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SUMMARY 1

I SUMMARY

To become biologically active, most proteins need to fold into precise three-
dimensional, or native, structures. Molecular chaperones assist the folding of newly
synthesized and denatured proteins in acquiring their native state in the crowded
intracellular environment. Trigger factor (TF), a 48 kDa protein that is present only in
bacteria, is the first chaperone to interact with the nascent polypeptide chain as soon as it
emerges from the ribosome. TF has a modular structure comprised of an amino-terminal
ribosome binding domain, a middle peptidyl-prolyl isomerase (PPlase) domain and a
carboxyl-terminal domain. In its tertiary structure, the carboxyl-terminal domain links the
amino-terminal and the PPIase domains and constitutes, together with the amino-terminal
domain, a potential substrate binding region. TF binds to the large ribosomal subunit in the
vicinity of the ribosomal exit tunnel and is capable of forming homo-dimers while free in
solution. The ATP-dependent Hsp70 homolog DnakK, regulated by its co-factors Dnal and
GrpE, acts on nascent polypeptides subsequently to TF. Nucleotide binding has not been
observed for TF, and there are no known co-factors that regulate TF function.

In the present study, the mechanism by which TF aids the folding of newly
synthesized proteins was investigated utilizing fluorescence spectroscopy techniques. By
measuring intra-molecular fluorescence resonance energy transfer (FRET) between
exogenous fluorophores attached site-specifically to TF, it was shown that binding to the
ribosome causes a conformational aperture within TF. This structural rearrangement may
position the substrate-binding region in a state competent to receive the polypeptide
nascent chain. Ribosome binding of TF can be followed by means of an environmentally
sensitive fluorophore covalently linked to the TF molecule. Conformational compaction
and release of TF from non-translating ribosomes were found to occur concomitantly, with
a half-time of t;» = 10 s. The TF dimer was characterized utilizing the single tryptophan
within TF as an endogenous probe and exogenous fluorophores introduced at specific sites,
which allowed the measurement of inter-molecular FRET. The protomers within the TF
dimer were found to be arranged in a nearly perpendicular fashion, with the proposed
substrate binding region occluded in the dimer. These results suggest that TF cycles
between an inactive, dimeric form and a ribosome-bound monomeric form in which the
substrate binding region is exposed.

The dynamics of TF interactions with ribosomes actively engaged in translation

and the resulting nascent polypeptide chains were analyzed utilizing a novel approach



SUMMARY 2

involving a reconstituted transcription/translation system. Translation of various model
substrates resulted in enhanced ribosome recruitment of TF, indicating that the affinity of
TF for ribosome-nascent chain complexes is ~30 fold higher than for vacant ribosomes.
The analysis of a TF deletion mutant lacking the PPlase domain revealed that the PPIase
domain serves as a secondary substrate binding site, in addition to the main substrate
binding region constituted by the amino- and the carboxyl-terminal domains.

During translation of firefly luciferase (FL), a previously characterized TF
substrate, the kinetics of ribosome release were found to be unaltered, whereas the
conformational compaction event took place with t;, = 36 s. The delay in conformational
compaction kinetics over ribosome release that was observed during FL translation
suggests that TF stays associated with the nascent chain after vacating the ribosomal
binding site, thus allowing the loading of another TF molecule onto the same nascent
chain. These findings were supported by kinetic analysis of steady state fluorescence
anisotropy of fluorescently labeled TF. Translation of substrates other than FL revealed
that the half-time of TF molecular compaction correlates well with the occurrence of
motifs of high hydrophobicity on the nascent polypeptide chain. TF-substrate interaction is
prolonged for nascent chains exposing sequences of high mean hydrophobicity. Moreover,
by analyzing the extent of TF recruitment to the ribosomes containing stalled nascent
chains that had folded to various degrees, it was found that folding and burial of the
hydrophobic elements result in the release of TF from the substrate.

Taken together, the results suggest a model of TF mechanism: In solution,
monomeric and dimeric TF are in rapid equilibrium. Ribosome-binding stabilizes the
monomeric form and induces a conformational aperture within TF, presumably resulting in
proper sub-domain alignment in preparation for interaction with the emerging nascent
chain. This activation by ribosome docking topologically restricts the TF chaperone
function to nascent polypeptide chains. Without translation, TF goes through a default
cycle with a mean residence time on the ribosome of ~10 s before detachment from the
ribosome and relaxation to its compact conformation. During translation, interaction with
the elongating polypeptide stabilizes the open conformation beyond TF ribosome-
detachment. TF remains associated with its substrates for varying periods of time,
dependent on their properties. This prevents misfolding events from occurring in its
substrates and allows a second TF-molecule to be loaded onto longer nascent chains. TF

then dissociates from its substrate either co- or post-translationally and relaxes to its
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compact conformation. Dimerization leads to occlusion of the substrate binding region and
serves to maintain a pool of TF that can readily be activated by ribosome-binding.

The mechanism suggested in the present study explains the previously observed
function of TF in delaying folding and misfolding events relative to translation in vivo. It
may serve as a paradigm for regulation of nucleotide-independent chaperones. The novel
approach developed in the present study provides opportunities to identify and characterize
additional factors that may assist in protein folding at the ribosome under a wide variety of

conditions, including in the absence of TF.
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I1 INTRODUCTION

II.1 Protein structure and principles of protein folding in vitro

Proteins are linear polymers of up to 20 different amino acids (aa). All amino
acids contain an amino- and a carboxyl-group covalently linked to a central Cy-atom. In
addition, a functional group (or a hydrogen atom) is coupled to the Cy-atom, which is
different for each amino acid. In a condensation reaction, amino acids can polymerize to
polypeptides (or proteins) via the formation of a planar peptide bond. The peptide bonds
form what is referred to as the backbone of the protein.

In all organisms of all kingdoms of life, proteins play a pivotal role in all cellular
processes, such as maintenance of cellular structure and integrity, inter- and intra-cellular
communication, metabolism and transport. To fulfill these functions, proteins must adopt
specific three-dimensional structures, which are very diverse, including fibrillar shapes of
structural proteins, globular structures of some metabolic enzymes and channels traversing
membranes in energy producing systems. The process by which a protein acquires its
unique three-dimensional structure is called protein folding.

To describe protein structure, four hierarchical levels are distinguished: The
primary structure is the sequence of the different amino acids. The secondary structure
refers to common repeating structures found in many proteins. The two most common
secondary structural elements are the o-helix and the B-pleated sheet. The tertiary structure
describes the overall structure of the folded polypeptide chain, including the arrangements
of secondary structural elements. The quaternary structure constitutes the arrangement of
subunits in an assembly of two or more proteins.

Many proteins are organized in a modular fashion. These modules are referred to
as domains, which are typically 100-300 aa in length, and are structurally and functionally
distinct units (Doolittle 1995; Orengo et al. 1994). Linking two or more domains on the
primary structure level has facilitated the evolution of polypeptides with novel functions
(Kummerfeld & Teichmann 2005). Multi-domain proteins occur in all kingdoms of life,
although they are more abundant in eukaryotes than in prokaryotes (65% vs. 40%,
respectively) (Ekman et al. 2005).

Pioneering experiments on protein folding were performed in the late 1960's by
Anfinsen and co-workers. Purified, denatured Ribonuclease A was shown to be able to

regain its native state in solution upon removal of denaturant, as measured by its enzymatic
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activity, in a spontaneous and unaided fashion (Anfinsen 1972; Anfinsen 1973; Taniuchi &
Anfinsen 1969). These experiments demonstrated that the information defining the tertiary
structure of a protein is contained within its amino acid sequence. The native tertiary
structure is the polypeptide conformation with the lowest free energy. The spontaneous
folding process was found to be reversible and occurred on a biologically relevant time
scale (Schechter et al. 1970).

Usually, folding does not involve the formation or breakage of covalent bonds.
Rather, the polypeptide is conformationally flexible through rotation around single bonds.
The natively folded structure is stabilized by a multitude of weak interactions, such as
hydrogen bonds and hydrophobic and ionic interactions. Considering only the protein
backbone, rotation can occur around the axis formed by the C, and the carboxyl carbon as
well as around the axis formed by the C, and the amino nitrogen, described by the angles
Y and @, respectively. No rotation can occur around the axis formed by the peptide bond
due to its planar nature. Thus, the conformation of the backbone can be described by a pair
of angles, ¥ and @, for each peptide bond. It was found that two of the numerous possible
pairs of ¥ and @ occur with a high frequency in natively folded proteins (Ramachandran
& Sasisekharan 1968). These two pairs of angles are referred to as the o~ and the -
conformation.

Levinthal performed mathematical calculations regarding the time that would be
required for a protein to adopt its native structure if the folding process were a completely
random process. If only the two most stable backbone conformations, o and P, are
considered, a hypothetical protein of 150 aa in length can adopt ~10°° different
conformations. Taking into account that the fastest possible rate for conformational
changes is ~10'" s7', it would take the hypothetical protein more than 10'" years to reach its
native structure (Dinner ef al. 2000; Levinthal 1969). The discrepancy between the
estimated time for random folding and the observed fast folding of proteins is called the
Levinthal paradox. It led to the conclusion that a protein cannot fold by sampling the entire
available conformational space randomly. Rather, the efficient folding must proceed
through transient intermediates, in which local folded elements are stabilized and
determine further folding of the polypeptide (Baldwin 1996; Baldwin & Rose 1999;
Levinthal 1969; Privalov 1996). These intermediates would greatly reduce the number of
possible conformations during folding, defining steps of a folding pathway through the

random folding space, and thus allow protein folding to take place on a biologically
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relevant time scale. Indeed, folding intermediates were observed for various model
proteins, such as Apomyoglobulin, Ribonuclease A, Barstar and Lysozyme (Agashe et al.
1995; Jamin & Baldwin 1996; Radford et al. 1992; Udgaonkar & Baldwin 1990;
Wildegger & Kiethaber 1997).

Several models have been suggested to describe general folding mechanisms
(Daggett & Fersht 2003). One of the models, the "hydrophobic collapse" model, suggests
that a rapid collapse of the polypeptide chain provides a confined environment for folding
to proceed rapidly (Baldwin 1989; Schellman 1955). In the "framework model" (Kim &
Baldwin 1982; Kim & Baldwin 1990; Ptitsyn & Rashin 1975), secondary structural
elements from first and then coalesce with others to from the final tertiary structure of the
native protein. Later, some model proteins were found to fold via a simple two-state
mechanism, without the formation of intermediate structures, e.g. chymotrypsin inhibitor 2
(Jackson & Fersht 1991). The observations made with chymotrypsin inhibitor 2 led to the
formulation of a "nucleation condensation" mechanism, which unifies the framework and
the hydrophobic collapse models. It suggests that both hydrophobic interactions and
secondary structural elements stabilize the transition state (Fersht 1997).

Another example of a two-state folding mechanism is provided by the bacterial
immunity protein Im9 (Ferguson ef al. 1999). Interestingly, the analysis of the structurally
highly homologous proteins Im7 and Im9 revealed that small alterations in amino acid
sequence can lead to a change in the folding mechanism: Whereas Im9 folds mainly via a
two state-mechanism, stabilized folding intermediates were observed for Im7 (Ferguson et
al. 1999; Paci et al. 2004). This demonstrated that the folding kinetics depend on the exact
polypeptide sequence rather than on the overall stability or tertiary structure of the native
protein.

The development of new methodologies that allow monitoring of protein folding
in vitro has yielded insight into folding mechanisms of various model proteins (Brockwell
et al. 2000). In combination with the different experimental approaches, ®-value analysis
(Fersht et al. 1992) and molecular dynamics simulations (Ferguson & Fersht 2003;
Vendruscolo & Dobson 2005) have provided detailed insights into folding mechanism.
However, most of the analyses are still limited to relatively small proteins of typically less
than 100 aa.

Detailed kinetic analysis, monitoring the folding of several small protein by
various techniques, has led to the description of protein folding in terms of an "energy

landscape" or "folding funnel" (Baldwin 1995; Radford ef al. 1992) (see Figure 1). The
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energy landscape is a three- or multi-dimensional surface representing the free energy of a
polypeptide molecule as a function of two or more variables, e.g. conformational
parameters. Each point on the energy surface represents a conformation of the polypeptide
and the corresponding free energy. The native state of a protein, defined as the
conformation with the lowest free energy, is thus the lowest point in the energy landscape,
or the bottom of the funnel. During folding, the protein follows a route from the rim of the
funnel, representing a disordered, denatured state, to the bottom of the funnel. Populated
intermediates on the way from the unfolded to the native protein are local minima in the
energy landscape (Radford 2000; Schultz 2000; Troullier et al. 2000). If the folding
polypeptide cannot escape a local minimum, it becomes kinetically trapped and eventually
misfolds in an off-pathway reaction. The actual pathway along which a protein folds is

dependent on the environment in which the folding reaction takes place.

Figure 1: Schematic representation of the free energy landscape of a folding protein.

The free energy (E) is displayed as a function of two reaction coordinates (®4 and
®,) which describe the conformation of the folding protein. A multitude of unfolded
conformations (U, orange) on the top enter the funnel that contains an almost
indefinite number of local energy minima, representing folding intermediates (I,
green). The folding protein proceeds then through local minima towards the native
conformation (N, blue), which has the lowest free energy. In some local minima,
misfolded species may be trapped irreversibly (M, red).

From Schultz 2000, modified.
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II.2 Protein synthesis and folding in the cell

In vitro refolding experiments are usually carried out by transferring the purified,
unfolded protein from denaturant to non-denaturing solutions that allow folding under well
defined conditions, such as temperature, pH, protein concentration and ionic strength and
composition. These conditions are optimized for a given protein and can vary greatly from
one protein to another. Protein folding in the cell differs in many respects from in vitro
refolding. The polypeptide is synthesized in a vectorial fashion on the ribosome at a rate of
4 — 20 aa per second (Bremer & Dennis 1996; Mathews et al. 2000). Thus, not all of the
polypeptide sequence becomes available for folding at once, in contrast to in vitro
refolding. The environment that is met by the newly synthesized polypeptide is a crowded
one, with a concentration of ~300 mg/ml of macromolecules, and all proteins (within the
same cellular compartment) have to fold under similar conditions. For many proteins, these
conditions do not favor productive spontaneous folding, but rather promote unproductive
side reactions such as aggregation (Ellis 2001; Hartl 1996).

Most soluble, native proteins contain a hydrophobic core that stabilizes their
tertiary structure, since the hydrophilic environment of aqueous solutions favors the
clustering and burial of hydrophobic regions. These hydrophobic regions are exposed in
unfolded proteins, which can lead to inter-molecular clustering and subsequently to protein
aggregation. Although there are molecular machines that are capable of re-solubilizing
protein aggregates in the cell (Ben-Zvi & Goloubinoff 2001; Weibezahn et al. 2005),
aggregation is often irreversible, rendering the aggregated proteins permanently inactive.
Thus, there is a competition between productive folding on the one hand and aggregation
on the other.

The high intracellular concentration of macromolecules results in changes in the
thermodynamic properties of the unfolded polypeptide chains, favoring the aggregation
reaction over spontaneous folding. The excluded volume or molecular crowding theory
describes how high concentrations of macromolecules affect protein folding and
aggregation (Ellis 2001; Minton 2001). The high concentration of solutes, which occupy a
large fraction of the available volume, results in increased chemical activities and diffusion
coefficients of the solutes. Due to the exclusion of volume, small, compact structures are
favored over large, extended ones. Thus, unfolded proteins will tend to compact either
intra-molecularly, i.e. by folding into a compact native state, or by aggregation. In addition

to these volume effects, macromolecules in the cytosol often expose hydrophobic surfaces
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which promote aggregation. Aberrant folding and aggregation in the cell does not only lead
to inactivation of the affected proteins, but can result in severe cellular dysfunction,
resulting in, for instance, a number of human diseases (Barral et al. 2004).

Over the past two decades, factors have been identified and studied that assist
non-native proteins in folding under cellular conditions. This group of molecules is
referred to as molecular chaperones (Martin & Hartl 1993). Molecular chaperones interact
with non-native polypeptides and prevent their misfolding and aggregation. They
contribute towards successful folding to the native structure without providing specific
conformational information to the folding process, in agreement with the conclusion
reached by Anfinsen that the tertiary structure of a protein is solely determined by its own
amino acid sequence (Anfinsen 1973). Importantly, molecular chaperones are not part of

the folded, biologically active structure.
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I1.3 Molecular chaperones

In order to overcome the challenges of protein folding in the crowded intracellular
environment, all organisms have evolved a large arsenal of molecular chaperones (Hartl &
Hayer-Hartl 2002; Young et al. 2004). They contribute both to the de novo folding of
newly synthesized proteins and to the rescue of stress-denatured existing proteins. Due to
the latter function, the expression of many chaperones is up-regulated in response to stress-
stimuli, such as elevated temperature or oxidative stress. These chaperones are called heat
shock proteins (Hsp's).

Chaperones usually bind their substrates through regions that are normally buried
in native proteins, e.g. exposed hydrophobic segments and unstructured backbone regions.
The burial of these elements in the folded structure prevent chaperones from binding native
proteins. Many chaperones act on their substrates in repeated cycles of binding and release,
often in a nucleotide-dependent fashion. In this manner, unfolded proteins are prevented
from interacting non-productively with each other and from forming aggregates. The
formation of kinetically trapped folding intermediates is thus prevented or may even be
reversed. Generally, two mechanisms of chaperone action are distinguished: Chaperones
may bind their substrate and hold it in a folding-competent state, so that it can fold upon
release (e.g. Trigger factor (TF) or the Hsp70 chaperones). In contrast, the cylindrical
chaperonins, or Hsp60s, sequester their substrates into a central cavity, providing a
protected environment in which the protein is allowed to fold. By favoring the productive
folding into the native tertiary structure and preventing non-productive side-reactions,
molecular chaperones often increase the yield of folding reactions. The rate of the folding
reaction is not necessarily increased, in fact, the folding speed often is decreased (Agashe
et al. 2004). This constitutes a main difference between molecular chaperones and proteins
with enzymatic activities in the classical sense.

Catalysis of protein folding is observed in the cases of isomerization reactions.
Peptidyl-prolyl isomerases (PPlases) accelerate the folding by catalyzing the often rate
limiting step of prolyl-isomerization during protein folding (Schmid 1995; Schmid 2001).
Recently, a non-prolyl peptide bond cis-trans isomerase activity for DnaK, the bacterial
Hsp70 homolog, has been described (Schiene-Fischer et al. 2002). Protein disulfide
isomerases catalyze disulfide bond formation of proteins in the endoplasmic reticulum of

eukaryotic cells and the bacterial periplasm (Freedman et al. 2002; Wilkinson & Gilbert
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2004). Often, these activities are combined with chaperone functions (Schiene &
Fischer 2000).

Transient incorporation of a chaperone into the folded structure of its substrate has
been observed in particular cases for peptide-bond cis-trans isomerization and disulfide
bond formation (Schiene & Fischer 2000; Schiene-Fischer et al. 2002). The periplasmic
chaperone FimC stays associated with its substrate FimG after folding and regulates its
assembly into pilus structures (Vetsch ef al. 2004). Folding of subtilisin is mediated by its
pro-peptide, which acts as an intra-molecular chaperone. After folding, subtilisin stays
associated with its chaperone, before the latter one is proteolytically removed to yield the

mature enzyme (Shinde et al. 1997).
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II1.4 Chaperone systems in the cytosol

All organisms contain a large arsenal of molecular chaperones that are crucial for
efficient protein folding. According to certain properties, chaperones can be grouped into
classes of functionally and structurally related proteins. An overview of different
chaperone systems involved in de novo folding is shown in Figure 2. Depending on the
folding properties of the substrate protein, it may require assistance from one or more
molecular chaperones or fold in a mostly unassisted manner. The interplay among the
different chaperone systems during protein folding is becoming increasingly better
understood, leading to the perception that molecular chaperones are organized to form a

functional network (Hartl & Hayer-Hartl 2002; Young et al. 2004).
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Figure 2: Chaperone systems involved in de novo protein folding

N: Natively folded protein, NAC: nascent chain associated complex, PFD:
prefoldin, TF: Trigger factor. a. Eubacteria. Interaction with TF is a general feature
of all nascent chains. The majority of proteins (65-80%) fold without further
assistance. DnaK assists the remainder of the proteins through one or several
cycles of substrate binding and release. Chaperonin substrates are further
transferred to GroEL. b. Archaea. The DnaK/DnaJ-system is not present in all
archaeal species. The occurrence of archaeal NAC and the interaction of PFD with
nascent chains has not yet been experimentally verified. ¢. The mammalian
cytosol as a paradigm for eukarya. NAC probably interacts with nascent chains.
Hsc70 is recruited to the ribosome by the recently discovered zuotin-homolog
Mpp11 (not shown). Most proteins fold upon release from these factors. A fraction
of the Hsp70 substrates is transferred to Hsp90. PFD mediates the transfer of
polypeptides to TRiC co- or post-translationally. From Hartl & Hayer-Hartl, 2002.
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11.4.1 Ribosome-associated chaperones

Proteins are synthesized in a vectorial fashion by the ribosome, from which they
emerge through an exit tunnel. The elongating protein chain is referred to as the nascent
(polypeptide) chain. Before the synthesis of an entire protein or domain is complete, the
nascent chain cannot undergo the highly co-operative process of folding. Thus, nascent
chains emerging from the ribosome may expose non-native features until synthesis of the
protein/domain is complete, which renders them prone to aggregation. Additionally, a high
local concentration of nascent chains on polyribosomes further increases the risk of
aggregate formation (Frydman 2001).

Ribosome-associated chaperones prevent misfolding and aggregation of newly
synthesized proteins. In eubacteria, trigger factor (TF) is the first chaperone to bind to the
nascent chain. TF is a 48 kDa chaperone with PPlase activity (Hesterkamp & Bukau 1996).
The latter is, however, dispensable for TF chaperone function in vivo (Genevaux et al.
2004; Kramer et al. 2004). TF associates with ribosomes in a 1:1 stoichiometry, mainly
through interaction with the ribosomal protein L23 in the vicinity of the ribosomal exit
tunnel (Blaha et al. 2003; Ferbitz et al. 2004; Kramer et al. 2002). TF associates with
nascent chains independently of proline residues (Patzelt et al. 2001) as soon as they
emerge from the ribosomal exit tunnel. The cytosolic concentration of TF (~40-50 uM)
exceeds that of ribosomes (~30uM) (Bremer & Dennis 1996; Lill et al. 1988), so that
ribosome-bound TF is in an equilibrium with free TF. The TF-substrate complex
dissociates after release from the ribosome (Agashe et al. 2004; Hesterkamp et al. 1996). A
nucleotide-dependent regulation of TF-substrate interaction has not been observed, and TF
does not contain regions with similarities to known nucleotide binding domains.

Another bacterial chaperone system that was found to associate with nascent
chains is the Hsp70 system DnaK/Dnal (see below). DnaK interacts with ~15% of nascent
polypeptides. This fraction is increased to ~40 % in E. coli Atig cells devoid of TF
(Deuerling et al. 2003; Deuerling et al. 1999; Teter et al. 1999), suggesting a functional
overlap between TF and the DnaK-system. The functional redundancy of the two systems
is further supported by the analysis of bacterial strains carrying gene deletions of these
systems: Individual deletions of the tig and dnaK genes encoding TF and Dnak,
respectively, are tolerated and allow cell growth at 37 °C. The combined deletion,
however, leads to pronounced protein aggregation in the cytosol and lethality at
temperatures above 30 °C (Genevaux et al. 2004; Vorderwulbecke et al. 2004). Other
factors can potentially compensate for the loss of TF and DnaK (Ullers ef al. 2004;
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Vorderwulbecke et al. 2004). However, the simultaneous depletion of TF and DnaK results
in important mechanistic consequences, apparent in a shift from an efficient post-
translational pathway to a rapid, but inefficient co-translational folding mechanism
(Agashe et al. 2004). In contrast to TF, DnaK is not known to associate specifically with
ribosomes. Rather, binding to nascent chains mediates the association of DnaK with
ribosome nascent chain complexes (RNC's).

Whereas a gene encoding TF is present in all eubacterial genomes analyzed, no
TF homolog has been found in eukarya. Instead, the eukaryotic cytosol contains a
heterodimeric complex called NAC (nascent polypeptide associated complex), consisting
of aNAC (33 kDa) and BNAC (22 kDa) (Shi et al. 1995; Wiedmann et al. 1994). NAC has
a function similar to TF in that it binds to short nascent chains and dissociates from them
upon release from the ribosome (Beatrix et al. 2000; Hartl 1996). It appears to be involved
in targeting nascent chains to the endoplasmic reticulum (Wiedmann et al. 1994). The
analysis of a heterologous complex of NAC with prokaryotic ribosomes revealed that a
conserved motif within BNAC mediated binding to the ribosome (Wegrzyn et al. 2005).
Recently, the docking site of NAC could be mapped to the ribosomal protein L25, which is
the eukaryotic homolog of L23 in bacteria (Grallath et al. 2006). NAC has been observed
to prevent aggregation in in vitro experiments (Grallath et al. 2006), thus exhibiting certain
chaperone-like properties.

The eukaryotic model organism Saccharomyces cerevisiae contains another
hetero-dimer, termed RAC (ribosome associated complex), that associates with RNC's.
RAC consists of Ssz1, a member of the Hsp70 family, and the Dnal-related Hsp40 protein
zuotin (Gautschi et al. 2001; Gautschi et al. 2002; Michimoto et al. 2000). Zuotin contains
a J-domain for interaction with Hsp70's, and a separate ribosome-binding domain (Yan et
al. 1998). Zuotin is the partner Hsp40 protein for the Hsp70-class chaperones Ssbl and
Ssb2 (Bukau et al. 2000; Yan et al. 1998). The Ssb proteins are found both on the
ribosome (Nelson et al. 1992; Pfund et al. 1998) and free in the cytosol (Siegers et al.
2003). Mutations in the J-domain of zuotin or the deletion of the Ssz/ gene, but not an Ssz1
truncated mutant lacking the putative substrate binding domain, result in the same
phenotype that is observed upon deletion of the Ssb genes, indicating that RAC is required
for the recruitment of the Ssb-proteins to the ribosome (Gautschi et al. 2002; Hundley, H.
et al. 2002). Ssz does not appear to be involved in nascent chain binding (Hundley, H. et
al. 2002) and its function does not seem to rely on ATPase activity (Huang et al. 2005).

Ssz1 may act as a modulator of zuotin rather than as a chaperone itself (Huang et al. 2005).



INTRODUCTION 15

In mammals, the constitutively expressed heat shock cognate protein (Hsc70), a
member of the Hsp70 protein family, has been found to associate with nascent
polypeptides and promotes their co-translational folding (Beckmann et al. 1990; Eggers et
al. 1997; Frydman et al. 1994), possibly in co-operation with the Hsp40 homologs Hdjl
and Hdj2 (Nagata et al. 1998; Terada et al. 1997). Hsc70 is probably recruited to the
ribosome by the recently identified human zuotin ortholog Mpp11, which illustrates that
ribosome-tethered chaperones have been conserved throughout evolution (Hundley, H. A.

et al. 2005).

11.4.2 The Hsp70 system

Members of the Hsp70 family of proteins are found in all bacteria and eukaryotes
as well as in some, but not all archaea (Hartl & Hayer-Hartl 2002; Laksanalamai et al.
2004; Leroux 2001; Young et al. 2004). They are located in the cytosol in both bacteria
and eukaryotes as well as in eukaryotic organelles, e.g. mitochondria and the endoplasmic
reticulum. The most thoroughly studied E. coli Hsp70 is DnaK. It plays a central role in the
modulation of the ¢°> mediated heat shock response in E. coli, which is the best
characterized example of heat shock regulated protein expression (Lund 2001). Eukaryotic
organisms usually contain several cytosolic Hsp70 proteins. The yeast S. cerevisiae
contains four free cytosolic Hsp70 proteins (Ssal to 4). Higher eukaryotes have a
constitutively expressed Hsp70 homolog (Hsc70) in addition to the stress-inducible form.

Hsp70's bind to stretches of extended polypeptides rich in hydrophobic residues,
usually exposed only in non-native proteins, via hydrogen-bonds with the peptide
backbone and hydrophobic interactions with the side-chains. In this manner, aggregation
and misfolding of the substrate polypeptide is prevented. Substrate binding and release
occur in an ATP-dependent fashion, modulated by accessory proteins or co-factors.

Hsp70 chaperones are monomeric proteins of ~70 kDa in size, composed of a ~45
kDa amino terminal ATPase domain and a ~25 kDa carboxyl-terminal polypeptide binding
domain. The structures of the individual domains of DnaK have been solved separately
(Harrison et al. 1997; Zhu et al. 1996), and recently, the structure of a full-length Hsp70
homolog, bovine Hsc70, has been determined (Jiang et al. 2005), providing detailed
structural insight into inter-domain interactions important for Hsp70 chaperone function.

The mechanism of Hsp70 function is best understood for the DnaK system (Hartl
& Hayer-Hartl 2002; Mayer & Bukau 2005; Naylor & Hartl 2001) (see Figure 3). In the
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ATP-bound state, the substrate binding cleft is in an open conformation, allowing rapid
substrate association and dissociation. The affinity of the DnaK-ATP-complex for
substrate is relatively low. Hydrolysis of ATP to ADP leads to large structural
rearrangements within DnakK, resulting in closing of the substrate binding pocket and
stable substrate association. The cycling of DnaK between an ATP-bound state with low
affinity and an ADP-bound state with high affinity for the substrate is modulated by Dnal
and GrpE co-factors. Dnal, a monomeric 41 kDa protein of the Hsp40 class, binds to DnaK
through its amino-terminal J-domain and stimulates the ATPase activity of Dnak,
enhancing stable peptide binding. Dnal contains a carboxyl-terminal binding site for
hydrophobic peptides and can thus deliver unfolded proteins to DnaK. GrpE acts as a
nucleotide exchange factor on DnakK, inducing the rapid release of ADP from DnaK.
Rebinding of ATP to DnaK leads to decreased affinity and release of the substrate,
completing the DnaK functional cycle (see Figure 3).
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Figure 3: The reaction cycle of the DnaK/DnaJ-system.

J: Dnad, E: GrpE, S: substrate protein. The ATPase domain (square) and the
substrate binding domain (rectangle) of DnaK are colored in green, the a-helical
latch in yellow. (1) Unfolded substrate protein alone can bind to the DnaK in the
ATP-bound state (not shown) or is transferred from Dnad. The DnaK-DnaJ-
substrate-ATP complex (A) has low substrate affinity, allowing rapid substrate
exchange. This complex is probably very transient, since DnaJd stimulates ATP-
hydrolysis, leading to release of Dnad and inorganic phosphate (2). In the ADP-
bound state (B), the latch is closed and the substrate is stably bound. Binding of
GrpE (3) to the DnaK-substrate-ADP complex leads to ADP-release. Upon
rebinding of ATP to DnaK (4), the latch opens up and GrpE as well as the
substrate are released from DnaK. Modified from Hartl & Hayer-Hartl, 2002.
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Eukaryotic Hsp70 homologs work by a mechanism similar to that of DnaK. They
co-operate with Dnal-like co-chaperones, such as the Hsp40-proteins Ydjl and Sisl in
yeast or Hdjl and Hdj2 in mammals, that stimulate their ATPase activity (Young et al.
2004). In contrast, no eukaryotic GrpE homolog has been identified. Instead, the
structurally unrelated BAG1 and its homologs (Snll in yeast) act as nucleotide exchange
factors on Hsc70 (Hohfeld & Jentsch 1997; Sondermann ef al. 2001; Young et al. 2003).
The mammalian co-chaperone HIP (Hsp70 interacting protein) stabilizes the ADP-bound
form of Hsc70, antagonizing BAG1 function (Hohfeld ez al. 1995). HspBP1 in mammals,
or Fesl in S. cerevisiae, is another eukaryotic protein that acts as a nucleotide exchange
factor for eukaryotic Hsp70 homologs (Kabani et al. 2002). The recently solved structure
of HspBP1 in complex with the Hsp70 ATPase domain revealed that HspBPI is
structurally and mechanistically distinct from GrpE and BAG1 (Shomura et al. 2005).

11.4.3 The chaperonins

The chaperonins are large oligomeric assemblies with a molecular mass of ~800
kDa (Bukau & Horwich 1998; Hartl & Hayer-Hartl 2002; Naylor & Hartl 2001). They
consist of two double ring structures, in which each ring encloses a central cavity. The
chaperonins are classified into two subgroups. The Group I chaperonins, also referred to as
Hsp60's, are present in eubacteria and eukaryotic organelles, such as mitochondria and
chloroplasts. They consist of two homo-heptameric rings which form a barrel-shaped
structure and cooperate with heptameric co-factors of the HsplO class. Group II
chaperonins, found in the eukaryotic cytosol and in archaea, are topologically related to
Group I chaperonins, but share only distant sequence homology. They are composed of
two rings containing eight subunits each and do not require HsplO-like co-factors.
Chaperonins act by capturing non-native polypeptides through hydrophobic interactions
and subsequently releasing them into a central hydrophilic cavity in an ATP-regulated
manner. Thus, chaperonins provide a protected folding environment, a mechanism
fundamentally different from the one exerted by members of the Hsp70 family or TF.

The E. coli chaperonin system, GroEL and its co-factor GroES, has been analyzed
in great detail both structurally and biochemically. GroEL consists of two homo-
heptameric rings of 57 kDa subunits, which are stacked back to back and form a barrel-like
structure (Braig et al. 1994; Langer ef al. 1992). The subunits harbor an equatorial domain

with ATPase activity and an apical substrate binding domain, which are connected by a
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hinge-like domain. The inter-subunit contacts are formed by the equatorial domain.
Binding of ATP and the heptameric GroES co-factor, consisting of identical 10 kDa
subunits, results in large structural rearrangements within the GroEL ring. The GroEL
rings, termed cis- and trans-rings, are coupled by negative allostery, such that both rings
cannot exist in the same nucleotide-bound state simultaneously (Hartl & Hayer-
Hartl 2002).

