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1.Summary

The eukaryotic cytosolic chaperonin TRIC is a hexadecamer consisting of two eight-membered
rings that are stacked back to back. Each ring forms a central cavity, which is large enough to
accommodate proteins up to 70 kDa according to structural studies. TRiC supports folding of its
substrates by ATP-dependent rounds of binding, encapsulation and release. Surprisingly, one
third of the known TRIC interactors exceed the size of the TRIiC cavity. In the present work,
experimental evidence for partial encapsulation of large substrates inside the central TRiC cavity

IS presented.

The cytoskeletal protein actin is a well-described obligate TRiIC substrate. Upon in vitro
translation in rabbit reticulocyte lysate, fusion proteins containing actin and GFP or actin, GFP
and BFP connected by flexible linkers were used as model multi-domain proteins containing a
TRIC dependent domain. Folding of actin was monitored by specific binding to DNase | as well
as by occurrence of a protease-resistant actin fragment that derived from native actin. Folding of
actin was impaired but not prevented by fusion with GFP. Interestingly, folding of actin was
more severely impaired by fusion of GFP to its C-terminus (AG) than by fusion of GFP to its N-
terminus (GA), suggesting that flexibility of the actin C-terminus is important for actin folding.
Folding of actin was prevented by simultaneous fusion of BFP to the N- and of GFP to the C-
terminus of actin (BAG), apparently due to steric problems hindering partial encapsulation.
Folding of actin was possible when both BFP and GFP were fused to the actin N-terminus
(BGA), even though the resulting polypeptide had a molecular weight of almost 100 kDa,
indicating that TRiC-dependent folding of large multi-domain proteins exceeding the size of the

TRIC cavity is possible.

Proteinase K treatment in presence of ATP and AIFx, resulting in a stably closed state of TRIC,
was used to probe which parts of the actin fusion proteins were encapsulated inside the TRiC
cavity. Protection of the full-length proteins against proteolysis was observed in case of the
smaller actin fusion proteins GA and AG upon closure of the TRIC cavity by ATP and AlFx.
However, full-length BAG and BGA were not protected. Instead, the largest stable fragment of
BGA had the same apparent molecular weight as GA, suggesting that cleavage occurred in the
linker region between BFP and GFP and that the linker was probably located outside TRiC after
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closure of the cavity. Interestingly, no protected fragment of BAG was detected, indicating that

this particular fusion protein was not encapsulated, explaining its inability of being folded.

Furthermore, PK protection experiments indicated that the spliceosomal protein hSnull4 (109
kDa), a previously reported naturally occurring TRIiC interactor, is also partially encapsulated
inside the TRIC cavity. hSnull4 is likely a complex multi-domain protein with structural
homology to eEF2, for which crystal structures are available. Several fragments of 15-45 kDa are
protected by TRiC from PK digest in presence of ATP and AlFx. All these fragments include the
C-terminus of the protein as inferred from protection of C-terminally HA-tagged fragments of
comparable sizes derived from hSnul14-HA. Surprisingly, when the C-terminal part of hSnul14
(hSnul14-C, 45 kDa) was expressed separately, no smaller protected fragments were observed

and instead the complete hSnu114-C was encapsulated inside the TRiC cavity.

The occurrence of several fragments of different sizes indicates heterogeneity of TRiC-hSnull4
complexes with regard to the encapsulated part of hSnul14. Furthermore, the observed protected
segments were much smaller (15-45 kDa) than the size of the TRIC cavity (up to 70 kDa),
suggesting that TRIiC might preferentially encapsulate only the TRiC-dependent domain(s) and
might exclude the rest of the protein. How TRIiC recognizes domain boundaries is not clear.
However, the absence of smaller protected fragments in absence of the N-terminal part of
hSnul14 (hSnull4-N) suggests that hSnul14-N plays an important role in the selection of which
parts of the C-terminal region of hSnul14 will be encapsulated, even though hSnul14-N itself
appears to be TRiC-independent. Rather, it appears that interactions between the N- and C-
terminal parts of the protein guide proper binding of hSnul14 to TRiC and subsequent domain-

wise encapsulation.

Taken together, these experiments provide evidence for partial encapsulation and folding of large
proteins by TRIC, allowing a mechanism of domain-wise folding. This mechanism, which is not
accessible to the prokaryotic chaperonin, may have facilitated the evolution of multi-domain

proteins, a class of proteins highly prevalent in eukarya.



2. Introduction

2.1 Protein Folding

2.1.1 Proteins Consist of Amino Acids Connected by Peptide Bonds

The genetic information encoded in the DNA is eventually transformed into the linear amino
acid sequence of a polypeptide after transcription into mRNA and translation thereof at the
ribosome. The translation of an mMRNA sequence into an amino acid sequence is determined by a
universal genetic code. 64 different codons exist, 61 of which code for the 20 different canonical
proteinogenic amino acids. The remaining three codons are stop codons that lead to stop of
translation and release of the polypeptide from the ribosome. Additionally, two of the stop
codons encode for two non-canonical proteinogenic amino acids, selenocysteine and pyrrolysine.
Selenocysteine containing proteins are found in all kingdoms of life. However, only few proteins
contain selenocysteine (e.g. 25 proteins in humans), mostly proteins involved in redox reactions
(Mariotti et al., 2012). Pyrrolysine is not found in eukaryotes but only in a few archaeal and

prokaryotic enzymes required for production of methane from methylamines (Krzycki, 2005).

Proteinogenic amino acids consist of an amino group and a carboxyl group, which are both
connected to the same Ca carbon atom (Figure 1). This carbon is furthermore bound to a
hydrogen atom and to a side chain R, which differs between different amino acids and confers
the individual chemical properties to the amino acid residues in a polypeptide chain. The side
chains can be as small as a single hydrogen atom in case of glycine; there are positively or
negatively charged side chains as well as aliphatic and aromatic side chains. More than half of
the side chains of proteinogenic amino acids contain hetero-atoms beside carbon and hydrogen

such as oxygen, nitrogen or sulfur.

The peptide bond between individual amino acids is formed by a condensation reaction between
the amino group of one amino acid and the carboxyl group of another one (Figure 1). As the
peptide bond has a partial double bond character (Pauling et al., 1951), the rotation around the
peptide bond is strongly restricted and the adjacent groups practically exist only in two



conformations called trans and cis. The trans conformation is energetically favored and therefore
less than 0.5% of the peptide bonds in native proteins are found in the cis conformation (Weiss et
al., 1998). An exception is the peptide bond preceding proline residues, which occurs in the cis

conformation in approximately 5% of the cases in native proteins (Weiss et al., 1998).

H _OH H _OH
H,N— Ca—C 4+ H,N—Ca—C
5N 5N
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H,0
H O H
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H,N— Caar C == N4 Co—C
| H [ g
I:""a I-"\)b

Figure 1: Simplified scheme of peptide bond formation. Top: Two amino acids with different side
chains R, and R, are shown on top. Note that elongation of polypeptide chains at the ribosome occurs
with amino acids activated by ester formation with the 3'-OH of tRNA. Bottom: The peptide bond
is shown in red. Partial double bond character is indicated by dashed line. The angles ¢ and v
defined by rotation around the N-Ca and the Ca-C bond, respectively are indicated in green.

