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I SUMMARY

Heterologous protein production in E. coli often results in protein aggregation
arising due to the high local concentrations of fast translating polypeptides in the dense,
crowded environment of the bacterial cytosol (Ellis and Minton, 2006). Chaperone co-
expression is one of the commonly used methods to alleviate protein insolubility and
aggregation as chaperones shield aggregation prone regions of translating nascent chains
and maintain them in a folding competent state until productive folding has occurred
(Baneyx and Mujacic, 2004). The E. coli proteome contains mostly small proteins with
an average length of 317 amino acids (Netzer and Hartl, 1997) and hence the E. coli
chaperone machinery may not be optimally adapted to the folding of large multi-domain
eukaryotic proteins (Agashe et al., 2004). Trigger factor (TF) is the major ribosome-
associated chaperone in E. coli and has homologs present only in eubacteria. Thus, TF is
of particular interest for understanding the difference between the bacterial and
eukaryotic folding environment. It is a modular protein composed of three domains: the
N-terminal ribosome binding domain, the middle PPlase domain and the C-terminal
chaperone domain which has the main chaperoning activity. The PPlase domain is
dispensable for TF function in vivo but provides a secondary nascent chain binding site
(Kaiser et al., 2006; Lakshmipathy et al., 2007).

In this study, we studied the direct interaction of TF with nascent chains and the
contribution made by its domains in this interaction, using real-time fluorescence
spectroscopy. TF was site-specifically labeled with an environment sensitive probe,
NBD, and the increase in its fluorescence, which signified the binding of TF to
hydrophobic motifs of the nascent chains, was monitored. We found that TF specifically
interacts with nascent chains exposing hydrophobic regions like Luc and not with nascent
chains that lacked such regions like a-Syn. We also found that multiple TF molecules
bind to elongating Luc nascent chains exposing an increasing number of hydrophobic
regions. The dissociation of TF from such nascent chains occurred with more than one
phase. We also demonstrate that the PPlase domain of TF provides a secondary binding
site for nascent chains and can interact with only a fraction of nascent chains exposing

hydrophobic regions. The PPlase domain deletion mutant of TF, called TFNC,
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dissociated faster from full length Luc indicating that TFNC resides on these nascent

chains for a shorter time.

TF delays the folding of certain multi-domain proteins in E. coli relative to their
translation (Agashe et al., 2004). Hence we analyzed the chaperoning effect of TFNC on
the folding of multi-domain proteins like Luc and Ras-DHFR and found that TFNC
enhances the folding of these proteins compared to TF via a more co-translational folding
mechanism. We imply that by binding to the hydrophobic regions of the nascent chains,
the PPlase domain delays the folding of multi-domain proteins in E. coli relative to their
translation. This deletion is beneficial for the folding of these proteins that rely on

domain-wise co-translational folding.

In the second part of the thesis, we examined the effect of eukaryotic chaperones
on Luc folding in the bacterial PURE system and found that purified human Hsc70, Hdj2
and Bagl in a molar ratio of 10:1:6 mediate the efficient folding of Luc. Supplementation
of TFNC to this combination enhanced Luc folding further by allowing the nascent

chains to fold co-translationally during translation.
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II INTRODUCTION

II.1 Proteins and the process of translation

Proteins are the important building blocks of life. They are linear polymers built
from a series of 20 different L-amino acids. The amino acids in a polypeptide chain are
linked by peptide bonds between the carboxyl and amino groups. The process of
polypeptide synthesis is called translation in which the genetic code on the mRNA is
converted into the polypeptide. Cells have specialized macromolecular complexes called

ribosomes made up of protein and RNA where the process of translation takes place.

Nascent polypeptide chains emerging from the ribosomes have to be properly
folded to reach their native state. Non-native interactions between nascent chains during
on-going translation might lead to aggregation of these nascent chains. Cells have
developed mechanisms to prevent such unwanted interactions between nascent chains
and shift the equilibrium towards the correctly folded structure with the help of folding
helpers called chaperones. Molecular chaperones are proteins that help the cellular
proteins to attain their native structure and inhibit the off-pathway aggregates without

being part of their final structures.

In the forthcoming sections of this introduction, the processes of protein folding
and aggregation will be discussed in detail. The mechanisms by which different classes of
molecular chaperones promote protein folding in the cell and their importance in various
human neurodegenerative diseases as well as in the recombinant protein production in

biotechnology, will also be discussed.

I1.2 Organization of protein structure

There are different levels of organization of protein structure. The primary
structure of the protein comprises the linear amino acid sequence in its polypeptide chain.
This structure is determined by the genetic information coded in the DNA sequence.
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Figure 1: Levels of protein structure

Representation of primary, secondary, tertiary and quaternary structures of Hemoglobin.
(a) Primary structure is represented by the amino acid sequence of the peptide chain. (b)
Secondary structure comprises of highly regular sub-structures such as the a helix and
sheet. (c) Tertiary structure refers to the three-dimensional structure of a single protein
molecule. (d) Quaternary structure refers to the complex of several protein molecules or
polypeptide chains. Adapted from An Introduction to Genetic Analysis by Griffiths, Miller,
Suzuki, Lewontin, and Gelbart, 2000.

The secondary structure of the protein molecules refers to the regular pattern of
amino acid arrangement in the polypeptide chain due to the formation of hydrogen bonds
between the amino acid main chain. The two most common types of secondary structures
are called the a helix and B pleated sheet (Pauling and Corey, 1951a, b). The tertiary
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structure of a protein refers to the arrangement of the helices and the sheets in space to
generate a three-dimensional structure. This arrangement is stabilized by multiple weak,
non-covalent interactions which include hydrogen bonds, electrostatic interactions and
hydrophobic interactions. Disulphide bond formation between adjacent cysteines may
also contribute to the tertiary structure. Many proteins like hemoglobin are composed of
two or more polypeptide chains, adding another level of structural organization (Perutz et
al., 1960). The assembly of individual polypeptide chains into a homo- or hetero

oligomeric complex is called its quaternary structure.

In a polypeptide chain, the peptide bonds are planar due to their partial double
bond character. The N-C,, and C,-C bonds of the amino acids are free to rotate and are
represented by the Phi (¢) and Psi (y) angles, respectively. These dihedral angles define
the conformation of a single amino acid in a polypeptide chain. The Ramachandran plot
developed by G. N. Ramachandran and V. Sasisekharan is a visual representation of all
the possible ¢ and y angles for a polypeptide chain. By calculating the energy contained
in various pairs of ¢ and y angles, the a and B conformations were found to be the two
most stable pairs (Ramachandran and Sasisekharan, 1968). The o helix and the B sheet
are also the most common conformations found in nature. Given how common these
structures are, it is interesting to examine how a protein proceeds from a linear structure
as it exits the ribosomal tunnel to obtain not only secondary structures but tertiary

structures as well.

(% Carboxyl
Y terminus

terminus
—

Figure 2: Torsion angles in an extended polypeptide chain

Each amino acid in a polypeptide chain contributes three bonds to its backbone. The
peptide bond is planar and is represented by blue planes. The bond between nitrogen
and a-carbon atoms is represented by ¢ and the bond between a-carbon and carbonyl
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carbon atoms is represented by y. Adapted from Lehninger Principles of Biochemistry,
Fourth Edition, 2004.

The time taken by a protein to reach its native conformation varies dramatically
between different proteins. Since every bond in an amino acid can adopt numerous
possible conformations, a protein could take an astronomical amount of time to sample
all the possible conformations. Clearly, this time scale is beyond the time scale of any
biological process and in a cell, protein folding takes place within few seconds or
minutes. The discrepancy between the calculated and actual protein folding time is called
the Levinthal paradox (Levinthal et al., 1962; Zwanzig et al., 1992). Levinthal proposed
that the folding process occurs through a series of intermediate states and not thorugh a
random conformational search. These intermediates containing locally stabilized
secondary structural elements drastically reduce the number of possible conformations
available, allowing the protein to reach its native conformation in a biologically relevant

time scale.

I1.3 Principles and mechanisms of protein folding

Ribonuclease A, a small 14 kDa protein was used as a model protein by Christian
Anfinsen to examine protein refolding in vitro. He postulated that all the information
required by a protein to adopt its final conformation is encoded in its primary amino acid
sequence. This final conformation is the polypeptide conformation with the lowest free
energy. In his pioneering experiments, Anfinsen demonstrated that purified, denatured
Ribonuclease A regains its native, enzymatically active state upon removal of the
denaturant (Anfinsen, 1972, 1973; Taniuchi and Anfinsen, 1969). As a result of
Anfinsen’s work it was thought that protein folding is generally a spontaneous process.

Several protein folding mechanisms have been proposed to overcome the
“Levinthal Paradox” by allowing step-wise progression of the folding process through
smaller sub processes (Fersht, 2008). The initial stage of the protein folding pathway has
been described by the “Hydrophobic collapse model” driven mainly by hydrophobic
forces (Baldwin, 1989). The collapsed state is known as a molten globule arising due to

the repulsion between the hydrophobic side chains of the protein and the hydrophilic
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water molecules in the environment. Usually the molten globule state contains most of its
native secondary structure but not the tertiary structure. Some of the first direct evidence

for this model was found using the model protein barstar (Agashe et al., 1995).

In the “Framework model”, elements of secondary structure are formed first
independently of the tertiary structure. These elements then coalesce to form the
framework for the native tertiary structure (Kim and Baldwin, 1982, 1990; Ptitsyn and
Rashin, 1975). The “Nucleation-condensation model” unified the features of both the
hydrophobic collapse model and the framework model. It was shown for small proteins
like Chymotrypsin inhibitor 2 that their folding can occur via two-state kinetics without
the accumulation of intermediates where the nucleus is composed of a relatively unstable

a-helix stabilized by long-range interactions (Jackson and Fersht, 1991).

The energy landscape of protein folding is represented by the “folding funnel”
(Clark, 2004). It describes the progression of the polypeptide from its unfolded
conformation to attain its local energy minimum. During this progression the polypeptide
can form different folding intermediates and can get entrapped in local minimas called
Kinetic traps. These traps are formed due to the intramolecular contacts between the
hydrophobic patches exposed to the hydrophilic environment in the partially folded
intermediates. The number of such traps and the energy required to overcome them
denotes the degree of frustration of the polypeptide chain (Onuchic, 1997). The folding
pathway overlaps with the aggregation pathway which is governed by the intermolecular
contacts between the polypeptide chains. Such non-native contacts can lead to the
formation of aggregated species with the highly stable amyloid fibrils being the global
minimum of this pathway. Such amyloid species have been shown cause toxicity in a
number of human neurodegenerative diseases (Barral et al., 2004).
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Figure 3: Energy landscape of protein folding and misfolding

Different conformations of unfolded polypeptide enter the top of the funnel and travel
towards the bottom of the tunnel to attain a global energy minimum. The intermediates
formed during this transition are the local energy minima. A native state is acquired
following productive intramolecular interactions whereas non-productive intermolecular
interactions lead to formation of aggregates. Adapted from (Hartl and Hayer-Hartl, 2009).

I1.4 Protein folding and aggregation inside the cell

Protein folding in the crowded environment of the cytosol which can have a
macromolecular concentration up to 400 g/liter is an enormously challenging task
compared to protein folding in the diluted environment in vitro (Ellis and Minton, 2006).
When a polypeptide chain is synthesized in a vectorial fashion on the ribosomes it does
not have access to the entire folding information before the completion of translation.
These unfolded nascent chains expose hydrophobic regions which have the tendency to
make non-native contacts leading to inter-molecular aggregation. Moreover, the faster
translation speed in E. coli of about ~20 amino acids per second compared to ~5 amino
acids per second in eukaryotes makes the folding process in E. coli even more

challenging. The severity of the protein aggregation problem is evident from a number of
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human diseases caused by aberrant protein misfolding and aggregation (Barral et al.,
2004).

It is therefore extremely important for the cell to prevent aggregation by having
mechanisms that aid in proper cellular protein folding. Folding helpers called molecular
chaperones are a versatile class of proteins that bind to the aggregation prone exposed
hydrophobic regions and folding intermediates to prevent protein aggregation (Hartl and
Hayer-Hartl, 2009; Young et al., 2004). Chaperones have diverse functions and
mechanisms and they form a network in the cytosol functioning at different stages of
polypeptide translation and folding.

I1.4.1 Molecular chaperones are conserved in every kingdom of life

A molecular chaperone can be defined as any helper protein that binds to a
partially folded aggregation prone protein and mediates attainment of the native
conformation without being part of the final structure. Chaperones are involved in many
cellular functions including de novo protein folding, refolding of proteins under stress,
protein transport and degradation (Hartl and Hayer-Hartl, 2009). Chaperones called heat
shock proteins (Hsps) are expressed under the cellular stress conditions whereas others
are constitutively expressed. In the next sections major classes of chaperones will be
discussed in detail.
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Figure 4: Models of chaperone-assisted folding in various kingdoms of life
Native protein is denoted as N. In E. coli, Trigger factor (TF) interacts with the translating
nascent chains. Most of the smaller proteins (~70 %) are proposed to attain their native
structure without further assistance. 20 % of the proteins are assisted by the DnaK
chaperone machinery to fold and the remaining 10 % are transferred to the GroEL
chaperonin complex to attain their final structure in an isolated environment. In Archaea,
prefoldin (PFD) and the nascent chain-associated complex (NAC) interact with the
elongating polypeptides. In eukaryotes, NAC and ribosome-associated complex (RAC)
perform the function of a ribosome-associated chaperone like TF. The nascent chains
then interact with the Hsp70 system and a part of the nascent chains are transferred to
Hsp90. About 10% of chains are then co- or post-translationally transferred to the
chaperonin TRIC with the assistance of PFD. Adapted from (Hartl and Hayer-Hartl,
2009).

I1.4.2 Cylindrical chaperones: The Chaperonins

Chaperonins are multimeric complexes made up of two rings stacked bact to back
on one another that provide an isolated folding cavity for their substrates. There are two
types of chaperonins Group | and Group Il (Horwich et al., 2007). Group | chaperonins,
also termed Hsp60s, are found in eubacteria and organelles of bacterial origin like
mitochondria and chloroplast, whereas the Group Il chaperonins are found in archaea and
eukaryotes. The folding mechanism of both the groups is regulated by ATP binding and
hydrolysis.
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I1.4.2.1 Group | Chaperonins

These 800 kDa complexes consist of two homo-heptameric rings stacked back to
back and require the action of cochaperones of the Hsp10 family for their action. One of
the most intensively studied members of this group is the E. coli chaperonin GroEL
(Hartl, 1996; Hartl and Hayer-Hartl, 2002; Horwich et al., 2007). It functions together
with its cochaperone GroES and provides an isolated cavity for a substrate protein of up
to 60 kDa in size to fold in isolation.

The GroEL folding mechanism involves multiple rounds of binding and release in
order to form a native structure (Brinker et al., 2001; Mayhew et al., 1996; Weissman et
al., 1996). Each of the 14 subunits has two distinct domains: the equatorial ATP binding
domain and the apical substrate binding domain that contains hydrophobic amino acids
protruding inside the cavity. These two domains are connected to each other via a hinge
like domain (Xu et al., 1997). The two rings of the GroEL chaperonin termed as the cis
and trans rings are not in the same-nucleotide bound state. Binding of ATP molecules to
the cis ring causes binding of GroES to the same ring (Langer et al., 1992b; Ranson et al.,
2001). This binding leads to a conformational change in the apical domain that releases
substrate into the cavity lined with hydrophilic side chains where it remains for almost 10
s as its folding process commences (Xu et al., 1997). ATP hydrolysis weakens the
interaction of GroES with GroEL and signals ATP to bind to the trans ring. This
conformational rearrangement leads to dissociation of ADP, GroES and the
partially/completely folded substrate protein from the cis ring (Rye et al., 1997). This
cycle continues as the trans ring becomes the new cis ring and another round of ATP
hydrolysis helps the partially folded substrate to bury its hydrophobic regions and acquire

its native state following which the correctly folded protein is released into the cytosol.
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Figure 5: Protein folding cycle inside the GroEL-GroES cage

The folding intermediate is denoted by | and native protein folded inside the cage by N.
Folding occurs with the help of ATP hydrolysis. Multiple rounds of chaperonin action are
needed for some substrates to achieve the N state. Both | and the N state accumulate
after each round of binding and release. The substrate leaves the cage after forming the
N state and the | state is rebound by GroEL and the chaperonin cycle might continue
until the N state is attained. Adapted from (Hartl and Hayer-Hartl, 2009).

I1.4.2.2 Group Il chaperonins

The members of this group are much more divergent in sequence and structure
from the Group | chaperonins and are thought to function without any cochaperones. The
Group Il chaperonin present in the eukaryotic cytosol is called TRiC (Tailless Complex
Polypeptide-1 [TCP-1] Ring Complex) or CCT (Chaperonin Containing TCP-1). The

Group Il chaperonin present in archaea is called the Thermosome.

TRIC is composed of eight different subunits per ring and has two such rings
stacked back to back on each other (Frydman et al., 1992; Gao et al., 1992). The folding
process mediated by TRIC is not clearly understood but is an absolute requirement for the
folding of essential proteins like actin and tubulin. This chaperonin complex binds to
actin and tubulin both in vitro and in vivo facilitating their folding (Frydman et al., 1992;
Gao et al., 1992; Stemp et al., 2005; Sternlicht et al., 1993; Thulasiraman et al., 1999;
Yaffe et al., 1992). Proteomic studies have revealed that the substrate repertoire of TRiIC
consists mainly of tryptophan-aspartic acid repeats (WD-40) containing proteins (Ho et
al., 2002). Surprisingly, most of these substrates exceed the TRIC cavity size. It is
speculated that TRiC mediates the folding of individual domains in a sequential manner.
The folding mechanism of TRIC is governed by binding and hydrolysis of ATP, similar

to the GroEL chaperonin system.
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I1.4.3 The Hsp70 Chaperone system

Members of the Hsp70 family exist in all kingdoms of life as well as in cellular
organelles like mitochondria, chloroplasts and the endoplasmic reticulum in both
constitutively expressed and stress inducible forms (Mayer and Bukau, 2005). The most
extensively studied member of this family is the DnaK chaperone present in E. coli. This
70 kDa chaperone is regulated by ATP hydrolysis and cochaperones (DnaJ and GrpE).
DnaK consists of two domains, an N-terminal ATPase domain of ~45 kDa (Flaherty et
al., 1990) and a C-terminal substrate binding domain of ~25 kDa (Zhu et al., 1996). The
two domains are separated by a small linker that couples the ATP hydrolysis by ATPase
domain to the opening and closing of the substrate binding domain. The Hsp70 mediated
folding mechanism involves multiple cycles of ATP hydrolysis and substrate release.

ATPase domain Substrate-binding
1 281 domain 646
HN [l EEVD-COOH
4 oA |

NEF DnaJd/Hsp40  TPR proteins
GrpE Hop/p60
Bag-1 CHIP
HspBP/Fes1
Hsp110

Figure 6: Linear representation of Hsp70 and its interaction with various

cofactors

NEFs (Nucleotide Exchange Factors) bind to the ATPase domain of Hsp70 whereas Hsp40
probably interacts with both the ATPase and substrate-binding domain. Hsp70s of the eukaryotic
cytosol contain the C-terminal EEVD sequence which interacts with tetratricopeptide (TPR)
containing proteins like Hop and CHIP. Adapted from (Hartl and Hayer-Hartl, 2009).

