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Summary

1 Summary

Proteins are the workhorses of the cell. They are involved in the collective of processes
required for life. Together, the proteins of the cell constitute the proteome, and can
number from 10 000 to 20 000 proteins. Increasing cellular complexity is associated with
more complex proteomes. For cell survival, it is of paramount importance to preserve
proteome integrity when challenged by outside stressors such as heat, oxidation, changes
in pH and the presence of toxic elements. The term proteostasis (protein homeostasis) is
used to describe a cell’s ability to keep its proteome stable and functional in spite of such
outside insults. To achieve this, cells have developed a proteostasis network of interacting
proteins. Chaperones represent the majority of nodes in the proteostasis network. They
help proteins to fold, assemble into oligomeric structures, maintain their structure, repair
them and prevent them from aggregating.

The aim of this thesis was to investigate protein folding, assembly and repair by molecular
chaperones. The chaperone system GroEL/GroES was used as a model to study in detail
the mechanism of assisted protein folding. Rubisco, the enzyme that incorporates
atmospheric CO; into the five carbon sugar ribulose-1,5-bisphosphate (RuBP) in the
Calvin-Benson-Bassham cycle (CBB cycle), was used as a model substrate for studying
chaperones of protein assembly and conformational repair.

The first article to which this thesis contributed, addressed in detail the mechanism by
which GroEL/ES folds a model substrate called double mutant maltose binding protein
(DM-MBP). GroEL and GroES form a nano-cage for a single protein molecule to fold in
isolation. By using a single-molecule fluorescence approach to exclude aggregation during
folding, we demonstrated that GroEL/ES plays an active role in DM-MBP folding,
enhancing its folding rate up to 8-fold. Next, we showed that repetitive binding,
conformational stretching and release of DM-MBP are not required for assisted folding
since a single-round encapsulation event by GroES also resulted in accelerated folding.
Lastly, we established that the environment of the GroEL cavity is crucial for catalysing
DM-MBP folding, thus demonstrating that GroEL/ES is not a mere aggregation prevention
device but an active folding catalyst.

In the second article, we investigated the conformational cycle of GroEL/ES. In the
canonical description of the cycle, GroEL binds GroES on one side only, forming an
asymmetrical complex (GroEL:GroES) that functions as a two-stroke machine. Under
certain conditions, however, it is possible that two GroES molecules bind to GroEL,
forming a symmetrical complex (GroEL:GroES3). A single molecule fluorescence approach
using two differently labelled populations of GroES allowed us to measure the amount of
symmetrical complexes under a variety of conditions. We showed that GroEL:GroES>
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complexes are formed only in presence of non-foldable substrates, such as a-lactalbumin
(a-LA) and a-casein, but not when challenged with foldable substrates like Rhodospirillum
rubrum Rubisco, mitochondrial malate dehydrogenase (mMDH), mitochondrial
rhodanese (mRho) or DM-MBP, or in the absence of a substrate. Additionally, we found
that physiological ratios of ATP/ADP decrease the amount of symmetrical complexes.
Taken together, we concluded that the asymmetrical complex is the prevalent form under
physiological in vitro conditions.

The third article describes the structure of the assembly chaperone Rubisco accumulation
factor 1 (Rafl), and its role in assembly of the Rubisco holoenzyme. Rubisco consists of
eight large subunits (RbcL) arranged as a tetramer of antiparallel dimers capped by four
small subunits (RbcS) on each side. We demonstrated using biochemical methods that
Rafl acts downstream of chaperonin assisted folding of RbcL. Additionally, X-ray
crystallography, chemical crosslinking and single-particle negative stain electron
microscopy (EM) allowed us to conclude that Raf1 in its dimeric functional form binds to
Rbcl, releases it from the chaperonin, facilitates formation of RbcL. antiparallel dimers,
and drives the assembly of a RbcLg:Raf14 complex. In the last step, RbcS replaces Raf1 and
forms the Rubisco holoenzyme (RbcLg:RbcSs).

In the fourth and final article we looked at yet another type of a chaperone, which is
involved in metabolic repair. We investigated the interaction and remodelling activity of
red-type Rubisco activase from the bacterium Rhodobacter sphaeroides (RsRca). RsRca is
a homohexameric AAA+ protein that uses energy derived from ATP hydrolysis to exert
force on inhibited Rubisco in order to conformationally remodel it, leading to metabolic
repair. A combination of various techniques, ranging from standard biochemical methods,
hydrogen/deuterium exchange coupled to mass spectrometry (H/DX-MS), chemical
cross-linking and single-particle cryo-EM led us to propose a model where Rca transiently
binds to the corner of inhibited Rubisco, contacting both RbcS and RbcL. RsRca then
interacts with the RbcL C-terminal tail to open a multi-layered active pocket and release
the bound inhibitor. Moreover, we were able to show that RsRca acts locally on one active
site and does not globally destabilize or unfold Rubisco.
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2 Introduction

Along with lipids, nucleic acids and carbohydrates, proteins are the major
macromolecules present in nature. Proteins provide a structural framework to give cells
shape and are involved in a plethora of metabolic reactions, the products of which allow
cells to grow and divide. Proteins also help to protect cells and organisms against outside
invaders as part of highly sophisticated immune systems. Even the synthesis of proteins,
which as explained by central dogma, proceeds from DNA to RNA to protein through the
events of transcription and translation, is orchestrated by proteins in combination with
nucleic acids. DNA replication, the hallmark of cell multiplication, is regulated and
executed by proteins. Since function and structure are intimately connected, most
functional proteins must attain a specific three-dimensional structure in a process called
protein folding®.

2.1 Protein structure

Proteins are polymers which consist of a genetically determined linear sequence of amino
acid residues. An amino acid is an organic molecule with a chiral carbon (C«) atom to
which hydrogen, amino, carboxylic and side chain groups are attached. In nature, amino
acids occur primarily in their L- enantiomeric form. Depending on the physicochemical
properties of the side chain, amino acids can be divided into 7 groups: simple aliphatic,
hydroxy, aminodicarboxylic and amides, basic, sulfur containing, cyclic and aromatic
amino acids. Amino acids polymerize via a condensation reaction. The amino and
carboxylic groups react, forming a peptide bond that connects Cq atoms through three
covalent bonds in a trans configuration (in respect to NH and CO groups); Ca-N-C-Cq
(Figure 1)1,

E Carboxy.
\ terminus

Figure 1: Schematic representation of a sequence of peptide bonds.

In the polypeptide chain depicted, bonds N-Ca and Ca-C can rotate around torsion angles phi (¢) and psi
(W) to a certain degree, whereas the peptide bond C(0)-N(H) is planar (shown as plane). Distances
between atoms, amino and carboxyl terminus are indicated (reproduced from Nelson et al.).
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Due to partial overlap of the carbonyl 1 orbital with the lone electron pair on the nitrogen
atom, the peptide bond has a partial double bond character and is essentially planar. Cq
atoms on both sides, however, have single bonds Co-N and C-Cqwhich can rotate through
torsion angles phi (¢) and psi (), respectively. Combination of torsion angles are
visualised in the so called Ramachandran plot (Figure 2)2. Due to steric constraints, there
are two major combinations of angles that can be realized and are termed o and (3. The
exceptions to this rule are glycine, where the side chain is a lone hydrogen atom that
allows larger span of angles, and proline, where the NH group is part of a ring which
renders many torsion angles inaccessible?.

a
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v Disfavored

Q w——p

Figure 2: Ramachandran plot for L-alanine.

Combinations of phi (¢) and psi () angles as x and y axis, respectively, are shown on a 2D plot.
Favourable combinations are shown as dark green regions. Light green regions show borderline
possibilities. Structures on the left are in favourable conformation. Structure on the right is disfavoured.
(reproduced from Berg et al.3).

The linear sequence of amino acid residues determines the primary structure of a protein.
In relation to primary sequence, the term motif describes amino acid sequence patterns
that have biological significance. Secondary structure is the local arrangement of amino
acid residues into a-helices and 3-sheets* which are formed by backbone hydrogen bonds
between amine hydrogen and carbonyl oxygen. Analogous to linear motifs, structural
motifs represent connectivity between secondary structure elements (super-secondary
structure). Once these local elements are packed together and stabilized by m-T, t-cation,
hydrogen, ionic and van der Walls interactions we use the term tertiary structure to
describe them. Additionally, the expression ‘fold’> describes how the elements of
secondary structure are arranged relative to each other in space. Furthermore, several
identical or different independent tertiary structures can be combined into quaternary
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structure. Proteins can fulfil their biological role after reaching their native structure in
the intricate process of protein folding.

2.2 Protein folding

The question of how proteins fold to their final three-dimensional state, and with it the
related issue of predicting the three-dimensional structure from the linear sequence, still
awaits a complete answer. In a seminal experiment by Anfinsen in 1962 it was shown that
denatured Ribonuclease A refolds and attains enzymatic activity upon removal of
denaturant and reducing agent®’. Therefore, all the information required for the protein
to attain its three-dimensional form is encoded in its linear sequence of amino acids.
Anfinsen's finding led him to suggest that the folding mechanism is pathway independent.
Proteins would fold by random search through all the conformations in vast
conformational space. However, it was not long before Levinthal opposed this view by
calculating that for a protein of 100 amino acid residues, ~1000 years would be necessary
to try out all possible conformations8. Since this is in stark contrast to the time of 5
seconds for a functional protein of 100 amino acid residues to fold at 37°C, and the fact
the E. coli cells divide on average every 20 minutes, protein folding cannot be a random
trial-and-error process. These opposing arguments are now known as Levinthal's
paradox.

In order to resolve Levinthal's paradox, proteins have to achieve a stable structure (global
energy minimum) on reasonable time scale (kinetic control). This could be achieved by
following one specific pathway or having an option between several defined pathways. In
recent years several folding models have been proposed which try to satisfy both global
energy minimum and kinetic control conditions.

2.2.1 Diffusion-collision model

In the diffusion-collision model® the protein is considered to be composed of several parts
- elementary microdomains - each short enough for all conformational alternatives to be
searched rapidly, as compared with the time scale of the entire folding process (Figure 3).
Overall folding would occur in a stepwise manner starting from an extended or a more
collapsed state, and leading to a backbone structure close to the native state. This latter
state can be described as a molten globule, which has secondary structure elements
formed but lacks elements of three-dimensional structure. In the last step, the exact
tertiary structure is formed by coalescence of secondary structure elements upon
diffusion and collision®.

2.2.2 Nucleation-condensation model

Nucleation-condensation modell? postulates that neighbouring residues form native like
contacts in turn forming a nucleus around which further secondary structure forms and
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propagates in direction out of nucleus. As a result of secondary structure formation,
tertiary structure forms concomitantly (Figure 3).

2.2.3 Hydrophobic collapse model

In the hydrophobic collapse modell! the molten globule state with a hydrophobic core
forms early in the folding pathway, followed by the correct positioning of secondary
structure elements in space (Figure 3).

