme assays at different time points without stopping refolding
reactions (Figure 4.9A). In this case, if subunit folding were the slowest step of DAPA
reactivation, the rate obtained in this experiment would be identical to the subunit refolding rate
measured earlier. Otherwise, if the limiting step of this process is assembly, we would directly

measure the rate of assembly process.

Assuming that the rate of protein assembly is temperature- and concentration-dependent we
chose 10°C as the conditions for these experiments to allow for a better resolution. At this
temperature, we were able to measure each kinetic point more precisely and could use a higher

protein concentration (2uM) to ensure complete assembly of folded monomers.

As shown in Figure 4.9B, the half-time of spontaneous DAPA assembly at 10°C is ~25 min at
0.5uM and ~20 min at 2uM, which is approximately 2-3-fold slower than folding of individual
subunits measured in these conditions. Therefore, the assembly of monomers is indeed the
limiting step during formation of enzymatically active DAPA. In the presence of GroEL/ES, the
half-time of DAPA assembly is ~12 min at 0.5uM and ~8 min at 2uM, which corresponds to a
~2.5-fold acceleration of the assembly process by the chaperonin. This effect is likely to be
explained by a higher concentration of assembly-competent, folded subunits in the solution in
presence of GroEL/ES at the early time points, as all DAPA monomers are folded by the

chaperonin within 2-3 min (Figure 4.4, C).

Therefore, GroEL/ES seems to act as a highly efficient catalyst of DAPA subunit folding which

results in a high concentration of folded DAPA subunits, enhancing assembly of DAPA



Results 89

tetramers. Considering that most of the obligate substrates of GroEL are homo-oligomers, this

effect could have biological relevance as subunit assembly is possibly a rate-limiting step of

protein biogenesis in the E.coli cell.
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Figure 4.9: DAPA subunit assembly is promoted by GroEL/ES at 10°C.
(A) Scheme of the experiment measuring DAPA subunit assembly.

(B) Refolding/assembly reactions were performed at 10°C with 0.5 uM (empty symbols) or 2 uM
DAPA (filled symbols) and 4 pM GroEL/8 pM GroES when indicated. The reactions were not

stopped and enzyme activities were measured at the time points indicated. Standard deviations

are from at least 3 independent experiments.
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4.1.7 A single round of encapsulation inside the chaperonin is sufficient for
accelerated substrate folding

The model of iterative annealing suggests that repeated events of substrate unfolding in
successive binding/release cycles may reverse kinetically trapped states populated by substrate
protein (Lin et al., 2008). However, a single round of substrate binding and encapsulation, using
a single-ring mutant of GroEL that binds stably GroES, was shown to be equally efficient in

substrate folding (Tang et al., 2006, Chakraborty et al., 2010).

To test whether accelerated DAPA folding may occur in a single round of encapsulation in the
chaperonin cage, we used the single-ring mutant of GroEL (SREL, Figure 4.10 A) which carries
mutations Arg452, Glu461, Ser463 and Val464 responsible for the major contacts between the
two rings of GroEL (Weissman et al., 1996). Residue 452 is replaced by Glu and the other three
residues by Ala. These mutations cause the loss of electrostatic interaction between the two rings
and result in the formation of a single heptametrical ring. The system allows only one round of

ATP hydrolysis upon GroES binding, resulting in a stable SREL/ES complex.

As described in Tang et al., 2006, stable encapsulation of DM-MBP inside the SREL cage can be
achieved in low salt buffer. In order to confirm that similar conditions are applicable to study
DAPA, we performed the following experiments in the low salt buffer (20 mM Tris-HCI pH 7.5,
10 mM KCI, 5 mM MgCl,). To avoid increasing salt concentration in the refolding reaction, we
used 8M Urea protein denaturant (final concentration upon dilution 80 mM) instead of GuHCI.
In order to prove the absence of GroES cycling in these conditions, we measured ATPase
activity of GroEL and SREL in low salt buffer and inhibition of the chaperonin ATPase rate by
GroES. The ATPase activity of GroEL was inhibited to about 40% in presence of GroES,

compared to the value obtained with the chaperonin alone (Figure 4.10B). The ATPase activity
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of SREL in the absence of GroES was comparable to the activity of a double-ring chaperonin
whereas the addition of GroES into refolding buffer fully inhibits the ATPase activity of SREL.

These results indicate the absence of cycling of GroES on SREL in the chosen conditions.

To confirm that DAPA is stably encapsulated inside the SREL cage upon addition of ATP and
GroES, we performed size exclusion chromatography to separate and analyse different protein
complexes present in the refolding sample. As shown in Figure 4.10C, after the chaperonin cage
was sealed with GroES upon addition of ATP, all substrate co-eluted with the SREL/GroES
complex indicating that all DAPA molecules had been stably encapsulated inside the chaperonin
cage. Thus, the SREL/ES system is suitable for studying a single round of DAPA encapsulation

in the cage.

We performed DAPA refolding inside SREL/ES in low salt buffer and compared it to
spontaneous and GroEL/ES-assisted refolding in these conditions. Inside SREL/ES, DAPA
refolded at a rate of ~3.3 min™ at 25°C (t1/2 ~ 13 sec), i.e. ~17-fold faster than spontaneously
(Figure 4.11A). Importantly, a similar rate of refolding was achieved with GroEL WT, indicating
that a slower refolding rate inside the chaperonin cage in this buffer as compared to high salt
buffer is likely due to a reduced concentration of potassium ions, which are known to enhance
the chaperonin affinity for ATP (Viitanen et al., 1990).Note that the yield of spontaneous DAPA
refolding in low salt buffer is significantly decreased due to a more pronounced aggregation.
However, the spontaneous refolding rate in these conditions remains unchanged, pointing out
again that aggregation does not slow down DAPA refolding. Thus, a single round of
encapsulation in the SREL/ES cage is sufficient to achieve a significant acceleration of DAPA

refolding, arguing against the significance of iterative annealing in substrate folding.
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Figure 4.10: Stable encapsulation of DAPA inside SREL/ES complex is achieved at 25°C
(A) Structure of a SREL, a single ring version of GroEL (PDB 1AON, Pymol).

(B) ATPase rate for GroEL, SREL in the absence and presence of GroES was measured as
previously described (Tang, 2008) Standard deviations from three different measurements are

shown. Note that SREL in the presence of GroES performs only a single round ATP hydrolysis.

(C) The refolding of DAPA was performed in low salt buffer containing 20mM Tris-HCI pH 7.5,
10 mM KCI, 5 mM MgCl,. 5 min after initiating folding, an aliquot of the reaction was applied on
a Superdex200 PC 3.2/10 column (GE Healthcare Life Sciences) using Ettan LC system
(Amersham Biosciences) at 25°C. Fractions of 50 uL were collected at a flow rate 60 puL min™
and analysed by SDS-PAGE followed by Coomassie staining and immunoblotting with

polyclonal rabbit antibodies against DAPA.
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To find out whether efficient folding of the substrate can be achieved within one cycle inside the
double ring GroEL, we measured the yield of GroEL/ES-assisted DAPA refolding in the
presence of excess of GroEL D87K Trap. When added simultaneously with ATP, GroEL D87K
mutant would capture not yet folded DAPA molecules emerging from GroEL WT cage,
preventing them from proceeding for another cycle inside GroEL WT. The yield of refolding,
therefore, will reflect the amount of substrate that folds inside GroEL/ES cage within a single

round.
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Figure 4.11. A single round of encapsulation in the chaperonin cage is sufficient for
DAPA refolding

(A) Spontaneous, SREL/ES-assisted and GroEL/ES-assisted DAPA subunit folding was
measured at 25°C at 200 nM final monomer concentration by diluting Urea-denatured DAPA
100-fold into low salt buffer (20 mM Tris-HCI pH 7.5, 10 mM KCI, 5 mM MgCl,, 10 mM
Pyruvate), without chaperones or into the low salt buffer containing 2 uM chaperonin and 4 uM
GroES. Assisted refolding was initiated by addition of ATP. Spontaneous refolding was stopped
by addition of 0.8 uM GroEL Trap (GroEL D87K) and chaperonin-assisted refolding with 50 mM
CDTA and 60 mM GuHCI. Reactions were incubated for 1 h at 25°C to allow for complete
assembly prior to enzyme assay. Standard deviations are from at least 3 independent
experiments.(B) GroEL/ES-assisted refolding was performed at 25°C as in Figure 4.4 and
initiated by addition of 5 mM ATP with 20uM D87K Trap (10-fold access over GroEL) to capture
not yet folded molecules of DAPA emerging from GroEL/ES.
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Approximately 60% of all DAPA was folded in these conditions at 25°C and ~75% at 37°C
(Figure 4.11B), demonstrating that the majority of substrate molecules require only one cycle of
encapsulation inside GroEL/ES to reach the native state. In line with the results achieved using

SREL/ES, this shows that iterative annealing does not play a significant role in DAPA refolding..