The J domain of Dnal is a conserved characteristic of all J domain proteins. There
are 3 subfamilies of Dnal proteins (Vos et al., 2008). The type | subfamily also called
DNAJA contains the N-terminal J domain, the glycine/pheylalanine-rich region, a
cysteine-rich zinc binding domain and a variable C-terminal substrate homodimerization
domain. The E. coli DnalJ protein is a typical representative of this subfamily. The type I,

DNAJB, subfamily members contain all the above mentioned domains with the exception
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of the cysteine-rich zinc binding domain. The type 1ll DNAJC subfamily members are
the most divergent of all the DnaJ proteins containing only the conserved J domain.

HED
£
DNAJA  N-| SDomin BTN - IR C  DnaJ, Y1, Hj2

HPD
L

DNAJB N- | J-Domain
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C-terminal
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L

DNAJC  N- RN R T N - Zuotin, MPP11

Figure 7: Linear representation of DnaJ proteins

DNAJA family contain the conserved J-domain, the Glycine-Phenylalanine (G/F) rich
domain, the Zn-binding domain and the C terminal domain. Bacterial DnaJ, yeast Ydjl1
and mammalian Hdj2 are examples of this family. Hdjl is a representative of DNAJB
family which contain all the above mentioned domains except Zn-binding domain.
DNAJC is the most diverse DnaJ family containing only the J-domain. Yeast Zuotin and
mammalian MPP11 are representatives of this family. Adapted from (Vos et al., 2008).

GrpE is a homodimeric protein that acts in concert with DnaJ to regulate the
DnaK cycle. It is a NEF (Nucleotide Exchange Factor) which promotes dissociation of
ADP from the nucleotide binding cleft (Harrison et al., 1997) and subsequent substrate
release by stabilizing the open conformation of the ATPase domain of DnaK. The E. coli
GrpE also possesses a putative “thermosensing” function at higher temperatures in E. coli
but this function has not been studied in detail yet (Gelinas et al., 2003). In eukaryotes,
nucleotide exchange is performed by proteins structurally unrelated to GrpE. There are
three types of NEFs found in eukaryotes: Bag domain proteins, HspBP1 (Hsp Binding
Protein 1) and Hsp110. The NEF activity of Bag proteins lies in their C-terminal Bag
domains (C-Bag). This domain is the closest homolog of prokaryotic GrpE in terms of its
nucleotide exchange action on Hsc70 although they are structurally different (Hohfeld
and Jentsch, 1997). However, the mechanism of action of HspBP1 and the Hsp70
homolog Hsp110 is distinct from the nucleotide exchange action of GrpE (Dragovic et
al., 2006; Shomura et al., 2005).

I1.4.3.1 Regulation of DnaK cycle

DnaK is the most extensively studied of the Hsp70 family of chaperones. The
ATP bound state of DnaK has a low affinity for substrates whereas the ADP bound state
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has high affinity for substrates (Pierpaoli et al., 1997; Theyssen et al., 1996). The
cochaperone Dnal recognizes hydrophobic segments on the nascent chains and targets
them to the substrate-binding domain of DnaK (Langer et al., 1992a). Binding of DnaJ to
DnaK leads to ATP hydrolysis resulting in closing of the a-helical lid (Suh et al., 1999).
ADP release is then facilitated by GrpE (Harrison et al., 1997), another DnaK
cochaperone. This cycle is completed by the rebinding of ATP, opening of the lid and

release of the folded substrate.

Dna]

Figure 8: Reaction cycle of the DnaK chaperone machinery

Native protein is denoted as N. Rapid peptide binding and dissociation occurs in the
ATP-bound state of DnaK. The substrate is delivered by DnaJ to the ATP-bound state of
DnaK. The N-terminal J domain of DnaJ accelerates ATP hydrolysis by DnaK leading to
stable substrate binding by DnaK. GrpE induces ADP release from DnaK and upon ATP
rebinding by DnaK, substrate dissociates from DnaK, completing the reaction cycle.
Adapted from (Hartl and Hayer-Hartl, 2009).

I1.4.3.2 Regulation of Hsp70 cycle in eukaryotes

The Hsp70 folding cycle is significantly more complex than that of DnaK because
of the presence of multiple cofactors in different cellular compartments. For example the
human genome encodes 13 different Hsp70s, 41 different DnaJ proteins, various

members of NEFs apart from numerous small Hsps (Vos et al., 2008).

Different cofactors bind to the two domains of Hsp70. The J domain of Dnal

proteins, Bag-land Hip (Hsp70 interacting protein) bind to the ATPase domain whereas
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DnalJ proteins, Hop (Hsp70-Hsp90-organizing protein) and CHIP (E3 ligase C-terminal
Hsp-interacting protein) bind to the C-terminal domain of Hsp70. Hip stabilizes the ADP
state of Hsp70 and thus acts antagonistically to Bag-1 which promotes the ADP-ATP
exchange (Hohfeld et al., 1995). Hip stabilizes the substrate-Hsp70 complex preventing
pre-mature release of substrate. Hop is a dimer in solution and interacts with the C-
terminal EEVD motifs of Hsp70 and Hsp90 through its TPR domains stimulating the
recycling of Hsp70 (Gross and Hessefort, 1996; Smith et al., 1993). CHIP is also a dimer
in solution and competes with Hop for binding to the C-termini of Hsp70 and Hsp90. It
acts as an E3 ubiquitin ligase connecting the folding machinery to proteolysis (Ballinger
etal., 1999; Connell et al., 2001).

I1.4.4 Ribosome-associated chaperones

Ribosome-associated chaperones provide a first line of defense against
aggregation as the nascent chains emerge from the ribosome. In E. coli, TF is the first
chaperone to interact with the translating nascent chains. Eukaryotes have two chaperone
complexes that have this function: NAC (Nascent chain Associated Complex) and RAC
(Ribosome Associated Complex). Both of these chaperone complexes are unrelated to
each other and to TF. Recent reports have demonstrated that in addition to promoting
protein folding, the chaperones RAC, NAC and the J-protein Jjj1 cooperate to facilitate
ribosome assembly in Saccharomyces cerevisiae (Albanese et al., 2010; Koplin et al.,
2010).
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Yeast Mammals

Figure 9: Model of ribosome-associated chaperones in eukaryotes

In yeast, nascent chain-associated complex (NAC) and the functional triad of
Ssb/SSz/Zuo bind close to the ribosomal exit tunnel. In mammals, mMRAC (ribosome-
associated complex) is composed of MPP11 and Hsp70L1 that binds in close proximity
to the exit tunnel together with mammalian NAC. Adapted from (Kramer et al., 2009).

I1.4.4.1 Nascent chain Associated Complex (NAC)
NAC is a heterodimer of two subunits: o NAC (33 kDa) and B NAC (22 kDa).

The B subunit of NAC interacts with the yeast ribosome through the ribosomal protein
Rpl25, homolog of L23 in E. coli which is the interaction site for TF (Wegrzyn et al.,
2006). Both yeast Rpl25 and E. coli L23 proteins are situated close to the exit tunnel in
the large ribosomal subunit, an ideal location to interact with the nascent chains during
translation. However, a recent report has demonstrated that PNAC binds to the yeast
ribosomal protein Rpl31 which is present only in eukaryotes and archaea (Pech et al.,
2010). On the yeast ribosomal exit tunnel, this adaptor site is at the opposite side of the
previously described binding site Rpl25. Crosslinking studies have demonstrated that
NAC interacts with ribosome-bound nascent chains (Wang et al., 1995; Wiedmann et al.,
1994). NAC also has a role in the regulation of co-translational targeting of nascent
chains to the endoplasmic reticulum (Lauring et al., 1995). A recent report has suggested
a possible role of NAC in ribosome biogenesis (Koplin et al., 2010). In this study, the
authors have reported that simultaneous deletion of NAC and Ssb led to aggregation of
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ribosomal proteins and decrease in the levels of ribosomal subunits and translating

ribosomes.

I1.4.4.2 Ribosome Associated Complex (RAC)

RAC is a complex of two proteins Sszlp (an Hsp70 homolog) and Zuotin (an
Hsp40 homolog) (Gautschi et al., 2001). This complex acts as a J domain co-chaperone
for the ribosome associated Hsp70s, Ssblp and Ssb2p, and recruits them to the nascent
polypeptides via the J domain of Zuotin (Huang et al., 2005). Together these proteins
function as a chaperone triad at the yeast ribosomal exit tunnel but their exact mechanism
remains to be elucidated. Deletion of any of these three components leads to a similar
growth defect in yeast of cold and aminoglycoside sensitivity. The binding site of RAC at
the exit tunnel has recently been identified (Peisker et al., 2008). Zuotin interacts with the
ribosome through the Rpl31 ribosomal subunit. Although Rpl31is not absolutely essential
for RAC interaction with the ribosome, it might provide a structural scaffold for proper
ribosome binding and function of RAC. A recent report, using amide hydrogen exchange
(HX) coupled with mass spectrometry has elucidated the molecular basis of an unusual
Ssz1p and Zuotin interaction (Fiaux et al., 2010) . The authors reported that the C-
terminus of SSz1p and N-terminal 62 amino acids of Zuotin are involved in the assembly
of RAC. This association results in the increased dynamics of the J domain of Zuotin
which then activates the RAC complex to act as a co-chaperone for Ssb (Fiaux et al.,
2010) . Zuotin and Jjj1 (another ribosome-anchored J-protein) together with their Hsp70-
partner proteins Ssb and Ssa, respectively, have recently been shown to be involved in

ribosome biogenesis similar to NAC (Albanese et al., 2010) .

The human homolog of RAC is called mRAC composed of MPP11 (M-Phase
Phosphoprotein 11) and Hsp70L1. This complex binds to the cytosolic ribosomes in
various cell types tested so far, such as HeLa, liver and kidney cells and is believed to
recruit the cytosolic Hsc70 to the nascent chains. mMRAC was also able to complement the
growth defects caused by the deletion of yeast RAC (Hundley et al., 2005; Otto et al.,
2005).
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I1.4.5 Prokaryotic ribosome associated factors

E. coli contains various ribosome associated factors that are involved in the
processing, folding and translocation of the nascent chains. Proteins like Peptide
deformylase (PDF), Signal recognition particle (SRP), Methionine aminopeptidase
(MAP) and TF associate with the ribosomes close to the polypeptide exit tunnel (Kramer
et al., 2009).

PDF which binds to ribosomal protein L22 removes the formyl group from the N-
terminal formyl methionine of the nascent chains following which MAP cleaves the N-
terminal methionine residue. A concerted action of PDF and TF has been proposed by the
Ban group according to which the growing nascent chain is cradled in the folding space
provided by TF. Through an opening between the arms and the ribosome binding tail, TF
then “passively” routes the nascent chain to the active centre of PDF where
deformylation can happen (Bingel-Erlenmeyer et al., 2008). The authors also propose that

the interaction of PDF with the ribosomes enhances cell viability.

Figure 10: View of the ribosomal exit tunnel (black) of bacterial 50S subunit
The bacterial-specific ribosomal proteins L17 and L32 proteins are indicated in yellow.
The ubiquitously conserved L22 (magenta), L23 (dark green), L29 (green) and L24
proteins (light green) are also indicated. The projections of PDF and TF on the ribosomal
surface are shown as blue and red outlines, respectively. Adapted from (Kramer et al.,
2009).
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TF assists the de novo folding of cytosolic nascent chains. However, a part of the
nascent chains translated in E. coli are destined for translocation. The periplasmic and
outer membrane proteins are translocated post-translationally via the SecA/B pathway
(Hartl et al., 1990) but the inner membrane proteins are translocated co-translationally to
the SecYEG translocon by SRP and its membrane bound receptor FtsY (Macfarlane and
Muller, 1995; Seluanov and Bibi, 1997). The bacterial SRP contains a protein Ffh having
three domains namely N, G and M and 4.5S RNA (Poritz et al., 1990).

Interestingly both SRP and TF occupy overlapping positions on L23 making the
interplay between these factors an intensively studied question (Halic et al., 2006;
Kramer et al., 2002; Schaffitzel et al., 2006; Schlunzen et al., 2005). Simultaneous
binding of both these factors to the E. coli ribosome has been demonstrated implying that
they have distinct binding sites on L23 (Buskiewicz et al., 2004; Raine et al., 2004),
however this co-existence has not yet been proven by a structural study. Crosslinking
studies have demonstrated that these factors compete for binding to the nascent chains
(Ullers et al., 2006; Ullers et al., 2003; Valent et al., 1997). It has been shown that
hydrophobic signal sequences stabilize SRP but destabilize TF association with nascent
chains and that SRP tends to bind to signal sequences depending on their hydrophobicity
(Beck et al., 2000; Eisner et al., 2006). It has also been demonstrated that deletion of the
tig gene accelerates protein export while overproduction of TF retards protein export (Lee
and Bernstein, 2002).

I1.5 Trigger factor

Like many other chaperones, TF was originally identified to be involved in a non-
folding process. In the late 1980’s, Wickner and co-workers found that TF maintained the
proOmpA protein in an extended conformation and helped in its translocation through the
outer membrane (Crooke et al., 1988a; Crooke et al., 1988b; Crooke and Wickner, 1987).
This process was not affected by the depletion of TF, however the cells became
filamentous both under TF depletion and overproduction (Guthrie and Wickner, 1990).
Ever since then, TF has been a subject of intense analysis and has been recognized as a

ribosome-associated chaperone.
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TF is present only in eubacteria and there are no known homologs in eukaryotes.
It is encoded by the tig gene and is non-essential for E. coli survival. The tig gene can be
deleted in the wild type E. coli cells without any consequences on the normal cell growth
and phenotype. But its deletion in a AdnaK background results in synthetic lethality at
temperatures above 30 °C indicating that both these factors function in a similar cellular
process (Deuerling et al., 1999; Genevaux et al., 2004; Teter et al., 1999).

TF is a modular protein of 48 kDa containing three domains namely an N-
terminal ribosome binding domain, a middle peptidyl-prolyl isomerase (PPlase) domain
and a C-terminal substrate binding domain. TF binds to the E. coli ribosome exit tunnel
in a 1:1 stoichiometry via the L23, L29 subunits (Kramer et al., 2002). The cellular
concentration of TF exceeds that of ribosomes (50 uM:30 uM) (Lill et al., 1988), hence
part of its total cellular pool exists free in cytosol. The extra-ribosomal TF was proposed
to form dimers in the cytosol (Kaiser et al., 2006; Patzelt et al., 2002).

I1.5.1 Model of TF function based on various crystal structures

The structure of the ribosome binding domain of E. coli TF was solved in 2003
and it was shown to be composed of a B-sheet of four anti-parallel strands flanked by two
a-helices (Kristensen and Gajhede, 2003). The main sites of interaction between TF and
L23 ribosomal subunit consists of a 17 amino acid long conserved region called “TF
signature” on the N-terminal domain of TF and the surface exposed region of L23 near
the polypeptide exit tunnel (Kramer et al., 2002). The main ribosome-binding motif of TF
is the loop region connecting the two helices comprising Phe 44, Arg 45 and Lys 46. The
replacement of these amino acids by Ala (the mutant FRK/AAA) renders TF unable to
bind to the ribosomes (Kramer et al., 2002). Similarly replacement of Val 16, Ser 17 and
Glu 18 in L23 by Ala (the mutant VSE/AAA) prevents TF binding to the ribosomes
(Kramer et al., 2002).
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Figure 11: Structural features and domain organization of E. coli TF

The N-terminal domain (cyan) forms the tail of the dragon-shaped TF molecule and the
ribosome-binding motif (amino acid 43-50) is denoted. The PPlase domain is shown in
light blue and the C-terminal domain with two arms is shown in dark blue. The sites
involved in nascent chain interaction are denoted in red. Adapted from (Hoffmann et al.,
2010).

The structure of full-length TF was solved in 2004 by the Bukau and Ban groups
(Ferbitz et al., 2004). TF has a unique extended "Dragon-like" conformation with the C-
terminal domain forming a backbone including two arms like structures similar to the
SurA chaperone present in the periplasmic space of E. coli. This C-domain separates the
N-terminal domain and the PPlase which are at the opposite ends of the molecule. The
crystal structure of C-terminal truncated TF from Vibrio cholerae was solved and was
found to be very similar to the E. coli TF (Ludlam et al., 2004).

The co-crystal structure of the N-terminal domain of E. coli TF with the
heterologous 50S ribosomal subunit of Haloarcula marismortuii was also solved (Ferbitz
et al., 2004). This co-crystal structure defined a platform on which the complete TF
structure was modeled. According to this model, TF crouches over the ribosomal exit
tunnel thereby providing a "folding space" large enough to accommodate a domain of
~14 kDa. The nascent chain was proposed to interact with the entire crevice formed by
the N-terminal domain and the arms of C-terminal domain and also with the PPlase

domain depending on their length.
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Figure 12: The “folding space” model

TF is superimposed on the ribosome-bound N-terminal fragment (residues 1-144). The
ascent chain is depicted in magenta extending from the PTC and entering the folding
space provided by the N-terminal domain and the arms of C-terminal domain of TF.
Adapted from (Ferbitz et al., 2004).

However the model proposed by this structure may not be entirely correct because
TF is absent in archaea. Later a co-crystal structure of a homologous complex of
Deinococcus radiodurans consisting of N-terminal domain of TF and 50S subunit
proposed a different model (Baram et al., 2005). It is evident from this co-crystal
structure that a long extension of L24 protein (absent in archaea) would occupy the
proposed "folding space" of TF, possibly hindering the folding of any nascent chain.
Moreover, interactions between the L24 and TF N-domain would shift the alpha helix 2
by 40° upon ribosome binding. This large scale rearrangement of the helix would form a
channel capable of guiding the nascent chains from the exit tunnel to the hydrophobic

crevice.

I1.5.2 Model of TF function based on various biochemical studies

Since TF is present in the cytosol in a molar excess over ribosomes, there exists

an equilibrium between the ribosomal-bound monomeric form and cytosolic dimeric
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form with a dissociation constant of 18 uM (Patzelt et al., 2002) and 1.8 uM (Maier et al.,
2003). The function of TF domains in protein folding has been elucidated in details by
two independent studies (Genevaux et al., 2004; Kramer et al., 2004b). Both the studies
demonstrated that TFNC (having the N- and C-terminal domains) has the major
chaperoning function in vivo and is enough to rescue the double knockout phenotype up
to 37 °C.

The functional significance of C-terminal domain of TF was elucidated by various
biochemical techniques. Limited proteolysis experiments have shown that TF protects
ribosome-associated nascent chain from protease digestion (Tomic et al., 2006).
According to this report the hydrophobic interactions between the C-terminal domain and
the nascent chain are responsible for the protection since nascent chains of a-synuclein
exposing less hydrophobic regions are not protected. TFNC provided similar levels of
protease protection as the full length TF, again emphasizing that the PPlase domain has a

minor role in chaperoning activity of TF.

Intramolecular FRET experiments were performed in our laboratory to understand
the dynamics of TF interaction with ribosomes carrying various nascent chains (Kaiser et
al., 2006). According to the model proposed in this study, TF is in rapid monomer-dimer
equilibrium in the cytosol and the residence time of TF with ribosome has a half time of
~10 s. Upon binding to the ribosome, TF attains an open conformation as shown by the
FRET experiments. This conformation prevails even after dissociation from the ribosome
indicating that TF remains associated with some nascent chains with a half time upto ~35
s. The half time of TF relapsing back to its compact conformation depends on the
properties of the nascent chain translated. It was also shown in the same study that the
PPlase domain provides a secondary binding site for nascent chains, the primary site
being the N- and the C- terminal domains (Kaiser et al., 2006; Lakshmipathy et al.,
2007).
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Figure 13: Model of TF function

Free monomeric TF is in fast equilibrium with the dimer form. It binds to the ribosome
with a Kq of ~1 uM and ty, value of ~10 s. On binding to the ribosomes it attains an open
conformation. It maintains its association with the nascent chains even after leaving the
ribosome and relapses back to its compact state with a ty,, of ~35 s. Adapted from (Hartl
and Hayer-Hartl, 2009).

