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Abstract
Intrinsically disordered proteins constitute a significant proportion of our proteome
and are emerging targets of modern structural and molecular biology through their
involvement in a range of functions crucial for the survival of the cell. Their malfunction
and aggregation is known in many cases to lead to devastating pathologies including
Parkinson’s disease (α-synuclein, αSyn) and amyloid lateral sclerosis (TAR DNAbinding protein, TDP-43). NMR spectroscopy, is a high resolution structural technique
that is especially well suited to provide residue-specific information on flexible and
unstructured systems, and which is used to investigate the structural and dynamic
aspects of αSyn and TDP-43.
TDP-43, is a eukaryotic, 440-residue, multi-domain protein with a predicted disordered
C-terminal tail (CTD274-414 ) that initiates the aggregation of TDP-43 and harbours the
disease-associated mutations. This thesis describes the development of an expression
and purification strategy and the NMR investigations of the structure and dynamics
of the CTD274-414 region both in isolation and as it exists within living cells. Using
these methods we have initially obtained the complete protein backbone assignment
of the CTD274-414 under 8 M urea conditions, which indicated a mostly disordered
conformation, serving now as a valuable template to determine the secondary structure
propensity of this domain within E. coli lysate. In addition, the aggregation behaviour of
the CTD274-414 was investigated using biophysical techniques, which revealed that while
the CTD274-414 aggregates appear to have fibrillar morphology, the overall aggregation
properties suggest that CTD274-414 does not form typical β-amyloids.
The understanding provided by structural biology over recent years of the PD-associated
protein αSyn has enabled detailed insights into the conformational dynamics of several
forms of this ’chameleon’ protein. Here, a detailed study of the biosynthesis of αSyn
using NMR spectroscopic investigations of ribosome-bound nascent chain complexes
(RNCs) is presented. By considering the length-dependent emergence, the effects of
charge and also the interaction of αSyn RNCs with the TF chaperone, detailed insights
of the interactions arising from the interplay between TF, the ribosome and nascent
polypeptide chains were gained. These results were used to create a structural model
beginning to reveal the specific manner in which disordered proteins interact with the
biosynthesis machinery.
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“The most beautiful thing we can experience is the mysterious. It is the source of all the true art and science.
He to whom this emotion is a stranger, who can no longer pause to wonder and stand rapt in awe, is as good as
dead; his eyes are closed.”
Albert Einstein (1879 - 1955)

Chapter 1
Introduction
1.1

The ribosome and the central dogma

The function and development of all living systems is specified by their genetically
inherited deoxyribonucleic acid (DNA). In most species only a small percentage of
the genetic information contained in their nuclear DNA (98% of the human genome
is noncoding DNA) is transcribed into messenger ribonucleic acid (mRNA), which is
then subsequently translated into a sequence of amino acids (Fig 1.1.1). The process
of translation, which can be divided into three phases: initiation, elongation and
termination, occurs on the ribosome where the mRNA with its array of codons is used
as a template to be matched to its cognate anticodons of the transfer RNA (tRNA),
which carry specific amino acids as building blocks for the progressive assembly of
polypeptide chains [1]. The ribosome therefore functions as the central hub for one of
the most fundamental processes in living organisms across all three kingdoms of life
- protein biosynthesis [2]. Understanding the ribosome’s structure and function has
fascinated scientists for many decades and it will also be the basis of this thesis to shed
light into the dynamic process of protein biosynthesis in which the ribosome seems to
play a bigger role than just simply decoding RNA sequences [3].

DNA

transcription

RNA polymerase

RNA

translation
ribosome

Protein

Figure 1.1.1: The central dogma
Our genetically inherited DNA is transcribed into mRNA by RNA polymerase. In the
process of protein biosynthesis, the mRNA functions as a template, which is translated
in to an amino acid sequence by the ribosome.

1
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1.1.1

2

Ribosome structure

Ribosomes were first discovered as dense particles or granules in the mid-1950s using
electron microscopy by cell biologist George Emil Palade [4]. During this time the gross
morphology of the ribosome started to emerge, determining its composition of two
subunits, which are comprised of one-third protein and two-thirds RNA content [5]. The
70S ribosomal complex in Escherichia coli is 2.3 megadalton (MDa) in mass, containing
54 proteins and 3 large RNA molecules, which are distributed between the 30S and
50S subunit (Fig 1.1.2 (a)).

The larger 50S subunit (1.5 MDa) is composed of the

proteins L1-L36, together with the ribosomal RNA (rRNA) molecules 5S and 23S, while
the smaller 30S subunit (0.8MDa) consists of the proteins S1-S22 as well as the 16S
rRNA. Eukaryotic ribosomes (80S) share a conserved core with the bacterial ribosomes
but are overall larger and more complex. They are 3.4 MDa (lower eukaryotes, S.
cerevisiae) to 4.3 MDa (higher eukaryotes, H. sapiens) in mass, containing 80 proteins
(79 proteins in S. cerevisiae) and 4 large RNA molecules, which are distributed between
the smaller 40S and the larger 60S subunit. The small subunit is composed of 33
proteins and the 18S rRNA, while the large subunit consists of 47 proteins (46 in S.
cerevisiae) and the rRNA 5.8S, 28S (25S in S. cerevisiae) and 5S. The 5.8S and the 25S/28S
rRNA are both homologous to the 23S rRNA in bacteria. Generally, eukaryotic and
prokaryotic ribosomes are known to function according to a similar principle [6, 7] with
the elongation step being the most conserved. The other steps of the translation cycle
(initiation and termination) have diverged and include several stages that differ between
prokaryotes and eukaryotes.

Mostly within the last ten years, a vast number of studies using X-ray crystallography
and cryo-electron microscopy (cryo-EM) have described the atomic structure of the
individual subunits as well as the entire ribosome from prokaryotes and eukaryotes
(Table 1.1).

These have advanced our understanding of the relationship between

ribosome structure and function [2, 20–23]. Today it is well-established that protein
biosynthesis takes place at the functional core of the ribosome, the peptidyl transferase
centre (PTC), located at the centre of the subunit interface, in prokaryotes between the
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Organism

3

Structure

Method

Resolution

PDB ID

Reference

in Å
Prokaryotes
E. coli

70S

X-ray

2.8

4V51

[8]

E. coli

70S

Cryo-EM

5.8

4V5H

[9]

Haloarcula marismortui

50S

X-ray

2.4

1FFK

[10]

E. coli

50S

Cryo-EM

3.9

3J7Z

[11]

Thermus thermophilus

30S

X-ray

3.0

1J5E

[12]

E. coli

30S

Cryo-EM

9.8

2YKR

[13]

Saccharomyces cerevisiae

80S

X-ray

2.8

4U4R

[6]

Saccharomyces cerevisiae

80S

X-ray

3.0

4V88

[14]

Homo sapiens

80S

Cryo-EM

5.0

4V6X

[7]

Tetrahymena thermophila

60S

X-ray

3.52

4V8P

[15]

Sus scrofa

60S

Cryo-EM

3.4

3J7O

[16]

Tetrahymena thermophila

40S

X-ray

3.9

4V5O

[17]

Tetrahymena thermophila

40S

X-ray

3.7

4BTS

[18]

Kluyveromyces lactis

40S

Cryo-EM

3.75

3J80

[19]

Eukaryotes

Table 1.1: Overview of current high-resolution ribosome structures
Current cryo-EM and x-ray crystallography structures determined to their highest
resolution for prokaryotic and eukaryotic ribosomes as well as their subunits.

30S and 50S subunit, and is composed entirely of RNA, confirming the ribosome as a
ribozyme [24] (Fig 1.1.2 (b)). In order to enable translation and polypeptide synthesis
at high-speed and -accuracy, both subunits work in unison in a highly synchronised
manner [25]. The 30S subunit is largely responsible for mRNA recognition and contains
the decoding centre, ensuring correct base pairing between the mRNA and the cognate
tRNA [26]. The large 50S subunit harbours the significant proportion of the catalytic
PTC and is therefore largely responsible for peptide-bond formation [27], generating a
growing nascent polypeptide chain (NC) that elongates through the ribosomal tunnel
[28] (Fig 1.1.2 (b)). The ribosomal tunnel is a 80-100 Å long and 10-20 Å wide [24]
passage through the 50S subunit, that requires as few as 33 residues or as high as
67 residues to be traversed, depending on whether the NC remains fully extended
or adopts compacted (presumably helical) conformations [29]. Selective proteolysis
experiments have found that 30-40 residues (mammalian system) are typically protected,
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a

b
Nascent chain

TF

L24

50S
PTC
L7/L12 stalk
L23

L22

E-site tRNA

A-site tRNA

L4

30S

P-site tRNA
PTC

Figure 1.1.2: Structural model of the prokaryotic translation machinery
(a) Structural model of the prokaryotic E. coli 70S ribosome during translation of the
αSyn NC in the presence of TF. The ribosome structure is composed of the small 30S
subunit (dark grey, PDB ID: 4V51 [8]) and the large 50S subunit (light grey, PDB ID:
4V51 [8]), including the L7/L12 stalk region (cyan, modelled from PDB ID: 1RQU [30]).
The A-, P-, E-site tRNAs are shown at the interface of both subunits (pink , magenta
and dark blue respectively, PDB ID: 4V51 [8], A-site tRNA modelled from PDB ID:
4V42 [31]). The initial model of the stalled NC (violet) has been derived from cryoelectron microscopy data [32] by molecular-dynamics flexible fitting [33]. The original
NC sequence was replaced and extended to the sequence of αSyn using Swiss-PDB
Viewer [34]. Trigger factor (purple) bound to the ribosome was modeled based on the
cryo-electron microscopy data of the ribosome-TF complex [35] and the atomic structure
of TF (PDB ID: 1W26 [36], PDB ID: 2MLX [37]). (b) View of the ribosomal exit tunnel
including the αSyn NC. The PTC (labelled in red) as well as the ribosomal protein L4,
L22, L23 and L24 are highlighted.

suggesting
that NCs traverse the tunnel neither fully extended nor fully helical [38, 39]. This
finding was later supported by cross-linking studies, which identified specific crosslinks between NC residues and ribosomal proteins that are located near the exit site of
the tunnel (L23, L29) once the chain was at least 30 residues long [40]. At about 80
Å from the PTC, the ribosomal exit tunnel is at its widest, a region referred to as the
’vestibule’ or ’exit port’. Ribosomal proteins located nearby serve as docking sites for
ribosome associated factors [41, 42] including peptide deformylase (PDF), methionine
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amino peptidase (MAP), trigger factor (TF) and signal recognition particle (SRP), which
are crucial for the processing, targeting and folding of NCs [43]. The tunnel walls are
formed mainly by the 23S rRNA giving it its overall electronegative charge potential but
are also made by regions of the ribosomal proteins L23 (L39e in eukaryotes) as well as L4
and L22, which form a constriction at about 28 Å from the PTC (Fig 1.1.2 (b)). Previously
the ribosomal tunnel was thought to be a passive and inert conduit given its teflonlike, non-sticking surface, allowing the unhindered passage of the polypeptide chain.
However, evidence of a more active role in regulating translation has been accumulating
in recent studies [44]. Three well-known leader peptides, SecM [33, 45–48], TnaC [9]
and ErmC [49] have been shown to be able to arrest translation on the ribosome due
to intra- and intermolecular interactions with the interior of the ribosomal exit tunnel,
which can be charge specific [50], regulating translation of downstream genes. Further
to these regulatory processes, the ribosomal exit tunnel has also been shown to play
an important role in promoting early NC structure compaction [51]. Studies describing
these observations in more detail will be discussed in Section 1.2.2.1.1.

1.2

Folding pathways

Proteins, the cell’s protagonists, are involved in close to all vitally important aspects
of cellular function including division, replication, signalling and transport.

The

acquisition of a protein’s correct and unique three-dimensional structure is thus essential
to achieving its full functionality. Failure to reach a stable structure can be detrimental
and result in the formation of misfolded or aggregated populations that are often
implicated in a wide range of pathological disorders [52, 53]. For these reasons, there
has been a long-standing interest to fundamentally understand how an elongating
polypeptide that has threaded through the ribosomal exit tunnel, acquires its native
and functionally active conformation (Fig 1.2.1).

Our current knowledge of the process of protein folding has originated from the
pioneering in vitro refolding experiments of chemically or thermally denatured full-

Chapter 1. Introduction

6

Molecular chaperone
Post-translational
modifications
Degradation

Synthesis

Unfolded state

Off-pathway
aggregates

Proliferation through
secondary pathways

Amyloid fibrils

Oligomers

Intermediate
state

Native state

Functional
complex

Figure 1.2.1: Schematic overview of states available to polypeptides from their
synthesis to reaching their functionally active state
Proteins synthesised on the ribosome exist initially as unfolded chains before they co- or
post-translationally undergo structure acquisition and reach their native conformation
either directly or via intermediate states, which can be part of functional complexes.
Other fates can however include degradation or aggregation. Folding and assembly
processes are constantly altered by chaperones or chemical modifications. Figure made
on the basis of [52, 53].

length proteins or theoretical calculations by Anfinsen [54] and Levinthal [55]. These
studies have provided an understanding of the basic mechanisms underlying the
folding of small isolated proteins in dilute aqueous solutions. The process of folding
at the ribosome within the cellular environment is likely to differ however, due to:
(a) the vectorial process of protein biosynthesis, where the N-terminus of newly
synthesised proteins can start to sample conformations, while the C-terminus is still
being synthesised, (b) high concentrations of other macromolecules that induce the
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effect of molecular crowding and (c) interactions with various co-factors [43] that can
support structure formation of more complex folds. The following sections summarise
current knowledge from in vitro and in vivo protein folding studies [56].

1.2.1 In vitro protein folding
The protein folding problem was discussed in Levinthal’s paradox, which stated that
the astronomically large number of possible conformations accessible to a polypeptide
chain (10300 for a 150 residue protein [55]) makes sequential sampling of all possible
conformations take longer than the age of the universe. Experimental evidence that
a protein can form its native and thermodynamically stable state on a much faster
timescale, governed by its amino acid sequence, was demonstrated first by Christian
Anfinsen in 1973, where he showed that the protein ribonuclease A could spontaneously
refold into an active enzyme after being fully denatured [54].

These experiments

supported the thermodynamic hypothesis, which postulates that a protein in its
physiological milieu is driven to acquire a thermodynamically favoured conformation
where the Gibbs free energy of the whole system is minimised.

∆G0 = ∆H 0 − T∆S0

(1.1)

For the free energy ∆G to favour the globular over the denatured state, the reduction
in conformational entropy, ∆S, due to the loss of disorder must be balanced by a gain
in protein enthalpy, ∆H. The low entropy is typically only marginally compensated for
by the enthalpic gain upon formation of numerous weak, non-covalent interactions,
including electrostatic interactions (van der Waals forces), which position non-polar
hydrophobic residues in the core of a globular protein, while leaving polar amino
acids exposed to the aqueous milieu. This process, also known as the ’hydrophobic
effect’, is achieved by the formation of hydrogen bonds and disulphide bridges to
try and reach the most energetically minimised conformation [57]. As well as the
protein’s thermodynamics, the free energy also depends on the loss of enthalpy and
gain of entropy of water upon polypeptide folding [58].

This intricate balance of

thermodynamic forces [54] drives protein folding with the native state being marginally
favoured over the denatured state [57] by, on average, only 10 kcal/mol [58, 59].
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Over the last 50 years a large number of primarily in vitro [60] and in silico [61]
protein folding studies have tried to propose potential folding models that satisfy the
thermodynamic laws. Based on the protein folding problem, posed by Levinthal’s
paradox, it was thought that native states could only be rapidly populated through
the existence of defined folding pathways, which use intermediate states as stepping
stones.

The four classical mechanisms of protein folding (Fig 1.2.2) that emerged

from this theory were the framework model [62], the nucleation model [63, 64], the
hydrophobic collapse model [65] and the jigsaw model [66], which essentially differ on
the order of secondary and tertiary structure formation [67, 68]. The different pathways
populate diverse conformational intermediates, which are separated by energy barriers
[69]. To overcome these barriers, transition state ensembles must be populated, which
represent the collection of conformations partway between the unfolded and native
state containing conformations with both native and non-native contacts [70, 71]. As
an example, the folding kinetics of chymotryosin inhibitor 2 (CI2), a small 64-residue
serine protease inhibitor provides evidence that rapid folding can occur in a simple
two-state transition [72] from unfolded to native state without the formation of stable
intermediates. This has been shown to be true for many small proteins of less than 100
amino acids in length [73]. Experimental data suggests that the folding of CI2 fits the
"nucleation" model (also called the "global collapse" model) [64,74], where neighbouring
residues in the polypeptide sequence begin to form native secondary structure, acting
as a nucleus from which native structure formation propagates. Larger or multi-domain
proteins however (> 100 amino acids) usually fold via at least three-state transitions
where stable intermediates are populated and observable [75]. A well-characterised
protein following this pathway of structure formation is barnase [76], which fits into
the "framework" folding model, where preformed secondary structure elements initiate
folding, which subsequently diffuse and collide together to form the native state. The
existence of intermediates is invoked in the "hydrophobic collapse" model, in which
a hydrophobic core is rapidly formed under exclusion of water molecules with the
subsequent formation of secondary and tertiary structural elements. This has been
observed for lysozyme and α-lactalbumin, which populate a molten globule state,
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characterised by a rudimentary hydrophobic core with significant secondary but little
to no tertiary structure [77].

Nucleation model

Framework model
“Diffusion-Collision”

Hydrophobic collapse model
“Condensation”

Jigsaw model

Figure 1.2.2: The four classical models of protein folding
The classical view of protein folding suggest four different pathways, which describe
the structure formation steps involved for a protein transitioning from an unfolded
chain to its native state. CI2 was suggested to follow the nucleation model, where
neighbouring residues in the sequence begin to form native secondary structure
elements, which then propagate through the rest of the sequence. Folding transitions
observed for barnase where proposed to follow the framework model, where preformed
secondary structure elements initiate folding, which subsequently diffuse and collide
together. Folding of lysozyme and α-lactalbumin was described with the hydrophobic
collapse model, where a hydrophobic core is rapidly formed with the subsequent
formation of secondary and tertiary structural elements. Contrary to the first three
models is the jigsaw model, which states that folding might follow a different path at
each attempt.

The existence of pre-defined folding pathways was challenged for the first time by
Harrison and Durbin, who proposed the "jigsaw" model [66] stating that folding has
no preferential starting point and each attempt might follow a different path. This early
hypothesis postulated in 1985 is the closest in line with the current energy landscape
theory of protein folding [78], where a polypeptide chain is thought to conduct a random
search of conformations following a steep funnel-like trajectory along an amino acid
specified energy landscape, in which the native structure corresponds to the lowest
energy state [52, 79] (Fig 1.2.3). The theory postulates [80], that a polypeptide existing
in an ensemble of disordered states of equal energy at the top of the folding funnel,
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will fold into its native state via a myriad of alternative pathways. Along those different
routes the protein can experience intermediate states, which correspond to local energy
minima that introduce a ruggedness to the energy landscape [81, 82]. Intermediates
can be populated transiently, as important stepping stones toward the native state (onpathway) or as significant kinetic traps (off-pathway) due to non-specific collapse of a
polypeptide chain, which can serve as precursors for protein aggregation [83].

Successful protein folding processes populating functionally active proteins are in
constant competition with pathological protein misfolding processes.

Evolutionary

processes based on natural selection have attempted to decrease the extent of populating
kinetic traps [52], thereby ensuring efficient and rapid protein folding.

However,

in direct opposition are random pathological mutations, which destabilise functional
conformations increasing the ruggedness of the folding funnel and thereby the risk of
misfolding and aggregation [84, 85].

Free Energy

Unfolded
state

Intermediate
state
on/off pathway
Native
state

Misfolded
state

Configuration

Figure 1.2.3: The energy landscape theory of protein folding
At the top of the folding funnel, polypeptides exist in an ensemble of disordered states
of equal energy, which will fold into their native state via a myriad of alternative
pathways. Along those routes the protein can experience intermediate states, which
may be stepping stones towards the native state (on-pathway) or kinetic traps (offpathway). The latter will in turn lead to the population of misfolded states.
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Protein folding in the cell
Co-translational protein folding

Protein folding processes within the cell are likely to differ in several distinct ways
to the folding process observed within a test tube (described in Section 1.2.1). In the
cell, folding corresponds to a non-equilibrium process, tightly coupled to the rate of
protein biosynthesis on the ribosome [86, 87]. In co-translational protein folding [88],
the newly emerging chain is thought to start to sample conformations in search of the
lowest energy state as soon as enough N-terminal residues of the NC have protruded
from the ribosomal exit tunnel [89–91] (Fig 1.1.2 (b)). Indeed simple local interactions
and rudimentary compact, perhaps α-helical-structures can even form inside the tunnel
[9, 32, 92]. The rational for folding occurring before synthesis is completed, is the rate
difference between folding and translation. Typically proteins fold on the millisecond
timescale (such as CI2), which is much faster than the average rate of synthesis which
occurs at a rate of 4-20 amino acids sec-1 in prokaryotes [93] and 2-4 amino acids
sec-1 in eukaryotes [94]. In silico experiments have estimated that about one-third of
the E. coli proteome exhibits some degree of co-translational folding [95] depending
on the translational rate, which is non-uniform across mRNA sequences [96]. Slower
translation occurs due to secondary structure [97, 98] and rare codon occurrence within
the mRNA template and low tRNA availability [96, 99], and increases the likelihood of
co-translational folding taking place [100]. Simpler structures, that are high in α-helical
content are thereby much more likely to undergo folding during synthesis compared
to proteins with complex folds including those with high β-stand content or with longrange contacts, which experience predominantly post-translational folding [95].

In terms of regulation of translation rate and co-translational folding, interestingly,
slow-translating segments are not randomly distributed across mRNA sequences but are
positioned strategically, often downstream of domain boundaries to allow for domain
folding to occur [101, 102]. Fine-tuning of translational speed providing the necessary
delay for compaction to occur, is thought to be especially important for folding of multidomain proteins [96] but can also enable interactions with auxiliary factors such as
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methionine amino peptidase (MAP), peptide deformylase (PDF) and chaperones as well
as processes like translocation and membrane insertion [43]. The vectorial emergence of
the NC may constrain the extent of conformations accessible, serving as an evolutionary
strategy to increase folding efficiency [103, 104] and avoid misfolding [94] (Fig 1.2.4 (a)).
a

increasing NC
length

Unfolded

b

Energy

Chaperones

Intermediate

Aggregate

Native

Figure 1.2.4: The energy landscape of co-translational folding
(a) In vitro energy landscape adapted to a polypeptide traversing the folding landscape
in a co-translational folding manner during vectorial emergence from the ribosome. At
the beginning when only a few residues have emerged from the ribosomal tunnel, the
folding funnel is relatively narrow and shallow given the limited energetic differences
and restricted conformational space available. With increasing NC length, the folding
funnel becomes wider and steeper, allowing the NC to sample more and more
complex structures. Sampling of misfolded conformations becomes also possible but
co-translational folding processes are believed to have an inherent bias for constructive
folding due to the conformational narrowing of the energy landscape. Figure adapted
from [105]. (b) Schematic representation of an emerging NC, here ubiquitin (PDB ID:
1D3Z), acquiring increasingly more complex structure.

1.2.2.1.1

Biochemical, biophysical and structural evidence for co-translational folding

While the process of folding has been known to be at least in part a co-translational
process since the 1960s [89], a whole wealth of biochemical and biophysical experiments
carried out over the last two decades, provided strong support that emerging NCs
can adopt native-like structures during co-translational folding [106] (Table 1.2). This
evidence includes the ability of disulphide bond formation [107], conformational
antibody recognition [108, 109], enzymatic activity acquisition [106, 110–113] and

Chapter 1. Introduction

Protein

13

Structure

Experimental

Reference

approach
Multidomain
enzymatic activity

[89]

all-β

enzymatic activity

[112]

Rhodanese

α/β

enzymatic activity

[110]

Firefly luciferase

α and β

enzymatic activity

[111, 114]

limited proteolysis

[106, 113, 115]

β-galactosidase

domains all β
and α/β

Semiliki forest virus
capsid protein

CFTR

α/β

limited proteolysis

[116]

OmpR

all α

limited proteolysis

[94]

limited proteolysis

[109, 117, 118]

and α/β
P22 tailspike

all-β

protein

antibody recognition

HIV-1 envelope

all β

disulphide-bond

glycoprotein

and α/β

formation

Immunoglobulin

all-β

disulphide-bond

[107]

[119]

formation
Single domain
Bacterial luciferase

α/β

enzymatic activity

[120]

α-globin

all-α

ligand (heme) binding

[121]

MS2 phage coat

α/β

antibody recognition

[108]

protein

Table 1.2: Studies of proteins suggested to fold co-translationally

proteolysis protection [114, 116] (Table 1.2).

The folding pathway traversed by the

emerging polypeptide can thereby differ significantly from conformational states
sampled during in vitro refolding experiments of isolated proteins. Limited proteolysis
experiments showed that an RNC of firefly luciferase formed a distinct intermediate
containing a 22 kDa N-terminal domain unobservable during luciferase refolding [114].
Evidence in support of these findings was further suggested by conformational antibody
recognition experiments, which indicated that the ribosome-bound P22 tailspike protein
adopts early intermediate states, which are absent in the free polypeptide immediately
after dilution from denaturant [109, 118].

These observations demonstrate that the
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vectorial emergence of the NC confines the folding landscape in a length dependent
manner by promoting the early population of native-like folding intermediates [86, 122]
(Fig 1.2.4).

In contrast, chemically denatured proteins have to transit through a

whole ensemble of conformational states, including off-pathway kinetic traps making
misfolding much more likely to occur [109, 114].

While Anfinsen’s spontaneous

refolding observations still remain true for small proteins with simple folds, current
studies stress the importance of co-translational folding especially for larger proteins
such as multi-domain proteins like CFTR [116, 123], luciferase [114, 124] and SufI [96] in
speeding up folding processes and thereby increasing folding efficiency [125, 126].

Although folding essentially takes place outside of the ribosomal exit tunnel
with tertiary contact formation being prevented, fluorescence resonance energy
transfer (FRET) [127] as well as cryo-EM studies [9, 32, 128] and ’molecular tape’
measurements [92] indicate that nascent polypeptides can acquire compact α-helical
structures within distinct zones (upper and lower tunnel) inside the ribosomal exit
tunnel (Fig 1.2.5). Compact structures compatible with α-helical conformations have
been observed close to the PTC of the ribosomal exit tunnel [127] or with increased
conformational space available near the 20 Å widening at the vestibule [129], which
seems to be able to accommodate elementary structural units, such as α- and βhairpins [130]. The occurrence of persistent tertiary structure formation, within the exit
vestibule at a distance of 24-27 residues from the PTC has also been ’seen’ in molecular
dynamics (MD) simulations [122, 131] in line with the experimental data. The ability of
a NC to compact within the ribosomal exit tunnel depends thereby on the amino acid
composition of the polypeptide. Sequences such as poly-alanine stretches [92] with
a strong helix propensity or transmembrane sequences [127] are more likely to form
secondary structure, which can be prevented by insertion of non-polar residues [127].

Apart from the ribosomal tunnel, recent studies indicate that the ribosomal surface
can also participate in modulating folding processes of emerging NCs providing
chaperone-like functions itself [132, 133]. Mechanical unfolding measurements of T4
lysozyme showed that unfolded states were stabilised on the ribosome, with tertiary
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Figure 1.2.5: The ribosomal exit tunnel
(a) Schematic cross-section of the eukaryotic 80S ribosome. The constriction formed by
the ribosomal proteins L4 and L17 (L22 in bacteria) at the centre of the ribosomal tunnel
is shown. (b) Schematic representation of the ribosomal exit tunnel indicating observed
cryo-EM densities consistent with α-helical conformations near the PTC and towards
the vestibule. Figure adapted from [32].

contact formation being slowed down, and misfolding of truncated proteins that
aggregated when free in solution was prevented [134]. Protein dynamics were revealed
to be significantly constrained [135, 136] particularly for positively charged NCs due to
the high negative charge potential of the ribosome surface [137], which was reported to
function as a protective environment from the crowded cellular milieu [138, 139].

As suggested by these studies described above, co-translational folding is a dynamic
process that occurs essentially outside of the ribosomal tunnel. The fledgling nature of
the NC means that structural details of emerging polypeptides have been inaccessible
to structural techniques such as X-ray crystallography or cryo-electron microscopy.
Solution-state NMR spectroscopy of translationally arrested RNCs are emerging as a
key tool to study the dynamic process of co-translational protein folding [140–143] as
discussed in detail in Section 1.8.2.
1.2.2.2

Molecular crowding

In vivo protein folding is not only complicated by the strong dependence between
protein synthesis and folding but also by "macromolecular crowding" (Fig 1.2.6) inside
the cell.

The cellular milieu is densely packed, comprising total concentrations of
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protein and RNA ranging from ∼300 - 400 g/L [144], and corresponding to about
20-30% of the total cell volume [145], which leads to steric exclusion effects.

