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Theimportant thing is not to stop questioning. Curiosity hasits own reason for existing. One cannot
help but be in awe when he contempl ates the mysteries of eternity, of life, of the marvelous structure of
reality. It isenough if onetries merely to comprehend a little of this mystery every day. Never lose a

holy curiosity.

Albert Einstein (1879-1955)
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1 Summary

1 Summary

The cylindrical chaperonin GroEL and its lid-shamedactor GroES oEscherichia coli perform
an essential role in assisting protein foldingdaysiently encapsulating non-native substrate i EP-
regulated mechanism. It remains controversial wérethe chaperonin system functions solely as an
infinite dilution chamber, preventing off-pathwaggregation, or actively enhances folding kinetigs b
modulating the folding energy landscape. Here weldped single-molecule approaches to distinguish
between passive and active chaperonin mechanissiag Uow protein concentrations to exclude
aggregation, in combination with highly sensitiygestroscopic methods, such as single-molecule
Forster resonance energy transfer (FRET) and fhoerece correlation spectroscopy (FCS), we
measured the spontaneous and GroEL/ES-assistaddgafl double-mutant maltose binding protein
(DM-MBP), and a natural GroEL substrate - dihydpchlinate synthase (DapA). We show that both
proteins form highly flexible, kinetically trappédlding intermediates, when folding in free soluatio
and do not engage in inter-molecular interactisnsh as aggregation, at sufficiently low concerdrat
We find that in the absence of aggregation, GroBldEcelerates folding of DM-MBP up to 8-fold over
the spontaneous folding rate. The folding of Dap#ld be measured at physiological temperature and
was found to be ~130-fold accelerated by GroEL/BS.accelerated folding was independent of
repetitive cycles of protein binding and releasenfrGroEL, we demonstrate that iterative annealing
does not significantly contribute to chaperonirisied substrate folding. With a single molecule FRE
based approach, we show that a given substratecalelspends most of the time (~80%) during the
GroEL reaction cycle inside the GroEL central cavit line with the inner GroEL cage being the aeti
principle in folding catalysis. Moreover, photoirtgal electron transfer experiments on DM-MBP
provided direct experimental evidence that the ioim§ environment of the chaperonin cage restricts
polypeptide chain dynamics. This effect is mainlgdiated by the net-negatively charged wall of the
GroEL/ES cavity, as shown using the GroEL mutan(KiK2) in which the net-negative charge is
removed.

Taken together, we were able to develop novel gubres, based on single molecule spectroscopy

and making use of GroEL as a single molecule sprtiiachine, to measure GroEL substrate folding



1 Summary

rates at sub-nanomolar concentrations. We alsahéofirst time, provide direct experimental eviden

of conformational restriction of an encapsulatelypeptide in a chaperonin cage. Our findings sugges
that global encapsulation inside the GroEL/ES gavibt iterative cycles of annealing and forced
unfolding, can accelerate substrate folding by cddn of an entropic energy barrier to the foldtates

in strong support of an active chaperonin mechanfsroelerated folding is biologically significans a

it adjusts folding rates relative to the rate aftpin synthesis.
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2 Introduction

2.1 Proteins and protein structures

Proteins are major components of almost all bidalgiprocesses and acquire a defined three
dimensional structure, which is in most cases iaidy linked to their function. Considering protein
structures, one usually distinguishes four diffétewels of structural organization. The lineariseace
of amino acids in a protein is called the primarycture. Patterns of hydrogen bonds between ttie ma
chain N-H and C=0 groups form local structural edets, the secondary structure. The most common
secondary structure elements afeelices-strands and turns. The secondary structure isegiicito
one or several globular units (domains), shapiegéhtiary structure. As many proteins consist ofen
than one individual polypeptide chain, the spairglanization of the individual subunits comprides t
guaternary structure of a protein.

Chemically, the €atoms of two adjacent amino acids are separatedrbg covalent bonds (&
C — N -@). All atoms, and in addition the oxygen atom & darbonyl group and the hydrogen atom
of the amide group, constitute a single two-dimemai plane. Rotation is possible around N.a@d
C. — C bonds with the torsion anglegN — G,) andy (C, — C) (Fig. 2.1). The energetically limited
possible combinations of torsion angles (for allraracids except glycine), and the sequence otors
angles within a polypeptide chain, define the sdeoystructure elements as denoted by the well know
Ramachandran diagram (Ramachandran and ShasisekhE®68). Since proteingn vivo are
synthesized on ribosomes in a vectorial mannerpne amino acid being attached after another in a
single direction, one of the fundamental questionsiochemistry is how proteins fold from a linear

chain to a complex three dimensional structure aéberal levels of structural complexity.
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Figure 2.1Torsion angles in the protein backbone

Simplified illustration of a protein backbone wittdicated torsion angles between two peptide bdades
(blue). The rotation around the peptide bond it€el N) is restricted. (Modified from Jane SheRighardson,
Duke University http://kinemage.biochem.duke.edgténg/anatax/html/anatax.1b.html).

2.2 Protein folding

Pioneering experiments by Christian Anfinsen on rgfelding of small proteins suggested that the
information for the three dimensional structur@gfrotein is encoded in the primary sequence, lzeid t
the native state of a protein is usually the thetymamically most stable state. Thus, the nativie sta
has a lower free energy than the unfolded statkingdolding energetically favorable (Anfinsen, 3)7
After decades of protein folding research, it isvredear that folding from an unfolded ensemblehi® t
native state is energetically mainly driven by theial of hydrophobic residues in the protein core,
accompanied by a gain of entropy in the solventdifiahal factors that are usually considered are
hydrogen bonding between residues and to the dpl¥@mmation of salt bridges, covalent bonds
(disulfides), van der Waals contacts between atdmdrophobic interactions, and importantly, the
entropy of the protein chain itself.

In an unfolded protein chain, there is little riegion for free rotation. Considering a 100 residue
polypeptide with 198 and¥ angles, even if every angle could only adopt tiffeent values, there
would be 2 possible conformers. Even at very fast samplingsrat picosecond timescales, folding

would be an astronomically slow process, if foldinghe lowest energy state would be a randomized
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trial and error process. Interestingly, howevershswn by Anfinsen and others, protein folding is
usually a fast process that can occur within oriliiseconds to seconds, at least for small singi@ain
proteins. How exactly proteins fold on a fast ticede without having to randomly sample all possible
conformers is a fundamental biological question hasl become infamously known as the Levinthal
Paradox (Levinthal, 1969).

A number of models were proposed to explain howgins fold efficiently without having to
sample a large number of conformers. An apparduatigo is folding pathways that proceed through
partially stabilized intermediate states with locarrectly folded structural elements, therebyuciolg
the amount of available conformers (Baldwin, 1938éldwin and Rose, 1999a, 1999b; Levinthal, 1968,
1969). Most prominently, the initial hydrophobidlepse of an unfolded polypeptide chain to a molten
globule intermediate (Kauzmann, 1959; Tanford, 1988d the early formation of hydrogen bonds in
the protein backbone (Pace et al., 1996; Teufal.e2011), provide a plausible theoretical framsgwo
to explain the rapid search for the native statis. likely that future advances in computatiora@ting
simulation will provide a more detailed descriptimfithe folding process.

An important approach to energetically describegiobal folding process is the progression of a
protein on several downhill routes, on a funnelpsith three dimensional, potential energy surfadé (D
and Chan, 1997; Hartl et al., 2011). On such atdmmensional surface, each point representserdift
conformational state with a respective free endFyg. 2.2). Usually the folding energy landscape is
rugged, due to the presence of local energy minBuoah kinetic traps can slow the overall process of
folding for mainly two reasons. Either the proteontains many long-range contacts in the native sta
and upon collapse adopts a globular collapsed sit#itelarge conformational entropy. In such a case
the rate-limiting step of folding is the search €aottical native contacts. On the other hand, pnstean
populate misfolded intermediates by acquiring $tabg non-native contacts, which must be broken to

return to a productive folding pathway (Hartl et 2011).
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Figure 2.2 Illustration of a funnel shaped folding energy landscape

Schematic illustration of a funnel shaped foldimemyy landscape. Proteins that fold from an unfilde
ensemble to the native state can proceed througth émergy minima, kinetic traps, on their downpith.
Protein folding is governed by the formation ofimatintramolecular contacts. In case several pneté&ld in
the same space, such as the cytosol, intermolecafgacts can occur. The folding energy landscapeic
such a case overlap with that of intermolecularegation. Aggregates can occur as small oligome@so
amorphous or fibrillar structures, large and staistetein deposits. Chaperones can interact wigrimédiate
states and either prevent their aggregation ostagsir productive folding. Figure was adapted aradiified
from (Hartl et al., 2011). The structure of barnéRBB 2KF4) was used to render a model of a natre¢ein
structure with VMD.

The presence of long-lived intermediates, that s&pbydrophobic side chains and non-structured

protein backbone during folding, can lead to sigaifit aggregation in a concentration dependent
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manner (Eichner et al., 2011). Aggregates are @fteorphous and driven by hydrophobic interactions.
However, some proteins can also form ordered, ahgd@nic aggregates with crogsstructres that
have a high thermodynamic stability. Aggregatesltave an even lower free energy than the native
state, making disaggregation unfavorable and on¢h@fmajor complications in protein folding.
Furthermore, the pathological aggregation of cenpaoteins can lead to cell death and subsequently
neurodegenerative diseases such as morbus Huntigdnheimer’s disease (Chiti and Dobson, 2006;
Dobson et al., 1998; Hartl et al., 2011; Kim et 2013).

2.2.1 Protein folding in the cell

Inside the cell, macromolecules occupy a substafitiation of the total volume (Zimmerman and
Minton, 1993). At concentrations of ~350 g/L (Zimmman and Trach, 1991), the crowded cellular
environment complicates protein folding, especialynsidering that during folding hydrophobic
residues are exposed to the solvent. Furthermbeeekcluded volume effect in highly crowded
environments not only increases the affinity fordi@ble molecular interactions, but also, in theeca
of folding proteins, the aggregation propensitysddl many proteins of considerable length and
complexity fail to foldin vitro and are often subject to misfolding and aggregd(itart! et al., 2011).

As a further complication, when proteins are sysittedl at an average rate of 20 aa per second (in
E. coli), they emerge from the ribosomal exit tunnel anghted chains. Therefore the protein chain
must be maintained in an unfolded state until icgaht amount of the sequence is translated before
folding can be initiated. This is especially troe proteins with many long-range contacts, whicties
case for more complex topologies. In addition,udati stresses, such as elevated temperature agehan
in pH, can induce protein misfolding and aggregafisrishna et al., 2004). To cope with the problem
of efficient folding of large proteins with compléapologies in a highly crowded environment, cells
evolved an array of molecular chaperones, helpeteprs that assist in de novo folding, refolding,

assembly or transport.

2.3 Single molecule fluorescence research in protein folding

Usually, protein folding experiments in the presemaod absence of chaperones are carried out at an
ensemble level. The observation volume that isstigated is usually in the range of 1 uLto 1 md an
contains billions of molecules. The experimentaldi@ut, spectral information, enzymatic activity. etc

is usually averaged over all protein molecules hie solution. The advantage of such ensemble
approaches is a high signal to noise ratio (Mashetgl., 2014). On the other hand, informationwbo
molecular heterogeneity remains hidden, especialyen complex structural rearrangements are

investigated, as it is often the case when proieiesact with chaperones. Moreover, the heteroggene
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of intermediate states populated during folding ncdinbe revealed by ensemble measurements.
Furthermore, ensemble experiments on proteins sually carried out at high concentrations (nM to
mM). This has the advantage of working at physially relevant concentrations, as they occur iasid
the cell. However, unwanted molecular interactisnsh as concentration dependent aggregation can
cause a strong bias in folding experiments. Dugre¢at technological advances during the last degade
it has become possible to investigate single mdégsamainly by two distinct approaches, fluorescence
spectroscopy and force spectroscopy. Isolation infles molecules is often either achieved by
immobilization on a surface, by the use of optieadezers, or by working at highly dilute concentas

in solution (<100 pM), using confocal laser spestapy. With immobilization, it is possible to
investigate a single molecule over an extendecgesf time, while the immobilization itself might
cause a defect in conformational flexibility. Irethatter case it is possible to investigate moksuh
solution, while the observation time is limited ltye diffusion of molecules through the small
observation volume (~1 fL), which usually occurs e timescale of micro- to milliseconds. In
addition, confocal single molecule spectroscopwireg working at low concentrations that are often
unphysiological.

Single molecule fluorescence spectroscopy is ealbeattractive to investigate processes that occur
with a high molecular heterogeneity or are accorigghty unproductive side reactions at higher
concentrations. Both apply to protein folding, whixplains the large number of published studies on
protein folding using single molecule fluorescemsethods; most notably, single molecule Foérster
resonance energy transfer (SmFRET), fluorescentelation and cross-correlation spectroscopy (FCS
and FCCS), and photoinduced electron transfer (PEI) methods usually involve chemical
modification of the protein of interest with flu@aent dyes, which are often attached to cysteine or
lysine residues by maleimides or NHS-esters resdygt The presence of hydrophobic fluorophores
can sometimes have a negative impact on proteiotate, function, and folding. Important contrale a
therefore necessary to confirm the structural it gf a protein after labeling.

FRET is based on the radiationless energy traffigfer an excited donor molecule to a suitable
acceptor molecule in close proximity. FRET is stigndistance dependent (E £)rand sensitive to
distance changes in the range of 2-10 nm, depermdirige fluorophore pair (Fig. 2.3). Therefore &arg
conformational changes and dynamics can be measiitent by changes in fluorescence intensities of
donor and acceptor, or changes in the fluorescdifieme of the donor fluorophore. Such
measurements can be performed on single moleculgésage additionally simplified by elaborate
excitation techniques, such as pulsed interleaxeiagion (PIE) (Mashaghi et al., 2014; Miller &t a
2005). On the other hand, FRET is limited to maaguone distance, i.e. between donor and acceptor,

and does not provide global information about prot®nformational changes. In addition, SmMFRET
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measured with confocal spectroscopy is based oprésznce of one single molecule in the observation
volume at a time, which can only be achieved bykimgr at high dilutions, thereby reducing the
statistical probability of a second molecule begimgsent in the focal spot. Therefore macromolecular
complexes are often inaccessible to single moleERET measurements. Single molecule FRET has
proved to be particularly useful for the investigatof intrinsically disordered proteins, as thpeateins
are usually highly dynamic prone to large strudttremsitions (Mukhopadhyay et al., 2007).

Florescence correlation spectroscopy (FCS) is basede analysis of fluctuations in the measured
fluorescence signal, when a fluorescent molecaletses the confocal observation volume (Haustein
and Schwille, 2004) (Fig. 2.3). The observed flations can be further processed to reveal infoonati
about diffusion speed, particle concentrationsatiohal motion, molecular sizes and many other
molecular processes (Kim et al., 2007). In profeiding, FCS is often used to measure changes in
molecular size, when a protein is chemically dereztwr diluted from denaturant (Haldar et al., 2010
A modification of FCS that uses cross correlatibthe fluctuation in two different spectral charsel
dual color florescence cross correlation spectimg¢dcFCCS), can be used to investigate bimolecular
interactions with high specificity and an excelleignal to noise ratio (Bacia and Schwille, 200%.
FCS is based on measuring fluctuations in the nbtafluorescence signal, there is a limitation for
measuring FCS at high concentrations (minor fluabdna on a constantly high fluorescence signal) and
also at low concentrations (too few diffusion egettt obtain statistically relevant information viith
reasonable measurement times). Particle concemtsadre ideal for FCS at an average of one molecule
inside the focal observation volume.

Photoinduced electron transfer (PET) in combinatwith FCS is an emerging technique to
investigate molecular processes at fast times¢asa® us) (Sauer and Neuweiler, 2014) (Fig. PBI
is based on the fluorescence quenching of an oxdhkiorophore by van der Waals contact with, for
example, a Trp residue. Such contacts result ectiransfer of electrons and subsequent quending
the fluorophore. The transition of the fluorophbetween bright and dark states can be observenl as a
additional exponential decay of the auto-correlatiorve in FCS measurements. The relaxation time of
the PET-induced signal depends on the timescat®mifact formation between dye and Trp, making
PET-FCS an ideal method to monitor structural esagements at fast timescales. Furthermore, in
contrast to FRET, PET-FCS is sensitive to confoional changes <2 nm. PET-FCS was used to
monitor loop closure events in peptides duringyeavients in protein folding (Teufel et al., 2014nd
structural plasticity in unfolded proteins (Neuveeilet al., 2007). Moreover, PET-FCS was used to

resolve the structural transition between two dtconformational states (Frank et al., 2010).
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Figure 2.3 Single molecule fluorescence spectroscopy

Principle of the three confocal microscopy basestspscopic methods that are most commonly usesirigte
molecule investigation of chaperones. In smFRE®& distance dependent energy transfer between darbr
acceptor fluorophore is determined by measuringlttwescence intensities of both fluorophores ugonor
excitation. In a PIE setup, acceptor excitationsed as an additional control. FCS can be usectasune all
processes that induce fluorescence fluctuationikédrfocal spot. Most prominently, diffusion coeifiots are
extracted based on diffusion time and the siza®tonfocal observation volume. PET-FCS uses teaajing
of an oxazine fluorophore in van-der-Waals distancErp residues to analyze conformational chawegeshort
timescales (ns-ps). The signal fluctuations indumgdhanging from a fluorescent to a dark conforozer be
analyzed by FCS.

Taken together, confocal single molecule fluoreseespectroscopy provides an array of useful taols t
investigate structural transitions in proteins. Mets like smFRET, FCS or PET-FCS are particularly

suited to investigating protein folding processes.

2.4 Molecular chaperones

Chaperones were first discovered as proteins viévaeed cellular expression levels upon heat stress
and therefore dubbed heat shock proteins (HSPs}i€fes et al., 1974). It was later discovered that
chaperones are crucial for the folding and/or abbemwf certain client proteins (Cheng et al., 1989;

Goloubinoff et al., 1989; Ostermann et al., 198@plecular chaperones are now known to be key

players in the maintenance of cellular proteostasis form a network inside the cell, guiding newly
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synthesized substrate proteins to the finally fdldative state (Fig. 2.4). As a general featurenyma
chaperones assist client folding by the recognitbexposed hydrophobic residues and subsequent
ATP regulated cycles of binding and release (Mag6d,0). The general organization of chaperone
pathways is conserved throughout evolution (Kimle2013) (Fig. 2.4). In all domains of life, rigmme
bound chaperones, such as trigger factor (TF) le@dascent chain associated complex (NAC), are the
first chaperones encountered by a nascent polyfeep# second, non-ribosome-bound set of
chaperones (the Hsp70 system) can interact alreadsanslationally. Folding then occurs either co-
translationally or post-translationally. Some pnagerequire further assistance from downstream
chaperone systems, such as Hsp90 or the chaperonins

BACTERIA EUKARYA

+ GrpE, ATP
other
chaperones Hsp90
e.g. Hsp90 “YRR system

GroEL/ES

Figure 2.4 Cytosolic chaperone networks

The cytosolic chaperone networks in bacteria arkhmya are evolutionary conserved. Ribosome bound
chaperones initially recognize emerging polypemtidtsp70 functions as a second chaperone systdonfyar
nascent chains, and facilitates co-and post-traoskd folding. Hsp70 also cooperates with othewdstream
chaperones, such as Hsp90 or the chaperoninsfeictieé folding of the cellular proteome. The respe
interacting fraction for a given chaperone is iadiéel in percent of the whole proteome. N = nattates TF =
trigger factor, PFD = prefoldin. Figure was adagtedn (Hartl et al., 2011) and further modified.
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In general, two major functional principles of ckagne function are known. On the one hand client
proteins go through repetitive cycles of bindingtie respective chaperone, followed by release into
free solution. Hsp70 and Hsp90 are prominent exasn@n the other hand, client proteins can also be

released into evolved cages, folding competentortompartments, as in case of Hsp60.

2.5 Ribosome associated chaperones

As soon as they emerge from the ribosomal exiteymewly synthesized proteins encounter a first se
of ribosome associated chaperones, e.g. triggarféEF) in bacteria and the nascent chain assetiat
complex (NAC) in eukarya (Hartl et al., 2011). Aartslation occurs linearly, while folding is a 3-
dimensional process, early chaperone action onenasgolypeptides, by shielding hydrophobic
residues, is necessary to prevent premature foldmdy unfavorable interactions. | coli, TF is
associated with the large ribosomal subunit, ctogée ribosomal exit tunnel (Merz et al., 2008)d a
binds to nascent chains of ~100 residues lengtim @paountering the first hydrophobic segments of
the emerging polypeptide chain (Oh et al., 201¥JeBse of trigger factor from nascent chains is ATP
independent and allows folding or transfer to ddva@sn chaperones. Deletion of THEncoli is only
lethal upon co-deletion of Dnak, the major Hsp70d aice versa, indicating that these chaperone

systems are partially redundant (Calloni et all,2@enevaux et al., 2004).

2.6 The HSP70 machinery

The Hsp70 class of chaperones is one of the mosatie in that it is involved not only in de novo
folding of client substrates but also in membraranglocation, protein degradation and transport
processes. IE&. coli the major cytosolic Hsp70, DnaK, was described asntral hub of the cytosolic
chaperone network (Calloni et al., 2012). In itsdtional cycle, DnaK cooperates with two co-factors
DnaJd, an Hsp40 protein, and GrpE, a nucleotideang factor (NEF).

Hsp70 proteins consist of two functional domainsraxted by a hydrophobic linker region: an N-
terminal nucleotide binding domain (NBD) and a @xytmal substrate binding domain (SBD) (Bukau
and Horwich, 1998) (Fig. 2.5). The NBD, by hydrahg ATP, regulates functional substrate cycling.
The SBD consists of p-sandwich domain with the substrate binding sitmnected to a lid-like:-
helical domain. The SBD binds 5-7 residue pepticeches in substrate proteins by hydrogen bonding
and van der Waals interaction with hydrophobic sitlains. The substrate binding sites are usually
enriched in hydrophobic residues, flanked by pesiyi charged amino acids (Bukau and Horwich,
1998; Mayer, 2010).
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Figure 2.5 Structure of Hsp70

Hsp70 consists of two domains connected by a cueddinker, a nucleotide binding domain (NBD, cyanyi

a substrate binding domain (SBD, green and dari&)bla absence of nucleotide or presence of ADP,7Bs
adopts a closed conformation (PDB 2KHO (Bertelgaal.e2009)). The-helical lid-domain (green) is in close
proximity to thep-sandwich-domain (dark blue). In the presence oPARsp70 adopts an open conformer
(PDB 4B9Q (Kityk et al., 2012)) with the lid-domagontacting the nucleotide binding domain (cyarjuFe
was adapted from (Kim et al., 2013) and renderett WMD. VMD is developed with NIH support by the
Theoretical and Computational Biophysics grouphat Beckman Institute, University of Illinois at nha-
Champaign.

During functional cycling, ATP binding to the NBEiggers opening of the peptide binding pocket by
conformational rearrangement, resulting in attaaitnoé the inter-domain linker and thehelical lid

to the NBD (Kityk et al., 2012; Zhuravleva and Gigch, 2011). Hydrolysis of ATP to ADP then results
in detachment of the lid-domain from the NBD anthsequent closure of the SBD (Bertelsen et al.,
2009; Mapa et al., 2010) (Fig. 2.6). Hsp40 molesyke large family of Hsp70 co-chaperones) are
chaperones in their own right, and act in recrgitlre Hsp70 system to client proteins, therebyipding

a scaffold which dictates Hsp70 substrate spetifibilany Hsp40 proteins, amongst them DnaJ, bind
to the Hsp70 NBD as well as the hydrophobic linkegment and thereby strongly stimulate ATP
hydrolysis in the NBD, which tightens the interaatibetween Hsp70 and substrate in the closed
conformation (Hartl and Hayer-Hartl, 2009; De Lo®$Rand Barducci, 2014). Association of a NEF
induces exchange of ADP to ATP, completing the fiamal cycle. By going through consecutive cycles
of high and low substrate affinity, i.e. bindingdarelease of hydrophobic segments, Hsp70 hasrgstro
impact on the folding of its client proteins (Kirha., 2013).
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Figure 2.6 Functional cycle of Hsp70

Functional cycle of Hsp70. ATP binding to the HspgNBD stabilizes the open state, facilitating suststr
binding to the SBD. Substrates can be recruiteldg70 by Hsp40 co-chaperones. Hsp40 stimulatesHsp7
ATP hydrolysis, resulting in a conformational reamgement mainly of the-helical lid-domain, which closes
over the bound substrate peptide. NEFs can stim#i&tP release from the Hsp70 NBD. Subsequent ATP
binding induces substrate release and completdarnicional reaction cycle. Figure was adapted f(&im et

al., 2013).