The polypeptide backbone contains two other kinds of bonds in addition to the peptide bond that
connects the different amino acids, namely the bonds connecting Ca with the amide nitrogen and
the carbon atom of the carbonyl group, respectively. The angle between the groups of the N-Ca
bond is usually termed ¢ and the angle between the groups of the Ca-C bond is called y. In
principle, a free rotation around these two bonds is possible. However, steric constraints lead to a
constriction of the energetically stable combinations of ¢ and y (Ramachandran et al., 1963). In
addition to the conformation of the peptide bonds (cis or trans) the different values for ¢ and y
define the backbone conformation of the polypeptide. In order to describe the entire
conformation of the protein, the different conformations of all side chains have to be considered

as well. Thus, there is an almost unlimited number of conformations even for small proteins and



the question arises of how an unfolded polypeptide chain can find its unique native and

biologically active conformation.

2.1.2 The Thermodynamic Hypothesis

In 1972, Christian Anfinsen was awarded the Nobel Prize in Chemistry for his “studies on
ribonuclease, in particular the relationship between the amino acid sequence and the biologically
active conformation” (Anfinsen, 1973). His experiments were supporting the so-called
“thermodynamic hypothesis”. According to this postulate, the native three-dimensional
conformation of a protein is the one with the lowest free energy. This means that the native state
of a protein is solely governed by its inter-atomic interactions and thus by its amino acid
sequence and is not dependent on other cellular components (Anfinsen, 1973).

Native Unfolding (Urea + B-mercaptoethanol)

Unfolded

Q:jation

Scrambled Remove urea
and allow disulfide
wange

Native

Figure 2: Scheme of experiments performed by Anfinsen and colleagues with ribonuclease; adapted
from Anfinsen, 1973.

The bovine pancreatic ribonuclease is a protein of 154 amino acids which has four intra-
molecular disulfide bonds (Anfinsen, 1973). It was used in the 1950s and 1960s by many protein
chemists for their experiments simply because it was available to them in large amounts

(Richards, 1992). Anfinsen and his colleagues had denatured the protein in 8 M urea and reduced

-8-



the disulfide bonds with B-mercaptoethanol. Re-oxidation in the presence of urea resulted in the
formation of non-native disulfide bonds and hence non-native and inactive ribonuclease.
However, when the urea was removed and exchange of the disulfide bonds was enabled by
addition of a small quantity of B-mercaptoethanol, the different non-native conformations were
eventually converted into a homogeneous population of native ribonuclease (Figure 2),
indicating that formation of the native state was not dependent on any external factors but was
indeed determined by the amino acid sequence only (Anfinsen, 1973; Anfinsen et al., 1961). This
statement holds in principle true also today, more than fifty years after Anfinsen’s

groundbreaking experiments.

2.1.3 Thermodynamics and Kinetics of Protein Folding

Even though folding is a specific process that differs not only between different proteins but also
between the different unfolded states of one particular protein, several common principles have
been postulated and confirmed experimentally. The energy landscape of a protein folding
reaction is commonly depicted as a funnel, in which the thermodynamically stable native state is
represented as the narrow bottom of the funnel while the unfolded state ensemble is represented
as the broad edge at the top of the funnel (Dill and Chan, 1997). Any given point at the surface of
the funnel depicts a particular conformation of the protein. Minimization of free energy drives
the protein into the native conformation. Which are the factors that contribute to the low free

energy of the native state?

The native state of most proteins is only marginally energetically stable (Dill et al., 2008).
Several factors contribute to overcompensate the loss of entropy compared to the unfolded state
ensemble. The most important factor seems to be the energetically favorable burial of
hydrophobic side chains in the interior of the protein (Dill et al., 2008). Many proteins have a
hydrophobic core, from which the surrounding aqueous solvent is excluded. Instead, polar and
charged amino acid residues tend to cover the protein surface and increase the solubility of the
respective protein by favorable interactions with the solvent. Another important factor
contributing to protein stability is intramolecular hydrogen bonding (Dill et al., 2008). In fact, in
folded proteins almost every amide and carbonyl group of the polypeptide backbone is involved
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in hydrogen bonds that stabilize secondary structure elements such as a-helices or B-strands.

Also salt bridges between charged side chains contribute to protein stability.

The transition from the unfolded state ensemble to the native state is governed by
thermodynamic parameters and is a reversible process. The kinetics of folding depend on the
energy landscape of the folding reaction (Dill and Chan, 1997). In the simplest case, an unfolded
protein is converted into the native state without the population of Kkinetically stable
intermediates. However, not all protein folding reactions can be described as a simple two-state
process. A more complicated scenario occurs when local energy minima exist on the way from
the unfolded ensemble to the folded state. In this case, intermediate conformations are actually
populated. A high energy barrier between the transition state ensemble and the native state slows
down the folding process and can result in kinetically trapped intermediates that prevent the
efficient accessibility of the native state (Baker and Agard, 1994; Kiefhaber, 1995). Furthermore,
as long as a protein has not yet reached its native state, non-native intermolecular interactions

can lead to the formation of protein aggregates (Dobson, 2003).

2.2 Molecular Chaperones Assist Protein Folding in the Cell

2.2.1 Many Molecular Chaperones are Heat Shock Proteins

The initial research on protein folding was carried out by refolding isolated and diluted small
proteins in vitro. However, refolding experiments might only partially reflect the situation of de
novo protein folding in the cell where co-translational folding during protein biosynthesis at the
ribosomes plays a major role (Kramer et al., 2009). Additionally, protein folding in living cells is
challenged by high intracellular macromolecule concentrations which favor non-native contacts
of unfolded polypeptides (Ellis, 2001). Therefore, an elaborate molecular machinery has evolved
throughout all three domains of life, which ensures that protein misfolding and aggregation is
minimized and that protein folding to the native state occurs at a biologically relevant time scale
(Hartl et al., 2011; Hartl and Hayer-Hartl, 2002). In fact, a sophisticated network of different
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classes of proteins, termed molecular chaperones (Ellis, 1987), exists that accompanies a newly

made protein from its formation at the ribosome until it has reached its native state (Figures 3

and 4).

Ribosomes
TF

Nascent
Chain

70%

+ GrpE, ATP
Other ‘

Chaperones
‘ 20%

|+ ATP

@

Figure 3: Simplified scheme of chaperone pathways in prokaryotes adapted from Hartl and Hayer-
Hartl, 2002 and from Hartl et al., 2011

GroEL/ES

Many molecular chaperones are heat-inducible and they have thus originally been called “Heat
shock proteins” (Hsps) (Lindquist and Craig, 1988; Schedl et al., 1978). In fact, various stress
conditions lead to protein unfolding and the induction of Hsps during stress is highly important
to deal with the increased load of unfolded proteins (Hageman et al., 2007). Heat shock proteins

have been historically classified according to their rough molecular weight. The major groups are
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small Hsps, Hsp40s, Hsp60s, Hsp70s, Hsp90s, Hspl00s and Hspl10s. Next to their role in
dealing with unfolded proteins under stress conditions, different Hsps co-operate with other
molecular chaperones in folding newly synthesized proteins along chaperone pathways in the
cytosol (Hartl et al., 2011). Additionally, organelle-specific chaperones assist folding of their

substrates within different organelles.

mRNA

PFD

NAC

+ NEFs
W\r ATP

+ NEFs
. ATP
HSP90
+ ATP
. TRIC/CCT /
| +ATP

@

Figure 4: Simplified scheme of chaperone pathways in the eukaryotic cytosol adapted from Hartl and
Hayer-Hartl, 2002 and from Hartl et al., 2011
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2.2.2 Pathways of de novo Protein Folding in the Cytosol

A nascent polypeptide chain that emerges from the ribosomal exit tunnel is first recognized by
ribosome-associated chaperones (Kramer et al., 2009), trigger factor (TF) in bacteria (Ferbitz et
al., 2004) and nascent-polypeptide-associated complex (NAC) (Rospert et al., 2002) as well as
the ribosome-associated complex (RAC) (Gautschi et al., 2001) in eukaryotes. Both TF and NAC
work independently of nucleotides, but they do not share structural similarities. TF interacts with
the ribosome as a monomer and the affinity of TF for the ribosome is drastically increased by
ongoing translation and thus by the presence of a nascent chain, in which TF interacts with
hydrophobic patches (Kaiser et al., 2006). NAC exists as a hetero-dimer and interacts with the
ribosome via its B-subunit (Rospert et al., 2002). The mechanism of action of NAC is not well
understood. In contrast to TF and NAC, RAC includes ATP-dependent molecular chaperones. In
yeast, RAC consists of the Hsp70 protein Ssz1 and the Hsp40 protein zuotin that build a stable
hetero-dimeric complex (Gautschi et al., 2001). RAC stimulates the ATPase activity of Ssb1/2
(Huang et al., 2005), another ribosome-associated Hsp70 chaperone that directly contacts nascent

polypeptide chains (Gautschi et al., 2002).