The GroEL/GroES reaction cycle (Bukau & Horwich 1998; Hartl & Hayer-Hartl
2002) (see Figure 4) is initiated by binding of a non-native protein to the apical domain of
a GroEL trans ring that is free of nucleotide and GroES. Subsequently, binding of seven
molecules of ATP in the same ring induces large structural rearrangements: The apical
domains twist up and outward, allowing GroES to bind to them and leading to release of
the substrate into the central cavity. The cavity volume increases simultaneously, and the
cavity surface changes its properties from hydrophobic to hydrophilic. Concomitant with
these rearrangements, GroES and ADP are released from the former cis ring. The substrate
is allowed to fold in the sequestered environment of the GroEL cavity during ATP
hydrolysis for ~10 s. Binding of unfolded substrate, ATP and GroES to the vacant ring
results in release of ADP, GroES and the substrate from the opposite ring. If the substrate
failed to acquire its native structure, it can rebind and participate in another cycle of

binding and release. GroEL/GroES can encapsulate substrates up to a molecular weight of
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Figure 4: The reaction cycle of the GroEL/GroES-system.

I: folding intermediate; N: natively folded protein. The GroEL trans ring is shown in
green, the cis ring in light blue. GroES is colored blue. Binding of the folding
intermediate at the apical domains of the trans ring is followed by binding of
GroES and seven molecules of ATP to the same ring, leading to release of the
substrate into the GroEL/GroES cavity. Simultaneously, ADP and GroES
dissociate from the opposite ring. The substrate is allowed to fold inside the now
hydrophilic cavity for ~10 s, before ATP hydrolysis leads to binding of GroES and
ATP to the opposite ring and release of ADP, GroES and the substrate. Within one
cycle, both N and | accumulate, and | rapidly rebinds.

From Hartl & Hayer-Hartl, 2002.
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~60 kDa. The folding of some polypeptides larger than 60 kDa can proceed without
encapsulation by binding to the GroEL frans ring, opposite the one with bound GroES
(Chaudhuri et al. 2001).

GroEL is thought to act at a later stage in protein folding than TF and the DnaK
system. In contrast to the latter, it recognizes compact folding intermediates (Hayer-Hartl
et al. 1994). The substrate set of GroEL is more restricted than that of TF and DnaK, and
has been investigated in detail recently (Kerner et al. 2005). Certain folds composed of
combinations of o-helices and B-strands, such as the TIM barrel domain, are enriched
among the native structures of GroEL substrates, reflecting special assistance for these
complex domains from the chaperonin during their folding.

The mechanism and substrate set of Group II chaperonins is less well defined than
that of GroEL. Group I and Group II chaperonins share a similar topology in that they are
composed of oligomeric double-rings. The chaperonin of the eukaryotic cytosol is termed
TRiC (TCP1 Ring Complex) or CCT (Chaperonin Containing TCP1). TRiC consists of
two hetero-oligomeric rings of eight orthologous subunits each. The archaeal Group II
chaperonin, referred to as the thermosome, consists of up to three different subunits, which
form octameric or nonameric rings. An o-helical segment in their apical domains, absent in
GroEL, is thought to function as a built-in lid (Ditzel et al. 1998; Klumpp et al. 1997).
TRiC was initially identified due to its requirement for the folding of actin and tubulin,
abundant proteins in the eukaryotic cytosol (Sternlicht et al. 1993; Yaffe et al. 1992). A
recently described class of substrate proteins is constituted by the WD40-repeat proteins
(Siegers et al. 2003). The archaeon Methanosarcina mazei was found to contain both a
Group I and a Group II chaperonin (Klunker et al. 2003) and might offer an opportunity to

investigate substrate preferences of the two families in detail.

11.4.4 Additional chaperone systems

In addition to the cytosolic chaperone systems described above, a large number of
other cellular factors assist in the folding of newly-synthesized or stress-denatured
proteins, often in co-operation with the Hsp70 system or the chaperonins. Compartments
other than the cytosol, such as the endoplasmic reticulum in eukaryotes or the periplasm in
bacteria, harbor their own unique inventory of specialized molecular chaperones. These

will not be discussed further here.



INTRODUCTION 20

Small heat-shock proteins, which are often found associated with inclusion bodies
in E. coli, are stress-inducible molecular chaperones that bind unfolded proteins,
preventing their aggregation and facilitating their refolding by ATP-dependent chaperones
(Ehrnsperger et al. 1997; Narberhaus 2002; Van Montfort et al. 2001). The eubacterial
proteins IbpA and IbpB are members of this class of proteins. Small heat shock proteins of
the eukaryotic cytosol include Hsp12 and Hsp42 as well as the mammalian o-crystallins.

The Clp (Hspl00) proteins constitute a subfamily of AAA proteins. They
participate in the re-solubilization of aggregated proteins in cooperation with the DnaK
chaperone system or the protein degradation machinery (Glover & Lindquist 1998; Mogk
& Bukau 2004; Schirmer et al. 1996; Weibezahn et al. 2005).

Prefoldin, also called Gim (genes involved in microtubule biogenesis) complex or
GimC (Geissler ef al. 1998; Vainberg et al. 1998), is a hetero-oligomeric complex of two o
and four [ subunits that is found in the cytosol of eukaryotes and archaea. Its structure
resembles the shape of a jellyfish with six o-helical coiled-coil structures protruding from
a B-barrel body (Siegert et al. 2000). GimC is able to stabilize non-native proteins, both co-
and post-translationally, and transfer them to the chaperonin (Leroux et al. 1999).

Eukaryotic Hsp90 is a member of the ATP-dependent, homo-dimeric Hsp90
family of chaperones (Young et al. 2004). Similar to the Hsp70-system, the ATPase
activity of Hsp90 regulates substrate binding and release, but the biochemical mechanism
of Hsp90 is not yet fully understood. In contrast to chaperones of the Hsp70 class, it
appears to act at a later stage of the folding process on more compact folding intermediates
of a variety of proteins, including transcription factors, regulatory kinases and other
signaling and structural proteins (Pratt & Toft 2003; Richter & Buchner 2001; Young ef al.
2001). Hsp90 often works together with the cytosolic Hsp70 family member Hsc70,
forming the Hsc70—Hsp90 machinery, which is regulated by diverse co-factor proteins. A
feature often found in these co-factors is a tetratricopeptide repeat (TPR) clamp domain
that mediates interaction with Hsp90, Hsc70, or both. An example of such a co-chaperone
is the mammalian Hsp-organizing protein (HOP), which has two independent TPR clamp
domains and co-ordinates the action of Hsc70 and Hsp90 (Young et al. 2004; Young et al.
2003). The wide variety of co-factor proteins allows the Hsc70-Hsp90 system to operate in

diverse functional contexts (Young et al. 2003).
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II.S Protein synthesis on the ribosome and early events in

de novo protein folding

1.5.1 The ribosome

Proteins are synthesized by the ribosome (Nierhaus & Wilson 2004), a large
assembly of RNA and protein belonging to the functional class of polymerases, which
translates the information encoded in the messenger RNA (mRNA) into an amino acid
sequence. The molecular weight of ribosomes ranges from 2.5 x 10° Da in prokaryotes to
4.5 % 10° Da in higher eukaryotes. Ribosomal RNA (rRNA) constitutes two thirds of the
ribosomal mass, whereas the remaining third consists of ribosomal proteins (r-proteins).
The ribosome is composed of a large and a small subunit, with sedimentation coefficients
of 50S and 30S, respectively, for the bacterial ribosome, which associate on the mRNA to
form the active 70S particle. The 50S (or large) subunit contains one molecule each of 5S
and 23S rRNA, named according to their sedimentation coefficients. In addition to rRNA,
the 50S subunit contains about 35 different r-proteins, termed RPL's (ribosomal proteins of
the large subunit), most of them in single copy. The 30S (or small) ribosomal subunit is
composed of one molecule of 16S rRNA and 22 r-proteins, called RPS's (ribosomal
proteins of the small subunit) (Nierhaus & Wilson 2004).

In the year 2000, high resolution crystal structures of both ribosomal subunits
became available (Ban et al. 2000; Schluenzen et al. 2000; Wimberly et al. 2000).
Subsequently, additional ribosomal structures have been determined, including one of the
entire E. coli ribosome (Schuwirth et al. 2005). These structures provided insight into the
mRNA decoding mechanism (Ogle & Ramakrishnan 2005) and the catalysis of peptide
bond formation at the atomic level (Moore & Steitz 2003; Steitz 2005), revealing that the
peptidyl-transferase center of the ribosome is composed entirely of RNA. Also, the
understanding of the structure and function of many ribosomal proteins has benefited
enormously from the availability of ribosomal crystal structures. Due to their tight
interaction with rRNA, most ribosomal proteins exhibit tertiary structures not present in
other proteins and are unstable in solution by themselves, which makes their
characterization a challenging undertaking (Brodersen & Nissen 2005). Co-crystal
structures of ribosomal subunits with various substrates or inhibitors, antibiotics and

associated proteins have shed light on many aspects of ribosomal function and translation
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in molecular detail (Auerbach et al. 2004; Baram & Yonath 2005; Nilsson & Nissen 2005;
Schlunzen et al. 2005; Steitz 2005; Yonath 2005).

The large ribosomal subunit forms a compact, monolithic structure (see Figure 5).
The proteins are mostly located on the surface, whereas the core of the ribosome consists
almost exclusively of RNA. This subunit is formed by a central, massive core with a
medial elongated feature and two lateral protuberances, called stalks (L1 and L7/L12
stalk). The peptidyl-transferase center (Moore & Steitz 2003; Steitz 2005) and the
ribosomal exit tunnel are located within this subunit (Jenni & Ban 2003). The small
subunit is traditionally subdivided into a "head", a "neck" and a "body" region. It contains
the decoding center (Ogle ef al. 2001; Ogle et al. 2002), as well as the proteins S1, S7 and
S11 responsible for tethering the mRNA to the ribosome, which, in the translating state, is

tightly wrapped around the "head"-region (Yusupova ef al. 2001).

Figure 5: Structure of the large ribosomal subunit.

PT: peptidyl-transferase center. a. Cross-section through the large ribosomal
subunit from H. marismortui along the entire length of the ribosomal exit tunnel. A
ribbon representation of a-helical polypeptide has been modeled inside the exit
tunnel (gray). Backbone atoms of rRNA and ribosomal proteins are shown in
spacefilling representation. Color coding of the 23S rRNA is according to domains
(I: yellow, II: light blue, lll: orange, IV: green, V: red). 5S rRNA is colored in pink
and proteins in blue. The tunnel surface is made mostly or rRNA, with some
contributions from ribosomal proteins. b. Spacefilling representation of the large
ribosomal subunit with the tunnel exit in the center. The rRNA backbone is colored
orange and the bases gray. In red, a modeled polypeptide is shown exiting the
tunnel. Proteins are colored blue, with L19, L22, L23, L24, L29, and L31e
encircling the tunnel exit. From Nissen et al., 2000 (pdb-code 7FFK).
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The ribosomal exit tunnel, through which the nascent polypeptide chain travels as
it is elongating, traverses the large ribosomal subunit from the peptidyl-transferase center
to the tunnel exit which is studded with the r-proteins L19, L22, .23, L.24, 129, and L31e
in the 50S subunit from the archacon Haloarcula marismortui (Nissen et al. 2000) (see
Figure 5). The tunnel surface is constituted mainly by the 23S rRNA with contributions
from the non-globular domains of the ribosomal proteins L4, L.22 and L39¢ (Nissen et al.
2000). It is ~100 A long and has a diameter of 10-20 A at its narrowest constriction (Ban
et al. 2000; Nissen et al. 2000; Yusupov et al. 2001). So far, no other clearly continuous
channel has been identified leading from the peptidyl-transferase center to the ribosome
exterior, thus, all nascent peptides are expected to emerge from the ribosome via this
exit tunnel.

The tunnel surface is largely hydrophilic and does not expose any large
hydrophobic patches that would constitute a binding site for hydrophobic sequences in the
nascent chain (Nissen et al. 2000). Thus, the tunnel has been considered to be rather inert
and not to interact specifically with elongating nascent proteins. Recent evidence showed
that the translation of the SecM polypeptide leads to stalling of translation (Nakatogawa &
Ito 2001), demonstrating that the nature of the nascent chain may have regulatory impact
on the peptidyl transferase activity of the ribosome. Suppressor mutations in the 23S rRNA
and the ribosomal protein L22 alleviated this effect, demonstrating that it is based on
specific interactions of the nascent chain with components of the wall of the exit tunnel
(Nakatogawa & Ito 2002).

Results from limited proteolysis experiments obtained in the late 1960's indicated
that 30-40 aa of a ribosome-bound nascent chain are protected from proteolytic
degradation (Blobel & Sabatini 1970; Malkin & Rich 1967). Considering a tunnel length of
~100 A, these results suggest that the nascent polypeptide resides within the exit tunnel in
an extended conformation, consistent with the relatively small diameter of the tunnel,
which would not be expected to accommodate structures more complex than an o-helix.
Recent results, however, indicated that certain nascent chains may form partially
compacted structures within the ribosomal channel (Lu & Deutsch 2005; Woolhead et al.
2004). Observations by cryo-electron microscopy revealed dynamic properties of the exit
tunnel: Translation of model polypeptides led to an expansion in volume of the exit tunnel,
possibly allowing the compaction of the nascent chain before it exits the ribosomal tunnel
(Gilbert et al. 2004). Folding within the ribosomal exit tunnel has so far been observed

only for trans-membrane proteins. Most soluble proteins are expected to emerge from the
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ribosome in an unfolded state, where they encounters the crowded environment of the
cytosol as well as ribosome-tethered molecular chaperones that guide their folding to the

native state.

1.5.2 Translation and folding

Protein folding per se is a spontaneous process, driven by the minimization of the
free energy of the system. Thus, a polypeptide sequence will have the propensity to start
folding as soon as it emerges from the ribosomal exit tunnel. During translation, the amino
terminus of the nascent chain emerges first from the interior of the ribosome, and more of
the polypeptide sequence becomes available sequentially as peptide elongation proceeds.
Productive folding, however, requires the sequence of at least an entire protein domain to
be available, and folding is usually fast compared to the rate of translation. If the folding of
the nascent polypeptide begins before the synthesis of a domain is completed, there is a
risk of misfolding, i.e. the irreversible formation of non-native intra-molecular contacts,
which is further enhanced by the crowded environment that the nascent polypeptide
encounters in the cytosol. These difficulties have to be overcome by the action of
molecular chaperones.

Two different mechanisms have evolved to promote efficient folding of newly
synthesized proteins. The eukaryotic chaperone machinery allows efficient sequential
domain folding during translation, demonstrated by the analysis of artificial two-domain
fusion-proteins (Netzer & Hartl 1997). Co-translational domain-wise folding occurs in the
prokaryotic cytosol as well (Nicola ef al. 1999), but with a greatly reduced efficiency when
compared to eukaryotes (Netzer & Hartl 1997). Instead, domain folding is delayed relative
to translation in bacteria, or may be entirely post-translational for some proteins (Agashe et
al. 2004). It has been shown that both TF and DnaK improve the folding yield of two
multi-domain proteins, firefly luciferase (FL) and E. coli B-galactosidase, by delaying their
folding and promoting a post-translational mechanism. In the absence of these chaperones,
rapid, but inefficient co-translational folding was observed (Agashe et al. 2004).

Individual classes of chaperones as well as the translational machinery are
conserved to a high degree among prokaryotes and eukaryotes. Yet, important differences
affecting the coupling of translation and folding may reflect different selective pressures.
Rapid, co-translational domain-folding in eukaryotes, facilitated by relatively low

translation rates of ~3—8 aa/s (Bremer & Dennis 1996; Mathews et al. 2000) and a
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specialized chaperone machinery, may have allowed the evolution of readily foldable
modular proteins with novel functions by random gene fusion (Netzer & Hartl 1997). In
contrast, bacteria may have been able to achieve short generation times through higher
translation rates (~12—-22 aa/s) and the evolution of chaperones that promote robust post-
translational folding (Agashe et al. 2004; Chang et al. 2005; Hartl & Hayer-Hartl 2002),

such as the uniquely bacterial TF.

1.5.3 Trigger factor

TF was originally identified by Wickner and co-workers in 1987 as a ribosome-
associated, essential component of the secretion machinery of E. coli. In vitro experiments,
analyzing the translocation of the bacterial outer membrane protein OmpA through the
inner membrane, suggested that TF stabilized the precursor, proOmpA, in a loosely folded
conformation and promoted its translocation (Crooke et al. 1988; Crooke et al. 1988;
Crooke & Wickner 1987). Cloning of the corresponding gene, termed fig, allowed the
construction of E. coli strains harboring the tig gene under the control of an exogenous
promoter (Guthrie & Wickner 1990). Depletion of TF in these cells did not result in a
defect of OmpA-secretion, showing that TF was not required for this process. Instead,
reduced TF levels were observed to promote filamentation of the cells, indicating defects
in cell division, probably through secondary effects (Guthrie & Wickner 1990). Work from
different laboratories in the following years led to the recognition of TF as a general
ribosome-associated molecular chaperone (Hesterkamp et al. 1996; Stoller et al. 1995;
Valent et al. 1995).

The tig gene is not induced upon heat shock, thus, TF is not considered a heat
shock protein. Rather, TF levels seem to be regulated according to cell growth rates,
similar to components of the transcription/translation machinery (Griffiths et al. 1995;
Guthrie & Wickner 1990; Lill et al. 1988; Pedersen et al. 1978). The tig gene is not
essential for survival in an E. coli wild type background. Combined deletion with the dnak
gene results synthetic lethality at temperatures above 30 °C (Deuerling et al. 1999; Teter et
al. 1999). All bacterial genomes sequenced to date contain a tig homolog. Even
Mycoplasma genitalium, that has the smallest bacterial genome known and lacks GroEL,
contains a gene encoding TF (Bang et al. 2000; Fraser et al. 1995).

The E. coli TF protein is composed of 432 aa and has a calculated molecular

weight of 48.2 kDa. It is composed of three subdomains (see Figure 6): An amino-terminal
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Figure 6: Structure of TF and assumed positioning on the ribosome.

N: amino-terminus, C: carboxyl-terminus, TF-N: TF amino-terminal ribosome
binding domain, TF-f.l.: full-length TF a. Ribbon representation of the full-length TF
structure (pdb-code 1w26, chain A, Ferbitz et al. 2004). The three images are
related by rotation around the vertical long axis by ~90°. The amino-terminal
domain is colored red, the middle PPlase domain yellow, the Arm 1 and Arm 2 of
the carboxyl-terminal domain are shown green and blue, respectively. The TF
signature motif is colored in magenta. The domain arrangement along the primary
structure is shown schematically with the same color coding in the bottom panel.
Numbers indicate the position of the domain boundaries. b. Surface representation
of TF in a orientation similar to that in the middle panel of (a). The coloring
corresponds to the electrostatic potential (blue: positive; red: negative). The
crevice, surrounded by the protrusions (Arm 1 and 2) exposes hydrophobic
patches on the surface, colored white. ¢. Modeling of full-length E. coli TF (Body,
Head; dark red) onto the ribosome based on the co-crystal structure of the amino-
terminal TF-domain of D. radiodurans TF (Tail; red) in complex with its 50S
ribosomal subunit. Ribosomal proteins (r-proteins) and rRNA are colored as
indicated. A modeled nascent chain emerging from the exit tunnel (indicated by
black arrows) is shown in blue. The loop-extension of L24 (shown in gold; with the
globular domain in yellow) encroaches on the hydrophobic crevice.

The ribbon diagrams in (a) were generated with DeepView/Swiss PDB-viewer and
rendered with Pov-Ray. (b) from Ferbitz et al. 2004. (c) from Schlunzen et al.
2005.
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domain that mediates ribosome binding, followed by a central PPlase domain with
homology to the immunophilins of the FK506 binding protein (FKBP) family, and a
carboxyl-terminal domain that, based on the analysis of deletion mutants (Hesterkamp et
al. 1997), had been proposed to be the major substrate binding domain. TF associates with
non-translating ribosomes in a salt-sensitive manner, whereas the association with
translating ribosomes is salt-resistant (Hesterkamp et al. 1996).

The structure of the isolated ribosome binding domain of TF (TF-BD) was solved
in 2003 (Kristensen & Gajhede 2003). It revealed an elongated o + B-structure consisting
of a four-stranded anti-parallel B-sheet flanked by two long o-helices (see Figure 7). One
of the o-helices is strongly kinked at a position close to the loop connecting the two -
helices. This loop contains the TF "signature motif", Glys;-Phe-Arg-x-Gly-x-x-Proso,
constituting the main ribosome-binding region in TF (Kramer et al. 2002). The TF
FRK/AAA mutant, where residues 44—46 were replaced with alanine, showed a severe
reduction in its ability to bind to the ribosome (Kramer et al. 2002). Mutational analysis
revealed that TF binds to the ribosomal protein L23, since mutation of the conserved
glutamate at position 18 in the E. coli L.23 to alanine or glutamine severely reduced TF-
binding (Kramer et al. 2002).

The substrate specificity of the TF PPlase resembles that of the FKBP-type of
PPlases (Callebaut & Mornon 1995; Stoller et al. 1995). Limited sequence similarity with
other PPIases of the FKBP family and the inability of the inhibitors FK506 and cyclosporin
A to abolish the TF PPlase activity led to the suggestion that the TF PPlase represents a
new family of this class of enzymes (Stoller et al. 1995). Neither TF mutants that carry
point mutations in the PPlase domain, inactivating its enzymatic function, nor deletion of
the entire domain affected the ability of TF to complement the synthetic lethality of a
combined deletion of tig and dnaK. Thus, PPIase activity appears not to be essential for TF
function (Genevaux et al. 2004; Kramer et al. 2004).

Although it was proposed to be involved in substrate binding (Hesterkamp et al.
1997), the function of the carboxyl-terminal domain remained enigmatic until the structure
of full-length E. coli TF was solved in 2004 (Ferbitz et al. 2004) (see Figure 6). This
domain forms a backbone-like structure, separating the amino-terminal ribosome-binding
domain from the PPlase "head", which are at opposite ends of the molecule. The carboxyl-
terminal domain forms, encompassed by two protrusions or arms, a central crevice that
exposes a hydrophobic surface (see Figure 6), consistent with its role as the substrate

binding domain. The structure of a carboxyl-terminally truncated version of TF from
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Vibrio cholerae was determined independently (Ludlam et al. 2004), exhibiting many of
the features observed in the E. coli TF structure.

The crystal structure of full-length TF in complex with the ribosome has not been
solved to date. However, crystal structures of the amino-terminal TF-BD with the large
ribosomal subunit from bacteria and archaea have allowed to model full-length TF onto the
ribosome (Baram et al. 2005; Ferbitz et al. 2004; Schlunzen et al. 2005), suggesting its
probable position. All of these models predict that the hydrophobic crevice of TF is
oriented towards the exit tunnel and thus would be accessible to the emerging nascent
chain (see Figure 6).

In the earliest of these models, built from a co-crystal structure of the amino-
terminal 144 aa of E. coli TF in a heterologous complex with the 50S subunit from the
archaeon H. marismortui, TF was proposed to crouch over the ribosomal exit tunnel. The
resulting "cradle"-shaped space was suggested to provide a confined space large enough to
accommodate compactly folded domains of up to ~15 kDa in size, allowing their co-
translational folding in a protected environment (Ferbitz et al. 2004). This model, however,
was afflicted with major uncertainty, since only 35 out of 144 residues of the TF-BD could
be visualized, whereas the other residues could not be assigned to the experimentally-
determined electron density. In addition, due to the absence of TF in all archaeal genomes
sequenced to date, the heterologous complex provided incomplete insight into TF-
ribosome interactions.

Subsequently, two structures of a homologous complex of the TF-BD and the 50S
subunit from the eubacterium Deinococcus radiodurans were solved, revealing the
molecular details of the interaction between the ribosome and this TF domain (Baram et al.
2005; Schlunzen et al. 2005). The predominant contacts that mediate ribosome binding of
TF are established by the flexible loop region of TF, that is located between helices ol and
o2 and contains the TF signature motif. This region contacts the ribosomal protein L.23 and
ribosomal RNA. Residues at the side of the loop also contact the ribosomal protein 129,
although to a minor extent (Schlunzen et al. 2005). This is consistent with L29 not being
essential for TF-ribosome interactions (Kramer et al. 2002). In addition, helix o2 contacts
an extended loop structure of L24 (Schlunzen et al. 2005) (see Figure 6). The revealed
interactions position TF in a way that the hydrophilic surface of the 4-stranded B-sheets
faces away from the ribosome towards the solvent, whereas the hydrophobic surface at the
opposite site of the -sheet faces the ribosomal exit tunnel (Baram et al. 2005; Schlunzen

et al. 2005).
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A reorientation of helix o2 in the ribosome-bound state (see Figure 7) enables the
interaction of TF with L24. In the ribosome-bound state, the carboxyl-terminal end of helix
o2 is shifted away from the B-sheet structure of the TF-BD, as compared to the situation
with unbound TF. This conformational rearrangement causes the binding loop to adopt a
more open conformation. In addition, this loop is folded back towards helix o2 in the
ribosome-bound conformation, resulting in a hooked conformation of the loop (Schlunzen
et al. 2005).

In the structure of free TF (Ferbitz et al. 2004), helix o2 is packed against the 4-
stranded [B-sheet of the TF-BD, stabilized mainly by hydrophobic interactions. The shift in
the position of the helix by 40° that is observed in the ribosome-bound structure leads to a
separation of these structural elements and an increase in area of the hydrophobic surface
on the B-sheet that is oriented towards the polypeptide exit tunnel (Baram et al. 2005;
Schlunzen et al. 2005). The structural rearrangements within the amino-terminal TF-BD
open up a tunnel-like structure with highly hydrophobic walls, that is aligned with the
ribosomal exit tunnel on one side and with the hydrophobic crevice of the TF body on the

other (Schlunzen et al. 2005) (see Figure 7). These observations suggest that ribosome

Figure 7: Conformational rearrangements in the TF ribosome binding domain.

Dr: D. radiodurans, Ec: E. coli, K: kink in helix a2. a. Superposition of the loop
region of ribosome-bound TF from D. radiodurans (red) with each of the three
molcecules (a, b and c, in different shades of green) found in the asymmetric unit
of the unbound amino-terminal TF-BD from E. coli (Kristensen & Gajhede 2003).
The two orientations shown are related by rotation as indicated. Helix o2 of the
ribosome-bound D. radiodurans TF-BD is shifted by ~40° when compared to the
free E. coli TF. b. Surface representation of the ribosome bound amino-terminal
domain of D. radiodurans TF. An o-helical nascent peptide is modeled into the
conduit. Hydrophobic regions on the surface are shown in gray, polar regions in
green/orange. c. Left: same as b., but with a transparent surface and a backbone
representation in red. Right: same representation of the free E. coli TF-BD. The
hydrophobic channel is present only in the ribosome-bound structure, where the
universally conserved Phe43-residue and the neighboring residues are flipped into
the hydrophobic loop-region compared to the structure of the free E. coli TF.

From Schlunzen et al. 2005.
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binding induces the formation of a conduit in the TF amino-terminal domain that could
guide the nascent chain towards the hydrophobic crevice.

The docking of the full-length TF onto the ribosome-bound TF-BD from D.
radiodurans TF resulted in a model in which the overall orientation of TF was similar to
the one described by Ferbitz et al. The interaction between helix a2 and L24, however,
was not visible in the heterologous complex, because the L24 from H. marismortui lacks
the loop extension that contacts a2 (Ferbitz et al. 2004; Schlunzen et al. 2005). The L24
loop is relatively disordered in the native D. radiodurans 50S structure, but appears to be
stabilized in the complex with the TF amino-terminal domain. In the resulting model, the
space confined by the molecular cradle is substantially reduced by the L.24 extension, such
that a globular domain of ~15 kDa cannot be accommodated (see Figure 6). The loop
extension of L24 from E. coli is slightly larger than in D. radiodurans. The crevice in the
homologous complex of E. coli TF with its 50S ribosomal subunit is thus expected to
exhibit at least the same restriction in space, rendering the occurrence of co-translational
folding within the proposed cradle very unlikely (Schlunzen et al. 2005).

In vitro experiments have shed light on the dynamics of the TF-ribosome
interactions (Maier et al. 2003). Both the association and the dissociation of the TF-
ribosome complex were found to be rather slow processes, with an average lifetime of ~30
s for the complex at 20 °C (Maier et al. 2003), significantly longer than the lifetime of a
complex between TF and model substrates in solution (~100 ms) (Maier et al. 2001). The
dissociation constants (Kp) of TF complexes with vacant, i.e. non-translating ribosomes,
and free substrates are ~1 uM (Maier et al. 2003; Patzelt et al. 2002) and ~100uM (Maier
et al. 2001), respectively. Free TF forms dimers in solution (Patzelt et al. 2002), with
reported Kp's for self-association in the range of 1.8 uM to 18 uM (Maier et al. 2003;
Patzelt et al. 2002). Recently, the analysis of carboxyl-terminal truncation mutants showed
a reduction in their ability to dimerize, indicating an involvement of the carboxyl-terminal
domain in dimer formation (Zeng et al. 2005). In addition to the fact that a single TF
amino-terminal domain is bound to the large ribosomal subunit in the three complexes thus
far observed (Baram et al. 2005; Ferbitz et al. 2004; Schlunzen et al. 2005), biochemical
evidence also suggests that the ribosome-bound species is a monomer (Patzelt et al. 2002),
although neutron scattering analysis suggested dimeric TF to be bound on the ribosome
(Blaha et al. 2003).

In vitro, TF can be cross-linked to nascent chains as short as 57 residues

(Hesterkamp et al. 1996). It can act as a shield since it protects ribosome-bound nascent
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chains against proteolytic degradation, although it is not clear how general this function is
with regard to the characteristics of the nascent chain (Hoffmann et al. 2006; Tomic et al.
2006). The interaction of TF with free substrate polypeptides in solution, without the
context of translation, is rather weak (Maier et al. 2001; Patzelt et al. 2001), which renders
the identification of TF-binding sites on the substrate difficult. Using a membrane-bound
peptide array, a binding motif was identified consisting of 8 aa enriched in basic and
aromatic residues (Patzelt et al. 2001). Binding to these peptides was attributed to the TF
PPlase domain. In light of the recent structural information, it appears likely that the
PPIase domain does not constitute the main substrate binding site (Ferbitz et al. 2004). The
finding that structural rearrangements occur within TF upon association with the ribosome
(Baram et al. 2005; Schlunzen et al. 2005) suggests that ribosome binding may promote
binding of TF to its substrate nascent polypeptide in addition to creating a high local
concentration of TF at the ribosomal exit site.

In vitro refolding experiments have shown a function of TF in preventing
aggregation and promoting the refolding of certain denatured model proteins (Kramer ef al.
2004; Liu et al. 2005; Liu & Zhou 2004; Maier et al. 2001), leading to different hypotheses
regarding TF mechanisms. Due to an excess of TF molecules compared to ribosomes in the
cell, a significant fraction of TF is clearly not ribosome-associated, and this fraction could
potentially exert a chaperone function on free substrates. The discovery that ribosome-
binding leads to conformational changes and the exposure of hydrophobic binding
surfaces, at least within the amino-terminal domain (see Figure 7), suggests that the
chaperone function of free TF may be distinct from the mechanism by which ribosome-
bound TF assists the folding of newly synthesized proteins.

In vivo experiments showed that, under laboratory conditions, deletion of the tig
gene alone does not result in any apparent growth defects or protein aggregation. In the
absence of TF, an increased fraction of newly synthesized proteins interacts with DnaK,
indicating a functional overlap of these two systems (Deuerling et al. 2003; Teter et al.
1999). Combined deletion of the tig and dnaK genes, however, causes protein aggregation
at all growth temperatures tested and synthetic lethality at temperatures of 30 °C or more
(Agashe et al. 2004; Genevaux et al. 2004; Vorderwulbecke et al. 2004). Ribosome
binding is crucial for TF function, since mutations in the ribosomal protein L23 that
abolish TF binding are also lethal in the absence of DnaK (Kramer et al. 2002). The
synthetic lethality of a combined deletion of tig and dnaK can, in part, be suppressed by

adaptation of the cells and enhanced expression of other factors that may prevent bulk
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protein aggregation, e.g. the GroEL/GroES system (Genevaux ef al. 2004; Vorderwulbecke
et al. 2004). Similarly, overexpression of SecB, a component of the sec pathway of protein
secretion, was shown to suppress the phenotypes of cells lacking TF and DnaK (Ullers et
al. 2004).

The contributions of the individual domains towards TF function in vivo has been
analyzed by the ability of TF deletion mutants to rescue the temperature sensitive
phenotype of the E. coli MC4100 AtigAdnaKdnaJ strain (Genevaux et al. 2004; Kramer et
al. 2004). A TF mutant in which the entire PPlase domain has been deleted behaved
essentially as wild type, indicating that the PPlase domain is dispensable for the TF
function associated with cell survival. It appears to be less clear, however, whether the
amino-terminal TF-BD alone (or together with the PPlase domain) is sufficient to
complement TF function in the absence of DnaK. Kramer et al. reported complementation
of the synthetic lethality phenotype for both of these constructs, whereas Genevaux et al.
did not observe rescue with constructs of almost the identical sequence (Genevaux et al.
2004; Kramer et al. 2004). However, the presence of amino-terminal ribosome-binding
domain was found to be strictly required for TF function in all cases (Genevaux et al.