Figure 1.2.6: Schematic of the crowded cytosol in E. coli
Schematic illustration of the E. coli cytoplasm clearly depicting the high density
of molecular factors leading to excluded volume or crowding effects. Cellular
components that are important to successful protein folding are depicted at their known
concentrations. Emerging NCs (orange) from the ribosome (ribosomal proteins shown
in purple, all RNA in salmon colour) are supported by the chaperone machinery
including trigger factor (yellow), GroEL (green) and DnaK (red) to reduce non-specific
intermolecular interactions. Figure adapted from [146]

Both experimental evidence [147, 148] and simulations [149, 150] have shown that the
effect of crowding shifts the equilibrium of protein folding towards more compact
states [151] and also accelerates both the rates of folding and misfolding [152].
Measurements using the inert macromolecular crowding agent Ficoll 70 demonstrated
increased thermal stability of the native state of creatine kinase during thermally
induced unfolding with an observed compaction of both the native and more
significantly the denatured state due to crowding induced compaction [148]. Such
compaction appears to have an effect on protein folding energetics, retarding protein
unfolding in response to chemical denaturation [147].

Even though biological molecules have evolved to function within this crowded
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"sticky"

hydrophobic side chains may become exposed, increasing their risk of non-specific
intermolecular interactions with nearby molecules and therefore for aggregation
to occur [138, 152].
macromolecules (e.g.

On the other hand, crowding effects favour the association of
up to a 40-fold Kd enhancement for the association of a 40

kDa monomer into a homodimer), which is important for biochemical reactions to
occur rapidly [153]. This preference is due to a reduction in excluded volume [151]
and a resulting increase in available volume upon binding and association events,
decreasing the total free energy of the solution [154]. Other biochemical processes that
are favoured due to a reduction in excluded volume, include NC collapse of newly
synthesised proteins into more compact structures [147, 148] as well as the formation
of functional oligomers or non-functional aggregates [153]. However, while molecular
crowding promotes the rate of biochemical reactions due to rapid molecular assembly, a
reduction in molecular diffusion rates can have an opposing effect on diffusion-limited
biochemical processes. Measurements of diffusion coefficients for GFP performed in a
range of different cells lines and water indicated that the apparent diffusion coefficient
for GFP in bacterial cytoplasm (7.7 ± 2.5 µm2 /s) is about 11 times lower compared to
water (∼87 µm2 /s) and significantly lower than in eukaryotic cells (∼27 µm2 /s) [155].

One extreme case of macromolecular crowding are polysomal arrangements, where
actively transcribing ribosomes are densely packed along a single mRNA trace.
Here, partially folded NCs of identical sequence emerge within close space to one
another, increasing the risk of unproductive intermolecular interaction. 3D cryo-EM
reconstructions have suggested that the ribosomes are arranged in a staggered or
pseudohelical organisation along the mRNA transcript with the elongating NCs exiting
towards the cytosol maximising the distance between adjacent ribosomes and therefore
reducing the risk of aggregation [156].

1.3

Molecular chaperones

Given the crowded cellular environment and the risks of toxic cellular aggregation
processes occurring [157–159], nature has provided the cell with a class of helper
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proteins that assist in maintaining a balanced protein homeostasis (proteostasis)
[160–162].

These helper proteins, known as molecular chaperones, are a defined

class of unrelated proteins that interact with or stabilise another protein to acquire
its functionally active conformation without being present in its final structure [163].
Their variety of cellular functions [164, 165] can thereby include the assistance in de
novo protein folding [166], unfolding activities [167], providing misfolded proteins with
renewed opportunities to refold [167], unfolding proteins targeted for degradation [168]
as well as de-aggregating misfolded proteins [169]. An interplay between molecular
chaperones, the ubiquitin-proteasome system (UPS) and autophagy mediates the
removal of irreversibly misfolded and aggregated proteins and allows proteostasis
within the cell to be maintained [168, 170, 171]. Chaperones are also often referred to
as heat-shock proteins (Hsps) [168] as they are up-regulated under conditions of stress,
which typically increase the probability of aggregation events occurring [172, 173].
A whole range of Hsps existing in eukaryotic and prokaryotic systems have been
discovered, originating from ∼20 different protein families. The chaperone machinery
can navigate a protein successfully through the complex energy landscape by removing
or reducing potentially dangerous off-pathway kinetic traps (Fig 1.2.3). Chaperones
bind their substrates often in a non-specific manner, typically recognising exposed
hydrophobic surface areas, which are characteristic for non-native states. Their broad
spectrum of cellular functions also includes taking part in the biosynthetic process of
proteins, where they can interact with newly emerging NCs that are often unable to
bury hydrophobic regions within the protein core as soon as they exit the ribosomal
tunnel [174, 175]. In E. coli, co-translationally acting chaperones include trigger factor
(TF), which works in unison with downstream ATP-dependent Hsp40/Hsp70-type
chaperones (DnaJ/K) as well as cylindrical Hsp60/Hsp10 chaperonin complexes
(GroEL/ES) [83, 168, 176]. DnaK and TF have partly overlapping functions in de novo
protein folding making mutants lacking TF (∆tig) still viable with no detectable growth
defects [177] but leading to a doubling of the fraction of nascent polypeptides interacting
with DnaK [178]. The combined deletion of the TF-encoding tig gene and the dnaK
gene causes increased levels of misfolding and aggregation and synthetic lethality at 30
◦C

[177, 179, 180]. In eukaryotic cells the chaperone network is much more elaborate
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including the nascent-chain-associated complex [181] (NAC; ribosome-associated
complex (RAC) in Saccharomyces cerevisiae), which serves as a TF equivalent and further
second-tier chaperones including Hsc70, which is part of the Hsp70 family, Hsp60
chaperonin TRiC as well as further Hsp90 class chaperones [83, 115, 161] (Fig 1.3.1).

a

Prokaryotes

b

Eukaryotes

mRNA
DnaJ
(Hsp40)

TF

Hsp70

NAC/
RAC

PFD

Hsp40

DnaK
(Hsp70)
N

~70%

N

N
N

~20%

~20%
TRiC

GroEL
GroES

N

~10%

N

~10%

Figure 1.3.1: Schematic overview of the chaperone network in prokaryotes and
eukaryotes
Chaperone network assisting protein folding in prokaryotic and eukaryotic cells. (a)
In bacteria most emerging NCs interact with TF and about 70% reach their native
state (N) subsequently. The other 30%, which are mostly longer NCs need additional
assistance by DnaK and DnaJ with about 10% further transiting to the chaperonin
system (GroEL/GroES) [182]. (b) In Eukarya, the chaperone network is much more
elaborate and only the ones most important in protein folding are represented here.
Upon emergence from the ribosomal tunnel most NCs interact with NAC (RAC in
Saccharomyces cerevisiae). Here, only ∼20% of proteins reach their native state in
a reaction assisted by NAC, Hsp70 and Hsp40. The remaining 80% need further
assistance by TRiC and PDF as well as other chaperones that have not been represented
here for simplification. The number of interacting substrates is indicated as a percentage
of the total proteome. Adapted from [83, 160].

While some small proteins (< 100 amino acids) with simple structures can still fold
spontaneously without the assistance of chaperones, larger proteins such as multi
domain proteins often require assistance to achieve their native fold, being especially
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vulnerable during synthesis on the ribosome [175]. In bacteria, it is estimated that TF
generally interacts with most NCs, with longer polypeptides requiring further assistance
by DnaK and DnaJ (∼20%). About ∼10% are estimated to additionally transit to the
GroEL/GroES chaperoning system [83].

1.3.1

Trigger factor

In prokaryotes, the first chaperone that interacts with nascent protein chains during
ongoing synthesis upon leaving the ribosomal exit tunnel is trigger factor (TF) [166,183].
TF is an abundant, highly-conserved ∼50 kDa, ATP-independent chaperone that
consists of an N-terminal ribosome-binding domain (RBD) [184], a peptidyl-prolyl
isomerase (PPIase) [185] domain and a C-terminal domain, which is positioned in the
final structure between the N- and PPIase domain [36] (Fig 1.3.2).
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RBD

149

245

PPIase

432

SBD

b

Ribosome-binding motif
GFRxGxxP

Figure 1.3.2: Structure of the chaperone TF
(a) Three-domain arrangement of E. coli TF including the N-terminal ribosome-binding
domain (RBD), the peptidyl-prolyl isomerase domain (PPIase) and the C-terminal
substrate-binding domain (SBD). (b) Crystal structure of E. coli TF (PDB ID: 1W26) [36]
indicating that the structural domain organisation does not follow the linear amino acid
sequence with the C-terminal SBD being positioned between the N-terminal RBD and
the central PPIase domain.

The PPIase domain, which can catalyse peptidyl-prolyl cis-trans isomerisation [186],
functions as an auxiliary binding site for substrates [187] (independent of the presence
of proline residues [188]) in a length-dependent manner [189] but its PPIase activity is
non-essential to the main chaperone function of TF [139, 190]. The C-terminal domain,
also referred to as substrate-binding domain (SBD), bears the main chaperoning function
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[191, 192] containing two arm-like protrusions [36] that mainly interact with continuous
hydrophobic segments [193] (especially aromatic residues) as well as positively charged
residues within the primary sequence of emerging NCs [188]. High substrate specificity
is lacking, making TF a promiscuous binder that is thought to generally interact with
NCs during synthesis [37]. TF exists in a dynamic monomer-dimer equilibrium with a
dissociation constant of 1-20 µM [194,195]. The dimeric conformation is thought to serve
as a storage form, where the substrate binding sites are occluded at the dimer interface
preventing unfavourable interactions with other factors in the cytosol [189, 194, 195].
Monomerisation of TF occurs upon transient binding [194] to the ribosome in a 1:1
stoichiometry [196] via the ribosomal L23 protein at the exit site of the tunnel [197]
(Fig 1.3.3).
C-terminal domain
PPIase
domain

Ribosome
binding
domain

αSyn

50S
subunit

L23

Figure 1.3.3: Structure of ribosome-bound TF
The model of the stalled NC (blue) has been derived from cryo-electron microscopy data
[32] by molecular-dynamics flexible fitting [33]. The original NC sequence was replaced
and extended to the sequence of αSyn using Swiss-PDB Viewer [34] (for representation
purposes residues 1 - 50 have here been truncated). Trigger factor (purple) bound to
the ribosome (grey) was modelled based on the cryo-electron microscopy data of the
ribosome-TF complex [35] and the atomic structure of TF (PDB ID: 1W26 [36], PDB
ID: 2MLX [37]). The ribosomal L23 protein, which functions as the TF docking site is
highlighted in green.

Ribosome binding via the RBD is thought to cause a conformational opening, activating
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TF for NC interaction [189, 195, 198]. Here, the chaperone can act as a cradle supporting
the folding process of the NC immediately as they emerge into the cellular milieu [36]
and furthermore provide protection and prevent misfolding [199] (Fig 1.3.3). To date,
high-resolution structures of full-length TF associated with the ribosome are lacking
but co-crystallization of the RBD with the 50S subunit of Haloarcula marismortui (also
with Deinococcus radiodurans [198, 200]) to 3.5 Å have been achieved and allowed,
together with a 2.7 Å structure of isolated TF (Fig 1.3.2 (b)) to create a model of the
bound-state [36]. A low-resolution cryo-EM structure of a complete E. coli TF-RNC
complex was reconstructed to 19 Å [35].

TF is known to interact with ribosomes and emerging polypeptides in a dynamic
reaction cycle. The mean residence time for empty ribosomes is ∼10-15 s with a 0.8
nM - 2 µM [194, 201] affinity allowing for screening of NC occupancy [195, 202]. The
presence of a NC can, depending on its length and amino acid composition, increase the
affinity and residence time manifold [195,202,203]. Biochemical [204], fluorescence [202]
and ribosome profiling experiments [205] have shown that TF binds preferentially to
substrates of more than 50-100 amino acids in length, which allows early processing
factors such as PDF and MAP to interact with NCs prior to TF binding [41, 42] .

High-resolution structural information on the substrate binding pockets within the nonribosome-bound TF molecule interacting with isolated unfolded alkaline phosphatase
precursor (PhoA) has emerged recently using solution state NMR spectroscopy
(Fig 1.3.4 (a)). Four distinct substrate binding sites were identified, all of which were
located within the SBD and one positioned within the catalytic site of the PPIase
domain [37].

In contrast, cross-linking studies of ribosome-bound TF have also

identified site-specific cross-links within the RBD where the NC has been suggested
to progress in a length-dependent manner from the exit tunnel along the RBD and
through the arms towards the PPIase domain [35, 189] (Fig 1.3.4 (b)). The differences
observed could be explained by a structural change occurring within the TF molecule
upon ribosome binding [195, 198].

Chapter 1. Introduction

23

PPIase
domain

a

b

C

D
A

B

C-terminal
domain

Ribosome
binding
domain

Figure 1.3.4: Potential substrate binding sites identified for TF
(a) NMR structure of monomeric TF (grey) in complex with PhoA220-310 (red) (PDB
ID: 2MLX [37]). The four substrate binding sites A (blue), B (lime), C (mauve) and D
(pink) are shown. (b) Site-specific cross-links identified between ribosome-bound TF
and NCs [35, 189].

Various studies have shown that TF is capable of performing a whole range of foldingrelated processes on a very wide spectrum of substrates making it a very versatile and
adaptable molecule that appears to function based on specific substrate requirements.
One of the main functions attributed to TF is a holdase activity [139], where interactions
with hydrophobic NCs would prevent non-native contact formation [37] until sufficient
length of the nascent polypeptide sequence is available [206].

Optical tweezer

experiments have shown that TF can stabilise on-pathway folding intermediates and
mediate folding transitions of maltose-binding protein (MBP) [207]. This is further
supported by the observation that TF can remain bound to NCs while no longer
attached to the ribosome, allowing multiple TF molecules to accumulate on a single
polypeptide [195, 203]. Substrate release from the TF cradle is eventually driven by
transfer to downstream chaperones such as DnaK or the polypeptide’s propensity to
bury its hydrophobic regions [206]. Thus, TF has the ability to delay folding [139],
which was shown for the multi-domain proteins firefly luciferase [187, 208] and
β-galactosidase [208]. Further studies indicated that TF can unfold substrates such
as MBP [37] and barnase [139] suggesting an unfoldase activity, which is particularly
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strong when bound to the ribosome [37, 139]. It is unclear whether TF achieves its
unfolding activity through stabilisation of transient unfolded states or through active
unfolding of folded conformations [37]. TF has, opposingly, also been credited with
a foldase activity, where the chaperone actively promotes folding of substrates by
reducing the conformational entropy and increasing their local concentration resulting
in stabilised compact structures [36]; an Anfinsen cage-type mechanism was suggested,
where TF forms a hydrophilic cavity together with the ribosome in analogy to the
GroEL/GroES chambers. The hydrophilic lining presumably externalises hydrophilic
groups within a polypeptide resulting in the formation of a hydrophobic core [206].
Furthermore, the ability that TF can remain bound to NCs even when dissociated from
the ribosome has been shown to allow TF to be involved in translocation processes
together with signal-recognition particle (SRP), making both cytosolic folding by TF
and membrane insertion by SRP simultaneously possible [200, 209, 210]. A role for
TF in ribosome assembly due to its high affinity for ribosomal proteins has also been
suggested [203, 206].

1.4

Intrinsically disordered proteins

Researchers around 15 years ago started to consider that some proteins may not fulfil
the structure-function paradigm [211–213] and that a lack of structure or flexibility
of polypeptides may even be beneficial for some biological functions [214]. Today,
we know from bioinformatic predictions that about 25-30% of eukaryotic proteins are
mostly disordered [215–217] (i.e. in the absence of binding partners) and that more
than half have regions of intrinsic disorder (> 30 amino acids) [218]. Prokaryotes, on
the other hand, have a lower occurrence (5%) of intrinsically disordered proteins (IDPs)
within their proteome, indicating an increased evolutionary need for highly adaptable
proteins within complex functional networks of higher-order organisms [215–217].

IDPs are characterised by a combination of low mean hydrophobicity and relatively
high net charge [219–221]. The high net charge leads to repulsive effects, which together
with low hydrophobicity result in less driving force for protein compaction with
typically larger hydrodynamic radii, low contents of ordered secondary structure and
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therefore high structural heterogeneity [219]. Further many IDPs reveal a low sequence
complexity with the amino acids R, K, E, P and S occurring more frequently compared
to globular proteins and higher levels IDPs are flexible and adaptable, and can undergo
structural rearrangement to enable disorder-to-order transitions upon binding to their
ligands [222,223]. While, globular proteins have well-defined sets of atomic coordinates,
determined primarily by only one single combination of φ- and ψ torsion angles (with
small fluctuations around the mean torsion angle), disordered and denatured states
have a wide dispersion of φ- and ψ torsion angles, giving rise to an ensemble of protein
conformations [224]. However, the absence of fully formed α-helices or β-sheets do
not impede a rudimentary protein architecture in IDPs [225]. The degree of internal
residual structure within the ensemble fluctuates significantly depending primarily
on the protein’s amino acid sequence [220, 221] or on solvent conditions [226] (e.g.
pH, molecular crowders). Residual structure within a disordered polypeptide chain
can for example be induced through long-range contacts, which has been observed
for denatured lysozyme [227] as well as for the IDP αSyn [228]. Calculations of the
hydrodynamic radius, based on NMR observations of αSyn, suggested that under
native conditions, αSyn exists as an ensemble of more compact states than would be
expected for a random coil [228]. The structure of αSyn is discussed in more detail in
Section 1.6.

The fact that IDPs like αSyn cannot be described with a single simple unfolded
structure but are rather a complex ensemble of states, has resulted in nuclear magnetic
resonance spectroscopy (NMR) being the primary way to characterise such highly
dynamic unfolded or partially folded protein conformations (Section 1.8).

The

development of heteronuclear multidimensional NMR experiments over the past 20
years has enabled the assignment of the resonances of the spectra of IDPs, allowing
detailed structural and dynamic investigations. While 1 H-15 N fingerprints of IDPs show
poor 1 H cross-peak dispersion and resonance overlap, due to the lack of secondary
structure, the dependence of the

15 N

chemical shift on the identity of the neighbouring

residue rather than conformation, means that there is significant resolvability in this
dimension (Fig 1.4.1). Fingerprint spectra of IDPs are thus very useful as probes for
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conformational change and e.g. disorder-to-order transition [229].

NMR spectroscopy can provide a detailed understanding of protein structure and
also dynamics at a residue-specific level on a broad timescale from pico-seconds to
days [230–232]. Structural NMR data (e.g. NOEs, PREs, RDCs and increasingly even
chemical shifts, Section 1.8) can in turn provide conformational constraints towards
structure determination including, for example, an input to molecular dynamics (MD)
simulations, which can produce detailed descriptions of the conformational ensemble.
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Figure 1.4.1: A typical IDP NMR spectrum: αSyn
(a) 1 H-15 N SOFAST-HMQC fingerprint spectrum of αSyn indicating the poor 1 H
dispersion of cross-peaks resulting in high levels of overlap typical for IDPs. The protein
backbone is fully assigned. (b) For clarification, expansion of the dashed box in (a).

The high abundance of IDPs and their increased proportion in higher-order organisms
indicates that this group of proteins is crucial for biological processes.

Their

conformational plasticity enables them to execute a broad range of functions, that are
incompatible with stable 3D structures, making IDPs complementary to their structured
counterparts.

Folded proteins often have a single active site and binding to one

substrate drives catalysis. IDPs, however, often participate in recognition, regulation
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and cell signalling processes [233, 234], which often require a single disordered region
to bind to several structurally diverse interaction partners [235], mediating different
binding events. Ligands can include other proteins, fatty acids, metal ions, vesicles,
DNA or RNA. The ability of a protein to fulfil more than one function termed
"moonlighting" [235] would appear to be nature’s solution to increase an organism’s
complexity without expanding the genome. Due to their structural heterogeneity, IDPs
can be involved in weak but specific complexes important in reversible signalling and
regulation [222, 229]. One illustrative example where IDPs play a pivotal role within
a complex functional network includes the canonical Wnt-pathway involved in the
development of organisms. Here, 5 different proteins with long regions of disorder
orchestrate protein-protein interactions and facilitate post-translational modifications
and signalling [236]. In this case, as in many others (as discussed in section 1.5),
malfunction is devastating, leading potentially to the onset of cancer.

Another tightly controlled and one of the most intricate mechanisms within the cell is
the process of programmed cell death, which includes several specific modules such
as apoptosis, autophagy and programmed necrosis. The interplay of these signalling
pathways is regulated and executed particularly by proteins that are moderately to
highly disordered (30% or more of the sequence) [237]. These proteins have the ability
to undergo constant bound-unbound transitions, thus acting as dynamic "on-off"
switches. P53 is a tumor suppressor protein and a transcription factor, which is strongly
disorder dependent and involved in apoptosis as well as cell-cycle regulation [223, 238].
P53 occupies the centre of a large signalling network where it regulates the expression
of genes involved in numerous cellular processes, including cell cycle progression,
apoptosis induction, DNA repair as well as responding to cellular stress [239]. When
p53 function is lost either directly through mutation or indirectly through several other
mechanisms, the cell often undergoes cancerous transformation [240].

An interesting finding in consideration of the context of this thesis is that intrinsic
disorder is very common in ribosomal proteins from all kingdom’s of life. Crystal
structures of the ribosomal subunits identified proteins that contained long stretches
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of missing electron density, which were later proven to be long regions of intrinsic
disorder [10]. Almost half of the ribosomal proteins contain globular domains with
long disordered extensions that penetrate deeply into the ribosome particle’s core.
Their function seems to most importantly include disorder-to-order transitions that are
beneficial in ribosome assembly and stability [241, 242].

Moreover, despite the recent acceptance of abundant occurrence of IDPs within
the proteome, intrinsic disorder has never been considered for molecular chaperones.
However, recent sequence predictions demonstrated that about 15% of molecular
chaperones contain regions of 30 and more residues, which are intrinsically disordered
(36% contain shorter unstructured regions) [243]. These include the small heat-shock
proteins (Hsps) such as α-crystallin as well as GroEL, which belongs to the chaperonin
family. Chaperone action might benefit from intrinsically disordered regions in terms
of recognition as chaperones need to bind to a wide range of unrelated, misfolded
substrates. Additionally, ATP-dependent chaperones undergo dynamic conformational
rearrangements necessary for client protein maturation, which is evident to be
correlated to regions of intrinsic disorder [244, 245].

While the lack of well-defined structure in IDPs is a clear benefit in efficiently regulating
intricate cellular networks, their dynamic properties make them prone to misfolding
and aggregation resulting in dysfunction and thus devastating pathologies [52, 53, 246]
(discussed in more detail in Section 1.5). Cellular mechanisms to avoid pathological
aggregation events include a tight regulation of IDP expression and function ensuring
that IDP availability is finely tuned. Experimental evidence suggests that IDPs are
less synthesised, have much shorter half-lives than well-folded structures due to
susceptibility to protease degradation and can further be regulated by post-translational
modifications such as phosphorylation [247, 248].

Of particular interest in this thesis is the IDP αSyn, implicated in Parkinson‘s
disease (PD) (introduced in Section 1.6) as well as TDP-43, which contains regions
of intrinsic disorder that are thought to mediate aggregation [249, 250] causing the
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motor-neurone disease, amyotrophic lateral sclerosis (ALS) (introduced in Section 1.7).

1.5

Protein misfolding and human disease

If proteins fail to fold correctly they are unable to exercise their destined function.
Pathologies that arise as a result of protein misfolding include some of todays most
common diseases [52, 251]. Understanding the principles of protein misfolding disease
is a major goal of many scientific studies with the overall aim being to prevent and treat
these devastating illnesses. In the following section, I will discuss general misfolding
mechanisms and allude to some of the most common misfolding diseases.

1.5.1

The mechanisms of protein misfolding

Generally, misfolding events are always in direct competition with productive
folding [83, 105, 252] (Fig 1.2.3). The native state of a protein is formed by an elaborate
arrangement of intramolecular interactions stabilised by relatively weak interactions
including mainly hydrogen bonds and electrostatic interactions. The gain in free energy
associated with correct folding of a protein during or soon after synthesis on its parent
ribosome, is thereby marginal, only -3 to -7 kcal/mol [58], compared to the formation
of a whole range of potential misfolded states, yet this small energy difference is
sufficient under physiological conditions to favour the native structure [253]. In the
event of misfolding and the accumulation of misfolded species, the cell has evolved
various mechanisms that are in place to ensure correct protein folding: these include
tight regulation of translation on the ribosome [254], the use of chaperone systems
including TF [170] (Section 1.3.1) as well as several downstream chaperones (e.g. GroEL
and GroES) [176] or pathways such as the ubiquitin-proteasome system (UPS) that
detects and degrades misfolded proteins [255]. During protein biosynthesis, proteins
are particularly prone to misfolding as the ribosomal tunnel is insufficiently large
to support full structure formation of the entire polypeptide.

Indeed, it has been

found that protein misfolding can occur on the ribosome with an estimated 12-15% of
polypeptides experiencing co-translational ubiquitination and degradation in human
cell lines [171, 256, 257]. Despite this range of regulatory machinery there are cases
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when misfolded proteins escape these protective mechanisms, which can result in
improper degradation (CFTR) [258], incorrect trafficking and therefore localisation
(α1-antitrypsin) [259] as well as aggregate formation [260, 261].

During protein aggregation normally soluble, functional protein misfolds and
converts into intractable aggregates. The most characteristic type of aggregate that
can be formed by proteins are amyloid fibrils [262] (Fig 1.5.1). Amyloid formation
begins with the generation of a heterogeneous array of oligomeric species from mostly
unfolded or partially folded proteins as a result of relatively non-specific interactions.
The earliest species observable by transmission electron microscopy (TEM) or atomic
force microscopy (AFM) often resemble small bead-like structures commonly described
as amorphous aggregates [263]. These early, relatively disorganised pre-fibrillar species,
undergo further assembly and then transform into species with more compact structures
with distinct morphologies often referred to as protofibrils or protofilaments (Fig 1.5.1
(b)) containing rudimentary cross-β-structure [264, 265] (Fig 1.5.1 (a)). Assembly into
mature rope-like fibrils occurs most likely by lateral association or twisting [266] of 2-6
protofilaments [267] under further structural rearrangement (Fig 1.5.1 (c, d)). Those
fibrils can then again pile up in plaques or other structures such as Lewy bodies that are
associated with Parkinson’s disease [268]. Formation and deposition of such aggregates
is toxic to the cell and leads to disruption of proteostasis [269], which may trigger
disease onset [270].

Amyloid aggregates share similar morphologies, as imaged in vitro by TEM , AFM and
X-ray fibre diffraction [263, 267, 272], including long, unbranched and often twisted
fibrilar structures of a few nm in diameter [267] (Fig 1.5.1 (e, f)). They give rise to
a characteristic "cross-beta" X-ray fibre diffraction pattern, which reveals their highly
ordered and tightly packed core structure [273]. More detailed structural descriptions
from nano- and micro-crystals of small peptide fragments [274, 275] and using solidstate NMR spectroscopy [276–278] have emerged recently, which have characterised
amyloid fibrils at up to 0.5 Å resolution [271] (Fig 1.5.1). These experiments suggested
that a single protofilament of an amyloid fibril is composed of 2 - 4 β-sheets separated
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Figure 1.5.1: Structure of amyloid fibrils
Overview of amyloid fibril formation including the atomic structure of (a) the β-sheet,
(b) the protofilaments (PDB ID: 2M5N), (c) the filament and (d) the mature fibrils
formed (PDB ID: 2M5K) by an 11-residue fragment of transthyretin (TTR105-115 ) [271].
Atomic structure of an amyloid fibril formed by TTR105-115 determined using (e)
transmission electron microscopy (TEM) and (f) magic angle spinning (MAS) NMR
spectroscopy together with cryo-EM reconstruction. (g) Zoomed in cross-section of (f)
showing the hierarchical organisation of amyloid fibrils (Figure taken from [271]).

by a distance of ∼10 Å [271,276], which run perpendicular to the fibril axis and revealed
that the filamentous aggregates assembled into cross-β steric zippers [274, 277] forming
an elaborate arrangement of backbone and side chain hydrogen bonds [274, 275]
(Fig 1.5.1 (g)).

Amyloid deposits arising from different proteins show specific optical properties
such as birefringence on binding certain dye molecules in particular congo red,
enhanced thioflavin T fluorescence as well as visibility under polarized light [279].
While it was initially assumed that the ability to form amyloid fibrils was restricted to
proteins known to be involved in disease [280], it is now clear that amyloid formation is
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a generic feature of polypeptides that can also be utilised as a functional state in living
systems [281, 282]. The inherent property of polypeptides to assume amyloidogenic
structures with very similar architecture can be rationalised by the atomic structures
obtained, which showed that the core of the amyloid fibril is mainly formed by
hydrogen bonds involving the polypeptide main chain [271, 273]. Slight modulations
of the fibrillar scaffold can be induced by variable side chain packing [271].

