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Abstract

The de novo folding of newly synthesised polypeptide chains, exposed in a vectorial man-

ner to the crowded cellular environment, often requires the assistance of molecular chap-

erones. The ribosome-associated molecular chaperone, trigger factor (TF), facilitates the

early folding events of such nascent chains at the ribosomal exit tunnel. The investigation

of the structural and dynamic properties of this interaction, at high resolution, presents

a challenge due to the dynamic nature of the interaction and the intrinsic conformational

heterogeneity of nascent chains. Additional complexity comes from the competition be-

tween TF self-association into a dimeric state, the interaction with ribosome-nascent chain

complexes (RNCs) and the interaction with isolated protein substrates independent of the

ribosome.

The sensitivity of NMR spectroscopy to both structural and dynamic changes make this

technique uniquely suited to the investigation of the trigger factor chaperone. This thesis

presents the application of selective isotopic labelling strategies and advanced TROSY

optimised NMR experiments to the study of the TF dimerisation equilibrium, providing

a detailed understanding of its kinetics and thermodynamics and insights into the solu-

tion structure of the TF dimer. The improved understanding of the mechanism of TF

dimerisation forms the basis for the interpretation of observations made in the presence

of substrate proteins.

Preliminary results on the interaction of TF with two disordered model ribosome-

nascent chain complexes reveal that ribosome-associated nascent chain substrates are sig-

nificantly perturbed by the presence of TF, even in the absence of predicted TF binding

motifs. The study of TF and the corresponding isolated polypeptides reveals that limited

interaction occurs in the absence of the ribosome. This early NMR investigation of the

TF chaperone provides the first residue-specific details of the highly dynamic interaction

of TF with nascent polypeptides and begins to elucidate the role of this chaperone in the

process of co-translational folding.



iii

Acknowledgements

The work presented in this thesis was carried out at the Department of Structural and

Molecular Biology, University College London, UK over the course of 4 years. It was

driven by the thoughts, collaboration and encouragements of many.

First of all, I would like to express my gratitude to my supervisor, Professor John

Christodoulou for his support and guidance every step of the way, from biochemistry

undergraduate through to completion of this degree. His honest council has always been

invaluable.

I am indebted to the BBSRC funding body which has supported me financially during

my PhD studies, and to Professor Gabriel Waksman and Dr Carolyn Moores for giving

me the opportunity to undertake my doctoral studies as a member of the ISMB. I sin-

cerely thank Prof Waksman and Dr Andrew Osborne for guiding me through my PhD

unscatched as members of my thesis committee. Furthermore, I’m grateful to my scien-

tific collaborators, Dr Enrico Salvadori and Prof Chris Kay, for their contribution to the

EPR aspects of the present study.

I also wish to thank the past and present members of the JC group as well as Dr John

Kirkpatrick for creating a great dynamic environment which has been a joy to work in.

I’m particularly grateful to Dr Lisa Cabrita and Dr Marilia Karyadi for welcoming me into

the group as an undergraduate student and showing me the ropes. I further want to thank

Dr Christopher Waudby for the time spent teaching me NMR and his keen insight and

mathematical prowess. I would also like to thank my fellow PhD students/ coffee addicts

for their support and camaraderie. I want to thank in particular Anäıs Caissaignau and
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Chapter 1

Introduction

1.1 Protein folding

1.1.1 In vitro protein folding

The correct folding of a polypeptide chain is essential to achieving full protein functionality.

The ‘native’ folded state typically corresponds to a narrow ensemble of structurally similar

conformations [2], while fluctuations herein are likely to be essential for protein function [3].

Such biologically important fluctuations in the protein structure include conformational

changes associated with substrate binding as described by the induced fit principle [4])

and intra-cellular communication by means of molecular switch mechanisms, as seen for

example in G-protein coupled receptors which undergo large conformational changes in

response to an extracellular signal [5].

To ensure these structural changes can occur, the native three-dimensional confor-

mation is only marginally stable [6]. The origin of the marginal stability of a protein’s

native fold can be found in the competing thermodynamic forces that drive folding (Fig

1.1, [7]) described by the equation for Gibbs’ free energy: ∆G=∆H-T∆S. Indeed, protein

folding results in the formation of numerous weak, non covalent interactions decreasing

the system’s enthalpy (∆H). This decreased free energy of the system is however offset

by an abrupt loss in entropy (∆S) upon chain compaction, leading to an overall energetic

stability of on average only 10 kcal/mol [8, 9]. Fluctuations within the structural ensem-

ble required for function are typically associated with energies not much greater than the

thermal energy (kbT, where kb is the Bolzmann constant) of the system, permitting their

occurrence on nanosecond timescales [3].

Our current understanding of the forces that drive protein folding have been obtained

by means of detailed in vitro denaturing and renaturing studies of small proteins [2, 15].

These studies identified the gain in H2O entropy upon burial of hydrophobic residues,

the ‘hydrophobic effect’, as the principle driving force of protein folding, while further

1
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Figure 1.1: Thermodynamic forces drive protein folding. Protein folding is driven by
both enthalpic forces such as hydrogen-bond networks, favourable electrostatic interactions
and van der Waals forces as well as entropic forces in the form of the hydrophobic effect.
Folding is opposed, in large part, by the significant reduction of the polypeptide chain’s con-
formational entropy upon folding. The net force that drives protein folding is thus typically
small resulting in marginally stable native protein states.

stabilising forces include the increased enthalpy from the formation of hydrogen bonds,

electrostatic and van der Waals interactions as well as disulfide bridge formation, sum-

marised in Fig 1.1 [6]. Folding is opposed by a decrease in conformational entropy upon

compaction of the polypeptide chain. It is the competition between these constructive and

disruptive entropic forces that leads to folding barriers and potential kinetically trapped,

‘intermediate’ folding states. These ‘kinetic traps’ typically arise when long range stabil-

ising contacts need to be broken to rearrange to a more native structure [16].

Based on specific folding events observed in single protein studies, models for the fold-

ing pathways of proteins have been proposed to integrate the various driving forces (Fig

1.2). The various models conflict on the order of secondary and tertiary structure for-

mation and prove difficult to reconcile into an unified thermodynamical description of all

studied folding events. At one extreme it has been proposed in a model referred to as

‘diffusion-collision’ that secondary structural elements transiently form independently be-

fore colliding into the final tertiary structure [13]. According to this model, protein folding

requires the transition through an intermediate state where secondary structure is formed

in the absence of tertiary contacts. Such a short lived species was found on the folding

pathway of barnase through kinetic experiments [10]. NMR experiments found that this

intermediate species presented fully formed α-helical and β-sheet elements prior to full

structure acquisition [17]. At the other extreme, ‘hydrophobic collapse’ or condensation

has been suggested as the initial event in folding resulting in an unstructured but collapsed
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Figure 1.2: Classical view of protein folding pathways. Proposed models of protein
folding pathways based on detailed characterisation of the folding mechanisms of proteins
such as barnase [10], chymotrypsin inhibitor 2 [11] and lysozyme [12] (refer to text) differing
in the order of secondary and tertiary structure formation. In the diffusion-collision model
(left), secondary structural elements form and then collide to make tertiary contacts [13].
In the nucleation model (centre), secondary and tertiary contacts propagate from one initial
secondary structural element [14]. In the condensation model (right), the structure collapses
to a molten-globule state where tertiary contacts can begin to form before any secondary
structure appears [12].

state where constructive tertiary contacts are formed before entire secondary structural

elements develop. A particular example where such a collapsed state was observed is

the folding of lysozyme and α-lactalbumin (reviewed in [12]). This ‘molten globule’ state

presents a rudimentary hydrophobic core within which stable secondary structural ele-

ments can form. Slow rearrangements of these elements around the collapsed core lead

to the native folded state. Finally a theory that sits at the interface of these two views

relies on the nucleation of a single structural element which then propagates along the

sequence forming stabilising tertiary contacts along the way (reviewed in [14, 18]). This

theory has been used to explain simple two-state folding phenomena such as observed for

chymotrypsin inhibitor 2 (CI2) where folding does not transition through a stable inter-

mediate species. Instead, the formation of the single α-helix in the native structure leads

to a rapid ‘global collapse’ of the structure [11]. In conclusion, the three classical views of
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protein folding were developed independently on the back of specific protein models but

are not capable of reconciling all observed folding phenomena

An overarching theory has been proposed as a unified way of studying protein folding

that sees the afore described folding pathways as specific cases of the same basic folding

principles. The energy landscape theory of protein folding proposes that spontaneous

protein folding follows a steep funnel-like trajectory from a fully unfolded, random coil

conformation to a lowest energy state [20] as illustrated in Figure 1.3.a. Although the

final fold is defined, the pathway followed can vary dramatically because of the large

conformational space of the unfolded protein. Both the final state and the available

pathways down the funnel are believed to be defined primarily by the protein amino acid

sequence composition [7]. Local minima in this ‘rugged’ energy landscape sampled by

some, but not all accessible folding pathways correspond to trapped intermediate folding

states [21, 22] which are functionally inactive and can be particularly aggregation prone

due to the incomplete burial of hydrophobic core residues [23]. At the bottom of the

constructive pathway(s), active and inactive intermediates are separated by small energy

barriers allowing functionally important fluctuations in the three-dimensional structure

[3].

Misfolding events are in direct competition with productive folding pathways and can

lead to the formation of highly stable oligomeric species that are prone to aggregation.

Although particular proteins present much higher propensity to misfold [24], amyloid

formation appears to be a generic property of proteins based on a inherent propensity of

the polypeptide chain to form β-sheet hydrogen bonding networks. Protein aggregation

and amyloid formation is driven by the same forces involved in native protein folding

where the formation of extensive hydrogen bond networks and the burial of hydrophobic

residues in extensive quaternary interfaces represent the majority. It is thus the kinetic

competition between the formation of constructive and aggregation interactions that biases

a polypeptide chain down a particular side of the folding funnel (Fig 1.3.a).

The importance of correct folding in the cell is illustrated by numerous disease pheno-

types strongly correlated to the misfolding of proteins. Common neurodegenerative disor-

ders such as Parkinson’s, Alzheimer’s disease are caused by aggregation of α-synuclein and

Aβ and Tau respectively [25, 26] while the aggregation prone haemoglobin mutant HbS

lays at the origin of sickle-cell anaemia [27]. Correct folding of the polypeptide chain is

thus paramount to all cellular processes and the maintenance of a correct folding balance

is one of the most prioritised functions in the cell.
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Figure 1.3: Energy landscape of protein folding and aggregation. (a) Folding funnel
displaying the competition between folding and aggregation. Both pathway are separated
by a large energy barrier. Polypeptides can become trapped in inactive intermediate states
which are particularly aggregation-prone. (b) Co-translational folding alters the available
configurational space as more of the primary sequence information becomes available (Section
1.1.3); increasing lengths of polypeptides can explore a larger part of the energy landscape.
Co-translational folding is believed to have an inherent bias for constructive folding (Section
1.1.3). (c) Chaperones can prevent the formation of aggregated species or promote the passage
of an intermediate species onto a productive folding pathway (Section 1.2). Adapted from [19].
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1.1.2 Protein folding in the cell

The environment of the cell however differs greatly from in vitro conditions. First of all, the

cellular environment is highly crowded with protein concentrations reaching 400 mg/ml

[28]. This greatly increases the risk of non-productive intermolecular protein interactions

[23] and aggregation [29] but might also be conducive to rapid folding due to a bias for col-

lapsed, compact conformations [30, 31]. Cellular crowding is likely to greatly increase the

energy barrier between aggregation and folding as well as increasing the ruggedness of the

funnel appearance (Fig 1.3) corresponding to an increased stability of, off-pathway, inter-

mediate structures which would require large conformational rearrangements for recovery.

Moreover, cellular crowding strongly affects diffusion rates [32]. As a consequence, long

range contact formation (encounter time) is often the rate limiting step in protein fold-

ing in the cell corroborated by the observation that the folding rate of a protein strongly

correlates with the contact order of the ‘native’ state: the average distance in primary

sequence between tertiary contacts [33, 34].

Protein synthesis in the cell occurs in a vectorial manner on the ribosome. The nascent

chain thus has the opportunity to form intramolecular contacts and interact with other

cytosolic factors in the absence of full primary sequence information. Protein folding can

thus be initiated in a co-translational manner. The differences between co-translational

folding and the refolding of full-length proteins in vitro are the subject of current investi-

gations further described Section 1.1.3.

Furthermore, the presence of potential interaction partners that are absent within

the controlled in vitro environment can significantly affect protein folding pathways. For

instance, proteins such as Fibronectin Binding Protein A undergo significant structural

changes upon interaction with binding partners (Fibronectin) [35]. Other proteins rely

on the presence of cofactors to stabilise their functional fold and might require these to

nucleate their initial folding (e.g. zinc-finger domains which rely on the coordination of

four cysteines to a zinc ion to induce loop-type structure which is essential for DNA binding

[36]).

Finally, the difficulty of refolding multi-domain proteins in vitro [37] suggests other

factors within the cell are required for the effective independent folding of structural units

within larger structures. These factors include both temporal control by regulation of

the speed of translation by rare codon clustering [38, 39] or the prevention of non-native

inter-domain contacts by chaperones [40].

The extent to which in vitro and in vivo folding pathways differ is the subject of

current studies. In particular, since the energy changes associated with folding are small,

minor perturbations in the landscape through the factors listed above, could severely

impact the folding pathway and stabilities of intermediates. Reconciling our theoretical
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knowledge based on extensive in vitro studies with observations of folding events in the

cellular environment is one of the great challenges in the field of protein folding.

1.1.3 Co-translational protein folding

1.1.3.1 The ribosome

Protein biosynthesis in all domains of life is assured by large ribonucleoprotein complexes

named ribosomes (Fig 1.4). They are responsible for the decoding of genetic information

and the translation of this information to specific amino acid sequences. The small 30S

subunit binds mRNA and recruits the large 50S subunit which harbours the site of peptide

bond formation. A complex set of concerted motions which have been elucidated to

exquisite detail by extensive structural study, result in the decoding of the mRNA via

reverse complementation of the sequence by specific recruited tRNA-amino acid complexes

[41, 42]. The correct alignment of two consecutive tRNA molecules results in peptide bond

formation between the two amino acids. A set of motions subsequently displaces the initial

tRNA and allows for the recruitment of tRNA to the next codon in sequence, and further

addition of amino acids to the nascent polypeptide chain.

The growing polypeptide chain is displaced from the peptidyl-transferase centre (PTC)

through a long 100 Å exit tunnel that traverses most of the 50S subunit.The exit tunnel is

estimated to accommodate around 30 amino acid in extended conformation. The bacterial

ribosomal exit tunnel is lined by the 23S rRNA and ribosomal proteins L4, L22 and L23

and has a diameter of 10-20 Å [47]. The exit tunnel widens in the last 20 Å to what

is called the ‘exit vestibule’ where nearby ribosomal proteins L22, L23, L24 and L29

form docking sites for ribosome-associated factors such as peptide deformylalse (PDF),

methionine aminopeptidase (MAP), trigger factor (TF) and signal recognition particle

(SRP) involved in the processing, targeting and folding of nascent chains in E. coli, Fig

1.4 [48].

1.1.3.2 Evidence for co-translational folding

The vectorial synthesis of proteins on the ribosome results in a unique scenario of protein

folding. The sequential addition of amino acids at the PTC results in the sampling of

conformational space by the N-terminal residues in the absence of full primary sequence

information [49, 50]. The available conformational space thus expands in a length depen-

dent manner [19](Fig 1.3.b) and might bias constructive folding pathways over misfolding

events by preventing the accumulation of non constructive intermediate species. Research

over the last decade described below indicate that the nascent polypeptide can begin to

sample native-like conformations while attached on the ribosome [51]. Folding events

during translation, also called co-translational folding, thus appear to defy the existing



Chapter 1. Introduction 8

!"#$%&'($)"*&(

+,-+./(#'"01(

234(

56#*'%('7!8(

96#*'%('7!:(
86#*'%('7!:(

;34(

!"#$

%&$

#'&$

!"#$
!%&$

!#"$

!""$

()*$
(+,$

(*)$

())$-./0123$04.52$

67#$

!" #"

$"

!"#$

Figure 1.4: Ribosome structure and interaction with ribosome-associated factors.
(a) Structural model of the 70S ribosome complex in the presence of a ddFLN5 nascent chain.
The interface between the 30S (dark grey, PDB 2J00 [43]) and 50S (light grey, PDB 2J01
[43]) accommodates the mRNA decoding activity. The A-, P-, and E-site tRNAs are shown in
yellow, green and dark green respectively (PDB 2J00, A-site tRNA modelled from PDB 1GIX
[44]). The petidyl-transferase centre (PTC) is located in the 50S at the extremity of the A- and
P-site tRNAs where the ribosomal exit tunnel starts. A nascent chain (pink, poly-A sequence
modelled in exit tunnel attached to the globular ddFLN5 domain, PDB 1QFH [45]) traverses
the 100 Å exit tunnel before it can acquire both structure and flexibility. In red is highlighted
the flexible L7/L12 stalk region (modelled from PDB 1RQU [46]) highlighting the potential
similarities in the dynamics of both these regions. (b) Top view of 70S ribosome particle.
Ribosomal proteins L17 (orange), L22 (blue), L23 (yellow) and L32 (green) near the exit
vestibule serve as docking sites for ribosome-associated factors. (c) Schematic representation
of ribosome-associated factors trigger factor (TF, red), signal recognition particle (SRP, blue),
methionine aminopeptidase (MAP, green) and peptide deformylase (PDF, yellow) as bound
on the ribosome near the exit tunnel (marked by star symbol).

paradigm that the whole primary sequence of a protein is required for native-like structure

formation.

Hints of secondary structure have been observed by cryo-electron microscopy (cryo-

EM) within the ribosomal exit tunnel [52, 53] for specific protein sequences while pegyla-

tion [54] and Förster resonance energy transfer (FRET) studies [55] have observed similar

compaction in discreet regions of the ribosomal exit tunnel. α-helical conformations ap-

pear to be able to form in the middle regions of the exit tunnel, but a constriction in the

exit tunnel width leading to the exit vestibule formed by L4 and L22 makes it unlikely that

this structure persists [56]. In the exit vestibule, significantly more conformational space

can be sampled by the nascent chain [47]. Recent cross-linking studies have indicated that
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small structural elements such as α and β hairpins can start to form in the exit vestibule

[57]. Selective proteolysis of nascent chains found the exit tunnel accommodates 30-40

residues [58, 59] indicating the nascent chain is neither fully extended nor fully helical in

the ribosomal exit tunnel.

Sequence dependent stalling of translation (e.g via residues 150-166 of SecM) suggest

inter- and intramolecular interactions can occur within the ribosomal tunnel [60–62]. The

SecM stalling motif (FxxxxWIxxxxGIRAGP) makes a number of key interactions with

ribosomal protein L4 and L22 and the 23S rRNA resulting in a distortion of interactions

at the PTC preventing peptide-bond formation which leads to stable arrest of translation

at Pro 166 [56]. Similarly, the presence of arginine residues has been shown to significantly

reduce translation speed by altering the local electrostatic environment of the ribosomal

tunnel [63]. The stalling properties of the 17 amino acid sequence from SecM has been

exploited for the in vivo production of stalled ribosome-nascent chain complexes (RNCs)

permitting equilibrium studies of nascent chains of specific lengths [56, 64, 65]. Although

translation is a dynamic process, the rapid folding of small protein domains (<1 s) relative

to the rate of translation in particular in eukaryotes where the rate of translation is 3-8 a.a

per second [66], suggests that these equilibrium studies may provide an accurate picture

of the available conformational space in the absence of slower folding events such a proline

isomerisation [67].

Native folding, however, requires the emergence of the entire polypeptide sequence in

order to complete final long range contacts [68] in most proteins. Long range contacts have

been shown to form close to the ribosomal surface where interaction with ribosomal pro-

teins and in particular the negatively charged rRNA are likely to occur [69]. The formation

of native structures on the ribosome has been shown using a variety of techniques includ-

ing monitoring of native disulfide bridge formation [64, 70], the appearance of enzymatic

activity [64, 69, 71, 72], protease protection assays [73, 74] and recognition by conforma-

tion specific antibodies [74]. Notable difference in protein folding on the ribosome relative

to in vitro were observed for T4 lysozyme nascent chains where the ribosome appeared

to delay folding [75] while specific on-pathway cotranslational folding intermediates were

identified in GFP-like fluorescent protein nascent chains [76].

Co-translational protein folding appears to be particularly important to multi-domain

proteins such a luciferase which rely on the absence of subsequent domains to prevent

stable non-productive long range contacts from forming [73, 74, 77]. Sequential folding

of domains has further been shown for hRas-DHFR (dihydrofolate reductase) and CFTR

(cystic fibrosis transmembrane conductance regulator) using limited proteolysis [78, 79]

and FRET [80] approaches.
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1.2 Molecular chaperones

Protein homeostasis (or proteostasis) within the cell is maintained by a large family of

proteins known as molecular chaperones. Their role as modulators of protein folding

states makes them essential to a cell’s well-being under stress and to general housekeeping

functions. Though neither sequence nor structural similarity persists throughout this

family, they are grouped by a functional definition of their class as proteins affecting the

three-dimensional structure of substrate proteins without pertaining to the physiologically

active structure of these substrates [81].

1.2.1 Cellular functions

Within the cell, molecular chaperones are responsible for a variety of functions including

the de novo folding [82] and re-folding of proteins, the unfolding of proteins targeted

for degradation, de-aggregating misfolded proteins [83] and the sequestering of proteins

awaiting complex assembly [84, 85]. The cellular functions of molecular chaperones in E.

coli are summarised in Fig 1.5 and Table 1.1.

Ubiquitous and highly versatile chaperones are those interacting with their substrates

co-translationally or soon after translation to initiate de novo folding (Fig 1.5). In E.

coli major representatives of this group are trigger factor (TF), DnaJ/K and GroEL/ES,

and together, this chaperone network ascertains the de novo folding of emerging nascent

chains on the ribosome [103]. These non substrate-specific chaperones are characterised

by a high affinity for non buried hydrophobic side chains which is detected as a sign of

incorrect folding. DnaJ/K and GroEL/ES actively promote folding through an ATP-

driven binding and release cycle [104, 105]. While chaperone binding prevents aggregation

in the crowded cellular environment (Fig 1.3 C), release is needed to permit correct burial

of hydrophobic residues in the final protein fold. Chaperones involved in de novo protein

folding demonstrate a significant redundancy in function highlighting the importance of

ensuring correct folding of new polypeptide chains.

A specific case of chaperones involved in the de novo folding process of emerging nascent

chains are chaperones such as SecB involved in the translocation of proteins across the

cellular membrane (Fig 1.5) [106]. General transport of proteins by the SecYEG translocon

machinery typically occurs in an unfolded state and molecular chaperones are required

to maintain this translocation competent unfolded state and target the polypeptide to

the membrane, while preventing aggregation in the cytosol. Here, the interaction with a

specific highly hydrophobic signal sequence, recognised by chaperones and cytosolic factors

such as SRP, prevents the untimely formation of native structural contacts. Within the

periplasm, parallel chaperone systems have evolved to support the effective folding of

nascent polypeptide in this highly oxidising environment (Fig 1.5) [107].
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Table 1.1: Overview of molecular chaperones in E. coli

Chaperone Co-factor Function Review

Trigger factor ribosome-bound chaperone [86]

DnaK DnaJ/GrpE holdase, unfolding [87]

GroEL GroES ATP-dependent folding [87]

PPIases (YtfC, SlyD, ...) prolyl isomerase [88]

SecB holdase, recruitment to SecYEG [89]

YidC membrane insertion [90]

Skp periplasmic chaperone [91]

SurA periplasmic chaperone [91]

LolA lipoprotein chaperone [92]

Hsp 31 heat-inducible holdase [93]

Hsp 33 redox-regulated holdase [94]

HdeA/HdeB acid survival, periplasmic chaperone [95]

IbpA/IbpB holdase [96]

HtpG de novo folding [97]

ClpB DnaK/J/GrpE ATP-driven de-aggregation [98]

ClpA/C/X ATP-dependent unfolding [99]

DegP periplasmic folding and degradation [100]

Pilin chaperones chaperone-usher pathway [101]
(FimC, PapD, ...)

HscA HscB iron-sulfur cluster protein assembly [102]

ATP-independent chaperones including the family of small Heat Shock Proteins (sHSPs)

do not actively drive folding but function as ‘holdases’ preventing aggregation of misfolded

species by sequestering exposed hydrophobic patches [108] in particular under stress con-

ditions (Fig 1.5). Chaperones with ATP-dependent unfolding activity, such as the Hsp100

family [109], are responsible for the de-aggregation of misfolded proteins [110–112] and are

often found as integral part of proteolytic pathways [113]. By contrast, substrate specific

chaperones have evolved for roles based on sequestering or ‘structural inactivation’ of pro-

teins awaiting assembly into larger macromolecular complexes including for example the

family of chaperone-usher pathway chaperones involved in pilus biogenesis [114].

The eukaryotic cell presents similar chaperone networks ensuring essential protein

homeostasis [87]. Additional complexity to the highly redundant networks relative to

bacteria originates from further specialisation of homologues based on compartment local-

isation or tissue specific requirements. Overall, the necessity to preserve correct protein
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Figure 1.5: Cellular functions performed by molecular chaperones. Molecular chap-
erones (red) are responsible for a large number of cellular functions related to the maintenance
of protein fold homeostasis within the cell. Chaperones perform functions at all stages of a
protein’s lifetime from initial biogenesis to degradation by the proteosome.

folding states is conserved across all kingdoms and is a highly prioritised function within

the cell with some of the most abundant proteins belonging to the class of molecular

chaperones [115].

In addition to ensuring the general maintenance of correct folding states within the

cell, chaperones might have in part evolved as a compensation mechanism for the accu-

mulation of destabilising mutations on the path to evolution of new protein functions and

specificities, while circumventing the negative selective pressure on structurally unstable

proteins [116, 117].

1.2.2 Trigger Factor

The ATP-independent molecular chaperone trigger factor (TF) is a highly conserved

ribosome-associated chaperone in bacteria. Forming an elaborate network with further

molecular chaperones DnaJ/K and GroEL/ES, it is responsible for the correct de novo
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folding of the proteome [103]. Although knock-out studies of TF show no clear phenotype,

double knock-out of TF and DnaK results in a heat-sensitive phenotype marked by protein

misfolding and aggregation in E.coli [118–122]. The apparent redundancy inherent in this

chaperone network reports on the vitality of its function to the cell’s survival.

The origin of TFs name can be traced back to its first identification as a protein factor

implicated in triggering pro-OmpA insertion into the membrane. Trigger factor was redis-

covered in 1995 as a ribosome-associated protein with peptidyl-prolyl cis/trans isomerase

(PPIase) activity [123] thus establishing its chaperoning role. The eukaryotic functional

equivalent of trigger factor, as first protein to interact with nascent polypeptides [124]

is the nascent-chain associated complex (NAC) despite not sharing common structural

features [125].

1.2.2.1 Structural organisation

The 48 kDa trigger factor folds into three distinct domains [133, 134] adopting an extended

three-dimensional structure frequently likened to a dragon as shown in Fig 1.6 [126].

The N-terminal domain of TF (residues 1-111) presents a mixed α-helical and β-sheet

structure related to the bacterial chaperone Hsp33 [135]. It is this domain that mediates

the essential interaction with the ribosome through a characteristic ribosome-binding motif

(GFRxGxxP) in a helix-loop-helix element absent from the Hsp33 structure [136, 137].

The ribosome-binding domain (RBD) is linked to the second domain by means of a long

extended α-helix bridging 65 Å. This peptidyl-prolyl isomerase domain (PPIase) extends

from residue 149 to 245 and belongs to the family of FK506-binding protein (FKBP)

PPIases [134]. Its catalytic activity is dependent on residues F198, F233, Y221 with

the F198A mutation shown to abolish complete PPIase activity [138] and significantly

accelerates proline isomerisation in substrates such as RNase T1 [139]. The TF PPIase

activity is non essential to the main chaperone function of TF [138]. It has however been

suggested to provide an auxiliary binding site for substrates and was shown to increase

TF residency on nascent chains [140, 141].

The C-terminal domain (246-432) nests between the PPIase domain and the RBD

where it adopts an α-helix rich structure closely related to the periplasmic chaperone

SurA, resembling two arms protruding away from the rigid linker helix [126]. This C-

terminal domains (CTD) conveys the main chaperoning activity of TF [142, 143] and is

in large part responsible for substrate interaction in the absence of the ribosome [84, 130–

132, 144].
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Figure 1.6: Structural organisation of trigger factor. (a) The three-domain structure
of the E. coli trigger factor (PDB 1W26 [126]). The ribosome-binding domain (RBD, blue)
shows close homology to parts of the Hsp33 chaperone (PDB 1I7F [127]). The central chaper-
oning and substrate binding domain (SBD, grey) structurally closely resembles the periplasmic
chaperone SurA (PDB 1M5Y [128]). The peptidyl-prolyl isomerase (PPIase) domain belongs
to the family of FKBP PPIases (PDB 4IQ2 [129]). (b) The structural domain organisation
does not follow the linear amino acid sequence. Colours as in a. (c) TF structure rotated 90◦

relative to a. Hydrophobic residues (Ala, Leu, Ile, Phe, Trp and Val) are marked in green. (d)
Substrate interaction sites identified in [130] in red. (e) Nascent chain sites of cross-linking
identified in [131] and [132] in blue.
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Figure 1.7: Structural model of TF on the ribosome. The E. coli trigger factor (PDB
1W26 [126]) modelled onto the structural model of a nascent chain occupied 50S ribosomal
subunit (PDB 2J01 [43] and PDB 1QFH [45], see Fig 1.4) based on a cryo-EM model (PDB
2VRH [132]).

1.2.2.2 The trigger factor is a ribosome associated molecular chaperone

Unlike other known molecular chaperones, TF associates with the 70S ribosome in a

1:1 stoichiometry and binds at the intersection of ribosomal proteins L23 and L29 and

domain III of the 23S rRNA near the exit tunnel via a conserved ribosome-binding motif

[126, 137, 145–147]. The interaction is mediated primarily through electrostatic contacts

and is thus salt-sensitive [145] and results in extension of the overall TF structure [148] and

specific structural changes in the TF RBD, exposing a hydrophobic surface towards the

ribosomal exit vestibule. The interface between ribosomal protein L23 and TF is small,

explaining the relative weak affinity of TF for the inactive ribosome (see Section 1.2.2.5).

No high resolution structure of the full-length TF on the ribosome is available to date.

Co-crystallisation of the N-terminal RBD with the ribosomal 50S sub-unit allowed for

modelling of the complete TF structure on the ribosome [126, 146, 147] (Fig 1.7). This

image closely resembles the lower resolution electron microscopy (EM) data of ribosome-

bound TF in the presence of a nascent polypeptide chain [132]. Through the RBD in-

teraction near the exit tunnel, the TF CTD ‘arms’ point across the exit tunnel towards



Chapter 1. Introduction 16

the ribosome surface exposing a large hydrophobic crevice towards the exit tunnel. The

sheltered space created underneath TF is surprisingly large and is estimated to be capable

of accommodating a globular protein domain of up to 15 kDa [126].

1.2.2.3 Mechanisms of TF interaction with substrate proteins

TF is said to be a promiscuous binder lacking high substrate specificity [84]. However,

its interactome has been shown to be enriched in hydrophobic and multi-domain proteins.

Selective ribosome profiling has found that in particular large outer membrane β-barrel

proteins (the Omp family) are important TF targets [149]. Furthermore, it was found that

TF preferentially binds to substrates of more than 100 amino acids in length suggesting

competition with early processing factors such as PDF and MAP delays initial binding of

TF to the NC in the cell [149].

Peptide screening of 10 amino acid long sequences from E.coli proteins indicated that

a combination of high hydrophobicity (in particular enrichment in aromatic residues) and

positively charged residues form the TF interaction sequence [150]. A number of studies

have reinforced the predictive power of these specific characteristics in linear ∼10 amino

acid stretches to identify TF interaction sites [130, 148].

A recent study, using NMR spectroscopy, established the first solution structure of

multiple TF molecules bound to a disordered protein substrate, alkaline phosphatase pre-

cursor (PhoA) in the absence of the ribosome, identifying four distinct substrate binding

sites [130]. Three locate to the SBD while the last corresponds to the catalytic site of the

PPIase domain (Fig 1.8). The substrate interactions are hydrophobic in nature with sub-

strate binding site enriched in hydrophobic and aromatic residues while peripheral charged

residues appear to stabilise interactions further through salt-bridge formation. While the

four identified substrate binding sites shares these common features their exact character-

istic differ, displaying a clear preference for certain regions of the PhoA substrate. The

PPIase mediated interaction is most hydrophobic in nature and the TF substrate binding

site largely consists of aromatic residues (Fig 1.8.b). The ‘neck’ and arm 2 binding sites

of the SBD are lined primarily with long side chain hydrophilic amino acids with key

hydrogen bonds stabilising the interaction (Fig 1.8.c and d). The central cavity binding

site of the SBD is more mixed in nature combining both hydrophobic and polar contacts

for interaction (Fig 1.8.a). In contrast, the structure of a 2:2 complex of TF and folded

ribosomal protein S7 showed extensive hydrophilic interactions covering the entirety of the

RBD and CTD cavity [84] (Fig 6.1, page 226).

Cross-linking experiments have identified the TF-nascent chain interaction surface on

the ribosome as the entire interior of the TF hydrophobic cradle [132] between the two

protruding arm regions (Fig 1.6.e). The nascent-chain has been suggested to progress
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Figure 1.8: NMR structure of monomeric TF in complex with PhoA220−310. Lowest
energy NMR structure of TF (grey) in complex with PhoA (red) (pdb 2MLX, [130]) with
the four substrate interaction site identified in [130] in green. (a to d) Detail of the four
identified substrate binding sites of TF (cavity, PPIase, neck and arm 2 regions respectively).
Hydrophobic TF residues involved in substrate interaction are shown in green spheres and the
PhoA substrate in pink with residues involved in TF contact in stick representations. PhoA
residues involved in polar contacts with TF are shown in red dot representation.
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in a length-dependent manner from the exit tunnel between the arm domains, extending

into the unprotected cytosolic space while bent over the PPIase ’head’. At an undefined

threshold length, the isocitrate dehydrogenase (ICDH) nascent chain appears to retract

back under TF presumably adopting a more compact folded structure. TF appears to

shields disordered and some folded nascent chains (up to 46 kDa) [121, 132, 151–153].

1.2.2.4 Functional models of TF interaction with substrates

Despite extensive structural and biochemical investigations the exact mechanism of the

TF chaperoning action still lacks clarity. Recent studies have proposed several distinct

roles for TF (Fig 1.9). Initial models of foldase activity were based on a combination of

the above cross-linking studies which traced the length-dependent interactions of TF with

the ICDH nascent chain and the cryo-EM and crystallographic images of TF crouched

over the ribosomal exit tunnel [126, 132] It was suggested that TF aids the active folding

of nascent chains by restricting conformational space and increasing local concentration

of potential intra-chain contacts Fig 1.9 [126]. Moreover, the highly charged nature of the

ribosome surface and the mixed nature of the E. coli TF cradle lead to the suggestion

that TF would drive the formation of a hydrophobic core through repulsion in a Anfinsen

cage-type mechanism [84].

Recently, a strong case has been built for a model attributing a ‘holdase’ function

to TF (Fig 1.9). Interactions with hydrophobic NCs would prevent non-native contacts

before the entire primary sequence of a domain becomes available. These models are based

on the observation that TF preferentially binds hydrophobic stretches in protein chains

[148] remaining bound until the protein spontaneously folds and buries these patches thus

breaking the TF-NC complex. TF was found to stabilise on pathway folding intermediates

in maltose binding protein (MBP) in a recent study using optical tweezers [154]. This

model is further supported by studies showing that TF can remain bound to NCs while

no longer attached to the ribosome [84] such that multiple TF molecule can accumulate

on the nascent chain until a domain becomes folding competent. Moreover, TF was found

to delay folding in multi-domain proteins firefly luciferase and β-galactosidase [140, 155].

The holdase model of TF action is further corroborated by the structure of TF in complex

with the unfolded PhoA where the winding of the substrate between the various binding

site results in a fairly extended conformation [130]. This would also permit the sequential

folding of domains in multi-domain proteins while blocking interfering interactions with

the subsequent domain. TF was also found to unfold folding-competent substrates such

as barnase and MBP [64, 130]. Unclear is whether TF achieves this through stabilisation

of transient unfolded species or through active unfolding of the folded state (Fig 1.9).

Other chaperoning functions have been proposed independently from its immediate
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Figure 1.9: Proposed cellular functions of the molecular chaperone trigger factor.
Based on structural data, the cage like appearance of TF at the ribosomal exit tunnel let to the
proposal of (a) an Anfinsen cage based chaperoning mechanism where TF and the ribosome
surface (green) form a hydrophilic cage, driving the burial of hydrophobic residues in the
nascent chain. (b and c) Delayed folding and the destabilisation of folding competent nascent
chains suggest TF possesses ‘unfoldase’ and ‘holdase’ activity preventing folding till complete
folding units are synthesised. (d) TF was further implicated in the regulation of translation of
nascent chains through competition with SRP. (e) TF’s PPIase domain activity is dependent
on substrate interaction of the C-terminal chaperoning domain. (f) Identification of folded TF
substrates, in particular ribosomal proteins, have suggested a role for TF in complex assembly
through sequestration of aggregation-prone complex subunits.
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effect on the nascent-chain’s tertiary structure. Among them is a potential role in co-

translational translocation by competition for substrates with other NC interacting pro-

teins such as Signal Recognition Particle (SRP) [147, 156] and SecB (Fig 1.9) [157]. Re-

cently, co-crystallisation of a TF dimer with ribosomal protein S7 after a proteomics

approach had shown most ribosomal proteins are relative high affinity (low µM) TF sub-

strates, has resulted in the proposal of a role for TF in ribosome assembly [84] (Fig 1.9).

Finally the importance and role of the PPIase domain remains elusive. Its distance

away from the ribosomal exit tunnel provides a potential explanation for its proven minor

contribution to TF chaperoning activity as demonstrated by knock-out and deletion stud-

ies [140, 141] although it effectively accelerates the folding of proline-limited substrates

[133, 139, 158]. In most models, while the TF hydrophobic cavity permits initial folding,

the PPIase domain can follow up quickly on non-native, exposed proline residues. Indepen-

dently, the additional binding site at the PPIase catalytic centre permits the stabilisation

of the TF-NC complex [131, 138, 152]. The central position of the PPIase domain in the

primary sequence would argue it could possibly have been maintained as an artefact of

the evolutionary fusion of a ribosome-binding protein and a SurA-like chaperone.

While the chaperoning activity of TF resides in the SBD, the PPIase domain has a

significant impact on protein folding in it own right because of its catalytic cis/trans

peptidyl-prolyl isomerase activity. It is likely that TF combines many of the described

mechanisms favouring one or the other on a substrate-specific basis. The difficulty to

reconcile observations of the TF action on specific substrates hints at the versatility of TF

to adapt to the specific need of a substrate protein. This ability to adapt appears to be a

common feature of molecular chaperones with many fulfilling different roles dependent on

the associated co-factor [87].

1.2.2.5 Trigger factor equilibria

To facilitate its various functions, TF exists in a fine-tuned, highly dynamic equilibrium

between various substrate bound states as summarised in Fig 1.10. In the absence of

substrates, TF exist in a monomer-dimer equilibrium with an dissociation constant of

∼1-20 µM [148, 159]. Although high affinity folded protein substrates exist [84] with

dissociation constants in the low µM range, the majority of non-ribosome associated TF

will adopt this dimeric form which has been suggested to serve as a storage form where

occlusion of the TF substrate interface prevents unwanted interactions in the cytosol.

The monomeric form of TF binds the ribosome at L23 in a 1:1 stoichiometry with

a 1-2 µM affinity [148, 159, 160]. TF’s hydrophobic interior [38, 83, 84] provides a non

specific interface for nascent chains with exposed hydrophobic patches. Unsurprisingly,

TF preferentially binds to highly hydrophobic nascent chain substrates (Kd ∼1-700 nM)
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Figure 1.10: Model of TF equilibrium within the cell based on experimentally
identified TF interactions. TF (blue) exist in a dynamic equilibrium between various
substrate (red) bound states. The monomer (1) self-associates with µM affinity into a dimeric
form (2) effectively burying it’s interaction surface. With similar affinity, TF transiently
interacts with inactive ribosomes (3) while preferring nascent chain occupied ribosomes with
nM affinity (4). TF can remain associated with nascent chains after dissociation from the
ribosome (5). TF further interacts with low affinity with some unfolded (6) and folded (7)
protein substrates independently from the ribosome, interactions which have been suggested
might be important for complex assembly.

ensuring that TF is recruited to those nascent chains that benefit most from the protection

it offers [85]. The residency time of TF on the ribosome is highly reliant on the nature of

the nascent chain produced. Residence time on empty ribosomes is estimated to be ∼10-

15 seconds allowing screening of ribosomes for nascent chain occupancy. Nascent chains

containing hydrophobic stretches can extend the residency time of TF up to 50 seconds

[148, 161]. The exact values for the TF-RNC half-lives are currently being challenged with

a recent study indicating that the kinetics of TF-70S and TF-RNC interaction are much

more rapid than previously measured. Specific affinities for the ribosome and select RNCs

were also found to be tighter than previously determined at 100 nM and 1 nM respectively
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[162].

TF may remain associated with emerging nascent chains when dissociated from the

ribosome [155]. This allows the recruitment of multiple TF molecules to the same nascent

chain or the interaction of down-stream regions with other ribosome-binding factors such as

SRP. Both folding of cytosolic domains by TF and membrane insertion of transmembrane

regions by SRP/SecYEG of an inner membrane protein could thus take place simultane-

ously.

The interaction of TF with substrates off the ribosome is in direct competition with

dimerisation and therefore occurs with relatively high affinity substrates only (1-5 µM).

While interaction with unfolded substrates is highly transient, TF was shown to form

stable complexes with folded domains such as S7 [84]. A more in-depth discussion of the

TF equilibria can be found Section 3.4.

To conclude, the molecular chaperone TF is the paradigm of ribosome-associated chap-

erones. Its structure in isolation and function on the ribosome have been investigated

extensively and have shed light on a highly diverse and highly adaptable molecule. While

TF is known to undergo conformational changes upon interaction with the ribosome, no

high resolution structure of TF bound to ribosome is available to date. Furthermore, a

solid understanding of the dynamic interplay between the various substrate interactions

discussed above and the conformational changes associated with each state remains elusive.

1.3 Nuclear magnetic resonance spectroscopy

Proteins undergo highly dynamic processes such as folding, which cannot be defined by a

single conformational state. The sensitivity of nuclear magnetic resonance (NMR) spec-

troscopy to both structural and dynamic transitions make it the method of choice for the

high resolution study of structural rearrangements and dynamic differences during protein

folding. The origin of the NMR signal and an overview of the phenomena underlying

most of the structural and dynamic NMR experiments used in this study are detailed

further in Section 2.1. In the following, previous applications of NMR to the study of

dynamic systems and in particular large macromolecular complexes such as the ribosome

are presented as examples of the versatility of NMR spectroscopy.

1.3.1 NMR and dynamics

As described in Section 1.1, proteins undergo a continuous exchange between various

conformations on a range of timescales (femtoseconds to days) depending on the energy

barrier separating the states under investigation. The complete characterisation of a pro-

tein therefore does not only require the determination of the lowest energy state but should



Chapter 1. Introduction 23

!"#$%
&'()*+"#%

!"#!"$!"%!" &!"'!"

,'$-%./*'#%
)"0*+"#%

1""2%
3"+"#%

4"5-.65*)%
063(5'#7%

8"3*'#%3"+"#%*#$%./-3'.*5%-9./*#7-%

-:%0)*#;<-)%*#$%("#$%
()-*=*7-><")3*+"#%%

?"5$'#7%

@8A;%

B@C%

1'#-;/*2-%

AB4D%%
@8%

%@-*5:+3-%E4@%

()*!"

+,$',-#).,$)/"0123)$40"

567"01%0-8#0$9"

@F% @G%

Figure 1.11: Experimental timescales accessible by NMR spectroscopy.

ideally include a structural description of each state in the conformational landscape, the

population of each state and the rate and pathways of interconversion [163].

NMR spectroscopy is therefore particularly valuable to the study of protein dynamics

for its high resolution provides atomistic information of local structure and dynamics, the

non-perturbing nature of the NMR experiments, the large range of applications available

and a solid theoretical framework permitting the interpretation of the acquired data. NMR

studies have enabled detailed elucidation of chemical exchange events such as protein

folding pathways [164], enzymatic cycles [165] and high energy, low population states

[166]. In figure 1.11, an overview of NMR experiments and the biological exchange events

they probe are summarised.

Real time NMR approaches (sometimes in combination with hydrogen-deuterium ex-

change (HDX)) monitor time dependent changes in resonance intensity as a probe of slow

exchange events (min to days) such as cis/trans proline isomerisation and large scale do-

main movements involved in substrate binding or protein aggregation events [167, 168].

Line-shape analysis studies events that occur with an exchange rate between 10-100 ms.

It relies on the monitoring of the linewidth (width at half height) of an NMR resonance at

different stages of a titration (temperature, ligand etc.) to determine the kinetic properties

of binding events or slow local conformational changes [169].

Carr-Purcell Meiboom-Gill (CPMG) relaxation dispersion measurements (further de-

scribed in Section 2.1.6.2 ) allow the detailed characterisation of exchange events on a mil-

lisecond timescale. Such events include side chain reorientations, loop motions, secondary

structure changes and hinged domain movements reporting on biological phenomena such
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as ligand binding, folding, and enzymatic activity. CPMG relaxation dispersion experi-

ments have been used to build a detailed picture of the DHFR catalytic cycle where the

various ligand bound states transiently sample the next conformation in the enzymatic

cycle confiding directionality to the enzymatic process [165]. Moreover CPMG relaxation

dispersion has been used to probe low populated, so called ‘invisible’, states which can be

both functional conformations or intermediates on the pathway to aggregation [170, 171].

Residual dipolar couplings (RDCs) provide both structural and dynamic information

across a wide range of timescales. They report on the relative orientation of atoms and

potential fluctuations in their orientation on a millisecond to nanosecond timescale. In sta-

ble structures, the information on relative angles between atoms within a macromolecule

or between sub-units of a protein complex is extremely valuable to the determination of

tertiary structure. In dynamic systems, disagreement between RDCs predicted from a

known structure and the experimental values can report on details of the exchange event

although deconvoluting kinetic and structural parameters can be non-trivial [172]. An

exhaustive RDC dataset of ubiquitin allowed the determination of its dynamic structural

ensemble showing that isolated ubiquitin populates many of its substrate-bound confor-

mations. Binding to ubiquitin thus occurs through conformational selection [173].

Paramagnetic relaxation enhancement (PREs) measurements rely on the rapid relax-

ation of the NMR signal of atoms in close proximity of a free electron species to produce

distance measurements. PRE measurements have proven particularly useful in the eluci-

dation of transient interactions which escape typical structural and dynamic approaches

due to their rare occurrence and short lifetimes (microseconds) and have for instance per-

mitted a detailed characterisation of the α-synuclein unfolded structural ensemble showing

that despite its intrinsically disordered nature in the absence of lipid binding partners it

adopts preferred conformations driven by the charge distribution over the sequence.

Order parameters (S2), longitudinal relaxation rate (R1) and nuclear Overhauser effect

(NOEs) measurements are reporters on the fastest timescale available to NMR (picosecond

to nanosecond). This corresponds to rapid fluctuations in the local structure and typically

reports on the stability of particular secondary structural elements and side chain packing.

Although the theoretical basis for the various NMR experiments has existed for decades,

the application to protein dynamics has taken off in the last 20 years. Where initially spe-

cific motions on precise timescales were probed, the field has now advanced to study a

protein’s overall dynamic behaviour using complementary NMR and biophysical methods

to report on all motions relevant to a particular biological event. For instance, the catalytic

cycle of helicase motor protein SecA was shown to rely on a disorder-to-order transition

in the nucleotide binding site for allosteric communication to other domains. Chemical

shift perturbations demonstrated structural differences between various nucleotide bound

states exist. NOE measurements showed structural elements in the nucleotide binding
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site were largely disordered in the absence of nucleotide. In the presence of ADP, these

structural elements were stabilised but remained dynamic as shown by differential line-

broadening. The stabilisation of these elements as further characterised by isothermal

titration calorimetry (ITC) resulted in structural and dynamic changes in the pre-protein

binding domain testifying to communication between the two domains. The presence of

ATP stabilised these structural elements fully locking the nucleotide binding site in one

specific conformation [174].

1.3.2 Large macromolecular NMR studies

Our current understanding of large multi-domain proteins and protein assemblies often

relies on the visualisation of components by x-ray crystallography or low resolution EM

maps to report on mechanisms of activity. In particular the structural investigation of large

macro-molecular assemblies is often complicated by the dynamic nature of these systems.

As described above, Section 1.3.1, NMR is uniquely suited to answers this particular type

of questions providing unique insights into functional mechanisms. The study of large

macromolecules by conventional NMR methods is however hindered by a combination of

large spectral overlap due to an increasing number of probes present in the protein and

increasingly broad linewidths due to rapid relaxation of the NMR signal resulting in poorly

resolved spectra [175].