VR

2° structure Hydrophobic Nucleation Nucleation
formation collapse (local) (2° & 3° structure)
7\ 1’\ - \
] N Py £ N
¢ : 4 C 6 -\
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Figure 3: Classical folding mechanisms.

Diffusion-collision model states that microdomains which represent transient elements of secondary
structure diffuse and collide thereby forming more stable and folded structure. In the framework model
(nucleation-propagation and nucleation-condensation) initial nucleus is formed followed by outward
structure formation. Hydrophobic collapse model posits the formation molten globule with hydrophobic
core followed by correct positioning of secondary structure elements thus reaching a native tertiary fold
(reproduced from Nickson et al.12).

2.2.4 Folding funnel model

The folding funnel model®? is the latest in the arsenal of folding models and the most
general. It describes folding as a process of native-like contacts formation causing the
reduction in entropy and free energy of the polypeptide chain. Rearrangement of amino
acid side chain contacts during the folding process drives the polypeptide chain along the
folding landscape down the funnel towards the unique three dimensional structure with

lowest free energy (Figure 4).
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Figure 4: Folding funnel model.

Folding funnel model describes protein folding in an ensemble approach. At the beginning of folding a
vast conformational space is available to protein molecules which then funnel into one unique state with
a decrease in entropy and enthalpy (reproduced from Radford et al.4).

All of the folding models described above, except for nucleation-condensation, predict
folding intermediates. Intermediates differ in flexibility, stability, and the number of
native contacts!>. Some intermediates can be on-pathway, and act to reduce the number
of attainable states and can fold to the native statels. On the other hand, some
intermediates can be kinetically trapped and unable to complete productive folding on
their own. According to the folding funnel model, they represent local energetic minima
on a rugged free energy folding landscape. In absence of external factors'’, and due to a
substantial amount of exposed hydrophobic residues, such intermediates can accumulate
and aggregatels.

2.3 Methods for studying protein folding in vitro

To completely describe a biological process, one needs both structural information and
rates of the interconversion of all the species. The complicating factor in studying protein
folding is the short lifetime of folding intermediates. Nevertheless, in recent years many
methods that allow the observation of protein folding have been developed. In order to
approach a complete description of the folding mechanism, several of these methods have
to be used in combination. Methods most commonly used in the field are summarized in
Table 1.

Technique Timescale Description

Fluorescence

Intrinsic fluorescence ms Local environment of Trp
and Tyr residues
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ANS binding ms Exposure of hydrophobic
areas

FRET ms Distance between labelled
positions

Substrate/Inhibitor Formation of  native

binding contacts

Anisotropy Dynamics of protein chains

Circular dichroism

Far UV ms Secondary structure
formation

Near UV ms Tertiary structure
formation (local

environment of aromatic
residues)

Other spectroscopic methods

Small-angle X-ray
scattering (SAXS)

ms

Overall shape and
dimensions of a protein

Absorbance (near UV)

Local environment of
aromatic residues

Hydrogen exchange

Native exchange

Global stability of a protein

Pulsed hydrogen exchange
NMR

Rate of hydrogen exchange
on backbone and amino
acid side chain

Pulsed hydrogen exchange
ESI MS

Rate of hydrogen exchange
in folding population

Additional methods

Atomic force spectroscopy
(AFM)

Rates of folding and
unfolding events

Solution-state NMR

Changes in environment of
amino acid side chains

Table 1: List of commonly used methods in protein folding studies (Modified from

Brockwell et al.1® and Radford et al.l4).

Abbreviations: ANS: 1-anilino naphthalene sulphonic acid; FRET: Forster energy

resonance transfer; UV: ultraviolet; ESI MS: electron spray ionization mass spectrometry;

NMR: nuclear magnetic resonance.
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Of particular importance are the methods that allow us to study changes on short
timescales, such as stopped-flow, quenched-flow and microfluidics combined with a
biophysical method of choice. For example, fluorescence intensity, lifetime and anisotropy
(on ensemble or on single molecule level) measurements provide information on the
amount of structure, chain dynamics, inter-residue distances, changes in environment
around the probe and kinetics of both local and global folding. Circular dichroism can be
used to monitor the extent of secondary (far UV range) and tertiary structure (near UV
range) either as steady state or kinetic measurements. In recent years, the method of
hydrogen/deuterium exchange mass spectrometry (HDX MS) has provided us with an
unprecedented amount of temporal and spatial information of folding processes. Nuclear
magnetic resonance (NMR) and UV absorption (albeit with low resolution) are used to
describe the environment around the amino acid side chain or aromatic residues,
respectively. Small-angle X-ray scattering (SAXS) can be used to gain low resolution
structural information on polypeptide shape and dimensions. Finally, the method of
atomic force microscopy (AFM), especially when used on a single molecule level, reveals
valuable information on folding and unfolding rates.

Protein engineering as realized in the method of ¢ value analysis!? is a method of choice
if one would like to interrogate the role of specific residues in the folding process. In this
method, several different amino acid residues are most commonly replaced by alanine.
From the change in folding and unfolding kinetics caused by such a perturbation, one can
infer the degree of native-like structure around this position in the transition state or
folding intermediate. Usually, ¢ values range from zero to one. When the value is close to
one, it implies that this position plays significant role in stability and kinetics and that it
is close to the native form. The opposite is true for values close to zero.

2.3.1 Single molecule methods in protein folding

Most of the methods listed above are used to observe folding events at an ensemble level.
In an effort to gain higher resolution and describe the folding of single protein molecules,
two distinct single-molecule approaches were developed: fluorescence spectroscopy and
force spectroscopy. Single proteins are isolated by immobilization on a surface, trapping
between optical tweezers or working at high dilution (< 100 pM).

Single molecule fluorescence spectroscopy experiments are carried out on a confocal
laser microscope. Such a setup allows one to observe single protein molecules that pass
through a small confocal volume (~1 fL). Proteins have to be labelled with fluorescent
dyes in order to be detected. Labelling is achieved via coupling reactions of cysteine or
lysine with maleimide or N-hydroxysuccinimide-ester (NHS-ester), respectively. Other
methods of labelling include coupling of a fluorescence probe to N- or C-termini. Another
possibility is the introduction of non-natural fluorescent amino acids. Depending on the
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information one would like to obtain, different fluorescence spectroscopy variants can be
employed?0.21.22,

Single molecule Forster resonance energy transfer (SmFRET) is radiation-less energy
transfer between a suitable pair of donor and acceptor dyes (overlap integral) (Figure
5)20. Energy transfer or FRET efficiency is defined as the ratio of either fluorescence
intensity or lifetime of the excited donor fluorophore in the presence and absence of the
acceptor, and it occurs on distances of 2-10 nm. Energy transfer is highly sensitive to
changes in distances between labelled positions (E~r-¢) and is thus suitable for detection
of local properties that define different conformational states or folding intermediates.
FRET measurements on a single molecule level have an advantage of obtaining
quantitative information on different species present in the process which would
otherwise have been averaged out in ensemble measurements.

Fluorescence correlation spectroscopy (FCS) is a method that depends on measurements
of fluorescence intensity fluctuations (Figure 5)2°. Fluctuations arise due to changes in the
number of molecules that pass on a timescale of microseconds to milliseconds through
the observation volume over a certain measuring time period. From the analysis of
measured fluctuations the autocorrelation function, which is defined as the self-similarity
of a signal as a function of time, can be constructed. The appropriate fit for the
autocorrelation curve is then used and several parameters such as rotational diffusion
time, blinking events, translational diffusion time and number of molecules, can be
extracted?3. FCS is commonly used to monitor events on nanosecond to hour time scale
and can detect changes in size and conformation and thus has been widely used in protein
folding studies?4. Since FCS is a fluctuation method it is limited to concentrations of 1 pM
to 200 nM. Below 1pM there are too few events that occur which leads to poor statistics.
Going above concentrations of 200 nM however, results in reduced sensitivity to
fluctuations in the confocal spot.

Photoinduced electron transfer (PET) is a photo-physical event where an electron from
the indole ring of tryptophan is transferred to the fluorophore, thereby quenching the
fluorophore (Figure 5)21. For this event to occur, tryptophan and the fluorophore have to
be in van der Walls contact (<2 nm). In combination with FCS (PET-FCS) the transition
between dark and bright states (blinking) can be observed as an additional exponential
decay in the autocorrelation curve at short correlation times (ps). PET-FCS was used to
observe fast protein chain dynamics??, early folding events?> and transitions between
conformational states?é.

10
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Figure 5: Comparison of single-molecule fluorescence methods.

Spectroscopic methods implemented in confocal microscopy for observation of single molecules. In
smFRET, distance between labelled positions is determined from ratio of either donor/acceptor
fluorescence intensity or lifetime. FCS measures fluorescence intensity fluctuations and associated
processes. Most commonly, diffusion coefficient is obtained from diffusion time and the size of a confocal
spot. PET-FCS is based on quenching of oxazine dye by tryptophan residue(s) when in distance of van-
der-Waals contacts. Information on conformational changes or chain dynamics is obtained from such
experiment (reproduced from Gupta?7?).

2.3.2 Single particle transmission electron microscopy

Single particle transmission electron microscopy (EM) is a structural method that has
recently gained substantial attention?8. Instrumental??, and data processing progress3?
resulted in a 'resolution revolution' that now enables determination of atomic3! or near
atomic resolution of protein structures. In EM, electrons are released from an electron
gun and focused on to the specimen by a set of condenser lenses. Emitted electrons are
scattered by electrons and atom nuclei in macromolecules of the sample. Scattered
electrons are refocused by the objective lens system resulting in the formation of an image
of an object. The image is then further magnified by an intermediate lens system and
finally projected by the projector lens system. A micrograph is recorded either on a
photographic film, a scintillator-based digital camera or the recently developed direct
electron detection camera3? (Figure 6). Specimens for EM are prepared by applying a
solution of macromolecules to an EM grid. The solution is then removed and the specimen
can be either negatively stained (negative stain-EM) or plunge-frozen into liquid ethane
(cryo-EM) (Figure 7).

11
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Electron source L,
Aperture

Condenser lens

Object
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Figure 6: Simplified representation of an electron microscope.

Electrons are released from the electron gun and are focused by the condenser lens onto the specimen.
The objective lens is responsible for image formation and magnification of the object. Aperture stops the
electrons that are off-axis or off-energy. Further magnification is achieved with system of projector lens.
Finally, the image is projected onto a plane (reproduced from Orlova et al.32).
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Figure 7: Sample preparation for electron microscopy.
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Two approaches of sample preparation: a.) Negative staining where the sample solution is applied to the
grid, stained with heavy metal stain and dried. b.) Freezing with liquid nitrogen where the sample is
applied to the grid and plunge frozen into liquid ethane. Example of cryo-EM image is shown. (reproduced
form Orlova et al.32).