The important structural rearrangements and therdgéneity of conformational changes that are
otherwise difficult to study, have made the Hspyiam an ideal target for single molecule FRET dase
studies (Bocking et al., 2011; Kellner et al., 20Wpa et al., 2010; Marcinowski et al., 2011; Sikb
al., 2013). For example, single molecule FRET ifistrons revealed previously undiscovered
conformational heterogeneity of Hsp70 in the ADRimb state (Mapa et al., 2010).

Importantly, theE. coli Hsp70 DnaK is also prominently involved in stahilg substrates for
subsequent folding by the downstream GroEL/ES sy$@alloni et al., 2012).
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2.7 The chaperonin machinery

The chaperonins form large double ring assemblis 9 ~60 kDa subunits per ring. They are unique
in that they provide protein folding nano-cagesdabstrate proteins to fold in isolation, unimpdibgy
aggregation (Kim et al., 2013). Chaperonins aréldiy into two distantly related groups: group | and
group Il (Horwich et al., 2007; Tang et al., 2007).

2.7.1 Group I chaperonins

The group | chaperonins consist of heptameric rargsare present in the bacterial cytosol (GroEL) a
well as in organelles of endosymbiotic origin, iie.the mitochondrial matrix (Hsp60) and in the

chloroplast stroma (Cpn60) (Horwich et al., 200Tp form an enclosed cage for substrate
encapsulation, group | chaperonins depend on tbgepce of a lid-like cofactor (GroES in bacteria,
Hsp10 in mitochondria and Cpn10/Cpn20 in chlordglagKim et al., 2013). The functional reaction

cycle of group | chaperonins involves closing apegrong of a central cavity by cycles of association
and dissociation of the respective co-factor inAdi dependent manner (Hartl et al., 2011). In the

closed state, an encapsulated substrate proteifolckimside the central cavity.

2.7.2 Group II chaperonins

The group Il chaperonins consist of two octa- onaraeric rings and occur in the eukaryotic cytosol
(TRIC/CCT) and in archaea (thermosome). Often, gruchaperonins are hetero-oligomers. The
eukaryotic, hexadecameric TRIC/CCT for example e of 8 different subunits (Leitner et al., 2012)
In contrast to group | chaperonins, group Il chapars contain a built-in lid in the form of an aglic
protrusion, replacing an additional cofactor. Opgriand closing of the central cavity also involaes
ATP dependent mechanism. In group Il chaperonifi$; Aydrolysis triggers closing of the cage by

structural rearrangements in an iris-like fashidieyer et al., 2003).

2.8 GroEL - the most widely studied chaperonin

TheE. coli cytosolic chaperonin GroEL is the most intenséldied group | chaperonin, with ~2700
entries in PubMed for the search term “GroEL” (201bhe cylindrical GroEL homotetradecamer
consists of two heptameric rings of identical ~®Baksubunits stacked back to back in a staggered
conformation, with one subunit in one ring inteitigng between two subunits in the opposing ring
(Braig et al., 1994) (Fig. 2.7).
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A B C

Figure 2.7 Structure and dimensions of apo GroEL and the GroEL/ES complex

(A) Apo conformation of GroEL in absence of nucleo{i®B 1XCK (Bartolucci et al., 2005)), with onegin
colored in grey and the subunits in the other dalgred in shades of blugB) Structure and dimensions of the
ADP/GroES bound GroEL complex (PDB 1AON (Xu et 4B97)). The subunits of the GroES-liganded cis-
ring are colored in different shades of blue, wi@ieoES itself is colored in purple. The unligandaEL
trans-ring is colored in gre(C) Top view of the GroEL/ES complex as shown in (B)oEL is colored in grey
and GroES in purple. All structured were renderéti WMD. Dimensions from (Xu et al., 1997).

The individual subunit is composed of three funmilodomains: the equatorial domain, the apical
domain, and the intermediate hinge domain (Fig). ZlBie equatorial domain harbors the nucleotide
binding site and contains the major interfacesifer-ring and intra-ring contacts to neighboring
subunits. The intermediate domain serves as arlitdemsmitting structural changes from equatdaal
apical domains. The apical domains of GroEL line #ntrance to the central cavity and contain
hydrophobic segments for recognition and bindingmi-native substrate proteins, as well as GroES, a
lid-shaped heptameric co-factor of ~10 kDa suburiite 23 C-terminal residues of GroEL protrude
from the equatorial domains into the central cavithese segments are largely unstructured and
terminate in four Gly-Gly-Met repeats. The roletloése flexible C-termini is still unclear. They wer
suggested to assist in protein folding itself, fficeent encapsulation of substrate protein, and in
providing a barrier between the two GroEL cavi(i€ben et al., 2013; Dalton et al., 2015; Ishinalgt
2015; Tang et al., 2006).

Each subunit of GroES consists of a single domedmtaining nineB-strands, and one highly
flexible, 16 amino acid loop, which forms the Grokinding motif (Landry et al., 1993). This loop
region is largely unstructured in unliganded Grdiu$forms a stable hairpin structure upon bindmg t
GroEL (Shewmaker et al., 2001; Xu et al., 1997).
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2.8.1 The GroEL reaction cycle

The reaction cycle of GroEL-assisted protein faddis strongly linked to the GroEL ATPase function.
The binding of ATP to GroEL occurs with an intragipositive cooperativity and an inter-ring negativ
cooperativity. Due to this allosteric regulatiortioé GroEL ATPase cycle, GroEL acts like a twodstro
engine, with only one ring operating at a time, #mel two rings operating in an alternating fashion
(Horovitz and Willison, 2005) (Fig. 2.8). Bindingf ATP to GroEL results in large structural
rearrangements, priming the apical domains for ihmaf GroES. Binding of GroES to the apical
domains then results in displacement of the sulespiptein into the now hydrophilic cage, and leads
to formation of an asymmetric complex, with the B&bound ring being called cis-ring and the
unliganded ring called trans-ring. ATP hydrolysisthe cis-ring takes ~10 sec at 25°C in absence of
substrate (Tang et al., 2006) and ~2.2 sec at 8Yf@esence of substrate (Gupta et al., 2014)ngivi
the encapsulated substrate time for folding inaisoh. The functional cycle is then completed by
binding of ATP and GroES to the trans-ring, indgcielease of GroES, substrate and ADP from the
former cis-ring. Substrate proteins that couldfotd during encapsulation are rapidly recaptured an

can undergo subsequent folding attempts.

Hsp70 clients/

misfolded states GroES

native

7ADP

Figure 2.8 The GroEL reaction cycle

The conventional GroEL reaction cycle is initiateg binding of a non-native substrate protein to dbecal
domains of the trans ring. Non-native substratesdativered to GroEL by the upstream Hsp70 systerbhy
TF. Binding of 7 ATP molecules and GroES displace substrate into the central cavity. The protsin i
encapsulated for at least the duration of ATP hlygis, ~2.2 sec at 37°C in presence of substrabpt@et al.,
2014). Binding of 7ATP and GroES to the opposimg iriggers release of ADP, GroES and substratease
the substrate could not fold to the native statés rapidly recaptured and undergoes subsequemtdsoof
folding. Substrate is colored in red, structureBEPLAON (Xu et al., 1997), 10MP (Sharff et al., 2Jpwere
rendered in VMD.
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The structure of GroEL in different nucleotide-bdwstates and in the presence and absence of GroES
was extensively studied by electron microscopy iBed al., 1993; Langer et al., 1992; Saibil ef al.
1991) and crystallography (Braig et al., 1994; Xuak, 1997). Together, the available structural
information results in a detailed model of struatuearrangements during the GroEL/ES reactiorecycl

Substrate binding to GroEL occurs with a high aff§iin the apo-state, while the affinity is reduced
in the nucleotide bound state. Binding to the dpdeenains is mainly mediated by the GroEL helices
H (residues 233-243) and | (residues 255-267) @rerdt al., 1994). These two helices expose
hydrophobic residues to the central cavity, creaanhydrophobic interaction surface for substrate
proteins. Substrate binding usually occurs to mldtisubunits within one ring (Elad et al., 2007;
Horwich et al., 2007; Kim et al., 2013) in a mokglobule like conformation, lacking stable tertiary
elements (Hartl, 1996; Hillger et al., 2008; Haestal., 2005; Sharma et al., 2008). Interestintilg,
binding of collapsed states to GroEL is accompabiedn overall structural expansion, with a further
expansion occurring in the context of the strudttm@nsitions of GroEL upon nucleotide binding
(Hofmann et al., 2010; Lin et al., 2013; Sharmalgt2008).

The important conformational rearrangement of Grelhunits from the trans- to the cis-state is
initiated by the cooperative binding of ATP to dBEL ring. In the apo-state, the GroEL subuniés ar
in equilibrium between a T state (low affinity fATP) and an R state (high affinity for ATP). Bindin
of ATP with positive cooperativity within one rirgjabilizes all subunits in the R state. Importantly
negative cooperativity between the two rings lotks trans-ring subunits in the T state, ensuring
complex asymmetry.
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Figure 2.9 Structural properties of GroEL and GroES

(A) Domain architecture of one GroEL subunit in theo-atate (PDB 1XCK (Bartolucci et al., 2005)).
Equatorial domain is colored in cyan, intermedidtenain in green and apical domain in dark grey. All
remaining GroEL subunits are colored in light g{® Domain architecture of one GroEL subunit in the
GroES/ADP bound GroEL complex (PDB 1AON (Xu et 4B97)), colored as in (AJC) lllustration of one
GroES subunit in the GroES/ADP bound GroEL comgle®B 1AON). The GroES mobile loop is colored
cyan and the remainder of the same GroES sububium (D) Cartoon model of one GroEL subunit in the
apo-state, illustrating domain movements upon ratitle binding, as well as the important pivot psiat the
rim of the intermediate domain. Coloring as in (@) Cartoon model of one GroEL subunit in the GroESPAD
bound GroEL complex as in (B). ADP is colored iml.ré~) Cartoon model of one GroES subunit in the
GroES/ADP bound GroEL complex as in (C). All figsrevere rendered with VMD. Domain movements
adapted from (Xu et al., 1997).

ATP binding initiates a cascade of structural clesniop the GroEL cis ring. First, after nucleotide
binding, the intermediate domain swings down towdatte equatorial domain, pivoting ~25° around
Pro137 and Gly410, which form a link to the equatalomain (Fig. 2.9). This movement locks the
nucleotide binding sites and in addition estabkstemerous new intra- and inter-domain interactions

Second, the apical domain swings up ~60° relatviia¢ horizontal plane and twists ~90° around the
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vertical axis, pivoting around Gly192 and Gly37%ieh link intermediate and apical domains. This
second motion primes the GroEL subunit for an atgéon with the GroES mobile loop (Xu et al., 1997)
(Fig. 2.9). Binding of GroES occurs simultaneousith a step-wise release of the substrate into the
central cavity, ensuring efficient substrate enagigon (Chen et al., 2013; Lin et al., 2013; Shameh

al., 2008). As the GroEL substrate binding siterlayps with the binding site for GroES (Fenton et al
1994), the high affinity binding of GroES to thed&L apical domains, displaces the substrate irgo th
central GroEL cavity, which upon closure providéslding-permissive environment.

The structure of the enclosed cis-cavity is markatifferent from the former trans-cavity (Fig.
2.10). The mentioned helices H and | no longer ridoute to the inner cage surface. In general, the
structural rearrangements not only change the icexge wall from an overall hydrophobic to an overal
hydrophilic character (Fig. 2.10 A), they also apgmately double the cage volume to ~175.060 A
(Chen et al., 1994). Most notably, the cis-cavéhhighly negatively charged (net charge -42), due t
the presence of two ring-like charge clusters. fsédues D359, D361 and E363 of all seven subunits
constitute one cluster, and the residues E252, RRBIBE255 constitute the other cluster (Tang et al.
2006) (Fig. 2.10 B). Most of these residues areseored amongst GroEL homologues. Interestingly,
mutation of the residues 259, 361 and 363 to Lygiki€K2 mutant) results in impaired chaperonin
assisted folding of certain substrates, suggedstiagthe negative charges play an important role in
substrate folding (Chakraborty et al., 2010; Taingl.e 2006).

The enlarged hydrophilic cavity can accommodateygeptides up to ~60 kDa. The successful
folding of a substrate in most cases critically etegs on global encapsulation within the cis-cavity.
Larger proteins either use the Hsp70 system (Agasla., 2004; Calloni et al., 2012; Kerner et al.,
2005) or in rare cases undergo GroEL assisted-likendgolding without encapsulation by GroES
(Horwich et al., 2007).
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Figure 2.10 Structural features of the GroEL central cavity

(A) Cross-section of the GroEL/ES/ADP complex (PDB DA(Xu et al., 1997)) with hydrophobic residues
colored in white and hydrophilic residues coloradiue. Illustration of the marked differences bextw cis-
and trans-cavity(B) Cross-section as in (A) with the trans-ring cotbirecyan, the cis-ring colored in grey and
GroES colored in purple. The important negativeigirged clusters (upper E252, D253,E255 and low&9D3
D361, E363) are colored in red.

Upon completion of ATP hydrolysis in one GroEL rjrthe ADP bound state is conformationally
distinct from the ATP bound state. The negativesaélry between the two rings is reduced, allowing
cooperative binding of ATP to the trans-ring, whichurn induces release of ADP and GroES from the
former cis-ring. GroES binding to the trans-ringuis in formation of a new cis-ring and completes

functional reaction cycle.

2.8.2 GroEL substrates

The interactome of GroEL was determined by a qtetite proteomics approach, wherein ~250 of the
~2400 cytosolicE. coli proteins were identified as interactors of GroEerher et al., 2005). All
identified GroEL interactors were grouped into ehdifferent classes. Proteins of class | interdth w

GroEL but do not require GroEL for folding. In fat#ss than 1% of class | proteins fold by asst#an
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of GroEL. Proteins of class Il require chaperorssaance for efficient folding at 37°C but readid
spontaneously at 25°C. In addition, class Il prigaian fold via the Hsp70 system and therefore only
partially require GroEL for folding. The ~84 cldslsproteins are however obligate GroEL substrates,
and occupy 75%-80% of the total cellular chaperardpacity. Upon depletion of GroEL, class IlI
proteins either aggregate or are depleted frontéfalar proteome. Notably, in an vitro translation
system, lacking other chaperones, GroEL reducedgfggegation of 776 of 800 tested aggregation
prone proteins (Niwa et al., 2012), suggesting thddstrate specificity in the chaperone network is
mainly mediated by chaperones upstream of GroELcldss 11l contains 14 essential proteins, GroEL
is pivotal for cell viability. Interestingly, clasH is enriched in proteins with $4)s-TIM barrel fold, a
common structural scaffold for diverse enzymatiactions (Richard et al., 2014). Also, class IlI
proteins show lower net-charges as well as largdeenlar weights than the average of the cytosolic
proteome (Kerner et al., 2005).

Subsequent analysis of GroEL requirement for pmomdlubility revealed an enrichment of
metabolic enzymes amongst obligate GroEL interad®ujiwara et al., 2010), suggesting that from an
evolutionary perspective, GroEL might have buffesedicturally destabilizing mutations in enzymes,
with on the other hand improved enzymatic actisitiey either preventing aggregation or promoting

folding of these enzymes.

2.8.2.1 DM-MBP - a GroEL model substrate

TheE. coli maltose binding protein (MBP) is a monomeric, kBB periplasmic protein. Upon deletion
of its targeting sequence MBP folds robustly amidig in the cytosol. MBP is often used as a fusion
protein to either mediate solubility of its fusigartners or as an affinity-tag for amylose affinity
purification (Raran-Kurussi and Waugh, 2012). MBshgists offof-secondary structure elements,
forming two globular domains that are discontinumusequence, with the maltose binding site located
in a cleft between the two domains (Spurlino et1891). MBP contains 8 Trp residues that are space
throughout the sequence. The intrinsic Trp fluozese of MBP is ~5 fold reduced upon unfolding. The
fluorescence recovery upon renaturation can be ased convenient readout for folding kinetics. A
number of destabilizing mutants of MBP were desaithat show slowed folding kinetics (Chun et al.,
1993; Wang et al., 1998). Most notably a doubleamu(V8G, Y283D) was shown to strongly interact
with GroEL and to show accelerated folding in preseof GroEL/ES/ATP (Tang et al., 2006). The two
mutations are located in close proximity in the dddhin. Native contact formation in the N-domain
was shown to be rate-limiting for MBP folding (Cheinal., 1993). DM-MBP has been frequently used
as a GroEL model substrate (Chakraborty et al.p28harma et al., 2008; Tang et al., 2006, 2008).
Upon dilution from denaturing conditions, DM-MBP svshown to form a collapsed kinetically trapped
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intermediate state within only milliseconds (Sharstaal., 2008). This collapsed state has a high
structural flexibility and shows little to no seatamy structure formation (Chakraborty et al., 2010)
Binding to GroEL leads to local structural expansi@TP binding to GroEL induces a transient further
expansion of some sequence elements upon additi&T®, while some moderately hydrophobic
segments show increased mobility. Upon encapsulatiside the GroEL central cavity, DM-MBP

adopts a compact conformation and can readilytfottie native state (Sharma et al., 2008).

2.8.2.2 DapA - a class III TIM-barrel GroEL substrate

DapA is an essentid. coli protein that catalyses the condensation of L-asfg3-smialdehyde and
pyruvate to dihydrodipicolinic acid, a metabolite fysine and peptidoglycane biosynthesis. Dapa is
tetrameric enzyme, consisting of 31.2 kDa subuBish monomer consists of an N-termirfial)§-TIM
barrel domain with the central active site, andrdrelical C-terminal extension, which contributes to
the tetrameric interfaces (Dobson et al., 2005pAwas initially identified as an obligate GroEL
substrate when a deficiency in cell wall biosynih@gs observed upon depletion of GroE (McLennan
and Masters, 1998). DapA was later confirmed byganmics to be an obligate class Il GroEL substrate
In the same study it was also shown that refoldinigis-tagged DapA could be accelerated ~10 fold in
presence of GroEL/ES/ATP (Kerner et al., 2005).D%pA folds inside the GroEL cavity, subunit
refolding is followed by assembly to dimers andaeters to reach the final native state and herite fu

enzymatic activity (Reboul et al., 2012).

2.9 Mechanisms of chaperonin assisted protein folding

The refolding of GroEL substrate proteins can helisd in free solution, i.e. absence of chaperonin
(spontaneous folding) or in the presence of GradSsigted folding). Effective assisted in-cage fodi
requires the co-chaperone GroES as well as ATRaslibeen reported previously that in presenceeof th
GroEL/ES chaperonin system an apparent accelerafisafolding can be observed for a subset of
substrate proteins. Folding rate acceleration heenkdemonstrated for Ribulose-1,5-bisphosphate
carboxylase/-oxygenase (RuBisCO)Rofrubrum (Brinker et al., 2001; Chakraborty et al., 2010y &t

al., 2008; Weaver and Rye, 201E),coli DapA (Kerner et al., 2005), green fluorescentgiro{(GFP)
(Tang et al., 2008), the knot containing proteiiskyand YbeA (Mallam and Jackson, 2011), and for
mutants of MBP (Apetri and Horwich, 2008; Beissingeal., 1999; Chakraborty et al., 2010; Tang et
al., 2006, 2008; Tyagi et al., 2011). The undedymechanism of chaperonin catalyzed refolding,
especially of DM-MBP, has however been a mattentansive debate during the last decade (Apetri
and Horwich, 2008; Brinker et al., 2001; Chakrapat al., 2010; Horwich et al., 2009; Tang et al.,
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2006, 2008; Tyagi et al., 2011; Yang et al., 20TByee different models have been proposed to expla

the apparent acceleration of substrate refoldingerpresence of chaperonin.

2.9.1 The passive cage model

The “passive cage” (also “Anfinsen cage”) modelgrsls that GroEL provides an infinite dilution
chamber, in which folding occurs at the same ratie dree solution (Ellis, 1994; Ellis and Hart996;
Horwich et al., 2009). The model implies that GrdER-dependent proteins fold at biologically relevan
timescale as long as aggregation is prevented.obkerved apparent rate acceleration in presence of
chaperonin in this model is explained not by arnvedblding acceleration in presence of GroEL but
rather by a slowed spontaneous folding reactios,tduhe presence of transient substrate aggregatio
as a rate-limiting side reaction. In presence obELr however, aggregation cannot occur, due to
encapsulation of the substrate inside the GroELrakcavity. Encapsulation results in infinite dian

of the substrate, which during folding exposes bptiobic residues. Therefore, inside GroEL, an
encapsulated substrate molecule is shielded froproductively interacting with other substrate
molecules and cannot form protein aggregates.dip#issive cage model the substrate would undergo
an Anfinsen type refolding reaction, while the atxseof transient formation of aggregates eliminates
the rate limiting side reaction. Thus, resultingimapparent acceleration of protein folding.

2.9.2 The active cage model

In contrast, the “active cage” model states thasides preventing aggregation, the physical
environment of the GroEL cage modulates the foldngrgy landscape, resulting in an accelerated
refolding of certain substrates. This is attributedan effect of steric confinement that limits the
conformational space to be explored during fold{Bgumketner et al., 2003; Brinker et al., 2001;
Chakraborty et al., 2010; Hayer-Hartl and Minto@0@&; Lucent et al., 2007; Tang et al., 2006, 2008).
The confinement of a substrate might favor the firam of long-range contacts in the transitionestat
which would effectively smoothen the folding enetggdscape by avoiding kinetically trapped states.
Importantly, the conformational restriction exertgdengineered internal disulfide bonds on a flexib
folding intermediate can mimic the effect of splat@nfinement in the GroEL/ES cage (Chakraborty et
al., 2010).

Furthermore, the net negative charge of the Gra&lcavity contributes significantly to the folding
acceleration of some substrate proteins (Chaknalairal., 2010; Tang et al., 2006, 2008). It was
suggested from simulations that the charge clubigre an effect on the order of water structurelns
the EL cage (England et al., 2008). As the unabiia of solvent molecules for hydrogen bonding
thermodynamically favors compaction of hydrophae&idues, such ordering of water molecules might

enhance substrate folding by strengthening thedpfarbic effect. An additional factor, that might
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contribute to accelerated folding of substrate malkes are the GroEL flexible C-termini. The presenc
of a mildly hydrophobic interaction surface insttie cis-cavity might help in structural rearrangatse
of the encapsulated substrate (Tang et al., 20@&\af and Rye, 2014).

Taken together, the active cage model implies ¢e$ contain a set of proteins with kinetically
frustrated folding pathways that require foldingatgsis to reach their native state at biologically
relevant speed, i.e. faster than the rate of pradgihthesis (~20 aa per secondErcoli). It was
suggested that steric confinement is especiallgcéffe in overcoming energy barriers with a large
entropic component (Chakraborty et al., 2010).

2.9.3 The iterative annealing model

Finally, the iterative annealing model posits tBabEL actively modulates the substrate refolding by
iterative cycles of substrate annealing to GroBkgéd unfolding and subsequent release with substra
refolding occurring either inside or outside theBl cage (Corsepius and Lorimer, 2013; Thirumalai
and Lorimer, 2001; Yang et al., 2013). The workprinciple of GroEL in this model is the active
unfolding of kinetically trapped states that caemnhpartition between productive and unproductive
folding trajectories. Forced unfolding would thenef play a major role, with substrate encapsulation
being a mere byproduct of the unfolding reactiomar(ly et al., 2013). Interestingly, substrate folding
acceleration was not only observed during the Groflling reaction, but also inside the SREL cavity
(Chakraborty et al., 2010; Tang et al., 2006). SREA single ring variant of GroEL that is cappgd b
GroES upon ATP binding, which results in formatadra near infinitely stable cis-complex due to the
lack of negative allosteric signaling from the saing. In such a case the substrate undergoesoaely
single round of forced unfolding, suggesting thatcéd unfolding only to a minor extent (if at all)
contributes to the acceleration of substrate fgldimportantly, 100% folding yields were observed
during SREL assisted refolding (Chakraborty et2010; Tang et al., 2006), suggesting that sulestrat
proteins are not prone to misfold during encapgutatmaking additional rounds of forced unfolding

obsolete.

2.9.4 Single molecule fluorescence research on GroEL

Due to its multimeric nature, single molecule expents on GroEL that require working at low
concentrations (e.g. in confocal spectroscopy)allisinvestigate a labeled substrate molecule, tiéh
unlabeled GroEL cage being present in excess atphgaiological concentrations. To circumvent this
obstacle and to investigate GroEL itself, GroEL ecoles are usually attached to surfaces and
monitored as single immobile molecules. Althougtvdts shown that GroEL substrate complexes can
be observed on glass surfaces without prior parinemobilization (Yamasaki et al., 1999), many &ng

molecule experiments on GroEL itself are carriet uging particle immobilization and total internal
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reflection (TIRF) microscopy. Such immobilizatioaded approaches were used to investigate binding
and release of GroES (Sameshima et al., 2010; Tiagual., 2001; Ueno et al., 2004), as well agenl
monitoring of single in-cage folding events (Takerl., 2012; Ueno et al., 2004).