2004; Kramer et al. 2004).
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I1.6 Aim of this study

Recently, the mechanistic importance of TF chaperone function in de novo protein
folding has been highlighted by the analysis of multi-domain protein folding in vivo
(Agashe et al. 2004). The TF crystal structure provided insight into the domain
organization of the chaperone and suggested functional implications (Ferbitz et al. 2004).
However, little is known about the biochemical mechanism by which TF assists the folding
of newly synthesized proteins. The structure of the TF amino-terminal domain in complex
with the large ribosomal subunit revealed changes in the tertiary structure (Baram et al.
2005; Schlunzen et al. 2005). Thus, characterization of substrate interactions with full-
length TF in the context of translation seemed highly desirable. To provide such
information constitutes the main goal of this study.

The large mass of TF and the tight packing of large ribosomal subunits in the
crystals thus far obtained may prevent co-crystallization of full-length TF in complex with
the ribosome for X-ray structural studies. Therefore, alternative approaches must be
employed to investigate this interaction. The only well characterized functional mutant of
TF is the FRK/AAA version, deficient in ribosome binding (Kramer et al. 2002). Also,
nucleotide- or co-factor-dependent regulation of TF has not been reported. Thus, arrest of
TF in a defined functional state, which would make it amenable to classical biochemical
characterization, is difficult. Fluorescence-based techniques have therefore been applied in
this study to characterize the interaction of TF with the ribosome and with its nascent chain
substrates. Furthermore, the application of these spectroscopic techniques to a cell-free
transcription/translation system (Shimizu et al. 2005) allowed the detailed observation of
TF activity in real time during translation of various substrate proteins. The results
obtained in this study suggest a dynamic functional cycle for TF, representing a paradigm

of ATP-independent chaperone regulation.
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III MATERIALS AND METHODS

III.1 Chemicals

Unless otherwise stated, chemicals were from Sigma-Aldrich (Steinheim, Germany) of

“pro analysi” grade.

Amersham Pharmacia Biotech (Freiburg, Germany): ECL plus detection kit
BioMol (Hamburg, Germany): IPTG; HEPES

BioRad (Munich, Germany):

Ethidium bromide
Bradford Protein Assay

Boehringer Mannheim (Mannheim, Germany): Proteinase K

Difco (Heidelberg, Germany):
Bacto Tryptone

Bacto Yeast Extract
Bacto Agar

Merck (Darmstadt, Germany): ampicillin

New England Biolabs (Frankfurt a.M., Germany):

Restriction endonucleases
T4 ligase

Post Genome Institute (Tokyo, Japan): PURE system II classic translation system

Promega (Mannheim, Germany):

Taq polymerase
Luciferase Assay System (#E1501)

Roche (Basel, Switzerland):
Benzonase
Complete protease inhibitor
EDTA-free protease inhibitor

DNase I, RNase free
Shrimp Alkaline Phosphatase (SAP)

Schleicher & Schuell (Dassel, Germany): Protran Nitrocellulose Transfer Membrane
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II1.2 Materials and Instruments
Abimed (Langenfeld, Germany): Gilson Pipetman 2, 10, 20, 100, 200 and 1000

Amersham Pharmacia Biotech (Freiburg, Germany):
EPS 300 electrophoresis power supply
FPLC chromatography systems
AKTA Explorer 100 chromatography system
HiTrap Chelating column, Sml

HiPrep Desalting column
NAP-5 Sephadex G25 desalting columns

Amicon (Beverly, MA, USA): concentration devices (Centriprep, Centricon)

Avestin (Mannheim, Germany): EmulsiFlex C5 homogenizer

Beckman (Munich, Germany):
DU 640 UV/VIS Spectrophotometer

Avanti J-25 centrifuge with rotors JLA 10.500 and JA 25.50
Optima LE 80k ultracentrifuge with rotors SW28 Ti, SW 41 Ti, SW 55 Ti

Biometra (Gottingen, Germany): T3 PCR-Thermocycler
BioRad (Munich, Germany):

MiniProtean 2 electrophoresis chamber

Tank blot system
Gene Pulser Xcell electroporation device with Gene Pulser electroporation cuvettes

Branson Ultrasonics (Danbury, CT, USA): Sonifier Cell Disruptor B15

Dynal/Invitrogen (Karlsruhe, Germany): Dynabeads Protein A coupled magnetic beads

Eppendorf (Hamburg, Germany):

5415C and 5417R centrifuges
Thermomixer Comfort

Fisher Scientific (Schwerte, Germany): Accumet Basic pH meter
Fuji (Tokyo, Japan) : FLA 2000 Phosphorimager
Hampton Research (Aliso Viejo, CA, USA):

VDX Plate with sealant
22 mm Siliconized Square cover slides

Mettler Toledo (GieBBen, Germany) : AG285 and PB602 balances

Millipore (Eschborn, Germany):
Millex SV Filter Units, pore size 0.22 uM

Steritop GP Filter Units, pore size 0.22 uM
MilliQ plus deionization system

New Brunswick Scientific (Niirtingen, Germany): Innova 4430 incubator
Raytest (Straubenhardt, Germany): AIDA version 2.31 gel imaging software
Savant (Strasbourg, France): SGD 2000 slab gel dryer
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II1.3 Buffers and Media

111.3.1 Buffers
5x SDS-PAGE sample buffer

10x DNA loading buffer 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

10I-buffer 50 mM sodium-PO4 pH 8.0
300 mM NacCl
10 mM imidazole

10% glycerol

25T-buffer 25 mM Tris-HCI, pH 7.6 at 4 °C
100 mM NacCl

SO0H-buffer 50 mM HEPES-KOH

50P-buffer 50 mM sodium-PO, pH 8

Buffer A 20 mM Tris-HCI, pH 7.5 at 4 °C
10.5 mM Mg acetate
100 mM NH4Cl
0.5 mM EDTA

3 mM B-mercapto ethanol

Buffer B 20 mM Tris-HCI, pH 7.5 at 4 °C
10.5 mM Mg acetate
500 mM NH4Cl
0.5 mM EDTA

3 mM B-mercapto ethanol
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Buffer C

Buffer E

Citrate buffer

Luciferase Dilution Buffer

MC buffer

PBS

Ribosome Spec-buffer

10 mM Tris-HCI, pH 7.5 at 4 °C
10.5 mM Mg acetate

500 mM NH4Cl

0.5 mM EDTA

7 mM B-mercapto ethanol

10 mM Tris-HCI, pH 7.5 at 4 °C
10 mM Mg acetate
60 mM NH,Cl

3 mM B-mercapto ethanol

100 mM citric acid
pH adjusted to 5.5 with NaOH

25 mM Tris-phosphate pH 7.8
2mM DTT

2 mM CDTA

10% glycerol

1% Triton X-100

1 mg/ml BSA

100 mM MgSOy4
5 mM CaCl,

137 mM NacCl

2.68 mM KCl

10.1 mM Na,HPO,

1.76 mM NaH,PO4

pH adjusted to 7.4 with HCl

25 mM Tris-HCI pH 7.4
10 mM MgCl,
100 mM NH4CI
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SDS-PAGE electrophoresis buffer 50 mM Tris-HCI pH 8.3

TAE-buffer

TBST

TBST

TEV Storage buffer

11.3.2 Media

LB medium

LB agar

380 mM glycine
0.1% (w/v) SDS

242 g/1 Tris base
57.1 ml/] acetic acid

50 mM EDTA

25 mM Tris-HCI, pH 7.2
150 mM NacCl

25 mM Tris-HCIL, pH 7.2
150 mM NacCl
0.1% Tween 20

20 mM Tris-HCI pH 8.0
100 mM NacCl

1 mM DTT

0.5 mM EDTA

10% glycerol

10 g/l bacto tryptone

5 g/l bacto yeast extract

5 g/l NaCl

pH adjusted to 7.4 with NaOH

16 g/l bacto agar

dissolved in LB medium
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SOC medium

Top agar

20 g/l bacto tryptone

5 g/l bacto yeast extract

5 g/l NaCl

2.5 mM KCI

pH adjusted to 7.4 with NaOH

after autoclaving, supplemented with
10 mM MgCl,

20 mM glucose

10g/1 bacto tryptone

1g bacto yeast extract

8g bacto agar

8g NaCl

after autoclaving, supplemented with
2 ml 1M CaCl,

5 ml 20% glucose
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II1.4 DNA manipulations

lll.4.1 General Procedures

Unless indicated otherwise, all molecular biology procedures were performed as
described by Sambrook et al., 1989.

Gel extraction of DNA fragments, purification of PCR products and clean up of
digested DNA fragments was achieved by immobilization of DNA on a silica-based
membrane, removal of contaminants and subsequent elution in 10 mM Tris-HCI, pH 8
(elution buffer, EB) using commercially available kits (Wizard SV Gel and PCR Clean-Up
System, Promega). Plasmid DNA was isolated from E. coli DH5o using the same principle
(Wizard SV Miniprep System, Promega).

Double stranded-DNA was quantitated spectrophotometrically assuming that
1 Az60 unit corresponds to 50 pg double stranded DNA.

Ehe 1 endonuclease was from Fermentas, all other endonucleases were from New
England Biolabs (NEB).

Unless stated otherwise, Pfu turbo polymerase (Stratagene) was used to amplify
DNA fragments with specific primers. PCR reactions were set up in the buffer supplied by
the manufacturer without additional Mg®" and contained 10 pmol of each primer, 10 pmol
of each ANTP and 2.5 units of the polymerase in a volume of 50 ul. Denaturation during
the PCR cycle was at 95 °C, annealing was at 50 °C and the elongation temperature was
72 °C unless indicated otherwise. After an initial denaturation of 2 min, 34 cycles of 30 s
denaturation, 30 s annealing and elongation for a variable time were conducted.

Colony PCR was performed using 7ag polymerase with primers specific for
promoter and terminator sequences on the plasmid of interest. A typical reaction mix
contained 5 pmol of each primer, 5 pmol of each ANTP, 2.5 mM MgCl, and 1 unit of Tag
polymerase. A colony of DH5a cells transformed with the plasmid of interest was picked
with a sterile pipet tip and first swirled in the PCR reaction mix before used to inoculate
LB medium. The temperature profile for colony PCR was the same as for regular PCR
reactions except that an initial denaturation step of 5 min was used.

Agarose gel electrophoresis for the analysis of DNA fragments was performed
using a Horizon 58 electrophoresis chamber (Whatman) with an EPS 300 power supply
(Pharmacia Biotech) operated at constant voltage (90 V). Agarose gels were prepared in
TAE buffer containing 1 — 2% agarose and 1 pg/ml ethidium bromide for visualization of

double stranded DNA.
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The integrity of the open reading frame (ORF) of all plasmids was verified by Dye
Terminator Cycle Sequencing performed by Sequiserve (Vaterstetten, Germany).

For bacterial growth, LB medium was used. When indicated, the medium was
supplemented with 100 pg/ml ampicillin (LB*™), 30 ug/ml kanamycin (LB**"), 170 pg/ml
chloramphenicol (LB“*™) or 50 pg/ml tetracycline (LB™).

Chemically competent E. coli DH5ow and BL21(DE3)gold cells were prepared by
the calcium phosphate method (Sambrook et al. 1989). For transformation of plasmid
DNA, chemically competent cells were mixed with DNA and incubated 15 min on ice.
Cells were subjected to a heat shock by incubation at 42 °C for 90 sec and placed on ice
before resuspension in unsupplemented LB medium. Prior to plating on LB-agar, cells
were allowed to recover at 37 °C for 1 h.

For the preparation of electro-competent E. coli cells, a culture was grown in 5 ml
LB-medium to an ODggy of 0.6 — 0.8. Cells were harvested and subjected to three
successive washes with sterile water. Cells were resuspended in water, mixed with DNA
and incubated on ice for 15 min. Electroporation was performed using Gene Pulser
cuvettes with an electrode gap of 0.2 cm (Biorad) and a GenePulser Xcell device (Biorad).
Settings for resistance, capacitance and voltage were 200 Q, 25 pFd and 2.5 kV,
respectively. Immediately after electroporation, cells were resuspended in 800 pl SOC
medium and allowed to recover for 1 h prior to plating.

Vector maps of all plasmids generated are given in Appendix VII.2.

1ll.4.2 Cloning of TF-expression constructs

pPROEX-HTa-based plasmids were generated for protein overproduction. The
ORF of the various TF versions was inserted into this backbone in a way that the encoded
protein was preceded by an amino-terminal Hisg sequence and a TEV protease recognition
site.

The OREF of full-length TF was amplified by PCR from E. coli K12 genomic DNA
using primers TFP1B (forward) and TFP4 (reverse; for primer sequences, see Appendix
VIL.1). TF1B was 5’-phosphorylated. Elongation was allowed to proceed for 90 s per
cycle. For carboxyl-terminal truncations of TF consisting of the amino-terminal 112 and
148 residues, reverse primers TFP2 and TFP3 were used, respectively. In this case, the

elongation time was 1 min. The specificity of the reaction and the correct size of the
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products was confirmed by agarose gel electrophoresis. The PCR products were purified
and eluted in 75 ul EB. The purified PCR products were digested with Sal I endonuclease,
subjected to a DNA clean up step and eluted in 30ul EB.

For preparation of the backbone, ~7.5 pg pPROEX-HTa plasmid (Invitrogen) were
digested with Ehe I and Sal 1 endonucleases and dephosphorylated using Shrimp Alkaline
Phosphatase (SAP, Roche). The DNA was purified and eluted in 30 pul EB.

For ligation of the Sal I-cut, 5’-phosphorylated insert into the EFhe I, Sal 1 cut
pPROEX-HTa, 3 ul insert and 1 pl vector were incubated with 400 units of T4 ligase
(NEB) in a volume of 20 pl. In a control reaction, water was added instead of insert.
Incubation was carried out in a thermocycler running the following temperature profile:
20 min at 20 °C, followed by 99 cycles of 2 min each at 12 °C, 18 °C and 24 °C, and
finally 60 min at 20 °C.

Half of the ligation reaction was transformed into chemically competent DH5o
cells. Cells were plated on LB*™-agar. Transformants were allowed to form colonies
overnight at 37 °C. Single colonies were used to inoculate LB*™ medium and grown
overnight at 37 °C. Cells were harvested and plasmid DNA was isolated. Presence of an
insert of the correct size was confirmed by restriction analysis using Sty I and Sal 1

endonucleases.

1ll.4.3 Cloning of the TF deletion mutant NC

Plasmids encoding the NC proteins were generated in collaboration with Hung-
Chun Chang. An expression construct for the production of a TF variant lacking the central
PPIase domain was generated in a two-step procedure: First, a DNA fragment encoding the
carboxyl-terminal part of TF (residues 244 to 432) was amplified by PCR using primers
Not-TFC (forward) and Xbal-stop-TFC (reverse) with plasmid pCKTF3B as a template
(see Appendices VIL.1 and VIL.2). The resulting fragment was cloned into the pPROEX-
HTa via Notl- and Xbal-endonuclease sites, resulting in plasmid pTFC.

In the second step, a DNA fragment encoding the amino-terminal domain of TF
(residues 1 to 150) was amplified using primers TFP1B (forward) and SpeNot-TFN
(reverse) with pCKTF3B as a template, resulting in a 5’-phosphorylated DNA fragment.
This fragment was cloned into pTFC via Notl- and Xbal-endonuclease sites, resulting in
the expression plasmid pTFNC. This plasmid encodes a TF version in which residues 151

to 243 are deleted and replaced by a flexible linker with the amino acid sequence
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GTSAAAG. The OREF is preceded by a sequence encoding a Hise-tag and a TEV protease
cleavage site. This protein is referred to as NC.

For the generation of an R14C-mutant of NC, primers TFP1B and SpeNot-TFN
were used in a PCR with template DNA encoding the TF R14C mutant (pCKTF8) (see
Appendix VIL.2). The resulting DNA fragment encoding the amino-terminal residues of TF
with the R14C mutation was cloned into pTFC as described above. In a similar way, the
NC R14C T150C double cysteine mutant was generated, except that primers TFP1B and
SpeNot-TFN150C were used on pCKTF8 template DNA. The primer SpeNot-TFN150C
introduced the T150C mutation into the PCR-product. The plasmids encoding the cysteine
mutants are referred to as pTFNC R14C and pTFNC_R14C-T150C. The sequences of the

primers utilized for the generation of the NC-plasmids are given in Appendix VIIL.2.

lll.4.4 Cloning of the human titin 127 domain

The ORF of domain 127 of human titin was amplified by PCR from plasmid pTitin
(obtained from Sladjana Tomic, MPI for Biochemistry, Martinsried, Germany) using
primers 127 F-Ndel and 127 R-Spel (see Appendix VIIL.1). The PCR-product was ligated
into the vector pCH25 (Chang et al., 2005) via Ndel- and Spel endonuclease sites. The
resulting plasmid pCH25Titin encodes the 127-domain followed by a 25 amino acid
flexible linker -TS(GGGGS)4sAAA- and an ORF encoding GFP. Plasmid pCH25Titin was

generated in collaboration with Hung-Chun Chang.

1ll.4.5 Site-directed mutagenesis

Site-directed mutagenesis was used to introduce single cysteine codons into the
otherwise cysteine-free E. coli TF ORF and for mutagenesis of 7. thermophilus TF
yielding the FRP/AAA mutant. To this end, primers were designed containing the desired
mutation flanked by sequences complementary to the template. These complementary
stretches encompassed ~10 residues upstream and ~20 residues downstream of the site of
mutagenesis. The primers also introduced an endonuclease restriction site to allow
selection of positive clones by restriction digestion analysis. Primer sequences and
characteristics are listed in Appendix VII.1.

10 pmol of each primer were mixed with 20 ng of template DNA in a regular PCR

reaction. Elongation was allowed to proceed at 68 °C for 11 min. This lower temperature
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was chosen to enhance the fidelity of the polymerase. The correct size of the PCR products
was verified by agarose gel electrophoresis.

After amplification, template DNA was digested by the addition of 1.5 ul Dpn 1
endonuclease directly to the PCR reactions and incubation at 37 °C for 1 h. The Dpn 1
recognition sequence GATC occurs with high frequency and needs to be methylated for
Dpn 1 to cleave DNA. Therefore, Dpn 1 cleaves only template plasmid DNA that was
methylated by the host cell, but not the unmethylated PCR product. Dpn I was inactivated
by incubation at 65 °C for 20 min. 5 pl of the Dpn I treated PCR reaction were transformed
into DHS5a chemically competent cells. Cells were plated on LB-agar containing
100 pg/ml ampicillin. Transformants were allowed to form colonies overnight at 37 °C.
Single colonies were used to inoculate LB*™ medium and grown overnight at 37 °C. Cells
were harvested and plasmid DNA was isolated.

Presence of the restriction site introduced by the specific primers for site directed
mutagenesis was verified by restriction digestion analysis. Positive clones were verified by

DNA sequencing.

1l.4.6 Generation of linear template DNA for in vitro translation reactions

Linear DNA templates for protein production in the reconstituted system
were generated by PCR using 7Tag polymerase. Fragments of the titin 127 domain were
amplified directly from pCH25Titin using T7-uni as the forward primer and a suitable
reverse primer (see Appendix VIL.1). The resulting products contained all the regulatory
elements necessary for in vitro translation, such as the T7-promoter and a ribosomal
binding site.

FL fragments for in vitro translations were generated in a two-step PCR
process. In the first reaction, a part of the FL ORF was amplified with specific primers (see
Appendix VII.1). The forward primer contained an extension at the 5’-end of the coding
sequence that added an adapter sequence and an initiator codon to the ORF. The second
PCR was performed with the same reverse primer as the first reaction, but with the
Universal Primer as the forward primer, binding at the adapter sequence. The Universal
Primer introduced the necessary regulatory sequences upstream of the ORF. All PCR
products were subjected to gel purification before they were used as templates DNA for

protein production in the reconstituted system.



MATERIALS AND METHODS 45

III.5 Protein preparative methods

llI.5.1 Purification of TF

pPROEX-based plasmids harboring the ORF of the various TF versions were
transformed into E. coli BL21(DE3)gold chemically competent cells. Cells were plated on
LB"™-agar. Transformants were allowed to form colonies overnight at 37 °C. Colonies
were used to inoculate 200 ml of LB*™ medium. The culture was grown to an ODg of ~4
at 37 °C with vigorous agitation. This culture was diluted into fresh LB*™ medium
supplemented with 1 mM IPTG and incubated for 2 h at 37 °C with agitation. The culture
was chilled on ice-water.

Cells were harvested by centrifugation in an JLA 10.500 rotor (Beckman) for 4 min
at 8000 rpm, 4 °C. Cells were resuspended in PBS, pelleted again, and the pellet was
frozen in liquid nitrogen.

For cell lysis, cells were thawed and resuspended in ~50 ml PBS. Cell lysis was
achieved by 4 to 5 passages through an Emulsiflex C5 homogenizer (Avestin) operated at
10000 — 15000 psi. The lysate was cleared by centrifugation at 40,000 g, 4 °C for 30 min.

The cleared lysate was applied at a flow rate of 1 ml/min to a 5 ml HiTrap
Chelating column (Amersham) pre-charged with Ni*" and equilibrated in PBS. The column
was washed with PBS and subsequently with 10 mM and 25 mM imidazole in PBS until a
stable baseline was reached. Bound Hise-tagged protein was eluted with 300 mM
imidazole in PBS. The peak fractions were pooled and passed through a HiPrep Desalting
column (Amersham) equilibrated in PBS.

For the removal of the amino-terminal Hiss sequence, the desalted protein in PBS
was incubated with TEV protease in the presence of 2 mM DTT. After efficient cleavage,
the protein was again desalted into PBS as described and passed through a regenerated
5 ml HiTrap Chelating column charged with Ni*" and equilibrated in PBS. In this final
step, the cleaved Hisg-tag fragments, uncleaved Hisg-TF and the Hisg-tagged TEV protease
were retained by the Ni**-NTA resin. The flow through, containing pure TF wihout the N-
terminal Hise-tag, was collected and concentrated 20- to 30-fold by ultrafiltration using
Amicon Ultra-15 Centrifugal Filter Units (Millipore). The purified protein was shock-

frozen in liquid nitrogen in small aliquots and stored at —80 °C.
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1ll.5.2 Purification of TEV protease

The plasmid pETEV encoding a His¢-tagged version of the mature protease from
Tobacco Etch Virus (TEV protease) in a pET-backbone was transformed into E. coli
BL21(DE3)gold cells. Transformants were plated on LB*"-agar. LB*" medium was
inoculated with multiple colonies of these transformants, and the culture was grown to
saturation overnight at 37 °C. 4 1 of LB** medium were inoculated with this overnight
culture to an ODggp of ~0.1, and the culture was grown at 37 °C to an ODgg of 0.4. The
culture was then cooled to 18 °C and allowed to grow for additional 90 min. IPTG was
added to 0.4 mM, and expression was allowed to proceed for ~16 h at 18 °C before the
culture was cooled on ice-water. Cells were harvested, resuspended in ~100 ml 10I-buffer
and frozen in liquid nitrogen.

The cell suspension was thawed slowly with occasional vortexing. After thawing,
the suspension was supplemented with 0.5 mg/ml lysozyme, 0.1% Triton X-100 and
100 U/ml Benzonase and incubated for 30 min at 4 °C with constant agitation. The
suspension was sonicated in 4 aliquots, 4 times for 30 s per aliquot using a Branson
Sonifier with a microtip at full duty. The lysate was cleared by centrifugation for 40 min at
40,000 g at 4 °C.

The cleared lysate was applied at 1 ml/min to a 5 ml HiTrap Chelating column
charged with Ni*" ions equilibrated in 10I-buffer. The column was washed with 10I-buffer
and 20 mM imidazole in the same buffer. Elution of the recombinant protein was achieved
with 200 mM imidazole in the same buffer. Peak fraction of the eluate were pooled and
dialyzed against 100 volumes of TEV Storage buffer. Aliquots were flash-frozen in liquid

nitrogen and stored at —80 °C.

111.5.3 Isolation of ribosomes

E. coli strain MC4100 with a deletion in the gene encoding TF, MC4100 Atig, was
obtained from P. Geneveaux (Departement de Biochimie Medicale, Centre Medical
Universitaire, Geneve, Switzerland). Ribosomes were isolated from E. coli MC4100 Atig
according to published procedures (Spedding 1990).

E. coli MC4100 Atig cells were plated on LB-agar containing 17 pg/ml
chloramphenicol (Cam). Colonies were allowed to form colonies overnight at 37 °C. A

Cam

single colony was used to inoculate LB medium, which was grown to saturation

overnight at 37 °C. This starter culture was diluted 1:100 into 6 1 of unsupplemented LB
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medium. The culture was grown at 37 °C to an ODgg of ~0.5. The culture was allowed to
cool slowly to 15 °C and then chilled on ice water. All subsequent steps were performed
either on ice or at 4 °C.

Cells were harvested by centrifugation, resuspended in Buffer A and pelleted again.
The cell pellet was flash-frozen in liquid nitrogen and stored at —80 °C, yielding typically
15 g wet weight of cells.

Cells were thawed and resuspended in 50 ml Buffer A and lysed by three passages
through an Emulsiflex C5 homogenizer (Avestin) operated at 10,000 — 15,000 psi. The
lysate was cleared by centrifugation at 30,000 g, 4 °C for 30 min. The top three fourths of
the cleared lysate were recovered. Portions of the cleared lysate were layered over an equal
volume of 1.1 M sucrose in Buffer B and centrifuged for 15 h at 100,000 g. The
supernatant was decanted and the clear pellet was gently rinsed with Buffer A. The pellet
was dissolved in Buffer A by gentle agitation for 1 h and subjected to a second cushion
centrifugation as described. The pellet was dissolved in Buffer C, and ribosomes were
sedimented by centrifugation at 100,000 g for 16 h. The pellet was resuspended in Buffer E
yielding, ~500 A,eo units/ml and dialyzed against Buffer E (3 changes of ~500 volumes
over several hours each). Small aliquots of purified ribosomes were flash-frozen in liquid

nitrogen and stored at —80 °C.

1ll.5.4 Site-specific labeling of TF single cysteine mutants

Dyes for site-specific labeling utilized in this study were 6-bromoacetyl-2-
dimethyl-aminonaphthalene (BADAN), 7-diethylamino-3-(4'-maleimidylphenyl)-4-
methylcoumarin (CPM) and fluorescein-5-maleimide. Desalting steps in the course of site-
specific labeling procedures were performed using Sephadex G-25 desalting columns
(Nap-5 columns, Amersham Pharmacia Biotech).

Typically, ~75 nmol of TF single cysteine mutant protein were 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 (as
the maleimide derivative) and 400 pl 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 (3-ME) was
added to a final concentration of 10 mM to quench the reaction. Excess dye and -ME

were removed by desalting the protein into PBS. The eluate was concentrated to ~500 pl
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and desalted into PBS again. The eluate was concentrated 2- to 3-fold, and small aliquots

of labeled protein were flash-frozen in liquid nitrogen and stored at —80 °C in the dark.

111.5.5 Differential labeling of TF double cysteine mutant proteins

For differential labeling of TF double cysteine mutant proteins, the protein stock
solution in PBS was diluted 1:10 into PBS pH 6.4. 50 nmol of protein were mixed with a
two-fold molar excess of CPM and incubated 45 s at 15 °C. B-ME was added to a final
concentration of 10 mM to quench the reaction. Excess dye and B-ME were removed by
desalting the labeled protein into PBS. The protein was incubated with 1 ml (bed volume)
of Thiol Sepharose 4B (Amersham) for 90 min in the cold. The beads were washed three
times with one bed volume each of PBS, and the bound protein was eluted in three
subsequent steps with 500 pul 100 mM dithio-threitol (DTT) for 20 min each. The eluted
fractions were pooled, concentrated to ~500 pl by ultrafiltration and desalted into PBS.
The eluate was split into two aliquots of 480 pl each. To one aliquot, 150 nmol
fluorescein-5-maleimide in 2.5 pl dimethyl-formamide (DMF) was added, to the other,
2.5 ul DMF were added. After incubation for 90 min at 25 °C, the reactions were desalted
into PBS, concentrated two-fold and desalted into PBS again. After a final two- to three-

fold concentration step, small aliquots were frozen in liquid nitrogen and stored at —80 °C

in the dark.
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II1.6 Protein analytical methods
lll.6.1 Quantitation of protein concentrations

Purified, unmodified proteins were quantitated by absorbance spectroscopy at
280 nm in 6 M Guanidine-HCI, 20 mM Na-PO,, pH 6.5 using calculated extinction
coefficients (Gill & von Hippel 1989). Extinction coefficients were €g0nm(TF) = 15,930
M 'em™ for TF and €550um(NC) = 8,960 M'cm™" for NC.

Modified proteins were quantitated in a colorimetric assay (Bio-Rad Protein Assay,
BioRad) based on the method of Bradford (Bradford 1976). As a reference, a calibration
curve with the respective unmodified protein was prepared.

Ribosomes were quantitated spectrophotometrically assuming that 1 Ajg unit
corresponds to 23 pmol of ribosomes when measured in Ribosome Spec-buffer (Spedding
et al.). This corresponds to an extinction coefficient of €0nm = 4.348 X 100 M 'ecm™. Asa

criterion for purity, the Asg0/Azgo ratio was determined, which is > 1.8 for clean ribosomes.

1ll.6.2 Quantitation of accessible thiol groups and determination of thiol
reactivity

Quantitation of total and accessible thiol groups in the TF-cysteine mutants was
performed as described (Riddles et al. 1983). Briefly, the cysteine-containing protein was
incubated with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB; Ellman’s reagent). Reaction of
DTNB with free thiols yields a mixed disulfide and a free 2-nitro-5-thiobenzonate anion
(TNB”") in a 1:1 stoichiometry. TNB? exhibits a strong absorbance at around 410 nm. The
amount of TNB®™ can be quantitated, thus allowing the calculation of reactive thiols
present in the sample.

For quantitation of total thiol groups, the assay was performed under denaturing
conditions. A dilution of the TF cysteine mutant (10 uM final) was prepared in PBS
containing 2% SDS. DTNB was added to a final concentration of 350 uM, and absorbance
at 410 nm was followed over time. The amount of TNB?™ ions released during the reaction
was calculated using an extinction coefficient of €410 nm (TNBz_) =13,600 M'em™. For the
quantitation of accessible thiol groups in the native protein, the reaction was repeated
omitting SDS from the buffer.

The reaction of the coumarin-derivative CPM with thiols can be monitored in real-

time, because underivatized CPM is virtually non-fluorescent, whereas the thiol-adduct
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exhibits fluorescence when excited at ~395 nm. To determine the reaction kinetics of CPM
towards the cysteines introduced into TF, TF single or double cysteine mutants were

diluted to 15 uM in PBS. CPM was added to a final concentration of 30 uM, and

fluorescence was followed over time (Aexe = 393 nm, Aey, = 482 nm).

11.6.3 SDS-PAGE

For SDS-PAGE, a discontinuous electrophoresis system under denaturing, reducing
conditions was used (Laemmli 1970). Samples were prepared for SDS-PAGE by the
addition of 5x SDS-PAGE sample buffer and heating to 96 °C for 5 min prior to loading
onto the gel.

Stacking gels contained 4% polyacrylamide and separating gels 12% or 15% (see
Table 1). Ammonium-peroxo-disulfate (APS) and N,N,N',N'-Di-(dimethylamino)-ethane
(TEMED) were added immediately before casting the gels. Electrophoresis was carried out

at constant current (40 mA per gel) in SDS-PAGE electrophoresis buffer.

separating gel stacking gel

% acrylamide (AA) 12 15 4

30 % AA, 0.8 % bis-AA 8 ml 10 ml 1.3 ml
1.5 M Tris-HCI, pH 8.8 5ml 5ml —

0.5 M Tris-HCL pH 6.8 — — 2.5ml

10 % SDS 0.2 ml 0.2 ml 0.1 ml
H,O 1.8 ml — 6.1 ml
TEMED 10 pl 10 pl S5ul
APS 50 pl 50 pl 100 pl

Table 1: Composition of stacking and separating gels for SDS-PAGE

After electrophoresis, gels were stained with Coomassie Staining Solution (0.1%
Coomassie Brilliant Blue R-250, 30% methanol, 10% acetic acid) and destained with 50%
methanol, 12% acetic acid.

If a more sensitive detection was required, protein bands were visualized by silver
staining. After electrophoresis, gels were fixed first in 50% methanol, 12% acetic acid (2 X
30 min), then in 50% ethanol (3 X 20 min). After incubation in 200 mg/ml NaS,0s-5 H,O
for 1 min, gels were rinsed with water twice. Gels were incubated for 20 min in 2 g/l

AgNOs, 375 pl/l formaldehyde and rinsed with water. Gels were developed in 60 g/l
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NayCOs-5 H,O. To stop the developing process, gels were transferred into 10% acetic acid

and incubated for 10 min. For storage, gels were equilibrated in 1% acetic acid and stored

at4 °C.

1ll.6.4 Western Blotting

Immuno-blotting was performed according to Towbin et al. (1979). After
separation by SDS-PAGE, proteins were transferred onto a nitrocellulose membrane in a
tank blot system (BioRad). Transfer was achieved at constant current (400 mA) for 1 h in
transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH 8.4). After transfer, the
membrane was blocked by incubation with 5% (w/v) dry milk in TBST for ~1 h at room
temperature (RT) or overnight at 4 °C. All subsequent washing and incubation steps were
carried out in TBST. The membrane was washed three times and incubated with the
primary antibody for 1 h at RT. After washing the membrane three times, it was incubated
with the HRP-coupled secondary antibody for 1 h at RT. The membrane was washed three
times. For visualization by enhanced chemiluminescence, the ECLplus Western Blotting
Detection System (Amersham Pharmacia) was used, and the membrane was exposed to a
BioMax film (Kodak).