The structure of a protein is determined computationally by combining images of many
macromolecules33. On a micrograph, particles that are 2D projections of a molecule can
adopt a wide range of orientations. Six geometric parameters define the position and
spatial orientation of the particle: two in-plane coordinates (x,y), three Eulerian angles
(¢, 6, ¥), and a defocus (z), which is assumed to be the same for all the particles on the
micrograph. After image alignment and 2D classification which resolves compositional
and configurational heterogeneity, an initial 3D model can be built. Subsequent 3D
classification allows for an additional in-silico purification step. Finally, in the 3D
refinement, Eulerian angles are more accurately determined and a 3D model can be built34
(Figure 8).

Particle

Data Collection 2D Classification
Extraction
@ Initial Model
Generation
Modeling & ;
Interpretation Refinement 3D Classification

Figure 8: EM workflow.

Overview of cryo-EM single particle reconstruction. After data collection, particles are extracted and 2D
classification is performed. After initial model generation, additional 3D classification can be performed
to attain more conformationally homogeneous classes. Refinement results in the 3D model which can be
used for de-novo model building or fitting of know structures(reproduced from Skiniotis et al.34).

Cryo-EM was previously used principally for analysing large macromolecular complexes.
However, with the recent development it is possible to obtain atomic structures of smaller
proteins, such as y-secretase (170 kDa)3>. Furthermore, it is now possible to dissect
various conformational states of macromolecular machines along their mechanistic
cycles3®. Cryo-EM has also become the method of choice for studying complex assemblies

13
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such as the spliceosome, which are highly dynamic in nature and resist crystalization3’.
Another advantage of EM is the small amount of material that is required for the
experiment (micrograms of protein). Since it is possible to capture short lived, dynamic
complexes, EM can also be used to study chaperones that are involved in the assembly of
protein complexes. Intermediates that form along the assembly process can be
structurally characterized. Due to the dynamic nature of intermediates, one has to take
into account the compromised resolution in the final reconstruction. Nonetheless, the
resulting envelope of electron density still allows for docking of X-ray determined
structures (hybrid approach) and determination of the general architecture of a complex.

2.4 Protein folding in the cell

In contrast to dilute in vitro solutions, the environment in the cell is highly concentrated,
with an estimated macromolecular concentration of ~300-400 mg/ml38 (Figure 9). The
term of macromolecular crowding was coined to describe this property. Such high
concentrations cause macromolecular crowding3?, which results in a substantial excluded
volume effect and has a profound effect on protein folding, stability, and catalysis as well
as binding affinities inside a living cell4041,

Figure 9: Macromolecular crowding in E. coli cell.

Environment in the cell is highly concentrated, with concentrations of macromolecules reaching up to
300-400mg/ml, resulting in substantial excluded volume effects. Approximated amount, shape and
density of macromolecules inside E. coli cell are shown. (reproduced from Ellis et al.*2).

In such an environment, non-specific interactions are more likely to occur. In particular,
aggregation is favoured when partially folded proteins expose hydrophobic regions, such
as the case of ribosome bound nascent chains or folding intermediates.#3. When
aggregation is faster than folding, oligomers and sometimes aggregates can form, which
can have detrimental consequences for the cell*. Indeed, the presence of aggregates is a
hallmark of many neurodegenerative diseases, such as Alzheimer's, Parkinson's,
Huntingtin's and Creutzfeldt-Jakob's disease, as well as amyloid lateral sclerosis (ALS).
However, it is still a matter of active debate whether oligomeric species or aggregates are
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responsible for toxicity4>. For all the above listed diseases, so called amyloidoses, a
common form of amyloid-like aggregates are formed that are characterized by cross-beta-
sheet structure. It is therefore clear that for in-cell folding to be productive, additional
factors have to be at play#34446,

2.4.1 Molecular chaperones

A molecular chaperone is a protein that helps in folding or unfolding of another protein
without being a part of its final structure#’. The crucial property which gave name to
chaperones is that in the act of chaperoning any unproductive/unwanted interactions are
prevented. Chaperones are important in all branches of protein homeostasis
(proteostasis), from biosynthesis (folding and assembly), to maintenance and
degradation4.

Many of the molecular chaperones are upregulated upon heat shock, and have since been
recognized as heat shock proteins (Hsps)48. They are classified according to their
molecular mass or function. They can act as holdases, which stabilize non-native
conformations; foldases, which assist folding; or unfoldases, which unfold misfolded
species or extract proteins from aggregates*?. In general, chaperones recognize and bind
exposed hydrophobic patches on a substrate protein. Binding affinities of the substrate
are regulated in two markedly different manners: ATP dependent, or ATP independent.
Most chaperones hydrolyse ATP (Hsp60, Hsp70, Hsp90, Hsp104 and Hsp110). ATP
hydrolysis drives the chaperone through different conformational states, which remodels
the substrate and modulates substrate binding affinity. Examples for regulation of
substrate binding affinity in an ATP independent manner include post-translational
modifications such as phosphorylation (small Hsps)>! and a reduction in the amount of
stress-unfolded proteins, which can shift the equilibrium between the bound and
unbound states of the substrate (Spy chaperone)>2.

Molecular chaperones act in combination with co-chaperones, which enable chaperones
to interact with a broad array of substrates (Hsp40), modulate chaperone ATPase activity
(Hsp40, Hsp10) and expand the number of processes in which chaperones can be
involved*°.

2.4.2 Molecular chaperone network

Different molecular chaperones within the cell are organized into a complex network
(Figure 10)53. In all three domains of life, bacteria, archaea and eukarya, proteins are
synthesized on ribosomes. An average protein, while being synthesized on the ribosome,
stays in a non-native state for around 15 seconds®*. As a first adaptation to prevent early
unwanted interactions, ribosomes adopt a pseudo-helical organization in polysomes>5,
allowing ribosome exit tunnels to point in opposite directions. During and immediately
after translation the protein enters the flux of a highly sophisticated chaperone network.
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It first encounters ribosome associated chaperones®®. Then, it is transferred downstream
to Hsp70/Hsp40 system>’. While some proteins can fold after passing through this node
of network, others, require additional chaperones such as Hsp90 and barrel shaped
chaperones with a central cavity (chaperonins)?®8.
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Figure 10: Chaperone network in all domains of life.

Chaperones are organized in sophisticated network in a.) bacteria b.) archaea and c.) eukarya. During
translation protein chain encounters ribosome associated chaperones. Upon completion of biosynthesis
some protein can spontaneously fold whereas others need assistance of downstream chaperones such as
Hsp70, Hsp90 and Hsp 60. Percentages indicate the amount of proteins either independent or dependent
on different chaperone systems (reproduced from Kim et al.*¢).

Some proteins, despite the help of a folding network, might not be able to fold due to
mutations or changes in cellular environment*® (Figure 11). To prevent unproductive
cycling through folding chaperones, they have to be transferred to and degraded by either
the ubiquitin/proteasome system (UPS) or autophagy/lysosome pathways. On the other
hand, larger aggregates that have already formed, can be cleared by autophagy or can be
remodelled and disaggregated by chaperones in cooperation with the UPS or lysosome
pathways. Overload of UPS or lysosomes pathways can cause 'choking' of these systems
and leads to build up of misfolded proteins and further aggregation*4.
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Figure 11: Proteostasis network.

Proteostasis network components are involved in synthesis, maintenance and degradation of a proteins.
After the protein is synthesised on a ribosome it forms a folding intermediate which can have different
fates. It can fold to native state, misfold or aggregate. These states can interconvert by assistance of

proteostasis network components (reproduced from Kim et al.*¢).

The life and fate of a protein inside the cell does not depend only on foldases, but also
chaperones which maintain its structure and at the later stage successfully transfer it for

degradation(Figure 12)434446,
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Figure 12: Components of the human proteostasis network.

Chaperones represent ~200 components of ~1400 factors comprising the proteostasis network.
Proteostasis network includes proteins involved in biogenesis, conformational maintenance and

degradation (reproduced from Hipp et al.44).
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2.4.3 Ribosome-associated chaperones

Protein synthesis on the ribosome proceeds in a vectorial fashion from the N- to C-
terminus. Only after the complete chain emerges from the ribosome exit tunnel can long-
range interactions form. It is characteristic of nascent chains to expose hydrophobic
patches prone to aggregation.

Bacteria have evolved the ribosome-associated chaperone Trigger factor (TF) to prevent
early misfolding and aggregation events (Figure 13)5859, TF is a conformationally dynamic
~50 kDa protein, consisting of three domains®. The dispensable peptidyl-prolyl-
isomerase (PPI) domain might serve as additional substrate binding site and adds to the
chaperone activity. The C-terminal domain, which bears the main chaperone activity, and
the N-terminal domain are crucial for ribosome binding and chaperone function. TF binds
to the ribosomal protein L23, thus positioning TF close to the ribosomal exit tunnel and
allowing for interaction with the nascent chain. TF does not have a single substrate
binding site but interacts with the nascent chain with its entire inner, cavity-forming
surface. According to the structural model, the cavity formed between TF and ribosome
could accommodate a protein domain of 14 kDa in size possibly allowing co-translational
folding®l. It is interesting to note that the action of TF delays the folding process®2. The
concentration of TF in the cell is ~50 pM and is in excess over ribosomes at ~20 uM. TF
binds transiently to vacant ribosomes with an apparent Kp of 1-2 uM and kofr of 10-15
seconds. The Kp is decreased to 40-700 nM (2-30 fold) in the presence of the nascent
chain. This allows TF to differentiate between vacant and translating ribosomes>°. TF
dissociates in an ATP independent manner. After dissociation it hands the nascent chain
to downstream chaperones>’. Due to the excess of TF over ribosomes, it was speculated
that TF might be involved in other functions. Indeed, TF may function as ribosome
assembly factor>°.
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Figure 13: Trigger factor from E. coli - ribosome associated chaperone.

a.) Domain organization of TF. TF has N-, C- and PPlase domains. b.) Crystal structure of TF (PDB: 1W26)
shown in ribbon representation. N-terminal domain (red) has a signature motif (GFRxGxxP) important
for ribosome binding. Peptidyl-prolyl cis-trans isomerase (PPlase) domain (green) is connected to N-
terminal domain via flexible linker. C-terminal domain (blue) is in the middle and forms two arm-like
protrusions. N-domain and arm-like protrusions form a cavity for nascent polypeptide chain. c.)
Distribution of positive (blue) and negative (red) charges shown in space filling model. d.) Structural
model of TF bound to ribosome exit tunnel. Contact sites include the signature motif of N-terminal
domain of TF (red) and ribosomal L23 protein (dark grey) (reproduced from Preissler et al.59).

TF is not present in archaea and eukarya, but is substituted by the ribosome-associated
complex (RAC) which is composed of a specialized Hsp70/40 based system
(Zuo/Ssz/Ssb) or nascent-chain associated complex (NAC), respectively>863.64,

2.4.4 The Hsp70 system

The Hsp70 chaperone family is the hub in the centre of the cytosolic chaperone network®>,
It has been recently shown in E. coli that Hsp70 interacts with ~700 proteins. A subset of
~180 aggregation prone proteins are especially dependent on this system?>’.