The interaction with Hsp70 is not sufficient for all proteins to reach the native state. Hsp90 and
the Hsp60s, the latter also referred to as “chaperonins” (Hemmingsen et al., 1988), are
specialized downstream chaperones that mediate folding of those proteins (Figures 3 and 4). The
chaperonins are large ring-complexes that function as a cage for single protein molecules to fold
unimpaired by aggregation. The mechanism of substrate delivery from Hsp70 to the downstream
chaperones is not entirely understood. Nevertheless, some details are known about the respective
chaperone pathways. For example, Hsp70 and Hsp90 interact via an adaptor protein called Hop
that binds to both chaperones (Wegele et al., 2004). Transfer of substrates to the eukaryotic
chaperonin TRIC (for TCP-1 Ring Complex, also called CCT for Chaperonin Containing TCP-1)
seems to be mediated by the hexameric chaperone prefoldin (PFD) that was shown
biochemically and structurally to be involved in delivery of actin and tubulin to TRiC (Hansen et
al., 1999; Martin-Benito et al., 2002; Vainberg et al., 1998). However, a cryo-EM structure of the
nucleotide-binding domain of Hsc70 in complex with TRiC suggests that transfer might be
enabled also by a direct interaction between Hsp70s and TRiC (Cuellar et al., 2008).
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2.3 Different Classes of Molecular Chaperones

The different classes of molecular chaperones are very diverse with regard to their structure.
Hsp60s, Hsp70s and Hsp90s undergo ATP-dependent conformational changes that drive
substrate binding and release. Other molecular chaperones like small Hsps as well as the

ribosome-associated chaperones trigger factor and NAC work independently of ATP.

2.3.1 Small Heat Shock Proteins

The most prominent representative of small Heat shock proteins is a-crystallin, a major
component of the eye lens (Horwitz, 2003). Small Hsps are generally characterized by the
presence of an a-crystallin domain that is flanked by poorly conserved N- and C-terminal
extensions (Sun and MacRae, 2005). The molecular weight of small Hsp monomers is low
(approximately 10-40 kDa) but they assemble into large oligomeric complexes of up to 1 MDa.
Small Hsps bind unfolded proteins and prevent their aggregation (Sun and MacRae, 2005).
However, small Hsps do not actively refold denatured proteins; they rather keep their substrates
in a folding competent state (Sun and MacRae, 2005).

2.3.2 Hsp70

Hsp70s are perhaps the most well-known group of all molecular chaperones. They consist of an
N-terminal nucleotide-binding domain (NBD) of 45 kDa and a C-terminal substrate-binding
domain of 25 kDa (Figure 5). The substrate-binding domain cycles between an open and a closed
conformation depending on the nucleotide state of the NBD. In the ADP-bound conformation the
lid over the substrate-binding domain is closed and Hsp70 forms a stable complex with its
substrate (Mayer and Bukau, 2005). The ATPase cycle of Hsp70s is regulated by ATPase-
activating proteins on the one hand and by nucleotide exchange factors (NEFs) on the other
hand. NEFs catalyze the exchange of ADP for ATP, which results in an opening of the substrate-

binding domain (Figure 5) and substrate release. Substrates that still expose hydrophobic patches
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after release will rebind to Hsp70. The ATPase activity of substrate-bound Hsp70s is stimulated
by Hsp40s that are also called J proteins following the bacterial Hsp40 DnaJ (Walsh et al., 2004).

Low Affinity High Affinity
Fast Exchange Slow Exchange

HSP40

>

NEF

N N4

Figure 5: Simplified scheme of nucleotide-dependent changes in the substrate-binding domain of
Hsp70s adapted from Hartl et al., 2011. The nucleotide-binding domain is shown in green. The
substrate-binding B-sandwich domain is shown in turquoise and the a-helical lid is shown in yellow.
An unfolded substrate is shown in red, exposing a stretch a hydrophobic amino acids shown in orange.

2.3.3 Hsp70 Co-Chaperones

In bacteria, the NEF GrpE catalyzes the release of ADP from DnakK, thereby indirectly opening
up the DnaK substrate-binding domain and enabling another cycle of substrate binding and
release (Harrison et al., 1997; Packschies et al., 1997). The mammalian Hsp70s display a higher
intrinsic dissociation rate of ADP than DnaK and can consequently function without a nucleotide
exchange factor (Mayer and Bukau, 2005). However, their ADP release rate can also be
increased by interaction with different structurally unrelated Hsp70 NEFs, namely BAG domain
proteins (Hohfeld and Jentsch, 1997), HspBP1 homologs (Kabani et al., 2002) and Hsp110
proteins (Polier et al., 2008).

BAG-1 plays also a major role as a co-chaperone in chaperone-assisted protein degradation. This
pathway leads to transfer of Hsp70 substrates to the proteasome or the lysosome. BAG-1 in
conjunction with the chaperone-dependent ubiquitin E3 ligase CHIP connects Hsp70 with the

ubiquitin-proteasome system. Different co-chaperones exist that link Hsp70 with the autophagy-
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lysosome pathway (Kettern et al., 2010). Another Hsp70 co-chaperone called Hip stabilizes
Hsp70 in the ADP-bound closed conformation (Hohfeld et al., 1995). Finally, Hsp110s are
Hsp70 homologs that function as NEFs for Hsp70s (Polier et al., 2008; Schuermann et al., 2008;
Shaner and Morano, 2007). Additionally, Hsp110 binds unfolded proteins and prevents their
aggregation (Oh et al., 1997). However, refolding of denatured proteins cannot be achieved by
Hsp110 alone. Instead, cooperation of Hsp110 with Hsp70 is required for refolding (Oh et al.,
1997).

2.3.4 Hsp90

Hsp90 is a dimer in solution (Wandinger et al., 2008). In contrast to other molecular chaperones,
Hsp90 has a fairly specialized and well defined set of substrates that fall mainly into the two
major classes of signaling kinases and transcription factors, especially steroid hormone receptors
(SHRs). Kinases and SHRs are transferred from Hsp70 to Hsp90 when both chaperones become
connected by the co-chaperone Hop (Caplan et al., 2007; Wandinger et al., 2008). Hsp90 has
moved into the focus of cancer research in the last decade because many of its substrates are
signaling kinases that play important roles in the development of cancer. Small molecule
inhibitors of the Hsp90 ATPase activity such as geldanamycin have an anti-tumor effect because
inhibition of Hsp90 leads to degradation of the Hsp90 substrate proteins (Maloney and
Workman, 2002).