As GroEL is sensitive to chemical modification, solution approaches are to be favored over
immobilization based approaches. Most in solutigpeeiments on GroEL were carried out measuring
single molecule FRET on labeled substrate molecutesa pioneering study, the conformational
dynamics of DM-MBP along the chaperone pathway waslyzed with a combination of single
molecule FRET and ensemble stopped flow approa(®iesrma et al., 2008). DM-MBP transitions
from an expanded denatured state to a collapsedtHspund state, followed by local expansion upon
transfer to GroEL. The expansion is furthered ugpical domain movement. Release of DM-MBP into
the chaperonin cage was observed upon bindingaE &rfollowed by conformational compaction and
folding to the native state. Conformational heterogty of the substrate upon binding to GroEL and
conformational effects of GroEL on the substraterducycling were also observed for mitochondrial
rhodanese and the von Hippel-Lindau tumor supprgsstein by smFRET (Hillger et al., 2008). Even
in-cage folding rates could be measured by a coatibim of SmMFRET and microfluidic mixing
(Hofmann et al., 2010). Not surprisingly, rhodaniesthis study globally folded at the same ratédes
GroEL as in bulk solution, as rhodanese, a compatgtsmall substrate, was already shown to benefit
from encapsulation, only when the size of the chapa cage was reduced by a mutagenic extension
of the C-terminus (Tang et al., 2006). Interesginigbwever, it was shown that the two domains of
rhodanese experience different effects upon entatsu inside the chaperonin cage, supporting the
view that the effect of encapsulation strongly delseon the nature of the encapsulated substratr, La
smFRET was used to determine the structural fletilof the DM-MBP folding intermediate that can
be stabilized in presence of 0.5 M GuHCI (Chakrgberal., 2010). The structural flexibility of ftihg
intermediate states appears to be a hallmark oEGeubstrates that are accelerated in folding upon
encapsulation inside the chaperonin cage.

In a PET-FCS approach, in which labeled GroEL dwitcbetween a fluorescent conformer in the
T-state and a quenched conformer in the R-statglesmolecule experiments could demonstrate the
importance of tuned ADP release rates from GroElefficient substrate binding to the T-state trans-
ring (Frank et al., 2010).

Another, yet to be explored option is to investigsaingle GroEL complexes in solution without
prior immobilization using an anti-brownian eledtireetic (ABEL) trap, previously used to determine

nucleotide stoichiometries in TRIC/CCT complexdar(g et al., 2011).
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2.10Aim of this study

GroEL is the most widely investigated member of¢haperonin family of molecular chaperones. The
observation of accelerated substrate folding inphesence of GroEL and its co-factor GroES has
sparked a long-standing debate as to the mechdnismhich GroEL assists the folding of a subset of
its substrate molecules. Three different modelsevpeoposed to explain the apparent acceleration of
folding rates in the presence of chaperonin. Tissipa- or Anfinsen-cage model (Horwich et al., 2009
the active cage model (Chakraborty et al., 2019Y, the iterative annealing model (Thirumalai and
Lorimer, 2001). The aim of this study was to usevlell-studied GroEL model substrate DM-MBP and
a natural TIM-barrel substrate DapA to thoroughmyestigate the validity of all three models and to

investigate the influence of the GroEL central baen the encapsulated folding substrate.
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3 Materials and Methods

3.1 Materials

3.1.1 Chemicals
Unless indicated otherwise, chemicals and reagesed were of pro analysis (p.A.), ACS quality or

comparable assay grade, and were mostly purchemadfigma-Aldrich (St. Louis, USA).

Table 3.1 Chemicals

Supplier Chemical/Reagent

Atto-Tec GmbH (Siegen, Germany) Atto 647N maleimide
Atto 532 maleimide

Atto 655 maleimide

BD (Franklin Lakes, USA) Bactt Tryptone

Bactd™ Yeast Extract

Biomol GmbH (Hamburg, Germany) 2-[4-(2-hydroxytipiperazin-1-yllethanesulfonic
acid (Hepes)

BioRad (Hercules, USA) Bradford reagent

Carl Roth (Karlsruhe, Germany) Ampicillin sodiuntsa

Potassium chloride

Dyomics GmbH (Jena, Germany) Dy 530 maleimide
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Hoffmann-La Roche (Basel, Switzerland)

Life technologies (Carlsbad, USA)

Merck Millipore (Billerica, USA)

Metabion Int. AG (Martinsried, Germany)
MBIP Microchemistry Core Facility
New England Biolabs (Ipswich, USA)

Serva Electrophoresis GmbH (Heidelberg,

Germany)

Sigma-Aldrich (St. Louis, USA)

30

Adenosingrdphosphate disodium salt (ATP)

cOmplete Protease Inhibitor Cocktail Tablets
Alexa 647 maleieni

Guanidine hydroafide,>99%
Magnesium chloride hexahydrate (MgCl

Sodium hydroxide pellets (NaOH)
Oligonudieles
L-aspartate-basmialdehyde
Amylose resistriction enzymes

Acrylamide/Bis Solution, 37.5:1 (30% w/v)
Dodecylsulfate sodium salt in pellets

Serva Blue R

2-Amino-2-hydroxyntgi-propane-1,3-diol (Tris)
2-mercaptoethanol

3',3",5",5"-Tetrabromophenolsulfonephthalein
(Bromphenol Blue)

4,4’-Dianilino-1,1’-binaphthyl-5,5’-disulfonic acid
dipotassium salt (Bis-ANS)

Ammonium persulfate (APS)
a-Ketopropionic acid (Pyruvic acid)

B-Nicotinamide adenine dinucleotide, reduced

dipotassium salt
D-(+)-Maltose Monohydrate
Guanidine Hydrochloride Solution, 8M i@

Magnesium acetate tetrahydrate



3 Materials and Methods

Stratagene (Cedar Creek, USA)

Thermo Fisher Scientific (Waltham, USA)

VWR (Radnor, USA)

3.1.2 Proteins, enzymes and Kkits

Table 3.2 Proteins, enzymes and Kits

Supplier

N,N,N’,N’-Tetramethylethylenediamine
(TEMED)

o-Aminobenzaldehyde (ABA)
Phosphoenolpyruvic acid monopotassium salt

Urea ReagentPIfis>99.5%, pellets
QuickChange mutaggekies

DithiotHei(DTT)

Isopropylp-D-1-thiogalactopyranoside (IPTG)

Hydrochloric acid, 37%
Sodium chloride (NaCl)

Methanol

Material

New England Biolabs (Ipswich, USA)

Promega (Madison, USA)

Sigma Aldrich (St. Louis, USA)

Dpnl restrictienzyme

MiniPrep DNA plasmid purfion kit

Pfu DNA Polymerase

Apyrase from potatoe
Benzonase Nuclease
Bovine Serum Albumin (BSA)
Lysozyme

Pyruvate kinase/lactate dehydrogenase mix
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3.1.3 Instruments

Table 3.3 Instruments

Supplier

Material

Beckman Coulter (Pasadena, USA)

Biometra (Gottingen, Germany)
Drummond Scientific (Broomall, USA)

Eppendorf (Hamburg, Germany)

Fujifilm (Tokio, Japan)

GE Healthcare (Minchen, Germany)

Horiba Yvon
Ibidi (Martinsried, Germany)

Jasco (Gross-Umstadt, Germany)

Mettler-Toledo (Greifensee, Switzerland)

Milipore (Bedford, USA)

32

Benchtop centri&geé
High capacity centrifuge J6-MI
Ultracentrifuge Optima L-90K

Ultracentrifuge rotor type 45 Ti
PCR thermocycler
Pipet-Aid pipedntroller

Benchtop centrifugels® and 5417R

Research plus pipette (2.5 pL, 10 pL, 20 pL,
100 pL, 200 pL, 1 mL)

Thermomixer comfort
FLA-2000 Fluorescence Image

Akta Explorer,@Rtrifier, chromatography
columns (S30Q, MonoQ, Sephacryl S200,
Heparin)

FluoroLog 3 spectrofluorometer
p-slide 8 well chambé@microscope coverslip

J-715 Spectropasim

V-560 Spectrophotometer
Balanc€x285 and PB602

Amicon centrifuge filter its, steritop filter

units
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Misonix (Farmingdale, USA) Sonicator 3000
New Brunswick Scientific Innova 44 incubator
Olympus (Tokio, Japan) IX71 microscope body, micope objective

(60X W, NA 1.2)

PicoQuant (Berlin, Germany) MicroTime 200 time fgsd, confocal

fluorescence microscope.

Carl Roth (Karlsruhe, Germany) ZelluTrans dialyssmbrane
Scientific Industries Vortex Mixer Genie 2
Thermo Fisher Scientific (Waltham, USA) NanoDro®Q0

WTW (Weilheim, Germany) pH meter

3.1.4 Buffers and media
All buffers used for protein purification, storage for in-vitro experiments were filtered usingBTop
filter units (0.2 um) and sonicated. The buffergdugor protein purification are indicated in the

respective section.

Table 3.4 Buffers nomenclature for experimental results

Buffer name Composition Mainly used for

MBP refolding buffer 20 mM Tris/HCI pH 7.5, 200 mMExperiments with DM-MBP
KCI, 5 mM Mg(GH3z0,). alone and with GroEL/ES

MBP LS refolding buffer 20 mM Tris/HCI pH 7.5, 20Mn  Experiments with DM-MBP
KCI, 5 mM Mg(GHs05)2 alone and with GroEL/ES

under low salt condition

SREL buffer 50 mM Hepes/NaOH pH 7.5,  Experiments with SREL
20 mM KCI, 10 mM MgCh
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DapA refolding buffer 20 mM Tris/HCI pH 7.5, 100 mMExperiments with DapA
KCI, 10 mM MgCh, 10 mM alone and with GroEL/ES
pyruvate

Lysogeny broth medium (Bertani, 1951)
10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaUie pH was found to be ~7.0 and not adjusted with

NaOH to avoid pH variation during cultivation.

Comassie gel staining solution
40% ethanol, 8% acetic acid, 0.1% (w/v) Serva CasieaBlue R-250

Comassie gel destaining solution
10% ethanol, 7% acetic acid

SDS-PAGE running buffer
15 g/L Tris, 72 g/L Glycine, 5 g/L SDS

Sample buffer SDSPAGE
62.5 mM Tris-HCI pH 6.8, 2.5% SDS, 0.002% BrompHesiae, 5% 2-mercaptoethanol, 10% glycerol

3.1.5 Strains and plasmids
The E. coli strains DHG and BL21 (DE3) Gold (Stratagene) were used foniolp and protein
expression, respectively.

TheE. coli genesggroEL andgroES were cloned into pET11a using BamH1 and Ndel ictigin
sites. The SREL (R452E, E461A, S463A, V464A) (Weias et al., 1995) and EL(KKK2) (D359K,
D361K, E363K) (Tang et al., 2006) variants of Grokere constructed by site directed mutagenesis
using QuickChange (Stratagene).

The gene encoding MBP (Wang et al., 1998) was don® a pCH vector backbone using Ndel
and Nhel restriction sites. The double mutant (V8@83D) and all cysteine variants (MBP A312C,
DM-MBP A312C and DM-MBP D30C A312C) were construttey sited directed mutagenesis using
QuickChange (Stratagene).

The genedapA from E.coli was cloned into the vector pUC19 (pT7-DapA; pTNEoA). The
DapA mutant, DapA (293C) (in which the three suefaysteines were replaced with serines, C20S,
C141S, C218S, and an additional cysteine addechéoG-terminus (293C), was generated by
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QuickChange mutagenesis (Stratagene) of the widddgpA gene. The authenticity of each construct

was confirmed by DNA sequencing.

3.2 Molecular biology methods

3.2.1 Transformation of competent E. coli cells

30 ng DNA were added to 50 pL of a suspension ofipmientE. coli cells. The suspension was
incubated on ice for 10 min. A 90 sec heat shodR&€C was used for efficient transformation, folkmv
by addition of 950 pL LB medium and incubation @@ for 1 h with constant shaking. The cells were
subsequently pelleted by centrifugation for 1 mir2%°C. The pellet was resuspended in 50 puL LB
medium and plated on pre-heated, antibiotic coirtgihB plates. LB plates were incubated at 37°C

over night.

3.2.2 Site directed mutagenesis

Single amino acid mutations in proteins were addyy site directed mutagenesis on DNA plasmids.
For multiple mutations, iterative steps of siteedied mutagenesis were performed. Primers were
designed to carry the desired mutation and tocseffplementary align with plasmid DNA. PCR of the
full length plasmid DNA was achieved using Pfu D#@lymerase in an automated PCR thermocycler.

PCR protocol:

Temperature (°C) Time (min) Cycles
95 2 1

95 0.5

55 1 18

68 10

68 15 1

4 e 1

Subsequent to PCR, 0.5 pL Dpn | restriction enzywae added. The reaction mix was incubated for
1 hat 37°C to ensure efficient digestion of medtsd template DNA. The remaining plasmid DNA was

transformed into competekt coli (DH50) cells.
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3.3 Protein biochemistry methods

3.3.1 Purification of GroEL

Buffer A (200 mM Tris/HCI pH 7.5, 10 mM DTT)

Buffer B (20 mM Tris/HCI pH 7.5, 20 mM NaCl, 1 mMHA, 1 mM DTT)

Buffer C (20 mM Tris/HCI pH 7.5, 1 M NaCl, 1 mM EIAT 1 mM DTT)

Buffer D (20 mM Mops/NaOH pH 7.2, 100 mM NacCl, 20#&thanol, 1 mM DTT)
Buffer E (20 mM Mops-NaOH pH 7.2, 100 mM NaCl, 1 niMT)

GroEL and variants were purified frob coli BL21 gold strain as described previously (HayertHa
et al., 1994) with some modifications. Cells werevgn at 37°C to an OD of 0.45. Protein expression
was induced upon addition of 1 mM IPTG (Roth). Ted#ls were furthermore grown for 4 h at 37°C,
harvested by centrifugation (Beckman J6-MI, 32@Qf) 45 min, 4°C) and subsequently frozen in liquid
nitrogen as a suspension in buffer A.

Thawed cells were lysed by incubation for 1 h & #f the presence of complete protease inhibitor
(Roche), 1 mg/mL of 42.35U/mg Lysozyme (Sigma) da@U/mL Benzonase (Novagen) and
subsequent sonication with a tip sonicator (Mis@axicator 3000, power output 7 in pulse mode, 10
30 sec pulses interrupted by 90 sec pause), wiglsiwspension was cooled on ice to prevent protein
precipitation.

After removal of cell debris and membranes by olrdarifugation (Beckman L-90K, Ti45 rotor,
200 000 x g, 45 min, 4°C), the supernatant wastitnaated by chromatography on Source 30Q
(Pharmacia Biotech) equilibrated in buffer B witigradient to buffer C.

Fractions containing GroEL were pooled, adjustetufier B, and next applied to a MonoQ HR
16/10 column (Pharmacia Biotech), equilibrateduffdr B with a gradient to buffer C.

GroEL containing fractions were again pooled, agjd$o buffer B and applied to a Heparin column
(GE Healthcare), equilibrated in buffer B with adjent to buffer C.

GroEL containing fractions were subsequently poaed subjected to Sephacryl S300 HiPrep
26/60 (Amersham Biosciences) gel filtration chroogagphy in buffer D.

Fractions containing pure GroEL were adjusted tfigllE, concentrated at’@ using Vivaspin
(MWCO 30 kDa; GE Healthcare) and supplemented wi%a glycerol, flash-frozen in liquid nitrogen
and stored at -8C. After every chromatography step the purity aftpins was controlled by SDS-
PAGE. Finally all GroEL purifications were contredl for ATPase activity in presence and absence of
GroES (Poso et al., 2004), rhodanese aggregateweption (Weber and Hayer-Hartl, 2000) and DM-
MBP refolding (Tang et al., 2006).
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3.3.2 Purification of GroES

Buffer A (200 mM Tris/HCI pH 7.5, 10 mM DTT)

Buffer B (20 mM Tris/HCI pH 7.5, 20 mM NacCl, 1 mMHA)
Buffer C (20 mM Tris/HCI pH 7.5, 1 M NaCl, 1 mM ERJ
Buffer D (20 mM Imidazol pH 5.8, 10 mM NacCl)

Buffer E (20 mM Imidazol pH 5.8, 1 mM NacCl)

Buffer F (20 mM Tris-HCI pH 7.5, 100 mM NacCl, 1 mEDTA)

GroES was purified fror. coli BL21 gold strain. Cells were grown at 37°C to &b @ 0.45. Protein
expression was induced upon addition of 1 mM IPRGt). The cells were furthermore grown for 4 h
at 37°C, harvested by centrifugation (Beckman J632D0 x g, 45 min, 4°C) and subsequently frozen
in liquid nitrogen as a suspension in buffer A.

Thawed cells were lysed by incubation for 1 h & #f the presence of complete protease inhibitor
(Roche), 1 mg/mL of 42.35 U/mg Lysozyme (Sigma) &@lU/mL Benzonase (Novagen) and
subsequent sonication with a tip sonicator (Misdxicator 3000, power output 7 in pulse mode, 10
30 sec pulses interrupted by 90 sec pause), wiglestwspension was cooled on ice to prevent protein
precipitation.

After removal of cell debris and membranes by oHrdrifugation (Beckman L-90K, Ti45 rotor,
200 000 x g, 45 min, 4°C), the supernatant wagiémaated by chromatography on DEAE sepharose
(GE Healthcare), equilibrated in buffer B with adjent to buffer C.

Fractions containing GroES were pooled and adjustedffer D, and next applied to a MonoQ HR
16/10 column (GE Healthcare), equilibrated in bubewith a gradient to buffer E.

GroES containing fractions were again pooled aryjested to Superdex 200 HiPrep 26/60 (GE
Healthcare) gel filtration chromatography in buffer

Fractions containing pure GroES were concentratetiGusing Vivaspin (MWCO 10 kDa; GE
Healthcare) and supplemented with 5 % glyceroshfitozen in liquid nitrogen and stored at°@0
After every chromatography step the purity of pidevas controlled by SDS-PAGE. Finally all GroES
purifications were controlled for ATPase activityiginating from impurities, efficient inhibition of
GroEL ATPase activity (Poso et al., 2004) and DM®ifolding (Tang et al., 2006).

3.3.3 Purification of WT-MBP, DM-MBP and cysteine variants
Buffer A (200 mM Tris/HCI pH 7.5, 10 mM DTT)
Buffer B (20 mM Tris-HCI, 100 mM NacCl, 10 mM DTT)
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MBP and mutants of MBP were purified from solublaterial after over expression i coli BL21
gold strain essentially as described previousha(Bia et al., 2008; Tang et al., 2006). Cells weogvg

at 37°C to an OD of 0.45. Protein expression wadsiéed upon addition of 1 mM IPTG (Roth). The
cells were furthermore grown for 4 h at 37°C, hatgd by centrifugation (Beckman J6-MI, 3200 x g,
45 min, 4°C) and subsequently frozen in liquidogen as a suspension in buffer A.

Thawed cells were lysed by incubation for 1 h & #f the presence of complete protease inhibitor
(Roche), 1 mg/mL of 42.35U/mg Lysozyme (Sigma) da@U/mL Benzonase (Novagen) and
subsequent sonication with a tip sonicator (Mis@axicator 3000, power output 7 in pulse mode, 10
30 sec pulses interrupted by 90 sec pause), wiglestwspension was cooled on ice to prevent protein
precipitation.

After removal of cell debris and membranes by alrdrifugation (Beckman L-90K, Ti45 rotor,
200 000 x g, 45 min, 4°C), the supernatant wayzial over night against 100 fold excess of buffer B
to remove cellular maltose.

Subsequently the supernatant was applied to an dseydolumn (NEB) equilibrated in buffer B.
After washing with 5 column volumes of buffer BrpiMBP was eluted with buffer B containing 5 mM
maltose.

Fractions containing MBP were pooled and subjetieSliephacryl S300 HiPrep 26/60 (Amersham
Biosciences) gel filtration chromatography in bufiis 1 mM DTT.

Fractions containing pure MBP were then concerdratefC using Vivaspin (MWCO 3 kDa; GE
Healthcare) and supplemented with 5 % glyceroghflfxozen in liquid nitrogen and stored at @0

After every chromatography step the protein pusis controlled by SDS-PAGE.

3.3.4 Purification of DapA

Buffer A (200 mM Tris/HCI pH 7.5, 10 mM DTT)

Buffer B (20 mM Tris-HCI pH 7.5, 200 mM NaCl, 10 mBITT)
Buffer C (20 mM Tris-HCI pH 7.5, 1 M NaCl, 10 mM O7
Buffer D (20 mM Tris-HCI pH 7.5, 2 M (NE):SQs, 10 mM DTT)
Buffer E (20 mM Tris-HCI pH 7.5, 10 mM DTT)

DapA and DapA(293C) were purified frol coli BL21 gold strain as described previously (Laber et
al., 1992) with modifications. Cells were grown3f°C to an OD of 0.45. Protein expression was
induced upon addition of 1 mM IPTG (Roth). The seNere furthermore grown for 4 h at 30°C,

harvested by centrifugation (Beckman J6-MI, 32@f) #5 min, 4°C) and subsequently frozen in liquid

nitrogen as a suspension in buffer A.
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Thawed cells were lysed by incubation for 1 h & #f the presence of complete protease inhibitor
(Roche), 1 mg/mL of 42.35 U/mg Lysozyme (Sigma) &@lU/mL Benzonase (Novagen) and
subsequent sonication with a tip sonicator (Mis@axicator 3000, power output 7 in pulse mode, 10
30 sec pulses interrupted by 90 sec pause), wiglestwspension was cooled on ice to prevent protein
precipitation.

After removal of cell debris and membranes by okrdarifugation (Beckman L-90K, Ti45 rotor,
200 000 x g, 45 min, 4°C), the supernatant wastifnaated by chromatography on Source 30Q
(Pharmacia Biotech), equilibrated in buffer B watlgradient to buffer C.

Fractions containing DapA were pooled and adjustdauffer D and any precipitated protein was
removed by centrifugation (3200 x g, 30 min, 4°The supernatant was next applied to a phenyl-
Sepharose CL-4B column (GE Healthcare), equililoraiebuffer D and proteins eluted with a gradient
to buffer E.

Fractions containing DapA were pooled, dialyzedirzgabuffer B and applied to a MonoQ HR
16/10 column (Pharmacia Biotech), equilibrateduffdr B and proteins were eluted with a gradient to
buffer C.

DapA containing fractions were pooled and subjetbeSephacryl S300 HiPrep 26/60 (Amersham
Biosciences) gel filtration chromatography in bufBe Fractions containing DapA were concentrated
at £C using Vivaspin (MWCO 10 kDa; GE Healthcare) andmemented with 5 % glycerol, flash-
frozen in liquid nitrogen and stored at 280 After every chromatography step the purity aftpins
was controlled by SDS-PAGE and the activity wagsssd by enzymatic assay.

3.3.5 MBP maleimide labeling
Buffer A (20 mM Tris-HCI, 100 mM NacCl, 10 mM DTT)
Buffer B (20 mM Tris-HCI, 100 mM NacCl)

For single molecule experiments, genetically engjiee cysteine mutants of MBP and DM-MBP have
been constructed, taking advantage of the lackysfr€sidues in the MBP sequence. Newly introduced,
surface exposed cysteine residues were modifield flvibrescent probes (AttoTec) using maleimide
chemistry.

The purified protein in buffer A was first buffexeéhanged on a NAP5 column (Amersham
Biosciences) equilibrated in buffer B, immediatelixed with a 1.2 molar excess of dye molecules and
incubated for 30 min at 20°C in a dark environméntase of double labeling of DM30/312, the pnotei
was incubated with a 3 fold excess of a 1:1 mixafrdonor and acceptor dye. The labeling reaction
was quenched by addition of 10 mM DTT. Free dye measoved by binding the labeled protein to an

Amylose column (NEB) followed by extensive washinigh buffer A. Efficient binding to amylose
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resin confirmed the native structure of the labgdeatein. Labeled DM-MBP was then eluted using
buffer A including 5 mM maltose. Subsequently theffér was exchanged on a NAP5 column
(Amersham Biosciences) to buffer A without maltoSbe protein was concentrated using Vivaspin
concentrators (MWCO 3 kDa, GE Healthcare). For ltemgn storage 5 % glycerol was added, the
protein was flash frozen in liquid nitrogen andretbat -80°C.