At the turn of the century, considerable effort has been made towards developing new

approaches in isotope labelling strategies and complementary NMR techniques. Labelling

using perdeuteration approaches in combination with the selective re-introduction of pro-

tons to either NH or CH3 groups has permitted the reduction of observable probes to a

suitable level, while reducing relaxation of the NMR signal [176]. TROSY (Transverse

Relaxation Optimised Spectroscopy) NMR experiments [177] exploit the specific magnetic

properties of these chemical groups to skew signal relaxation in a favourable direction.

The theoretical underpinnings of the TROSY effect and the technical considerations in-

volved in selective labelling strategies in NMR studies are further described in Section

2.1.3 and Section 2.1.4 respectively. A landmark study in the development of NMR tech-

niques suitable to the study of large protein complexes demonstrated that cross-peaks

originating from GroES in a 900 kDa complex with GroEL could be readily detected using

perdeuteration and TROSY-based NMR techniques [178].

The combination of perdeuteration and TROSY-based NMR experiments now permits

routine structural NMR studies of systems up to 150 kDa as was demonstrated for the 82

kDa malate synthase G (MSG). More that 95% of backbone chemical shifts were assigned

[179] from which secondary structure could be determined in good agreement with the

crystal structure. Selective protonation of isoleucine, leucine and valine side-chain methyl
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groups and their assignment [180] allowed the mapping of ligand interaction sites and their

affinity through chemicals shift perturbation analysis. It was found by RDC measurements

that the domain orientations of the APO state of malate synthase G resemble those of

the glyoxylate-bound crystal structure while ligand-binding did not result in large scale

conformational changes [181]. Further CPMG relaxation dispersion experiments found

that MSG displays wide-spread millisecond dynamics [182].

1.3.3 NMR and applications in co-translational protein folding

The NMR investigation of the ribosome have shown that in large part, the 70S particle

gives unobservable, broad, signals due to lack of motional averaging caused by the large size

of this macro-molecular machine. The ribosome 15N HSQC spectrum uniquely displays

signals mapping to the highly flexible L7/L12 stalk region [183, 184] and ribosomal protein

S1. It is the intrinsic flexibility of a 20 residue unstructured linker which allows the

independent motion of the L7/L12 C-terminal domain relative to the ribosome (Fig 1.4).

The intrinsic motional freedom of the unstructured nascent chain relative to the ri-

bosome mimics that of the L7/L12 ribosomal stalk region as indicated by fluorescence

anisotropy measurement of the correlation times (3-7 ns) of apomyoglobin-RNCs [185]. In-

deed, an extensive two-dimensional NMR study into the co-translational folding behaviour

of two sequential domains of D. discoideum gelation factor ABP120 (ddFLN domain 5 and

6) demonstrated that the linewidths of resonances originating from the nascent chain are

small enough to be detected. It was shown that the N-terminal domain 5 could reach

a native conformation while domain 6, partially buried inside the ribosomal exit tunnel

could not [186]. Retraction of the nascent chain into the ribosomal exit tunnel by trunca-

tion of domain 6 showed that domain 5 occupies a partially folded state with native-like

properties in close proximity to the ribosome surface [65].

In similar studies, it was found that the SH3 domain of α-spectrin [187] and barnase

[188] can fold to their native structure at 9, 22 and 50, and 86 residues from the PTC,

respectively. The sharp linewidths detected for α-spectrin indicated that only 1% of

nascent chains interact with the ribosome surface at any given time indicating the ribosome

does not impose significant conformational constraints on this RNC [187]. Most recently,

an elaborate study on the ddFLN5 RNC system employed a number of domain 6 linker-

lengths to elucidate the rapid transition from a fully unfolded state to a native-like folded

conformation with increasing distance from the PTC (Cabrita et al., in preparation).

1.4 Conclusion

In this chapter, a brief description of the protein folding problem and its evolution through

the past two decades has been provided. In recent years it has become apparent that the
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protein folding problem cannot be disconnected from its in vivo conditions. The low

stability of a protein’s tertiary structure means that cellular factors such as crowding and

interactions with other proteins can significantly affect folding states and pathways. In

particular, co-translational folding constitutes a scenario that cannot be readily mimicked

in isolated proteins. While the study of the molecular chaperone, trigger factor, has provide

some initial insights into the role of ribosome-associated chaperones in the cotranslational

folding process, a detailed understanding of the specific interaction of TF with nascent

chains remains elusive.

The work presented in this thesis aims to develop a strategy for the high resolution

characterisation of the dynamic interaction of TF with ribosome nascent chains complexes

using NMR spectroscopy, in order to advance our mechanistic understanding of the TF

chaperoning action. In first instance, the NMR behaviour of TF dimer in isolation is

characterised using recent advances in selective isotopic labelling strategies and TROSY-

optimised experiments and a mathematical model is developed for the interpretation of

more complex equilibria. Then, using two parallel nascent chain models, the interaction of

TF with isolated proteins and their equivalent nascent chains is investigated at a residue-

specific level.



Chapter 2

Materials and Methods

2.1 Nuclear Magnetic Resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy has become an increasingly important

tool for the high resolution structural studies of proteins. Since NMR spectroscopy probes

the local magnetic environment of individual nuclei, it produces high resolution informa-

tion of the chemical environment and the fluctuations therein. This can translate at a

molecular level to insights ranging from structural information in the form of primary

sequence connectivity, bond angles, hydrogen-bonding patterns and aromatic side chain

packing to the study of local and global dynamics, low populated species and protein-

protein interactions. In this Section, the NMR phenomenon is briefly described, followed

by an overview of the methods by which biological NMR spectroscopy can provide detailed

information about structure and dynamics over a wide range of timescales.

2.1.1 Origin of the NMR signal

At the atomic level, magnetic moments can arise from three different sources: the electron

orbital angular momentum, the intrinsic spin angular momentum of the electrons and the

spin angular momentum of the nucleus. In most organic molecules, having completely filled

electron shells, both electron spin and orbital angular momentum sum to zero, leaving

only the nuclear spin angular momentum to determine the behaviour of the atom in a

magnetic field. The nuclear spin quantum number (I) of nuclei typically used in protein

NMR such as 1H, 13C, 15N and 35P is 1/2. In radicals (containing an unpaired electron),

the net electronic angular momentum is non-zero and therefore magnetically active, which

is the basis of other spectroscopic techniques, particularly electron paramagnetic resonance

(EPR, aka ESR) [189].

In the absence of an external magnetic field, the magnetic moments of the nuclei occupy

random orientations resulting in a net zero magnetisation of the sample. When an external

28
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Figure 2.1: The NMR experiment. A NMR experiment follows a three step approach,
schematically represented in a. During the delay period, equilibrium magnetisation recovers
as shown in b (red arrow). A series of RF pulses rotate the desired magnetism into the
transverse plane where it can be detected by a receiver coil. The signal is then converted by
Fourier transformation to the frequency domain. c outlines the orientation of the magnetic
fields according to the defined axis system of the spectrometer. In d a basic scheme for the
acquisition of a two-dimensional spectrum is shown, with an additional evolution period t1
during which the second dimension is encoded.

field, B0, is applied, as achieved by introducing the sample into the NMR spectrometer,

the distribution of nuclear spin orientations becomes biased, favouring lower energy states

aligned with the magnetic field. The extent of this bias depends on the type of nucleus

and the strength of the external field. For I=1/2 nuclei, the field dependence is expressed

by ∆E= -γB0, where γ is the gyromagnetic ratio of the nucleus. It is this bias in spin

orientation that we detect as the bulk magnetic moment of the sample.

Simple NMR experiments may be described by a vector model as shown in Fig 2.1.b.

Once equilibrium has been reached within the magnet (Fig 2.1.a and b), a resonant ra-
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dio frequency (RF) pulse is applied to manipulate the orientation of the spins. The bulk

magnetisation vector is rotated into the transverse plane (perpendicular to the external

field), and the ensuing precession at the Larmor frequency, ω= -γB0, can be detected

as oscillations by the electronics of the spectrometer (Fig 2.1.a and b). The detected

oscillations follow an exponential decay as the directional bias in the transverse plane

dissipates (relaxes) and the spins return to their (undetectable) equilibrium distribution,

aligned with the external magnetic field. The resulting acquired signal is typically con-

verted, by Fourier transformation, to a frequency domain spectrum which is more readily

interpretable. The slower the decay (‘relaxation’, see Section 2.1.2) of the signal, the more

precisely the frequency of the oscillation can be determined and this results in a narrow

frequency distribution in the spectrum. Conversely, fast relaxing signals result in broader

peaks in the detected spectrum. Since the total intensity (area under a peak) depends

mainly on the number of equivalent spins; a broad signal will have a lower signal-to-noise

ratio than a narrow signal arising from an identical number of spins and will thus be more

difficult to observe. The precise position of the peak in the frequency domain is expressed

in relative terms to the frequency of DSS and is referred to as the chemical shift of the

resonance [190].

In the case of two-dimensional (2D) NMR, an additional evolution period (t1, Fig 2.1.c)

is inserted after the first set of radio-frequency pulses, which encodes the magnetisation

with information regarding the second frequency dimension, followed by a mixing period

where RF pulses transform the magnetisation into an observable state (Fig 2.1.c). A single

2D experiment corresponds to a series of one dimensional (1D) experiments with increas-

ing evolution periods (t1). The two dimensions of a 2D experiment are each associated

with one of the two time variables: the evolution period (t1) and the detection period

(t2). Both are then converted to the frequency domain through Fourier transformation.

The acquisition of a 2D NMR spectrum is more time consuming than 1D NMR since it

requires the repeated acquisition of a number of 1D spectra, each with increasing evolution

periods. Important trade-offs therefore have to be made in the experimental design. In

particular, the maximum evolution time (t1) in the indirect dimension can severely affect

the resolution of the acquired NMR spectrum, since longer times are needed to discrim-

inate between oscillations at similar frequencies yet longer times produce less signal due

to relaxation. Longer t1 times also directly affect the duration of the experiment. Fur-

ther considerations concern the total frequency range monitored (‘spectral width’). The

larger the spectral width, the closer together time-points in the indirect dimension are

required to be, increasing the number of total 1D spectra that need to be acquired and

thus increasing experimental time. The spectral width is therefore typically set to the

smallest range possible in order to either improve resolution or reduce experiment time.

For samples of low signal-to-noise, resolution (in the form of acquisition time) is often
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traded for additional repeats of the same experiments which can be summed to improve

signal intensities.

Within a molecule, magnetic nuclei can interact by means of the electrons in covalent

bonds linking them. This phenomenon, J-coupling, results in splitting of the peaks ob-

served in the spectrum for both nuclei. In protein NMR, this is typically undesirable since

it adds to the crowding of the spectrum and thus the splitting is often collapsed using

decoupling pulses during acquisition of the signal, resulting in a single average peak in

final spectrum (See Fig 2.3).

2.1.2 Relaxation

The exponential decay of the observed NMR signal results from the relaxation of coher-

ences towards their equilibrium state in the spectrometer, aligned with the B0 field. A

distinction is made between transverse and longitudinal relaxation. Longitudinal relax-

ation, quantified by the rate constant R1, corresponds to the nonadiabatic realignment of

spins with the external magnetic field (Fig 2.2.a). Transverse relaxation, described by the

rate constant R2, reflects the dephasing of the magnetisation in the transverse plane due

to fluctuations in the frequencies of individual spins (Fig 2.2.b).

As relaxation results in net zero transverse magnetisation, and thus an undetectable

state, the faster transverse relaxation rate (Fig 2.2.c) limits the time during which the

NMR signal can be acquired. The slower longitudinal relaxation rate imposes a minimal

delay period between experiment during which the longitudinal magnetisation recovers

but no transverse magnetisation is detected. The rate of both relaxation mechanisms

depends on the global rotational diffusion of the molecule, characterised by the rotational

correlation time τc (Fig 2.2.c) of the molecule under investigation and chemical exchange

processes. The rotational correlation time and molecular weight can be estimated from the

hydrodynamic radius (rh), assuming a spherical particle, using the Stokes-Einstein-Debye

relation:

τc =
4πηr3

h

3kBT
(2.1.1)

where kB is the Bolzmann constant, T is the temperature and η is the viscosity of the

sample and

MW =
4πNA (rh − rw)3

3ν0
(2.1.2)

where NA is Avogadro’s number, rw is the thickness of the hydration shell (estimated at

0.2 nm [191] and ν0 is the specific volume of the particle (estimated at 7.3×10−7 m3.g−1

for proteins and 5.5×10−7 m3.g−1 for nucleic acids) [192].
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Figure 2.2: Relaxation (a) Longitudinal relaxation corresponds to the recovery of the
alignment with the external magnetic field. (b) Transverse relaxation reflects the dephasing
of coherences in the transverse plane. (c) Heteronuclear relaxation rates (R1 and R2) as a
function of correlation time (τc) calculated for a 1H spin at 700MHz. Adapted from Helene
Launay, doctoral thesis, 2011.

The rate of transverse relaxation (R2) has a significant impact on the physical appear-

ance of the NMR spectrum. The linewidth of NMR signals (the width at half height) in

Hz corresponds to R2/π.

2.1.3 Transverse Relaxation-Optimised Spectroscopy

Since relaxation rates are strongly dependent on the size of the studied systems, the NMR

investigation of large macromolecules (>25 kDa) requires overcoming rapid transverse re-

laxation rates that lead to broad NMR signals. The exploitation of differential relaxation

behaviour, the TROSY effect (Transverse Relaxation-Optimised Spectroscopy) [177], for

certain chemical groups such as backbone amides and side-chain methyl groups has per-

mitted significant improvements in spectral quality and sensitivity, in the study of such

larger systems. The TROSY effect originates from the interference (or cross-correlation)

of multiple sources of relaxation which can have an additive or destructive effect on the

overall strength of the local magnetic field, based on the orientation of a coupled spin.

This results in a stark difference in the linewidths of the peaks in the J-coupling multiplet

of the observed nucleus, here illustrated for amide groups, where the fast relaxing orien-

tation results in a broad peak and the slow relaxing state produces a narrow peak (2.3.a).

Ideally, this results in the broadening beyond detection of three of the multiplet peaks

and a maximised height for the last peak corresponding to the slow relaxing species only

(Fig 2.3.a). The multiplet is not collapsed which results in a net loss of 75% of the signal

(area under the peak) but the gain in signal/noise ratio ( 20-50 fold [193]) associated with

the reduction in linewidth of one of the peaks largely compensates for this loss in proteins
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Figure 2.3: Transverse Relaxation Optimised Spectroscopy (TROSY). Typical 2D
NMR 1H-15N HSQC and HMQC experiments apply decoupling pulses during acquisition
collapsing the signal to a resonance of a linewidth, the average of all components (a). Without
decoupling, the resonance of an 15NH spin pair is split into four components which each relax at
a different rate resulting in differential linewidths. The TROSY effect skews this imbalance in
linewidths to a maximum where only the slowest relaxing state remains visible thus avoiding
the averaging of linewidths that happens during traditional NMR experiments. (b) Fast
relaxation of methyl protons is induced by the parallel alignment of neighbouring spins. (c)
Neighbouring spins of opposing signs do not induce relaxation at the observed methyl proton.

greater than 15-20 kDa [175].

2.1.4 Selective isotopic labelling strategies

Early approaches to making proteins accessible to study by NMR spectroscopy involved

enrichment in otherwise low natural abundance magnetic nuclei such as 13C and 15N, by

the heterologous expression in isotopically-enriched media, enabling heteronuclear 2D and

3D experiments by resolving spectral overlap. Such isotope enrichment strategies have

permitted the detailed investigation of systems up to 25kDa [194, 195].
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However, as described (Section 2.1.2), the increasing size of the systems studied is

correlated with increasing rotational correlational times and leads to rapid transverse re-

laxation. For larger macromolecules, both the spectral overlap and fast relaxation become

increasingly problematic. Fractional deuteration or perdeuteration of the sample is a first

step towards overcoming both of these problems since deuterium is a silent nucleus in most

NMR experiments and effectively suppresses a large number of signals. Moreover, the re-

laxation rates associated with deuterium are significantly slower than for protons due to

the smaller gyromagnetic ratio (γD/γH= 0.15) [196] resulting in narrower linewidths of

remaining resonances [197].

Recently developed powerful strategies for the investigation of large macromolecular

assemblies rely on the selective re-introduction of protons into the protein by means of

back-exchange of accessible groups such as backbone amides [198, 199] or selective la-

belling of amino acid side chains using isotopically labeled metabolic precursors during

expression[177] described further in Section 3.3.

2.1.5 Methyl-TROSY NMR of large macromolecules

Over the past decade, the theoretical limit on the molecular weight of systems within

the reach of high resolution NMR study has been extended, using a combined strategy

of selective isotopic labelling and TROSY-enhanced signal detection. The Kay lab has

pioneered many of these developments [196, 200].

The essence of this strategy is to prepare fully perdeuterated protein samples in order to

suppress all proton-based sources of relaxation. Amino acid side-chain methyl groups are

then selectively 1H-13C labeled making these the only observable species within the protein.

The choice of methyl groups is justified by 1) the three-fold degeneracy of the methyl proton

tripling the signal for this particular resonance, 2) the long(er) side-chains of methyl-

group containing amino acids, such as Ile, Val and Leu, conveying additional flexibility

compared to the general correlation time of the protein, resulting in slower relaxation of

the signal[201, 202], 3) these hydrophobic groups are typically buried within the protein

core, making them excellent probes of structural features and integrity [203, 204] and 4)

the methyl TROSY effect.

The TROSY effect of a methyl group proton is caused by the spin orientations of the

two neighbouring protons: when both are aligned to the external magnetic field in the

same direction, their magnetic fields enhance the magnetic field of the observed proton

resulting in rapid relaxation, while the magnetic fields of two opposing spins cancel out,

resulting in slow relaxation (Fig 2.3.b and c). In particular in large macromolecules, the

difference between the fast and slow relaxing components is considerable, leading to the

broadening beyond detection of resonances affected by the fast relaxation mechanism while



Chapter 2. Materials and Methods 35

slow relaxing signals are enhanced.

Adaptation of conventional pulse sequences to exploit the TROSY effect by prevent-

ing the mixing of slow and fast relaxing species during the experiment has enabled the

high resolution structural investigations of large molecular assemblies such as the 20S

proteosome [205, 206] as described in Section 1.3.2.

2.1.6 NMR structural and dynamics methods

NMR spectroscopy is particularly valuable in the high resolution study of dynamics sys-

tems as was discussed in Section 1.3.1. Here, the theoretical basis of specific structural

and dynamic NMR experiments used throughout this study are detailed.

2.1.6.1 Chemical exchange and the NMR timescale

The appearance of NMR spectra are highly sensitive to chemical exchange - the dynamic

interconversion of an NMR nucleus between at least two distinct chemical environments

such as two conformational states, A and B. Due to the differences in chemical environ-

ment, each state may have distinct resonance frequencies ΩA and ΩB. The appearance

of the NMR spectrum will be dependent on the rate of exchange between the two states,

kex=kAB+kBA, the extent to which each state is populated, PA and PB and the frequency

difference, ∆Ω=|ΩA − ΩB| (related to the chemical shift difference, ∆Ω= 2πν0∆δ/106

where ν0 is the Larmor frequency, ∆δ is the chemical shift difference in ppm) as shown in

Fig 2.4 [163].

Exchange processes fall into three distinct regimes. Under slow exchange (kex � ∆Ω),

distinct signals are observed for both states A and B at their respective chemical shifts,

ΩA and ΩB. The intensities of the signals are directly proportional to the populations of

A and B because no significant interconversion between the two states occurs on the NMR

timescale. Conversely, in the fast exchange limit (kex � ∆Ω), the rapid interconversion of

states leads to the averaging of the NMR signals originating from state A and B, resulting

in a peak at a population-weighted average chemical shift position with a total intensity,

the sum of A and B. In between the slow and fast exchange limits, in the intermediate

exchange regime (kex ≈ ∆Ω), the observed spectrum is severely affected by exchange

broadening. The extent of broadening is strongly dependent on the chemical shift differ-

ence and on the kinetics of the exchange process and forms the basis of lineshape analysis

and CPMG relaxation dispersion methods (see Section 2.1.6.2). In the fast-intermediate

regime (below the coalescence point where kex =∆Ω), the exchange contribution to the

relaxation rate corresponds to Rex=PAPB∆Ω2

kex
while in the slow-intermediate regime (above

coalescence), the exchange contribution to the relaxation rate depends on the off-rate only:

RA
ex = PBkex.
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Figure 2.4: Chemical exchange and NMR timescales. The physical appearance of the
NMR spectrum is highly sensitive to chemical exchange as illustrated here by the example
of two-state exchange. At slow timescales (kex � ∆Ω), signals for both states are observed
of distinct linewidth and intensity at their respective chemical shifts. Under fast exchange
conditions (kex � ∆Ω) a single resonance is observed reflecting the population weighted
average chemical shift, intensity and linewidth. On intermediate timescales, the linewidth
of observed resonances is severely enhanced by chemical exchange. In the slow-intermediate
regime, the linewidth of the resonance originating from the minor population B is enhanced by
the rate of interconversion to the major state A (kBA) while in pure intermediate exchange,
the linewidth of the observed resonances is affected by both kAB, kBA and the population
distribution. Adapted from [207]
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Since the exchange regime is defined as a function of both the exchange rate kex and

the frequency difference ∆Ω, it is possible to alter the relative timescale of the exchange

by altering the magnetic field strength B0. Since ∆Ω scales linearly with B0, an increase

in B0 will decrease the relative timescale of the exchange (for kex is unaffected by the

applied magnetic field) [163].

2.1.6.2 Carr-Purcell Meiboom-Gill Relaxation dispersion

The exchange broadening detected in the intermediate exchange regime contains valuable

information on the millisecond-second timescale dynamics of the protein. Carr-Purcell

Meiboom-Gill relaxation dispersion (CPMG RD) NMR exploits this contribution of the

exchange to the detected relaxation rates to extract kinetic, thermodynamic and structural

information about the underlying biological event [208, 209].

CPMG RD experiments manipulate the exchange contribution to the transverse relax-

ation (Rex) by applying a variable number of refocussing pulses during a fixed relaxation

period (TCPMG). These refocussing pulses or ‘spin echo’ elements are typical features of

NMR pulse sequences that refocus magnetisation by means of symmetrical delay periods

(τ) around a 180◦ pulse in the transverse plane. In the absence of exchange, magnetisation

precessing in the transverse plane will return to its starting position at the end of the spin

echo period resulting in a sharp, focussed peak (see Fig 2.5.b (grey line)) in the NMR

spectrum. However, if exchange between two states of the NMR probe, each associated

with their own precession frequency (chemical shifts ΩA and ΩB), occurs during the spin

echo, the magnetisation is not refocussed, resulting in a broad peak (Fig 2.5.a and b).

Increasing the number of spin echo elements (by reducing the symmetrical waiting peri-

ods) reduces the likelihood that exchange occurs before the magnetisation is refocussed

thus resulting in a sharper peak. The degree of refocussing as a function of the CPMG

frequency contains information about the exchange rate (kex), the population distribution

(pA+pB=1) and the chemical shift difference (∆Ω) between the two states, A and B.

In practice, peak intensities are measured at various CPMG frequencies, converted

to transverse relaxation rates (Robs
2 ) by comparison with peak intensities in the absence

of CPMG period (TCPMG) and fit to a model for two-state equilibrium described by the

Carver-Richards equations which express the observed relaxation rates (Robs
2 ) in terms of

the CPMG frequency (νCPMG=1/4τ , where 2τ is the delay between two spin echo pulses),

the exchange rate (kex), the population distribution (pA and pB), the frequency difference

(∆Ω=π ×∆ω) and the relaxation rate in absence of exchange (R0
2) [210]:

Robs
2 =

1

2

(
R0

2A +R0
2B + kex −

(
1

2τ

)
cosh−1 (D+ cosh (η+)−D− cos (η−))

)
(2.1.3)
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Figure 2.5: Carr-Purcell Meiboom-Gill (CPMG) Relaxation dispersion. (a) In the
case of two state exchange between state A and state B each state has its own associated
procession frequency (chemical shift) due to the differences in chemical environment. (b)
The CPMG RD experiment uses spin echo pulses (black rectangles) to refocus magnetisation
to its starting position. In the absence of exchange (grey) this refocussing is complete. In
the presence of exchange (dotted lines), the magnetisation is not refocussed. Increasing the
frequency of the spin echo pulses to exceed the exchange rate improves the extent of refocussing
(bottom). The extent of refocussing as a function of the spin echo frequency (νCPMG) can be
fitted to the Carver-Richards equations or numerical models (see text) to extract the chemical
shift differences and populations of the two states as well as the exchange rates.
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D± =
1

2

(
±1 +

Ψ + 2∆ω2√
Ψ2 + ζ2

)
(2.1.4)

η± =

(
2τ√

2

)(
±Ψ +

(
Ψ2 + ζ2

)1/2
)1/2

(2.1.5)

Ψ =
(
R0

2A −R0
2AB − pAkex + pBkex

)2 −∆ω2 + 4pApBk
2
ex (2.1.6)

ζ = 2∆ω
(
R0

2A −R0
2AB − pAkex + pBkex

)
(2.1.7)

Carver-Richards analysis permits the extraction of structural information from the

CPMG RD data in the form of the chemical shifts of state A and B. Often, comparison

with NMR spectra of known conformational states such as ligand-bound forms permits

the identification of the minor conformation. Kinetic and thermodynamic information can

be derived from the determined exchange rate and population distribution. In particular,

the temperature dependent behaviour of the kinetics as determined by CPMG RD exper-

iments can report on the activation energy of the exchange process by means of Arrhenius

analysis. Finally the fitted relaxation rate in the absence of exchange, R0
2, reports on ps-ns

timescale motions and can be used to determine the exchange broadening contribution to

the relaxation Rex
2 =R0

2-Robs
2 . Rex

2 values are useful as semi-quantitative descriptions of

µs-ms dynamics in first instance since they report on site-specific events without assuming

a model for the molecular motion they report on.

Under fast exchange conditions (kex � ∆Ω ) the Carver-Richards equations can be

simplified to :

Robs
2 = R0

2 +


Φex︷ ︸︸ ︷

pApB∆ω2

kex


(

1− 2 tanh (kexτ)

2kexτ

)
(2.1.8)

where the population distributions, pA and pB and the frequency difference ∆ω appear

only as a single parameter Φex and can thus not be determined individually. In the fast

exchange regime, CPMG experiments are thus limited to reporting on the exchange rate,

kex of the chemical process only.

The convolution of parameters under fast exchange conditions and the fact that in

practice often many parameter sets fit the CPMG dispersion curves (containing experi-

mental uncertainties) equally well, severely hinders the analysis of CPMG RD data. Ac-

curate analysis of CPMG RD data therefore often requires a number of independent data

sets at different magnetic field strengths. The magnetic field strength uniquely affects

the chemical shift difference, leaving kinetic and thermodynamic parameters unaffected.

This reduces the number of independent parameters, permits the determination of the
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chemical shift difference independently from the kinetic parameters and reports on the

exchange regime of the resonance by means of the parameter α which varies between 0

(slow exchange) to 2 (fast exchange). This is because, in the fast exchange regime (equa-

tion 1.1.6), the chemical shift difference is squared while in intermediate exchange it scales

linearly (equations 1.1.1-1.1.5). In addition to variation of the field strength, temperature

can be used to modulate the kinetics and thermodynamics of the exchange process while

the chemical shift difference is assumed to remain approximately constant. This assists

towards deconvoluting the kinetic parameters from the chemical shift difference and can

alter the exchange regime, preferentially away from the fast exchange regime. Finally, the

CPMG RD curves of multiple resonances in the NMR spectrum can be fitted simultane-

ously, assuming all the observed exchange broadening originates from the same chemical

process, further reducing the number of fitting parameters.

2.1.6.3 Nuclear spin relaxation

The return to equilibrium of the magnetisation after perturbation by RF pulses during

the NMR experiment is governed in large part by random molecular motions on the ps-ns

timescale (see Section 2.1.2 for further introduction to relaxation). Biological phenomena

that occur on this timescale include bond-vibrations, side-chain re-orientations, random

coil and loop motions as well as rotational diffusion of the whole molecular with correlation

time τc. Motions on a ps-ns timescale are typically not described as the interconversion

between two states but are quantified by generalised order parameters (S2). The order

parameter S2 ranges in value from 0 (disordered) to 1 (rigid) and is often considered

to reflect the amplitude of motion within a cone, formed by the bond vector, such that

increasing rigidity corresponds to a smaller cone angle θ. The motions of the side chain

methyl groups are highly restricted by side chain packing in the hydrophobic core of

proteins and thus directly report on the rigidity of the protein fold at that position.

Typically S2 values for methyl groups in folded proteins are above 0.6 [211].

Since various sources of fluctuation in the local magnetic field affect both transverse

and longitudinal relaxation rates, often a number of measurements are required to extract

the effects of one particular motion. In the case of backbone NH flexibility on a ps-ns

timescale, typically R1, R2 and heteronuclear NOE measurements are made and combined

to extract S2 parameters and a description of the rotational diffusion in the form of the

correlation time (τc).

In the case of side chain methyl groups as used throughout this study, S2
axis, which de-

scribes the amplitude of motion of the methyl three-fold symmetry axis, can be calculated
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Figure 2.6: Intra-methyl 1H-1H dipolar cross-correlated relaxation. (a) As the
methyl axis reorientates relative to the external magnetic field B0, neighbouring protons are
influenced differently by the magnetic field of a proton nucleus. While in a parallel con-
formation, the local magnetic field at a neighbouring proton is reduced, in a perpendicular
orientation the local field is enhanced. It is the fluctuations thus induced in the local magnetic
field that causes relaxation through what is called intra-methyl 1H-1H dipolar cross-correlated
relaxation. (b) The rate of intra-methyl 1H-1H dipolar cross-correlated relaxation can be
determined from the ratio of double-quantum magnetisation build-up and the transverse re-
laxation rate as measured by specific NMR experiments described in [211]. Adapted from
[212].
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from the intra-methyl 1H-1H dipolar cross-correlated relaxation rate (η) [213]:

η =
RF

2,H −RS
2,H

2
≈ 9

10
[P2 (cos θaxis.HH)]2

S2
axisγ

4
H h̄

2τc
r6
HH

(2.1.9)

where γH is the proton gyromagnetic ratio, rHH is the distance between pairs of methyl

protons (1.813A), P2(x)=(1/2)(3x2-1), h̄ is the reduced Planck constant and θaxis,HH(90◦)

is the angle between the methyl three-fold symmetry axis and a vector connecting a pair

of the methyl proton nuclei.

The intra-methyl dipolar cross-correlated relaxation rate (η) describes the effect of

the magnetic moments of the neighbouring protons in the methyl group on the observed

proton as shown in Fig 2.6. In Fig 2.6.a, all methyl proton magnetisation is aligned

with the magnetic field. The magnetisation of the two neighbouring protons slightly

enhance that of the observed proton when the methyl axis is parallel to the external

magnetic field B0 as shown by the red arrows relative to the grey arrows which represent

the magnetisation in the absence of neighbouring atoms. When the axis re-orientates

perpendicular to the magnetic field, through rotational diffusion (τc) or local motions

(reported by S2), the neighbouring proton magnetisation now cancel out and no effect is

detected by the observed proton. The motions in the methyl-axis orientation thus result in

fluctuations in the magnetic field of the observed methyl-proton leading to the dephasing

of the coherence ie transverse relaxation.

In practice, the intra-methyl dipolar cross-correlated relaxation rate can be measured

with the greatest accuracy from the ratio of the build-up of double-quantum coherences

(Ia) and the transverse relaxation rate (Ib) using the following equation [211]:

Ia
Ib

=
−0.5η tanh

(√
η2 + δ2T

)
√
η2 + δ2 − δ tanh

(√
η2 + δ2T

) (2.1.10)

where η is the intra-methyl 1H-1H dipolar cross-correlated relaxation rate and δ is

a cross-relaxation parameter that depends on the proximity of external protons to the

methyls group in question. The fitted value of η can be substituted in to equation 2.1.9

to give S2
axis.

2.1.6.4 Cross-saturation by spin diffusion

Cross-saturation experiments are a structural NMR method that permits the semi-quantitative

mapping of complex interfaces, particularly when the information contained in chemical

shift perturbations is complicated by further structural changes upon complex formation

away from the interface such as domain hinge motions etc. Cross-saturation experiments



Chapter 2. Materials and Methods 43

!"#

$%&#

'(# '(#

'(#

'(#

'(#'(#

'(#

'(#

!"

#"

$"

)*#

)*#

)*#

)*#

)*#

)*#

)*#

)*# !"#$%"&'()
#%"(*+,%)

%"

!"#$%"&'()

!"#

$%&#

!"#$%&#'()#&*)+%,'

!"#$'()#&*)+%,'

Figure 2.7: Cross-saturation. (a) Cross-saturation experiments exploit the differential
relaxation properties of protons (1H, red) and deuterons (2D, grey) in a magnetic field to
map protein interaction surfaces. While the magnetisation originating from the protonated
subunit is saturated, the magnetisation of the deuterated partner is unaffected. During the
recovery delay period, the saturation can be transferred across the binding interface through
spin diffusion. (b) Exponential decay and two dimensional resonances of spins in different
parts of the protein complex in the absence of saturation pulse. (c) Exponential decay and
two dimensional resonances of spins in different parts of the protein complex in the presence
of saturation pulse.

are based on the selective saturation of magnetisation of one subunit in the complex. Sat-

uration refers to a state where magnetisation has been equally distributed over the high

(down) and low (up) energy spin states in the bulk magnetic field. The bias in the mag-

netisation orientation that is typically observed in an NMR experiment is thus entirely

lost. This can be achieved by applying low power selective RF pulses during the recycle

period (Fig 3.19) [214, 215].

Cross-relaxation leads to the transfer of saturation of protons across the binding in-
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terface which is monitored as intensity changes of the NMR signals of the binding partner

(Fig 3.19). Cross-saturation is a short range effect with r−6 dependence reliant on the

dipole-dipole interaction of nearby spins. Spin diffusion can increase the distance of the

saturation transfer and interferes with quantitative analysis of cross-saturation data. Typ-

ically, the saturated subunit is unlabelled and protonated while the observed sub-unit is

deuterated and selectively labelled according to one of the schemes described Section 2.1.4.

This ensures that the saturation of protons is selective and that the cross-relaxation phe-

nomenon is limited to the complex interface [216, 217].

2.1.6.5 Paramagnetic relaxation enhancement

Paramagnetic relaxation enhancement (PRE) experiments as used throughout this study

are a useful tool for the determination of medium range distances within proteins and

protein-complexes. PRE measurements rely on the selective introduction of a paramag-

netic centre in the form of paramagnetic transition metal or nitroxide radical. While in

metal binding proteins the native binding site can be exploited, the study of typical pro-

teins requires the chemical modification of cysteine residues with lanthanide-binding tags

or nitroxide spin labels as sources of free electron spins.

Unpaired electrons can cause large enhancements of relaxation rates in nearby nuclei

due to the r−6 dependence of the PRE effect. Mediated by dipole-dipole interactions, this

effect is 660 fold stronger than the effect of neighbouring protons due to the much larger

electron gyromagnetic ratio. The paramagnetic relaxation enhancement of transverse

relaxation (Γ2) is defined as [217] :

Γ2 = Rpara
2 −Rdia

2 (2.1.11)

where Rpara
2 and Rdia

2 are the transverse relaxation rates of the paramagnetic and dia-

magnetic states of the macromolecule respectively. The diamagnetic relaxation rates are

measured from the reduced state of the nitroxide label or in the absence of metal ions. This

substraction eliminates additional contributions to the relaxation rates that are common

to both states.

Experimental relaxation rate measurements are time-consuming since sufficient time-

points need to be sampled for accurate analysis. The measurement of both Rpara
2 and

Rdia
2 are however often derived from measurements at just two time-points. Assuming

exponential decay between these time points, the PRE rates (Γ2) can be derived from the

measured intensities values [218],

Γ2 =
1

Tb − Ta
ln
Idia (Tb) Ipara (Ta)

Idia (Ta) Ipara (Tb)
(2.1.12)
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Figure 2.8: Paramagnetic relaxation enhancement. Free electron species severely en-
hance the relaxation rates of nearby nuclei. The r−6 dependence of this effect makes it a
valuable tool in distance determination and to characterise transiently populated species as
shown in a. (b and d) The effect of the PRE on the appearance of a 2D NMR spectrum.(c)
PRE effect of free electron on the relaxation rates of a nearby (red) and removed (grey)
nucleus.

where Ipara and Idia are the measured intensity values for the paramagnetic and diamag-

netic samples and Ta and Tb the two time points of the relaxation experiment.

The PRE relaxation rates can be converted to distance restraints using the equation

below derived from the Solomon-Bloembergen equations [219]:

r =

[
K

Γ2

(
4τc +

3τc
1 + ω2

Hτ
2
c

)]1/6

(2.1.13)

with

K =
1

15
S (S + 1) γ2g2β2 (2.1.14)

where r is the distance between the electron and the nuclear spin monitored, ωH the Larmor

frequency of the proton (the frequency at which the proton precesses in the magnetic field),

S is the electron spin quantum number, γ is the gyromagnetic ratio of protons, g is the

electronic g-factor and β is the Bohr magneton.
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The effective correlation time τc of the electron-nucleus vector is defined as [217] :

1

τc
=

1

τr
+

1

τe
(2.1.15)

where τr is the rotational correlation time of the protein and τe is the electron relaxation

time [220]. The strength of the PRE effect is thus dependent on the electron relaxation

rates and therefore varies based on the choice of free radical. While distances up to 23

Å have been measured with nitroxide spin labels [221], PREs of up to 35 Å have been

observed for chelated paramagnetic metals [222].

2.1.6.6 Measurement of diffusion by NMR spectroscopy

Diffusion NMR techniques provide a convenient way of differentiating between species in

solution according to size and shape [223, 224]. The translational diffusion of a molecule

is directly related to its hydrodynamic radius which in turn can be related (for folded

proteins) to the rotational correlation time and molecular weight.

The diffusion coefficient can be experimentally measured using a pulsed gradient stim-

ulated echo (PGSTE) NMR experiment. This type of NMR experiment relies on two

gradients separated by time ∆ to encode and decode the positions of the spins within the

NMR sample (Fig2.9). The reversal of the encoding by the second gradient will only be

perfect if spins have not diffused in the period between the two gradients. Diffusion leads

to attenuation of the NMR signal and the dependence of this attenuation on the length

of the period between the two gradients (∆) and the strength (G) and length (δ) of the

gradient field used in the encoding steps can be used to determine the diffusion coefficient

according to the Stejskal-Tanner equation [225]:

I (G) = I0 exp

[
−G2δ2s2γ2

(
∆− δ

3

)
D

]
(2.1.16)

where I(G) corresponds to the measured intensity at gradient strength G, I0 is the

initial intensity, D is the diffusion coefficient and γ the gyromagnetic ratio of the en-

coded/decoded nucleus. The hydrodynamic radius rh, can readily be estimated from the

experimentally derived diffusion coefficient D, by means of the Stokes-Einstein equation:

rh =
kBT

6πDη
(2.1.17)

where kB is the Boltzmann constant and η the solvent viscosity of water.

Two types of diffusion experiments are used throughout this study. The XSTE (het-

eronuclear stimulated echo) experiment permits the selection of specific chemical groups

such that only protons attached to 15N or 13C probes are detected [226]. It relies on the
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Figure 2.9: X-STE diffusion NMR. Diffusion NMR experiments rely on a set of gradient
pulses to encode and decode the physical position of a particle in the NMR tube. The second,
reverse gradient is applied after a diffusion delay. Large particles, which will have defused
little during that period will have their encoding fully reversed and will give full intensity
NMR signals. The signals of smaller particles will be reduced as the diffusion of the particle
results in incomplete reversal of the encoding.

encoding of highly sensitive 1H nuclei while heteronuclear editing reduces the complexity

of the observed spectrum and permits the exploitation of favourable long relaxation rates

of heteronuclei such as 15 and 13C. A more recently developed sequence, the SORDID

(signal optimisation with recovery in diffusion delays) experiment, optimises the diffusion

and recycling delays (during which magnetisation returns to equilibrium) to rapidly repeat

the diffusion experiment thus increasing the signal-to-noise acquired per unit time [227]

by
√

2.
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2.2 Protein expression and purification

2.2.1 Reagents

Standard lab chemicals, isotopes and D2O were purchased from Sigma-Aldrich and Fisher

Scientific. Metabolic precursors, keto-butyrate and isovalerate, were acquired from Isotec

Isotopes.

2.2.2 Plasmids and Bacterial strains

Expression vectors carrying wild-type TF and cysteine mutants (positions 14, 150, 326

and 376) were kindly gifted by Prof Ulrich Hartl (Max Planck Institute of Biochemistry,

Martinsried). TF cysteine mutant DNA sequences were preceded by a hexa-histadine tag

and TEV-cleavage site while WT TF was expressed with a non-cleavable H6-tag. A TEV

protease cleavable WT TF clone (TF C14R) was prepared by site-directed mutagenesis

(Section 2.2.3.1) from TF R14C template DNA.

Isolated α-synuclein was expressed from a pT7-7 vector, gifted by Prof Peter Lansbury

(Harvard university). The α-synuclein sequence was sub-cloned by Dr Lisa Cabrita into the

pLDC17 vector containing an N-terminal and C-terminal SecM stalling sequence using the

NheI and KpnI restriction sites to generate the α-synuclein RNC construct. A stop codon

was inserted before the SecM stalling sequence to generate the H6-αsynuclein expression

plasmid. A TEV protease cleavage site was introduce between the N-terminal H6-tag and

the α-synuclein DNA sequence by Annika Weise to generate the final α-synuclein RNC

clone used in this study. Luciferase substitution mutant α-synuclein(87-100) constructs

were prepared by site-directed mutagenesis by Anäıs Caissaignau.

ddFLN5 truncation protein clones (ddFLN5∆16, ddFLN5∆12, ddFLN5∆6) were pre-

viously generated by Dr Marilia Karyadi. Full-length ddFLN5 and ddFLN5-6 were pre-

viously prepared by Dr Lisa Cabrita. Single tryptophan substitution clones were pro-

duced by site-directed mutagenesis from ddFLN5∆16 template DNA by Millie Pang. The

ddFLN5+21RNC constructs consists of an N-terminal his-tag and the ddFLN5 sequence

directly followed by the SecM stalling sequence. This clone was previously generated by

Dr Lisa Cabrita. All ddFLN5 constructs were carried on the pLDC vector and contained

N-terminal his-tags for affinity chromatography.

All clones were under control of the isopropyl-β-D-1-thiogalactopyranoside (IPTG)-

inducible T7 promoter and the plasmids carried genes for ampicillin resistance. All cloning

was performed using E. coli DH5α cells. Expression of proteins was carried out in E. coli

BL21*(DE3) Gold and BL21(DE3)∆tig cells to reduce background TF expression. All

DNA and amino acid sequences can be found in Appendix A.1.
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2.2.3 Growth media composition

The tables 2.1-2.3 summarise the components of typical growth media used in the prepa-

ration of 70S ribosomes, RNC and proteins. Variations on these recipes are required to

accommodate 15N (15NH4CL), 13C (13C glucose) isotope enrichment, deuteration (D7-

glucose) or ILV labelling (precursors) and are described where relevant.

LB (Luria Bertani) medium (Table 2.1) is a rich complex media that was used for

routine bacterial growths including overnight cultures, starter cultures, transformations,

agar plates, unlabelled protein, ribosome and RNC preparations.

Enhanced M9 minimal medium (Table 2.2) was used for the expression of isotopically

labelled and deuterated proteins and RNCs. E. coli cells for preparations of 70S ribosomes

and RNCs were grown to high cell densities in MDG minimal media (Table 2.3).

Compound Concentration

Tryptone 10 g/L

NaCl 10 g/L

Yeast extract 5 g/L

Table 2.1: LB media composition

Compound Stock Concentration

EM9 salts pH 8.0 10X 1x

Na2HPO4 71 g/L 25 mM

KH2PO4 34 g/L 25 mM

NaCl 58.4 g/L 50 mM

NH4Cl 10 g/L 2 g/L

MgSO4 1 M 2.5 mM

CaCl2 1 M 100 µM

Glucose 20 g/L 2 g/L

BME vitamins (Sigma) 100 % 0.25 %

Trace metals 100 % 0.0125 %

Table 2.2: EM9 media composition.
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Compound Stock Concentration

MDGSalts 50x 1x

NH4Cl 2.5 M 50 mM

Na2HPO4 1.25 M 25 mM

KH2PO4 1.25 M 25 mM

Na2SO3 250 mM 5 mM

Glucose 20 g/L 4 g/L

L-aspartic acid pH 7.0 50 g/L 2 g/L

MgSO4 1 M 2 mM

Trace metals 1 100 % 0.2 %

1 50mM FeCl2 (dissolved in 0.1M HCl), 20mM CaCl2, 1mM
MnCl2, 1mM ZnSO4, 2mM CoCl2, 2mM CuCl2, 2mM NiCl2,
2mM Na2MoO4, 2mM Na2SeO3, 2mM H3BO3

Table 2.3: MDG media composition.

2.2.4 Molecular Biology

2.2.4.1 Site-directed mutagenesis

The QuickChange site-directed mutagenesis kit was used to create single amino acid substi-

tution clones of TF (C14R), ddFNL5∆16 (Y655W, F665W, A668W, F672W and E724W)

and the 14 amino acid substitution of α-synuclein with luciferase residues 87-100.

Oligonucleotides : Oligonucleotide sequences used in the PCR reaction below, can be

found in Appendix A. All oligonucleotides were purchased from Eurofins.

Polymerase chain reaction : DNA was amplified by polymerase chain reaction us-

ing a Corbin Thermal Cycler using KOD polymerase (Novagen) and the oligonucleotides

above. The reaction mixture and temperature cycles used are detailed in Table 2.4 and

2.5 respectively.

PCR products were verified in first instance using 0.8 % (w/v) agarose gel electrophore-

sis (Section 2.2.4.5)
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Reagent Stock Concentration Volume

DNA template 100 ng/µL 10-500 ng 0.5 µL

5’ primer 10 µM 150 nM 0.4 µL

3’ primer 10 µM 150 nM 0.4 µL

dNTPs 2 mM 200 µM 2.5 µL

MgSO4 1 mM 75 µM 1.5 µL

KOD Polymerase 3 u/µL 1.5 u 0.5 µL

Polymerase buffer 10x 1x 2.5 µL

ddH2O - - 16.7 µL

Table 2.4: Typical polymerase chain reaction (PCR) composition

Step Temperature Time Cycles

Initial denaturation 95 ◦C 2 min 1

Denaturation 98 ◦C 10 sec

Annealing 50-65 ◦C 30 sec 25

Extension 68 ◦C 2 min

Final extension 72 ◦C 10 min 1

Table 2.5: Typical PCR temperature cycles employed in this study

2.2.4.2 DpnI digest

Remaining template DNA after PCR amplification was digested with DpnI by mixing 20

µL of PCR product, 2.5 µL and 1 µL of enzyme and 1.5 µL ddH2O for a final reaction

volume of 25 µL. The reaction was incubated at 37◦C for 2 hours, then the enzyme was

heat-inactivated at 65◦C for 20 min.

2.2.4.3 Plasmid transformations

1 µL of plasmid was added to 25 µL of competent E. coli cells and incubated on ice for

30 min. The cell mixture was then heat-shocked at 42◦C for 45 sec. The cells were then

incubated on ice for 2 min before 800 µL of LB medium was added and the cultures were
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incubating for 1 hour at 37◦C shaking at 200 rpm for expression of ampicillin resistance

genes. Cells were plated on LB-Amp plates and incubated at 37◦C overnight.

2.2.4.4 DNA purification

DNA was purified from 5 ml cultures of a single colony of transformed DH5α cells grown

overnight at 37◦C using the QiaPrep Spin miniprep kit (Qiagen) following the manu-

facturer’s instructions. New clones were then verified by DNA sequencing (Source Bio-

sciences).

2.2.4.5 Agarose gel electrophoresis

PCR products were verified by agarose gel electrophoresis. 0.8% (w/v) agarose was dis-

solved by heating in 1X TAE buffer (50X stock: 242 g Tris, 57.1 ml glacial acetic acid,

100 ml 0.5 M EDTA, pH 8.0). The solution was cooled to 45◦C and 1 µg/ml ethidium

bromide was added (from a 10 mg/ml stock) before the gel was cast. DNA samples were

mixed 5:1 with loading dye (Promega) and loaded into the gel wells. Electrophoresis was

performed at 100 V for ∼25 min. Gels were imaged under ultra-violet light.

2.2.5 Protein expression and purification

2.2.5.1 Protein over-expression and isotopic labelling

Isolated proteins were over-expressed in BL21(DE3)∆tig (TF) and BL21*(DE3) gold (α-

synuclein, ddFLN5 and TEV protease) E. coli strains. Cells were transformed with over-

expression plasmids as described in Section 2.2.3.3 and plated on LB-Amp agar plates,

then grown overnight at 37◦C. A single colony was used to inoculate a 5 ml pre-culture

of LB medium with 0.1 mg/mL Ampicillin (LB-Amp). The pre-culture was incubated

for 8 hours at 37◦C shaking at 200 rpm. The pre-culture was then scaled up to 50 ml of

LB -Amp which was incubated overnight at 37◦C shaking at 200 rpm and cells grown to

saturation.