In summary, the results in this chapter argue strongly against the notion of GroEL/ES being a
solely passive aggregation prevention device as well as against the theory of iterative annealing.
The chaperonin cage is likely to play an active role in protein folding and the mechanism of its

action is the focus of the following chapters of this work.

4.2 A highly dynamic intermediate is observed in spontaneous DAPA

refolding

In order to elucidate the mechanism of GroEL/ES action, we need to find out what makes a
certain subset of proteins chaperonin-dependent. Previous studies attempted to identify the
unique features distinguishing GroEL/ES substrates from other proteins but no specific sequence
patterns or structural properties could be discovered. Computational studies taking into account
the values of protein chain hydrophobicity and net charge, showed that obligate chaperonin
substrates are characterized by lower folding propensities compared to GroEL-independent
proteins (Tartaglia et al., 2010, Tartaglia et al., 2007). The fact that the obligate GroEL substrates
are characterized by an increased aggregation propensity and lower overall hydrophobicity leads
to a hypothesis that initial hydrophobic collapse of these proteins may be inefficient (Azia et al.,

2011).
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In order to gain more insight into the features that make DAPA chaperonin-dependent, we

investigated the properties of the intermediates populated along DAPA folding pathway.

4.2.1 Intermediate populated during spontaneous DAPA refolding lacks stable

secondary structure

To characterize the intermediate species along the DAPA refolding pathway, we performed
isothermal equilibrium GuHCI denaturation experiments after 16 h of incubation in varying
concentrations of the denaturant. The amount of secondary structure formed in each sample was

estimated by circular dichroism (CD).

DAPA was thermodynamically stable in up to ~1.0-1.5M GuHCI and was fully unfolded only in
4.5-5.0M GuHCI (Figure 4.12). To analyse the secondary structure content in the folding
intermediate, we also performed CD measurements immediately upon dilution of the unfolded
DAPA into refolding buffer. Final concentration of GUHCI in the samples after dilution was
between 100 mM to 0.5M (filled circles in Figure 4.12). The data provides evidence that an
intermediate is being formed at an early time point of the refolding reaction. This intermediate
presents only ~20% secondary structure compared to the native state and is likely to be the

molten globule-like species recognized by the chaperonin.
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Figure 4.12: Secondary structure in DAPA at different concentration of GuHCI as

measured by CD.

Native DAPA (1 uM) was incubated for 16 h in refolding buffer B containing ~70 mM to ~5.7 M
GuHCI at 10°C. The steady state CD signal was measured at 220 nm (open circles). CD signals
were also measured immediately upon 67-fold dilution of denatured protein into buffer B

containing GuHCI to give final concentrations of 100 mM to 0.5 M GuHCI (filled circles).

To further characterize conformational states populated during spontaneous folding of DAPA,
we employed pulse-labelling H/DX coupled to liquid chromatography (LC) and MS (Zhang and
Smith, 1993). After various times of refolding, the protein was pulse-labeled for 12 s by 10-fold
dilution into D,O buffer (Figure 4.13A). To allow for time resolution of folding and exclude
protein aggregation, these experiments were performed at 10°C. Unfolded and native DAPA
were used as references. The mass-spectrum of the unfolded DAPA is shown in red in Figure
4.13 B. Peaks corresponding to the unfolding protein species in the spectra are indicated by a red

dashed line. Unfolded DAPA had a mass of 31475 Da and incorporated 205 + 2 deuterons,



Results 97

which represented ~74 % of total possible deuterium incorporation. Mass-spectrum of the native
protein is shown in black and the corresponding peak of the native tetramer is marked with a
black dashed line. Native tetramer only incorporated 37 + 2 deuterons, which corresponded to a

mass of 31307 Da.

During the first 70 s of refolding, DAPA populated a distribution of molecules with an average
mass essentially identical to that of the unfolded protein. This is consistent with the above
mentioned results obtained by CD spectroscopy (Figure 4.12). The wide high-mass peak thus
reflects a population of conformationally dynamic molecules lacking stable secondary and
tertiary interactions. With time, this highly dynamic species slowly converts into another species
with a mass of ~31350 Da (~80 exchangeable hydrogens being deuterated) that most likely
represents the folded monomer and disappears with slower Kkinetics, giving rise to a peak of the

native tetramer at ~31307 Da.

For each spectra obtained in the H/DX experiment, we calculated the area under the peak of
unfolded DAPA and were therefore able to estimate the kinetics of its disappearance (Figure
4.14A). This is plotted in Figure 4.14B against the kinetics of spontaneous DAPA subunit
folding. The peak of unfolded protein converts into the peak of the native monomer with a rate of
0.08 min™, similar to the rate of subunit folding (0.09 min™). Since folding of DAPA subunits at
each time point was stopped with GroEL, the results indicate that the highly dynamic
intermediate is the species recognized by the chaperonin. Of note is also that the peak of the
folded DAPA monomer in Figure 4.13B, converts into the native tetramer peak with a slower

kinetics reflecting DAPA assembly measured earlier by enzyme activity.
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Figure 4.13: Spontaneous refolding of DAPA followed by pulse-labelling H/DX coupled to

LC and MS.

(A) Scheme of a typical H/DX pulse experiment.

(B) Positions of unfolded proteins and folded tetramers in the mass spectra are indicated by red

and black dotted lines, respectively. The blue dotted line marks the position of folded monomer.
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The peak with an asterisk at 31346 Da (10 % of main peak) seen in the native tetramer is due to
a potassium adduct. Pulse-labelling H/DX coupled to LC and MS experiments have been

performed by Florian Georgescauld.
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Figure 4.14: Spontaneous DAPA refolding rate followed by enzymatic activity (Figure 4.4)

corresponds to the rate of disappearance of the unfolded DAPA peak detected by H/DX.

(A) Scheme illustrating the calculations for Figure B.

(B) Refolding reactions were performed under similar experimental conditions at 10°C. The

amount of unfolded protein was calculated as a fraction of the total area of the three peaks of

DAPA observed in mass spectra from H/DX experiments. Standard deviations from three

different measurements are shown.
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Taken together, these results indicate that folding of DAPA subunits follows a two-state
behaviour with only unstructured intermediate and folded subunits being populated along the
folding pathway, suggesting that despite the complexity of a TIM-barrel fold, the folding

pathway of DAPA protein accords with a simple two-state kinetic model..

4.2.2 Chaperonin reduces the entropic component of the energy barrier to folding

Based on the apparent two-state behaviour of the folding reaction, in which the kinetically
trapped intermediate and the native state are the main populated species (Figs. 4.13B and 4.14),
we used the temperature dependence of the folding rate to extract an approximate estimate of the
enthalpic and entropic contributions to the folding energy barrier. We performed spontaneous
and GroEL/ES-assisted refolding of DAPA over a range of temperatures from 7°C to 25°C and

presented the results in a form of Arrhenius plot (Figure 4.15).

The population of highly dynamic folding intermediates by DAPA suggested the presence of a
large entropic component of the energy barrier to folding. Consistent with this notion, the
spontaneous folding rate of DAPA proved temperature independent between 15°C and 25°C
(Bicout and Szabo, 2000). At lower temperatures, the Arrhenius plot presented a constant slope,
indicating the presence of a transition state with both enthalpic and entropic components (Table
4.1). In contrast, the Arrhenius plot of GroEL/ES-assisted folding displayed a linear slope over
the whole temperature range, indicating that the activation barrier has gained a significant

enthalpic component and the entropic contribution was reduced.

The values of energy barrier to folding as well as its enthalpic and entropic components can be

calculated from the Arrhenius plot and are represented in Table 4.1.
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Figure 4.15: Arrhenius plots of spontaneous and GroEL/ES-assisted refolding of 200 nM
DAPA in buffer B.

The rates (ki) were measured as described in the legend of Figure 4.4 at temperatures of 7.0°C

to 25°C. Standard deviations from three independent measurements are shown.

According to transition state theory, the rate constant of folding, kr, of a two-state reaction is

defined by the Eyring (or Arrhenius) equation (1):

Eq
AG
kT ——E

kp = ——e R, @

where AGlfa is the activation energy of folding, k5 is Boltzmann's constant (1.381 x102° JK™),
and h is Planck's constant (6.626x10° Js), R is the gas constant (8.31 JK™mol™) and T is
temperature in K.

Using the definition of the free energy:

AGE* = AHgp — TASy, )

the Eyring equation can be rewritten as
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In(ky) = (In (2) + 2£) - 2£ (2). (3)

h R R T

As In(T) depends weakly on 1/T in the range measured, equation (3) is approximately linear with

the slope equal to — A% and an intercept that depends on AS. Hence, the enthalpy and entropy

contribution to the barrier between the intermediate state (I) and the transition state (TS) can be

extracted from the graph. The results are provided in Table 4.1.