Primary antibodies used were rabbit anti-L.23 serum (from Andreas Kolbeck, MPI
for Biochemistry, Martinsried, Germany; diluted 1:5,000) and the monoclonal anti-FLAG
M2 antibody (Sigma; diluted 1:2000). If the anti-FLAG M2 antibody was used, TBS was
used instead of TBST, omitting the Tween 20 from the buffer. HRP-coupled goat anti-
rabbit IgG (Transduction Laboratories) or goat anti-mouse IgG (Sigma) were used as

secondary antibodies at a dilution of 1:2,000.

1l.6.5 Autoradiography

Radiolabeled proteins were separated by SDS-PAGE. After electrophoresis, gels
were fixed in 50% methanol, 12% acetic acid, briefly rinsed in water and dried on
Whatman paper in a Slab Gel Dryer SGD 2000 (Savant) for 1 h at 72 °C. Dried gels were
exposed to a phospho-imaging plate (Fuji) for 12 — 36 h. The imaging plate was analyzed
using an FLA 200 imaging system (Raytest). Band intensities were quantified using the

AIDA software version 2.31 (Raytest).
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1ll.6.6 Protein production in the reconstituted system

The transcription/translation system (PURESYSTEM classic II, Post Genome
Institute Co., Ltd; Japan) was reconstituted according to the manufacturers instructions.
Template DNA was added to a final concentration of 10 ng/ul. For spectroscopic
measurements, the reaction volume was 150 pl, and the reaction was supplemented with
labeled TF at a final concentration of 250 nM unless otherwise indicated. If the translated
product were to be visualized by autoradiography, 3 pl *’S-methionine (Amersham;

1000 Ci/mmol, 15 mCi/ml) were included in a 150 pl reaction.

1ll.6.7 Limited proteolysis

Ribosome-nascent chain complexes of the titin 127 domain either alone or with a
carboxyl-terminal extension of 50 amino acids were produced in the reconstituted system
by the addition of appropriate linear template DNA. The reaction volume was 150 pl,
containing 3 pl *>S-methionine to obtain radio labeled translation products. The reaction
was allowed to proceed for 45 min at 30 °C. The reactions were cooled to 0 °C,
supplemented with 7.5 pg/ml (corresponding to 250 nM) Proteinase K (Boehringer
Mannheim) and incubated on ice. At the indicated time points, 25 pl of the reaction were
removed and supplemented with phenyl-methyl-sunfonyl fluoride (PMSF) to a final
concentration of 1 mM. To each sample, RNase A (Qiagen, Hilden, Germany) was added
to a final concentration of 100 pg/ml to digest tRNA moieties. An equal volume of 5x
SDS-PAGE sample buffer was added to each sample. Samples were separated by SDS-
PAGE and radio labeled bands were visualized by autoradiography.

1ll.6.8 Determination of FL specific activity

Pyrococcus pyralis firefly luciferase (FL) was translated from plasmid pLuc in the
reconstituted system supplemented with 5 uM TF and 1 pl *’S-methionine. In a control
reaction, buffer without protein was added. The reaction was allowed to proceed for
45 min at 30 °C before it was placed on ice. To measure luciferase enzymatic activity, an
aliquot of the reaction was diluted 1:250 in Luciferase Dilution Buffer. 2 pul of the 1:250
dilution were mixed with 48 pl Luciferase Assay Buffer (Luciferase Assay System
#E1501, Promega) and luminescence was measured immediately using an EG&G Berthold

Lumat LB 9507 luminometer. To quantitate the amount of protein produced in the
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translation reaction, an aliquot of the reaction was diluted 1:4 in 2x SDS-PAGE sample
buffer, and equal amounts of all samples were subjected to SDS-PAGE and
autoradiography. Specific FL activity was calculated by dividing the enzymatic activity by

the corresponding band intensity.
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II1.7 Fluorescence Measurements
1.7.1 General

All buffers used in spectroscopic measurements were sterile filtered (2 um filtering
devices) and degassed. Spectra and kinetic traces were collected on a Fluorolog 3
fluorometer (Jobin Yvon) at 30 °C. For all measurements, a background sample was
prepared containing all the components that were present in the sample with unlabeled
instead of labeled TF. The background values were subtracted from the values obtained
with samples containing labeled TF. The slits of the excitation and emission beam were
adjusted to yield a maximum of ~10° cps for TF-B or donor-only samples. To correct for
fluctuations in the excitation light source, the reference signal (R) was recorded in addition
the actual signal (S) during all fluorescence emission measurements. For evaluation, the

quotient of S/R was used.

lll.7.2 Equilibrium fluorescence measurements

Emission spectra were acquired with increments in emission wavelength of 1 nm
and an integration time of 0.25 s per data point. At least three scans per measurement were
accumulated and averaged.

Measurements with TF-B were performed at a concentration of 250 nM labeled
protein. The fluorophore was excited at 397 nm, and emission spectra were collected from
410 to 600 nm.

Samples for inter-molecular FRET measurements contained 250 nM donor-labeled
TF and 1 uM acceptor labeled TF. For a donor-only sample, 1 uM unlabeled instead of
acceptor labeled protein was used. The donor was excited at 397 nm, and fluorescence
emission was recorded from 410 to 650 nm. Measurements without ribosomes were done
in PBS. If ribosomes were to be included, the labeled proteins were mixed in PBS in a
volume of 30 pl, ribosomes (dissolved in Buffer E) were added to the indicated
concentrations and Buffer E was added to a final volume of 150 pl. Samples containing
ribosomes were incubated for 20 min at 30 °C before the fluorescence measurements were
performed, to allow equilibrium formation.

Intra-molecular FRET measurements were performed in a similar manner to the
inter-molecular FRET measurements, except that the samples contained 250 nM of either

donor-only or donor and acceptor labeled TF.
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111.7.3 Kinetic fluorescence measurements

For measuring changes in fluorescence of labeled TF during translation, the
components of the reconstituted system were mixed with labeled TF in the absence of
template DNA. For intra-molecular FRET measurements, 250 nM of either donor-only
(TF-C) or donor and acceptor labeled TF (TF-CF) was added. Unless otherwise indicated,
the derivatized R14C E326C TF version was utilized in these experiments. For inter-
molecular FRET-measurements, 250 nM donor labeled and 1 pM either unlabeled or
acceptor labeled TF were added. Both donor and acceptor fluorophores were coupled to
position 326 for these measurements. For the analysis of TF ribosome recruitment, 250 nM
TF derivatized with BADAN at position 14 was utilized.

The reactions were incubated at 30 °C for 3 min before template DNA was added to
start the translation reaction. The reaction was transferred into a cuvette pre-warmed to
30 °C, and fluorescence was followed over time. Data points (S, R and S/R) were collected
every second with an integration time of 1 s. Excitation and emission wavelengths were
397 nm and 500 nm for TF-B and 397 nm and 460 nm for FRET measurements,

respectively.

lll.7.4 Competition experiments

For competition experiments with vacant ribosomes, 250 nM labeled TF (TF-B or
TF-C/TF-CF) were mixed with ribosomes in Buffer E, and an equilibrium was allowed to
form at 30 °C within 20 min. 140 pl of this reaction were mixed with 4.5 pul competitor,
typically at 650 uM, resulting in a final competitor concentration of 20 uM. Immediately
after mixing, fluorescence was followed over time at a time interval of 0.5 s between data
points and an integration time of 0.5 s. Excitation and emission wavelengths were the same
as indicated in the previous section.

For the displacement of TF during translation, a reaction with the reconstituted
translation system was prepared in a volume of 150 pul and incubated at 30 °C until
fluorescence reached a plateau and protein production took place at a constant rate (35 to
45 min after the addition of plasmid). 140 pl of the translation reaction were then used in

the competition experiment as described above.
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1ll.7.5 Steady state fluorescence anisotropy measurements

Steady state fluorescence anisotropy measurements were performed in
collaboration with Dr. Jos¢ M. Barral. Steady state fluorescence anisotropy measurements
were conducted on an LS 50 B spectro-fluorometer (Perkin Elmer). For equilibrium
measurements and TF-ribosome recruitment during translation, the anisotropy was
measured continuously. For displacement kinetics, I and I, were measured in separate

reaction duplicates, and the anisotropy was calculated according to Eq. 10.
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III.8 Ribosome tagging

In order to introduce a FLAG-Hiss (FH) epitope tag into the large ribosomal
subunit of E. coli MC4100, a recently described recombination system for the generation
of gene deletions in E. coli was utilized (Datsenko & Wanner 2000). This system is based
on the phage A Red recombinase system, consisting of the genes % £ and exo. These genes
were cloned into a plasmid under the control of an arabinose inducible promoter to allow
their regulated expression in E. coli (plasmid pKD46, Datsenko & Wanner 2000). This
plasmid is a temperature sensitive replicon allowing its easy elimination from the host.
When the Red recombinase genes are expressed, the efficiency of homologous
recombination is drastically enhanced. Originally described for utilization in chromosomal
gene disruption, this system was used in the present study to introduce the coding sequence
of an FH epitope tag together with a tetracycline resistance gene (fer") into the

chromosome of the E. coli strain MC4100.

Ill.8.1 Generation of rpl-FH-tet" cassettes

A synthetic oligonucleotide encoding the FH epitope tag (FHfw) was mixed with a
complementary oligonucleotide (FHrv) at equimolar concentrations (60 uM each). The
oligonucleotides were designed such that, in addition to the complementary central
sequence, they contained overhangs that resulted in the formation of cohesive ends after
annealing. For annealing, the mixed oligonucleotides were heated to 96 °C for 5 min and
allowed to slowly cool down to room temperature. By this procedure, a double stranded
oligonucleotide was generated encoding the FH tag with cohesive ends at the 5’- and the
3’-termini compatible with cohesive ends resulting from Not 1 and Xho 1 restriction
digestion, respectively.

pET22b(+) was digested with Not I and X%o I endonucleases and dephosphorylated
with SAP. The annealed oligonucleotide encoding the FH epitope tag was ligated into this
backbone as described above, yielding plasmid pFH.

The open reading frame (ORF) of the tetracycline resistance gene (fef") was
amplified by PCR from plasmid pBR322 (Bolivar et al. 1977) using primers tetP1 and
tetP2 (see Appendix VII.1). Since the resistance cassette was intended to be inserted into
existing operons, a promoter for fer"-gene expression was not considered necessary. The

PCR product was gel purified, digested with Hind 11l and Nco I endonucleases and ligated
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into plasmid pFH that had been digested with the same enzymes and dephosphorylated
with SAP. The resulting plasmid is referred to as pFH-tet.

Stretches of ~500 bp downstream of the rpl-ORF of interest were amplified by PCR
from E. coli K12 genomic DNA using primer pairs rplP3 and rplP4, where rpl is L13, L17,
L20 or L22. The PCR products were digested and inserted into the plasmid pFH-tet
downstream of the fe*-ORF via Nco 1 and Xba 1 endonuclease sites, yielding plasmids
pFH-tet-13, pFH-tet-17, pFH-tet-20 and pFH-tet-22. Positive clones were verified by DNA
sequencing.

Using primer pairs rplP1 and rplP2, the ORFs encoding L13, L17, L20 and L22
together with ~500 bp of upstream flanking sequences were amplified by PCR from E. coli
K12 genomic DNA. Products for L13, L17 and L20 were digested with Xba I and Eco RI,
the product for L22 was digested with Xba I and Sac I, and the digested products were
ligated via the same sites into pPBAD18 (Guzman ef al. 1995). No positive clones could be
obtained for L22, indicating interference with survival of the host cell. The resulting
plasmids were pL13, pL.17 and pL.20.

The inserts of plasmids pFH-tet-13, pFH-tet-17 and pFH-tet-20 were released by
restriction digestion with Xho I and Xba I endonucleases, gel-purified and ligated via the
same sites into pL13, pL17 and pL20, respectively. The resulting plasmids are referred to
as pL13FH, pL17FH and pL20FH. E. coli cells transformed with pL13FH showed

impaired growth rates. This plasmid was not used in further experiments.

I11.8.2 Chromosomal integration of rpl-FH-tet" cassettes

The insert of plasmid pL17FH was amplified by PCR using the primer-pair
L17P1 — L17P4. The template was digested with Dpn I endonuclease, and the PCR product
was gel-purified twice and eluted in 50 pl of sterile water.

E. coli M4100 cells were transformed with pKD46 and plated on LB"™-agar.
Transformants were allowed to form colonies overnight at 30 °C. A single colony was used
to inoculate 50 ml LB*™. A culture was grown at 30 °C to an ODggy of ~0.1 before
arabinose was added to a final concentration of 0.02% (w/v). The culture was further
grown at 30 °C to an ODgq of 0.8, arabinose was added to a final concentration of 0.2%
and the culture was grown for another 10 min. Cells from 5 ml of this culture were

harvested by centrifugation and rendered electrocompetent as described above.
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The cell pellet was resuspended in 50 pl of the purified PCR product and incubated
15 min on ice. Cells were subjected to electroporation and resuspended in SOC medium.
After incubation at 37 °C with gentle shaking at 300 rpm for 1 h, one third of the cells was
plated on LB™-agar and incubated at 37 °C overnight. A single colony was picked and
resuspended in 50 pl LB medium. 10 pl of the suspension was plated on either LB*™- or
LB'®-agar. After overnight incubation at 37 °C, colonies appeared only on LB, not on
LB*™-agar. A single colony was used to inoculate 5 ml of LB medium, and a culture
was grown overnight at 37 °C to saturation. A glycerol stock of this culture was prepared
by mixing 600 pl of this culture with 300 pl sterile glycerol. The stock was flash-frozen in
liquid nitrogen and stored at —80 °C.

The resulting strain is referred to as CK1 (E. coli MC4100 rplQ::rplQ-FH-tet").
Loss of the pKD46 plasmid was verified by streaking E. coli CK1 cells from the glycerol
stock on different selective media at 30 °C. Growth was observed only upon selection for

tetracycline resistance and cells failed to grow on ampicillin selective medium.

111.8.3 P1-transduction

For the transduction of the rplQ-FH-tet® allele into a TF-deficient strain, P1-phage
transduction was performed (Miller 1992) with CK1 as the donor- and E. coli MC4100
Atig (Genevaux et al. 2004) as the recipient strain.

For the preparation of a Pl lysate from the donor strain, 5 ml LB medium
supplemented with 5 mM CaCl, were inoculated with a single colony of the donor strain
and grown to an ODgg of 0.2 — 0.3. The culture was infected with 5 x 10’ plaque forming
units (pfu) of wild type P1 phage. The culture was further grown until it cleared (indicating
cell lysis), which usually happened within 3 h. The lysate was mixed with 100 pl
chloroform. The lysate was cleared by centrifugation at 4,500 g for 10 min, and the
supernatant was transferred into a sterile tube. The P1 lysate was mixed with 100 pl
chloroform and stored a 4 °C.

For determination of the phage titer of the P1 lysate prepared from strain CK1, a
culture of WT E. coli MC4100 cells was grown at 37 °C in a volume of 1 ml to an ODgg
of 0.8. Cells were collected by centrifugation and resuspended in 1 ml MC buffer.
Dilutions of the P1 lysate of 1:10° and 1:10® were prepared in sterile water. 100 ul aliquots
of resuspended cells were mixed with 100 or 10 pl of the 1:10° dilution or 100 pl of the
1:10® dilution of the P1 lysate and incubated at 37 °C for 15 min. Each aliquot of the
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infected cells was mixed with 5 ml top agar that had been melted and allowed to cool to
50 °C. The top agar was immediately layered on top of LB-agar plates pre-warmed to 37°C
and distributed evenly on the surface without introducing air bubbles. After the top agar
had solidified, plates were incubated overnight at 37 °C to allow bacterial growth and
plaque formation. The titer of the P1 lysate was determined by counting the number of
plaques per plate (each plaque corresponding to one pfu) and correcting for dilution
factors.

For the genetic transduction using the P1 lysate prepared from the donor strain, a
culture of the recipient strain was grown to an ODgyy of 0.8. Cells were harvested by
centrifugation and resuspended in MC buffer to yield 10° cells per ml, assuming that 1
ODggo unit corresponds to 8 X 10° cells. Resuspended cells were incubated at 37 °C for
20 min or at 30 °C for 40 min. 100 pl of the suspension (corresponding to 10° cells) were
mixed with 107 pfu of the P1 lysate prepared from the donor strain and incubated for
30 min at 37 °C or 1 h at 30 °C. 100 pl of citrate buffer were added to abolish further
infection and the cells were spread on LB-agar supplemented with the appropriate
antibiotic to select for clones that had received the resistance gene from the donor strain.
Positive clones were selected and a glycerol stock was prepared as described above. The

resulting strain is referred to as CK3 (E. coli MC4100 Atig rplQ::rplQ-FH-tet").

1ll.8.4 Preparation of E. coli lysates for analytical ribosome isolations

For the preparation of lysates, cultures of different E. coli strains were grown in LB
medium. If the FH-tagged ribosomal protein was plasmid-encoded (plasmids pL17FH or
pL20FH), the medium was supplemented with 0.2% arabinose to induce gene expression
from the plasmid. Cells were grown at 37 °C to an ODgyy of 0.4 — 0.6.

For preparation of ribosomes enriched in ribosome-nascent chain complexes, the
culture was supplemented with 200 pg/ml chloramphenicol before if was poured onto
crushed ice that had been cooled to —20 °C. In this case, all buffers used in the following
procedures contained 200 pg/ml chloramphenicol. If vacant ribosomes were to be
enriched, puromycin was added to a concentration of 50 pg/ml, and the culture was
incubated at 15 °C for 15 min. At this temperature, translation elongation is favored over
initiation. If these conditions were applied, all buffers used in the following steps contained

50 pg/ml puromycin.
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The culture was chilled on ice water, and cells were harvested by centrifugation.
All subsequent steps were performed at 4 °C or on ice. Cells were washed once with
Buffer A and resuspended in 1/50 of the original culture volume in this buffer. Lysozyme
was added to a final concentration of 750 pg/ml, and samples were frozen by placement in
a —80 °C freezer for at least one hour before they were thawed in ice water, which resulted
in cell lysis.

RNase-free DNase I (Roche) was added to 50 U/ml, and the lysate was incubated
30 min on ice. The lysate was cleared by centrifugation at 20,000 g for 30 min, and the top

three fourths of the cleared lysate were recovered.

1ll.8.5 Sedimentation analysis of E. coli ribosomes

To confirm the incorporation of FH-tagged ribosomal proteins into the 70S
ribosome, ribosomes from lysates of different E. coli strains were isolated by
sedimentation through a sucrose cushion. Ribosomes were further analyzed by separation
on a 10 — 40% sucrose gradient.

~1.7 ml of the cleared lysate prepared as described in the previous section were
layered onto a cushion of 2.5 ml 0.9 M sucrose in Buffer A. Ribosomes were sedimented
by centrifugation for 2 h at 300,000 g. The ribosomal pellet was rinsed with 750 pl Buffer
A and dissolved in Buffer A by gentle agitation to yield an absorbance of Ay¢p = 25. For
SDS-PAGE and immuno-blot analysis, 75 pl of this sample were incubated with 2 pg/ml
RNase A for 15 min at room temperature, and 20 pl 5x SDS-PAGE sample buffer were
added.

For further separation of ribosomes, gradients of 10 — 40% sucrose in Buffer A
were prepared in SW28 centrifuge tubes (Beckman) with a short cap by tilted tube rotation
using a Gradient Master (BioComp) running a 2-step program consisting of step 1: 2 min
50 s, angle 52 °, speed 25; step 2: 36 s, angle 75 °, speed 22. 10 A4 units of the dissolved
ribosomal pellet were layered on top of the gradient, and separation was achieved by
centrifugation for 15 h at 45,000 g. The gradient was fractionated from top to bottom into
fractions of ~1.3 ml using an AutoDensiFlow gradient fractionator (LabConco UniEquip)
connected to a LKB UV-M II absorbance detector (Pharmacia).

From the fractions displaying the highest absorbance at 260 nm, total protein was
precipitated after treatment with 2 pg/ml RNase A (Qiagen) for 15 min at room

temperature. Precipitation of total protein was achieved by the addition of tri-chloro acetic
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acid (TCA) to a final concentration of 13% (w/v) and incubation for 5 min at —20 °C and
30 min on ice. Precipitated protein was collected by centrifugation at 20,000 g for 15 min.
The pellet was resuspended in 50 pl 250 mM Tris-base, and 13 pl 5x SDS-PAGE sample
buffer were added.

Samples were subjected to SDS-PAGE. For Coomassie-blue staining, 0.1 ODml of
the cleared lysate, 25 ul of the ribosomal sample from cushion centrifugation and 30 pl of
the processed gradient fractions were loaded. For immuno-blotting, one tenth of these

amounts was loaded.

1ll.8.6 Ribosome pull-downs using anti-FLAG agarose

For the pull-down of ribosomes containing FH-tagged ribosomal proteins, the
agarose-based anti-FLAG M2 Affinity Gel (Sigma) was used. The matrix was equilibrated
in Buffer TMN, and 100 pl of beads were incubated with 5 A,go-units of cleared lysate for
60 min at 4 °C with constant gentle agitation. Beads were sedimented at 2,000 g for 1 min
and washed three times with 200 pl of Buffer TMN. Bound material was eluted with
150 pg/ml FLAG peptide (Sigma) in TBS buffer.

1ll.8.7 Ribosome pull-downs using magnetic beads

For the pull-down of ribosomes with magnetic beads, anti-FLAG monoclonal
antibody M2 was bound to Protein A-coupled beads (Dynabeads, Dynal). 125 pl of
magnetic beads were equilibrated with PN-buffer. Separation of the beads from buffer was
achieved by placing on a MPC-S Magnetic Particle Concentrator (Dynal) for 1 min and
aspirating the buffer. Beads were resuspended in 100 pul PN-buffer and 25 pl anti-FLAG
M2 antibody (Sigma) were added (~115 pg of protein). After incubation for 45 min at
25 °C, the liquid was removed and the beads were washed three times with Buffer TMN.

To 50 pl of the beads, 10 Ajg-units of lysate were added in a volume of 100 pl.
After 90 min incubation at 4 °C with constant agitation, beads were separated from the
liquid and washed three times with Buffer TMN. Elution of bound material was achieved

in three subsequent elution steps with 50 pl 250 pg/ml FLAG-peptide (Sigma) in TBS.
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II1.9 Data Evaluation and Calculations

1l.9.1 FRET efficiency and distance calculations

Fluorescence resonance energy transfer (FRET) occurs when the excited-state
energy is transferred from an initially excited donor (D) to an acceptor (A). The efficiency
of transfer for a given D — A pair is dependent on the distance separating these two
fluorophores, with a half-maximal transfer efficiency at a distance of Ry, the Forster
distance. The rate constant of energy transfer, kr, is given by
s =1-(ﬁj6 (Eq. 1)

T, T
with Tp being the decay time of the donor in the absence of acceptor and r corresponding
to the D — A distance. The efficiency of transfer, Egrgr, is the fraction of all photons

absorbed by the donor that are transferred to the acceptor, given by
kT
Ty +Kk,

FRET —

(Eq. 2).

Errer can also be determined in steady state fluorescence measurements. In this
case, the transfer efficiency is given by the relative fluorescence intensities of the donor in
the absence (Fp) and presence (Fpa) of acceptor. Given that labeling with the acceptor is
complete, the transfer efficiency Eggrgr 18

FDA
Errer =1-2% (Eq. 3).
FD

Combining equations 1, 2 and 3 yields the correlation of transfer-efficiency Eprpr

with the distance between the fluorophores:

6

R
EFRET = Re—_:re (Eq- 43)

0

or

r=R, -G/Hzi (Eq. 4b).
EFRET

Thus, from the measured transfer-efficiencies, the distance r separating D and A can be

calculated, if the Forster distance (Ry) for a particular combination of D and A is known.
For all FRET-measurements, the donor was CPM and the acceptor was fluorescein.

Probes were covalently attached to TF site-specifically via cysteine residues engineered at

the indicated positions (see above).
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111.9.2 Determination of Forster distances

The distance between the donor and acceptor at which energy transfer with half-
maximal efficiency if observed is referred to as the Forster distance (Ry). It is given (in

Angstroms) by
.
2 6
R, = 9.87-10{%) (Eq. 5)

with K being the orientation factor, Qp the quantum yield of the donor, J(A) the overlap
integral and n the refractive index of the sample. Usually, a value of 1.4 is used for
proteinacious solutions (Lakowicz 1999). Since, in most cases, the orientation between the
donor and acceptor transition dipole moments cannot be determined for protein-bound
fluorescent dyes, a value of k* = 2/3, reflecting random orientation, is usually applied
(Lakowicz 1999).

The quantum yield, Q, of a fluorescent compound can be determined by

comparison with a characterized standard of known quantum yield. It is the given by

where Qg is the quantum yield of the standard, I is the integrated fluorescence emission, A
is the absorption at the excitation wavelength and n is the refractive index. The index R
refers to the standard.

The quantum yield of CPM-labeled TF single cysteine mutants in PBS was
determined using quinine sulfate (QS) as a standard. All spectra of QS were acquired in
0.1 M H,SOq,. Fluorescence emission spectra of 250 nM CPM-labeled TF and 5 pM QS
from 375 to 660 nm at an excitation wavelength of 366 nm were collected and numerically
integrated. The absorption at 366 nm was measured for 50 uM QS and 10 uM CPM-
labeled TF. The quantum yield of QS at excitation at 366 nm is 0.53 (Lakowicz 1999). All
CPM-labeled TF variants displayed virtually the same quantum yield of 0.693.

The overlap integral J(A) is determined by the spectral overlap of donor emission

and acceptor absorption. It is given by

TSA(;\«) A Fo(A) dA
JA) = — (Eq. 7),
j Fo(A) dA
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where €4(A) is extinction coefficient spectrum of the acceptor and Fp(A) is the emission
spectrum of the donor normalized to unity.

To determine the extinction coefficient spectrum of fluorescein labeled TF variants,
absorbance spectra were acquired to calculate €5(A) according to

e(h) = ﬁ%’ (Eq. ),

where A(M) is the absorbance at the wavelength A, ¢ is the molar concentration and d is the
path length (in cm).

Fluorescence emission spectra were collected for CPM-labeled TF single cysteine
mutants. The peak value was normalized to the value of €x(Amax). Ro for combinations of
all single donor- and acceptor-labeled TF versions were calculated according to Eq. 5. An
overview over the Forster distances determined for the various combinations of donor- and

acceptor-positions as well as of the parameters used to calculate those is given in Table 2.

D — A pair J(A)

(positions) Qo (10713 3% Fo Ry (A)
14 — 14 0.401 1.51 4457160 45.8
14 — 150 0.401 1.56 4674161 46.0
14 —326 0.401 1.38 4351988 45.1
150 — 14 0.462 1.59 4676896 473
150 — 150 0.462 1.63 4709775 47.4
150 — 326 0.462 1.47 4566539 46.6

326 14 0.453 1.58 4491121 47.1

326 — 150 0.453 1.64 4904594 473

326 — 326 0.453 1.45 4385148 46.4
average 46.6 = 0.81

Table 2: Calculation of Forster distances for various donor acceptor pairs
within TF.

D: donor; A: acceptor; Qp: quantum yield of the donor; J(A): normalized overlap
integral; Fp: integrated donor fluorescence; Ry: Forster distance.
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1l1.9.3 Calculation of steady state fluorescence anisotropies

If a fluorophore is irradiated with light linearly polarized in the z-direction,

maximum absorption of photons is observed if transition dipole moment (i, ) is parallel to

the vector of the electric field (Ez) of the incoming light. For the majority of the

fluorophore molecules, these two vectors are not parallel, but rather form an angle 04. The

extent of absorption I is then proportional to

I, (i, E,f = (cos?®@,) (Eq.9).
with <cos®0,> being an average of all orientations. Thus, I, becomes large for small 6,
angles and maximal for 65 = 0. This preference for small 04 angles is called photo-

selection.

If fluorescence is emitted, it occurs with a transition dipole moment [i., which
usually 1s different from [i,. Fluorescence emission is detected perpendicularly to the
direction of the incoming beam. With polarizers in the path of the emitted light beam, the
fractions of light polarized parallel (1)) or perpendicular (1) relative to the incoming beam
are detected. The anisotropy is the given by

I

A=l g0
L2

The denominator (f; + 21,) equals the total fluorescence intensity. Because of the photo-
selection and other constraints, the theoretical limits for anisotropy values are
-0.2 < A <0.4 (Winter & Noll 1998).

Anisotropy data were acquired on an LS50B fluorometer (Perkin Elmer) equipped
with polarizers. For slow kinetics, the built-in procedure for anisotropy measurements was
used, collecting data-points every ~8 sec. For faster kinetics, I and I, were measured in
separate reactions, and the anisotropy was calculated according to Eq. 10. As a fluorescent
probe, CPM was attached to TF at position E326C. Anisotropy measurements were

conducted by Dr. J. M. Barral.
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111.9.4 TF monomer-dimer equilibrium
TF can self-associate to form homo-dimers, as described by the equilibrium-
equation

with the dissociation constant Kp being

_ (ceq(TF))z
K, = . (TF) (Eq. 12),

where c.((TF) and c.(TF,) are the equilibrium concentrations of the TF monomer and
dimer, respectively. The total protomer concentration of TF c(TF) is then

¢ (TF)=c (TF)+2.c (TF,) (Eq. 13),

which yields
1
CulTF,) = - (€.(TF)+ ¢, (TF)) (Eq. 14).

Substituting for c.q(TF>) in Eq. 12 yields

_, lenmR)?
°~ " ¢, (TF)+c, (TF)

(Eq. 15).

Solving this equation for the equilibrium concentration of monomeric TF results in the

quadratic expression:
0= ceq(TF)+%- K, -c.(TF) —%-KD -¢,(TF) (Eq. 16)

with the relevant solution being:

2
ceq(TF) = —%+ \/T—E+% K, ¢, (TF) (Eq. 17).

The equilibrium concentration of dimers can then be calculated from ceq(TF) and c(TF)

using Eq. 14.
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111.9.5 TF-ribosome equilibrium
TF associates with ribosomes in an equilibrium reaction that can be described as
TF +rib <——— [TF -rib] (Eq. 18)

with

3 c.(TF) - c . (rib)
°" ¢, (TF-rib)

(Eq. 19),

where ceq(TF), ceq(rib) and c.q( TF-rib) are the equilibrium concentrations of TF, ribosomes
and the TF-ribosome complex, respectively, and Kp is the equilibrium constant for TF-
ribosome complex dissociation. The equilibrium concentrations of TF and ribosomes can
be expressed in terms of the respective total concentrations and the equilibrium
concentration of the TF-ribosome complex:

c..(TF)=c(TF)-c, (TF —rib) (Eq. 20a)

c,,(rib) = ¢ (rib) —c_ (TF —rib) (Eq. 20b)
with ¢(TF) and c(rib) being the total concentrations of TF and ribosomes, respectively.

Solving this equation for ceq(TF—rib) results in a quadratic expression with the relevant

solution being:

c..(TF -rib) ¢ (TF) +c,(rib) + K, _ \/[ct(TF) +¢,(rib) + K,

2 2 j —c¢,(TF)-c,(rib)

(Eq. 21)
The concentration of ribosome-bound TF, cuound(TF), equals the concentration of TF-
ribosome complexes, cq.q( TF—rib). Therefore, the fraction of TF that is bound by ribosomes

1S

_ Coouna(TF) c,,(TF —rib)

Y1 RN B

1l1.9.6 Kp determination from Trp-fluorescence

Emission spectra of TF Trp-fluorescence were acquired at various TF concentration
and the emission intensity at 345 nm was quantitated. To calculate the Kp of the TF
monomer-dimer equilibrium from the measured Trp-fluorescence, it was assumed that the
observed fluorescence intensity Fqps 1s an average of the intensity of the monomer, F,,, and

that of the dimer, Fy4, weighed by the fraction of monomer and dimer, f,, and fy:
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F,.=f -F +f-F,=f -F +(1-f )-F, (Eq. 23).
The fraction of monomeric TF, f,, is given by the equilibrium concentration of monomeric
TF ceq(TF) and the total TF-concentration ¢(TF):
_— w (Eq. 24).
c.(TF)
According to the TF monomer-dimer equilibrium equation, f;, can then be expressed in

terms of the Kp and the total TF-concentration c(TF)

K, \/Kg 1
-2+, 2+ _-K,-c(TF
_Ca(TF)_ 4 V16 2 ! )(Eq 25)
" ¢,(TF) c,(TF) S

Thus, if this term is substituted for f;;, in Eq. 23, Fops can be expressed as a function of the

total TF-concentration with the Kp, Fy,, and F4 as parameters.

111.9.7 Kp determination from BADAN fluorescence

For a given Kp, the fraction of TF that is associated with ribosomes can be
calculated according to Eq. 21 and 22. Assuming that free TF-B exhibits the fluorescence
Ffee and ribosome-associated TF fluoresces with Fyoung, the maximum decrease in

max

fluorescence AF ™, that is observed if all of the TF-B is ribosome-associated, can be

expressed as

AF™ =F, ., —Foouna (Eq. 26),

— ¥ free
or, normalized to the fluorescence of free TF-B, with the relative change in fluorescence

AF,¢ being:

AF™* 1 F,
AF:;IEX = = ) (Ffree - Fbound ) =1 —bound (Eq 27)

Ffree Ffree free

Normalization is adequate in this case, since fluorescence is expressed in relative units,
depending, for instance, on the instrumentation utilized. The observed TF-B fluorescence

F°* can be expressed as a linear function of fyung (see Eq. 22):

FObS = Ffree - AFmaX : fbound (Eq 28)’

or, normalized to Fgee,

Forr =1-AFg™ - .ng (Eq. 29).

rel rel

Rearranging Eq. 29 yields
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__[Eo©bs
¢ _1-F (Eq. 30).

bound = ﬁ
ASF;ﬂ

If the total concentrations of ribosomes and TF (c(rib); and c(TF),) are known, the
dissociation constant Kp, can be calculated from fyoung using Eq. 19. The concentration of
the TF-ribosome complex is given by
¢ . (TF —rib) =c (TF)-f ., (Eq. 31).
Combining Eq. 20a and 20b with Eq. 19 and substituting according to Eq. 31 yields
(c.(TF)-c.,(TF —rib))- (c,(rib) - ¢ (TF —rib))

K, = Eq. 32
° c..(TF—rib) (Eq. 322)

_ (e (TF) ~ ¢ (TF) - f0)- (e, (rib) € (TF) - ,,,,0) (Eq. 32b)
c,(TF)-f,

ound

+¢,(rib)- ———c (TF)—c,(rib) (Eq. 320)

bound

=c (TF)-f,

ound

This equation allows the calculation of K from the total concentrations and the fraction of

TF that is present in a complex with ribosomes.