TF-nascent chain interactions have been analyzed using site-specific
photocrosslinking and real-time fluorescence experiments (Lakshmipathy et al., 2007).
According to this study, the N- and the C-terminal domains interacted with all the nascent
chains that were tested. The PPlase domain however showed a length-dependence in
interacting with the nascent chains again indicating that it acts as a secondary binding
site. Incidentally, the nascent chain binding sites also form the dimer interface
(Lakshmipathy et al., 2007). Hence, it is believed that only the monomeric TF is able to
bind the ribosome-nascent chain complexes whereas the dimeric TF is unable to do so
since the sites required for such an interaction are buried (Kaiser et al., 2006;
Lakshmipathy et al., 2007).

An alternative mechanism of TF interaction with proteins was explained in a
recent study where the authors solved the structure of two Thermotoga maritima (tm) TF
enclosing two folded molecules of tm S7 ribosomal protein (Martinez-Hackert and
Hendrickson, 2009). Based on their findings, they suggest that the interactions are

predominantly hydrophilic indicating a possible role of TF in ribosome biogenesis.
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However, the physiological relevance of such alternative mechanisms of TF interactions
with nascent chains or folded proteins remains to be explored in detail.

I1.5.3 Functional significance of the PPlase domain of TF

The PPlase domain structurally resembles the FKBP (FK506 binding protein)
type of PPlases (Stoller et al., 1995). It forms the “head” of TF’s “Dragon-like”
conformation and is located at the opposite end of the molecule from the ribosome-
binding N-domain. The functional significance of this domain has not been fully
elucidated. Although the PPlase activity of TF is required for prolyl-isomerization
mediated refolding of proteins like RNase T1 in vitro (Scholz et al., 1997; Stoller et al.,
1995), it is dispensable for its chaperone function in vivo and its interaction with nascent
chains is also independent of the presence of proline residues (Kramer et al., 2004a).
Deletion of the entire PPlase domain does not significantly reduce the ability of TF to
rescue the AtigAdnaK phenotype (Genevaux et al., 2004; Kramer et al., 2004b). A few
reports have suggested that the PPlase domain serves as a secondary substrate binding
site in addition to the primary substrate binding site composed of N- and C-terminal

domains and TFNC-nascent chain interaction is the main focus of this dissertation.

I1.5.4 TF cooperates with DnaK in de novo folding

Unlike DnaK, the action of TF is not regulated by nucleotide binding or
cochaperones. In 2004, a report examining the effects of TF and DnaK on the de novo
folding of multi-domain proteins was published (Agashe et al., 2004). It was shown that
together with TF, DnaK is involved in binding to the translating nascent chains and
improve the folding yields of multi-domain proteins like Firefly Luciferase (Luc) and -
galactosidase (B-gal) in E. coli. Interestingly, the binding of TF and DnaK to nascent
chains caused a significant delay in their folding compared to the absence of these

chaperones.

Notably, DnaK and Trigger Factor (TF) have overlapping functions in
chaperoning nascent chains in the bacterial cytosol. Both the chaperones recognize
similar polypeptide segments on the nascent chains (Patzelt et al., 2001; Rudiger et al.,
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1997). Both the chaperones can be deleted individually without causing any growth
defect to the cell, however double deletion of DnaK and TF leads to severe protein
aggregation and a synthetic lethal phenotype at temperatures above 30 °C (Deuerling et
al., 1999). These aggregates contain mostly proteins larger than 60 kDa in size suggesting
that these larger proteins ones that are known to be larger than the capacity of the GroEL
chaperonin cavity rely on TF and DnaK for their proper folding (Deuerling et al., 1999).
As mentioned earlier, a small ribosomal subunit S7 aggregates in the absence of TF,
DnaK and DnalJ and forms a stable association with TF (Martinez-Hackert and
Hendrickson, 2009).

I1.6 Folding of multi-domain proteins: Co-translational and

post-translational folding mechanisms

The vectorial synthesis of nascent chains on ribosomes makes the de novo folding
pathway different from the in vitro refolding pathway. During the translation process the
N-terminus of the nascent polypeptide is available to interact with the cytosol before its
C-terminal part while during refolding the entire polypeptide is available for folding
immediately after its denaturation. Thus, co-translational folding of the nascent
polypeptides, especially those having multiple domains would allow them to avoid the
non-native contacts with parts of the nascent chains that have yet to emerge from the
ribosomal tunnel. Therefore, less aggregation of nascent chains would be predicted. On
the other hand, the refolding process of such a protein is often inefficient and slow
because of the presence of various unproductive intermediates. This indicates that the
efficient folding of multi-domain proteins is dictated by a hierarchical folding of the

individual domains.

Since eukaryotes have a slower translation rate than E. coli and contain more
multidomain proteins, a co-translational folding mechanism would prevent non-native
interactions between the incompletely folded domains. Indeed, efficient co-translational
folding has been observed for some multi-domain proteins in the eukaryotic system but
not in the bacterial system. It has been shown that the N-terminal 22 kDa domain of

firefly luciferase (Luc) folds co-translationally when translated in eukaryotic translation
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lysate (Frydman et al., 1999). This de novo folding of Luc proceeds through the
intermediate containing the N-terminal folded domain and hence leads to faster
attainment of the native structure. The de novo folding of Luc in E. coli occurs through a
post-translational folding pathway and is a kinetically inefficient process (Agashe et al.,
2004).

Efficient co-translational folding has also been observed for Ras-DHFR fusion
protein (consisting of two domains) in the eukaryotic cell-free translation system (Netzer
and Hartl, 1997). However, it folds inefficiently via post-translational folding pathway in
a bacterial cell-free translation system. It has also been shown that the translation of
individual Ras and DHFR domains in E. coli and a bacterial translation system leads to

formation of native proteins.

These observations suggest that the folding machinery in the eukaryotic cell is
geared towards the co-translational folding of large multi-domain proteins in order to

avoid the unfavorable interactions within the translating nascent chains.

I1.7 Folding of eukaryotic proteins in E. coli

In the past few decades, there has been enormous progress in understanding the
mechanisms of various chaperones in the E. coli protein folding pathways. Since E. coli
has a very well characterized genetic makeup and is amenable to large scale fermentation
process, it is the most widely used expression system for production. However,
heterologous protein over-expression in E. coli frequently leads to protein aggregation
(Baneyx and Mujacic, 2004). Eukaryotic proteins are generally larger than the bacterial
proteins and may require post-translational modifications to reach their native
conformation which is not possible in the E. coli cytosol. Other reasons for recombinant
protein aggregation in E. coli could be the differences between the cellular environment

and the translation speed in E. coli and eukaryotes.

There are many ways proposed to alleviate the protein aggregation problem; one
of them includes decreasing the translation speed by using weak promoters, decreasing

the concentration of inducer and/or by using an E. coli strain having mutant ribosomes
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that translate slowly. A recently published report explored this possibility in detail (Siller
et al., 2010). The authors employed E. coli having ribosomes with mutations in the
protein S12 of their decoding center. The translation speed in this E. coli strain could be
modulated by the antibiotic streptomycin to enhance the folding of proteins of eukaryotic
origin. They found that decreasing the translation rate in bacteria to make it similar to that
of eukaryotes promotes folding of proteins like Luc, GFP, GFP-enolase and MBP-GFP
(Siller et al., 2010).

Another strategy is to lower the growth temperature which not only slows down
the transcription and translation rates but also decrease the extent of hydrophobic
interactions, the main reason of protein aggregation. This approach however decreases
the overall yield of the translated protein; hence cold inducible promoters like the main E.
coli cold shock gene cspA are used for protein expression at very low temperatures. A
cold induced expression system using the cspA promoter and the 1gG-binding domain of
protein A (ZZ-domain) as a fusion partner was able to improve the folding of Renilla,

Gaussia and Firefly luciferases (Inouye and Sahara, 2008).

Chaperone co-expression is also a commonly used method to improve the folding
of such aggregation prone proteins in E. coli. Chaperones like the DnaK/Dnal/GrpE, TF
and GroEL/ES have an important role in de novo protein folding in E. coli. A recently
published study has showed the generation of DnaK mutants with enhanced chaperone
activity by directed evolution (Aponte et al., 2010). By using a multi-parameter screening
strategy, the authors improved the folding efficiency of the DnaK chaperone machinery
towards two substrates; a C-terminally truncated folding deficient mutant of
chloramphenicol acetyl transferase (CAT_Cd9) and Luc. One of the DnaK mutants,
Cd35, improved the maximal luminescence and initial refolding rate of Luc by five and
seven fold, respectively, compared to the wild type DnaK. Interestingly, most of the
beneficial mutations were located in the Lid domain (LD) of DnaK. Since, LD is
involved in the allosteric regulation of the DnaK cycle, the authors propose that the
improved DnaK mutants have a superior ATP-dependent cycle rather than improved
substrate binding, ATP binding and ATP hydrolysis.
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Active aggregate solubilization is also an important process under severe protein
aggregation conditions to protect the cell from the deleterious effects of these aggregates.
ClpB cooperates with DnaK and the small heat shock proteins to solubilize the proteins
trapped in inclusion bodies (Mogk et al., 2003). Numerous reports have demonstrated an
increase in protein solubility by co-expression of chaperones individually or in
combination (de Marco et al., 2007; Haacke et al., 2009). Most of these increments are
protein-specific and are not general in nature. Recently, it was shown that fusion of DnaK
to aggregation prone proteins like the mouse PrP, Varicella Zoster virus protein ORF21p,
human GCSF and GFP resulted in soluble fusion proteins (Kyratsous et al., 2009; Ryu et
al., 2008).

The reason for the inability of E. coli chaperones to promote efficient folding and
prevent aggregation of recombinant proteins is thought to be the difference between the
prokaryotic and eukaryotic chaperone mediated folding mechanisms. Since eukaryotes
contain mostly multi-domain proteins, a domain-wise folding process occurring
simultaneously with translation would be advantageous. We have previously shown in
our lab that an artificial two-domain fusion protein requires a co-translational domain
wise folding to reach its native state (Netzer and Hartl, 1997). For this reason, we set out
to generate a co-translational folding environment in E. coli to enhance the folding of
heterologous proteins.
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II1 AIM OF THE STUDY

TF is a bacterial ribosome-associated chaperone that interacts with the nascent
chains during translation and mediates their efficient folding (Agashe et al., 2004;
Deuerling et al., 1999; Teter et al.,, 1999). To better understand the role of TF in
mediating the folding of multi-domain proteins, we first analyzed in detail its direct
interaction with the nascent chains using fluorescence spectroscopy in the bacterial
reconstituted PURE system of translation. The role of hydrophobic motifs on the nascent
chains in TF recruitment was investigated using firefly luciferase as a model substrate.
TF recruitment to elongating Luc nascent chains exposing a variable number of

hydrophobic motifs was also studied.

The role played by TF and its PPlase domain in the delay of folding relative to
translation of multi-domain proteins such as Luc and Ras-DHFR, in E. coli was
investigated in detail. We found that the PPlase domain acts as a secondary nascent chain
binding site and contributes to the delay in folding of multi-domain proteins. Modulation
of the TF-nascent chain interaction by deleting the PPlase domain (TFNC) resulted in a
shift towards a co-translational folding environment in the PURE system of translation.
Multi-domain proteins like Luc and Ras-DHFR that depend on domain-wise co-
translational folding to attain the functional state were able to fold efficiently in the

PURE system in presence of TFNC.

The second aim was to utilize the eukaryotic Hsp70 machinery comprised of
Hsc70, Hdj2 and Bagl, to generate a eukaryotic-like folding environment in the PURE
system of translation since these factors mediate efficient folding of Luc in RRL.
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IV . MATERIALS AND METHODS

IV.1 Materials

IV.1.1 Chemicals

Acetic acid

Acetone

Adenosine-triphosphate, disodium salt (ATP)

Agarose

Ammonium persulfate (APS)
Ampicillin

Arabinose

Bacto agar

Bacto trypton

Bacto yeast extract

BADAN

Bovine Serum albumin (BSA)
Bromophenol blue

Calcium chloride

CDTA

Chloramphenicol

Complete EDTA-free protease inhibitor

Coomassie brilliant blue R-250
Dimethylsulfoxide (DMSO)
Dithiothreitol (DTT)

DUET plasmids

ECL detection kit

Merck
Merck
Sigma
Biozym
Sigma
Merck
Sigma
Difco
Difco
Difco
Invitrogen
Sigma
Sigma
Merck
Sigma
Sigma
Roche
Roth
Merck
Roche
Novagen

usb
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Ethanol

Ethidium bromide (EtBr)
Ethylenediaminetetraaceticacid-sodium salt (EDTA)
Express protein labeling mix

Glucose

Glycerol

Glycine

Guanidium hydrochloride

HEPES

Hydrochloric acid (37%)

IANBD

Imidazol
Isopropyl-p-D-thiogalactopyranoside (IPTG)
Kanamycin

Luciferin (Potassium salt)

Magnesium chloride

Markers (DNA and protein)
B-mercaptoethanol

Methanol

PIPES

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

PURE system Il classic translation system
Puromycin

Rabbit reticulocyte lysate (RRL)

RTS HY transcription/translation system

Merck
BioRad
Merck
PerkinElmer
Sigma
Merck

Roth

Sigma
Sigma
Merck
Invitrogen
Merck

Carl Roth GmbH
Sigma
Promega
Merck
Fermentas
Sigma
Merck
Sigma
Sigma
Serva
Sigma

Post Genome Institute, Japan
Sigma
Promega

Roche
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RNase A

Sodium chloride

Sodium dodecylsulfate (SDS)
Sodium hydroxide
Spectinomycin

Sucrose

Talon resin

Trichloro acetic acid (TCA)
N, N, N’, N’-Tetramethylethylendiamine (TEMED)
Tris-Base

Triton X-100

Tween-20

IV.1.2 Enzymes

Benzonase

Herculase DNA polymerase
Lysozyme

Pfu DNA polymerase
Restriction endonucleases
Shrimp alkaline phosphatase
T4 DNA ligase

IV.1.3 Materials
Chromatography columns
Concentration devices (Centricons)

Millex SV filter units 0.22 uM

Roche
Merck
Sigma
Sigma
Sigma
Sigma
Clontech
Sigma
Sigma
Sigma
sigma

Calbiochem

Merck

Stratagene
Sigma-Aldrich
Stratagene

New England Biolabs
Roche

New England Biolabs

Amersham Pharmacia
Amicon

Millipore
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NAP desalting columns
Nitrocellulose transfer membrane

Steritop GP filter units 0.22 uM

IV.1.4 Instruments

AIDA gel imaging software version 2.31
AKTA Explorer 100 chromatography system
Balance AG285, PB602

Centrifuges: Avanti J-25, Avanti J20 XP, J-6B, GS-6R

Centrifuges 5415C and 5417R

Deionization system MilliQ plus PF
Electrophoresis chambers MiniProtean 3
Electrophoresis power supply Power PAC 300
Fluorescence spectrometer Fluorolog 3
EmulsiFlex high pressure homogenizer

Gene Pulser 11 electroporation system

Gilson Pipetman (2, 10, 20, 100, 200, 1000 pl)
Incubators Innova 4430

Luminescent Image Analyzer LAS-3000
Luminometer (Lumat LB 9507)

Mini Trans-Blot Electrophoretic Transfer Cell
PCR-Thermocycler T3

pH meter Accumet Basic

SGD 2000 slab gel dryer

Sonicator Ultrasonic Processor XL

Spectrophotometer DU 640 UV/VIS

Amersham Pharmacia
Schleicher & Schuell
Millipore

Raytest

Amersham Pharmacia
Mettler Toledo
Beckmann

Eppendorf

Millipore

Bio-Rad

Bio-Rad

HORIBA Jobin Yvon
Avestin

Bio-Rad

Abimed

New Brunswick Scientific
FUJIFILM
BERTHOLD
Bio-Rad

Biometra

Fisher Scientific
Savant

Misonix Inc.

Beckmann
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UV/VIS Spectrometer V-560
Thermomixer Comfort
Vortex

Water bath

IV.1.5 Media and buffers

IV.1.5.1 Media

LB medium:

LB agar:

SOC medium:

IV.1.5.2 Antibiotic stock solutions

Jasco
Eppendorf
Ikamag

Bioblock Scientific

10 g/l bacto tryptone, 5 g/l bacto yeast extract, 10
g/l NaCl, pH adjusted to 7.0 with NaOH

16 g/l bacto agar dissolved in LB medium

20g/1 bacto tryptone, 5 g/l bacto yeast extract, 0.5g/l
NaCl, 0.186 g/l KCI, 0.95 g/l MgCl,. After
autoclaving add 20 ml of filter sterilized 1 M
glucose

Antibiotic additives to growth media were prepared as 1000x (3000x for

chloramphenicol) stock solutions and filter-sterilized before usage. The following

concentrations were used for various antibiotics. Ampicilin: 100 mg/ml, Kanamycin: 25

mg/ml, Spectinomycin: 50 mg/ml, Chloramphenicol: 45 mg/ml (in 100% ethanol).