By

comparison, globular protein structures depend mostly on the highly specific packing
of amino acid side chains often overwriting the main chain preferences, which results
in the array of different structural combinations. Furthermore, while globular protein
folds are dominated by intramolecular interactions, amyloid fibrils are characterised by
an extensive network of intermolecular hydrogen bonds, which grant fibrils mechanical
properties including greater resistance to chemical and biological degradation and
a high Young’s modulus, a measure of its elastic properties comparable to those of
dragline silk and steel which is much greater than those of typical biological filaments
such as actin and microtubules [53].

As mentioned above the native state of a polypeptide is thermodynamically more
stable than the amyloid state as long as its free energy (G) is lower (Fig 1.2.3). Given
that the stability of the amyloid state directly depends on the protein concentration
whereas the native state does not, there is a concentration at which the amyloid state
exhibits the same stability as the native state; this is the critical concentration [53]. At
any concentration exceeding this value the amyloid state is more stable. Under such
conditions, the native state can only persist, if free energy barriers hinder the transition
into the amyloid state; the native state is referred to as being metastable [283, 284].
Although most proteins are sufficiently soluble to avoid aggregation under native
conditions, many of them exist at concentrations close to their solubility limits [284, 285]
or are in fact supersaturated [286], remaining soluble while at concentrations above a
critical value with kinetic barriers impeding aggregation. This fine balance between
protein solubility and insolubility hints that even small perturbations in proteostasis,
resulting perhaps from mutations, post- or co-translational modifications, alterations
in concentration, or quality control mechanisms, compromised by age, disease or
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stress, can increase the probability of protein aggregation that can eventually result
in pathogenicity [251, 260, 261, 269].

The propensity to undergo aggregation varies

substantially between different sequences [287] as some types of amino acids are much
more soluble than others requiring higher protein concentrations for aggregation to
occur. Single amino acid mutations can thereby change the fundamental polypeptide
properties - hydrophobicity [288–290], charge [291, 292] or secondary structure
propensity [293, 294], which could result in the destabilisation of the native state and
thus increase the probability to misfold. Insights provided by the detailed structures
now existing of amyloid fibrils as well as globular proteins, together with studies
investigating the effects of single point mutations on folding and aggregation processes
have found that residues, which nucleate folding are distinct from those that nucleate
aggregation [289], offering the opportunity for evolutionary pressure to select sequences
that favour folding over misfolding.

The amyloid state is a highly ordered form of aggregate, whose rate of formation
is greatly sensitive to protein concentration.

A major challenge in understanding

the aggregation process is to relate the observations in bulk solution with the
microscopic states that drive amyloid formation. It is thereby widely accepted, that
this process is based on a "nucleated growth" mechanism. The three main classes
of mechanisms that create aggregates in protein polymerisation processes are (i)
primary nucleation, which causes the formation of new aggregates due to interactions
between soluble monomers [295, 296], (ii) monomer-independent secondary nucleation
processes, which are based on fragmentation of existing aggregates [297] (active in the
propagation of prions [298]) and (iii) monomer-dependent secondary nucleation, which
involves surface catalysed aggregate formation between existing fibrils and soluble
monomer [296, 297, 299, 300] (Fig 1.5.2 (a-c)).

These processes are responsible for increasing the amount of aggregates, which once
formed, can grow by sequestering more soluble protein molecules. This has been shown
to be based in the simplest case on a first-order concentration dependence, suggesting
a bimolecular mechanism where elongation of amyloid fibrils occurs through monomer
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Figure 1.5.2: Formation of amyloid fibrils
The three typical classes of aggregate formation including (a) primary nucleation
pathways, generating fibrils solely from interactions of soluble monomers, and
secondary pathways including (b) monomer-independent secondary nucleation
processes such as fragmentation, which occurs only involving existing aggregates
and (c) monomer-dependent secondary nucleation processes such as surface catalysed
nucleation, which depend on the concentrations of both soluble monomer and already
existing aggregates. Rate constants are labelled kn , k_ and k2 respectively and the
nucleation reaction orders with respect to the monomeric peptide are denoted as nc
and n2 . Glucagon aggregation [301]: (d) In the absence of preformed seeds, aggregates
are only formed via primary and/or secondary pathways at a slow rate over 5 h. (e)
Saturation of the kinetic profile can be achieved much faster within 2 h when performed
seeds are added as new aggregates form much more rapidly. The addition of aggregates
does not effect the pathway of primary nucleation but rather the secondary nucleation
pathway. Figure adapted from [296].

addition to the ends of the existing fibril [298, 302, 303]. The shape of the reaction time
course of amyloid formation can vary substantially depending on the exact reaction
conditions, but often this time course is characterised by a typical sigmoidal profile,
which starts with a lag phase, followed by a rapid growth phase [295, 304] and under
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conditions of limited total protein concentration, ends with a plateau phase (Fig 1.5.2
(d)). The lag phase in particular, which is generally assumed to be the time required for
nuclei formation [297, 299], strongly depends on the nucleation and growth processes
involved at the beginning of aggregate formation, which can be shortened or eliminated
by seeding with pre-formed fibrils [295] (Fig 1.5.2 (e)). The slope of the reaction time
course is directly proportional to the concentration of free monomer, which is maximal
at the beginning of the reaction and then steadily decreases. If the growth phase can
be described in the absence of nucleation and fragmentation and the elongation rate
has a linear dependence on the monomer concentration, the reaction then corresponds
to simple first-order kinetics, characterised by an exponential approach to equilibrium
[296].

1.5.2

Protein folding diseases

A wide range of human diseases are now known to be associated with aberrations
in the folding process. There are approximately 50 currently documented disorders
with a multitude of symptoms that are associated with the misfolding of normally
soluble, functional peptides that subsequently convert into intractable aggregates
leading to disease onset (Table 1.3). Protein misfolding diseases rank amongst the most
debilitating and costly diseases in the modern world, becoming increasingly prevalent
in our ageing society. Alzheimer’s disease, the most common form of dementia caused
by misfolding of amyloid-β or tau, has recently been labelled the 21st century plague
with worldwide 44 million people affected; a number that is set to double by 2030. The
global costs are surmised to be on the order of US $600 billion posing one of the biggest
public health challenges. Another prevalent disease of the western society is type II
diabetes, with more than 300 million people affected. While the development of this
disease is strongly dependent on a number of lifestyle factors (primarily obesity caused
by a lack of physical activity and poor diet), a recent study has shown that the peptide
hormone amylin, a synergistic partner to insulin forms amyloid deposits, which have
similar toxicity mechanisms as amyloid-β.

The manner by which protein aggregation results in pathology is not at all well
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Protein

protein length

conformation

(residues)

Neurodegenerative diseases
Alzheimer’s disease

Amyloid-β peptide

37-43

IDP

Parkinson’s disease

αSyn

140

IDP

Spongiform encephalopathies

Prion protein

253

IDR (1-120)
α-helical (121-230)

Frontotemporal dementia

Tau

352-441

IDP

Superoxide dismutase 1

153

All-β

TDP-43

141

IDR, α-helical

with Parkinsonism
Amyotrophic lateral sclerosis

β-sheet
Huntington’s disease

Huntingtin with polyQ

variable

IDP

Spinocerebellar ataxia

Ataxins with polyQ

816

All-β

CFTR

1480

α-helical

Nonneuropathic amyloidoses
Cystic fibrosis

β-sheet
Phenylketonuria

Phenylalanine hydroxylase

Sickle Cell anaemia

Haemoglobin

142

α-helical

α1-antitrypsin deficiency

α1-antitrypsin

418

α-helical
β-sheet

Type II diabetes

Amylin

37

IDP

Cancer

p53

393

IDR, α-helical
β-sheet

Table 1.3: Overview of protein folding diseases
Some of the common diseases associated with protein misfolding (IDR - intrinsically
disordered region).

understood. One possibility is that the sheer mass of insoluble protein, especially
in systemic diseases, may physically disrupt the function of vital organs, such
as the liver, the spleen or skeletal tissue [305].

In other cases it may be that the

loss of functional protein due to improper folding (TDP-43 [306]), degradation
(CFTR [258]) or mislocalisation (α1-antitrypsin [259]) results in the failure of some
crucial processes [307]. In the case of neurodegeneration, it appears that the primary
symptoms result from the destruction of neurological cells by a toxic gain-of-function
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Studies suggest that it is thereby not

the mature fibrils, as initially thought, that are most damaging but rather the
early pre-fibrillar species, possibly through the exposure of non-native hydrophobic
surfaces [265, 308–310]. The mature fibrils are relatively benign and may represent a
protective mechanism in some cases [311].

Disease onset can be induced by mutation such as those involved in familial forms of
pathologies. The first identified protein misfolding disease to have a known molecular
mechanism was sickle cell anemia found in the 1960s, where a single point mutation
(glutamic acid to valine) causes a change in conformation and a subsequent exposure
of a hydrophobic patch leading to polymerisation. However, most aggregation diseases
are not associated with genetic mutation but with sporadic events of which the exact
source and mechanism of disease onset is not at all understood. One major risk is
advanced age, which is accompanied with a gradual decline in cellular proteostasis
capacity. Given that proteins have an inherent tendency to aggregate unless they are
maintained in highly regulated environment, it is assumed that cellular damage and
death are likely to only become widespread when misfolded or aggregated species
overwhelm the defensive "housekeeping" systems [260, 261]. Proteins have evolved to
remain soluble during a normal life span. It is paradox that our immense success in
preventing long-established diseases such as infectious diseases, has let to an increase
in life expectancy bringing us to the limits of protein stability and the regulatory
machinery that keeps them functional.

In this study two disease-related proteins have been investigated. αSyn is an IDP
involved in Parkinson’s disease (Fig 1.6.3), which has been well-characterised in
isolation.

We have therefore taken it a step further and set out to understand its

conformational characteristics during protein biosynthesis on the ribosome. The results
show (Section 2) that this RNC, in particular its disordered nature, served as an ideal
scaffold to investigate its biosynthesis, free from competing events of the quest for
native structure, allowing investigation of the role of the ribosome surface and the effect
of chaperones (TF) during translation. Also under investigation was TDP-43, a protein
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involved in ALS for which structural information is scarce despite its importance.
A primary focus was the C-terminal domain (CTD274−414 ), which is predicted to be
disordered and thought to be the disease-mediating region. The strong aggregation
propensity of the CTD274−414 proved to be highly challenging but lessons learned
from examinations done on αSyn were valuable and were borrowed and applied to
experiments on TDP-43.

1.6 α-synuclein
1.6.1

Introduction to α-synuclein

αSyn is a 140 residue protein encoded by the SNCA gene on chromosome 4q21.3q22 [312, 313] and belongs, together with β- and γ-synuclein, to the human protein
family of synucleins. All three synucleins are dispersed throughout the whole body,
but are specifically enriched in the brain with αSyn being mainly found in pre-synaptic
nerve terminals [314, 315]. The protein sequence of αSyn can be divided into 3 different
regions (Fig 1.6.1), which are characterised by:
(i) An N-terminal amphipathic domain, consisting of a series of imperfect repeats of
11 amino acids with a hexameric consensus motif of KTKEGV [316]. This region also
contains the five missense mutations that are known to cause familial PD.
(ii) A central (res 61-95) hydrophobic self-aggregating domain, also known as nonamyloid-β component (NAC) [317, 318] which is thought to initiate fibrillation [319].
(iii) An acidic C-terminal tail, which is highly negatively charged and has been
shown by spin-label NMR measurements combined with ensemble molecular dynamics
simulations to be very likely involved in long-range interactions with the central
hydrophobic area of αSyn (Fig 1.6.2) [228]. These results together with previous studies,
which found that C-terminally truncated αSyn has an increased aggregation propensity
in vitro [320] and constitutes a large proportion of aggregated αSyn observed in vivo
within Lewy bodies [321], suggest a protective role for the C-terminus, which may shield
the NAC region from aggregation.
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Figure 1.6.1: αSyn sequence
(a) αSyn sequence, subdivided into 3 putative domains, including the N-terminal
amphipathic region, the self-aggregating, hydrophobic NAC domain and the negatively
charged C-terminal tail. The familial mutations are highlighted in orange, while the
main phosphorylation sites [322, 323] are shown in blue. The charge distribution is
represented below the domain structure. (b) Primary amino acid sequence of αSyn.
Positively charged lysine residues are highlighted in blue and negatively charged
glutamic acid residues are highlighted in red.

1.6.2

Structural features

It is widely accepted that αSyn primarily exists as a disordered monomer, whose
conformation is strongly influenced by the environment, only adopting secondary
structure upon interaction with binding partners [324, 325] (Fig 1.6.2 (a)). Paramagnetic
relaxation enhancement (PRE) [228, 326] and residual-dipolar coupling (RDC) [326, 327]
measurements have indicated that in its disordered state, long-range interactions
between the C-terminus and the NAC region lead to a more compact ensemble (Rg
of 24.7 Å) than would be expected for a fully unfolded 140 residue chain (mean Rg of
41.9 Å) (Fig 1.6.2 (b)). NMR chemical shift analysis revealed that there is on average
10% helicity present in the first 100 residues [328]. This resolved helical conformation
is perhaps the intermediate state for the strong interactions with lipids; binding to
synthetic lipids in vitro leads to an increase of α-helical structure within the N-terminus
[329–331]. Several amphipathic helical membrane-bound conformations of αSyn have
been observed where hydrophobic side chains are located such that they interact with
the membrane interior and charged lysine groups interact with negatively charged lipid
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Figure 1.6.2: αSyn conformations in its free and lipid-bound state
(a) αSyn in its conformation when bound to micelles (PDB ID: 1XQ8) showing a helical
preference in the N-terminal 100 residues. Helix N (Val3 -Val37 ) and Helix C (Lys45 Thr92 ) are connected by a short linker followed by a short extended region (Gly93 -Lys97 )
and a mainly unstructured tail (Asp98 -Ala140 ) [331]. (b) Distribution of the Radius of
gyration (Rg ) of αSyn in the ’native’ disordered state calculated from a PRE NMRderived ensemble of structures [228]. Despite the absence of fully formed helices
and sheets, on average αSyn is segmentally more compact (mean Rg = 24.7 Å) than
a random coil (mean Rg = 41.9 Å) with a tendency for the acidic C-terminal tail to form
interactions with the highly aggregation prone NAC region.

head groups [332–335]. An extended helix conformation that binds to membranes via a

∼100 residue long α-helix [334,336,337] as well as a broken helix conformation [338,339]
that is characterised by two curved α-helices, helix-N (Val3 -Val37 ) and helix-C (Lys45 Thr92 ), which are connected by a short linker and run anti-parallel to one another
(Fig 1.6.2 (a)) have been described [331].

It is suggested that αSyn may be able

to interconvert between both helical forms [340], with the extended conformation
being more favourable when binding to larger synaptic vesicles and the broken helix
conformation being adapted when interacting with smaller spheroidal micelles or when
bridging two different membranes such as synaptic vesicles and plasma membranes
during vesicle docking [336, 337, 341]. In contrast, the acidic glutamate-rich C-terminal
region remains unstructured in the presence of membranes and behaves as a highly
mobile tail [331, 332] (Fig 1.6.2 (a)).

Two relatively recent studies challenged the view that αSyn predominantly exists
as an unfolded monomer in solution, reporting that its native state consists mainly
of α-helical rich tetramers resistant to fibril formation [342, 343]. These finding were
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supported by a study, which indicated that N-terminal acetylation of αSyn can promote
the formation of an oligomeric state [344]. However, a number of in depth studies have
subsequently revealed that both non-acetylated and acetylated αSyn, purified under
harsh or mild purification conditions from E. coli and mammalian cell lines, exists
predominantly as an unfolded monomer with more structured conformations possible
upon interactions with other proteins or membranes [325, 345–347].

1.6.3

Function

The function of αSyn remains poorly understood but involvement has been
hypothesised in the regulation of vesicular transport processes [314, 348] and also
in vesicular release and/or recycling [348], supported by αSyn’s ability to bind
phospholipid vesicles. Overall, the prevailing idea is that αSyn exists largely as an IDP,
the likely absence of persistent secondary structure and the conformational flexibility
is beneficial for αSyn’s interaction with multiple binding partners. Interactions have
been described with the scaffolding protein caveolin-1 [349], which clusters proteins
and lipids at the cell membrane into a subclass of lipid rafts and Ca2+ /calmodulin [350],
a protein that is thought to regulate secretory processes at the synapse. Binding to
calmodulin is mediated by the amphipathic N-terminus, the same region that interacts
with membranes, suggesting that calmodulin could modulate membrane interactions
in a calcium-depend manner [351]. Recent evidence suggests a contribution of αSyn
to soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)complex assembly through a direct interaction between αSyn and synaptobrevin-2,
one of the three SNARE proteins, mediating synaptic vesicle fusion, which suggests
its involvement in other biological processes that are currently unclear. Additionally,
it has been shown that αSyn interacts with Ca2+ ions [352, 353], heavy metals (such as
Cu2+ [354, 355]) and polyamines [356, 357] all of which increases the propensity of αSyn
to nucleate fibril formation. The high degree of plasticity and the structural sensitivity to
environmental changes that alter its conformation are likely to be the key to its function,
but also make αSyn potentially prone to misfolding and aggregation (Fig 1.6.3).
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1.6.4 αSyn and Parkinson’s disease
In 1817, James Parkinson described in his publication "An Essay on the Shaking Palsy",
the pathological characteristics of a progressive, neurodegenerative disorder for the first
time and now known as Parkinson’s disease (PD) [358]. Almost 2 centuries later, PD
is still the most common movement disorder and after Alzheimer’s disease, the second
most common neurodegenerative disorder, with 1-2% of the general population of an
age above 60 being affected [359,360]. The three cardinal symptoms patients suffer from
are resting tremor, muscle rigidity and bradykinesia (slowness of movement). Alongside

Synthesis

αSyn
micelle-bound

αSyn
free monomer

protofibrils

mature fibril

amyloid fibril

Lewy body

Figure 1.6.3: αSyn in Parkinson’s disease
Possible aggregation pathway of αSyn in Parkinson’s disease: After synthesis on the
ribosome αSyn exists in an equilibrium of unfolded protein in solution and protein
bound to membranes, acquiring partial α-helical structure. During αSyn aggregation
protofibrils are formed that undergo further assembly into protofilaments and major
fibrils, which will then accumulate into amyloid fibrils. These are characterised by
β-sheet-rich structures, that are deposited in Lewy bodies in the intracellular space.
Figure adapted from [52, 271].
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the motor features, PD also causes neuropsychiatric disturbances including disorders
of mood, behaviour and cognition, which in 40% of cases can develop into dementia
[361]. The underlying pathogenic cause for these symptoms is the progressive loss of
dopaminergic neurones projecting from the substania nigra pars compacta (SNc) to the
caudate nucleus and putamen (striatum) [362]. This leads to a severely reduced level
of dopamine in the striatum with clinical symptoms becoming evident when about 80%
of striatal dopamine and 50% of nigral neurons are lost [363]. A major pathological
characteristic that appears alongside cell death is the formation of intracellular
inclusions in the surviving SNc neurones, also known as Lewy bodies (Fig 1.6.3) [364].
These structures are intracytoplasmic eosinophilic spherical bodies with a dense core
surrounded by a halo [365], composed mainly of aggregated αSyn [366]. Although most
cases of PD are idiopathic, 5-10% go back to an inherited form [367], characterised by
missense mutations (A30P, E46K, H50Q, G51D, A53T) and multiplications of the αSyn
gene (SNCA gene) elevating the risk for an early disease onset [368, 369]. This evidence
identifies αSyn as a potential toxic protein and suggests that it might have a causal role
in PD. The causes of the more common sporadic forms of neurodegenerative diseases
are being widely investigated, including by genome-wide association studies (GWAS)
to identify variations such as single-nucleotide polymorphisms (SNP) between healthy
people and patients that carry the disease. Using GWAS, genes that are a risk factor
for the development of the disease were determined, which enabled the identification
of genes such as microtubule-associated protein tau (MAPT) [370] and SNCA [371],
which have been consistently shown to be associated with PD. These efforts are of
invaluable importance as they might reveal new pathological pathways and therefore
identify potential targets for therapeutical studies.

1.7
1.7.1

Trans activation response DNA-binding protein 43 (TDP-43)
Structural features

TDP-43 is a ubiquitously expressed, highly conserved [372] 414 amino acid protein
encoded by TARDBP on chromosome 1p36.2 and belongs to the family of heterogeneous
nuclear ribonucleoproteins (hnRNP) [373].

Its domain structure includes an N-
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terminal domain (NTD) with a nuclear-localisation signal (NLS), two evolutionary
highly conserved RNA-binding motifs (RRM1 and RRM2) separated by a 14-aa linker, a
nuclear-export signal (NES) and a glycine-rich, C-terminal domain (CTD) (Fig 1.7.1 (a)).
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Figure 1.7.1: Domain arrangement and available structures of TDP-43
(a) The domain structure of the 43kDa TDP-43 protein is comprised of an Nterminal region including a nuclear-localisation signal (NLS), two highly conserved
RNA binding motifs (RRM1 and RRM2), a nuclear-export signal (NES) and a
glycine-rich C-terminus. Highlighted above the C-terminus are all 34 C-terminal
genetic variants of TDP-43 linked to ALS and FLTD-U that are known to date
(http://www.molgen.ua.ac.be/ADMutations/). (b) PONDR analysis of full-length
TDP-43 predicting regions of order and dynamic disorder [250]. (c) NMR solution
structure of the N-terminal domain (NTD1−102 ) with a ubiquitin-like fold [374]. (d)
High-resolution NMR structure of RRM1 and RRM2 in complex with UG-rich RNA
(PDB ID: 4BS2, RNA has been removed for clarity) [375]. (e) NMR structure of a helixturn-helix motif and flexible termini of residue 311 to 360 within the CTD [306]. NOE
contacts observed between Q327 and W334 are also displayed. The NTD (panel c) [374]
and CTD fragment (panel e) [306] structures have not been released into the protein
data bank (PDB) and have been taken from the papers directly.

The 3D structure of the full-length 43 kDa molecule is largely uncharacterised with
the overall domain arrangement only described of a C-terminal truncation product of
TDP-43 (1-265). Using small angle x-ray scattering (SAXS), this construct was revealed
to form an elongated homodimer via its NTD with a Kd of ∼300 nM. More detailed
structures have emerged over the recent years of isolated TDP-43 domains. These
include NMR solution structures of the human RRM2 (PDB ID: 1WF0) and human
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RRM1 (PDB ID: 2CQG) domain, a crystal structure of the mouse RRM2 domain at 1.65
Å resolution (PDB ID: 3D2W) [376] and a crystal structure of the human RRM1 domain
in complex with DNA at 2.75 Å resolution (PDB ID: 4IUF) [377]. A recent structure
shows both human RRM domains in tandem in complex with UG-rich RNA (PDB ID:
4BS2) [375] (Fig 1.7.1 (c)).

Both the crystal structures of RRM1 [377] and RRM2 [376] as well as the NMR
structure of the RRM1-RRM2 tandem [375] report a canonical RRM fold (β1 α1 β2
β3 α2 β4) with an additional β-hairpin ( β3’ β3") inserted between α2 and β4, which
expands the β-sheet surface accessible for RNA binding (Fig 1.7.2). A superposition of
the structures obtained for both domains of RRM1 (PDB IDs: 2CQG, 4IUF, 4BS2) and
RRM2 (PDB IDs: 1WF0, 3D2W, 4BS2) shows good agreement (backbone RMSD < 1 Å),
with small differences apparent only in the flexible termini and loop regions (Fig 1.7.2).
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Figure 1.7.2: Superimposition of RRM1 and RRM2
Comparison of structures available for both RRM domains. (a) The NMR solution
structure (pink, PDB ID: 2CQG) and the crystal structure (cyan, PDB ID: 4IUF) [377]
of the isolated human RRM1 domain has been superimposed with the NMR solution
structure (yellow, PDB ID: 4BS2) [375] that has been obtained of human RRM1 when in
tandem with the RRM2 domain. (b) The NMR solution structure of human RRM2 (red,
PDB ID: 1WF0) and the crystal structure of mouse RRM2 (blue, PDB ID: 3D2W) [376]
has been superimposed with the NMR solution structure (yellow, PDB ID: 4BS2) [375]
that has been obtained of human RRM2 when in tandem with the RRM1 domain.
Structures were superimposed in Swiss-PDB Viewer [34] and rendered in VMD and
POVRay.
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As well as these characterisations of the globular domains, the NTD (res 1-105) [378]
and the CTD (res 274-414) have been predicted to contain significant disorder (Fig 1.7.1
(b)).

The NTD was widely thought to be a predominantly unstructured region,

albeit with some (∼35%) β-sheet propensity [378]. However, a recent study found
evidence for a ubiquitin-like folded state (at pH 4.0 in H2 O) as well as unfolded
states [374]. The CTD is predicted to be mainly disordered [250] but interestingly
was shown in one case to contain a helix-turn-helix motif between residue 318343 (Fig 1.7.1 (e)) identified as the amyloidogenic core region essential for TDP-43
aggregation [306]. Biophysical studies of TDP-43 have shown that the protein’s capacity
to readily aggregate in vitro is mediated by the CTD [249, 250]. However, the CTD
plays also an essential role in TDP-43’s physiological function including interactions
with other hnRNPs as well as complexes involved in splicing regulation and promotion
of miRNA processing (Drosha and Dicer) [372, 379, 380]. Additionally, the CTD has
been shown to be necessary for the recruitment of TDP-43 into stress granules, transient
structures that form in response to stress [381, 382]. Interestingly, over 30 mutations
(http://www.molgen.ua.ac.be/ADMutations/) have been identified in TDP-43 [383]
and in all but one of these cases, the mutations are linked to the CTD [384]. The CTD is
discussed in more detail in Section 4.1.

1.7.2

Function

TDP-43 was originally discovered through, and derived its name from, an interaction
with a DNA sequence motif in HIV type 1 [385]. The physiological role of TDP-43
is still not well understood, but through its NLS and NES it was suggested to shuttle
between the nucleus and the cytoplasm [386]. The protein is predominantly localised in
the nucleus [387], where its RRM-domains facilitate DNA/RNA-binding (Fig 1.7.1) and
have been shown to be involved in transcription [388], the inhibition of exon splicing
of human disease-related genes, such as CFTR exon 9 [389–391], microRNA (miRNA)
processing [379] and mRNA turnover [392, 393] as well as regulating its own expression
through a negative feedback loop [394, 395]. Furthermore, it has been found to colocalise with RNA granules suggesting a role in mRNA stabilisation and transport
during cellular stress [381, 382, 396, 397].
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TDP-43 and its implication in motor neurone disease

In 2006 TDP-43 was found to be the main component in ubiquitin-positive, tau-negative
and αSyn-negative inclusion bodies (UBIs) accumulating in the fronto-temporal cortex
and the hippocampus of the brain and in the motor neurones of the spinal cord of
patients suffering from frontotemporal lobar degeneration with ubiquitin-positive
inclusions (FTLD-U) and amyothrophic lateral sclerosis (ALS) (Fig 1.7.3 (a-i)) [387]. ALS
is the most common adult-onset motor neurone disease, which is characterised by the
progressive and premature loss of motor neurones within the central nervous system
and the spinal cord leading to muscle weakness, atrophy and ultimately fatal paralysis
usually within 1 - 5 years after disease onset [398]. Up to 10% of ALS patients have
familial ALS with the majority considered sporadic, lacking a clear familial disease
history [399].
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Figure 1.7.3: TDP-43 inclusions
UBIs in sporadic ALS (a-i). Double-label immunofluorescence with anti-ubiquitin (a,
d) and anti-TDP-43 (b, e), which co-localise in round (c) and skein-like (f) UBIs in
spinal cord motor neurones. Immunostaining with an anti-TDP-43 antibody detecting
Lewy body-like (g), round (h) and skein-like (i) inclusions in motor neurones of the
spinal cord. TEM images of fibrils formed of WT TDP-43 (j) Q331K TDP-43 (k) and
CTD220-414 . Images taken from [249, 387, 400].
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The defining histopathologic characteristic in these devastating diseases is the presence
of proteinaceous inclusions, which contain hyperphosphorylated, ubiquitinated
forms of TDP-43 and also proteolytically-cleaved 25 and 35 kDa C-terminal
fragments [387, 401–404]. Although it is currently unclear how TDP-43 is implicated
in the pathogenesis of disease, it has been consistently shown that in degenerating
neurones, TDP-43 is depleted from the nucleus with concomitant formation of
aggregates in the cytoplasm [387, 405].

Perturbation of TDP-43 trafficking and

consequently the misdirection of this predominantly nuclear protein to the cytoplasm is
supposed to lead to a loss of function within the nucleus and/or a potential toxic gain
of function within the cytoplasm [399, 405]. The pathogenic C-terminal fragments are
likely generated by caspase cleavage at the sites of Asp 89 (35 kDa) [402] and Arg 208
or Asp 219 (25 kDa) [402, 406], which appears to be a prerequisite for its redistribution
from the nucleus to the cytoplasm. The detailed aggregation mechanism is unknown
but it has been proposed [406], that cleavage within the RRM2 domain (Arg 208/Asp
219) removes the β1 strand located at the centre of the β-sheet. The resulting truncated
RRM2-CTD construct is thought to abnormally expose the β3 and β5 strand, which
may lead to assembly into higher-order oligomers [406].