111.9.8 Kp determination from steady state fluorescence anisotropy

The Kp from steady state fluorescence anisotropy measurements can be calculated
in a similar way as from BADAN fluorescence. In this case, the measured value does not
have to be normalized since anisotropy measurements yield absolute values. The observed
anisotropy, Aops, 1S @ weighed average of the anisotropy of the free (Age.) and the bound
form (Apound) of TF-C:

Aobs = (1 —f bound) ‘A + fbound : Abound (Eq 33)>

free
where fyoung 18 the fraction of TF-C that is present in a complex with the ribosome. fyound
can then be calculated by rearranging Eq. 33:

Aobs — Afree (Eq 34)

ound =
Abound -A

f,

free

The dissociation constant can then be calculated according to Eq. 32c.
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111.9.9 Calculation of inter-molecular distances

0.25 uM donor-labeled TF were mixed with 1uM acceptor-labeled or unlabeled TF.
Emission spectra from 410 to 600 nm were collected at an excitation wavelength of 397
nm. The FRET efficiency was calculated according to Eq. 4b, in which a corrected E'grer
was used instead of Eprpr to compensate for the effects described in the following
paragraphs.

At a total TF concentration of 1.25 puM, dimer formation is not complete. The
fraction of TF that is dimeric can be calculated using Eq. 14 and 17. To calculate the
fraction of TF protomers that exists as a dimer (fgimer), the protomer concentration cp(TF;)
has to be used:

c:(TF,) =2.¢(TF,) (Eq. 35),
because each dimer consists of two protomers. Thus, at a total TF concentration of
¢(TF)r=1.25 uM and a Kp of 1 uM, the fraction of protomers within a dimer is

_¢c.(TF,)

= =0.55 (Eq. 36
dimer ct(TF) ( q )

At the concentrations of donor and acceptor utilized, not every dimer is a hetero-
dimer of a donor- and an acceptor-labeled protomer. Generally, for an n-mer composed of
A and D present at concentrations ca and cp, which oligomerize with the same affinity, the

probability Py of finding an n-mer containing k molecules of A is given by
n 2 (n—k)
Po={ . [Xa (1-x,)"* (Eq. 37)
with

Mo (Eq 38)and
k) ki(n—k) F4 30

cA
c,+¢,

(Eq. 39)

In the case of a dimer n = 2, therefore
P.=Pa=x,’ (Eq. 40)
Pi=Poa=2x, —2x,” (Eq. 41)
Po=Poo = ('I—XA)2 (Eq. 42)
For the inter-molecular FRET analysis, one has to correct for the fact that donor-containing

dimers can be either homo-dimers (D-D) or hetero-dimers (D-A), because only in the latter
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ones does FRET occur. With x4 = 0.8, the probabilities are Ppp = 0.04 and Pps = 0.32.
Therefore, the fraction of D-A dimers relative to all D-containing dimers is

P
£ =T _089 (Bq 43)
DA P +P (q )

DA DD
Taking into account incomplete dimerization and the formation of donor-labeled homo-
dimers, the corrected FRET-efficiency E'prer 18

1

=E 1 (Eq. 44).

E' — Eobs — .
e 0.55-0.89

FRET FRET f
dimer

-f

DA

E'rrer Was used to calculate the inter-molecular distances according to Eq. 4b.

111.9.10 Calculation of intra-molecular distances

Intra-molecular distances of TF in solution were calculated using Eq. 3 and 4b. For
the calculation of intra-molecular distances within ribosome-associated TF, the FRET
efficiency observed was corrected for the fact that under the conditions used, only a
fraction of TF was ribosome-associated.

Since fyouna < 1, the observed FRET efficiency reflects an average of distances in
ribosome-bound and free TF. The observed FRET efficiency is therefore an average of
FRET efficiencies of the free and the ribosome-bound form of TF weighed by the fraction
of TF that is ribosome associated:

Eobs = f . Ebound + 1—f

FRET bound ~ ™FRET ( bound)' E:r;:'r (Eq- 45)
with observed FRET efficiency Errer™™, and Eprpr® and Eprer™™ as the FRET
efficiencies of free and bound TF, respectively. This yields

oun 1 obs ree ree
E:;RETd =57 (EF:ET - E;RET )+ E;RET (Eq. 46)

bound
as the corrected FRET efficiency for ribosome-bound TF. fyoua can be calculated
according to Eq. 21 and Eq. 22 from the total concentrations of TF and ribosomes and the
dissociation constant of the TF-ribosome complex. The intra-molecular distance is then

calculated according to Eq. 4b using the corrected FRET efficiency.

111.9.11 Kinetic evaluation
Competition experiments were analyzed kinetically by assuming a pseudo-first

order mechanism. The data were fitted to a three parameter single exponential function
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y=y,+a-e"* (Eq.47),
where y, represents the initial value (or y-offset), a is the amplitude and b the time
constant. The time constant is correlated to the half-time by the simple relation

_In(2)

t1/2 - T

(Eq. 48).

111.9.12 Assignment of the mean hydrophobicity to residues in protein
sequences

For hydrophobicity calculations, the hydropathy scale by Roseman was used
(Roseman 1988). The values for the individual amino acids are listed in Table 3. The
average mean hydrophobicity h, for each residue n in a protein consisting of L residues

over a window of w residues was calculated according to

n+a

1
h =. Sh. (Eq.49
"= >'h, (Eq. 49)

i=n—a

with a=%—0.5 (Eq. 50)and a<n<L-a (Eq. 51).

Amino acid | AG (kJ/mol)
Ala -0.39
Arg 3.95
Asn 1.91
Asp 3.81
Cys -0.25
GIn 1.3
Glu 2.91
Gly 0
His 0.64

lle -1.82
Leu -1.82
Lys 2.77
Met -0.96
Phe -2.27
Pro -0.99
Ser 1.24
Thr 1
Trp -2.13
Tyr -1.47
Val -1.3

Table 3: Hydrophobicity scale according to Roseman (Roseman 1988).
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IV ~ RESULTS

IV.1 TF undergoes a conformational change upon binding to
the ribosome

Differential labeling with donor and acceptor chromophores at specific positions
within a protein molecule allows the observation of intra-molecular fluorescence resonance
energy transfer (FRET). From the efficiency of transfer (Eprgr), the distances between
these positions can be determined (Stryer 1968). A way to introduce fluorophores at
specific sites within proteins is via the attachment of thiol-reactive dyes to cysteine-
residues engineered at the desired position(s).

Positions in the TF molecule that appeared suitable for the introduction of
fluorophores were selected based on the TF crystal structure (Ferbitz et al 2004)

(Figure 8). A residue was considered suitable if it exhibited a low degree of conservation

T150

E376

S326

R14

Figure 8: Positions for the introduction of exogenous chromophores were
based on the TF crystal structure.

The ribbon diagram of the TF crystal structure (pdb-code 1w26; Ferbitz et al.
2004) is color coded according to the subdomains, with the amino-terminal domain
(residues 1 — 149) shown in red, the PPlase domain (150 — 250) in yellow, arm 1
(251 — 360) in green and arm 2 (361 — 432) in blue. As a pre-requisite for thiol-
derivatization of the exogenous chromophores onto the TF molecule, the following
residues were mutated to cysteine: R14, T150, S326 and E376 (as indicated). The
Cq-atoms of these residues are represented as magenta spheres to highlight their
positions throughout the TF molecule.
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among TF-variants from different species and a rather hydrophilic, solvent exposed side-
chain. Additionally, the positions were chosen to be distributed over the different
subdomains of the TF-molecule. The residues that were selected for the introduction of
cysteines were R14 in the amino-terminal domain, T150 in the PPlase domain, E326 in
tipl and S376 in tip 2. A TF R14C mutant was generated, and the mutation was combined
with either of the three of the above cysteine mutations, yielding the double cysteine
mutants R14C T150C, R14C E326C and R14C E376C.

The double cysteine mutant proteins were purified and differentially labeled with
CPM as the donor and fluorescein as the acceptor fluorophore (see Materials and
Methods). Emission spectra of the labeled double cysteine mutants are shown in Figure 9 a.

The fluorescence emission at ~460 nm was normalized to the emission in the absence of

da :3; 1.0 7
Y
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7]
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=
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®
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Figure 9: Intra-molecular FRET within TF labeled with fluorescence donor
and accepftor pairs.

a. Fluorescence emission spectra of differentially labeled TF versions. Spectra in
the presence of acceptor are shown as solid lines in yellow, green and blue for the
donor-acceptor pairs 14 — 150, 14 — 326 and 14 — 376, respectively. All spectra
are normalized to the emission maximum of the respective donor-only spectrum
(broken lines). b. FRET efficiencies observed with the donor and acceptor pair at
various positions. Measurements correspond to averages of at least three
experiments, with standard deviations. c. Efficiency of intra-molecular FRET
between positions 14 and 326 in the presence of excess unlabeled TF. Eggrer Was
determined for 250 nM differentially labeled TF in the presence of various
concentrations of unlabeled TF, as indicated. The FRET efficiency does not vary
over a wide range of TF concentrations, indicating that energy transfer occurs
intra-molecularly.
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acceptor. The presence of the acceptor led to a pronounced decrease in donor fluorescence
for all of the above combinations. The calculated transfer efficiencies between the different
positions are displayed in Figure 9b. Eprgr remained essentially unchanged when
unlabeled TF was included at concentrations as high as 15 pM (60-fold excess over labeled
TF, Figure 9 c). This demonstrates that the energy transfer takes place in an intra-
molecular fashion. Furthermore, the formation of TF-dimers (see below) at elevated
concentrations does not alter these distances, suggesting that dimerization is not associated
with a TF conformational change.

From the observed transfer efficiencies, the distances between the different
positions were calculated. The distances corresponded to 34, 33 and 36 A between position
14 and positions 150, 326 and 376, respectively. For the pair at positions 14 and 150, the
distance derived from intra-molecular FRET measurements varies considerably from the
one determined from the TF crystal-structure (Ferbitz et al. 2004), which corresponds to
more than 70 A.

Having established that FRET can be observed between the different TF
subdomains within a molecule, it was investigated whether any conformational changes
occur upon binding of TF to the ribosome. The spectral properties of the exogenous
fluorophores utilized allow fluorescence measurements to be conducted in the presence of
ribosomes, which, due to their high absorbance in the UV-region, interfere with
spectroscopic measurements at wavelengths shorter than ~300 nm. Fluorescence emission
spectra of 250 nM labeled TF in the absence and presence of 2 uM ribosomes are shown in
Figure 10 a — c. For all combinations of label positions, Errer was markedly reduced when
ribosomes were present, correlating with an increase in distance between these positions
(Figure 10d). This observation suggests that upon binding to the ribosome, TF adopts a
more extended conformation than in solution, perhaps more closely resembling that of the
crystal structure. A comparison of the distances derived from fluorescence spectroscopy to
those from the crystal structure is given in Table 4.

Taken together, the data indicate that in solution, TF adopts a structure that is
significantly more compact than the one in the crystal structure. Upon ribosome binding,
there is an increase in distance between the positions of the labels, reflecting a

conformational change within TF. This is displayed in a schematic fashion in Figure 10 e.
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Figure 10: TF undergoes a conformational change upon binding to the ribosome.

a — c. Fluorescence emission spectra of differentially labeled TF in the absence
and presence of ribosomes. Spectra of 250 nM differentially labeled TF with the
donor — acceptor pairs at positions 14 — 150 (a), 14 — 326 (b) and 14 — 376 (c)
were acquired in the absence (black lines) or presence (red lines) of 2 uyM
ribosomes. The spectra were normalized to the maximum emission of analogous
donor-only labeled samples (broken lines). Presence of ribosomes causes an
increase in donor fluorescence at ~460 nm with a concomitant decrease in
acceptor fluorescence at ~510 nm. d. Distances derived from intra-molecular
FRET measurements (see Materials and Methods) for the free (black bars) and
the ribosome-bound forms (grey bars) of TF. The largest increase in distance upon
ribosome binding is observed between positions 14 and 150. Measurements
correspond to averages of at least three experiments, with standard deviations.
e. Comparison of distances derived from the crystal structure and from intra-
molecular FRET-measurements. TF is drawn as a grey silhouette viewed from a
similar angle as the structure representation in Figure 8. The probes at positions
14, 150, 326 and 376 are represented as filled circles colored red, yellow, green
and blue, respectively. Arrows are drawn to scale according to the distances from
the crystal structure (left panel) and the distances derived from intra-molecular
FRET measurements in the presence (middle panel) and absence (right panel) of
ribosomes.
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D — A pair D — A distances (r) Ar C-distances
(positions)  — ribosomes + ribosomes (1w26)
14 - 150 33.7A 453 A 11.6 A 73 A
14 - 326 32.8 A 375A 47 A 45/49 A
14 - 376 35.7A 44.8 A 9.0 A 39/43 A

Table 4: Distances derived from intra-molecular FRET measurements and
from the crystal structure of E. coli TF.

D: donor; A: acceptor; r: FRET-derived distance. For each combination of donor
and acceptor positions, the distances calculated from Egget are listed. Ar indicates
the difference in distance between the same positions in free and ribosome-bound
TF. The C, distances were calculated from the coordinates of the E. coli TF
structure (pdb-code 7w26) (Ferbitz et al. 2004), which vary in part for the two
protomers in the asymmetric unit.
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IV.2 TF exists predominantly as a dimer when not bound to

the ribosome

Previous studies have demonstrated that purified TF undergoes self-association to
form homo-dimers as observed by analytical ultracentrifugation and gel filtration analysis.
The reported dimer dissociation constants vary significantly, from 1.8 to 18 uM (Maier et
al. 2003; Patzelt et al. 2002) and exhibit relatively large errors. It is conceivable that
dimerization fulfills a function in regulating TF activity in the cell. To investigate this
aspect, the TF dimer was further characterized.

To determine the dissociation constant of TF more accurately, the single
tryptophan residue at position 151 in the TF sequence was used as an endogenous
fluorescent probe. The indole ring of tryptophan exhibits fluorescence when excited at
around 280 nm to 295 nm, and this fluorescence is often environmentally sensitive
(Lakowicz 1999). A fluorescence emission spectrum of 4 uM unmodified wild type TF is
shown in Figure 11 a, displaying an emission maximum at 345 nm. Emission spectra of TF
at concentrations ranging from 0.1 to 15 uM were acquired at an excitation wavelength of
295 nm (Figure 11 b) and normalized to TF concentration. A substantial increase in molar
fluorescence emitted at 345 nm was observed with increasing TF concentrations. At
concentrations above 5 uM, a decrease in fluorescence was observed, probably as a result

of an inner filter effect.
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Figure 11: TF tryptophan fluorescence changes upon dimerization.

a. Fluorescence emission spectrum of unlabeled wild type TF excited at 295 nm.
b. Fluorescence emission at 345 nm of TF vs. TF concentration. The data points
are represented as circles, the result from the non-linear curve fit with a Kp of 0.9
MM is shown as a red line. Open circles represent data points at concentration
where a considerable inner-filter leads to reduction in signal, which were not
considered in the analysis.
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The molar fluorescence was plotted against TF concentration and analyzed by
non-linear curve fitting (see Materials and Methods). The data points for concentrations
above 5 uM were not utilized. The analysis yielded a reasonable fit (Figure 11 b) with a
dissociation constant of 0.9 uM for the TF dimer. Virtually identical Kp values were
obtained for the various TF cysteine mutants as well as for the TF FRK/AAA mutant (see
below), indicating that these molecules do not differ from WT TF in their ability to form
homo-dimers.

To confirm the dimerization results obtained by the analysis of TF tryptophan
fluorescence, steady state fluorescence anisotropy measurements of TF labeled with CPM
at position 326 (TF-C) were conducted. Fluorescence anisotropy is correlated to the
molecular weight of a molecule by the rotational diffusion coefficient. Large molecules
rotate slower than small ones, thereby exhibiting higher fluorescence anisotropy.
Additionally, steady state fluorescence anisotropy may also depend on the environment of
the fluorophore. If the steady state anisotropy of fluorescently labeled TF is measured at
varying total TF concentrations, any change in anisotropy reflects a change in molecular
mass of the TF-molecule and / or fluorophore environment associated with dimerization.

250 nM TF-C was incubated with unlabeled TF at concentrations ranging from 0
to 45 uM and the steady state fluorescence anisotropy of the sample was measured.
250 nM TF-C displayed an anisotropy of » = 0.27. With increasing TF concentration, an
increase in anisotropy was observed reaching a plateau at » = 0.3 (Figure 12). Anisotropy
was plotted against total TF concentration, and the data points were fitted to the

equilibrium equation for dissociation of the TF dimer (Figure 12). A value of 0.9 uM was

Anisotropy
° °© 4
N N w
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1 1 1

0.27 -

0 5 10 15 20 25 30 35 40

¢(TF)total (uM)
Figure 12: TF dimerization can be monitored with fluorescence anisotropy.

Fluorescence anisotropy of 250 nM CPM-labeled TF was measured in the
presence of varying amounts of unlabeled TF. An increase in anisotropy is
observed with increasing TF-concentrations (open circles). A reasonable fit to the
TF-dimer equilibrium equation was obtained with a Kp of 0.9 uM (red line). in good
agreement with the Kp obtained from endogenous tryptophan fluorescence.
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determined for the dissociation constant, virtually identical to that found by the analysis of
TF tryptophan fluorescence.

To obtain insights into the arrangement of the TF-dimer, TF single cysteine
mutants R14C, T150C and E326C were labeled with either CPM serving as a donor or
fluorescein serving as an acceptor in resonance energy transfer measurements. 250 nM
donor-labeled TF was mixed with 1 uM acceptor-labeled or unlabeled TF, and emission
spectra were acquired at an excitation wavelength of 396 nm. For each of the three
different donor-labeled versions of TF, the donor fluorescence (at around 460 nm) was
normalized to the fluorescence observed in the absence of acceptor, i.e. in a control sample
containing unlabeled instead of donor-labeled TF (Figure 13 a — ¢). To rule out that
acceptor fluorescence contributes to the emission at 460 nm, samples containing 1 uM
acceptor-labeled TF were analyzed under the same conditions in the absence of donor.
Virtually no fluorescence emission at 460 nm was observed in the absence of donor-
labeled TF (Figure 13 d).

From the decrease in donor fluorescence that was observed in the presence of
acceptor, Egrer was calculated. Figure 13 e shows the transfer efficiencies observed for the
different donor-acceptor combinations in the inter-molecular FRET measurements. The
highest transfer efficiency was observed when both donor and acceptor were attached at
position 326 in each TF molecule. Energy transfer was least efficient when both probes
were at position 14. This suggests that, in the dimer, the regions of the TF molecule
comprising the tips are closest to each other, whereas the amino-terminal domains of the
two protomers are distant.

The distances corresponding to the observed FRET efficiencies were calculated
using a Forster distance of 47 A for the donor-acceptor pair used in these experiments. The
FRET efficiency was corrected for incomplete dimer formation and for formation of homo-
dimers of donor-labeled TF at the concentrations used in these experiments (see Materials
and Methods). The distances are summarized in Figure 14 .

The program FRETsg (Schroder & Grubmuller 2004) was utilized in order to
interpret the information obtained from inter-molecular FRET measurements. This
program finds all configurations that obey the given distances for an arbitrary number of
distance distributions between an arbitrary number of points in three-dimensional space.
This is achieved by assigning a harmonic potential to each distance and minimizing the
energy for the sum of all potentials. Since the optimum configuration for a given data set

may not be unique, the minimization is repeated multiple times starting from random initial
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Figure 13: Inter-molecular FRET measurements with single-labeled TF.

a. — c¢. Fluorescence emission spectra of 250 nM donor-labeled TF with 1 uM
unlabeled (black lines) or acceptor-labeled TF. The acceptor was coupled to
position 14 (red lines), 150 (green lines) or 326 (blue lines). The samples were
excited at 396 nm. Donor positions are 14 (a), 150 (b) and 326 (c). d. Intensities of
fluorescence emission of 250 nM donor-labeled (D) and 1 uM acceptor labeled (A)
TF at 460 nm. The numbers on the x axis indicate the position of the label within
the TF sequence. Samples were excited at 396 nm. As can be observed, the
acceptor does not exhibit any significant fluorescence emission at 460 nm.
e. Observed FRET efficiencies for the different combinations of donor- and
acceptor-labeled TF. Numbers on the x axis indicate the positions of donor and
acceptor, respectively. Ergrer represents the average of at least three independent
experiments, with standard deviations shown.
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configurations. When this analysis was applied to the distances derived from intra- and
inter-molecular FRET-measurements, all random initial configurations converged into very
similar models, in which the long axes of the protomers were placed at nearly

perpendicular angles, with the regions between the tips facing each other. A representation

of such a model is given in Figure 14 b.
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Figure 14: Characterization of the TF-dimer by inter-molecular FRET
measurements.

a. Inter-molecular distances between different positions in the TF dimer. Distances
were calculated from Eggrer (See Materials and Methods). The similarity between
the values of reciprocal combinations of donor and acceptor confirms the
calculated distances. Measurements correspond to averages of at least three
experiments, with standard deviations. b. Representation of a model of the TF
dimer generated with FRETsg from the distances shown in (a). The probe
positions are represented as colored spheres (amino-terminal-domain: red,
PPlase-head: yellow; tip 1: green), which are connected by sticks within the same
TF molecule. The three images are different views of the same model, illustrating
that the protomers are oriented at nearly perpendicular angles, with the tips of the
substrate binding crevice facing towards each other. Models were generated and
rendered with POVray. c. Fluorescence emission spectra of single donor- and
acceptor-labeled TF in the absence (black line) and presence (red line) of 2 yM
ribosomes. The respective spectra in the absence of acceptor are represented as
broken lines. Presence of ribosomes leads to a marked increase in donor
fluorescence. d. Inter-molecular FRET efficiencies in the absence (black bar) and
presence (grey bar) of ribosomes. Errer Was calculated from the spectra shown in
(c). The transfer efficiency is strongly decreased in the presence of ribosomes.



RESULTS 84

The effect of ribosome binding on the oligomeric state of TF was investigated by
performing the inter-molecular FRET experiments in the presence of 2 uM ribosomes.
Under these conditions, a fraction fyung = 0.6 of TF is expected to be ribosome-bound
(assuming a Kp of 0.9 uM for the TF-ribosome complex, see below). Fluorescence
emission spectra of the 326 — 326 donor-acceptor pair in the absence and presence of
ribosomes are shown in Figure 14 c. Eprgr was markedly reduced in the presence of
ribosomes (Figure 14 d), indicating a decrease in TF dimer concentration. The observed
decrease in Egrpr from 0.48 to 0.19 (~40% of the initial value) correlates well with the
fraction of TF that is ribosome-bound under these conditions. The results are in agreement
with published observations that TF associates with ribosomes in a 1:1 stoichiometry and
that it is the monomer rather than the dimer that exists as the ribosome-bound form.

The results of the inter-molecular FRET-measurements demonstrate that, in
solution, TF forms homo-dimers that dissociate with a Kp of 0.9 uM. The protomers
within the TF dimer are oriented in an almost perpendicular fashion, with the tips
surrounding the hydrophobic crevice oriented towards each other. Furthermore, these

results support the notion that the ribosome-bound TF species is a monomer.
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IV.3 Translation of FL results in increased recruitment of
TF to the ribosome

It has been reported that the dynamic interaction of TF with the ribosome can be

resolved by fluorescence spectroscopy (Maier et al. 2003). This was achieved by
introducing the environmentally sensitive BADAN fluorophore at position 14 in TF (TF-
B). Upon binding of TF-B to the ribosome, a decrease in fluorescence was observed. When
excess unlabeled WT TF was added, this effect was reversed due to displacement of
ribosome-bound labeled TF. The TF FRK/AAA mutant is deficient in ribosome binding,
and the corresponding BADAN-derivative did not display the change in fluorescence
observed for WT TF-B upon incubation with ribosomes. Also, the mutant protein failed to
act as an efficient competitor in the displacement of ribosome-bound TF-B. The
association and dissociation of TF-ribosome complexes have been shown to take place on
a time scale that is amenable to manual mixing experiments.
To investigate whether the interaction of TF with ribosomes actively engaged in translation
can be monitored, a recently developed cell-free coupled transcription/translation system
was used (Shimizu et al. 2001). Reconstituted from purified E. coli ribosomes present at
250 nM and purified recombinant proteins, it provides a well defined protein synthesis
system. Importantly, the amount of contaminating TF is negligible (Shimizu et al. 2001)
(and data not shown).

The system was supplemented with 250 nM TF-B and allowed to equilibrate at
30 °C. Transcription/translation was initiated by the addition of the plasmid pLuc encoding
firefly luciferase (FL), a previously characterized TF substrate, and fluorescence was
followed over time. Following a lag-phase of ~3 min after the addition of plasmid, TF-B
fluorescence started to decrease and reached a steady level corresponding to ~65% of the
initial fluorescence after ~25 min (Figure 15). No such decrease was observed when the
system was supplemented with an equal amount of the BADAN-labeled TF FRK/AAA
mutant (Figure 15).

In a parallel experiment containing *°S-labeled methionine (*>S-Met), aliquots
were withdrawn at various intervals and the total amount of FL produced in the system was
quantitated by SDS-PAGE and phosphorimaging. Full-length FL was detected after ~20
min, and accumulated at a constant rate when the BADAN emission had reached a steady
level (Figure 15). The linear accumulation of full-length FL progressed beyond 60 min

under the experimental conditions.
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Figure 15: TF recruitment to translating ribosomes can be monitored in real time.

The reconstituted translation system was supplemented with 250 nM TF-B, and
fluorescence emission was followed over time (black open circles). No such
decrease was observed when the FRK/AAA mutant of TF-B, unable to efficiently
bind ribosomes, was used ggrey open circles). The production of full-length
luciferase was quantitated by “°S-Methionine incorporation and autoradiography of
the band corresponding to the full-length protein (FL) (open triangles;
autoradiograph in the top panel). TF-B fluorescence reached a plateau when
protein production was taking place at a steady level. The arrow indicates the point
of time at which competition experiments were conducted (see below).

These findings indicate that the decrease in BADAN fluorescence reflects an
increase in the fraction of TF-B that is bound to the ribosome, i.e. increased recruitment of
TF-B to ribosomes is observed as they become engaged in translation. Once all the
available ribosomes in the system are translating, TF-B recruitment and protein synthesis
reach a steady state, reflected by constant fluorescence and protein accumulation (Figure
15).

Steady state fluorescence anisotropy has been successfully used to monitor the
binding of fluorescently-labeled proteins to ribosomal subunits and entire ribosomes.
Therefore, it may be suitable to monitor TF association with ribosomes if the TF is labeled
with a fluorescent dye suitable for anisotropy measurements. In the above reactions, if free

TF is shifted towards the ribosome-bound form as a result of translation, the steady state
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anisotropy would be expected to increase with kinetics similar to those observed for the
BADAN:-labeled TF.

For steady state anisotropy measurements, TF was labeled with CPM at position
326 (TF-C). This fluorophore has been used successfully to monitor the assembly of the
E. coli protein S21 into ribosomes (Odom et al. 1984). Translation reactions containing
TF-C were set up and the steady state fluorescence anisotropy of TF-C was measured over
time. An increase in anisotropy was observed from ~0.29 to ~0.33 in a sigmoidal fashion
(Figure 16) very similar to the change in BADAN fluorescence (compare with Figure 15).
This indicates that an increased fraction of the TF-C indeed associated with ribosome-
nascent chain complexes upon translation. The CPM-labeled FRK/AAA-mutant did not
exhibit such a pronounced increase in anisotropy (Figure 16).

As discussed above, TF undergoes a significant conformational change upon
binding to the ribosome. Recruitment to ribosomes upon translation should thus be
reflected by a decrease in intra-molecular FRET efficiency. For intra-molecular FRET
measurements, two parallel translation reactions similar to the above were set up, except

that the labeled TF in one of them contained the fluorescence donor only (TF-C) and the
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Figure 16: TF-ribosome recruitment during translation causes an increase in
steady state fluorescence anisotropy.

The steady state fluorescence anisotropy of TF-C was followed over time during
FL translation. An increase in anisotropy from 0.29 to 0.33 was observed, with
kinetics very similar to those of TF-B recruitment to translating ribosomes
(compare with Figure 15). A significantly less pronounced increase was observed
when the FRK/AAA mutant of TF-C, unable to efficiently bind ribosomes, was
utilized (grey circles). This result provides an independent confirmation that, upon
translation, an increased fraction of TF becomes ribosome-associated.
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other one contained both donor and acceptor (TF-CF). A kinetic change with very similar
characteristics to the sigmoidal curve of TF-BADAN fluorescence and steady state
fluorescence anisotropy was observed for the TF-CF reaction, except that donor emission
increased (Figure 17). When Eprgr was calculated from the TF-C and TF-CF traces (see
Materials and Methods), a clear decrease in energy transfer was observed between the
donor and the acceptor (Figure 17). This suggested that the equilibrium between compact
and open TF molecules shifted towards the open conformation as ribosomes became
engaged in translation.

TF forms homo-dimers in solution, and dimer formation can be monitored by
inter-molecular FRET when the protomers are individually labeled with donor and
acceptor. In the presence of ribosomes, dimer dissociation is promoted, resulting in lower
FRET efficiencies (see above). When FL is translated in the reconstituted system

supplemented with the appropriate TF versions for inter-molecular FRET measurements, a

0.80 -
Donly | 500
0.75 - N
: 450 §
0.70 - - 400 o
- 350 ®
= 0.65 - 0
& - 300 O
W 0.60 - =
- 250 *
[ .
0.55 - — 200 8
O
0.50 - 150 ©
- 100
0.45 -4 T T T T
0 500 1000 1500 2000

time (s)

Figure 17: Increased TF recruitment to translating ribosomes is reflected by
a conformational change within the molecule.

In an experiment analogous to the one described in Figure 16, the fluorescence
emission of donor-only labeled (blue circles) and double-labeled (black circles) TF
version R14C T150C was followed during FL translation in the reconstituted
system. The intra-molecular FRET efficiency (red circles) was observed to
decrease with kinetics similar to those of ribosome-recruitment (compare with
Figure 15), indicating that ribosome recruitment is associated with a
conformational change within TF, leading to a more extended structure than that in
free solution.
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decrease in Eprgr is observed (Figure 18). This decrease argues that the monomer-dimer
equilibrium is shifted towards the monomeric form by increased TF recruitment to the
translating ribosome, consistent with the observation that the ribosome-bound form of TF
is a monomer.

Taken together, an increased recruitment of TF to the ribosome is observed upon
translation of FL in the reconstituted system, as indicated by a decrease in BADAN-
fluorescence and an increase in steady state fluorescence anisotropy. Since the
corresponding FRK/AAA derivatives of TF do not exhibit such behavior, these phenomena
can directly be attributed to ribosome binding. Ribosome recruitment is also reflected by
an increased fraction of TF being shifted to a more open conformation, as revealed by
intra-molecular FRET measurements. Inter-molecular FRET measurements indicated that
ribosome recruitment upon translation is concomitant with stabilization of the monomeric

form of TF.
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IV.4 Translation results in increased affinity of TF for the
ribosome-nascent chain complex

During translation in the reconstituted system, the concentrations of TF and
ribosomes remain constant throughout the course of the reaction (250 nM each). Therefore,
the increased recruitment to ribosomes engaged in translation must be due to TF having a
higher affinity for ribosome-nascent chain complexes than for vacant ribosomes. Thus, it
was investigated by what magnitude the Kp of the TF-ribosome complex decreases when
ribosomes transit from the vacant to the translating state.

The interaction of TF with vacant ribosomes was characterized by steady state
fluorescence anisotropy. To determine the Kp of TF ribosomes complexes in the absence
of translation, 250 nM TF-C was incubated with ribosomes at concentrations ranging from
0 to 8 uM, and the steady state fluorescence anisotropy was measured. With increasing
concentrations of ribosomes, the anisotropy increased from 0.27 to 0.36 (Figure 19),
indicating that TF indeed associated with ribosomes in a saturatable fashion.

Importantly, the anisotropy value in the presence of 250 nM ribosomes is similar
to the one of 250 nM TF-C in the translation system before translation was initiated. Also,
after assembly into ribosomes, the E. coli protein S21 labeled with the same chromophore

utilized here, displays an anisotropy value of 0.36 (Odom et al. 1984), identical to the one
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Figure 19: Binding of TF-C to vacant ribosomes is reflected by an increase in
steady state fluorescence anisotropy.