Hsp70 is a ~70 kDa protein. It has an N-terminal nucleotide-binding domain (NBD) and a
C-terminal substrate-binding domain (SBD), connected by a flexible linker important for
allosteric regulation (Figure 14)#°. The NBD has two large globular subdomains divided
into two small subdomains. Between the subdomains there is a cleft where nucleotide
binds. For efficient nucleotide binding, one Mg?* and two K* ions are required. The SBD is
subdivided into an N-terminal [B-sandwich subdomain and a C-terminal a-helical
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subdomain. The latter functions as a lid to close over bound substrate after ATP

hydrolysis.
Closed state: Open state:
a-helical
Nucleotide binding Substrate binding lid
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Figure 14: Structure of Hsp70 in open and closed states.

Hsp70 consist of nucleotide-binding domain (NBD) and a substrate-binding domain (SBD) connected via
conserved, flexible linker. The structure of a closed state (left) (PDB: 2ZKHO) shown in ribbon and space
filling representation was solved by hybrid approach using solution NMR and crystal structures of
individual domains. In this structure ADP (violet) is bound to NBD and the a-helical lid is closed over the
peptide (red) bound to SBD. A-helical domain of SBD, linker, and subdomains (IA; IB; I1A; IIB) of NBD are
indicated. The open state (right) is represented by crystal structure of ATP-bound Ssel (PDB: 2QXL). In
this state B-sandwich domain contacts IA subdomain od NBD. a-helical lid contact IA and IB of NBD
(reproduced from Kim et al.46).

Non-native proteins bind to Hsp70 via a hydrophobic stretch of 5-7 residues flanked by
positively charged amino acid residues (Figure 15)4°. Hsp70 can then either keep the
protein in an unfolded state acting as a holdase or functions as a foldase, thus helping
substrate proteins to fold®. In the latter case, after binding of the substrate and
subsequent conformational changes of Hsp70, the substrate is released into free solution.
As the protein collapses upon release, it can kinetically partition to the correct pathway
and fold®’. In an alternative explanation of its foldase activity, repetitive binding and
release induce local unfolding and help overcome kinetic barriers for folding to the native
state. When several cycles of repeated binding and release cannot drive the substrate to
its native state, Hsp70 fulfils its role as a holdase and transfers the substrate in a non-
native state to downstream chaperones*t. Moreover, as part of a proteostasis network in
yeast, Hsp70 in combination with Hsp104 can function as a disaggregase. Higher
eukaryotes however, lack Hsp104; instead a combination of Hsp70 and a mixed J-protein
complex is involved in disaggregation processes®8.
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Figure 15: Hsp70/40 reaction cycle.

Hsp70 and Hsp40 are shown in cartoon representation. Hsp70 nucleotide binding domain is in yellow,
Hsp70 substrate binding domain is in green. Hsp40 is in blue. Substrate protein is in ribbon
representation coloured dark blue. Hsp70 with bound ATP is in open state allowing for substrate binding
which is recruited by Hsp40 additionally Hsp40 stimulates Hsp70. Hsp70 with ADP bound is in closed
state with a-helical lid over the bound substrate which effectively decreases on and off rates. In the last
step NEFs stimulate ADP release and subsequent ATP binding causes substrate release (reproduced from
Kim et al.#6).

Additional roles attributed to Hsp70 are mediating the transfer of substrates across
membranes and in regulating the 632 heat shock transcription factor. Interestingly, Hsp70
also plays a role in the disassembly of clathrin coats, viral capsids and the nucleoprotein
complex. Hsp70 can take part in such diverse tasks due to a plethora of associated co-
factors®°.

In the context of proteostasis, Hsp70 has two main co-factors. The co-chaperone Hsp40
and a nucleotide exchange factor (NEF) which drive the Hsp70 conformational cycle®®.
During cycling, Hsp70 switches between ATP and ADP states which differ in substrate
binding affinities. Hsp70 with bound ATP is in the 'open' state with low affinity for
substrate and high on- and off-rates. By delivering the substrate protein to Hsp70, Hsp40
stimulates the ATPase activity of Hsp70 by more than ~1000 fold”°. Substrate alone can
stimulate the ATPase activity up to 2-10 fold as well, but this is not sufficient for effective
cycling. ATP hydrolysis causes the closing of a-helical lid, thereby 'locking'-in the
substrate. The 'closed’ state is characterized by high binding affinity and low on/off rates.
The NEF accelerates the release of bound ADP, causing opening of the lid and release of
the substrate.
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2.4.5 The chaperonins

Chaperones with cavities formed within each of two rings stacked back to back are called
chaperonins. These are ~1 MDa large complexes which can bind and encapsulate non-
native proteins*3. Chaperonins act upon ~10 % of cytosolic proteins and are
indispensable for cell viability’!. The cavity of each ring is an active site where substrate
protein is bound, encapsulated, folded in isolation and released. These steps are part of a
complex cycling mechanism driven by ATP hydrolysis.

Chaperonins are classified into groups I and II. Group I is present in bacteria and
organelles of endosymbiotic origin (mitochondria, chloroplasts), whereas group II is
specific to archaea and eukarya*3. Both types of chaperonins have cavity-forming rings
stacked back to back. Chaperonins of group I have seven identical subunits which form
the ring. Group II chaperonins, on the other hand, have eight to nine subunits (either
identical or up to three different types) as it is the case for archaeal chaperonins, or eight
different subunits within the ring, which is characteristic of eukaryotic TRiC/CCT.
Chaperonins of the first group work together with lid-shaped co-chaperone GroES. Group
II chaperonins do not need any external co-chaperone since they have a built-in lid in a
form of an a-helical protrusion extending from the apical domain.
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Figure 16: Structure of group I and II chaperonins.

Chaperonins consist of two rings stacked back to back. First column shows crystal structures of
chaperonins in open and closed states in ribbon representation: GroEL(PDB: 3E76), GroEL/ES (PDB:
1AON); open (PDB: 3KFK) and closed (PDB: 1A6D) states of thermosome, open (PDB: 2XSM) and closed
(PDB: 3IYG) states of CCT/TRIiC in side views. Equatorial and intermediate domains forming inter- and
intra- ring contacts, respectively, are coloured light green. Apical domain is coloured dark green. Rest of
the chaperonin structures is in grey (GroEL), blue (thermosome),violet (CCT/TRiC). GroES is in orange.
Middle column shows and compares isolated pair of inter-ring interacting chaperonin subunits in open
and closed states. Last columns shows chaperonins in top view for open and closed state (reproduced
from Yebenes et al.”72).

Substrates bind the chaperonins via the apical domains of the open ring. Upon
encapsulation, the substrate is given a chance to fold within the cavity. In the case of Group
[ chaperonins, folding starts after ATP binding and displacement of the substrate protein
into chaperonin cavity by the co-chaperone. For Group II chaperonins, ATP hydrolysis
triggers the closure of a built-in lid and the release of the substrate into the cavity7s.
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2.4.6 The chaperonin system GroEL/ES of E. coli

GroEL/ES is the most studied chaperonin system thus far. EM%, and X-ray studies’475
showed that GroEL consists of two heptameric rings stacked back to back (Figure 17).
Each ring is composed of seven identical subunits and forms a cavity where assisted
folding occurs. Each subunit, ~56 kDa in size, has three domains. The apical domain
(residues 191-376) is required for the binding of a heptameric co-chaperone GroES and
non-native substrate. More specifically, substrates are bound by amino acid residues on
helices H (233-243) and I (255-267)%. Moreover, it has been shown that at least three
apical domains are required for successful substrate binding”¢. The intermediate domain
(residues 134-190) transmits allosteric signals and contains two pivot points (Gly192 and
Gly375) around which large en-bloc movements occur®®. The equatorial domain (residues
6-133 and 409-523) has a nucleotide binding pocket where ATP binding and hydrolysis
occurs®®. The majority of intra- and inter-ring contacts are formed between equatorial

domains.

The height of the double ring complex in the apo state is ~146 A and the width ~136 A
(Figure 17)50. The volume of the cavity is estimated to be 75.000 A3. Upon ATP and GroES
binding, the dimensions of the complex increases to ~183 A in height and ~150 A in width
(Figure 17). The volume doubles correspondingly to approximately ~150.000 A3 and can
accommodate a substrate up to ~60 kDa in size.

(A)

(D)

Figure 17: Structure of GroEL and GroEL/ES complex.

a.) Isolated GroEL subunit from apo GroEL (PDB: 1SS8). GroEL subunit is composed of apical (yellow),
intermediate (blue) and equatorial (grey). Helices H and I important for substrate binding are in red.
Hinge residues (Gly192 and Gly375) and residues forming inter-ring contacts (Ala109, Arg452, Glu461
and Val464) are shown in space-filling representation. N- and C- termini are indicated. 23 residues long
C-terminal tail is modelled and shown as dots. Gly-Gly-Met repeats are indicated. b.) Side view of apo
GroEL tetradecamer (PDB: 1SS8) c.) Top view of apo GroEL tetradecamer. d.-f.) GroEL/ES complex (PDB:
1PF9) in equivalent views and colouring as in a.-c.). GroES is shown in ribbon representation and
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coloured green. ADP is shown in space-filling representation. Grey arrows indicate conformational
changes upon nucleotide binding. (reproduced from Hayer-Hartl et al.59).

The GroEL rings exert allosteric regulation’’. Within the rings there is positive allostery
which results in concerted binding of ATP by all seven subunits. Between the rings,
negative allostery decreases the binding affinity for ATP of the second ring, therefore
allowing only one ring to function in the low to mid-range ATP concentrations’8. The basis
for allosteric regulation are formation and breakage of salt bridges between the subunits
within the rings and the subunits between the rings’°.

GroEL and GroES work together in a complex multi-step cycle driven by ATP binding and
hydrolysis (Figure 18).

Unfolded substrate
GroES folded substrate Ln =™ :or
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Figure 18: GroEL/ES reaction cycle.

In this figure, the starting state of the cycle is the apo GroEL tetradecamer where both rings are tense (T)
state (blue). Upon substrate and ATP binding to GroEL cis ring it proceeds to relaxed (R) state (red).
GroES (dark blue) binds and causes the release of the substrate protein into the cavity (dark red). Time
required for ATP hydrolysis is ~10 s which allows the encapsulated protein to fold in isolation. Upon
completion of ATP hydrolysis in cis ring (yellow) ATP binding to trans ring causes GroES and substrate
to be released from the cis ring. Former trans ring becomes cis and the cycle repeats (reproduced from
Clare et al.7).