2.3.5 Hspl00

The classes of molecular chaperones described above share a common function in preventing
protein aggregation and assisting protein folding. In contrast, Hsp100 proteins come into play
when protein aggregation has already occurred. They function as “disaggregases” and re-
solubilize aggregated proteins in an ATP-dependent manner (Zolkiewski et al., 2012). Hsp100
proteins belong to the class of AAA+ ATPases. They form hexameric rings and re-solubilize

aggregated proteins by threading them through the central pore of the hexamer (Zolkiewski et al.,
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2012). Interestingly, Hsp100 proteins are found in bacteria (ClpB), yeast (Hsp104) and plants,

but not in animal cells (Zolkiewski et al., 2012).

2.4 The Chaperonins

The chaperonins, also known as Hsp60s, are a class of evolutionary conserved molecular
chaperones found in all domains of life. Chaperonins assemble into large oligomeric double-ring
complexes whose rings are stacked back to back. The chaperonin monomers consist of three
domains (Figure 6). The equatorial domain contains the ATP-binding site. The intermediate
domains connect the equatorial domains with the apical substrate-binding domains, which are
located at the ends of the double-ring complex (Braig et al., 1994). Folding of the substrate
proteins is achieved upon encapsulation within the central cavity formed by one ring. Opening

and closing of the cavity are driven by ATP binding and hydrolysis.

2.4.1 Differences between Group | and Group Il Chaperonins

Chaperonins can be divided into two different groups (Kim et al., 1994). Group | chaperonins are
found in bacteria (GroEL) and in organelles of prokaryotic origin, i.e. chloroplasts (Cpn60) and
mitochondria (Hsp60). The best studied group I chaperonin is the tetra-decameric GroEL from E.
coli. GroEL encapsulates its substrates with the help of the co-chaperone GroES (Hsp10). Homo-
heptameric GroES serves as a lid that closes the GroEL cavity (Saibil, 1996). Group Il
chaperonins exist in the cytosol of archaea (Thermosome) and eukaryotes (TRiC). Structural
studies have shown that they are independent of a GroES-like co-chaperone. Instead they have a
built-in lid (Ditzel et al., 1998). The two groups of chaperonins differ in the inter-ring
arrangement. While a single GroEL subunit contacts two subunits on the opposite side of the ring
(Braig et al., 1994), in group Il chaperonins each subunit contacts only one subunit across the
ring (Ditzel et al., 1998; Gutsche et al., 1999).

-17 -



GroES or Helical Protrusion
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Cavity Lid

Intermediate Domain

Connects Equatorial and Apical Domain

Equatorial Domain

l

ATP-hydrolysis

GroEL/ES TRIC

Figure 6: Comparison of single subunits of group | (GroEL/ES) and group Il (TRiC) chaperonins.
PDB files of respective crystal structures ((3P9D, Dekker et al., 2011) and (LAON, Xu et al., 1997))
have been modified using PyMOL (DeLano Scientific). The design of this figure was inspired by
Gutsche et al., 1999. The subunits are not drawn to scale.

Another major difference between group | and group Il chaperonins is the ATP-dependent
rearrangement of the individual subunits that characterizes the cycles of opening and closing.
The equatorial domains do not have high flexibility in group | chaperonins because of the
staggered inter-ring arrangement. Thus, essentially only the intermediate and the apical domains
move during ATP-driven cycling. Upon ATP-binding, the intermediate domain rotates
downward by approximately 25°, thereby closing the ATP binding pocket. This movement
induces and enables a clockwise rotation and a large upward tilt of the apical domain that is
stabilized by binding of GroES (Ma et al., 2000). A stably closed GroEL/ES complex can be
obtained by incubation with non-hydrolysable ATP analogs, AMP-PNP or ATPyS, indicating
that ATP-binding to GroEL is sufficient to induce stable binding of GroES to GroEL.
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Interestingly, the large movements of the apical domains are only easily achieved when all the
subunits in the ring move in a concerted manner. Otherwise, sterical clashes would interfere with

domain movement (Ma et al., 2000).

GroEL/ES TRIC

Figure 7: Structural comparison of group | (GroEL/ES) and group Il (TRiC) chaperonins. PDB files of
respective crystal structures ((3P9D, Dekker et al., 2011) and (LAON, Xu et al., 1997)) have been
modified using PyMOL (DeLano Scientific). The design of this figure was inspired by Gutsche et al.,
1999. The complexes are not drawn to scale. For better understanding one subunit of each complex
was colored by domains using the same color code as in Figure 6. The other subunits are shown in
blue. GroES and the helical protrusion region of TRiC were colored in brown.

In group Il chaperonins the movements that are induced by ATP binding and hydrolysis are
entirely different. ATP binding results in a 45° counterclockwise rotation of the apical domain.
Upon ATP hydrolysis the entire subunit moves towards the center of the cavity by a large
rocking motion hinged in the equatorial domain (Zhang et al., 2011). Thus, a stably closed group
I chaperonin complex cannot be obtained by non-hydrolysable ATP analogs. Instead, a stably
closed complex is achieved experimentally by analogs of the transition state of ATP hydrolysis,
usually generated by incubation with ADP or ATP and aluminum fluoride (AlFx) (Chabre, 1990;
Martin, 1988; Meyer et al., 2003). There are no structural constraints that would suggest that a

concerted closure of the cavity would be preferred. Rather there is genetic and structural
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evidence for a sequential mechanism of ring closure in group Il chaperonins (Lin and Sherman,
1997; Rivenzon-Segal et al., 2005).

2.4.2 Structural Characterization of Chaperonins

Chaperonins work as allosterically regulated “two-stroke” machines (Xu and Sigler, 1998),
exhibiting negative cooperativity in ATP binding and hydrolysis between the two rings (Yifrach
and Horovitz, 1995) thereby generating asymmetric complexes (Langer et al., 1992) with one
ring closed (cis ring) and the other ring open (trans ring) during the functional cycle. Such a
“bullet-like” (Ishii et al., 1992) complex has been characterized structurally at high resolution for
the bacterial group | chaperonin GroEL (Xu et al., 1997) (Figure 7). The first crystal structure of
a group Il chaperonin was that of the symmetrically-closed thermosome from the archaeon
Thermoplasma acidophilum (Ditzel et al., 1998). Structure determination of the eukaryotic group
Il chaperonin TRiC has proven to be more difficult. However, now crystal structures of TRIC in
the open (Munoz et al., 2011) and in the closed (Dekker et al., 2011a) conformation as well as a
high resolution cryo-EM structure of closed TRiC (Cong et al., 2010) are available. Additionally,
the hexadecameric group Il chaperonin from Methanococcus maripaludis (Mm-cpn) has gained
attention for structure determination because its homo-oligomeric nature makes it a useful tool
for introducing and studying point mutations and deletions. The open and the closed states have
both been characterized by crystallography (Pereira et al., 2010) as well as cryo-EM (Zhang et
al., 2010).

All the above mentioned structures show group Il chaperonins in a symmetric conformation with
either both rings closed (Figure 7) or both rings open. Structural indications for an asymmetric
TRiC complex came mainly from low resolution cryo-EM (Llorca et al., 1999b) and small angle
X-ray scattering (SAXS) (Meyer et al., 2003) data. Asymmetric structures of archaeal group Il
chaperonins have also been described (Clare et al., 2008; Schoehn et al., 2000). However, the
observed negative cooperativity between the two rings suggested that the asymmetric complex
might represent the physiologically more relevant conformation (Kafri et al., 2001; Reissmann et
al., 2007; Yebenes et al., 2011). Finally, an asymmetric TRiC complex has recently been

characterized structurally by symmetry-free cryo-EM reconstruction (Cong et al., 2011). The
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asymmetric TRIC complex had been obtained by incubation with ADP and AlFx as described
earlier (Meyer et al., 2003).