The ultrastructure of TDP-43 inclusions of ALS and FTLD-U patients is unclear
and currently the topic of intense debate. In particular, it still remains to be established
what the composition of TDP-43 aggregates is and whether they comprise of "classic"
amyloid fibrils or form amorphous aggregates. There are three main criteria that need
to be met in order to be classified as amyloid inclusions (i) fibrillar morphology with
the fibrils having a typical diameter of 7-13 nm, (ii) the presence of cross-β secondary
structure and (iii) the binding to amyloid-diagnostic dyes like congo red (CR), thioflavin
T (ThT) and thioflavin S (ThS) (see detailed description of amyloid structures Section
1.5.1). Studies investigating disease-affected tissue like FTLD-U brain as well as ALS
spinal cord material using immunohistochemistry and immunoelectron microscopy
reported the presence of TDP-43 positive, 10-20 nm wide filaments (Fig 1.7.3 (j-l))
but without CR and ThS binding thus suggesting a non-amyloid structure [407–409].
However, other reports indicate ThS-positive TDP-43 inclusions in ALS spinal cords
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and FTLD-U brains [410] as well as ThS positivity in skein-like inclusions of the spinal
cord [411]. Both studies reporting on the observation of amylogenic material had,
however, either used chemically treated inclusions, which could have induced structural
reorganisation within the species [410] or only showed evidence for ThS positivity in a
very small fraction of skein-like inclusions of the spinal cord, with TDP-43 inclusions
outside the spinal cord lacking the properties of amyloids [411]. The main evidence
therefore seems to suggest that ThS positivity is very rare and might only be a very late
stage conformation during pathology [411] with most studies reporting on ThT- and
CR-negative material [412].

The extreme difficulty to purify recombinant TDP-43 has precluded much needed
in vitro studies to characterise and understand the nature of TDP inclusions. One study,
which purified full-length TDP-43, its disease-associated mutants (such as Q331K and
M337V, etc) as well as the C-terminal domain (277-414) solubly from yeast showed
that the full-length protein could readily aggregate with a lag phase of ∼5 - 10 min
at 25 ◦ C under agitation, which plateaued after 30 min [249]. However, the formed
filaments were unable to bind ThT and CR. This was further corroborated by a very
recent study of recombinant TDP-43 as well as a C-terminal construct (res 208 - 414)
purified from E. coli inclusion bodies, which detecteed no binding to ThT and CR. CD
measurements revealed that the inclusions possess random coil and β-turn secondary
structure and were found to be highly susceptible to proteinase K digestion. Together,
these results suggest that the inclusions possess none of the distinctive amyloid
hallmarks [413]. By contrast, four other reports describe an amyloid-like structure of
TDP-43 aggregates, but all of them investigated short peptides of the TDP-43 sequence,
of 13 - 50 residues in length, containing the most aggregation prone region within
the C-terminus [250, 306, 400, 414]. Generally it is known that protein fragments can
have very different aggregation properties compared to those of the full-length protein
and it was recently discovered that especially amyloid-like aggregation in contrast to
amorphous aggregation is favoured by small peptides [415]. The conflicting results
in this growing number of in vitro and in vivo experiments, illustrate the complexity
of TDP-43 aggregation but also suggest that ALS and FTLD-U might be a unique
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neurodegenerative proteinopathy (TDP-43 proteinopathy) characterised by protein
misfolding in the absence of brain amylodosis and therefore differing from previously
known neurodegenerative diseases like tauopathies and synucleinopathies.

1.8

Nuclear Magnetic Resonance (NMR) Spectroscopy in Protein Folding: its
application to study protein structure and dynamics

Structural biology addresses biologically relevant questions by determining the
conformation of cellular macromolecules, such as proteins, in order to elucidate their
function and mechanism of action, leading to an understanding of aberrant function at
atomic or residue-specific resolution. To date, most high-resolution structures have been
determined using X-ray crystallography. Cryo-EM is becoming increasingly important,
with atomic resolution structures at less than 4 Å resolution now achievable due to
major recent software and hardware advancements [416]. Lower-resolution - but often
more accessible - structural techniques that are increasingly being applied to yield
structural information include e.g. fluorescence resonance energy transfer (FRET) and
mass-spectrometry are also becoming highly prominent.

A highly important structural biology technique within this field is solution-state
nuclear magnetic resonance (NMR) spectroscopy, which is unique in providing both
structural and dynamic information at atomic resolution [417].

NMR has proven

invaluable to study dynamic disordered systems such as IDPs including αSyn [228]
and Tau [418], and has been extensively applied in studies of the dynamic processes
involved in protein folding and misfolding [419]. One example of the power of NMR
spectroscopy in such studies is the investigation of the conformational details of the
co-translational folding events that occur within a dynamic polypeptide chain as it
emerges from the ribosome [140, 141].

1.8.1

NMR studies of ribosome particles

While most of our structural understanding of the ribosome has emerged from X-ray
crystallography and cryo-EM studies (subsection 1.1.1), the first 1D NMR spectra of
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the ribosome were undertaken as early as the 1980s [420]. Although the ribosome was
assumed to be too large to be NMR-observable, some sharp resonances were detected,
indicating the presence of flexible domains [421]. Further experiments suggested that
the signals arose from the S1 protein of the 30S subunit and the L7/L12 stalk of
the 50S subunit [422, 423] (Fig 1.1.2 (a)); both had remained unobservable by X-ray
crystallography and later also by cryo-EM, demonstrating the complementarity of NMR
spectroscopy to these techniques. The NMR observability of L7/L12, present in 4 copies
on the E. coli ribosome, stems from its C-terminal domain (CTD), whose motion is nearly
completely independent of the ribosome. This motional independence is due to the
flexible 20-residue ’hinge’ that links the CTD to the NTD, which in turn is bound to the
50S ribosomal body (Fig 1.1.2 (a)). The flexibility appears to be key to the process of
elongation, where the cognate amino-acyl tRNA (aa-tRNA) passively diffusing within
the cellular space is ’fished out’ by the L7/L12 stalk from the cytosol and transported
to the PTC at 30S/50S interface. The details of the structural and dynamic properties
of the L7/L12 CTD on the ribosome have been studied via NMR [424, 425] (X. Wang et
al., in preparation), with the rotational correlation time of the L7/L12 determined to be

∼14 ns [424] - much shorter than that of the ribosome, which was measured to be in the
order of ∼2500 ns [420].

1.8.2

NMR studies of RNCs

The NMR structural observations of the L7/L12 stalk on the ribosome allowed the
modelling of this domain onto the atomic structures of the ribosome determined by
X-ray crystallography and more recently by cryo-EM (Fig 1.1.2 (a)). It also provided
the motivation to investigate the highly dynamic process of protein biosynthesis and
co-translational folding as it occurs on the ribosome.

Investigations of larger proteins and complexes are hindered by a combination of
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 NMR spectra and poor signal-to-noise (SN) [426].

The NMR

investigation of biological molecules for structure determination has typically been
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limited to studies of proteins with MW below 25 kDa.

However, the analysis

of dynamics and molecular interactions by NMR can be applied to much larger
systems, for example in the characterisation of dynamic regions of systems with MWs
significantly in excess of 25 kDa, even up to the 2.3 MDa 70S particle as described above.

Continuous developments in NMR technology, such as higher fields and cryogenic
probes [427], combined with significant progress in NMR pulse choreography - from
the development of heteronuclear (15 N-1 H,

13 C-1 H)

NMR in the early 1990s to the

spin-state-selective manipulation underlying TROSY experiments [426, 428] - and
together with major improvements in the preparative biochemistry of NMR samples,
including progress in the isotropic labelling schemes (perdeuteration, selective methyllabelling [429]), permitted investigations of higher-MW complexes. These have included
the ribosome [430, 431], where despite its size of 2.3 MDa, it was discovered that most
NCs have sufficient local flexibility to give rise to sharp NMR signals using conventional
NMR experiments [140]. Other examples are the NMR studies on the 670 kDa 20S
proteasome, which investigated the dynamic gating mechanism [432, 433] as well as
folding, stability and dynamics within the catalytic chamber [434], and studies on the
900 kDa GroEL-ES complex, which studied the bound-state of the substrate human
dihydrofolate reductase (hDHFR) using TROSY and TROSY-based NMR experiments
such as CRIPT and CRINEPT [435].

1.8.2.1

Technical aspects of NMR studies on RNCs

The production of RNCs through in vitro [140, 142] or in vivo [141, 143, 436] methods
is technically challenging; ribosomes are programmed to uniformly arrest during
translation, either via specific sequences that interact with the ribosomal tunnel
(SecM [32], TnaC [9]), or through an absent stop codon [140, 142]. Selective isotopic
labelling, where NMR sensitive probes (most commonly

15 N

or

13 C)

are solely

incorporated into the NC with the ribosome remaining NMR-silent, is of crucial
importance to obtain interpretable spectra [140, 142] [141, 143, 436]. Once RNCs are
produced at the high concentrations required - ca.

23 mg/mL of homogeneously
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stalled, selectively isotopically labelled ribosomes - NMR experimental approaches
must take into account the limited stability and short lifetimes of RNCs. It can be
only a few hours before NCs begin to be released, and the ribosome itself can begin to
dissociate after a few days. Additionally, the 23 mg/mL in the NMR tube represent a
molar concentration of only 10 µM, which leads to low SN (typical biomolecular NMR
concentrations are between 100 - 1000 µM).

1.8.2.1.1

Diffusion NMR

Verification of the integrity of RNC samples during NMR experiments is a critical
prerequisite for meaningful NMR analyses. An important methodological advancement
for this purpose is the application of diffusion NMR measurements (Fig 1.8.1), which
enable the determination of the translational diffusion coefficient, D, of the observed
species, thereby allowing distinction between ribosome-associated and released NCs
(Fig 1.8.1 (b)). D can be related to the hydrodynamic radius (rh ) via the Stokes-Einstein
equation:

rh = k B T/6πηD

(1.2)

where k B is the Boltzmann constant, T is the temperature in Kelvin and η is the
viscosity of the solution. Small proteins free in solution typically have an rh of 2-3 nm,
whereas that of the 2.3 MDa E. coli ribosome is 12.6 nm [425, 437]. Ribosome-associated
species exhibit an approximately 5-fold lower translational diffusion coefficient (70S
D = 1.1x10−11 m2 s−1 at 277K in H2 O [437]) than released NCs (αSyn D = 5x10−11 m2 s−1
at 277K in H2 O [228]). This difference can be readily distinguished using pulsed-field
gradient spin-echo (PFG-STE) NMR diffusion measurements [424, 438] (Fig 1.8.1 (a)).
This gradient spin echo experiment is characterised by two gradients separated by a
time delay ∆ to encode and decode the position of spins within the NMR sample. The
reversal of the encoding by the second gradient will only be perfect if spins have not
diffused during the time delay ∆ between the two gradients. Diffusion of spins leads to
an attenuation of the NMR signal, which depends on the length of the period between
the two gradients (∆), the strength of the gradient (G) and the gradient pulse length (δ)
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used in the encoding steps, and importantly, the translational diffusion coefficient. The
diffusion coefficient can then be determined using the Stejskal-Tanner equation [438]:

δ
I ( G ) = I0 exp[− G2 δ2 s2 γ2 (∆ − ) D ]
3

(1.3)

where I ( G ) corresponds to the measured intensity at gradient strength G, I0 is the
intensity in the absence of applied gradients, D the diffusion coefficient and γ the
gyromagnetic ratio of the encoding/decoding nucleus.
∏/2
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∏
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Δ
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Figure 1.8.1: The diffusion NMR experiment
(a) Pulse sequence of the PFG-SE diffusion experiment, where a pair of gradient pulses
to encode and decode the position of a particle within the NMR tube is separated by a
diffusion delay ∆. (b) Schematic of molecules of different size illustrating their diffusion
properties. Large particles diffuse little during the delay period and therefore their
NMR signal intensity will almost be fully recovered. Smaller particles, however, have
reduced signal intensities as the greater diffusion of the particles results in incomplete
reversal of the spatial encoding.

The simple PFG-SE diffusion experiment is a 1 H experiment, and hence reports on the
ribosome diffusion (i.e. L7/L12 and S1) and therefore the ribosomal integrity. However,
it is often difficult to use the simple 1 H diffusion experiment to monitor the attachment
of the NC, because the NC signals in the 1 H spectrum are often rather weak and hence
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can be swamped by the stronger L7/L12 and S1 signals. Nonetheless, it is critically
important to monitor the NC attachment due to the observation that NC release can
occur prior to ribosome degradation. The

15 N

or

13 C

probes specifically incorporated

into the NC allow the attachment to the ribosome to be followed by isotope-edited,
heteronuclear stimulated echo (XSTE) experiments, in which only protons attached to
15 N

or 13 C probes are detected [439].

1.8.2.1.2

NMR sensitivity enhancement methods applied to RNCs

As discussed above, NMR measurements on RNCs are always carried out at the
limits of NMR observability, due to a combination of their limited lifetime, the low
achievable concentration of ca 10 µM (corresponding to ∼23 mg/mL) and the large
molecular weight (2.3 MDa) of ribosomes [440].

Therefore, experiments need to

be carefully designed to optimise signal acquisition on fully intact samples.

One

approach to improve sensitivity and enhance the signal-to-noise ratio (SNR) is the
use of non-uniform weighted sampling (NUWS). Commonly, multidimensional NMR
data are acquired with uniform sampling of the Nyqvist grid, followed by apodization
and processing with the discrete Fourier transform [440]. While every data-point is
acquired with the same number of scans (transients), the application of apodization
during processing reduces the effective weight of those data-point towards the end
of the chemical shift evolution period.

The idea behind NUWS is to achieve the

required apodization of the NMR signal by weighting the sampling of the data-points
during acquisition. Using NUWS, every point in the Nyqvist grid is sampled with
a variable number of scans according to some weighing function, giving rise to a
sensitivity increase of 10-20%. The sensitivity increase arises because relatively more
time can be spent acquiring those data-points towards the beginning of the shift
evolution period, where the SNR of the NMR signal is the greatest. In the case of
low concentration RNC samples, where many scans must be accumulated for every
point in the indirect dimension and the samples have limited stability, a gain in the
SNR by 10-20% is a significant improvement [441]. A further increase in signal can be
achieved by employing the SOFAST HMQC experiment [442], which is a longitudinal-
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relaxation-optimised HMQC variant and has been the experiment of choice for the
majority of NMR RNC studies to date [140, 141, 436]. In this experiment, longitudinal
relaxation is accelerated through the use of selective pulses, which only excite the
observed subset of spins. This allows the inter-scan recycle delay to be shortened
dramatically and hence acquisition of more scans per unit experiment time. Other
longitudinal-relaxation-optimised experiments enabling rapid acquisition important
for studies on RNCs include the BEST family of 3D experiments [443, 444] as well as
BEST-XSTE [445] and SORDID [446]. These experiments have not yet been applied
extensively in the study of RNCs but may be of future interest to increase sensitivity.

1.8.2.1.3

Developments in RNC sample preparation

The ability to study RNCs using NMR spectroscopy was preceded by extensive
developments in sample preparation. The first RNC samples studied by NMR were
produced using an E. coli in vitro coupled transcription and translation system, which
relied on a linearised DNA template lacking the stop codon to arrest translation and
prevent NC release [140, 142]. While this method enables control over many aspects
of the expression system, such as the presence or absence of auxiliary factors (e.g.
TF or release factors) and control of completely unlabelled and therefore NMR-silent
70S ribosomes, it is nevertheless highly costly. The in vivo approach, that has been
developed in this current work (Chapter 2), provides the opportunity to generate RNCs
within a more native-like environment. However, it also presents significant challenges
through the need to control the intricate growth and expression mechanisms within
the cell [141, 436]. In order to arrest translation in vivo, sequence motifs are introduced
at the C-terminus of the NC of interest that have naturally the ability to interact
with the ribosomal tunnel [44, 45]. These include TnaC [9], an E. coli tryptophanase
operon used for cryo-EM studies, and sequences derived from human cytomegalovirus
and fungal arginine attenuator peptide, which have been used to stall translation on
eukaryotic ribosomes [447]. One very common sequence that has been applied in
this study is the secretion monitor protein (SecM) (Fig 2.2.1 (a)). In E. coli, SecM can
transiently arrest translation leading to the further downstream expression of gene
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SecA, a protein involved in peptide secretion. The introduction of a 17-amino-acid
motif (F150 XXXXWIXXXXGIRAGP166 ) derived from SecM allows uniform translational
arrest to be achieved for in vivo RNC preparations. Translational arrest is achieved
through Pro166, positioned at the P-site of the PTC, together with a number of highly
conserved residues within the rest of the sequence that have specific interactions with
the ribosomal tunnel [32, 45].

To achieve selective labelling of the NC with the ribosomal body remaining NMR-silent,
specific growth conditions are necessary.

The initial growth phase is carried out

within an unlabelled medium that permits high-cell-density growth and extensive
ribosome production. Cells are then transferred into an isotopically labelled minimum
medium, where translation is initiated. Following expression, the RNCs are purified
via a specific three-step purification procedure comprising a sucrose cushion, affinity
chromatography and fractionation via a sucrose density gradient [141, 143, 436] (Section
2.2.1).
1.8.2.2

Experimental evidence for co-translational folding using NMR spectroscopy

The first NMR studies of RNCs used the actin-binding protein ddFLN from Dictyostelium
discoideum as a model protein [140]. This polypeptide is comprised of an N-terminal
actin-binding domain followed by five highly conserved filamin domains, each with
a typical immunoglobulin fold.

To monitor progressive NC emergence and co-

translational protein folding, a construct consisting of the two C-terminal domains
ddFLN5 and ddFLN6 was designed, with the ddFLN6 domain acting as an unfolded
linker due to its missing C-terminal strand.

The study demonstrated that the N-

terminal domain was able to reach its fully native state while still attached to the
ribosome, and represented the first direct evidence of co-translational protein folding
on a residue-specific level [140]. A similar study using a different isotopic labelling
strategy (methyl-labelling), which provides increased sensitivity for monitoring NMR
signals from folded regions of the NCs, confirmed the previous finding, with NCs
found to populate a native-like conformation very similar to the one adopted by the
free protein [142]. After these two initial NMR RNC studies, wherein the RNC samples
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were produced using a cell-free translation system, a more cost-effective and natural way
of producing RNCs was sought. While the cell-free approach enabled fine control over
all aspects of the translation process, manipulation of protein biosynthesis within the
cell is much more challenging. Using the in vivo RNC production methods, the length
dependence of the co-translational folding of ddFLN domains 5 and 6 was investigated.
In a shorter construct, where ddFLN5 was only fused to the SecM stalling sequence
with no intervening ddFLN6 sequence, the C-terminus of ddFLN5 was 21 residues (17
SecM residues + 4 cloning residues) from the PTC. With this construct, the NMR data
indicated that the NC adopted a completely disordered conformation because the Cterminal β-strand is partially occluded within the ribosomal exit tunnel, which is widely
accepted to enclose about 30 residues, thereby preventing the domain from achieving
its native fold. In the longer construct, where ddFLN5 is fused to ddFLN6, the distance
from the C-terminus of ddFLN5 to the PTC is 110 residues, which is sufficient to allow
the domain to acquire its native structure. Further NMR studies characterised the cotranslational folding behaviour of barnase [436], a protein whose folding behaviour has
been well-characterised in isolation [448,449], and the SH3 domain from α-spectrin [143].
Both proteins exhibited native structure formation when separated from the PTC by 86
and 50 residues, respectively, with the SH3 domain being unable to fully fold at linker
lengths of 9 and 26 residues. The sharp linewidths measured for the natively folded
α-spectrin SH3 NC indicated that the interaction of the final NC with the ribosome
surface was minor, suggesting that the conformational constraints imposed on the RNC
by the ribosome are quite weak, at least for this fully folded domain. The influence of
the ribosome on other shorter NC lengths, which represent intermediate stages on the
folding pathway, may be much more important.
1.8.2.3

Residual Dipolar Coupling (RDC) measurements on RNCs

To date, structural NMR studies of RNCs have relied on measuring chemical shift,
linewidths and cross peak intensities. This has been a consequence of the low sensitivity
resulting from the low sample concentrations, large molecular size and relatively
short sample lifetime.

In this thesis strategies will be explored to measure RDCs

on intact ribosome-nascent chain complexes (Section 3.2.6). The experiments used,
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build extensively on previous investigations undertaken in our laboratory to develop
a strategy to measure RDCs on 70S ribosomes (Xiaolin Wang, PhD thesis 2012: "NMR
study of the Escherichia coli 70S ribosome particle using residual dipolar coupling").
1.8.2.3.1

Introduction to Residual Dipolar Couplings (RDCs)

The Residual Dipolar Coupling (RDC) is an NMR property that can be used to
determine protein structure, domain orientation and dynamics across a wide range of
timescales [450]. Traditionally, the primary restraint derived from NMR experiments
has been the nuclear Overhauser effect (NOE). This has proved remarkably useful
for structure determination of biological macromolecules.

NOE interactions, only

visible over a short range (∼5 Å) and relatively insensitive, have over the past decade
been increasingly complemented by RDC experiments providing distance independent
structural information (details on how they have been applied to IDPs are under Section
1.8.2.3.5). While partial structure determination can be performed with RDC data alone,
they are more often used as restraints to refine existing structures, defining angles e.g.
between two helices or the relative orientation of domains within a protein. RDCs
are developing into a powerful measure to rapidly enable investigations of biological
structures.
1.8.2.3.2

The origin of RDCs

Dipolar coupling is the mutual interaction between two magnetic dipoles. The size of
the coupling thereby depends on the angle (θ) between the internuclear vector and the
external applied field (B0 ) (Fig 1.8.2).

In solution, molecular tumbling gives rise to rapid modulation of θ. For isotropic
tumbling, the dipolar coupling averages to zero as the internuclear vector samples all
possible orientations with equal probability. However, this is not the case when the
tumbling is anisotropic. In this case, the orientational probability distribution is not
spherical, and hence the time-averaged dipolar coupling is non-zero. This non-zero
coupling is called residual dipolar coupling (RDC). The instantaneous dipolar coupling
has a magnitude of several kHZ, while the degree of induced alignment is usually very
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Figure 1.8.2: The origin of RDCs
Schematic of the dipolar interaction between two magnetic dipoles depicted in blue and
red. θ is the angle between the internuclear vector and the B0 field.

small, on the order of one part in a 1000. Hence, the residual dipolar couplings are
typically a few Hz. The instantaneous dipolar coupling is described by:

D IS =

1 max
D (3cos2 θ − 1)
2 IS

(1.4)

where I and S represent the two interacting nuclei. D max
is the maximum possible
IS
dipolar coupling and corresponds to the internuclear vector lying parallel (or antiparallel) to the applied field.

The size of Dmax depends on the gyromagnetic ratios (γ) of the two nuclei and
the internuclear distance (r), and is given by:

D max
IS =

−µ0 hγIγS
8π 3 r3IS

(1.5)

where µ0 is the permeability of free space.
The expression for the RDC, h D IS i, can be derived from that for the instantaneous
coupling (Equation 1.5) by taking the time-average of the angular term:
1
3cos2 θ − 1
h D IS i = D max
2 IS

(1.6)
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The term 3cos2 θ − 1 depends on both the orientational distribution of the molecule
relative to the field and the orientation of the bond vector in the molecular frame, i.e.
the structure.
1.8.2.3.3

Alignment methods

Originally, alignment of a given protein within a external magnetic field was achieved
by the intrinsic magnetic anisotropy of the molecular system, for example, for
DNA and metallo-proteins [451]. There are now several types of alignment media
that have been used to achieve partial alignment of biological molecules for RDC
measurements, including phospholipid bicelles [452, 453], filamentous phage [454, 455],
n-alkyl-poly(ethylene glycol)/n-alkyl alcohol mixtures [456],

purple membrane

fragments [457, 458], acrylamide gel and paramagnetic metal ions (lanthanide binding
tag). Phospholipid bicelles, filamentous phage, n-alkyl-poly(ethylene glycol)/n-alkyl
alcohol mixtures and purple membrane fragments are all liquid-crystalline media.
Among these, bacteriophage and purple membranes induce alignment of biomolecules
via both electrostatic and steric interactions, whereas the other media only orient
molecules by steric interactions alone.

Filamentous bacteriophage is the most widely used liquid crystalline medium
and has also been applied in this study. Commonly used is Pf1, from Pseudomonas
aeruginosa, which forms long rods of 1960 nm in length and 6.7 nm in diameter. There
are 7000 copies of the helical coat protein arranged symmetrically on the surface [459],
which together with the shape, give the phage particle a large anisotropic magnetic
susceptibility.

This means they are able to align strongly in magnetic field and

hence induce anisotropic tumbling [460]. Phage particles are negatively charged at
physiological pH [461], and are thus suitable for aligning negatively charged proteins
and DNA/RNA molecules [462]. Magnetic alignment of Pf1 phage can be measured
from the 1D 2 H NMR spectrum, which show a splitting of the HOD deuterium signal
caused by the incomplete averaging of the deuterium quadrupolar interaction for
water molecules bound to the surface of the phage particle (Fig 3.2.26). The size of
the splitting is approximately proportional to the phage concentration between 10-60
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mg/ml [454, 461].
1.8.2.3.4

Methods to measure RDCs

The dipolar coupling Hamiltonian has the same form as the scalar coupling
Hamiltonian, which means it is not possible to selectively re-introduce evolution
under the dipolar coupling Hamiltonian without also re-introducing evolution under
the scalar coupling Hamiltonian. In other words, the dipolar coupling constants can
not be measured alone experimentally. However, the pure scalar coupling (J) can be
measured under isotropic conditions, in which the dipolar couplings (D) all average to
zero. Measurement under aligned conditions yields splittings that are then the sum of
the scalar and dipolar couplings. The dipolar coupling is then calculated by taking the
difference between the isotropic splittings (J coupling only) and the partially aligned
splittings (J + D) (Fig 1.8.3).

TROSY

HSQC

ppm

isotropic
aligned

115

(-13.9 Hz)

116

(-23.5 Hz)

δN
117

118

(J + D)/2 J/2

7.7

7.6

7.5

7.4

ppm

δH

Figure 1.8.3: RDC measurements
Overlay of isotropic (pale red and blue) and anisotropic (dark red and blue) 15 N HSQC
and TROSY spectra of uniformly 15 N-labelled E. coli ribosomes in order to illustrate how
RDCs are determined experimentally. The pure scalar coupling (J) is measured under
isotropic conditions and the sum of scalar and dipolar couplings (J + D) is measured
under aligned conditions. Taking the difference between the isotropic and the aligned
splitting yields the dipolar coupling (data taken from Dr Xiaolin Wang, PhD thesis).

The experimental approaches for measuring scalar coupling constants are wellestablished, and the same approaches can be used for measuring RDCs.

One

of the principal methods for measuring coupling constants is the frequency-based
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approach, where the splitting is extracted by measuring the chemical shift differences
of the multiplet components from the processed spectrum.

For proteins, RDCs

are commonly measured for the backbone, because the dynamics of the side-chains
introduce complications in the alignment tensor calculation. Several backbone RDCs
in the peptide plane can be measured, including N-HN , N-C’, HN -C’, C’-Cα , N-Cα
and HN -Cα couplings. In the work presented here, the most common and sensitive
to measure RDCs, the N-HN couplings have been measured using the HSQC/TROSY
approach. During these experiments the splitting for an amide site is extracted as twice
the

15 N

frequency difference between the

15 N

HSQC and the

15 N

TROSY-HSQC peaks.

For isolated proteins, the most common technique used for measuring J coupling and
dipolar coupling from simplified two-dimensional NMR spectra is the in-phase/antiphase (IPAP) approach [463]. However, previous RDC measurements carried out on the
70S ribosome (X.Wang, PhD thesis) established the HSQC/TROSY approach as the most
beneficial, a finding associated with the large MW of the ribosome.
1.8.2.3.5

RDCs of unfolded proteins

Traditionally, RDCs were recorded to refine existing structures of globular proteins.
However, with the discovered prevalence of disordered proteins and their importance
in human disease there was a growing need in detailed structural information available
on IDPs, not least for drug-discovery programs [464]. RDCs [452] report on time- and
ensemble-averaged conformations up to the millisecond time scale [465], which is ideal
in characterising both the structure and dynamics of unfolded proteins. For an accurate
description of an IDP’s structure and dynamics it is essential to adopt ensemblebased approaches [466] in addition to adequate computational techniques including
algorithms such as flexible-meccano [467], which have been created specifically
for the generation of conformational ensembles of IDPs [468, 469].

RDCs are an

excellent technique for probing structure propensity and conformational behaviour of
IDPs [470, 471] with a particular sensitivity for transient long-range interactions [472].