The degree of labeling (DOL) was controlled witls@fption spectroscopy (MBRiso = 64860 M
Lemt; Att0532: emax= 115000 M et cfzgo = 0.11; Att0647N:emax= 150000 M cni? cfzg0 = 0.05;
Att0655: emax = 125000 M crit cf2g0 = 0.08), using the following equation,

Adye X €dye

DOL =
(_(Adye X Cf280) + A280) X 8protein

and found to be >90 %. The absence of free dymeisample was confirmed by fluorescence correlation
spectroscopy (FCS).

3.3.6 DapA maleimide labeling
Buffer A (20 mM Tris-HCI pH 7.5, 100 mM NacCl, 10 mBITT)
Buffer B (20 mM Tris-HCI pH 7.5, 100 mM NaCl)

For single molecule experiments, a genetically megiied mutant of DapA was constructed in which
the three surface exposed cysteines were replacedrime (C20S, C141S, C218S) and an additional
cysteine was added to the C-terminus of the prateposition 293 (DapA(293C)). DapA(293C) was
labeled with either Alexa647 (Invitrogen) or Dy5@Dyomics) using maleimide chemistry.

The purified protein inbuffer A, was first buffer exchanged on a NAP5 omfu (Amersham
Biosciences), equilibrated in buffer B and immeeliamixed with a 1.2 molar excess of dye molecules
and incubated for 30 min at 20°C in a dark envirentnThe labeling reaction was quenched by addition
of 10 mM DTT. Free dye was removed using a NAP&Gmrol equilibrated in buffer A and concentrated
using Vivaspin (MWCO 10 kDa, GE Healthcare). Thgrée of labeling (DOL) was controlled with
absorption spectroscopy (Dapéso = 12950 M cnit; Alexab47:smax = 265000 M cmi* cfago = 0.023;
Dy530: emax = 100000 M cri? cf2g0 = 0.15) using the following equation,

_ Adye X dee
(_(Adye X Cf280) + A280) X 8protein

DOL
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and found to be >90 %. The absence of free dymeisample was confirmed by fluorescence correlation

spectroscopy (FCS).

3.3.7 ATPase assay

The ATPase activity of 0.2 uM GroEL or EL(KKK2) 6r1 uM SREL or SR(KKK2) was measured in
MBP refolding buffer (20 mM Tris/HCI pH 7.5, 200 mKCI, 5 mM Mg(GHs05)2) at 20°C in absence
or presence of 0.4 uM GroES or 0.4 uM GroES witliéasing concentration of denatured DM-MBP
(diluted 200-fold from 6 M GuHCI). Control reacti®neceived equivalent amounts of GUHCI (30 mM
final). The hydrolysis of ATP to ADP was followetigtometrically using a NADH coupled enzymatic
assay (2 mM phosphoenolpyruvate, 30/20 U'nplyruvate kinase/lactate dehydrogenase, 0.5 mM
NADH , 1 mM ATP) at 20°C in a spectrophotometers¢ty essentially as described previously (Poso
et al., 2004).

3.3.8 Analysis of protein encapsulation

Encapsulation experiments were performed in SREteb(60 mM Hepes/NaOH pH 7.5, 20 mM KCl,
10 mM MgCh). DM-MBP(Atto655) was unfolded in 10 M urea/10 midIT for 1 h at 50°C. The
denatured protein was diluted 200-fold (final photeoncentration 30 nM) into refolding buffer
containing 1 uM SREL or SR(KKK2). The reaction wasubated for 5 min at room temperature.
Refolding was started by addition of 3 uM GroES andM ATP at 20C. The reaction was separated
on a Superdex 200 PC3.2/30 gel filtration columméksham Biosciences), equilibrated in SREL
buffer/50 mM urea/1 mM ATP, either immediately, after 30 to 60 min incubation at 20°C with or
without dissociation of the SREL/ES complex bydieition of 50 mM CDTA/70 mM GuHCI/200 mM
KCI. Fractions were collected, analyzed by 15% SISE, Coomassie staining and fluorescence
imaging (FujiFilm FLA3000), and quantified by detasnetry.

3.3.9 Refolding of DapA followed by enzymatic activity

DapA was unfolded in 7.2 M GuHCI. Refolding wasticdd upon 100- to 200-fold dilution into DapA
refolding buffer (spontaneous folding) or DapA iddfng buffer containing 2 uM GroEL (assisted
folding). GroEL assisted refolding was started tdgliion of 4 UM GroES and 5 mM ATP. Spontaneous
refolding was stopped as indicated in the figugelels by addition of GroEL or GroEL D87K. Assisted
folding was stopped by addition of either 50 mM GDar apyrase. Enzymatic activity was measured
as described previously (Kerner et al., 2005) aftér during which productive assembly of native
tetramer was allowed to proceed. The photometyicddtained enzymatic activity data was normalized
to a native control and fit with a single exponahtate.
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3.4 Biophysical methods

3.4.1 Fluorimetric DM-MBP folding rate measurement

Spontaneous and GroEL assisted refolding ratedoMBP and variants at a concentration of 100 nM
were measured on a Fluorolog F3-22 spectrofluoem@toriba), equipped with a Peltier thermostat,
maintaining a constant temperature of 20°C. DM-MEifiants were unfolded in either 6 M GuHCI,
10 mM DTT for 1 h at 20°C or 10 M urea, 10 mM DTdr fl h at 50°C. Refolding was induced upon
200-fold dilution into refolding buffer for spontaous refolding. In case of assisted refolding, DM-
MBP was diluted 200-fold into refolding buffer, d¢aming either 2 uM GroEL or 1 pM SREL.
Refolding was induced upon addition of 4 uM GroEf & mM ATP.

Refolding was followed by increase of intrinsic gtgphan fluorescence (excitation: 295 nm,
emission: 345 nm), taking advantage of the absehdep residues in GroEL and GroES. For double
labeled DM30/312, the presence of two fluoropharesulted not only in a notable decrease of
spontaneous folding rate but also in strong blewrbf tryptophan fluorescence. However, fluoreseenc
of the donor dye was significantly different betweenfolded and native state. Therefore rate
measurements of 100 nM double labeled DM30/312 werformed using an excitation wavelength of
532 nm and an emission wavelength of 550 nm. Plericbing was carefully avoided by limiting the
excitation slit width to 2 nm, with the emissioiit stidth being set to 8 nm. Fluorescence signal was
collected for an integration time of 100 ms eve@yséconds. Else, excitation light was blocked from
the sample with an automated shutter.

3.4.2 Fluorescence correlation spectroscopy

FCS measurements using pulsed interleaved excité®ik) (Mlller et al., 2005) were performed on a
Microtime 200 inverse time-resolved fluorescencerogcope (PicoQuant), which was maintained at a
constant temperature of 20°C. For excitation ofaed green absorbing dyes, picosecond pulsed diode
lasers at 640 nm (LDH-PC-640B) and at 530 nm (LDHAR530) were used, respectively. Each laser
had a laser power of 60 uW measured before therrdigjbroic. The lasers were pulsed with a rate of
26.6mHz. The excitation light was guided through aewanmersion objective (68 1.2 NA, Olympus)
into the sample cuvette (Ibidi). The emitted fllemence was separated from excitation light by a
dichroic mirror (Z532/635RPC), guided through ahgile (75 um) and in case of cross correlation split
according to wavelength by a beamsplitter (600 DE#Ro photon avalanche diodes (SPADs) (PDM
series, MPD). The emission light was cleaned upelyssion bandpass filters (HQ 690/70 and
HQ 580/70, Chromas) in front of the respective ciete Detection was performed using time correlated
single photon counting, making it possible to clateeany given photon with the excitation source. |

case of auto correlation measurements, after-guégitifacts were removed using fluorescence lifetim
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filters (Symphotime, PicoQuant) (Enderlein et 2005).Recorded fluorescence traces were either
auto correlated or cross correlated. The generdltiion to express auto-correlation or dual

color cross-correlation of fluorescence fluctuasias

(8FG(t) - 8Fr(t + 1))
(Fe(D) - (Fr(®)

Ggr(T) =

wheredFs andéFr denote the fluctuation of the signal of green eettlifluorescence at the time points
t and t +t. In case of auto correlation of a single colors 8.

The amplitude of the correlated data in autocotimalds inversely proportional to the concentration
of particles and in case of cross correlationiisdly proportional to the concentration of doulbleeled

particles:

Gec(0)
Gr(0) - Gg(0) - Vg

(Crg) =

The average concentration of double labeled pastiid directly proportional to the amplitude of the
cross correlation function &0) and inversely proportional to the amplitudegha# auto correlation

functions for red &0) and green &0) labeled particles. & denotes the volume of the focal spot.

3.4.3 FCS based folding rate measurement at 100 pM protein concentration
Refolding kinetics of spontaneous and assisteddiefp were measured for 100 pM Alexa647 labeled
DapA(293C) as well as 100 pM DM-MBP (double labgle8pontaneous folding reactions were
stopped after different times by addition of 2 uVMbEL. For assisted refolding, the unfolded protein
was diluted to 100 pM final concentration into ufEontaining 2 uM GroEL. Refolding was initiated
by addition of 4 uM GroES and 5 mM ATP and stoppéér different times by addition of Apyrase
(Sigma). By stopping the folding reaction, not-jeided protein will be bound by GroEL whereas
folded protein remains free in solution. The sigpaift size difference of folded DapA or DM-MBP and
protein in complex with GroEL (~830 kDa), resuhdiifferent diffusion rates, which can be monitored
by FCS. FCS measurements were performed withinifhCafter stopping the reaction for DapA and
within 1 h after stopping for DM-MBP.

The auto-correlation data was fitted with the fallog one triplet one diffusion equation using the
Symphotime software (Picoquant):
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G(v) = [1 —T+TX e(_%)] X

V-1 T -1/2
p X (1 + —) X (1 + 2) ]
Tp Tp X K

The mean diffusion time of particles through the focal spot is describgdhe structural parameter
K = zo/lwo Where g andwo denote the axial and radial dimensions of the @caifvolume, respectively.
The amplitude of the correlation function is deddby p. The first term is used to compensate for fast
dynamics arising from dye photophysics such agetriginking with the amplitude T on the timescale

tr (Widengren et al., 1995). The diffusion coeffidewere calculated using the following equation

_ (Veff X T[_3/2 X K_1)2/3

4XTD

D

by calibrating the confocal volume.pdwith Atto655 dye, for which accurate diffusion pareters have
been published (Muller et al., 2008). To analyZelding kinetics the mean diffusion time, refledia
shift of molecules from GroEL-bound to free, wastf@dd against the refolding time and fitted with a

single exponential rate.

3.4.4 Dual color fluorescence cross correlation spectroscopy (dcFCCS)

Dual color FCCS (dcFCCS) was employed to demorestted absence of inter-molecular association
during spontaneous refolding of DM-MBP and DapAL@® pM. DM-MBP(312C) was either labeled
with Atto532 or Atto657N as described above. Da@8@) was labeled with either Alexa647 or Dy530
as described above.

For DM-MBP the labeled proteins were denatured M 6uHCI, 10 mM DTT for 1 h at 20°C. For
DapA the labeled proteins were denatured at inlWPQUHCI, 10 mM DTT for 1 h at 20°C. Refolding
was induced for by 200 fold dilution into bufferddinal concentration of 50 pM of each labeledcsge
FCCS was recorded with PIE (Miller et al., 2005)myirefolding at 20°C.

As a positive control in case of DM-MBP, 5 pM of BBI312, double labeled with Atto532 and
Atto647N was mixed with 50 pM of each of the sinigleeled DM-MBP (312C) species, to mimic the
presence of a dimeric species and to demonstmteigh sensitivity of this approach. In case of Bap
the two labeled and unfolded molecule populatioesewnixed 1:1 at a concentration of 100 nM each
and allowed to refold and assemble (note that tbRi@pA will not assemble at 100 pM). The assembled
tetramer was then diluted to a final particle caricaion of 100 pM for dcFCCS analysis.

For DM-MBP a mixture of 50 pM native DM-MBP(312C#A532 and 50 pM native DM-
MBP(312C)-Atto647N was used as a negative confdl:1 mixture of Dy530 and Alexa647 dyes,
again at 50 pM concentration each, was used againe control in case of DapA.
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FCCS measurements at 37°C were performed usingetature controlled sample holder (ibidi).
The sample holder was heated so that at constanerature of 37°C was observed inside the

measurement cuvette. Temperature stability was tor@ai during the time course of the experiment.

3.4.5 Single molecule FRET-based refolding rate measurements

For folding rate measurements at single moleculeditions, a novel smFRET based assay was
developed. A double cysteine variant of DM-MBP (DWM312) was randomly labeled with Atto532 and
Atto647N, a commonly used FRET pair with a Férstelius of 52 A (Sharma et al., 2008). DM30/312
was then unfolded in 6 M GuHCI, 10 mM DTT for 1t28°C.

Spontaneous refolding was induced upon 200 folgtidih into buffer. Refolding at 100 pM was
allowed to proceed at 20°C and was stopped atrdiffe¢ime points by addition of 2 uM GroEL. All
non native conformers of DM-MBP were recognizeddygEL and by stretching on the GroEL apical
domains, converted to a low FRET population. Allively folded protein molecules were compact,
therefore not recognized by GroEL and showed hiBEF efficiencies. Hence GroEL is not only
protein of interest but also acts as a sorting nmacfor different states of single molecules.

For assisted refolding reactions, unfolded DM30/3d&s diluted into buffer, containing 2 uM
GroEL. Refolding was then started by addition @fM GroES and 5 mM ATP. Refolding was rapidly
stopped by addition of apyrase (Sigma). By deptetibATP, GroEL reverts to the Apo state and as in
the spontaneous folding reaction acts as a singleaule sorting machine. After stopping, the reffodd
mix was transferred from the reaction tube to te@asarement cuvette inside the microscope.

Measurements were performed on a MicroTime200 unstnt in two color mode with PIE as
described under fluorescence correlation spectpyscData was analyzed using a burst intensity
approach (Deniz et al., 1999; Zander et al., 198683ymphoTime (PicoQuant). A single molecule
diffusing through the confocal observation voluraesuits in a burst in fluorescence intensity. A burs
was considered as an evaluable event, if it coatbmore than 25 photons in a 1 ms time window. In
addition a threshold of 15 photons following redtigation was used to check for the presence of a
functional acceptor fluorophore. FRET efficiencigsre calculated from fluorescence intensities of
Donor b and Acceptord fluorophore by the equation:

[
£ Ia +AYID
Wherey = (®ana/®ponp) denotes a correction factor for differences iargum yields @) and detection
efficiencies {) (Lee et al., 2005; Sharma et al., 2008) and kas liound to be 0.9 for the used FRET

pair. Average intensity values of spectral crogsaald direct excitation of acceptor fluorophoregHhy

green laser have been subtracted.
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The resulting FRET efficiency histograms have fertheen analyzed using Origin (OriginLabs).
To quantify the fraction of native molecules, theegrated area of the histogram correspondingtteena
molecules was divided by the total integrated arfethe histogram. This fraction was plotted against
refolding time and then fitted with a single expoti@ function, yielding the rate of folding.
Importantly, if the disappearance of the peak are@aesponding to GroEL-bound molecules was
analyzed, the same result was obtained. For egglriment (i.e. time point) a minimum of 1000
particles was analyzed. All experiments were ddrieast in triplicate to ensure reproducibility.

In addition to steady state SmFRET, we performeBRBT measurements on double labeled DM-
MBP during the first minute of GroEL and SREL agaisrefolding. In such cases the experiment was
conducted multiple times, always considering ordytiples that were observed during the first minute
after initiation of assisted refolding by additiohATP. The experiment was repeated until FRET was
measured for a minimum of 1000 particles. Gaudiitimg allowed extraction of low and high FRET

particle fractions.

3.4.6 PET-FCS

PET-FCS (Neuweiler et al., 2009; Sauer and Neuwell@l4; Teufel et al., 2011) was used as an
approach to assess conformational dynamics in DMRMEolding. Atto655 labeled DM-MBP (312C)
was unfolded in 6 M GuHCI, 10 mM DTT for 1 h at 20°Refolding was induced upon 200-fold
dilution of the protein into refolding buffer at ZD. FCS measurements were started immediately. In
order to resolve fast dynamics in the microsecamdgcale, fluorescence was recorded on two detector
simultaneously. Cross correlation of the signalsvadd removal of detector after pulsing. The
correlated data was fitted with the following ongenential one diffusion term equation, with the
exponential term describing amplitude F and taté photoinduced electron transfer.

! T -1/2
p X (1 + —) X (1 + 2) ]
Tp Tp X K

The data was fitted either in Origin (OriginLabs)im SymphoTime (PicoQuant). For relaxation rate

G(r) = [1 _F+Fx e(_Tlr)] x

extraction only the first or last 30 seconds ofva hours refolding experiment were considered. For
folding rate extraction the measurement was suidiinto time-windows of two minutes and extracted
values for F were plotted against refolding timeisTdata was fitted with a single exponential fiorct

in Origin (OriginLabs) to give refolding rates.
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3.4.7 ANS fluorescence
4,4-Dianilino-1,1-binaphthyl-5,5disulfonic acid (bis-ANS) stock solution was preggh in DapA
refolding buffer/10% methanol (v/v) and adjustedtmM based on the absorption of bis-ANS using
the extinction coefficientsss of 16790 M! cnit. Spontaneous refolding at 10°C was performed pDa
refolding buffer at a final concentration of 200 nKfter different times of refolding, bis-ANS was
added to a final concentration of 1 uM and fluoee®se spectra were recorded immediately. Spectra of
the native and unfolded protein were recordedra$emence. The experiments were performed using a
FluoroLog 3 spectrofluorometer (Horiba), with theigation wavelength set to 390 nm (2 nm slitwidth)
The emission spectra were recorded from 405-60@2mm slitwidth) at a rate of 1 nm‘susing a
sampling rate of 0.1 s. A Peltier-thermostat wasus maintain 10°C during the measurement.
Values of the fluorescence maximum at 485 nm wdddtegnl against refolding time. For
normalization, the bis-ANS fluorescence measuradediately upon dilution of unfolded protein into
bis-ANS containing buffer D was set to 1. The deda fitted with a single exponential function.

3.4.8 CD spectroscopy
Far UV circular dichroism (CD) spectroscopy wasf@ened on a J-715 spectrapolarimeter (Jasco)
equipped with Peltier-thermostat at 10°C usingdinlcuvettes.

Spectral acquisition of secondary structure elemehDapA as well as kinetic refolding of DapA
was performed at a final DapA concentration of 2 jpMDapA refolding buffer at 10°C. To follow

DapA refolding kinetically, recovery of CD signdl225 nm during renaturation was observed.
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4 Results

4.1 Substrate refolding can be strongly accelerated by GroEL/ES

We used the GroEL model substrate DM-MBP to ingasé the validity of all three proposed models
for how chaperonins promote substrate refolding-BBIP has been shown to fold at different rates in
the presence and absence of the GroEL/ES chapesgstem (Chakraborty et al., 2010; Sparrer et al.,
1996; Tang et al., 2006). DM-MBP carries two detlitabg mutations, V8G and Y283D, which
strongly delay the rate limiting folding of the MB¥-domain (Chun et al., 1993) (Fig. 4.1 A). Slow
refolding of DM-MBP was attributed to formation afkinetically trapped folding intermediate (KTI)
(Chakraborty et al., 2010). Further, DM-MBP is daal subject for spectroscopic investigation, due t
its low aggregation propensity, high Trp contenT(p residues spaced throughout the sequence) and

the lack of intrinsic Cys residues, facilitatingesispecific introduction of fluorescent probes at

engineered Cys residues.
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Figure 4.1 Substrate refolding can be accelerated in presence of chaperonin

(A) Structure of DM-MBP (PDB: 10MP). The C- and N-donsaare shown in dark blue and cyan, respectively.
The two destabilizing mutations V8G and Y283D dneven in green. Residues D30 and A312 (shown in
yellow) were either individually or together mutat® Cys for site specific labeling. Trp residues shown in
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purple.(B) Spontaneous (blue) and assisted (red) refoldii@MMBP analyzed by Trp fluorescence at a final
concentration of 100 nM in MBP refolding buffer22°C. DM-MBP was denatured in 6 M GuHCI, 10 mM
DTT. In the case of assisted refolding 2 uM GroEld & uM GroES were used. Refolding was started by
addition of 5 mM ATP. Representative curves arexshdrates were extracted by single exponentialniit are
given as arithmetic mean = s.d. from at least &p@ihdent experiments.

As described previously, we confirmed that the sgo@ous refolding of chemically denatured DM-
MBP in MBP refolding buffer (20 mM Tris/HCI, pH 7.200 mM KCI, 5 mM Mg(GHs0),) occurs as

a two-state reaction with a slow rate of 0.02 fin ~35 min, to full yield at 20°C (Apetri and Horwich
2008; Tang et al., 2006) and is ~10-fold acceleratepresence of GroEL, GroES and ATP (rate:
0.21 min, t, ~3 min) (Chakraborty et al., 2010; Tang et alQ&J(Fig. 4.1 B).

4.2 Slow spontaneous refolding is not rate limited by transient
aggregation

In the light of the ongoing controversy regardihg mechanism of assisted refolding of DM-MBP, our
first goal was to decisively distinguish betweeneaative and a passive mechanism of chaperonin

function.

4.2.1 Refolding DM-MBP does not oligomerize at low concentration

The passive cage model of chaperonin function @#efh cage model) describes GroEL as an inert cage
in which the folding pathway of the substrate ishanged compared to folding in free solution. The
apparent folding rate acceleration in the preseric@roEL is attributed to unproductive reversible
aggregation of DM-MBP during spontaneous folding€#i and Horwich, 2008; Tyagi et al., 2011).

In order to establish conditions of spontaneousldefg in which transient aggregation is excluded,
we resorted to single molecule fluorescence methBligrescence cross correlation spectroscopy
(FCCS) can detect the interaction of two spectmiliferent labeled particles with very high resabat
(Bacia and Schwille, 2007). The amplitude of thessrcorrelation signal correlates with the presence
of double-labeled particles, i.e. co-diffusing cdexes consisting of two single-labeled speciestebb
for aggregation of refolding DM-MBP molecules, vabéled two different populations of DM-MBP
(312C) with either Atto647N or Atto532 maleimiderdt, we mixed the two labeled populations in the
native state at a concentration of 50 pM each. A®eted, no cross correlation signal was observed
(Fig. 4.2 A, purple), as native, soluble DM-MBP nist expected to aggregate or oligomerize. To
investigate the oligomeric state of DM-MBP undefolding conditions, the differently labeled DM-
MBP molecules in the mixture were unfolded in 6 MHEI and refolded by dilution from denaturant

to 100 pM final protein concentration. Importanthg cross correlation signal was observed during
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folding (Fig. 4.2 A, blue). Under these conditioB8/-MBP therefore forms a monomeric intermediate
state during refolding and does not form transéggregates. The addition of only 5 pM native double
labeled DM30/312 (mimicking the presence of dimeamggregates) to the refolding mixture of single
labeled DM-MBP (312C)-Atto647N and DM-MBP (312C)#8532, resulted in an observable cross
correlation signal, demonstrating the high senisjtiof this approach (Fig. 4.2 A, black).
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Figure 4.2 DM-MBP does not form transient aggregates during refolding

(A) Absence of dcFCCS signal&r) during spontaneous refolding of DM-MBP. A 1:1 mise of DM-MBP
(312C) labeled with either Atto532 or Atto647N wdenatured in 6 M GuHCI, 10 mM DTT and diluted 200-
fold into MBP refolding buffer to a final concentiien of 50 pM each. FCCS was recorded within tist fLO
minutes of refolding (blue). As a positive conteofinal concentration of 5 pM double labeled pnotBiM-
MBP (DL) was added to the refolding mix, to simel#tie presence of an oligomeric (dimeric) speditk).
Native single labeled proteins, again at 50 pM eomi@tion each, were used as a negative contrglg)u(B)
Insilico kinetic simulation of the Anfinsen cage model irdihg an off-pathway transient dimerization reactio
(insert). The concentration of DM-MBP was fixedl@0 pM. Variation of the equilibrium dissociatioonstant
for the formation of dimeric aggregates (A, bladkgm monomeric intermediates (I, purple) resulted i
apparently slower formation of native protein (Nd). The formation of native protein could notfiteed to a
first order reaction (dotted blue ling)C) Average number of Atto647N labeled DM-MBP (312@rtles
inside the confocal observation volume during therse of spontaneous refolding. DM-MBP (312C) label
with Atto647N was denatured in 6 M GuHCI, 10 mM D@and diluted 200-fold into MBP refolding buffer.
FCS was recorded for 3 h. Analysis was then perorifor time windows of 1 min. The average number of
particles N was extracted from the amplitydef the fit to the auto correlated data. . Arithipehean + s.d.
from at least 3 independent experiments is showa.dotted line shows the simulated increase imtimber

of particles, assuming transient dimeric aggregasfioD M-MBP during refolding, as described in (Fg2 B).