Unlabelled proteins : This pre-culture was used to inoculate 500 ml to 1 L of LB-Amp

medium to an optical density at 600 nm (OD600) of 0.1. Cells were grown for 2-3 hours

at 37◦C with 200 rpm shaking. At an OD600 of 0.6, expression was induced with 1 mM of

IPTG. Expression was allowed to proceed at 37◦C for 4 hours (or 16-18 hours at 21 ◦C).

Uniform 15N and 13C isotopic labelling : The pre-culture was pelleted by centrifu-

gation (3,000 rpm, Thermo Scientific 75003181 rotor, 20 min) and resuspended in 500 ml

to 1 L of EM9 media (see Section 2.2.3) prepared with either 15NH4Cl (1 g/L) and/or 13C

glucose (2 g/L) for uniform 15N and/or 13C-labelling respectively. Cultures were typically
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grown for 5-6 hours at 37◦C with 200 rpm shaking until an OD600 value of 0.6 was reached,

at which point protein expression was induced with 1 mM IPTG. The cultures were then

incubated for another 4 hours at 37◦C while shaking (or 16-18 hours at 21◦C).

Perdeuteration and selective protonation of ile and I,L,V side-chain methyl

groups : 5 ml of EM9 medium was inoculated with 1 ml of the pre-culture and grown

overnight at 37◦C while shaking at 200 rpm. This culture was used to inoculate 5 ml of

EM9 medium (protonated components, 80% D2O) and grown for 10 hours at 37◦C. Cells

were pelleted (3,000 rpm, Thermo Scientific 75003181 rotor, 20 min) and resuspended in

50 ml of EM9 medium (100% D2O, protonated glucose) then grown overnight at 37◦C.

Finally, cells were pelleted and resuspended in fully deuterated EM9 media (100% D2O,

D-7 glucose). The culture was grown at 37◦ for 10-12 hours to an OD600 value of 0.5.The

respective metabolic precursors with selectively protonated methyl groups for isoleucine (2-

Ketobutyric acid-4-13C,3-d2, a.k.a keto-butyrate, Sigma-Aldrich) and leucine and valine (2-

Keto-3(methyl-d3)-butyric acid-4-13C, 3-d1, a.k.a isovalerate, Sigma-Aldrich) were added

to 80 mg/L and the cultures grown for a further hour at 37◦C. Over-expression was induced

by 1 mM IPTG for 32 hours at 18◦C.

All cultures were harvested by centrifugation at 4,000 rpm (Beckmann-Coulter JLA

8.1000 rotor) for 20 min. Cell pellets were transferred to 50 ml falcon tubes and stored at

-20◦C until purification.

2.2.5.2 Purification of trigger factor

Buffer composition

• Resuspension buffer : 25 mM Na2HPO4, 2 M NaCl, 2% Triton X-100, pH 8.0

• Ni-NTA wash buffer : 25 mM Na2HPO4, 500 mM NaCl, 25 mM Imidazole, pH 7.8

• Ni-NTA elution buffer : 25 mM Na2HPO4, 500 mM NaCl, 250 mM Imidazole,
pH 7.8

• Size-exclusion buffer : 25 mM Na2HPO4, 100 mM NaCl, 2 mM BME, pH 7.8

• Tico buffer : 10 mM Hepes, 30 mM NH4Cl, 12 mM MgCl2, 5 mM EDTA, 2 mM
BME, 0.1 % SigmaFast protease inhibitor cocktail tablet, pH 7.5

Purification procedure : Cell pellets were resuspended in 50 ml resuspension buffer

per litre of culture, supplemented with lysozyme (100 mg/ 50 ml) and a SigmaFast pro-

tease inhibitor cocktail tablet. Cells were lysed by sonication for 10-15 cycles (30 s on

and 30 s off) and the cellular debris was pelleted by centrifugation (18,000 rpm, 45 min,

Sorvall SS-34 rotor). The lysate supernatant was then added to 10 ml of Ni-NTA resin
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pre-equilibrated in resuspension buffer for His-tag affinity purification and incubated for

2 hours at 4◦C. The flow-through was collected and the Ni-NTA resin washed to base-

line with resuspension buffer as monitored via Bradford assay (Pierce, 160 µL reagent +

40 µL sample). A subsequent wash step to baseline in Ni-NTA wash buffer prevented

non-specific interaction of proteins with the resin. TF was eluted in 50-100 ml Ni-NTA

elution buffer and dialysed overnight into size-exclusion buffer. The dialysed fractions

were then concentrated to 5 ml through a 10 kDa molecular weight cut-off (MWCO)

concentrator (Millipore) for further purification by size-exclusion chromatography (SEC).

The concentrated protein was applied to a superdex 200 column (S200) pre-equilibrated

in size-exclusion buffer and eluted at a rate of 1 mL/min. SEC absorbance profiles at 280

nm and SDS-PAGE results were compared in order to asses sample purity. Highly pure

TF fractions were concentrated and buffer-exchanged into H2O or Tico buffer for further

experiments.

Quantification and storage : TF concentrations were routinely determined by ab-

sorbance measurements at 280 nm using an extinction coefficient of 17,442 M−1cm−1 and

cross-validated using the bicinchonic acid assay (BCA, Pierce) according to manufacture’s

protocol. Aliquots were flash-frozen in liquid nitrogen and stored at -80◦C.

2.2.5.3 Additional purification steps

TEV-cleavage : The hexa-histadine (H6) tag of TF (wild-type and cysteine mutants)

was removed by cleavage (where mentioned) with TEV protease. This was done after the

Ni-NTA step and involved dialysis overnight into size-exclusion buffer after addition of

an optimised concentration of 1:10 (OD280 ratio) of TEV protease. TEV protease and

uncleaved protein were then removed by a second Ni-NTA step. The TEV protease and

TF mixture was applied to 10 ml pre-equilibrate Ni-NTA resin and incubated for 2 hours

at 4◦C. Cleaved TF was found in the flow-through, concentrated and purified further by

size-exclusion chromatography as described Section1.2.4.2.

MTSL labelling : Electron paramagnetic resonance (EPR) and paramagnetic relax-

ation enhancement (PRE) experiments required the introduction of an 3-(2-Iodoacetamido)-

PROXYL (proxyl) spin label at selected cysteine positions (14, 150, 326 and 376). After

the Ni-NTA column, samples were incubated with 10 mM DTT for 4 hours at room-

temperature at dilute protein concentrations to fully reduce accessible cysteines. The

reducing agent was removed via size exclusion chromatography (in size-exclusion buffer

but in the absence of BME). Then, the pooled fractions were diluted 2-3 fold to 20-50 µM

protein concentration to avoid cross-linking of TF molcules, proxyl dissolved in DMSO
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was added to 30 fold molar excess and incubated overnight at 4◦C. Excess spin label was

removed during the final SEC step of the purification as described above.

Ellman’s assay : The proxyl labelling reaction was monitored by Ellman’s assay. 50 µL

sample was reacted with 10 µL Ellman’s Reagent (Pierce) solution (4 mg/mL) in 500 ml

reaction buffer (0.1 M NaPO4, 1 mM EDTA, pH8.0) and incubated at room temperature

for 15 min. The absorbance was measured at 412 nm and free cysteine concentrations

calculated from the extinction coefficient (14,150 M−1cm−1). Typical spin-labelled TF

samples were 90-100% labelled after overnight incubation with limited reactivity of reduced

cysteines detected.

2.2.5.4 Purification of isolated α-synuclein and mutants

Buffer composition

• Lysis buffer: 100 mM Tris-HCl, 10 mM EDTA, 2 mM BME, Roche protease inhibitor
tablet, pH 8.0

• Low salt buffer: 25 mM Tris-HCl, 2 mM BME, pH 7.8

• High salt buffer: 25 mM Tris-HCl, 1 M NaCl, 2 mM BME, pH 7.8

• Size-exclusion buffer: 25 mM Tris-HCl, 150 mM NaCl, 2 mM BME, pH 7.8

Purification procedure : Harvested cells were thawed and resuspended in 50 ml ly-

sis buffer, then lysed by sonication for 10-15 cycles (30 s on and 30 s off). The cellular

debris were pelleted by centrifugation (18,000 rpm, Sorvall SS34 rotor for 30 min). The

supernatant was brought to the boil and left to simmer for 20 min, then, aggregates were

pelleted by centrifugation (13,500 rpm, Sorvall SS34 rotor, 20 min). 10 mg/ml of strep-

tomycin sulfate was then added in order to precipitate the remaining DNA/RNA and

incubated for 30 min at 4◦C, then, the sample was once again centrifuged (13,500 rpm,

Sorvall SS34 rotor, 20 min). The remaining protein in the supernatant was precipitated

by adding 400 mg/ml ammonium sulfate and incubating at 4◦C for 30 min and pelleted

by centrifugation (13,500 rpm, Sorvall SS34 rotor, 20 min). The pellet was resuspended in

low salt buffer and dialysed O/N against H2O. The resuspended protein was further puri-

fied by anion exchange. Proteins were eluted by a 60 ml 0-100 % high salt buffer gradient

at 2.5 mL/min. α-synuclein containing fractions were pooled based on chromatography

profile and SDS-PAGE results and concentrated to 5 ml using 3 kDa MWCO concentra-

tors and applied to a S75 column for size-exclusion chromatography by isocratic elution

(1 mL/min). Highly pure α-synuclein fractions were identified by SDS-PAGE, pooled,

concentrated and buffer exchanged into H2O or Tico buffer and stored at -80◦C.
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Quantification : α-synuclein protein concentrations were determined by absorbance

measurements at 280 nm and calculated using an extinction coefficient of 5960 M−1cm−1.

Calculated concentrations where cross-validated against BCA assay results as described

Section 1.2.5.4.

2.2.5.5 Purification of isolated ddFLN5 and mutants

Buffer composition

• Resuspension buffer : 25 mM Na2HPO4, 2 M NaCl, 2 %(w/v) Triton X-100, pH 8.0

• Ni-NTA wash buffer : 25 mM Na2HPO4, 500 mM NaCl, 25 mM Imidazole, pH 7.8

• Ni-NTA elution buffer : 25 mM Na2HPO4, 500 mM NaCl, 250 mM Imidazole, pH
7.8

• Size-exclusion buffer : 25 mM Na2HPO4, 150 mM NaCl, 2 mM BME, pH 7.8

• Tico buffer : 10 mM Hepes, 30 mM NH4Cl, 12 mM MgCl2, 5 mM EDTA, 2 mM
BME, 0.1% SigmaFast protease inhibitor cocktail tablet, pH 7.5

Purification procedure : Cell pellets were resuspended in 50 ml resuspension buffer

supplemented with trace DNaseI, (100 mg/50 ml) lysozyme and a SigmaFast protease

inhibitor cocktail tablet and lysed by sonication for 10-15 cycles (30 s on and 30 s off). The

cellular debris was pelleted by centrifugation (18,000 rpm, Sorvall SS34 rotor 45 min) and

the supernatant filtered (0.45 µm) before loading on a Ni-NTA column pre-equlibrated in

resuspension buffer. The Ni-NTA column was washed to baseline with resuspension buffer

as monitored via Bradford assay (described in Section 1.2.5.2) and then washed with Ni-

NTA wash buffer, again to baseline determined by Bradford assay. ddFLN5 protein was

eluted using Ni-NTA elution buffer and dialysed over-night in size-exclusion buffer. The

protein was concentrated down to a volume of 5 ml using a 5 kDa cut-off concentrator

and loaded on a pre-equilibrated Superdex S75 size-exclusion column. The protein was

eluted by isocratic elution in size exclusion buffer. Fractions were collected based on the

absorbance profile at 280 nm and SDS-PAGE results.

Quantification and storage : Purified ddFLN5 and mutants were buffer-exchanged

into Tico buffer and concentrated to 500-1000 µM using a 5 kDa MWCO concentrator,

aliquoted and flash-frozen in liquid nitrogen. Samples were stored at -80◦C. Final ddFLN5

concentrations were determined from the absorbance at 280nm, using the coefficient value

of 5960 M−1cm−1 as estimated from the amino acid sequence using the EXPASY prot-

param tool [228].
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2.2.5.6 Expression and purification of Tabacco Etch Virus (TEV) protease

Expression TEV-MBP fusion protein was expressed in E.coli strain BL21*(DE3) Gold

from a single colony in auto-induction media, terrific broth (TB) (60 mg/L TB granules,

10 ml/L Glycerol) and grown overnight at 30◦C until saturation (∼20 hours). Cultures

were harvested by centrifugation (4,000 rpm, Beckmann-Coulter JLA 8.1000 rotor, 20

min) and stored at -20◦C.

Buffer composition

• Lysis buffer : 25 mM Na2HPO4, 500 mM NaCl, 20%(v/v) Glycerol, 20 mM Imida-
zole, lysozyme (100 mg / 50 ml), a Roche protease inhibitor tablet, pH 7.5

• Ni-NTA wash buffer : 25 mM Na2HPO4, 500 mM NaCl, 20% Glycerol, 20 mM
Imidazole, pH 7.8

• Ni-NTA elution buffer : 25 mM Na2HPO4, 500 mM NaCl, 20% Glycerol, 250 mM
Imidazole, pH 7.8

• Dialysis buffer : 25 mM Na2HPO4, 200 mM NaCl, 20% Glycerol, 5 mM BME, pH
7.8

• Size-exclusion buffer : 25 mM Na2HPO4, 200 mM NaCl, 10% Glycerol, 5 mM BME,
pH 7.8

Purification procedure : Cell pellets were resuspended in 50 ml lysis buffer, incubated

at 4◦C for 20 min and lysed by sonication for 10-15 cycles (30 s on and 30 s off). The

cellular debris were pelleted by centrifugation (18,000 rpm, Sorvall SS34 rotor, 45 min)

and the lysate was filtered (0.45 µm) before it was loaded onto a pre-equilibrated HisTrap

column in lysis buffer. The column was washed with Ni-NTA wash buffer and the protein

eluted in 50ml Ni-NTA elution buffer. The TEV protease was then dialysed overnight

into dialysis buffer in two steps, then, concentrated using a 10 kDa MWCO concentrator

to 5 ml or when aggregation is observed. Finally, the TEV protease was further purified

by size-exclusion chromatography using a Sephadex S75 column pre-equilibrated in SEC

buffer. TEV was eluted by isocratic elution at 1 ml/min in size exclusion buffer. Purified

fractions were pooled based on OD280 reading and SDS-PAGE, concentrated to ∼5 mg/ml,

flash-frozen and stored in aliquots at -80◦C.

2.2.6 Growth and purification of 70S ribosomes

2.2.6.1 Growth

70S ribosomes were purified from E. coli BL21*(DE3) ∆tig cells. A saturated pre-culture

of 5 ml LB was used to inoculate a larger 50 ml LB starter culture grown for 10 hours at
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37◦C, which in turn was used to inoculate a final volume of 250 ml of MDG media. At each

transition into fresh medium, cells were diluted to an OD600 value of 0.05 by pelleting the

appropriate amount of culture by centrifugation (4,000 rpm, Thermo Scientific 75003181

rotor, 15 min) before being resuspended into fresh media. The final culture was grown

at 30◦C to an OD600 value of ∼3-6, reached after approximately 16 hours growth, before

harvesting by pelleting for 15 min at 4,000 rpm (Beckmann-Coulter JLA 8.1000 rotor).

2.2.6.2 Purification

Buffer composition

• Lysis buffer: 50 mM Hepes, 1 M KOAc, 12 mM MgOAc, 2 mM BME, 5 mM EDTA,
5 mM adenosine triphosphate (ATP), 2 % Sigma protease inhibitor cocktail, 100 mg
lysozyme, trace DNase, pH 7.5

• Cushion buffer: 50 mM Hepes, 1 M KOAc, 12 mM MgOAc, 2 mM BME, 5 mM
EDTA, 5 mM ATP, 0.1 % Sigma protease inhibitor cocktail, pH 7.5

• Gradient buffer: 50 mM Hepes, 1 M KOAc, 12 mM MgOAc, 2 mM BME, 5 mM
EDTA, 0.1 % Sigma protease inhibitor cocktail, pH 7.5

• Tico buffer: 10 mM Hepes, 30 mM NH4Cl, 12 mM MgCl2, 5 mM EDTA, 2 mM
BME, 0.1% SigmaFast protease inhibitor cocktail tablet, pH 7.5

Purification procedure : Cells were resuspended in lysis buffer and lysed by French

press (4 passes at ∼1000 psi), the cellular debris pelleted by centrifugation (18,000 rpm,

Sorvall SS34 rotor, for 45 min) and the supernatant loaded on 35% sucrose cushions in

cushion buffer, which was spun for 4 hours at 42,000 rpm in a Beckman Coulter Type

45 Ti rotor. The ribosome pellet was resuspended in 15 ml of Gradient buffer. Up to

1500 pmol of the obtained sample is loaded onto each of 6 sucrose gradients (35%-10%) in

Gradient buffer. The gradients were spun overnight (15-16 hours) at 22,000 rpm using a

Beckman Coulter SW28 rotor before fractionating; 70S ribosomes will have separated from

30S and 50S ribosome subunits by virtue of their size. Based on SDS-PAGE observation

and fractionation absorbance profiles at 280 nm, fractions containing 70S ribosomes are

pooled and concentrated using 100 kDa MWCO concentrator to a typical 500 µl sample

of approximately 10 µM from each set of six gradients.

Quantification : Total ribosome concentrations were determined from absorbance mea-

surements at 260 nm using an extinction coefficient of 4.2x107 M−1cm−1. A ratio of 1.9-2

of OD260:OD280 indicated a highly pure ribosome sample.
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2.2.7 Expression and purification of ribosome-nascent chain complexes

2.2.7.1 Expression

The ddFLN5+21 RNC was expressed in E. coli BL21*(DE3) Gold cells. A pre-culture of 5

ml LB grown overnight was used to inoculate a larger 100 ml LB starter culture grown for

10 hours at 37◦C, which in turn was used to inoculate a final volume of 1 L of MDG media.

At each transition into fresh medium, cells were diluted to an OD600 of 0.05 by pelleting the

appropriate amount of culture by centrifugation (4,000 rpm, Thermo Scientific 75003181

rotor, 15 min) before being resuspended in the new media. This final volume was grown

overnight (∼16 hours) at 30◦C to saturation. Cells were pelleted by centrifugation 3,000

rpm (Thermo Scientific 75003181 rotor) for 25 min and washed twice in 1X EM9 salts (see

Section 1.2.3) by repeatedly pelleting and resuspending the cells. Then, the cell pellet was

resuspended in 1 L EM9 media and 15NH4Cl added. Expression was induced with 1 mM

IPTG and the culture incubated at 30◦C. 10 min after induction, 150 mg/L Rifampicin

was added in order to block the E.coli RNA polymerase and expression allowed to proceed

for 35 min before cells were harvested by centrifugation (3,500 rpm, Beckmann-Coulter

JLA 8.1000 rotor, for 15 min).

2.2.7.2 Purification

Buffer composition

• Lysis buffer: 50 mM Hepes, 1 M KOAc, 12 mM MgOAc, 2 mM BME, 5 mM EDTA,
5 mM ATP, 2 % Sigma protease inhibitor cocktail, (100 mg/ 50ml) lysozyme, trace
DNase, pH 7.5

• Cushion buffer: 50 mM Hepes, 1 M KOAc, 12 mM MgOAc, 2 mM BME, 5 mM
EDTA, 5 mM ATP, 0.1 % Sigma protease inhibitor cocktail, pH 7.5

• Ni-IDA ATP wash buffer: 50 mM Hepes, 500 mM KOAc, 6 mM MgOAc, 2 mM
BME, 5 mM ATP, 0.1 % Sigma protease inhibitor cocktail, pH 7.5

• Ni-IDA wash buffer: 50 mM Hepes, 500 mM KOAc, 6 mM MgOAc, 2 mM BME,
0.1 % Sigma protease inhibitor cocktail, pH 7.5

• Ni-IDA elution buffer: 50 mM Hepes, 500 mM KOAc, 6 mM MgOAc, 2 mM BME,
0.1 % Sigma protease inhibitor cocktail, 150 mM Imidazole, pH 7.5

• Gradient buffer: 50 mM Hepes, 1 M KOAc, 12 mM MgOAc, 2 mM BME, 5 mM
EDTA, 0.1 % Sigma protease inhibitor cocktail, pH 7.5

• Tico buffer: 10 mM Hepes, 30 mM NH4Cl, 12 mM MgCl2, 5 mM EDTA, 2 mM
BME, 0.1% SigmaFast protease inhibitor cocktail tablet, pH 7.5
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Purification procedure Cell were resuspended in lysis buffer and lysed by French press

(4 passes at ∼1000 psi), the cellular debris pelleted by centrifugation (18,000 rpm, Sorvall

SS34 rotor, for 45 min) and the supernatant loaded on 35% sucrose cushions in Cushion

buffer, which was spun for 4 hours at 42,000 rpm in a Beckman Coulter Type 45 Ti

rotor. The sucrose was discarded and the ribosome pellet resuspended in Ni-IDA ATP

wash buffer. The resuspended ribosomes were mixed with Ni-IDA beads and incubated

for 2 hours at 4◦C. The Ni-IDA beads were first washed to baseline (as monitored by

Bradford assay, see Section 2.2.5.2) in Ni-IDA ATP wash buffer, then Ni-IDA wash buffer.

RNCs were eluted from the Ni-IDA beads with 50 ml of Ni-IDA elution buffer and rapidly

diluted with 1:1 gradient buffer. The total ribosome concentration was measured and

up to 1500 pmol was loaded onto each of 6 sucrose gradients (35%-10%) in gradient

buffer. The gradients were spun overnight (15-16 hours) at 22,000 rpm (Beckmann Coulter

SW28 rotor) before fractionating. Fractions were pooled based on SDS-Page results and

fractionation absorbance profiles and concentrated to a 500 µl sample of approximately

10 µM from each set of six gradients.

Quantification Total RNC concentration were determined from absorbance measure-

ments at 260nm using an extinction coefficient of 4.2x107 M−1cm−1. A ratio of 1.9-2

of OD260:OD280 indicated sufficiently pure RNC samples. Nascent chain occupancy was

determined by Western blot and densitometry analysis against a known protein standard

(Section 2.2.8.2).

2.2.8 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and immunodetection.

2.2.8.1 SDS-PAGE

Buffer composition

• Running buffer : 1x MOPS-SDS running buffer (Alfa Aesar)

• Coomassie stain: 40% ethanol, 10% glacial acetic acid, 0.05% Brilliant blue R-250
(Fisher BioReagents)

• Destain solution: 40% ethanol, 10% glacial acetic acid

Experimental procedure : Sodium dodecyl sulfate (SDS) polyacrylamide gels were

cast according to the recipe in Table N. Running gels were cast first and the topped by a

0.5-1 cm stacking gel.
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Reagent Stacking 12% 15%

1.25 M Bis-Tris 1 mL 2.86 mL 2.86 mL

30% Acrylamide 0.53 mL 4 mL 5 mL

25% APS 9 µL 100 µL 100 µL

TEMED 9 µL 4 µL 4 µL

H2O 2.47 mL 3.14 mL 2.14 mL

Total volume 5 mL 10 mL 10 mL

Table 2.6: SDS-PAGE gel composition

Running gels of 12% were used to visualise ribosome, RNC and TF preparations while

15% gels were used in the preparations of isolated α-synuclein and ddFLN5 proteins.

SDS-PAGE gels were run at 200 V for 35 min and were stained with Coomassie stain

for protein preparation and with Silver stain (SilverQuest, Invitrogen) for ribosome and

RNC purifications following manufacturer’s instructions.

2.2.8.2 Imunnodetection

Buffer composition

• Transfer buffer: 6 g/L Tris, 14.4 g/L glycine, 20% (v/v) methanol, 0.01% (w/v) SDS

• Tris-buffers Saline (TBS): 2.42 g/L Tris, 11.69 g/L NaCL, pH 7.4

• TBS-Tween (TBST): 0.05%(v/v) Tween-20 in TBS

• Blocking buffer:

Anti-H6 blocking buffer : 1%(w/v) casein in TBS

Anti-TF blocking buffer: 0.5%(w/v) milk powder in TBST

• Antibodies

Anti-H6 detection: Penta-His HRP conjugate (1:2500) (Qiagen) in TBST

Anti-TF primary antibody: rabbit anti-TF polyclonal antibody (1:2500) (Genscript)
in blocking buffer

Anti-TF secondary antibody : anti-rabbit HRP-conjugate (1:1000)(New england Bi-
oloabs) in blocking buffer

• Chemiluminescence detection: SuperSignal West Pico (Femto where necessary) chemi-
luminescence substrate (Pierce)
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Western blot procedure The SDS-PAGE gel was soaked in cooled transfer buffer and

stacked into the transfer chamber with nitrocellulose membrane. Transfer was undertaken

at 250 mA for 2 hours at room temperature. After transfer, the nitrocellulose membrane

was soaked in blocking buffer while shaking. The gel was stained with Coomassie stain

to verify efficient transfer has occurred. The membrane was then incubated with primary

antibody for 2 hours (room temperature) or overnight at 4◦C. The gel was then washed

4 times for 10 min in TBST. Where necessary, the membrane was then incubated with

the secondary antibody for 1 hour at room temperature followed by further washing (4x

10 min in TBST). The membrane was incubated with chemiluminescence substrate and

detected using a Fujifilm LAS-1000 scanner with exposures ranging from 30 s to 5 min

depending on chemiluminescence intensities.

Densitometry analysis The intensities of the western blot signal were quantified by

densitometry using ImageJ software using known protein standards.
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2.3 NMR data acquisition and analysis

2.3.1 Experimental conditions

NMR experiments were recorded on a Bruker Advance III 700MHz spectrometer, Bruker

Advance III HD 800MHz and Bruker Advance III HD 900MHz all equipped with cryo-

probes and a Bruker Advance III 500MHz spectrometer. All experiments were recorded

in Tico buffer (10 mM Hepes, 30 mM NH4Cl, 12 mM MgCl2, 5 mM EDTA, 2 mM BME,

0.1% SigmaFast protease inhibitor cocktail tablet, pH 7.5) supplemented with 10% D2O

as a lock solvent and 0.001% DSS, unless stated otherwise. NMR experiments of TF in

the absence of substrates were acquired at 25◦C in 99% D2O while experiments involving

α-synuclein and ddFLN5 were acquired at 4◦C and 10◦C respectively.

2.3.2 NMR data collection

2.3.2.1 1D proton spectra

1H 1D experiments 1H 1D spectra were acquired using excitation sculpting (zgesgp) for

water-suppression with a spectral width of 20 ppm and 16384 time-points for an acquisition

times of ca. 600ms. A recycle delay of 1 s was used between scans.

Heteronuclar-edited 1D experiments : 13C- and 15N-edited 1D experiments were

recorded by acquiring the first increments of the 2D 13C-heteronuclear mulitple-quantum

coherence (HMQC), 15N- heteronuclear single-quantum coherence (HSQC) and 15N-band-

selective optimised-flip-angle short-transient (SOFAST)-HMQC sequences (Sections 2.3.2.2,

2.3.2.3 and 2.3.2.4).

Isotopic labelling experiments The 15N background labelling of ribosomes within

RNC samples was determined using a pair of modified, single increment,15N-SOFAST-

HMQC experiments. A pre-saturation pulse was added to the 1D 15N-edited experiment

to improve water-suppression. The second 15N-filtered experiment was run using the same

sequence with the phase-cycle of the receiver inverted to reject 15N-labelled magnetisation.

The sum of the signal in both spectra corresponds to 100% of the ribosome signal, while the

fraction of the 15N-edited experiment signal over this summed total intensity corresponds

to the fraction of 15N labelled ribosomes in the sample.

2.3.2.2 1H-13C HMQC correlation spectra

1H-13C-HMQC spectra (bruker library pulse sequence: hmqcphpr) of TFile and TFILV

were typically recorded with 4096 points and a spectral width of 16 ppm in the direct

dimension and 512 points and a spectral width of 22 ppm centred at 16 ppm in the
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indirect dimension for acquisition times of 180 ms and 70 ms for 1H and 13C dimensions

respectively. A recycle delay of 1s was used between scans.

2.3.2.3 1H-15N HSQC

For α-synuclein and mutants, sensitivity enhanced 1H-15N HSQC correlation spectra

(bruker library pulse sequence: hsqcetfpf3gpsi2) were recorded with 2048 points and a

spectral width of 15 ppm in the direct dimension and 256 points and a spectral width of

26 ppm in the indirect dimension for acquisition times of ca 100 ms and 70 ms for 1H and
15N respectively. A recycle delay of 1 s was used between scans.

In the case of ddFLN5 and mutants, slightly lower resolution spectra were recorded

with 128 point in the 15N dimension of 26 ppm for a total acquisition time of 20ms.

2.3.2.4 1H-15N SOFAST HMQC

1H-15N SOFAST HMQC spectra (sfhmqcf3gpph) [229] were recorded with 1024 points and

a spectral width of 16 ppm in the direct dimension and 128 points and a spectral width

of 32 ppm in the indirect dimension for acquisition times of ca 45 ms and 30 ms for 1H

and 15N respectively. The recycle delay between scans was set to 50 ms.

2.3.2.5 Diffusion

STE diffusion experiments 1H diffusion experiments of isolated protein species used

stimulated gradient echos (STE, Section 2.1.6.6) where the diffusion delay (∆ = 100 ms)

and gradient lengths (δ= 4 ms) were fixed and the gradient strengths varied up to 95%

maximum gradient strength (Gmax = 55.57 G/cm). 1D 1H STE diffusion experiments

were acquired with 2048 points over 20 ppm spectral width for an acquisition time of ca.

75 ms. 16 gradient strength points evenly distributed from 5% to 95% Gmax. A recycle

delay of 1s was used between scans.

SORDID diffusion experiments 15N SORDID (Signal Optimisation with Recovery in

Diffusion Delays) diffusion experiments [227] were acquired in order to monitor attachment

of nascent chains to the ribosome. A diffusion delay of 190 ms and a gradient length of 2

ms were used. Two gradient strengths were used: 15% and 100% of 38.6 G/cm. Spectra

were recorded with 1024 points over 15 ppm spectral width and a 1H acquisition time of

50 ms.

2.3.2.6 Assignment via triple-resonance NMR experiments

Backbone NMR assignment data for α-synuclein(Luc 87-100) was acquired using the BEST

(band-selective excitation short-transient) implementations of the standard HNCO, HN-
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caCO, HNCACB and HNcoCACB triple-resonance assignment experiments [230]. The

HNCO/HNcaCO experiments were acquired with 1024x84x96 points in the 1H, 15N and
13C dimensions over spectral widths of 14 ppm, 32 ppm and 11 ppm for acquisition

times of 50 ms, 25ms and 30ms. HNCACB/HNcoCACB experiments were acquired with

1024x84x192 points in the 1H, 15N and13C dimensions over spectral widths of 14 ppm, 32

ppm and 64 ppm for acquisition times of 50 ms, 25 ms and 10 ms respectively. Recycle

delays between scans were 300 ms long.

2.3.2.7 Cross-saturation experiments of TF

80 µM of TFILV was mixed with 320 µM non-isotopically labelled TF in 100 % deuterated

Tico buffer (pH 7.5) with 0.001% DSS at 25◦C. A standard HMQC pulse sequence was

modified to include a 1.2 s delay period during which a selective continuous wave saturation

pulse could be applied at 4.13 ppm. The experiment was recorded with and without the

saturation pulse in an interleaved manner. Spectra were acquired with 4096 points over

16 ppmin the 1H dimension and 256 points over 22 ppm centred at 16ppm in the 13C

dimension for total acquisition times of 180 ms and 35 ms respectively.

2.3.2.8 Relaxation dispersion of TF

CPMG relaxation experiments [182] were recorded on 200-800 µM TFILV (typical 600 µM)

in 100% deuterated Tico (pH 7.5) at temperature of 15◦C, 20◦C and 25◦C for magnetic

field strengths of 700 and 900 MHz while data at 25◦C only was acquired for 500 and 800

MHz. Multiple quantum relaxation dispersion was recorded using a TROSY optimised

pulse sequence as described in [182]. CPMG frequencies used were 0, 50, 100, 150, 200,

250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000 Hz under all experimental conditions

and the selective 1H 180◦ inversion pulse calibrated and centred at 0.7 ppm. The total

CPMG delay was 20 ms while the recycling delay between scans was set to 1.5 s. Spectra

were acquired with 4096 points in the direct dimension with a spectral width of 16 ppm

and 256-512 points over 22 ppm in the indirect 13C dimension for acquisition times of 120

and 45 ms respectively.

2.3.2.9 Order parameters

1H transverse relaxation of 600 µM TFILV at 25◦C and 800MHz was measured according

to [211]. Double-quantum coherence build-up was recorded using the same sequence with

an additional 90◦ pulse after initial preparation of transverse magnetisation. Relaxation

delays were 0.7, 1, 1.5, 2, 3, 4, 5, 7, 9, 12, 15, 20 ms. Spectra were acquired with 4096

points in the direct dimension with a spectral width of 16 ppm and 512 points over 22
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ppm in the indirect 13C dimension for acquisition times of 180 and 70 ms respectively.

The recycle delay between scans was 1s.

2.3.3 NMR processing and analysis

DSS referencing In all spectra, 1H dimensions were directly referenced to the internal

reference DSS [190]. 15N and 13C chemical shifts were then referenced indirectly using

their gyromagnetic ratios γN/γH=0.10132912 and γC/γH=0.25144953.

FID processing All NMR spectra were processed in nmrPipe [231]. Zero-filling, typi-

cally to two fold was applied to the FID. For NMR spectra of the RNC, an exponential

window function was applied with line-broadening of 12 Hz in the 1H dimension. A

Lorentz-to-Gauss window function was applied to relaxation data of TFILV with an in-

verse exponential width of 8 Hz and 24 Hz gaussian line-broadening. A sine-bell window

function with an offset of 0.5 and an exponent of 0.5 was applied to 1D and titration data.

Data were converted to the time domain by Fourier transform and baseline correction

applied where necessary (sample scripts can be found in Appendix A.2).

Titration data Processed 2D spectra were imported to Sparky [232] for comparison,

transfer of assignments and peak height and chemical shift extraction. Heights and chem-

ical shift changes were compared using the Excel (Microsoft) and Matlab (Mathworks)

software packages. Titration data were fitted in Matlab by least-square minimisation of

the numerical solution to the equilibrium as described by the equilibrium constants (see

Sections 2.4 and 3.4).

NMR backbone assignment data Assignment of α-synuclein(Luc 87-100) was un-

dertaken in CCPNMR Analysis [233].

NMR diffusion data NMR diffusion data was imported to Matlab, where resonance

signals were integrated and fitted to the Stokes-Einstein equation (Section 2.1.6.6).

Relaxation data Relaxation data over the various relaxation delays and CPMG fre-

quency were fitted by least-square minimisation in Fuda. Order parameters were deter-

mined by fitting the ratio of heights of the transverse relaxation and double-quantum

coherence experiments in Matlab as described Section 2.1.6.3, equation 2.1.10. The intra-

methyl 1H-1H dipolar cross-correlated relaxation rates were then used to calculate the

S2 of each residue according to equation 2.1.9 . The fitted heights of the CPMG data

were further imported into GUARDD [234] and fitted to equations 1.1.1-1.1.5 in order to

determine kinetic parameters of observed exchange events.
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2.4 Mathematical modelling of 5-state TF equilibrium

The complex TF equilibrium described in detail in Sections 1.2.2.5 and 3.4 was the subject

of mathematical modelling in order to allow predictions of the behaviour of the TF pop-

ulations under various experimental conditions. The various states are described by the

equilibrium constants and numerically solved with the aid of the Mathematica 8 software

package (Wolfram, version 8.0.4.0). Unless stated otherwise, predictions made about the

TF population distribution under specific experimental conditions assumed values for the

dissociation constants for dimerisation, ribosome binding and RNC binding of 1.35 µM,

1 µM and 100 nM respectively based on experimentally derived values in the literature

more extensively discussed Section 3.4.

2.5 Electron Paramagnetic Resonance (EPR)

2.5.1 Theoretical basis of EPR

The fundamental principles of EPR spectroscopy are analogous to those of NMR, as out-

lined in Section 2.1. A primary difference is that the magnetisation of a lone electron spin

is investigated. Electron magnetisation is significantly stronger than that of nuclei (660

fold) but also relaxes much faster. While continuous wave (cw) EPR experiments can be

undertaken at room temperature, pulsed EPR experiments, where electron magnetisation

is manipulated, are undertaken at 50 K to slow the rates of relaxation mechanisms.

Again, electron magnetisation returns to equilibrium according to similar relaxation

mechanism as nuclear magnetisation (Section 2.1.2). Most contributions to transverse

relaxation can be refocussed using a spin echo sequence but the coupling of two nearby

electrons remains. The amplitude of the transverse magnetisation as a function of time

is detected by DEER (double electron-electron resonance) experiments [235] thus informs

on the proximity and orientation of nearby electrons. Since free electrons are typically not

stable and don’t naturally occur in biological macromolecules aside from paramagnetic

metal ions, free electrons can be selectively introduced in a required position using spin-

label or metal-binding tags in a controlled manner.

The observed oscillation in the transverse magnetisation decay corresponds to the

dipolar coupling, νdd, which is described by :

νdd =
µ0h̄γAγB
8π2r3

AB

(
1− 3 cos2 θ

)
(2.5.1)

where, µ0 is the vacuum permeability, h̄ is the reduced Planck constant, γA and γB are

the gyromagnetic ratios of the two electron spins, rAB is the distance between them and

θ is the angle between the distance vector rAB and the external magnetic field B0.
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At least one oscillation is required to accurately determine νdd and thus the distance

between the two electrons. DEER measurements are therefore limited to distances between

1.5 and 8 nm [235].

2.5.2 Experimental conditions

DEER experiments of TF were undertaken at 300 µM TF monomer concentration in

deuterated Tico (10 mM Hepes, 30 mM NH4Cl, 12 mM MgCl2, 5 mM EDTA, 2 mM BME,

0.1% SigmaFast protease inhibitor cocktail tablet, pH 7.5) with 50 % deuterated glycerol.

α-syn 87-100 up to 750 µM was added from a 2 mM stock to minimise dilution. Proxyl spin-

label attachment to TF was verified by cw EPR at room-temperature before the sample

was flash frozen. DEER experiments were performed at 50 K on a Bruker ELEXSYS E580

spectrometer operating at 9.6 GHz equipped with an ER 4118X-MS2 resonator, Oxford

Instruments continuous flow cryostat (CF935) and ITC503 temperature controller. The

four-pulse DEER sequence used was π/2(νobs)-τ1-π(νobs)-t’-π(νpump)-(τ1+τ2-t’)-π(νobs)-

τ2-echo, where the observer pulse length was 16 ns for π/2 and 32 ns for π pulses. The pump

pulse length was 12 ns. The long inter-pulse delay (τ2) was 3,500 ns. All other parameters

were according to [236] with τ1,0=400 ns and ∆τ1=56 ns. Data points were collected

in 8 ns time steps. The spectra were analysed using the programme DEERAnalysis2013

[237]. The background was corrected by a homology three-dimensional fit and the distance

distributions evaluated by Tikhonov regularisation.
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Investigation of the isolated

trigger factor chaperone by NMR

spectroscopy

3.1 Introduction

In isolation, trigger factor (TF) exists in a dynamic equilibrium between a monomer and

dimer state which assembles with low µM affinity [148, 159, 160]. The characterisation

of TF in the absence of protein substrates thus far has in large part focussed on the

structure of the TF monomer [84, 126, 238], in order to provide a high resolution model for

the interpretation of biochemical and biophysical observations in the presence of nascent

chains. Where most studies of the TF interaction with RNCs are undertaken at low

concentrations avoiding the dimeric state, the sensitivity limitations of NMR mean that

such conditions are not accessible. Indeed, at concentrations suitable to NMR (>10 µM),

the TF population is predicted to be largely dimeric. As NMR signals are the populated

weighted average of the various species in solution, an improved understanding of the TF

dimerisation reaction and its NMR properties is required for the interpretation of NMR

data in the more complex nascent chain systems. Moreover, the structural data of the TF

dimer and FRET restraint models [84, 126, 148, 238] disagree on fundamental properties

such as the orientation of monomers and buried surfaces, highlighting a gap in our current

understanding of this simple TF equilibrium.

In this Chapter, the possibility of investigating the TF chaperone by NMR spectroscopy

is explored, using a selective protonation-based isotopic-labelling protocol in combination

with methyl TROSY-optimised experiments. This methodology is then successfully ap-

plied to the determination of kinetic, thermodynamic and structural parameters of the

TF dimerisation equilibrium. Mathematical models are developed for the interpretation

69
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of these result in the context of the complex TF equilibrium.

3.2 Methods

Selective 1H-13C methyl Ile (TFile) and ILV (TFILV ) labelled TF was prepared as de-

scribed in Section 2.2.5.2 of the Materials and Methods. Mathematical modelling of the

TF equilibria as described in Section 3.4 was undertaken using Mathematica 8 (Wolfram

Research, 8.0.4.0).

3.3 Selective 1H-13C methyl labelling of Ile, Leu and Val

residues in perdeuterated TF.

Established biomolecular NMR techniques rely for sensitivity on the enrichment of het-

erologously expressed proteins with magnetic isotopes such as the commonly used 13C and
15N nuclei. As described in Section 2.1.4, these isotopic labelling strategies have permitted

protein studies by enhancing the NMR signal respective to a natural abundance sample

and the simplification of spectra by multi-dimensional projections. However, the slow

correlation times leading to rapid relaxation of the NMR signal and spectral crowding

that characterise large macromolecules and complexes leave them inaccessible to uniform

isotopic labelling strategies (Section 2.1.2).

Over the last decade, the development of methyl-TROSY experiments (described in

Section 2.1.3) have permitted the exploitation of the inherent slow relaxation rates of

methyl groups within amino acids to selectively increase the observed signals for these

atoms on a perdeuterated background (reviewed in [239]). An in vivo expression proto-

col based on synthetic, labelled and deuterated, metabolic precursors for valine/leucine,

isoleucine and more recently methionine and alanine residues has been developed for the

selective incorporation of 1H-13C to the extreme (β, γ or δ) methyl groups [200]. More-

over, expression cultures are grown in highly deuterated growth media resulting in >99%

perdeuteration of the over-expressed protein. Sample perdeuteration suppresses back-

ground signals from proton-coupled natural abundance carbon 13 signals elsewhere in the

protein but more importantly dramatically decreases transverse relaxation rates by reduc-

ing the proton density in the protein environment. Additionally, methyl group containing

amino acids have above average hydrophobicity localising them typically to folded cores

of proteins making them excellent reporters of structural integrity and changes in pro-

teins [203, 204]. In this study, the selective protonation of isoleucine and leucine / valine

residues of TF is undertaken in order to improve the quality of the dimeric TF NMR

spectra.
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Figure 3.1: Trigger factor constructs and NMR probes. (a) Structural distribution
of the 25 native TF isoleucine residues (side-chain methyl groups in blue). (b) Structural
distribution of isoleucine (blue), leucine (red) and valine (pink) methyl side-chain groups. (c)
Ile, Leu and Val residues are evenly distributed across the TF domains and represent almost
25% of the amino acid sequence. (d) H6-tagged and TEV protease cleavable full-length TF
constructs were used through-out this study.
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3.3.1 Strategy for the selective 1H-13C methyl labelling of TF isoleucine

residues.

The E. coli trigger factor contains 25 isoleucine residues (Fig 3.1, TF primary sequence

in Appendix A.1.1) which were selectively labelled using the procedure outlined in the

Materials and Methods (Section 2.2.5.1). In brief, E. coli strain BL21(DE3)∆tig cells

are transformed with an expression vector containing the TF DNA sequence preceded by

a N-terminal hexa-histadine (H6-tag) purification tag and a TEV protease cleavage site

and grown in deuterated M9 growth medium enriched with α-ketobutyrate, a metabolic

precursor in isoleucine synthesis [200].

The growth procedure relies on the step-wise adaptation of cultured cells to growth

in D2O (Fig 3.2). Cells most able to adapt essential cellular functions to accommodate

the heavy 2H isotopes are evolutionary favoured by this approach without exerting the

selective pressure as to cause expression plasmid loss. E. coli cells appear particularly

sensitive to growth in D7-glucose, the deuterated carbon source. The effect of D7-glucose

on cellular function is reflected in the results of the TF expression test in Figure 3.2.

The western blot results clearly show delayed peaking of expression in the presence of

D7-glucose. Expression in LB and deuterated M9 peaks at 16-20 hrs over-night induction

at 18◦C while expression in M9 with D2O and D7-glucose is maximum at 24 hrs. Slower

induction at reduced temperatures (18◦C) appear to provide more favourable conditions

to over-expression of TF in both LB and D2O over more typical short (4hr) expression

periods at 37◦C (Fig 3.2, lanes 2-4).

3.3.2 Preparation and biochemical characterisation of TFIle

Preparation of TF : TFIle was prepared according to the purification protocol detailed

in Section 2.2.5.2 and summarised in Fig 3.3.a. The initial Ni-NTA affinity chromatog-

raphy step permits the enrichment of the lysate in H6-TF. Where required, H6-tags were

cleaved with TEV protease. The TEV protease cleavage reaction was optimised for con-

centration and duration to 1:10 OD280 for 2 hours at room-temperature (Fig 3.3.d) or

overnight at 4◦C. A second Ni-NTA step then allowed the separation of cleaved TF from

uncleaved H6-TF, TEV and Ni-binding contaminants. While TF samples were highly pure

at this stage (Fig 3.3.b lane 8), an additional SEC permitted the removal of remaining trace

amount of TEV protease for fully purified TF samples (Fig 3.3.c). A typical deuterated

preparation yielded 240 nmol of TF, or 300µL (one NMR sample) at 800µM. Deuterated

NMR buffers were supplemented by protease inhibitors (0.1% w/v) for additional stability

during experiment acquisition.
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Figure 3.2: Trigger factor ILV labelling procedure. (a) Growth procedure for
perdeuteration and selective 1H-13C labelling of side-chain methyl groups of over-expressed
TF. Refer to text (Section 3.3.1 and 2.2.5.1) for details. (b) Expression test of TF in various
expression media (5 ml cultures) and expression conditions. (c) Quantification of expression
test results by densitometry.
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Figure 3.3: Trigger factor purification procedure. (a) Summary of the TF purification
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blots of the first four purification steps. (c) SDS-PAGE stained by Coomassie stain of the
final size exclusion chromatography step of the TF purification procedure. (d) SDS-PAGE of
the optimisation of the TEV cleavage reaction.



Chapter 3. Isolated trigger factor by NMR 75

Figure 3.4: Characterisation of TF stability. Anti-TF detected western blots of TF
stability timecourses at 4◦C (a) and 25 ◦C (b). Degradation products are marked with stars.

TF stability : The stability of TF under conditions compatible with RNC investigations

described further in Chapters 4 and 5 (in Tico buffer, pH 7.5, 4 , 10 or 25◦C) was monitored

over the duration of 7 days by Western Blot immuno-assay (Fig 3.4). At 4◦C, TF was found

to be stable up to 170 hours (7 days) where first traces of smaller degradation products

were detected. Degradation of TF was more rapid at 25◦C with a sample life-time around

50 hours.

3.3.3 Characterisation of TFIle by NMR spectroscopy

3.3.3.1 1H-13C methyl TROSY HMQC of selectively protonated 1H-13C isoleucine

residues in TF

The Transverse Relaxation Optimised Spectrometry (TROSY) 1H-13C HMQC experiment

selects for slow relaxing, long lived components of the NMR signal of coupled spins while

broadening out faster relaxing components. In large biomolecules, where signal is lost

because of the slow tumbling speed, this method is highly advantageous to study the

behaviour of methyl and amino groups on a perdeuterated background [199]. A more

detailed description of TROSY and its advantages can be found in Sections 2.1.3 and

2.1.5.
1H-13C HMQC (Heterologous Multiple Quantum Correlation) spectra were recorded

of uniformly 13C labelled TF (100 µM in Tico, 99% D2O pH 7.5) and selective isoleucine
1H-13C methyl labelled TF (from hereon referred to as TFile, 150 µM in Tico, 99% D2O

pH 7.5) at 25◦C. The isoleucine side-chain methyl group region of the spectrum shown in

Fig 3.5.a demonstrates the striking improvements achieved by the combination of TROSY-

optimised experiments and the employed selective labelling strategy.

The H6-TFile spectrum shows 20 well-resolved cross-peaks out of 25 expected isoleucine

resonances. This is in contrast to the two highly broadened and overlapping peaks in the

spectrum of uniformly 13C-labelled TF, which correspond to the highest intensity peaks
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of 1H-13C TROSY HMQC spectra of uniformly 13C-labelled TF (blue) and selective 1H-13C
labelled side-chain methyl groups of TF isoleucine residues (pink). (b) High resolution 1H-13C
TROSY HMQC spectrum of H6-TFile.
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observed in the TFile spectrum. Integration of the total signal in both spectra recorded

under similar experimental conditions (see Section 2.3) and normalised for concentration

differences, shows that selective labelling of the isoleucine side-chain methyl groups results

in a ∼13 fold increase of the NMR signal in the isoleucine region of the TF NMR spectrum

(0-1ppm in 1H dimension 10-15 ppm in 13C dimension) relative to the uniformly 13C

labelled sample.