RDC values measured on isolated αSyn [327] were found to deviate significantly
from those predicted for an entirely random ensemble.

Agreement between the

Chapter 1. Introduction

64

simulated and measured RDCs was only improved when filtering the random ensemble
according to criteria based on the presence of long-range contacts between segments of
the polypeptide chain. The filtered ensemble generated by selecting preferentially for
conformers with a contact between the N-terminal (K6 - K10) and C-terminal (Y136 A140) segments gave a simulated RDC profile, which closely matched the measured
data [327].

1.9

Summary

In Chapter 2 a study of the αSyn RNC is presented, where the interaction with the
ribosome surface as well as the ribosome-bound chaperone TF has been investigated.
Chapter 3 explores these observed interactions in more detail by modifying the αSyn
RNC scaffold developed. Chapter 4 investigates the structure of the aggregation-prone
C-terminal domain of TDP-43, which has been shown to be involved in amyotrophic
lateral sclerosis, a common form of motor neurone disease. Future perspectives of
the projects described within this thesis are depicted in Chapter 5.

The materials

and methods used throughout this study are explained in Chapter 6. Supplementary
material has been deposited within the Appendix.

1.10

Design of the project

The rationale behind studying the eukaryotic protein αSyn within a prokaryotic (E.coli)
environment (70S ribosomes, TF) was based on the fact that αSyn is an extremely wellstudied protein in isolation for which a whole wealth of data and in particular NMR data
under various conditions exists. The study within this thesis build upon this knowledge
by attempting to address more complex questions in the context of protein biosynthesis
on the ribosome. αSyn served here as an ideal model protein to understand how an IDP
interacts with the biosynthesis and quality control machinery. Any PD-related questions
were not aimed to be answered within this context although the αSyn-RNC and its
disease-mediating mutants could potentially serve as a model to understand protein
misfolding on the ribosome in the future.

Chapter 2
Structural observations of the interaction of αsynuclein NCs with trigger factor and the ribosomal
surface
2.1

Introduction

There has been a long-standing interest in understanding how proteins acquire their
native conformations and avoid misfolding and aggregation, which can lead to some
of today’s most devastating diseases [53, 307] (Table 1.3). Our current knowledge of
the fundamental principles that drive protein folding has emerged from the pioneering
in vitro refolding experiments of chemically or thermally denatured full-length
proteins and theoretical calculations by Anfinsen and Levinthal [54, 55] (Section
1.2.1). Within living systems however, protein biosynthesis takes place at the peptidyl
transferase centre (PTC) of the ribosome, where peptide bond formation occurs,
generating a nascent polypeptide chain (NC) that subsequently emerges through the
exit tunnel [28, 32] (Section 1.2.2.1). This is a ∼100 Å passage through the 50S subunit,
accommodating ca. 30 NC residues in an extended conformation [29] (Fig 1.1.2 (b)
and Fig 1.2.5). The vectorial nature of the biosynthesis process, where the polypeptide
emerges at a rate of ∼20 amino acids per second in E. coli [93] results in the existence
of unfolded states potentially leaving hydrophobic regions more exposed to the cellular
environment and vulnerable to misfolding [52].

Upon emerging from the tunnel

NCs begin to explore their conformational landscape with about one-third of the E.
coli cytosolic proteins acquiring native-like structure co-translationally [95, 106, 141]
depending on their sequence as well as the translational speed [473]. Co-translational
folding could therefore serve as a basic strategy to assist NCs adopting their native fold
65
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and avoid misfolding and aggregation [105, 114, 123] (Section 1.5.1 and Fig 1.2.4).

To ensure the successful production of correctly folded and functionally active proteins,
the cell has evolved further mechanisms that regulate the folding pathways. Evidence
that the ribosome itself can modulate the folding process [139] was demonstrated by
mechanical unfolding measurements of T4 lysozyme NCs [134] that found unfolded
states were stabilised, tertiary contact formation was slowed down, and the misfolding
of truncated globular proteins that aggregated when free in solution was prevented.
Dynamic fluorescence depolarisation experiments revealed that protein dynamics were
significantly constrained for RNCs [136], particularly for positively charged NCs [137],
most likely due to interactions with the negatively charged ribosome surface, which was
reported to act as a protective environment from the crowded cellular milieu [137, 138]
(Section 1.2.2.1.1) This is further investigated in Chapter 3.

Co-translational folding processes within the cell can also be modulated by ribosomeassociated molecular chaperones [146, 161, 474] (Section 1.3). In E. coli, TF (Section
1.3.1) is the first chaperone encountered by emerging NCs, binding transiently in a 1:1
stoichiometry to the ribosome at its docking site on L23 [36, 197] to form a protective
cradle above the ribosomal exit tunnel (Fig 1.3.3). Here, TF can promote co-translational
folding efficiency in a diverse manner, shielding exposed hydrophobic protein
stretches [195, 202] and preventing premature folding [207, 208] as well as alternatively
unfolding pre-existing folds by destabilising their intermediate states [139]. TF binds
to non-translating ribosomes with a Kd of 1 µM [194], but the presence of NCs can
increase the affinity manifold depending on their amino acid sequence [188, 202]
and length [202, 204]. TF adopts a three-domain structure, including an N-terminal
ribosome-binding domain (RBD), the peptidyl-prolyl isomerase domain (PPD) and
the centrally located C-terminal substrate-binding domain (SBD) (Fig 1.3.2). A recent
solution NMR study of the non-ribosome bound TF interaction with unfolded PhoA [37]
identified four distinct substrate binding pockets of which three are located within the
SBD and one within the PPD (Fig 1.3.4 (a)). These determined interaction sites are
primarily composed of hydrophobic, non-polar and aromatic residues in agreement
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with previously reported substrate preferences [188, 195].

However, while the above and other studies have demonstrated that co-translational
folding is a fundamental mechanism within the cell, which can be modulated by the
ribosome and associated factors, the heterogeneous nature of NCs has meant that a
structural understanding of co-translational folding processes is a major experimental
challenge. In order to investigate homogeneously stalled RNCs, specific protein motifs
are introduced at the C-terminus of polypeptides, which are naturally known to
interact with the ribosomal exit tunnel such as the secretion monitor protein (SecM),
which induces transient translational arrest in E. coli regulating downstream gene
expression [45] (Section 1.8.2.1.3). Solution-state NMR observations of translationally
stalled RNCs are emerging as a key tool to study the dynamic process of cotranslational protein folding [140–143, 436, 440] despite the large molecular weight and
the low solubility of the ribosome (∼10 µM) as well as the limited lifetime of RNC
samples. While challenging, NMR uniquely allows the observation of structural and
dynamic details of the mobile and highly heterogeneous regions of the ribosome [424]
as well as the emerging NC, which are inaccessible to other structural techniques such
as X-ray crystallography and cryo-electron microscopy.

Complementary to direct experimental observations, computational approaches
have also been developed to perform detailed simulations of the complex processes
involved in co-translational folding. Molecular dynamics (MD) simulations have the
ability to reveal detailed dynamic and structural information on emerging NCs [122,125]
and their modulation by other cellular factors [475], as well as been able to probe the
influence of translational speed on co-translational structure acquisition [100]. The
major challenges to MD simulations, however, are the large size of the ribosome
(∼250.000 atoms, excluding solvent) and the long timescale of protein synthesis
and folding (on the order of seconds), which make all-atom calculations highly
computationally expensive [476]. In order to overcome these limitations, coarse-grained
methods have been developed and already successfully applied to study various
biomolecular systems [477] consisting of proteins, nucleic acids or lipids.

Such
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methods preserve the properties of the system while using a reduced representation
of biomolecules in order to significantly reduce the number of atoms involved in
the MD simulations. One example is the ’tube’ force field, where the polypeptide
chain is effectively represented as a thick tube, which is able to satisfy constraints on
shape and curvature while sampling a conformational space similar to that of all-atom
models of proteins [478, 479]. This approach helps to expand simulation-accessible
timescales towards enabling MD simulations of biologically relevant processes such as
co-translational folding on the protein synthesis machinery.

In this chapter, we present solution-state NMR observations of RNCs of the IDP
αSyn, a protein whose aggregation is associated with Parkinson’s disease and which
is intrinsically disordered in solution i.e. does not form a stable fold in the absence
of a specific partner. RNCs prepared by translational arrest using a SecM stalling
sequence are shown to be a powerful model for understanding the conformation and
interactions of a disordered polypeptide during synthesis, free from competing effects
of folding processes. We find that αSyn NCs have highly disordered conformations,
which interact weakly but site-specifically with both the ribosome surface and TF,
and we report structural models from coarse-grained MD simulations that provide
a basic structural understanding of these NMR observations.

Such insight to the

conformations sampled by a disordered protein such as αSyn during synthesis
complements information emerging from co-translational structure descriptions of
globular proteins and add to the structural details of αSyn that have been described
in isolation [228] and in-cell [480, 481], increasing our understanding of this important
protein.

2.2

Results & Discussion

2.2.1 αSyn RNC sample preparation
Translation-arrested αSyn RNCs were expressed as SecM fusion constructs (see Section
6.1.10.1 and for the expression protocol), allowing specific stalling of translation where
the C-terminal αSyn residue A140 is 23 residues away from the PTC (Fig 2.2.1
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The purification

(see Section 6.1.10.2 for the purification protocol) was adapted from our previous
method [141] including: a sucrose cushion to pellet ribosomal material, nickel affinity
chromatography to selectively enrich NC occupied ribosomes using the N-terminal H6 tag and purification tag removal using a TEV protease (Fig 2.2.1 (b)). After the TEV
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Figure 2.2.1: RNC construct and sample preparation
(a) The αSyn RNC construct. From the C-terminus at the PTC: the SecM motif (17
residues), the αSyn sequence (140 residues), the TEV cleavage site (7 residues) and
the hexa-histidine (H6 ) purification tag. (b) αSyn RNC purification optimised for the
removal of the N-terminal H6 purification tag using TEV protease. (c) Anti-SecM
western blot of 10 pmol samples (1 OD260 = 24 pmol 70S) collected prior and post TEV
cleavage. (d) Ribosome occupancy determination: anti-αSyn western blot including
10 pmol (70S concentration) of the RNC sample compared to αSyn protein standards.
(e) Anti-SecM western blot to specifically probe for the attachment of the NC to the
ribosome. Ribosome-bound αSyn NCs (lane 3) run at ∼40 kDa. Upon release of the
NC from the ribosome (or the addition of RNase) the band is downshifted to its original
MW (lane 2). Released αSyn runs at an apparent MW of ∼20 kDa. (f) Protein band
intensities of αSyn standards (in d) are plotted against their known concentrations (in
pmol). The corresponding calibration curve allows the estimation of NC concentration
of the RNC NMR sample.

cleavage reaction, a small band shift of ∼0.6 kDa can be observed (Fig 2.2.1 (c, lane 1 to
lane 2)). As a final purification step the RNC is loaded onto a 10 - 35% sucrose gradient
for ultracentrifugation. The gradient is fractionated and 70S-containing fractions (here
fraction 12-20, within red borders) were identified using absorbance measurements
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at 254 nm and protein silver staining of SDS-PAGE gel (Fig 2.2.1 (b)). Prior to NMR
spectroscopy the occupancy of the αSyn RNC samples is determined by comparing
western blot band intensities (for western blot methods see Section 6.1.12) of the RNC
sample with know protein standards of αSyn. Here, the estimated NC concentration is
about 7.8 pmol, which is equivalent to an occupancy of 78% (Fig 2.2.1 (d, f)).

1 H-15 N

SOFAST-HMQC [140, 141, 436, 442] spectra (Fig 2.2.4 (b)) were acquired

repeatedly (700 MHz, 277 K, with non-uniform weighted sampling (NUWS) sensitivity
enhancement [441], see Section 1.8.2.1.2 for more details about the NUWS method
and Section 6.3.2.3 for detailed NMR parameters), while the ribosome integrity and
attachment of the NC was monitored by a combination of biochemical analysis (Fig 2.2.1
(e) and Fig 2.2.2 (a, b)) and 15 N XSTE diffusion measurements [140–142, 439]
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Figure 2.2.2: Monitoring of RNC sample stability
(a) Anti-SecM western blot of the RNC sample during its NMR acquisition period.
The band at ∼40 kDa indicates the tRNA-bound RNC, confirming the attachment of
the NC to the ribosome during data acquisition [482]. (b) Band intensities of samples
loaded in (a) are plotted over time to estimate the extent of NC release over the course
of NMR data acquisition. The release within the first 72 h is seen to be minor and
fluctuates within the noise (area highlighted in yellow). (c) Typical 15 N-edited diffusion
NMR envelope at 5% (solid) and 95% (dashed) gradient strength for an attached
αSyn NC (magenta) and isolated αSyn (orange). (d) The integrated intensities of
the 15 N-edited 1D envelope over time (blue circles) and 15 N-stimulated echo diffusion
measurements [439] on the αSyn RNC at 5% (red squares) and 95% (green squares) of
the maximum gradient strength. Error bars indicate the standard error of the mean
derived from measurements of spectral noise. (e) Intensity ratio I 95% /I 5% of the αSyn
RNC during NMR data acquisition (average I 95% /I 5% = 0.82 ± 0.12 and D = 7.67 ± 5.56
x 10 −12 m2 s−1 ). The green line represents the intensity ratio measured for intact 70S
ribosomes (hydrodynamic radius rh = 12.6 nm [437] (Equation 1.2), diffusion coefficient
D = 1.1x10−11 m2 s−1 at 277 K in H2 O). The red line indicates the intensity ratio of
isolated αSyn (rh = 2.72 nm [228], D = 5x10−11 m2 s−1 at 277 in H2 O).
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(see Section 1.8.2.1.1 for details about diffusion experiments) interleaved at
approximately three-hour intervals (Fig 2.2.2 (c - e)). Both NMR diffusion measurements
(Fig 2.2.2 (d, e)) and immunoassays (Fig 2.2.2 (a, b)) showed sample stabilities of
approximately 72 h with the measured diffusion coefficient corresponding to ribosomeattached NCs (D = 7.67 ± 5.56x10−12 m2 s−1 ) and the appropriate mass (∼40 kDa) of
the tRNA-bound form [482] of αSyn detectable (Fig 2.2.1 (e, lane 3)). NMR data beyond
72 h were recorded to monitor the process of release but these data were disregarded
as the extent of release made these NMR data unreliable for quantitative peak intensity
analyses. Some ribosomal L7/L12 resonances [424] could also be observed in the RNC
2D spectrum (Fig 2.2.4 (b), labeled with R). By comparison of 15 N-edited and 15 N-filtered
1H

1D spectra the extent of ribosomal background

15 N-labelling

was determined to

be less than 5% (Fig 2.2.3 (a) and see Section 6.3.2.1 for details of the NMR labelling
experiments). For comparison, NMR spectra of isolated αSyn, as well as αSyn in the
presence of equimolar 70S ribosomes, were acquired under identical conditions (Fig 2.2.4
(c, d) and Fig 2.2.3 (b)).
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Figure 2.2.3: NMR control experiments of 70S ribosomes and isolated αSyn
For comparison, control experiments were recorded under the same conditions as the
αSyn RNC sample at 277 K in Tico buffer at pH 7.0. (a) 1 H-15 N SOFAST-HMQC
spectrum of the αSyn RNC in magenta overlayed with the 1 H-15 N SOFAST-HMQC
spectrum of 15 N-labelled 70S ribosomes (dark grey). The ribosome spectrum was
recorded to identify potential ribosomal peaks in the αSyn RNC spectrum that would
originate from background labelling during NC expression. (b) 1 H-15 N SOFAST HMQC
spectrum of isolated αSyn with complete backbone assignment. Boxed area in (b)
expanded for clarification.
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2.2.2 αSyn remains disordered when stalled during synthesis on the
ribosome
The αSyn RNC spectrum (Fig 2.2.4 (b)) has a narrow amide proton chemical shift
dispersion (8-8.8 ppm) characteristic of a disordered polypeptide chain (see also
introductory Section 1.4 on IDPs). The spectrum overlaid closely with that of isolated
αSyn in the presence of equimolar 70S ribosomes (Fig 2.2.4 (d)) with chemical shift
differences being uniformly small (∆δNH < 0.05 ppm, Fig 2.2.4 (e)), indicating that the
NC samples a very similar range of disordered state conformations compared to the
isolated protein. This allowed the transfer of cross-peak assignments onto the RNC
spectrum where, of an expected 135 non-proline αSyn resonances, 63 peaks from M5
to D135 could be resolved to an extent sufficient for intensity analysis. The remaining
cross-peaks were severely overlapped and had to be excluded from any further detailed
analysis. Within the RNC spectrum, the closest residue to the ribosome that could be
detected was D135 (Fig 2.2.4 (b), highlighted in bold), which is positioned 28 amino
acids from the PTC. The observation indicates that the NC acquires significant mobility
even near the opening of the exit tunnel, which encloses ca. 30 residues in an extended
conformation [29].

2.2.3

Resonance broadening indicates interactions of αSyn with the
ribosomal surface

In contrast to the minimal chemical shift perturbations observed in the NC, large
reductions in cross-peak intensity of NC resonances were observed relative to isolated
αSyn in the presence of ribosomes (Fig 2.2.4 (d)). These measurements provide a
sensitive probe of changes in NC dynamics, due to the gain in mobility upon emergence
from the exit tunnel, and due to reductions in mobility arising from interactions with
the ribosomal surface. We found that RNC cross-peak intensities were reduced by at
least 87% relative to isolated αSyn in the presence of equimolar 70S ribosomes, with
substantial variation across the sequence (Fig 2.2.5 (a)). From the highly broadened Cterminal resonances increases in intensity were observed from D135 to E104 indicating
increases in mobility as the NC continues to emerge from the exit tunnel. However,
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Figure 2.2.4: NMR characterisation of the αSyn RNC
(a) The αSyn RNC construct post H6 -tag removal by TEV including the remaining three
residues from the TEV cleavage site (orange). (b) 1 H-15 N SOFAST-HMQC spectrum
of the αSyn RNC including confidently assigned peaks. (c) Overlay of the 1 H-15 N
SOFAST-HMQC spectra of isolated αSyn in the presence (dark grey) and absence
(orange) of 70S ribosomes. (d) Overlay of αSyn RNC spectrum (b) and the αSyn+70S
spectrum from (c) in a 1:10 (αSyn+70S:RNC) scaling. (e) ∆NH chemical shift changes
between the isolated αSyn protein and the αSyn RNC. Chemical shifts that could be
measured but equal zero are indicated as green boxes.
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close to the N-terminus, intensities were once more strongly reduced. In particular,
the resonances corresponding to M5, L8 and S9 were broadened beyond detection,
as were resonances for residues V37 to V40. By comparison, smaller reductions (6070%) in intensity were observed for N-terminal resonances of isolated αSyn in the
presence of 70S ribosomes, with no perturbations observed in the C-terminal region
(Fig 2.2.5 (b)).

Strikingly, the regions of resonance broadening in the N-terminus

are comparable to the αSyn RNC, suggesting similar modes of interaction with the
ribosomal surface, although substantially weaker in the absence of tethering effects.
The observed resonance broadening in the N-terminus of αSyn in the presence of 70S
ribosomes could be significantly increased if the TEV cleavage step was omitted and the
N-terminal H6 purification tag remained fused to the αSyn protein (Fig 2.2.5 (b)).
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Figure 2.2.5: Resonance broadening indicates NC - ribosome interactions
(a) Relative cross-peak intensities across the αSyn protein sequence between the αSyn
RNC and isolated αSyn+70S. The intensities of cross-peaks within the αSyn RNC
spectrum that were broadened beyond detection but isolated in position were set to
zero and are depicted as filled circles. Error bars represent the standard error of the
mean derived from the noise level within the spectrum. The area shaded in grey depicts
the ribosomal exit tunnel. (b) Relative cross-peak intensities between αSyn (grey) and
H6 -αSyn (blue) in the presence and absence of 70S ribosomes.
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linewidth

analysis
To further understand the dynamics of the NC, 1 H linewidths of the RNC and isolated
αSyn were compared. 31 RNC resonances from V48 to A124 and 47 isolated αSyn
resonances from M5 to D135 were sufficiently well resolved to be fitted to Lorentzian
lineshapes (Fig 2.2.6 (a) and Section 6.5) to determine their effective 1 H transverse
relaxation rates, R2 (Fig 2.2.6 (c)). Since 3 JHNH A couplings were not resolved, we note
that these relaxation rates are expected to contain an additional contribution of ca. 20-30
s−1 (6-10 Hz). RNC resonances were found to have significantly larger 1 H linewidths
compared with equivalent residues in isolated αSyn, with an increase in the mean (±
s.d.) relaxation rate from 37 ± 7 s−1 for the isolated protein to 109 ± 38 s−1 in the RNC
(Fig 2.2.6 (b)).
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Figure 2.2.6: 1 H linewidth analysis of an αSyn RNC
(a) 1 H cross-sections through 1 H-15 N SOFAST-HMQC spectra (δN 113.15 ppm, Fig 2.2.4
(b, dashed line)) of isolated αSyn (top) and an αSyn RNC (bottom). Spectra were
processed with 12 Hz exponential apodization and fitted to a sum of Lorentzians (solid
lines) to estimate 1 H R2 relaxation rates, as indicated. (b) Distribution of R2 values
obtained from lineshape fitting for 34 residues in isolated αSyn (orange) and 31 residues
in the αSyn RNC (magenta) from V48 to A124. (c) Transverse relaxation rate (R2 )
determined for αSyn bound to the ribosome (magenta) and αSyn in isolation (orange).
R2 values were resolved by fitting the NMR resonances to Lorentzian lineshapes.
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For comparison, we estimated the relaxation rates that might be expected for an RNC in
rigid association with the ribosome (undertaken with significant help from Dr Chris
Waudby, UCL; see also Section 6.5 for methods).

1 H-1 H

dipolar interactions were

calculated from an ensemble model of the αSyn RNC (Equation 2.1), based on a
ribosome rotational correlation time, τc , of 3.9 µs at 277 K [483] and generalised S2 order
parameters for the internuclear vectors of 1, revealing rigid ’bound state’ relaxation rates
of 16100 ± 4400 s−1 (Fig 2.2.7 (a)). Due to the r −6 dependence of dipolar interactions, this
result did not vary significantly if ribosomal protons were excluded from the analysis
(Fig 2.2.7 (a)), indicating that the majority of dipolar interactions occur within the NC
itself, and that the primary effect of the ribosome on linewidths occurs by restriction of
the NC mobility.
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Figure 2.2.7: Resonance broadening indicates NC - ribosome interactions
(a) 1 H amide linewidths calculated for a rigid ribosome-associated state by analysis of
1 H-1 H dipolar interactions in an ensemble of all-atom models of αSyn RNCs (Equation
6.6, τc 3.9 µs at 277 K). Calculations are shown including all atoms (magenta), and
αSyn atoms only (orange). (b) Estimation of ribosome-bound populations of αSyn
RNC using measured linewidths of free αSyn (Fig 2.2.6 (b)) and calculated bound-state
linewidths (Fig 2.2.7 (a)), R2,obs = R2, f ree + pbound S2 R2,rigid (black dashed line). The red
line and shaded area shows the mean ± s.d. of linewidths measured for the αSyn RNC
(residues 48 to 124), and the associated bound-state population.

Provided that RNC resonances are in fast exchange between their free and ribosomeassociated states, observed relaxation rates are a population weighted average [143],

R2,obs = R2, f ree + pbound ( R2,bound − R2, f ree ) ≈ R2, f ree + pbound S2 R2,rigid

(2.1)

where the introduction of the order parameter S2 reflects the possibility that the bound
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state has a partially disordered character (Fig 2.2.8). Therefore, given the observed
linewidths for the RNC and isolated αSyn (Fig 2.2.6 (b)) between residues V48 and
A124 (αSyn48-124 ), we can calculate the extent of binding of this NC segment to the
ribosomal surface, pbound S2 = 0.0045 ± 0.0024 (Fig 2.2.7 (b)). Strikingly, despite the
ca. 90% reductions in peak intensity that we observe (Fig 2.2.5 (a)), these calculations
indicate that αSyn48-124 adopts a rigid ’bound state’ with a population of less than 1%,
suggesting a weak and transient nature for these interactions. However, interactions
with unobservable and fully broadened resonances may be considerably stronger.

i

pbound = bound NC population
i
i

1-pbound

1-Si2
locally flexible

Si2
locally rigid

Figure 2.2.8: Schematic representation of the NC in free and ribosome-associated
states
Schematic, describing the exchange of the NC between free and ribosome-associated
states. The globally bound state consists of a population-weighted average of a locally
flexible state, where residue i is flexible but tethered near by, and a locally rigid state
with residue i being in direct contact with the ribosome surface.

2.2.5

NMR footprinting of trigger factor-NC interactions

In order to examine the impact of a ribosome-associated chaperone on the structure
and dynamics of the αSyn NC, [2 H,

13 CH

3 -ILV]-labeled

TF was titrated into a

15 N-

labeled αSyn RNC sample (see Section 6.1.8.3 for the TF purification protocol). The αSyn
RNC has been shown to be a weak TF substrate with affinities similar to unoccupied
ribosomes [193, 203]. The use of a weak TF interactor is highly advantageous in this
study, since it allows a mapping of residue specific details of a NC-TF interaction. Upon
addition of one molar equivalent of TF (with respect to the 6.5 µM 70S concentration;
NC concentration was 4 ± 0.4 µM) only small changes in amide chemical shifts were
observed in the 2D correlation spectrum (∆δNH < 0.06 ppm, Fig 2.2.9 (a, e)) indicating
that the NC samples a similar range of conformations as in the absence of TF. However,
we observed large (up to 70%) non-uniform reductions in cross-peak intensities (Fig 2.2.9
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(b)), which were used to create a footprint of the TF-NC interaction site. The intensities
of residues K21 to G111 in the RNC spectrum were reduced to
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Figure 2.2.9: NMR footprinting of the trigger factor nascent-chain interaction
(a) 1 H-15 N SOFAST-HMQC spectrum of the αSyn RNC+TF (light blue) overlaid with
the spectrum of the αSyn RNC in the absence of TF (magenta). (b) Relative crosspeak intensities of the αSyn RNC in the presence and absence of TF across the αSyn
protein sequence (light blue circles). (c) The normalised integral of the 15 N-edited
1D envelopes of αSyn RNC (light blue circles) and of 70S ribosomes (grey circles)
with increasing TF concentrations (Section 6.1.8.3). (d) Normalised integral of the
13 C-edited 1D envelope of increasing TF concentrations in the presence of αSyn RNC
(6.5 µM ribosome concentration, blue circles) and of 70S ribosomes (5 µM ribosome
concentration, grey circles) relative to isolated TF. For the latter, the 13 C-edited 1D
envelope of isolated TF at 10 µM was used and scaled linearly to 5 µM and 6.5 µM. The
effect of the variation in monomer/dimer equilibrium on isolated TF signal intensities
across this concentration range was ignored in this panel. Error bars represent the
standard error of the mean derived from the noise level within the spectrum (Section
6.1.8.3). (e) ∆δNH chemical shift changes between the αSyn RNC in the presence and
absence of TF. Chemical shifts that could be measured but equal zero are indicated as
magenta boxes.

30 ± 8% (mean ± s.d.) of those in the absence of TF while in the C-terminal region,
residues D119 to D135 were less strongly perturbed, with relative intensities of 88 ±
12% (Fig 2.2.9 (b)). No effect closer to the N-terminus could be determined, as these
resonances were already broadened beyond detection in the absence of TF (Fig 2.2.5
(a)). The addition of higher TF concentrations caused no further intensity changes in
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the RNC spectrum (Fig 2.2.9 (c)). From the TF perspective, [2 H,

13 CH -ILV]-TF
3

79

NMR

signal intensities displayed large reductions in the presence of 70S ribosomes (∼6-fold
reduction relative to isolated TF, Fig 2.2.10 (b)), but little additional broadening was
observed in the presence of a NC (Fig 2.2.9 (d)), a finding that concurs with previous
fluorescence observations [203].

By comparison, only very small intensity changes (< 5%) mapping to the N-terminus
of αSyn were observed in the spectrum of isolated αSyn (5 µM) upon addition of one
molar equivalent of TF (Fig 2.2.10 (a)). These N-terminal interactions were enhanced,
with observed resonance broadenings down to 45% of their intensity in the absence
of TF, when the concentration of both TF and αSyn were raised to 100 µM, or in the
presence of 70S ribosomes (∼20% broadening) (Fig 2.2.10 (a)).