IV.1.5.3 Buffers
Buffer A

Buffer E1
Buffer E2
Buffer E3

Ca/glycerol buffer

50 mM Tris-HCI pH 8.0, 20% (w/v) Sucrose
PBS with 10 mM imidazole

PBS with 25 mM imidazole

PBS with 250 mM imidazole

10 mM PIPES, 60 mM CaCIZ, 15 % glycerol; pH
7.0, adjusted with NaOH, and filter-sterilized
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Coomassie destaining solution

Coomassie staining solution

DNA loading buffer (10X)

Hypo-osmotic lysis buffer

Luciferase dilution buffer

PBS (Phosphate buffered saline)

Ponceau S stain

SDS-PAGE electrophoresis buffer

SDS-PAGE sample buffer (4X)

TAE-buffer

TBS (Tris buffered saline)
TBST (TBS + Tween 20)

Sucrose cushion

Western blot transfer buffer

Western blot stripping buffer

10% (v/v) Ethanol, 10% (v/v) Acetic acid

0.1% (w/v) Serva coomassie blue R250, 40% (v/v)
Ethanol, 10% (v/v) Acetic acid

2 g/l Orange G, 2 g/l Bromophenol Blue, 2 g/l
Xylene cyanol FF, 0.37 g/l EDTA di-sodium salt di-
hydrate, 500 g/l sucrose

50 mM Tris-HCI pH 7.5, 20 mM MgSQy, 0.2%
Triton X-100, 100 U/ml Benzonase, 1 X EDTA-free
complete protease inhibitor

25 mM Tris-phosphate pH 7.8, 2 mM DTT, 2 mM
CDTA, 10% glycerol, 1% Triton X-100, 1 mg/ml
BSA (w/v)

137 mM NaCl, 2.68 mM KCI, 10.1 mM Na;HPQy,
1.76 mM NaH,PO,, pH adjusted to 7.4 with HCI

0.2% (w/v) Ponceau S stain, 3% (v/v) Trichloro
acetic acid

50 mM Tris-HCI pH 8.3, 380 mM glycine, 0.1%
(w/v) SDS

240 mM Tris (pH 6.8), 8% SDS (w/v), 40%
glycerol, 1.4 M (-Mercaptoethanol, 0.02%
bromphenol blue

242 g/l Tris base, 57.1 ml/l acetic acid, 50 mM
EDTA

25 mM Tris-HCI, pH 7.2, 150 mM NaCl
0.1% Tween 20 in TBS

0.5 M Sucrose, 15 mM MgCl; 100 mM KoAc, 20
mM HEPES (pH 7.5)

25 mM Tris, 192 mM glycine, 20% methanol (v/v),
pH 8.4

625 mM Tris-HCI pH 6.8,
mercaptoethanol, 2% (w/v) SDS

10mM  B-
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IV.1.6 E. coli strains

BL21 (DE3)

DH5a F’

MC4100Atig

IV.1.7 Antibodies
Bagl

Hdj2

His-tag

Hsc70

Myc-tag

TF

IV.2 Methods

B strain, F- dcm+ Hte ompT hst(rB- mB-) gal |
endA
F’/endAl hstl?(rk-, mk+) gIinV44 thi-1 recAl gyrA

(Nal ) reld A (lacIZYA-argF) U169 deoR
(p80dlacA(lacZ)M15)

F- araD139 A(argF-lac) U169 rpsL150 (Strr) relAl
fIbB5301 deoC1 pstF25 rbsR Atig
Strain generated by Dr. Hung-Chun Chang

Lab collection
Sigma HPA001306
Roche 11922416001
Stressgen SPA-820
Santa Cruz SC 40

Lab collection

IV.2.1 General molecular biology methods

IV.2.1.1 Preparation and transformation of E. coli competent cells

For preparation of chemically-competent E. coli cells, a single colony was used to

inoculate 500 ml LB medium (including antibiotic, if applicable) and grown to an optical
density (OD__) of 0.5 - 0.6 at 37 °C. The cells were then chilled on ice for 15 min and

600

harvested at 5000 g for 10 min at 4 °C. The cell pellet was washed with 80 ml ice-cold
Ca/glycerol buffer (10 mM PIPES, 60 mM CaCIZ, 15 % glycerol; pH 7.0, adjusted with

NaOH, and filter-sterilized) once and incubated with additional 80 ml Ca/glycerol buffer
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on ice for 30 min. Finally, the cells were pelleted and resuspended in 6 ml of Ca/glycerol
buffer. 100 pl aliquots were frozen in liquid nitrogen and stored at -80 °C.

For transformation, ~50 pl competent cells were mixed with 0.05 - 0.2 pg plasmid
DNA or 5-10 pl ligation reaction and incubated on ice for 15 min. The cells were heat-
shocked at 42 °C for 45 s and subsequently placed on ice for 2 min. 1 ml of LB medium
was added and the cells were shaken at 37 °C for 1 h. The cell suspension was then plated
on selective plates and incubated at 37 °C, until colonies had developed (typically 10-16
h).

Alternatively, electroporation was applied to improve the transformation
efficiency and avoid the heat shock process for certain bacterial strains (e.g. MC4100Atig
strain). Electrocompetent cells were prepared as follows: 500 ml bacterial culture was
grown to an optical density (ODGOO) of 0.5-0.6 in LB medium at the appropriate

temperature (30 °C for MC4100 Atig strain). The cells were washed carefully with 250
ml ice-cold sterilized water twice and finally the cells were pelleted and resuspended in 2
ml of 10% glycerol. 50 pl aliquots were frozen in liquid nitrogen and stored at -80 °C.
For electroporation transformation, 50 pl of competent cells were mixed with 1-2 pl
plasmid DNA (or ligation product) and transferred into a 0.2 cm Gene Pulser cuvette. The
electroporation was done at 2.5 kV, 25 uFD and 200Q settings with a Gene Puser II
electroporation device. The transformed cells were allowed to recover in 1 ml of SOC
medium with 225 rpm shaking at appropriate temperature for 1 h. The cell suspension
was then plated on selective plates and incubated until colonies had developed (Dower et
al., 1988).

IV.2.1.2 Plasmid purification

LB medium containing the appropriate antibiotic was inoculated with a single E.
coli colony harboring the DNA plasmid of interest and shaken 8 - 14 h at 37 °C. Plasmids

were isolated using Miniprep Kit (Promega) according to the manufacturer’s instructions.
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IV.2.1.3 PCR amplification

PCR (polymerase chain reaction)-mediated amplification of DNA was performed
according to a standard protocol with minor modifications:

DNA Template: 10-20 ng (plasmid DNA)
250 ng or less (bacterial genomic DNA)
Primers: 20 pmol each
dNTPs: 200 UM each
Pfu DNA Polymerase: 25U
Polymerase buffer: 1x
Additives: 4 % DMSO if GC content was >50 %,
Final volume: 50 pl

Cycling conditions (25-35 cycles):

Initial denaturation: 94 °C, 5 min

Cycle denaturation: 94 °C, 30-60 s

Annealing: ~55 °C, 30-60 s

Extension: 72 °C, duration dependent on template length:
1 kbp/min.

Final Extension: 72 °C, 10 min.

Completed PCR reactions were stored at 4 °C or -20 °C. When performing colony
PCR, a single bacterial colony was picked with a sterile pipette and utilized as a source of
DNA instead of purified DNA. PCR products were further purified using the PCR
purification and gel extraction kit (Promega) according to the manufacturer’s

instructions.
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IV.2.1.4 DNA restriction digestion and ligation

DNA restriction was performed according to the manufacturer’s instructions for
the respective enzymes. Typically, a 50 pl digestion reaction contained 1-2 ul of each
restriction enzyme and 0.5-2 pg purified PCR product or 1-5 pg plasmid DNA in the
appropriate reaction buffer and incubated at the recommended temperature for 2-3 h.
Digested vector DNA was dephosphorylated with shrimp alkaline phosphatase at 37 °C
for 1 h.

For ligation, 100-200 ng (~1-2 pl) dephosphorylated plasmid DNA, 100-200 ng
(~5-10 pl) DNA insert and 1 ul (100 U) T4 ligase were incubated in ligase buffer at 20
°C for 2 h or for increased efficiency at 16 °C overnight. The ligation product was

transformed into competent E. coli DH5a cells as described.

IV.2.1.5 DNA analytical methods

DNA concentrations were measured by UV absorption spectroscopy at A = 260

nm. A solution of 50 pg/ml of double stranded DNA in H,O exhibits approximately A,

nm = 1. Agarose gel electrophoresis was performed in TAE buffer (40 mM Tris, 1 mM
EDTA, 20 mM acetic acid) and 1 — 2 % TAE-agarose gels, supplemented with 1 pg/ml
ethidium bromide, at 4 — 6 V/cm. DNA sequencing was performed by Sequiserve

(\aterstetten, Germany).
IV.2.2 Cloning of various constructs for this study

pOFX-laclTF and pOFX-lac1TFNC

The ORFs for the TF and TFNC were PCR amplified using 5’-primer encoding
Xbal and Ndel (coding for initiator Methionine) sites and 3’-primer encoding BamHI site
from pProEX-TF and pProEX-TFNC plasmids (Kaiser). The reactions were purified and
digested with Xbal and BamHI. The digested inserts were purified and eluted in NF
water. The empty plasmid pOFX-lacl was digested with Xbal and BamHI and
subsequently dephosphorylated with calf intestinal alkaline phosphatase (CIAP). The

vector backbone was purified and eluted with NF water. For the ligation reaction, both
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the purified plasmid and insert were incubated with 400 units of T4 DNA ligase at 16 °C
for 16 h in a ratio of 1:3. In a control reaction NF water was added instead of the insert.

The whole ligation reaction was transformed into chemically competent DHS5a
cells and plated on LB plates and incubated overnight at 37 °C. Single colonies were
inoculated in LB for overnight cultures. Cultures were harvested and plasmids were
prepared. The presence of the insert was confirmed by restriction digestion with Xbal and

BamHI. Positive clones were confirmed additionally by sequencing the DNA.

pBAD18-Ras-DHFR-Hisg

The ORF of Ras-DHFR-Hiss was excised from pET3a-Ras-DHFR- Hisg using
Xbal and HindllI restriction enzymes and purified. pBAD18-Luc was digested with Xbal
and HindllIl to release Luc and the plasmid backbone was purified from Agarose gel. For
the ligation reaction, both the purified plasmid backbone and insert were incubated with
400 units of T4 DNA ligase at 16 °C for 16 h in a ratio of 1:3. In a control reaction NF

water was added instead of the insert.

The whole ligation reaction was transformed into chemically competent DH5a
cells and plated on LB”™ plates and incubated overnight at 37 °C. Single colonies were
inoculated in LBA™ for overnight cultures. Cultures were harvested and plasmids were
prepared. The presence of the insert was confirmed by restriction digestion with Xbal and

HindllIl. Positive clones were confirmed additionally by sequencing the DNA.

Plasmids for the co-expression system

The ORF of Luc was excised from pBAD18-Luc using Xbal and Hindlll
restriction enzymes and purified. pBAD33 was digested with Xbal and HindllI, followed
by dephosphorylation with CIAP and purification. For the ligation reaction, both the
purified plasmid backbone and insert were incubated with 400 units of T4 DNA ligase at
16 °C for 16 h in a ratio of 1:3. In a control reaction NF water was added instead of the
insert. The whole ligation reaction was transformed into chemically competent DH5a

cells and plated on LB“™ plates and incubated overnight at 37 °C. Single colonies were
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inoculated in LB®™ for overnight cultures. Cultures were harvested and plasmids were
prepared. The presence of the insert was confirmed by restriction digestion with Xbal and

Hindlll. Positive clones were confirmed additionally by sequencing the DNA.

Human Hsc70 (hHsc70) was PCR amplified using 5’-primer encoding Ncol
(coding for initiator Methionine) site and 3’-primer encoding Notl site from the pET11a-
Hsc70 plasmid (Lab collection). The reaction was purified and digested with Ncol and
Notl. The digested inserts were purified and eluted in NF water. The empty plasmid
pCDFDUET (Novagen) was digested with Ncol and Notl and subsequently
dephosphorylated and purified. For the ligation reaction, both the purified plasmid and
insert were incubated with 400 units of T4 DNA ligase at 16 °C for 16 h in a ratio of 1:3.
In a control reaction NF water was added instead of the insert. The whole ligation
reaction was transformed into chemically competent DH5a cells and plated on LB
plates and incubated overnight at 37 °C. Single colonies were inoculated in LB for
overnight cultures. Cultures were harvested and plasmids were prepared. The presence of
the insert was confirmed by restriction digestion with Ncol and Notl. Positive clones

were confirmed additionally by sequencing the DNA.

Human Hdj2 (hHdj2) was excised from the pCH-Hdj2 plasmid (Lab collection)
using Ndel and Nhel restriction enzymes and purified. pETDUET (Novagen) was
digested with Ndel and Blnl, followed by dephosphorylation with CIAP and purification.
For the ligation reaction, both the purified plasmid backbone and insert were incubated
with 400 units of T4 DNA ligase at 16 °C for 16 h in a ratio of 1:3. In a control reaction
NF water was added instead of the insert. The whole ligation reaction was transformed

AMP plates and incubated

into chemically competent DH5a cells and plated on LB
overnight at 37 °C. Single colonies were inoculated in LBA™ for overnight cultures.
Cultures were harvested and plasmids were prepared. The presence of the insert was
confirmed by restriction digestion with BamHI. Positive clones were confirmed

additionally by sequencing the DNA.

TFNC was PCR amplified using using 5’-primer encoding Ndel (coding for
initiator Methionine) site and 3’-primer encoding BInl site from the pPROEX-HTa-
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TFNC plasmid (Lab collection). The reaction was purified and digested with Ncol and
Notl. The digested inserts were purified and eluted in NF water. The empty plasmid
pCOLADUET (Novagen) was digested with Ndel and BInl and subsequently
dephosphorylated and purified. For the ligation reaction, both the purified plasmid and
insert were incubated with 400 units of T4 DNA ligase at 16 °C for 16 h in a ratio of 1:3.
In a control reaction NF water was added instead of the insert. The whole ligation
reaction was transformed into chemically competent DH5a cells and plated on LB<*"
plates and incubated overnight at 37 °C. Single colonies were inoculated in LB"*" for
overnight cultures. Cultures were harvested and plasmids were prepared. The presence of

the insert was confirmed by restriction digestion with Ndel and BInl.

This plasmid was further used for cloning of human Bagl (hBagl) in the MCSI
by digesting with Ncol and Ecl136ll. Bagl was excised from the pROEX-HTa-Bagl
plasmid (Lab collection) using Ncol and Mscl restriction enzymes and purified. For the
ligation reaction, both the purified plasmid backbone and insert were incubated with 400
units of T4 DNA ligase at 16 °C for 16 h in a ratio of 1:3. In a control reaction NF water
was added instead of the insert. The whole ligation reaction was transformed into

Kan

chemically competent DH5a cells and plated on LB™" plates and incubated overnight at
37 °C. Single colonies were inoculated in LB**" for overnight cultures. Cultures were
harvested and plasmids were prepared. The presence of the insert was confirmed by
restriction digestion with Ncol and Hindlll. Positive clones were confirmed additionally

by sequencing the DNA.

IV.2.3 Site directed mutagenesis

Site directed mutagenesis was employed to replace the threonine (150) codon
ACC by the cysteine codon TGT in the ORF of TF and TFNC in the pProEX vector.
Primers were designed such that they incorporate the mutations in the middle of their
sequence and they were complementary to each other. 20 ng of the template DNA per 50
ul of PCR reaction was mixed with 20 pmol of each of the primers, 200 uM dNTPs, 1X
enzyme buffer and 1 unit of the Pfu DNA polymerase. Elongation was performed at 72

°C for 6 min. The PCR products were digested with 1 ul of Dpn | for an hour at 37 °C to
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cleave the parental DNA. 10 pl of the PCR reaction was used to transform chemically

competent DH5a cells and plated on LBA™

plates. The plates were incubated overnight
at 37 °C. Cells were harvested and plasmids were prepared. The presence of mutations

was confirmed by DNA sequencing.
IV.2.4 Protein purification methods

IV.2.4.1 Purification of TF and TFNC and their cysteine mutants
BL21 (DE3) chemically competent cells were transformed with pPROEX-HTa

plasmids encoding TF, TFNC and cysteine mutants and plated on LB “™ plates.
Secondary cultures in 2 | of LB“™ were grown until an ODgy of 0.6 was reached,
induced with 1 mM IPTG and grown for 4 h post induction. Cells were harvested by
centrifugation, resuspended in PBS and flash frozen in liquid nitrogen. The cell
resuspension was thawed at 37 °C, incubated with a tablet of EDTA free Complete
Protease Inhibitor (CPI), 10 U/ml benzonase and 0.5 mg/ml lysozyme for 30 min on ice.
Cells were passed at least three fold through the Emulsiflex C5 Homogenizer to ensure
complete lysis. The lysate was centrifuged and cleared by centrifugation at 50,000 g, for
60 min at 4 °C.

Cleared lysate was passed over a HiTrap chelating column charged with Ni** and
pre-equilibrated with PBS. The column was washed with 10 mM and 25 mM imidazole
in PBS and the bound protein was eluted with 250 mM imidazole in PBS. Fractions of
purified protein were pooled, desalted in a HiPrep desalting column to remove imidazole.

Purified TF in PBS was subjected to TEV protease digestion in the presence of
2 mM DTT for removal of the N-terminal Hisg sequence. The reaction mix was passed
onto the HiTrap chelating column charged with Ni?* to remove the uncleaved protein and
the Hisg tagged TEV protease, which would bind to the column by virtue of its Hisg tag.
Purified protein without the Hisg tag was collected in the flowthrough, pooled,

concentrated and aliquoted in small fractions and stored at -80 °C.
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IV.2.4.2 Purification of eukaryotic chaperones

BL21 (DE3) chemically competent cells were transformed with pET11a-Hsc70
plasmids encoding Hiss-tagged hHsc70 and plated on LB A™ plates. Secondary cultures
in 2 | LBA™ were grown until an ODggo of 0.6 was reached, induced with 1 mM IPTG
and grown for 4 h post induction. Cells were harvested by centrifugation, resuspended in
PBS and flash frozen in liquid nitrogen. The cell resuspension was thawed at 37 °C,
incubated with a tablet of EDTA free Complete Protease Inhibitor (CPI), 10 U/ml
benzonase and 0.5 mg/ml lysozyme for 30 min on ice. Cells were passed at least three
fold through the Emulsiflex C5 Homogenizer to ensure complete lysis. The lysate was

centrifuged and cleared by centrifugation at 50,000 g, for 60 min at 4 °C.

Cleared lysate was passed over a HiTrap chelating column charged with Ni** and
pre-equilibrated with PBS. The column was washed with 10 mM and 25 mM imidazole
in PBS and the bound protein was eluted with 250 mM imidazole in PBS. Fractions of
purified protein were pooled, desalted in a HiPrep desalting column to remove imidazole.
Purified protein with the Hisg tag was concentrated and aliquoted in small fractions and
stored at -80 °C.

IV.2.5 Protein analytical methods

IV.2.5.1 Determination of protein concentration

Purified, unmodified proteins were quantified by absorbance spectroscopy at 280
nm in 6 M Guanidinium-HCIl, 20 mM Na,PO,, pH 6.5 using calculated extinction

coefficients from the ProtParam tool at the EXPASYy proteomics server.

IV.2.5.2 SDS-PAGE (sodium-dodecylsufate polyacrylamide gel electrophoresis)

SDS-Polyacrylamide gels were prepared as follows:
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Chemicals Stacking Separating gel
gel

4% 10 % 12 % 15 %
30 % Acryalmide (0.8% bis) 6.5 ml 16.7 ml 20 ml 25 ml
0.5M Tris, pH 6.8 12.5ml _ _ _
1.5 M Tris, pH 8.8 _ 12.5ml 12.5ml 12.5ml
10 % SDS 0.5ml 0.5 ml 0.5ml 0.5 ml
2M Sucrose _ 12.5ml 12.5ml 12 ml
H,O (up to 50 ml) 30.5 ml 7.8 ml 4.5 ml _
TEMED 50 pl 25 l 25 l 25 pl
10% APS 500pl|  500pl| 500ul| 500 pl

SDS-PAGE was performed using a discontinuous buffer system (Laemmli, 1970)
in BioRad Mini-Protean 3 electrophoresis chambers employing a constant current of 30
mA/gel in 50 mM Tris-Base, 380 mM glycine, 0.1 % SDS (pH 8.3). SDS loading buffer
was added to the protein samples (final concentration: 60 mM Tris-HCI, pH6.8, 1% SDS,
10 % glycerol, 0,01% Bromophenol blue, 0,1 mM B-mercaptoethanol). Gels were fixed
and stained in 0.1 % Coomassie brilliant blue R-250, 40 % ethanol, 7 % acetic acid for 1

h or longer and de-stained in 20 % ethanol, 7 % acetic acid.

IV.2.5.3 Autoradiography

Samples containing radiolabeled proteins were subjected to SDS-PAGE. After
electrophoresis, gels were fixed, stained with Coomassie brilliant blue R-250 and
destained. Afterwards the gels were briefly rinsed in water and dried on Whatman paper
in a Slab Gel Dryer SGD 2000 for 50 min at 76 °C. Dried gels were exposed to a
phospho-imaging plate (Fuji) overnight. The imaging plate was analyzed using an FLA
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200 imaging system (Raytest). Band intensities were quantified using the AIDA software
version 2.31 (Raytest).