The H6-TFile 1H-13C HMQC spectrum displays 10 well-dispersed peaks in the high

(0-0.6 ppm) and low (0.9-1 ppm) field regions of the spectrum which provide excellent

probes for the monitoring of the TF structure under varying experimental conditions.

The observed spectral dispersion correlates with expected values for a well-folded protein.

The resonances in the overlapped region between 0.6 and 0.9 ppm originate from residues

in more flexible structural elements of the TF protein such as loops and unstructured

regions. Protein perdeuteration, selective isotopic labelling and careful selection of NMR

experiments have enabled the improvement of the TF NMR spectra to a extent where a

detailed, high resolution characterisation of the large TF molecule is possible.

3.3.3.2 The effect of temperature on the quality of the TFIle HMQC spectra

1H-13C TROSY HMQC spectra of H6-TFile were recorded across various temperatures

(10, 15, 20, 25, 37◦C, Fig 3.6.a) in order to determine ideal experimental conditions.

Temperature significantly affects the rotational correlation time of molecules and thus

impacts the transverse relaxation rates. This, in turn, affects linewidth as further described

Section 2.1.2. 1H-13C TROSY HMQC spectra at lower temperatures are thus typically

associated with broader resonance linewidths. Indeed, significant broader resonances of

weaker intensity are observed for H6-TFile as the temperature decreases (Fig 3.6.b).

The observed line-broadening is however not uniform across all resonances. Certain

resonances shown significantly more intensity at 20◦C than at 25◦C (Fig 3.6.b) which is

indicative of chemical exchange. The chemical exchange broadening is more pronounced

at temperatures above 20◦C indicating that most resonances are in slow exchange at low

temperatures and gradually approach an intermediate exchange regime around 25◦C as

kex increases. The origin of the chemical exchange is likely to be found in the TF dimeri-

sation reaction although structural re-arrangement between or within domains cannot be

excluded. The observed chemical exchange is the topic of further discussion in Section

3.5.

The absence of notable exchange broadening at 20◦C results in a slight improvement in

the signal to noise relative to 25◦C. However, since pre-existing data relating to the NMR

of ribosome-nascent chain complexes (see Section 1.3.3) has been acquired at 25◦C, most

experiments through-out this thesis have been acquired at this temperature for consistency.
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Figure 3.6: Trigger factor temperature titration. (a) 1H-13C TROSY HMQC spectra
of H6-TFIle at 10, 15, 20, 25 and 37◦C. (b) Two examples of H6-TFIle resonances across tem-
peratures (10-25◦C, colours as in a) illustrating the heterogeneity in temperature dependent
broadening indicating the presence of chemical exchange.

While increasing the temperature of acquisition further to 37◦C significantly increases the

signal intensities, TF stability was found to be compromised with degradation product

appearing as soon as 4 hours into acquisition.
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3.3.4 Expansion of the selective labelling strategy to Ile, Leu and Val

residues.

The selective 1H-13C isoleucine side chain methyl labelling strategy was extended to Cδ

and Cγ methyls of leucine and valine residues respectively by the inclusion of the metabolic

precursor to both these amino acids: isovalerate. Selectivity for Cδ/γ1 or Cδ/γ2 was not

achieved and each valine and leucine residues thus appears in the TROSY HMQC spectra

as two, potentially distinct, cross peaks.

The 1H-13C methyl-TROSY HMQC, Fig 3.7, was recorded of 100 µM TF ILV in Tico

(pH 7.5) at 25◦C. Using this labelling strategy, the number of available structural and

dynamic probes in the TROSY HMQC spectrum was increased from 20 for Ile-labelling

alone to 126. 98 distinct residues were labelled using this strategy giving rise to a maximum

of 171 NMR resonances in the case where each leu/val residues corresponds to two distinct

signals. Of the detected resonances, 70 (from 10) are sufficiently well-dispersed to be

monitored across a range of experimental conditions.

The advantage of an increased number of probes is potentially offset by an increased

proton density over the protein molecule which can lead to enhanced relaxation rates of

the side-chain methyl groups and thus weaker signals through spin diffusion. Comparison

of an equivalent TFile and TFILV labelled NMR data set, shows a reduction of the signal

to approximately 85% due to increased spin diffusion in the protein while the number of

structural probes has been quadrupled.

3.3.5 Assignment of 1H-13C TROSY HMQC resonances of TFILV .

A partial assignment of TF residues was provided by Prof Babis Kalodimos at Rutger

University, NJ shown in Fig 3.7. 95% of Ile methyl resonances have been assigned using

a ’divide and conquer’ assignment strategy (Babis Kalodimos, personal communication

2013). Individual domains were assigned in isolation and the assignments transferred to the

full-length protein spectrum. Ambiguities in the assignment were resolved by mutagenesis

(typically x to ala) and comparison of detected NOEs from neighbouring, assigned residues

with the known E. coli TF crystal structure (described in Section 1.2.2.1). The assignment

of Leu and Val residues is only 32% complete through the significant overlap and difficulties

to transpose domain assignments onto the full-length spectrum.

The assignment covers a significant part of TF; it is noticeably thin in the ribosome

binding domain with only 7 of 27 Ile, Leu and Val residues assigned. This particular

domain is the most problematic in the current assignment strategy since it appears to be

adopting a non-native like dimer structure, whose spectrum does not bear semblance to

the full-length one [130].
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3.4 Mathematical modelling of the five state TF equilib-

rium.

Within the cell, trigger factor is likely to exist in a dynamic multi-state equilibrium as

depicted in Fig 1.10 and simplified in Fig 3.8. In the absence of substrates, TF adopts a

dimeric form which is the topic of further investigation in Section 3.5.2. It is the monomeric

state of TF that interacts with its various partners in the cytosol including inactive and

actively translating ribosomes, folded and unfolded isolated proteins. This introduces

competition between the different association reactions providing a potential means of

directing TF activity where it is required.

The study of one particular TF state is complicated by the need to account for the

competing reactions. These competing equilibria render the study of TF-substrate inter-

actions non trivial. In particular in the study of the TF interaction with an RNC, both

dimerisation and unoccupied ribosomes compete with the RNC for TF. Even with the

highly pure and high occupancy RNC complexes that can be produced, eliminating the

fifth competing isolated protein equilibrium, four different TF states; dimer, monomer,

70S-bound and RNC-bound, need to be accounted for. In this Section (3.4), an overview

of our current knowledge on the TF equilibria is presented and a mathematical model is

built to aid the deconvolution of competing reactions in further experiments presented in

this thesis.

3.4.1 An analysis of the TF equilibrium - background.

The distribution of TF over the various states of its dynamic equilibrium is dependent

on the availability of substrates as shown in Fig 3.8. The isolated association reactions

have been extensively studied and a comprehensive overview of the published dissociation

constants are presented in Tables 3.1-3.3. Equilibrium distributions and kinetics have

been studied across a wide range of temperatures (4-30◦C). Apparent differences across

temperature are however smaller than between different studies under similar experimental

conditions and thus the overview presented here does not permit to draw conclusions about

the temperature dependence of the various reactions.

The methods used to investigated the equilibrium behaviour of the four TF reactions

described in Fig 3.8 vary across the different studies with overall prevalence of fluorescence

and analytical ultr-centrifugation (AUC). The values obtained for each TF equilibrium are

however within the same order of magnitude, with a few notable exceptions highlighted

below.

Both the TF dimerisation and ribosome binding reactions have been found to occur

with affinities ranging from 1 to 2 µM (Table 3.10) [148, 160] while the TF affinity for
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Figure 3.8: The dynamic trigger factor multi-state equilibrium. TF (blue) ex-
ist in a dynamic equilibrium between various substrate (red) bound states. The monomer
self-associates into a dimeric form. TF transiently interacts with inactive ribosomes while
preferring nascent chain occupied ribosomes. TF further interacts with low affinity with some
unfolded and folded protein substrates independently from the ribosome.

RNCs is consistently higher with values around 100 nM with variations up to 690 nM and

down to 2 nM dependent on the specific nascent chain present (Table 3.11) [148, 240].

Three out of four values for the TF dimerisation reaction are in close agreement (Table

3.10) with an average value of Kd1 (as in Fig 3.8) of 1.25 µM. More variation is observed

in the measured values of the dissociation constant for the interaction of TF with inactive

ribosomes ranging from 300 nM to 2.1 µM. An average value of 1.1 µM puts the dissociation

constant for ribosome binding just below that of TF dimerisation.

As described, values for the dissociation constant of the TF interaction with RNCs

cover a larger range from 2 nM up to 690 nM (Table 3.11). All obtained values are signifi-

cantly lower than the dissociation constant for the TF interaction with inactive ribosomes.

The affinity of TF for RNC substrates presents both sequence and length dependence with

a general preference for nascent chain substrates between 100-200 residues in length. A

recent study [162], has challenged some of results presented in preceding studies into the

kinetics of TF association with RNC substrates. It found significantly faster equilibrium

kinetics with half-lives <0.1 ms as opposed to 10 s as previously determined and lower val-

ues for the dissociation constants of the interaction of TF with both ribosomes and RNC

substrates (∼100 nM and ∼ 2 nM respectively) (Table 3.11). The discrepancies with pre-
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viously published results were attributed to the choice of fluorescent label (BADAN) that

is proposed to induce a second, rate-limiting, conformational change in TF before 70S

association. The rapid kinetics observed in this study might also affect the interpretation

of the co-sedimentation studies which rely on a long lived interaction for pull-down of the

ribosome-bound TF fraction. It is thus likely that the apparent Kd values presented in the

co-sedimentation study present overestimations of the dissociation of the TF interaction

with ribosomes and RNC complexes.

A further caveat in some of the literatureKd values described above is that the acquired

data have been fitted to a single reaction, independently of other equilibria present, notably

the TF dimerisation reaction. In the fluorescence based studies, protein concentrations

used to experimentally determine the dissociation constants are in the high nM range,

Table 3.1: Literature overview of the kinetics of trigger factor dimerisation and binding to
ribosomes

Kd kon koff Temp Method Publication

(nM) (mM−1s−1) (s−1) (◦C)

Dimerisation

1000* - - Size Exclusion [159]
chromatography

18000* - 20 AUC

1800* - 20 AUC [160]

900* 1 30 fluorescence [148]
anisotropy

Ribosome interaction

300* - - 4 gradient [145]
centrifugation

1200* - - 30 co-sedimentation [159]

1100* - 0.036 20 fluorescence [160]
anisotropy

800* - - 30 fluorescence [148]
anisotropy

1100 ± 300 - - 4 co-sedimentation [240]

2100 21 ± 9 0.045 ± 0.001 30 fluorescence [161]

140 0.085 ± 0.005 12 ± 2 25 fluorescence [162]

70 ± 10 - - 25 FRET

* no errors available
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Table 3.2: Literature overview of the kinetics of trigger factor binding to RNCs

RNC Kd kon koff Temp Method Publication

nM mM−1s−1 s−1 ◦C

FL* 30 - - 30 fluorescence [148]

RpoB-60 690 ± 77 - - 4 co-sedimentation [240]

RpoB-80 141 ± 13 - -

RpoB-100 71 ± 7 - -

RpoB-133 53 ± 9 - -

Bop-81 670 ± 194 - -

Bop-98 316 ± 66 - -

Bop-136 422 ± 86 - -

Lep-100 311 ± 113 - -

ICDH-27 496 96 ± 1 0.047 ± 0.002 20 fluorescence [161]

ICDH-66 342 142 ± 19 0.049 ± 0.001

ICDH-108 269 186 ± 8 0.048 ± 0.001

ICDH-177 393 103 ± 12 0.037 ± 0.001

ICDH-318 341 86 ± 2 0.029 ± 0.002

RpoB-23 480 95 ± 6 0.046 ± 0.001

RpoB-36 276 163 ± 2 0.045 ± 0.001

RpoB-100 103 169 ± 6 0.017 ± 0.001

RpoB-148 224 116 ± 4 0.026 ± 0.001

RpoB-190 89 146 ± 8 0.013 ± 0.001

RpoB-233 149 137 ± 10 0.020 ± 0.001

RpoB-325 213 78 ± 4 0.017 ± 0.001

RpoB-516 292 71 ± 6 0.021 ± 0.001

MetK-30 453 99 ± 4 0.045 ± 0.002

MetK-60 308 141 ± 4 0.043 ± 0.002

MetK-101 138 168 ± 9 0.023 ± 0.002

MetK-186 279 109 ± 8 0.030 ± 0.001

FL-31 351 140 ± 9 0.049 ± 0.001

FL-106 193 167 ± 5 0.032 ± 0.001

FL-223 181 151 ± 4 0.027 ± 0.002

SH3-wt 405 108 ± 4 0.044 ± 0.001

SH3-m10 314 149 ± 4 0.047 ± 0.001

Barnase 440 99 ± 5 0.044 ± 0.001

Barnase-95 181 154 ± 5 0.028 ± 0.001

proOompA75 2 0.2 ± 0.02 0.4 ± 0.1 25 fluorescence [162]

2.5 ± 0.5 - - FRET

HemK75 2.5 0.24 ± 0.02 0.6 ± 0.2 fluorescence

10 ± 2 - - FRET

Lep75 110 0.11 ± 0.015 12 ± 2 fluorescence

90 ± 10 - - FRET

* no errors available
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Table 3.3: Literature overview of the kinetics of trigger factor binding to isolated proteins

Substrate Kd kon koff Temp Method Publication

µM mM−1s−1 s−1 ◦C

RCM-La* 1.7 - - 15 fluorescence [241]

RCM-T1
* 11.5 - -

apa-La* 7.8 - -

S7* 3.5 5.03 0.0175 25 biacore [84]

PhoAa* 25 0.3 1000 22 ITC [130]

PhoAb* 200 - -

PhoAc1* 150 - -

PhoAc2* 170 - -

PhoAc1−c2* 50 - -

PhoAc1−c3* 10 - -

PhoAa−c* 2 1.45 50

PhoAd* 200 - -

PhoAe* 18 - -

PhoAd−e* 4 - -

PhoAf * 200 - -

PhoAg* 50 - -

PhoAf−g* 14 - -

* no errors available

below the Kd of dimerisation. It is thus reasonable to assume in these cases that dimer

dissociation does not play a limiting role in the substrate-binding reactions and does not

significantly affect the measured dissociation constants. At higher concentrations however,

competition by the dimerisation reaction becomes significant and the published apparent

Kd values are thus likely to present an overestimation of Kd values of the TF monomer

associating with either ribosomes or RNC (reactions 2 and 3 in Fig 3.8).

The study by Martinez-Hackert et al. [84] focussed on the unique finding that TF

interacts with folded protein substrates independently of the ribosome. Since the exact

mechanism of binding is unknown, the distinction between dimeric TF or monomeric TF

interacting with the substrate cannot be made. The available literature on isolated sub-

strate interactions is limited, summarised in Table 3.3. It should be noted that the current

understanding of the TF interaction with isolated substrate proteins is highly biased to-

wards tightly interacting substrates for their initial identification and thus provides an

overall overestimation of the likely ’average’ affinity of TF for this type of isolated protein

substrate.
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3.4.2 Mathematical model of TF equilibria

The complex TF equilibrium as shown in Figure 3.8 can be described mathematically by

the following expressions:

Dimerisation:

Kd1 =
[Monomer]2

[Dimer]
(3.4.1)

Ribosome-binding:

Kd2 =
[Monomer][70S]

[TF:70S]
(3.4.2)

RNC-binding:

Kd3 =
[Monomer][RNC]

[TF:RNC]
(3.4.3)

Isolated protein binding:

Kd4 =
[Monomer][Substrate]

[TF:Substrate]
(3.4.4)

These expressions are however a function of concentrations that cannot be directly

measured; n.b free and complexed TF. Inclusion of the definition of these concentrations

as a function of the original protein concentrations in the experiments as below allows us

to further define the system.

[TF ]0 = 2[Dimer] + [Monomer] + [TF:70S] + [TF:RNC] + [TF:Substrate] (3.4.5)

[Substrate]0 = [Substrate] + [TF:Substrate] (3.4.6)

A final set of equations required to relate the RNC to the ribosome concentrations can be

defined by introducing the nascent chain occupancy of the ribosomes α as follows:

(1− α)[Ribosome]0 = [70S] + [TF:70S] (3.4.7)

α[Ribosome]0 = [RNC] + [TF:RNC] (3.4.8)
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This system of 8 simultaneous equations is sufficiently restrained to numerically solve for

the TF population distribution when experimental parameters such as the starting 70S and

TF concentrations, the 70S nascent chain occupancy and all four dissociation constants

are known.

The mathematical description of the simplified TF equilibrium (Fig 3.8) was numeri-

cally solved using mathematical software package Mathematica. Fig 3.9 presents a sample

input script as used for the prediction of the TF population distribution across the various

substrate-bound states under specific experimental conditions throughout this thesis. In

the remainder of this Section, some observations are made about the general behaviour

of the TF population within the multi-state equilibrium. The values of the dissociation

constants describing the various reaction used here are: 1.25 µM for the dimerisation re-

action (Kd1), 1 µM and 100 nM for the TF interaction with inactive ribosomes (Kd2) and

10 nM and 100 nM for the interaction of TF with the ribosome-nascent chain complexes

(Kd3, Fig 3.8).

3.4.3 The TF monomer-dimer equilibrium

The simplest reaction described by the model introduced in Section 3.4.2 is the dimerisa-

tion of TF in the absence of heterologous substrates. Values described for the dissociation

constant of this reaction are 0.9 µM [160], 1.8 µM [148] and 1 µM [159]; an average value

of 1.25µM will be used in the predictions made throughout the remainder of this chapter.

As is apparent from Fig 3.10.a, at 1.25 µM, the Kd value of the reaction, the TF

population is equally distributed over monomer and dimer species. At lower concentrations

(<Kd) the TF monomer is favoured while at higher concentrations the dimer forms the

major species.

NMR investigation of large macromolecules such as TF using the selective labelling

strategies outlined in Section 3.3 are feasible from concentrations of 10 µM upwards. For

detailed, high resolution study of macromolecules, 100 µM concentrations are a minimum

requirement (for more details, refer to Section 2.1.5).

While the monomer and dimer population fractions are equal at 1.25 µM, this differs

from the concentration at which both monomer and dimer concentrations are the same.

This is in contrast to typical heterologous complexes studied where the complex concen-

tration equals that of the reactants at the Kd because the TF dimer is made up of two

TF monomers. The monomer and dimer concentrations coincide at 3.8 µM. This distinc-

tion is important since both TF molecules in the TF dimer contribute to the dimer NMR

signal. In the case where the TF dimer is symmetrical, the NMR signal from a specific

residue in one monomer of the dimer will be very likely to overlap with that of the second

monomer because their chemical environments will be closely similar. As a consequence,
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Γ@T0_, R0_, S0_, Α_, K1_, K2_, K3_, K4_D :=

ModuleB8ΓD, ΓM, ΓR, ΓN, ΓS, eqns, sol, d, a, b, c, n, r, m, s<,
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,

K3 �
m n

b
,
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m s

c
,
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H1 - ΑL R0 � r + a,
Α R0 � n + b,
S0 � c + s

>;

H*NSolve@eqns�.T0®2*^-6�.K1®1*^-6�.K2®1*^-6�.K3®1*^-7�.R0®10*^-6�.Α®.9�.S0®10*^-6�.
K4®1*^-6D*L

sol = Select@
NSolve@eqnsD
, HRe@m �. ðD > 0 && Re@n �. ðD > 0 && Re@a �. ðD > 0 && Re@b �. ðD > 0 &&

Re@c �. ðD > 0 && Re@s �. ðD > 0 && Re@r �. ðD > 0 && Re@d �. ðD > 0L &DP1T;
H*Print@Hm+2d+a+b+sL�.solD;*L

ΓD = 2
d

T0
�. sol;

ΓM =
m

T0
�. sol;

ΓN =
b

T0
�. sol;

ΓR =
a

T0
�. sol;

ΓS =
c

T0
�. sol;

8ΓD, ΓM, ΓR, ΓN, ΓS<

F;

Figure 3.9: Mathematical description of the TF multi state equilibrium as Math-
ematica input.
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Figure 3.10: Mathematical description of the TF dimerisation and 70S association
equilibria. (a) TF population distribution over monomer (pink) and dimer (red) states with
increasing TF concentration (on a logarithmic scale). (b) TF population distribution over
monomeric, dimeric and 70S-bound (blue) states with increasing TF concentration in the
presence of 10 µM 70S and a predicted affinity for the ribosome of 100 nM. (c) TF population
distribution over monomeric, dimeric and 70S-bound states with increasing TF concentration
in the presence of 0.5 µM 70S and a predicted affinity for the ribosome of 1 µM. (d) TF
population distribution over monomeric, dimeric and 70S-bound states with increasing TF
concentration in the presence of 10 µM 70S and a predicted affinity for the ribosome of 1 µM.

NMR signal integrals of the resonances originating from the same residue in the monomer

and dimer will be equal at 1.25 µM.

However, in the case where the TF dimer interface is asymmetrical, the same residue

might experience a different chemical environment from one sub-unit of the dimer to

another, distinct again from the same residue in the monomer population. This would

give rise to two distinct NMR signals for the same residue in the TF dimer. Since the

signals no longer add up, the signal integrals will be equal to that of the monomer signal

at 3.8 µM where the monomer and dimer concentrations are the same. This phenomenon

is described further in Section 3.5.1.1.
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3.4.4 Competition between TF dimerisation and ribosome binding

Addition of ribosomes to TF introduces competition between two equilibria of similar

affinities. While the average published value for dimerisation is 1.25 µM, ribosome binding

was found to occur with an average Kd of 1.1 µM [148, 160]. Since ribosome binding is

slightly favoured, the gradual introduction of higher concentrations of 70S to the model,

results in a shift of the dimerisation equilibrium (note the intersect of the red and pink

lines in Fig 3.10.b) to the right towards higher TF concentrations. For instance, 0.5 µM

ribosomes (Fig 3.10.c) shifts the point of equal populations of monomer and dimer towards

1.4 µM while 10 µM 70S displaces the equilibrium to 4.9 µM. As a result, the monomer

fraction can be favoured over the dimer fraction at TF concentrations up to 6 µM. It

should be noted that although the relative monomer fraction can be manipulated at will

within a concentration range of 1-10 µM TF by varying the added concentration of 70S,

the absolute monomer concentration never exceeds that in the absence of 70S.

The changes in the relative sizes of the monomer and dimer populations upon addition

of ribosomes are relevant to the NMR investigation that follows since NMR spectra dis-

play population weighted average signals. NMR spectra of TF in presence and absence of

ribosomes cannot be readily compared as the ribosome addition results not only in the con-

tribution of the 70S-bound state to the spectrum but also in a shift in the monomer/dimer

equilibrium. A good understanding of the interplay between the dimerisation reaction and

ribosome-binding could thus aid in the deconvolution of the various contribution to the

NMR spectrum (see Section 1.5.1.3).

Remarkably, at ribosome concentrations above 1.1 µM, i.e the ribosome binding dis-

sociation constant Kd3, the monomer fraction reaches a ’steady state’ whose relative size

remains constant over a large range of TF concentrations. The direct exchange of 70S-

bound TF to dimer is observed instead (Fig 3.10). This observation suggests that the

monomer contribution could potentially be eliminated in studies investigating the TF-

ribosome interaction since the relative contribution to the NMR spectrum is concentration

independent.

A tighter affinity of TF for the ribosome as indicated by [162] with a Kd of 100

nM abolishes the competition between the dimerisation reaction and ribosome-binding.

Ribosome-binding is under these circumstances highly favoured and both TF dimer and

monomer species do not accumulate significantly until saturation is achieved (Fig 3.10.b).

The presence of a single TF species in solution (the ribosome-bound state) would simplify

the interpretation of NMR results as further discussed in Section 4.5.
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3.4.5 RNC occupancy is the determining factor in TF population dis-

tribution.

TF interacts with nascent chain-occupied ribosomes with an approximate ten-fold greater

affinity than with inactive ribosomes. RNCs thus outcompete the other TF equilibria and

the amount of TF bound to RNCs is directly correlated to the amount of RNC available

as determined by the ribosome occupancy (Fig 3.11). For instance, for 10 µM TF and 10

µM 70S, at 90% occupancy, 80% of TF is RNC bound while for an occupancy of 30% this

value is 28%. In fact, the curves in Fig 3.11 show that with increasing TF concentration,

most TF is initially RNC bound, in the form of a plateau, until near saturation of RNC

is reached at which point the relative fraction start decreasing.

Based on the reasonable assumption that the affinity of TF for nascent chain occupied

ribosomes will always be equal or greater than that of inactive ribosomes, the exact Kd3

value for the TF RNC interaction plays only a minor role in distributing the TF population

over the various substrate bound states (Fig 3.11b).

The interplay of the various equilibria thus strongly favours RNCs over other substrates

correlating with the idea that RNCs are TF’s physiological substrates.

3.4.6 The TF equilibrium in vivo.

A number of predictions about the cellular distribution of TF can be made in a similar

fashion although it is important to emphasise that the five state equilibrium as presented

here is a simplification of the situation in the cell where TF can associate with a multitude

of RNCs and isolated protein substrates, all with their respective dissociation constants.

Assuming a normal distribution of the substrate affinities for TF in the cell however, an

estimate can be made using average Kd values which would in principal not deviate far

from reality.

Cellular concentrations of TF and the ribosome are approximately 50 µM and 20 µM

respectively [242]. The extent of ribosome occupancy depends on the growth phase of the

cell but it is estimated that during exponential growth ∼80% of ribosomes are active in

translation in E.coli [243] .

Not taking into account any interactions with isolated protein substrates, the TF

population distribution in the cell would be ∼54% dimeric, ∼37.5% ribosome-associated

of which ∼85% is occupied by a nascent chain. This would imply that at any given time,

95% of all ribosomes are bound by TF. The remaining ∼8.5% TF exists in a monomeric

form or 4.25 µM total per cell. The combination of a relative excess of TF and a relatively

high affinity for the 70S could thus ensure that close to all ribosomes are occupied by

TF at any given time, making TF an integral part of the protein biogenesis machinery.

The two fold excess of TF over 70S also ensures that sufficient TF is present to permit
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Figure 3.11: Mathematical description of the TF RNC association equilibrium
and in vivo behaviour. (a) Behaviour of the RNC-bound TF population with increasing
TF concentration for various RNC occupancy values (10µM ribosomes, NC occupancies from
light to dark blue: 0.3, 0.5, 0.7, 0.9). (b) Behaviour of the RNC-bound TF population with
increasing TF concentration for various dissociation constants for RNC association (from light
to dark blue: 1 µM, 500 nM, 100 nM, 10 nM, 1 nM). (c) Predicted TF population distribution
in vivo for varying affinities of TF for isolated protein substrates. Dimer in red, monomer in
pink, 70S-bound in light blue, RNC-bound in dark blue and protein-bound in grey.

more specialist functions [86] such as the protection of fully synthesised, but uncomplexed

ribosomal proteins (e.g S7) which interact with high affinity but exist in small populations,

without TF interacting with other, more abundant proteins of lower affinity. Indeed the

competition with the dimerisation reaction ensures that any reaction with a dissociation

constant above 1.25 µM does not occur except in extreme cases of abnormal accumulation

of a particular substrate in the cell.

The TF population estimates above are robust to deviations in the RNC affinities for

TF. For example, a shift in RNC-binding Kd from 100 nM to 1 µM would result in only

small changes in the population distribution, notably 54% to 59% dimeric and 31% to

26% RNC bound. Inclusion of isolated protein interactions into the equation results in a

conversion of the dimeric form to a substrate bound state, the extent of which depends on
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the concentration of substrate present and the TF affinity for the substrate (Fig 3.11.c).

This conversion does not affect the fraction of RNC-bound TF at realistic estimates of the

extremes in concentration (20 µM) and affinity (500 nM) of isolated protein substrates.

In summary, the five state TF equilibrium has been expressed mathematically and has

been evaluated using literature values for the dissociation reactions. This model allows

us to make a number of predictions on the behaviour of the TF population under specific

experimental conditions; a finding which will be highly valuable in the interpretation of

the recorded TF NMR data where the members of each state will contribute to various

degrees to the observed spectrum.

3.5 NMR investigation of the TF dimerisation reaction

In the absence of heterologous substrates, TF exists in a dynamic equilibrium between a

monomeric and dimeric state [148, 159, 160]. Although most interactions with heterologous

substrates occur with monomeric TF [84, 130, 131, 159] the TF dimerisation reaction could

play an essential role in regulating the interaction of TF with isolated protein substrates

by competing with low affinity contacts and to act as storage form of excess TF in the

absence of high affinity substrates. Indeed, the high protein content of the cell and the

promiscuity of the TF interaction with hydrophobic substrates could exhaust the cellular

pool of TF available for interaction at the ribosome surface in the absence of a competing

mechanism or prevent native protein activity through transient interactions. The ongoing

competition between substrate interaction and dimerisation might further form the basis

of a release mechanism of TF from folding-competent nascent chain client proteins at the

ribosome surface.

As discussed in Section 3.4, the dimeric TF complex was found to persist with a half-

life (t1/2) of ∼1 s (i.e the dissociation rate koff ∼1 s−1) and assembles with a dissociation

constant of 1-2 µM [148, 159, 160]. The detailed study of proteins by NMR typically

requires concentrations >100 µM. Under such experimental conditions, dimeric TF would

be almost exclusively present in the absence of preferred substrates such as the ribosome

(see Section 3.4 for more details on TF population distributions under various experimental

conditions). Since the ongoing competition with the dimerisation reaction cannot be

prevented in the study of the full-length TF molecule, it is important to account for

its contribution towards the NMR spectrum even when the focus of the study is on the

interaction of TF with a specific substrate. The remainder of this chapter therefore aims

to characterise the NMR behaviour of the TF dimerisation reaction in order to improve

our current understanding of this TF equilibrium and to understand the NMR spectral

changes associated with the monomer/dimer equilibrium. This is particularly important

for subsequent studies of substrate interactions investigated in Chapters 4 and 5.
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Figure 3.12: Overview of structures of dimeric TF (a) Structure of the T.maritima
TF dimer in complex with the S7 ribosomal protein. (pdb 3GTY [84]). (b) Structure of the
V.cholerae TF dimer (pdb 1T11 [238]). (c) Structure of the E.coli TF, dimeric structure from
crystal symmetry (pdb 1W26 [126]). (d) Proposed orientation of the TF dimer in solution
based on FRET distance restraints [148].

Our current structural understanding of the TF dimer presents a conflicting view

of the dimerisation interface and, on a larger scale, the relative orientations of the two

monomers as different X-ray crystal structures of TF dimers present a mix of symmetrical

and non-symmetrical orientations (Fig 3.12). The V.cholerae TF dimer structure (Fig

3.12.b) presents a parallel, side-to-side packing of the monomers [238]. This truncated TF

construct (44 residues missing from the C-terminus) was in later studies, however, shown

to result in a non-native collapsed state [143]. The T.maritima TF complex with S7 (Fig

3.12.a) was shown to oligomerise to a 2:2 stoichiometry [84]. The two monomer ‘cradle’

regions, shown to interact with protein and nascent chain substrates [130–132] are buried

within this complex. However, analysis of the structure indicates that the S7 substrate

contributes significantly to the dimerisation interface interacting with large portions of the

most hydrophobic regions of TF, intuitively buried in the native TF dimer interface. The
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interaction between TF molecules is primarily mediated by the RBD and PPIase domains

and the extremities of the ‘arm’ regions of the SBD. In the full-length E. coli TF crystal

structure [126], the dimerisation interface is non-symmetric and the relative monomer

orientation is perpendicular. The interaction is mediated by the RBD and SBD domains

of one monomer with the SBD of the other and efficiently buries hydrophobic regions in

one TF monomer only. Finally, distance restraints derived from inter-molecular FRET

measurement propose a perpendicular orientation of the two TF monomers, ranking the

distances from largest to smallest as follows: 14-14 >150-150 >326-326 [148].

The absence of a clear understanding of the TF dimerisation interface means that

certain changes in the NMR signal upon substrate interactions cannot be readily attributed

to dissociation of the dimer. We thus set out, in the study that follows, to build a model of

the solution structure of the TF dimer using a range of NMR techniques. The size of the

TF dimer (98 kDa) means that typical structure determination approaches based on NOE

measurements cannot be readily undertaken. The strategy employed below thus relies on

the determination of the dimerisation interface from basic two-dimensional fingerprinting

spectra and medium range distance constraints from paramagnetic relaxation enhancement

(PRE) measurements.

3.5.1 Spectroscopic characterisation of the monomer/dimer equilibrium

3.5.1.1 Dilution study of TF

The binding interfaces of proteins with small molecules or other proteins are regularly

determined by NMR by means of fingerprint spectra, where each resonance corresponds

to an isotopically labelled chemical group. Perturbations in the chemical shift across a

titration of the substrate are mapped to particular residues involved in the interaction

and in ideal cases can be used to determine a dissociation constant of the reaction. In a

similar approach, 1H-13C HMQC spectra of TFILV were monitored across a range of TF

concentrations. Dilution of the TF concentration perturbs the dimerisation equilibrium

resulting in a gradual increase in the relative monomer population.

Experimental procedure : Two concentration titrations of TF were carried out : H6-

TFILV at 700 MHz and WT TFILV at 900 MHz. 1H-13C HMQC spectra were recorded of

7.5, 10, 15, 25, 40, 60 and 90 µM H6-TFILV prepared by serial dilution, at 25◦C and pH 7.5

at a magnetic field strength of 700 MHz. WT TFILV 1H-13C HMQC spectra were recorded

at 4, 9, 13, 18, 26, 43, 65 and 87 uM at 25◦C and pH 7.5 at a magnetic field strength of

900 MHz. The concentration dependent behaviour of representative resonances is shown

in Fig 3.13. Resonance intensities across the two serial dilutions were compared after

normalisation to the total TF concentration. Errors were calculated from the standard
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deviation of the noise in individual HMQC spectra.

Predictions : Where chemical shift perturbations report on changes in chemical envi-

ronment, resonance heights (as indirect measure of the linewidth) report on side-chain

flexibility and the size of the overall molecule. Thus, in the case of TF dimerisation,

where residues involved in the interface gain significant flexibility upon monomerisation in

addition to an increase rotational correlation time, the resonance heights contain similar

structural information as chemical shift perturbations. The dependence of the NMR signal

on molecular size is discussed in more detail Section 2.1.2. In brief, the linewidth is equal

to πR2 and thus the height is proportional to ∼1/R2. The transverse relaxation rate R2

is itself directly proportional to the rotational correlation time (τc) which is again related

to the molecule size. Assuming a spherical particle, a doubling of the molecular weight

results in doubling of τc and thus R2. This increase in the R2 results in the halving of the

signal heights.

In this study, the monomerisation of the TF dimer results in two particles half the size

of the dimer. Their associated resonance intensities, in the absence of exchange effects and
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Figure 3.13: Exchange regimes of the TF dimerisation reaction.( a) Select H6-TFILV

1H-13C HMQC resonances at 700 MHz : 7.5 µM in blue, 15 µM in light blue, 40 µM in pink
and 90 µM in red. (b) Select TFILV 1H-13C HMQC at 900MHz : 4 µM in blue, 13 µM in
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Figure 3.14: Size dependence of the detected NMR signal. The rotational correlation
time (’tumbling’) of small particles is rapid giving rise to narrow linewidths. For the same
number of particles, a doubling in size gives rise to a doubling of the linewidth of the NMR
signal. Since the integral of the signal is unchanged, the height of the associated peak is
halved. Double the number of particles (represented here by a scenario where both monomers
of the dimer NMR detectable (in blue)) results in doubling of the signal integral. However,
since the size of the particle is conserved, the linewidth of the signal remains the same. The
increase in the number of probes is therefor reflected in the signal height which is doubled,
while the linewidth reflects the increase in molecule size.

thus not directly involved in the dimerisation process, should thus be double that of the

same atoms in the TF dimer (Fig 3.14). Predictions about the TF population distribution

over monomer and dimer states can be made using the mathematical formulation of the

TF equilibrium described Section 3.4.2. Based on a literature dissociation constant value

of 1.25 µM, 92% of TF will be dimeric at 90 µM and 68% and 75% only at 4 µM and

7.5 µM respectively. As the TF monomer contributes twice the intensity to the NMR

spectrum, this change in the equilibrium is predicted to result in a ∼1.2 fold increase of

the detected resonance heights at 4 µM relative to the 87 µM spectrum of TFILV after

normalisation for concentration. Based on a Kd value of 7.2 µM (see Section 3.5.1.2), the

dimer population changes from 82% to 40% from 87µM to 4µM resulting in an expected

1.4 fold increase of the signal heights.

Dilution study of H6-TFILV at 700 MHz : The dilution of H6-TFILV resulted in

progressive changes to the acquired 1H-13C HMQC spectra. Chemical shift perturbations

were detected but were typically of small amplitude (∼0.02 ppm in 1H dimension, Fig

3.13.a). The majority of chemical shift perturbations mapped to residues in the TF PPIase

domain. More extensive change to the resonance intensities were detected with decreasing

TF concentration. The comparison of signal heights at 7.5 µM and 90 µM shows significant
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increases in relative intensity upon dilution (Fig 3.15) up to 4 fold while only a limited

number of resonances were broadened to 50%. The structural distribution of the observed

relative intensities as presented in Fig 3.15.c displays a clear directionality. The limited

number of broadened resonances map to the left-hand side of the protein in the orientation

shown, covering all three domains. The more extensive resonance increase cover the right-

hand side of the protein, in particular the arm 2 and neck regions of the SBD. In addition,

while all 90 µM TFILV HMQC resonances are accounted for at lower concentrations (7.5

µM) novel resonances gradually appear with decreasing concentration.

The detected increase in the relative intensities as the monomer population progres-

sively grows, with decreasing TF concentration, were above and beyond (∼ 3 fold) what

would be predicted based on the principles of size dependence of the NMR signal and

predicted change in the TF population distribution as discussed above under slow ex-

change conditions (1.2-1.4 fold). The exchange between monomeric and dimeric TF thus

appears to occur on an intermediate NMR timescale under the conditions of this study,

with significant contribution from the exchange process to the transverse relaxation rates.

The study of the interaction of TF with α-synuclein described in Section 4.4.1 found the

TF affinity was enhanced in the presence of a H6-tag. The combination of the possibility

of interference by the H6-tag with dimerisation and the unfavourable exchange regime

lead to the following study using the wild-type TF sequence and a higher magnetic field

slowing down the relative timescale of the exchange (since the chemical shift difference

increase with magnetic field strength)

Dilution study of WT TFILV at 900 MHz : The comparison of the 1H-13C TROSY

HMQC at 4 µM and 87 µM is shown in Fig 3.16.a. Significant, yet small, differences

in chemical shifts (10-15 Hz) and more substantial changes in resonance intensities were

detected. Chemical shift perturbations map predominantly to the PPIase domain and the

arm 1 region of the SBD.

The peak heights at 4 µM relative to 87 µM were normalised for concentration and

shown in Fig 3.16.c. Selective broadening of resonances to 40% was observed, mapping in

particular to the RBD, arm 2 and cavity regions of the SBD of TF. A limited number of

resonances originating from the neck region of the SBD displayed significantly increased

intensities between 150-200%. While the expected increase in signal intensity discussed

above (1.2-1.4 fold) is observed for a minority of probes, in particular between 150 and 250

(i.e the PPIase domain), a large number of resonances are significantly reduced to about

50%. The observed reduction reflects the slow exchange behaviour where the conversion

from the dimer to the monomer species results in a decrease of the dimer resonance

monitored here and an increase in the monomer signal elsewhere. Since this exchange

phenomenon can only be observed if the chemical shift between the two species differs,
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Figure 3.15: Identification of residues involved in dimerisation through 1H-13C
TROSY HMQC resonance heigths. (a) Ile and Leu/Val region of the 1H-13C TROSY
HMQC spectra of 7.5 µM (black) and 90 µM (blue) H6-TFILV . (b) Sequence distribution of
1H-13C TROSY HMQC resonance intensities at 7.5 µM relative to 90 µM. Pink and red lines
represent expected intensity values in the absence of exchange effects for a dimerisation Kd

of 1.25 and 6.8 µM respectively. (c) Structural distribution of observed intensity changes as
shown in b.
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Figure 3.16: Identification of residues involved in dimerisation through 1H-13C
TROSY HMQC resonance heigths. (a) Ile and Leu/Val region of the 1H-13C TROSY
HMQC spectra of 4 µM (black) and 87 µM (red) TFILV . (b) Structural distribution of
observed intensity changes as shown in c. (c) Sequence distribution of 1H-13C TROSY HMQC
resonance intensities at 4 µM relative to 87 µM. Pink and red lines represent expected intensity
values in the absence of exchange effects for a dimerisation Kd of 1.25 and 6.8 µM respectively.
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this indicates that the chemical environment of the chemical group in question in the

dimer and monomer is significantly different.

The intensity data here presented thus implicates both the full RBD and SBD in

the dimerisation reaction based on the selective reduction in resonance heights. From

this analysis, the PPIase domain appears unaffected by monomerisation. The present

analysis does however not account for resonances in the fast exchange regime. Taking into

consideration that the majority of resonances in the TFILV HMQC spectra presented here

are in the slow exchange regime, with relative small chemical shift differences (10-15 HZ),

the chemical shift difference between monomer and dimer states would have to be < 1Hz

to put the resonance in the fast exchange regime (Section 2.1.6.1), assuming the exchange

rate of dimerisation is a global parameter.

Discussion Both the titration of H6-TFILV at 700 MHz and WT TFILV at 900 MHz

identified the RBD and arm 2 region of the SBD as most strongly affected by changes in the

monomer/dimer equilibrium. A majority of TF resonances at 700 MHz were found to be

in intermediate exchange. The increase in field strength to 900 MHz effectively slows down

the relative exchange timescale and most resonances were in slow exchange in the second

dilution series described. A principle difference between the two data sets is the role of the

PPIase. The titration of H6-TFILV found a number of residues involved in the dimerisation

process, while at 900 MHz, WT TF resonances from the PPIase domain behave according

to the predictions made at the start of this study. While the exact origin of the observed

differences remains unclear, the H6-tag may perturb the dimerisation process slightly.

It should further be noted that at high concentrations of WT TF, only one set of

resonances was observed. The total number of detected resonances as described Section

3.3.4 (126 out of total of 171 I, L and V methyl groups present in TF) indicates that both

monomers contribute to the same dimeric signal. It is therefor likely that the TF dimer

interface is symmetrical.

3.5.1.2 Numerical analysis of the WT TF dilution data set

The TFILV dilution data set displays favourable slow exchange behaviour (Fig 3.13) for

the quantification of the concentration dependent changes observed. In this slow exchange

limit, the shift in the population distribution upon dilution thus results in the gradual

disappearance of the dimer resonances and a gradual increase in the monomer contribution

to the spectrum.

Kd determination by two-dimensional line-shape analysis : A value of the dis-

sociation constant for the monomer/dimer equilibrium was obtained from the WT TFILV

titration series by means of a two dimensional line-shape analysis approach (Waudby et
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al, in preparation). Lineshape analysis monitors the chemical shift and linewidth of an

NMR resonance across a titration in order to determine the Kd and kinetic details of

the reaction as described by the BlochMcConnell equations and is therefore not limited

to any particular exchange regime. Preliminary analysis of two resonances pairs (fits of

I311 presented in Fig 3.17.d) produced a Kd value of 7.2 µM and a dissociation rate sig-

nificantly slower than 1 s−1. The inclusion of more pairs of resonances should increase

the robustness of the obtained results but also forms the main caveat of this approach as

partner resonances (originating from the same chemical group in the monomer and dimer)

need to be identified with certainty.

Global fit of the dissociation constant of dimerisation by linear regression :

Using a linear regression approach developed in collaboration with Dr Chris Waudby

(UCL), signal intensities at each point of the full HMQC spectra were decomposed into

monomer and dimer contributions identified by concentration dependent changes in the

signal intensity. The full Matlab script is included in Appendix A.4-5. Expected con-

centration dependent behaviour was predicted for a range of dissociation constant values

and optimal values of Idimer and Imonomer determined by fitting of the experimental data.

The deconvoluted monomer and dimer signal were recombined according to the predicted

population distribution and compared to the experimental data to calculate residuals and

hence Chi2 values for every Kd value screened.

Fit results are shown in Fig 3.17.a. Preliminary results demonstrated that certain

sites were fitted with negative signal contributions from one of the two species present

and signals were therefore restrained to be positive. Without this physically-motivated

constraint, lower Kd values were found to be preferred. Initial fits were performed across

all points of the TF HMQC spectrum. However, most of these points contain noise only

and thus do not contain information about the dissociation constant of the dimerisation

reaction, potentially introducing errors in the obtained fitting results. Therefore, a signal-

to-noise threshold was applied, excluding the majority of the noise. The effect of the S/N

threshold on the fitting results and the portions of the NMR spectrum included in the fit

are shown in Fig 3.17.a and c. More stringent filtering of the signals included in the fit

resulted in marginally lower Kd values (from 11.6 µM without threshold to 10 µM with a

threshold of 10 S/N) but all values were within error, proving that the linear regression

approach detailed here is robust. A signal-to-noise threshold of 3 was chosen for the

final determination of the dissociation constant as it efficiently filtered out all noise while

including weaker TFILV signals (Fig 3.17.c). The final dissociation constant obtained by

this method is 10.5 ± 0.4 µM. Errors were estimated from the Chi2 analysis, where in the

case of one single degree of freedom in the fit (here, the dissociation constant) a value of

Chi2=1 corresponds to the upper and lower limits defined by the experimental error.
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Figure 3.17: Determination of the dissociation constant of TF dimerisation. (a)
Effect of data threshold on fitted dissociation constant. (b) Chi2 minimisation of the TF
dimerisation dissociation constant with a inclusion threshold of 3 S/N. Enlargement around
minimal Chi2 value of curve shown in a. (c) Effect of threshold on the physical appearance
of the 1H-13C TROSY HMQC spectrum. (d) Overlay of simulated NMR data based on
lineshape analysis (red) and the experimental spectrum (grey) for residue I311 across the 7
concentrations of the titration Section 3.5.1.
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spectrum (yellow) is the linear combination of the monomer and dimer spectra according to
the TF population distribution.

3.5.1.3 Deconvolution of the monomer and dimer contributions to the TFILV

NMR spectrum

The numerical analysis described in Section 3.5.1.2 decomposed observed spectra into

monomer and dimer contributions. Based on the best-fit Kd of 10.5 µM for dimerisation,

the NMR spectra of 1µM and 1µM pure monomer and dimer were simulated as shown

in Fig 3.18. Overlay of the experimental TFILV spectrum at 30 µM with the monomer

and dimer spectra shows that the experimental data is indeed a linear combination of

the two simulated spectra. Since the monomer and dimer signals evolve in the opposite

direction with increasing TF concentration, this deconvolution of the monomer and dimer

contributions proved highly robust to the assumed Kd value for the dimerisation reaction.

This linear regression method has thus permitted the determination of the NMR spec-

trum of a pure species that is in theory inaccessible to NMR: the TF monomer. This

approach is particularly useful for those resonances with small chemical shift difference

across the two species. While in the experimental data, the two resonances overlap and

thus appear as a single, broad, resonance, this deconvolution highlights the two different
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contributions and demonstrates that even for resonances that visually do not appear to

change significantly across the TF concentration titration such as V215 and V164 (TF as-

signment in Section 3.3.5), the NMR signals originating from the monomer and the dimer

may in fact be distinct.

The deconvolution of the monomer and dimer contributions further permits the predic-

tion of the appearance of the TF NMR spectrum given a certain population distribution

as demonstrated for the TF spectrum in the presence of the ribosome in Section 4.5.

3.5.2 Structural characterisation of the TF dimer

The analysis of TFILV resonance intensities across a serial dilution (Section 3.5.1.1) im-

plicated a large region of the RBD and arm 2 and cavity regions of the SBD in the dimeri-

sation reaction. NMR signal heights are sensitive reporters of changes in the chemical

environment and thus reflect both residues in the dimer interface and associated confor-

mational changes in more distal regions of the protein. In order to narrow down the

exact interface residues, cross-saturation experiments were pursued. Paramagnetic relax-

ation enhancement measurements were undertaken to provide additional medium range

distance restraints in order to determine the relative orientation of the two TF molecules

in the dimer.

3.5.2.1 Cross-saturation mapping of dimer interface

The observed changes in peak height and chemical shifts across concentrations as described

in Section 3.5.1 reflect any changes in the chemical environment or flexibility of I, L

and V side-chains upon monomerisation. Perturbed resonances thus do not uniquely

map to the dimerisation interface but may also reflect more widespread conformational

changes associated with dimerisation. Cross-saturation experiments (Section 2.1.6.4) were

therefore used to specifically identify interface residues.