In order to achieve a more detailed understandirijeoAnfinsen cage model, we performed a kinetic
simulation using Berkley Madonna (University of Beley). We used a kinetic model in which a
monomeric intermediate folds to the native staténwirate k We assumed that Ehould be fixed to
the fastest rate that can be possibly observedhipgesence of GroEL, when aggregation is coreplet

prevented, k~0.2 mirt'. In this simulation the monomeric intermediatéestaan also form the smallest
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possible aggregate, a dimer, with a ratebissociation of this aggregate is determined bgta k. We

then increased the affinity for dimer-formationiutite rate of formation of native particleséoccurred

at the slow rate of spontaneous folding. As expukdige formation of native protein did not follow
single exponential behavior, due to the presendbeofate limiting and concentration dependent side
reaction (Fig. 4.2 B). Most importantly, the sinteld data showed that in order to reduce the obderve
rate of spontaneous refolding.&~6 fold at 100 pM protein concentration, the affirfor a transient
dimer would have to be in the picomolar range archs dimer should be present with an abundance
of more than 10 pM during the first 30 min of tleéolding reaction, i.e. double the concentratiothef
described FCCS positive control. Taken together cttmbination of theoretical simulation as well as
experimental FCCS data clearly excludes the exist@f transient aggregates in the spontaneous
refolding pathway of DM-MBP at 100 pM protein cont@tion.

Analysis by conventional fluorescence correlatigreciroscopy (FCS) further confirmed the
monomeric nature of DM-MBP during refolding. In gie color FCS the amplitude of the correlation
function G (0) is inversely proportional to the centration of diffusing particles. If transient
aggregation occurs, a gradual increase in the otrat®n of diffusing molecules should be observed,
corresponding to the disassembly ratg @ the transiently aggregated particles. DM-MERZC)
labeled with Atto647N was spontaneously refoldetift pM concentration. During refolding, analysis
of the amplitude of the auto correlated signal ade@ that the number of particles inside the olzderm
volume is constant over the full refolding time, iehh again rules out the presence of transiently
aggregated material during the refolding of DM-M&single molecule level (Fig. 4.2 C).

4.2.2 smFRET can be used to assess folding rates at low concentrations

Having decisively ruled out the presence of tramsidigomeric species during DM-MBP refolding at
a final protein concentration of 100 pM, we wani@dse these conditions to test the passive cagelmo
for DM-MBP folding (Apetri and Horwich, 2008; Tyagt al., 2011). If the spontaneous folding rate is
indeed limited by a disaggregation reaction at éigioncentrations but not at infinite dilution, rihat
100 pM the spontaneous and assisted folding ramddbe equal. This observation would support the
passive cage model. If however at 100 pM, i.ebiseace of transient aggregation, the folding of DM-
MBP is accelerated by GroEL/ES, the acceleratidikély a result of a modulation of the substrate
folding pathway inside the GroEL central cavity.

In order to determine protein folding rates at hiightion, we developed a novel approach to study
the folding of double-labeled DM-MBP by single molée FRET. As described previously (Sharma et
al., 2008), a mutant of DM-MBP (D30C, A312C) douladbeled with Atto532 and Atto647N, DM-
MBP (DL), shows distinct FRET efficiencygffdistributions in the native state and when botmd

GroEL (Fig. 4.3 A and B). The native protein is@mpact conformer with a single population of an
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average highgfof 0.72. In contrast, the GroEL bound state of MBP shows a higher heterogeneity
with ~40% of all molecules populating an expandedfermer with a lowd of 0.06 and the remainder

of the molecules populating a broadened distrilmuvith a meang of 0.38.

A Native B GroEL-bound
0.18 0.18
0.16 f.=072 0.16 | f.=0.06
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Number of events
(Fraction of total)

Figure 4.3 DM-MBP (DL) FRET efficiency distributions for native and GroEL-bound conformers

(A) smFRET histogram of native DM-MBP (DL) at 100 plhcentration and 20°C in MBP refolding buffer.
(B) smFRET histogram of GroEL bound DM-MBP (DL) at i concentration and 20°C in MBP refolding
buffer. DM-MBP (DL) was denatured in 6 M GuHCI, &M DTT and diluted 200-fold into MBP refolding
buffer containing 2 uM GroEL. The sample was immatgly subjected to SmFRET analysis for one hour.

Taking advantage of the ability of GroEL to recagnand bind substrate folding intermediates, we use
GroEL to stop the spontaneous refolding reactiatifigrent times. Non-native DM-MBP rapidly binds
to the GroEL apical domains, and is thus revemeti¢ low FRET state. The assisted refolding reacti
could be stopped by the addition of the enzymeaggyrresulting in rapid hydrolysis of ATP to ADP
and AMP. GroEL is thereby reverted to its apo statel can thus act as a single molecule sorting

machine which separates native protein from nofolded material.
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Figure 4.4 DM-MBP refolding followed at single molecule level using smFRET

(A) and (B) From left to right, smFRET analysis of represaméat consecutive kinetic points during
spontaneous (blue) and assisted (red) refoldimiMMBP (DL) at 20°C and 100 pM DM-MBP concentration
DM-MBP (DL) was denatured in 6 M GuHCI, 10 mM DTThdadiluted 200-fold into MBP refolding buffer
(spontaneous) or MBP refolding buffer containingM GroEL (assisted). Assisted refolding was statligd
addition of 4 uM GroES and 5 mM ATP. The refoldiregction was stopped at the indicated time poigts b
addition of 2 uM GroEL or 5 U apyrase. The givemivers indicate refolding times in minutes. Represéres

of at least three independent experiments are shown

As expected, we observed that in both cases awerttie high FRET population corresponding to native
protein increased, while the low FRET populationrresponding to GroEL bound material

concomitantly decreased (Fig. 4.4 A and B).
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Figure 4.5 DM-MBP refolding is accelerated by GroEL/ES at single molecule level

(A) Quantification of smFRET data shown in Fig 4.4 &8 obtained at 100 pM protein concentration. The
relative area of the higl peak, corresponding to native DM-MBP (DL), was mfifeed for spontaneous (blue)
as well as assisted (red) refolding. The data vgedfwith a single exponential function for foldimate
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extraction. Arithmetic mean * s.d. is showB) Spontaneous (blue) and assisted (red) refoldingtids of
DM-MBP (DL), measured by conventional fluorescespectroscopy in an ensemble approach at 100 nM fina
protein concentration in MBP refolding buffer at°@0 Refolding was monitored at donor excitation and
emission wavelengths of 532 nm and 550 nm resmgtiRepresentative curves of at least three iddad
repeats are show(C) Spontaneous (blue) and assisted (red) refoldingtids of unlabeled DM-MBP (D30C,
A312C), measured by conventional fluorescence spsmipy in an ensemble approach at 100 nM finakpro
concentration in MBP refolding buffer at 20°C. Rdfnog was monitored at tryptophan excitation andssion
wavelengths of 295 nm and 345 nm respectively. Eagntative curves of at least three individual aepare
shown.

Quantification of the corresponding FRET peak araas time enabled us to measure protein folding
rates at a final concentration of 100 pM DM-MBPFril8ngly, we found the spontaneous refolding rate
to be 0.02 min, and therefore ~5.6 fold slower than the assisgéolding rate (0.1 mif) even at
picomolar concentrations (Fig. 4.5 A). To validate findings we measured the folding rate of latele
DM30/312 by following the increase in donor fluaresce on an ensemble level at a protein
concentration of 100 nM (Fig. 4.5 B). We observedjad initial decrease in donor fluorescence upon
dilution from denaturant, due to collapse of thetgin chain and FRET (data not shown). This initial
decrease was followed by a gradual increase, aphatie to changes in the chemical environment of
the donor fluorophore upon folding. The observadgdor spontaneous (0.02 M)rand for assisted
refolding (0.12 mift) were in good agreement with the single molecwdta cand again showed a
significant acceleration of protein folding in peese of chaperonin. We also followed the increase i
tryptophan fluorescence for the unlabeled proteiting refolding at a protein concentration of 100 n
(Fig. 4.5 C). The observed rates for spontaneol6 (@in) and for assisted folding (0.21 rifin
showed a ~3.7 fold acceleration of protein foldingpresence of chaperonin. Covering a broad
concentration range and measuring protein foldihchighly dilute concentrations, we therefore
unequivocally ruled out transient aggregation eguse for the observed rate acceleration in chapero
mediated folding. These observations constitutsgtevidence for an active cage mechanism of GroEL
assisted protein folding, in which the physical ahdmical properties of the GroEL cavity likely ieqgb

the kinetic energy barriers for productive substrafolding.

4.2.3 Anovel FCS-based approach to investigate GroEL substrate refolding

Not only does GroEL binding shift DM30/312 to a IBRET state but it also slows down the apparent
diffusion rate of labeled DM30/312 (Fig. 4.6 A).d Hiffusion rate of proteins can be analyzed by FCS
using the auto correlated signal of only one dyé,therefore also single labeled particles. As etqak

we observed a significant difference in the diffusspeed of GroEL-bound DM-MBP (~49 figt)

and free DM-MBP (~160 pfrs?).
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Figure 4.6 FCS can be used to assess GroEL substrate refolding at single molecule level

(A) Representative auto correlation curves of Atto6flidbrescence for GroEL bound (red) and spontarigous
refolded (blue) DM-MBP (DL) as well as kinetic ptsrtaken during spontaneous refolding (grey) at{d0
Experiments were performed as in Fig. 4.4 A. Fartstg and final timepoints diffusion coefficientgere
calculated as arithmetic mean * s.d. from threepetident experimentB) Representative auto correlation
curves of Atto647N fluorescence for GroEL boundljr@nd chaperonin refolded (blue) DM-MBP (DL) adlwe
as kinetic points taken during assisted refoldgrgy) at 100 pM. Experiments were performed asdn44 B.
(C) Refolding kinetics showing spontaneous and asbkist®lding of DM-MBP (DL) as measured by the mean
particle diffusion time through the confocal obsdien volume. The mean diffusion time was extradteth
auto correlation data of Atto647N fluorescence k@ in (A) and (B) and converted into the fractioh
GroEL bound material, which was plotted versusldifig time. Single exponential fitting was usecdetdract
the rate of folding. Arithmetic mean + s.d. of thiedependent experiments is shown.

We analyzed the data for the average diffusiongspéétto647N-labeled DM-MBP molecules during
spontaneous (Fig. 4.6 A) and assisted (Fig. 4.6eB)lding. From the time dependent decrease in
diffusion time, we were able to extract refoldirgas (Fig. 4.6 C), which were in good agreemertt wit
the smFRET data. Thereby we established a singldigproach to study the refolding of a GroEL
dependent substrate protein which only carrieaglesifluorescent label, at highly dilute conceritrias,
using FCS. It is self-evident that this approachid@otentially be extended in a generalized matmer

study folding rates of highly aggregation pronetgires with an affinity to chaperonin complexes.

4.3 Encapsulation by GroEL reduces substrate flexibility

Having decisively ruled out the passive cage maded working mechanism for accelerated folding in
presence of chaperonin, we wanted to further ettteidlow GroEL modifies kinetically trapped folding
intermediates. It has been suggested previously BM-MBP forms a highly dynamic folding
intermediate with a high entropic barrier to théiveastate, and that this entropic barrier is overe
during encapsulation inside the GroEL cavity (Benlet al., 2001; Chakraborty et al., 2010; Tang et
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al., 2006). To test whether a decrease in chaimmptcorrelates with the folding of a flexible
intermediate state to the native conformation, &hdther this process is accelerated in the chaperon
cage, we used PET-FCS as a method. In PET-FCSubkegcence of an oxazine dye (Atto655) is
guenched in close proximity of a Trp residue byedirtransfer of an electron (Neuweiler et al., 2009
Sauer and Neuweiler, 2014; Teufel et al., 2011) AB8655 does not show a significant amount of
triplet state formation or blinking, it is well $ad to follow dynamics in timescales from nanoseson

to milliseconds (Sauer and Neuweiler, 2014) anddess used as a PET-FCS probe for early events
and dynamics in protein folding (Neuweiler et aD09; Teufel et al., 2011).

MBP contains 8 Trp residues spaced throughout ¢ggience (Fig. 4.1 A) that could serve as
potential dynamic quenchers for Atto655 in cadexlfle structural state is formed, i.e. in case dar
Waals contact between dye and Trp residues istgedsy intra chain contact formation. The closest
Trp residue (W232) in the crystal structure of BiM-MBP native state (PDB: 10MP) is 15.8 A distant
from position 312. As PET requires van der Waalgtact, the DM-MBP native state does not show a
PET induced correlated signal, and can be well @pmated by a simple diffusion model (data not
shown).

In contrast, correlation data obtained during tingt iminute of refolding, when most DM-MBP
molecules populate the intermediate state (Chaknal®b al., 2010), shows fast fluctuations of the
correlated signal at a microsecond timescale. Aesalt, the obtained data cannot be fitted to a&m
single component diffusion model (Fig. 4.7 A). Adddional exponential term needs to be added to the
fitting equation (Fig. 4.7 B). The relaxation timeof this component gives a measure for chain motion
and was found to be 40 + 3 us, while its amplitbide proportional to the abundance of particlethan
intermediate state. The fast fluctuation in thdipgscale demonstrates the highly dynamic nature of
this intermediate and correspondingly high chaitmiogny. The addition of a second exponential term
(one diffusion two exponentials) did not furtherpirave the quality of the fit (data not shown),
indicating that a one diffusion one exponential elagl most appropriate.

As a control, WT-MBP (312C) labeled with Atto65508fed no PET-induced fluctuation during
refolding, as WT-MBP folds significantly fasten/{t~23 s) and does not significantly populate the
flexible intermediate state (Chakraborty et al.1@0 Accordingly, the resulting auto-correlatiortala
can be well fitted using a one diffusion model (Fg C). Addition of an exponential term could not
improve the fit further (Fig. 4.7 D). This clearijemonstrates that a kinetically trapped, flexible
intermediate is only observed by PET-FCS in thee cafs double mutant MBP, which has been
previously shown by hydrogen deuterium exchangesorements as well as equilibrium unfolding and
refolding trajectories (Chakraborty et al., 2010).
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Figure 4.7 Conformational dynamics of a DM-MBP folding intermediate can be assessed by PET-
FCS

(A) PET-FCS measurement for DM-MBP folding intermeeliddM-MBP (312C) labeled with Atto655 was
denatured in 6 M GuHCI, 10 mM DTT and diluted 2@0dfinto MBP refolding buffer to a final concenirat

of 1 nM. PET-FCS was recorded during the first rtémf spontaneous refolding. The resulting autoetated
data was fitted with a simple one diffusion modehtaining an amplitudg and a diffusion timep. (B) The
data described in (A) was fitted with a one difusione exponential model, with the additional exqraial
term containing an amplitude F and a relaxationetima (C) PET-FCS measurement for MBP folding
intermediate. MBP (312C) labeled with Atto655 wasatured in 6 M GuHCI, 10 mM DTT and diluted 200-
fold into MBP refolding buffer to a final concenti@n of 1 nM. PET-FCS was recorded during the fintute
of spontaneous refolding. The resulting auto cateel data was fitted with a simple one diffusiondelo
containing an amplitude and a diffusion timep. (D) The data described in (C) was fitted with a orfiusion
one exponential model, with the additional expornérm containing an amplitude F and a relaxatiore
tr. One representative measurement of at least thdégdual experiments is shown. Fit residuals sinewn

in all cases to demonstrate the quality of theasgjon.

When we allowed DM-MBP (312C) to refold for 2 h, feaind that the auto correlation curve of the
refolded state did not contain significant fluctaat for short correlation times (Fig. 4.8 A). This
indicates that DM-MBP refolded to the compact rastate. As expected, we found that the amplitude
of the PET-signal measured at different time pothisng refolding at 1 nM protein concentratioe, i.
the fraction of particles populating the dynamiteimediate state, decreased over time with the
refolding rate as established by Trp fluoresceridd@gher concentrations (Fig. 4.8 B and 4.8 C). The
folding rates measured by the two different appneac(PET-FCS and Trp fluorescence) were in

excellent agreement (Fig. 4.9 A).
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Figure 4.8 PET FCS based refolding rate measurements

(A) PET disappears upon refolding of DM-MBP. DM-MBR.ZE) labeled with Atto655 was denatured in 6 M
GuHCI, 10 mM DTT and diluted 200-fold into MBP réding buffer to a final concentration of 1 nM. PET-
FCS was recorded during the first minute (refoljliagd after completion (native) of spontaneousldafig.
Representative data of at least three individupegrents is showr(B) Kinetic evaluation of the change in
amplitude F during refolding. DM-MBP (312C) labelith Atto655 was denatured as in (A) and dilut€@-2
fold into MBP refolding buffer (spontaneous) or MB&olding buffer containing 2 uM GroEL (assisted).
Assisted refolding was started by addition of 4 |@vbES and 5 mM ATP. FCS recording was started
immediately and continued for two hours. In additidenatured DM-MBP (312C) was diluted into MBP
refolding buffer containing 0.5 M GuHCI to stabdizhe kinetically trapped intermediate state (KTlme
windows of 2 min for early time points and 10 man fate time points (GroEL/ES-assisted) or time daiws

of 10 min for early and late time points (spontarerefolding and KTI) were correlated and fittedhwa one
diffusion one exponential function. Refolding ratesre extracted by single exponential fits to ploftthe
amplitude of the exponential component F versusldefg time. Arithmetic mean £ s.d. from at least 3
independent measurements is sho(@). Refolding of unlabeled DM-MBP (312C) measured bgréase in
Trp fluorescence. DM-MBP (312C) was denatured a@jnand diluted 200-fold to a final concentratiofi
100 nM into MBP refolding buffer (spontaneous) oBRIrefolding buffer containing 2 uM GroEL (assigted
Assisted refolding was started by addition of 4 (BW%ES and 5 mM ATP. Representative curves of a&itlea
three independent experiments are sho(@@). DM-MBP folding rate is concentration independenhe
refolding rate of DM-MBP (312C) labeled with Attob%vas measured as described in (B) following timeeti
dependent decrease in F upon dilution into MBPIdefg buffer to a final concentration of 100 pM bnM.
For concentrations higher than 1 nM unlabeled derdtDM-MBP (312C) was added to the refolding mix.
Rates are shown as arithmetic mean + s.d. of st {eeee independent experiments.

Thus we established a novel approach to assessmpfolding rates of DM-MBP by direct observation
of chain dynamics. This clearly demonstrates to#difig of DM-MBP is rate limited by the slow
conversion of a highly flexible intermediate to t@mpact native state, crossing a kinetic barrién w

a large entropic component. Strikingly, the deceaaghe amplitude of the fast fluctuating compdnen
is accelerated ~4-fold in the presence of GroEL/iE8icating that GroEL overcomes the entropic
barrier and thereby enhances the folding speedM{MBP. It has been previously shown that the
kinetically trapped intermediate formed by DM-MB® a stable and predominant conformer in the
presence of 0.5 M GuHCI (Chakraborty et al., 20liDagreement, the amplitude of the PET signal was
identical to the amplitude observed for the foldinggrmediate during the early phase of refoldind a
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was stable over the course of two hours (Fig. 4.Bl&Kk). Notably, the spontaneous refolding rdte o
DM-MBP measured by PET-FCS was concentration indeget over four orders of magnitude, again
supporting the active cage model and refuting tesmisaggregation as a cause for observed rate

acceleration by chaperonin (Fig. 4.8 D).

4.3.1 Evidence for conformational restriction of encapsulated substrate

To further investigate conformational flexibilityf ¢he folding polypeptide chain, we extracted the
relaxation time of the observed PET signal undiéetint experimental conditions. We were especially
interested in the impact on substrate conformalitbeebility exerted by the GroEL central cavityhe
relaxation time of the PET signal, which is a dir@@asure of the kinetics of chain motion (Neuweile
et al., 2009; Sauer and Neuweiler, 2014; Teufel.e2011), was 40 + 3 pus during the first minute o
spontaneous folding (Fig. 4.9 B). Consistent whils bbservation, the relaxation time found forkiig

in 0.5M GuHCI was 34 £ 10 us (Fig. 4.9 B). The observed for the GroEL bound protein was
59 +10 us, indicating conformational restriction byteraction with the GroEL apical domains
(Fig. 4.9 B). Most interestingly, the relaxatiomé during the first minute of GroEL assisted reifodd

(< 20% of molecules folded) was increased ~2.5 fol€l§ £ 5 us, correlating with significantly lower
chain motility (Fig. 4.9 B).
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Figure 4.9 Relaxation times and folding rates of DM-MBP in different conditions

(A) Refolding rate of DM-MBP (312C) followed either IBET-FCS at 100 pM protein concentration as in
Fig. 4.8 B or by tryptophan fluorescence at 100¢dvicentration as in Fig. 4.8 C. Folding rates weeasured

in MBP refolding buffer or SREL buffer (50 mM HephsaOH pH7.5, 20 mM KCI, 10 mM Mgg) for
experiments with SREL. Rates are shown as aritltrne¢ian + s.d. of at least three independent expatsn
(B) Relaxation times observed for 1 nM denatured, @&folabeled DM-MBP (312C) during the first minute
of spontaneous (spont.) or assisted (GroEL/ES A€R)ding as well as after dilution into MBP refoid
buffer containing either 0.5 M GuHCI (KTI) or 2 uGroEL (GroEL-bound). Data for SREL assisted refodi
was obtained in SREL buffer during the first minaterefolding. Relaxation times were extracted s f
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parameters from one diffusion one exponential fdsautocorrelation data obtained for the described
experiments. Relaxation times are shown as aritbrnatan + s.d. of at least three independent exysentis.
PET related data for this figure was obtained ittaboration with Dr. Shubhasis Haldar.

To investigate this further, we used the non-cgcbimgle ring variant of GroEL (SREL) (Weissman et
al., 1996) that forms a stable complex with GroB& andergoes a single round of ATP hydrolysis due
to a lack of allosteric signaling from the transegri SREL allows substrates to be studied in the
encapsulated state, without the further complicatid repetitive cycles of binding and release.
However, the SREL/GroES complex is salt sensitiVayger-Hartl et al., 1996; Motojima et al., 2012).
Thus all experiments with SREL were performed ilow salt SREL buffer (50 mM Hepes/NaOH
pH7.5, 20 mM KCI, 10 mM MgQG) with Urea denatured DM-MBP. First, we confirmeahte complex
formation and efficient encapsulation of substtgte series of size exclusion experiments. In orer
achieve accurate and sensitive detection of DM-MBgrl filtration, we used DM-MBP(312C) labeled
with Atto655. We performed gel filtration chromataghy of a preformed mixture of SR1, GroES and
fluorescently labeled DM-MBP(312C), and subseqyeaisessed the amount of encapsulated DM-

MBP by fluorescence imaging and coomassie staining.
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Figure 4.10 SREL forms a stable cis-like complex with GroES that stably encapsulates DM-MBP

(A) SDS-PAGE of size exclusion fractionation of a prafed SREL, GroES, DM-MBP complex. DM-MBP
(Atto655) was unfolded in 10 M urea, 10 mM DTT fbh at 50°C and diluted 200-fold into SREL buffér a
20°C containing 1 M SREL. After 5 min encapsulatid DM-MBP was initiated by addition of 4 uM GroES

61



4 Results

and 1 mM ATP. The reaction mix was applied to ae8dex 200 gel filtration column equilibrated in SRE
buffer, 50 mM urea, 1 mM ATP. Fractions of 50 pLreveollected over a period of 30 min. Top panehgho
Coomassie stained SDS PAGE of collected fractiBottom panel shows fluorescence scan of the sang SD
PAGE including densitometric quantification of freed complexed DM-MBRB) Size exclusion experiment
to establish long term complex stability. The prefed SREL, DM-MBP and GroES complex was incubated
for 30 min at 20°C, followed by size exclusion amaiography without further additions (top panel) or
subsequent to addition of 50 mM CDTA, 200 mM KQ0, M GuHCI to induce dissociation of the SREL
GroES complex and release encapsulated DM-MBPdivoptanel). The collected fractions were analyzed by
SDS-PAGE as described in (XC) GroES significantly inhibits SREL ATPase activigTPase activity of
100 nM SREL in SREL buffer was measured at 20°@ byupled enzymatic assay following the photometric
conversion of NADH, in absence and presence ofd@roES or 400 nM GroES and 1 uM denatured DM-
MBP. The rate of NADH consumption was converted e production of phosphate by one SREL 7-mer per
minute. Data for figures A and B kindly provided Gpran Mil€i¢.