Upon binding of ATP to the binding pocket of the equatorial domain, large rigid body
movements occur. Conformational states along the pathway have been observed by
fluorescence®® and cryo-EM7°. In the apo-state where both of the GroEL rings are in the
tense state (T), ATP binding to the cis-ring causes the transition to the first relaxed state
(Rs1) (Figure 19). In this state an en-bloc, 35° sideways tilt of the apical and intermediate
domains around the lower hinge occurs. As a consequence, the ATP binding pocket closes.
Additionally, the salt bridges R197-E386 and E255-K207 between the intermediate and
apical domains, and between the equatorial domains are broken, respectively. New salt
bridges are formed: K80-E386 and E255-K245 in adjacent equatorial and apical domains,
respectively. Next, in the second relaxed state (Rs2), the upper hinge bends and the apical
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domain undergoes an additional lift without breaking the newly formed salt bridges.
Finally, after breakage of the newly-formed salt bridges, the apical domain moves radially
outwards and elevates for 20° to form the third relaxed state (Rs-open). This radial
movement and elevation can stretch a bound substrate. As an effect, certain kinetically
trapped intermediates may be resolved. Moreover, it is in this state that GroES, via its
mobile loops, can bind to the GroEL apical domains. In the final step after GroES binding,
the apical domains rotate 100° clockwise and complete their elevation and thus reach the
R-ES conformation. This large rotation is thought to be responsible for the release of the
captured substrate into the cavity, which has changed in character from hydrophobic to
hydrophilic. The equatorial domains do not undergo such profound conformational
changes, but only minor tilting and twisting motions. Since substrate binding and
rearrangement is slower (~5s1) than ATP binding (~100s1), ATP would bind the GroEL
cisring in either its Rs1 or Rs2 state followed by GroES binding (~1-2s1)7°. The substrate
is given a chance to fold in isolation for about 7-10 seconds, the time required for
hydrolysis of seven ATP molecules to ADP within cis cavity (at 25°C). Afterwards, seven
new ATP molecules bind to the trans ring and cause the release of ADP, GroES and
encapsulated substrate. If the protein reaches the native state after one round of assisted
refolding, it is released to bulk solution. Otherwise it re-binds GroEL. Now the former
trans ring has become cis ring and another round of assisted refolding can commence.
Essentially, the cycles as described make GroEL a two-stroke engine, allowing only one of
the cavities at the time in assisting protein folding>%. Apart from the prevalent mode of
encapsulation as a means of assisting refolding, there are GroEL substrates which have a
mass larger than 60 kDa’%. For such proteins refolding may occur via trans folding, which
means that the substrate is bound to apical domains of a trans ring where it undergoes
conformational stretching and is released into solution after GroES binding to the
opposite cis ring8L.

E255-K207 E255-K245 E255-K245 EZ K24 255-K24
R197-E386 K80-E386 K80-E386 K K80-E386

Figure 19: Series of formation and breaking of salt bridges in GroEL cis ring during
reaction cycle.

GroEL crystal structure (PDB: 10EL) shown in ribbon representation was flexibly fit into cryo-EM density
(EMDB. 1997-2000) shown in white. For comparison, GroEL/ES crystal structure in ribbon
representations is shown (PDB: 1SVT). Shown are two GroEL subunits interacting within a ring. Helices
H, Iand M are in red, orange and green, respectively. Charged residues involved in intra-ring interactions
are shown in space-filling representation. Negatively charged residues are in red and positively charged
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in blue. GroEL ring starts in tense (T) state where E255-K207 and R197-E386 salt bridges are formed.
Upon ATP binding the GroEL ring proceeds to Rs1 state characterized by formation of E255-K245 and
K80-E386 salt bridges. In next state, Rs2, the salt bridges are preserved, however, when the cis ring
reaches Rs-open state both former salt bridges are broken. Upon ES binding, the GroEL cis ring is in its
final state R-ES where K80-E386 salt bridge is re-established (reproduced from Clare et al.”?).

It has been reported that the folding of substrate in presence of GroE system experiences
an increase in folding rate. There are several models proposed in the field to explain this
phenomenon?®2,

2.4.7 GroE mechanism of protein folding

The passive (Anfinsen) cage model postulates that the increase in a protein's refolding
rate by the GroEL/ES system is due to the prevention of reversible aggregation83. The
system plays no direct role in modulating the folding landscape of the substrate but
merely allows folding to occur at infinite dilution, thus preventing any unwanted
aggregation. Folding in free solution, on the other hand, generates aggregates, which can
gradually disaggregate and allow monomers to fold. This reversible
aggregation/disaggregation step would result in a slower apparent spontaneous
refolding rate. Experimental work supporting this view was performed by dynamic light
scattering measurements on the refolding of DM-MBP in absence or presence of
GroEL/ES84, It is clear from this experiment that aggregates, which are otherwise absent
in presence of chaperonin, form during spontaneous refolding. However, the reversibility
of aggregation was not demonstrated.

The iterative annealing model states that the GroE system has an active role in refolding
even in the absence of reversible aggregation®>8¢. The active contribution of GroEL would
consist of successive rounds of substrate binding, stretching and release into either bulk
solution or the chaperonin cavity. Therefore, the GroEL inner cavity plays no critical role
in assisted protein folding. What is crucial in this model is stretching of the bound
substrate, which exerts forces large enough to break non-native contacts and unfold
kinetically trapped intermediates. Such a 'forced unfolding' event is followed by substrate
release either into the cavity or into solution. The protein is then given another chance to
partition between either productive or wunproductive folding trajectories. The
accumulated body of evidence shows that an average GroEL substrate folds in ~30-60
seconds, which at ~7-10 seconds per cycle at 25°C comes to ~3-10 cycles per folding
event’187, This observation would support the need for iteration. Additionally, theoretical
studies®® on polymers showed that iterative annealing can be a way to increase folding
rate, however, studies with single ring variant of GroEL (SR1-EL), where absence of an
allosteric signal from the second ring makes SR1-EL/ES complex long-lived®?, have shown
that a single round of encapsulation is sufficient for a substrate to refold?0°1 at the same
rate as during cycling. In that regard, additional, modified view of iterative annealing has
been proposed based on MD simulations of a GroEL-encapsulated (-hairpin®2. After the
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first and only cycle, the substrate, after being encapsulated, would iteratively bind to and
release from the inner cavity wall. The wall functions as a binding surface and participates
in the formation of successive folding intermediates that lead to the native state. Such an
interpretation, however, already departs from the classical forced unfolding model.

The active cage model attributes an active role in refolding to the environment within the
cavity?091.9394 Therefore it is of utmost importance that the substrate after the binding
and stretching event is displaced into the cavity after GroES binding?5%. Encapsulation
has a dual role, it prevents aggregation and it provides a folding environment markedly
different from the one free in solution. The character of the cavity wall changes upon ATP
and GroES binding from hydrophobic to hydrophilic and acquires a net negative charge of
-42 clustered in two layers’s. Charge clusters are conserved among GroEL homologs,
suggesting a function in assisted protein folding?’.

Several experimental studies thus far have shown the importance of the cavity in
accelerating the refolding of substrates®%.91.93, Two obvious questions come to mind, how
is this environment different from the one in bulk solution, and by what means is this

realized?

A recent GroEL mutation study has shown?l, that in the GroEL mutant termed KKK2
(Figure 20), where the second negative charge cluster is mutated to positive, resulting in
net neutral charge, the ability of the chaperonin to accelerate folding was abolished. This
directly points to the importance of negative charges lining the inner cavity wall
Additionally, in the same study and later confirmed®?, the first experimental observation
on the role of the confining effect of encapsulated, folding substrate was shown. According
to polymer theory, confinement would reduce the entropy of the unfolded chain by
sterically preventing extended conformations. This view was later challenged® by taking
into account the effect of confinement not only on polypeptide chain but on solvent
molecules as well. Nevertheless, the confining effect is necessary but not sufficient for
accelerated folding, as demonstrated by the GroEL KKK2 mutant?l. Despite confinement,
GroEL KKK2 cannot accelerate substrate folding. One might speculate that the cavity upon
encapsulation has a dual role. It isolates the protein and provides a structural framework
to position negative charges, which then point into the cavity and influence the chemical
environment of the cavity®0 or participate in interactions with engulfed substrate®. In the
latter case, an intricate interplay between both substrate and inner-wall physicochemical
properties would dictate the folding propensity. It was shown by MD simulation®?, that
only if the cavity has a repulsive character relative to the substrate would the refolding be
accelerated. Later on, another role for negative charges was suggested by MD
simulation!%, It was proposed that the negative charges in the cavity influence water
structure, and in turn the folding process. According to that study1% in wild type GroEL,
solvent in the cavity displays a higher degree of structure. The degree of water structure
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was defined as number of water molecules 1 nm from the cavity wall. Simulation showed
a correlation between experimentally observed DM-MBP refolding rates with different
GroEL charge mutants and number of water molecules as determined from the
simulation. Interestingly, the authors showed a higher water density at the level of the
second charge cluster. Higher water density would cause the unfolded substrate to pay a
larger thermodynamic cost for not being able to bury its hydrophobic amino acid residues.
Essentially, as compared to bulk solution, the hydrophobic effect would be stronger inside
the cavity. This led to the conclusion that the negative charges on the inner cavity wall
accumulate water, and due to a stronger hydrophobic effect the encapsulated protein
folds faster.

GroES
5 e E£252, D253,
NSE o5
A s
GroEL D359, D361,

% £363

Figure 20: Inside of SR1-EL/ES complex.

Cross-section of one ring of GroEL/ES complex shown in space-filling representation (PDB: 1AON).
Inside view of four GroEL/ES subunits. Two conserved charged clusters are coloured red and blue,
respectively (reproduced from Tang et al.°).

So far only one experimental study0! has attempted to detect any increase in water
density or decrease in water diffusion inside the GroEL cavity upon ATP binding and
GroES complex formation. For this, the authors used a single ring variant of GroEL D398A
(SR1-EL D398). GroEL D398A mutant can bind ATP but it hydrolyses it at 2% rate of wild
type GroEL. The D398A mutation in the context of SR1-EL makes the complex with GroES
even more stable. In order to measure water properties, the GroES Y71C mutant was used.
It has a cysteine residue that points into the cavity upon complex formation and is suitable
for spin labelling in an NMR experiment. The result of the study was negative: no changes
in water properties upon complex formation were shown. A reason could be that only
local changes in proximity of charged clusters play the role, or that the water structuring
effect is significant only in the presence of a substrate.

This clearly opposing results from simulation and experiment demand that more studies
be performed on the question of how charges accelerate GroEL/ES assisted protein
folding.
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2.4.8 GroEL model substrate DM-MBP

Maltose binding protein (MBP) is an E. coli periplasmic protein of ~41 kDa. Removal of
the signal peptide results in a cytosolic protein that can fold robustly and rapidly. MBP
has two domains, discontinuous in sequence (Figure 21). The maltose binding site is
located in the cleft between the domains35. MBP is convenient for protein folding studies
due to eight intrinsic tryptophans that are spaced throughout the sequence. Upon
denaturation, the tryptophan signal is reduced five-fold. As confirmed by other
experiments (CD, maltose binding), the change in tryptophan fluorescence reports on
global folding or unfolding.

N-domain \

Figure 21: Structure of MBP.