80 µM [2H,13C-ILV]-TF was mixed with 320 µM [1H,12C]-TF such that approximately

80% of the total TFILV present forms mixed 1H/ILV dimers. TFILV 1H-13C HMQC

spectra were then recorded at 25◦C, pH 7.5 at 700MHz with an recovery delay of 1.2

s. Spectra were recorded with and without selective 1H saturation pulse at 4.13 ppm

during the recovery period and the relative peak heights were then compared. Overlay

of the TFILV 1H-13C TROSY HMQC spectra recorded shows certain resonances were

selectively broadened (Fig 3.19.a). Uniform broadening to 90% was observed along the

sequence indicating either that the selective saturation of protons was not entirely limited

to the protonated TF monomer (Fig 3.19.b) or spin diffusion across the whole molecule.

Additional, selective, broadening at sites such as between residues 50 and 100 indicate

saturation transfer across the dimer interface.
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Figure 3.19: Dimerisation interface residues based on cross-saturation NMR ex-
periments. (a) Ile and Leu/Val region of the 1H-13C TROSY HMQC spectra of TFILV

in the absence (black) and presence (pink) of selective 1H saturation pulse. (b) Structural
distribution of observed intensity changes as shown in c. (c) Sequence distribution of 1H-13C
TROSY HMQC resonance intensities in the presence of selective 1H saturation pulse relative
to intensities in the absence of saturation pulse.
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The observed broadening maps to residues in the extremity of ‘arm 2’, the inner surface

of the RBD domain and some residues in the PPIase domain (Fig 3.19.b). The majority

of assigned I, L and V resonances in the RBD display relatively strong broadening by

saturation transfer, although given the limited number of probes in this domain, this

does not provide a clear picture of the exact outline of the interaction surface. The main

identified sites overlap with those most strongly affected by dilution (Section 3.5.1.1) with

the exception of the PPIase domain where little to no change was observed by monitoring

the resonance intensities (Fig 3.16).

The cross-saturation data presented here show that residues on the inner surface of TF

(facing upwards in Fig 3.19.b) line the dimerisation surface. These include residues iden-

tified as involved in substrate binding [130]. The absence of broadening detected further

into the cradle suggests that packing of the dimerisation surface is not very tight. The

dimerisation interface further appears to be a discontinuous surface mapping to separate

sites on individual domains.

3.5.2.2 Structural characterisation of the TF dimer using intermolecular para-

magnetic relaxation enhancements

Cross-saturation and intensity analysis have shown that interface residues localise to the

main hydrophobic pockets present on the TF surface (Fig 1.19) alluding to the nature of

the contacts between monomers, but these measurements do not provide information on

the relative orientation of the sub-units in the dimer. Medium range distance constraints

(10-25 Å) from spin-labelled positions to assigned ile, leu and val methyl groups in the

TF dimer were therefore measured by paramagnetic relaxation enhancement experiments

(Section 2.1.6.5) in order to obtain a more detailed description of the arrangements of the

TF domains relative to each-other within the dimer.

Experimental strategy and procedure : Proxyl spin-labels were introduced at 4

distinct sites using single cysteine mutant, [2H]-TF at positions 14, 150, 326 and 376

(Section 2.2.5.3). 150 µM spin-labelled TF mutant was mixed with 50 µM TFILV and

recorded at 25◦C, pH 7.5 at 800 MHz. 1H-13C HMQC spectra of both a paramagnetic

and diamagnetic sample were acquired with additional relaxation delays of 0.1 ms and 20

ms respectively. Diamagnetic samples were prepared by addition of 2 mM ascorbic acid.

The reduction reaction was allowed to proceed for 1 hour before further NMR data was

acquired. NMR spectra were normalised for dilution by comparison of the DSS signals in

the paramagnetic and diamagnetic samples.

While 1H-13C HMQC spectra were acquired at two relaxation delays as required for

the precise determination of distances from PRE data using the analysis described in

Section 2.1.6.5, the weak PRE observed and the limiting effect of the TF dimer size on the
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Figure 3.20: Effect of PRE on TF 1H-13C HMQC resonance intensities. Paramag-
netic 1H-13C HMQC TFILV intensities relative to diamagnetic intensities for 50 µM TFILV

in the presence of 150 µM [2H]-TF spin-labelled at positions 14, 150, 326 and 376 at 25◦C and
800 MHz.
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326

E326C

Figure 3.21: Structural distribution of measured paramagnetic relaxation en-
hancements. (a) Sites of spin-label attachment: 14 (darkblue), 150 (blue), 326 (pink) and
376 (red). (b) Structural distribution of experimental PREs shown in Fig 3.20. Colouring as
in a. (c) Region of the 1H-13C HMQC spectra of paramagnetic and diamagnetic TF samples.
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quality of the NMR data of TF did not permit the accurate determination of relaxation

rates. Instead, resonance heights in the short delay (0.1 ms) 1H-13C HMQC spectra (where

signal is strongest due to the shorter relaxation time), were compared (Fig 3.20) across

the diamagnetic and paramagnetic samples as a semiquantitative indication of proximity

to the spin label.

Observations and discussion : Weak PREs (I/I0 ∼0.85) were observed for spin label

positions 14 and 150 (Fig 3.20). In both cases, broadening appears limited to the PPIase

domain (Fig 3.21) with, minor additional perturbations observed in the arm 1 region of

the SBD for position 14. Significantly more signals were perturbed by the presence of

spin-labels at positions 326 and 376. The proxyl spin-label at position 326 caused the

largest perturbation observed down to 70% the intensity in the diamagnetic sample. All

TF domains were affected with an apparent ranking from strongest to weakest : the RBD

and arm 1 region (I/I0 ∼0.75), the PPIase domain and the arm 2 region (I/I0 ∼0.85).

PREs from position 376 were mainly found in the RBD and PPIase domain (I/I0 ∼0.85)

with weaker effects observed in the arm 2 region of the SBD (I/I0 ∼ 0.9).

The limited PRE effect detected indicates all spin-labelled positions are relatively far

removed from the dimer interface. Indeed, nitroxide spin PREs have been detected up

to 25 Å while distances of 5 Å typically result in complete broadening of NMR signals.

From the TF crystal structure [126] (Fig 3.21.a), all spin-label sites appear to point away

from the sites identified in Sections 3.5.1.1 and 3.5.2.1 to be involved in dimerisation.

The broadening observed for all spin-label positions in resonances mapping to the PPIase

domain is remarkable since the spin-label positions cover the full monomer structure.

It suggests that the PPIase domain in the solution TF dimer, undergoes a significant

conformational change relative to the dimer crystal structures (Fig 3.12).

3.5.2.3 Model of the solution structure of the TF dimer

An initial model of the solution structure of the TF dimer can be proposed based on the

dilution, cross-saturation and PRE experiments described in this Section. The model is

presented in Fig 3.22 and displays a symmetrical head-to-toe conformation. Main dimeri-

sation contacts involve the RBD and the extremities of the SBD arm regions. Minor

contacts are formed by the PPIase which is bend over the second sub-unit’s RBD both

occluding the ribosome binding motif and adopting a more central position to satisfy

the observed PRE distance restraints. Within this conformation, the identified substrate

interaction sites are occluded and partially involved in the dimerisation interface itself.

The widespread intensity changes in the dilution study indicate that dimerisation is likely

paired with conformational changes in the relative orientation of the domains in particular

the RBD and SBD domains. While the location of the PPIase domain does not reflect a
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Figure 3.22: Model of the solution structure of the TF dimer

previously observed conformation, significant flexibility of the neck hinge region has been

proposed based on the various orientations adopted across different TF monomer crystal

structures as described in further detail in Section 3.5.3.

The structural data presented here is currently being used as conformational restraints

in computational simulations using the HADDOCK webserver [244, 245] in order to build

a high resolution model of the TF dimer structure in solution. Significant conformational

changes relative to the available monomer structures appear required in order to satisfy

all available constraints. As a consequence, efforts thus far have not yet resulted in a sat-

isfactory model. Alternative computational approaches that may be pursued to account

for the apparent dynamics within the TF dimer are restrained molecular dynamics (MD)

based on simulated annealing protocols or ab initio NMR structure calculation software

such as ARIA. Since full atom simulations of systems as large as the TF dimer are com-

putationally expensive, ideally, an initial restrained docking step based on all described

NMR data would lead into a structure optimisation, and visualisation of dynamics by MD.

3.5.3 Characterisation of dynamics in the trigger factor dimer

The TF monomer structure has been extensively studied at high resolution yielding a num-

ber of crystal structures from various species and in various macromolecular assemblies

(Fig 3.23). Although the topology of TF is conserved across all published structures, the

relative arrangements of domains vary with significant rotational freedom around two key

hinge regions connecting the RBD and SBD and SBD and PPIase domains respectively.

In particular the PPIase domain appears to possess considerable freedom to reorientate

relative to the SBD domain. Further differences observed between the monomer structures

involves the widening of the distance between the two arm domains in particular in the

presence of a substrate protein. Finally, the RDB was shown to undergo a significant con-

formational change upon interaction with the ribosome surface resulting in the exposure
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Figure 3.23: Structural heterogeneity in the TF monomer (a) Crystal structure of
Ecoli TF (pdb 1W26 [126]). (b) Crystal structure of T.maritima TF (pdb 3GTY [84]) (c)
Crystal structure of V.cholerae TF (pdb 1T11 [238]). (d) Overlay of individual domains of
the three afore structures shows structures are highly conserved. (e) Model of the differences
in domain orientations across the three crystal structures and S7-bound structure.

of a more hydrophobic surface [135].

A detailed characterisation of the dynamics of the TF molecule could provide insights

into the relation between the numerous crystal structures and explain their physiological

relevance in the TF chaperoning mechanism. NMR spectroscopy can provide detailed

dynamic information on many physiologically important timescales. Here, pico to nano

second dynamics were evaluated by means of order parameter measurements as indicators
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of the structural stability of TF. Secondly, we have investigated chemical exchange pro-

cesses occurring on a millisecond timescale to understand slower motions within the TF

molecule that may be associated with dimerisation.

3.5.3.1 Picosecond-nanosecond timescale dynamics in the TF dimer

An NMR strategy outlined in [211], allows the measurement of order parameters describing

the amplitude of motion of the methyl 3-fold symmetry axis in selective methyl protonated

samples. Fast motions in the methyl symmetry axis report on the extent of burial of a

methyl group within the protein structure. Since methyl-containing residues are mainly

hydrophobic, they can typically be found buried in folded cores of proteins. Rapid mo-

tions in the methyl axis are therefore indicative of ‘breathing’ of the protein core or rapid

unfolding and refolding of certain structural elements. Care should be taken in the at-

tribution of low order parameters to such events as exposed (non buried) methyl groups

will display similar behaviour without reporting on local dynamics, in particular in long

side-chain residues. The order parameters of methyl groups are therefore both structural

and dynamic reporters. Where the tertiary structure is known, as is the case for TF, the

two contributions can be distinguished to some extent.

Methyl axis order parameters are determined from the ratio of double quantum co-

herence build-up and bi-exponential relaxation of transverse 1H magnetisation intensities

recorded for various relaxation delays as described in Section 2.1.6.3. Experimental details

are further described in Section 2.1.6.3. Values of the order parameter for each resonance

are calculated from equation 2.1.9, Section 2.1.6.3. Equation 2.1.10 is fitted to the 12 point

experimental data in Matlab and describes the relationship between the intensity ratio of

the two experiments, the intra-methyl 1H-1H dipole cross-correlated relaxation rate (η), a

measure of the proximity of external (not belonging to the studied methyl group) protons

(δ) and the relaxation delay (T). The intra-methyl 1H-1H dipole cross-correlated relaxation

rate can then used to determine the order parameter values from equation 2.1.9. While

the rotational correlation time of the TF dimer has not been experimentally derived, a

value of 60 ns was chosen based on the approximation that the correlation time in ns

corresponds to approximately 1/2 the MW in kDa for a spherical particle. This estimate

is validated by the observation that all experimentally derived values of S2 were between

0 and 1.

Order parameter values were determined for 34 out of 51 assigned TF residues (Fig

3.24). The determination of accurate S2 values was hindered by overlap in the methyl

TROSY HMQC spectrum of TFILV preventing accurate determination of peak intensities

and low signal to noise in the double-quantum build-up experiments. Residues for which

the order parameters could be accurately measured display overall high values (>0.6),
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Figure 3.24: Pico to nano second dynamics in TF. (a) Absolute L314 resonance inten-
sities in function of relaxation times in the double-quantum build-up and transverse relaxation
experiments. (b) Fit of the ratio of the intensities in as described in text. (c) Structural dis-
tribution of determined order parameters from 0 (red) to 1 (blue). (d) Sequence distribution
of experimentally determined order parameter values of side methyl groups of ile, leu and val
residues in TF.
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indicating high order. The main structural features of TF are thus overall rigid on a pico-

nano second timescale and most TF methyl groups are buried within structural elements

confirming that the selected residue types: ile, leu and val provide valuable probes of

structural changes within TF. The observed high order parameters are in agreement with

expected values for a well-folded protein and demonstrates the structural integrity of all

the TF structural elements. A small number of residues were found to exhibit faster

pico to nano second scale dynamics (Fig 3.24) without clear indication from the crystal

structure that these residues are exposed on the protein surface. They appear to map

to the interfaces of secondary structural elements indicating possible fluctuations in the

relative arrangement of structural entities within domains without disrupting the main

protein fold.

3.5.3.2 Millisecond timescale dynamics in the TF dimer

Experimental details : 1H-13C-MQ-CPMG relaxation dispersion experiments (Section

2.1.6.2, [182]) were recorded of concentrations between 200-800 µM TFILV at pH 7.5 in

100% deuterated Tico buffer at 15, 20 and 25 ◦C at 700 and 900 MHz magnetic field

strength and at 25 ◦C only at 500 and 800MHz. The total CPMG delay was optimised

to 20 ms for an optimal balance of signal and minimum CPMG frequency, and 16 CPMG

frequencies were used between 0 and 1000 Hz. Further experimental details are provided

in Section 2.3.2.8. 64 resonances were fitted in Fuda across the CPMG frequencies and

analysed using Matlab based program GUARDD [234].

Exchange contribution to TF relaxation rates. Fitted resonance intensities were

converted to apparent relaxation rates and visually inspected for dispersions across CPMG

frequencies. 44 resonances were found to display dispersions ranging from 2-88 Hz in ampli-

tude at 900 MHz and 25◦C. The dispersion curves of Val 93 across magnetic field strengths

and temperatures are shown in Fig 3.25.a. Millisecond dynamics in the form of relaxation

dispersions were widespread across the TF structure as shown in Fig 3.25.c with large

amplitude dispersions (large Rex) observed in all TF domains. Exchange contributions to

the relaxation rates were particularly large for the RBD, the arm 2 region of the SBD and

the residues surrounding the C-terminal helix. Resonances displaying a clear absence of

millisecond dynamics mainly map to the interior of the PPiase domain.

The exchange contribution to the relaxation rate (Rex) can be readily extracted from

the CPMG RD curves by determining the difference between the highest and lowest val-

ues in effective R2. However, Rex depends nonlinearly on the exchange rate, populations

and the chemical shift difference between states, meaning that the amplitude of the Rex

does not directly reflect the amplitude or rate of the motion. Therefore, the 8 differ-

ent experimental conditions were fitted simultaneously in order to extract precise kinetic
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Figure 3.25: Millisecond dynamics in trigger factor. (a) CPMG relaxation dispersion
data for Val 93. (b) Sequence distribution across TF of experimentally determined Rex values
at 25◦C and 900MHz. (c) Structural distribution of Rex values presented in b.

information.

Determination of the exchange rate and population sizes of the observed dy-

namics : Dispersion curves were fitted to equations 1.1.1-1.1.5, Section 2.1.6.2 in order

to extract the values of the exchange rate, population sizes and chemical shift difference us-

ing GUARDD. Measurements at multiple magnetic field strengths and temperatures were

required for the accurate deconvolution of the various parameters as discussed in Section

2.1.6.2. Although multiple-quantum dispersion measurement were made, in which both 1H

and 13C chemical shift differences contribute to the detected dispersion, for their increased

sensitivity over single quantum experiments, the data was treated as single-quantum data

when visual inspection showed that proton chemical shift difference contributions were

negligible. This approach significantly improved the quality of the fits due to the reduced
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Figure 3.26: Proposed model for the mechanism of dimerisation based on CPMG
relaxation dispersion experiments. (a) Experimentally derived exchange rates and size
of the population of state A based n the CPMG relaxation dispersion curves of individual
resonances. Circles size are relative to the amplitude of Rex. Colours correspond to slow
(red) and faster (blue) dissociation rates (b) Structural distribution of fast (blue) and slow
(red) exchanging residues across the TF structure (c) CPMG relaxation dispersion curves of
residue V15 at 200 (blue), 600 (yellow) and 800 µM (red)TFILV . (d) Preliminary model
for the step-wise dissociation of the TF dimer based on the experimentally derived exchange
kinetics presented in a.
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number of free parameters.

Fitted exchange rates and ground state (state A) populations are plotted in Fig 3.26.

A large majority of fitted dispersions cluster to small excited state populations (6%) and

relatively slow exchange rate values (425 s−1). Outliers formed a broad cluster around an

excited state population of 21% and a faster exchange rate of 1100 −1. From this analysis

it appears that the majority of residues are involved in an exchange event with a forward

rate of 400 s
−1 and off-rate of 25 s−1 .

Model of the step-wise mechanism of dimer dissociation : We hypothesise that

origin of the observed widespread millisecond dynamics is the TF dimerisation. The con-

centration dependence of the dispersions was therefore investigated since Rex is highly

sensitive to change in the population distribution. No concentration dependent behaviour

was observed (Fig 3.26.c) negating in first instance the dimerisation as origin of the dis-

persions. Furthermore, the off-rate determined for the exchange is more rapid that has

previously been determined (ca. 1 s−1, [148]). However, the majority of residues display-

ing dispersions were implicated in the dimerisation process in the study outlined Section

3.5.1. It was further noted that two symmetrical exchange events with the same experi-

mentally determined slow exchange rate (425 s−1) gives rise to an theoretical off-rate of 1.6

s−1 in close agreement with previously published values. The inclusion of the additional

observed fast exchange process, results in a pre-equilibrium of 1.25% excited state and a

global dissociation rate 0.43 s−1.

We therefore propose a model for the dissociation of the TF dimer based on the step-

wise dissociation of two or three distinct dimer interfaces (Fig 3.26.d). Only the simulta-

neous dissociation of all sites results in complete monomerisation giving rise to the slower

dynamics observed on a macroscopic scale than detected by CPMG relaxation dispersion

measurements.

3.6 Concluding remarks

The advantages of the selective methyl labelling strategy detailed in Section 3.3 have al-

lowed the highly detailed study of the ∼100 kDa TF dimer. TFILV has proven suitable to

detailed structural investigation because of relative high stability at 25◦C (∼ 4 days) and

compatibility with physiological conditions used for ribosome studies (pH 7.5 and temper-

atures ranging from 4-25◦C). The availability of a partial assignment of side-chain methyl

group resonances means that conformational and dynamic changes could be monitored

across the TF sequence.

The extensive prior studies into the various TF equilibria permits the mathematical

modelling of the complex TF equilibrium. This provides a valuable tool in the predic-
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tion of population distribution under specific experimental conditions but this ensemble

study of the various equilibria further sheds light on the biological implications of the

competition between the various reactions. The TF equilibrium appears highly fine-tuned

to its function as non-selective molecular chaperone at the ribosomal exit tunnel, while

providing a buffer in case of aggregation-prone protein accumulation under stress.

The combination of intensity analysis, cross-saturation and PRE experiments resulted

in a preliminary model of the solution structure of the TF dimer, with a head-to-toe

symmetrical arrangement (Fig 3.22). The dimerisation interface was found to involve a

large number of contacts and regions identified to be in proximity of the nascent chain

and isolated protein substrates (Fig 1.6). Possible competition for binding sites and/or

steric hinderance might prevent simultaneous dimerisation and substrate binding.

Pico to nano second dynamics were largely absent in the dimeric TF indicating the

main structural features of TF are rigid on this timescale. Small fluctuations in the

orientation of secondary structural element relative to each other might exist based on the

low order parameters determined for a few key interface residues.

While largely rigid on fast timescales, TF displays significant millisecond timescale dy-

namics. The main exchange event identified by CPMG relaxation dispersion occurs with

an exchange rate of 425 s−1 and the minor conformation is populated to 6%. We propose

a model for the step-wise dissociation of the TF based on two symmetrical dimerisation

interfaces resulting in a cumulative off-rate of 1.6 s−1 in close agreement with previously

determined kinetics of the dimerisation reaction [148]. The concept of two main dimeri-

sation interfaces is further in agreement with our proposed solution structure of the TF

dimer (Fig 3.22).

Careful analysis of the concentration dependence of TFILV spectra has permitted the

determination of a dissociation constant of 7-10µM under our experimental conditions (Fig

3.17). The slight decrease in affinity observed with respect to published Kd values could

be explained by the increased viscosity or weakening of hydrophobic interactions in D2O

relative to H2O. The identification of the individual contribution of the TF dimer and

monomer to the 1H-13C HMQC spectrum highlights the significant differences between

the two species and suggests the structural investigation of the TF monomer and changes

therein in the presence of substrate might be possible despite the impossibility of obtaining

a pure monomeric sample under the experimental conditions required for NMR (>100 µM).



Chapter 4

NMR investigations of the

interaction of trigger factor with

ribosome-nascent chain substrates

- α-synuclein

4.1 Introduction

In Chapter 3, the structural and dynamic behaviour of trigger factor (TF) in the absence

of substrates was described. This detailed characterisation of the NMR behaviour of TF

forms the basis for the interpretation of changes observed in the presence of heterologous

substrates. The following parts of this thesis, Chapters 4 and 5, aim to characterise the

interaction of TF with protein substrates, on and off the ribosome. NMR spectroscopy is

used to provide residue specific details of these interactions.

4.1.1 The TF interaction with protein substrates

As was discussed, Sections 1.2.2.3 and 3.4.1, the TF chaperone appears to promiscuously

interact with a large subsection of the E. coli proteome and was found to show a particular

preference for larger, hydrophobic proteins such as the OMP family of outer membrane

proteins [149]. No TF consensus sequence has to date been identified but TF interaction

sites appear to be enriched in aromatic and non-polar residues [159]. The analysis of sub-

strate protein sequences found regions of high TF affinity to be correlated with high local

hydrophobicity [159]. This has permitted the correct prediction of TF interactions sites in

substrates such as isocitrate dehydrogenase (ICDH), the β sub-unit of RNA polymerase

(RpoB) and alkaline phosphatase precursor (PhoA) [130, 161]. The interaction of TF

120
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with isolated proteins is typically weak (>100 µM, see Table 3.3) although notable excep-

tions include a subset of ribosomal proteins [84]. TF interacts significantly stronger with

ribosome-associated nascent polypeptides with experimentally determined affinities rang-

ing from 1 nM to an upper boundary of 1 µM: the TF affinity for unoccupied ribosomes

is summarised in Table 3.1, Section 3.4.1. The affinity of TF for nascent chains displays

both a length- as well as sequence-dependence. In vivo, TF preferentially interacts with

substrates of over 100 amino acids [149], probably due to competition with other ribosome

associated factors, which have been shown in the case of SRP to be in direct competition

with TF for binding at ribosomal protein L23 [147, 156].

In vitro, TF affinity correlates with the exposure of hydrophobic, high affinity motifs

to the cytosol as they emerge from the ribosomal exit tunnel [148, 161, 240]. The residency

time of TF on ribosomes was found to be between 10-15 s, shown to extend up to 35 s in the

presence of a high affinity substrate nascent chains by FRET [148, 161]. However, a recent

study found the kinetics of ribosome association to be more rapid than this, with half-lives

of 0.06 s and 2 s determined for the ribosome and RNC interactions, respectively [162] and

noted that the previous results are likely to have been artefacts of the specific experimental

method. Residency of TF on the ribosome as measured by half-lives and off-rates correlates

with an increase in detected affinity for a specific nascent chain substrate, which indicates

that the presence of a high affinity motif does not affect the initial recruitment of TF to

the ribosome but results in the stabilisation of the TF-ribosome complex.

The substrate binding sites of TF have been described in detail in Section 1.2.2.3. An

important recent NMR study of the TF interaction with unfolded PhoA identified four

distinct substrate interaction sites each with specific amino acid composition that appear

to result in a differential preference for certain types of substrates [130]. The PPIase

domain in particular prefers clusters of aromatic residues while sites in the SBD mainly

interact with non aromatic, hydrophobic residues although it can further accommodate

peripheral electrostatic interactions. On the ribosome, nascent chains were additionally

shown to be in proximity of the RBD which exposes a more hydrophobic surface when

bound to the ribosome [131, 132].

4.1.1.1 α-synuclein

In this Chapter, α-synuclein is used as a model protein for the interaction of TF with pro-

tein substrates. α-synuclein is an intrinsically disordered protein (IDP) whose function is

generally not well understood but may have a role in lipid transport via SNARE complexes

[246] and has been implicated in Parkinson’s disease [247, 248]. α-synuclein self-associates

into amyloid fibrils leading to the formation of large protein aggregate deposits known

as Lewy bodies in Parkinson’s patients [249]. Due to its dynamic nature, α-synuclein
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and its conformational behaviour has been extensively studied by NMR spectroscopy and

has been amongst the first IDPs where preferred conformations in the absence of rigid

secondary structure were described [250, 251].

The α-synuclein primary sequence is typically subdivided into three regions (Fig 4.1

and Appendix A.2). The first 100 N-terminal amino acids form an amphipathic region

with helical propensity. In the presence of lipid, this region forms two long α-helices that

interact with the lipid surface [252, 253]. The non-β-amyloid component (NAC) domain

(61-95) constitutes the most hydrophobic region of the protein sequence and is essential for

self polymerisation of α-synuclein [254]. The 40 C-terminal residues carry a large number

of negatively charged residues and appear devoid of any propensity to form secondary

structure.

The α-synuclein ribosome nascent chain complex (RNC) has been previously used in

studies of the interaction of TF with substrate proteins where it was shown that the pres-

ence of the α-synuclein nascent chain does not affect the affinity of TF for ribosomes [144].

Cross-linking studies did however demonstrate that TF is in proximity of the α-synuclein

nascent chain at the exit tunnel [153]. Here, it does not convey protease protection to

the α-synuclein nascent chain suggesting α-synuclein maintains significant conformational

freedom in the presence of TF [153]. Using these studies as a basis, the α-synuclein

RNC was considered a suitable null model for TF interaction with nascent chains at the

ribosomal exit tunnel.

4.2 Methods

Preparation of isolated α-synuclein protein and mutants followed protocols described in

detail in Section 2.2.4.4 and TF was prepared as outlined in Section 2.2.4.2. The NMR

experiments and experimental conditions are described in Section 2.3. Preparation of 70S

ribosomes and α-synuclein RNC samples are detailed in Section 2.2.5 and 2.2.6 respec-

tively. The mathematical models employed in Section 4.6 are described in greater detail

in this Section and the relevant Matlab scripts have been included in Appendix C.

4.3 Strategy

The absence of structure in the native α-synuclein protein permits the study of the TF

interaction with ribosome-nascent chain complexes (RNCs) unhindered by additional com-

plexity in the form of co-translational folding of the substrate protein. The α-synuclein

RNC has been the topic of extensive development within our laboratory and shown to

produce a well resolved NMR spectrum under favourable experimental conditions of low

temperatures and physiological pH (Weise et al., in preparation). The absence of an appar-
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Figure 4.1: α-Syn(luc) chimera RNC constructs used in this study. (a) Roseman
hydrophobicity plot of the developed RNC constructs colour coded according to b . (b) The
various protein and RNC constructs used in this study. (c) The firefly luciferase sequence
substituted in to α-syn (Luc 87-100) RNC is shown below the relevant region.

ent, specific TF binding site suggests the α-synuclein RNC may maintain enough flexibility

on the ribosome in the presence of TF to remain observable by NMR spectroscopy, in a

similar fashion to the L7/L12 stalk region (Section 1.1.3.1).

The α-synuclein RNC was produced following a strategy developed by Annika Weise

(UCL) by the addition of the 17 residue SecM translational stalling sequence at the C-

terminus to the H6-synuclein amino acid sequence (Fig 4.1). A TEV protease site was

included to permit the removal of the H6-tag after purification of the RNC. H6-α-synuclein

and WT α-synuclein were used as isolated reference proteins in order to characterise the

TF interaction with α-synuclein in the absence of the ribosome.

An additional model substrate was designed based on the wild-type α-synuclein RNC

sequence. This approach extends previous work by Lakshmipathy et al. [144] using the

substitution of a known, high affinity sequence from firefly luciferase to enhance the TF
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affinity for α-synuclein. Substitution of residues 87-100 of luciferase into the same po-

sition in α-synuclein replaces a sequence of mixed hydrophobic and hydrophilic nature

for a highly hydrophobic one with proven affinity for TF. The inclusion of the firefly lu-

ciferase sequence was shown, using fluorescence, to enhance the recruitment of TF to the

α-synuclein RNC [144]. The inclusion of a high affinity site into the α-synuclein RNC was

undertaken to allow the extension of the present NMR-based study from the characteri-

sation of non-specific interactions of TF with substrates at the ribosomal exit tunnel to

include specific, targeted interactions with emerging nascent chains. An overview of TF

substrate constructs used in this study is presented in Fig 4.1.

4.4 Interactions of TF with isolated protein substrates

Previous studies of the TF interaction with substrate proteins have focussed primarily on

the interaction at the ribosomal exit tunnel with emerging nascent chains. In the current

study, the interaction of TF with various α-synuclein substrate proteins in the absence of

ribosomes is in the first instance investigated in order to avoid the complexity of multiple

TF states in the analysis of the NMR data (Section 1.2.2.5 presents an overview of these

potentially complicating TF equilibria) and avoids experimental constraints associated

with the ribosome such as sample stability and limited maximum achievable 70S particle

concentrations, thereby permitting a broader range of NMR techniques. Further complex-

ity will be added towards the end of this chapter where the nascent chain equivalents of

the here described substrate proteins are studied in the presence of TF.

4.4.1 Characterisation of the interaction of TF with WT α-synuclein

The 1H-15N HSQC fingerprint spectrum of 100 µM 15N WT α-synuclein in Tico buffer

(H2O) pH 7.5 at 4◦C is well resolved although little dispersion in the 1H dimension is

observed (all signals between 7.5-8.5 ppm) characteristic of an unfolded protein (Fig 4.2).

The addition of a N-terminal H6-tag to the α-synuclein sequence does not significantly

change the 1H-15N HSQC spectrum of 100 µM α-synuclein at 4◦C and pH 7.5. Chemical

shift changes of resonances originating from residues in close proximity (up to 4 residues

removed) were detected (average 0.05 ppm in 1H dimension and 0.4 ppm in 15N dimen-

sion) but the combination of a previous assignment of NMR resonances of the His-tagged

α-synuclein at pH 6.5 and the WT α-synuclein at pH 7.5 in our laboratory [255, 256] al-

lowed for ready assignment of the H6-synuclein spectrum (Fig 4.2). Resonance intensities

mapping to the first 30 residues were however, seemingly randomly, perturbed suggesting

that the presence of the H6-tag modifies the properties of the α-synuclein N-terminus.
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Figure 4.2: TF interaction with isolated α-synuclein and the effect of the H6

purification tag. (a) 1H-15N HSQC overlay of 100 µM WT α-synuclein before (black)
and after equimolar addition of TF (blue) at 4◦C. (b) 1H-15N HSQC overlay of 100 µM H6-
synuclein before (black) and after equimolar addition of TF (cyan) at 4◦C. Areas of significant
broadening are circled in red. (c) Plot of relative 1H-15N HSQC resonance intensities upon
addition of TF to α-synuclein and H6-α-synuclein. Errors were determined from the standard
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Interaction of TF with WT α-synuclein: Addition of equimolar H6-TF results in mi-

nor broadening of specific 1H-15N HSQC resonances. The detected broadening is strongest

(down to 70%) at the extreme N-terminal residues of α-synuclein and affects residues up

to Lys 60, as shown in Fig4.2.c. The observed changes in resonance intensities are an

indicator of the interaction of TF with WT α-synuclein around the affected residues. The

interaction results in the transient increase of the apparent α-synuclein size from 14 kDa

to 62 kDa (or 110 kDa dependent on whether the interaction occurs with monomeric or

dimeric TF). This transient increase in size and the exchange between the two states, free

and bound, leads to increased linewidths and reduced peak heights. Section 2.1.2 discusses

the effects of molecular size and chemical exchange on the NMR signal.

From the observed resonance intensity changes, TF appears to interact with α-synuclein

at the extreme N-terminus and around residue Tyr 39 where the broadening is most pro-

nounced, to ∼50 % the resonance intensity in the absence of TF. Both interactions are

centred around aromatic residues.

Interaction of TF with H6-α-synuclein: Addition of equimolar H6-TF to H6-α-

synuclein lead to significantly stronger broadening events at the α-synuclein N-terminus.

Residues 1-6 (amino acid sequence in Appendix A.2) are in fact broadened beyond detec-

tion as shown in Fig 4.2.c. The observed resonance broadening centres around residue Phe

4 with a possible second site of interaction detected at residue Tyr 39 where resonances

are broadened to 40% of the original intensity. The detected broadening extends along

the sequence to residue Lys60 where peak intensities are no longer perturbed.

Discussion: The sensitivity of NMR has permitted the detection of a transient inter-

action at the α-synuclein N-terminus around aromatic Phe 4. The presence of a hexa-

histidine purification tag appears to significantly enhance the affinity of TF for α-synuclein.

The broadening detected at the α-synuclein N-terminus is doubled in the presence of the

H6-tag. The interaction at Tyr 39 further appears to be enhanced slightly. The residues

linking the two identified sites of interaction are also more significantly affected by the

presence of TF in his-tagged α-synuclein. Since the chemical environment at residues be-

yond Ala 30 is unaltered by the addition of the H6-tag in this natively disordered protein,

it is likely that the increased local concentration due to the heightened affinity at the N-

terminus, enhances the interaction with TF at the second binding site instead of a direct

effect from the H6-tag.

The interaction with TF appears driven by key aromatic residues (Phe 4 and Tyr 39)

at the N-terminus of the α-synuclein correlating with previous reports on the nature of the

TF interaction with substrate proteins (Section 1.2.2.3). The precise mechanism through

which the H6-tag increases recruitment of TF is unclear in particular since the his-tag does
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not appear to be involved in the actual interaction as shown by the limited broadening

observed for residue Ser 0. It is thus likely that the increased affinity of TF is related

to the altered properties of the first 30 residues upon inclusion of a H6 purification tag.

The transient interaction of TF at the N-terminus in the presence of the H6-tag effectively

alters the chemical environment and/or conformational space of 50%of the sequence of

this natively unfolded, highly dynamic protein.

4.4.2 Characterisation of the interaction of TF with α-synuclein (Luc

87-100)

4.4.2.1 Expression and purification of α-synuclein (Luc 87-100) mutants

The α-synuclein substitution mutant which includes firefly luciferase residues 87 to 100

(α-syn (Luc 87-100), Fig 4.1) was successfully heterologously expressed and purified from

E. coli as described in Section 2.2.4.4. The full protein sequence can be found Appendix

A.1.2. Purification followed a similar protocol as described for WT α-synuclein.

4.4.2.2 Assignment of the 1H-15N HSQC spectrum of H6-syn(Luc 87-100)

The 1H-15N HSQC spectrum of H6-α-syn (Luc 87-100) is very similar in appearance to

the H6-α-synuclein spectrum (Fig 4.4). α-synuclein residues up to three amino acids

removed from the site of substitution do not show significant changes between the two

spectra. Residues closer to the substitution show small changes in chemical shift posi-

tions (average 0.03 ppm in 1H dimension and 0.15 ppm in 15N dimension) while mutated

residue resonances are clearly absent and a number of new resonances (13) have appeared

corresponding to the new amino acid sequence.

In order to study the interaction of TF with H6-α-syn(Luc 87-100) at a residue specific

level, 1H-15N HSQC resonances originating from the substituted residues were assigned

using triple resonance experiments. Uniformly 13C/15N labelled protein samples were

prepared for an assignment strategy based on amino acid type identification from the

HNCACB/HNcoCACB set of NMR experiments and identification of sequential resonances

from the HNCO and HNcaCO pair of 3D experiments shown in Fig 4.3. The same NMR

data were used to validate the transferred assignment of non-mutated residues from the

WT α-synuclein HSQC spectrum. All backbone amide group resonances were successfully

assigned as well as all CO, Cβ and 99% of Cα resonances (Appendix A.5).
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Figure 4.3: NMR backbone assignment of α-syn (Luc 87-100). Representative over-
lays of 1H-13C strips of the HNCO (blue) and HNcaCO (red) 3D experiments displaying the
backbone connectivity determined for the substituted residues 95-100.

4.4.2.3 TF interaction with α-synuclein (Luc 87-100)

Addition of equimolar H6-TFILV to 100µM 15N H6-syn(Luc 87-100) at 4◦C and pH 7.5,

resulted in the selective broadening of residues in four distinct regions. Resonance broad-

ening was observed around residues Phe 4, Tyr 39, His 50 and the inserted region, in

particular residues 89-100. Resonances originating from the luciferase substitution (89-

100) are all broadened beyond detection at equimolar concentrations of H6-TFILV to

H6-syn(Luc 87-100).

From the highly broadened resonances originating from residues in the luciferase sub-

stitution site (87-100), the resonance intensities increase steadily towards the N-terminus

until the preceding site of interaction at His 50 is encountered. The sequence C-terminal

to the substitution site, on the contrary, rapidly recovers its associated resonance inten-

sity to that in the absence of TF. The substitution of a 14 amino acids firefly luciferase

sequence at positions 87-100 effectively introduces a site for specific TF interaction. In

combination with the existing N-terminal interaction in the WT α-synuclein sequence, the

new TF interaction site at 89-100 appears to tether the α-synuclein protein and restrict

the conformational freedom of the first 100 residues of α-synuclein.

Moreover, this ‘tethering’ effect appears to enhance the transient interactions at Tyr
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Figure 4.4: TF interaction with isolated α-synuclein (Luc 87-100). (a) 1H-15N HSQC
overlay of 100 µM H6-α-synuclein before (black) and after equimolar addition of TF (cyan)
at 4◦C. (b) 1H-15N HSQC overlay of 100 µM H6-αsyn (Luc 87-100) before (black) and after
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(c) Plot of relative 1H-15N HSQC resonance intensities upon addition of TF to α-synuclein
and H6-α-synuclein. Errors were determined from the standard deviation of 100 resonances
in the noise of the NMR spectra.
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39 and His 50 with resonance broadening stronger for H6-α-syn(Luc 87-100) than in WT

H6-α-synuclein upon addition of TF. Finally, the N-terminal interaction itself appears

unperturbed by the presence of a second higher affinity binding site suggesting the two

binding events do not compete. This could indicate the presence of multiple substrate

binding sites on TF with differential binding properties.

Titration of H6-α-syn(Luc 87-100) with H6-TFILV : Gradual titration of 100 µM

H6-α-syn(Luc 87-100) with H6-TFILV was undertaken at 25◦C and pH 6.5 in order to

allow the simultaneous monitoring of both H6-α-syn(Luc 87-100) 1H-15N HSQC and H6-

TFILV 1H-13C methyl TROSY HMQC resonances over the course of the titration. Due to

the unstructured nature of α-synuclein, the rapid solvent exchange of amide protons leads

to significant broadening of resonances in the α-synuclein 1H-15N HSQC spectrum under

the experimental conditions used thus far in the study of TF by NMR (25◦C and pH 7.5).

Titration of 15N H6-α-syn(Luc 87-100) with H6-TFILV at pH 6.5 and 25◦C permits the

identification of three distinct sites of broadening at sub-stoichiometric TF concentrations

as shown in Fig 4.5.a. The observed broadening is strongest for the luciferase substituted

region, residues 89 to 100. Residues most strongly affected within this region are broadened

beyond detection at 0.75 equivalence TF while resonances less affected by broadening (i.e

Gly99) show that the interaction at this site saturates between 1 and 1.5 molar equivalence

of H6-TFILV (Fig 4.5.c).

The interaction at the extreme N-terminus of the α-synuclein sequence around Phe 4,

appears to saturate at higher concentrations of TF, between 1.5 and 2 molar equivalence

of H6-TFILV (Fig 4.5.c). The final interaction site at His 50 does not appear to saturate at

the concentrations sampled in this titration. The relative strengths of the interactions can

thus be tentatively ranked as 89-100 > Phe 4 > His 50. The numerical fit of the titration

curves for residues 8 and 100 where resonances can be observed across the entirety of

the titration produce dissociation constants of 4µM and 1µM for the interactions at the

N-terminus and the substituted region (87-100) respectively. Concentrations within the

range of the dissociation constants are not adequately sampled over the course of this

titration resulting in inaccuracies of the determined dissociation constants; their precise

values are likely to be in this low µM range however.

At stoichiometric concentrations of added TF, additional sites of broadening are ob-

served around Tyr 39 and Val 70 which do not saturate over the course of this titration

(Fig 4.5.b). In summary, at 25◦C and pH 6.5, TF appears to preferentially interact with

aromatic and hydrophobic residues in H6-α-synuclein (Luc 87-100) with interactions cen-

tred around Phe and His and Tyr residues. The observed ranking of the affinities of

individual regions of α-synuclein (Luc 87-100) suggest that TF interaction decreases with

the polarity of the aromatic residue.
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Figure 4.5: TF interaction with isolated α-synuclein (Luc 87-100). (a) Plot of relative
1H-15N HSQC resonance intensities upon gradual addition of 10, 20, 50 ,75 ,100 ,150 and 200
µM TF to 100 µM H6-α-syn (Luc 87-100). (b) Relative intensities at equimolar H6-TF and
α-syn (Luc 87-100). Errors were determined from the standard deviation of 100 resonances in
the noise of the NMR spectra (c) Relative intensities of selected α-syn (Luc 87-100) residues
over the course of the TF titrations.
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4.4.2.4 Temperature and pH dependence of the TF interaction with α-synuclein

(Luc 87-100)

The TF interaction with H6-α-synuclein (Luc 87-100) was monitored at different temper-

atures (4◦C and 25◦C) and pH conditions within the physiological range (6.5 and 7.5) at

equimolar concentrations (100µM) by 1H-15N HSQC experiments. The main contact sites

described above are conserved across all experimental conditions, although variations in

the extent of broadening are observed for specific sites shown in Fig 4.6. The N-terminal

interaction appears temperature sensitive with a greater extent of broadening detected at

lower temperatures (from 30% at 25◦C to 10% at 4◦C of the resonance intensity in the

absence of TF), affecting residues over a longer stretch of the protein sequence (residues 1-

10). The interaction at His 50 also displays temperature dependence but appears stronger

at higher temperatures (40% and 20% of the resonance intensity in the absence of TF at

4◦C and 25◦C respectively).

The interaction at Tyr 39 and the behaviour of the α-synuclein (Luc 87-100) C-terminus

are affected by changes in the pH. The interaction at Tyr 39 is enhanced slightly (from
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Figure 4.6: pH and temperature dependence of TF interaction with α-synuclein
(Luc 87-100). Relative 1H-13C HSQC resonance intensities upon addition of equimolar H6-
TF to 100µM α-synuclein (Luc 87-100) under various experimental conditions: 4◦C and pH
7.5 (orange), 4◦C and pH 6.5 (grey) and 25◦C and pH 6.5 (red). Errors were determined from
the standard deviation of 100 resonances in the noise of the NMR spectra.
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40% to 20% of the resonance intensity in the absence of TF) upon increase to 7.5 of the pH.

The increased intensities at the C-terminus at higher pH (from 80% to 100% initial signal

intensity) could be related to the abundance of glutamate and aspartate residues in this

region of the α-synuclein (Luc 87-100) protein. No changes at the 89-100 interaction sites

are observed. Resonances originating from residues in this region are however (nearly)

broadened beyond detection such that fluctuations in the signal might be difficult to be

observed.

Overall, the behaviour of the various identified interaction sites across experimental

conditions provides some initial insights into the nature of the different binding events. The

temperature sensitivity of some sites suggests hydrophobicity or conformational flexibility

might play an important role in mediating the interaction while the pH dependence of other

sites suggest electrostatics mediate the TF interaction with H6-α-syn (Luc 87-100). The

differential behaviour of the various sites suggests, 1) that the interactions are independent

and do not reflect a single binding event but multiple individual interactions and 2) that

the TF interaction with substrate proteins is highly adaptive, capable of accommodating

substrates of mixed chemical properties.

4.4.3 TF interaction with α-synuclein substrates by 13C NMR

In order to monitor the changes to the TF conformation upon interaction with the above

discussed α-synuclein substrates, the titrations were undertaken using perdeuterated, se-

lective protonated TFILV to permit simultaneous detection of the behaviour of the α-

synuclein substrate and TF. The interaction was monitored at 25◦C where the TF 1H-13C

HMQC spectrum can be readily detected (as discussed Section 3.3) even under protonated

(H2O based) buffer conditions.

Fig 4.7 shows the H6-TFILV 1H-13C HMQC spectrum at pH 7.5 upon addition of

equimolar H6-α-synuclein (blue) and H6-syn(Luc 87-100) (orange). While small differ-

ences were observed in a limited number of resonances in the presence of H6-α-synuclein,

significantly larger perturbations were detected in the H6-TFILV 1H-13C HMQC spectrum

in the presence of H6-α-syn(Luc 87-100). Changes to the 1H-13C HMQC are manifested

in the form of chemical shift changes and selective broadening of resonances. Resonance

intensity reductions of up to 40% in the intensity in the presence of H6-α-syn(Luc 87-100)

map to residues in the RBD and arm regions of the SBD. Chemical shift perturbations

were of the order of 0.01 ppm in the 1H dimension and their behaviour across the titration

undertaken at pH 6.5 with H6-α-synuclein (Luc 87-100) indicate the observed phenomenon

is in the slow exchange regime.

At excess concentrations of H6-syn(Luc 87-100), as illustrated in Fig 4.7 in pink at 800

MHz, the observed changes become further pronounced. While the perturbations are wide-
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Figure 4.7: Effects of substrate interaction on TF. (a) 1H-13C methyl-TROSY HMQC
spectra of H6-TF and TFILV before (black) and after addition of 2.5 fold excess H6-α-syn(Luc
87-100) (orange and pink). Novel resonances, not observed in the absence of substrate are
circled in red. (b) Region of the1H-13C methyl-TROSY HMQC spectra of 100µM H6-TFILV

before (black) and after addition of equimolar H6-α-synuclein (blue) (c) and H6-α-syn(Luc
87-100) (orange) as shown in a. (d) Region of the1H-13C methyl-TROSY HMQC spectra
of TFILV before (black) and after addition of 2.5 fold excess H6-α-syn(Luc 87-100) as in a.
Areas of significant spectral changes are circled in red.(e) Structural distribution of the relative
resonance intensities in the absence and presence of 2.5 fold excess H6-α-syn(Luc 87-100).
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spread, the changes in chemical shifts are relatively small (0.01-0.02 ppm) indicating no

dramatic changes in TF structure occur upon interaction. The TF dimer 1H-13C HMQC

resonances are significantly broadened to 10% reflecting the change in resonance positions.

The structural distribution of the intensity changes is shown in Fig 4.7.e. Two main TF

areas are affected by substrate interaction, the RBD and arm 2 of the SBD. The extremity

of arm1, the neck region and a part of the PPIase domain are further affected indicating

the TF interaction with the H6-syn(Luc 87-100) substrate results in perturbations to all

TF domains. A significant number of novel resonances are further detected which do not

have a clear origin in the isolated TFILV spectrum.

Pairs of resonances in slow exchange at 2.5x fold excess of substrate were analysed

and their signal integrals extracted. The relative intensities of the signals corresponded to

approximately 20% dimer-like and 80% substrate-bound giving rise to a Kdobs for the TF

interaction with α-synuclein(Luc 87-100) of 170 µM. No difference in affected residues is

detected between the H6-TF and TF interaction with α-syn(Luc 87-100) indicating that

the hexa-histidine tag on TF does not affect the nature of the interaction with α-synuclein

(Fig 4.7.a).

4.4.4 TF dynamics in the presence of α-synuclein (Luc 87-100)

The study described in Section 3.5.4 found that the TF dimer is a highly dynamic species.

In this Section, the effect of the TF interaction with a substrate protein on the dynamics

is investigated in order to described potential characteristic dynamic properties of the TF

substrate-bound state that might provide insights into the mode of substrate interaction

and chaperoning mechanism.

4.4.4.1 EPR

Electron Paramagnetic Resonance (EPR) spectroscopy was initially pursued as a means

of obtaining long range distance constraints in the TF dimer. A theoretical introduction

to DEER measurements by EPR and experimental details are provided in Section 2.5.1.

This study was undertaken in collaboration with Dr Enrico Salvadori and Prof Chris Kay.

As was shown in Section 3.5.4 however, the TF dimer displays significant dynamic

behaviour. No clear distances between nitroxide labels could be detected using standard

double electron-electron resonance (DEER) experiments of 300 µM proxyl labelled TF in

deuterated Tico at pH 7.5 with 50% glycerol as shown in Fig 4.8.