2.4.3 The Intra- and Interring Arrangement of TRiC Subunits

It is widely accepted that the individual TRIC subunits arrange in a fixed and unique orientation
within one ring as well as between the rings. However, the exact intra- and inter-ring
configuration was unclear during the last decade. Early experiments inferred the intra-ring
subunit orientation from TRiC “micro-complexes” of 60-250 kDa that occurred upon sucrose
density centrifugation and that had different subunit compositions (Liou and Willison, 1997).
Based on cryo-EM structures of TRiC in complex with subunit-specific antibodies, an inter-ring
orientation has been hypothesized under the assumption that the originally proposed intra-ring
orientation was correct (Martin-Benito et al., 2007). Two recent higher resolution cryo-EM and
crystal structures, which are not consistent among themselves, have challenged the original
model (Cong et al., 2010; Dekker et al., 2011a). However, the limited resolution of both data sets
has prevented an unambiguous assignment of the different subunits. In any case, the two-fold
symmetry observed in both data sets clearly suggested two homotypic inter-ring contacts
(Figure 8) at opposite sides of the ring, which has not been predicted by the earlier model. The
definite intra- and inter-ring order of subunits was finally inferred from mass spectrometry
detection of cross-linked peptides of different subunits (Kalisman et al., 2012; Leitner et al.,
2012). The proposed subunit order differs from all previously suggested orientations, but has two
homotypic inter-ring contacts as previously suggested. The fact that the same order of subunits
has been found independently for both bovine and yeast TRiC makes it likely that the correct
subunit order has been finally detected.

2.4.4 TRIC Co-Chaperones

For the eukaryotic chaperonin TRiC, several co-chaperones have been described that co-operate
with TRIC. Delivery of the cytoskeletal proteins actin and tubulin to TRIC has been reported to

be achieved by a hexameric jellyfish-like complex called prefoldin (Hansen et al., 1999; Martin-
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Benito et al., 2002; Siegert et al., 2000; Vainberg et al., 1998). Another group of TRIC co-
chaperones is the phosducin-like proteins (PhLPs) (Willardson and Howlett, 2007). It is known
that they build ternary complexes with TRIiC and the substrate. The exact mechanism by which
they modify and assist the TRiC-dependent folding reactions is still unclear. PhLP1 is essential
for the folding of the GB subunit of trimeric G-proteins (Lukov et al., 2006). PhLP3 has been
reported to modulate the TRiC-dependent folding of actin and tubulin (Stirling et al., 2006).

2.5 Chaperonin-Substrate Interaction

The fate of chaperonin substrates during the interaction with the chaperonin has been
investigated in great detail, especially for the bacterial GroEL/ES system. Substrates bind to
hydrophobic residues in the apical domain of GroEL (Fenton et al., 1994). Binding of ATP to the
equatorial domain of GroEL induces conformational changes that facilitate binding of GroES to
the apical domain (Sigler et al., 1998). This in turn leads to release of the substrate from its
GroEL binding sites and to encapsulation within the closed chaperonin cis ring. ATP hydrolysis
results in a decreased stability of the GroEL/ES complex and finally ATP binding to the trans
ring initiates release of GroES, substrate and ADP (Rye et al., 1997).

It has been discussed intensively whether the GroEL cavity would be essentially working as a so
called “Anfinsen cage” (Saibil et al., 1993), i.e. by passively preventing aggregation of the
substrate by encapsulation (Apetri and Horwich, 2008; Horwich et al., 2009), or whether GroEL
would, in addition, actively change the folding landscapes of its substrates by confinement
within the cavity, thereby preventing formation of extended conformations and thus accelerating
the rate of folding (Baumketner et al., 2003; Brinker et al., 2001; Tang et al., 2006). Recently it
has been shown that the acceleration in the rate of folding of the GroEL substrate DM-MBP by
GroEL can be mimicked by introduction of disulfide bonds into DM-MBP, which reduces the
conformational space of the protein during folding (Chakraborty et al., 2010). Thus, similar rate
acceleration can be achieved by different conformational constraints, either by confinement
inside GroEL/ES or by disulfide bonds, strongly suggesting that confinement of substrates plays

a major role in the mechanism of rate acceleration by GroEL/ES.
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Figure 8: The subunit orientation of TRiC. a) PDB file of respective crystal structure ((3P9D, Dekker
et al., 2011) has been modified using PyMOL. Each TRiC subunit is colored in an individual color.
Note one of the two homotypic contacts across the equator (red subunit). b) Schematic representation
of TRIiC subunit orientation adapted from Leitner at al., 2012. Each subunit is colored in an
individual color. The homotypic inter-ring contacts of subunits 2 and 6 are indicated by dashed lines.

The mechanism of folding of substrates by the eukaryotic chaperonin TRiC contains additional
layers of complexity. In contrast to GroEL, TRiC is not homo-oligomeric. In fact, the octameric
rings of TRIC contain eight different but paralogous subunits (Figure 8) with approximately 30%
amino acid identity that have diverged very early in the evolution of eukaryotes (Archibald et al.,
2001; Kubota et al., 1995). The different subunits are described by the Greek letters a, B, v, 9, €,
¢, n and 0 in mammalian TRiC and by the numbers 1-8 in yeast (Yebenes et al., 2011).
Comparison of the mammalian orthologous subunits reveals a high degree of conservation with
an amino acid identity of 95% between the orthologues. 60% identity remains even between
mammalian and yeast orthologues (Kim et al., 1994), suggesting non-redundant functions of the
individual subunits in the hetero-oligomeric TRiC complex. The identity of amino acids between
the different subunits is not equally distributed. The equatorial ATPase domains are much more
similar than the apical substrate binding domains (Kim et al., 1994). Divergence of the apical

domains suggests a specialization of the different subunits in substrate binding.
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2.5.1 Binding of Substrates to Chaperonins

In group | chaperonins, substrate binding is mediated by a hydrophobic groove between helices
H and I in the apical domain (Chen and Sigler, 1999). It has been hypothesized that substrate
binding in group Il chaperonins takes place at a structurally related region between the apical
helices H10 and H11 (Pereira et al., 2010). Strikingly, substrate specificity of different subunits
for the known TRIC substrate VHL tumor suppressor can be transferred from one subunit to the
other by exchanging the substrate binding motif in helix H11 (Spiess et al., 2006). Subunit
specific binding of substrates to TRiC has also been shown for the most prominent substrates
actin and tubulin (Llorca et al., 2000; Llorca et al., 1999a). It is well conceivable that the subunit
specific binding of substrates plays an important role in the folding mechanism of TRiC-
dependent substrates, especially considering the presumed sequential mode of cavity closure.
Furthermore, it was shown by FRET measurements that binding of actin to TRiC opens the
nucleotide binding cleft of actin substantially more than binding to GroEL (Villebeck et al.,
2007a). Notably, GroEL can neither support folding of actin nor of tubulin (Tian et al., 1995).