Table 4.1: Comparison of folding rate constants (kj), activation energy of folding (AGZ%) and the
entropy barrier (TASy ) for spontaneous and GroEL/ES-assisted refolding of DAPA WT at 25°C.
kp*107 (sh* | AGE®* (kI mol™) | AHg (kI mol™) | TASg (kJ mol™)

DAPA, spontaneous 3.0+£0.2 87.2 ~0 -87.2
refolding at 25°C
DAPA, GroEL/ES- 106 £+ 10 78.5 66.6 -11.9
assisted refolding at
25°C
DAPA, spontaneous
refolding at 10°C
DAPA, GroEL/ES-
assisted refolding at 25+3 77.8 66.6 -11.2
10°C

* The apparent refolding rate in high salt refolding buffer B (3 independent experiments).

15+0.3 89.3 96.8 7.5

According to the calculations, in chaperonin-assisted reaction, the entropic component of the
energy barrier is significantly reduced and the energy barrier is slightly lower with GroEL/ES
compared to spontaneous refolding. This is consistent with the confinement effect of the GroEL

cage that has been previously described in Chakraborty et al., 2010.

Thus, the most likely reason for slow spontaneous refolding of DAPA is the presence of a highly

dynamic, unstructured intermediate which results in a high entropic factor in the energy barrier
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to the native state. Overcoming this barrier presents a major challenge on the substrate folding
pathway and one of the ways it can be accomplished is through confinement inside the
chaperonin. A different way of avoiding such a kinetic trap has been developed by a GroEL-
independent homolog of DAPA which, along with the mechanism of GroEL/ES-assisted

refolding, is the focus of the following chapter.

4.2.3 Analysis of DAPA spontaneous and chaperonin-assisted folding at peptide
resolution

To obtain futher details and look closely at the common as well as the specific features of DAPA
spontaneous and chaperonin-assisted folding, we needed a method that would allow us to dissect
the folding pathway of these proteins into smaller steps. H/DX analysis of full-length DAPA
upon refolding in the presence of GroEL/ES was not feasible because the signals for GroEL/ES
and DAPA extensively overlapped. However, detailed structural information on the spontaneous
and assisted folding of DAPA could be obtained by monitoring H/DX protection at peptide

resolution.

This study presents the first example of how a method of HD/X couple to mass spectrometry can
be applied to study the full refolding pathway of a protein as large as almost 300 amino acids.
Attempts have been made previously to employ similar methodology to various proteins,
including lysozyme and ribonuclease H (Miranker et al., 1991, Chen et al., 2001, Hu et al.,

2013).

We compared spontaneous and GroEL/ES-mediated refolding of DAPA at 10°C, as the low
temperature allows us to obtain improved time resolution and to exclude aggregation. In

addition, we analysed the refolding of DAPA upon stable encapsulation in SREL/ES, and



Results 105

compared it to the cycling GroEL/ES reaction. The experiments with SREL/ES were performed

at 25°C because the SREL/ES complex is unstable at low temperature.



Results 106

A Refoldlng upon 100-fold H DO pulse 'y Quench
dilution inte buffer Pepsin » LC =3 MS
H i i
1Dsto61 min) 11303 DH25 digestion 0°C

Unfoldad
(7.2 M GuHCI)

B Peptide 1-8 (MFTGSIVA)

—pont. 10°C GroEL/ES 10°C GroEL/ES 25°C SREL/ES 25°C
20s GroEL - l GroEl - ] SREL- 5
Jlllllll ll[l“l.bound llll libound oo ll“ ] bound T
|| 2 min l“ 105 “ || 30s O 4+
.4 i] A I ] Nttt @ |
X
JJ || 5 min II 0s 'I 1 min l 1 min @& 34
H ll “il. 11T U Q|
25 min 3 min 5 min 5 min (] 2 —
“l“ll lll“n llil ‘-—'LJ\-LLLMM Cl>) _
80 min JJ 60 min .J 30 min J I 22 min E 1
@
o i
H Native lll Native Il Native “L Native 0 T T T T I T IO T T |
824 828 832 836 824 323 832 338 824 328 832 836 824 8|28 I 31‘32 I 8156 0.01 0.1 . 1 . 10 . 100
m/z m/z m/z m/z Refolding time (min)
i _ —e— Spont. 10°C —a— GroEL/ES 25°C
C Peptide 102-115 (TVTPYYNRPSQEGL) —e—Spont 0T e~ GrELIES 25¢
opunt. 10°C GroEL/ES 10°C GroEL/ES 25°C SREL/ES 25°C
- - 8 —
R = T
Areet ASSUUUU At AU U A s AU U s © 7 |
16 min (I, 10min [, a0s [, a0s (S
_JL'LLLUJULLL_ _-JJ-_ll',_-'L-ur-;l-_-l_m ._\.-.U.'-.-_"_-‘-J-_-H__ N_u\,Ld T o 6
X i
. |I . . i . E
A _J.i|I_wh.‘-...tl..;-wff " A 2l 5°7]
42 min 30 min 7 min F|| 7 min O 4+
l 80 min [\ 60 min IH 20 min ||‘1l 22 min 4(_3 B
JJh Wi l" i l“ 1TV -'_|-_".."-ll_"..'..’.f.-‘-.."\n - s | U b g} 2—
‘ i
,J_M,“ Native ” Native ',”H Native 5l Native 1 T T T T T T T 77T
A JUL.LI s Uha. .L-

813815817819 81381‘5|8‘i7‘81|9‘ 8138‘{5|8‘i7‘81|9‘ 813‘8‘{5‘8+?IB1|9 0.01 0.1 . 1 . 10. 100
m/z m/z m/z m/z Refolding time (min)

Figure 4.16 Deuterium incorporation into peptides of DAPA during spontaneous and

assisted refolding

(A) Schematic representation of the H/DX pulse experiment at peptide resolution. Conditions of
this experiment are similar to those presented in Figure 4.13, with the addition of a pepsin

digestion step prior to liquid chromatography.

Deuterium incorporation into peptide P1-8 of the TIM-barrel domain of DAPA (B) and into
peptide P102-115 of interface | of DAPA (C).
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Left panels: Examples of mass spectra for DAPA peptides P1-8 and P102-115 at different times
during spontaneous, GroEL/ES-assisted and SREL/ES-assisted refolding at 10°C and 25°C, as
indicated. Amino acid sequences of the peptides are indicated in single letter code. Right

panels: Deuterium uptake in Da is plotted versus refolding time.

The isotope distributions for nearly all peptides during refolding (spontaneous or assisted) were
bimodal, indicating that peptides were either unfolded or folded, but not partially folded. This is
illustrated for  peptides P1-8 (MFTGSIVA) (Figure 4.16B) and P102-115
(TVTPYYNRPSQEGL) (Figure 4.16C): only two states are apparent, displaying either the same
amount of deuterium incorporation as in the unfolded state (represented by the 30 s time point of
spontaneous refolding) or limited deuterium incorporation as in the native protein. The mass
spectra showed time-dependent transitions from an all-exchangeable to an all-protected
population. Strikingly, GroEL/ES accelerated the rate at which P1-8 acquired protection by at
least 50-fold (ty2 ~12 s, the duration of the D,O pulse) compared to spontaneous folding (t, ~9
min) (Figures 4.16B). P102-115 acquired protection much more slowly (tyz ~9 min) with
GroEL/ES, but still ~2-fold faster than in spontaneous folding (ty>, ~20 min) (Figures 4.16C),
consistent with assembly being enhanced due to accelerated subunit folding (Figure 4.9).
Acquisition of protection in distinct peptides generally correlated either with the rate of subunit
folding or assembly measured by enzymatic assay, arguing against non-specific effects due to

interaction of DAPA with the wall of the GroEL/ES cage.

To distinguish between structure formation upon subunit folding versus assembly, we performed
H/DX measurements during stable encapsulation of DAPA in SREL/ES at 25°C (Figure 4.16, B
and C, in green). For comparison, folding with GroEL/ES was also analysed at 25°C (Figure

4.16, B and C, in blue). In both systems, P1-8 acquired protection at essentially the same rate,
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demonstrating that a single round of protein encapsulation is sufficient to catalyse folding
(Figure 4.16B). In contrast, P102-115 of interface | acquired only ~20 % protection in SREL/ES
(Figures 4.16C), demonstrating that full protection of this peptide results from subunit assembly
after protein release from the chaperonin cage. Similar behaviour was observed for other
peptides involved in assembly (see Figure 4.17), further excluding non-specific effects of the
cage wall on H/DX protection. Additionally, it proves that once encapsulated, the substrate
remains inside the SREL/ES cage during the time of the experiment. Therefore, the conditions
we used in this study (low salt buffer and Urea as protein denaturant) are suitable for further

studies of substrate folding in non-cycling conditions with SREL/ES system.