Electron spin coupling was detected as shown by the rapid decrease in echo intensity at

early time points (Fig 4.8.a and b) indicating that the two nitroxide spin labels at position

326 in each TF monomer within the dimer were in proximity of each other over the course

of the experiment. Efficient TF dimerisation was thus maintained upon freezing of the
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Figure 4.8: EPR study of the TF interaction with H6-αsyn (Luc 87-100). (a)
Double electron-electron resonance (DEER) traces of 300 µM TF labelled at position 326
in the absence (blue), at 1 equivalence (pink) and 2.5 equivalence α-synuclein(Luc 87-100).
Estimated background relaxation is represented by a solid black line (b) DEER traces after
subtraction of background relaxation. Fits of the experimental data are shown in solid black
lines. (c) Spin distance distribution calculated from the fits of the experimental data in b.

sample. The absence of clear discernible oscillation in the signal suggests that multiple

distances between the two spin labels are detected as shown in Fig 4.8.c. The calculated

distance distribution covers a large range from short 1-2 nm distances up to 5.5 nm. The

accuracy of the distance distribution presented is low as the sinusoidal behaviour of each

of the detected distances interfere. The DEER experiments of TF 326C thus corroborate

the structural heterogeneity of the TF dimer.

Gradual addition over two concentration points of H6-α-syn(Luc 87-100) to spin la-

belled TF 326C resulted in the disappearance of the detected spin coupling as shown

in Fig 4.8.b. At equimolar concentrations of TF and α-syn(Luc 87-100) ∼33% residual

electron spin coupling could be observed with no significant changes to the calculated

distance distribution. The specific contribution from spin coupling to the DEER signal

however appears absent at 2.5 fold excess of α-syn(Luc 87-100) suggesting saturation of

TF is achieved. The gradual disappearance of the detected spin coupling indicates signif-

icant distancing of the two spin labels upon interaction with the H6-α-syn( Luc 87-100)

substrate suggesting the interaction with the substrate results in monomerisation of TF.

4.4.4.2 Carr-Purcell Meiboom-Gill relaxation dispersion

CPMG relaxation dispersion measurements of dimeric TF were described in Section 3.5.3.2.

Here, they were undertaken at 800 MHz, 25◦C and pH 7.5 in D2O, with 2.5 fold excess

α-syn (Luc 87-100) added to 400 µM TFILV in order to investigate the millisecond dy-

namics of the substrate-bound state. Dispersions were detected for 12 out of 66 resonances
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Figure 4.9: TFILV CPMG relaxation dispersion in the presence of H6-α-syn (Luc
87-100). (a) Exchange contribution to the transverse relaxation (Rex) of TFILV resonances
in the absence (grey) and presence of excess H6-α-syn (Luc 87-100) (pink) as determined by
CPMG relaxation dispersion measurements at 25◦C and 800MHz. (b) Structural distribution
of Rex values in the presence of H6-α-syn (Luc 87-100) shown in a. (c) Difference in Rex values
in the absence and presence of H6-α-syn (Luc 87-100).
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monitored although the measured Rex values were small for the majority (<10 Hz) with

notable exceptions for residues 335 and 375. The identified residues displaying dispersion

in the presence of substrate form a subset (33%) of those identified in dimeric TF while

no new dispersions were detected. A comparison of Rex values in the TF dimer and sub-

strate bound state is presented in Fig 4.9 along with the spatial distribution of detected

dispersions.

Generalising, the addition of the α-syn (Luc 87-100) substrate resulted in the disap-

pearance or reduction of exchange dispersion Rex values. The simplest explanation for the

observed changes is the monomerisation of TF upon interaction with H6-αsyn (Luc 87-

100) effectively disrupting the dynamics of dimer formation described in Section 3.5.3.2.

The observed dispersions would then originate from a residual population of TF dimer in-

dicating that under the current experimental conditions (400 µM TF and 1 mM H6-α-syn

(Luc 87-100)), the binding event is not fully saturated. The value of Rex is dependent on

a large number of variables such as the population distribution, the exchange rate and the

chemical shift difference between states (see Section 2.1.6.2). Therefore, they do not scale

linearly with changes to the population distribution. The absence of an apparent trend

to the reduction in Rex values detected in the presence of substrate therefore is not in

contradiction with the reduction of the dimer TF population upon interaction with H6-α-

syn (Luc 87-100). The possibility that the detected dispersion reflect substrate-interaction

specific millisecond dynamics can however not be conclusively dismissed.

4.4.5 Discussion

The sensitivity of NMR spectroscopy to transient interactions in particular when asso-

ciated with dramatic changes in apparent size has permitted the identification of a pre-

existing TF interaction site in the native α-synuclein sequence of weak affinity centred

around residue Phe 4. This N-terminal interaction is enhanced by the presence of a H6-

tag. Reduced temperatures appear to further stabilise this interaction suggesting the main

driving force of the interaction is of non-hydrophobic nature. Although the detected inter-

action at the α-synuclein N-terminus is of low affinity (estimated at 4 µM from chemical

shift perturbations), it may play an important role on the ribosome due to the high local

protein concentrations.

The substitution of 14 α-synuclein residues with a sequence from firefly luciferase in-

troduces a higher affinity interaction (estimated at 1 µM). This additional interaction does

not appear to interfere with the pre-existing N-terminal binding even at high protein con-

centrations and additionally intensifies secondary interaction sites along the sequence. It

is thus likely that H6-αsyn (Luc 87-100) interacts with multiple TF sites. The α-synuclein

regions involved in interaction with TF are enriched in aromatics with interactions cen-
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tred around Phe, Tyr and His residues. Charged residues, particularly prevalent in the

40 C-terminal residues ofα-synuclein, appear on the contrary to interfere with the TF

interaction.

Excess concentrations of H6-αsyn (Luc 87-100) results in monomerisation of TF with

an apparent Kd of 140 µM. The limited changes in the H6-TFILV 1H-13C HMQC spec-

trum upon addition of WT H6-αsynuclein suggests the N-terminal interaction alone is not

sufficient to induce monomerisation. The results presented thus indicate that TF inter-

acts with unfolded protein substrates in both dimeric and monomeric forms. Multiple TF

binding sites in the substrate sequence and/or high affinity sequences appear required to

induce monomerisation of TF at protein concentrations well above the Kd of dimerisation

(8 µM). Furthermore, the observed monomerisation in the presence of a relatively strong

affinity substrate (H6-αsyn (Luc 87-100)) suggests competition exist between substrate

interaction and dimerisation.

4.5 TF interaction with inactive ribosomes

The interaction of TF with protein substrates on the ribosome is mediated by binding to

L23 on the 70S [126]. The interaction with L23 is necessary and sufficient for recruitment

to the ribosome surface [137]. The TF interaction with the 70S induces a conformational

change, most notably in the RBD but further elongation of the TF structure was detected

by FRET [148]. The characterisation of isolated protein interactions thus cannot provide

a full understanding the TF interaction with nascent chains. The study of the structural

and dynamic behaviour of TF on the 70S particle in solution would provide such initial

insights.

With reported affinities ranging from 100 nM - 1 µM and residency times of 100 ms

to 10 s depending on the experimental methods [148, 162], the interaction of TF with the

70S ribosome would be predicted to be in the intermediate to slow NMR exchange regime.

The exact exchange regime, further influenced by the chemical shift difference between the

free monomer and the 70S-bound states will in part determine the likelihood of visibility

of the ribosome-bound state by NMR (Section 2.1.6.1)

The flexibility of TF on the ribosome will further influence the observability of TF

bound to the ribosome. Since NMR signals from the ribosome uniquely map to flexible

regions such as L7/L12 and S1 [183, 184], TF would need to maintain significant flexibility

on the ribosome to be detected by NMR, even in a favourable exchange regime such as

slow exchange. Various crystal structures (Fig 3.22, [84, 126, 238]) indicate that inter-

domain flexibility exists and conformational freedom of 10◦ in all directions around the TF

ribosome binding motif and ribosomal protein L23 interaction has been reported [126]. The

following study explores the possibility of studying TF on the ribosome and its interaction
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with nascent chains.

4.5.1 TF binding to ribosomes result in general broadening of the NMR

signal

Chemical shift perturbations: Addition of equimolar 70S ribosomes to 10 µM H6-

TFile in deuterated Tico buffer, pH 7.5 at 25 ◦C resulted in significant changes to the
1H-13C HMQC resonances as shown in Fig 4.10.a. Splitting of a number of resonances is

observed, suggesting exchange between multiple TF states and a number of novel cross-

peaks of uncertain origin are detected. While most resonances can be attributed to either

monomeric or dimeric TF by comparison to the deconvoluted spectra presented in Section

3.5.2.3, two intense resonances at 0.82 and 12.5 ppm and 0.84 and 12.7 ppm in the 1H and
13C dimensions respectively cannot be identified.

Resonance intensity analysis : H6-TFile 1H-13C HMQC resonances are broadened

selectively with the strongest signal reduction to 40% of the intensity in the absence of the

ribosome. According to the mathematical model developed in Section 3.4, at 10 µM TF to

10 µM 70S, 66 % of the total TF concentration is predicted to be bound to the ribosome.

The interaction with ribosomes results in a shift in the monomer/dimer equilibrium. The

population of the two states is shifted from 54 % dimeric and 46 % monomeric to 12 %

dimer and 22 % monomer respectively while the remainder is ribosome-associated. Based

on the calculated change in the population distribution, an initial prediction of the total

combined monomer and dimer contribution to the NMR signal in the presence of the

ribosome corresponds to 38 % at 10 µM H6-TFile in close agreement with the strongest

broadening events in the presence of equimolar ribosome.

The prediction of the combined monomer and dimer contribution is based on the

assumption that the TF monomer contributes twice the signal intensity due to its smaller

size further discussed in Section 3.5.1.1. In the absence of ribosomes, 5.4 µM dimeric

TF contributes once and the 4.6 µM monomeric fraction contributes twice, resulting in

a total signal intensity of 146% the signal of 10 µM pure TF dimer. In the presence

of ribosomes, the shift in the dimerisation equilibrium produces an expected 56% of the

10µM pure dimer intensity. The ratio of these two predicted intensities gives rise to an

expected signal reduction to 38%.

Prediction of TF resonance intensities The deconvolution of the TF monomer and

dimer spectrum undertaken in Section 3.5.2.3 permits the prediction of the appearance

of the TF 1H-13C HMQC spectrum in the presence of the ribosome, with the assumption

that the ribosome-bound form of TF does not contribute to the detected signal through

the absence of motional freedom upon interaction with the 70S particle. The predicted
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Figure 4.10: TF interaction with 70S ribosomes (a) 1H-13C HMQC spectrum of 10µM
H6TFile in the absence (black) and presence of 10 µM 70S ribosomes (green). Resonances
that display significant perturbations are circled in red. b) Structural distribution of relative
resonance intensities in the presence of ribosomes as shown in c. (c) Resonance intensities in
the presence of equimolar ribosome relative to 10µM H6-TFile only (green). Predicted relative
signal intensities in the absence of contribution from the ribosome-associated TF state, based
on the deconvoluted monomer and dimer spectra, Section 3.5.2.3 (grey).
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signal intensity reductions based on the dilution study of TFILV at 900MHz are shown in

Fig 4.10.c. The detected NMR intensity for specific 1H-13C HMQC resonances is up to

2.5 fold stronger than predicted values.

The structural distribution of the observed resonance intensities is shown in Fig 4.10.b.

Resonances least affected by broadening (80-100% signal intensity) in the presence of

ribosomes map to the TF PPIase domain. The central SBD further shows resonance

intensities (40-70%) above and beyond expected signal intensities in the absence of the

contribution of the 70S-bound state to the NMR signal.

4.5.2 Discussion

The addition of equimolar ribosomes to TFile results in changes to both the position

of 1H-13C HMQC resonances and their measured intensities. While the changes in the

dimerisation equilibrium make the analysis of these perturbations not straightforward,

the mathematical model developed in Section 3.4 and the deconvoluted spectra of 1 µM

dimeric and 1 µM monomeric TF determined in Section 3.5.2.3, allow the prediction of

resonance intensities in the absence of contribution from the ribosome-bound state of TF.

The disagreement between the predictions and the experimental data suggest that TF

while bound to the ribosomal surface does in fact contribute to the observed spectrum.

The current intensity data suggests the TF domains furthest removed form the ribo-

some surface, in particular the PPIase domain, may be observable by NMR when bound

to the ribosome. The extent of broadening observed in the RBD closely matches the pre-

dicted intensity values. While the signals from this domain when bound at the ribosome

surface are thus broadened beyond detection, the absence of additional exchange broad-

ening indicates that the TF interaction with the 70S ribosome is in the slow exchange

regime, creating favourable conditions for the study of TF at the ribosome surface.

The differences in TF construct and magnetic field strength between the TF/70S ex-

periment described here (H6-TFile, at 700 MHz) and the dilution experiment described

in Section 3.5.2 (TFILV at 900 MHz) mean that the observability of TF cannot be con-

clusively determined. Uncertain is to what extent the H6-purification tag interferes with

the dimerisation equilibrium which could introduce errors in the prediction of the various

TF populations present here. The magnetic field strength influences the regime of the

exchange event such that a reaction in slow exchange at high field might present interme-

diate exchange at lower field strengths. Further experiments will need to be undertaken

to determine the feasibility of studying TF directly on the ribosome by NMR.

In particular, deuteration of the 70S together with a reduction in the TF concentration

relative to the ribosome could improve the quality of the TF 1H-13C HMQC spectrum by

populating the bound-state to a greater extent and by reducing the relaxation associated
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with domains in close proximity of the ribosome surface. Matching the experimental condi-

tions of the TF dilution outlined in Section 3.5.1.1, will permit a more ready interpretation

of the obtained data.

4.6 TF interaction with α-synuclein ribosome nascent chain

complexes

The following preliminary investigation of the interaction of TF with the α-synuclein

RNC considers the behaviour of the nascent chain. This investigation was undertaken

in close collaboration with Annika Weise (UCL). Previous studies of the TF interaction

with α-synuclein RNC found that while the nascent chain is in proximity of TF, it was

not protected from proteolysis by the presence of TF at the ribosomal exit tunnel [159].

These results indicated that the α-synuclein nascent chains maintain significant flexibility

on the ribosome. The α-synuclein RNC therefore might remain observable by NMR in

the presence of TF, enabling a residue specific characterisation of the effect of TF on the

dynamics of the nascent chain.

4.6.1 Summary of the α-synuclein RNC NMR intensity data

15N labelled α-synuclein RNC (α-syn RNC), prepared by Annika Weise (UCL), gives rise

to a SOFAST HSQC spectrum of remarkable quality (Weise et al, in preparation). The

spectrum shows limited proton dispersion, characteristic of an unfolded protein, indicating

α-synuclein does not adopt a folded conformation on the ribosome. Broadening is observed

for the whole nascent chain down to 10% intensity with signals of the N-terminal region

of the sequence attenuated beyond detection. This observation suggests the α-synuclein

nascent chain interacts transiently with the highly charged ribosome surface. Addition

of TFILV to the α-syn RNC results in further broadening of the first 100 residues to

approximately 25% of their intensity in the absence of TF (Weise et al, in preparation,

Fig 4.11). Although no specific interaction of TF with WT α-syn RNC has been described,

the presence of TF at the ribosomal exit tunnel does appear to affect the conformational

freedom of the α-synuclein RNC. A gradual titration of TF to the α-synuclein RNC was

pursued in order to characterise the TF/RNC interaction equilibrium in further detail.

The quantitative analysis of the acquired titration data and a description of the associated

difficulties in the interpretation of this data are described below.
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Figure 4.11: Interaction of TF with the α-synuclein RNC. (a) 15N SOFAST HMQC
spectrum of the α-syn RNC in the absence (black) and presence of one equivalence TF (red).
(b) Relative 15N signal intensities of α-syn RNC resonances in the presence of one equivalence
TF.

4.6.2 Quantification of 15N titration data

The study of the TF interaction with the α-syn RNC was undertaken using 6.5 µM α-

synuclein RNC, occupied to 80% as determined by immuno western blot assay, 5 µM

70S and TFILV concentrations ranging from 1 to 25 µM at pH 7 and 4◦C. The signal of

the first increment of the 1H-15N HSQC spectrum of uniformly 15N labelled α-synuclein

RNC was integrated and the amplitude of the signal monitored during gradual addition

of TF over 7 points ranging from 0 to 4 fold molar equivalence (Fig 4.12). Integrated

signals were corrected for dilution of the sample over the course of the titration using the

reference signal of DSS at 0ppm in 1H 1D NMR spectra recorded at each point of the TF

titration. 0.01% DSS was added at the start of the titration only, such that the decrease

in its signal intensity reports directly on the dilution of the sample. Errors in the signals

were estimated by integration of noise in an identically sized spectral region.

The 15N signal of 70S ribosomes in the absence of nascent chains is shown in Fig 4.12.a

and b. It is unaffected by the addition of TF showing clearly that the observed changes

in the 15N signal of the α-synuclein RNC reflect changes in the nascent chain and do not

correspond to transient interaction of TF with other flexible (NMR observable) regions of

the ribosome such as the L7/L12 stalk region.

The 15N signal integrals (Iobs) were normalised to the initial 15N (Ifree) signal in the

absence of TF for ease of visualisation and comparison with the equivalent 70S experi-

mental data. The measured intensities can be described as the sum of the intensity of the

non-TF bound fraction of RNC (Ifree) and the corresponding intensity of TF-bound RNC
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Figure 4.12: Quantification of 15N TF titration data. (a) Amide region of first incre-
ment of 15N SOFAST HMQC spectrum of 70S ribosome in the absence (black) and presence
of 1 equivalence TFILV (grey). (b) Relative 15N signal integral intensities 5 µM 70S (black)
and 6.5 µM α-synuclein RNC (pink) with increasing concentrations of TFILV . (c) Amide
region of first increment of 15N SOFAST HMQC spectrum of 6.5µM α-synuclein RNC in the
absence (pink) and presence of 1 equivalence TFILV (grey).(d) Numerical solution to two
state equilibrium fitted to the experimental signal intensity ratios without (pink), with factor
accounting for experimental errors (grey dotted) and with 2:1 stoichiometry (red).
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(Ibound) where Pfree and Pbound describe the TF population distribution at each stage of

the titration:

Iobs = Ifree × Pfree + Ibound × Pbound (4.6.1)

which after normalisation gives:

Iobs
Ifree

= 1× Pfree +
Ibound
Ifree

× Pbound (4.6.2)

where

Pfree + Pbound = 1

The population distribution (Pfree and Pbound) was then obtained by solving the quadratic

equation describing the two state TF/RNC interaction equilibrium (see Section 3.4) for

the TF-bound RNC population (Pbound=[TF:RNC]/[R0]):

Kd =
[TF ]× [RNC]

[TF : RNC]

T0 = [TF ] + [TF : RNC]

R0 = [RNC] + [TF : RNC]

(4.6.3)

The solution to the above simultaneous equations was fit to the observed intensity data.

The obtained best fit is shown in Fig 4.12.d (solid pink line). Initially, just two parameters

were used for the fit, the dissociation constant (Kd) and the normalised NMR intensity of

the TF-bound RNC (Iobs/free). It is apparent that the data cannot be accurately described

by the fitted equation as shown in Fig 4.12.d.

The solution to the least squares minimisation assumes that all experimental factors

such as protein and ribosome concentrations and ribosome occupancy are accurate. In-

troduction of an ‘error’ factor on these experimental constants significantly improves the

quality of the fit (Fig 4.12) but suggests an error of at least 30% should be taken into

account for each experimental factor. Experimental errors of this amplitude can readily

be introduced in the study of the ribosome where low particle concentrations give rise to

large absorbance values and multiple dilution steps are required for concentration deter-

mination. Moreover, ribosome occupancy is difficult to determine due to the technical

limitations of densitometry analysis. The inclusion of this error factor visually improves

the quality of the fit yet the determined dissociation constant values remain associated
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with errors of 100% or more. The additional parameter introduced in the form of an error

factor leaves the fitted equation under-restrained.

The fit of the presented data to a 2:1 TF to RNC stoichiometry (Fig 4.12.d) significantly

improves the results, estimating the value of the dissociation constant of the reaction at

1.15 ± 0.08 µM. There is however no experimental evidence to justify the proposed binding

model. The improved fit is consistent with a systematic error in the concentration of one

or both the reactants. An accurate quantification of the dissociation constant could be

achieved, in contrast to the inclusion of an error factor which similarly reflects inaccuracies

in the stock concentrations, because the number of fitting parameters is limited to two.

Discussion The titration of 15N α-syn RNC demonstrated that the gradual addition

of TF leads to the progressive broadening of the NMR signal while the NMR signals

associated with the 70S are unaffected, indicating that the residue specific broadening

reported reflects the interaction of TF with the nascent chain only. The monitoring of

1D signal integrals over the course of a titration allows the rapid acquisition of a titration

curve where sample stability is limited. Quantitative analysis of such titration data is

possible following the strategy outlined above. In the case presented here, the introduction

of an experimental error factor was required to produce satisfying fit results since the

detected broadening saturated below stoichiometric concentrations. While the amplitude

of the errors determined are feasible, it is possible that the binding model chosen does not

accurately reflect the monitored reaction.

4.6.3 Quantification of 13C titration data

Over the course of the titrations described above, the added TFILV was monitored by

interleaving single increment 1H-13C HMQC spectra between the 15N SOFAST HSQC

spectra of α-syn RNC described. Representative examples of the spectra obtained are

shown in Fig 4.13.a and b. The signal in these spectra was integrated over the methyl

region (0-1.2 ppm) and using a similar approach to that used for the 15N RNC data,

were monitored at each point of the TF titration. Signals were corrected for dilution

by normalisation to the DSS peak at 0 ppm. Errors were estimated by integration of

an identically sized distant region of the spectrum. Since 13C is a naturally occurring

carbon isotope, small amounts of background labelling of ribosomes and nascent chain

were detected. 13C integral intensities was normalised by background subtraction using

the intensity of the 13C signal in the absence of TF.

A key assumption that was made in the interpretation of this data is that the ribosome-

bound TF state is unobservable by NMR. This assumption is based on the idea that the size

of the ribosome bound form would be too large for detection by NMR even while exploiting

the advantages of methyl-TROSY NMR. The results from Section 4.5 contradict this
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assumption to some extent by showing significantly more signal intensity in the presence of

ribosomes than expected based on the re-arrangement of the monomer/dimer equilibrium

only. The implications of this assumption will be addressed in the discussion 4.6.3.3.

4.6.3.1 70S ribosome interaction with TF

The 13C signal integrals for increasing concentrations of TF are shown in Fig 4.13.c.

The titration data of TFILV with 70S were initially fit to the equation of a two-state

equilibrium, which describes the interaction with the ribosome as the interconversion of

two states, free TF and bound TF. The detected signal was assumed to originate from non

ribosome-bound TF only in Fig 4.13.d (left panel). This yielded a Kd of 1.65 ± 0.7 µM

for the TF/70S interaction in agreement with previously reported affinities summarised in

Table 3.1, Section 3.4.1. It should however be noted that the 13C titration data discussed

in what follows was recorded alongside the 15N signals discussed in Section 4.6.2. There,

we found a large systematic error, most likely introduced through inaccuracies in the

determination of stock protein concentrations. The results discussed below will be similarly

affected by this systematic error and the values of the dissociation constants mentioned

are likely to present under-estimates of the actual value.

Our current understanding of the TF equilibria indicates that the monitored reaction is

not a simple two state equilibrium as the TF dimerisation reaction directly competes with

the ribosome interaction. The ‘free’ TF signal detected thus has two different origins,

monomeric and dimeric TF each with their specific contribution to the NMR signal as

established in Section 3.4.3. The TF monomer was found to give rise to significantly

more intense signals than the TF dimer (∼ 2 fold) with a dimerisation Kd of 8 µM

at 25◦C under similar experimental conditions to those used here. Fitting of the three

state equilibrium to the titration data using the experimentally derived constraints on the

relative monomer to dimer signal (2 fold) and the value of the dissociation constant for

dimerisation (8µM) produced a Kd value of 0.32 ± 0.30 µM for the TF interaction with

the ribosome. Accounting for the competition of the dimerisation reaction thus results in

a tightening of the calculated affinity. It should be noted than the error on this result is

significantly larger that for the two state model (relative error increased from 42% to 94%)

suggesting the fit is under-restraint. Moreover, visual inspection of the fit (Fig 4.13.d, right

panel) suggests that this fit is of poorer quality than that of the two state model; the shape

of the fitted curve, imposed by the previously determined restraint on the monomer to

dimer intensity does not agree with the experimental data. Release of this constraint on

the monomer intensity visually improves the fit of the data to the proposed model (Fig

4.13.d, middle panel). The error in the Kd is however more than 1000% which reflects the

fact that, again, the equation is under-restraint because an additional parameter has been
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Figure 4.13: Quantification of 13C TF titration data with the 70S ribosome and
the α-synuclein RNC. (a) Methyl region of the first increment of 13C HMQC spectrum
of 5µM 70S ribosome in the absence (black) and presence of 1 equivalence TFILV (grey) (b)
Methyl region of first increment of 13C HMQC spectrum of 6.5µM α-syn RNC in the absence
(pink) and presence of 1 equivalence TFILV (grey) (c) Relative 13C signal integral intensities of
TFILV in the presence of 5 µM 70S (black) and 6.5 µM α-synuclein RNC (pink). Errors were
estimated by integration of a same sized region of noise in the NMR spectrum. (d) Individual
fits of the 70S and (d) α-synuclein RNC 13C intensity data to the mathematical solution
of a two-state (black), three-state (pink) and constrained three-state (blue) equilibrium as
described in the text. (f) Fits to the experimental signal intensities based on a global analysis
approach described in the text.
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introduced in the form of a factor describing the relative intensities between monomeric

and dimeric TF. The intensity ratio of monomer to dimer fit was 0.15. What becomes

evident is that the TF monomer fraction contributes significantly less to the observed

signal in the presence of ribosomes as would have been expected from the study of the TF

dimerisation reaction in isolation where the TF monomer presented twice the intensity of

the dimer.

One possible explanation for the remarkable reduction in the observed monomer sig-

nal contribution is the transient, non specific, interaction of the TF monomer with the

ribosome surface under the experimental conditions used here. This idea is corroborated

by the observation that the detected TF signal at 5:1 equivalence TF to 70S (25 µM TF

to 5 µM 70S) is significantly less intense than that observed for 10 µM TF in isolation.

TF interacts specifically at the ribosomal exit tunnel in a 1:1 stoichiometry such that at

5:1equivalence 20 µM of TF is expected to be free in solution. In NMR terms, the latter

observation could also be attributed to quirks in the exchange timescales of the TF- ri-

bosome interaction resulting in intermediate exchange broadening of the signal. With a

reported half-life of 15 sec for the TF/70S complex the NMR exchange timescale is ex-

pected to be in the slow exchange regime. However, the recent report of a half-life of 100

ms only [162] could support an intermediate exchange regime.

In summary, the 13C titration data can be successfully fitted to a two-state binding

equilibrium resulting in a Kobs
d of 1.65 ± 0.7 µM in agreement with previously determined

values for this two-state equilibrium. A more accurate description of the monitored reac-

tion accounts for the competing dimerisation reaction where the TF monomer and dimer

contribute independently to the detected NMR signal. In the absence of the ribosome, the

TF monomer was shown to contribute twice the signal of same concentration of the TF

dimer due to the differences in molecular size. The inclusion of this information and the

experimentally derived dissociation constant for dimerisation did not introduce additional

parameters to the equation but failed to described the experimental data accurately. The

unrestraint fit of the monomer and dimer contribution individually, visually improved the

quality of the fits but large errors indicated that the fit was under-restrained. The rela-

tive intensity of the monomer to dimer contribution of 0.15 is significantly lower than in

the absence of the ribosome. This difference suggests that either the assumption of slow

exchange does not hold or that an additional non specific interaction of the TF monomer

with the ribosome surface was detected.

4.6.3.2 α-synuclein RNC interaction with TF

Following a similar approach as for the 70S, 13C intensity data was gathered during the

titration of the α-synuclein RNC with TFILV . As described above Section 4.6.3.2, signal
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integral values were corrected for dilution and the background 13C signal subtracted.

The titration data was fitted to a binding model accounting for three TF states: free TF,

ribosome-bound and RNC-bound TF states. The Kd for interaction with the 70S ribosome

determined in Section 4.6.3.2 (1.65 µM) and a ribosome occupancy of 80% were used as

input parameters to restrain the fit. The Kd obtained for the α-synuclein RNC was 1.69

± 0.77 µM, within error of the experimentally derived Kd for the interaction with empty

ribosomes, suggesting the presence of the α-synuclein nascent chain does not increase the

affinity of TF for the ribosome.

Indeed, a plot of the 70S and RNC 13C titration intensity data (Fig 4.13.c) reveals that

both traces are within error of each other. However, the data for the α-synuclein appears

to be consistently below the 70S data points hinting a potentially tighter interaction of TF

with the α-synuclein RNC. As described for the 70S interaction with TF, the data were

fit to a four state equilibrium accounting for the TF dimerisation reaction and differences

in TF monomer and dimer signals (Fig 4.13). The same observation about the reduced

contribution of the monomer to the NMR signal was made and attributed to the two

possible sources described above: exchange broadening or a non specific interaction with

the ribosome.

Global fit of 13C data. Since the fit of more complex, more accurate, binding models

appear under-restrained for both the TF interaction with the ribosome and α-synuclein

RNC, a simultaneous fit of both the 70S and RNC 13C data was undertaken. Global

parameters include the intensities associated with the various TF states and the Kd values

for the TF dimerisation and 70S binding reactions.

Once more, the simplest binding model was initially pursued. The 70S data was fitted

to a two-state equilibrium (TF and 70S bound) and a three-state equilibrium (TF, 70S and

RNC bound) for the 13C RNC data. This least square minimisation approach resulted in

Kd values of 2.4 µM and 0.53 µM respectively for the 70S and RNC interaction. Extension

of the binding model to include competition with the TF dimerisation reaction produced

dissociation constants of 6.7 µM and 1.1 µM respectively with a relative monomer to dimer

intensity of 0.1 fold. The obtained fits to the experimental data are presented Fig 4.13.f.

While the TF intensity differences between the 70S and the α-syn RNC appears small,

this global fit approach consistently produces a 5 fold lower affinity of TF for the α-syn

RNC over the ribosome.

4.6.4 Discussion

The quantitative analysis of the 15N signal integrals of the 70S ribosome and α-synuclein

RNC across various TF concentrations indicate the observed changes are specific to the

TF-α-syn RNC interaction. However, the early saturation of the broadening (before one
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equivalence) in resonance intensity suggests substantial experimental errors or incorrect

assumption of the exchange regime of the reaction. As a consequence, the dissociation

constant for the TF interaction with the α-synuclein RNC could not be determined.

The analysis of the 13C signal intensities originating from increasing concentrations

of TFILV added to the 70S ribosome found values for the apparent dissociation con-

stant of TF interaction with the ribosome of 1.65 µM in agreement with previous studies.

Attempts to account for the competition with the TF dimerisation reaction resulted in

under-restrained fits. A detailed understanding of the TF dimerisation reaction was de-

veloped in Section 3.5.2.2. The application of this knowledge about the relative NMR

intensity of the TF monomer and dimer and the dissociation constant of dimerisation

showed that this information does not accurately described the mechanism of competition

between dimerisation and ribosome interactions. It is likely that either a third non specific

interaction of the TF monomer occurs at the ribosome surface or that the reaction is in

the intermediate exchange regime suggesting relatively fast kinetics of TF interaction with

the ribosome.

4.7 Concluding remarks

The sensitivity of NMR spectroscopy to transient interactions has permitted the identifi-

cation of a pre-existing interaction between native α-synuclein and TF. This N-terminal

interaction centred around Phe 4 is enhanced by the presence of a H6-tag. The substitu-

tion of 14 α-synuclein residues with a sequence from firefly luciferase introduces a higher

affinity interaction that does not appear to compete with the N-terminal interaction. The

absence of apparent competition and the ‘tethering’ effect resulting in stronger broad-

ening at Tyr 39 and His 50 in α-syn (Luc 87-100) relative to WT α-synuclein suggests

multiple interactions occur simultaneously. It is thus likely that the various regions of

H6-α-syn(Luc 87-100) interact with individual TF sites. The interaction of TF with α-syn

(Luc 87-100) is mediated through aromatic residues while charged residues in particular

in the C-terminus of α-synuclein appear unconducive to the interaction. The behaviour

of the various TF interaction sites on α-synuclein (Luc 87-100) across experimental con-

ditions suggest differential properties of the multiple TF substrate-binding sites. The

interaction of α-synuclein occurs with dimeric TF while the addition of α-synuclein (Luc

87-100) results in monomerisation. Unclear is whether the stronger affinity or the presence

of multiple binding sites is at the origin of monomerisation. Substrate interaction with

TF can thus compete with the TF dimerisation equilibrium.

H6-TFile appears to maintain significant flexibility on the ribosome with the intensity

analysis Section 4.5 indicating that regions distal from the ribosome surface in the TF-

ribosome bound state such as the PPIase domain and to a lesser extent the SBD might
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be observable by NMR. The extensive broadening observed in Section 4.6.3 for the TFILV

interaction with 70S at 4◦C however suggests a possible additional layer of complexity. At

this point in time, it is difficult to attribute the differences in the behaviour of the TF

signal across the two experiments to difference in the experimental set-up (temperature)

or the nature of the TF construct used (H6-TFile vs TFILV ).

The analysis of residue specific signal intensities of the α-synuclein RNC in the presence

of TFILV do not report on the presence of a specific N-terminal interaction as observed in

the absence of the ribosome (Section 1.4.1) since the N-terminal resonances are unobserv-

able in the RNC. The α-synuclein RNC is however significantly affected by the presence

of TF as demonstrated by the reduction in the total signal intensity to 45%. Quantitative

analysis of the 70S and α-synuclein RNC with TFILV is hindered by potential experi-

mental errors, the complex TF equilibrium leading to an under-restrained system and an

incomplete understanding of the observed phenomenon resulting in the over-simplification

of the fitted model.

The current study presents the first detailed characterisation of the various competing

TF equilibria in the presence of a single substrate, the α-synuclein RNC. It moreover

highlights the difficulties associated with the interpretation of NMR data on such large

and dynamic macromolecular systems and shows that further detailed characterisation of

the individual reactions is required to fully understand the interplay between them.



Chapter 5

NMR investigation of the trigger

factor interaction with

ribosome-nascent chain substrates

- ddFLN5

5.1 Introduction

In Chapter 4, the interaction of TF with the α-synuclein RNC was investigated as a null

model for TF interactions with nascent chains at the ribosomal exit tunnel. The disordered

nature of α-synuclein eliminates the complexity caused by partial folding of the substrate

at the ribosome surface and has permitted an initial characterisation of the impact of TF

on the available conformational space and the interaction of the nascent chain with the

ribosomal surface.

In this Chapter, we complement this study by considering the interaction of TF with

a folding competent protein model in its early stages of synthesis, with an aim to begin

to formulate generalised statements about the nature of the interaction of TF at the exit

tunnel. The protein model in question, ddFLN5, is a subdomain of a large multi-domain

gelation factor (ABP120) and folds independently into an immunoglobulin-like β-sandwich

(Fig 5.8.c, page 173).

The folding properties of ddFLN5 in isolation and on the ribosome have been ex-

tensively characterised in our group using NMR spectroscopy [65, 257]. In this regard,

C-terminal truncation mutants of ddFLN5 have been used to mimic the progressive emer-

gence of the ddFLN5 domain during translation (Waudby et al, in preparation). It was

found that truncation of the final β-strand (G, Fig 5.8.c, page 173), corresponding to 16

154
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truncated residues (ddFLN5∆16) resulted in a disordered polypeptide across all sampled

temperatures (10◦C, 25◦C and 37◦C). The transition from this disordered state to the

natively folded structure was shown to occur progressively with increasing protein length,

via two native-like intermediate species. These folding intermediates appear in truncation

mutants of ∆6, ∆8 and ∆9, with populations up to 50% relative to the disordered species

for ddFLN∆6 (Fig 5.1.a). In ddFLN∆6, two folded conformations appear to be in slow

exchange, as inferred from the observability of two sets of NMR resonances, indicating

that cis-trans proline-isomerisation of P742 (9 a.a removed from the C-terminus) might

be at the origin of the two folded states. This was supported by site-directed mutage-

nesis of P742 to alanine which biased the trans conformation of the peptide bond and

demonstrated that the two intermediate populations are distinguished by rearrangements

of proline isomerisation in the loop region preceding the final β-strand. In the ddFLN5∆4

variant, with only 4 residues truncated from the full-length ddFLN5 protein, the final β-

strand hydrogen bond network was observed to allow the full population of the native cis

proline conformation. Indeed, its structural and dynamic behaviour, as studied by NMR,

mirror those of the native state. The proposed, progressive, folding pathway of ddFLN5

is summarised in Fig 5.1.a .

On the ribosome, various nascent chain lengths of ddFLN5 have been studied with pro-

gressively longer segments of the subsequent domain 6 (ddFLN6) added to the ddFLN5

protein sequence (Cabrita et al., in preparation, Cassaignau in preparation, 2014). At the

shortest studied length (ddFLN5+21 RNC), the final β-strand, G, in the native ddFLN5

structure is predicted to be buried inside the ribosomal exit tunnel (estimated to be able

to hold ∼30 amino acids in length, described Section 1.1.3.1) resulting in a folding incom-

petent state. The 1H-15N SOFAST HMQC spectrum of the ddFLN5+21RNC displays

the limited 1H chemical shift dispersion characteristic of an unfolded protein and closely

resembles that of ddFLN5∆16, the benchmark for the ddFLN5 unfolded state (Fig 5.2.a).

Folding of the ddFLN5 RNC appears delayed, with the midpoint of folding around a

linker length of 42-45 residues, where the full domain 5 sequence and an additional 12-15

residues are predicted to have emerged from the ribosome and be exposed to the cy-

tosol. At increasing linker lengths, a progressive reduction in intensity in 1H-15N SOFAST

HMQC spectra is observed, corresponding to the loss of disordered ddFLN5 structure.

While folded resonances do not appear in the 1H-15N SOFAST spectra due to the re-

duced rotational correlation time of the folded domain (as discussed in Section 2.1.2), a

selective labelling strategy based on perdeuteration and selective protonation of isoleucine

side-chain methyl groups similar to that described in this thesis for TFile in Chapter 3

permitted the observation of the progressive population of the native ddFLN5 folded state

on the ribosomes at linker length beyond 45 residues. The current understanding of the

ddFLN5 RNCs thus provides an excellent framework for the study of the interaction of
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Figure 5.1: Overview of ddFLN5 truncation mutants and proposed co-
translational folding pathway. (a) Schematic representation of the identified folding states
populated by the various truncation mutants of ddFLN5. ddFLN5 constructs lacking 10 or
more C-terminal residues (ddFLN5∆10) do not adopt structure (1). The presence of residues
pertaining to the last C-terminal β-strand in the native structure result in an equilibrium
between the unfolded state and two partially folded states. The two folding intermediates
(2/3) are related through proline isomerisation of P742. (b) ddFLN5 constructs used in the
study detailed in this Chapter. All constructs contain a N-terminal hexa-histidine (H6) tag
for affinity purification (grey) and various lengths of the wild-type ddFLN5 sequence (red).
ddFLN5-6 contains an additional 89 residues from the successive ddFLN6 domain (white)
as example of sequential folding in multi-domain proteins. The ddFLN5+21RNC contains
6 linker residues and the SecM translational stalling sequence (blue) which site-specifically
inhibits further translation and nascent chain release.
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TF with nascent chains of various lengths.

In the study detailed in this Chapter, the focus lies on the shortest nascent chain

length studied (ddFLN5+21 RNC) and the isolated reference unfolded state, ddFLN5∆16

as reporters of the early interaction of TF with nascent chains.

5.2 Materials and Methods

Isolated ddFLN5, the various truncation mutants (ddFLN5∆16, ddFLN∆12, ddFLN5∆6,

ddFLN5-6) shown in Fig 5.1 and single tryptophan substitution mutants (Y655W, F665W,

A668W, F672W and E724W) used throughout the study that follows (Section 5.5) and

shown in Fig 5.8 have been prepared following the protocol outlined in Section 2.2.4.5.

Purification of unlabelled 70S ribosomes proceeded as described in Section 2.2.5 with a

notable difference being that final NMR buffers did not contain EDTA to prevent interfer-

ence with the added Co2+ ions as described Section 5.6. The expression and purification

of 15N-labelled ddFLN5+21 RNCs is outlined in Section 5.4.1 and a detailed protocol can

be found in Section 2.2.6.

5.3 The interaction of TF with isolated ddFLN5

In a parallel strategy to that described in Section 4.3 for the α-synuclein RNC, the in-

teraction of TF with the ddFLN5 protein was first characterised in the absence of the

ribosome. Various constructs sampling the folding intermediates of ddFLN5 described in

Section 5.1 and Fig 5.1 were produced and probed for TF affinity by NMR as a basis for

the observations made on the ribosome described in Section 5.4.

5.3.1 NMR characterisation of ddFLN5 isolated protein constructs

As was described in Section 5.1, the progressive truncation of C-terminal residues from

ddFLN5 results in the gradual unfolding of the immunoglobulin fold transitioning through

an intermediate species, distinguished by a non-native trans proline (P742). ddFLN5∆16

is the shortest isolated protein construct used in this study, with 16 residues truncated from

the full-length ddFLN5 sequence and representing a fully unfolded state across all studied

temperatures. The ddFLN5∆16 1H-15N HSQC spectrum (100 µM protein at 10◦C and

pH 7.5) presents the narrow dispersion of resonances in the 1H dimension (7.8-8.7 ppm)

characteristic of an unfolded protein (Fig 5.2.a). This state resembles most closely the

unfolded species detected for ddFLN5 RNC constructs used in this and previous studies

(see Section 5.4).

The ddFLN5∆6 truncation mutant (Fig 5.2.b) is observed to sample a mixture of states

populated to similar extent. The resonances centred around 8.2 ppm overlay to a good
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Figure 5.2: 1H-15N HSQC spectra of ddFLN5 constructs. 1H-15N HSQC spectra of
the 15N-labelled ddFLN5 constructs used in this study: the entirely unfolded ddFLN5∆16
(100 µM) (a), ddFLN5∆6 (50 µM) in equilibrium between the unfolded state and two distinct
intermediate species (refer to Section 5.1) (b), natively folded ddFLN5 (100 µM). Pairs of
split resonances are circled in red. (c) and ddFLN5-6∆18 (100 µM) with a natively folded
domain 5 and folding incompetent domain 6 (d) at 10◦C and pH 7.5.

approximation with the 1H-15N HSQC resonances of ddFLN5∆16, indicating that this

species corresponds to the fully unfolded state. The well-dispersed resonances can readily

be mapped to resonances in the native ddFLNL5 1H-15N HSQC spectrum, indicating the

presence of a native-like folding intermediate. Some but not all resonances are observed

to split into two peaks (zoom in Fig 5.3.b). As discussed earlier, the detailed study by

Waudby et al, (in preparation) revealed that the observed splitting of folded resonances

corresponds to the population of two different folding intermediate species related through

proline-isomerisation and associated structural rearrangements.

The full-length ddFLN5 (Fig 5.2.c) presents a well-dispersed 1H-15N HSQC spectrum

characteristic of a folded protein. The ddFLN5-6∆18 protein model contains 89 additional
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residues from the sequential domain 6, which has been truncated to a folding incompetent

state [258]. The isolated ddFLN5-6∆18 approximates to the longest of ddFLN5 RNC

constructs used, ddFLN5+110 RNC. ddFLN5-6∆18 lacks only the SecM stalling sequence

of this RNC construct. The 1H-15N HSQC spectrum of ddFLN5-6∆18 (Fig 5.2.d) shows

a fully folded domain 5 with unfolded domain 6 resonances centred around 8.2 ppm.

Moreover, all protein constructs in this Chapter contain a H6-tag for affinity purifica-

tion. The ddFLN5 constructs studied here are overall of a hydrophilic nature (Fig 5.8.a).

No signature TF binding motifs, particularly enriched in aromatics and non-polar residues

[159], as described in Section 1.2.2.3, are present in the sequence although two sites of above

average hydrophobicity exist between residues E671-A676 and Y715-Y719 each containing

two aromatic residues. Finally, since proline isomerisation is required for native folding

of the ddFLN5 protein, P742 and the surrounding protein sequence might constitute a

binding partner for the TF PPIase domain. The study of these protein constructs was

therefore undertaken in order to establish a reference frame for the interpretation of the

observations made in the case of the ddFLN5+21 RNC.

5.3.2 Characterisation of the interaction of TF with isolated ddFLN5

Equimolar amounts of TF were added to 100 µM ddFLN5∆16, 50 µM ddFLN5∆6, 100

µM ddFLN5 and 100 µM ddFLN5-6∆18 in order to identify any pre-existing interaction

between TF and the ddFLN5 substrates in the absence of additional factors such as the

ribosome. No specific interaction was detected for any of the ddFLN5∆16, ddFLN5∆6

and ddFLN5 constructs upon equimolar addition of TF at both 10◦C and 25◦C (pH

7.5), as summarised in Fig 5.3. Addition of TF neither visually altered the appearance

of the ddFLN5∆16, ddFLN∆6 and ddFLN5 1H-15N HSQC spectra, nor did resonance

intensity analysis display specific sites of enhanced broadening that would be indicative of

interaction. Moreover, TF did not specifically interact with the ddFLN5∆6 sub-population

that presents a non-native trans proline, nor was it found to alter the equilibrium between

cis and trans states.

5.3.2.1 Characterisation of the interaction of TF with ddFLN5-6∆18

Addition of equimolar TF to 100 µM 15N-labelled ddFLN5-6∆18 at 25◦C did not result in

notable changes in the 1H-15N HSQC spectrum and no effect on resonance intensities was

detected (Fig 5.4.b). At 10◦C however, a significant increase in resonance intensities of

domain 5 (residues 646-750) is detected to 1.3 fold the original intensity (Fig 5.4.c). This

is at odds with the expected selective broadening of resonances upon interaction with TF.

Resonances originating from the unfolded domain 6 display more variable behaviour. A

detailed description of the resonance intensities is hindered by the incomplete assignment
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Figure 5.3: Interaction of TF with ddFLN5 truncation mutants. (a) Select 1H-15N
HSQC unfolded resonances of ddFLN5 truncation mutants ddFLN5∆16 (red) and ddFLN5∆6
(pink) in the presence and absence (colour/black) of equimolar TF at 10◦C. (b) Select 1H-
15N HSQC folded resonances of ddFLN5 truncation mutants ddFLN5∆6 (light blue) and
ddFLN5 (dark blue) in the presence and absence (colour/black) of equimolar TF at 10◦C.
Resonances assigned to the trans proline state of ddFLN5∆6 are marked ‘T’. (c) Relative 1H-
15N HSQC resonance intensities of ddFLN5∆16, the three states of ddFLN5∆6 and ddFLN5 in
the presence of equimolar TF at 10◦C (blue) and 25◦C (red). Grey shaded regions correspond
to residues absent in the particular construct.
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of resonances in this region of the ddFLN5-6∆18 sequence due to spectral overlap and

limited sample stability (Anäıs Cassaignau, UCL). From the available data it appears

that some resonances are reduced to 60% of their initial intensity in the presence of TF.

The affected residues are 758 to 767 and a second, stronger site centred at N799. The first

site is enriched in phenylalanine (2) and serine (3) residues, while the second site displays

a number of negatively charged residues (4).
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Figure 5.4: Interaction of TF with ddFLN5-6∆18. (a) Region of the 1H-15N HSQC
spectra of 100µM 15N-labelled ddFLN5-6∆18 in the absence (black) and presence of equimolar
TF (blue) at 10◦C and pH 7.5. (b) Relative 1H-15N HSQC resonance intensities upon addition
of equimolar TF at 10◦C (blue) and 25◦C (red). (c) Relative 1H-15N HSQC ddFLN5-6∆18
resonance intensities upon addition of equimolar TF at 10◦C as in b reveal overall increase
in intensity of the detected NMR signals in the presence of TF, with selective broadening of
residues 758-767 and 790-810 in the ddFLN6 linker sequence.
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5.3.3 Concluding remarks

The study of the interaction of TF with the isolated ddFLN5 truncation mutants detailed

above demonstrates that TF shows no inherent affinity for the folding intermediates popu-

lated by ddFLN5 in vitro in the absence of ribosomes. The agreement between the absence

of extended stretches of above average hydrophobicity and the absence of detected inter-

action with TF reaffirms the predictive power of amino acid sequence analysis to identify

TF substrates as described in Section 4.1.1.

TF however does appear to display affinity for the ddFLN6 linker that is exposed

in longer ddFLN5 RNC constructs at 10◦C. Under our established ‘typical’ experimental

conditions for the study of nascent chains by NMR (10◦C for unfolded, and 25◦C for folded

nascent chains), TF does however not interact selectively with ddFLN5 in the absence of

the ribosome. The ddFLN5 nascent chain thus provides a complementary null system

for the study of the TF interaction with emerging nascent chains on the ribosome to the

previously described α-synuclein RNC.

5.4 The interaction of TF with ddFLN5+21 RNC

The ddFLN5+21RNC sequence is composed of the full-length ddFLN5, followed by a

stalling sequence from the regulatory protein SecM which arrests nascent chain produc-

tion on the ribosome (see Fig 5.1.b). Four residual cloning residues serve as a spacer

between the folding competent ddFLN5 domain and the SecM translational arrest se-

quence, distancing the ddFLN5 domain at 21 residues from the PTC. The full sequence

is included in Appendix A.1.3. With approximately 30 residues required to bridge the

ribosomal exit tunnel, at least some of the C-terminal strand G of ddFLN5 is predicted

to be (partially) buried inside the ribosomal exit tunnel, preventing native folding of the

domain. In accord with this, the ddFLN5+21 RNC was found to display predominantly

non-dispersed cross-peaks in SOFAST HMQC spectra at 25◦C, with chemical shifts closely

similar to those of the isolated ddFLN5∆12 [65, 258].