SREL and GroES co-eluted, indicating stable comfdexation (Fig. 4.10 A, top). ~90% of Atto655-
labeled DM-MBP (312C) co-eluted with SREL and GroE&responding to encapsulated protein. The
remaining ~10% of DM-MBP eluted at lower moleculaight fractions, corresponding to free protein
(Fig. 4.10 A, bottom). DM-MBP was stably encapsediafor at least 30 minutes (Fig. 4.10 B, top) but
was efficiently released upon complex dissociatignaddition of Mg*-chelator (50 mM CDTA),
GuHCI (70 mM) and high salt (200 mM KCI) (Fig. 4.A0 bottom). In addition, we found that GroES
efficiently inhibited the ATPase activity of SRELI R/EL min) reducing it to a basal level of 0.8H2

min (Fig. 4.10 C). Strong inhibition of SREL ATPaaetivity by GroES indicates formation of a stable
complex that undergoes only a single round of Ay&tlysis. Note that also the presence of an excess
of denatured substrate protein did not affect EffitGroES binding (Fig. 4.10 C).

When we measured the refolding rate of DM-MBP(31B¢Z)Trp fluorescence, we observed that
SREL/ES assisted refolding resulted in a similareteration of the refolding rate as provided by the
GroEL double ring / GroES system (Fig 4.9 A). Niftat in-cage refolding of DM-MBP, in contrast to
spontaneous refolding, is salt insensitive (Chadartgbet al., 2010 and this work). We also found tha
full refolding yields were obtained in case of SR&dsisted refolding (data not shown). Therefore, a
single round of encapsulation is sufficient, nolyao result in full yield but also to catalyze €ihg.
This clearly shows that the GroEL/ES system is elive system, with an active cage providing a
scaffold for accelerated folding of substrate grate

When we measured PET-FCS for stably encapsulate?§-labeled DM-MBP during the first
minute of folding inside SREL, we found@of 99 +1 us, identical to the value obtained fer tycling
GroEL WT system under the same low salt SREL budfexdition (Fig. 4.9 B). These findings indicate
an important reduction of chain entropy inside GreEL cavity, even compared to the GroEL bound
state. In other words, the encapsulated substxaeriences a reduction in conformational freedos. A

described earlier, steric confinement inside tlgeeauld result in reduced chain entropy and teeef
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a more rapid conversion of the highly dynamic imtediate to the native state. In PET-FCS this effect
is not only shown by a rapid decrease in the aoghitof the fast fluctuating component, but alsarin
increase in the characteristic decay time of tast fluctuating component. Therefore, PET-FCS does
not only allow us to follow folding kinetics of DNMBP inside the GroEL cavity, but also the differenc

in conformational space that can be explored bydtkng polypeptide chain. Finally, it is interaxj

to note that an increase in relaxation time ancefoee decrease in conformational flexibility cdates

well with an increase in refolding rate (Fig. 4.9).

4.4 DM-MBP refolding but not aggregation is salt dependent

It has previously been shown that spontaneousngldi DM-MBP can be chloride salt dependent,
whereby a decrease in salt concentration resulis impparent increase in the folding rate (Apetd a
Horwich, 2008; Chakraborty et al., 2010; Tyagi bt a011). This effect could have two different
underlying mechanisms. Either the folding energndécape changes due to changes in the
electrochemical environment of the folding proté@hakraborty et al., 2010) or a decrease in ionic
strength of the solvent is concomitant with a daseein the aggregation propensity of the folding
intermediate (Apetri and Horwich, 2008; Tyagi et &011). While a change in the folding energy
landscape would be in line with an active cage rhofl&sroEL function, an impact on aggregation
propensity would be consistent with the passiveeaagdel. To discriminate between the two effects
we decided to measure the spontaneous refoldiegofadDM-MBP at low salt concentration (20 mM
KCI), using single molecule concentrations to edeluhe effect of aggregation. We used the already
described smFRET-based folding assay to measuwigliref of DM-MBP in MBP LS refolding buffer
(20 mM KCI) (Fig. 4.11 A). Interestingly, we founithat DM-MBP folds at an increased rate of
0.055 min* at a concentration of 20 mM KCI (Fig. 4.11 B), 2feld acceleration of the folding rate
obtained at 200 mM KCI. Chloride salt thereforerdases the rate of folding by modulation of the
intrinsic folding properties of DM-MBP (Chakraborgt al., 2010), rather than influencing it's
aggregation. To investigate this salt effect furtinee employed PET-FCS to test for a salt dependent
change in chain entropy of the DM-MBP folding imediate. We observed the formation of a folding
intermediate to a similar extent at both 20 mM 268 mM KCI, as judged by the amplitude F of the
observed PET signal (Fig. 4.11 C). The time depenhdecrease in F, as already described, correlates
with the folding rate of DM-MBP. Folding rates maesd by PET-FCS at 100 pM (Fig. 4.11 C) and by
Trp fluorescence at 100 nM (Fig. 4.11 D) showedimailar ~2-fold rate acceleration at a 10-fold
decrease in salt concentration for labeled andbetdal DM-MBP (312C), respectively. Interestingly,
the relaxation time of the observed PET signal was3-fold increased with a decrease in salt

concentration, corresponding to a decrease iniprotain flexibility (Fig. 4.11 E) and comparabte t
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the increase in folding rate. Measuring the DM-MBFL2C) refolding rate at 100 nM by Trp
fluorescence, we also confirmed a previously dbsdrresult (Chakraborty et al., 2010), that thdifg

rate of DM-MBP in presence of GroEL/ES/ATP is sattependent, in striking contrast to spontaneous
folding (Fig. 4.11 D). These findings suggest tit electrochemical environment of the GroEL cage
renders the folding of DM-MBP salt insensitive. €aktogether with the observation that the
electrochemical environment can significantly aftex folding pathway of DM-MBP, it is likely thahi
addition to the steric confinement effect the hyghégatively charged inner cage wall (42 net negati
charges) of GroEL strongly impacts the folding écapry of the DM-MBP intermediate state. This
model has been suggested previously (Tang etGf6)2but had remained controversial (Motojima et
al., 2012).
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Figure 4.11 DM-MBP refolding but not aggregation is salt dependent

KCl KCl

(A) DM-MBP (DL) spontaneous refolding under low sainhditions measured by smFRET. DM-MBP (DL)
was denatured in 6 M GuHCI, 10 mM DTT and dilut@@-Zold at 20°C into MBP LS refolding buffer (20 mM
Tris/HCI pH 7.5, 20 mM KCI, 5 mM Mg(&430x)2) to a final protein concentration of 100 pM. Refiog was
stopped at different kinetic points by addition 2f1M GroEL. Samples were then subjected to smFRET
analysis. Representative histograms of at leasetmdependent experiments for characteristic kirpgtints

are shown(B) DM-MBP spontaneous refolding is accelerated byerehse in salt concentration. Refolding
data obtained from smFRET measurements as showA)irwas analysed kinetically and compared to
spontaneous refolding at physiological salt conegian of 200 mM KCl as shown in Fig. 4.4 A. Dagashown

as arithmetic mean = s.d. of at least three indégenexperiment4C) Refolding rate of DM-MBP (312C)
labeled with Atto655 measured by PET-FCS. Unfolddd-MBP (312C) was refolded spontaneously at
100 pM and 20°C by dilution into either MBP refaidi buffer (200 mM KCI) or MBP LS refolding buffer
(20 mM KCI). Refolding was followed by time dependelecrease of the fit parameter F as described in
Fig. 4.8 B.(D) Comparison of spontaneous and assisted foldimeg raeasured by tryptophan fluorescence at
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different salt concentrations (20 MM and 200 mM KQRefolding of unlabeled DM-MBP (312C) was
measured following the increase in Trp fluorescamen 200-fold dilution from denaturant into buféar20°C
and to a final protein concentration of 100 nf#) Comparison of conformational flexibility of DM-MBP
folding intermediate at different salt concentraig20 mM and 200 mM KCI). DM-MBP (312C) labeledwi
Atto655 was denatured in 6 M GuHCI, 10 mM DTT aiidtdd into buffer containing either 20 mM or 200/m
KCI. FCS recording was started immediately for hniihe autocorrelated data was fitted with a offeision
one exponential model to extract the relaxatioretigof the conformational flexibility. Values far are given
as arithmetic mean = s.d. of at least three indépetnexperiments. Data for figures C, D and E waained
in collaboration with Dr. Shubhasis Haldar.

4.5 Assisted substrate folding occurs inside the GroEL cage

The finding that the substrate chain entropy isrgjly modified during folding in the presence of
GroEL/ES as compared to folding in free solutiarggested an important role of substrate confinement
in the GroEL central cavity. In addition, chain reply was reduced to the same extent during both
cycling and stable encapsulation (Fig. 4.9 B), éatihg that the substrate protein spends mostsof it
time in the encapsulated state during folding. Sithe iterative annealing model (Sparrer et aP619
Yang et al., 2013), in contrast to the active cagelel (Brinker et al., 2001; Chakraborty et al.1@0
Tang et al., 2006, 2008), does not assign a fumaticelevance to substrate encapsulation, we decide
to quantitatively measure the time a given sulsstrailecule spends inside the cage and in bulkisalut
during a single round of the chaperonin cycle.

We first tested whether substrate folding occuesipminantly inside the cage (in-cage folding) or
outside the cage (out-of-cage folding). Therefoeemeasured the diffusion time of DM-MBP (DL)
during the first minute of GroEL/ES assisted reiiofd We found that in the first minute after stagti
the folding reaction with ATP, the average diffusiime of DM-MBP (DL) was in good agreement
with the diffusion time found for GroEL-bound demsd DM-MBP (DL) and could be well
discriminated from freely diffusing DM-MBP (DL) dung the first minute of spontaneous refolding
(Fig. 4.12 F). Diffusion time measurements therefiodicate that during the first minute of assisted
refolding the majority of DM-MBP is in complex witlhhchaperonin molecule.

It is, however, not clear whether DM-MBP is mositythe unfolded state, bound to the GroEL
apical domains, or encapsulated inside the cadtynéd by GroEL and GroES. We have already
established that DM-MBP (DL), when bound to the Brapical domains, shows a FRET efficiency
distribution corresponding to stretched conformai¢Fig. 4.3 B and Fig. 4.12 A). In contrast, wiren
free solution DM-MBP (DL) shows a compact conforimatwith a high FRET efficiency distribution
(Fig. 4.3 A). Based on previous observations, d@gflgconformational confinement as observed by

PET-FCS, we reasoned that when encapsulated itigd&roEL central cavity, DM-MBP would adopt
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a compact conformation and should also show a RRET-efficiency distribution. In fact, when we
refolded urea denatured DM-MBP (DL) in presenceS&EL/ES/ATP under conditions where we
previously ensured efficient and stable encapsratFig. 4.10), we found that DM-MBP adopts a
compact conformation with an average FRET-efficjent fe = 0.66 (Fig. 4.12 E) during the first
minute of refolding. Note that DM-MBP(DL) showedryesimilar FRET efficiency distributions when
bound to SREL and GroEL, with ~34-40% of moleculasa highly stretched conformation
corresponding toef= 0.06 in the case of GroEL, and= 0.1 in the case of SREL. The remainder of the
molecules showed an intermediat®f 0.38 and 0.44 respectively (Fig. 4.12 A and D).

Having established that DM-MBP (DL) adopts a comtganiformation with a highefwhen stably
encapsulated in SREL, we tested the conformatistaté of DM-MBP(DL) during cycling conditions.
When we measured single molecule FRET during thet fninute of GroEL assisted refolding in
presence of GroES and ATP, we observed a bimod&TF&tficiency distribution with most of the
molecules being in a compact state with a higbff0.65 and the remainder of molecules being in a
stretched conformation with a &f 0.12 (Fig. 4.12 B). We therefore reasoned, tiigite a part of the
molecules are bound to the GroEL apical domainsndurefolding, the majority of molecules is
encapsulated inside GroEL, or reached the natavie sind is therefore not GroEL associated. For
absolute quantification, we assessed the amoufdldéd material by stopping the assisted folding
reaction after one minute by addition of apyrasm.(#12 C). Using the established FRET peak
quantification approach, we found that the fractidrfolded molecules was ~12%. Taking this into
consideration, we calculated that during the firsiute of assisted refolding ~82% of GroEL assediat

molecules were encapsulated and a small amourit28fo-were in the GroEL bound state.
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Figure 4.12 Substrate refolding occurs inside the GroEL central cavity

(A) smFRET histogram of GroEL bound DM-MBP (DL). DM-N?BDL) was denatured in 6 M GuHCI, 10 mM
DTT and diluted 200-fold into MBP refolding buffeontaining 2 pM GroEL to a final protein conceritat

of 100 pM. The sample was immediately subjectesi&RET analysis. One representative histogramreéth
independent experiments is showB) smFRET distribution of DM-MBP (DL) during the firsninute of
GroEL assisted refolding. DM-MBP (DL) was denatuieé M GuHCI, 10 mM DTT and diluted 200-fold into
MBP refolding buffer containing 2 uM GroEL. The dahg reaction was initiated by addition of 4 uM GB®
and 5 mM ATP. smFRET was recorded during the finistute of refolding. The experiment was repeatedsso
to acquire statistically relevant data from at teE300 particles. The FRET efficiency values fdrparticles
were histogrammed and analyzed by GaussiatdjtRefolding of DM-MBP (DL) was started as in (B) but
stopped after 1 minute by addition of 10 U apyraseFRET was subsequently measured for 30 min. One
representative histogram of three independent @rpets is shown(D) smFRET histogram of SREL bound
DM-MBP (DL). DM-MBP (DL) was denatured in 10 M Ured0 mM DTT and diluted 200-fold into SREL
buffer containing 1 uM SREL to a final protein centration of 100 pM. The sample was immediately
subjected to sSmFRET analysis. One representatstedriam of three independent experiments is sh@&)n.
smFRET distribution of DM-MBP (DL) during the firshinute of SREL assisted refolding. DM-MBP (DL)
was denatured in 10 M Urea, 10 mM DTT and diluté@-ld into SREL buffer containing 1 uM SREL. The
folding reaction was initiated by addition of 4 pu®BfoES and 5 mM ATP. smFRET was recorded during the
first minute of refolding. The experiment was repéelaso as to acquire statistically relevant datenfat least
1000 particles. The FRET efficiency values forpatticles were histogrammed and analyzed by Gauéisia
(F) Average diffusion time of DM-MBP (DL) measuredlfi0 pM in MBP refolding buffer for 1 min. DM-
MBP (DL) was denatured in 6 M GUHCI, 10 mM DTT atithited 200-fold into MBP refolding buffer (spont.)
or MBP refolding buffer containing 2 uM GroEL (Grbfound). The assisted folding reaction was also
initiated by addition of 4 uM GroES and 5 mM ATPr¢&L/ES/ATP). FCS was recorded during the first
minute of refolding. Average diffusion times wergermined by fitting of the autocorrelated dataXtin647N
fluorescence and are represented as arithmetic tneah of at least three independent experiments.
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Next, we set out to quantify the amount of time given substrate molecule spends in the encapdulate
state as compared to being bound to the GroEL lagaraains. To this end, we measured the initial
ATPase activity of GroEL in presence of varying ami of non-native substrate protein (DM-MBP).
GroEL hydrolyzed ATP at a rate of ~53 ATP rhiat 20°C. The hydrolysis rate decreased to ~21 ATP
min in presence of GroES (Chandrasekhar et al., 1#86)4.13 A). For constant concentrations of
GroEL (0.2 uM) and GroES (0.4 uM) we found an iaseein ATPase activity with increasing substrate
concentration (Fig 4.13 B). It has been reported sibstrate protein can stimulate the GroEL ATPase
function (Martin et al., 1991) by triggering releasf ADP and GroES from the trans ring (Hayer-Hartl
et al., 1995; Martin et al., 1993; Ye and Lorim2013). At a substrate concentration of 0.8 uM,
corresponding to a 4-fold excess of substrate @reiEL, we found the ATPase activity reaching a
saturated ~3-fold stimulation (Fig. 4.13 A and 859 ATP mirt. Accordingly, the time it takes for
one GroEL complex to hydrolyze 7 ATP molecules @meEL hemi-cycle) at 20°C was ~7 seconds in
presence of saturating amounts of non-native satiesft uM) (Fig. 4.13 C). As established by stopped
flow mixing studies, binding of non-native DM-MBB GroEL is complete after ~0.3 s and substrate
encapsulation upon binding of GroES after ~0.5ha(®a et al., 2008). Therefore, the substrate spend
~1 s in the GroEL bound state and ~6 s inside ¢néral GroEL/ES cavity, corresponding to ~14% and
~86% of the hemi cycle duration, respectively. Ehealues are in excellent agreement with those
obtained in smFRET measurements (Fig. 4.12). We atgasured the hemi-cycle length at a
physiological temperature of 37°C and found it &2 seconds (Fig. 4.13 C). This change in hemi-
cycle length corresponds to a Q10 temperatureicgaft of ~2 and therefore shows the Arrhenius-like
temperature dependence of the GroEL chaperonirecgaggesting that all steps of the chaperonin

mechanism undergo similar temperature dependentexation.
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Figure 4.13 Presence of substrate stimulates GroEL ATPase activity

(A) ATPase avtivity of GroEL alone and in presenc&obES and denatured DM-MBP. ATPase activity of
GroEL (0.2 uM) was measured in MBP refolding butie20°C in absence or presence of GroES (0.4 gM) o
GroES (0.4 uM)/non-native DM-MPB (1 uM). Rates egpresented as arithmetic mean + s.d. of at lbas¢ t
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independent experimen{®) Substrate dependence of GroEL ATPase activity.aseRf 0.2 puM GroEL was
measured in presence of 0.4 uM GroES as a funofioon-native substrate (DM-MBP) concentration.éRat
are represented as arithmetic mean = s.d. of sttleeee independent experiments. A sigmoidal &is &pplied

to guide the eye(C) Average GroEL hemi-cycle duration + s.d. in preseof substrate. The duration of a
hemi-cycle was defined as the time needed for Hysiof seven ATP molecules per GroEL 14-mer and
calculated from ATPase rate measurements. ATP#&seweere obtained from three individual experiméots
0.2 uM GroEL in presence of 0.4 uM GroES and 1 jov-native substrate (DM-MBP) at 20°C and 37°C. All
ATPase activities were measured photometricallpgiai NADH coupled enzymatic assay.

4.6 GroEL cage charges strongly impact assisted refolding

The inner surface of the GroEL cage in the GroBS$dais conformation has a high negative net charge
of -42. Two patches of three negatively chargechamacids in each GroEL subunit (E252, D253, E255
and D359, D361, E363) form two ring like chargestéus along the cis-cavity wall (Tang et al., 2006)
Although these residues have a high conservatioremongst GroEL homologues, they do not play
an important role in binding of substrate or GroE®as therefore been suggested, and demonstrated,
that these charge clusters play an important nolsuibstrate refolding by potentially altering the
chemical microenvironment inside the GroEL cav@#érma et al., 2008; Tang et al., 2006). In additio

it was shown that GroEL substrate proteins areckad for negative charges as compared to the bulk
proteome, suggesting a potential effect on prdiglding by charge-charge repulsion (Kerner et al.,
2005). Further, computational studies have sugdeate impact of charge clusters in GroEL on
structuring of water molecules inside the cis-cayEngland et al., 2008). It has been shown that
inversion of one charge cluster in SREL (D359K, DRSE363K) results in a net neutrally charged
mutant SR(KKK2) that cannot accelerate refoldinddM-MBP and RuBisCO, but has no impact on
refolding of Rhodanese (Tang et al., 2006). In taldi DM-MBP and RuBisCO show enhanced folding
kinetics in presence of wild-type SREL/ES, whileo@hanese does not (Brinker et al., 2001; Tang et al.
2006). Taken together, these findings suggest gooriiant role of negative charges in folding rate
acceleration. Here, we further analyzed the infbgeaf the GroEL cage net negative charge on the
refolding of an encapsulated substrate proteingugia SR(KKK2) and EL(KKK2) mutants.
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Figure 4.14 Effect of GroEL cavity surface charges on DM-MBP refolding Kkinetics and
conformational dynamics

(A) EL(KKK2) does not accelerate DM-MBP refolding. ldheled DM-MBP (312C) was denatured in 6 M
GuHCI, 10 mM DTT for 1 h at 20°C and diluted 200dfat 20°C into MBP refolding buffer (200 mM KC) t

a final protein concentration of 100 nM for sporgaus refolding. For assisted refolding, denaturbtNdBP
was diluted into MBP refolding buffer containingheir 2 uM GroEL WT or 2 uM EL(KKK2). Assisted
refolding was started by addition of 4 uM GroES &whM ATP. Refolding kinetics were followed by Trp
fluorescence increase and average refolding rat® wextracted by single exponential fitting of thre
independent repeats. Relaxation time measurememtagdthe first minute of spontaneous and assisted
refolding, were performed by initiating the refoldi of denatured, Atto655 labeled DM-MBP (312C) as
described for PET-FCS based rate measurementdiaalaconcentration of 1 nM. Relaxation times were
extracted from data obtained during the first ménoft refolding.(B) SR(KKK?2) does not accelerate DM-MBP
refolding. Unlabeled DM-MBP (312C) was denatured M Urea, 10 mM DTT for 1 h at 50°C and diluted
200-fold at 20°C into SREL buffer (20 mM KCI) tofiaal protein concentration of 100 nM for spontango
refolding. For assisted refolding, denatured DM-MBBs diluted into SREL buffer containing either I2 p
GroEL WT, 1 uM SREL or 1 puM SR(KKK?2). Assisted rkfimg was started by addition of 4 uM GroES and
5 mM ATP. Refolding kinetics were followed by Trludérescence increase and average refolding rates we
extracted by single exponential fitting of thredépendent repeats. Relaxation time measuremeritgydbe
first minute of spontaneous and assisted refoldiveye performed by initiating the refolding of damrad,
Atto655 labeled DM-MBP (312C) in SREL buffer as déised for PET-FCS based rate measurements atla fin
concentration of 1 nM. Relaxation times were exeddrom data obtained during the first minuteedbtding.

At physiological salt concentration, GroEL acceledathe refolding of DM-MBP(312C) by ~4.5-fold
(Fig 4.14 A). In contrast, no rate acceleration wadsserved with EL(KKK2)/ES (Fig. 4.14 A).
Accordingly, EL(KKK2) did not restrict DM-MBP chaidynamics as measured during the first minute
of folding by PET-FCS (Fig. 4.14 A). DM-MBP(DL), weim bound to SR(KKK2) or EL(KKK2),
displayed the same conformational properties aswdoeind to GroEL, as demonstrated by smFRET
measurements (Fig. 4.4 B and Fig. 4.15 A and D)rddeer, during the first minute of folding with
EL(KKK2)/ES/ATP, the diffusion time of DM-MBP(DL) @s identical to that of the EL(KKK2)-bound
protein (Fig. 4.15 F), indicating that essentialy substrate protein was chaperonin associated. Th
fraction of bound and encapsulated substrate detechirom smFRET histograms that were recorded
during the first minute of folding, was ~16% an%@ respectively, close to the values obtained with
GroEL/ES (Fig. 4.15 B). The ATPase activity of EI{K2) was similar to that of GroEL and was

70



4 Reaults

efficiently inhibited by GroES (Fig. 4.16 C). Howay unlike GroEL, excess non-native DM-MBP had

only a minor effect in stimulating the ATPase aityiwf EL(KKK2)/ES. These results suggested that

the charge properties of the cis-cavity wall maytlo® one hand entropically stabilize encapsulated
substrate protein, and on the other hand coupletesence of substrate to the ATPase activity of
GroEL.
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Figure 4.15 Slow assisted refolding by EL(KKK2) occurs inside the central cavity

(A) smFRET histogram of EL(KKK2) bound DM-MBP (DL). DMBP (DL) was denatured in 6 M GuHCI,
10 mM DTT and diluted 200-fold into MBP refoldingiffer containing 2 uM EL(KKK2) to a final protein
concentration of 100 pM. The sample was immediaselyjected to SmMFRET analysis. One representative
histogram of three independent experiments is sh@)rsmFRET distribution of DM-MBP (DL) during the
first minute of EL(KKK2) assisted refolding. DM-MB@®L) was denatured in 6 M GuHCI, 10 mM DTT and
diluted 200-fold into MBP refolding buffer contang 2 uM EL(KKK2). The folding reaction was initiatdy
addition of 4 puM GroES and 5 mM ATP. smFRET wasorded during the first minute of refolding. The
experiment was repeated so as to acquire staligtiedevant data from at least 1000 particles. HRET
efficiency values for all particles were histograethand analyzed by Gaussian (@) Refolding of DM-MBP
(DL) was started as in (B) but stopped after 1 r@rhy addition of 10 U apyrase. SmFRET was subsebjue
measured for 30 min. One representative histogratiree independent experiments is sho(@). sSmFRET
histogram of SR(KKK2) bound DM-MBP (DL). DM-MBP (DlLwas denatured in 10 M Urea, 10 mM DTT
and diluted 200-fold into SREL buffer containingtl SR(KKK2) to a final protein concentration of 1pM.
The sample was immediately subjected to smFRETysisalOne representative histogram of three indeégetn
experiments is showr(E) smFRET distribution of DM-MBP (DL) during the firsninute of SR(KKK2)
assisted refolding. DM-MBP (DL) was denatured inM@rea, 10 mM DTT and diluted 200-fold into SREL
buffer containing 1 pM SR(KKK?2). The folding reamti was initiated by addition of 4 uM GroES and 5 mM
ATP. smFRET was recorded during the first minuteedélding. The experiment was repeated so asdoiee
statistically relevant data from at least 1000 ipe$. The FRET efficiency values for all particlegre
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histogrammed and analyzed by GaussiafF)}tAverage diffusion time of DM-MBP (DL) measuredl®0 pM

in MBP refolding buffer for 1 min. DM-MBP (DL) wadenatured in 6 M GuHCI, 10 mM DTT and diluted 200-
fold into MBP refolding buffer (spont.) or MBP rédting buffer containing either 2 uM GroEL (GroELdoal)

or 2 uM EL(KKK2) (EL(KKK2) bound). The assisted flhg reaction was also initiated by addition of M p
GroES and 5 mM ATP (GroEL/ES/ATP). FCS was recordadng the first minute of refolding. Average
diffusion times were determined by fitting of thetecorrelated data for Atto647N fluorescence are ar
represented as arithmetic mean = s.d. of at leas¢ independent experiments.