250 nM TF-C was incubated with ribosomes at various concentrations, and the
steady state fluorescence anisotropy was measured (open circles). An increase in
anisotropy was observed with increasing ribosome concentration. The data points
were fitted to the equilibrium equation for TF-ribosome dissociation (see Materials
and Methods). A reasonable fit (red line) was obtained with a Kp of 0.84 uM,
consistent with published values (Maier et al. 2003).
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that was observed for TF-C at saturating ribosome concentration. Anisotropy was plotted
against ribosome-concentration, and the data points were fitted as described in Materials
and Methods with the Kp as a variable parameter. A good fit was obtained with a
dissociation constant of 0.84 uM (Figure 19).

In an analogous experiment, the fluorescence emission of TF-B was measured in
the presence of 0 to 4 uM ribosomes. The data were analyzed in a similar way as those
obtained from the anisotropy measurements, yielding a Kp of ~0.9 uM for the dissociation
of TF-ribosome complexes (see Materials and Methods), in excellent agreement with what
has been observed in the fluorescence anisotropy measurements.

Using the experimentally derived dissociation constant, the fraction of TF that is
present in a complex with the ribosome (fpoung) at a given ribosomal concentration was
calculated. The fluorescence of TF-B measured at different ribosome concentrations can be
expressed as a linear function of fyong (see Materials and Methods). The value of the slope

then is equivalent to the maximum relative change in fluorescence that is observed when

all of the TF-B is associated with ribosomes. This was found to be AF">* =—0.51.

rel
The correlation between BADAN fluorescence and ribosome binding can be used
to calculate fyoumg and to estimate the Kp from the relative decrease in BADAN f
luorescence that is observed in the translation system upon FL synthesis (see Materials and

Methods). During FL translation, a decrease in TF-B fluorescence to 65% of the initial

value was observed (AF® =—0.35), corresponding to fyouma = 0.71. The concentrations

of both TF-B and ribosomes in the translation system were 250 nM each. From these
values, the Kp of the TF-ribosome nascent chain complex can be estimated (see Materials
and Methods). An apparent Kp of ~30 nM was found for the TF-B ribosome complex
during FL translation, compared to ~900 nM for the complex with vacant ribosomes (see
above).

In titration experiments, steady state fluorescence anisotropies of 0.27 and 0.36
were determined for free and ribosome-bound TF-C, respectively (Figure 19). From
measurements using TF-B, it was estimated that a fraction of fyoug = 0.71 of TF is
associated with ribosome-nascent chain complexes. With the anisotropies for free and
ribosome-bound TF-C, an anisotropy of ~0.33 would be expected during translation of FL.
(see Materials and Methods). This is indeed what was observed (see Figure 16),

confirming the Kp determined from TF-B fluorescence by an independent method.
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IV.5 Kinetic analysis of TF-ribosome complex dissociation

The displacement of TF-B from ribosome complexes by competition with excess
unlabeled WT TF can be resolved kinetically (Maier ef al. 2003). This was found to be a
rather slow process with a rate constant of 0.036 s at 20 °C, which corresponds to a t;, of
19 s (Maier et al. 2003). A similar experiment was set up at 30 °C. 250 nM TF was
incubated with 2 pM ribosomes until an equilibrium was reached. The ribosome bound
TF-B was then displaced by the addition of 20 uM WT TF. The t;,, was determined to be
10.3 + 2.2 s under these experimental conditions (Figure 20), which is consistent with the
reported value if the difference in temperature is taken into account.

In a similar way, the kinetics of TF relaxation from its open, ribosome bound
conformation back to its compact conformation were determined by kinetically resolving
the changes in intra-molecular energy transfer efficiency. Ribosome complexes were
formed with either TF-C or TF-CF, and 20 uM WT TF were subsequently added. The
change in donor fluorescence was followed over time and Eprpr was calculated. The FRET
efficiency returned to its baseline with kinetics very similar to those observed for ribosome

dissociation (Figure 20), with a t;, of 8.6 £ 2.3 s.
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Figure 20: TF dissociation from vacant ribosomes and intra-molecular
compaction occur with very similar Kkinetics.

Displacement of TF-B (grey circles) or intramolecular compaction (as measured by
Errer from the TF-C/TF-CF combination; black circles) from pre-formed complexes
with vacant ribosomes was achieved by the addition of excess unlabeled TF (20 pM).
Analysis with a single exponential fit yielded very similar half times for ribosome
dissociation (blue line; t12 = 10.3 + 2.2 s) and intra-molecular compaction (red line;
t12 = 8.6 £ 2.3 s). No such kinetics were observed in analogous experiments with
the TF FRK/AAA mutant as the competitor (open gray triangles for TF-B and open
black triangles for TF-C/TF-CF). The amplitudes of change in TF-B fluorescence
and intra-molecular FRET efficiency were normalized to unity.
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Additionally, the change in steady state fluorescence anisotropy of TF-C upon
displacement from the ribosomal complex was characterized kinetically in an analogous
experiment. The half-time of the anisotropy change was determined to be t;, = 10.5+2.3 s
(data not shown). In none of the competition experiments was efficient displacement
observed when the FRK/AAA TF mutant was used as the competitor (Figure 20).

Taken together, displacement of TF from vacant ribosomes at 30 °C occurs with a
half-time of ~10 s, demonstrated by two independent methods, namely fluorescence
emission of an environmentally sensitive probe and steady state fluorescence anisotropy.
The TF conformational change, measured by intra-molecular FRET, also occurs with a
very similar half time. This indicates that under these conditions, detachment of TF from
ribosomes and its molecular compaction occur simultaneously.

Since it was possible to monitor TF-ribosome interactions with regard to ribosome
detachment and TF intra-molecular compaction in a time-resolved manner, the effect of
ongoing translation on the kinetics of these processes was examined next. Reactions with
the reconstituted in vitro translation system were set up containing the various labeled TF
molecules as above. Translation of FL was initiated by the addition of plasmid, and excess
unlabeled TF was added once the reactions had reached the steady state (35 min after the
start of each reaction, arrow in Figure 15). For the experiment that monitored TF-B
dissociation from the ribosome by BADAN fluorescence, the change in fluorescence
occurred with a t;, of 11.2 = 0.9 s (Figure 21). This indicates that, upon translation, the
dynamic interaction of TF with the ribosome remains essentially unaltered with respect to
ribosome detachment.

In contrast, the experiment that reported TF conformational compaction by intra-
molecular FRET revealed kinetics considerably slower than those of ribosome
dissociation, with a t;; of 36.6 £ 3.5 s (Figure 21). Thus, during translation, the processes
of ribosome departure and molecular compaction no longer occurred concomitantly.
Additionally, the decrease in steady state fluorescence anisotropy of TF-C upon
displacement from translating ribosomes was also significantly slower, with an observed
t;» of 46.7 £ 1.34 s (data not shown). As expected, the FRK/AAA TF mutant was unable to

act as a competitor in any of these reactions (Figure 21).



RESULTS 94

. Wild-type
1.0 4 ] Tpr
—_ 08 T
=
&
@ 0.6 1
-g BADAN fluorescence
.
- 0.4 4
€
< 0.2-
FRK/AAA
0.0 - TF

0 50 100 150 200 250 300 350 400 450 500

Figure 21: Interaction of TF with nascent luciferase chains leads to a
deceleration of intra-molecular compaction.

Ribosome displacement (measured by TF-B-fluorescence; grey circles) and intra-
molecular compaction (Errer; black circles) no longer occurred concomitantly
when TF was displaced from ribosomes actively engaged in FL translation. Single
exponential curve fitting revealed that ribosome release (blue line) occurred with
ti2 of 11.2 £ 0.9 s, whereas intra-molecular compaction (red line) was markedly
delayed, with a ty, of 36.6 + 3.5 s. No efficient competition was observed with the
TF FRK/AAA mutant as competitor (grey and black triangles for ribosome release
and intra-molecular compaction, respectively). The amplitudes of fluorescence and
intra-molecular FRET change were normalized to unity.

In summary, a kinetic difference is observed between TF ribosome-displacement
and intra-molecular compaction when measured in the presence of translation. The delay in
intra-molecular compaction compared to ribosome-detachment that is observed with
translating, but not vacant, ribosomes argues that TF remains associated with the nascent
chain after leaving the ribosome, thereby being kept in a more open conformation. The fact
that the TF FRK/AAA mutant, as a competitor, failed to promote TF intra-molecular

compaction indicates that ribosome binding is a pre-requisite for TF-substrate interaction.
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IV.6 TF interacts with its substrate after ribosome
departure and does not rebind post-translationally

In the competition experiments described above, the competitor must bind to the
ribosome in order to displace labeled TF from the ribosome, as indicated by the fact that
the FRK/AAA mutant fails to act as an efficient competitor of labeled TF. If TF remains
bound to the nascent chain post-translationally, it would be expected that TF molecular
compaction still occurs more slowly than ribosome dissociation once both TF and the
nascent chain are released from the ribosome. Such a post-translational scenario was
mimicked in the translation system by fast depletion of Mg”" by means of a chelating
agent. This was achieved by the addition of EDTA, which efficiently leads to disruption of
the ribosome-nascent chain complex (Michalski et al. 1973). To obtain a homogenous
population of ribosome-bound nascent chains, FL was translated from a template lacking a
stop codon. This prevents the release of the nascent chain and results in stalling of
translation and accumulation of ribosome-nascent chain complexes.

To verify that under these conditions the majority of the polypeptide chains
produced was kept in a ribosome-bound state, stalled radio-labeled FL nascent chains were
produced in the presence of **S-methionine and analyzed by fractionating ribosomes. In a
control reaction, FL was translated from plasmid pLuc, which encodes FL followed by a
stop codon. The accumulation and distribution of radio-labeled full-length FL were
analyzed by SDS-PAGE and autoradiography.

When comparing the total reactions (Figure 22, lanes “T”), it was found that
considerably less material was produced when the template lacked a stop codon. The
reactions were subjected to high speed centrifugation at ~200,000 g to sediment ribosomes.
As expected, the majority of full-length FL (arrowhead in Figure 22) translated from
plasmid pLuc was recovered in the post-ribosomal supernatant. In contrast, very little full-
length FL was detected in the corresponding fraction of the reaction producing stalled FL
(Figure 22, lanes “S200”), whereas most of it was present in the ribosomal pellet (“P200”
in Figure 22). A smear of radioactive material is visible above the full-length FL band in
the ribosomal pellet fraction of both reactions (“P200” in Figure 22). This material
probably corresponds to peptidyl-tRNA species of translated FL, since it co-fractionates
with ribosomes and converts into a full-length FL band upon treatment with RNase A
(“P200*” in Figure 22). These findings indicate that efficient stalling was achieved in the

translation system with a DNA-template lacking a stop codon.
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Figure 22: Efficient stalling of nascent chains on the ribosome can be
achieved by omission of the stop codon from the FL open reading frame.

Radiolabeled FL was translated in the reconstituted system either from plasmid
pLuc (left panel) or from a PCR product encoding the same protein but lacking a
stop codon after the FL open reading frame (right panel). The total reaction (T)
was subjected to low speed centrifugation, and the low speed supernatant was
subjected to high speed centrifugation, yielding a post-ribosomal supernatant
(S200) and a ribosomal pellet (P200). After dissolving the ribosomal pellet, a
fraction was treated with RNase A to digest tRNA (P200*). FL chains were
visualized by autoradiography. When translated from a stop codon-free template
(Luc™™4, the amount of full-length FL (arrowhead) was considerably less, and the
protein was found almost exclusively in the ribosomal pellet fraction (P200).

Next, the dynamics of TF-substrate interaction were analyzed kinetically under
the above conditions, which mimic a post-translational scenario. Ribosome-bound FL
nascent chains were accumulated as described above. Then, excess EDTA was added and
ribosome detachment as well as intra-molecular compaction were measured over time
(Figure 23). TF dissociation from ribosomes occurred with a half-time of 14.1 £ 0.1 s,
whereas the half-time of molecular compaction was 21.2 £ 1.1 s. The slower half-time of
intra-molecular compaction compared to ribosome dissociation supports the notion that
TF-substrate association is sustained even after TF and its substrate have departed from the
ribosome. After disruption of the ribosome-nascent chain complex, TF does not rebind to
the substrate, indicating that only in the context of the ribosome, efficient substrate

interaction takes place.
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Figure 23: TF stays associated with the nascent chain post-translationally.

After accumulation of FL nascent chains, ribosome-nascent chain complexes were
disrupted by depletion of Mg2+, mimicking a post-translational scenario. TF-
ribosome release was monitored by TF-B fluorescence (grey circles, blue line), TF
intra-molecular compaction was monitored by Eggret (black circles, red line). The
amplitudes of both processes were normalized to unity. Under these conditions,
the TF conformational change was delayed compared to ribosome release, similar
to what was observed in competition experiments with excess unlabeled TF.
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IV.7 The properties of the nascent chain modulate its
interaction with TF

In competition experiments, TF intra-molecular compaction is markedly delayed
with respect to ribosome departure when ribosomes are engaged in FL translation, whereas
these processes occur concomitantly when TF is displaced from vacant ribosomes. This
suggests that TF remains bound to the nascent chain after leaving the ribosome. To
investigate whether this is a general feature of most nascent chains or whether the
properties of the substrate confer different modes of binding to TF, model nascent chains
in addition to luciferase were analyzed as above.

Different constructs encoding eukaryotic and prokaryotic proteins (see Figure 24)
were translated, and the kinetics of TF ribosome dissociation and molecular compaction
were determined in competition experiments as described. All proteins tested displayed the
characteristic TF ribosome recruitment and conformational change associated with

translation (data not shown). However, the kinetics of TF molecular compaction displayed

& 1.0 -

c

2

o 0.8 - Data Points

E luciferase (34.8 s)

o GatD (24.3 s)

0.6 - —— SYT(14.25)

o GatZ (13.7 s)

[T actin (14.9 s)

T 0.4 4 Dap A (10.3 s)

¢ MetF (10.8 s)

= GatY (11.9s)

T 0.2 4 —— MreB (11.4s)

E RecA (9.9 s)

o MetK (8.3 s)

Z 0.0
T T T T T T T
0 50 100 150 200 250 300

time (s)

Figure 24: The nature of the nascent chain determines the kinetics of TF
molecular compaction.

Various proteins from eukaryotic and prokaryotic origins were translated in the
reconstituted system, and the kinetics of TF molecular compaction upon
competition with excess unlabeled TF were monitored by intra-molecular FRET.
Kinetics with different half times were observed for the various substrate proteins
(indicated by name in the inset). Whereas molecular compaction was relatively
slow for luciferase (dark red, ti», = 35 s) and the bacterial protein GatD (red,
~25s), other proteins showed intermediate half times (green, SYT, GatZ and
actin). For some proteins, ribosome release and TF molecular compaction occur
with virtually the same kinetics (turquoise and blue; DapA, MetF, GatY, MreB,
RecA and MetK).
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significant differences among translated proteins, with t;, values ranging from ~10 to
~35s (Figure 24). For most of the nascent chains, dissociation of TF from ribosomes
translating these proteins occurred with kinetics similar to those of molecular compaction.
However, as was found for FL, molecular compaction occurred considerably more slowly
than ribosome release for the E. coli protein galactitol-1-phosphate 5-dehydrogenase
(GatD) (ti» = 24.3 s).The half time of change in intra-molecular FRET efficiency was also
mildly increased for the E. coli proteins threonyl-tRNA synthetase (SYT), tagatose 6-
phosphate kinase (GatZ) and S. cerevisiae actin (t;; = 14 s).

These results suggest that TF remains bound to certain polypeptides for varying
lengths of time upon leaving the ribosome, whereas nascent chain release and ribosome

departure occur concomitantly for others.
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IV.8 Hydrophobic motifs in the substrate determine TF
displacement Kkinetics

The results obtained from competition experiments during translation of various
model substrates indicate that there are certain characteristics of the nascent chain that
modulate TF-substrate interactions. Since TF is involved in very early steps during protein
folding, when the polypeptide chain has not acquired considerable amounts of structure, it
is conceivable that these characteristics can be revealed by analysis of the primary
structure of the emerging nascent chain. Chaperones interact with their substrates mainly
via hydrophobic interactions. Thus, the different model substrates tested were analyzed for
the presence of hydrophobic motifs within their sequences.

One measure of hydrophobicity of a chemical moiety is the free energy of transfer
(AG) from water to n-octanol, with lower values corresponding to higher hydrophobicities.
Such a hydrophobicity (or hydropathy) scale for amino acid side chains within a peptide
was developed by Roseman (Roseman 1988) (see Materials and Methods). Employing this
scale, the substrates used in the above experiment were analyzed by calculating the mean
hydrophobicity over a window of 15 residues along their sequence (Figure 25). It was

found that the number of motifs with high hydrophobicity (AG < — 0.5 kcal/mol) correlated
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Figure 25: The half-times of TF molecular compaction correlate with the
occurrence of motifs of high mean hydrophobicity within the substrate.

The substrates shown in Figure 24 were analyzed in terms of their mean
hydrophobicity over a window of 15 residues using the Roseman hydropathy scale
(Roseman 1988). Closed circles indicate the number of amino acids (na,) which
were assigned a hydrophobicity of -0.5 kJ/mol or less (right y axis). Open circles
represent the half time of TF intra-molecular compaction observed when the
respective substrate was translated in the presence of TF (left y axis), which
correlates well with the extent of hydrophobic motifs in the substrate.
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well with the t;» values of TF molecular compaction (Figure 25). Importantly, this
correlation was maintained independently of the scale used to measure the hydrophobicity
of amino acid side chains.

Increasing or decreasing the window size used to calculate mean hydrophobicity
resulted in a gradual loss of correlation, which suggests that the optimal TF interaction
motif is ~15 amino acid residues in length. The length of the long axis of the proposed
substrate binding crevice of TF in the crystal structure is 65 A (Ferbitz et al. 2004), which
is sufficient to accommodate a peptide of 18 residues in a fully extended conformation.
Thus, a motif of 15 amino acids on an extended substrate polypeptide binding to the TF
crevice would be consistent with the dimensions from the structural data available.

To confirm the notion that the occurrence of strongly hydrophobic motifs in the
substrate is correlated with the time that the substrate remains bound to TF, individual sub-
domains of FL were analyzed for their interaction with TF. The FL crystal structure reveals
a two-domain arrangement composed of a complex amino-terminal domain encompassing
the first 436 residues and a small carboxyl-terminal domain topologically independent
from the rest of the molecule. Sequence analysis showed that motifs with high
hydrophobicity clustered in two regions of the amino-terminal domain, and that the
carboxyl-terminal part did not contain any such motifs (Figure 26 a).

Contributions of the different FL regions towards TF binding were dissected by
generating linear DNA fragments for the translation of three regions of FL independently:
one amino-terminal and one middle fragment containing each a cluster of putative TF
interaction motifs, and the motif-free carboxyl-terminal region (Figure 26 a). TF was
efficiently recruited to the ribosome upon translation of each fragment. TF intra-molecular
compaction occurred with similar kinetics as ribosome displacement when the carboxyl-
terminal FL fragment was translated (Figure 26 d), but the former was markedly delayed
when either the amino-terminal or the middle fragment were translated (Figure 26 b, c).
This further strengthens the notion that the interaction between TF and its nascent chain
substrate is prolonged when the substrate contains regions of high mean hydrophobicity.

Taken together, the results indicate that the interaction of TF with its substrate, the
nascent chain, is modulated by the properties of the substrate itself. The occurrence of
segments with high mean hydrophobicity within the nascent chain leads to prolonged

interaction with TF.
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Figure 26: FL regions containing motifs of high mean hydrophobicity exhibit
prolonged interaction with TF.

a. Hydrophobicity plot of FL. The boxes indicate the position of sub-domain
borders separating the amino-terminal domain (N1), the middle domain (N2) and
the carboxyl-terminal domain (C). Motifs of high mean hydrophobicity occur in
fragments N1 and N2, whereas the small, topologically independent carboxyl-
terminal fragment is motif-free. b — d. Comparison of TF ribosome dissociation
(grey circles, blue lines) and molecular compaction (black circles, red lines)
kinetics. N1, N2 or C were translated individually in the reconstituted system.
Whereas TF molecular compaction is delayed relative to ribosome release for N1
(b) and N2 (c), these processes occur concomitantly for C (d).
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IV.9 The ability of a nascent chain to fold co-translationally
determines the extent of TF recruitment to the ribosome

The analysis of various model substrate proteins revealed that the presence of
motifs of high hydrophobicity within the primary structure of the nascent chain causes a
prolonged interaction of TF with its substrate. It is thus conceivable that exposure of
hydrophobic motifs on the nascent chain promotes TF recruitment to the translating
ribosome, whereas burial of these segments, i.e. folding of the substrate, diminishes the
affinity of TF for the nascent chain. To investigate whether the folding status of a nascent
chain affects the degree of TF recruitment to the ribosome-nascent chain complex, the
127 domain of the muscle protein titin was used as a model substrate. The 127 domain
belongs to the IgG structural class, and it folds robustly in a co-translational fashion into an
all-beta structure (Marszalek et al. 1999).

For translation in the reconstituted system, linear DNA templates encoding
amino-terminal fragments of the 127 domain were generated by PCR. Absence of a stop
codon in the template DNA resulted in stalled translation of the fragments and
accumulation of ribosome-bound nascent chains (data not shown). The shortest 127 domain
fragment, consisting of 25 amino acids, would be expected to reside completely within the
ribosomal exit tunnel, which is ~100 A in length and can accommodate 30 to 40 residues
of a polypeptide chain in an extended conformation. The longest fragment, stalled at the
last codon of the full-length 127 domain, should result in a solvent-exposed nascent chain.
However, the carboxyl-terminal third of the polypeptide chain would still be contained
within the exit tunnel, and thus the folding of the all-beta 127 domain into its native
conformation would be prevented. On the other hand, if the 127 nascent chain were fused
to carboxyl-terminal flexible extension sequences, this would allow the full-length domain
to emerge from the ribosome and folding would be expected to take place.

The stalled titin 127 fragments were synthesized in the translation system in the
presence of 250 nM TF-B. When the accumulation of stalled nascent chains was complete,
excess unlabeled TF was added, and the change in fluorescence emission associated with
displacement of TF-B from the ribosome was quantitated. The amplitude of the
displacement reaction reflected the fraction of TF-B that had been recruited to the stalled

ribosome-nascent chain complexes (Figure 27 b).
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Figure 27: Exposure of hydrophobic motifs on the nascent chain results in
increased TF recruitment to ribosome-nascent chain complexes.

a. Hydrophobicity plot of the titin 127 domain. Regions of primary sequence with
relative high hydrophobicity are colored in red and more hydrophilic regions are
colored in blue. The extreme amino-terminus of the 127 domain is polar due to a
Hisg tag at this position. Due to the calculation of mean hydrophobicity over a
window of 15 aa, this is not reflected in this diagram. b. Amplitude analysis of TF
displacement from ribosome-nascent chain complexes. Stalled, ribosome-tethered
titin 127 fragments of increasing lengths were accumulated in the presence of TF-
B. The histogram shows the amplitudes observed upon competition with excess
unlabeled TF (20 uM), reflecting the extent of TF recruitment to ribosome-nascent
chain complexes. The diagrams on the left depict the position of the hydrophobic
regions along the 127 nascent chain relative to the ribosomal exit tunnel, colored
as in (a). Circular shapes indicate the acquisition of three-dimensional structure.
An increase in TF recruitment was observed when hydrophobic regions on the
nascent chain became exposed to the exterior of the ribosome, and TF
recruitment was diminished once the nascent chain was allowed to begin acquiring
tertiary structure, burying the hydrophobic segments (red) in the interior of the
(partially) folded nascent chain.
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When the amino-terminal 25 residues of the 127 domain were translated, no
increase in TF recruitment to the ribosome was observed. Taking into account that 30 to 40
residues of a peptidyl-tRNA bound to the peptidyl transferase center of the ribosome are
shielded from the environment by the ribosomal exit tunnel, this suggests that transition of
the ribosome from the vacant to the translating state alone does not provide a high affinity
binding site for TF. Similarly, no enhanced recruitment was observed for an 127 domain
fragment of 38 residues. 127 stalled at position 58 also did not lead to an increased TF
recruitment, although it would be expected that the amino-terminal ~20 residues of the 127
fragment are outside the ribosomal exit-tunnel. The 127 domain utilized in this experiment
contains an amino-terminal Hise¢-tag and is thus rather polar. Therefore, no strong
interaction of this segment with TF would be expected.

A more hydrophobic motif is contained within residues 20 to 40 of the 27 domain
(Figure 27 a). This region is expected to lie outside the ribosomal exit tunnel when the
nascent chain is stalled at position ~80. Indeed, an increase in TF recruitment was observed
when 127 was stalled at residue 78 (Figure 27 b). Additional recruitment was seen when
the 127 was stalled at position 110 (Figure 27 b). At this nascent chain length, another
hydrophobic motif, around position 80 in the 127 sequence (Figure 27 a), emerged from the
ribosomal exit tunnel.

To produce ribosome-nascent chain complexes in which the full-length 127
domain has emerged from the ribosomal exit tunnel, a plasmid was constructed encoding
the 127 domain followed by a flexible linker of 25 amino acids and the amino-terminus of
GFP. From this plasmid, DNA templates for the translation system were generated lacking
a stop codon, as described above. The templates encoded the full length 127 domain
followed by successive stretches of 30, 40 or 50 residues of downstream sequence, which
itself did not contain any hydrophobic motifs. A decrease in TF-ribosome recruitment was
observed for these ribosome nascent-chain complexes (Figure 27 b), suggesting that the
ribosome-attached 127 domain is able to fold to some extent under these conditions, and
loses its ability to interact with TF. Notably, the remaining affinity for the 127 domain even
after the full-length protein had emerged from the ribosome (full-length plus 40-50 extra
residues), suggests that delayed folding is a fundamental consequence of TF action, even
with highly cooperatively folding domains.

To ascertain that the 127 domain indeed is able to fold when allowed to exit the
ribosomal tunnel in its entirety, stalled **S-labeled nascent chains were produced of either

the 127 domain alone or the 127 domain followed by the 50 amino acid flexible linker. The
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samples were treated with Proteinase K (PK) for variable periods before subjected to SDS-
PAGE and autoradiography. When the 127 domain is allowed to emerge from the
ribosomal exit tunnel completely, as warranted by the 50 residue carboxyl-terminal
extension, a high degree of protection from PK digestion (~80%) was observed (Figure
28), indicating acquisition of a compact structure. In contrast, the stalled 127 domain
without a linker is degraded considerably more efficiently by the protease (Figure 28). This
argues that, with the carboxyl-terminal part of the nascent chain still residing in the
ribosomal exit tunnel, the 127 domain is unable to fold.

In summary, the above experiments show that TF recruitment to ribosome-nascent
chain complexes is enhanced when the nascent chain presents hydrophobic motifs to the
environment outside the ribosomal exit tunnel. Translation per se is insufficient to procure
a high-affinity binding site for TF on the ribosome. Under conditions that allow co-
translational domain folding of the nascent chain, the hydrophobic motifs are buried,

resulting in a decreased affinity of TF for these ribosome nascent chain complexes.
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Figure 28: The 127 domain exhibits protease resistance only when the entire
domain is allowed to emerge from the ribosomal exit tunnel.

Stalled radiolabeled nascent chains of the titin 127 domain alone (127-N98) or with
a carboxyl-terminal extension of 50 amino acids (127 + 50) were accumulated in
the reconstituted system and subjected of Proteinase K (PK) digestion for
increasing lengths of time. The autoradiograph (upper panel) shows that the 127-
N98 fragment became degraded over time, whereas the 127 + 50 fragment was
stabilized. The band intensities were quantitated, and the amount of protein
present before PK treatment (0O min time point) was set 100% (lower panel).
Whereas only ~20% of the 127 + 50 fragment was digested, ~80% of the 127-N98
fragment became degraded, suggesting that the 127 + 50 construct was able to
acquire tertiary structure, making PK cleavage sites inaccessible.
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IV.10 The TF PPlase domain contributes to substrate
interaction but is dispensable for the initial binding step

Although crystal structures of TF are available, the identity and localization of the
TF substrate binding domain(s) have not been conclusively established. Ferbitz et al.
proposed that the region in TF surrounded by the two tips and the backbone form a
“cradle”, suggesting that substrate binding takes place in this region (Ferbitz et al. 2004).
However, no functional data are available to support this model.

Proteins displaying PPlase activity, such as TF, aid proteins during their folding
and thus must be able to interact with non-native polypeptides. Therefore, it is conceivable
that the PPlase domain of TF contributes at least in part towards binding of the nascent
chain. In order to explore this possibility, a TF mutant was generated that lacked the entire
PPIase domain. Based on the crystal structure, it was decided to genetically delete residues
WI151 to R243 and to insert a flexible linker to join the adjacent residues (see Figure 29 a).
This protein is henceforth referred to as NC.
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Figure 29: NC is as active as wild type TF in increasing the specific activity
of FL translated in the reconstituted system.

a. Ribbon diagram of E. coli TF. The PPlase domain (shown in grey) has been
replaced with a flexible linker inserted between positions T150 and E242 (red and
green, respectively, with the backbone atoms shown in spacefill) in the NC-
construct. b. Radiolabeled FL was translated in the reconstituted system, which
was either unsupplemented (control) or supplemented with 5 uM of either full-
length TF (5 yM WT) or NC (5 pyM NC). Luciferase activity was measured
luminometrically as relative light units (RLU), and the amount of full-length FL was
quantitated by autoradiography of band intensities (l), yielding the specific
luciferase activity (RLU/I; left axis). Both TF and NC gave rise to a specific FL
activity ~1.5- to 2-fold higher than in the unsupplemented sample (right axis).
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To establish that the NC protein is functionally active, its ability to increase the
specific activity of FL translated in the reconstituted system was investigated. Translation
reactions of FL were supplemented with **S-methionine and 5 pM of either TF or NC.
Translation was allowed to proceed for 45 min before the reaction was stopped by addition
of chloramphenicol and placement on ice. Luciferase activity was determined by
chemiluminescence, and the amount of full-length FL produced was quantified by SDS-
PAGE and autoradiography. The specific activity of FL was calculated by dividing the
measured activity by the protein amount. The presence of TF led to an increase in FL
specific activity by a factor of ~1.6, compared to a ~1.9-fold increase when NC was
present at the same concentration (Figure 29 b), in agreement with published findings
(Agashe et al. 2004). This demonstrates that the truncation mutant NC is at least as active
as the full-length protein.

Next, it was investigated whether NC displaces ribosome-bound TF-B during
translation as efficiently as TF. Luciferase was translated in the reconstituted system
supplemented with 250 nM TF-B. The kinetics obtained in competition experiments using
20 uM of either TF or NC as competitors were indistinguishable (Figure 30). Additionally,
in an analogous experiment monitoring the kinetics of TF-conformational change using the
TF-C / TF-CF pair, no difference between TF and NC as competitors was observed
(Figure 30). Even when the competitor concentration was reduced to 6 and 2 uM,
respectively, both competitors yielded virtually the same kinetics of displacement
(Figure 30). In summary, no difference was observed between NC and wild type TF
regarding their ability to displace labeled TF from ribosome-nascent chain complexes.

To gain further insight into the contributions of the PPIase domain to TF function,
cysteine mutants of the NC protein were generated, suitable for labeling with exogenous
chromophores. A single cysteine was introduced at position 14. This construct was labeled
with BADAN to monitor NC ribosome binding (NC-B). In addition, a double cysteine
mutant of NC was generated, introducing cysteines at positions 14 and 150. For intra-
molecular FRET measurements, this protein was labeled either with donor only (NC-C) or
donor and acceptor (NC-CF).

First, it was verified that the conformation of NC was the same as that of TF as
judged by intra-molecular FRET measurements. Fluorescence emission spectra of 250 nM
NC-C or NC-CF were acquired in the absence and in the presence of 2 uM ribosomes

(Figure 31 a). From the intensity of donor emission at 465 nm, the FRET efficiency was
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Figure 30: NC is as effective as TF in displacing TF from ribosomes and
nascent chains.

a. Kinetics of ribosome-displacement (TF-B fluorescence; grey circles) and TF
molecular compaction (intra-molecular FRET; black circles) during FL translation
upon competition with 80-fold excess of TF and NC. The kinetics were analyzed
by fitting to a single exponential function (turquoise and orange: TF; blue and red:
NC). b. Titration of competitor concentrations. TF intra-molecular compaction
kinetics during FL translation were recorded after addition of TF (grey circles,
orange lines) or NC (black circles, red lines). The excess of competitor over
labeled TF was 80-fold (solid lines), 24-fold (dashed lines) or 8-fold (dotted lines).
At neither concentration of competitor was a difference between TF and NC
detected.
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Figure 31: The conformational change in NC upon ribosome binding is very
similar to the one observed for TF.

a. Fluorescence emission spectra of double-labeled NC in the absence (black line)
and presence (red line) of 2 uM ribosomes. The spectra were normalized to the
maximum emission in the absence of acceptor (grey dashed lines). In the
presence of ribosomes, an increase in donor fluorescence at ~460 nm and a
decrease in acceptor fluorescence at ~510 nm were visible. b. Intra-molecular
FRET efficiencies of double-labeled TF (black bars) and NC (grey bars) in the
absence (left) or presence (right) of 2 uM ribosomes. The FRET efficiencies for NC
and TF are very similar in the absence of ribosomes and identical in the presence
of ribosomes, indicating that the conformational change observed upon ribosome
binding was essentially the same for both molecules.

calculated. In the absence of ribosomes, a FRET-efficiency of 0.81 was measured, similar
to what was observed with TF-CF labeled at the corresponding positions (Egrgr = 0.84). In
the presence of ribosomes, a decrease in FRET-efficiency to 0.65 was observed,
corresponding exactly to the value obtained with TF-CF (Figure 31 b) . Thus, regarding the
molecular compactness and the conformational change upon ribosome-binding, NC
exhibits the same properties as TF.