In this Section, the ddFLN5+21 RNC was used as a model system to characterise the

interaction of TF with an unfolded nascent chain. The preparation of the ddFLN5+21

RNC is briefly outlined followed by a detailed characterisation of the ddFLN5+21 RNC at

10◦C. Then the effect of TF presence on the behaviour of the nascent chain is discussed.

5.4.1 Preparation of the ddFLN5+21 RNC

The detailed protocol for the expression and purification of uniformly 15N-labelled ddFLN5+21

RNC can be found Section 2.2.7. In short, transformed E. coli BL21*(DE3) Gold cells

are grown in unlabelled growth medium to high optical densities (OD600 ∼ 4). Cells are
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then transferred to isotope enriched medium for a short induction period (30 min). This

ensures that the majority of ribosomes are NMR silent while the 15N isotope is selectively

incorporated into the nascent chain during expression, for minimal background signal from

the flexible L7/L12 stalk region of the ribosome in the 1H-15N SOFAST HMQC spectrum.

Ribosomes are isolated from the lysate by sucrose cushion centrifugation. The riboso-

mal fraction (20 nmol per litre culture) is enriched in nascent chain occupancy by affinity

chromatography for the nascent chain H6-tag. Finally a 10-35% sucrose gradient centrifu-

gation step allows the separation of 70S RNC from contaminant 30S and 50S ribosomal

subunits. A typical preparation yields 3-6 nmol of RNC material per litre of bacterial

culture, yielding 1-2 NMR samples at maximal ribosome concentrations (10 µM).

5.4.2 Characterisation of the ddFLN5+21 RNC by NMR

While previous characterisation of the ddFLN5+21 RNC by NMR [65] has been under-

taken at 25◦C, here, the choice was made to investigate the behaviour of the ddFLN5+21

RNC at 10◦C for the decreased contribution of the background L7/L12 signal (relative to

25◦C, Fig 5.5.c) and reduced resonance linewidths for the nascent chain due to decreased

solvent exchange.

The 1H-15N SOFAST HMQC spectrum of 10 µM ddFLN5+21 RNC at 10◦C, pH

7.5, displays the expected narrow resonance dispersion with all backbone amide signals

between 8-8.6 ppm. 46 distinct resonances for a total of 132 residues are detected with a

signal-to-noise of ∼20 achieved within 1 hour of acquisition.

The resolution of the NMR spectrum was increased relative to the cited study at

25◦C by doubling the number of increments in the indirect dimension at the expense of

the number of scans acquired, reducing the S/N per unit time by
√

2. The relationship

between the various NMR parameters is discussed in Section 2.1.1. The resulting increased

resolution reduced the spectral overlap of the broad RNC signals and allowed the more

accurate determination of the chemical shifts of HMQC resonances. As shown in Fig

5.5.b, the ddFLN5+21 RNC SOFAST HMQC spectrum overlays well with the unfolded

ddFLN5∆16 reference spectrum allowing for ready transfer of resonance assignment.

ddFLN5+21 RNC resonance assignments were ranked into 5 categories: 1) resonances

in good agreement with ddFLN5∆16 chemical shifts (differences smaller than 0.005 ppm

and 0.05 ppm in the 1H and 15N dimensions respectively), 2) resonances that could be

readily identified but that overlapped with 70S background signals (Fig 5.5.c) potentially

leading to distortions of the baseline and thus errors in the resonance intensities mea-

sured, 3) resonances undergoing chemical shift perturbations relative to the ddFLN5∆16

and thus could not be assigned with great certainty, 4) overlapped resonances and fi-

nally 5) ddFLN5∆16 resonances visibly absent from the ddFLN5+21 RNC spectrum were
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identified and classed separately. Overlapped resonances (category 4) were excluded from

further analysis since signal overlap results in baseline distortions hindering an accurate

intensity analysis and prevents the certain transfer of resonance assignments.

Observable, and assigned, resonances are on average broadened to 35% of the signal

intensity of 10 µM ddFLN5∆16 in isolation. A sequence dependent broadening pattern

emerges as shown in Fig 5.5.e. Resonances originating from N-terminal residues 650 to

670 are uniformly broadened to 35%. Subsequent residues 672 to 680 are reduced to 20

%. From residue 680 to 695, resonances show 40% intensity slowly decreasing to 35% at

710. From residue 710 onwards, no further resonances are detected. Fig 5.5.d highlights

the absence of these resonances in the ddFLN5+21 RNC spectrum. Extreme N-terminal

residues 646-650 further appear reduced in intensity relative to the subsequent regions.

The ddFLN5+21 RNC presents a 1H-15N SOFAST HMQC of remarkable quality as

association with the ribosome particle could potentially lead to extremely rapid relaxation

(R2 >1000 s−1) and thus an unobservable state. The behaviour of ddFLN5+21 RNC thus

appears to mirror the conformational freedom of the dynamic L7/L12 regions, rotating

independently of the ribosome.

The specific broadening at the N-terminus and residues 672-680 may correspond to sites

of transient interaction with the ribosome surface or local conformational exchange specific

to the nascent chain. The effect of chemical exchange on resonance intensities is described

in Section 2.1.6.1. C-terminal resonances from residues 712 onwards (residues 771 is the

last residue in the ddFLN5+21 RNC sequence) are not present in the ddFLN5+21 RNC

spectrum. The limited motional freedom of∼30 residues inside the ribosome tunnel readily

explains their broadening beyond detection. A gradual recovery of signal intensities would

be expected as flexibility is gained progressively as residues are further removed from the

ribosome surface. Instead, a rapid transition in signal from 35% to 0% is observed between

residue 709 and 712. It is therefore likely that the origin of the broadening observed in the

last 60 residues can be found in an exchange event on the timescale of the NMR experiment

in the form of interaction with the ribosome surface or conformational exchange.

The experimental set-up employed here for the NMR study of the ddFLN5+21 RNC

at 10◦C with increased spectral resolution, has permitted a residue specific analysis of the

dynamic behaviour of the ddFLN5+21 nascent chain on the ribosome. The high quality

of the NMR spectrum provides ideal conditions for the characterisation of the TF with

the ddFLN5+21 RNC.
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5.4.3 Determining the attachment of the ddFLN5+21 nascent chain to

the ribosome

A stringent protocol based on both NMR and biochemical experiments for the verification

of attachment of the nascent chain to the ribosome has been established in our laboratory

(Helene Launay, doctoral thesis, 2011, and Cassaignau et al., in preparation) in order

to avoid the interpretation of the NMR data in the presence of released protein. The

reduced rotational correlation time of the released protein typically results in undesirable

significant contribution to the NMR spectrum. The effect of the rotational correlation

time (τc) on NMR signal intensity is described Section 2.1.2.

15N diffusion : 15N SORDID diffusion experiments of the ddFLN5+21 RNC were

recorded at two gradient strengths: 10.4% and 69.5% Gmax as described in Section 2.3.2.5.

The one-dimensional 15N-edited spectra at the start of acquisition are shown in Fig 5.6.c.

The diffusion coefficients of the nascent chain over time can be calculated from the ratio

of the signal integral from equation 2.1.16. At early time-points, the diffusion coefficient

was found to be 1.2 ± 0.3 × 10−11 m2.s−1 in good agreement with experimental diffusion

coefficients determined for the 70S particle (1 × 10−11 m2.s−1 and 1.85 ± 0.15 × 10−11

m2.s−1 at 4◦C and 25◦C respectively (Helene Launay, doctoral thesis, 2011)). Release of

the nascent chain is reflected by an increase in the measured diffusion coefficient towards

the isolated protein value of 1.3 ± 0.05 × 10−10 m2.s−1 (Marilia Karyadi, doctoral thesis,

2012). Fig 5.6.d shows the progressive increase of the experimental diffusion coefficient for

the ddFLN5+21 RNC over the course of multiple days. At t=18 hr the detected change

in the diffusion coefficient exceeds the experimental error of the value at t=0 hr which is

typically used as a cut-off for data accumulation on the RNC. The change in the dissocia-

tion constant over the course of data acquisition corresponds to only a fraction of released

nascent chains relative to the attached population, as the shorter rotational correlation

time of the released nascent chain results in a large fractional contribution to the NMR

signal.

Ribosomal background labelling : 15N background labelling of the ribosome was

determined from the intensity ratio of a 15N-filtered and 15N-edited set of one-dimensional

NMR experiments described in Section 2.3.2.1. While the 15N-filtered experiment (Fig

5.6.e) reflects the fraction of NMR silent (14N) ribosomes, the 15N edited spectrum reports

on a combination of the nascent chain and 15N labelled ribosome. The intensity ratio of

the two spectra between 8.5 and 9 ppm, where only the folded ribosomal protein signals are

expected to be observed, was found to be 0.2, which translates to 15% background labelling

of the ribosomes present in the NMR sample. The major contribution to the 15N signal

detected in the SORDID diffusion experiments described above is therefore arising from
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Figure 5.6: Stability of the ddFLN5+21 RNC at 10◦C. (a) 15N SORDID diffusion
1D spectra of the ddFLN5+21 RNC at 10.4% and 69.5% maximum gradient strength. (b)
Calculated diffusion coefficients for the ddFLN5+21 nascent chain over time. (c) 15N-edited
and 15N-filtered 1D spectra of ddFLN5+21 RNC. (d) 1H-15N SOFAST HMQC first increment
signal integral of the ddFLN5+21 nascent chain over time. All errors were determined by
integration of an identical sized region of the noise in the NMR spectra. (e) Anti-his detected
western blot of 4 pmol prepared ddFLN5+21 RNC and a ddFLN5+67 RNC control in the
absence and presence of RNase. (f) Anti-his detected western blot of ddFLN5+21 RNC
stability over time.



Chapter 5. Trigger Factor interaction with ddFLN5 168

the nascent chain, indicating that the time-dependent increase of the diffusion coefficient

indeed reports specifically on nascent chain attachment to the ribosome.

1H-15N SOFAST HMQC signal integrals : Finally, changes over time in the signal

intensities in the first increment of 2D experiments such as the 1H-15N SOFAST HMQC

report on the stability of the nascent chain and flexible ribosome regions (L7/L12 and S1)

in terms of degradation and release. The variation in the signal integrals between 7.8 and

8.7 ppm over time are shown in Fig 5.6.f. Significant reduction of the SOFAST HMQC

signal coincided with the observed changes in the diffusion coefficient at 18 hours.

Biochemistry : Nascent chain attachment can be readily determined biochemically as

the covalent bond of the SecM stalled nascent chain to the peptidyl tRNA results in

an upshift of 16 kDa of the nascent chain band relative to the released protein on an

SDS-PAGE gel. The covalent bond, prone to hydrolysis, can be maintained under low

pH conditions (pH 5.8) as shown in Fig 5.6.e. The fractional changes in the tRNA-

bound nascent chain were monitored over the course of the NMR experiment by Anti-His

detected western blot immuno-assay (Fig 5.6.f). The time-course of the ddFLN5+21 RNC

demonstrates that the ribosome-nascent chain complex is stable for a minimum of 9 hours,

as indicated by the appearance of the released species at t = 35hr.

The combination of the three distinct experimental reporters of nascent chain attach-

ment (SDS-PAGE nascent chain band up-shift, 15N diffusion and SOFAST HMQC signal

integrals) indicate the ddFLN5+21 RNC is stable over a period of 9-18 hours at 10◦C.

The findings described in Section 5.4.2 and the study that follows report on NMR data

acquired in the first 8 hours.

5.4.4 NMR investigation of the interaction of ddFLN5+21 RNC with

TF

The addition of TF to 10 µM 15N-labeled ddFLN5+21 RNC at 10◦C and pH 7.5 results

in broadening of 1H-15N SOFAST HMQC resonances. No notable changes in resonance

chemical shift positions are detected (Fig 5.7.a and b). Resonances were classified into the

5 categories described above for the analysis of their relative intensities in the presence of

TF.

At one molar equivalence TF (Fig 5.7.c), ddFLN5+21 RNC resonances appear uni-

formly broadened to 75% of their intensity in the absence of TF. No selective broadening

pattern beyond the error on the resonance intensity measurements were observed. Fur-

thermore, no new 1H-15N SOFAST HMQC cross-peaks are detected in the comparison

with the NMR spectrum before addition of TF, indicating the C-terminal residues, from

712 onwards, remain broadened beyond detection.
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spectrum of ddFLN5+21 RNC in the presence of 3 molar equivalence TF. (b) Overlay of the
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Chapter 5. Trigger Factor interaction with ddFLN5 170

At three molar equivalence of added TF (Fig 5.7.d), close to saturation of the TF inter-

action as predicted by the mathematical model of the complex TF equilibrium developed

in Section 3.4, the relative intensity drop further down to 65% of the initial intensities in

the absence of TF.

TF does not appear to interact specifically with regions of the ddFLN5+21 RNC. The

presence of TF at the exit tunnel does however affect the conformational freedom of the

nascent chain resulting in uniform broadening. This reduced conformational space may

be conducive to protein folding or prevents non-desired interactions with cytosolic factors.

5.4.5 Concluding remarks

The investigation of the ddFLN5+21 RNC at 10◦C has permitted the acquisition of high

resolution NMR spectra The resonance intensities across the RNC could be compared at

near residue specific level and variation in the extent of broadening across the sequence

where observed. This indicates that the presence of the ribosome through tethering of

the nascent chain and through potential interactions with the ribosome surface affects the

behaviour of the ddFLN5+21 RNC relative to the unfolded ddFLN5∆16. Although the

specific differences could be localised to exact regions of the protein, the precise nature of

the effect remains unknown.

The presence of TF at the ribosomal exit tunnel impacts on the conformational space

of the ddFLN5+21 RNC in a concentration dependent manner. At saturation point,

the presence of TF causes broadening of the ddFLN5+21 RNC resonances to 65%. The

presence of TF appears to perturb the dynamics of the ddFLN5 nascent chain uniformly

across the sequence. The results presented here suggest TF does not specifically interact

with a particular region of the ddFLN5+21 nascent chain but has highlighted the capacity

of NMR to investigate the TF interaction with the nascent chain at a residue specific level.
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5.5 The interaction of TF with single tryptophan substitu-

tion ddFLN5∆16 mutants

The study described in the previous Sections 5.3 and 5.4 focussed on the TF interaction

with unfolded ddFLN5 in isolation and on the ribosome. The multi-domain ABP120

protein from which the ddFLN5 is a sub-domain, is not a native substrate of TF and

does not appear to recruit TF in vitro. In Chapter 4, a highly hydrophobic sequence

was substituted into the native α-synuclein sequence to enhance TF affinity. In a similar

vein, we here develop a strategy to recruit TF to the ddFLN5 constructs by single amino

acid substitution in order to complement our current picture of the TF interaction with

protein substrates on the ribosome by including a scenario where a specific interaction site

is present.

5.5.1 Strategy

The strategy pursued here is based on single non-destabilising amino acid substitutions.

It was found previously that TF displayed a particular preference for aromatic residues,

notably interacting with each of three tryptophan residues present in the PhoA sequence

[130, 159]. The native ddFLN5∆16 sequence presents two sites of above average hydropho-

bicity: E671-A676 and Y715 -Y719, both containing two aromatic residues each (Fig 5.8.a).

Single amino acid substitutions to Trp residues were made around these sites in order to

enhance the local hydrophobicity and to create a more favourable site for TF interaction.

Residues were selected based on conservation and ensured to be non-destabilising to the

native ddFLN5 fold as predicted by the PoPmusic server [259] in the attempt to produce

folding competent full-length ddFLN5 mutant products.

Five sites were selected for mutagenesis: Y655, F665, A668, F672 and E724 (Fig 5.8.b).

Y655 is in close structural proximity of the E671-A676 site of existing hydrophobicity per-

mitting the formation of a three dimensional hydrophobic patch in the ddFLN5 folded

state (Fig 5.8.e). The tryptophan substitution here is predicted to be marginally desta-

bilising (∆∆G of 0.31) while it does not alter the mean hydrophobicity of the protein

sequence (Fig 5.8.a). F665 and A668 (∆∆G of 0.24 and -0.12 respectively) extend the

existing hydrophobic site between E671 and A676 with the A668W mutants resulting in a

small increase in local hydrophobicity. Mutation of F672 does not alter the hydrophobic-

ity or length of this ddFLN5 region but alters its sequence composition and is predicted

to destabilise the native ddFLN5 structure (∆∆G of 0.99). The final site of mutation,

E724 (∆∆G of -0.13) increases the mean hydrophobicity of the sequence (Fig 5.8.a) ex-

tending the second site of pre-existing hydrophobicity in the ddFLN5 sequence at residues

Y715-Y719.
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Figure 5.8: ddFLN5∆16 tryptophan mutants. (a) Roseman hydrophobicity plots of
ddFLN5∆16 and five single tryptophan substitutions. ddFLN5∆16 presents two sites of rel-
ative high hydrophobicity around E671-A676 and Y715 -Y719. The tryptophan substitutions
do not significantly alter the hydrophilic nature of ddFLN5∆16. (b) Localisation of the en-
gineered tryptophan substitutions on the ddFLN5∆16 sequence. (c) Mapping of sites of hy-
drophobicity on the folded ddFLN5 structure. Truncated C-terminal residues in ddFLN5∆16
in green. (d) Native aromatic residues on the ddFLN5 structure: tyrosine in pink, phenylala-
nine in red. (e) Sites of single amino acid substitutions mapped on the ddFLN5 structure.
Colours as in a and b.
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5.5.2 NMR characterisation of ddFLN∆16 tryptophan mutants

The five tryptophan substitution mutant proteins were successfully sub-cloned, expressed

and purified as described in Sections 2.2.1, 2.2.3 and 2.2.4.5. The 1H-15N HSQC spectra of

80 µM F665W and E724W at 500 MHz and 10◦C display the characteristic poor resonance

dispersion of a disordered protein. Comparison to a 1H-15N HSQC spectrum of 100 µM

ddFLN5∆16 acquired under identical conditions shows that these spectra largely overlay

with small chemical shift disruptions in resonances corresponding to residues in close

sequence proximity to the site of mutation (Fig 5.9.a). The resonance intensities fluctuate

randomly around their WT ddFLN5∆16 values with no clear pattern discernible based on

sequence proximity or composition. The detected intensity fluctuations do also not appear

to correlate with any structural elements of the native ddFLN5 (Fig 5.10.a and b).

The 1H-15N SOFAST HMQC spectra of 100 µM of tryptophan mutants Y655W,

A668W and F672W show similarly non-dispersed cross-peaks at 700 MHz and 10◦C (Fig

5.9). Chemical shift changes from the WT ddFLN5∆16 are more pronounced than in the

previous two mutants and transfer of the existing ddFLN5∆16 assignment was non trivial,

significantly reducing the number of probes available in these substrates. In this instance,

a clear trend can be observed from the resonance intensity profiles relative to the WT

ddFLN5∆16 construct. While the N-terminus presents similar random intensity variation

as detected for the F665W and E724W ddFLN5∆16 mutants, intensities around residue

K680 appear conserved while further C-terminal residues are broadened to ∼40% in all

three tryptophan mutants. The detected broadening mainly maps to what corresponds to

β-strands CDEF in the native ddFLN5 structure (Fig 5.10.b).

Moreover a limited number (20) of well-dispersed cross-peaks were detected in the 1H-
15N SOFAST HMQC of Y655W, A668W and F672W proteins, spread over 8.7-10 ppm in

the 1H dimension suggesting the presence of a folded species. Similar non native-like dis-

perse resonances have been previously observed in ddFLN5∆12 1H-15N SOFAST HMQC

spectra, a longer ddFLN5 truncation product which does not yet present the folding inter-

mediate states associated with proline isomerisation as described Section 5.1 (Fig 5.1.a).

The observed disperse peaks in the tryptophan mutants overlay reasonably well with the

disperse peaks in the ddFLN5∆12 SOFAST spectrum (Fig 5.10.e) but ddFLN5∆12 present

more disperse resonances (∼ 60) with significantly lower intensities: 7-8 fold weaker than

in the tryptophan mutants. The similarities suggest a common origin to the dispersed

peaks in the tryptophan mutants and ddFLN5∆12. While the correlation of C-terminal

broadening and the appearance of a novel set of resonances in the Y665W, A668W and

F672W 1H-15N SOFAST HMQC suggests the tryptophan mutant proteins might be un-

dergoing conformational exchange, an equally likely explanation is the co-purification of a

small folded protein contaminant with higher affinity for the inserted tryptophan residues.
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Figure 5.9: NMR characterisation of ddFLN5∆16 tryptophan mutants a. 1H-15N
HSQC spectra of WT ddFLN5∆16 (black), F665W (dark blue) and E724W (light blue) at
10◦C and 500 MHz.b. Structural distribution of mutation sites. Colours as in a, c and e.
Black residues correspond to truncated residues in ddFLN5∆16. c. 1H-15N SOFAST HMQC
spectra of WT ddFLN5∆16 (black), Y655W (orange), A668W (pink) and F672W (red) at
10◦C and 700 MHz. d. 1H-15N SOFAST HMQC spectra of WT ddFLN∆12 (grey) at 10◦C
and 700MHz. e. Cross-peaks arising from folded species in 1H-15N SOFAST HMQC spectra
of WT ddFLN5∆12 (grey), Y655W (orange), A668W (pink) and F672W (red) at 10◦C and
700 MHz.
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Figure 5.10: Resonance intensity analysis of ddFLN5∆16 tryptophan mutants
a. Relative resonance intensities of ddFLN5∆16 tryptophan mutants relative to WT
ddFLN5∆16. b. Structural distribution of ddFLN∆16 tryptophan mutants intensity vari-
ations in the full-length ddFLN5.
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Further investigation is required to distinguish between the two hypotheses.

The observed disruptions to the NMR behaviour of ddFLN5 could be of both a struc-

tural and/or dynamic nature since NH chemical shifts are not sensitive reporters of sec-

ondary structure formation. The limited changes in the chemical shifts in the HSQC

spectrs of the Trp mutsnts do however indicate that no significant tertiary structure has

been formed in the disordered ddFLN5∆16 construct by the insertion of a large aromatic

residue at these sites. Further biophysical characterisation will be required to determine

the nature of the observed perturbations and the effect on the overall stability of the full

length ddFLN5 domain.

5.5.3 The interaction of TF with ddFLN∆16 tryptophan mutants

1H-15N HSQC resonance intensities of ddFLN5∆16 mutants F665W and E724W are un-

affected upon equimolar addition of TF at 10◦C (and 500 MHz). Addition of equimolar

TF to Y655W, A668W and F672W however did result in notable changes in the 1H-15N

SOFAST HMQC spectra. Selective broadening of residues was detected near the sites

of mutation and in further regions of the protein sequence. Resonance broadening is

strongest in the F672W mutant and clearly defines three sites affected by the presence

of TF: residues 672-677 (broadened to 20%), the most hydrophobic region of the protein,

residues 688-697 (broadened to 60%) and residues 714-719, the second site of above av-

erage hydrophobicity, broadened down to 30%. In Y655W and A668W, residues 672-677

are most affected by the presence of TF (signal intensities reduced to 50-60%) despite the

sites of mutation not mapping to that exact region. The Y655W mutation appears to

introduce a second more N-terminal site of TF interaction, around the site of mutation,

between residues 655 and 668. A weak interaction with ddFLN5∆12 (with 4 additional

residue with respect to ddFLN5∆) was detected at residues 672 to 677 with resonances

broadened to 60%.

The absence of broadening in F665W and E724W indicates that introduction of tryp-

tophans at these particular sites does not enhance the TF affinity for ddFLN5∆16 despite

the increased hydrophobicity, in particular for E724W. ddFLN5∆16 mutants Y655W,

A668W and F672W enhance the affinity of TF for the ddFLN5∆16 sequence at residues

672 to 677 while further perturbations of resonance intensities appear mutant specific.

The addition of 4 additional C-terminal residues appears to have a similar effect on the

TF affinity for ddFLN5.

5.5.4 Discussion

The insertion of single tryptophan residues at specific sites (Y655, A668 and F672) of the

ddFLN5∆16 sequence introduced sites of TF interaction centred around a pre-existing
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Figure 5.11: Resonance intensity analysis of ddFLN5∆16 tryptophan mutants in
the presence of TF. a. Relative resonance intensities of ddFLN5∆16 tryptophan mutants
in the presence of equimolar TF. b. Structural distribution of mutation sites. Colours as
in a, c and e. Black residues correspond to truncated residues in ddFLN∆16. c. Relative
resonance intensities of ddFLN5∆16 tryptophan mutant unassigned dispersed resonances in
the presence of equimolar TF.
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region of hydrophobicity as determined by amino acid analysis. A correlation between

C-terminal exchange, the appearance of well-dispersed resonances and TF interaction was

detected while no correlation with predicted increase in hydrophobicity was observed. The

precise biological implications and the causal relationship between the current observations

are unclear.

5.6 Co2+ paramagnetic relaxation enhancement measure-

ments.

5.6.1 Introduction

Paramagnetic relaxation enhancement (PRE) measurements are a well established means

of determining medium range distance constraints by NMR. The free electron of param-

agnetic species such as a subset of transition metal ions induces rapid relaxation of the

magnetism of nearby nuclei. The theoretical principles of the PRE effect are discussed

in Section 2.1.6.5. PRE experiments have been extensively used in the study of residual

structure in IDPs due to its capacity to detected short-lived conformational states.

Typical sources of paramagnetism used in NMR studies include native metal binding

centres or nitroxide spin labels attached to engineered cysteine residues. In this study, all

ddFLN5-derived TF substrate proteins contain N-terminal H6-tags for affinity purification.

Paramagnetic metal ions such as Cu2+, Ni2+ and Co2+ readily coordinate to the indole

rings of the H6-tag (Fig 5.12).

In the study that follows, the possibility of investigating compaction in the ddFLN5+21

RNC and perturbations in its conformational ensemble in the presence of TF using metal

ion PRE experiments is explored by characterising the interaction and PRE effect of metal

ions binding to the N-terminal his-tag in the isolated ddFLN5 protein and truncation

mutant ddFLN5∆16.

5.6.2 Paramagnetic relaxation enhancement of Cu2+ ions in ddFLN5∆16

Initially, the interaction of Copper(II) ions with ddFLN5∆16 was investigated. The Cu2+

interaction with the H6-tag is of high affinity but low specificity. This high affinity may

be a favourable property in a PRE agent used in the study of RNC complexes since it is

less likely to interfere with 70S and nascent chain stability.

Gradual titration of 100 µM 15N ddFLN5∆16 with 10, 20, 50, 75 and 100 µM CuCl2 at

10◦C and pH 7.5 resulted in extensive broadening of 1H-15N SOFAST HMQC resonances

along the full ddFLN5∆16 protein sequence (Fig 5.13). At concentrations below 50 µM

CuCl2 limited resonance broadening is observed to approximately 70% in the C-terminal

half of ddFLN5∆16 (685-734). Higher concentrations (50, 75 and 100 µM) result in the
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Figure 5.12: Paramagnetic relaxation enhancement through metal ion binding of
the H6-tag of ddFLN5∆16. (a) Model of the coordination of Ni2+ by the H6-tag. (b)
The affinity of metal ions for histidine residues is inversely correlated to their specificity for
histidine. (c) The PRE effect of the metal ions permits the detection of compaction in the
ddFLN5∆16 unfolded state.

broadening of resonances beyond detection at the ddFLN5∆16 N-terminus with signals

up to 40 % their original intensity detected for select resonances from residue 680 to

735. In particular at 1 equivalence, the highest concentration sampled, resonances appear

to gain intensity progressively towards the C-terminus with intensities between 10-15%.

Resonances originating from residues 724 till the C-terminus at 734 gradually recover to

25% (Fig 5.13.b).

The rapid transition in the observed resonance broadening with increasing Cu2+ con-

centrations (notably between 20 and 50 µM) suggests the presented data do not report

on a single binding event of Cu2+ to the ddFLN5∆16 H6-tag only. This concentration

dependent behaviour typically reflects cooperativity between multiple binding sites. The

lack of defined structure in the ddFLN5∆16 mutant does not readily translate into cooper-

ative behaviour. Furthermore, the concentrations in question are substochiometric to the

ddFLN5∆16 present, indicating that the interactions are in fast exchange. It is therefore

unlikely that the molecular mechanism would combine both weak, transient, interactions

and cooperative behaviour. Another explanation for the rapid loss in resonance intensity is

protein aggregation mediated by the interaction with Cu2+. Addition of excess EDTA to

100 µM ddFLN5∆16 and 100 µM Cu2+ however successfully recovered most ddFLN5∆16

NMR resonances (residues 643-653 remain broadened beyond detection) indicating that

the potentially observed aggregation is reversible.

The lack of characteristic PRE pattern in resonance broadening and unobservable

resonances signify that Cu2+ ions are not suitable to the study of the ddFLN5+21 RNC
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Figure 5.13: Titration of ddFLN5∆16 with Cu2+ ions. a. Resonances in the 1H-
15N SOFAST-HMQC spectra of 100µM ddFLN5∆16 (black) are significantly broadened upon
addition of one equivalence Cu2+ (red). b. Plot of the residual signal intensities in the
presence of one equivalence Cu2+ shows all residues within ddFLN5∆16 are affected by the
presence of Cu2+ with signals slowly recovering towards the C-terminus of the protein. d.
Plot of the residual signal intensities over the course of a gradual titration with Cu2+ shows
a rapid disappearance of signal intensity at 0.5 equivalence.
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by PRE.

5.6.3 Paramagnetic relaxation enhancement of Co2+ ions in ddFLN5∆16

Cobalt(II) ions display weaker affinity for H6-tags but greater specificity than Cu2+. Titra-

tion of 100 µM ddFLN5∆16 with Co2+ resulted in the selective broadening of resonances

mapping to the N-terminus of the protein sequence, shown in Fig 5.14. The detected

broadening gradually increases with increasing Co2+ concentration from the N-terminus

where the H6 tag resides. At 1 equivalence, broadening extents from the H6-tag (638-643)

(first detected residue is S645 at 40%) to residue T679. Additional broadening is detected

at residue H653 which does not appear to propagate further into the sequence. Similarly,

further C-terminal sites around residues D689 and D720 show additional broadening. Fit

of the titrations data for residues 648 to two state exchange gives a dissociation constant

of 15±5 µM for the interaction of Co2+ ions with the H6-tag of ddFLN5∆16.

The distance dependence observed in the broadening of signals in ddFLN5∆16 upon

interaction with Co2+ creates favourable conditions for the study of the unfolded state in

the ddFLN5 nascent chain since the PRE effect of Co2+ ions can effectively be used as a

molecular ruler between the N-terminus and any residues in the protein sequence. Addi-

tional sites of broadening around residues H653, D689 and D720 reflect either the presence

of additional low affinity Co2+ binding sites or structural proximity to the ddFLN5∆16

N-terminus. The affinity of residue 691 is calculated to be 25.5 ± 8.5 µM from the nu-

merical fit of the titration data within error of the dissociation constant of the N-terminal

interaction, suggesting that the broadening detected at these sites reflect the same binding

event. Significantly more extensive broadening (beyond detection within 5 Å of contact

site) would be expected for a direct interaction with Co2+ of this affinity.

In summary, the titration of 100 µM ddFLN5∆16 with CoCl2 results in the specific

interaction of the Co2+ ions with the H6-tag of ddFLN5∆16. Additional broadening

observed in regions of the sequence distal to the N-terminus suggests compaction in the

disordered ddFLN5∆16.

In an attempt to simulate RNC conditions, the ddFLN5∆16 concentrations were re-

duced to 10 µM and the titration repeated (See Fig 5.15). A similar N-terminal broadening

pattern emerges over the course of the titration although the clear cut-off of the PRE effect

at residue T679 does not emerge until excess Co2+ conditions are reached. At substoichio-

metric Co2+ concentration broadening does clearly propagate from the N-terminus but

extends further into the sequence as more Co2+ is added. The numerical fit of this second

data set produces similar values for the dissociation constant of the Co2+ binding reaction

(8.6 ± 3.4 µM).
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Figure 5.14: Titration of ddFLN5∆16 with Co2+ ions. a. Select resonances in the
1H-15N SOFAST-HMQC spectra of 100µM ddFLN5∆16 (black) are significantly broadened
upon addition of one equivalence Co2+ (pink). b. Plot of the residual signal intensities in the
presence of one equivalence Co2+. Signals affected map to the N-terminus of the ddFLN5∆16
sequence. c. Detail of 1H-15N SOFAST-HMQC resonances corresponding to residues G658,
G725, K646 and F675 over the course of the Co2+ titration (colours as in d) d. Plot of the
residual signal intensities over the course of a gradual titration with Co2+.
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Figure 5.15: Titration of ddFLN5∆16 with Co2+ ions. (a) Select resonances in the
1H-15N SOFAST-HMQC spectra of 10µM ddFLN5∆16 (black) are significantly broadened
upon addition of one equivalence Co2+ (pink). (b) Plot of the residual signal intensities in the
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G725, K646 and F675 over the course of the Co2+ titration (colours as in d) (d) Plot of the
residual signal intensities over the course of a gradual titration with Co2+.
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5.6.4 Paramagnetic relaxation enhancement of Co2+ ions in ddFLN5

Full-length ddFLN5 adopts an immunoglobulin-like fold (Fig 1.8). Addition of Co2+ re-

sulted in selective broadening of peaks in the ddFLN5 1H-15N SOFAST-HMQC spectrum

as shown in Fig 5.16.a. No clear sequence dependence of the broadening can be discerned

from Fig 5.16.c. However, plotting the detected broadening on the ddFLN5 structure

permits the identification of two distinct sites affected by the presence of Co2+. Both the

N-terminal and C-terminal hemispheres of the immunoglobin domain are affected by the

presence of Co2+. The effect of the N-terminal site can be readily explained by its close

proximity to our predicted Co2+ interaction site, the H6-tag. The detected broadening at

the C-terminal hemisphere is however more difficult to explain. One possibility is a second

binding site in this region of the protein.

Bioinformatic prediction of metal binding sites in the ddFLN5 structure identifies

residues D666, E724 and E749 as having the correct orientation to form a metal binding

triad. These residues are among those identified as affected by the presence of Co2+ indi-

cating that they most likely do constitute a secondary metal binding site, in competition

with the H6-tag in the folded ddFLN5.

Affected resonances moreover display chemical shift changes over the course of the

titration with Co2+ (Fig 5.16 b). Unclear is whether these chemical shift changes report

on the fast timescale of the ddFLN5 interaction with Co2+ or wether the detected chemical

shift perturbations correspond to pseudo-contact shifts.

5.6.4.1 Discussion

The folded ddFLN5 population can be readily distinguished from the unfolded ddFLN5∆16

state by the observed broadening pattern upon addition of Co2+. In the disordered

ddFLN5∆16, Co2+ ions specifically interact with the H6-tag with an affinity of ∼10 µM.

The broadening pattern is conserved across concentrations of ddFLN5∆16 once saturation

is achieved. The Co2+ paramagnetic relaxation broadening pattern thus appear to to serve

as a molecular ruler for the compaction of the unfolded species of ddFLN5.

Coordinated Co2+ is highly anisotropic and large pseudo-contact shifts may be ex-

pected. No chemical shifts perturbations were however detected for the disordered ddFLN∆16

indicating the protein tumbles independently from the H6-tag and no preferred conforma-

tion (of the H6-tag) is detected.
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shows selective broadening of resonances originating from non-neighbouring residues.
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5.6.5 ddFLN5∆16 and silent 70S ribosomes titration with Co2+

The titration of isolated ddFLN5∆16 provides encouraging results in terms of the applica-

tion of the Co2+ PREs from the ddFLN5 H6-tag as a measure of compaction in disordered

nascent chains. The 70S ribosome however, interacts extensively with metal ions, in partic-

ular Mg2+. These ribosome metal-binding sites might therefore compete with the H6-tag

for Co2+.

Practically, 10 µM 70S were added to 25 µM 15N ddFLN5∆16 at pH 7.5 and 10◦C.

Co2+ was gradually added up to 40 fold excess over a 6 point titration (Fig 5.17). Again,

selective broadening was detected at the N-terminus of the ddFLN5∆16 sequence. How-

ever, much higher concentrations of Co2+ were required to attain the same extent of

broadening. Indeed, until one molar equivalence, ddFLN5∆16 resonances are not affected

by the addition of Co2+. At higher concentrations Co2+ (4x and 10X) broadening is de-

tected at the N-terminus affecting residues up to A648. At 40 fold excess the broadening

pattern of ddFLN5∆16 is very similar to that in the absence of 70S extending to residue

T679 in a distance dependent manner (Fig 5.17).

The presence of ribosomes thus competes with the interaction of Co2+ and the N-

terminus of ddFLN5∆16 but does not affect the nature of the interaction. Moreover, this

study found that ddFLN5∆16 does not interact with the 70S ribosome as can be observed

from the first titration point, and the ribosome does not affect the degree compaction in

the N-terminal region of the unfolded ddFLN5∆16 indicating the study of Co2+ PREs in

the ddFLN5+21 RNC may be feasible.

5.7 Concluding remarks

The study of various ddFLN5 constructs in the presence of TF showed the ddFLN5 se-

quence does not carry any native TF interaction sites. Interaction could be selectively

introduced by single amino acid substitutions to tryptophan at select sites around regions

in the ddFLN5 sequence of above average hydrophobicity. The interaction of TF with

the ddFLN5∆16 tryptophan mutants was selective for residues 671-676 with limited prop-

agation of the resonance broadening along the sequence. Only three out of 5 produced

Trp mutant interact with TF: 655W, A668W and F672W. Unclear is the driving force

behind the interaction since no correlation to increased hydrophobicity, sequence amino

acid composition or effect on the stability of the folded ddFLN5 domain was observed.

The specific interaction of Co2+ with the ddFLN5∆16 H6-tag provides an interesting

avenue for the investigation of compaction in the disordered protein and its nascent chain

equivalent ddFLN5+21 RNC. This preliminary study detected a PRE up to 40 residues

removed from the H6-tag suggesting significant compaction of the ddFLN5∆16 N-terminus
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Figure 5.17: Titration of ddFLN5∆16 with Co2+ ions in the presence of ribosomes.
(a) Resonances in the 1H-15N SOFAST-HMQC spectra of 25µM ddFLN5∆16 in the presence
of 10µM 70S (black) are not significantly perturbed upon addition of one equivalence Co2+

(light blue). (b) Plot of the residual signal intensities upon progressive addition of Co2+. (c)
Plot of the residual signal intensities in the presence of one equivalence Co2+. (d) Plot of the
residual signal intensities over the course of a gradual titration with Co2+.
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. Secondary sites of broadening detected at D689 and D720 indicate that compaction

might not be limited to the N-terminus only since the calculated dissociation constant

at these sites is in good agreement with values found at the N-terminus ∼15µM. C-

terminal broadening to 60% was observed for the above mutants relative to the wild-type

ddFLN5∆16 indicating exchange occurs. Co2+ PREs may be able to define the observed

exchange, since changes in the compactness of the disordered state should give rise to a

different broadening pattern.

The ddFLN5+21 RNC was shown to produce high quality spectra at 10◦C. Even in

the presence of TF, where signals are broadened to 65%, all resonances remain observable.

This suggest it may be an ideal system to study the compaction of the nascent chain

by Co2+ PREs because a considerable amount of signal intensity is required to detected

residues specific broadening in particular since the effect of TF in the compaction is likely

to be small in the absence of specific interaction. The use of Co2+ PREs as molecular

ruler for compaction in disordered states thus opens up number of avenues for further

investigation.



Chapter 6

Discussion

This thesis presents a strategy for the residue-specific investigation of the dynamic inter-

action of TF with ribosome nascent chain complexes and advances our understanding of

the role of this chaperone in the process of co-translational folding. A brief summary of

the results presented in this thesis is provided here, followed by a more in depth discussion

of individual findings.

In Chapter 3, an experimental protocol was developed for the selective protonation

of side-chain methyl groups in perdeuterated TF, allowing the exploitation of the methyl

TROSY effect to improve the quality of the NMR spectrum of this large 96 kDa dimeric

macromolecule. This sensitivity enhancement permitted a detailed study of the thermo-

dynamics of the TF dimerisation reaction, the proposal of a kinetic model for the dynamic

self-association of the TF, and a solution structure model of the TF dimer.

Chapter 4 and 5 reported the investigation of the TF interaction with two model

nascent chain substrates: α-synuclein and ddFLN5. We found that the presence of TF

significantly perturbs these ribosome-associated nascent chain substrates even in the ab-

sence of predicted TF interaction sites. The study of the analogous isolated proteins

revealed that only limited interaction occur in the absence of the ribosome but that TF

recruitment could be induced by the introduction of aromatic residues at key positions of

the α-synuclein and ddFLN5 sequence.

189
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6.1 TF structure and dynamics

6.1.1 Selective protonation of methyl groups permits the detailed char-

acterisation of TF by NMR spectroscopy

High quality NMR spectra could be obtained from the 48 kDa macromolecule, TF, using

selective labelling strategies pioneered in the last decade (Fig 3.5, Section 3.3). The

selective protonation of long side-chain methyl groups on a perdeuterated background

allowed improvements to the NMR sensitivity of ca. 13 fold for TFile relative to uniform
13C labelled TF (Section 3.3.3) and the usage of TROSY optimised pulse sequences enabled

a highly detailed NMR characterisation of the dynamics of self-association (Section 3.5.3),

the thermodynamics of the monomer/dimer equilibrium (Section 3.5.2) and the dimer

solution structure (Section 3.5.1).

Although TF is stable on the relative timescale of the NMR experiments with a lifetime

of 50 hours at 25◦C, TF is rather unstable relative to typical proteins investigated by NMR.

It is likely that the multi-domain and extended organisation of the TF structure results

in a protein more prone to degradation by proteolysis. In the context of the study of the

TF interaction with nascent chains, the stability of the RNC is however limiting at 9-18

hours at 10◦C for the ddFLN5+21 RNC investigated in Section 5.4.

6.1.2 Mathematical model of the complex TF equilibrium

NMR spectroscopy provides insights into structural and dynamic properties of an ensemble

average of states. In the case of TF, the observed signals thus contain information regard-

ing all the TF states present. This constitutes a difficulty in attributing specific observa-

tions to one particular exchange event such as for instance the simultaneous monomeri-

sation and substrate interaction in the presence of α-synuclein (Luc 87-100), described

in Section 4.4.3. A highly detailed understanding of each of the underlaying reactions is

therefore required to deconvolute the various contributions to the NMR signal.

The mathematical model presented in Section 3.4 permits the prediction of changes in

TF population under specific experimental conditions based on currently available ther-

modynamic information. In particular in the work on the TF-ribosome interaction (Sec-

tion 4.5.1) the reconstruction of predicted NMR signals based on population distributions

proofed essential. Moreover, it provides an insight into the changes to TF population

distribution under different scenarios within the cell, highlighting the sophistication of the

interplay between states, discussed further Section 6.3.
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6.1.3 Solution structure of TF dimer

A combination of NMR methods (Section 3.5.1) that included intensity analysis, cross-

saturation and paramagnetic relaxation enhancement (PREs), enabled the determination

of the interface of TF dimerisation and the proposal of a specific orientation of the two

TF molecules within the dimeric complex in solution. Residues involved in dimerisation

as identified by cross-saturation (Section 3.5.1.2), map to all three TF domains (Fig 3.16),

specifically the PPIase active site, the arm 2 region of the SBD and the inward facing

RBD surface, shown in yellow Fig 6.1.a.

Intensity analysis identified a more extensive TF surface involved in the dimerisation

process (Section 3.5.1.1 and Fig 3.15), with particular strong broadening of both RBD

and SBD inner surface resonances, which is in good agreement with chemical shift pertur-

bations measured by Saio et al. upon TF monomerisation [130]. While intensity analysis

reports on all conformational changes upon TF dimerisation, cross-saturation is limited to

interface resonances only. The additional sites identified by intensity analysis thus report

on changes within the relative arrangement of TF domains upon dimerisation.

Inter-domain flexibility has previously been proposed based on the comparison of var-

ious TF monomer crystal structures shown in Fig 3.22 [64, 84, 126] and the present study

has allowed us to understand these conformational changes at residue-specific resolution.

Indeed, the additional sites of resonance broadening reported by the resonance intensity

analysis described here (Section 3.5.1.1) map to hinge regions between the RBD and SBD,

the two arm regions of the RBD and the SBD to PPIase interface (‘neck’ region).

Medium range (5-20 Å) distance measurements obtained by PRE experiments of

PROXYL spin-labelled TF mutants (Section 3.5.1.3), restrains the relative orientation

of the two TF molecules within the dimer. A model of the proposed solution structure

of dimeric TF is discussed in Section 3.5.1.4 and reprised in Fig 6.1.a. This preliminary

model proposes a head-to-toe symmetrical arrangement with principal contacts formed by

the extremities of the RBD and SBD ‘arm’ regions and secondary contacts formed by the

PPIase domain. The proposed conformations resembles that of the tetrameric TF2:S72

crystal structure, Fig 6.1.b [84]. The crystal structure does not, however, satisfy all ex-

perimental constraints, in particular the PREs detected in the PPIase domain from all 4

spin label positions (14, 150, 326 and 376, Section 3.5.1.3) which places this domain in

a more central position than it occupies in the S7-bound crystal structure. Within the

tetrameric complex, the movement of the PPIase domain is obstructed by the presence of

the S7 substrate. It is therefore likely that the absence of S7 permits a tighter packing of

the two TF molecules, placing the PPIase domain near the RBD-SBD hinge region of the

second monomer as predicted by the presented structural model (Fig 6.1.a).

Restrained computational docking of the two TF molecules in HADDOCK [244, 245]
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Figure 6.1: Structural comparison of proposed TF dimer structure and S7-bound
TF. (a) Proposed model for the solution structure of dimeric TF based on NMR data presented
in this study. Black dots correspond hinge regions linking the various TF domains while
green dots correspond to sites of proxyl-labelling for PRE experiments. Yellow circles define
identified dimerisation interfaces. (b) Crystal structure of T. maritima TF in complex with
ribosomal protein S7 (pdb 3GTY) [84]. Colouring as in a.

based on the experimental data described in this thesis is currently in progress and is likely

to improve the structural model of the TF dimer in solution to a near residue-specific level.

6.1.4 Conformational change within the TF dimer

The extensive broadening of RBD resonances (Section 3.5.1.1) and the absence of clear

distance distribution detected within the TF dimer by EPR experiments (Section 4.4.4.1)

indicate that TF may not adopt a rigid dimeric structure in solution but instead constitutes

a dynamic ensemble of conformations around the structural model proposed here (Fig

6.1.a). Indeed, while both cross-saturation (Section 3.5.2.1) and CPMG RD (Section

3.5.3.2) experiments strongly implicated all TF domains including the PPIase, in the

dimerisation interface, PPIase resonances give rise to expected signal intensities over the

course of a dilution series (Section 3.5.1.1). On average, the chemical environments of

PPIase residues are thus not strongly perturbed upon dimerisation. In order to reconcile

both observations, we propose that the RBD and SDB constitute the principle dimeric

interface while the PPIase forms transient interactions and is structurally dynamic. This is

in agreement with previous observations across multiple crystal structures that the PPIase

domain can rotate up to 25◦ around its flexible linker (Fig 3.23). An interesting feature

of the proposed conformational freedom of the PPIase domain is that it can still function

both as substrate binding site and catalytic PPIase within the TF dimer. This suggests

a more extensive role for the excess TF in the cytosol and a potential TF PPIase activity

independent from interaction with the ribosome.

Hinge regions between domains and linking the two arms of the SBD were further

shown to undergo conformational change upon dimerisation, without being involved in
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the direct dimer interface. More wide-spread conformational change are thus likely to

occur in the transition from monomeric TF to the dimer.

6.1.5 Study of TF dynamics reveals step-wise mechanism of dimerisation

The broadening of RBD resonances upon TF dilution at 900 MHz, observed by intensity

analysis (Section 3.5.1.1) and highlighted in the study of the TF interaction with PhoA

[130], indicate the TF dimer is a highly dynamic system. The presence of millisecond

dynamics was therefore investigated by CPMG relaxation dispersion measurements in

order to investigate the apparent exchange processes in more detail.

CPMG relaxation dispersion measurement at multiple field strengths and tempera-

tures (Section 3.5.3.2) found that millisecond dynamics were widespread, mapping to all

TF domains. Exchange contributions to the transverse relaxation rate (Rex) were particu-

larly large in the RBD and arm 2 regions of the SBD but further dispersions were found in

the SBD cavity, arm 1 and neck regions, as well as the PPIase domain (Fig 3.24). The sites

of millisecond dynamics identified in Section 3.5.3.2 correspond to TF regions involved in

dimerisation as determined by intensity analysis (Section 3.5.1.1). This suggested that

the observed exchange processes were associated with the dimerisation reaction. However,

the observed millisecond timescale dynamics were however found to be concentration in-

dependent (Section 3.5.3.2) indicating that the observed dispersion do not report directly

on the dissociation of the two TF monomers. Indeed, the half-life of the TF dimer is ap-

proximately 1 s−1 [148], is approximately two orders of magnitude slower than exchange

rates of 400 s−1 determined by relaxation dispersion measurements.