These observations

indicate that while αSyn is indeed a weak TF substrate, a propensity to interact exists in
the absence of the ribosome. During translation of the αSyn sequence on the ribosome,
the co-localisation of both proteins may result in an enhancement of these pre-existing
interactions.

a

Amphipathic region

NAC

b

Acidic tail

1

I/I0

0.8
0.6

αSyn/TF (5 �M)
αSyn/TF (100 �M)

0.4
0.2
0

αSyn/70S/TF (5 �M)
0

20

40

60
80
Residue

100

120

140

1

0
1
2
H chemical shift/ppm

Figure 2.2.10: Peak intensity perturbations of isolated αSyn and the αSyn RNC upon
addition of TF
(a) Cross-peak intensities of isolated αSyn in the presence of both 70S ribosomes
and TF relative to αSyn in the presence of just ribosomes (grey circles), αSyn+TF
relative to isolated αSyn at 5 µM (green circles) and 100 µM (orange circles) equivalent
concentrations. (b) 13 C-edited 1D envelopes of 10 µM TF (green), in the presence of the
αSyn RNC (blue) and the presence of 70S ribosomes (grey).
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Structural modeling of the αSyn RNC

Coarse-grained MD simulations of the αSyn RNC were used to develop a model with
which to explore the structure and dynamics of the αSyn NC and to investigate potential
sources of the NMR signal broadenings observed (undertaken in close collaboration
with Dr Tomek Wlodarski, UCL; see Section 6.4 for details of the structural modelling).
Here, we have used the coarse-grained CamTube force field [484], which is based
on the tube approach mentioned above increasing the efficiency of sampling protein
conformations relative to all atom simulations, making it particularly effective for the
study of large and dynamic systems such as RNCs. Starting structures were constructed
based on cryo-EM observations of SecM-stalled translating ribosomes, which showed
the 17 residue SecM stalling sequence to have an extended conformation within the
exit tunnel [48]. We found that the first NC residue to emerge into the exit vestibule
was D135 (78 Å from the PTC), 28 residues from the PTC, which coincides with the
detection of NC resonances and the subsequent increase in intensity from D135 to E104
(Fig 2.2.11 (a)). To estimate the rotational mobility of each residue within the NC, the
MD simulations were used to calculate amide S2 order parameters, where a value of 1
describes rigid residues, restricted in mobility and a value of 0 describes fully flexible
residues. We find that the observed increase in NMR intensities from D135 to E104
(Fig 2.2.5 (a)) is associated with a two order-of-magnitude decrease in the calculated
amide S2 order parameters (Fig 2.2.11 (c)), as well as a large increase in mobility as
described by the Cα RMSF (Fig 2.2.11 (d)). Both parameters indicate a continuous gain
of mobility for all residues further removed from the PTC (from N103 to M1) whereas
the NMR data indicated reduced peak intensities for residues around T92 and the
N-terminus (M1 to M40). The discrepancy results from the fact that the simulations
were run without any interactions (apart from steric interactions) to produce an inert
reference ensemble, suggesting that the perturbations in NMR peak intensity are based
on electrostatic or hydrophobic effects.

The simulations of the αSyn RNC were repeated in the presence of TF, which was
docked onto the structural model based on a cryo-electron microscopy reconstruction
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of a ribosome-TF complex [35] using the atomic structure of TF [36, 37]. The initial
starting conformation of the αSyn NC was based on the NMR solution structure of TF
in complex with the disordered state of alkaline phosphatase (PhoA) [37] (Fig 2.2.11
(b)). Residues K21 to G111 are seen to experience the strongest reduction in resonance
intensities (∼70%) and are able to contact the TF cradle for which distinct binding sites
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Figure 2.2.11: Structural modeling of the αSyn RNC in the presence and absence of
TF
Initial structures for the simulations were obtained from an atomic model of the SecMstalled 70S ribosome derived from flexible fitting [33] to cryo-electron microscopy
data [48]. (a) Cross-section of the αSyn RNC complex. The nascent polypeptide is
shown as a blue trace, ribosomal proteins are represented in beige, while ribosomal
RNA is shown in grey. Residues giving NMR cross-peak intensities that could be
measured are represented on the NC as van der Waals spheres with a magenta (weak
cross-peaks) to cyan (intense cross-peaks) colour gradient to indicate the dynamics
of the NC. (b) Model of the αSyn RNC together with a bound TF monomer (light
green). The substrate binding pockets identified in [37] are highlighted in dark green;
the initial conformation for the simulations was built based on structural information
about TF-substrate interactions from [37]. For representation purposes the NC has been
truncated from the N-terminus to G31. (c) Residue-specific amide S2 order parameters
calculated from the derived αSyn RNC trajectory in the absence (blue) and presence
(red) of TF. (d) Cα root mean square fluctuations (RMSF) of the αSyn RNC calculated
across cumulating time intervals in 10 ns steps (240 intervals cumulating from 10 ns to
2400 ns) of the obtained trajectory in the presence (red) and absence of TF (blue).

have been identified in its non-ribosome bound conformation [37] (Fig 1.3.4 (a)).

Chapter 2. Interactions of the αSyn NC with the ribosomal surface and TF

82

Residues at the C-terminus (D119-D135), which are only marginally broadened (∼12%)
are not within reach of the TF cradle. The observed perturbation of peak intensities
at the N-terminus and the central NAC region is associated with a restriction in
translational mobility, where Cα RMSF values are lower in the presence of TF (Fig 2.2.11
(d)), but with complete rotational freedom of the NH-bond vector of this region as
described by S2 (Fig 2.2.11 (c)). Interestingly, from the PTC, variation between Cα
RMSF values and S2 order parameters in the absence and presence of TF are observed
from residues around Y125, which is earlier than the observed perturbations in NMR
signal intensity, which can be detected from residue G111 (Fig 2.2.9 (b)). This suggests
that while a restriction in mobility can be experienced from residues as early as Y125,
interactions of the NC and TF appear to only occur once residues can start to reach the
TF cradle (Fig 2.2.11 (d)).

Using the simulated RNC ensemble structures we were able to identify ribosomal
proteins that are accessible to the NC, and also to determine changes in surface
availability experienced upon TF binding. Fig 2.2.12 (a) illustrates the accessibility of
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Figure 2.2.12: αSyn NC interaction sites on the ribosomal surface
(a) Surface of the ribosome coloured according to the minimum distance (in Å) between
the ribosome surface and the αSyn polypeptide chain across the obtained trajectory (see
Section 6.4 for details). The position of the ribosomal exit tunnel has been marked by
a green star. (b) Surface of the ribosome in the presence of TF coloured according to
the minimum distance (in Å) between the surface of the ribosome-TF complex and the
αSyn polypeptide chain across the obtained trajectory. The TF chain is shown in MSMS
representation. (c) Difference in ribosomal surface accessibility, when subtracting the
minimum distance maps in the presence from the absence of TF. Regions in blue become
less accessible or even sterically restricted when TF binds to the ribosome whereas
regions in red represent parts of the ribosome surface, which are more often visited by
the NC due to the steric restrictions imposed by TF on other part of the ribosome
surface. (d) Ribosomal proteins located near the exit tunnel, which become more
accessible: L4 and L28 as well as parts of L9 and L24 (enclosed by the red dotted line)
or inaccessible: L3, L17, L19, L22 and L32 (blue dotted line) to the NC upon binding of
TF. L3 and L19 are not shown in the structure, as there was no single orientation of the
ribosome where all ribosomal proteins could be depicted at once.
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the ribosomal surface for the NC, which was calculated as the minimal contact distance
between the backbone atoms of the NC and atoms of the ribosomal surface. Regions
close to the exit tunnel, which are within 10 Å of the NC (shown in red), can be
contacted, including the ribosomal proteins L17, L22 and L32, which are important
binding sites for protein biogenesis factors [41,42] such as peptide deformylase (PDF) or
methionine aminopeptidase (MAP), as well as L23, L24, L29, L32 and ribosomal RNA.
Upon binding of TF, the NC forms additional contacts with the TF molecule but other
parts of the ribosomal surface become sterically restricted (Fig 2.2.12 (b)). Fig 2.2.12
(c) indicates the changes of NC surface accessibility in the presence and absence of TF
(between Fig 2.2.12 (a) and Fig 2.2.12 (b)). Here regions depicted in blue, which are the
ribosomal proteins L3, L17, L19, L22 and L32 have become inaccessible upon binding of
TF but as a consequence other regions illustrated in red, which include L4 and L28 as
well as parts of L9 and L24 are sampled more often by the NC (Fig 2.2.12 (d)).

2.3

Conclusion

We have used high-resolution solution-state NMR spectroscopy in combination with
coarse-grained MD simulations to characterise the structure, dynamics and interactions
of αSyn during biosynthesis on the ribosome.

This study represents an advance

in the use of NMR spectroscopy to study MDa-scale molecular machines and in
particular 70S ribosomes, which are commonly associated with rapid transverse
relaxation, crowded spectra, low concentration and confined sample stability [440]
(Section 1.8.2.1). The limited solubility of the ribosome, together with the observed
line broadening resulted in exceptionally low effective signal intensities, equivalent
to concentrations of just 50-100 nM. A combination of methodological advances, in
particular the use of longitudinal relaxation optimised pulse sequences [442] and
non-uniform weighted sampling [441], was therefore essential to enable quantitative
measurements of such samples (see Section 1.8.2.1.2 for details of the NUWS method).
Careful control of growth conditions [141] enabled the highly selective labelling of
the NC only (Fig 2.2.1 (b)), greatly reducing the overlap of NC resonances with
ribosomal L7/L12 background [424]. However, equally important was the combination
of biochemical [482] and non-invasive spectroscopic assays [439] (see Section 1.8.2.1.1
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for details about diffusion experiments) of NC attachment and sample integrity, to
ensure that observed NMR signals were attributable to intact NC resonances (Fig 2.2.1
(e) and Fig 2.2.2 (c)).

Previous structural studies of RNCs have focused almost exclusively on examining
folding competent proteins such as an Ig domain [140–142], SH3 [143] and
barnase [125, 436], with little explored on the biosynthesis of IDPs investigating
the ’true’ unfolded state such as when polypeptides just emerge from the ribosomal
tunnel. In contrast to the folded states of RNCs, which correspond to deep minima in
free energy landscapes, IDPs have weakly funnelled energy landscapes [485] that are
highly sensitive to perturbations that result, for example, from mutations [486, 487],
posttranslational modifications [488] or from the intracellular environment [328,329,481].
NMR chemical shifts are highly sensitive probes of protein structure, and changes in
amide or other backbone chemical shifts are symptomatic of the formation of folded
or tertiary structure and the creation of intermolecular contacts, as well as more subtle
perturbations to residual structure in ensembles of disordered or unfolded states [489].
Yet, we found αSyn amide chemical shift perturbations resulting from ribosomal
attachment, or from the presence of TF, were extremely small (Fig 2.2.4 (e) and Fig 2.2.9
(e)). The absence of changes in amide chemical shift for the αSyn RNC indicates that
the ribosome does not strongly perturb the conformational space explored by the NC,
which remains in a disordered conformation very similar to that observed for the
isolated protein.

In contrast to the chemical shifts, resonance intensities in spectra of the RNC were
greatly reduced relative to isolated αSyn (Fig 2.2.4 (b) and Fig 2.2.5 (a)). The tethered
motion of the NC inevitably reduces the sensitivity of NMR measurements, given the
thousand-fold difference in the effective rotational correlation times of the ribosome and
isolated αSyn. Residues gain independent mobility as they are progressively removed
from the PTC and emerge from the ribosomal exit tunnel. In our experiments the first
residue from the PTC to be detected by NMR was D135, with a progressive increase
in resonance intensities to E104 (Fig 2.2.5 (a)). Structural modelling indicated that this
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region correlates with the emergence of the nascent polypeptide from the ribosomal
tunnel into the exit port (Fig 2.2.11 (a)). As D135 is positioned only 28 amino acids from
the PTC, the detection of this resonance demonstrates the possibility of structurally
dissecting the behaviour of emerging NCs that are close to and potentially even within
the exit vestibule. Further from the PTC, from residues E104 to M5, modelling indicates
that the mobility of each residue continues to increase (Fig 2.2.11 (c, d)). We observe,
however, that resonance intensities in the RNC spectrum were significantly reduced
relative to isolated αSyn in the presence of ribosomes. In particular, resonances in
the N-terminal region, encompassing M5-S9 and V37-V40, were broadened beyond
detection (Fig 2.2.5 (a)), indicating the existence of interactions between the NC and
the ribosome surface.

Strikingly, the pattern of line broadening observed in the

N-terminal region of the RNC is similar to that observed for isolated αSyn in the
presence of ribosomes (Fig 2.2.5 (b)), suggesting a similar mode of interaction, although
substantially weaker in the absence of tethering to the ribosome. Such interactions have
previously been observed by NMR for Ig2 [140] and SH3 [143] RNCs, by fluorescence
methods for the IDP PIR [137], and by optical force spectroscopy for the folding of
T4 lysozyme [134]. In the latter two cases, interactions were driven at least partially
by the high negative charge density of the ribosomal surface, and modulation of the
electrostatic environment by ionic strength or differently charged variants was shown
to perturb the binding equilibrium [134, 137]. Here, the particular advantage of NMR
spectroscopy is the ability to unravel sequence determinants of these interactions, which
permitted the precise identification of αSyn residues involved in the interaction with
the ribosome surface by means of the distinct patterns of broadening. The net positive
charge of the N-terminus, including residues M5-S9 appears to induce interactions due
to charge attraction (as also observed for H6 -αSyn constructs (Fig 2.2.5 (b))) and in case
of V37-V40, interactions may additionally be based on hydrophobicity.

NMR intensity analysis provides a sensitive and high-resolution structural probe
of ribosome surface interactions, but the interpretation of the observed intensities is
only semi-quantitative. Therefore, we also analysed proton linewidths for 31 residues
between V48 and A124 as a more quantitative though less sensitive measure of binding
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(Fig 2.2.6, see Section 6.5 for methods). Although in principle each resonance could
be analysed individually, given the low signal-to-noise ratio in the RNC spectrum
and the risk of systematic errors arising from unresolved background resonances,
to avoid over-interpretation we have only considered the average behaviour of this
region as a whole.

Rigid ’bound-state’ relaxation rates were calculated from an

ensemble model of the RNC in which the correlation time of the NC was set equal
to that of the core ribosome particle (Fig 2.2.7 (a)). While this ensemble does not
explicitly include ribosome-bound conformations, we found that even within the exit
tunnel dipolar interactions with the ribosome itself only contributed weakly to the
calculated relaxation rates (Fig 2.2.7 (a)), and instead the greatest contributions arose
within the NC. Therefore, the precise structure of the bound-state is not expected to
strongly influence the associated relaxation rate, and it is on this basis that we have
determined a bound-state population pbound S2 = 0.45 ± 0.25% (Fig 2.2.7 (b)). In analogy
to NMR observations of the interaction of disordered proteins with amyloid fibrils and
molecular chaperones [490, 491], it seems likely that this represents an ensemble of
interconverting states in which pbound , the total fraction of this NC segment (V48-A124)
in association with the surface at a given instant, is substantially greater than 0.45%,
but that particular residues within the segment may be more or less strongly ordered
and associated with the ribosome surface (Fig 2.2.8). While the interaction described
for this particular region within the αSyn NC is rather weak, residues that were
unobservable by NMR (M5-S9 and V37-V40) are most likely interacting significantly
stronger with the ribosome surface potentially to a similar strength as the IDP PIR for
which the ribosome-bound fraction was estimated to be ca. 90%. The data suggests
that the αSyn NC can occupy conformations close to the ribosome surface, which in
case of a disordered chain could be a protective mechanism until the entire sequence
is available [139] shielding it from the cellular environment and therefore guarding
against co-translational misfolding.

Finally, we have reported the first NMR observations with residue-specific detail
of the interaction of the ribosome-associated molecular chaperone TF with a NC. In
isolation, TF induces very weak broadening (< 5%) of N-terminal αSyn residues, which
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is substantially enhanced when ribosomes are present (∼20%) or at higher TF/αSyn
concentrations (∼55%) (Fig 2.2.10 (a)). The strongest broadening for the αSyn RNC
in the presence of TF (∼70%) is observed in the net positively charged N-terminal
region as well as in the hydrophobic NAC region (K21-G111), consistent with previous
characterisations of the nature of TF-NC interactions [37, 188, 195, 202], potentially
aiding the biosynthesis of αSyn, resulting in a reduction of exposure of the N-terminus
as well as the aggregation prone NAC [492] region. Marginal broadening (∼12%)
suggesting insignificant to no interactions with TF was observed for the negatively
charged C-terminal residues from D119 to D135 (Fig 2.2.9 (b)). This region is between
44 to 28 amino acids away from the PTC and our structural models suggest that they
are not in reach of the TF cradle (Fig 2.2.11 (b)). The NMR footprinting results indicated
52 residues to be necessary to initiate an interaction with TF with G111 being the first
residue to be perturbed in intensity. Cross-linking studies [35] as well as theoretical
calculations based on the crystal structure of ribosome-bound TF [36] have found similar
minimum lengths to be necessary for NC-TF contact formation (47 or 43 respectively).
The results presented here provide a residue-specific, structural description of these
previously reported findings, which suggest that the NC length outside the ribosomal
tunnel needs to be at least around 50 residues in length to initiate an interaction with TF.

In addition, while the signal-to-noise ratio was not sufficient to carry out a linewidth
analysis of αSyn resonances in the presence of TF, the intensity changes were similar
to those originally observed in the NC relative to the isolated protein (Fig 2.2.5 (a))
suggesting that there may be a comparable population of chaperone-bound NCs (pbound

≤ 0.45%). In this instance therefore, TF does not appear to strongly influence the
conformational freedom of the αSyn NC, a conclusion consistent with observations
of photo-crosslinking adducts, which showed the αSyn NC and TF to be in close
proximity, while no protection against proteinase K digestion was provided [193].

In summary, this study begins to describe structurally and dynamically the behaviour
of the intrinsically disordered protein αSyn during biosynthesis on the E. coli ribosome.
This model system provides a complementary and simplified view of the NC, free from
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competition with co-translational folding processes occurring during the emergence
of globular proteins. We found that the disordered structural ensemble of αSyn is
not strongly perturbed when tethered to the ribosome, but given the sensitivity of
NMR spectroscopy linewidth and intensity measurements we were able to identify
and characterise very weak interactions between the NC and the ribosomal surface.
This approach allowed the identification of specific residues within the NC sequence
interacting with ribosomal proteins near the exit tunnel due to either charge or
hydrophobic attraction. Furthermore αSyn, which is known to be a weak TF substrate,
presented the ideal model to probe for residue-specific footprints of the interaction
between the NC and this chaperone. Here, we could show that TF interacts mainly with
the first ∼110 αSyn residues, including the positively charged N-terminus as well as
the hydrophobic NAC region with the negatively charged C-terminus remaining only
marginally perturbed. This study shows that even weak TF substrates are affected by
the presence of the chaperone indicating its involvement in supporting general protein
biosynthesis in E. coli.

It is increasingly apparent that the ribosome harbours a more prominent role in
the translation process than simply decoding the mRNA sequence, acting as a hub for
chaperones and other auxiliary factors [41, 42] as well as having a direct chaperoning
activity itself [134, 137, 139] but structural studies of these large dynamic systems
remain extremely challenging. The αSyn RNC that we have reported here represents an
excellent scaffold on which future investigations can build to explore mechanisms and
sequence determinants of ribosome and chaperone activity.

Chapter 3
Characterising ribosome and chaperone interactions
during biosynthesis by NC charge and length
alterations
3.1

Introduction

It is well-accepted that protein biosynthesis is carried out by the ribosome. Its function
was thereby originally thought to be limited to its catalytic core, the PTC, where
RNA sequences are decoded [26] and peptide bonds are formed [27].

Increasing

evidence is emerging, however, that the ribosome is central to integrating quality
control processes [41, 42] as well as modulating co-translational folding [134, 137], two
important processes in which the ribosomal surface has been implicated to play a
promintent role.

The ribosome has a highly negative electrostatic potential originating predominantly
from the phosphodiester backbone of the three ribosomal RNA (rRNA) molecules (16S,
5S and 23S) that constitute about two-thirds of the ribosomal mass [493] (Fig 3.1.1 (a)).
This high negative charge (Fig 3.1.1 (b), ca -4000 e as estimated in AMBER force
field) facilitates binding of auxiliary NC processing factors such as MAP and PDF, as
described in Section 1.1.1. The positively charged C-terminal helix within PDF [494]
and the positively charged conserved loop within MAP [41] interact with L22 and
L17 at the tunnel exit, respectively (Fig 2.2.12 (d) in Section 2.2.6), demonstrating that
these interactions are at least partially based on electrostatic effects. In addition to
the ribosome’s function as a central hub controlling various binding events of NC
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Figure 3.1.1: Charge distribution of the E. coli ribosome
(a) Model of the αSyn RNC interacting with the surface of the ribosome. Only the 50S
subunit is shown with proteins represented in yellow and RNA in brown. The αSyn NC
is shown in magenta. (b) Surface electrostatic potential map of the E. coli ribosome 50S
subunit. The surface is coloured according to the electrostatic potential from -15 kT/e
(red) to +15 kT/e (blue) with white denoting zero potential. The αSyn NC consists of a
net positively charged N-terminus (green, theoretical pI 9.4) and a negatively charged
C-terminus (yellow, theoretical pI 3.55). Models built by Dr Chris Waudby and Dr Luke
Goodsell, UCL.

processing factors near the ribosomal exit tunnel, the high negative charge density
has also been suggested to provide a protective environment for emerging NCs [139],
stabilising unfolded states and delaying the formation of tertiary structure [134] until
the entire chain is available for folding. Using fluorescence depolarisation decay, it
has been found that local motions (sub-ns and ns timescale) of emerging NCs near
the ribosome surface are severely impaired, resulting in high order parameters (S >
0.85) [136]. Specifically, positively charged NCs of the IDP PIR (phosphorylated insulin
receptor) were found to be comprised of a population (∼91% static, ∼9% isotropic)
highly restricted in motion (0.6 < S < 0.8), an increase in the negative net charge raised
the proportion of highly dynamic species within the overall population (∼61% static,

∼39% isotropic), consistent with fewer interactions with the ribosome surface [137].
Interestingly, significant biases were still observable even for the most negatively
charged NC (charge of -10.9) suggesting that some interactions with the ribosome
surface may involve positively charged ribosomal proteins or are based on additional
factors of a non-electrostatic nature.
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Coupled with the known electrostatic potential of the ribosome, investigations of
the net charge of the E. coli proteome revealed a bimodal distribution, with proteins
either positively (pI > 7.4) or negatively (pI < 7.4) charged [495].

By comparison,

eukaryotic systems were found to show a trimodal distribution of pI values, which
has been associated with the eukaryotic proteome additionally encoding nuclear
proteins [496].

It appears likely therefore, that electrostatic interactions during

biosynthesis play an important role in guiding the emergence of the NC as well as in
folding events.

In light of these findings, the work described here follows on from that reported
in Chapter 2 to utilise the αSyn RNC scaffold to attempt to understand and probe the
NC-ribosome surface interactions at a residue-specific level. Electrostatic effects are
investigated first via ionic strength variation of the sample buffer and then in a detailed
sequence-specific manner by modulating the charge of the αSyn RNC sequence using
mutagenesis. Imperfect KTKEGV repeats, characteristic of the N-terminal region of
αSyn, confer a net positive charge of +3. The Lys (K) residues in this amphipathic
domain, up to and including the 5th repeat (until residue 61), were progressively
changed to Glu (E) residues with a -19 charge endpoint. The resulting significant
modulations in the signal intensity of the αSyn variants are consistent with altered
interactions with the ribosome surface.

One of the variants, K60E, was used to undertake more elaborate NMR experiments of
RNCs, specifically residual dipolar coupling (RDC) experiments (Section 3.2.6). RDCs
provide NMR restraints for simulations to allow the determination of a structural
ensemble of an emerging NC. The highly promising results represent a significant
advance on the chemical shift and intensity analyses used to date and may enable
the first 3D insights into the structural preferences of a NC during synthesis on the
ribosome.

Finally, the NC length was reduced, both to mimic the emergence of αSyn from
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the ribosomal exit tunnel and also to further investigate the observed interactions with
the ribosome surface (Section 3.2.4).

3.2
3.2.1

Results & Discussion
Altering the ribosome-NC interaction by ionic strength variation

In order to investigate the origin of the αSyn NC interaction with the ribosome
surface, the effect of ionic strength was investigated as a non-invasive way to attenuate
electrostatic interactions [137].

Ionic strength, I, is defined as a function of the

concentration of all ions present in a given solution [497]:

I=

1 n
ci z2i
2 i∑
=1

(3.1)

where ci is the molar concentration of ion i and zi is the charge number of that ion.
While in biophysical and biochemical studies salt concentrations can be increased to
high mM or M concentrations, the signal-to-noise ratio of NMR experiments is highly
salt dependent [498]. In particular, cryoprobes are perturbed by the presence of salts
in NMR samples [427], significantly reducing their sensitivity (Fig 3.2.1), as described
by the quality factor Q. The Q-factor is determined by the resonance frequency ω, the
inductance L and the resistance R:

Q=

ωL
R

(3.2)

The signal-to-noise ratio is proportional to the square root of the Q-factor. According to
Equation 3.2, the spectral sensitivity can be increased by reducing the resistance, R. The
sensitivity gain obtained using cryoprobes is achieved by cooling the detecting coil and
the preamplifier of the NMR instrument to temperatures of 20K and 80 K, respectively,
which leads to a reduction in thermal noise. However, the presence of salts significantly
diminishes these sensitivity gains due to increased ionic and dielectric conductivity,
which is a function of both ion concentration and ion mobility [499]. For instance, at
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concentrations of 250 mM NaCl more than half of the sensitivity is lost in 1 H-detected
NMR experiments [498] relative to buffers where salt has been omitted (Fig 3.2.1).

Relative sensitvity

1
0.8
0.6
0.4
0.2
0

0

50

100

150

200

250

NaCl concentration (mM)

Figure 3.2.1: Signal-to-noise ratio dependence on NaCl concentration using a
cryoprobe
NaCl concentration dependence of the signal-to-noise ratio obtained with 2 mM 13 Clabelled leucine dissolved in a 500 µL solution of 90% H2 O/10% D2 O. The signal-tonoise ratio of 1 H signals observed in the presence of increasing concentrations of NaCl
has been plotted relative to 1 H signals measured in a buffer where NaCl has been
omitted. Figure taken from [498].

Nevertheless, many protein samples need to be recorded in buffers containing salt in
order to keep the pH constant and to prevent aggregation. The reduction in NMR
sensitivity caused by the elevated salt concentrations that may be needed for some
protein systems can be minimised by using salts of low ion mobility. For example,
NaH2 PO4 has high ion mobility and a conductivity of 11.0 mS/cm at 200 mM
concentration. Substituting NaH2 PO4 with a low ion mobility salt such as TRIS base (at
200 mM concentration) results in a reduction of the conductivity to 0.1 mS/cm, which
leads in turn to an increase in NMR sensitivity [499].

Here, two variations of the standard buffer (Tico) used for NMR on ribosomes
(10mM HEPES, 12mM MgCl2 , 30mM NH4 Cl) were investigated: (i) the concentration of
NH4 Cl was elevated to 140 mM, referred to as 140Tico; and (ii) replacing NH4 Cl with
a combination of 50 mM arginine (L-Arg, Sigma) and 50 mM glutamate (L-Glu, Sigma)
(referred to as L-Glu/L-Arg Tico, Methods Section 6.1.8) [500]. Using both conditions,
1 H-15 N-correlation

experiments were recorded on isolated αSyn (here a His6 -V82M
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αSyn variant; sequence in Appendix A.1.1) (Fig 3.2.2 (a)) in the absence and presence
of 70S ribosomes (at 5 µM equivalent concentrations). For comparison, isolated αSyn
was also recorded under the standard Tico buffer conditions. In the spectra of αSyn
recorded using the three conditions — Tico, 140Tico and L-Glu/L-Arg Tico — all
the expected 135 non-proline amide resonances can be detected, which show narrow
chemical shift dispersion and are consistent with the spectral properties that have been
established for αSyn (Fig 3.2.2 (b, c)). This is further exemplified by the 1 H-15 N SOFAST
HMQC spectra of αSyn in 140Tico and in L-Glu/L-Arg Tico, which overlay well with
that of αSyn under standard Tico conditions, with chemical shift differences being
uniformly small (Fig 3.2.2 (b, c)).
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Figure 3.2.2: αSyn NMR spectra in variations of Tico buffer
(a) Sequence of an αSyn mutant (V82M) including a His6 -tag. Overlay of the 1 H-15 N
SOFAST-HMQC of 5 µM αSyn in Tico (red) with (b) 5 µM αSyn in 140Tico (green)
and (c) 5 µM αSyn in L-Glu/L-Arg Tico (yellow). 15 N-edited 1D envelope of 5 µM
αSyn in Tico (red), L-Glu/L-Arg Tico (yellow) and 140Tico (green). Details of the NMR
acquisition parameters are given in Material & Methods Section 6.3.2.3 and Appendix
A.3.1.1.
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When the concentration of NH4 Cl in Tico was raised from 30 mM to 140 mM, a
reduction in signal intensities of ∼40% is observed (Fig 3.2.2 (d)), which is almost
certainly the result of the ca 2.7-fold increase in ionic strength (for 30 mM NH4 Cl,
I = 0.07; for 140 mM NH4 Cl, I = 0.17). Using Equation 3.1, this corresponds to an
increase in ionic strength by a factor of ∼2.67 from 0.066 M for 30 mM NH4 Cl to 0.176
M for 140 mM NH4 Cl, thereby increasing the conductivity of the NMR buffer. By
contrast the replacement of NH4 Cl with L-Glu/L-Arg induced no such loss in NMR
signal intensity (Fig 3.2.2 (d)). These results are consistent with previous applications
of low-conductivity glutamate and arginine salts as a means to increase the ionic
strength of a given buffer while at the same time minimising any reduction in NMR
sensitivity [500].