2.5.2 The Size of the Chaperonin Cavity

The exact size of the TRIC cavity remains to be determined. Even before the high resolution
structures were released, it was clear from lower resolution cryo-EM data (Booth et al., 2008)
that the overall TRiC architecture is very similar to that of the thermosome from T. acidophilum
whose cavity size was shown to be approximately 130,000 A® (Ditzel et al., 1998). Indeed, the
crystal structure of yeast TRIC in the closed state estimated the TRIiC cavity volume to be
approximately 145,000 A% (Dekker et al., 2011a). This is only around 80% of the volume of the
cis GroEL cavity which has a size of 175,000 A® (Xu et al., 1997). However, a recent cryo-EM
study captured an asymmetric state of TRiC induced by ADP and AlFx exhibiting an enlarged
cis cavity (Cong et al., 2011), which is likely to represent a physiological intermediate of the
folding cycle as suggested by the negative cooperativity between the two rings of TRIC (Kafri et
al., 2001; Yifrach and Horovitz, 1995). The size of this enlarged cavity is approximately 180,000
A® and thus theoretically large enough for encapsulation of proteins up to 70 kDa. Similarly, the

GroEL cis cavity could accommodate substrate proteins of up to 70 kDa (Xu et al., 1997).
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However, it has been shown by protease protection experiments that the actual upper size limit is
approximately 60 kDa (Sakikawa et al., 1999).

2.6 Chaperonin Interactomes

2.6.1 Comparison of Prokaryotic and Eukaryotic Proteomes

Sequencing of whole genomes and subsequent assignment of protein coding regions has enabled
the comparison of protein sequences from different kingdoms of life. Interestingly, eukaryotic
proteins are on average approximately 50% longer than prokaryotic proteins (Zhang, 2000).
However, protein domains have comparable average sizes of 200-250 amino acids in both
eukaryotes and prokaryotes. Instead, the increased size of eukaryotic proteins (Figure 9) is
caused by an increased number of domains per polypeptide in eukaryotes compared to
prokaryotes (Brocchieri and Karlin, 2005). The different average size distributions of pro- and
eukaryotic proteins are also reflected in the different interactomes of the respective

representative chaperonins, GroEL and TRIC.

2.6.2 TRIC Interactors

In 2008, two independent studies have addressed the interactome of the eukaryotic chaperonin
TRIC (Dekker et al., 2008; Yam et al., 2008). Dekker et al. investigated the TRiC interactome in
yeast by both proteomic and genetic methods. Physical TRiC interactors were found by pull-
downs of TRIC complexes carrying an affinity tag, followed by mass spectrometry. Genetic
interactors were identified by a synthetic genetic array (SGA) (Tong et al., 2001). All viable
yeast deletion mutants were combined with a temperature-sensitive TRiC mutant and the
resulting double-mutants were analyzed for synthetic sickness/lethality. Notably, genetic TRiC

interactors do not represent TRiC substrates but they are rather functionally overlapping with
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TRIC substrates. The combination of the compromised function of a TRIC substrate with the

deletion of a protein with overlapping function causes the synthetic defect (Dekker et al., 2008).
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Figure 9: Size distribution of a prokaryotic and a eukaryotic proteome. The respective protein lists
have been downloaded from http://ecocyc.org/query.shtml for E. coli and from
http://downloads.yeastgenome.org/curation/calculated protein info/ for S. cerevisiae.

When known co-chaperones are excluded, 150 physical TRiC interactors remain in the Dekker
et al. study among them the well described TRiC substrates actin and tubulin (Figure 10). 79 of
the interactions have been identified by Dekker et al. themselves in their mass spectrometry
experiments. 47 interactors originate from various comprehensive yeast protein-protein
interaction studies cited by Dekker et al. (Gavin et al., 2006; Graumann et al., 2004; Ho et al.,
2002; Krogan et al., 2006). The remaining 24 interactors were described by Dekker et al. in the

supplement without a precise indication of source.
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Figure 10: Comparison of TRIC interactomes described by Yam et al., 2008 (166 interactors) and
Dekker et al., 2008 (150 interactors as described above).

An independent study conducted by Yam et al. identified TRIC interactors by expression of
mouse cDNAs in an in vitro transcription/translation system — rabbit reticulocyte lysate (RRL) —
followed by a pull-down using an antibody targeting the TRiC  subunit. The screen comprised
2600 cDNA clones, 1500 of which were estimated to result in detectable translation products. A
list of 166 TRIC interactors is provided in the supplement of Yam et al., consisting of both
interactors identified by Yam et al. themselves and of interactors described in the literature
(Figure 10). Unfortunately, the sources of the interactions are not indicated and the list does not

differentiate between mammalian and yeast proteins.

A one-to-one comparison of the TRIiC interactomes of the two studies is not possible because
interactors from different organisms are described. However, it is reasonable to assume that the
TRiC-dependency for folding might be conserved for a given TRiC substrate from yeast to
mammals. The list of 166 TRIC interactors provided by Yam et al. contains 127 proteins that are
either yeast proteins or proteins for which a yeast homologue is known. Surprisingly, only 34 of
these proteins were also described by Dekker et al. to be TRiC interactors. Moreover, 24 of these
interactors described by both studies were actually cited from the literature and thus they do not
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represent a real experimental overlap. Interestingly, among the remaining 10 proteins that were
identified by both studies are actin and tubulin. Thus, it seems that the provided lists of TRiC
interactors might on the one hand contain a substantial number of false positive interactors while
on the other hand a number of authentic interactors might be missing. Despite the small overlap
between the studies by Dekker et al. and Yam et al. on the TRIC interactome, the size
distributions of the described TRIC interactors of both studies are remarkably similar
(Figure 10), suggesting that the lists provide a good reflection of the size distribution of the
authentic TRiC interactome regardless of their imperfection in detail.

2.6.3 GroEL Interactors

252 substrates of GroEL have been described in E. coli (Kerner et al., 2005), 22 (~9%) of which
exceed 70 kDa (Figure 11). It is unclear how folding of these larger substrates is achieved. A
cryo-EM study described an unusually expanded cavity of the single-ring mutant of GroEL
encapsulating a 86 kDa protein (Chen et al., 2006). Another study suggested that folding of an 82
kDa substrate occurred via interaction with the GroEL trans ring without encapsulation by
GroES (Chaudhuri et al.,, 2001). However, the physiological relevance of each of these

mechanisms is not comprehensively understood so far.

2.6.4 Comparison of Interactors of GroEL and TRiC

Strikingly, the interactomes of the group | chaperonin GroEL and the group Il chaperonin TRiC
differ substantially with respect to their molecular weight distribution (Figure 11). Only 9% of
the described GroEL interactors exceed the predicted upper size limit of the cis cavity of 70 kDa,
essentially reflecting the size distribution of the E. coli proteome (http://ecocyc.org/query.shtml)
with 7% of proteins larger than 70 kDa (Figure 9). Eukaryotic proteins have a higher average
molecular weight than prokaryotic proteins (Brocchieri and Karlin, 2005; Netzer and Hartl,
1998; Zhang, 2000) (Figure 9). In fact, one quarter of all proteins from the baker's yeast S.
cerevisiae are larger than 70 kDa, as estimated from genomic data

(http://downloads.yeastgenome.org/curation/calculated_protein_info/). The relative amount of
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large TRIC substrates even exceeds this number; almost 40% of the described TRIiC interactors
are larger than 70 kDa, indicating that especially larger proteins need the assistance of TRiC for

proper folding (Figures 10 and 11).
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Figure 11: Size distributions of interactomes of GroEL and TRiC. 252 GroEL interactors as described
by Kerner et al., 2005. 150 TRIC interactors from Dekker et al., 2008 modified as described above.

2.7 Aim of the Study

The mechanism by which chaperonins can assist the folding of proteins that are too large for
encapsulation inside the central cavity is still unclear. It has been hypothesized that folding of
large multi-domain substrates by TRiC might occur by partial encapsulation of the proteins
(Spiess et al., 2004). This idea is especially interesting from an evolutionary perspective
considering the sequential iris-like mechanism of lid closure (Pereira et al., 2010) that is found in
group Il chaperonins but not in group | chaperonins. It is tempting to speculate that this

mechanism might have evolved to facilitate partial encapsulation of large multi-domain proteins,
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which is not straightforward if a GroES-like co-chaperone is required for closing the cavity.
However, it has never been investigated whether partial encapsulation of large substrates in

TRIC occurs, and if so, whether it leads to productive folding.