To separately investigate the effect of GroEL negatage charges on a folding substrate under non-
cycling conditions, we next used SR(KKK?2) to analyze chain dynamics and folding kinetics of DM-
MBP during folding when stably encapsulated. Wealdighed, again by size exclusion
chromatography, that GroES-mediated substrate sotamn by SR(KKK2) at low salt (Fig 4.16 A
and B) was as efficient as with SREL (Fig. 4.10ndl 8). In addition, using single molecule FRET, we
established that during the first minute of encégsmn in SR(KKK2), DM-MBP(DL) populated
compact conformations, as observed with SREL/E§. &5 E).

GroEL/ES and SREL/ES mediated the refolding of DNBR(312C) at essentially the same
accelerated rate (measured at low salt) (Fig. B)l4vhereas folding by SR(KKK2)/ES was not
accelerated beyond the spontaneous rate. Integlystwhile the DM-MBP folding rates in presence of
GroEL/ES and SREL/ES are salt independent (Fid. 4rid Fig. 4.14), DM-MBP in presence of the
KKK2 mutant displays a similar salt-dependenceheffblding rate as during spontaneous renaturation
(Fig. 4.11 and Fig. 4.14) (Chakraborty et al., 201thportantly, DM-MBP(Atto655) when stably
encapsulated by SR(KKK2)/ES displayed significantigher chain dynamicst{ 66 =4 us) as
compared to SREL/ESt{ 99 £+ 1 us) (Fig. 4.14 B). Together, these findimgdicate that the net-
negative charge of the GroEL cis-cavity plays #éaai role in conformational restriction of dynamic
folding intermediates of the encapsulated substthéseby accelerating their conversion to theveati
state.
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Figure 4.16 SR(KKK2) forms a stable cis-like complex with GroES that stably encapsulates DM-
MBP

(A) SDS-PAGE of size exclusion fractionation of a prefed SR(KKK2), GroES, DM-MBP complex. DM-
MBP (Atto655) was unfolded in 10 M urea, 10 mM DfoF 1 h at 50°C and diluted 200-fold into SREL lauff
at 20°C containing 1 pM SR(KKKZ2). After 5 min encafation of DM-MBP was initiated by addition of 44
GroES and 1 mM ATP. The reaction mix was applied ®uperdex 200 gel filtration column equilibraied
SREL buffer, 50 mM urea, 1 mM ATP. Fractions of HOwere collected over a period of 30 min. Top pane
shows Coomassie stained SDS PAGE of collecteddractBottom panel shows fluorescence scan ofahees
SDS-PAGE including densitometric quantification fofe and complexed DM-MBP(B) Size exclusion
experiment to establish long term complex stabilitye preformed SR(KKK2), DM-MBP and GroES complex
was incubated for 30 min at 20°C, followed by stzelusion chromatography without further additidtep
panel) or subsequent to addition of 50 mM CDTA, 2@ KCL, 70 mM GuHCI to induce dissociation of the
SR(KKK2) GroES complex and release encapsulatedNDBR (bottom panel). The collected fractions were
analyzed by SDS-PAGE as described in (&) GroES efficiently binds EL(KKK2) and SR(KKK2) as
established by ATPase activity. ATPase activitg@d nM EL(KKK2) or 100 nM SR(KKK2) in MBP refolding
buffer or SREL buffer was measured at 20°C by aplmh enzymatic assay following the photometric
conversion of NADH, in absence and presence ofd@roES or 400 nM GroES and 1 pM denatured DM-
MBP. The rate of NADH consumption was converted ittite production of phosphate by one GroEL 14-mer
or one SREL 7-mer per minute. Data for figures Al 8nkindly provided by Goran Mii¢.
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4.7 DapA: A natural substrate of GroEL/ES

While DM-MBP is a frequently used GroEL model suatg, a large scale investigation of folding rate
acceleration for natural and obligate GroEL sulbssréclass 1l substrates) (Fujiwara et al., 2émer

et al., 2005) remains elusive. One important olestacthe high aggregation propensity of many class
[l proteins. In order to compare folding in thesabce and presence of GroEL, permissive conditions
for spontaneous folding need to be identified, ¢anditions under which aggregation is limited and
folding to the native state is energetically fa\mea Here, we identified the homotetrameric cldbs |
enzyme Dihydrodipicolinate synthase (DapA, 31.2kBs a protein for which efficient spontaneous
refolding to high yield at observable rate candimived by enzymatic activity at temperatugeg5°C.
Similar to many class Il proteins, DapA containd\aterminal o)s triose phosphate isomerase (TIM)-
barrel fold (Fujiwara et al., 2010; Kerner et &Q05) with an alpha helical C-terminal extension
(Fig. 4.17 B). DapA is therefore an appropriateirgtsubstrate protein with which to further invgate

the mechanism of GroEL assisted protein folding.

4.7.1 DapArefolding is accelerated in the presence of GroEL/ES

TIM barrel

rel. DapA activity
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Figure 4.17 Acceleration of DapA refolding by GroEL/ES/ATP

o
I
P

(A) Structure of the DapA tetramer (PDB: 1DHM) Magnification of one DapA subunit showing the TIM
barrel domain in dark blue and the C-termimdielical domain in cyan as well as the active lsisene K161 in
purple.(C) Spontaneous (blue) and assisted (red) subunitdiatpbf DapA analyzed by enzymatic activity at
a final concentration of 200 nM at 25°C. DapA wasaured in 7.2 M GuHCI, 10 mM DTT and diluted 100-
fold into DapA refolding buffer. In case of assistefolding 2 uM GroEL and 4 uM GroES were used and
refolding was started by addition of 5 mM ATP. Sgoeous refolding was stopped by addition of 0.8 uM
GroEL D87K. Assisted refolding was stopped by addibf 50 mM CDTA. Refolding reactions were incudxht
for 1 h at 25°C to allow efficient assembly of matifolded subunits. Arithmetic mean = s.d. fromeatst 3
independent experiments is showB) Arrhenius plot of spontaneous (blue) and assiéted) refolding
measured as in (C) for temperatures between 7°Qaf@. Data for Figures (C) and (D) was kindly pded

by Kristina Popova.
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Unlike monomeric DM-MBP, DapA refolding requireslding of single subunits and subsequent
tetrameric assembly (Fig. 4.17 A). When DapA wasngically denatured in 7.2 M GuHCI, 10 mM
DTT and refolded by 100-fold dilution into DapA oéding buffer (20 mM Tris-HCI, pH 7.5, 100 mM
KCI, 10 mM MgCb, 10 mM pyruvate) at 25°C, efficient refolding tgiald of ~75% was observed with

a rate of ~0.2 mih (. ~3.6 min) (Fig. 4.17 C). However, when refoldinigDmpA was performed in
presence of GroEL/ES and ATP, 100% yield was obthias well as a strong ~30-fold acceleration of
the refolding rate to ~6.0 min(t., ~7 s), indicating high refolding yields after ordyfew chaperonin
cycles. With decreasing temperature the rate oEGrassisted DapA refolding decreased, showing
conventional Arrhenius behavior (Fig. 4.17 D, réd)contrast, spontaneous refolding was temperature
independent between 25°C and 15°C (Fig. 4.17 De)blindicating a kinetically trapped folding
intermediate with a high entropic barrier to théiveastate (Bicout and Szabo, 2000; Dobson et al.,
1998; Matagne et al., 2000), as described for DMPMEhakraborty et al., 2010). At temperatures
below 15°C the rate of spontaneous folding decreasia a constant slope, indicating the contribuoitio
of an enthalpic component to the transition stateveer temperatures (Dobson et al., 1998; Olivgber
et al., 1995). We decided to use a variety of bysjal approaches to further investigate the foionat

of a potential folding intermediate formed by Dagéring spontaneous folding.

4.7.2 DapA forms a kinetically trapped folding intermediate

In order to better characterize the DapA foldingimediate we tested the bis-ANS binding capadity o
DapA during refolding. Upon a change in the dieiectature of the solvent, e.g. binding to hydrdpikbo
regions in proteins, bis-ANS shows a significaictéase in fluorescence at 485 nm (Hawe et al.,)2008
While denatured and native DapA bound only minooants of bis-ANS, we observed strong bis-ANS
fluorescence when denatured DapA was diluted iraprefolding buffer at 10°C, containing the
fluorescent probe (Fig. 4.18 A). We concluded hapA forms a molten globule like intermediate state
with little tertiary structure that allows bindingf bis-ANS to exposed hydrophobic regions.
Interestingly, the binding of bis-ANS decreasedhwat similar rate (0.07 mi) (Fig. 4.18 B) as was
observed for recovery of enzymatic activity at 1¢oM9 min') (Fig. 4.17 D). Therefore, refolding of
DapA to the native state correlates with the disapgnce of the bis-ANS-binding intermediate state.
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Figure 4.18 DapA forms a kinetically trapped folding imtermediate

(A) bis-ANS fluorescence spectra upon binding to diffé conformational states of DapA. bis-ANS
fluorescence spectra in presence of the denatuagdel sf DapA (in 7.2 M GuHCI, black), the nativeatst
(purple) and the intermediate state (blue), formpan 100-fold dilution from denaturant, were re@atdvith
an excitation wavelength of 390 nm. Baseline speatrANS in buffer or GUHCI were subtracted. Exeanpl
curves are showr(B) Time dependent decrease of bis-ANS binding to DdpAng refolding. DapA was
denatured in 7.2 M GuHCI. Refolding was initiated190-fold dilution into DapA refolding buffer tofinal
concentration of 200 nM. After different kineticipts, bis-ANS was added to a final concentratior efv
and fluorescence spectra were recorded immedidtklgrescence at 485 nm was used for quantificafibe
fluorescence observed immediately after mixingeriatured DapA into bis-ANS containing buffer watase
1. The resulting data was fitted to a single exptiaerate. An average of three independent expnimis
shown. (C) Secondary structure of different DapA conformatiostates. Far-UV CD spectrum of DapA
(purple) was recorded at a concentration of 2 uNDapA refolding buffer at 10°C. DapA was unfolded i
7.2 M GuHCI, 10 mM DTT for 1 h at 20°C. The CD spam of denatured DapA (black) was recorded in
presence of 7.2 M GuHCI. Denatured DapA was dildt@d-fold into DapA refolding buffer at 10°C. A CD
spectrum of the initial folding intermediate (blugis recorded immediately. Buffer and GuHCI speateae
subtracted. Due to a high GuHCI background sigehatured and intermediate state could not be megsu
beyond 210 nm(D) Spontaneous refolding of DapA at different concatians of residual GUHCI. DapA was
denatured in 7.2 M GuHCI, 10 mM DTT for 1 h at 20efolding was induced upon dilution into DapA
refolding buffer to different final GUHCI concenti@ns. Refolding of 2 uM DapA was followed by thecdease
in CD signal at 225 nm. The resulting data wasditivith a single exponential rate equation to exti@ding
rates. The resulting refolding rates were plottgdirst the GuHCI concentration. Data obtained beitwe
150 mM and 400 mM GuHCI was approximated with adinfit to guide the eye.

Furthermore, we measured CD spectra of DapA imniggiafter dilution from denaturant into DapA
refolding buffer at 10°C (Fig. 4.18 C). We obsentbd initial formation of only ~20% of secondary
structure elements, indicating high flexibility thfe kinetically trapped folding intermediate. Stegdp
flow CD experiments suggested that the formatiothefinitial secondary structure occurred withie th
dead-time of the instrument (low ms time-rangeadutt shown) and therefore likely reflects backbone
collapse resulting in formation of dynamidhelices, an early event described in protein fajditudies
(Teufel et al., 2011). As acquisition of the reniagnsecondary structure content kinetically refielct

folding to the native state, we used time resol@&tspectroscopy to measure refolding of DapA at
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varying concentrations of chaotrope (GuHCI) (Fig.84D). The refolding arm of the resulting chevron
plot showed a characteristic rollover at low GuHGhcentrations, characteristic of the rate-limiting
formation of a kinetically trapped folding-intermate (Kaya and Chan, 2003). To further exclude the
transient aggregation of a DapA folding intermegliat a cause for slow spontaneous refolding, we

again resorted to single molecule fluorescencenigaes.

4.7.3 DapA does not form transient aggregates during refolding at single molecule level

In order to investigate folding of DapA under smgholecule conditions, where aggregation is unjikel
(Mukhopadhyay et al., 2007), we first establishechant in which all surface accessible cysteine
residues in DapA were replaced by serine (C20S,1614€218S) and an additional cysteine was
attached C-terminally at position 293. We fluoreghelabeled this DapA variant (DapA (293C)) with
two different fluorophores, Alexa647 and Dy530 gsmaleimide chemistry. First the unlabeled mutant
was tested to be enzymatically active and ableefold to the native state. We observed efficient
spontaneous refolding at 20°C with a rate of 0.04™n(Fig. 4.19 A, blue). Assisted refolding of
DapA(293C) was accelerated ~21-fold to a rate o8 @in® (Fig. 4.19 A, red). For the Alexa labeled
protein, spontaneous and assisted refolding oatuate0.014 mil and 0.89 mid, respectively
(Fig. 4.20 D). Therefore the mutation of the ingicnDapA Cys residues resulted in a reduction of
refolding kinetics. The enzymatic activity and sedary structure of the protein (as measured by CD
spectroscopy) was preserved, as well as the imporéde acceleration of refolding in presence of
chaperonin. The influence of fluorescent labeliwgen compared to the mutagenesis, was marginal.
Note also that Dy530 labeled DapA could spontangaefold to the enzymatically active state with a
high yield (data not shown).

We then used the two differently labeled populaioh DapA (293C) to perform similar FCCS
experiments as described for DM-MBP (Fig. 4.19 Bs a negative control we used the two
fluorophores instead of native protein, to avoitfacts from subunit mixing at low concentratioAs
expected, no cross correlation signal was obsdRigd4.19 B, purple). When both DapA variants were
unfolded together and diluted into DapA refoldingfbr to a final concentration of 100 pM, again no
cross correlation signal was observed (Fig. 4.18(8B:). This absence of cross correlation sigresrty
shows that DapA not only forms a monomeric foldimgrmediate but is also unable to assemble to the
tetrameric state at such low concentration. As sitipe control we refolded the differently labeled
populations together at 200 nM final protein corceion (100 nM each) in presence of
GroEL/ES/ATP. The refolded and assembled tetramaes then diluted to 100 pM (concentration of
monomers) for cross correlation analysis. Intemgsfi significant cross correlation signal was alisd
(Fig. 4.19 B, black), demonstrating that the tegemstate is kinetically stable and does not fgadi

disassemble upon dilution.
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Figure 4.19 DapA does not form transient aggregates during refolding

(A) Spontaneous (blue) and assisted (red) subunitiefpof unlabeled DapA (293C) analyzed by enzymati
activity at a final concentration of 200 nM in Dapéfolding buffer at 25°C. Unlabeled DapA (293C)swa
denatured in 7.2 M GuHCI, 10 mM DTT and diluted 06l into DapA refolding buffer. In case of aseidt
refolding 2 uM GroEL and 4 uM GroES were used agiblding was started by addition of 5 mM ATP.
Spontaneous refolding was stopped by addition oV2GroEL. Assisted refolding was stopped by additd
50 mM CDTA. Refolding reactions were incubated fdn at 25°C to allow efficient assembly. Arithmetic
mean + s.d. from at least 3 independent experimergeown(B) Absence of dcFCCS signak&r) during
spontaneous refolding of DapA. A 1:1 mixture of Baf293C) labeled with either Dy530 or Alexa647 was
denatured in 7.2M GuHCIl, 10 mM DTT and diluted 0@ into DapA refolding buffer to a final
concentration of 50 pM each. FCCS was recorded puitbed interleaved excitation within the firstr@thutes

of refolding (blue). As a positive control a 1:1xtire of differently labeled DapA was refolded iregence of
GroEL, GroES and ATP. The refolded and assembletgjorwas diluted to 100 pM for FCCS analysis (k)ac
A mix of dye molecules again at 50 pM concentraganh was used as a negative control (purf@d)l.n silico
kinetic simulation of the Anfinsen cage model irtihg an off-pathway transient dimerization reacijimsert).
The concentration of DapA was fixed to 100 pM. ¥#dn of the equilibrium dissociation constant foe
formation of dimeric aggregates (A, black) from rooreric intermediates (I, purple) resulted in apptlye
slower formation of native subunits (N, blue). Themation of native protein could not be fittedetéirst order
reaction (dotted blue line).

We also performed a kinetic simulation for a transiaggregation containing model of spontaneous

DapA refolding using Berkeley Madonna (Chakrabeittyal., 2010). The simulation was based on the
same model as described for DM-MBP (Fig. 4.19 Qie B the marked ~30 fold acceleration of folding
in presence of GroEL, the simulation showed that dffinity of a transient, non-native, dimeric

aggregate would have to be in the femtomolar rémgeplain the observed slow spontaneous refolding.

Taken together, experimental data and simulaticequivocally rule out the existence of transient
multimeric DapA aggregates during refolding at pd0to an extent that could explain rate accelenatio

by a passive, aggregation preventing mechanisnt@tG
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4.7.4 The rate of DapA subunit refolding is concentration independent

Having demonstrated the reproducibility and sevigjtiof an FCS-based approach to measure folding
rates at single molecule level using DM-MBP (Fi§)4we took advantage of this method to measure
refolding for an authentic GroEL substrate. Init@periments showed very different diffusion

coefficients for GroEL-bound DapA (49 1 jist) and spontaneously refolded DapA monomer
(102 2 pi s?).
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Figure 4.20 DapA subunit refolding is concentration independent

(A) Representative auto correlation curves of Alexdt#tescence for GroEL bound (red) and spontargous
refolded (blue) DapA-Alexa as well as kinetic psitiken during spontaneous refolding (grey). Da@8(C)
labeled with Alexa 647 was denatured in 7.2 M GuHOImM DTT for 1 h at 20°C. Refolding was initidte
at 20°C by 200-fold dilution into DapA refolding fber. Spontaneous refolding was stopped at diffekeretic
points by addition of 2 uM GroEL. FCS was subsetlyeacorded for 10 min. For starting and final éioints
diffusion coefficients were calculated as arithmetiean + s.d. from three independent experimeBts.
Representative auto correlation curves of Alexafld@rescence for GroEL bound (red) and chaperonin
refolded (blue) DapA-Alexa as well as kinetic psintken during assisted refolding (grey). DapA @P3
labeled with Alexa 647 was denatured in 7.2 M GuH@ mM DTT for 1 h at 20°C. Unfolded DapA was
diluted 200-fold into DapA refolding buffer cont&ig 2 UM GroEL. Assisted refolding was initiated by
addition of 4 uM GroES and 5 mM ATP. Assisted rdiio§ was stopped at different kinetic points byitidd

of 10 U apyrase. FCS was subsequently recordetiOfonin.(C) Refolding kinetics showing spontaneous and
assisted refolding of DapA-Alexa as measured byrtean particle diffusion time through the confocal
observation volume. The mean diffusion time wasrasted from auto correlation data of Alexa647
fluorescence as shown in (A) and (B) and conveirtéal the fraction of GroEL bound material, whichava
plotted versus refolding time. Single exponeniitihfy was used to extract the rate of folding.tAmetic mean

+ s.d. of three independent experiments is sh@i@hSpontaneous (blue) and assisted (red) subunidefp

of Alexa647 labeled DapA (293C) analyzed by enzyerettivity at a final concentration of 200 nM irapA
refolding buffer at 20°C. DapA was denatured in M.Z5uHCI, 10 mM DTT and diluted 200-fold into DapA
refolding buffer. In case of assisted refolding® groEL and 4 uM GroES were used and refolding staged

by addition of 5 mM ATP. Spontaneous refolding waspped by addition of 2 uM GroEL. Assisted refolyli
was stopped by addition of 10 U apyrase. Refoldgagtions were incubated for 1 h at 25°C to alléficient
assembly. Arithmetic mean * s.d. from at leastd2pendent experiments is shown.
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Following this observation, we unfolded DapA-Alér& .2 M GuHCI and diluted it 100-fold into DapA
refolding buffer to a final concentration of 100 pM order to distinguish between folded materiad a
non-native protein, we added 2 uM GroEL at différeme points. We again observed that during
refolding, labeled DapA shifted to an average fagiféusion time (Fig. 4.20 A and B) as more pdesc
reached the native state. While free DapA monomsbmsved an average diffusion coefficient of
102 + 2 pm s*, GroEL bound DapA showed an average diffusionfament of 49 + 1 pris®. As we
have demonstrated in cross correlation measurenmotein assembly upon refolding does not occur
at such low concentration (Fig. 4.19 B), and rdafajdof DapA at 100 pM therefore results in folded
monomeric subunits that are not GroEL associatkd.average spontaneous refolding rate obtained by
FCS was ~0.01 mih(Fig. 4.20 C). In accordance we performed assistéulding of GroEL-bound
DapA-Alexa at 100 pM by addition of 4 uM GroES &hM ATP. The refolding reaction was stopped
at different time points by addition of apyrase.afg we observed a gradual shift from slow to fast
diffusion rates. Analysis of the average diffusrate for different kinetic points revealed a refolyl

rate of ~0.74 min, and therefore an important folding acceleratiér-80-fold. The extracted rate
constants were in excellent agreement to the oatstants obtained for the labeled protein by entigma
activity at 200 nM (Fig. 4.20 D). Importantly, tepontaneous refolding rate of DapA thus appears to
be constant over a concentration range of 3 ordemsiagnitude, and is therefore not limited by
aggregation. This finding clearly rules out a passiage mechanism for folding acceleration of DapA

in the presence of the chaperonin system.

4.7.5 GroEL accelerates DapA refolding up to 130-fold at physiological temperature

Having confirmed the active cage model for DapAisied folding, we decided to use the established
single molecule based approaches to investigatéDefolding at the physiological temperature of
37°C.
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Figure 4.21 DapA refolding at physiological temperature

(A) Absence of dcFCCS signatd&r) during spontaneous refolding of DapA. A 1:1 mmetwf DapA (293C)
labeled with either Dy530 or Alexa647 was denatuned.2 M GuHCI, 10 mM DTT and diluted 200-fold int
DapA refolding buffer (preincubated in at 37°Cktfinal concentration of 50 pM each. FCCS was redin

a temperature controlled cuvette with pulsed ietered excitation within the first 30 minutes ofaldfng
(blue). As a positive control a 1:1 mixture of diféntly labeled DapA was refolded in presence afEEf
GroES and ATP also at 37°C. The refolded and assehgvotein was diluted to 100 pM for FCCS analysis
(black). (B) Representative auto correlation curves of AlexaBd@rescence for GroEL bound (red) and
spontaneously refolded (blue) DapA-Alexa as wekliastic points taken during spontaneous refol@ing7°C
(black). DapA (293C) labeled with Alexa 647 was afeined in 7.2 M GuHCI, 10 mM DTT for 1 h at 20°C.
Refolding was initiated at 37°C by 200-fold diluticnto DapA refolding buffer. Spontaneous refoldings
stopped at different kinetic points by addition DftM GroEL. FCS was subsequently recorded at room
temperature for 10 mifC) Representative auto correlation curves of Alexa@tescence for GroEL bound
(red) and chaperonin refolded (blue) DapA-Alexawas] as kinetic points taken during assisted refad
(black). DapA (293C) labeled with Alexa 647 was afeined in 7.2 M GuHCI, 10 mM DTT for 1 h at 20°C.
Unfolded DapA was diluted 100-fold into DapA refinlg buffer containing 2 uM GroEL. Assisted refolgin
37°C was initiated by addition of 4 uM GroES anthBl ATP. Assisted refolding was stopped at different
kinetic points by addition of 10 U apyrase. FCS walssequently recorded for 10 min at room tempez&(D)
Refolding kinetics showing spontaneous and assigtfdding of DapA-Alexa at 37°C, as measured by th
mean particle diffusion time through the confodaservation volume. The mean diffusion time wasastad
from auto correlation data of Alexa647 fluoresceasshown in (B) and (C) and plotted versus refigidime.
Single exponential fitting was used to extractrdie of folding. Arithmetic mean + s.d. of threelépendent
experiments is shown.