Crystal structure of MBP (PDB: 10MP) shown in ribbon representation. DM-MPB has two domains
discontinuous in sequence with maltose binding pocket in the cleft between the N-domain (blue) and C-
domain (yellow). Residues V8 and Y283 are shown in ball and stick representation and are coloured in
green. Tryptophan residues are shown in ball and stick representation and are coloured in red. N- and C-
termini are indicated (reproduced from Tang et al.%1).

There are several destabilizing mutants of MBP which have reduced folding kinetics136.137,
A specific mutant of MBP (DM-MBP) with two point mutations (V8G, Y283D) in the N-
domain, was shown to strongly interact with GroEL. Furthermore, it was shown that
GroEL accelerates the folding of DM-MBP up to 10-fold®1. Recent studies have shown that
DM-MBP, upon dilution from denaturant, forms a collapsed Kinetically trapped
intermediate on a millisecond time scale. This intermediate has almost no secondary
structure and is structurally flexible®0. GroEL binds this intermediate on a millisecond
timescale’3® and causes partial expansion. Upon ATP binding, the subsequent
conformational changes cause further DM-MBP stretching. Following GroES binding DM-
MBP is displaced into the cavity, where it adopts compact conformation and has the

opportunity to fold to the native state.
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2.5 GroEL/ES substrates

Under normal cellular conditions no more than 10% of cytosolic proteins utilize the
GroEL/ES system for folding (Figure 22)71. The identification of GroEL/ES substrates
from E. coli spheroplasts was achieved by affinity chromatography and subsequent mass
spectrometry. This study led to the identification of ~250 proteins, among which were
components of the transcription/translation machinery, metabolic enzymes, chaperones
and structural proteins. The identified proteins were divided into three classes based on
their GroEL dependency?. Class I substrates (38 proteins), were found inside GroEL/ES
complex, but do not stringently need the chaperonin for folding. Class Il substrates (126
proteins) are defined as those that require GroEL/ES for productive folding, but can be
folded by Hsp70 system as well. Class Il substrates (84 proteins) are the most
aggregation prone and can fold at 37 °C only in the presence of GroEL/ES. Interestingly,
among class III substrates, almost 50% percent have a (af3)s TIM-barrel fold with a
complex topology and many long-range interactions. This is significantly more than the
6.8% occurrence of the TIM-barrel fold among all E. coli lysate proteins. A later study102
recapitulated earlier findings and found a reduction in the number of these substrates
upon GroEL depletion in E. coli cells. Based on depletion experiments a new class IV within
the former class Il was defined. Class IV substrates (49 proteins) are defined as those that
aggregate or are degraded upon depletion of GroEL.

class | class Il class IlI
# of proteins Y4 126 84
Average abundance JEVH 900 400

in cytosol (ppm)
# of essential proteins

18 36 13
| oo

wolr fgcton [ 200 =80%
TIM barrel proteins =
Molar fraction p%r class MS% 45%

Figure 22: GroEL interactors.

There are ~250 proteins that interact with GroEL and can be divided into three classes. Class I substrates
do not require GroEL for successful folding. Class Il substrates can be folded by DnaK/] system and do
not necessarily require GroEL. Class III substrates are stringent GroEL substrates and can fold at 37°C
only in presence of GroEL. Interestingly, almost 50% of class Il substrates have TIM barrel fold
(reproduced from Kerner et al.t).

The analysis of GroEL substrates showed that most of them have a mass lower than 60
kDa’1, which allows them to fit into the cavity (Figure 23). Most of the substrates have a
net-negative charge which coincides with net-negative charge of the cavity wall. A
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comparison with GroEL independent substrates showed that GroEL substrates are less
hydrophobic. Moreover, E. coli homologs from an organism Ureaplasma urealyticum,
which has no GroEL, have more hydrophobic amino acid residues. It might be that an
increase in hydrophobicity causes a more efficient collapse due to increased hydrophobic
effect. This would be analogous with the effect due to increased water structure in GroEL
cavity.

Figure 23: Substrate protein S-adenosylmethionine synthase (MetK) inside GroEL
cavity.

Cross-section of one ring GroEL/ES complex (PDB: 1PF9) shown in space-filling representation. Inside
the GroEL/ES cavity crystal structure of MetK (42kDa) (PDB: 5H9U) shown in space-filling
representation coloured red is modelled. In its molten globule state MetK would have ~30% expanded
volume (reproduced from Hayer-Hartl et al.59).

Besides using natural E. coli GroEL substrates, it is possible to study GroEL function using
heterologous proteins which normally interact with mitochondrial or chloroplastic
chaperonins, such as mitochondrial rhodanese (mRho) or Rhodospirillum rubrum
Rubisco, respectively. Another type of substrate is a double mutant of maltose binding
protein (DM-MBP) which in its natural setting never interacts with the chaperonin.
Recently?>9¢, it has been proposed, for two heterologous substrates, rhodanese and DM-
MBP, that the substrate can 'escape’ from the cavity during the refolding. Escape was
described as an event where the aforementioned substrates approach and protrude
through ‘windows’ (~10 A in size) in the GroEL/ES complex cavity wall. Moreover, even
more substrate escapes in the presence of a specific antibody against that substrate. Such
an escape was termed 'forced escape'. Another study!%3 addressed the question of escape
by comparing the rates of ATP, substrate and GroES binding, and conformational changes
of apical domains of SR1-EL. According to that study, 'substrate escape’ is displacement
of the substrate upon GroES binding due to overlap in binding sites of substrate and
GroES. Additionally, one has to consider differences between non-native states of
homologous and heterologous substrates when binding GroEL. Most probably, in case of
heterologous non-native substrates, fewer hydrophobic residues are exposed which
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results in weaker binding. Moreover, addition of ATP and associated conformational
changes of apical domains further increase the Kp for substrate binding, which allows for
easier displacement by GroES. For homologous or highly aggregation prone heterologous
substrates, escape was never observed for either GroEL or its single ring variant.

2.6 RuBisCo - a highly chaperone dependent protein

Ribulose-1,5-bisphosphate-carboxylase/-oxygenase (Rubisco) is the key enzyme in the
Calvin-Benson-Bassham cycle (CBB). It is responsible for carbon fixation in all
photosynthetic organisms!%4. It catalyses the reaction of carboxylation of a sugar
substrate ribulose-1,5-bisphosphate (RuBP), which from an unstable carboxyketone
(Figure 24) splits into two molecules of 3-phosphoglycerate (3PG). The latter is then
converted to glyceraldehyde-3-phosphate (G3P). G3P is used for the synthesis of sugar
molecules, fatty acids and amino acids, as well as regeneration of RuBP. Due to the
electrostatic similarity of COz and O, and the atmospheric abundance of 02 (21%) over
CO2 (0.04%), Rubisco cannot completely discriminate between them, which leads to
oxygenation of RuBP in a process called photorespiration%5. Oxygenation of RuBP results
in one molecule of 3PG and one molecule of 2-phosphoglycolate (2P-glycolate). 2P-
glycolate is toxic and has to be recycled in an ATP-dependent manner via the
mitochondrial-peroxisome pathway, resulting in a loss of CO2. Photorespiration has long
been perceived as an energetically wasteful process. However, recent studies show that it
plays an important role in other plant metabolic pathways1%, such as nitrate
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Figure 24: Rubisco catalytic cycle.

Rubisco substrate RuBP is carboxylated and transformed to unstable carboxyketone which then splits to
two molecules 3-phosphoglycerate (3PG). 3PG is then converted via series of steps to glyceraldehyde-3-
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phosphate (G3P) which is then used for the biosynthesis of other macromolecules. In a competing
reaction Oz reacts with RuBP which forms peroxyketone that splits to one molecule of 3PG and one
molecule of 2-phosphoglycolate (2-PG). 2-PG is toxic to cell and is recycled to 3PG through

photorespiration involving peroxisome and mitochondrion. In the process ATP is used and fixed CO: is
lost (reproduced from Whitney et al.108).

2.6.1 Structure of Rubisco large and small subunits

There are several structural forms of Rubisco found in naturel®. Plants, algae,
cyanobacteria and proteobacteria have form I Rubisco. Form I is a hexadecameric
structure composed of eight large (RbcL, ~50 kDa) and eight small (RbcS, ~15 kDa)
subunits. Eight RbcL subunits are arranged as a tetramer of anti-parallel dimers (RbcLs
core complex). The core complex is capped on the top and bottom by four RbcS subunits.
The holoenzyme (RbcLgRbcSg) with a total mass of ~520 kDa has a cylindrical shape with
a diameter of ~110 A and a height of ~100 A (Figure 25). Form II Rubisco, which is found
in certain bacteria and dinoflagellates, is simpler. It consists only of two RbcL subunits,
which form a dimer without RbcS subunits.

.4
v b N TIM-barrel
{q domain
B

‘ ﬂyv. N-terminal

‘, ; u'\-‘j‘ domain

Figure 25: Rubisco form I structure.

a.) Structure of Form I Rubisco (PDB: 1RBL) from Synechococcus elongatus PCC6301 shown in surface
representation. Alternating large subunits are coloured cyan and grey. Small subunits are coloured green.
One RbcL: antiparallel dimer is shown in ribbon representation coloured grey and yellow. Inhibitor
caraboxyarabinitol-1,5-bisphosphate (CABP) bound in the active site is shown in space-filling
representation and is coloured violet. b.) Crystal structure of single Rubisco large subunit. It has two

domains, N-terminal o+f3 domain and C-terminal TIM barrel domain. N- and C- termini are indicated
(reproduced from Hauser et al.10%).

Form III Rubiscos found in archaea consist of three to five RbcL dimers arranged in ring-
like assemblies. Unlike Form I and Form II Rubiscos, Form III Rubisco is not involved in
photosynthesis, but is involved in regeneration of RuBP in nucleotide biosynthesis199.
Despite high sequence conservation'l® (~80% amino acid identity) form I RbcL
sequences can be phylogenetically classified into green-type enzymes (Figure 26) (forms
IA and IB of plants, green algae, cyanobacteria) and red-type enzymes (form IC and ID of
non-green algae and phototrophic bacteria).
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Figure 26: Rubisco phylogenetic tree.

Phylogenetic tree of selected Rubisco sequences. Form IA and IB belong to green-type Rubiscos whereas
forms IC and ID to red-type Rubiscos. The RbcL C-terminal sequences and their cognate activases are
indicated. X represents variable residues. For species in bold activases have been biochemically and/or
structurally characterized (reproduced from Bhat et al.105).

In contrast to RbcL, RbcS subunits have lower sequence conservation1? (~30-40% amino
acid identity). The diversity of RbcS subunit sequences is responsible for functional
differences between Rubisco enzymes. In eukaryotes, RbcL is always plastid encoded.
RbcS however, is plastid encoded in non-green algae and nuclear encoded in green algae
and plants!!1. Nuclear encoded RbcS have a cleavable N-terminal targeting sequence for
chloroplast import.