IV.2.5.4 Western blotting

Proteins were separated by SDS-PAGE and transferred to nitrocellulose
membranes in a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad) in 25 mM Tris,
192 mM glycine, 20 % methanol, pH 8.4 at constant current of 300 mA/gel for 1 h
(Towbin et al., 1979). Nitrocellulose membranes were blocked in 5 % skim milk powder
in TBST (50 mM Tris-Cl, pH8.0, 150 mM NaCl, 0.05% Tween 20) for 1 h. The
membranes were then incubated with a 1:1000 — 1:10000 dilution of primary antibody in
TBST and extensively washed in TBST before incubation with a 1:5000 (for anti-mouse
IgG) or 1:10000 (for anti-rabbit 1gG) dilution of secondary antibody in TBST (anti-rabbit
IgG and anti-mouse IgG, whole molecule — horseradish peroxidase (HRP) conjugate,
Sigma-Aldrich). After extensive washing, protein bands were detected by incubating the
membranes with ECL chemi-luminescence solution and developed with a Luminescent

Image Analyzer (LAS-3000 system).
IV.2.6 In vitro assays

IV.2.6.1 Site specific labeling of single cysteine TF proteins

For site-specific labeling, NBD (N-((2-(iodoacetoxy)ethyl)- N-methyl)amino-7-
nitrobenz-2-oxa- 1,3-diazole (IANBD ester)) and BADAN (6-bromoacetyl-2-
dimethylaminonaphthalene) were used. Desalting steps in the course of site-specific
labeling procedures were performed using Sephadex G-25 desalting columns (Nap-5

columns).

Typically, ~75 nmol of TF or TENC single cysteine mutant protein was incubated
with 150 nmol tris-(2-carboxyethyl) phosphine (TCEP) in 150 ul PBS for 10 min at 25
°C to completely reduce cysteine thiol groups. A 4-fold molar excess of the fluorescent
dye and 400 pl of 20 mM Tris-HCI, pH 7.5 were added. The reaction was allowed to
proceed for 90 min at 25 °C in the dark. B-mercapto-ethanol (B-ME) was added to a final

concentration of 10 mM to quench the reaction. Excess dye and B-ME were removed by



MATERIALS AND METHODS 49

desalting the protein into PBS. The eluate was concentrated to ~ 500 pl in centricon tubes
and desalted into PBS again. The eluate was again concentrated 2- to 3-fold and small
aliquots of the labeled protein were flash-frozen in liquid nitrogen and stored at —80 °C in
the dark.

The extent of labeling was calculated based on the molar absorptivity coefficient
of 21000 M cm™ for BADAN and 23000 M™* cm™ for NBD. The concentration of the
total protein was calculated by the Bradford method (Bradford, 1976). The ratio of the
amount of the labeled protein to the total protein will yield the labeling efficiency. For

example the extent of the NBD labeling is calculated by,

Moles dye per mole protein = OD3g7 o 472 X dilution factor/21000 or 23000 X protein

concentration (M)

where 21000 and 23000 are the approximate molar extinction coefficients of BADAN
and NBD at 397 and 472 nm, respectively.

IV.2.6.2 In vitro translation in the PURE system

In vitro translations were performed in the PURE system (Shimizu et al., 2001;
Shimizu et al., 2005) according to the manufacturer’s protocol. Template DNA at the
final concentration of 10 ng/ul was added to the reconstituted PURE system along with
chaperones (unlabeled or NBD-labeled TF/TFNC, Hsc70, Hdj2, Bagl and RAC at the
mentioned concentrations), 0.8 pCi/ul of **S-methionine and *S- Cysteine (Express
Protein Labeling Mix, PerkinElmer) and incubated at 30 °C for 50-60 min.

IV.2.6.3 Separation of ribosome-chaperone complexes

Typically 15-25 ul of the PURE system reaction was layered over a 100 pl
sucrose cushion and centrifuged at 100,000 rpm for 20 min at 4 °C in Optima TLX
ultracentrifuge. The supernatant was aspirated from pellet by gentle pipetting. The total
protein in the supernatant was precipitated by the addition of an equal volume of 50%

trichloroacetic acid (TCA) (v/v) followed by centrifugation at 14,000 rpm for 15 min.
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The supernatant was gently aspirated with vacuum and the pellet was washed with 1 ml
of 100% acetone. The supernatant was again gently aspirated, the pellet was air dried and
resuspended in SDS loading buffer.

IV.2.6.4 Post-translational folding of Luc

Luc was translated from the pET3a-Luc plasmid in PURE system in the absence
or presence of 5 uM TF/TFNC at 30 °C. After 30 min of translation, 50 pg/ml of RNase
A was added. Luc activity was measured immediately before the addition of RNaseA and

at regular intervals after that. Activities prior to the addition of RNase A were set to 1.

IV.2.6.5 Limited proteolysis of Ras-DHFR

Ras-DHFR was translated in the absence (control) or in presence of 5 uM TF or
TFNC in the PURE system at 30 °C. After translation initiation, aliquots were taken at
different time points. These aliquots were treated with 12.5 pg/ml Proteinase K for 8 min
on ice followed by its inactivation by addition of EDTA-free protease inhibitors (Roche).
Samples were precipitated with 50% TCA and then washed with acetone. They were then

separated by SDS-PAGE and visualized by autoradiography.

IV.2.7 In vivo co-expression experiments

MC4100 4tig E. coli was generated by inserting Cm cassette in the tig gene and
then eliminating Cm cassette as previously described (Datsenko and Wanner, 2000). It
was cotransformed with pBAD18-Luc or pBAD18-Ras-DHFR-Hiss and pOFXlac-1lor
pOFXlac-1TF or pOFXlac-1TFNC was grown in LB media to an ODgyonm Of 0.5 at 30
°C. TF or TFNC were overexpressed by induction with 1 mM IPTG for 30 min before
induction of Luc or Ras-DHFR with 0.2% arabinose for 30 min. Cells were pellet and
resuspended in 100 ul of Buffer A. Spheroplasts were produced by treating the
resuspended cells with 20 ul of 5Smg/ml lysozyme, 40 pl of 10mM EDTA (pH 8) and 40
ul 50 mM Tris-HCI (pH 8) and lysed with 200 ul of Hypo-osmotic lysis buffer containing
0.2% Triton X-100, 100 U/ml Benzonase (Merck) and EDTA-free protease inhibitors
(Roche).
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IV.2.8 Luciferase specific activity and solubility measurements

pET3a-Luc vector encoding the Firefly luciferase gene was translated in the
PURE system in the absence or presence of either 5 uM TF or TFNC and 0.8 uCi/ul of
%S.methionine and **S- Cysteine (Express Protein Labeling Mix, PerkinElmer) for 60
min at 30 °C. To measure enzymatic activity 2 ul aliquots of either the translation
reactions or E. coli lysate were diluted into 200 pl of Luciferase dilution buffer. 2 pl of
the above mixture was added to 48 pl of Luciferase assay buffer (Promega) and firefly
luminescence was measured in the luminometer. Simultaneously a fraction of the
translation reactions was loaded on SDS-PAGE and the amount of Luciferase protein
synthesized was calculated by autoradiography or Western blotting against myc-tag.
Specific activity of Luciferase was calculated by dividing the enzymatic activity with the
amount of protein synthesized. To determine solubility, the translation reaction or E. coli
lysate was pelleted by centrifugation at 20,800 g for 30 min and analyzed by SDS-PAGE
followed by Western blotting against myc-tag.

IV.2.9 Fluorescence measurements

Kinetic fluorescence measurements were performed on a Fluorolog 3 fluorometer
(Jobin Yvon) at 30 °C with excitation wavelength of 472 nm. Emission spectra were
collected at 500 nm to 650 nm. The bandwidth of the excitation and emission light was
adjusted to yield a maximum of ~ 10° counts per second (cps). To correct for the
fluctuations in the excitation light source, the reference signal (R) was recorded along
with the actual signal (S) in the course of all the measurements. S/R was used for data
evaluation. BADAN and NBD fluorescence changes were monitored in the presence of
250 nM of labeled TF proteins in the PURE system. The reactions were transferred to a
cuvette prewarmed to 30 °C. Once a steady signal was reached, ~ after 3 min from the
start of measurement, translation was initiated upon addition of DNA at a final
concentration of 10 ng/ul. The change in fluorescence was monitored as translation

proceeded.

Once the fluorescence of the labeled proteins had reached steady state, they were

displaced by addition of excess unlabeled TF (competitor) at a final concentration of 20
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uM. Depending on the best fit, data from the competition experiments were analyzed
using a three parameter single exponential function or a five parameter double
exponential function using Equation 1 and Equation 2, respectively.
y = yo+ae™  (Equation 1)
y = yo+tae ™+ce®™ (Equation 2)
where Yy is the initial value, a represents the amplitude and b and d represent the time
constants. The time constant b is used to calculate the half-time in the single exponential
reactions and time constants b and d are used to calculate the half-time in the double
exponential reactions by the following equations.
ti» = In(2)/b (Equation 3)
ti2 = In(2)/d (Equation 4)
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V RESULTS

V.1 Analysis of TF-nascent chain interactions using real-time

fluorescence spectroscopy

TF is the first chaperone to interact with nascent chains during their translation.
We have utilized fluorescence spectroscopy in order to directly monitor this interaction in
real-time. Based on previous cross-linking results (Lakshmipathy et al., 2007), the
residue E326 in the arm 1 of the TF C-Terminal domain was mutated to cysteine (Figure
14 A) and labeled with a fluorophore named NBD (N-((2-(iodoacetoxy)ethyl)- N-
methyl)amino-7-nitrobenz-2-oxa- 1,3-diazole (IANBD ester)). The fluorescence of NBD
increases on transfer into a hydrophobic environment (Lin and Struve, 1991).

Luc was used as a model substrate since TF was shown to improve its specific
activity (Agashe et al., 2004) and it was shown to interact with the Luc nascent chains
using photocrosslinking and fluorescence spectroscopy experiments (Kaiser et al., 2006;
Lakshmipathy et al., 2007; Tomic et al., 2006). a-Syn was used as negative control for
TF-nascent chain interaction since it lacks hydrophobic motifs predicted to bind TF. The
primary sequences of Luc and a-Syn were analyzed by the Roseman hydropathy scale to
predict potential binding motifs for TF. Based on the analysis of several model proteins,
if a region of minimum five consecutive residues in the central region of a 15 amino acid
window have a mean hydrophobicity value of < —0.5 kcal/mol, then this region was
considered a potential motif for TF binding (Kaiser et al., 2006). Based on this criterion,
Luc contains five hydrophobic motifs predicted to bind to TF with scores of +13
(residues 87-100), +7 (residues 238-245), +6 (residues 248-254), +5 (residues 255-260),
and +6 (residues 285-291), whereas a-Syn lacks such hydrophobic motifs (Figure 14 B).
To monitor TF ribosome interaction, we used the TF R14C mutant labeled with the
fluorophore BADAN (6-bromoacetyl-2-dimethylaminonaphthalene) as previously
described (Kaiser et al., 2006).
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V.1.1 TF is recruited to nascent chains exposing hydrophobic motifs

To study the interaction of labeled TF326-NBD with Luc and a-synuclein (a-Syn)
nascent chains in a chaperone-free environment, we used the PURE system of translation.
The PURE system is a reconstituted translation reaction consisting of purified
components from E. coli, specifically 32 translation factors, purified ribosomes, 46
tRNAs, the 20 amino acids and factors required for the energy regeneration system
(Shimizu et al., 2001; Shimizu et al., 2005). It is superior to conventional E. coli

translation systems since it lacks chaperones and contaminating proteases and nucleases.

During translation of Luc in the presence of TF326-NBD, a significant increase
NBD fluorescence was observed corresponding to a relative change in NBD fluorescence
(F-Fo/Fo) of ~ 0.7 (Figure 14 C). This indicates the high affinity of TF towards the
hydrophobic segments present in Luc. The fluorescence saturated when the translation
reaction reached steady-state. Similar experiments performed with the ribosome-binding
deficient mutant (FRK/AAA) of TF326-NBD did not result in a significant increase in
NBD fluorescence. This confirms that ribosome binding is a prerequisite for TF-nascent
chain interaction as was shown before (Kaiser et al., 2006). The interaction of TF326-
NBD with a-Syn nascent chains was weak, consistent with the absence of hydrophobic
regions in a-Syn nascent chains. Lack of TF326-NBD interaction with a-Syn is not due
to reduced translation of a-Syn since it is translated to higher levels than Luc (Figure 14
D).
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Figure 14: Real-time fluorescence measurements of TF interaction with Luc
and a-Syn nascent chains.

(A) Crystal structure of E. coli TF (PDB code 1W26). Residue E326 which was changed
into cysteine for NBD labeling is indicated in orange spheres. (B) Hydrophobicity
analysis of Luc and a-Syn was performed as previously published (Kaiser). The
predicted value of threshold hydrophobicity for TF binding is shown as a black line. (C)
Luc was translated in presence of either 1 uM TF326-NBD (green) or TF(FRK/AAA)326-
NBD (purple) and NBD fluorescence was monitored. a-Syn was translated in presence
of TF326-NBD (gray) and NBD fluorescence was monitored. (D) Autoradiograph of Luc
and a-Syn translation in PURE system with aliquots taken at indicated time points.

We also monitored the recruitment of TF to ribosomes translating Luc and a-Syn
nascent chains. To this end, the TF mutant R14C was labeled with a conformationally-
sensitive fluorophore BADAN (TF-B) (Figure 15 A) and the decrease in its fluorescence
upon ribosome binding was studied. It has previously been shown that the fluorescence of

TF-B decreases upon recruitment of TF to Luc RNCs. The fluorescence of TF-B during
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translation of Luc saturated at around 1200 s (Figure 15 B) whereas the fluorescence of
TF326-NBD saturated around 2500 s (Figure 14 C) confirming that TFs interaction with

nascent chains occurs later in the translation process than its interaction with ribosomes.
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Figure 15: Real-time fluorescence measurements of TF interaction with
ribosomes translating Luc and a-Syn nascent chains.

(A) Crystal structure of E. coli TF (PDB code 1W26). Residue R14 which was changed
into cysteine for BADAN labeling is indicated as an orange sphere. (B) Luc was
translated in presence of either 1 uM TF-B (green) or TF(FRK/AAA)-B (purple) and
BADAN fluorescence was monitored. a-Syn was translated in presence of TF-B (gray)
and its fluorescence was monitored.

V.1.2 Additional TF molecules are recruited towards elongating Luc
nascent chains exposing hydrophobic segments

Next we wanted to analyze whether additional TF molecules are recruited to
longer Luc nascent chains. As mentioned earlier, Luc contains five hydrophobic motifs
predicted to bind to TF (Figure 16 A). Different lengths of ribosome-arrested Luc nascent
chains were generated by PCR and translated in the PURE system. These nascent chains
exposed variable numbers of hydrophobic motifs outside the ribosomal exit tunnel,
considering that 30-40 amino acids are accommodated inside the tunnel (Malkin and
Rich, 1967). Luc nascent chains were translated in presence of TF-B and TF326-NBD
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and the relative change in fluorescence was normalized for the amount of radiolabeled

protein synthesized.
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Figure 16: Increased recruitment of TF326-NBD to Luc nascent chains
exposing hydrophobic motifs

(A) Hydrophobicity analysis of Luc was performed as previously published (Kaiser). The
predicted value of threshold hydrophobicity for TF binding is shown as a black line. (B)
Sedimentation analysis of TF-RNC interaction via sucrose cushion. The samples were
separated by SDS-PAGE and immuno-blotted using anti-TF antibody. Different chain
lengths of Luc were translated in presence of (C) 1 uM TF-B and the decrease in
BADAN fluorescence was monitored or in presence of (D) 1 uM TF326-NBD and the
increase in NBD fluorescence was monitored. The relative changes in BADAN and NBD
fluorescence were normalized for the amount of radiolabeled protein synthesized.

During the translation of Luc 77-mer which exposed none of the hydrophobic

motifs, no increase in TF-B and TF326-NBD fluorescence was observed (Figures 16 C
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and D), suggesting that TF does not bind to Luc 77-mer. Interestingly, translation of Luc
164-mer caused a significant recruitment of TF-B to the ribosome, whereas only a modest
increase was measured in the fluorescence of TF326-NBD (Figures 16 C and D). Luc
164-mer exposed one hydrophobic motif between 87 to 100 amino acids outside the
ribosomal-exit tunnel A 10-fold increase in NBD fluorescence was obtained when Luc
520-mer (exposing all the hydrophobic segments) was translated whereas only a 3-fold
change was observed in TF-B fluorescence during the translation of this nascent chain
(Figures 16 C and D). This 10-fold increase in NBD fluorescence during translation of
longer nascent chains would also indicate that such nascent chains recruit multiple TF
molecules. Sedimentation analysis of TF interaction with these Luc RNCs (Ribosome
nascent chain complexes) also revealed an increased association of TF with longer Luc
nascent chains (Figure 16 B). The NBD fluorescence was lower during the translation of
Luc 550-mer (corresponding to full length Luc) than Luc 520-mer (Figure 16 D). This
suggests that a minor proportion of TF-nascent chains interaction was lost due to partial

hydrophobic collapse.

V.1.3 Dissociation of TF from Luc RNCs depends on the location of the
fluorophore

In order to get more insights into the residence time of TF on nascent chains, we
studied the dissociation of TF labeled at different locations from FL Luc RNCs. Residues
E326 in arm 1, S376 in arm 2 and T150 at the interface between the PPlase domain and
C-terminal domain were changed into cysteines and labeled with NBD (Figure 18 A).
Positions 326 and 376 have been shown to be in close proximity to nascent chains by

photocrosslinking experiments (Lakshmipathy et al., 2007).

FL (full length) Luc was translated in PURE system in presence of these labeled
proteins and the increase in NBD fluorescence was monitored. The net fluorescence
increase of TF376-NBD upon binding to FL Luc was similar to that of TF326-NBD
(Figure 17 A). However, the fluorescence increase of TF150-NBD was ~ 3-fold lower
than that with TF326-NBD and TF376-NBD (Figure 17 A). We suggest that since the

PPlase domain acts a secondary binding site for nascent chains (Kaiser et al., 2006;
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Lakshmipathy et al., 2007; Merz et al., 2008; Tomic et al., 2006), only a fraction of FL
Luc nascent chains are in close proximity to the residue 150. The three NBD-labeled TF
proteins, TF326-NBD, TF376-NBD and TF150-NBD were as efficient as wild type TF in
supporting the de novo folding of Luc in the PURE system (Figure 17 B).
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Figure 17: Properties of TF326-NBD, TF376-NBD and TF150-NBD

(A) The relative change in fluorescence of TF326-NBD, TF376-NBD or TF150-NBD
upon interaction with FL Luc was plotted. (B) FL Luc was translated in presence of WT
TF, TF326-NBD or TF376-NBD or TF150-NBD in PURE system and Luc specific
activities were calculated by dividing the activity by amount of Luc translated.