In a similar manner, we analysed all the other peptides of DAPA and revealed different
categories of protection (Figure 4.17). During spontaneous refolding at 10°C, the peptides in the
fastest category were all located in the TIM-barrel domain and acquired protection with a t¥2 of
~9.5 min, consistent with the rate of subunit folding (Figures 4.17A, Figure 4.4). Three TIM-
barrel peptides (P9-24; P63-85; P160-167) acquired protection more slowly. P160-167,
containing the conserved K161 involved in binding the substrate pyruvate, has the slowest
protection (t¥%2 ~22 min). This is similar to the rate at which peptides of the C-terminal domain
and regions at the tight dimer interface (interface 1) acquire protection (Figures 4.17A), and
corresponds to the rate of tetramer assembly and acquisition of enzymatic activity (Figure 4.9).
P63-85 has three of its residues located in interface I, possibly contributing to its slower
protection. During GroEL/ES-assisted folding, all TIM-barrel peptides, except P160-167,
acquired protection with a t¥2 of 30 s or less, while several of the C-terminal domain and subunit
interface peptides reached protection with a t¥2 of 6-11 min (Figure 4.17B), corresponding to the

rate of assembly in the presence of GroEL/ES (Figure 4.9).
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Upon encapsulation in the non-cycling SREL/ES complex, all TIM-barrel peptides (except P160-
167) reached protection at similar rates as with the cycling GroEL/ES, while regions involved in
assembly showed markedly reduced protection (Figure 4.17B and the panel below). These results
demonstrate that a single round of encapsulation in the chaperonin cage is sufficient to achieve

full refolding of the substrate, strongly arguing, therefore, against the iterative annealing model.

Our analysis also suggests that during spontaneous folding, the structure of the TIM-barrel
evolves in a highly concerted process, with almost all its segments not involved in assembly
acquiring H/DX protection simultaneously (t¥2 ~9.5 min) (Figure 4.17A,). During folding with
GroEL/ES, these peptides acquire protection 20- to 50-fold faster (Figure 4.17B insert).
Moreover, protection no longer develops simultaneously for all TIM-barrel peptides.
Specifically, P62-66, P116-124 and P144-150 mapping to a-helices H2, H4 and H6, respectively,
acquire protection 2- to 3- fold faster than peptides with mixed secondary elements: P9-24 (coil
and a-helix), P63-85 (af), P86-101 (ap) and P125-132 (coil and B-strand) (Figure 4.17B, insert).
These differences in protection suggest that confinement by the chaperonin catalyses folding by
promoting local structure formation in amphiphilic a-helices onto which B-strands can dock
(Figure 4.17B, insert). This is consistent with GroEL/ES reducing the entropic component of the

folding energy barrier, shown previously in Table 4.1.
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Figure 4.17: Comparison of DAPA spontaneous and GroEL/ES-assisted refolding at
peptide resolution

Apparent half-times of H/DX protection for peptides along the amino acid sequence during
spontaneous DAPA refolding/assembly (A) and GroEL/ES-assisted DAPA refolding/assembly
(B) at 10°C are presented in the bar graphs and are mapped on the tetramer structures of DAPA
(right panels). Peptides are assigned either to the TIM-barrel domain, C-terminal domain or
interfaces | and Il (when at least 25 % of the sequence is in the interface). Half-times of
protection are colour coded: Red bars indicate peptides with half-times as fast or faster as
subunit refolding in enzymatic refolding assays (Figure 4.4); blue bars denote peptide with half-
times of protection as slow as assembly (Figure 4.9), and yellow bar peptides with intermediate
half-times of protection. Note that peptide P207-213, indicated by an asterisk, in GroEL/ES-



Results 111

assisted folding is already fully protected in the GroEL-bound state. The insert highlights the
differences in protection of the peptides of the TIM-barrel domain and the secondary structure
of the peptides is indicated: a, a-helix; B, B-strand; ca, coil and a-helix; cf, coil and B-strand.
The squares below the bar graph in (B) indicate protection properties of peptides upon refolding
with SREL/ES in comparison to GroEL/ES at 25°C. Peptides with reduced protection with
SREL/ES are highlighted in the tetramer structure. Experiments in this section were performed

by Florian Georgescauld.
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4.3 Homologous TIM-barrel proteins from E.coli and M.synoviae refold

differently
About 45% of all obligate substrates of GroEL (Class Il substrates) carry the TIM-barrel fold

(Kerner et al., 2005). However, there exist many TIM-barrel proteins that do not require
chaperone assistance for their folding. Moreover, some bacterial species such as Mycoplasma
synoviae do not have a GroEL/ES operon in their genome (Vasconcelos et al., 2005). Therefore,
homologs of the obligate chaperonin substrates in this organism must have evolved to fold
efficiently without the assistance of GroEL/ES. Uncovering the folding mechanism of such a
protein would help to understand what distinguishes Class 111 substrates from their chaperonin-

independent homologues and provide insights into the GroEL/ES mechanism.

4.3.1 Unlike the TIM-barrel protein ECNANA from E.coli, its homolog from

M.synoviae refolds spontaneously

Another Class Il GroEL substrate that we chose to use in our study is N-acetylneuraminic acid
aldolase from E.coli, ECNANA (32.5 kDa) (Fujiwara et al., 2010; Kerner et al., 2005). This
protein is a paralog of DAPA and is also comprised of an N-terminal TIM-barrel domain and 3
C-terminal a-helices (Figure 4.18). Similar to DAPA, the functional form of ECNANA protein is
a tetramer, with two different types of interacting interfaces — tight interface (I) and weak
interface (I1), depicted with a dashed line. DAPA and ECNANA share about 26% sequence
identity (Figure 4.19A), especially in the TIM-barrel domain area, and have a similar catalytic
site with the active lysine at the centre of the TIM-barrel.

The close structural homolog of DAPA and ECNANA in Mycoplasma synoviae is MSNANA.
MsNANA shares about 36% sequence identity with ECNANA (Figure 4.19B). To our

knowledge, this protein has never been expressed or studied in vitro up to date. Therefore, we
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synthesized the gene using the sequence identified by Vasconcelos et al., and purified the protein

in a similar manner to ECNANA.

Figure 4.18: Crystal structure of ECNANA (PDB 2WO5).

Left, monomer; right, tetramer. Helices H1 to H11 as well as the locations of the interfaces | and

Il of the tetramer are indicated.

m\ * 20 *

40 * * 80 100 *
CAFA_ECOLI : ---MF KG nsErsAfivs VERREE SATLNH TLD G TQREND : 108
NANA_ECOLI : MATNL oc LV (ol chesle 1 MaVeE "AEVQSL VAE H AAchR : 111
G 6 R66TP D2 6 4ASL44L6 5 6 G 6 G3TGE V6 6 A G4I 6IA G s
* 140 160 *

CAFA_ECOLI : 3 11, YNV BJela T Gele 1jfia) ENZVjSt 1he ELVS L ASALD Q pARDyA c : 218
NANA_ECOLI : AT LAR48S: A 1 Sle v TLD v PQYC REHP s EIEAS MGWRYQ v ;221
S B HS4AT D LP 66YN6P 3G L 6 6 6K2 GlL VL G D G N6

CAEA_ECOLI : HEA NQRLM FVEPNPI WACK ATDT TDSGRE ALKHAGLL-- : 292
NANA_ECOLI : DIQ Q QTECN IKTGVER TVLH SVPL DEKYLP LAQQLMQERG 1 297
R p P6
B : T :
NANA_ECOLI : --MATN 'ALIYPPDQQQ I A LS : 108
NANA_MYSYN : MHNFDK F BN TKDG KQ‘T F FE LVAHE g : 111
4G6 AG66TPF L KA 64 6V F 62 6DG6Y6 GSTGE 6 S 4 2V6 6VAE G46 LIA 6G 6 E3 ZLA AK  SCA6SA6TP
120 140 * 160 * 180
NANA_ECOLI : [E HCDHR 7 IN pfcatffors o RRE LYN : 219
NANA_MYSYN : peg THHYME IPMLI EG KN IGSYCA A MSK FME : 221
SYY FSF E Y 1 AD 6PM66Y 6P L G K63 DQ L6 6 V K DLS E 6 PD 6 DE a GL GA G IGSTYN6
* 260 300
NANA_ECOLI : KER IETA QTE HYMOVSVPL GPVDEK PELKALAQQLMQBRG : 297
NANA_MYSYN : EA AV) THT RLH tAG Y WRYEDE: KKHAEFITDKYLK—— 1 296
D 2 LI LK 66 RKPF

Figure 4.19: Pairwise alignments of TIM-barrel proteins DAPA, ECNANA and MsNANA
sequences (http://www.genome.jp/tools/clustalw/).