The RbcL subunit consists of an N-terminal a+ domain of ~150 amino acids and a ~325
amino acids long C-terminal domain which consists of Bsas triosephosphate isomerase
(TIM) barrel domain (~320 amino acids) and an unstructured C-terminal tail (~15 amino
acids in green type Rubisco and~25 amino acids in red type rubisco)1%° (Figure 25). The
antiparallel RbcL. dimer has two active sites formed by residues of the opposing N-
terminal domain of one subunit and the C-terminal TIM-barrel domain of the adjacent
subunit109,

2.6.2 Rubisco catalytic cycle

In order for Rubisco to successfully catalyse CO: fixation, it first has to be activated.
Activation of Rubisco enzyme (E) is achieved by a spontaneous carbamylation reaction
where one non-substrate molecule of COz reacts with active site Lysine 201, followed by
binding of an Mg?*ion!12. Rubisco is now in its activated form (ECM). Activation of Rubisco
is necessary because chemical modification of the active site allows for correct positioning
of the RuBP which is essential for a successful electrophilic attack by the second molecule
of CO; that will be fixed into RuBP!10, Binding of RuBP to the active site of activated
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Rubisco is followed by movement of the retracted mobile loop 6 of the TIM barrel over
the active site. Loop 6 is pinned down in its new position by the unstructured C-terminal
tail through a so called C-terminal latch13, These conformational changes result in closing
of the active site and its dehydration, which is mandatory for a successful electrophilic
reaction.

2.6.3 Folding and assembly of Rubisco

Due to its complex topology1%° the RbcL subunit needs help from chaperonins to reach its
unique three-dimensional structurell4. Plastid encoded RbcL relies on Cpn60/Cpn10,
which are chloroplast homologs of bacterial GroEL/GroES. In-vitro experiments have
shown that Form II RbcL can assemble into active enzyme after GroEL/ES assisted
refolding!14. Form I RbcL subunit, however, fails to assemble and stays associated with
GroEL, despite having reached its native state!15. This observation suggested that there
have to be additional factors which facilitate assembly of the RbcLg core followed by
formation of RbcLsSs holoenzyme. The protein encoded by the rbcX gene located in the
intergenic space of the rbcL and rbcS genes seemed as a possible candidate for the
assembly chaperone. Indeed, co-expression of RbcX with RbcL and RbcS in E. coli
increased the yield of enzymatically active Rubiscol1>. Further biochemical and structural
studies showed that RbcX is a homodimer of ~15 kDa subunits which functions as a
specific assembly chaperone. Cyanobacterial Form [ Rubisco could recently be
reconstituted in vitro in the presence of GroEL/ES and RbcX. After assisted refolding, RbcX
binds the unstructured C-terminal of RbcL and mediates proper antiparallel alignment of
two RbcL subunits, thus functioning as a molecular clamp. Each RbcL anti-parallel dimer
has RbcX bound on top and on bottom. Such stabilization of the dimer then shifts the
equilibrium towards the RbcLs:RbcXgs assembly intermediate. In the final step, RbcS
displaces RbcX and enzymatically active RbcLg:RbcSs is formed (Figure 27).

RbclRbeX RbcL,RbeX,

RbeL Sy RbelgRbeX,
(Green-type Rubisco) (Assembly intermediate)
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Figure 27: Green-type Rubisco folding and assembly.

Upon GroEL/GroES assisted refolding and release of cyanobacterial RbcL, RbcX binds the unstructured
C-terminal tail and mediates proper alignment of the RbcL dimer. RbcL2:RbcX2 complex is followed by
assembly into RbcLs:RbcXs complex. RbcS binding to pre-formed binding interface in RbcLs:RbcXs leads
to structuring of RbcL N-terminus and 60s loop which results in displacement of RbcX and formation of
RbcLs:RbcSs holoenzyme(reproduced from Hauser et al.104).

2.6.4 Metabolic maintenance of Rubisco

Despite its pivotal role, Rubisco is an inefficient enzyme. It fixes only ~3-10 molecules of
CO2 per second in plants. The slow rate of Rubisco catalysed incorporation of CO2 is to a
degree compensated by the significant amount of Rubisco, which can reach up to 50% of
soluble leaf protein!1é. Another drawback of Rubisco is that RuBP can bind to the active
site before the enzyme activation event takes place, leading to an inactive enzyme.
Additionally, there are other inhibitory sugar-phosphates, some of which are mis-fire
products of Rubisco's multistep catalytic reaction (XuBP, PDBP), while others (CA1P)
function as a night-time inhibitors which are produced by plant under low-light
conditions!?’. In all cases mentioned above, Rubisco is trapped in its closed, inhibited form
(EI or ECMI) (Figure 28).

COz+Mg?* RuBP+CO:

Rubisco ;-) active A_,

(E) 47— (ECM)

CO2+Mg*
RuBP, RuBP, CA1P, CA1P,
XuBP XuBP XuBP, PDBP XuBP, PDBP
Rca
+ATP
inactive inactive
(El) (ECMI)

Figure 28: Sugar phosphates involved in Rubisco inhibition.

Rubisco activity is regulated or inhibited by various sugar phosphates. E, the non-carbamylated enzyme;
ECM, carbamylated and Mg?* ion bound enzyme; El, the sugar phosphate inhibited E form; ECMI, the
inhibited ECM form; Rca, Rubisco activase (reproduced from Bhat et al.105).

Rubisco can be rescued from its inactive form by spontaneous opening of the active site,
however to reactivate Rubisco on a biologically relevant time scale, evolution has
equipped many photosynthetic organisms with an enzyme called Rubisco activase
(Rca)11s,
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2.6.5 Rubisco activases

Rca belongs to a superfamily of proteins termed AAA+ (ATPases associated with various
cellular activities)!18, These are macromolecular machines that are powered by ATP
hydrolysis for unfolding, disassembly or remodelling of their substrates!!®. Rca
metabolically repairs Rubisco by opening the active site and releasing the inhibitory
sugarl20, Rubisco can then be reactivated and acquire its catalytically competent state. Rca
proteins have been found to reactivate both red- and green-type Rubisco in organisms
ranging from chemoautotrophic bacteria to higher plants121.122123 Despite considerable
sequence variability among different activases24, they all share a common domain
architecture characteristic of AAA+ proteins!25, consisting of N-terminal o/ nucleotide
binding subdomain and a C-terminal a-helical subdomaini%. The functional form of the
activase is a ring-shaped hexamer with a central pore, where pore loop residues
indispensable for Rubisco remodelling are located126.127

2.6.5.1 Red-type activases

Red-type activases, which remodel form IC and form ID Rubisco (red-type) have an
additional a-helical extension at the N-terminus??¢. The two subdomains of the AAA+ core
module are separated by a flexible linker. Walker A and Walker B nucleotide binding
motifs are located in the N-terminal o/ subdomain (Figure 29).
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Figure 29: Red type Rubisco activase.

a.) Domain organization of red type RsRca. b.) Crystal structure of RsRca protomer (PDB: 3SYL) shown
in ribbon representation. a-helical and a/3 subdomains are indicated. Bound ADP; RuBP, pore loops and
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N-terminal extension are indicated. c.) rsRca ring-like hexameric model fitted into EM reconstruction
(EMDB: 1932) shown in top and side views: Bound ADP and RuBP are indicated in side view. d.) rsRca
filament formed in absence of RuBP. Filamentous form would serve as a storage for rsRca in absence of
photosynthesis. Start of photosynthesis causes the accumulation of RuBP to millimolar concentrations.
Free RuBP binds to Rca leading to its hexamerization. e.) Model of rsRca interaction with Rubisco where
rsRca docks onto Rubisco and transiently pulls by Rubisco C-terminal tail into the central pore. This
opens the Rubisco active site and releases inhibitory sugar. Rca is shown as in c¢.) Rubisco structure (PDB:
4F0K) is shown in surface representation. RbcL and RbcS are shown in different shades of pink. RbcL C-
terminal tails are depicted in red lines (reproduced from Bhat et al.105).

Red-type activase from the proteobacterium Rhodobacter sphaeroides (RsRca) attains its
functional homohexameric structure in the presence of RuBP and ATP12¢ (Figure 29).
RuBP and Rubisco stimulate RsRca ATPase activity. In the absence of RuBP, RsRca forms
high-molecular weight filaments which are ATPase inactive and are believed to represent
a storage form for the activase in absence of photosynthesis (Figure 29). Reactivation of
the red-type form IC Rubisco by the remodelling activity of RsRca depends on two
elements: the extended C-terminal tail of RsRbcL12¢ and conserved pore loop residues
(Tyr/lle/Gly) of RsRca lining the central channel (diameter of ~25A) of the active
hexamer?2¢, Pore loops were implicated in exerting the pulling force on the extended C-
terminal tail of the RbcL subunit. This puts forward a mechanism where RsRca docks onto
Rubisco with its conserved top surface and pulls the C-terminal tail into the pore thereby
opening the active site which results in the release of the inhibitory sugar1% (Figure 29).

Eukaryotic Rca from red algae Cyanidioschyzon merolae (CmRca) is a hexamer consisting
of two different protomers in a 1:1 ratio22, and exerts its remodelling activity on Form ID
Rubisco. One of the protomers is nuclear encoded and the other is plastid encoded. Both
of them have 60-70% identity with RsRcal%. In the case of CmRca, RuBP is not required
for hexamerization. However, RuBP has role as an allosteric regulator of CmRca ATPase
activity and thus couples the state of CBB cycle and Rubisco activity.

2.6.5.2 Green-type activases

Recently123, prokaryotic Rubisco activases of green-type Rubisco form IA from the
chemoautotrophic bacteria Acidithiobacillus ferrooxidans and Halothiobacillus
neapolitanus have been described. These proteins are homohexamers (AfRcal; HnRca)
that need an additional adaptor protein CbbO to interact with Rubisco. AfRcal and HnRca
a/f subdomains can be classified as MoxR group of prokaryotic AAA+ proteins!28, which
interact with proteins that have a von Willebrand factor A (VWA) domain (Figure 30).
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Figure 30: Prokaryotic green type Rubisco activase.

a.) Domain organization of HnRca and its adaptor protein HnCbbO. b.) Crystal structure of HnRca
protomer (PDB. 5C3C) in ribbon representation. a-helical and a/3 subdomains are indicated. Bound ADP
and pore loops are indicated. c.) Ring-like hexameric model of HnRca fitted into EM reconstruction
(EMDB: 6477 shown in top and side views. Bound ADP is indicated in side view. d.) Model of HnRca
interaction with Rubisco where HnRca docks onto Rubisco via VWA domain of CbbO recognizing exposed
Asp82 (marine blue). It is still not clear whether HnRca central pore engages with Rubisco. Rca is shown
as in c.) Rubisco (PDB:1SVD) is shown in surface representation. RbcL and RbcS are shown in different
shades of blue. RbcL C-terminal tails are depicted with blue lines (reproduced from Bhat et al.105).