Next, the recruitment of NC-B to ribosomes translating FL was investigated.
Luciferase was translated in the reconstituted system supplemented with 250 nM NC-B.
Upon addition of excess unlabeled TF, a change in fluorescence was observed similar to
the one obtained with TF-B. However, the half-time of the fluorescence change observed
with NC-B was only ~7 sec (Figure 32 b), compared to ~13 sec when TF-B was used.
Also, the amplitude of the change in NC-B fluorescence was only one third of that of TF-
B. No significant differences in amplitudes or kinetics between TF-B and NC-B were

observed in analogous competition experiments with vacant ribosomes (Figure 32 a) . This
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Figure 32: NC has a reduced affinity for nascent chains

a. Displacement kinetics of TF-B (black circles, green line) and NC-B (grey circles,
red line) from vacant ribosomes. Excess unlabeled TF was added to preformed
complexes of vacant ribosomes and labeled TF versions, and fluorescence was
followed over time. No major differences were detected between TF-B and NC-B.
b. Displacement kinetics of TF-B and NC-B from ribosomes translating FL. The
color coding is the same as in (a). FL was translated in the presence of TF-B,
which was competed out by the addition of excess unlabeled TF. NC-B was
displaced more rapidly than TF-B, and the observed amplitude was considerably
lower, indicating that less NC-B was recruited to ribosomes translating FL.

indicates that, when compared to TF-B, less NC-B is recruited to ribosomes translating FL,
and that NC-B dissociates more rapidly from ribosome-nascent chain complexes. In all
competition experiments, no significant difference was observed in regard to whether TF
or NC were used as the competitor.

In an experiment analogous to the one described above, the kinetics of intra-
molecular FRET change were determined during FL translation. Double labeled TF (TF-
CF) or NC (NC-CF) were used, in which donor and acceptor are coupled to identical
positions in each molecule (14 and 150). NC-CF was displaced with a half-time of ~23 s
(Figure 33), somewhat faster than TF-CF (t;, = 31 sec). Thus, the NC-CF protein is
displaced more rapidly than the TF-CF, yet, the kinetic difference between ribosome
detachment and conformational compaction is preserved.

In summary, the above data indicate that there is no significant difference between
the abilities of TF and NC to compete labeled TF from either ribosomes or nascent chains
during translation. Thus, the initial binding step to the ribosome nascent chain complex
does not seem to depend on the PPlase domain. However, recruitment to ribosome-nascent
chain complexes as well as the duration of TF-substrate interaction appear to be enhanced
by the PPlase domain, as judged by the analysis of NC-B amplitudes and NC-CF

dissociation kinetics.
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Figure 33: Intra-molecular compaction of NC during translation occurs with
slightly faster kinetics that those of wild type TF.

Competition kinetics of intra-molecular compaction as measured by the TF-C/TF-
CF pair (black circles, green line) and NC-C/NC-CF pair (grey circles, red line)
during FL translation. NC relaxes to its closed conformation with a half time of
~23 s, slightly faster than TF (~31 s). Yet, intra-molecular compaction of NC during
translation remained a slower process than ribosome-detachment, similar to the
situation with wild type TF (see Figure 32).
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IV.11 The ribosomal proteome: Identification of factors that might

cooperate with TF or substitute for TF function in a Arig background

IV.11.1 Introduction of a FLAG-Hiss epitope tag into genes encoding large

ribosomal proteins and assessment of their assembly into intact ribosomes

In addition to TF, other chaperones are involved in aiding nascent proteins to
reach their native state in bacteria. A functional overlap between TF and the
DnaK/Dnal/GrpE system has already been demonstrated. Other factors acting in very early
stages, possibly at the exit from the ribosome, may still remain to be identified.

The classical way of isolating ribosomes and ribosome associated factors is based
upon the considerable sedimentation coefficient of particles as large as ribosomes, which
allows their enrichment by successive cycles of centrifugation through relatively dense
media such as sucrose solutions. A drawback of this method is that it requires a
pronounced dilution of the sample. Ribosome-associated factors that bind with relatively
low affinities may therefore not co-migrate with ribosomes through density gradients. In an
approach to develop means for ribosome purification other than sedimentation, a “pull-
down” method was developed. An affinity tag was genetically introduced into selected
ribosomal proteins to allow the isolation of ribosomes and their associated factors in high
concentrations. Applied to different strain backgrounds, this technique could prove useful
to identify factors that either act in concert with ribosome-associated proteins, such as TF,
or compensate for the loss of function in their absence.

As an affinity tag, the FLAG-Hise-tag (FH-tag) was chosen. Due to its small size
(less than 2.5 kDa including a flexible linker), it seems less likely to interfere with
ribosome-structure or function than larger epitopes or proteins, such as streptavidin, MBP
or GST. Based on the crystal structure of the large ribosomal subunit from Deinococcus
radiodurans (pdb code Inkw, (Harms et al. 2001); an X-ray structure of the E. coli
ribosome was not available at that time), potential target proteins for the introduction of a
FH-tag were selected according to their localization within the ribosomal subunit. Proteins
localized at the interface of the large and the small ribosomal subunits were excluded from
the group of potential candidates because in this region, the tag could interfere with proper
subunit assembly, or be inaccessible. Additionally, proteins in close proximity to the

ribosomal exit tunnel were not considered suitable for the introduction of an affinity tag,
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because the presence of extra sequences or binding of an antibody at this position might
perturb proper binding of associated factors. Finally, only proteins containing a solvent
exposed carboxyl-terminus were regarded as candidates in which the affinity tag would be
accessible for recognition by its ligand. For proteins selected as potential targets on the
basis of the D. radiodurans crystal structure, a high degree of conservation with the E. coli
homolog was verified. The E. coli proteins that were found to match the above criteria
were L4, L6, L13, L15, L17, L20 and L22.

Fusion of the FH-tag to the target proteins on the chromosomal level is desirable
to ensure that not only a fraction, but all cellular ribosomes contain the FH-tagged protein.
E. coli ribosomal proteins are encoded by single copy genes, most of which are clustered
with other (ribosomal and non-ribosomal protein) genes, resulting in tightly packed
operons. It is thus conceivable that introduction of DNA stretches as large as the rer" gene
(necessary to create such chromosomal insertions) could interfere with the function of the
targeted operon. Therefore, from the ribosomal proteins that were chosen based on their
tertiary and quaternary structure, potential candidates were further selected whose rpl/
genes exhibit favorable genetic features. rp/M (encoding L13) is located at the very
beginning of the L13-operon, 7p/Q (encoding L17) is the last ORF of the alpha-operon.
rplT (encoding L20) is at the beginning of the L20-operon and is followed by a large
stretch of non-coding sequence. p/V (encoding L22) is in the middle of the S10 operon
without long stretches of non-coding sequences upstream or downstream of the ORF.

Before chromosomal integration of the affinity tag was attempted, expression
plasmids were generated for the production of FH-tagged ribosomal proteins L13, L17,
L20 and L22. A plasmid encoding L22 could not be generated, probably because altering
the cellular levels of 122 disturbs regulatory processes or ribosome assembly, thus
interfering with cell survival. Expression of FH-tagged L13 resulted in a marked decrease
in growth rate of the E. coli BL21(DE3) host cells. However, when FH-tagged ribosomal
proteins L17 or L20 were expressed, no abnormal growth was observed. Therefore, only
L17FH and L20FH were further analyzed. The positions of the FH-tag within the 50S
ribosomal subunit are shown in Figure 34.

FH-tagged ribosomal proteins L17FH and L20FH were expressed from plasmids
pL17 and pL20, respectively. In a parallel experiment, E. coli enolase was expressed as an
untagged, unrelated fully soluble control protein. Cells were lysed, and the cleared lysate
(S30) was analyzed by SDS-PAGE and immuno-blotting to verify expression of the tagged

ribosomal proteins (see Materials and Methods). When the membrane was probed with an
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Figure 34: Ribosomal proteins L17 and L20 have solvent exposed carboxyl-
termini at a considerable distance from the TF docking site on protein L23

Space-filling representation of the E. coli 50S ribosomal subunit. Ribosomal RNA
and most proteins are shown in grey. Ribosomal proteins L17 and L20 are colored
green and blue, respectively. The carboxyl-terminal residues of these proteins are
colored red to indicate the position for placement of the FH-tag. Protein L23 is
shown in orange, with the TF docking site (residues 12 — 14) in close proximity to
the ribosomal exit tunnel shown in pink. The model was generated with
DeepView/Swiss PBB-Viewer based on the coordinates 7vor (Vila-Sanjurjo et al.
2004), and the image was rendered with POVray.

anti-FLAG antibody, no signal was detected in the control sample (Figure 35 a). The
FLAG-tagged proteins L17FH and L20FH were detected specifically, with L17FH
migrating more slowly than L20FH (Figure 35 a), reflecting the expected small difference
in molecular weights (14.4 kDa for L17 vs. 13.6 kDa for L20). When the membrane was
probed with serum against the ribosomal protein L23, signal was detected in all samples,
demonstrating the presence of similar amounts of ribosomes in all three lysates
(Figure 35 a).

To assess whether the FH-tagged proteins were incorporated into ribosomes,
lysates were prepared from cells expressing plasmid-encoded L17FH, L20FH or enolase.

The lysates were subjected to centrifugation through a sucrose cushion, and the ribosomal
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Figure 35: FH-tagged ribosomal proteins L17 and L20 are incorporated into
70S ribosomes.

a. Equivalent amounts of S30 lysates from E. coli cells expressing either a control
non-ribosomal protein (control) or FH-tagged ribosomal proteins L17 (L17-FH) or
L20 (L20-FH) from plasmids were analyzed by immuno-blotting using an anti-
FLAG-antibody (upper panel) or anti-L23 anti-serum (lower panel). The FH-tagged
proteins were detected specifically with the anti-FLAG antibody. As expected, due
to its slightly larger molecular mass, L17-FH migrated slower than L20-FH.
b. UV absorbance profile of ribosomes separated on a 10-40% sucrose gradient
(upper panel). The first peak from the left corresponds to free subunits and the
second one to 70S particles. Fraction numbers (fr.) are indicated; the sucrose
concentration increases with the fraction number. Immuno-blot analysis of TCA-
precipitated gradient fractions using an anti-FLAG antibody (lower panel). Higher
signal detected in the immuno-blot correlated with the 50S and 70S peaks in the
UV absorbance profile, demonstrating that the FH-tagged proteins L17-FH and
L20-FH are incorporated into 50S and 70S ribosomal subunits. As expected, no
signal was obtained when ribosomes were prepared from cells expressing a
control protein. ¢. Proteins from the 70S peak fractions (fr., indicated) of the
sucrose gradient were TCA-precipitated, separated by SDS-PAGE and visualized
by Coomassie-blue staining, revealing the expected pattern. Small ribosomal
proteins were not resolved by this gel. d. Immuno-blot analysis of S30 lysate and
SDS-eluted material from anti-FLAG agarose beads from lysates with the
indicated over-expressed proteins. L23 was detected in all lysate samples (upper
panel). In the eluate fractions, L23 was only detected when L17-FH or L20-FH had
been expressed, but not in the control sample, supporting the notion that the
tagged proteins were incorporated into large ribosomal subunits.
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pellet was recovered. Ribosomes were further separated on 10—40% sucrose gradients. The
gradients were fractionated from the top, recording the absorbance at 260 nm. A typical
trace of the absorbance is shown in Figure 35 b. Protein from the peak-fractions was
precipitated with trichloroacetic acid (TCA), separated by SDS-PAGE and analyzed by
Coomassie-blue staining or immuno-blotting and detection with a monoclonal anti-FLAG
antibody. The protein pattern visible after Coomassie-blue staining is shown in
Figure 35 c. Although the smaller ribosomal proteins were not resolved on this gel system
and migrated in the front, the typical ribosomal pattern consisting of the proteins S1 (at
~70 kDa) and other large ribosomal proteins such as L2 and S2 was clearly recognizable.
The protein pattern was the same regardless of whether a FH-tagged ribosomal protein or a
control protein was expressed (Figure 35 ¢).

The immuno-blot analysis of the gradient fractions with an anti-FLAG antibody
revealed that the FLAG-tagged proteins co-migrate with ribosomes, displaying peaks in
fractions 13-14 (free subunits) and fractions 16-17 (70S particles) (Figure 35 b, lower
panel). Thus, the plasmid-encoded FLAG-tagged ribosomal proteins L17 and L20
appeared to be incorporated into the large ribosomal subunit and did not disturb assembly
of 70S particles. No signal was detected when a control protein was expressed
(Figure 35 b).

To assess whether, in the context of the ribosome, the FLAG-tag is bound by an
anti-FLAG-antibody, the S30 lysate was incubated with an agarose-based anti-FLAG
affinity matrix. After washing away unbound material, the beads were extracted under
denaturing conditions in the presence of SDS. The SDS-released material was subjected to
SDS-PAGE and immuno-blotting using anti-L23 serum. Whereas L23 was present in all
cleared lysates in similar amounts, it could be detected in the eluates from anti-FLAG
beads if L17FH or L20FH, but not if enolase had been expressed (Figure 35 d). This
demonstrates that ribosomes harboring a FLAG-tag at the carboxyl-terminus of either L17
or L.20 can be pulled down specifically with an anti-FLAG affinity matrix.

To increase the specificity of the isolation method, FLAG peptide was used to
elute material bound to the anti-FLAG affinity matrix. Cleared lysates from cells
expressing L17FH, L20FH or enolase were incubated with anti-FLAG affinity matrix.
After washing away unbound material, elution of bound material was achieved with
0.1 mg/ml FLAG peptide in three consecutive steps. After the specific elution, the beads
were extracted with SDS-containing buffer to recover non-specifically absorbed material

(as well as the antibody light-chains). Figure 36 shows the protein profile of the eluates
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Figure 36: FLAG-tagged ribosomal proteins can be specifically eluted from
anti-FLAG affinity matrix using FLAG peptide.

Cleared lysates from E. coli cells expressing either enolase as a control non-
ribosomal protein or FH-tagged ribosomal proteins L17 or L20 were incubated with
anti-FLAG affinity matrix, as indicated. Bound material was eluted in three
consecutive steps with FLAG peptide (lanes 1-3). Whereas in the control-sample
only small amounts of non-specifically bound enolase were eluted, the typical
ribosomal protein pattern was observed in the eluates from cells overexpressing
L17-FH or L20-FH. The maijority of the ribosomes was recovered in the first two
eluate fractions. Extraction of the affinity-matrix with SDS-containing buffer
released non-specifically bound material as well as the antibody light-chains
(lane 4).

after separation by SDS-PAGE, visualized with Coomassie-blue staining. Most of the
bound material was recovered in the first two eluate fractions. The control sample showed
some amount of enolase in the eluate fractions, probably due to the high level of
overexpression. In both samples containing FH-tagged ribosomal proteins, the typical
ribosomal protein pattern was clearly recognizable, indicating that ribosomes containing
either L17FH or L20FH could be bound to the anti-FLAG affinity matrix and selectively
eluted with FLAG peptide. Some non-specifically binding proteins that were not eluted
with the FLAG peptide were visible in the SDS-extract (lane four in Figure 36).

Taken together, the above data show that the introduction of a FH-tag at the
carboxyl-terminus of either L17 or L20 did not interfere with ribosome assembly. The FH-
tagged proteins were incorporated into 70S ribosomal particles, and the tag mediated
binding of 70S ribosomes to an anti-FLAG affinity matrix, which could be selectively
eluted with FLAG peptide.
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IV.11.2 The FH tag can be introduced into ribosomal protein L17 at the

chromosomal level

In the experiments described in the previous section, FH-tagged proteins L17 and
L20 were expressed from plasmids in cells containing a wild type chromosomal copy of
the respective rpl gene. Under these conditions, only a fraction of the ribosomes would be
expected to contain the FH-tagged ribosomal protein, since the chromosomally encoded
non-tagged version was still expressed in these cells. In order to obtain a homogeneous
population of tagged ribosomes, it was necessary to replace the single chromosomal wild
type copy of the respective rp/ gene with the FH-tagged version.

Insertion of DNA sequences into the chromosome of a host organism is usually
achieved by homologous recombination. Some organisms, including the yeast
Saccharomyces cerevisiae, naturally harbor recombination systems, which allow efficient
recombination mediated by short homologous sequences. In contrast, E. coli and most
other bacteria are not amenable to chromosomal replacements that utilize linear DNA, due
to high cytosolic exonuclease activity and rather inefficient recombination systems.

In order to circumvent this problem, a method based on the phage A Red
recombinase system has been previously developed (Datsenko & Wanner 2000). Briefly, a
helper plasmid was generated that allows the regulated expression of the Red products
Gam, Bet and Exo from their corresponding genes ¥ [ and exo. Gam inhibits the host
RecBCD exonuclease V, so that Bet and Exo can gain access to DNA ends and promote
recombination. After recombination, the helper plasmid, which was designed to be a
temperature sensitive replicon, is eliminated by growing the resulting strain at 37 °C.
While it has been reported that 36 to 50 nucleotides (nt) of homologous stretches are
sufficient for recombination in this system (Datsenko & Wanner 2000), no chromosomal
integration of the FH-tag and the tetracycline-resistance gene could be achieved when
linear DNA fragments were used that contained stretches of ~50 nt homologous to the host
chromosome (data not shown).

To improve the recombination efficiency, the length of the homologous regions
was increased. To this end, plasmids were constructed that contained the FH-tag and the
resistance gene flanked by ~500 nt of homologous sequence. Using these plasmids as
templates, linear DNA fragments were generated by PCR. The PCR product was
thoroughly purified to remove any contaminating template DNA and transformed into

E. coli MC4100 cells expressing the Red recombinase system from a helper plasmid.
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No viable mutants could be obtained when the chromosomal tagging of L20
(rplT) was attempted, possibly due to disturbance of the L20 operon structure. In contrast,
chromosomal integration of the FH-tag with the tetracycline-resistance gene was achieved
for the ribosomal protein L17, resulting in an E. coli strain with the genotype MC4100
plQ::rplQ-FH-tet® (designated as strain CK1, see Materials and Methods). After two
rounds of non-selective colony purification at 37 °C, the strain CK1 exhibited tetracycline
resistance and sensitivity towards ampicillin, indicating the integration of the tetracycline-
resistance gene into the host chromosome and the loss of the helper plasmid encoding the
Red recombinase system.

In order to provide a means of analyzing ribosome-associated factors in different
strain backgrounds, it was attempted to transduce the rplQ-FH-tet" allele into E. coli
MC4100 strains devoid of TF (MC4100 Atig), the DnaKJ-system (MC4100 AdnaKdnaJ)
or both (MC4100 AtigAdnaKdnaJ) (Genevaux et al. 2004) by means of P1 phage
transduction (Miller 1992) (see Materials and Methods). No transductants were obtained
with strains lacking DnaKJ alone or both DnaKJ and TF. Since it was observed that
DnaKlJ-deficient strains failed to grow on tetracycline selective medium when transformed
with various plasmids that mediate tetracycline resistance in WT or Atig cells (data not
shown), it appears likely that the DnaKJ-system is required for proper function of the
tetracycline resistance protein. The rplQ-FH-tet® allele was, however, successfully
transduced into MC4100 Atig cells, resulting in the strain MC4100 rplQ::rplQ-FH-tet"
Atig (designated as strain CK3).

Next, it was analyzed whether ribosomes from the CK1 and the CK3 strains could
be isolated selectively with anti-FLAG affinity matrix. Lysates from CK1 and CK3 cells
were prepared in a similar way as described above, except that the cells did not harbor any
plasmid and no inducer for protein expression was necessary. Using these lysates, a pull-
down with anti-FLAG affinity matrix was performed as described above. Bound material
was eluted with 0.5 mg/ml FLAG peptide. The eluate was subjected to SDS-PAGE and
proteins were visualized with Coomassie-blue staining (Figure 37). In the control sample
prepared from E. coli MC4100 cells, lacking any tagged protein, a faint background of
non-specific binding proteins was visible. However, in the CK1 as well as in the CK3
samples, the pattern of ribosomal proteins was clearly distinguishable. A protein band
migrating at ~60 kDa (arrowhead in Figure 37), that is present in the CK1, but not in the
CK3 lysate, most probably represents TF, showing that TF is co-purifying with ribosomes

from cells not deleted in this gene.
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Figure 37: Ribosomes from different strain backgrounds can be isolated by
the pull-down procedure developed in this study.

Lysates prepared from E. coli strains CK1, CK3 or MC4100 (control) were
incubated with an anti-FLAG affinity matrix. Bound material was eluted with FLAG
peptide. The eluates from samples CK1 and CK3 showed the typical ribosomal
protein pattern in the Coomassie-blue stained SDS-PAGE gel (lanes CK1 and
CK3). Weak background was visible in the control sample, where no FLAG-tag
was introduced into the ribosomes. The position of the TF band is indicated by the
arrowhead, and is clearly absent in the sample corresponding to the strain deleted
for this chaperone (CK3).

The above results indicate that .17 is a suitable target for the introduction of an
affinity tag into the ribosome. At this position, the tag can be introduced at the
chromosomal level without compromising cellular viability. Furthermore, the presence of
TF in the eluted material demonstrates that this system is suitable for the co-purification of

ribosome-associated factors.
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IV.11.3 Additional ribosome-associated proteins can be pulled down under

conditions that stabilize ribosome-nascent chain complexes

Many currently utilized antibiotics target the bacterial ribosome. The mechanism
by which growth arrest or cell death is mediated, however, differs greatly for these various
agents. Two examples of antibiotics that act on the ribosome are chloramphenicol and
puromycin, which target the ribosomal peptidyl transferase center. Puromycin mimics the
amino-acylated end of the aa-tRNA and participates in peptide bond formation. Its non-
hydrolyzable amide bond cannot be cleaved, and the resulting peptidyl-puromycin chain
dissociates from the ribosome. Chloramphenicol, on the other hand, acts by occupying the
position of the amino acid attached to the A-site tRNA and prevents peptide bond
formation. As a result, elongation is arrested and the peptidyl-tRNA is trapped on the
ribosome. Thus, chloramphenicol stabilizes ribosome-nascent chain complexes, whereas
puromycin leads to (premature) release of the nascent chain.

In addition to the well known ribosome-based function of TF, ribosome-nascent
chain complexes may recruit factors that interact with the nascent chain. To explore this
possibility, lysates were prepared under conditions that either stabilize or de-stabilize
ribosome-nascent chain complexes. Cultures were grown of strains CK1, CK3 and, as a
control, MC4100 cells. In mid-log phase, the culture was split in two: One half was treated
with chloramphenicol and rapidly chilled on ice, resulting in stabilization of ribosome
nascent chain complexes. The other half was treated with puromycin and incubated at
15 °C for an additional 15 min. At this temperature, translation elongation is favored over
initiation, which, in combination with puromycin, results in the detachment of nascent
chains from translating ribosomes. Chloramphenicol or puromycin were maintained in all
buffers in subsequent steps.

Lysates were prepared from all samples and incubated with anti-FLAG affinity
matrix. Bound material was eluted with FLAG peptide, and ribosomal RNA was digested
by the addition of RNaseA. Eluates were analyzed by SDS-PAGE and Coomassie-blue
staining. In the control sample, faint bands of non-specifically bound proteins are visible,
without major differences in the band patterns between the chloramphenicol- and the
puromycin-treated samples (Figure 38). When lysates of strains CK1 or CK3 were
subjected to an anti-FLAG pull-down, the typical ribosomal protein pattern was visible
(Figure 38). In the samples prepared from strain CK1 (wild-type for the TF gene), a band

migrating at ~60 kDa is visible (arrowhead in Figure 38) that is absent in the samples
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Figure 38: Conditions that stabilize ribosome-nascent chain complexes
enhance co-purification of additional ribosome-associated proteins.

Lysates prepared from E. coli strains MC4100 (control, lanes 1 and 2), CK1 (lanes
3 and 5) or CK3 (lanes 4 and 6) were subjected to a pull-down using an anti-FLAG
affinity matrix, and bound material was eluted with FLAG peptide. Samples in
lanes 1, 3 and 4 have been treated with chloramphenicol (C), and the others with
puromycin (P). The typical ribosomal protein pattern was detected in all samples
from strains CK1 and CK2, but not in the control samples. The arrowhead
indicates the position of the TF band. In the chloramphenicol-treated samples,
additional protein bands were visible when compared to the puromycin-treated
samples, indicating that additional proteins were bound by the stabilized ribosome-
nascent chain complex.

derived from strain CK3 (deleted of the tig gene), presumably corresponding to TF. In the
samples prepared under conditions that favor stabilization of ribosome nascent chain
complexes, additional protein bands were present when compared to the puromycin-treated
samples. These bands could represent proteins that interact with the nascent chain or whose
interaction with the ribosome is enhanced in the presence of nascent chains. Additional
bands present in chloramphenicol-stabilized pull-down samples from the strain deleted of
TF could represent proteins that are capable of interacting with this the nascent chain in the
absence of this chaperone, consistent with the previous observation that GroEL could bind
co-translationally to nascent chains in the absence of TF (Ying et al. 2005). These bands
were not analyzed further in the course of this study.

In summary, the above results show that E. coli ribosomes can be successfully
purified in a pull-down procedure using a matrix-conjugated anti-FLAG antibody, if an

FH-tag is genetically introduced into the ribosomal protein L17. As judged by the growth
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rate, the tag does not seem to interfere with ribosomal function, even if all of the L17 that
is produced contains the tag. In a pilot experiment, it was shown that TF is co-isolated with
ribosomes in an pull-down, indicating that ribosome-associated factors can be co-purified
using this method. Furthermore, conditions that stabilize ribosome-nascent chain
complexes give rise to additional proteins that can be isolated together with ribosomes,

some of which may have a function in chaperoning the nascent chain.
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\% DISCUSSION

V.1  Structural rearrangements within TF upon ribosome binding

Efficient folding of newly synthesized proteins is essential for cellular survival. A
number of studies have analyzed protein folding in vivo, and have shown that TF, together
with other chaperones, plays an important role in this process (Agashe et al. 2004;
Genevaux et al. 2004; Kramer et al. 2002; Teter et al. 1999; Ullers et al. 2004;
Vorderwulbecke et al. 2004). However, a detailed understanding of the underlying
mechanisms by which molecular chaperones operate necessitates biochemical studies in
vitro. TF binds to the ribosome in the vicinity of the polypeptide exit tunnel (Blaha et al.
2003; Kramer et al. 2002), where it interacts with nascent polypeptide chains and
contributes towards their correct folding. Binding to the ribosome is a pre-requisite for TF
to efficiently function in preventing misfolding and ensuring cellular survival (Kramer et
al. 2002). Thus, characterization of the TF-ribosome interaction in the context of
translation is of particular interest.

At the structural level, several crystal structures of the amino-terminal ribosome
binding domain of TF (TF-BD) in complex with 50S ribosomal subunits have been solved
(Baram et al. 2005; Ferbitz et al. 2004; Schlunzen et al. 2005). Co-crystallization of full-
length TF with the 50S ribosomal subunit has not been achieved to date. In the earliest of
the available structures, describing a heterologous complex between E. coli TF-BD with
the 50S ribosomal subunit from the archeon Haloarcula marismortui (Ferbitz et al. 2004),
no major conformational rearrangements within TF-BD were observed. However, only few
residues of TF-BD, located in the direct vicinity of the ribosome, could be assigned
unambiguously to the experimentally determined electron density. In the two crystal
structures of TF-BD in a homologous complex with their bacterial 50S ribosomal subunit
counterparts (Baram et al. 2005; Schlunzen et al. 2005), nearly the entire TF-BD was
resolved, revealing the mode of interaction of this domain with the ribosome in atomic
detail. Clear structural rearrangements even within the small TF-BD were already observed
in these structures. The most prominent difference between free and ribosome-bound TF-
BD is a re-orientation of helix o2. The rearrangements lead to the formation of additional

potential substrate binding sites in TF-BD and enable TF to contact the flexible loop of the
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ribosomal protein 124, thereby restricting the space available in the TF hydrophobic
crevice (Schlunzen et al. 2005).

In the present study, the characterization of TF structural rearrangements was
carried out with the full-length molecule, utilizing intra-molecular fluorescence resonance
energy transfer. The high absorbance of the ribosome in the near UV-region impedes the
utilization of intrinsic fluorescent probes within TF. Therefore, fluorescent probes that can
be excited outside the absorbance bands of the ribosome were introduced at specific sites
within the TF molecule. Positions for the introduction of fluorescent probes were selected
based on the crystal structure of full-length TF (Ferbitz et al. 2004). In addition to position
14 in the amino-terminal domain, residues 150 in the PPlase domain as well as 326 and
376 in tips 1 and 2, respectively, were selected. FRET measurements revealed that the
distances between positions 14 and 150, and 14 and 326 were considerably shorter than the
corresponding C,, distances in the TF crystal structure. This suggests that, in solution, TF
adopts a conformation that is more compact than the one observed in the crystal structure,
particularly along the long axis of the molecule. Perhaps, under the conditions used for
crystallization, a conformation of TF is favored that is not the predominant one in solution.
It 1s conceivable that inter-molecular contacts (see Figure S3 in (Ferbitz et al. 2004)) or
steric constraints in the crystal, e.g. exerted by the structurally independent PPlase domain,
stabilize a particular conformation. In the present study, a mutant of TF deleted of the
PPIlase domain, designated NC, was constructed and functionally characterized. It was
found that NC behaves similar to TF in a number of ways, indicating its functionality.
Crystallization of the NC version of TF was achieved under conditions similar to those
applied to crystallize full-length TF (Ferbitz et al. 2004). When subjected to X-ray
irradiation, the crystals produced a diffraction pattern corresponding to a resolution of ~4
A (data not shown), and further optimization of the crystallization conditions is currently
underway. The NC crystal structure might provide further insights into possible
conformations of TF.

TF appears to be structurally flexible based on the variability of the two molecules
in the crystallographic asymmetric unit of the full-length TF structure (Ferbitz et al. 2004).
Additionally, structural flexibility was observed in the crystal structure of a functionally
uncharacterized protein from Mycoplasma pneumoniae (Schulze-Gahmen et al. 2005),
which was found to be a structural homolog of TF. The structure of the ribosome-bound
amino-terminal domain revealed conformational rearrangements that lead to the exposure

of hydrophobic surfaces (Schlunzen et al. 2005). In order to probe the structure of full-
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length TF upon association with ribosomes, distances derived from FRET measurements in
the absence and presence of ribosomes were compared. In the presence of ribosomes, a
marked decrease in FRET efficiency was observed, consistent with an increased distance
between the fluorescent probes within the TF molecule. Thus, TF appears to undergo a
conformational change upon binding to the ribosome, resulting in a more extended
conformation of the ribosome-bound species when compared to free or dimeric TF.
Binding to the ribosome may result in the exposure of surfaces on the TF molecule which
are otherwise inaccessible and might contribute to efficient substrate binding.

It has been reported previously that TF forms homo-dimers in solution (Maier, R.
et al. 2003; Patzelt et al. 2002). Using the endogenous single tryptophan at position 151 in
E. coli TF as an environmentally sensitive fluorescent probe, it was demonstrated in this
study that TF forms homo-dimers which dissociate with a Kp of ~0.9 uM. At a cytosolic
TF concentration of 40 to 50 uM, compared with ~30 uM ribosomes, under standard
growth conditions (Bremer & Dennis 1996; Lill ef al. 1988), a considerable fraction of TF
would be expected to exist as a dimer. Thus, dimer formation in vivo may have important
regulatory implications. The TF dimer was further characterized in this study by inter-
molecular FRET-measurements, attaching either a donor or an acceptor to specific
positions within the protomers. The resulting inter-molecular distances were interpreted
using the model-building software FRETsg (Schroder & Grubmiiller 2003). The resulting
model revealed that in the TF dimer, the two protomers are oriented in a nearly
perpendicular fashion, with the tips facing towards each other. Thus, the putative substrate
binding site, which may be constituted by the hydrophobic crevice surrounded by the tips,
would be inaccessible in the dimer, preventing inappropriate binding of partially unfolded
proteins which otherwise would potentially inhibit post-translational folding in the cytosol.

Based on neutron scattering experiments, it has been reported that the TF homo-
dimer is capable of residing on the ribosome (Blaha et al. 2003), whereas cross-linking and
co-sedimentation data suggested that the monomer is the ribosome-bound species (Patzelt
et al. 2002). Loss of inter-molecular energy transfer was observed when ribosomes were
added to dimeric TF, suggesting that the ribosome-bound TF species is a monomer. The
dimer association/dissociation kinetics were found to be fast and not measurable during
manual mixing (V.R. Agashe and C.M. Kaiser, unpublished results), indicating that, rather
than actively promoting dimer dissociation, the ribosome stabilizes the monomeric form

of TF.
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The conformational rearrangements within TF observed in the fluorescence
measurements suggest the following mechanism of TF regulation: Free TF forms homo-
dimers, in which the main substrate binding domain, i.e. the hydrophobic crevice, is
occluded. TF monomers are sequestered from the monomer-dimer equilibrium by binding
to the ribosome, and the monomeric species is stabilized. Concomitant with ribosome-
binding, a conformational change within TF is induced, resulting in a more open
conformation, possibly re-aligning its sub-domains and exposing further the substrate

binding crevice to the nascent chain as it emerges from the ribosomal exit tunnel.

V.2 Kinetic characterization of the TF-ribosome interaction

It has previously been reported that the environmentally sensitive BADAN
fluorophore attached to position 14 of E. coli TF exhibits decreased fluorescence upon
binding to the ribosome (Maier, R. et al. 2003). Utilizing this tool, association and
dissociation of BADAN-labeled TF (TF-B) with and from the ribosome have been
investigated in real time by fluorescence measurements. In a similar way, the kinetics of
the change in intra-molecular FRET efficiency upon interaction with ribosomes were
measured. The combination of these methods allowed monitoring of ribosome-binding as
well as TF structural changes in real time. When labeled TF was displaced from TF-
ribosome complexes by the addition of excess unlabeled TF, it was found that both
ribosome detachment and TF intra-molecular compaction occur concomitantly with
virtually the same kinetics. Both processes were found to take place with a half time of
~10s. Thus, as soon as TF is detached from the ribosome, it undergoes a molecular
compaction from the extended, ribosome bound conformation to the more compact state
observed in solution.