The present work addressed these questions experimentally, using different fusion proteins of the
well-described TRIC substrate actin with GFP and BFP as a model for large multi-domain
proteins containing a TRiC-dependent domain. Actin folding was measured by two independent
methods, its ability to bind to DNase | as well as the occurrence of a protease-resistant actin core
in limited proteolysis experiments. Furthermore, the encapsulation of the actin fusion proteins or
parts thereof inside the TRIC cavity was demonstrated by protection against proteolysis induced
by closure of the chaperonin cage. In order to expand the study to a more physiological setting,
various described TRIC interactors of large size were tested experimentally for interaction with

TRIC and two strong interactors were tested for partial encapsulation.
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3.Results

3.1 TRIC-dependent Folding of Actin Fusion Proteins

The cytoskeletal protein actin is well-suited to be used as a model TRiC substrate because it is
strictly dependent on TRIiC to reach its native state. It has been shown both in vitro (Gao et al.,
1992; Stemp et al., 2005) and in vivo (Chen et al., 1994; Vinh and Drubin, 1994) that TRIC
function is required for proper folding of actin. It has been suggested that the interaction with
TRIC is required to overcome a high energy barrier in the folding landscape of actin that occurs
on the way towards a conformation that is able to bind nucleotide (Altschuler and Willison,
2008). The folding of actin can be monitored by its ability to bind to DNase | (Lazarides and
Lindberg, 1974; Mannherz et al., 1980). Actin and DNase | form a 1:1 complex via an
interaction of a loop in sub-domain 2 of actin (Kabsch et al., 1990). Importantly, the interaction
of actin with TRIC is sufficient for actin folding in contrast to folding of tubulin, which requires

additional chaperones (Lewis et al., 1997).

The actin sequence is highly conserved among eukaryotic species (Korn, 1982). In contrast, actin
has diverged from its prokaryotic homolog MreB so far (van den Ent et al., 2001) that the
structural relationship between both proteins was not apparent with pairwise sequence alignment
(Erickson, 2007). Instead, a combination of sequence and structural alignments of actin,
hexokinase and Hsc70, which all share the “actin fold” (Kabsch and Holmes, 1995), has led to
the discovery of homologous bacterial proteins (Bork et al., 1992). Thus, the evolution of actin
involved very rapid divergence from its prokaryotic homologs at the origin of eukaryotes
followed by virtual constancy throughout eukaryotic evolution (Doolittle, 1995). The same
phenomenon is found for tubulin, the other major cytoskeletal protein in eukaryotes (Doolittle,
1995). Strikingly, the evolution of the TRIiC substrates actin and tubulin resembles the evolution
of the different TRIiC subunits that have diverged rapidly after gene duplications at the origin of
eukaryotes (Archibald et al., 2001) and have been much more conserved during the following

eukaryotic evolution.
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3.1.1 Actin Fusion Proteins as Model for Multi-Domain TRIiC Substrates

For my studies, | have used yeast actin (Actlp) which has 375 amino acids and is 88% identical
to rabbit cytoplasmic B-actin. It has a molecular weight of approximately 42 kDa and is thus too
small to serve as a model for proteins that are exceeding the TRIC cavity, which can
accommodate proteins of 50-60 kDa (Dekker et al., 2011a; Ditzel et al., 1998) or even up to
70 kDa (Cong et al., 2011). Therefore, I used fusion proteins, in which actin was connected with
GFP alone or with BFP and GFP in different combinations (Figure 12) by flexible alanine-rich
linkers. These linkers have all been derived from the 16 amino acid linker L16
(TSGSAASAAGAGEAAA) that has been described in an earlier publication from our group
(Chang et al., 2005). Most of the constructs | used for the initial DNase | binding experiments
had been cloned by Markus Stemp, a former PhD student in the lab. I have cloned the BGA

construct.
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Figure 12: Schematic representation of different actin fusion constructs. The calculated molecular
weight of the respective constructs is indicated on top. The TEV-cleavage site in the linker between
BFP and actin in BTAG is shown schematically.
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3.1.2 Actin Folding Estimated by DNase | Binding Experiments

The different actin fusion proteins were expressed in a coupled transcription/translation system
from Promega, which is based on rabbit reticulocyte lysate (RRL), using plasmid DNA
containing the respective genes as well as a T7 promoter. The proteins were labeled by L-[**S]-
Methionine incorporation and detected by autoradiography after SDS-PAGE. All proteins were
soluble after expression in RRL. The DNase | binding experiment was designed in a way that
resulted in a ten times higher concentration of the “Eluate” sample compared to the “Input”
sample in order to enable the detection of weak binding to DNase I. Consequently, “Eluate”
bands can have a higher intensity than “Input” bands (Figure 13a). Bands of equal intensity
correspond to 10% binding to DNase 1.
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Figure 13: Binding of fusion proteins to DNase I. a) Representative autoradiographs after SDS-PAGE,
showing the amount of DNase | bound protein in comparison with one tenth of the input material. b)
Quantification of the respective bands using the AIDA software (raytest). Error bars indicate the
standard deviation of N>3 independent experiments.

To perform the pull-down assays, commercial DNase | was immobilized on CNBr-activated
Sepharose. Actin alone served as a positive control for binding to DNase I. On average of 88%
of the actin produced in RRL was pulled down from the lysate by the DNase | Sepharose beads
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(Figure 13). BFP-GFP (BG) served as a negative control to monitor unspecific binding to the
beads, which was determined to be 1% of the total synthesized protein on average (Figure 13).
Thus, the DNase | binding assay exhibits a high range between specific and background binding,

making it an appropriate tool for determination of actin folding.

The amount of DNase | bound GA (36%) and AG (19%) in comparison to the BG background
(1%) clearly indicates that a substantial fraction of actin in both fusion proteins reached the
native DNase | binding competent conformation (Figure 13). However, DNase | binding was less
efficient than for actin alone, indicating that the presence of GFP interferes with folding of actin.
Apparently, the incompletely folded actin did not give rise to aggregates, as no insoluble protein
was observed. The DNase | binding assay was always performed after 90 minutes of translation
in RRL and the Kkinetics of occurrence of DNase | binding competent actin were not investigated.
Therefore, it is possible that the rate of actin folding was decreased by the fusion with GFP and
that more folded actin would have been produced after a longer period of incubation. There
might be a change in the cycling rate of TRIC induced by the presence of a large substrate,
leading to a slower turnover of the TRIC-GA and TRiC-AG complexes compared to the TRiC-
actin complex. More likely, the efficiency of the actin folding reaction was reduced for the
fusion protein due to interference between the actin moiety and the fused GFP/BFP domain.

Interestingly, the fraction of DNase | bound GA is almost twice as high as the fraction of
DNase I bound AG (Figure 13). This is surprising because the N- and the C-terminus of actin are
located in close proximity in sub-domain 1 (Kabsch et al., 1990) and thus GFP is expected to be
in a similar position relative to actin in both GA and AG. However, both proteins differ
obviously in their topological arrangement and the spatial constraints that are imposed on actin
during the process of folding. Indeed, it has been suggested that the correct re-positioning of the
actin C-terminus into its final location in sub-domain 1 is a late and essential step in the folding
process of actin (Lee et al., 2012; Neirynck et al., 2006). It is possible that the presence of GFP at
the actin C-terminus is interfering with this re-positioning step, thus making folding of AG less
efficient compared to folding of GA.