Interestingly, CbbO has a VWA domain, and as is characteristic for this domain, a metal-
ion-dependent adhesion site (MIDAS) mediates protein-protein interaction via a cation
(usually Mg?+)129 (Figure 30). The ATPase activity of AfRcal and HnRca is stimulated by
RuBP but inhibited by Rubisco and CbbO. The mode of remodelling action of AfRcal and
HnRca remains to be elucidated since recent experiments!23 showed that its remodelling
activity, in contrast to RsRca, does not depend on pore loop residues. However,
interaction with the C-terminal tail of RbcL is still required for reactivation23,

One of the first Rubisco activases to be discovered!3%, Rca in Arabidopsis thaliana, is a
eukaryotic Rubisco activase of green-type Rubisco form IB. Eukaryotic activases of green-
type Rubisco form IB have, in addition to the AAA+ core module, an N-terminal domain
important for binding to Rubisco (localized at the top surface of the hexamer!?’ for
Nicotiana tabacum) and a C-terminal extension crucial for constitutive ATPase activity10>
(Figure 31).
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Figure 31: Eukaryotic green-type Rubisco activase.

a.) Domain organization of NtRca. b.) Crystal structure of NtRca protomer (PDB: 3T15) shown in ribbon
representation. a-helical and a/f subdomains are indicated. Pore loops, specificity helix 9, N-terminal
domain are indicated. c.) Ring-like hexameric model of NtRca fitted into EM reconstruction (EMDB: 1940)
shown in top and side views. Additional density at the top is attributed to N-terminal domain. Specificity
helix 9 is coloured in purple d.) Model of NtRca interaction with Rubisco where NtRca docks onto Rubisco
via N-terminal domain and specificity helix 9 recognizes Arg89. How the ntRca interacts with Rubisco C-
terminal tail still remains to be to be investigated. Rca is shown as in c.) Rubisco is shown in surface
representation (PDB: 1E]7). RbcL and RbcS are shown in different shades of green. RbcL C-terminal tails
are depicted as green lines(reproduced from Bhat et al.105).

Regulation of activase hexamer formation and activity in higher plants (A. thaliana, rice,
barley, maize and cotton) is far more intricate than for the other activases described
above. One such regulatory mechanism is the formation of disulphide bonds in the C-
terminal extension under oxidizing conditions (night time, in the absence of
photosynthesis) which inhibits ATP binding to the activase and thereby Rubisco
activation131, Moreover, hexamer formation of plant activases is sensitive to the ATP:ADP
ratio’32, with a higher ratio favouring hexamer formation and thus the active form.
Additionally, catalytic activity also depends on concentration of Mg2*ions (higher Mg+
concentration increases the activity in NtRca) as a response to changes in available
light!33. The mechanism of remodelling of plant Rubisco is still not established. From
experiments thus far we know that NtRca engages with inhibited Rubisco via the N-
terminal domain and needs conserved loop segments that face the pore to reactivate
Rubisco. What is not clear, is how the activase exerts force on plant Rubisco lacking an
extended C-terminal taill%. Interestingly, no inhibited forms of cyanobacterial Rubiscos
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have been reported thus far, although cyanobacteria contain genes encoding Rca-like
proteins!34,
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3 Publications

3.1 Article 1 - Active Cage Mechanism of Chaperonin-Assisted
Protein Folding Demonstrated at Single-Molecule Level

This study resolved the long-standing question whether the GroEL/ES system functions
as a folding catalyst8+93, We also reassessed the role of the GroEL cavity in the process of
assisted folding85. To address these questions, we used a combination of biochemical,
ensemble and single molecule fluorescence, and other spectroscopic methods.
Additionally, we developed a novel single molecule fluorescence approach for measuring
the spontaneous and assisted folding rate of the model substrate DM-MBP. Single
molecule FRET, fluorescence correlation spectroscopy (FCS) and fluorescence cross-
correlation spectroscopy (FCCS) measurements were conducted at very low protein
concentration (100 pM), where any unwanted protein aggregation is prevented. With this
study, it has become clear that the observed increase in DM-MBP folding rate is due to an
active role of the GroEL/ES system and not solely due to aggregation prevention by the
GroEL/ES system. Furthermore, we showed that a single round of folding is enough to
achieve an increase in folding rate, thus excluding the need for several binding, unfolding
and release events as stated by the iterative annealing model. Lastly, we showed
unequivocally that the substrate, once encapsulated, cannot escape from the GroEL cavity.
Successful encapsulation is of utmost importance for the substrate to experience the
environment within the GroEL cavity which is markedly different from one in bulk
solution. Thus, the GroEL cavity does not only allow the substrate to fold in isolation, but
it actively modulates the folding landscape of an encapsulated protein, resulting in an
increased folding rate.
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Journal of Molecular Biology (2014)13°
Gutpa AJ, Haldar S, Mili¢i¢ G, Hartl FU, Hayer-Hartl M.

Contribution: This project was performed in collaboration with Amit Gupta and
Shubhasis Haldar. I performed encapsulation experiments using analytical gel filtration
chromatography, SDS gel electrophoresis, fluorogel imaging and western blotting in order
to find appropriate conditions (buffer, salt concentration, pH) for successful
encapsulation of the DM-MBP by SR1-EL. These experiments showed that there is no
substrate escape after encapsulation. Moreover, the established conditions for successful
encapsulation by SR1-EL allowed for subsequent ensemble and single molecule
fluorescence experiments to be conducted.
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Abstract

The cylindrical chaperonin GroEL and its lid-shaped
cofactor GroES of Escherichia colihave an essential
role in assisting protein folding by transiently
encapsulating non-native substrate in an ATP-regu-
lated mechanism. It remains controversial whether
the chaperonin system functions solely as an infinite
dilution chamber, preventing off-pathway aggrega-
tion, or actively enhances folding kinetics by
modulating the folding energy landscape. Here we
developed single-molecule approaches to distin-
guish between passive and active chaperonin
mechanisms. Using low protein concentrations
(100 pM) to exclude aggregation, we measured the
spontaneous and GroEL/ES-assisted folding of
double-mutant maltose binding protein (DM-MBP)
by single-pair fluorescence resonance energy trans-
fer and fluorescence correlation spectroscopy. We
find that GroEL/ES accelerates folding of DM-MBP
up to 8-fold over the spontaneous folding rate.
Accelerated folding is achieved by encapsulation of
folding intermediate in the GroEL/ES cage, indepen-
dent of repetitive cycles of protein binding and
release from GroEL. Moreover, photoinduced elec-
tron transfer experiments provided direct physical
evidence that the confining environment of the
chaperonin restricts polypeptide chain dynamics.
This effect is mediated by the net-negatively charged
wall of the GroEL/ES cavity, as shown using the
GroEL mutant EL(KKK2) in which the net-negative
charge is removed. EL(KKK2)/ES functions as a

Amit J. Gupta, Shubhasis Haldar and Goran Mili¢i¢

llluminating Chaperonin-assisted Protein Folding

Legend. The GroEL/ES-mediated folding of the model
substrate protein DM-MBP is monitored by single-mole-
cule FRET. Folding intermediate bound to GroEL shows a
low FRET efficiency distribution. Upon refolding, DM-MBP
converts to its compact native structure that exhibits a high
FRET efficiency distribution.

passive cage in which folding occurs at the slow
spontaneous rate. Taken together our findings
suggest that protein encapsulation can accelerate
folding by entropically destabilizing folding interme-
diates, in strong support of an active chaperonin
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Mechanism of Chaperonin-Assisted Protein Folding

mechanism in the folding of some proteins. Accel-
erated folding is biologically significant as it adjusts
folding rates relative to the speed of protein
synthesis.
© 2014 The Authors. Published by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by/3.0/).

Introduction

Chaperonins are large ATP-driven macromolecu-
lar machines composed of two rings of ~60 kDa
subunits stacked back to back. They have an
essential role in assisting protein folding in bacteria,
archaea and eukarya [1—6]. Group | chaperonins
occur in bacteria (GroEL), mitochondria (Hsp60) and
chloroplasts (Cpn60). They consist of heptameric
rings and functionally cooperate with lid-like cofac-
tors (GroES in bacteria, Hsp10 in mitochondria and
Cpn10/Cpn20 in chloroplasts) that function to
transiently encapsulate non-native substrate protein
in a cage-like compartment. Group Il chaperonins in
archaea and the cytosol of eukaryotic cells have
rings of 8-9 subunits and employ a mechanism of
opening and closing their central cavity that is in-built
into the structure of the chaperonin ring.

The group | chaperonins GroEL and GroES of
Escherichia colihave been investigated most widely
and numerous biochemical and structural studies
indicate that they function as a nano-compartment
for single protein molecules to fold in isolation [7—23].
However, whether protein encapsulation actively
promotes folding remains controversial
[12,17,19,22,24-27].

Each subunit of GroEL is divided into apical,
intermediate and equatorial domains [28] (Fig. 1a).
The apical domains form the ring opening and expose
hydrophobic amino acid residues for the binding of
molten globule-like folding intermediates [29-31].
ATP binding and hydrolysis in the equatorial domains
results in conformational changes that are transduced
to the apical domains via the hinge-like intermediate
domains, regulating substrate affinity and GroES
binding through an allosteric reaction cycle [4,32]. In
the current model, non-native protein substrate binds
to the open ring (trans-ring) of an asymmetrical GroEL/
ES complex (Fig. 1b) (The corresponding video file
for the animated Abstract can be found online at
doi:10.1016/j.jmb.2014.04.018). Subsequent ATP
binding causes apical domain movements that may
result in stretching the bound polypeptide [18,33-36],
and at the same time, ADP and GroES dissociate from
the opposite ring (Fig. 1b). ATP binding is closely
followed by GroES binding, resulting in the displace-
ment of the bound substrate and its encapsulation in
the newly formed GroEL/ES cage (cis-ring). Encap-

sulated protein (up to ~60 kDa in size) is now free to
fold unimpaired by aggregation in a cage with a
hydrophilic, net-negatively charged wall (in cage-
folding). The time allowed for folding is dependent
on the rate of hydrolysis of the seven ATP in the
cis-ring (~5—10 s at 25 °C). After completion of ATP
hydrolysis, ATP binding to the GroEL trans-ring
causes dissociation of ADP and GroES (Fig. 1b).
Folded protein is released, while not-yet folded
protein will be rapidly recaptured for possible
stretching, encapsulation and folding. Symmetrical
GroEL/ES complexes with GroES bound to both
GroEL rings have also been observed, but their
function in the reaction cycle is still under investi-
gation [27,37,38].

Three models have been proposed to explain how
this basic chaperonin cycle promotes protein folding.
The “passive cage” (also known as “Anfinsen cage”)
model suggests that GroEL/ES essentially provides
an infinite dilution chamber [25,39,40]. The rate of
spontaneous folding, when measured in the ab-
sence of reversible aggregation, is identical with the
rate of folding inside the cage. The model implies
that GroEL/ES-dependent proteins fold at a biolog-
ically relevant timescale as long as aggregatio