(A) Alignment DAPA and ECNANA amino acid sequences performed using ClustalW algorithm.
(B) Alignment of ECNANA and MsNANA amino acid sequences performed using ClustalW

algorithm.


http://www.genome.jp/tools/clustalw/

Results 114

Refolding of ECNANA and MsNANA was performed with and without GroEL/ES at different
temperatures. In contrast to DAPA, no spontaneous refolding was observed for ECNANA due to
pronounced aggregation, even at low temperature on ice and very dilute concentrations like 100
nM. Therefore, all further experiments with ECNANA were performed in presence of the
chaperonin in similar conditions to DAPA refolding (in buffer D, at 25°C), and protein
concentrations were 400 nM (Figure 4.20A).

In these conditions, ECNANA could refold efficiently with GroEL/ES at a rate of ~1.36 min™ (t;,
~30 s). Remarkably, MsNANA renatured spontaneously with a half-time similar to that
measured for the assisted refolding of ECNANA which points out that MSNANA is well adapted

to fold without the chaperonin.

To find out whether GroEL/ES could further accelerate MSNANA folding, we compared
refolding of this protein at 25°C, in presence and in absence of the chaperonin (Figure 4.20B).
Refolding rate of MSNANA in both these experiments was essentially identical, which points out

that refolding of MSNANA had become fully GroEL-independent.
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Figure 4.20: Spontaneous and GroEL/ES-assisted refolding of ECNANA and MsNANA

occur at a similar rate.

(A) GroEL/ES-assisted refolding of ECNANA and spontaneous refolding of MSNANA occur at
similar rates. Spontaneous and GroEL/ES assisted refolding of ECNANA were analysed at 25°C
at a final concentration of NANA of 400 nM in buffer D essentially as described for DAPA
refolding in Figure 4.4. Spontaneous renaturation of MSNANA (400 nM final concentration) in
buffer D was analysed by direct enzyme assay at the time points indicated. The observed
kinetics for MSNANA reflect both subunit folding and assembly. Standard deviations are from at
least 3 independent experiments.

(B) Refolding of MsNANA with and without GroEL/ES occur at similar rates. Refolding of
MsNANA in presence and in absence of the chaperonin were analysed at 25°C at a final
concentration of NANA of 400 nM in buffer D as described earlier. The observed kinetics reflect
both subunit folding and assembly. Standard deviations are from at least 3 independent

experiments.



Results 116

A

B

Figure 4.21: Crystal structure of MsNANA (PDB 4N4P, this study) alone (A) or
superposed with crystal structure of ECNANA (B). (A) Structure of MSNANA. Left, monomer;
right, tetramer. Helices H1 to H11 as well as the locations of the interfaces | and Il of the
tetramer. (B) Superposition of ECNANA (red) and MsNANA (blue) crystal structures, using
PDBeFold service (http://www.ebi.ac.uk/msd-srv/ssm/). Left, monomer; right, tetramer.

Next, we focused on the special structural features that make the MSNANA protein chaperonin-
independent. The crystal structure of MSNANA was not known and, in collaboration with

Andreas Bracher from the department, we crystallized the protein and solved its structure at 1.8


http://www.ebi.ac.uk/msd-srv/ssm/
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A resolution (Figure 4.21A and Table 4.2). Similar to DAPA and ECNANA, this protein is a
homo-tetramer, with two different interaction interfaces between subunits shown as dash line in
Figure 4.21A. As for its homologs from E.coli, each monomer of MSNANA has an N-terminal
TIM-barrel domain and 3 C-terminal a-helices. Superposition of structures (Figure 4.21B) shows

that EENANA and MsNANA are highly similar (r.m.s.d. of 1.4 to 1.8A).

Table 4.2. Data Collection and Refinement Statistics, Related to Figure 4.21

Dataset I I
PBD code AN4P 4AN4Q
Data collection
Beamline SLS X10SA SLS X10SA
Wavelength 0.89997 0.89997
Space group P212:29 P2,
Cell dimensions
a, b, c(A) 59.99, 136.35, 157.25 60.23, 142.44, 80.79
o, B,v(°) 90, 90, 90 90, 108.27, 90
Resolution (A) * 48.93 - 1.8 47.48 - 2.0
(1.9-1.8) (2.11-2.0)
Rmerge ™ 0.176 (0.633) 0.113 (0.499)
| /o* 11.0 (3.2) 6.7 (2.0)
Completeness (%)* 99.1 (93.9) 99.0 (97.6)
Redundancy * 12.9 (12.2) 3.5(3.3)
Refinement
Resolution (A) 30-1.8 30-2.0
No. reflections 112371 81494
Rwork / Riree 0.1729/0.2068 0.2392/0.2830
No. atoms 10378 9824
Protein 9272 9342
Ligand/ion 8 0
Water 1098 482
B-factors (A% 15.57 27.58
Protein 14.43 27.50
Ligand/ion 19.80 -
Water 25.29 28.93
R.m.s. deviations
Bond lengths ()  0.014 0.013

Bond angles (°) 1.301 1.315
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Interestingly, MSNANA contains more than twice the number of lysines (34) as the chaperonin-
dependent ECNANA and DAPA proteins (16 and 13, respectively), and less than half the number
of arginines (5 compared to 12 and 13, respectively). Lysines are generally solvent exposed and
are known to confer helical propensity (Groebke et al., 1996), therefore acting as ‘gatekeepers’
as they exclude wide regions of the conformational space by their desolvation penalties
(Oliveberg and Wolynes, 2005). Indeed, the structure of MsSNANA shows numerous lysines
located on the solvent exposed surfaces of the amphiphilic TIM-barrel o-helices (such as H1,
H2, H3) (Figure 4.22). These lysine residues would be predicted to stabilize the a-helices and to
facilitate the formation of the hydrophobic core. Moreover, the total number of aromatic residues
(Phe and Tyr) in MSNANA is increased to 34 compared to 23 in ECNANA and 12 in DAPA. The
aromatic side chains contribute to the hydrophobic core of MSNANA and some engage in edge-
face interactions, stabilizing the fold (Burley and Petsko, 1985; Singh and Thornton, 1985).
These differences in amino acid composition may explain the efficient folding of MSNANA in

the absence of chaperonin.
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Figure 4.22: Amino acid compositional bias in MsSNANA. The monomer structures of
EcDAPA, EcNANA and MsNANA are shown in ribbon representations with a-helices and B-
strands indicated in salmon and pale green, respectively. The side-chains of lysines and
aromatic residues (Phe and Tyr) are highlighted in blue and purple, respectively. Note the

relative abundance of lysine residues in a-helices H1-H3 of MsSNANA.

To obtain further insights into the nature of the intermediate populated along the MsNANA
refolding pathway, we performed spontaneous renaturation experiments over a range of
temperatures from 7°C to 25°C and presented the results in a form of Arrhenius plot (Figure
4.21; similar to described previously for DAPA in Figure 4.15). Since enzyme assay of
MsNANA does not allow us to distinguish between its refolding and assembly processes, we
performed renaturation experiments of this protein over a range of concentrations at 10°C. The
renaturation increased with the increase of protein concentration from 100nM to 200nM and
remained unchanged between 200 — 1000 nM (Figure 4.23A), indicating that the plateu was
reached where assembly is not anymore the limiting step of the renaturation process. Moreover,
the MSNANA renaturation rate at 25°C was similar when measured at 400nM and 2uM protein

concentration (Figure 4.23B and Figure 4.20A). Finally, to ensure that the rate measured in these
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experiments is a true rate of MSNANA subunit folding, we performed the experiments at the

high MsNANA concentration of 2 uM at all temperatures.

The Arrhenius plot therefore allows us to extract the thermodynamic parameters of MSNANA
monomer folding (Figure 4.23B). The plot displayed a linear slope over the whole temperature
range, indicating that the activation barrier contains a significant enthalpic component and the
entropic contribution is less important. These results are similar to previously obtained data for
GroEL/ES-assisted refolding of DAPA and suggest that GroEL/ES shifts the folding properties

of DAPA towards those of the chaperonin-independent protein MSNANA.
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Figure 4.23: Spontaneous subunit folding of MSNANA is characterized by Arrhenius-like
behaviour

(A) Rate of MsNANA renaturation over a range of protein concentrations. Spontaneous
renaturation of MSNANA was analysed by direct enzyme assay as described in Figure 4.20.

Standard deviations are from at least 3 independent experiments.