In the next step, the same 1 H-15 N correlation experiments were recorded on αSyn
in the presence of 70S ribosomes under identical buffer conditions (as described
above) in order to determine buffer effects on the αSyn-ribosome interaction. The
1 H-15 N

SOFAST-HMQC spectra (Fig 3.2.3 (a-c)) of αSyn+70S under these varying ionic

conditions look superficially similar to these recorded on αSyn alone, with very minor
chemical shift differences. Comparing the αSyn cross-peak intensities in the presence
and absence of ribosomes, however, shows that the addition of ribosomes induced
broadening and weakening of some cross-peaks, as was previously observed (Chapter
2, Section 2.2.3, Fig 2.2.5 (b)). This reduction in peak intensity is most apparent in the
spectra recorded in standard Tico (Fig 3.2.3 (a) and Fig 2.2.5 (b), Section 2.2.3) and
L-Glu/L-Arg Tico (Fig 3.2.3 (c)). While signal broadening is observable in the spectra
recorded in 140Tico (Fig 3.2.3 (b)), it appears to be less pronounced. A cross-section
taken through the spectra (Fig 3.2.3 (a-c), dotted line) of a selected cross-peak, G31,
shows an approximate 29% reduction in signal intensity in both Tico and L-Glu/L-Arg
Tico (Fig 3.2.3 (d, f)). There was, however, no change in signal intensity with 140Tico
(Fig 3.2.3 (e)), but a noticeable increase in noise observed in these spectra, as expected
from the increased conductivity of the 140Tico buffer.
the integrated signal intensities of

15 N-edited

An overall comparison of

1D envelopes recorded for αSyn upon

addition of ribosomes in Tico (Fig 3.2.3 (g)) and L-Glu/L-Arg Tico (Fig 3.2.3 (i)) showed
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a loss of 18% (Tico) and 16% (L-Glu/L-Arg Tico) in NMR signal intensity. By contrast,
no such reduction is observed for αSyn recorded in 140Tico (Fig 3.2.3 (h)).
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Figure 3.2.3: The effect of buffer ionic strength on the αSyn-ribosome interaction
SOFAST-HMQC spectra of αSyn recorded in the presence and absence of
ribosomes (a) in Tico (b) in 140Tico and (c) L-Glu/L-Arg Tico. (d-f) Cross-sections taken
through the 1 H-15 N SOFAST-HMQC spectra in (a-c) indicated by a dotted line. 15 Nedited 1D envelopes of 5 µM αSyn in the presence and absence of equimolar ribosomes
(g) in Tico (h) in 140Tico and (i) in L-Glu/L-Arg Tico.
1 H-15 N
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To investigate these buffer-dependent effects (140Tico and L-Glu/L-Arg Tico) at a
residue-specific level, the cross-peak intensities of αSyn were compared in the absence
and presence of ribosomes for the three Tico conditions. The NMR data shows that
while there was a 40% loss in absolute signal intensity in 140Tico resulting from the
elevated levels of NH4 Cl, the relative signal intensity for αSyn in the presence of
ribosomes increased by 25% (Fig 3.2.4 (a)).
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Figure 3.2.4: Effect of ionic strength on the αSyn-70S interaction
Peak intensities vs. the αSyn sequence of H6 -V82M αSyn in the presence of equimolar
70S ribosomes relative to H6 -V82M αSyn alone for (a) Tico (black) and 140Tico (red),
and (b) Tico (black) and L-Glu/L-Arg Tico buffer (green).

The enhanced relative intensity suggests that the interaction with the ribosomal surface
is at least partially based on electrostatic effects. The significant loss in signal intensity
associated with elevated ionic strength would, however, preclude its use for RNC
samples, as these are typically at the limit of observability. Experiments carried out
in L-Glu/L-Arg Tico buffer were able to retain the sensitivity of the cryoprobe, but there
appeared to be no significant weakening of the αSyn-ribosome interaction, with relative
peak intensities in Tico and L-Glu/L-Arg Tico remaining constant (Fig 3.2.4(b)).
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Design of charge variants of the αSyn RNC

3.2.2.1

Spectroscopic characterisation of the αSyn RNC charge variants

Following these preliminary investigations into the effect of charge, a rational design
approach was pursued to alter the ribosome-NC interaction in a sequence-specific
manner (Fig 3.2.5). The N-terminus of the αSyn polypeptide sequence was modified
using site-directed mutagenesis (for Methods see Section 6.1.6.1), replacing 11 positivelycharged Lys (K) (K6 to K60) with negatively-charged Glu (E) residues (sequences and
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Figure 3.2.5: Construct design and expression test of αSyn RNC charge variants
(a) Charge variants constructed to investigate the effect of electrostatics. Of the 15 Lys
residues within the αSyn sequence, the first 11 (residue K6 to K60) were progressively
mutated to Glu, lowering the pI from 4.7 (WT) to 3.7 (K60E). (b) Anti-SecM western blot
(12.5%, pH 6.8 SDS-PAGE gel) of an expression test (Methods in Section 6.1.7.1) of the
5 αSyn variants. All showed soluble expression. (c) Anti-SecM western blot (12.5%, pH
6.8 SDS-PAGE gel) verifying that all the mutant constructs can be successfully cleaved
using TEV protease (*prior to TEV cleavage, **post TEV cleavage).
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primers in Appendix A.1.1). The five resulting αSyn variants spanned a range of pIs
from 4.7 for the wild-type construct to 3.7 for the most negatively charged K60E variant,
in which all 11 Lys residues, between K6 and K60 inclusive, were changed into Glu
residues (Fig 3.2.5 (a)). As a result, the charge of the amphipathic region (res M1 - E61)
changed from +3 to -19 at pH 7.5.

Initially, the isolated K-to-E mutant proteins were investigated via their

1 H-15 N

fingerprint spectra, which subsequently formed the basis for the analysis of the
corresponding RNC spectra.

Three of the variants, K34E, K45E and K60E, were

expressed and purified as uniformly

15 N-labelled

proteins using standard procedures

(Methods section 6.1.7 and 6.1.8.1) with expression levels (∼14 mg from a 1L

15 N-

labelled growth) and purity (> 95%) comparable to WT αSyn (protein samples prepared
1 H-15 N

by Luke Hill).

SOFAST HMQC experiments were recorded in the absence

and presence of ribosomes in order to determine chemical shifts as well as cross-peak
intensities. In addition, a backbone assignment (Fig 3.2.6) was undertaken for 13 C, 15 N
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Figure 3.2.6: 1 H-15 N HSQC fingerprint spectrum of the K60E αSyn
1 H-15 N HSQC fingerprint spectrum of the K60E αSyn variant including the backbone
assignment. Details on the experiments recorded for the assignment are in Materials &
Methods Section 6.3.2.6 and the Appendix A.3.1.2.
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-labelled K60E αSyn (performed by Dr John Kirkpatrick, UCL; details of the NMR
experiments used are in the Materials & Methods Section 6.3.2.6 and Appendix A.3.1.2).

The NMR spectra recorded on WT αSyn and the K-to-E mutants are shown in
Fig 3.2.7 (a-c). Each spectrum of the αSyn K-to-E mutants displays the same narrow
peak dispersion as observed for the WT protein, which indicates that the overall
disordered conformation of αSyn has not been significantly perturbed. This observation
was supported by the chemical shift differences measured between WT αSyn and the
K-to-E mutants, which were only significant in the N-terminal region containing the
mutations, with the differences being uniformly small (∆δNH < 0.05 ppm) across the
rest of the sequence (Fig 3.2.7 (d-f)). Given that αSyn is known to adopt α-helical
structure in a micelle-bound state [329–331], an extended investigation determining
potential changes to the N-terminal α-helical secondary structure is currently in
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Figure 3.2.7: Chemical shift differences between K-to-E variants and WT αSyn
Overlays of 1 H-15 N SOFAST HMQC spectra of WT αSyn and (a) K34E αSyn, (b) K45E
αSyn and (c) K60E αSyn. ∆δNH chemical shift changes between isolated WT αSyn and
(d) K34E αSyn, (e) K45E αSyn and (f) K60E αSyn.
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progress. The minor chemical shift changes that were observed were highly localised
close to the sites of the mutations, resulting in close overlays of spectra from different
variants, and allowed the transfer of cross-peak assignments from K60E αSyn and WT
αSyn onto K34E and K45E αSyn. Apart from 8 cross-peaks for K34E (A30, T33, E34,
E35, G36, L38, Y39, and S42) and 3 cross-peaks for K45E (E46, G51 and V52), which
were ambiguous (due to the corresponding cross-peak being located in an overlapped
region of the spectrum), all assignments were successfully transferred. Together, these
data indicate that the charge variants were suitable models for studying the effects of
electrostatic potential of a NC on its interaction with the ribosome.

In the next step, the K-to-E αSyn RNC variants (Fig 3.2.5 (b), Sequence Appendix
A.1.1) were expressed (Methods Section 6.1.10.1) as 15 N-labelled SecM fusion constructs
to allow specific stalling of translation at the PTC. RNC purification followed the
protocol described in Section 2.2.1 (detailed protocol in Methods Section 6.1.10.2);
this included proteolytic removal (via TEV) of the N-terminal H6 -His purification tag
(Fig 3.2.5 (c)), which had previously been found to enhance binding to the ribosome
surface (Fig 2.2.5 (b)).

NMR spectra (Fig 3.2.8 (b-d)) of three of the charge mutant αSyn RNCs including K34E,
K45E and K60E were recorded at 700 MHz and 277K using 1 H-15 N SOFAST HMQC
experiments with application of non-uniform weighted sampling (NUWS) [441] for
sensitivity enhancement (detailed NMR parameters in Materials & Methods Section
6.3.2.3 and Appendix A.3.1.3). The K34E, K45E and K60E RNCs gave rise to narrow
peak dispersion between 7.9 ppm to 8.9 ppm in the 1 H dimension, characteristic of
a disordered nascent polypeptide chain (Fig 3.2.8 (b-d)). The spectral overlays of the
mutant RNCs with the WT RNC (Fig 3.2.8 (a)) showed good agreement, with chemical
shift differences being observed mainly at the sites of mutation or at neighbouring
residues (Fig 3.2.8 (e, f)).

This was further reflected in the chemical shift differences observed between the
K-to-E variant RNCs and their corresponding isolated proteins in the presence of 70S
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Figure 3.2.8: NMR characterisation of αSyn RNC charge variants
(a) 1 H-15 N SOFAST HMQC spectrum of 9.5 µM WT αSyn RNC including the 63
confidently assigned peaks. 1 H-15 N SOFAST HMQC spectra of (b) 8.85 µM K34E, (c) 8.9
µM K45E and (d) 8.25 µM K60E αSyn RNC. Chemical shift differences (compared to the
WT RNC) were observed for residues that are at or close to the sites of mutation (3.2.5
(a)). Two examples have been illustrated here including (e) G31 and (f) G41. 1 H-15 N
SOFAST HMQC spectra recorded of the WT αSyn RNC or the αSyn RNC variants were
recorded at 700 MHz and 277 K with NUWS methods [441], with 1024 complex points
and a sweep width of 10504 Hz in the direct 1 H dimension, 122 complex points and
a sweep width of 1845 Hz in the indirect 15 N dimension, and a recycle delay between
scans of 50 ms (further details in Materials & Methods Section 6.3.2.3 and Appendix
A.3.1.3). Concentrations stated are based on the 70S concentration.

ribosomes (Fig 3.2.9 (a-c)), which were uniformly small (≤ 0.03 ppm) and similar to
previous observations for the WT constructs (Fig 2.2.4 in Section 2.2.2), indicating that
very similar disordered states are accessible when tethered to the ribosome.

This allowed the transfer of cross-peak assignments from the isolated K-to-E αSyn
spectra to their corresponding RNC spectra.

Of the expected 135 non-proline

resonances, 63 from L8 to D135 were observed for the K34E αSyn RNC and 58 from
L8 to D135 for the K60E αSyn RNC. This is comparable to the number of resonances
originally identified in the WT αSyn RNC, where resonances from 63 residues between
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Figure 3.2.9: Chemical shift changes of mutant αSyn RNCs compared their isolated
protein variants
∆δNH chemical shift differences between the isolated K-to-E αSyn variants in the
presence of 70S ribosomes and the K-to-E αSyn RNC for K34E (a), K45E (b) and K60E
(c). Chemical shifts that could be measured but were unchanged are indicated with
magenta boxes.

M5 and D135 were identified as suitable for intensity analysis (Fig 2.2.4 (b)). The
most C-terminal residue observed in the mutant αSyn RNC spectra was as for the WT
spectrum, D135, which is 28 residues away from the PTC, indicating that the mobility
near the exit tunnel was not affected by the relatively distant charge alterations towards
the N-terminus.

Sample stabilities were verified using a similar strategy to that applied to WT
αSyn RNCs (Fig 2.2.2 in Section 2.2.1), where 1 H-15 N SOFAST HMQC experiments were
interleaved with

15 N

XSTE diffusion measurements (Section 1.8.2.1.1) at approximately

three-hour intervals for the K60E (Fig 3.2.10 (a, III & VI)) and K45E RNCs (Fig 3.2.10 (b,
III & VI)) and 1.5 hour intervals for the K34E RNC (Fig 3.2.10 (c, III & VI)) to monitor
ribosome integrity and NC attachment. Sample stability was analysed in parallel by
immunoassays of samples collected throughout the NMR acquisition period (Fig 3.2.10
(a-c, I & II)). Importantly, it should be noted that the quality of the western blots
shown in Fig 3.2.10 still needs to be improved as currently a high level of background
signal (banded pattern) can be observed. These bands result partly from ribosomal
background signal as well as other (as yet undetermined) sources. However, correlating
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Figure 3.2.10: Monitoring of NMR sample stability of αSyn RNC charge variants
Sample stability determination including: (I) Anti-αSyn western blots with samples
collected during NMR acquisition. The blue arrow indicates the tRNA-bound RNC, the
red arrow the released form. (II) Band intensities of the tRNA-bound and released form
of RNC samples loaded in (I) are plotted over time to estimate NC release during NMR
acquisition. The area shaded in yellow indicates the time over which the samples were
stable. (III) The integrated intensities of the 15 N-edited 1D envelope over time. (IV)
Intensity ratio I95% /I5% of the RNCs during NMR acquisition. This set of experiments
was performed on (a) the K60E RNC, (b) the K45E RNC and (c) the K34E RNC.

the NMR diffusion measurements with the immunoassays indicated sample stabilities
of ∼72 h for K60E RNC (Fig 3.2.10 (a)), ∼120 h for K45E RNC (Fig 3.2.10 (b)) and ∼126
h for K34E RNC (Fig 3.2.10 (c)) and permitted NMR data for intensity analysis to be
summed up over this period.
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Nascent polypeptide charge appears to significantly alter ribosomal surface
interactions.

The signal intensities of the observed cross-peaks within the spectra of the K34E, K45E
and K60E αSyn RNCs were compared to the spectra of the corresponding isolated
variant proteins in the presence of 70S ribosomes. While the WT αSyn RNC showed
an average intensity of 4% for the first 60 N-terminal residues relative to isolated
αSyn+70S, the corresponding signal intensities increased to 17% for K34E, 51% for
K45E and 26% for the K60E constructs (Fig 3.2.11).
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Figure 3.2.11: Relative cross-peak intensities of the αSyn charge variants
(a) Relative cross-peak intensities (IRNC /Ifree protein + 70S ) across the αSyn polypeptide
sequence between the relevant αSyn RNC and its isolated protein variant in the
presence of 70S ribosomes for WT (red), K34E (green), K45E (yellow) and K60E αSyn
(blue). The area shaded in grey depicts the approximate extent of the ribosomal
exit tunnel. The regions highlighted in teal indicate cross-peaks of reduced intensity
(around V40 for WT, K34E and K60E RNC, around T92 for WT, K34E, K45E and K60E
RNCs) independent of the charge modifications. (b) Cross-peak of residue G31 to
illustrate the increase in peak intensity for resonances in the N-terminus of the negative
αSyn charge variants.

Across the polypeptide sequence, a similar profile of the relative intensities was
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observed for the WT, K34E and K60E αSyn RNCs, where the region of the highest peak
intensities (residues 50 - 90) in the WT RNC also showed the strongest signal in both
the K34E and K60E RNCs. Similarly, the most pronounced resonance broadenings,
exhibited for cross-peaks of residues around V40 and T92 in the WT αSyn RNC, were
also observable in the K34E and K60E RNCs.

These reductions (Fig 3.2.11, regions highlighted in teal) in signal intensity appear to
be independent of the variation in charge. V40 and T92 are both flanked by stretches
of hydrophobic residues — V37, L38 and Y39 for V40 and I88, A89, A90, A91, F94 and
V95 for T92 — which may indicate formation of hydrophobic interactions within the
polypeptide chain or with the ribosomal surface. Indeed, these two regions represent
the longest consecutive hydrophobic sequence stretches, although other regions within
the polypeptide with similar hydrophobic amino acid patterns such as around residue
15 (V15, V16, A17, A18, A19) or 52 (V52, A53, V55) do not exhibit the same reduction in
signal intensity, suggesting that interpretation of these interactions requires additional
data. This idea is supported by the observations for the K45E αSyn RNC, which shows
decreased intensities for residues around T92 but not in the region of V40. Indeed, in
this RNC, cross-peak intensities steadily increase from D135 at the C-terminus, in a
similar manner to the K60E RNC until ca. residue 60. However, while the cross-peak
intensities in the K60E RNC then plateau and eventually decrease towards V40, in the
case of the K45E RNC, these cross-peak intensities instead continue to increase until the
near N-terminal residue L8. At this point, the K45E RNC has gained ∼60% in intensity
compared to the isolated K45E in the presence of 70S ribosomes. This observation for
the K45E RNC strongly supports an additional, more complex set of interactions that
exist within αSyn that give rise to the increased N-terminal intensity.

For the K60E αSyn RNC, 1 H linewidths were also measured to probe the dynamics
of the NC in more detail. 15 RNC resonances, from S0 to N103 were sufficiently well
resolved to be fitted to Lorentzian lineshapes to determine their effective 1 H transverse
relaxation rates R2 . While for the WT αSyn RNC a mean (± s.d.) relaxation rate of
109 ± 38 s−1 was observed (Section 2.2.4, Fig 2.2.6), the K60E RNC gave rise to much
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−1 .

narrower 1 H linewidths of 44 ± 6
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The observation of sharper linewidths is in line

with the detected increase in signal intensity for the K60E RNC, confirming that the
negative charges introduced into the K60E RNC variant have indeed weakened the
interaction with the ribosomal surface and in turn increased the dynamics of the NC. 17
resonances of isolated K60E, from S9 to S129 were also fitted to Lorentzian lineshapes
giving rise to a mean (± s.d.) relaxation rate of 40 ± 4 s−1 , similar to those measured
for WT αSyn with a mean (± s.d.) relaxation rate of 37 ± 7 −1 . A more detailed analysis
of the 1 H linewidths, similar to the calculations performed in Chapter 2 , Section 2.2.4
is currently underway.

To rule out that the possible differences in signal intensity between the K45E
RNC and the other variants arise from aberrations in the biochemical properties of the
samples, the RNC occupancies were determined (Fig 3.2.12) by comparing western blot
band intensities of the RNC samples with those of known protein standards of αSyn
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Figure 3.2.12: Occupancy determination of the αSyn RNC charge variants
Ribosome occupancy determination including: (I) an anti-αSyn western blot, where a 10
pmol RNC sample (based on 70S concentration) is compared to αSyn protein standards
and (II) protein band intensities of αSyn standards loaded in (I) are plotted against
their known concentration (in pmol). The corresponding calibration curve allows the
estimation of NC concentration in the RNC sample. This was performed on (a) the
K60E, (b) the K45E and (c) the K34E αSyn RNCs. The two bands observed for the K34E
RNC in (c) lane 2 may result from early translation termination products. Details of the
occupancy determination procedure can be found in Section 6.1.12.
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(detailed procedure described in Methods Section 6.1.12). The estimated occupancies
were 100 ± 10% and 100 ± 11% for the K60E and the K45E RNC, respectively, indicating
that the observable differences in intensity did not relate to occupancy or truncated
forms of the NCs. Although good agreement was observed between the WT, K60E and
K45E RNCs, the occupancy for the K34E RNC could not be accurately determined due
to the observation of two bands (Fig 3.2.12 (c, (I), lane 2)).

Indeed, the bands observed in the western blot for the K34E RNC are similar to
results obtained in the early stages of the study of the WT αSyn RNC, and can most
likely be attributed to early translation termination products, where stalling occurred
before the SecM sequence was reached. In the case of the well-studied WT αSyn
RNC, where several samples were prepared (six different RNC samples, Chapter
2), early translation termination products were observed, but when these samples
were compared to samples in which they were absent, the measured cross-peak
intensities did not appear to vary significantly. It appears, therefore, unlikely that
these additional species contribute to the peak intensities observed, confirming that
the measurements for this K43E RNC represent good estimates for the overall behaviour.

Control 1 H-15 N SOFAST HMQC NMR experiments (Fig 3.2.13) included the addition
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Figure 3.2.13: Peak intensity perturbations of isolated K34E, K45E and K60E αSyn
protein in the presence of 70S ribosomes
Cross-peak intensities of K-to-E mutant αSyn in the presence of 70S ribosomes relative
to K-to-E αSyn alone for K34E (green), K45E (yellow) and K60E αSyn (blue). Relative
cross-peak intensities comparing WT αSyn in the presence and absence of ribosomes
have been plotted for comparison (grey line). Experiments were recorded at 5 µM
equivalent concentrations using the same NMR parameters as for the RNCs (recorded at
700 MHz and 277 K with NUWS methods [441], further details in Materials & Methods
Section 6.3.2.3 and Appendix A.3.1.3).
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of 70S ribosomes to the isolated αSyn variants. In contrast to WT αSyn, which showed
an N-terminal interaction with the ribosome surface (Fig 2.2.5 (b)), the spectra of K34E,
K45E and K60E αSyn remained largely unperturbed by the addition of ribosomes
(Fig 3.2.13).

Taken together, the resonance broadenings observed for the WT RNC, as discussed
in detail in Chapter 2 (Section 2.2.3, Fig 2.2.5 (a)), were attributed to interactions of
the NC with the surface of the ribosome, and a detailed modelling study was used
to understand these interactions (Section 2.2.6). The results presented in this chapter
provide significant further evidence that the broadening is due to specific interactions.
In a simplistic model the surface of the ribosome is negatively charged (Fig 3.1.1 (b)),
and increasing the negative charge of the amphipathic region (res M1 - E61) of the
NC (from to +3 to -11, -15 and -19 for the K34E, K45E and K60E NCs, respectively)
(Fig 3.2.5 (a)) results in a significantly diminished resonance broadening relative to the
WT α-syn RNC (Fig 3.2.11). This indicates that the NC interactions with the ribosomal
surface are at least partially based on electrostatic effects (Fig 3.2.11 (a, b)). However,
it appears not to simply be a non-specific reduction in the extent of interaction, as
interestingly the K45E αSyn RNC shows the highest peak intensities. While these
findings need to be further investigated in order to understand the molecular basis of
these processes in detail, the observed intensities may indicate some very specific and
local sequence determinants for the interactions with the ribosome surface (discussed
further in Section 3.3).

3.2.3

Investigation of negative charge effects on NC - chaperone interactions

In Section 2.2.5, the interaction of the WT αSyn NC with TF was investigated using
NMR spectroscopy. While αSyn is only a weak TF substrate, the low affinity allowed
the mapping of the NC-chaperone interaction in residue-specific detail. The extensive
resonance broadenings that were observed for the WT αSyn RNC relative to isolated
αSyn/70S, added to the significant signal reduction upon addition of TF, made the
observation of cross-peak resonances very difficult, reaching the sensitivity limits of the
spectrometer (700 MHz, cryoprobe). The increased NMR signal intensities that were
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observed for the K60E αSyn RNC described in the previous section (Section 3.2.2.2)
provided an opportunity to investigate its interaction with the TF chaperone by NMR,
potentially with significantly more signal than for the WT αSyn RNC. The NMR data
obtained from the WT αSyn RNC were unable to distinguish whether the observed
resonance broadenings resulted from a steric interaction due to TF binding to the
ribosome or if the αSyn NC formed weak but specific interactions with the TF cradle.
As TF is known to interact more strongly with hydrophobic, positively charged protein
sequences [37, 188, 195, 202], the negative charge variant K60E of the αSyn RNC may be
expected to discourage any potential interactions.

To probe possible chaperone-NC interactions, TF was added to the K60E αSyn
RNC. It was found that the NMR signal intensity was progressively reduced as TF
was titrated into the RNC sample (0.5, 1, 2, 3 molar equivalents), reaching a plateau at
2 molar equivalents TF (Fig 3.2.14), suggesting that the potential binding sites for TF
had been saturated. As saturation of the K60E αSyn RNC with TF occurred at 2 molar
equivalent, while the WT αSyn RNC saturated at 1 molar equivalent, the interaction of
the K60E RNC with TF appears to be weaker than that of the WT RNC. This is further
corroborated by the overall NMR signal intensities for the K60E αSyn RNC, which were
reduced by ∼40 ± 0.5% (mean ± s.d.) at saturation point, significantly less than the

∼50 ± 2% reduction in NMR signal intensity that was observed for the WT αSyn RNC.

Across the protein sequence, the pattern of cross-peak intensities is generally
comparable between the mutant and WT αSyn RNCs in the presence of TF (Fig 3.2.14
(a)). Notably, however, there are differences observed within the N-terminal region of
the sequence. At saturation, the N-terminal residues were completely unobservable in
the WT αSyn RNC spectrum, but show signal reductions of only 12-37% for residues
E6 to G31 for the K60E αSyn RNC in the presence of TF. The most pronounced K60E
αSyn RNC cross-peak broadenings were observed from V37 to E83, which includes
part of the hydrophobic NAC region. The maximum signal reduction was observed
for A69, reduced by ∼70%. By comparison, A53 shows ∼90% broadening in the WT
αSyn RNC. A sharp increase in cross-peak intensity for the K60E αSyn RNC + TF
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Figure 3.2.14: Charge effects on chaperone-NC interactions
(a) 1 H-15 N SOFAST HMQC spectrum of K60E αSyn RNC (blue) overlaid with the
spectrum of K60E αSyn RNC in the presence of 1 molar equivalent TF (cyan). (b)
Relative cross-peak intensities of the K60E αSyn RNC in the presence of increasing TF
concentrations (blue - 0.5, cyan - 1.0, magenta - 2.0 and purple - 3.0 molar equivalents)
compared to the K60E αSyn RNC in the absence of TF. For comparison the relative
cross-peak intensities of the WT αSyn RNC in the presence (1 molar equivalent) versus
the absence of TF are also plotted (red). (c) 15 N-edited 1D envelopes of the K60E αSyn
RNC at increasing TF concentrations. (d) The normalised integrals of the 15 N-edited
1D envelopes of 70S ribosomes (black), the K60E αSyn RNC (blue) and the WT αSyn
RNC (red) at increasing TF concentrations. The concentration of the K60E αSyn RNC
was 8.25 µM and experiments were recorded using the same NMR parameters as for
the RNC alone (at 700 MHz and 277 K with NUWS methods [441], further details in
Materials & Methods Section 6.3.2.3 and Appendix A.3.1.3). TF was added based on
the 70S concentration.

is observed for residues around F94, with resonances only marginally broadened by

∼10%. This increase in relative intensities was also present in the WT αSyn RNC +
TF, but is more prominent for the K60E αSyn RNC due to the overall greater signal
intensity. The C-terminal region, from residue D119 to D135, of the K58E αSyn RNC
shows comparable and unperturbed signal intensities to the WT αSyn RNC.

Overall, the observed pattern of cross-peak intensities appears to inversely mirror
the relative intensities observed for the RNC alone (Fig 3.2.11 (a)); regions of the NC
that are more significantly broadened, and therefore likely to be interacting more
strongly with the ribosome surface (such as the N-terminus and the region around
residue F94) are less strongly perturbed by the presence of TF (Fig 3.2.14 (b)). These
data therefore seem to suggest that the surface interactions with the ribosome maybe
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stronger than previously calculated (ribosome-bound state < 1%, free state > 99%) as
TF has no observable effect on those residues. Similarly, the region V37 - E83, which
showed the strongest cross-peak intensities in the RNC alone, is the one most affected
by the presence of TF. This region is broadened in a concentration-dependent manner
and saturates after the addition of ∼2 molar equivalents of TF. For residues in the
N-terminal region, where the charge alterations were made, the signal intensity changes
upon TF addition appear to be greater in the WT αSyn RNC than in the K60E αSyn
RNC. Further, the C-terminal residues remain unperturbed by the TF interaction with
both WT and K60E αSyn RNCs. Being close to the ribosomal exit tunnel, this region
may be too restricted in mobility or physically inaccessible for an interaction with
the TF chaperone, as suggested earlier by structural modelling (discussed in detail in
Section 2.2.6, Fig 2.2.11 (b)).