We therefore hypothesised that the observed millisecond dynamics in TF report on the

independent association and dissociation of two separate symmetric dimerisation interfaces

(Fig 3.25). This is in agreement with the structural model of the TF dimer proposed in

Section 3.5.1.4, where two symmetrical contacts form the main dimerisation interface. The

excited state was found to be populated to 6% at each of the two dimerisation interfaces

and to exchange with the major state with an exchange rate of 425 s−1 (Section 3.5.3.2).

The experimental dissociation rates of each interface is therefore 25 s−1 giving rise to a

global dissociation rate of the TF dimer of 1.5 s−1, in good agreement with the half-life

determined using fluorescence anisotropy [148]. We therefore propose a model for the

step-wise association and dissociation of the TF dimer (shown in Fig 3.25.d) based on the

formation and dissociation of two independent but symmetrical dimerisation interfaces.

Only the simultaneous dissociation of both sites results in complete TF monomerisation.
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6.1.6 Quantification of concentration dependent changes by whole-spectrum

analysis

The dissociation constant of TF dimerisation was determined independently by linear

regression analysis of HMQC signal intensities and line-shape analysis (Section 3.5.1.2 ).

The obtained values of 7.2 and 10.5 µM respectively are greater than those described

in previous studies of the dimerisation reaction summarised in Table 3.1 [148, 159, 160].

The likely origin of the discrepancies is the use of D2O through-out this study weakens

hydrophobic contacts relative to H2O via the solvent isotope effect on H-bond strength.

The linear regression analysis developed in this thesis has the unique advantage to

monitor concentration dependent changes across the spectrum. Typical quantification of

NMR titration data focusses on a number of well resolved resonances, and in the slow ex-

change regime often monitors one state only across the titration. Due to extensive chemical

exchange broadening of the TF dimer resonances and small chemical shift differences be-

tween monomeric and dimeric TF, identification of multiple well-resolved resonance pairs

proved difficult.

Our novel method evaluates the concentration dependent changes to the NMR signal at

each coordinate of the HMQC spectrum, thus including low signal to noise data from the

minor species permitting more accurate determination of the dissociation constant of the

reaction. It does not require the attribution of resonances to either of the two states nor

accurate determination of resonance maximum intensities or signal integrals. Moreover,

potential biases introduced by chemical exchange broadening or unobservability of the

minor state are by-passed in this whole-spectrum analysis. We therefore believe that the

presented method for quantification of NMR titration data will be highly applicable to a

diversity of systems currently under investigation by NMR

6.1.7 Deconvolution of monomer and dimer contributions to the ob-

served NMR signal

The linear regression analysis of the entire NMR spectra (Section 3.5.1.3) as opposed

to the more typical approach of evaluating individual resonance signal changes across a

titration permitted the deconvolution of the contribution of the monomeric and dimeric

TF based on their behaviour across concentrations (Fig 3.18). This is to our knowledge

the first example where such an approach has permitted the determination of the NMR

spectra of two exchanging species where one state can not be isolated under condition

suitable to NMR. Here, the TF monomer is unaccessible at the relative high concentrations

required for NMR measurements as described by the mathematical model developed in

Section 3.4.2. While the NMR study of the TF interaction with PhoA [130] overcame this

problem by investigating a truncated TF product, the spectra presented here correspond
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to full-length WT TF in the absence of substrates.

The quantification method as applied in this thesis (Section 3.5.1.3) is however solely

applicable to systems showing slow exchange behaviour. While the majority of the ob-

served resonances in the TFILV HMQC spectrum at 900MHz are indeed in the slow

exchange regime between monomeric and dimeric TF states, the study of the TF inter-

action with PhoA [130] found significant exchange broadening of RBD resonances in the

TF dimer. Since these resonances are broadened beyond detection under our experimen-

tal conditions, their concentration dependent behaviour could not be analysed using the

described linear regression approach. These resonances do therefore not appear in the

deconvoluted monomer and dimer spectra presented in Section 3.5.1.3.

6.1.8 Competition of TF dimerisation with other substrate interaction

equilibria

The model of the solution structure of the TF dimer proposed in Section 3.5.1.4 explains

previous observations made about the competition of the various TF interaction equilib-

ria. First of all, the proposed dimer structure (Fig 6.1.a) occludes the characteristic TF

ribosome binding motif through the conformational change of the PPIase domain. The

TF interaction with the ribosome thus would occur with the monomeric state as has been

previously reported [159, 160].

Furthermore, the interaction of high affinity substrates (e.g. α-syn (Luc 87-100), Sec-

tion 4.4.2.3) with TF was found to induce monomerisation. The solution structure model

of the TF dimer indicates that substrate interaction sites as identified by Saio et al. [130]

are buried within the interface. Isolated protein substrates thus compete with the dimeri-

sation reaction for interaction at specific sites. The proposed step-wise dissociation of the

dimer outlined in Section 3.5.1.4 further explains the observation that the interaction with

weak protein substrates (H6-α-synuclein) occurs with dimeric TF (Section 4.4.1). The pro-

posed pathway for TF dimerisation therefore introduces a mechanism for competition with

other substrate interactions distinct from the typical view of monomer interaction with

substrate.

It appears that the dynamic nature of this particular TF reaction is highly conducive

towards its function as promiscuous co-translational chaperone. The dynamic nature of

the dimerisation and isolated protein interactions means that cellular pools of TF are

never trapped in a particular substrate-bound state. The constant competition between

various substrates imply a high degree of adaptability of TF and rapid response to sudden

changes in the cellular environment.
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6.2 TF interaction with nascent chain substrates

6.2.1 Choice of TF substrates

The heterologous substrate systems investigated in this study, α-synuclein and ddFLN5,

were chosen based on a pre-existing understanding of their behaviour by NMR both as

isolated proteins and as nascent polypeptides, providing a reference frame for the interpre-

tation of their behaviour in the presence of TF [65, 258] (Waudby et al., in preparation,

Cabrita et al., in preparation). Despite both proteins’ eukaryotic origins, the promiscu-

ity of TF observed in the bacterial cell suggests that any mechanistic insights developed

from the study of the interaction of TF with these substrates can indeed be generalised.

Eukaryotic and other non-native substrates to the E.coli TF have previously been used

successfully to investigate length and sequence dependence of the TF interaction with sub-

strates and its effect on the folding state of nascent polypeptide chains on the ribosome

[144].

6.2.2 TF preferentially interacts with sequences enriched in aromatic

residues

The TF interaction with α-synuclein is of a highly transient nature as characterised by

line-broadening in the α-synuclein 15N HSQC spectrum (Fig 4.2, Section 4.4.1). A spe-

cific but low affinity interaction was identified at the α-syn N-terminus centred at Phe 4

(Section 4.4.1). The substitution of a highly hydrophobic sequence from firefly luciferase

dramatically enhanced the TF affinity for α-synuclein (Section 4.4.2.3) and in a similar

fashion, TF could be recruited to isolated ddFLN5δ16 by the insertion of tryptophan

residues at key hydrophobic sites (Section 5.5.3).

Indeed, previous studies of the TF interaction with both isolated protein and nascent

chain substrates found that the enrichment in aromatic residues was key to driving the

interaction with TF [137]. The study of the TF interaction with isolated α-synuclein

and ddFLN5 thus has consolidated at a residue specific level, that the major substrate

interactions are in fact driven by such aromatic residues.

6.2.3 The structural investigation of TF on the ribosome by NMR spec-

troscopy

The initial characterisation of the 1H-13C HMQC spectrum of TF in the presence of the

ribosome presented in Section 4.5 (Fig 4.10) suggested that TF might be observable while

bound on the ribosome. This would constitute a significant feat since the ribosome is

a 2.5 MDa particle, likely to induce rapid relaxation of the magnetisation of interacting

nuclei. Indeed, TF would need to maintain significant flexibility to remain detectable by
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NMR even in methyl TROSY based experiments with optimal selective methyl labelling.

The dependence of NMR relaxation rates on the rotational correlation time as an indirect

reporter of molecular size is discussed in Section 2.1.2.

The comparison of experimental resonance intensities in the presence of the ribosome

(Section 4.5) to predicted intensities, in the case where free monomer and dimeric TF

contribute to the observed signal only based on the deconvoluted spectra presented in

Section 3.5.2.3, indicate the PPIase domain, and to a lesser extend the SBD domain of

ribosome-bound TF contribute to the observed spectrum. This gradient in resonance

intensity (Fig 4.10) from regions most distal to those nearer to the ribosome surface re-

enforce the idea that the ribosome-bound species is indeed detected.

However, there remain a number of concerns that prevent the conclusive determina-

tion of the observability of the TF-ribosome bound state. The first corresponds to the

differences in experimental conditions between the study of the TF interaction with the

ribosome (Section 4.5), undertaken at 700 MHZ with H6-TFile and the TF titration study

(Section 3.5.2) on which the prediction about resonance intensities are based, 900 MHz

with TFILV . Secondly, at 4◦C significant broadening of TFILV 13C signal at 700 MHz

was observed (Section 4.6.3) while lower temperatures should result in slower dynamics

and thus a more favourable (slow) exchange regime.

While literature values of 10 s for the half-life of the TF ribosome complex (summarised

Table 3.1, [161]) would indicate that TF NMR resonances in the presence of the ribosome

are in slow exchange as suggested by the results obtained at 25◦C (Section 4.5), values for

the half-life of the TF-ribosome complex of 100 ms, found in a more recent study [162],

would appear to be more consistent with the observed intermediate exchange at 4◦C

(Section 4.6.3) in particular if chemical shift differences are relatively large. The presence

of the H6 tag on TF in the study undertake at 25◦C (Section 4.5) is a possible source of

the observed differences if the additional histidine residues form favourable interactions

with the charged ribosome surface.

Further investigation of TF on the ribosome by NMR will therefore require careful

consideration of experimental conditions: reducing the TF concentrations relative to the

ribosome increase the population of the bound state and reduce back-ground contributions

of the TF monomer and dimer observed in this study (Section 4.5) while careful selection

of field strength and temperature may alter the exchange kinetics sufficiently to create a

favourable slow exchange regime.
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6.2.4 Residue specific analysis of the TF interaction with the α-synuclein

and ddFLN5+21 RNCs

The disordered nascent chains, α-synuclein and ddFLN5+21 RNC, were shown to produce

high quality NMR spectra (Section 4.6.1 and 5.4.2 respectively) despite challenges such

as a maximum working ribosome concentration of 10 µM and limited sample lifetimes (∼
20 hours at 10◦C for the ddFLN5+21 RNC, Section 5.4.3). The absence of significant

changes to resonance positions (Fig 4.11 and 5.5) indicated that the stalling of the nascent

polypeptide on the ribosome did not induce major structural changes, while the resonance

intensities relative to the isolated protein (10% and 40% for α-synuclein and ddFLN5+21

RNCs, Weise et al., in preparation, and Section 5.5 respectively) indicate the tumbling of

the α-synuclein and ddFLN5 nascent chains mirror that of flexible regions such as L7/L12

on the ribosome [183, 184].

The most C-terminal residue detected in α-synuclein RNC is D135 out of 161 residues

including the SecM stalling sequence (Weise et al., in preparation). This observation

indicates that the nascent chains gains sufficient flexibility to be detected by NMR at

approximately 25 residues from the PTC. The appearance of C-terminal resonances is

delayed in the ddFLN5+21 RNC where residue 712, ∼60 removed from the PTC, is the

most C-terminal residue observed with certainty (Fig 5.5, Section 5.4.2). With the ribo-

somal exit tunnel estimated to accommodate 30 residues [59, 260], the ddFLN5+21 RNC

C-terminus appears to be in exchange either between conformational states or between

free and ribosome-bound states.

The addition of excess concentrations of TF to the α-synuclein and ddFLN5+21 RNC

results in significant broadening of both spectra to 50% and 65% respectively (Fig 4.11,

Section 4.6.1 and Fig 5.7, Section 5.4.4) while no chemical shift perturbations are detected.

The residue specific analysis of the resonance intensities shows that the broadening is

uniform across the 100 N-terminal residues of both the α-synuclein and ddFLN5+21 RNC.

Residues 120 to 135 of the α-synuclein RNC appear unperturbed by the presence of TF

(Fig 4.11, Section 4.6.1). The equivalent residues in the ddFLN5+21 RNC (730-745) are

not observed, even in the absence of TF (Section 5.4.2). Approximately 15-20 residues

thus appear required to bridge the space between the exit tunnel where the α-synuclein

RNC gains significant motional freedom as described above and the first possible contact

with TF at the ribosome surface. A total NC length of 40-45 residues is thus required

for first possible contact with TF on the ribosome. This is in agreement with previous

cross-linking studies that found 47 residues were required before interaction with TF was

observed [132].

The uniform broadening across the first 100 residues upon TF addition of both α-

synuclein and ddFLN5 RNC resonances (Section 4.6.1 and 5.4.4) indicates no specific,
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localised, interactions with TF occur. The similarity in the behaviour of both RNCs

suggests a common phenomenon is detected. The uniform broadening of NMR resonances

detected could be caused either by non specific interactions with TF across the nascent

chain sequence and/or a steric hinderance by TF resulting in reduced motional freedom of

the nascent chain (Fig 6.2). Both effects would be conducive to prevent aggregation and

other non-native interactions in the emerging nascent chain suggesting that even in the

absence of specific interaction sites, TF might play an important role in the cotranslational

behaviour of nascent chains.

6.2.5 The mechanism of TF interaction with isolated protein substrates

differs from that on the ribosome

The study of the TF interaction with α-synuclein in isolation (Section 4.4) and in the

presence of the ribosome (Section 4.6) display significant differences. A weak N-terminal

interaction with WT α-synuclein was identified in the absence of the ribosome (Fig 4.2).

The high local concentrations of TF at the ribosome surface might suggest that this

interaction would be amplified in the α-synuclein RNC. However, the effect of TF on the

resonance intensities of α-synuclein RNC were uniform through-out the the majority of

the sequence (Fig 4.11, Weise et al., in preparation).

The study of the TF interaction with the ddFLN5+21 RNC (Section 5.4.4) mirrors

the observations with the α-synuclein RNC. While no interaction was identified between

TF and ddFLN5∆16 (Fig 5.3, Section 5.3.2), a weak interaction was detected between

TF and ddFLN5∆12 (Section 5.5.3) indicating the region from residue 672 to 677 shows

some propensity for interaction with TF. Again, the high local concentrations at the

ribosome surface may amplify this interaction yet the observed resonance broadening in

the ddFLN5+21 RNC in the presence of TF (Fig 5.7) was uniform. The detected transient

interactions of TF with the isolated α-synuclein (Section 4.4) and ddFLN5∆16 (Section

5.3.2) do not appear to play a role on the ribosome.

These early results of the TF interaction with nascent polypeptide chains studied at

a residues specific level suggest that the TF interaction with substrates on the ribosome

is distinct from that observed in isolation. A detailed characterisation of the bimolecular

interaction is therefore not sufficient for the complete understanding of the TF chaperoning

mechanism on the ribosome. Factors such as the high local concentrations of TF and the

nascent chain, the charged ribosome surface and the tethering of the both TF and the

nascent chain to the ribosome thus appear to modulate the interaction between TF and

the nascent chain.
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Figure 6.2: Proposed mechanisms of TF interaction with disordered nascent
chains. The observed resonance broadening may reflect transient non specific interaction
(pink )of TF (blue) with the nascent chain (grey) and/or report on the loss of rotational
freedom (red cone) in the presence of TF.

6.2.6 Co2+ PREs as molecular ruler for compaction in the nascent chain

Chemical shift perturbations provide an excellent measure of stables secondary and tertiary

structure while intensities are excellent probes of exchange phenomena. Here, we developed

an approach to probe residual structure in disordered proteins and nascent chains. While

typical PRE studies selectively introduce nitroxide spin labels on cysteine residues, the

specific modification of nascent chains on the ribosome poses a great challenge.

The PRE arising from Co2+ binding to the H-terminal H6-tag of ddFLN5 was explored

as a means of detecting compaction and changes in the unfolded ensemble of the disor-

dered ddFLN5+21 RNC in the presence of TF. Co2+ ions were found to interact with

the disordered ddFLN5∆16 with ∼10 µM affinity and induced broadening of resonances

mapping to the ddFLN5∆16 N-terminus up to 40 residues removed from the H6-tag (Sec-

tion 5.6.3). This broadening was characteristic to the disordered state since the folded

ddFLN5 resonances were affected more locally, correlating with the native three dimen-

sional structure. The presence of ribosomes did not disrupt the PRE pattern observed for

ddFLN5∆16 but elevated concentrations of Co2+ were required to obtain the same extent
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of resonance broadening (Section 5.6.5). The 70S ribosome thus appears to bind Co2+

ions in possible competition with the native Mg2+. A study of the ribosome associated,

Co2+ dependent PDF found that the ribosome remains stable and active in the presence

of Co2+ concentrations up to 100 µM [162] indicating that the study of Co2+ PRE of the

ddFLN5+21 RNC is compatible with the ribosome.

A nitroxide spin label is predicted to induce PREs in a polypeptide in the random coil

conformations up to 15 amino acids from its site of attachment [261]. The free electron

of Co2+ ions has an electron relaxation rate three orders of magnitude greater that the

nitroxide radical indicating that the PRE of Co2+ is predicted to have a significantly

shorter reach. The observation that up to 40 residues from the ddFLN5∆16 N-terminus

are affected (Section 5.6.4) therefore suggests the ddFLN5 unfolded state adopts a compact

ensemble in agreement with diffusion constants below predicted values (Marilia Karyadi,

doctoral thesis).

6.3 Implications for the TF equilibrium in vivo

Taken together, the results presented in this thesis provide a detailed look in the complex

mechanisms of TF/substrate interactions, and their fine-tuned interplay within the TF

equilibrium. In particular, the dynamic insights into the TF dimer (Section 3.5.3.2) indi-

cate this state may play a more prominent role in the cell than previously thought. The

step-wise dissociation of the TF dimer provides the basis for a mechanism of substrate

interaction regulation that does not rely entirely on the affinity of the substrate for the

TF monomer state. Indeed, as the dimerisation interface largely overlaps with the sub-

strate binding interface, the TF-substrate interaction needs to be of sufficient strength to

outcompete the dimer interactions. This indicates that only substrates that can occupy

multiple binding sites on TF and, as such, prevent the formation of both symmetrical

dimer interfaces, can effectively remain associated with the TF monomer. The forma-

tion of a first dimer contact would drive the displacement of the substrate protein in a

concerted and rapid release mechanism as the high local concentration of the TF dimer

interface residues outcompetes the substrate interactions Fig 6.3).

In our study, TF displays a clear preference for aromatic residues. As such, sequences

with TF affinity are likely to occur on a regular basis across polypeptide chains. It would

be the initial folding and burial of one or more of these interaction sequences that would

trigger the concerted release of the polypeptide permitting the rapid folding of the protein.

This mechanism is equally applicable to isolated unfolded polypeptides and ribosome

associated nascent chains in the absence of the stabilising interaction of the TF RBD at

the ribosome surface which prevents TF dimerisation by burial of key contacts in the RBD

in the ribosome interaction surface (Fig 6.3).
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Figure 6.3: A more complex TF equilibrium? Reprisal of Fig 1.10 expanded to included
additional TF-substrate bound states (pink equilibria) identified in this work and others,
highlighting the more central role of the TF dimer. In grey arrows, the proposed mechanism
for dimerisation-mediated nascent chain release.

The mathematical modelling of the TF distribution in the cell (Section 3.4.6) demon-

strates that in the absence of competing cellular factors, nearly all active ribosomes can

be occupied by TF due to the relative higher affinity for such types of substrates, stressing

the importance of the TF role at the ribosome exit tunnel. Interestingly, the accumulation

of isolated high affinity TF substrates in the cytosol results in the interconversion of the

TF dimeric pool to a substrate bound state without affecting the extend of ribosome-

association. The excess dimer TF thus serves not only as a storage form to prevent

unwanted interactions, it provides an active buffer against the accumulation of unfolded,

aggregation-prone species in the cytosol, while ensuring that its housekeeping activity on

the ribosome is unaffected.

The potential ubiquitous presence of TF at the exit tunnel, even in the absence of high

affinity sequences in the nascent chain was shown in Sections 4.6.1 and 5.4.4 to significantly

affect the conformational space of these emerging polypeptides. TF chaperoning function

is therefore not entirely reliant on interaction, but its mere presence at the exit tunnel may

shield and confine the nascent chain until folding occurs. Overall, the results presented in

this thesis paint a picture of a highly abundant, multi-functional chaperone in the E. coli
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cytosol whose ATP independent activity appears to rely on a complex interplay between

desirable substrate interactions.

6.4 Concluding remarks

The study of the structural and dynamic aspects of the various TF equilibria described in

this thesis has opened an number of avenues for further investigation. While this thesis

characterises the interaction of TF with nascent chains that do not display high affinity

TF interaction sites, the foundations, in the form of a preliminary characterisation of the

α-syn (Luc 87-100) and ddFLN5∆16 tryptophan mutant F672W, have been laid to expand

the current study to include specific interactions.

Moreover, the prospect of investigating TF bound to the ribosome in structural detail is

exciting as the high resolution structure of the full-length TF has thus far remained elusive

to other techniques. Indeed, its conformations on the ribosome may dictate the way in

which it interacts with its candidate substrates, and its effect on the conformational space

sampled by emerging nascent chains. Finally, we have developed a number of mathematical

approaches and NMR protocols that are readily applicable to highly detailed investigation

of dynamic processes in other large biological systems.
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A.1 DNA and protein sequences

A.1.1 Trigger factor

Trigger factor DNA sequence

ATG CAA GTT TCA GTT GAA ACC ACT CAA GGC CTT GGC CGC CGT GTA

ACG ATT ACT ATC GCT GCT GAC AGC ATC GAG ACC GCT GTT AAA AGC

GAG CTG GTC AAC GTT GCG AAA AAA GTA CGT ATT GAC GGC TTC CGC

AAA GGC AAA GTG CCA ATG AAT ATC GTT GCT CAG CGT TAT GGC GCG

TCT GTA CGC CAG GAC GTT CTG GGT GAC CTG ATG AGC CGT AAC TTC

ATT GAC GCC ATC ATT AAA GAA AAA ATC AAT CCG GCT GGC GCA CCG

ACT TAT GTT CCG GGC GAA TAC AAG CTG GGT GAA GAC TTC ACT TAC

TCT GTA GAG TTT GAA GTT TAT CCG GAA GTT GAA CTC GAG GGT CTG

GAA GCG ATC GAA GTT GAA AAA CCG ATC GTT GAA GTG ACC GAC GCT

GAC GTT GAC GGC ATG CTG GAT ACT CTG CGT AAA CAG CAG GCG ACC

TGG AAA GAA AAA GAC GGC GCT GTT GAA GCA GAA GAC CGC GTA ACC

ATC GAC TTC ACC GGT TCT GTA GAC GGC GAA GAG TTC GAA GGC GGT

AAA GCG TCT GAT TTC GTA CTG GCG ATG GGC CAG GGT CGT ATG ATC

CCG GGC TTT GAA GAC GGT ATC AAA GGC CAC AAA GCT GGC GAA GAG

TTC ACC ATC GAC GTG ACC TTC CCG GAA GAA TAC CAC GCA GAA AAC

CTG AAA GGT AAA GCA GCG AAA TTC GCT ATC AAC CTG AAG AAA GTT

GAA GAG CGT GAA CTG CCG GAA CTG ACT GCA GAA TTCA TCA AAC GTT

TCG GCG TTG AAG ATG GTT CCG TAG AAG GTC TGC GCG CTG AAG TGC

GTA AAA ACA TGG AGC GCG AGC TGA GAG CGC CAT CCG TAA CCG CGT

TAA GTT CTC AGG CGA TCG AAG GTC TGG TAA AAG CTA ACG ACA TCG

ACG TAC CGG CTG CGC TGA TCG ACA GCG AAA TCG ACG TTC TGC GTC

GCC AGG CTG CAC AGC GTT TCG GTG GCA ACG AAA AAC AAG CTC TGG

AAC TGC CGC GCG AAC TGT TCG AAG AAC AGG CTA AAC GCC GCG TAG

TTG TTG GCC TGC TGC TGG GCG AAG TTA TCC GCA CCA ACG AGC TGA

204
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AAG CTG ACG AAG AGC GCG TGA AAG GCC TGA TCG AAG AGA TGG CTT

CTG CGT ACG AAG ATC CGA AAG AAG TTA TCG AGT TCT ACA GCA AAA

ACA AAG AAC TGA TGG ACA ACA TGC GCA ATG TTG CTC TGG AAG AAC

AGG CTG TTG AAG CTG TAC TGG CGA AAG CGA AAG TGA CTG AAA AAG

AAA CCA CTT TCA ACG AGC TGA TGA ACC AGC AGG CGT AAT TTA CGC

AGC ATA ACG CGC TAA ATT CGC ACA AAG GCC CGT CAC CGC CAG GTG

GTG GGC TTT TTT TTG TCA TGA ATT TTG CAT GGA ACC GTG CGA AAA

GCC TCT TTC GGT GTT AGC GTA ACA ACA AAA GAT TGT TAT GCT TGA

AAT ATG GTG ATG CCG TAC CCA TAA CAC AGG GAC TAG CTG ATA ATC

CGT CCA TAA GGT TAC AAT CGG TAC AGC AGG TTT TTT CAA TTT TAT

CCA GGA GAC GGA AAT GTC ATA CAG CGG CGA ACG AGA TAA CTT TGC

ACC CCA TAT GGC GCT GGT GCC GAT GGT CAT TGA ACA GAC CTC CAC

GCG GTG AGC

Trigger factor protein sequence

cysteine mutations in red - R14C, T150C, N325C and M376C

Q V S V E T T Q G L G R R V T I T I A A D S I E T A V K S E L V N V A K K V R I

D G F R K G K V P M N I V A Q R Y G A S V R Q D V L G D L M S R N F I D A I I

K E K I N P A G A P T Y V P G E Y K L G E D F T Y S V E F E V Y P E V E L E G

L E A I E V E K P I V E V T D A D V D G M L D T L R K Q Q A T W K E K D G A

V E A E D R V T I D F T G S V D G E E F E G G K A S D F V L A M G Q G R M I P

G F E D G I K G H K A G E E F T I D V T F P E E Y H A E N L K G K A A K F A I

N L K K V E E R E L P E L T A E F I K R F G V E D G S V E G L R A E V R N M E

R E L R A P S V T A L S S Q A I E G L V K A N D I D V P A A L I D S E I D V L R

R Q A A Q R F G G N E K Q A L E L P R E L F E E Q A K R R V V V G L L L G E

V I R T N E L K A D E E R V K G L I E E M A S A Y E D P K E V I E F Y S K N K E

L M D N M R N V A L E E Q A V E A V L A K A K V T E K E T T F N E L M N Q Q A

Primers TF C14R

Forward : GGCCTTGGCCGCCGTGTAACGATTACT

Reverse : AGTAATCGTTACACGGCGGCCAAGGCC
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A.1.2 α-synuclein

α-synuclein DNA sequence

His-tag in blue

ATG CAT CAC CAT CAC CAT CAC GCT AGC ATG GAT GTA TTC ATG AAA GGA

CTT TCA AAG GCC AAG GAG GGA GTT GTG GCT GCT GCT GAG AAA ACC

AAA CAG GGT GTG GCA GAA GCA GCA GGA AAG ACA AAA GAG GGT GTT

CTC TAT GTA GGC TCC AAA ACC AAG GAG GGA GTG GTG CAT GGT GTG

GCA ACA GTG GCT GAG AAG ACC AAA GAG CAA GTG ACA AAT GTT GGA

GGA GCA GTG GTG ACG GGT GTG ACA GCA GTA GCC CAG AAG ACA GTG

GAG GGA GCA GGG AGC ATT GCA GCA GCC ACT GGC TTT GTC AAA AAG

GAC CAG TTG GGC AAG AAT GAA GAA GGA GCC CCA CAG GAA GGA ATT

CTG GAA GAT ATG CCT GTG GAT CCT GAC AAT GAG GCT TAT GAA ATG

CCT TCT GAG GAA GGG TAT CAA GAC TAC GAA CCT GAA GCC

α-synuclein protein sequence

H H H H H H A S M D V F M K G L S K A K E G V V A A A E K T K Q G V A E A

A G K T K E G V L Y V G S K T K E G V V H G V A T V A E K T K E Q V T N V

G G A V V T G V T A V A Q K T V E G A G S I A A A T G F V K K D Q L G K N

E E G A P Q E G I L E D M P V D P D N E A Y E M P S E E G Y Q D Y E P E A

α-syn (Luc 87-100) DNA sequence

Firefly luciferase residues 87-100 substitution in red

ATG CAT CAC CAT CAC CAT CAC GCT AGC ATG GAT GTA TTC ATG AAA GGA

CTT TCA AAG GCC AAG GAG GGA GTT GTG GCT GCT GCT GAG AAA ACC

AAA CAG GGT GTG GCA GAA GCA GCA GGA AAG ACA AAA GAG GGT GTT

CTC TAT GTA GGC TCC AAA ACC AAG GAG GGA GTG GTG CAT GGT GTG

GCA ACA GTG GCT GAG AAG ACC AAA GAG CAA GTG ACA AAT GTT GGA

GGA GCA GTG GTG ACG GGT GTG ACA GCA GTA GCC CAG AAG ACA GTG

GAG GGA GCA GGG CAA TTC TTT ATG CCG GTG TTG GGC GCG TTA TTT

ATC GGA GTT GGC AAG AAT GAA GAA GGA GCC CCA CAG GAA GGA ATT

CTG GAA GAT ATG CCT GTG GAT CCT GAC AAT GAG GCT TAT GAA ATG

CCT TCT GAG GAA GGG TAT CAA GAC TAC GAA CCT GAA GCC

α-syn (Luc 87-100) protein sequence

H H H H H H A S M D V F M K G L S K A K E G V V A A A E K T K Q G V A E A

A G K T K E G V L Y V G S K T K E G V V H G V A T V A E K T K E Q V T N V

G G A V V T G V T A V A Q K T V E G A G Q F F M P V L G A L F I G V G K N

E E G A P Q E G I L E D M P V D P D N E A Y E M P S E E G Y Q D Y E P E A
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Primers α-syn (Luc 87-100)

Forward : GGTGTGACAGCAGTACAATTCTTTATGCCGGTGTTGGGCGCGTTATT-

TATCGGAGTTACTGGCTTTGTCAAA

Reverse : TTTGACAAAGCCAGTAACTCCGATAAATAACGCGCCCAACACCGGCATAAA-

GAATTGTACTGCTGTCACACC

A.1.3 ddFLN5

ddFLN5-6δ18 DNA sequence

His-tag in blue

ATG CAT CAC CAT CAC CAT CAC GCT AGC AAA CCA GCC CCA TCC GCT

GAA CAC TCT TAT GCT GAA GGT GAA GGT TTA GTC AAA GTA TTT GAT

AAT GCC CCA GCT GAA TTC ACT ATT TTC GCC GTT GAC ACT AAA GGT

GTT GCT CGT ACC GAT GGT GGT GAT CCA TTT GAA GTC GCT ATC AAT

GGT CCA GAT GGT TTA GTC GTT GAT GCC AAA GTT ACC GAT AAC AAT

GAC GGT ACT TAT GGT GTT GTC TAT GAT GCC CCA GTT GAA GGT AAC

TAC AAT GTT AAT GTC ACC CTC CGT GGT AAT CCA ATC AAA AAT ATG

CCA ATC GAT GTC AAA TGC ATT GAA GGT GCC AAT GGT GAA GAT TCA

TCA TTC GGT TCA TTC ACT TTT ACC GTC GCT GCT AAA AAT AAG AAA

GGT GAA GTT AAA ACC TAT GGT GGT GAT AAA TTT GAA GTC TCT ATC

ACT GGT CCA GCT GAA GAA ATC ACT CTC GAT GCT ATT GAT AAC CAA

GAT GGT ACT TAT ACT GCC GCT TAC TCT TTA GTT GGT AAT GGT CGT

TTC TCA ACT GGT GTC AAA TTA AAC GGT AAA CAC ATT GAA GGT TCT

CCA TTC AAA CAA GTA CTT GGT AAC TAA

ddFLN5+21 RNC DNA sequence

SecM sequence in red

ATG CAT CAC CAT CAC CAT CAC GCT AGC AAA CCA GCC CCA TCC GCT

GAA CAC TCT TAT GCT GAA GGT GAA GGT TTA GTC AAA GTA TTT GAT

AAT GCC CCA GCT GAA TTC ACT ATT TTC GCC GTT GAC ACT AAA GGT

GTT GCT CGT ACC GAT GGT GGT GAT CCA TTT GAA GTC GCT ATC AAT

GGT CCA GAT GGT TTA GTC GTT GAT GCC AAA GTT ACC GAT AAC AAT

GAC GGT ACT TAT GGT GTT GTC TAT GAT GCC CCA GTT GAA GGT AAC

TAC AAT GTT AAT GTC ACC CTC CGT GGT AAT CCA ATC AAA AAT ATG

CCA ATC GAT GTC AAA TGC ATT GAA GGT ACT AGT GAA TTC TTC AGC

ACG CCC GTC TGG ATA AGC CAG GCG CAA GGC ATC CGT GCT GGC CCT

TAA
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ddFLN5∆16 protein sequence

His-tag in blue, tryptophan substitutions in cyan (Y655W, F665W, A668W, F672W and

E724W)

H H H H H H A S K P A P S A E H S Y A E G E G L V K V F D N A P A E F T I F

A V D T K G V A R T D G G D P F E V A I N G P D G L V V D A K V T D N N D

G T Y G V V Y D A P V E G N Y N V N V T L R

ddFLN5∆6 protein sequence

H H H H H H A S K P A P S A E H S Y A E G E G L V K V F D N A P A E F T I F

A V D T K G V A R T D G G D P F E V A I N G P D G L V V D A K V T D N N D

G T Y G V V Y D A P V E G N Y N V N V T L R G N P I K N M P I D

ddFLN5 protein sequence

H H H H H H A S K P A P S A E H S Y A E G E G L V K V F D N A P A E F T I F

A V D T K G V A R T D G G D P F E V A I N G P D G L V V D A K V T D N N D

G T Y G V V Y D A P V E G N Y N V N V T L R G N P I K N M P I D V K C I E G

ddFLN5-6δ18 protein sequence

ddFLN6 sequence in green

H H H H H H A S K P A P S A E H S Y A E G E G L V K V F D N A P A E F T I F

A V D T K G V A R T D G G D P F E V A I N G P D G L V V D A K V T D N N D

G T Y G V V Y D A P V E G N Y N V N V T L R G N P I K N M P I D V K C I E G

A N G E D S S F G S F T F T V A A K N K K G E V K T Y G G D K F E V S I T G

P A E E I T L D A I D N Q D G T Y T A A Y S L V G N G R F S T G V K L N G K

H I E G S P F K Q V L G N

ddFLN5+21 RNC protein sequence

SecM sequence in red

H H H H H H A S K P A P S A E H S Y A E G E G L V K V F D N A P A E F T I F

A V D T K G V A R T D G G D P F E V A I N G P D G L V V D A K V T D N N D

G T Y G V V Y D A P V E G N Y N V N V T L R G N P I K N M P I D V K C I E G

T S E F F S T P V W I S Q A Q G I R A G P

Primers Y655W

Forward :TCC GCT GAA CAC TCT TGG GCT GAA GGT GAA GGT

Reverse :ACCTTCACCTTCAGCCCAAGAGTGTTCAGCGGA
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Primers F665W

Forward :GGT TTA GTC AAA GTA TGG GAT AAT GCC CCA GCT

Reverse :AGCTGGGGCATTATCCCATACTTTGACTAAACC

Primers A668W

Forward :AAA GTA TTT GAT AAT TGG CCA GCT GAA TTC ACT

Reverse :AGTGAATTCAGCTGGCCAATTATCAAATACTTT

Primers F672W

Forward :AAT GCC CCA GCT GAA TGG ACT ATT TTC GCC GTT

Reverse :AACGGCGAAAATAGTCCATTCAGCTGGGGCATT

Primers E724W

Forward :TAT GAT GCC CCA GTT TGG GGT AAC TAC AAT GTT

Reverse :AACATTGTAGTTACCCCAAACTGGGGCATCATA
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A.2 NMR processing scripts

nmrPipe -in test.fid \
| nmrPipe -fn EM  -lb 12.0 -c 1.0           \
| nmrPipe  -fn ZF -auto                              \
| nmrPipe  -fn FT -auto                               \
| nmrPipe  -fn PS -p0 -35 -p1 0.00 -di -verb         \
| nmrPipe -fn EXT -left -sw               \
| nmrPipe  -fn TP                                     \
| nmrPipe  -fn SP -off 0.5 -end 1 -pow 1 -c 1.0    \
| nmrPipe  -fn ZF -auto                              \
| nmrPipe  -fn FT -auto                               \
| nmrPipe  -fn PS -p0 -90.00 -p1 180.00 -di -verb      \
   -ov -out test.ft2

Figure A.1: Representative NMRPipe processing script with an exponential win-
dow function for RNC samples.

xyz2pipe -in fid/test%03d.fid -x -verb \
| nmrPipe -fn GM  -g1 8.0 -g2 24 -g3 0.0 -c 0.5              \
| nmrPipe  -fn ZF -auto                             \
| nmrPipe  -fn FT                                    \
| nmrPipe  -fn PS -p0 42 -p1 0.0 -di              \
| nmrPipe  -fn EXT -xn 1.5ppm -x1 -1ppm -sw                        \
| nmrPipe  -fn TP \
| nmrPipe -fn GM  -g1 8.0 -g2 18.0 -g3 0.0 -c 1.0              \
| nmrPipe  -fn ZF -auto                             \
| nmrPipe  -fn FT -alt -neg                                   \
| nmrPipe  -fn PS -p0 -90.0 -p1 180.0 -di               \
| pipe2xyz -out ft/test%03d.ft2 -ov -verb

Figure A.2: Representative NMRPipe processing script with a Gaussian window
function for TFILV relaxation measurements .
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nmrPipe -in test.fid \
| nmrPipe  -fn SP -off 0.5 -end 1.00 -pow 1 -c 0.5    \
| nmrPipe  -fn ZF -auto                               \
| nmrPipe  -fn FT -auto                               \
| nmrPipe  -fn PS -p0 142 -p1 0.00 -di -verb         \
   -ov -out test.ft2

Figure A.3: Representative NMRPipe processing script with a sine-bell window
function for 1D NMR experiments.
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A.3 Matlab scripts

Figure A.4: Matlab script for the linear, non-negative, regression fit of the
monomer/dimer equilibria to the total NMR spectrum.
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function residuals=calcChi2_syn(x1,x2, yobs2, yobs3, param)

%calculate residuals for:
%15N data: y1=1-(solve_b4(1.35,K2,K3,6.5,x,0.8)/6.5)+c*(solve_b4(1.35,2,K3,6.5,x,0.8)/6.5)
%13C 70S data y2=1e7*a*solve_m4(1.35,K2,K3,5,x,0)+1e7*b*(solve_m4(1.35,K2,K3,5,x,0)/1.35)
%13C RNC data y3=1e7*a*solve_m4(1.35,K2,K3,6.5,x,0.8)+1e7*b*(solve_m4(1.35,K2,K3,6.5,x,0.8)/1.35)
% a: Intensity TF monomer = param(3)
% b: Intensity TF dimer = param(4)
% c: Intensity bound RNC= param(5)
% K2: ribosome binding Kd = param(1)
% K3: RNC binding Kd = param(2)
% x1: set of TF concentrations in RNC experiment
%x2: set of TF concentrations in 70S titration

% solve_m4 is the numerical solution to the four state TF equlibrium in the presence of the RNC for the free TF 
monomer concentration as a function of Kd for dimerisation, Kd for ribosome interaction, Kd for RNC 
interaction , total ribosome concentration, total TF concentration and ribosome occupancy.

ycalc2=1e7*param(3)*solve_m4(8,param(1),param(2),5,x2,0)+1e7*param(4)*(solve_m4(8,param(1),param(2),
5,x2,0).^2/8);
ycalc3=1e7*param(3)*solve_m4(8,param(1),param(2),6.5,x1,0.8)+1e7*param(4)*(solve_m4(8,param(1),param(2),
6.5,x1,0.8).^2/8);
residuals2=ycalc2-yobs2;
residuals3=ycalc3-yobs3;
residuals=[residuals2 residuals3];

Figure A.5: Matlab script for global fit of the TFILV titrations of 70S and α
-synuclein RNC.
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A.4 α-synuclein (Luc 87-100) NMR backbone assignment

Residue Residue H N Co Cα Cβ

name type

1 Met 8.474 122.289 177.575 55.818 32.632

2 Asp 8.325 121.456 177.046 55.194 40.994

3 Val 8.001 119.612 177.176 63.546 32.285

4 Phe 8.27 122.754 177.421 58.758 39.216

5 Met 8.329 120.958 177.169 55.858 32.225

6 Lys 8.288 122.024 176.388 57.305 32.706

7 Gly 8.373 109.335 179.45 45.489 -

8 Leu 8.039 121.582 176.051 55.344 42.373

9 Ser 8.357 116.536 179.446 58.707 63.634

10 Lys 8.425 123.73 177.271 56.411 32.903

11 Ala 8.369 125.359 175.825 52.805 19.046

12 Lys 8.425 121.004 177.085 56.587 32.943

13 Glu 8.517 122.338 176.765 56.882 30.182

14 Gly 8.554 110.217 179.839 45.325 -

15 Val 8.079 120.534 177.293 62.781 32.718

16 Val 8.412 125.682 177.773 62.613 32.741

17 Ala 8.565 128.542 176.073 52.619 19.078

18 Ala 8.428 123.802 175.875 52.837 18.961

19 Ala 8.38 123.305 175.564 52.829 18.998

20 Glu 8.429 120.391 176.875 56.886 30.176

21 Lys 8.441 122.552 176.619 56.836 32.865

22 Thr 8.255 115.762 179.158 62.505 69.791

23 Lys 8.455 123.929 177.058 56.737 32.905

24 Gln 8.541 122.061 177.218 55.781 29.398

25 Gly 8.576 110.679 179.556 45.347 -

26 Val 8.129 120.177 177.382 62.812 32.677

27 Ala 8.511 127.477 175.611 47.858 18.928

28 Glu 8.513 120.763 177.12 56.938 30.152

29 Ala 8.4 125.087 176.062 52.803 19.015

30 Ala 8.333 123.184 175.363 52.884 19.043

31 Gly 8.403 107.9 179.714 45.343 -
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32 Lys 8.194 120.86 176.836 56.267 33.261

33 Thr 8.345 115.942 179.218 62.03 70.004

34 Lys 8.595 124.155 177.367 56.604 32.921

35 Glu 8.566 122.431 176.938 56.968 30.262

36 Gly 8.551 110.186 179.936 45.277 -

37 Val 8.023 119.871 177.926 62.377 32.722

38 Leu 8.404 126.226 177.228 54.964 42.416

39 Tyr 8.401 122.893 178.325 58.017 38.819

40 Val 8.189 123.947 177.815 62.188 32.795

41 Gly 8.117 112.395 180.014 45.106 -

42 Ser 8.362 115.712 179.133 58.433 63.967

43 Lys 8.596 123.656 177 56.318 33.147

44 Thr 8.301 115.888 179.298 61.955 69.963

45 Lys 8.565 124.109 177.374 56.617 32.943

46 Glu 8.554 122.146 176.907 57.002 30.108

47 Gly 8.486 109.95 180.084 45.091 -

48 Val 8.023 120.296 177.893 62.312 32.812

49 Val 8.434 125.619 178.033 62.172 32.738

50 His 8.612 125.34 178.014 56.449 31.096

51 Gly 8.51 110.814 180.159 45.147 -

52 Val 8.146 119.85 177.929 62.057 32.9

53 Ala 8.611 128.58 176.032 52.441 19.225

54 Thr 8.357 115.344 179.362 61.969 69.995

55 Val 8.381 123.625 178.017 62.333 32.873

56 Ala 8.55 128.494 176.077 52.539 19.221

57 Glu 8.495 121.222 177.171 56.613 30.344

58 Lys 8.564 123.257 176.888 56.524 33.01

59 Thr 8.342 116.508 179.272 62.264 69.822

60 Lys 8.516 124.036 177.162 56.688 32.985

61 Glu 8.543 122.485 177.44 56.906 32.854

62 Gln 8.54 122.102 177.907 55.789 29.528

63 Val 8.412 122.355 177.524 62.469 32.778

64 Thr 8.426 118.541 179.886 61.866 69.902

65 Asn 8.636 122.081 178.629 - -

66 Val 8.367 121.078 176.978 62.776 32.482

67 Gly 8.674 112.905 179.241 45.278 -

68 Gly 8.329 108.947 180.214 44.985 -

69 Ala 8.269 123.84 176.219 52.293 19.289
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70 Val 8.351 120.93 177.528 62.475 32.694

71 Val 8.533 126.013 177.595 62.153 32.747

72 Thr 8.44 119.173 179.01 61.961 69.939

73 Gly 8.551 111.592 179.941 45.242 -

74 Val 8.202 119.792 177.321 62.362 32.855

75 Thr 8.428 119.6 179.862 62.078 69.79

76 Ala 8.502 127.79 176.328 52.428 19.24

77 Val 8.285 120.569 177.865 62.261 32.816

78 Ala 8.54 128.549 176.244 52.511 19.059

79 Gln 8.519 120.632 177.947 55.682 29.594

80 Lys 8.555 123.619 177.189 56.372 33.147

81 Thr 8.408 117.29 179.46 61.99 69.947

82 Val 8.426 123.401 177.733 62.341 32.811

83 Glu 8.687 125.597 176.832 56.903 30.15

84 Gly 8.606 111.01 179.934 45.293 -

85 Ala 8.292 123.696 175.489 52.686 19.276

86 Gly 8.557 108.309 179.833 45.246 -

87 Gln 8.209 119.685 178.489 55.807 29.533

88 Phe 8.322 121.215 178.989 57.585 39.742

89 Phe 8.2 122.607 179.286 57.477 39.896

90 Met 8.274 124.491 180.47 - -

91 Pro - - 177.295 62.913 32.143

92 Val 8.417 121.491 177.504 62.372 32.648

93 Leu 8.536 127.047 176.082 55.319 42.217

94 Gly 8.564 110.484 180.13 45.146 -

95 Ala 8.222 123.675 176.249 52.578 19.356

96 Leu 8.294 121.026 177.008 55.068 42.357

97 Phe 8.349 121.703 178.579 57.714 39.621

98 Ile 8.132 124.036 177.802 60.952 38.737

99 Gly 8.094 112.65 180.149 45.11 -

100 Val 8.197 119.129 177.072 62.265 32.763

101 Gly 8.704 113.028 178.623 45.164 -

102 Lys 8.354 121.028 177.525 56.186 33.224

103 Asn 8.72 120.244 178.612 53.294 38.731

104 Glu 8.594 121.581 177.325 56.62 30.175

105 Glu 8.567 122.187 176.826 56.901 30.21

106 Gly 8.537 110.473 180.494 44.974 -
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107 Ala 8.223 125.095 178.344 50.53 18.056

108 Pro - - 176.87 63.079 32.098

109 Gln 8.71 121.503 177.911 55.665 29.635

110 Glu 8.65 122.941 177.041 56.669 30.471

111 Gly 8.598 110.532 180.178 45.21 -

112 Ile 8.12 120.386 177.587 60.954 38.605

113 Leu 8.531 127.412 176.711 54.993 42.311

114 Glu 8.542 122.499 178.008 56.44 30.425

115 Asp 8.476 121.722 178.082 54.277 41.059

116 Met 8.384 122.291 176.898 53.187 32.247

117 Pro - - 177.187 62.925 32.185

118 Val 8.439 121.252 178.098 61.996 33.046

119 Asp 8.659 126.398 179.166 52.077 41.053

120 Pro - - 176.996 63.507 32.165

121 Asp 8.474 119.427 177.753 54.529 40.839

122 Asn 8.193 119.352 178.467 53.484 39.238

123 Glu 8.492 122.077 177.78 56.896 30.116

124 Ala 8.345 124.569 176.638 52.361 19.079

125 Tyr 8.144 120.269 178.59 57.898 38.967

126 Glu 8.198 124.265 178.571 55.568 30.76

127 Met 8.528 124.189 179.609 53.342 32.194

128 Pro - - 177.038 63.086 32.227

129 Ser 8.599 116.993 179.091 58.318 63.947

130 Glu 8.692 123.414 177.361 56.606 30.137

131 Glu 8.569 122.175 176.902 56.767 30.137

132 Gly 8.536 110.283 180.054 45.108 -

133 Tyr 8.165 120.493 178.114 58.261 38.747

134 Gln 8.321 123.038 179.087 55.385 29.765

135 Asp 8.329 121.802 178.342 54.22 41.126

136 Tyr 8.157 120.777 178.786 57.687 39.013

137 Glu 8.342 125.69 180.266 53.603 30.152

138 Pro - - 177.048 62.89 32.184

139 Glu 8.635 121.838 178.46 56.565 30.289

140 Ala 8.134 107.792 176.937 53.865 20.062
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