Next, we studied the dissociation kinetics of TF150-NBD, TF326-NBD and
TF376-NBD from FL Luc nascent chains. The reactions were prepared as mentioned

previously (Figure 17 A) and upon saturation of NBD fluorescence, excess unlabeled TF
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(20 uM) was added and the dissociation of the NBD-labeled TF from FL Luc RNC was
measured. Interestingly, the dissociation of TF326-NBD from FL Luc followed biphasic
kinetics with fast and slow phases (Figure 18 B) with ty, values of 14+2 s and 102+16 s,
respectively (Figure 18 C). The fast phase was identical to the dissociation of TF-B (1
value 14+0.5 s) from FL Luc RNCs (Figure 18 C). When ribosome-binding deficient
TF(FRK/AAA) was used as a competitor instead of TF, no displacement of TF326-NBD
was observed, indicating that ribosome binding is essential for the displacement to occur
(Figure 18 B).
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Figure 18: Dissociation kinetics of TF-B, TF326-NBD, TF376-NBD and
TF150-NBD from FL Luc
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(A) Crystal structure of E. coli TF (PDB code 1W26). Residues E326, S376 and T150
which were changed into cysteine for NBD labeling are indicated as orange spheres. (B)
FL Luc was translated in presence of either 1 uM of TF-B or TF326-NBD or TF376-NBD
or TF150-NBD and upon saturation of fluorescence the complexes were dissociated by
addition of either WT TF or TF(FRK/AAA). The decrease in NBD fluorescence was
monitored. (C) The dissociation curves of (B) were fitted to either single exponential or
double exponential equations depending on the best fit and the ty,, values were plotted.

We then analyzed whether the biphasic dissociation of TF from Luc was
dependent on the location of the NBD probe. To this end, we studied the TF-nascent
chain interaction using TF376-NBD (probe in the arm 2) and TF150-NBD (probe at the
interface between PPlase domain and C-terminal domain) (Figure 17 A). We found that
the dissociation of TF376-NBD from Luc nascent chains also followed biphasic kinetics
with a fast rate of t;» 8+2 s and a slow rate of t, 88+23 s, but the dissociation of TF150-
NBD had only a slower phase of tj, 111+7 s (Figure 18 C). Overall, the analysis of
dissociation of TF labeled with NBD at different positions demonstrated that TF
dissociates from the translating ribosomes with a rate of ~14 s but maintains its
association with the nascent chains for a longer time (~110 s). TF ribosome interaction
was measured by using TF R14C mutant labeled with the fluorophore BADAN (Kaiser et
al., 2006).

V.1.4 TF dissociates from different hydrophobic regions of Luc with
different rates

Knowing that additional TF molecules bind to elongating Luc nascent chains, we
investigated the dissociation kinetics of NBD-labeled TF from different lengths of Luc
nascent chains. Luc 550-mer was translated in presence of TF326-NBD, TF376-NBD or
TF150-NBD in the PURE system and following saturation of fluorescence the complexes
were dissociated by addition of excess unlabeled TF. We found that the dissociation of
TF326-NBD and TF376-NBD from Luc 550-mer followed biphasic kinetics similar to
their dissociation from FL Luc (Figure 19A). Also, the dissociation of TF150-NBD from
Luc 550-mer had a single phase similar to its dissociation from FL Luc (Figure 19A).
Since the measurements were taken with arrested nascent chains, this suggests that the

translation rate per se does not affect TF dissociation from RNCs. Interestingly, the
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dissociation of TF326-NBD and TF376-NBD from Luc 164-mer had a single phase
similar to the fast phase observed during dissociation of these proteins from Luc 550-mer
and the dissociation of TF-B from Luc 164-mer RNCs (Figure 19 B). No increase was
observed in the fluorescence of TF150-NBD during translation of Luc 164-mer,

indicating that the PPlase domain does not interact with the hydrophobic region on the

shorter Luc nascent chains (Figure 19 B).
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Figure 19: Dissociation kinetics of TF-B, TF326-NBD, TF376-NBD and
TF150-NBD from Luc 550-mer and Luc 164-mer
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(A) Luc 550-mer and (B) Luc 164-mer were translated in presence of either 1 uM of TF-
B, TF326-NBD, TF376-NBD or TF150-NBD and upon saturation of fluorescence the
complexes were dissociated by addition of excess WT TF. The dissociation was
analyzed using either a single or double exponential function depending on the best fit.
The ty,, values were plotted.

The dissociation kinetics of TF from Luc 164-mer is similar to its dissociation
from the ribosomes (Figure 19 B), indicating that TF interacts with the shorter Luc
nascent chains while still being in contact with the ribosome. However, during elongation
of Luc nascent chains, TF vacates its ribosome binding site for another TF molecule and
maintains its association with the nascent chain for a longer time represented by the

slower dissociation phase.

V.2 The PPlase domain of TF delays the folding of eukaryotic

multi-domain proteins relative to their translation

The real-time fluorescence analysis of the TF interaction with nascent chains
demonstrated that the PPlase domain of TF provides a secondary binding site for nascent
chains, whereas the N- and C-terminal domains form the primary nascent chain binding
site. To examine the effect of the PPlase domain in nascent chain binding and the
subsequent effect of this binding on the folding of multi-domain proteins, we generated
the PPlase domain deleted mutant of TF called TFNC and purified the protein similarly
to TF. In this mutant the PPlase domain, comprising residues 151 to 247, was deleted and
replaced by a flexible linker containing the amino acid sequence GTSAAA (Figure 20).
Notably, TF and TFNC have similar ribosome-binding kinetics (Kaiser et al., 2006).

We used Luc as a model protein because it folds inefficiently in E. coli cells and
in the E. coli in vitro translation systems (Agashe et al., 2004). In addition, it was shown
that Luc depends on TF to a certain extent for its de novo folding but not for its refolding
(Agashe et al., 2004). It is active as a monomer and does not depend on assembly after de
novo synthesis. Additionally, Luc has a rapid and sensitive luminescence based
enzymatic assay. This means that light emitted from the monomer is a direct measure of

the functional and fully folded enzyme.
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Figure 20: Representation of the linear and folded structure of TF and TFNC

TF contains three domains namely; the N-domain, PPlase domain and C-domain. TFNC
contains only the N-domain and the C-domain linked by a flexible 6 amino acid long
linker. Based on the structure coordinates of PBD code 1W26 (Ferbitz et al., 2004).

V.2.1 Dissociation of TFNC150-NBD from Luc-RNC:s is faster than that
of TF150-NBD

As demonstrated by the results above, the dissociation of TF327-NBD and
TF376-NBD from FL Luc had biphasic kinetics (Figure 18 C). Thus, to obtain insights
into the role of the PPlase domain in nascent chain binding, we chose the position T150
which had single phase dissociation kinetics from FL Luc. T150 of TFNC was changed
to cysteine and labeled with the fluorophore NBD (N-((2-(iodoacetoxy)ethyl)- N-
methyl)amino-7-nitrobenz-2-oxa- 1,3-diazole) to yield TFNC150-NBD.
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Translation of Luc in presence of 1 uM of the labeled proteins TF150-NBD or
TFNC150-NBD led to an increase in NBD fluorescence indicating TF recruitment to the
hydrophobic regions present in Luc (Figure 21 A). After the increase in fluorescence had
saturated, dissociation of TF150-NBD or TFNC150-NBD from Luc nascent chain
complexes was achieved by the addition of excess unlabeled TF. This led to dissociation
of labeled proteins from Luc nascent chains causing a decrease in NBD fluorescence.
Interestingly, we found that TFNC150-NBD dissociated faster from the Luc nascent
chains than TF150-NBD, indicating that the TF residence time with Luc nascent chains is

shortened by the deletion of the PPlase domain (Figure 21 B).
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Figure 21:. Real time fluorescence measurements of TFNC interaction with
Luc nascent chains.

(A) Luc was translated in the PURE system in the presence of TF150-NBD or TFNC150-
NBD. The relative change in NBD fluorescence during ongoing translation was
monitored. After saturation of fluorescence had occurred, excess unlabeled TF was
added to the reaction to dissociate the labeled TF or TENC from ribosome-associated
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Luc nascent chains. The normalized fluorescence change was plotted against time. (C)
Comparison of ty, values for TF150-NBD/Luc and TFNC150-NBD/Luc.

The dissociation curves were fitted to a single exponential three parameter
function to calculate the mean residence time of these labeled proteins on Luc nascent
chains. TFNC150-NBD dissociated with a t;, of 579 s whereas TF150-NBD dissociated
with a ty, of 11147 s (Figure 21 C). These competition experiments clearly show that
TFNC resides for a shorter time on Luc nascent chains as compared to TF, hence
relieving the delay in Luc folding relative to translation. This mode of action may provide

an opportunity to nascent chains to undergo more efficient co-translational folding

V.2.2 TENC improves the folding of Luc in PURE system

The folding pathway mediated by TFNC maybe relatively more co-translational
as compared to the post-translational folding pathway mediated by TF (Agashe et al.,
2004). This may improve the efficiency of folding as is observed upon translation in the
eukaryotic cytosol (Frydman et al., 1994). We used the PURE system of translation to
test the effect of TF/TFNC on the folding of Luc. Translation of Luc from pET3a-Luc
plasmid in the presence of TF led to an improved folding yield as evidenced by a 1.7-fold
increase in Luc specific activity. Interestingly, when Luc was translated in presence of
TFNC, we observed an increase in the specific activity of Luc of 2.6-fold compared to
the unsupplemented PURE system reaction (Figure 22). Luc was translated at comparable
levels in both control and TF-supplemented reactions, whereas the level of Luc
translation was 2-fold higher in the reaction supplemented with TFNC. The reason for

this increased translation is not clear and remains to be further investigated.
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Figure 22: Folding yield of Luc in the PURE system

Luc was translated in PURE system in presence of 5 uM TF or 5 uM TFNC. Luc activity
was measured in the luminometer after 1 h of translation. The amount of full-length Luc
synthesized was determined by Western blotting against a myc-tag that was added to
the C-terminus of Luc for easy quantification, followed by densitometry. The specific
activity was calculated by dividing Luc activity by the total amount (T) of Luc
synthesized. The Luc specific activity in the control reaction without added chaperone
was set to 1 (grey bars). To determine the percentage solubility, reactions were
centrifuged at 20,800 g for 30 min and separated into soluble (S) and pellet (P) fractions
followed by Western blotting against myc-tag and densitometry (purple bars).

V.2.3 TENC improves the folding of Luc in the Rapid Translation
System (RTS)

In order to understand the folding pathway mediated by TFNC, we analyzed the
folding kinetics of Luc in the presence of either TF or TFNC. RTS is the system of in
vitro translation that has previously been used to study the effect of TF on Luc folding
kinetics (Agashe et al., 2004). We first analyzed the effect of TFNC on the specific
activity of Luc in RTS. Consistent with the previous findings in the PURE system, TFNC
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also enhanced folding of Luc in RTS. TF supplementation led to a ~1.3-fold increase in
Luc specific activity compared to the unsupplemented RTS reaction, whereas addition of
TFNC led to an increase of ~2.1-fold (Figure 23). These results emphasize the improved
chaperone function of TENC with respect to the eukaryotic multi-domain protein Luc,

which is conserved in different translation systems.
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Figure 23: Folding yield of Luc in Rapid Translation System (RTS)

Luc was translated in RTS in the presence of either 5 uM TF or 5 uM TFNC. Luc activity
was measured in the luminometer after 1 h of translation. The amount of full-length Luc
synthesized was determined by Western blotting against myc-tag followed by
densitometry. The specific activity was calculated by dividing Luc activity by the total
amount (T) of Luc synthesized. The Luc specific activity in the control reaction without
any added chaperone was set to 1.

V.2.4 TENC-mediated folding is more co-translational

It has previously been shown that TF causes a delay in Luc folding relative to its
translation whereas the default folding pathway in the absence of any chaperones is co-
translational, albeit inefficient (Agashe et al.,, 2004). Upon translation in the
unsupplemented E. coli RTS lysate, Luc folded concurrently with the translation of the
Luc chains, indicating a co-translational mode of folding as shown previously (Agashe et
al., 2004). However, upon addition of TF to the RTS reaction, Luc folding decelerated
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with respect to its translation. This led to the conclusion that TF delays folding of Luc by
binding and maintaining the Luc nascent chains in a folding competent and aggregation-
free state until the completion of their translation. Such a folding mechanism results in an

increased yield of folded Luc.

To study the effect of TFNC on the folding Kinetics of Luc, we translated the
protein in the presence of TF or TFNC in the RTS lysate and documented the appearance
of Luc activity over time. The activities at the end of all the three reactions were set to
one. In the reaction containing TF we observed a marked delay in the appearance of
folded Luc compared to the unsupplemented reaction (ty, ~27 min compared to ~22 min,
respectively), whereas with TFNC the delay was less pronounced (ti2 ~24 min) (Figure
24, upper panel).
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Figure 24: Kinetics of Luc folding in RTS

Luc was translated in the RTS in the presence of 5 uM TF or 5 pM TFNC and *S-
methionine. Luc activity was measured in the luminometer at regular time points after
translation initiation. The end point activities of all three reactions were normalized to 1
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and plotted against time. Aliquots were taken at different time points, separated by SDS-
PAGE and visualized by autoradiography.

This difference in appearance of Luc activity does not arise due to differences in
the amount of Luc protein being translated, as the protein amounts were similar in all the
reactions as demonstrated by the radio-labeling of the Luc nascent chains during
translation (Figure 24, lower panel). This result indicates that the Luc folding pathway

mediated by TFNC is relatively more co-translational.

V.2.5 TENC improves the folding of Luc in Atig E. coli cells

To study the physiological effect of TFNC on Luc folding, we used TF knockout
E. coli cells. We compared the de novo folding of Luc during co-expression of either TF
or TENC in Atig MC4100 cells. The chaperones were expressed from an IPTG inducible
promoter prior to the expression of Luc from an arabinose inducible promoter. This

strategy ensured a chaperone enriched cytosol at the time of Luc synthesis.

In the absence of any endogeneous or overexpressed TF in Atig cells, only 23% of
total Luc translated was soluble and the specific activity of Luc was also reduced
compared to cells in which TF was overexpressed. Similar to the observations in the
PURE system, Luc folding was substantially improved with TENC relative to TF. We
observed a specific activity increase of 2.5-fold compared to the empty vector control,
whereas with TF over-expression the increase was only 1.5-fold (Figure 25, grey bars).
Notably, Luc was translated to similar levels in all the three transformed cells as was
determined by Western blotting. TFENC also increased the fraction of soluble Luc
compared to TF. The solubility of Luc was higher (~56%) in the presence of TFNC
compared to TF (~39%) (Figure 25, purple bars).
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Figure 25: Folding yield of Luc in Atig MC4100 cells

pBAD18-Luc was cotransformed with pOFXlac-1, pOFXlac-1TF or pOFXlacl-TFNC in
Atig MC4100 cells which were grown in LB media to an ODgynm Of 0.5 at 30 °C.
Expression of TF or TFNC was induced by the addition of 1 mM IPTG for 30 min before
the induction of Luc with 0.2% of arabinose for 30 min. Spheroplasts were produced and
lysed hypo-osmotically. Luc activity was measured in the luminometer after 1 h of
translation and the amount of full-length Luc synthesized was determined by Western
blotting against myc-tag followed by densitometry. The specific activity was calculated as
described in Figure 22 and represented by grey bars. The percentage solubility was also
determined as described in Figure 22 (purple bars).

V.2.6 Folding of Ras-DHFR in presence of TF and TFNC

After establishing the efficiency of TENC in mediating co-translational folding of
Luc, the folding of another multi-domain protein which folds inefficiently in E. coli was
studied. For this purpose we used an artificial fusion protein consisting of two single
domain proteins, namely human H-Ras and mouse DHFR (Dihydro folate reductase).
These two proteins were linked by a conserved 11 aa linker (Netzer and Hartl, 1997)

(Figure 26). It was previously shown that this fusion protein folds inefficiently via a post-
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translational folding pathway in E. coli cells and bacterial S30 lysate and via a co-
translational mechanism in rabbit reticulocyte lysate (RRL). The individual domains
however fold efficiently in E. coli (Netzer and Hartl, 1997).

1 H-Ras 189 201 DHFR 387

= His;s
(GGS),Gl

Figure 26: Linear representation of Ras-DHFR fusion protein

The Ras-DHFR fusion protein consists of human H-Ras and mouse DHFR (both single
domain proteins) linked by a flexible 11 amino acids linker (GGS);Gl. The C-terminus of
the protein contains a Hisg tag (Netzer and Hartl, 1997).

V.2.6.1 TFNC improves the solubility of Ras-DHFR in Atig E. coli MC4100

Since the multi-domain Ras-DHFR fusion protein expressed in E. coli is
insoluble, we tested if co-expression of the TFNC variant would improve its solubility in
a way similar to Luc. To this end, TF or TFNC was co-expressed with Ras-DHFR in Atig
E. coli MC4100. They were expressed for 30 minutes by IPTG addition prior to
expression of Ras-DHFR by arabinose in order to provide a chaperone enriched cytosol

prior to the the translation of Ras-DHFR nascent chains.

In the absence or presence of TF, Ras-DHFR was ~20-22% soluble whereas in
presence of TENC the solubility improved to ~31% (Figure 27), confirming the ability of

TFENC to support the folding of diverse multi-domain proteins, as was observed with Luc.
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Figure 27: Folding yield of Ras-DHFR in Atig E. coli MC4100
pBAD18-Ras-DHFR-Hiss was cotransformed with either pOFXlac-1, pOFXlac-1TF or
pOFXlacl-TFENC in Atig E. coli MC4100 and cells were grown in LB media to an ODggonm
of 0.5 at 30 °C. TF or TFNC were induced by 1 mM IPTG for 30 min before induction of
Luc with 0.2% of arabinose for 30 min. Spheroplasts were produced and lysed hypo-
osmotically. To determine the fraction of the soluble protein, reactions were centrifuged
at 20,800 g for 30 min and separated into soluble (S) and pellet (P) fractions followed by
Western blotting against His-tag and densitometry.

V.2.6.2 TFNC mediated efficient co-translational folding of Ras-DHFR

To gain insight into the TF and TFNC mediated folding mechanism of Ras-
DHFR, the protease protection pattern of Ras-DHFR was monitored in the PURE system.
It has previously been demonstrated that the correctly folded Ras-DHFR fusion protein is
susceptible to cleavage by Proteinase K at the linker region yielding the individual Ras
and DHFR domains, whereas the misfolded protein is either resistant to protease cleavage
or is completely cleaved by the protease depending on the flexibility of the structure
(Netzer and Hartl, 1997).

In the unsupplemented PURE system, after limited proteolysis part of the total

Ras-DHFR protein was misfolded and another part properly folded as evidenced by the
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appearance of the two bands corresponding to the individual domain after 31 min of
translation (Figure 28, lanes 6-10). In the presence of TF, folding of Ras-DHFR was
delayed with respect to the translation of the full length protein (Figure 28, lanes 6-10). In
the absence of protease, the band for the full length protein first appears in the 24th min
aliquot, whereas in the presence of protease the folded domains appear in the 31st min
aliquot (Figure 28). In contrast, TFNC was able to mediate efficient and co-translational
folding of Ras-DHFR. Properly folded Ras-DHFR is cleaved by the protease at the linker
region and appears as two bands of folded domains after 24 min, the same time at which

the full length protein begins to appear (Figure 28, lanes 6-10).

Proteinase K - +
Time (min) 1017 24 31 38|10 17 24 31 38
Control
TF
TFNC o<
s B S
Lanes 1 2 3 4 5 6 7 8 9 10

Figure 28: Limited proteolysis of Ras-DHFR

Ras-DHFR was translated in the absence or presence of TF or TENC in the PURE
system. The aliquots were incubated in the absence (lanes 1-5) or presence of
Proteinase K (lanes 6-10) at different time points. Samples were TCA precipitated,
separated by SDS-PAGE and visualized by autoradiography. Full-length Ras-DHFR
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protein is indicated by an arrow, protease resistant DHFR domain is indicated by an
asterix and protease resistant Ras domain is indicated by an arrowhead.