Additionally, steady state fluorescence anisotropy measurements with CPM-
labeled TF (TF-C) were successfully used in this study to monitor TF-ribosome
interactions. An increase in steady state fluorescence anisotropy of TF-C was observed in
the presence of ribosomes. Upon addition of excess unlabeled TF, the anisotropy decreased
to a value observed for the TF dimer with kinetics very similar to those described above,

thus confirming the kinetic behavior observed with TF-B.
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V.3 TF is recruited to translating ribosomes

Previous characterizations of TF-ribosome and TF-substrate interactions were
conducted with vacant ribosomes (Maier, R. ef al. 2003) and free substrate, respectively
(Huang et al. 2000; Liu et al. 2005; Maier, R. et al. 2001; Patzelt et al. 2001; Suno et al.
2004) and thus the mechanisms underlying TF function in its biologically-relevant context
of active translation have remained elusive. Free dimeric TF may exhibit certain chaperone
properties as measured by prevention of aggregation or refolding of certain denatured
model proteins (Kramer et al. 2004; Liu et al. 2005; Liu & Zhou 2004; Maier, R. et al.
2001). However, its role in vivo, at least for multi-domain proteins, has been shown to
involve a postponement in the acquisition of nascent chain structure relative to translation
(Agashe et al. 2004). Therefore, its function in chaperoning virtually all nascent chains
emerging from the ribosome probably requires the substrate to be presented in the context
of the translating ribosome. Characterization of TF ribosome-binding and intra-molecular
rearrangements during translation was attempted in an S30-based transcription/translation
system with the fluorescence-based tools described above. However, due to the crude
composition of the system, high background and poor reproducibility impaired the
measurements.

Recently, a protein synthesis system has become available that is reconstituted
from purified components (Shimizu et al. 2001). All proteins needed for translation, such
as initiation, elongation and release factors, as well as the 20 different aminoacyl-tRNA
synthetases, were purified individually as Hisg-tagged recombinant proteins. In addition,
the system contains purified tRNAs, amino acids, ribosomes and an energy regenerating
system. In contrast to protein synthesis systems based on crude S30 extracts from E. coli,
this system allows protein synthesis in a well defined environment. Originally developed
for rapid and convenient protein production and isolation in vitro, this system was applied
in the present study to accomplish a real-time analysis of processes occurring during
translation.

When luciferase was translated in the reconstituted system, a pronounced increase
of TF ribosome-recruitment was observed, as monitored by a decrease in TF-B
fluorescence and an increase in steady state fluorescence anisotropy of TF-C. Thus, the
affinity of TF is higher for ribosome-nascent chain complexes than for vacant ribosomes.
A 30-fold decrease in the Kp of the TF-ribosome complex occurred upon translation of FL.
This suggests a regulatory principle for TF function: When protein production in the cell is

taking place at a high rate, e.g. in E. coli cells during mid-log phase, increased amounts of
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monomeric TF become recruited to the ribosome-nascent chain complexes.
Monomerization and conformational opening result in activation of TF. Activated TF is
then able to efficiently bind to the nascent chain substrate, protecting it from the entry into
non-productive folding pathways and aggregation. If less ribosomes are engaged in
translation, e.g. during stationary phase, TF is shifted from a ribosome-bound to a free
cytosolic form, which readily dimerizes. Dimerization leads to inactivation of TF in terms
of substrate binding, providing a cytosolic pool that can be activated when protein
synthesis is increased. The regulation of cytosolic TF levels according to the growth rate
(Griffiths et al. 1995; Guthrie & Wickner 1990; Lill et al. 1988; Pedersen et al. 1978) is
consistent with this model.

A decrease in Kp is the result of changes in the rate constants: A decrease in the
off-rate, an increase in the on-rate, or both. The “cradle” model for TF function suggests
that TF crouches over the ribosomal exit tunnel, providing a protected environment for
domain-wise co-translational folding (Ferbitz et al. 2004; Maier, T. et al. 2005). This
model, based solely on the modeling of full-length TF onto the H. marismortui 50S
ribosomal subunit, would imply that TF stays associated with the translating ribosome long
enough to allow synthesis and co-translational folding of at least an entire protein domain.
Based on this model, a decreased off-rate would be expected to account for the increased
affinity of TF for the ribosome that was observed upon translation. This aspect was
investigated in competition experiments where ribosome-bound labeled TF was displaced
from translating ribosomes by the addition of excess unlabeled TF. No difference in the
displacement kinetics was observed in the different scenarios with and without translation.
Instead, the dynamics of TF-ribosome interaction were found to be unaltered in the
presence of translation, indicating that the time that TF resides on the ribosome is not
affected by the presence of a nascent chain substrate.

An increased recruitment of TF to translating ribosomes was also reflected by a
decrease in the efficiency of intra-molecular FRET. The FRET efficiency measured is an
average of the FRET efficiencies for the bound and the free form of TF. Thus, an increase
in the fraction of bound TF leads to decreased average FRET efficiency. Upon addition of
excess unlabeled wild type TF, a return of the FRET efficiency to the value observed in the
absence of ribosomes occurred. Strikingly, the kinetics of ribosome detachment and intra-
molecular compaction no longer occurred concomitantly when ribosomes were actively
engaged in translation. Instead, the change in intra-molecular FRET efficiency was delayed

with respect to ribosome release, with a ~3-fold difference in the t;, values. This argues
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that, even after TF has left the translating ribosome, it is kept in its open conformation,
presumably by an interaction with the nascent chain. Thus, TF appears to leave the
ribosome while still interacting with the elongating polypeptide chain.

This model was supported by data from steady state fluorescence anisotropy
measurements, where the change in signal that was observed upon ribosome displacement
happened with the similar kinetics as ribosome-release in the case of vacant ribosomes, but
1s markedly slower when ribosomes are translating. This also indicates that after ribosome
dissociation, TF remains associated with a very large molecular weight component,
presumably the ribosome-tethered nascent chain.

Importantly, in none of the competition experiments was the TF FRK/AAA
mutant (deficient in ribosome binding) found to act as an efficient competitor. This
demonstrates that binding to the ribosome is a pre-requisite for efficient substrate binding,
consistent with the hypothesis that ribosome binding leads to TF activation. Only then does
TF efficiently bind its substrate and remains associated even after departing from the
ribosome. Thus, ribosome-binding serves several purposes: Besides creating a high local
TF concentration at the ribosomal exit tunnel in close proximity to its substrate, it
stabilizes the monomer and induces a conformational change, thereby activating TF.

The delay in intra-molecular compaction over ribosome-dissociation was also
observed when the nascent chain was released from the ribosome by disruption of the
ribosome-nascent chain complex with EDTA. This further strengthens the notion that
beyond ribosome departure of both TF and the nascent chain, similar to a post-translational
scenario, TF remains engaged with its substrate. After disruption of the complex, TF is
unable to rebind to the substrate regardless of whether it has folded or not. Ribosome-
binding is necessary to activate TF and restricts its chaperone activity to ribosome-tethered
nascent chains. Other chaperone systems acting downstream of TF may then aid the further

folding of the released polypeptide.
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V.4 TF regulation by the nascent chain

In vivo experiments have demonstrated that TF and the DnaK system improve the
folding yield of certain multi-domain proteins by promoting a post-translational folding
mechanism, resulting in a substantial deceleration of folding relative to translation (Agashe
et al. 2004). The affinity of DnaK for unfolded proteins is regulated by binding and
hydrolysis of ATP, resulting in a nucleotide-dependent substrate binding and release. This
nucleotide-dependent cycling is regulated by the co-factors DnalJ and GrpE. Although
aiding protein folding by a fundamentally different mechanism, GroEL, the Hsp60
chaperonin of E. coli, also exhibits a similar ATP-regulated substrate binding and release
regulated by its co-factor GroES. In contrast, TF does not contain any nucleotide binding
site, nor are any protein co-factors known that co-operate with TF. This poses the question
of how TF is regulated.

As discussed in the previous section, efficient binding of substrate requires TF-
activation that occurs upon binding of the chaperone to the ribosome in the vicinity of the
ribosomal exit tunnel. For efficient folding of newly synthesized proteins, the extent of TF-
substrate interaction should depend on the substrate properties: Newly synthesized proteins
which cannot readily collapse into a molten globule state and thus expose hydrophobic
segments would be expected to interact with TF long enough to prevent aggregation. Yet,
TF interaction with proteins which are able to fold rapidly should be limited so that these
proteins are not impaired in folding for unnecessarily long periods of time. Absence of any
known ATP regulation or regulatory co-factors for TF make it conceivable that certain
regulatory features are present on the nascent chain substrates themselves.

At the very early stages in protein maturation, at which TF acts, the nascent chain
can be expected to not have acquired significant amounts of structure, but rather be present
in an extended form. Thus, primary structure analysis was performed to uncover nascent
chain features that dictate TF-substrate interactions. When analyzing the mean
hydrophobicity over a window of 15 amino acid residues along the sequence of the nascent
chain, motifs of high hydrophobicity were revealed in substrates that cause a delayed intra-
molecular compaction of TF. Furthermore, the spread of hydrophobic motifs was found to
be tightly correlated with the magnitude of the delay. This correlation was gradually lost
when the window size used to calculate the mean hydrophobicity was decreased or
increased beyond the 15 residue window. These findings suggest that the extent to which

hydrophobic motifs are present in the primary structure of the substrates modulates the
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affinity of TF for the substrate. The window size for which the optimum correlation was
found implies that the TF-binding site on the substrate is composed of a stretch of
~15 residues with high mean hydrophobicity. Significantly, the length of the long axis of
the proposed substrate binding crevice of E. coli TF in the crystal structure is ~65 A, which
is sufficient to accommodate a peptide of 18 residues in a fully extended conformation
(Ferbitz et al. 2004).

Most polypeptide chains contain hydrophobic segments which are buried in the
hydrophobic core of the native protein structure. During translation, hydrophobic collapse
cannot take place unless at least a complete domain has been synthesized. Therefore,
virtually all polypeptide chains would expose hydrophobic segments in the course of
translation. Indeed, for all model proteins tested, a substantially increased ribosome
recruitment of TF was observed upon translation. Only a-synuclein, belonging to the class
of natively unfolded proteins (Uversky et al. 2000), did not lead to TF-recruitment (V. R.
Agashe, unpublished results).

Using the small titin 127 domain as a model substrate that is capable of readily
unfolding and refolding (Marszalek et al. 1999), the extent of TF recruitment during
translation was correlated to the folding properties of the nascent chain substrate. Stalled
translation of successively longer amino-terminal fragments of 127 revealed that increased
TF recruitment was observed when hydrophobic segments of the nascent chain emerged
from the ribosomal exit tunnel and became exposed to the exterior of the ribosome. No
significant recruitment was observed when fragments were translated that either resided
completely within the exit-tunnel or exposed only a hydrophilic segment outside the
tunnel. Co-translational folding of the stalled I127-domain resulted in loss of TF
recruitment, consistent with the burial of hydrophobic segments in the interior of the 127
domain. These data also demonstrate that translation per se is insufficient to generate a
high affinity binding site for TF on the ribosome, e.g. by structural rearrangements in the
50S subunit. Rather, the enhanced affinity of TF for ribosome-nascent chain complexes
requires both the ribosomal TF binding site on the large subunit as well as a binding motif

on the ribosome-tethered nascent chain.
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V.5 The TF PPlase domain contributes towards substrate
binding, but is not essential for TF function

The role of the central TF PPlase domain in its chaperone activity for nascent
chains has so far not been fully understood. The chaperone function of TF is not limited to
prolyl-isomerization, and the interaction of TF with nascent chain substrates does not
correlate with their proline content (Patzelt et al. 2001). Also, eliminating the PPlase
activity by point mutations or deletion of the entire domain did not result in reduced TF
activity in vivo (Genevaux et al. 2004; Kramer et al. 2004). Yet, all known TF homologs
analyzed contain this domain (C.M. Kaiser and J.M. Barral, unpublished). However, the
PPIase domain would be expected to interact with non-native proteins to catalyze prolyl-
cis-trans isomerization and has been shown to bind short hydrophobic peptides (Kramer et
al. 2004; Patzelt et al. 2001). Therefore, it seemed conceivable that the TF PPlase domain
contributed to substrate binding.

To analyze the contributions of the PPlase domain during TF function, a deletion
mutant (NC) was designed based on the crystal structure of E. coli TF (Ferbitz et al. 2004)
and functionally compared to the full-length protein. Intra-molecular FRET measurements
in the absence and presence of ribosomes indicated that the compact shape observed in
solution and the conformational change upon ribosome binding are essentially the same for
TF and NC. The deletion mutant also exhibited wild type-like properties in its ability to
increase the specific activity of luciferase translated in the reconstituted translation system.

As a competitor, NC was indistinguishable from TF in displacement experiments
monitoring both ribosome release and intra-molecular compaction. This was observed with
vacant as well as with translating ribosomes. Also, the kinetics of ribosome dissociation
and intra-molecular compaction of labeled NC in the absence of translation were
essentially the same as for TF. Thus, interaction with the ribosome and the initial binding
to the substrate are not impaired in the absence of the PPlase domain. In contrast, the
recruitment of BADAN-labeled NC to translating ribosomes was diminished and intra-
molecular compaction occurred faster than for TF. Yet, the delay of intra-molecular
compaction over ribosome dissociation observed in the presence of translation was
preserved in the NC mutant. These findings are consistent with the PPlase domain
constituting an additional substrate binding site, which is not essential for substrate

binding, but further stabilizes the TF-substrate interaction.
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V.6 The dynamic cycle of TF function

Taken together, the data presented in the present study indicate that TF operates
through a functional cycle in the course of chaperoning nascent chains (Figure 39): Before
binding to the (translating) ribosome, TF is present in an equilibrium between the
monomeric and the dimeric form, with rapid association and dissociation of the protomers
(1). Monomeric TF is withdrawn from the equilibrium by binding to the ribosome (2) and
rapidly replenished from the pool of dimers. Ribosome binding results in stabilization of
the monomer in the vicinity of the exit-tunnel and induction of a conformational change in
TF, which together activate TF for binding to the nascent chain. This activation is
enhanced by increased binding to ribosome-nascent chain complexes, presumably through

an enhanced on-rate, when compared to the binding to vacant ribosomes. This is reflected
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Figure 39: Model of TF function.

TF is represented by an orange shape in a compact and an extended
conformation, representing free and ribosome-bound TF, respectively. The
ribosome is shown in grey, a nascent chain in green. Monomeric and dimeric TF
co-exist in a rapid equilibrium (1). Ribosome binding of the monomer results in TF
conformational expansion, activating the TF chaperone function (2). Upon
translation, TF interacts simultaneously with the ribosome and the nascent chain,
leading to an increased affinity for the ribosome nascent chain complex.
Interaction with the substrate preserves the expanded conformation of TF for
varying periods of time after ribosome departure (3), depending on the substrate
properties. During this period, a second TF molecule may be loaded onto the
elongating polypeptide (4). TF dissociates from the nascent chain either co- or
post-translationally, undergoes conformational compaction and enters the
monomer-dimer equilibrium (5), from which it may be recruited to the translating
ribosome again for another cycle of nascent chain chaperoning (6).
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by a ~30-fold decrease in Kp. Activated TF then binds to the polypeptide chain emerging
from the ribosomal exit tunnel, possibly keeping it in an extended conformation competent
for subsequent folding. Hydrophobic segments of the nascent protein, which could
promote aggregation, are shielded by the interaction with TF. While staying associated
with the nascent chain, TF then dissociates from the ribosome (3). Importantly, the kinetics
of this dissociation reaction are similar in the absence and presence of translation,
indicating that ribosome dissociation is an intrinsic feature of the system unaffected by the
presence of substrate (2 and 3). In contrast, the dissociation from the substrate is
decelerated in some cases (4), allowing the ribosome-mediated loading of a second TF-
molecule onto the nascent chain (6). Thus two, or possibly more, TF molecules can interact
simultaneously with the same nascent chains, consistent with previous evidence (Agashe et
al. 2004). Finally, TF dissociates from its substrate and enters the monomer-dimer
equilibrium (5), which serves to keep a pool of TF that has low affinity for substrate. The
substrate is only then allowed to proceed in its folding path, which may be aided by
additional chaperones, thus explaining the previously observed TF-mediated delay in

folding relative to translation (Agashe et al. 2004).

V.7 Factors that work in concert with TF or compensate
for its loss of function

The folding of newly synthesized proteins is a crucial process for cellular
survival. In the crowded environment of the cytosol, it depends on the aid of molecular
chaperones, of which TF is the first to contact the nascent chain in bacteria. However,
deletion of the tig gene encoding TF does not have major consequences on growth rates or
cellular survival under laboratory conditions, suggesting that other factors have
overlapping functions. This has already been demonstrated for the DnaK system
(Deuerling et al. 1999; Teter et al. 1999). While the individual deletions of the genes
encoding TF and the DnaKJ operon do not result in temperature sensitivity at temperatures
up to 37 °C, the combined deletion is lethal at temperatures above 30 °C, demonstrating
the functional overlap between the two systems. Other factors may also be involved in
guiding newly synthesized cytosolic proteins to their native state, as has been suggested for
SecB (Ullers et al. 2004). These could potentially be responsible for conferring viability in
the absence of TF and the DnaKJ system at temperatures below 30 °C. In this case, they
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would be expected to associate with ribosome-nascent chain complexes. Thus, co-isolation
of factors associated with ribosome-nascent chain complexes could potentially reveal
nascent chain associated chaperone functions of hitherto uncharacterized proteins.

The classical way of isolating ribosomes by repeated steps of centrifugation
involves large dilutions of the sample, which could result in the loss of factors that bind
with low affinities. Therefore, a method was developed in the present study that allows the
isolation of ribosomes at high concentrations through a pull-down procedure. To this end, a
FLAG-Hisq (FH) tag was fused carboxyl-terminally to the E. coli ribosomal proteins L17
and L20, encoded by the genes rp/Q and rplT, respectively. Ribosomes harboring either of
the FH-tagged proteins were successfully isolated using a commercially available agarose
matrix derivatized with an anti-FLAG antibody. The procedure is specific, rapid and
avoids strong dilution of the samples prior to elution. Batch sample handling allows the
analysis of multiple samples simultaneously.

Chromosomal integration of the FH tag was attempted to guarantee that all
ribosomes contained the tagged protein. Whereas attempts to chromosomally tag L20
failed, the tag was successfully fused to ribosomal protein L17 at the chromosomal level,
resulting in a strain with the genotype rplQ-FH-tet®. In pull-downs from this strain, the TF
band was clearly visible, demonstrating that this system is suitable for the co-isolation of
ribosome-associated factors.

E. coli strains encoding tagged ribosomal proteins offer a range of possibilities for
the identification of factors associated with ribosome-nascent chain complexes.
Combination of the rplQ-FH-tet® genotype with other genetic modifications can serve to
analyze the ribosomal proteome in different strain backgrounds. In this study, it was
combined with a deletion of the tig gene encoding TF. It was not possible to transduce the
rplQ-FH-tet® allele into a strain deficient in DnaKJ, probably because the DnaK system is
required for functionality of the tetracycline-resistance gene. Transduction of this allele
would probably be possible if another resistance marker were utilized. When lysates of
these strains were prepared under conditions that either stabilize or destabilize ribosome-
nascent chain complexes, marked differences in the protein patterns of the isolated
ribosomal samples were observed. Thus, by choosing the appropriate conditions, it is
possible to identify factors that specifically co-fractionate with ribosomes when nascent
chains are present.

By one-dimensional SDS-PAGE, a variety of different proteins was visible in

samples that were prepared under conditions that stabilize ribosome-nascent chain
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complexes. Two dimensional gel electrophoresis would allow identification of these
proteins, so that a ribosomal proteome can be defined under different conditions. It will be
of interest to see how this proteome changes in response to circumstances that affect
general protein folding, such as elevated temperatures and lack of specific chaperones. In
addition, the pattern of ribosome-nascent chain associated proteins can be studied during
the translation of any chaperone substrate of interest, since this system is amenable to
expression of virtually any model protein.

The tools and methods described here for in vitro and in vivo work may prove
useful for identifying factors that function during the earliest steps of protein biogenesis.
The experiments performed throughout this work have provided a detailed and real-time
view of the dynamic cycle of Trigger factor function during emergence of the nascent

chain from the ribosome.
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VII APPENDICES

VII.1 Primer sequences and features

Name Direction  Sequence

TFP1B fwd ATGCAAGTTTCAGTTGAAACCACTC

TFP2 rev TGCGGTCGACTTAATAAACTTCAAACTCTACAGAGTAAG Sal

TFP3 rev TGCGETCCACTTACGCCTGCTGTTTACGCAGAG Sal1

TFP4 rev TGCGGTCGACTTACGCCTGCTGGTTCATCAG Sall

Not-TFC  fwd ATTTGCGGCCGCCGGTGAACTGCCGGAACTG g L

?Fbg'swp " rev GCTCTAGATTACGCCTGCTGGTTC

SpeNot- Not],

T%N rev ATTTGGCGGCCGCACTAGTGCCGETCGCCTGCTGTTTACG  Spel,
Ala
Not 1,

SpeNot- ATTTGGCGGCCGCACTAGTGCCACACGCCTGCTGTTTACG V¢ b

TEN150C — Ala,
T150C

Table A1: Primers utilized for cloning the TF and NC expression contructs.

Sequences complementary to the TF-ORF are shown in bold face. Stop codons
are red, endonuclease restriction sites introduced by the primers are blue and
green, the respective endonuclease is listed in the last column. Underlined residues
represent codons that introduce additional amino acids into the TF sequence. In
magenta italics, the codon leading to the T150C mutation is highlighted.

Name Sequence

T150C fw ACAGCAGGCATGCTGGAAAGAAAAAGACGGCGCTGTTG

T150C rv CTTTTTCTTTCCAGCATGCCTGCTGTTTACGCAGAGTATCCAG Sph1
E326C fw TCGGTGGCAATTGCAAACAAGCTCTGGAACTGCCGCGCGAAC

E326C rv GAGCTTGTTTGCAATTGCCACCGAAACGCTGTGCAGCCTG Mpel
S376C fw GAAGAGATGGCATGCGCGTACGAAGATCCGAAAGAAGTTATC

S376C rv CTTCGTACGCGCATGCCATCTCTTCGATCAGGCCTTTCAC Sphl

Table A2: Primers utilized for site-directed mutagenesis on TF.
Residues that introduce the mutation are highlighted red. The cysteine-codon is
underlined. The endonuclease restriction site introduced by site-directed
mutagenesis is shown in italics, the respective endonuclease is listed in the last

column.
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Name Direction Sequence
127 F- Ndel fwd AGGAGATATACATATGCATC
127 R- Spel rev GGACTAGTCAATTCTTTCACTTTC

Table A3: Primers utilized for the generation of an I127-expression plasmid.
The restriction sites introduced by the primers are underlined. The Nde I-site in 127
F-Ndel contains the start-codon for the 127-ORF.

Name Sequence

LucFwdl AAGGAGATATACCAATGGAAGACGCCAAAAACATAAAG
LucRevl TATTCATTAATCTCTGGCATGCGAGAATCTGA
LucFwd2 AAGGAGATATACCAATGCCTATTTTTGGCAATCAAATC

LucRev2 TATTCATTAGTCAACTATGAAGAAGTG
LucFwd3 AAGGAGATATACCAATGCGCTTGAAGTCTTTAATTAAATAC
LucRev3 TATTCATTACAATTTGGACTTTCCGCCCTTC

LucRev3s ACCACCATACAATTTGGACTTTCCGCCCTTC

Table A4: Sequences of primers utilized to generate linear templates for
translation of FL fragments.

Sequences complementary to the pLuc template plasmid are shown in bold face.
Stop-codons are in red. Adapter-sequences complementary to the Universal
Primer are underlined.

Name Sequence translated product
127-N25 CTTTTCCACTTCTATTAGGCATG 25 aa, stalled
127-N38 GGCTGTTTCACCAACAAACAC 38 aa, stalled
127-N58 CTGTCCTTTCAGCTTCCACTG 58 aa, stalled
127-N78 GATCAGAATATGCTTCTTTCCATC 78 aa, stalled
127-N98 TTTGGTATTAGCAGCCTGGAAG f. 1., stalled

127-30 TTCTCCTTTACCGATCGCGGCC f. 1. + 30 aa, stalled
127-40 AAGAATTGGGACAACTCCAGTG f. 1. + 40 aa, stalled
127-50 GTGCCCATTAACATCACCATC f. 1. + 50 aa, stalled
127-30TAA TTATTCTCCTTTACCGATCGCGGCC f.1.+30aa
127-40TAA TTAAAGAATTGGGACAACTCCAGTG f.1. +40 aa
127-50TAA TTAGTGCCCATTAACATCACCATC f.1.+50 aa
T7-uni GAAATTAATACGACTCACTATAG (forward primer)

Table AS5: Primers utilized to generate linear templates for in vitro

translations of 127-fragments.

Stop codons on the primers are in red. All primers except T7-uni are reverse-
primers. In the last column, the length of the 127-fragment is listed that is encoded
by the PCR-product generated with the respective reverse primer in combination
with the T7-uni primer.
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Name

Sequence

L13P1

GGAATTCCGCAGTCAGCATGACTATATTGCGCTC

L13P2

GCTCTAGACGCTCGAGGATGTCAAGAACTTGCGGTTGCTGTGC

L13P3

GAGCCAATCAATTCTTGCGGAGCCATGGGCACAGCAACCGCAAGTTCTTGACATC

L13P4

GCTCTAGACTGCCGGAGCAGAAGCCAATTAACGTTTG

L17P1

GGAATTCCAGCCCTGTGGAGCGTATTGCCTAC

L17P2

GCTCTAGACGCTCGAGCTCTGCAGCAGCTTCTGCTTTCTCTGAACG

L17P3

GAGCCAATCAATTCTTGCGGAGCCATGGCGTTCAGAGAAAGCAGAAGCTGCTGCAGAG

L17P4

GCTCTAGAGCTTCAATTCCAGTAATGACAATCGACGGC

L20P1

GGAATTCCCGCGGTCGTGAGATGGCGCACCAG

L20P2

GCTCTAGACGCTCGAGTGCCAGAGCTGCTTTCGCTTTTTCAACCAGAGCGGTG

L20P3

GAGCCAATCAATTCTTGCGGAGCCATGGCACCGCTCTGGTTGAAAAAGCGAAAGCAGCTCTGGCA

L20P4

GCTCTAGAGGCTAATGGCCGCCTTCGCACTGGCAAC

L22P1

CGAGCTCCACGCTGGCGTGGTGTTCGTCCGAC

L22P2

GCTCTAGACGCTCGAGGCGATCGGACACAACCACAGTGATGTGGC

L22P3

GAGCCAATCAATTCTTGCGGAGCCATGGGCCACATCACTGTGGTTGTGTCCGATCGC

L22P4

GCTCTAGACCGCGCCGCCCAGACGGCCGCTAACTTCAAC

tetP1

CTCATGTTTGACAGCTTATCATC

tetP2

CATGCCATGGCTCCGCAAGAATTGATTGGCTC

FHfw

TCGAGGGCAGCGGCGACTACAAGGACGACGATGACAAGGGCAGCGG
CCATCATCATCATCATCATTAAGC

FHrv

GGCCGCTTAATGATGATGATGATGATGGCCGCTGCCCTTGTCATCG
TCGTCCTTGTAGTCGCCGCTGCCC

Table A6: Sequences of primers utilized for the introduction of an FH-tag
into ribosomal protein genes.

L13P1 — L13P4, L17P1 — L17P4, L20P1 — L20P4 and L22P1 — L22P4 were used
to amplify ribosomal protein genes with 5'- and 3'-flanking sequences. tetP1 and
tetP2 were used to amplify the tet®-gene. FHfw and FHrv are oligonucleotides that
encode the FH-tag.
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VII.2 Plasmid maps and protein sequences
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Figure A1: Plasmids for recombinant expression of TF-variants.

On the maps of the pPROEX-HTa based plasmids that were used for
overproduction of TF-versions for purification, the unique restriction sites listed as
well as other important features are listed: His-TEV: Hise-tag and TEV-protease
recognition site; lacl: Lac-repressor, pTrc: promoter, AmpR: ampicillin resistance.
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Figure A2: Amino acid sequence of the product translated from TF
expression plasmids.

a. Full length TF. The sequence of E. coli TF starts at residue 25. The amino-
terminal Hisg-tag and the TEV-protease recognition site (shown in grey) were
removed proteolytically after purification of the protein. The residues which have
been mutated to cysteines in some of the constructs are shown in green and are
encircled. The FRK-motif, which in some of the constructs was mutated to AAA, is
shown in red. b. Sequence of the NC-version of TF. The residues that constitute
the linker that replaces the PPlase domain are highlighted in magenta.
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Figure A3: Amino acid sequence of firefly luciferase.

The boundaries of the three FL domains (N1, N2 and C), which have been
translated separately, are indicated by arrows.
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Figure A4: Plasmid map of pCH25Titin and amino acid sequence of the
translated product.

a. The annotated features in the pCH25Titin plasmid map include the open
reading frames of the 127-domain (Titin 127; red) and GFP (GFPuv; green), the
linker sequence (L25, orange), the T7-terminator and promoter regions (blue) and
the ORFs of the ampicillin resistance gene (ampR) and the Lacl-product (lacl;
black). b. Sequence of the 127-Linker-GFP fusion protein. The arrows start at the
residue (shown in bold face) that constitutes the carboxyl-terminal residue of the
[27-truncations (see Figure 26).
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Figure A5: Maps pf the plasmids utilized for expression and chromosomal
integration of FH-tagged ribosomal protein genes.

Between the EcoR | and the Xba | site of the plasmids, the following sequences
are inserted: ~500 bp of 5'-flanking chromosomal sequence (L17-5' and L20-5"
green) of the respective ORF (L17-ORF and L20-ORF; red), a sequence encoding
a FLAG-Hisg tag (blue), the ORF encoding the tetracycline resistance protein
(tetR, orange) and ~500 bp of the 3'-flanking chromosomal sequence (L17-3' and
L20-3'; green) of the respective ORF. The plasmid also contains the ORF for the
ampicillin resistance gene (ampR) and the arabinose operon regulatory protein
(araC; black).
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VII1.3 Abbreviations

A acceptor

aa amino acid

ADP adenosine 5'-diphosphate

Amp ampicillin

APS ammonium peroxodisulfate

ATP adenosine 5'-triphosphate

BADAN 6-bromoacetyl-2-dimethyl-aminonaphthalene
BSA albumin bovine serum

Cam chloramphenicol

CPM 7-diethylamino-2-(4'-maleimidylphenyl)-4-methylcoumarin
D donor

DapA dihydrodipicolinate

DMF dimethyl-formamide

DMSO dimethyl-sulfoxide

DNA deoxyribonucleic acid

DNase desoxyribonuclease

DTNB 5,5'-dithiobis-(2-nitrobenzoic acid)

DTT dithiothreitol

E. coli Escherichia coli

EB elution buffer

EDTA ethylenediaminetetraacetic acid

Eno enolase (2-phosphoglycerate dehydratase)
FL firefly luciferase

FPLC Fast Protein Liquid Chromatography
FRET fluorescence resonance energy transfer

g acceleration of gravity, 9.81 m/s2

GatD galactitol-1-phosphate 5-dehydrogenase
GatY tagatose-1,6-bisphosphate aldolase gatY (TBPA)
GatZ tagatose 6-phosphate kinase 1

Hsp heat shock protein

IMAC Immobilized Metal Affinity Chromatography
IPTG isopropyl-B-D-1-thiogalactopyranoside
Kan kanamycin

LB Luria Bertani

Luc luciferase

MetF 5,10-methylenetetrahydrofolate

MetK S-adenosylmethionine synthetase

MreB Rod shape-determining protein

mRNA messenger RNA

NAC nascent chain associated complex

NC PPlase-deletion mutant of TF

NC-B BADAN:-labeled NC

NC-C CPM-labeled NC

NC-CF CPM/fluorescein-labeled NC

NTA nitrilo-triacetic acid

OAc acetate
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OD
PAGE
PBS
PCR
PDB
PPlase
psi

Ro

RAC
RecA
RNA
RNase A
RPL
RPS
rRNA

S. cerevisiae
SAP
SDS
SYT
TCA
TCEP
TEMED
Tet
TEV

TF
TF-B
TF-C
TF-CF
tig
TRiC
Tris-HCI
WT

optical density

PolyAcrylamide Gel Electrophoresis
phosphate buffered saline

Polymerase Chain Reaction

Protein Data Bank. http://www.rcsb.org/pdb/
peptidyl prolyl isomerase

Pound per square inch (6894.76 Pa)
Forster distance

ribosome associated complex
Recombinase A

ribonucleic acid

ribonuclease A

ribosomal protein of the large subunit
ribosomal protein of the small subunit
ribosomal RNA

Saccharomyces cerevisiae

shrimp alkaline phosphatase
sodiumdodecylsulfate

threonyl-tRNA synthetase (ThrRS)
trichloroacetic acid
tris-(2-carboxyethyl)phosphine
N,N,N',N'-tetramethylethylenediamine
tetracycline

tobacco etch virus

trigger factor

BADAN:-Iabeled TF  synthase (DHDPS)
CPM-labeled TF reductase
CPM/fluorescein-labeled TF

gene encoding TF

TCP1 Ring Complex
tris(hydroxymethyl)aminomethane hydrochloride
wild type
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