At the high concentrations needed for enzymatiaymsDapA aggregated substantially at temperatures
>25°C. At 100 pM however, we did not observe thenfation of aggregated material even at 37°C, as
tested by cross correlation of refolding, labeledpB(293C) in a temperature controlled cuvette
(Fig. 4.21 A). Therefore, we performed FCS baséalding assays at 37°C to measure the rate of both
spontaneous and GroEL/ES assisted refolding. THeefitus behavior of DapA refolding (Fig. 4.17 D)
showed that the spontaneous folding rate of Daptensperature independent, whereas the assisted
folding rate showed a@temperature coefficient of ~2. As expected, weeoled a strong acceleration

of DapA refolding by GroEL/ES at 37°C. The assistate obtained at 37°C (1.32 ritjwas ~130 times
faster than the slow rate of spontaneous refol(ir@L min') (Fig. 4.21 D) The observation of a strong
acceleration of substrate refolding by GroEL/ES7&C indicates the importance of the GroEL assisted
refolding of an otherwise trapped intermediateestdtphysiological conditions, as well as the giron

potential of GroEL as an active foldaseboli.
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5 Discussion

5.1 Active versus passive cage model

The observation of accelerated folding of subsipad¢eins in the presence of GroEL/ES initiatedrayl
standing debate as to how chaperonins could prorafiikeling of their cognate substrates (Ambrose et
al., 2015; Apetri and Horwich, 2008; Brinker et 2001; Chakraborty et al., 2010; Horwich et 2002;
Tang et al., 2006, 2008; Tyagi et al., 2011; Yangle 2013). Here, we set out to investigate tred
prominent models of chaperonin assisted proteidirigl and to test their validity using advanced
spectroscopic methodology.

It has been proposed that accelerated folding ofNBBP by GroEL/ES is the result of GroEL
preventing reversible aggregation, a process tbatdwtherwise slow the rate of spontaneous folding
(Ambrose et al., 2015; Apetri and Horwich, 2008aget al., 2011). In such a passive cage model, in
cage folding would occur at the same rate as speotss folding at infinite dilution, and GroEL would
function solely as an anti-aggregation device (Homwet al., 2009). To test this hypothesis, we
investigated the oligomeric state of DM-MBP durirgfolding at single molecule level. In dcFCCS
measurements we found DM-MBP to be monomeric dumiglding and showed that even 10 pM of
aggregated material would be resolvable by thigagah.In silico kinetic simulation of the passive
cage model would predict aggregated material tprieeent at much higher amounts than 10 pM. In
addition, we could demonstrate with FCS that trerage concentration of particles in the refoldirig m
is stable over time, inconsistent with a modeludahg a reversible aggregation reaction.

Having established that DM-MBP is monomeric duniefplding at 100 pM, we devised a novel
single molecule FRET based approach to assessasmnts and assisted refolding rates of DM-MBP
at such low concentration. Based on the previowdirig (Sharma et al., 2008) that a FRET labeled
mutant of DM-MBP (D30C/A312C) shows distinct FREJestra when bound to GroEL as compared
to in free solution, we devised an approach to tiizively analyze the amount of native and noriveat
molecules in solution. Addition of GroEL during spaneous folding of DM-MBP, or apyrase during

assisted folding, resulted in a rapid moleculatisgrof native and non-native DM-MBP. Specifically
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non-native molecules were efficiently recognizeddigEL and bound to the apical GroEL domains in
a stretched (low-FRET) population. Note that nath@ecules would not be recognized by GroEL and
remain in solution as a compact (high-FRET) confarrysing the quantitative information from FRET
histograms, we evaluated the number of native amdmative molecules at different kinetic points
during refolding. We found that the folding ratesasured by this approach at 100 pM are in excellent
agreement with folding rates measured by ensenibt@elscence at 100 nM, i.e. three order of
magnitude higher concentration. Importantly, addBrgEL/ES resulted in a ~5-fold acceleration over
the spontaneous folding rate, in the absence afeggtion. Taken together these findings not only
demonstrate folding catalysis under conditions whaggregation is excluded, they also show
concentration independence of spontaneous foldiigM>MBP, inconsistent with the occurrence of
transient aggregation (Apetri and Horwich, 2008aktaborty et al., 2010; Tyagi et al., 2011).

In a simplified approach based on diffusion meawsergs by FCS, also at 100 pM, we could
confirm the folding rate measurements obtained ly¥RET and in addition establish a universal
strategy to measure refolding rates of GroEL sabstproteins at single molecule level without fgcin
the potential bottleneck of finding a suitable FREir. Binding of non-native labeled protein to Eto
significantly shifts the diffusion rate of the |dé& molecule to that of a high molecular weight pten.

In this case DM-MBP, with a diffusion coefficient-6160 pni/s in solution, shifted to ~49 |ffs when
bound to GroEL. As substrate protein refolds torthBve state, fewer molecules interact with GroEL
and diffusion of labeled molecules occurs on avela faster rate. The addition of GroEL at défer
kinetic points of spontaneous refolding, or apyrdsgng assisted refolding, resulted in a molecular
sorting of native and non-native molecules. Theawlgid rates that were extracted by plotting the
average diffusion times of molecules against tlieldang time resulted in reproducible folding rates
that were in excellent agreement to the data obddoy single molecule FRET analysis.

Importantly, explaining folding acceleration undlee passive cage model requires two competing
reactions: folding of a monomeric intermediatehte hative state and transient aggregation of snch a
intermediate. Notably for the model to be consistére rate of aggregation must be slower than the
rate of folding. Therefore any folding rate measueat should not be possible to be approximated by a
single exponential fit, i.e. a two state reactiomdel (Sabelko et al., 1999). Interestingly, all
measurements of spontaneous folding of DM-MBP olethere and previously, could be fitted with a
single exponential function (Apetri and Horwich,08) Chakraborty et al., 2010; Tang et al., 2006;
Tyagi et al., 2011).

Furthermore, light scattering data, used previotslgupport transient aggregation of DM-MBP
(Apetri and Horwich, 2008; Tyagi et al., 2011)irisonsistent with the passive cage model. If tghtli

scattering signal shows formation of transient aggtes, it should decrease with a ragptfiat is faster
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than the rate of folding {k However, the observed scattering signal is @risbver time and can
therefore only show permanently aggregated mattvailwould not further participate in productive
folding and therefore not alter the rate of folding

All'in all our data strongly support an active cagedel of chaperonin function for GroEL, with in
cage folding occurring at a faster rate than spwdas folding in free solution, at least for a silod
substrate proteins with a high entropic energyibato the native state, as proposed previously
(Chakraborty et al., 2010).

5.2 Direct experimental evidence for conformational restriction

Substrate encapsulation according to the active oaadel is not only necessary to prevent premature
aggregation of unfolded protein chains, but alscekserates the folding process, adjusting it to the
relative speed of translation and thereby prevgrdiccumulation of unfolded or misfolded molecules
in the bacterial cytosol (Brinker et al., 2001).eTimderlying mechanism was proposed to be linked to
steric confinement and entropic destabilizatiommfotherwise flexible folding intermediate insithe t
GroEL cage (Chakraborty et al., 2010; Tang e?28i06, 2008). Two separate structural featuresef th
GroEL cage might be involved in conformational riesion of an encapsulated substrate, the cage
volume in comparison to the size of the encapsilatébstrate (i.e. the steric confinement proper)
(Baumketner et al., 2003; Hayer-Hartl and MintaB0&; Lucent et al., 2009; Sirur and Best, 2013,gran
et al., 2006, 2008) and the highly negatively ckdrgage wall that was proposed to increase the
hydrophobic effect by ordering water structure (Bnd and Pande, 2008; England et al., 2008; Tang
et al., 2006, 2008).

To directly investigate the effect of encapsulatmmm a folding substrate molecule, we used a
combination of photoinduced electron transfer (PEAYJ FCS to monitor substrate flexibility inside
GroEL and in free solution, in real time (Neuweigtral., 2009; Sauer and Neuweiler, 2014; Teufel et
al., 2011). Interestingly, the quenching of thezima fluorophore by direct contact with Trp resigue
along the protein chain occurred at a rate of &4us. Note that intra-chain diffusion processethag
would occur in a Gaussian-like unfolded proteinichesually occur at a timescale of ns (Kriegerlgt a
2003; Neuweiler et al., 2007).

We found that the rate of disappearance of the §igial, i.e. the disappearance of the observed
intermediate state, was in good agreement withrateeof folding obtained by conventional ensemble
fluorescence spectroscopy. Thereby, we observed®#B-FCS allows assessment of accurate folding
rates, by following the disappearance of the quedaonformer of the Atto655-labeled intermediate
state. In conclusion, we established an approaathcdn correlate structural flexibility with foldjrof

a protein.
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Interestingly, we observed only moderate conforomati restriction of the flexible folding
intermediate upon binding to the apical domainsGobEL. Conformational entropy was however
significantly reduced upon stable encapsulatiordethe GroEL central cavity. In fact the relaxatio
time of the PET signal was ~2.5 fold reduced frofnt8 us in free solution to 99 + 1 s inside the
GroEL cage. This indicates that the number of bssinfolded-like conformers of refolding DM-MBP
was reduced by GroEL, decreasing intrinsic chaimopy and thereby improving the rate of native
contact formation. Taken together, by direct obagon of chain entropy, we have established direct
evidence that the folding of DM-MBP is, as suggegteeviously (Chakraborty et al., 2010), rate ladit
by an entropic barrier and GroEL overcomes theopittrbarrier by conformational restriction during
encapsulation, enhancing the folding speed of DMPMIBiterestingly, the relaxation time for DM-MBP
was reduced to a similar extent during cycling ViloEL/ES as well as upon stable encapsulation in
SREL. This indicates that the substrate proteim@pehe majority of time in the encapsulated state
during the GroEL reaction cycle. In addition, giétkdtion experiments showed clearly that substrate
encapsulation by SREL was stable and did not resigalficant “escape” from the enclosed cavity, in
contrast to a recent report (Motojima and Yoshi{d,0).

Since it has been shown that spontaneous DM-MB#diefj is salt-sensitive (Apetri and Horwich,
2008; Chakraborty et al., 2010; Tyagi et al., 201g decided to investigate the mechanism of salt
influence on DM-MBP refolding using PET-FCS. We tidy that under our conditions a 10-fold
decrease in KCI concentration from 200 mM to 20 nelsllted in ~2-fold faster refolding of DM-MBP
(312C). When we measured PET-FCS of Atto655 labBMdVIBP (312C) under these conditions, we
found the same rate acceleration at 1 nM proteirceotration. In addition we performed smFRET-
based refolding measurements at 100 pM that coafirthe rates obtained at higher concentrations.
These observations rule out a concentration-depen@défect of chloride salt on transient
oligomerization. In contrast, we found a direcuehce of the KCI concentration on conformational
flexibility of the DM-MBP intermediate state. We fthesize that the difference in ionic strength of
the refolding buffer directly impacts the electedit properties of the refolding protein (Song ket a
2007) and especially the hydrophobic effect thaingfly depends on solvent structure (England and
Pande, 2008; Kalra et al., 2001). Thereby changelsen/attraction between side-chains and hydrogen
bonding of surrounding water molecules could bea#d, such that the entropic folding barrier that
otherwise frustrates the DM-MBP folding energy Iscape might be reduced.

5.3 Substrate folding occurs inside the GroEL cage

The iterative annealing model of chaperonin funcipmsits that iterative ATP dependent cycles of

substrate binding, forced unfolding, and releasthbyGroEL apical domains followed by folding eithe
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inside or outside the GroEL cage serve to unfahetically trapped intermediate states, affordirenth
another chance to partition between productiveranmdproductive folding trajectories (Thirumalai and
Lorimer, 2001; Yang et al., 2013).

In an experiment where we used SREL to measurstedgiefolding rates, we were able to show
that a single round of encapsulation inside therabGroEL cavity is sufficient to achieve full eat
catalysis as well as full yield. Therefore iteratisycling of GroEL, despite being an intrinsic pedy
of the system, is not a necessity to achieve pitbgutolding of DM-MBP. However, we cannot rule
out the existence of substrates that misfold dueimgapsulation and thus would benefit from itegtiv
annealing and forced unfolding. Also, we note thahe presence of SREL, a single round of forced
unfolding occurs and might contribute to accelefalding inside the central cavity. Stretching of
unfolded or misfolded substrate proteins, i.e.ddranfolding, has been described here and elsewhere
(Kim et al., 2010; Lin et al., 2008; Sharma et aD08). Also, upon binding of GroES to the apical
domains of GroEL, the substrate protein is seqakytieleased into the central cavity, with thesles
hydrophobic sequences being released first (Shaimal., 2008). This might alter the intrinsic
mechanism of folding and thereby help to avoid ol@#d unproductive conformers.

In stark contrast to an active cage model, howeterjterative annealing model does not assign a
specific function to GroEL for aggregation preventor folding catalysis. Encapsulation in the itee
annealing model is not an active principle and iturther proposed that substrate folding may occur
equally inside or outside the GroEL cage (Yand.ea13).

As our PET-FCS measurements initially suggestedgudiffusion time measurements and single
molecule FRET analysis, we found the substrateeprdb be encapsulated ~80% of the time during a
cycling reaction. The remainder of the cycle tirhe substrate is mostly bound to the GroEL apical
domains. We measured the duration of one GroELecgtlsubstrate saturation and found the time
needed to hydrolyze 7 ATP molecules (the GroEL heyale) to be ~7 s at 20°C. Considering that
binding, stretching and release occur within lassitl second (~14% of the cycle time), as estaulish
previously (Sharma et al., 2008), a given substrvateld spend ~6 seconds (~86% of the cycle time) in
the encapsulated state, values in excellent agrdgemith the sSmFRET data. Accordingly, the amount
of substrate folding out of cage is insignificagspecially with re-binding of non-native substrtiie
GroEL being highly efficient and occurring at atfeege (~0.3 s or less) (Sharma et al., 2008). bl\ee
we did not observe a reduction in yield or rateneatea large excess of GroEL over substrate maecul
as in single molecule experiments (100 pM substéafeM GroEL).

It was argued that at 37°C the amount of time atsate spends inside the GroEL cage becomes
insignificant (Yang et al., 2013). We measured GreEL hemi cycle duration at 37°C at substrate

saturation and found it to be ~2 s. Assuming thasteps of the GroEL cycle undergo a similar
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temperature dependent rate acceleration, the astdstould nevertheless spend the majority of time i
the encapsulated state. In the light of many GrsHtstrates undergoing highly temperature dependent
aggregation reactions in absence of chaperoninai@ait al., 2012; Fujiwara et al., 2010; Kerneakt
2005), the encapsulation of substrates in a nage-taan ideal mechanism to prevent irreversible
aggregation. In addition, it was shown that whéditieht recapture of substrate by GroEL is prevente
under non-permissive conditions, such as high teatpes, substrate refolding stops immediately
(Brinker et al., 2001). Refolding of substrate pins by GroEL/ES under physiological conditions thus

therefore occur in-cage.

5.4 The role of the net negatively charged GroEL cage wall

One of the most interesting features of the Gro&gecwall is its high negative net charge of -42. We
used the GroEL mutants EL(KKK2) and SR(KKK2) (Tasigal., 2006), in which the net charge is
reduced to 0, to investigate the influence of nggatharges on substrate chain dynamics with PET-
FCS. Note that substrate encapsulation inside SR@Kwas as efficient as in SREL. Most
interestingly, the GroEL charge mutants were ntg &brestrict substrate chain entropy as we oleskrv
in case of GroEL WT. This effect correlated witle thability to accelerate refolding of DM-MBP over
the spontaneous folding rate. Thus EL(KKK2) is agdee cage with respect to DM-MBP as a substrate.
As SR(KKK2) showed the same effect, even thougttsib unfolds the substrate protein once, clearly
annealing, forced unfolding and release do notrdmute significantly to acceleration of substrate
refolding. Note that irrespective of their inahyilib accelerate DM-MBP refolding, substrate refotdi
occurred in-cage, as shown by diffusion and smFRIEE&surements. Interestingly, the ATPase activity
of EL(KKK2) was not stimulated in presence of sulits, indicating that the negative charges play a
role in sensing the presence of substrate andiikio the GroEL ATPase cycle. The exact mechmanis
how a highly charged cage wall affects protein if@idremains to be investigated. It is possiblet tha
Coulombian repulsion contributes to steric confieetmreducing entropic freedom of a net-negatively
charged encapsulated chain. It was however sugh&sts in silico simulations, that the negative
charges rather have an ordering effect on wateecntés inside the chaperonin cage, making them
unavailable for hydrogen bonding with the subst(&tegland et al., 2008). Thereby the substrate evoul
face an increased hydrophobic effect, which in t@sults in conformational restriction. The recent
assessment of water dynamics inside the GroEL @fagack et al., 2014) was performed not only in
absence of substrate protein, but also with the Igfiel being located on the surface of GroESadtst
from the important charge clusters. The contributid water structure inside the GroEL cavity to

substrate folding therefore remains to be experiatgninvestigated.
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It was shown that a deletion of the GroEL C-terrhitals, potentially decreasing the steric
confinement effect due to an increased cage volueselts in slowed in-cage refolding of DM-MBP
(Tang et al., 2006). Our data obtained with Grollarge mutants suggests that the net-negatively
charged GroEL cage wall is even more importantafmelerated folding of DM-MBP than the steric
confinement proper. Nevertheless, steric confingmamarge repulsion and ordered water structure,
would likely all result in a restriction of confoational flexibility of the encapsulated substrafe.
separately investigate the contribution of all éastrequires further experimental studies.

Taken together, our results again indicate thairther cage of GroEL is not only its most important
feature but that it has evolved in a way to ensolding on biologically relevant timescales witkghi
yields. We propose that the steric confinement @repd the high negative net-charge of the cage wal
cooperatively promote protein folding. The conttibn of both factors strongly depends on the

physiochemical properties of the substrate, esjpecia size and net-charge.

5.5 DapA as a natural substrate of GroEL

To further test the active cage model for a natsubktrate of GroEL, we used DapA, a tetrameric-TIM
barrel enzyme involved in cell wall and lysine ljinthesis (Dobson et al., 2005). GroEL interaction
studies revealed a strong enrichment of TIM bduolel-proteins amongst obligate GroEL substrates
(Fujiwara et al., 2010; Kerner et al., 2005). Whistinguishes GroEL substrates from other proteins
and how GroEL promotes their folding is an unsolpedblem (Azia et al., 2012; Gershenson and
Gierasch, 2011; Jewett and Shea, 2010). Therefap\ls an ideal substrate to investigate the active
cage model on a physiologically relevant complda that contains many long-range contacts.

DapA refolding is strongly accelerated (~30 fol®&¢C) in the presence of GroEL/ES, as revealed
by measuring refolding kinetics by recovery of emzgic activity. The contribution of tetrameric
assembly was excluded from activity assays by stgpihe spontaneous refolding reaction by addition
of GroEL or trap GroEL (D87K) and by chelating magium in assisted folding reactions. The
refolding mix was given sufficient time for prodivd assembly before enzymatic activity was
measured. We established that DapA, like DM-MBRfoa kinetically trapped intermediate state with
a high entropic barrier to the folded state arnttelinitial secondary structure. The intermediatéyo
slowly buried hydrophobic residues during spontasefolding and showed a characteristic chevron
rollover. It is likely that all proteins that argsificantly accelerated in folding inside the GtoBage
form a flexible, kinetically trapped intermediatate with a high entropic energy barrier. The latk
stable secondary structure and high chain entraglitrbe a hallmark of such substrates. It is realsten

to assume that the formation of long range contaitsin the primary structure of the protein are a
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limiting factor during spontaneous folding and thahformational restriction overcomes this hurdie o
efficient folding to the native conformation.

To again rule out transient aggregation as a claustow spontaneous folding, we created a DapA
mutant with a single C-terminal cysteine residugflisorescent labeling. The unlabeled mutant as$ wel
as the labeled protein showed enzymatic activityl both proteins were able to productively refold
after chemical denaturation. In dcFCCS measuremeatsould establish that at a concentration of
100 pM DapA was monomeric during refolding and wasassembly competent. When we measured
spontaneous and assisted DapA refolding ratesGpi¥) using the FCS based approach established
with DM-MBP, we found a significant ~75-fold rateceleration. The measured rates were in excellent
agreement with rates measured by enzymatic ac@i®00 nM, ruling out concentration dependent
transient aggregation as a cause for apparently sfmntaneous folding. GroEL therefore actively
promotes folding of DapA. As working at low conagtions is permissive even at physiological
temperature, we established the absence of Dapflegafipn at 37°C and subsequently measured
refolding rates by FCS. GroEL was able to acceddbapA refolding ~130-fold at 37°C. At 37°C DapA
could be refolded by GroEL within only a few cham@n cycles. Folding is therefore faster than the
rate of protein synthesis (~20 amino acids perrsdcalemonstrating the physiological significan€e o
an active cage to adjust the rate of folding tortite of protein synthesis and cell division arg ¢y
preventing accumulation of misfolded protein. Thissures a robust ability of the cell to adapt to
environmental changes by rapid production of ngtiaein.

In parallel to the study presented here, the fgighathways of DapA in solution and inside the
GroEL were investigated by hydrogen deuterium emgba(HDX) experiments coupled to mass
spectrometry (Georgescauld et al.,, 2014). Notaiblysolution DapA folded with a high degree of
cooperativity, i.e. most structural elements of i&l-barrel domain acquired solvent protection
simultaneously. In contrast, inside the GroEL/E®lifg of the TIM-barrel domain proceeded in a

sequential manner, consistent with a reduced eiotesyergy barrier.

5.6 Conclusion

In this study we provide strong evidence for arivacthaperonin mechanism. We show that transient
aggregation and therefore a passive cage modebtarplain the accelerated folding of DM-MBP or
the natural GroEL substrate DapA. Furthermore, wevide direct experimental evidence for
conformational restriction of dynamic folding imeediates inside the GroEL/ES cavity. We show that
the negatively charged cage wall of GroEL playségportant role in accelerated substrate folding: Ou
study shows clearly that global encapsulation siilastrate inside the GroEL nano-cage is the working

principle of an active chaperonin mechanism. Asstales spend the major amount of time in the
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encapsulated state, out-of cage folding can beuddl as a working hypothesis for GroEL assisted
protein folding. Our experimental data further seglg that iterative annealing and forced unfoldihg,
at all, contribute only to a minor extent to accafed substrate refolding. The important ~130-fale
acceleration of DapA assisted refolding at phygjmal temperature demonstrates the pivotal
importance of GroEL mediated folding catalysis $obstrates with frustrated folding pathways. It is
likely that GroEL from an evolutionary perspectiugfered the accumulation of destabilizing mutagion

in its substrates, maintaining substrate foldirigg#&o be faster than the rate of protein synthesis
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Figure 5.1 Proposed model of chaperonin assisted protein folding

The GroEL reaction cycle is initiated by bindingafhon-native substrate protein that exposes hydtzp
side-chains to the apical domains of the trans Birgding of 7 ATP molecules and GroES sequentidilbplace
the substrate into the central cavity. The proeencapsulated for at least the duration of AT&tlysis, ~2.2
sec at 37°C in presence of substrate (Gupta €2G4). The GroEL cage actively promotes subsfdting

by reducing the entropic energy barrier of thegition state. Binding of 7ATP and GroES to the agpg ring
triggers release of ADP, GroES and substrate.da tize substrate could not fold to the native siiiterapidly
recaptured and undergoes subsequent rounds afdoNative substrate is released into the cytosol.

Application of Ockham’s razor to more complex madebntaining unproductive side reactions or out
of cage folding, leaves a simplified active cagedeion which especially the GroEL cage wall evolved
to assist folding of proteins on a biologicallyenehnt timescale, involving substrate encapsulasan
active principle. Further experimental researcteguired to separately investigate the contribuabn
the steric confinement proper, the negatively chdrgage wall and the GroEL C-tails to substrate
folding catalysis. It is likely that all factors mwibute to a different extent, depending on the
encapsulated substrate molecule. Furthermoremiaires to be seen if the active cage model does not

only apply to GroEL but also to other chaperon@specially in higher organisms. Interestingly, fiotd
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acceleration in the presence of an archaeal griocpaperonin was reported for acid denatured GFP
(Nakagawa et al., 2014; Yamamoto et al., 2014).GimEL, the active cage model remains the most

convincing and elegant explanation for chaperosgiséed protein folding.
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