(B) Arrhenius plots of spontaneous and GroEL/ES-assisted refolding of 200 nM DAPA in buffer
B (from Figure 4.15) and spontaneous renaturation of 2 uM MsNANA in buffer D. The rates (kg)
were measured as described earlier, at temperatures of 7.0°C to 25°C. Standard deviations

from three independent measurements are shown.
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The thermodynamical parameters of MSNANA folding were calculated from the Arrhenius plot
as previously and are represented in Table 4.3.
Table 4.3: Comparison of folding rate constants (kj), activation energy of folding (AGZ%) and the

entropy barrier (TASy ) for spontaneous renaturation of MSNANA at 25°C.
kp*107 (sh* | AGE® (kd mol™) | AHE (kI mol™) | TASE (kJ mol™)

MsNANA
23+2 82.3 67.8 -14.5
spontaneous 25°C
MsNANA
49+0.2 81.7 67.8 -13.9

spontaneous 10°C
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4.3.2 Spontaneous folding of MSNANA followed by HD/X coupled to LC and MS

In order to characterize conformational states populated during MsSNANA folding, we employed
pulse-labelling H/DX coupled to liquid chromatography (LC) and MS on full-length protein,
similar to what has previously been applied for DAPA. The experiments were performed at
10°C, unfolded and native MsSNANA were used as references. Mass-spectrum of the unfolded
MsNANA is shown in Figure 4.24, in red and the peaks corresponding to the unfolding protein

species in other spectra are indicated by a red dashed line.

In contrast to DAPA, MsNANA (208 + 3 deuterons incorporated in the unfolded state)
immediately upon dilution from denaturant populated a broader range of folding intermediates
with varying numbers of deuterons incorporated (Figure 4.24). Notably, already after 10 sec of
refolding, the intermediate detected was more compact than the unfolded MsSNANA species.
Later this heterogeneous population eventually converged into a peak around 33640 Da (38 + 3
exchangeable deuterons), which corresponds to the assembled tetramer. No discernible folded
monomers or dimers were detected. Thus, it appears that in case of MSNANA, subunit folding
and assembly processes are coupled. This is a striking difference from the refolding pathway of
DAPA where a distinct monomeric species is first formed, which then slowly assembles into a

tetramer.
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Figure 4.24: Mass spectra during spontaneous renaturation of MsNANA. Positions of
unfolded proteins and folded tetramers in the mass spectra are indicated by red and black
dotted lines, respectively. Asterisks indicate the presence of potassium and sodium adducts (1
sodium, 1 potassium, 2 sodium and 2 potassium). The experiments were performed by Florian

Georgescauld.
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4.3.3 Folding mechanism of GroEL/ES-independent MsNANA at peptide
resolution

The above mentioned results indicate that refolding of MSNANA and DAPA are significantly
different, and, importantly, spontaneous folding of MsSNANA seems to resemble the GroEL/ES-
assisted folding of DAPA. To obtain insight into the mechanism of MsNANA folding and the
features underlying chaperonin-independence of this protein, we also analysed the
folding/assembly of MSNANA by H/DX at peptide resolution (Figure 4.25). We detected non-
uniform rates of protection for elements within the TIM-barrel domain, with up to 4-fold rate
differences (t,, ~15 s to ~1.8 min at 10°C), consistent with the population of a broad range of

folding intermediates as detected by H/DX of the full-length protein (Figure 4.24).
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Figure 4.25. Comparison of DAPA and MsNANA refolding at peptide resolution

Apparent half-times of H/DX protection for peptides along the amino acid sequence during
spontaneous renaturation of MSNANA at 10°C are presented as for DAPA in Figure 4.17, and
are mapped on the tetramer structure of MSNANA (right panel). The half-times of protection are
coloured from fast (red <0.5 min) to slow (blue >1.0 min). The experiments were performed by

Florian Georgescauld.
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Folding of the MsSNANA TIM-barrel domain appears to initiate in a nucleus formed by the
amphiphilic a-helical peptides H1 to H3 with their corresponding B-strands and H10 in the C-
terminal domain, which is adjacent to H1. Structure formation then proceeds in a wave around
the TIM-barrel and reaches completion with formation of H8 and the C-terminal domain helices
H9 and H11 (Figure 4.25). Helices H1 to H3 are enriched in solvent exposed lysines, and their
early formation may be coupled to organization of the hydrophobic TIM-barrel core which is
stabilized by numerous aromatic (Tyr and Phe) residues (Figure 4.22). Although both the
assisted folding of DAPA and the spontaneous renaturation of MsSNANA involve local structure
formation in the TIM-barrel, the folding regimes differ significantly. GroEL/ES-assisted folding
of DAPA is characterized by multiple foci of initial structure formation, as might be expected for
a protein confined in the chaperonin-cage, whereas in the case of MSNANA structure initiates
asymmetrically. Another notable feature of MSNANA is that peptides located in interface I
acquire protection at the fast rate of TIM-barrel folding (Figure 4.25), which may facilitate
subunit assembly to occur coupled with folding. In contrast, interface | of DAPA acquires
protection from exchange slower than the TIM-barrel, indicating that subunit folding and

assembly are sequential steps (Figures 4.17A and 4.17B).

Thus, the refolding of chaperonin-independent MsNANA indeed, resembles the chaperonin-
assisted refolding of DAPA, showing that GroEL/ES shifts the DAPA folding pathway towards
that of a GroEL/ES-independent protein. An additional feature of MSNANA renaturation, the
coupling of refolding and assembly, is an elegant way developed by this protein to overcome the
entropic barrier, which in the case of DAPA is lowered due to confinement inside the GroEL/ES

cage. Further studies would be required to elucidate whether such a mechanism is unique for
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MsNANA folding or is a common feature shared by homologs of the obligate chaperonin

substrates in Mycoplasma synoviae.

4.4 Ability to refold substrates is impaired in GroEL mutant with altered

cavity charge

Previous studies have shown that the environment inside the chaperonin cage plays an important
role in substrate folding, showing that GroEL mutants with altered net charge of the inner wall
are unable to accelerate folding of DM-MBP and Rubisco proteins (Tang et al., 2006,

Chakraborty et al., 2010).

The wall of the GroEL cis cavity is known to have a net charge of minus 42 (189 negatively and
147 positively charged amino acid residues). A number of negative charges positioned in the
apical domain (residues E252, D253, E255, D359, D361, and E363), are arranged in clusters in
two circular layers. Most of these residues are highly conserved among GroEL homologs,
although they have no apparent role in the basic GroEL functions of substrate and GroES
binding (Brocchieri and Karlin, 2000; Stan et al., 2003). In our study we probed a previously
described mutant of a single ring version of GroEL, SR-KKK2 (D359, D361, E363) (Figure

4.26A), (Tang et al., 2006) and investigated its ability to refold DAPA.

As previously for SR-EL, a stable encapsulation of urea-denatured DAPA was achieved inside
the SR-KKK2/ES complex in the low salt buffer (20 mM Tris-HCI pH 7.5, 10 mM KCI, 5 mM
MgCl,) (Figure 4.26C). Stable binding of GroES to SR-KKK2 in these conditions was also
confirmed in the ATPase assay (Figure 4.26D), where GroES fully inhibits the ATPase rate of
SR-KKK?2. The ATPase activity of SREL in the absence of GroES is comparable to the activity

of a double-ring chaperonin in Figure 4.10. However, the dissociation of the SR-KKK2/ES
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complex can be achieved by adding high salt concentration and guanidine hydrochloride into the

solution (Figure 4.26D) as shown by the recovery of ATPase activity in these conditions.

We then analysed DAPA refolding inside the SR-KKK2 cage by enzymatic activity and found
that SR-KKK?2 appears to be unable to efficiently refold DAPA (Figure 4.26E). Only residual
DAPA activity (under 15%) was detected in the refolding reaction at different time points. As

previosuly shown for Rubisco, DAPA refolding appears to be arrested inside SR-KKK2.,

Notably, similar to Rubisco, DAPA carries a slightly negative net charge on its surface (~ -4,
Innovagen peptide calculator, Figure 4.26B) and therefore it seems plausible that the negative
charge of GroEL cavity wall is necessary for creating a non-interacting environment for DAPA
refolding. These results are in good agreement with previous studies, which showed that the
repulsive environment of the GroEL cage results in acceleration of substrate folding, whereas
specific residue-residue interactions between the substrate and the GroEL cavity induce a strong
reduction of substrate folding rates (Sirur and Best, 2013). Further studies will be required to

describe the mechanism of protein folding arrest in SR-KKK2.
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Figure 4.26: Refolding of DAPA inside SRKKK2/ES complex at 25°C is impaired
(A) Structure of a SRKKK2, a single ring mutant version of GroEL (PDB 1AON, Pymol).