Both actin-GFP and GFP-actin fusion proteins are incorporated into cellular F-actin structures
(Ballestrem et al., 1998; Doyle and Botstein, 1996; Fischer et al., 1998; Heidemann et al., 1999;

Verkhusha et al., 1999; Yoon et al., 2002), indicating correct actin folding. However, it is not
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clear if the GFP-actin fusion proteins are really too large for complete encapsulation inside the
TRIC cavity. Thus, I analyzed a construct, in which two fluorescent proteins were fused to actin,
namely BFP to the actin N-terminus and GFP to the actin C-terminus. DNase | binding of this
construct (BAG) was close to the background level (Figure 13). In order to determine whether
this was due to reduced folding of actin or due to impairment of DNase | binding by sterical
reasons in presence of two fluorescent proteins, we prepared a construct, in which the linker
between BFP and actin contained a TEV-cleavage site enabling selective removal of the N-
terminal BFP. TEV-cleavage of this construct (BTAG) results essentially in production of AG.
We tested DNase | binding of BTAG after cleavage with the TEV (tobacco etch virus) protease
(Parks et al., 1994) under two different conditions. Before cleavage of BFP, translation was
stopped with either apyrase (Komoszynski and Wojtczak, 1996) or cycloheximide (McKeehan
and Hardesty, 1969). Cycloheximide is a specific inhibitor of translation and does not affect the
function of TRIiC or other chaperones in the lysate. DNase | binding of AG produced by TEV-
cleavage of BTAG after translation stop with cycloheximide was comparable to DNase | binding
of the regular AG construct described before, probably because TRiC was still active after
cleavage. In contrast, addition of apyrase stops all ATP-dependent processes in the lysate,
including TRIC function. The fact that DNase | binding of AG produced after cleavage of BTAG
in presence of apyrase is not markedly different from DNase | binding of uncleaved BTAG
indicates that actin was misfolded in the full-length BTAG protein (Figure 13). Thus, TRIC is
unable to fold actin sided by GFP domains at both ends.

The impaired folding of actin in BAG does not necessarily mean that folding of such “middle-
domains” by TRIC is impossible. Another explanation is that imposing constraints on both the
N- and the C-terminus of actin is fatal for actin folding, especially considering the close
proximity of both termini in the actin structure. To test this possibility, we prepared another large
fusion protein, in which only one of the actin termini is attached to fluorescent proteins. We used
GA as a starting point for this new construct because GA was folded more efficiently than AG.
Fusion of BFP to the GA N-terminus resulted in the construct BGA (99 kDa). 10% of BGA
bound to DNase | on average, demonstrating that TRiC can mediate the folding of actin in

context with such a large protein, although with reduced efficiency.
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3.1.3 Actin Folding Estimated by Protease-Resistant Actin Fragment

To confirm the results obtained by DNase | binding experiments, | used a different method to
quantify actin folding. This method is based on the fact that fragments produced by limited
proteolysis of native actin and of partially unfolded actin differ substantially (Kuznetsova et al.,
1999). Digest of native actin with proteases of different specificity results in C-terminal protease-
resistant fragments of 33-35 kDa dependent on the respective protease (Mornet and Ue, 1984). In
contrast digest of non-native actin with various proteases does not result in production of a
comparably stable protease-resistant fragment (Kuznetsova et al., 1999). Thus, it is conceivable
that the relative amount of the protease-resistant actin fragment occurring upon digest of the
different actin fusion proteins can be used as an inherent measure for the folding efficiency of

each construct.

In order to find out whether the protease-resistant actin fragment was indeed a useful measure for
actin folding, we quantified the intensity of the respective fragment from PK digest reactions of
various actin fusion proteins and correlated it to the intensity of the corresponding full-length
protein band (incubated without PK). Indeed, the estimation of the relative amount of properly
folded actin based on the ratio of the intensities of the protease-resistant fragment and of full-
length actin correlates well with the estimation of actin folding based on DNase | binding
experiments (Figures 13 and 14). Thus, it appears that the relative intensity of the protease-
resistant fragment is a good estimate for actin folding. The quantification of actin folding by the
occurrence of the protease-resistant fragment is particularly advantageous for the actin fusion
constructs because the GFP and/or BFP domains hinder DNase | binding sterically, resulting in

an underestimation of folded actin.
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Figure 14: Actin folding estimated from protease-resistant actin fragment of 35 kDa. a) Representative
autoradiograph of SDS-PAGE, showing PK digest of indicated actin fusion proteins. The molecular
weight marker indicates the molecular weight in kDa. Protease-resistant BFP/GFP and the 35 kDa
actin fragment (35K) are indicated on the right. b) Estimation of actin folding by quantification of the
relative intensity of the 35 kDa actin fragment, corrected for number of methionine residues. The error
bars indicate the standard deviation of N=3 independent experiments.

Comparison of the estimated folding efficiencies based on either the protease-resistant fragment
or on DNase | binding reveals that in case of most actin fusion proteins, actin folding might have
been indeed underestimated by DNase | binding (Figures 13 and 14). However, there is hardly
any protease-resistant fragment detected upon digest of BAG (Figure 14), indicating once more
that actin is not folded in the context of this particular fusion protein, as already inferred from
DNase I binding experiments (Figure 13). Thus, despite the slightly different estimations of actin
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folding by DNase | binding and by intensity of the protease-resistant fragment, the overall

conclusions that were based on DNase | binding remain unchanged.

3.1.4 Depletion of TRIC from RRL

To formally demonstrate the TRiC dependence of actin folding (Chen et al., 1994; Gao et al.,
1992; Stemp et al., 2005; Vinh and Drubin, 1994), TRiC was depleted from RRL. Depletion was
achieved by Markus Stemp using the high affinity TRiC interactor PhLP1 that was purified after
overexpression in E. coli. Purified PhLP1 was coupled to Dynabeads® TALON™ vyia an N-
terminal 6xHis-tag and used for depletion of TRiC from RRL. Depletion of TRiC led to a strong
decrease in DNase | binding of actin and the actin fusion proteins AG and GA translated in the
TRiC-depleted RRL (Figure 15). Production of DNase | binding competent actin and GA was
completely restored by addition of TRIC that was purified from bovine testes (Figure 15).
Surprisingly, DNase | binding of AG was only partially restored. It seems possible that rabbit
TRIC from RRL and purified bovine TRIiC differ in their ability to fold the less efficiently
folding AG construct.
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Figure 15: DNase | binding after depletion of TRiC from RRL. a) Representative Western Blot anti-
CCTa showing successful depletion of TRiC from RRL. b) Quantification of DNase | binding. The
error bars indicate the standard deviation N=3 independent experiments.
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3.2 Stalling of Actin Fusion Proteins on the Ribosome

3.2.1 Stalling of Actin-GFP on the Ribosome

It has been shown by photo-crosslinking experiments that TRIC interacts co-translationally with
ribosome-bound nascent chains (Etchells et al., 2005; McCallum et al., 2000). In order to test
whether actin can be co-translationally folded into a native DNase | binding competent
conformation, we prepared a shortened AG construct lacking a stop codon by PCR (AG219).
This construct is translated in RRL like the full-length AG construct until the ribosome reaches
the 3' end of the truncated mRNA, corresponding to amino acid 219 of GFP (Figure 16a).
Because of the missing stop codon, a stalled ribosome nascent chain complex (RNC) is

generated.

In SDS-PAGE, the stalled nascent chain migrates characteristically at a molecular weight that