To quantify the extent of Ras-DHFR folding in these reactions, the density of the
DHFR band in lane 10 was represented as a fraction of density contributed by full length
Ras-DHFR in lane 5. We found that in the presence of TFNC 68+8% of the fusion
protein had a folded DHFR domain, compared to only 38+10% in presence of TF (Figure
29).
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Figure 29: Quantification of folded DHFR domain in presence of TF or TFNC

The densities of DHFR bands in lane 10 of Figure 23 are presented as fraction of the
densities contributed by DHFR in the full-length fusion protein of lane 5. The total
number of cysteines and methionines in full length protein and DHFR is 19 and 8,
respectively.

V.2.6.3 Effect of TF and TFNC on the folding of the Ras domain
To understand the effect of TF or TFNC on the folding of the individual Ras

domain, a stalled Ras construct with additional 50 aa (Ras+50) from the fusion protein
was utilized. This construct allows the exposure of the complete Ras domain outside the
ribosome exit tunnel. In all the three PURE system reactions (unsupplemented control,
TF supplemented and TFNC supplemented) the Ras domain appeared as a correctly
folded, protease-resistant domain in the 17 min aliquot, i.e. at the same time as the
appearance of the full-length Ras+50 nascent chain (Figure 30, lanes 6-10). This suggests
that the Ras+50 nascent chains are able to undergo efficient co-translational folding
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irrespective of the presence of TF or TFNC. These results demonstrate the efficiency of
TFNC to mediate the productive folding of eukaryotic proteins multi-domain proteins. In

contrast, single domain proteins might not require an active assistance of TF or TFNC.

Proteinase K - +
Time (min) 1017 24 31381017 24 31 38
e T
Control ;
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Figure 30: Limited proteolysis of Ras domain

Ras was translated in the absence or presence of TF or TFNC in the PURE system. The
aliquots were incubated in the absence (lanes 1-5) or presence of Proteinase K (lanes 6-
10) at different time points. Samples were TCA precipitated, separated by SDS-PAGE
and visualized by autoradiography. Full-length Ras domain is indicated by an arrow and
protease resistant Ras domain is indicated by an arrowhead.

V.3 Eukaryotic chaperones mediate efficient folding of Luc

It has been shown earlier that the eukaryotic cytosol is enriched in chaperones that
mediate efficient Luc folding (Frydman et al., 1994), whereas bacterial chaperones are
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unable to do so (Agashe et al., 2004). The recombinant over-expression of eukaryotic
proteins in E. coli is often marked by protein instability and aggregation (Baneyx, 1999;
Baneyx and Mujacic, 2004). Hence a possible strategy to improve the yield of such

proteins in E. coli could be their co-expression with eukaryotic chaperones.

V.3.1 Eukaryotic in vitro translation system is capable of efficient Luc
folding

We first compared the Luc folding capabilities of a bacterial and eukaryotic in
vitro translation system. To this end, we utilized the PURE system which is composed of
purified components of bacterial translation machinery and the Rabbit Reticulocyte
Lysate (RRL) which contains the chaperones Hsp70, Hsp40, TRiC and Hsp90 (Frydman
et al., 1994). RRL is often used to demonstrate the chaperone dependent de novo folding
and refolding of Luc (Frydman et al., 1994; Tzankov et al., 2008). Luc was translated
from the same vector pET3a-Luc in both the systems under identical conditions. The
translation rate in RRL was slower as compared to the PURE system. From a comparison
of specific activities of Luc produced in both systems, it was evident that the efficiency of
Luc folding was ~12 fold higher in the RRL than in the PURE system (Figure 31 A).

Next, we wanted to test whether the increased Luc folding in RRL was due to the
presence of chaperones or the slower translation rate in RRL, or a combination of both
factors. Luc was translated in the PURE system in presence of various amounts of added
RRL which provided the chaperones. The reactions were carried out in the presence of 2
mM cycloheximide to specifically inhibit translation from ribosomes present in RRL.
Surprisingly, addition of RRL in PURE system did not cause a significant improvement
in Luc specific activity (Figure 31 B). There could be several reasons for this
observation: (1) For example, the amount of chaperones present in the RRL
supplementation could be is insufficient or the chaperones could be inactive in the PURE
system. (2) It is also possible that the slower translation rate may be important for the
efficient Luc folding in RRL.
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Figure 31: Comparison of Luc folding in PURE system and Rabbit
Reticulocyte Lysate (RRL)

(A) Luc was translated in PURE system and RRL at 30 °C from pET3a-Luc. Luc activity
was measured in the luminometer after 1 h of translation. The amount of Luc
synthesized was determined by Western blotting against myc-tag followed by
densitometry. The specific activity was calculated as described earlier. The Luc specific
activity in the PURE system reaction was set to 1. (B) Luc was translated in the PURE
system, PURE system with 12.5/6.25/3.85 fold diluted RRL (in presence of
cycloheximide) and RRL at 30 °C from pET3a-Luc. Luc activity was measured in the
luminometer after 1 h of translation and the amount of full-length Luc synthesized was
determined by Western blotting. The specific activity was calculated as described
previously. The Luc specific activity in the PURE system reaction was set to 1. The
endogenous levels of Hsc70 in these reactions were detected by Western blotting.

V.3.2 Supplementation of purified eukaryotic chaperones in PURE
system enhance the folding of Luc

We have shown above that TFNC increased Luc specific activity more than TF
(Figure 22). However, despite this increase the efficiency of folding did not reach that of
folding in RRL (Figure 31 A) which is an enriched eukaryotic in vitro translation system.
This indicates that the chaperone machinery present in RRL is highly efficient in folding
Luc. Hence, we supplemented the PURE system with members of the eukaryotic Hsp70
chaperone machinery (Hsc70, Hdj2 and Bagl). Hsc70 is the constitutively expressed
Hsp70 in the eukaryotic cytosol and Hdj2 is the type A Hsp40 protein having close



RESULTS 79

homology to bacterial DnaJ (Mayer and Bukau, 2005; Minami et al., 1996; Terada et al.,
1997; Tzankov et al., 2008). Bagl is the Bcl-associated athanogene 1, which performs the
nucleotide exchange function for Hsc70 (Hohfeld and Jentsch, 1997; Takayama et al.,
1997; Tzankov et al., 2008). All the three proteins were of human origin and were

purified upon recombinant expression in E. coli (Figure 32).
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Figure 32: Purified eukaryotic chaperones Hsc70, Hdj2 and Bagl used for
supplementation in PURE system.

Human Hsc70 was purified as a His-tagged protein via metal-affinity chromatography.
Hdj2 and Bag1 are from the laboratory stock.

In order to optimize the folding of Luc in the PURE system in the presence of
eukaryotic chaperones, we performed titration experiments to find the optimal
combination of Hsc70, Hdj2 and Bagl that meditates efficient folding of Luc. We first
performed a titration of Hsc70 in the PURE system and analyzed the specific activity of
Luc. At 10 uM of Hsc70, a ~5-fold improvement in Luc specific activity over the control
PURE system reaction was observed (Figure 33 A). When 1 uM of Hdj2 in combination
with 10 uM Hsc70 was used, the improvement was ~6 fold as compared to the control
reaction. Addition of Hdj2 at concentrations higher than 1uM inhibited Luc folding
(Figure 33 B). Further supplementation of 6 uM of Bagl to this combination in the
PURE system led to an increase in the specific activity of Luc up to ~9.5 fold as

compared to the control (Figure 33 C). These results suggest that a ratio of 10 uM Hsc70:
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1 uM Hdj2: 6 uM Bagl is close to optimal in mediating efficient de novo folding of Luc
in the PURE system under our experimental conditions.
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Figure 33: Optimization of Hsc70, Hdj2 and Bagl concentrations for
efficient Luc folding

(A) Luc was translated in the PURE system in presence of various concentrations of
Hsc70 and Luc specific activity was calculated as described earlier. The Luc specific
activity in the reaction without any added chaperone was set to 1. (B) Luc was translated
in presence of 10 uM Hsc70 and various concentrations of Hdj2 and specific activity was
analyzed. (C) Luc was translated in presence of 10 uM Hsc70, 1 uM Hdj2 and various
concentrations of Bagl. Luc specific activity in various reactions was compared.
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V.3.3 Eukaryotic Hsp70 system promotes efficient Luc folding in PURE
system

Having determined the optimal concentrations of Hsc70, Hdj2 and Bagl to
mediate efficient Luc folding, we performed the Luc folding assays with individual
components of the Hsp70 machinery in combination with TENC. We achieved a ~10 fold
increase in Luc specific activity compared to the unsupplemented control when 10 uM
Hsc70, 1uM Hdj2 and 6uM Bagl were added to the PURE system. Interestingly,
addition of TFNC together with Hsc70, Hdj2 and Bagl led to further enhancement of Luc
folding, increasing Luc specific activity by up to ~12 fold as compared to the
unsupplemented PURE system, reaching a folding efficiency similar to that achieved

upon translation in RRL (Figure 34).

14
£ 12 -[
=
D
® 10 '|'

-
g 81
=8
i
5 6 [
|
z 4
L]
® 2 R =
G T T L] L L L L
Control HseTD  Hd)2  Bagl TFMC HselD Hsorl
Hdlj2 Hudj2
Bag Sagl
TFMC

— -Eﬂ!'ﬂ—ﬂ

Figure 34: Effect of eukaryotic chaperones together with TFNC on Luc
folding in PURE system

Luc was translated in PURE system in presence of 10 uM Hsc70, 1 uM Hdj2, 6 uM Bagl
and 5 pM TENC, separately or in combination, as shown in the figure. Luc activity was
measured in the luminometer after 1 h of translation and the amount of full-length Luc
synthesized was determined by Western blotting against the myc-tag, followed by
densitometry. The specific activity was calculated as described previously. The Luc
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specific activity in the control reaction in the absence of any added chaperone was set to
1.

The combination of Hsc70, Hdj2, Bagl and TFNC also improved the solubility of
Luc significantly. When Luc was translated in the PURE system in the absence of any
chaperones, only ~20% was soluble, whereas supplementation of Hsc70, Hdj2 and Bagl
led to an improved solubility of ~70%. The maximal solubility of more than 90% was
observed when the above mentioned eukaryotic Hsp70 system was supplemented by
TFNC (Figure 35). Together these results suggest that the eukaryotic chaperone
machinery can create an efficient folding environment in PURE system which is similar
to the folding environment in a eukaryotic in vitro translation system (RRL). Hence this
strategy could have possible implications in recombinant protein production since most

of the biotechnologically important eukaryotic proteins are modular in structure.
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Figure 35: Effect of eukaryotic chaperones together with TFNC on Luc
solubility in PURE system

Luc was translated in PURE system in presence of 10 uM Hsc70, 1 uM Hdj2, 6 uM Bagl
and 5 uM TENC, separately or in combination as shown in the figure. For determining
the percentage solubility, reactions were centrifuged at 20,800 g for 30 min and



RESULTS 83

separated into soluble (S) and pellet (P) fractions, followed by Western blotting against
myc-tag and densitometry.

V.34 The eukaryotic Hsp70 machinery mediates efficient co-
translational folding of Luc in PURE system

To determine whether supplementation with the eukaryotic chaperones resulted in
co-translational folding in the PURE system, we used Luc as the model substrate and
analyzed the post-translational increase in its activity after translation inhibition. Luc was
translated in the PURE system with various combinations of chaperones for 30 minutes,
followed by translation inhibition by addition of RNaseA. RNaseA disrupts the integrity
of the ribosome by digesting the single stranded RNA present in the ribosomes and hence
attenuates the translation process. If folding is co-translational, no significant increase in
Luc activity is expected after translation inhibition, as shown previously (Agashe et al.,
2004).

In the control reaction of unsupplemented PURE system, Luc folds in a co-
translational manner by default. Translation of Luc in presence of TF led to a post-
translational increase in its activity upto 1.4-fold for additional 15 min after the inhibition
of its translation (Figure 36). These observations are consistent with the previously
published data that Luc folds co-translationally in the upsupplemented RTS reaction but
post-translationally in the presence of TF (Agashe et al., 2004). In the presence of TENC,
the eukaryotic Hsp70 components or both, Luc folding ceased immediately after RNaseA

treatment, indicating a co-translational folding mechanism (Figure 36).
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Figure 36: Co-translational Luc folding mediated by eukaryotic Hsp70
system and TFNC.

Luc was translated in the absence of added chaperone (control) or in the presence of 10
MM Hsc70, 1 pM Hdj2, 6 uM Bagl and 5 pM TENC in PURE system and the reactions
were stopped after 30 min by addition of 50 ug/ml RNaseA. The increase in Luc activity
after translation inhibition was followed over time. HHB denotes Hsc70, Hdj2, Bagl.
Representative result of 3 independent experiments.

V.4  Generation of an in vivo co-expression system to test
folding of multi-domain proteins in presence of eukaryotic

chaperones

Having shown in the previous section that the eukaryotic Hsp70 chaperone
machinery and TFNC in combination can promote efficient folding of Luc in the PURE
system, we wanted to analyze their chaperoning action in the cellular environment. E.
coli BL21 (DE3) strain which contains endogenous TF was chosen as a host, since it is

the most commonly used E. coli strain used for recombinant protein production.

In order to test the folding of a diverse set of eukaryotic multi-domain proteins in
the presence of eukaryotic chaperones, we generated an in vivo co-expression system. A

set of four vectors with compatible origins were used to clone and express the chaperones
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with the substrate protein to be analyzed. All the vectors have different antibiotic markers
and origins of replication. The vectors encoding the chaperones are IPTG inducible
whereas pBAD33-Luc is arabinose inducible. We analyzed the expression of these
chaperones with IPTG induction and found that there was no leaky expression in the
absence of IPTG (Figure 37). The expression levels of eukaryotic chaperones were
considerably lower than that of TENC. First, the effect of eukaryotic chaperones on Luc
folding in vivo was studied systematically by co-expressing chaperones individually or in

various combinations.

pBAD33-Luc
Arabinose inducible
P15A replicon

Chloramphenicol
resistance

pCDFDuet-Hsc70
IPTG inducible
CloDF13 replicon
Spectinomycin
resistance

pETDuet-Hdj2
IPTG inducible
ColElreplicon
Ampicillin resistance

pCOLADuet-BAG1+TFNC
IPTG inducible

ColA replicon
Kanamycin resistance

Uninduced Induced Uninduced Induced Uninduced Induced
| —

| ——

Hsc70 Hdj2 Bag1

TFNC

Figure 37: Co-expression system to test the folding of Luc in E. coli BL21
(DE3) cells

Four vectors with different antibiotic markers and origins of replication were chosen to
generate a co-expression system to test Luc folding in BL21 (DE3) cells. pBAD33
encodes for Luc under arabinose induction. pCDFDuet, pETDuet and pCOLADuet
encode for Hsc70, Hdj2 and Bagl together with TENC, respectively, under IPTG
induction.

V.4.1 Effect of TENC on the folding of Luc in BL21 (DE3) cells

In order to study the effect of TFNC on Luc folding in the presence of
endogenous TF, TENC and Luc were co-transformed in BL21 (DE3) cells. On IPTG
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addition, TENC was ~20 fold more expressed than the endogenous TF. We did not
observe any improvement in the folding of Luc under such conditions (Figure 38),
suggesting that the endogenous TF probably binds to the translating ribosomes with
higher affinity than TFNC and, in the absence of ribosome recruitment, TFNC could not
mediate Luc folding. Another reason could be that TENC cannot properly cooperate with
the endogenous E. coli Hsp70, DnaK.
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Figure 38: Effect of TENC on the folding of Luc in BL21 (DE3) cells

BL21 (DES3) cells were co-transformed with pBAD33-Luc and pCOLADUET-TFNC and
were grown in LB media till an ODggonm Of 0.5 at 30 °C. TFNC was induced by 1 mM
IPTG for 30 min before induction of Luc with 0.2% of arabinose for 30 min. Spheroplasts
were produced and lysed hypo-osmotically. Luc specific activity, solubility of the control
(without chaperone expression) and TFNC co-expression samples were determined as
mentioned previously in methods section.

V.4.2 Effect of Hsc70 on the folding of Luc in BL21 (DE3) cells

Next, we tested the effect of human Hsc70 co-expression on Luc folding in BL21
(DE3) cells. Hsc70 was expressed prior to the expression of Luc to ensure the availability
of excess Hsc70 to the translating Luc nascent chains. We observed that the Luc
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expressed under Hsc70 co-expression was fully soluble as compared to 40% solubility
under normal condition. However, the specific activity of Luc decreased with Hsc70 co-
expression (Figure 39).
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Figure 39: Effect of Hsc70 on folding of Luc in BL21 (DE3) cells

BL21 (DE3) cells were co-transformed with pBAD33-Luc and pCDFDUET-Hsc70 and
were grown in LB media to an ODggonm Of 0.5 at 30 °C. Hsc70 was induced by 1 mM
IPTG for 30 min before induction of Luc with 0.2% of arabinose for 30 min. Spheroplasts
were produced and lysed hypo-osmotically. Luc specific activity of the control (without
chaperone expression) and Hsc70 co-expression samples was determined as
mentioned previously.

This indicates that Hsc70 probably acts as a holdase and keeps Luc in a soluble
but enzymatically-inactive state. In the absence of the cochaperones of Hsc70, such a
state might not be allowed to fold to the native protein. Clearly, co-expression of Hsc70
with Luc led to an incomplete Hsp70 folding cycle in the absence of its cochaperones
Hdj2 and Bagl.
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V.4.3 Imbalance in the expression levels of eukaryotic Hsp70 chaperone
machinery with TENC causes inhibition of Luc translation

To study the effect of the complete eukaryotic Hsp70 machinery together with
TFNC, we co-transformed these chaperones with Luc in BL21 (DE3) cells. As previously
described, the chaperones were expressed prior to the expression of Luc to ensure a
chaperone enriched cytosol. Although there was an improvement in the solubility of Luc,

the translation of Luc was severely decreased (Figure 40 A).
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Figure 40: Effect of eukaryotic chaperones and TFNC on folding of Luc in
BL21 (DE3) cells

(A) BL21 (DE3) cells were co-transformed with pBAD33-Luc, pCDFDUET-Hsc70,
pCOLADUET-Bagl, TFNC and pETDUET-Hdj2 and were grown in LB media to an
ODggonm Of 0.5 at 30 °C. (B) BL21 (DE3) cells were co-transformed with pBAD33-Luc,
pCDFDUET-Hsc70 and pCOLADUET-Bagl,TFNC and were grown in LB media t0 an
ODgoonm Of 0.5 at 30 °C. Chaperones were induced by 1 mM IPTG for 30 min before
induction of Luc with 0.2% of arabinose for 30 min. Spheroplasts were produced and
lysed hypo-osmotically. Luc specific activity of the control (without chaperone
expression) and chaperone co-expression samples was determined as mentioned
previously.



RESULTS 89

We also observed a decrease in growth rate of the cells after induction of
chaperones. The reason for this growth defect and translation inhibition is not clear, but
we speculate that the co-expression of five different proteins together might lead to
metabolic stress to the cell. Also, it might be possible that the over-expressed eukaryotic
chaperones may interfere with the balance in the cell causing a translation inhibition. To
test this hypothesis, we performed the same experiment with the omission of Hdj2 from
the co-expression system as we speculated that over-expression of Hsp40 proteins might
have a toxic effect on growing cells. Co-expression of Hsc70, Bagl and TFNC with Luc
did not cause a significant reduction in translation efficiency. However, this combination
also did not lead to any improvement in Luc specific activity and solubility (Figure 40 B).
Thus it appears that we failed to achieve the proper balance between the various

components of the eukaryotic Hsp70 system necessary for efficient folding assistance.