(B) Surface of DAPA monomer, positively charged residues are coloured in blue, negatively

charged residues in red.
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(C) The encapsulation of DAPA was performed in low salt buffer C. 5 min after initiating folding
an aliguot of the reaction was applied on a Superdex200 PC 3.2/10 column (GE Healthcare Life
Sciences) using Ettan LC system (Amersham Biosciences) at 25°C. Fractions of 50 pL were
collected at a flow rate 60 pL min™ and analysed by SDS-PAGE followed by Coomassie staining

and immunoblotting with polyclonal rabbit antibodies against DAPA.

(D) ATPase rate for SRKKK2 in the absence and presence of GroES, in low salt buffer C or in
high salt buffer B with addition of 150mM HuHCI was measured as previously described (Tang,
2008) Standard deviations from three different measurements are shown. Note that SREL in the

presence of GroES performs only a single round ATP hydrolysis.

(E) The encapsulation of urea-unfolded DAPA was performed in low salt buffer C at 25°C. At
different time points, the refolding was stopped with 50mM CDTA and the chaperonin cage was
opened by adding 100mM KCI with 80mM GuHCI final concentration. DAPA activity was
measured as described. Mean and standard deviations from at least three independent

experiments are shown.
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5 Discussion

In this work, we present an answer to a long-standing question in the field of the chaperonin
study, whether GroEL/ES actively promotes protein folding beyond preventing aggregation. We
analyzed an obligate substrate of GroEL that refolds spontaneously at low temperatures and were
therefore able to compare the refolding pathway of a protein inside and outside the chaperonin

cage at peptide resolution.

We found that the chaperonin accelerates DAPA folding up to 30-fold over its spontaneous
folding rate. Assembly of DAPA is not significantly affected by the chaperonin (accelerated only
~2.5-fold) which indicates that the main role of GroEL/ES is to accelerate the folding of
individual protein subunits. We have also shown by a combination of methods, that transient
aggregation is not the reason for slow spontaneous refolding of DAPA but rather, the refolding is

slowed down due to the presence of a highly dynamic, kinetically trapped intermediate.

Applying the method of hydrogen-deuterium exchange coupled to liquid chromatography and
mass-spectrometry at peptide resolution, we found that the chaperonin catalyses folding of the
DAPA TIM-barrel domain. For the first time, we were able to compare the refolding pathway of
a GroEL/ES substrate protein inside and outside the cage, and found that the chaperonin
modifies the folding pathway of its substrate. The slow spontaneous folding of the TIM-barrel in
the absence of GroEL/ES involves a concerted transition from an ensemble of dynamic folding
intermediates to the native state that is associated with a high entropic energy barrier. In contrast,
folding in the confining environment of the chaperonin cage is characterized by rapid stepwise
and therefore less cooperative structure formation, which effectively results in a lower entropic

energy barrier to folding.
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We were also able to compare the refolding pathways of DAPA and its homolog MsSNANA from
Mycoplasma synoviae organism, whose genome lacks GroEL/ES. We purified and solved the
structure of a DAPA homolog MsSNANA, and showed that although structurally similar to
DAPA, MsNANA is a completely GroEL/ES-independent protein. Applying the method of
H/DX coupled to LC and MS, we found that the refolding pathway of MSNANA is profoundly
different than that of DAPA. Similar to the case of GroEL/ES-assisted refolding of DAPA,
spontaneous folding of MSNANA also employs a segmental folding regime. Moreover, folding
and assembly of MsSNANA appear to be coupled, which possibly represents an example of how a
protein could adapt its refolding pathway to achieve chaperonin-independency. Segmental
protein folding is likely to be a mechanism to efficiently avoid kinetically trapped states and

ensure proper formation of the native state.

One of the future directions in studying chaperonin-assisted protein folding would be an
investigation of the specific properties of the GroEL cage, which contribute to protein folding
acceleration and define substrate folding inside the chaperonin. We briefly addressed this
question using a mutant of GroEL with an altered charge of the inner cavity wall, SR-KKK2, and
found that folding of DAPA inside SR-KKK?2 is arrested. We propose that a possible reason for
this might be a formation of a misfolded intermediate due to improper interactions between the
substrate and the chaperonin wall. This finding demonstrates an active role of the chaperonin in
folding its substrates and points out the importance of further studies to corroborate how the

charge pattern inside GroEL/ES affects the refolding of its substrates.

We conclude that the chaperonin cage acts as a powerful folding catalyst for a set of proteins

which otherwise fail to reach native state at a biologically relevant time scale.
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5.1 Acceleration of substrate folding by GroEL/ES is biologically relevant

Acceleration of protein folding by GroEL/ES has been observed with a number of model
substrates (Brinker 2001, Chakraborty 2010), however, the question remained whether the same
would hold true for the natural substrates and whether accelerated folding of GroEL/ES
substrates is merely a result of aggregation prevention (Apetri and Horwich 2008). In this work,
the observed that the rate enhancement of folding by chaperonin cannot be explained by
prevention of aggregation that might otherwise slow down the spontaneous folding reaction. We
observed an acceleration of DAPA folding up to 30-fold over a wide range of concentrations and
at different temperatures. This data argues strongly that aggregation does not affect the refolding

rate of DAPA and GroEL/ES is a protein folding catalyst.

As an additional control, refolding of DAPA was also measured at very dilute concentrations
excluding intermolecular association (aggregation or assembly), such as 100 pM DAPA. No
association or aggregation was detected by dual colour FCCS at this concentration. Moreover, in
these conditions (at 25-37°C), a 50- to 130-fold acceleration of folding was measured by FCS,
demonstrating that protein folding acceleration is an intrinsic property of GroEL/ES.
Experiments of this kind are among the first examples of how methods of single molecule
fluorescence can be applied to studying protein folding and the method was further developed by

Amit Gupta and other members of Hartl department in Gupta et al., IMB 2014.

The catalysis of protein folding is highly biologically relevant. About 30-50 % of the obligate
GroEL substrates, including DAPA, are known to share the TIM-barrel domain fold (Fujiwara et
al., 2010; Kerner et al., 2005) and many of these proteins aggregate or are degraded in E. coli
cells when GroEL/ES is depleted (Calloni et al., 2012; Kerner et al., 2005). Among these, DAPA

also aggregates upon depletion of DnaK/DnaJ/GrpE in E.coli (Calloni et al., 2012). Together
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with the results obtained in this study in vitro, these results provide insight into the interplay
between Hsp70 and the chaperonin system inside the cell. We suggest that upon its release from
the ribosome, DAPA is protected from aggregation and maintained in a folding-competent state
by DnaK/J/E, which then deliver DAPA to the downstream GroEL/ES. This indicates that
unassisted folding of DAPA, which requires several minutes is too slow compared to its rate of
synthesis in the cell (~14 s, assuming a translation rate of 20 amino acids/s) (Powers et al.,
2012). Moreover, knowing that E.coli cells divide every ~20 minutes at physiological
temperature (37°C) (Pine 1972), the slow folding rate of Class IIl GroEL substrate is not
compatible with the life time of the cell. The absence of chaperones would lead to accumulation
of not-yet folded DAPA in the cell and its strong aggregation. Based on these data and our
results, we believe that GroEL/ES allows folding of proteins like DAPA to be completed faster
than the time of synthesis, thus avoiding the build-up of unfolded protein and making efficient

use of available chaperonin capacity.

5.2 Protein folding pathway is modified inside the chaperonin cage

Attempts have been made previously to characterize the folding pathway of several small
proteins, such as malate dehydrogenase (Chen et al., 2001) or DM-MBP (Walters et al., 2013).
However, none of these studies used a natural substrate of GroEL/ES or focused on comparing
spontaneous and chaperonin-assisted folding. In this work, we found that the chaperonin mainly
catalyses folding of individual subunits of DAPA, and for the first time, we were able to compare
the folding pathway of a substrate protein inside and outside the chaperonin cage at peptide
resolution.

Employing different methods, we found that in spontaneous refolding a folding intermediate

represented as an ensemble of collapsed states is populated. The intermediate contains only
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~20% secondary structure as measured by CD and has virtually no H/DX protection compared to
the unfolded state in denaturant. This may imply that elements of secondary structure so far have
not yet formed stable tertiary interactions, which corresponds to the idea of a framework folding
mechanism, where elements of secondary structure appear simultaneously with or are promoted
by a formation of long-range interactions (Gianni et al., 2003). Our analysis by H/DX coupled to
MS showed that the spontaneous folding of DAPA proceeds in an apparent two-state manner
with only kinetically trapped folding intermediate and largely folded subunits being significantly
populated. The two-state character of folding is further supported by the kinetics as the
spontaneous (as well as GroEL/ES-assisted) refolding reaction of DAPA shows an exponential
time-course (Oliveberg and Wolynes, 2005). The Arrhenius plot of the temperature dependence
of the refolding rates suggests the presence of important entropic component of the energy
barrier on the spontaneous refolding pathway of DAPA, whereas the energy barrier in the
GroEL-ES-assisted reaction has a more important enthalpic component and the entropic part
appears to be reduced.

Performing H/DX coupled to LC and MS at peptide resolution allowed us to investigate the
DAPA refolding pathway in detail. We found that nearly all peptides within the (Bo)s TIM-
barrel acquire protection with an identical half-time of ~9.5 min at 10°C, equivalent to the rate of
subunit folding measured by enzymatic activity. Protection of the C-terminal domain was slower,
with a half-time of ~20 min, which corresponds to the measured half-time of DAPA tetramer
assembly. This data indicates that the TIM-barrel domain folds in a highly concerted manner
without forming a compact detectable folding nucleus. Considering a large amount of distant
polar and hydrophobic interactions that need to be formed, this result can explain the high

entropic barrier and thus the slow kinetics of DAPA folding. Moreover, as some contacts in the
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protein native state have been shown to be destabilizing (Shoemaker et al., 1999), random
formation of such contacts would further slow the folding of DAPA. It was also predicted that a
highly symmetrical (Bo)s barrel structure contains many long-range interactions and at a length
of 224 amino acids exceeds the theoretical size limit for productive hydrophobic collapse (Lin
and Zewail, 2012). Considering that the spontaneous reaction was stopped by addition of GroEL
into the mix, the above mentioned data indicates that the chaperonin specifically recognizes the
TIM-barrel domain of the substrate protein.

We found that GroEL/ES predominantly affects the folding of the TIM-barrel domain,
accelerating structure formation at peptide level 20- to 50-fold compared to spontaneous folding
(at 10°C) (Figure 4.17). Different secondary structure elements of the TIM-barrel acquire H/DX
protection at up to 3-fold different rates, with the fastest speed being measured for structure
formation in a-helices. Interestingly, the difference in protection rate between TIM-barrel
segments and peptides located in the C-terminal domain is magnified to more than 15-fold in
assisted folding (only ~2-fold in spontaneous folding), reducing possible effects of inter-domain
interference that may retard spontaneous folding. Thus, without GroEL/ES the TIM-barrel
domain folds virtually all at once with a long search time and a high entropic penalty, while in
the GroEL/ES catalysed reaction folding nucleates locally (Hu et al., 2013), building up the
structure in a segmental manner and thereby reducing the entropic penalty (Figure 4.27).
Examples of segmental folding have been previously described in literature, e.g. for ribosomal
protein S6 (a/B-protein of 96 amino acids, Haglund et al., 2011) where two independent folding
nuclei appear to drive its folding. Attempts have also been made to identify sub-domain modules
in amylase TIM-barrel proteins based on their structure and sequence alignment (Hleap et al.,

2013). The segments of DAPA driving TIM-barrel folding inside GroEL/ES may represent such
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“foldons” driving protein structure evolution and may be conserved among different bacterial
species. Further studies characterizing refolding pathways of chaperonin-dependent DAPA

homologues would be required to test this hypothesis.
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Figure 4.27. Mechanisms of Spontaneous and GroEL/ES-Assisted TIM-Barrel Folding

Free energy diagrams, schematically summarizing the salient features of spontaneous (A)
folding and GroEL/ES-assisted folding (B) of DAPA and spontaneous folding of MSNANA (C).
Intermediate states populated during folding with the approximate half-times indicated, as
determined by H/DX-MS at peptide resolution, are tentatively assigned to different phases of the
energy diagrams. Ribbon diagrams show acquisition of H/DX protection during folding in red. U,
unfolded state; N, native tetramer.
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How does GroEL/ES catalyse the folding of the DAPA TIM-barrel? According to theoretical
predictions, steric confinement of unfolded protein in a repulsive (net-negatively charged) cage
can accelerate folding by 1-2 orders of magnitude by restricting the entropic freedom of folding
intermediates and making the formation of local and long-range contacts, including those present
in the transition state, more favourable (Baumketner et al., 2003; Hayer-Hartl and Minton, 2006;
Sirur and Best, 2013). The negative net charge of the GroEL/ES cavity wall likely plays an
additional role through an ordering effect on water structure that may enhance hydrophobic core
packing of encapsulated protein (England and Pande, 2008; Tang et al., 2006). Arrest of DAPA
folding, observed in our study with SR-KKK2 mutant of GroEL, is in agreement with this theory
and proves the critical role of the charges on GroEL cavity wall for the proper refolding of
GroEL substrates. Further studies would be required to elucidate the exact mechanism of how
charge pattern of GroEL affects protein folding.

Our results with the single ring variant of GroEL, SREL, show that folding catalysis is achieved
upon a single round of protein encapsulation within the SREL/ES cage. This excludes repetitive
binding and unfolding of misfolded states by GroEL (Lin et al., 2008; Sharma et al., 2008;
Thirumalai and Lorimer, 2001) as a requirement of accelerated folding, at least for DAPA.
Additionally, the lack of protection in the regions of DAPA forming assembly interfaces proves
that substrate is stably encapsulated inside the SR-EL cage during the time of the experiment.
However, accelerated folding is not generally observed for all substrates. For example, in the
case of the model substrate rhodanese, spontaneous and GroEL/ES-assisted refolding occur at
similar rates (Brinker et al., 2001; Hofmann et al., 2010). We suggest that, as a result of co-

evolution, the physical properties of the GroEL/ES-cage are particularly suited to achieve folding
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catalysis for a subset of TIM-barrel domain proteins, which are known to occupy ~45 % of

GroEL capacity in vivo (Kerner et al., 2005).

5.3 Escape from the chaperonin dependence

The genome of some parasitic bacteria, such as Mycolplasma synoviae and Ureaplasma
urealyticum (Vanconcelos et al., 2005; Azia et al., 2012), is significantly reduced and contains
only a subset of proteins necessary to maintain their basic survival. These bacteria have lost a
number of proteins, including elaborate DNA repair systems and some chaperones (May et al.,
2008). Interestingly, M.synoviae has also lost the GroEL/ES system, implying that homologs of
strictly GroEL-dependent substrates in E.coli have either acquired specific strategies to become
chaperone-independent or have been deleted. Our analysis showed that the genome of
M.synoviae contains an ortholog of ECNANA and a close structural homolog of DAPA,
MsNANA, which allowed us to gain insights into the strategies rendering this protein GroEL-
independent. Studying MsNANA folding also has a significant biological impact as proteins of
N-acetylneuraminate catabolism pathway have been described to be key players in pathogenicity

of Mycoplasma strains (Bercic et al., Vet Microbiol. 2008).

In this study, we found that unlike DAPA, MsNANA has gained the ability to refold
spontaneously with a high yield and folding rate. Moreover, MSNANA has evolved to become
fully chaperonin-independent and does not bind GroEL upon renaturation. During renaturation,
MsNANA does not form a largely unstructured intermediate but rather populates a number of
intermediate states with various degrees of protection, as shown by H/DX on a full-length
protein. The hydrophobic collapse is closely coupled with the gain of secondary structure during
refolding, as measured by CD spectroscopy. To our knowledge, no similar studies of refolding

pathway of M.synoviae have been performed to date. However, a recent computational study
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employing Bayesian models of sequence evolution showed MsNANA to be under significant
diversifying selection (May et al., 2009). This could imply that MSNANA, having already
acquired GroEL-independency, is currently evolving further to improve its spontaneous folding

efficiency.

We observed at the peptide level that the secondary structural elements of the TIM-barrel of
MsNANA form sequentially, propagating “as a wave” from a nucleus initiating at o-helices H1-
H3. The crystal structure of MSNANA showed that these amphiphilic helices are enriched in
solvent exposed lysines which confer strong a-helical propensity (Burley and Petsko, 1985;
Singh and Thornton, 1985).This observation is in good agreement with findings by May et al.,
2008 and 2009 who reported that the residues of MSNANA under significant diversifying
selection map to the regions of polar or cationic residues on the exterior of the protein.
Moreover, burial of hydrophobic residues coupled with the formation of native structure is
apparently facilitated by a hydrophobic core that is enriched in aromatic residues. These
structural properties may explain the ability of MSNANA to nucleate TIM-barrel folding in
distinct segments, a feature otherwise induced by the confining environment of the GroEL/ES

cage.

Additionally, folding and assembly of MsSNANA appears to be coupled, suggesting a mechanism
of ‘self-chaperoning’ developed by MsNANA. The protein’s independence of the chaperonin
cage for folding would have facilitated the evolution of such a mechanism. Thus, our study
demonstrates the role of GroEL/ES as protein folding catalyst, suggesting that the chaperonin
modifies the folding pathway of its substrates and renders them to resemble the refolding of

chaperonin-independent proteins such as MSNANA.
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