V.4.4 Hdj2 is responsible for the inhibition of Luc translation in vivo

To test whether over-expression of eukaryotic Hsp40 is toxic for the E. coli cells,
we co-expressed Hdj2 (eukaryotic type | Hsp40) with Luc in BL21 (DE3) cells. As
observed in the experiments described above, Hdj2 co-expression indeed decreased the
translation of Luc (Figures 41 A and 41 C). We also observed a marked decrease in the

growth rate of E. coli cells upon Hdj2 induction (Figure 41 B).

Overall, these results indicate that the relative expression levels of members of the
Hsp70 system need to be carefully adjusted in order to achieve a significant improvement
in Luc folding as observed in PURE system. Moreover, the endogenous TF present in
BL21 (DE3) cells might interfere with the efficient co-translational folding of Luc. Hence
in future studies, the chromosomally encoded TF should be deleted in this strain to
systematically analyze the role of eukaryotic chaperones on the folding of multi-domain

proteins in E. coli.
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Figure 41: Inhibition of Luc translation in BL21 (DE3) cells upon Hdj2

induction

(A) Hdj2 was co-expressed with Luc in BL21 (DE3) cells from the plasmid pETDUET-
Hdj2. Hdj2 was induced by 1 mM IPTG for 30 min before induction of Luc with 0.2% of
arabinose for 30 min (C). In the control where no IPTG was added to induce Hdj2, some
leaky expression of Hdj2 could be observed. The cells were lysed and Luc specific
activity was measured as explained previously. (B) Cells co-transformed with Hdj2 and
Luc were induced by addition of IPTG at ODg oOf 0.6 and the O.D. was monitored at
regular time intervals after IPTG addition. In the control cell culture no IPTG was added.

(C) Western blot of Luc and Hdj2 from (A).
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VI DISCUSSION

Proteins have to undergo proper folding after translation in order to attain their
final native structure. Molecular chaperones assist in this process without being part of a
protein’s final structure. The ribosome-associated chaperone TF of E. coli plays an
important role in the folding of nascent chains during translation. The interaction of TF
with non-translating and translating ribosomes have previously been studied in detail
(Kaiser et al., 2006; Maier et al., 2003; Rutkowska et al., 2007).

In this thesis, we have investigated the direct interaction of TF with nascent
chains using TF site-specifically labeled with the fluorophore NBD (N-((2-
(iodoacetoxy)ethyl)- N-methyl)amino-7-nitrobenz-2-oxa- 1,3-diazole (IANBD ester)) at
various positions. We found that TF interacts with nascent chains depending on
hydrophobic segments exposed in the linear sequence. Our study also showed that the
PPlase domain of TF is responsible for the delay in folding relative to translation of
certain multi-domain proteins in E. coli. Specifically, we compared the effect of TF and
its PPlase domain-deletion mutant TENC on the folding of two eukaryotic multi-domain
proteins which were shown to fold post-translationally in E. coli. We then studied how
modulating the interaction of TF with nascent chains of eukaryotic multi-domain proteins
reduces their aggregation propensity and improves their folding yield and found that
TFNC improves the folding yield of these proteins by shifting the folding to a relatively

more co-translational pathway.

Although TFNC was able to improve the folding of firefly luciferase (Luc) in the
PURE system to a certain extent, the increase was still not comparable to the highly
efficient folding of Luc in a eukaryotic reticulocyte lysate (RRL) in vitro translation
system. We therefore concluded that the chaperone machinery present in the RRL could
fold Luc more efficiently than the modified prokaryotic chaperone, TFNC. Upon
systematic titration of the purified eukaryotic chaperones into the bacterial PURE system,
we found that the eukaryotic Hsp70 system significantly increased the yield of folded
Luc. The results of this study help to better understand the mechanisms of co-
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translational folding and suggest strategies for improving recombinant protein production
in biotechnology.

VI.1 TF interaction with nascent chains is based on the

presence of hydrophobic motifs in the primary sequence

Previously published intra-molecular FRET experiments demonstrated that TF
attains an open conformation upon binding to the ribosome. Upon binding to Luc nascent
chains, TF relaxes back to its compact conformation with a ty, of ~ 35 s whereas it
dissociates from the ribosomes with a ty, of ~ 10-12 s (Kaiser et al., 2006). This study
suggested that TF maintains its association with the nascent chains even after it had
dissociated from the ribosomes. However, a direct analysis of the direct interaction of TF
with nascent chains was lacking. In the present study, we employed fluorescence
spectroscopy to analyze the interaction of TF with nascent chains directly.

TF was site-specifically labeled with NBD (an environmentally-sensitive probe)
at various positions and the binding of these labeled proteins with nascent chains
exposing variable numbers of hydrophobic regions was monitored. We found that the
recruitment of TF326-NBD to nascent chains, as measured by the increase in NBD
fluorescence, was dependent on the hydrophobicity of the nascent chain translated
(Figure 14 C). The change in NBD fluorescence (F-Fo/Fo) during translation of Luc was ~
0.7, whereas no fluorescence change was observed during translation of a-Synuclein (a-
Syn ) (Figure 14 C). These experiments were complemented with the analysis of TF-B
binding to ribosomes translating Luc. The binding resulted in the quenching of BADAN
fluorescence, which saturated at around 1200 s after inhibition of translation (Figure 15
B), whereas the fluorescence of TF326-NBD saturated at around 2500 s (Figure 14 C).
From these observations we conclude that TF initially interacts with the translating

ribosomes and subsequently with the nascent chains.

It has been suggested before that multiple TF molecules may bind to the nascent
chains depending on their size and hydrophobicity (Agashe et al., 2004). We studied the

recruitment of TF326-NBD to the various lengths of ribosome-arrested Luc nascent
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chains. A significant increase in NBD fluorescence during the translation of Luc 520-mer
and Luc 550-mer (both exposing all the five predicted TF-binding motifs) was observed,
when compared to Luc 164-mer exposing only one such hydrophobic motif (Figure 16
D). The increased recruitment of TF to nascent chains exposing an increasing number of
hydrophobic motifs would be a mechanism to prevent their aggregation during

translation.

VI.2 Complex kinetics of TF dissociation from Luc nascent

chains

The dissociation kinetics of TF labeled with NBD from Luc RNCs was found to
be dependent on the location of the probe. Both TF326-NBD and TF376-NBD showed
biphasic dissociation kinetics from Luc nascent chains. For TF326-NBD, the fast phase
occurred with a t1/2 of ~ 14+2 s and the slow phase occurred with a t1/2 of ~ 10216 s
(Figure 18 C). TF376-NBD also had similar fast and slow phases of dissociation, whereas
TF150-NBD had only a single slow phase of dissociation from Luc nascent chains
(Figure 18 C). Interestingly, the dissociation of TF326-NBD and TF376-NBD from Luc
164-mer exhibited only a fast phase similar to the dissociation of TF from the ribosome
(Figure 19 B). We conclude that TF interacts with the shorter nascent chains while
maintaining contact with the ribosome. TF’s interaction with the ribosome contributes
significantly to the overall affinity for shorter RNCs whereas its interaction with longer
RNCs is governed mainly by the hydrophobicity of the nascent chain.

Notably, the net fluorescence increase of TF150-NBD (probe at the interface of
PPlase domain and C-terminal domain) during the translation of FL Luc was ~3-fold less
than the increase in the fluorescence of TF326-NBD and TF376-NBD (Figure 17 A).
This confirms that the PPlase domain acts only as a secondary nascent chains binding
site, the primary site of contact for nascent chains being the N- and C-terminal domains.
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VI.3 TFENC is more efficient than TF in assisting multi-

domain protein folding

Next, we studied the correlation between the role of the PPlase domain of TF in
nascent chain binding and the folding of multi-domain proteins. The PPlase domain of
TF is not essential for the chaperoning function in vivo and TFNC (the PPlase domain
deleted mutant of TF) can rescue the synthetic lethality of AdnaKAtig E. coli similar to
wild-type TF (Genevaux et al., 2004; Kramer et al., 2004b).

By displacement experiments with unlabeled TF, we found that TFNC has a
shorter residence time on Luc nascent chains as compared to TF with ty, values of 52+9 s
and 111+7 s, respectively (Figure 21 C). We then studied the effect of TFNC on the
folding of multi-domain proteins such as Luc and Ras-DHFR. These proteins were used
as model substrate proteins since they fold via a post-translational folding mechanism in
E. coli but a co-translational route in eukaryotes (Agashe et al., 2004; Netzer and Hartl,
1997). An improved folding efficiency was observed for both Luc and Ras-DHFR when
these proteins were translated in presence of TFNC as compared to their translation in
presence of TF (Figures 22, 23 and 25). This indicated that in the absence of the
additional binding event provided by the PPlase domain, multi-domain proteins were
folded more efficiently by TF. We conclude that since the PPlase domain acts as an
additional nascent chain binding site, the deletion of this domain decreased the
interaction strength with the nascent chains enhancing their folding.

VI.4 TFNC-mediated folding pathway of Luc and Ras-DHFR

IS more co-translational

To obtain insight into the mechanism by which TFNC mediated efficient folding,
we analyzed the folding kinetics of Luc and Ras-DHFR in the presence of TF and TFNC.
It has been shown previously that Luc and Ras-DHFR fold via an efficient co-
translational mechanism in the eukaryotic system (Agashe et al., 2004; Netzer and Hartl,
1997). We found that TFNC imposed less delay on Luc folding relative to translation
than TF (Figure 24). When RNaseA was added to a Luc translation reaction in the
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presence of TFNC to stop translation, Luc activity stopped increasing immediately,
although with TF it increased for another 15 min (Figure 36). These observations
indicated that the TFNC-mediated Luc folding pathway is relatively more co-

translational.

Similar results were obtained from the protease protection pattern of the Ras-
DHFR fusion protein when the kinetics of its native structure formation was analyzed in
presence of TF and TENC. In the presence of TFNC, the protease resistant domains of
Ras and DHFR appeared simultaneously with the full length protein, indicating that Ras-
DHFR folded in a domain-wise folding mechanism during translation (Figure 28). Upon
quantification of the folded DHFR domain in the Ras-DHFR fusion protein, we found
that in the presence of TFNC the efficiency of folding was two-fold increased relative to

the presence of TF (Figure 29).

We suggest that the PPlase domain binds to the hydrophobic regions on nascent
chains (Patzelt et al., 2001) and delays the folding with respect to translation. This is
evident from the post-translational folding of Luc in presence of TF (Agashe et al., 2004).
Here we show that the deletion of this domain relieves the delay in protein folding and
allows folding to proceed co-translationally. Interestingly, a ribosome-stalled construct of
Ras domain was folded to a similar extent in the presence of TF or TFNC implying its

specific function towards the multi-domain proteins (Figure 30).

We conclude that the PPlase domain of TF causes a delay in the folding of Luc
and Ras-DHFR nascent chains upon binding which eventually leads to reduced yields of
these proteins. Deletion of this domain proves to be beneficial for the folding of these
multi-domain proteins. Taken together, the results discussed in the previous sections
suggest that the PPlase domain of TF is responsible for the delay in folding caused by
TF. A slower dissociation rate observed with TF confirms that the PPlase domain acts as
an additional binding site for the nascent chains and hence prolongs the interaction
between TF and nascent chains. TFNC, however, has a lower residence time on Luc

nascent chains which enables the nascent chains to undergo more co-translational folding.
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VI.5 The eukaryotic Hsp70 chaperone system mediates
efficient folding of Luc

Molecular chaperones have extensively been utilized to improve the folding of
recombinantly expressed proteins in E. coli (Baneyx, 1999; Baneyx and Mujacic, 2004;
Haacke et al., 2009). However, the effects of these co-expression strategies have not been
generally beneficial (Chang et al., 2005; Haacke et al., 2009). Eukaryotic proteins such as
Luc fold more efficiently in a eukaryotic in vitro translation system (RRL) than in E. coli
based on in vitro translation systems such as RTS and the PURE system (Figure 31 A)
(Agashe et al., 2004) and this indicates that the chaperone machinery present in RRL is
efficient in folding Luc. A recent report has also suggested a role of slower translation
rate in the efficient folding of Luc and certain GFP fusion proteins (Siller et al., 2010).
To gain insights into the roles of eukaryotic chaperones in efficient folding of Luc in
RRL, we studied the folding of Luc in the PURE system in presence of different
supplementations of RRL and cycloheximide (to specifically inhibit translation from
eukaryotic ribosomes). No significant improvement in Luc folding was observed (Figure
31 B). The reason for this could be that the chaperones present in RRL may become
inactive upon addition to the PURE system due to differences in the buffer components
between these two translation systems. It could be also be possible that Luc is able to fold

efficiently during slow translation from the eukaryotic ribosomes.

We therefore systematically supplemented the PURE system with members of the
eukaryotic Hsp70 chaperone machinery (Hsc70, Hdj2 and Bagl) and observed a
significant improvement in both specific activity and solubility of Luc (Figures 34 and
35). Interestingly, Luc folding was further enhanced by addition of TFNC (Figures 34
and 35). We then studied the folding pathway of Luc in the presence of these eukaryotic
chaperones. Translation inhibition experiments demonstrated that the eukaryotic Hsp70
system mediated co-translational folding of Luc similar to the folding pathway mediated
by TFENC alone (Figure 36). We conclude that the eukaryotic chaperones are capable of
mediating efficient folding of Luc via a co-translational folding pathway which allows
the formation of tertiary structure elements during translation and hence prevent non-

native intra- and intermolecular contacts from forming that might lead to aggregation.
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VI.6 Generation of a co-expression system to test the folding
of different aggregation-prone multi-domain proteins in

presence of various chaperones in E. coli

Having found that TFNC and the eukaryotic Hsp70 chaperone machinery can
assist in proper folding of aggregation-prone Luc in the bacterial in vitro translation
system, we attempted to generate an in vivo co-expression system in E. coli BL21 (DE3)
where aggregation-prone multi-domain proteins could be expressed and folded with

assistance from these chaperones.

However, when Luc was co-expressed with TFNC, no improvement in Luc
specific activity could be observed (Figure 38). We suggest that the endogenous TF
might be recruited to the ribosome with higher affinity than TFNC in vivo and hence
TFNC is not able to mediate productive Luc folding. Co-expression of Hsc70 with Luc
also did not lead to an increase in Luc folding, although Luc solubility was improved
under these conditions (Figure 39). Hsc70 might be performing only a holdase function in

the absence of its co-chaperones.

Co-expression of Hsc70, Hdj2, Bagl and TFNC with Luc caused a drastic
inhibition in Luc translation (Figure 40 A). Over-expression of the five different proteins
together in the cell might cause a metabolic stress and hence severely affect the
translation efficiency of the ribosomes. Another explanation of this observation could be
an imbalance in the relative expression of Hsc70, Hdj2 and Bagl. Since the expression of
these proteins could not be regulated accurately in vivo, it is possible that the imbalance
in their relative amounts has a negative effect on the translation machinery of the cell.
Indeed, when we omitted Hdj2 from this combination, the inhibition on Luc translation
was relieved (Figure 40 B). This observation was again confirmed when we co-expressed
Luc with Hdj2, where we observed a drastic inhibition of Luc translation and also of cell
growth (Figures 41 B and 41 C).

Overall we conclude that generation of such a co-expression system to test the

effect of various chaperone combinations on folding of aggregation-prone proteins
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requires careful regulation of the expression levels of the individual components.
Moreover, a TF knockout strain of E. coli should preferably be used to perform such

experiments, in order to remove the effect of endogenous.

V1.7 Perspectives

In this thesis, we have studied the effect of the E. coli ribosome-associated
chaperone TF and its PPlase domain-deleted mutant TFNC on the folding of eukaryotic
multi-domain proteins such as Luc and Ras-DHFR. We found that TFNC increased the
specific activity and solubility of Luc. The eukaryotic Hsp70 machinery was also tested
for its ability to enhance the folding of Luc in a reconstituted in vitro translation system,
the so-called PURE system. In the presence of Hsc70, Hdj2 and Bagl, a significant
increase in Luc specific activity and solubility was observed. TFNC further improved this
effect, indicating that TFNC acts as a more efficient chaperone at the ribosomal exit
tunnel and mediates initial folding of the Luc nascent chains which are later transferred to

the eukaryotic Hsp70 system comprised of Hsc70, Hdj2 and Bagl.

Although, we succeeded in improving the folding of Luc in a reconstituted in
vitro translation system by using modified E. coli chaperones and eukaryotic chaperones,
attempts to improve Luc folding in vivo by co-expression of these chaperones did not
yield clear results. The main reason for this is probably the imbalance in the relative
expression levels of Hsc70, Hdj2 and Bagl, as it is clear from the in vitro experiments
that only a defined ratio of these proteins leads to improved Luc folding. In the future,
attempts will be made to carefully regulate the expression levels of these proteins. Also,
such experiments will be performed in the absence of endogenous TF present in the BL21
(DEJ) cells so that the endogenous TF does not cause any negative effect on the folding

of Luc.
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VIII APPENDICES

VIII.1 Abbreviations

aa Amino acid

ADP Adenosine 5-diphosphate

Amp Ampicillin

APS Ammonium peroxodisulfate

ATP Adenosine 5'-triphosphate

BSA Bovine serum albumin

CAM Chloramphenicol

CDTA trans 1,2-diaminocyclohexane-N,N,N'N'-tetraacetic acid
CIAP Calf Intestinal Alkaline Phosphatase

DHFR Dihydrofolate reductase

DNA Deoxyribonucleic acid

DTT dithiothreitol

E. coli Escherichia coli

EDTA Ethylenediaminetetraacetic acid

FKBP FK506 Binding Protein

FRET fluorescence resonance energy transfer

g acceleration of gravity, 9.81 m/s2

GFP Green fluorescent protein

h Hour

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HRP Horseradish peroxidase

Hsp Heat shock protein

IANBD N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-nitrobenz-2-oxa-1,3-diazole

IPTG Isopropyl-p-D-1-thiogalactopyranoside
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Kan Kanamycin

LB Luria Bertani

Luc Firefly luciferase

MBP Maltose binding protein

MRNA messenger RNA

NAC Nascent chain-associated complex

NF Nuclease free

NTA Nitrilo-triacetic acid

OAc Acetate

oD Optical density

OmpA Outer membrane protein A

PAGE PolyAcrylamide Gel Electrophoresis
PBS Phosphate buffered saline

PCR Polymerase Chain Reaction

PDB Protein Data Bank. http://www.rcsb.org/pdb/
PPlase Peptidyl prolyl isomerase

RAC Ribosome-associated complex

RNA Ribonucleic acid

RNase A Ribonuclease A

RNase T1 Ribonuclease T1

RPL Ribosomal protein of the large subunit
RPS Ribosomal protein of the small subunit
rRNA ribosomal RNA

S. cerevisiae Saccharomyces cerevisiae

SDS Sodiumdodecylsulfate

Spec Spectinomycin

TCA

Trichloroacetic acid
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TCEP
TEMED
TEV

TF
TFENC
tig

TRIC
Tris-HCI
uv

WT

tris-(2-carboxyethyl)phosphine
N,N,N',N'-tetramethylethylenediamine

Tobacco etch virus

Trigger Factor

PPlase domain deletion mutant of Trigger Factor
gene encoding TF

TCP1 Ring Complex
tris(hydroxymethyl)aminomethane hydrochloride
Ultraviolet

Wild type
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VIIL.3 Publications
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