In summary, while from these data it has not been possible to discern that NMR
signal perturbations result from interactions with the TF cradle, the fact that the NC
is in close proximity to the ribosome surface suggests that interactions inevitably
occur with the cradle of the TF chaperone, rather than its outer surface. Whether
these interactions are specific, rather than a steric reduction in conformational space
accessible to the NC, is challenging to determine. The data suggest that the binding of
the K60E NC to TF has been weakened relative to the WT through the substitution of
positively charged with negatively charged amino acids, which indicates that a degree
of specificity exists in these interactions. Further planned NMR experiments using
paramagnetically spin-labelled TF should improve the accuracy of the observations
described here.

While the addition of TF resulted in strong perturbations of cross-peak intensities,
chemical shift differences compared to the RNC alone were uniformly small (< 0.04
ppm) across the sequence (Fig 3.2.15), indicating that the NC samples a very similar
range of conformations in both the presence and absence of TF.
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Figure 3.2.15: Chemical shift changes in the K60E αSyn RNC and peak intensity
perturbations of isolated K60E αSyn upon addition of TF
(a) Chemical shift changes in the absence and presence of TF for the K60E αSyn
RNC (8.25 µM, based on the 70S concentration). Chemical shift changes that could
be measured but equal zero are indicated as green boxes. (b) Cross-peak intensities of
isolated K60E αSyn in the presence of TF relative to isolated K60E αSyn (blue), and
K60E αSyn in the presence of both TF and 70S ribosomes relative to K60E αSyn with
ribosomes (red). Experiments on isolated αSyn/70S were recorded at 5 µM equivalent
concentrations using the same NMR parameters as for the RNC (recorded at 700 MHz
and 277 K with NUWS methods [441], further details in Materials & Methods Section
6.3.2.3 and Appendix A.3.1.3).

In order to probe the affinity of TF for the variant αSyn protein when free in solution,
the chaperone was added in equimolar concentrations (at 5 µM) to isolated K60E αSyn
and to K60E in the presence of 70S ribosomes. While minor resonance broadenings
could be observed upon addition of TF to WT αSyn (< 5% for αSyn alone and ∼20%
in the presence of 70S ribosomes, Fig 2.2.10 (a)), K60E αSyn indicated no such signal
perturbations by TF in either the presence or the absence of 70S ribosomes, suggesting
that the negative charge mutations have abolished these weak N-terminal interactions
(Fig 3.2.15 (b)).
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Characterisation of C-terminal truncation variants of the αSyn RNC

During protein biosynthesis on the ribosome, the NC emerges from the ribosomal
tunnel in a vectorial manner. Once residues have emerged, the fledgling NC begins
to sample conformational space, with about one-third being estimated to form nativelike structure co-translationally [286].

This process has been extensively studied

[43, 87, 104, 105, 109, 116, 120], including by NMR spectroscopy within our laboratory to
investigate the progressive biosynthesis of an Ig-domain [140–142]. Gradual emergence
of the second Ig domain of the multi-domain protein resulted in native structure
formation of the N-terminal Ig domain, that was characterised at residue-specific level
and intriguingly revealed a significant delay in the folding (Lisa D Cabrita & Anaïs
Cassaignau et al submitted). A similar approach was undertaken in case of the αSyn
RNC; shortening the αSyn sequence allows comparative investigations of changes to
the conformational space explored and interactions with the ribosomal surface.
3.2.4.1

The 1-100 WT αSyn RNC

Initially the 1-100 WT αSyn RNC sequence was generated by site-directed mutagenesis
(Section 6.1.6.1) involving deleting 40 C-terminal residues from the WT αSyn RNC
template (sequence and primers Appendix A.1.1), removing G101 - A140 just prior the
SecM ribosome stalling sequence (Fig 3.2.16 (a)). Although the expression of the RNC
was comparable to the full length RNC, it was found that its purification was extremely
challenging (Fig 3.2.16 (b)). The established TEV concentrations (1 TEV to 200/300 RNC
OD280 :OD260 ratio), which successfully removed the H6 -tag of the full-length WT RNC
and its charge variants, accomplished only insufficient H6 -tag removal of the WT 1-100
RNC (Fig 3.2.16 (b)). Elevated TEV concentrations (1 TEV to 50/100 RNC OD280 :OD260
ratio) tested, achieved successful cleavage of the H6 -tag, but resulted at the same time
in extensive RNC precipitation. Given these difficulties this construct has so far not
been successfully purified. Another strategy, potentially adding small amounts of TEV
but in multiple cleavage rounds will be investigated further for later 1-100 WT RNC
sample preparations.

Generally it has been noticed that the H6 -tag removal of the charged mutant RNCs
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was possible under the addition of less TEV protease, maintaining RNC solubility. We
therefore built upon this observation and generated a truncated 1-100 construct of the
K60E RNC, expecting that the truncated charge mutant RNC may be less challenging to
purify than the comparable WT construct.
3.2.4.2

The 1-100 K60E αSyn RNC

K60E 1-100 αSyn RNC (Fig 3.2.16 (a) and Fig 3.2.5 (a)) was constructed via the same
strategy as the truncation of the WT RNC using site-directed mutagenesis (Section
6.1.6.1), which deleted the 40 C-terminal residues of the K60E αSyn RNC template
(sequence and primers Appendix A.1.1). The expression and purification for this RNC
was carried out as for the previously described RNCs (Section 2.2.1 and Methods
Section 6.1.10.1 and 6.1.10.2) obtaining similar yields (72000 pmol, based on the 70S
concentration, prior to the sucrose gradient step from a 2 L

15 N-labelled

culture) and

purity (Fig 3.2.16 (b)).
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Figure 3.2.16: 1-100 αSyn RNC sample preparation
(a) The 1-100 αSyn RNC construct. The red bars indicate the sites of the K to E
mutations (Sequence Appendix A.1.1, full-length K60E RNC construct in Fig 3.2.5). (b)
Anti-αSyn western blot (Methods Section 6.1.12) of samples (10 pmol) collected during
RNC purification of the WT 1-100 RNC and the K60E 1-100 RNC (Methods Section
6.1.10.2).

Initially,

15 N-labelled

isolated 1-100 K60E αSyn was prepared (Methods Section 6.1.8.1)

and acquired under identical conditions (277 K, 700 MHz, NUWS methods [441], further

Chapter 3. Investigating charge and length alterations of the αSyn RNC

116

details in Materials & Methods Section 6.3.2.3 and Appendix A.3.1.3) in the absence and
presence of equimolar 70S ribosomes. The 1 H-15 N SOFAST HMQC fingerprint spectrum
of 1-100 K60E αSyn in Fig 3.2.17 (a) shows cross-peaks of narrow dispersion (7.9 - 8.9
ppm) indicative of a disordered protein (Fig 3.2.17 (a)). The spectrum overlaid closely
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Figure 3.2.17: 1 H-15 N SOFAST HMQC fingerprint spectrum of 1-100 K60E αSyn
1 H-15 N SOFAST HMQC spectra of (a) 5 µM 1-100 K60E αSyn (green) including the
cross-peak assignment and (b) overlaid with 5 µM of the full-length αSyn protein
(red). Of the first 100 non-proline residues all assignments, apart from Q99, could
be transferred from the full-length to the 1-100 K60E αSyn spectrum. Q99 shifted
and could not be identified unambiguously. In (b) C-terminal αSyn peaks that are
absent in 1-100 αSyn have been labelled. Experiments were recorded at 700 MHz, 277
K with NUWS methods [441] (further details in Materials & Methods Section 6.3.2.3
and Appendix A.3.1.3). Spectra have been scaled according to the number of scans. (c)
∆δNH chemical shift changes between the 1-100 K60E αSyn and full-length K60E αSyn.
L100 shifted by 1.4 ppm but the bar chart has been truncated to 0.1 ppm for clarity.
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with that of full-length K60E αSyn (Fig 3.2.17 (b)) allowing the transfer of cross-peak
assignments. Of the first 100 non-proline residues, all except Q99 could be assigned.
Given that Q99 is located adjacent to the site of truncation, this cross-peak appears
to have shifted significantly compared to full-length αSyn and could therefore not be
identified unambiguously. Similarly, L100 also experienced a large change in chemical
shift (∆δNH = 1.4 ppm) but could be determined as the cross-peak of the most Cterminal residue appears in a very distinct region within a 1 H-15 N correlation spectrum
(Fig 3.2.17 (a)). Across the rest of the sequence chemical shift changes (Fig 3.2.17 (c))
were uniformly small (∆δNH < 0.04 ppm) indicating that the truncated NC samples a
very similar range of disordered state conformations compared to full-length αSyn.

The addition of equimolar concentrations of 70S ribosomes to 1-100 K60E αSyn
resulted in uniformly small chemical shift changes (Fig 3.2.18 (b)) of less than 0.025
ppm. Cross peak intensity perturbations (Fig 3.2.18 (a)) observed across the sequence
were also mostly minor apart from the region between A29 to V48, where a 25%
decrease in relative peak intensity can be observed (Fig 3.2.18 (a) area shaded in pink).
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Figure 3.2.18: Cross-peak intensity perturbation and chemical shift changes of 1-100
K60E αSyn upon addition of 70S ribosomes
(a) Cross-peak intensities of 5 µM 1-100 K60E αSyn in the presence of equimolar 70S
ribosomes relative to 1-100 K60E αSyn alone. The region shaded in pink highlights
the part of the sequence where intensity perturbations have been observed. (b) ∆δNH
chemical shift changes in the absence and presence of 70S ribosomes for 1-100 K60E
αSyn. Chemical shifts that could be measured but equal zero are indicated as red
boxes.
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Previously, the addition of 70S ribosomes to full-length K60E αSyn induced no such
change in intensity (Fig 3.2.13). A potential explanation for the differences in intensities
observed in the presence of ribosomes, between the truncated and full-length K60E
αSyn variant, may relate to the C-terminus of αSyn (residues 120-140), which is
known to form long-range contacts with residues 30 to 100 in the the central region of
αSyn [228, 327]. Given that the negatively charged C-terminus is missing in the 1-100
αSyn construct, it appears possible that this effect has instead been compensated by a
transient interaction with the negatively charged ribosome surface.

Following the initial NMR characterisation of the isolated 1-100 K60E αSyn protein,
1 H-15 N

SOFAST HMQC experiments of the 1-100 K60E αSyn RNC (Fig 3.2.20 (a)) were

acquired. Following the strategy developed previously for full-length αSyn RNCs in
Chapter 2 (Section 2.2.1, Fig 2.2.2), these spectra were recorded repeatedly (277 K, 700
MHz, NUWS, more NMR details in Materials & Methods Section 6.3.2.3 and Appendix
A.3.1.3) and interleaved with 15 N XSTE diffusion measurements (Fig 3.2.19 (c, d)) [439]
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Figure 3.2.19: Sample stability of the 1-100 K60E αSyn RNC
(a) Anti-αSyn western blot (Methods Section 6.1.12) over time with samples (numbers
1-10 above) collected during NMR acquisition. The blue arrow indicates the tRNAbound RNC, the red arrow the released form. (b) Band intensities of the tRNA-bound
and released form of RNC samples loaded in (a) are plotted over time to estimate
NC release during NMR acquisition. The area shaded in yellow indicates the time
during which the sample was stable. (c) The integrated intensities of the 15 N-edited
1D envelope over time. (d) Intensity ratio I 95% /I 5% of the 1-100 K60E αSyn RNC
during NMR data acquisition (average I 95% /I 5% = 0.77 ± 0.04 and D = 1.01x10−11 ±
1.2x10−10 m2 s−1 ). The green line represents the intensity ratio measured for intact 70S
ribosomes (hydrodynamic radius rh = 12.6 nm [437] (Equation 1.2), diffusion coefficient
D = 1.1x10−11 m2 s−1 at 277 K in H2 O). The red line indicates the intensity ratio of
isolated αSyn (rh = 2.72 nm [228], D = 5x10−11 m2 s−1 at 277 in H2 O).
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at 1.5 h intervals to monitor ribosome integrity and NC attachment (details of the NMR
diffusion experiments are given in Material &Methods Section 6.3.2.4 and Appendix
A.3.1.3).

The RNC stability was also examined by western blotting methods, as

previously described (Methods Section 6.1.12). Both, NMR diffusion measurements
(Fig 3.2.19 (c, d)) as well as immunoassays (Fig 3.2.19 (a, b)) showed sample stabilities
of ca. 167 h with the measured diffusion coefficient corresponding to ribosome attached
NCs (D = 1.01x10−11 ± 1.2x10−10 m2 s−1 ) and the appropriate mass (∼40 kDa) of the
tRNA-bound form [482] of 1-100 αSyn detectable. Over this period the RNC sample
was regarded as stable and 1 H-15 N SOFAST HMQC spectra were added together for
further analysis.

The K60E 1-100 αSyn RNC spectrum gave rise to cross-peaks of narrow amide
proton chemical shift dispersion (7.9 - 8.9 ppm) characteristic of a disordered
polypeptide chain. Many peaks within the fingerprint spectrum were found to overlay
very closely with that of the full-length K60E αSyn RNC (Fig 3.2.20 (b)), with chemical
shift differences (Fig 3.2.20 (c)) being uniformly small across the sequence (∆δNH < 0.04
ppm) and therefore allowed the transfer of assignments from the full-length K60E αSyn
RNC onto the spectrum of the 1-100 RNC. Of an expected 100 non-proline resonances,
46 cross-peaks, from E6 to G93, could be resolved to an extent sufficient for intensity
analysis (Fig 3.2.20 (a)). The remaining cross-peaks were severely overlapped or had
broadened and were therefore excluded from any further analysis. The last residue
confidently detectable is G93 (123 residues in total), which is 30 residues away from
the PTC. By comparison, for the 1-140 K60E RNC (163 residues in total) a distance of
28 residues to the PTC was necessary for D135 to become observable. Both constructs,
therefore, appear to require a similar number of amino acids to span the ribosomal
tunnel before they gain enough mobility to be observable by NMR.

Cross-peak intensities measured in 1 H-15 N SOFAST HMQC spectra of the 1-100 K60E
αSyn RNC gave rise to a non-uniform intensity distribution across the sequence
(Fig 3.2.21 (d)).

From the highly broadened C-terminal region, a steady intensity

increase is observed from residue G93 to A56 consistent with the continuous emergence
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Figure 3.2.20: 1 H-15 N SOFAST HMQC fingerprint spectrum of the 1-100 K60E αSyn
RNC
1 H-15 N SOFAST HMQC spectra of (a) 10.5 µ 1-100 K60E αSyn RNC (magenta) including
the assigned resonances and (b) overlaid with 8.25 µM full-length K60E αSyn RNC
(blue). Experiments were recorded applying the same NMR parameters as used
throughout this thesis for RNC samples at 700 MHz, 277 K with NUWS methods [441]
(further details in Materials & Methods Section 6.3.2.3 and AppendixA.3.1.3). Spectra
were scaled according to their number of scans and ribosome concentration. (c) ∆δNH
chemical shift changes between the 1-100 K60E αSyn RNC and the full-length K60E
αSyn RNC.

of the NC from the ribosomal exit tunnel and the associated gain in mobility. Compared
to the maximum intensity of A56, further N-terminal residues are characterised by
a pronounced decrease in signal intensity for residues around G41 (by 50%), similar
intensity levels for residues A17 to A29, as well as a 35% decrease in intensity for the
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very N-terminal residues E6-S9.
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Figure 3.2.21: Cross-peak intensities of 1-100 K60E αSyn RNC
(a) Relative cross-peak intensity (I1-100 K60E RNC /Ifree 1-100 K60E + 70S ) across the αSyn
polypeptide sequence between the 1-100 K60E RNC and isolated 1-100 K60E in the
presence of 70S ribosomes and (b) overlaid with the relative cross-peak intensity
(I1-140 K60E RNC /Ifree 1-140 K60E + 70S ) across the αSyn polypeptide sequence between the
1-140 K60E RNC and isolated 1-140 K60E in the presence of 70S ribosomes. (c) The
sequence of the 1-100 K60E RNC was aligned with the C-terminus of the 1-140 K60E
RNC and their ratios were taken. (d) Absolute cross-peak intensity of the 1-100 K60E
αSyn RNC and (e) overlaid with the absolute cross-peak intensities of the full-length
K60E αSyn RNC. (f) Relative cross-peak intensities between the 1-100 and full-length
K60E αSyn RNC aligning the sequence by the N-terminus.

The intensities measured on the 1-100 αSyn K60E RNC were compared to isolated
1-100 K60E αSyn in the presence of ribosomes. The resulting relative intensity profile
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(Fig 3.2.21 (a)) is largely very comparable to the absolute intensities measured for the
1-100 K60E RNC (Fig 3.2.21 (d), resulting from the intensity distribution for 1-100 K60E
αSyn ± 70S being mostly uniform). Overall, a decrease in peak intensity of at least 57%
can be observed for the 1-100 K60E RNC compared to the isolated K60E in the presence
of ribosomes. Regions in the C-terminus and around residue G41 are significantly more
broadened with remaining signal intensities of ∼10% and ∼20% respectively. While,
as described previously, signal reductions in the C-terminus result from tethering
to the ribosome particle (Section 2.2.6, Fig 2.2.11), decreased peak intensities further
N-terminal result most likely from interactions with the ribosome surface (Section 2.2.6,
Fig 2.2.12).

Furthermore, we wanted to assess whether NC interactions with the ribosome
surface are induced by specific residues of the αSyn sequence or by certain regions
of the ribosome surface that are accessible to the NC, as determined by their length.
Therefore, the cross-peak intensities measured for the 1-100 K60E αSyn RNC were
compared to those of 1-140 K60E αSyn RNC either aligning the αSyn sequence from
the C-terminus (Fig 3.2.21 (b), i.e. matching the distance in residues to the PTC) or
the N-terminus (Fig 3.2.21 (e), i.e. comparing the same residue type). For a better
comparison the ratio of the intensities of the 1-100 and 1-140 K60E RNC (Fig 3.2.21
(b)) is plotted in Fig 3.2.21 (c). Fig 3.2.21 (b) shows that for both constructs from the
C-terminus intensities initially start to increase in a similar manner as residues emerge
from the ribosomal exit tunnel. However, the distinct decrease in intensity for residues
around T92 in the 1-140 RNC construct is absent in the 1-100 RNC, where intensities
continue to steadily increase. Further N-terminal cross-peaks are of comparable peak
intensity, fluctuating around 1. On the other hand comparing the absolute intensities
of the 1-100 and 1-140 RNC alining the sequence from the N-terminus (Fig 3.2.21 (e))
gives rise to the ratio plotted in Fig 3.2.21 (f). Here, the N-terminal residues (S0 - T44)
of the 1-100 RNC are increased in intensity (∼50%) compared to 1-140 RNC. Across the
rest of the sequence towards the C-terminus, peak intensities are decreasing earlier in
the 1-100 RNC compared to the 1-140 RNC, a finding which was expected due to the
construct being shorter and the therefore associated limited mobility of residues closer
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to the ribosomal tunnel.

Taken together, the data indicates that the interactions with the ribosome surface
are determined by specific residues within the αSyn sequence than particular, attractive
regions on the ribosome surface accessible to the NC. Aligning the sequence from the
C-terminus and comparing the relative peak intensities of the 1-100 and 1-140 RNC
mimicked the emergence of a NC from the ribosomal exit tunnel. Here, if the ribosome
surface accessible to the NC were to be the determining factor for the interactions
observed, attracting any kind of NC sequence, a similar intensity profile would be
expected for both, the 1-100 and 1-140 RNC. However, we observe a decrease in
intensity only for T92 in the 1-140 RNC but not for V52 in the 1-100 RNC suggesting
that T92 determines this interaction with another residue type such as V52, which can
access a similar surface area on the ribosome not interacting. Similarly V40 does show
a decreased peak intensity and therefore interaction with the ribosome surface in both,
the 1-100 and 1-140 RNC independent of the distance to the PTC and therefore the
ribosomal surface accessible.

As for all the previously described RNC samples, the occupancy of the 1-100
RNC was determined by comparing western blot band intensities of the RNC sample
with those of known protein standards of 1-100 K60E αSyn (Fig 3.2.22, detailed
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Figure 3.2.22: Occupancy determination of the 1-100 K60E αSyn RNC
Ribosome occupancy determination. (a) Anti-αSyn western blot, where a 10 pmol
(based on 70S concentration) RNC sample (lane 2) is compared to 1-100 K60E αSyn
protein standards. (b) Protein band intensities of αSyn standards loaded in (a) are
plotted against their known concentration (in pmol). The corresponding calibration
curve allows the estimation of NC concentration of the RNC NMR sample.
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procedure described in Methods Section 6.1.12). The 1-100 K60E RNC was estimated to
be 100% occupied.

3.2.5

Interaction of the 1-100 K60E αSyn RNC and TF

In order to investigate whether truncating the αSyn RNC affected the interaction with
TF, the chaperone was added at 1.5 molar equivalents to the 1-100 K60E αSyn RNC.
Minor chemical shift changes (Fig 3.2.23 (a, c)) but extensive broadening (Fig 3.2.23 (b))
1-100 K60E RNC + TF
1-100 K60E RNC

110

2

IRNC+TF/IRNC

a

b

1-100 K60E RNC

1.5
1
0.5
0

0

20
Amphipathic region

IRNC+TF/IRNC

Acidic tail

SecM

NAC

0.5
0

0.03

ΔδNH / ppm

NAC

100

1-100 K60E RNC
1-140 K60E RNC

1

15

N chemical shift/ppm

80

c

1.5

0

125

60

Amphipathic region

2

120

Residue

PTC

115

40

20

40
0

60
80
20
40
Residue

100
60

120
80

140
100

d

0.025
0.02
0.015
0.01
0.005

130
8.8

8.6
1

8.4

8.2

H chemical shift/ppm

8.0

0

0

20

40

Residue

60

80

100

Figure 3.2.23: TF interacts with truncated αSyn RNC variant
(a) 1 H-15 N SOFAST HMQC spectrum (277 K, 700 MHz, NUWS, further details in
Materials & Methods Section 6.3.2.3 and Appendix A.3.1.3) of the 1-100 K60E αSyn
RNC (magenta) overlaid with the 1-100 K60E αSyn RNC in the presence of 1.5
molar equivalent TF (cyan). The RNC concentration was 10.5 µM (based on the 70S
concentration). Spectra were scaled according to their number of scans. (b) Relative
cross-peak intensities of the 1-100 K60E αSyn RNC in the presence and absence of TF
and (c) overlaid with the relative cross-peak intensities of full-length K60E αSyn RNC
in the presence and absence of TF. (d) ∆δNH chemical shift changes between the 1100 K60E αSyn RNC in the presence and absence of TF. Chemical shifts that could be
measured but equal zero are indicated as magenta boxes.

was observed. While there was a significant variation in broadening observable for the
full-length RNC constructs (Fig 2.2.9 (b) and Fig 3.2.14 (b)), here uniform broadening
of about 50.8 ± 2% can be observed for S0 to A68 (Fig 3.2.23 (b)). From A69 intensities
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start to steadily increase, with V77 to A89 exhibiting no perturbation in peak intensity
(100 ± 14%) (Fig 3.2.23 (b)).

A similar pattern of behaviour was observed for the WT and K60E full-length
RNCs, where the C-terminal residues from D119 to D135 were unperturbed (Fig 2.2.9
(b) and Fig 3.2.14 (b)). V77 is 46 residues away from the PTC supporting these earlier
findings of the full-length RNCs, where a distance of 44 residues, from D119 to
the PTC, was necessary for the NC to have emerged from the ribosome tunnel and
gained enough mobility to contact the TF cradle, which then resulted in the intensity
perturbations observed (Fig 2.2.9 (b) and Fig 3.2.14 (b)). Interestingly, the 40 N-terminal
residues are only marginally perturbed in the full-length RNC constructs (Fig 2.2.9 (b)
and Fig 3.2.14 (b)) but exhibit severe reductions in intensity of 50% for the 1-100 RNC
(Fig 3.2.23 (b)). This suggests that in the full-length K60E RNC (163 residues to the
PTC) the NC is potentially long enough to be outside of the TF cradle and therefore
gained full mobility whereas the shorter construct (123 residues to the PTC) is still
within the cradle indicating perturbed intensities even for the furthest N-terminal peaks.

Control experiments adding equimolar concentrations of TF to isolated K60E 1100 αSyn did not show any significant resonance broadening (Fig 3.2.24 (a)) or
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Figure 3.2.24: Cross-peak intensities and chemical shift changes of 1-100 K60E αSyn
in the presence of TF
(a) Relative cross-peak intensities of 1-100 K60E αSyn in the presence and absence of TF.
(b) ∆δNH chemical shift changes between1-100 K60E αSyn in the presence and absence
of TF. Chemical shifts that could be measured but equal zero are indicated as red boxes.
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induced substantial ∆δNH chemical shift changes (Fig 3.2.24 (b)), an observation
mirrored in previous TF/αSyn interactions (Section 3.2.3 Fig 3.2.15 and Chapter 2
Section 2.2.5 Fig 2.2.10).

3.2.6

Study of the K60E αSyn RNC by Residual Dipolar Coupling (RDC)
NMR

To date, structural NMR studies of RNCs have relied on measuring chemical shift,
linewidths and cross peak intensities. This has been a consequence of the low sensitivity
resulting from the low sample concentrations, large molecular size and relatively short
sample lifetime.

For example even after 120 h of rapid acquisition at 700 MHz,

the achievable S/N for some N- and C-terminal cross-peaks of the WT αSyn RNC
was < 5. The increased NMR signal intensities observed for the K60E αSyn RNC
suggested the option of attempting to record other NMR experiments, which provide
directly structural information but are also significantly more insensitive. Previously,
investigations have been undertaken in our laboratory to develop a strategy to measure
RDCs on 70S ribosomes.

While undoubtably, RDC measurements on such large

complexes are much more challenging in both sample preparation and data acquisition
as well as computational requirements, in these studies, 70S ribosomes were successfully
aligned using filamentous bacteriophage (Pf1), which allowed high quality RDCs of
the ribosomal L7/L12 stalk proteins to be collected and in turn enabled structure
refinement of this domain on the ribosome to be accomplished (Xiaolin Wang, PhD
thesis 2012: "NMR study of the Escherichia coli 70S ribosome particle using residual
dipolar coupling"). In this chapter, the invaluable knowledge and skill provided by these
studies was now applied to αSyn in an attempt to perform the first RDC measurements
on a ribosome-bound NC and compare its sampled conformational ensemble with that
of the isolated protein (Manuscript in preparation).
3.2.6.1

K60E αSyn RNC sample preparation for RDC measurements

In this study, the K60E αSyn RNC was aligned in bacteriophage (Methods Section
6.1.10.2.1) allowing the acquisition of N-HN RDCs using the HSQC/TROSY approach.
Experiments recorded repeatedly include the isotropic HSQC and TROSY as well as
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the aligned HSQC and TROSY (Fig 3.2.25) on a 950 MHz spectrometer at 277 K. For
comparison the same set of NMR data was recorded for the isolated variant αSyn at
700 MHz.
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Figure 3.2.25: αSyn RNC spectra for RDC measurments
(a) The αSyn RNC construct. The red bars indicate the sites of K to E mutations. (b)
Overlay of the 1 H-15 N HSQC (red) and TROSY (blue) spectra of the αSyn RNC. (c)
Overlay of the 1 H-15 N HSQC (dark red) and TROSY (dark blue) spectra of the αSyn
RNC in the presence of 15.1 mg/mL−1 bacteriophage Pf1. The K60E αSyn RNC sample
prepared for isotropic NMR measurements was of 12.8 µM concentration and the RNC
sample prepared for anisotropic NMR measurements was of 14.45 µM concentration
prior to the addition of phage and 7.29 µM after adding phage to the sample. NMR
experiments were recorded at 950 MHz at 277 K, detailed NMR parameters can be
found in Section A.3.1.4.
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Alignment of αSyn K60E RNC

For the measurements of RDCs, an appropriate concentration of phage is required to
provide a suitable degree of partial alignment. The high viscosity of phage makes
accurate pipetting of a concentrated phage stock difficult and therefore the concentration
of phage was estimated indirectly via measuring the quadrupolar splitting of the
deuterium signals arising from HOD molecules present in the NMR sample buffer
(Methods and NMR parameters under Section 6.1.10.2.1 and A.3.1.4). In order to find
the appropriate concentration of alignment medium, phage is typically titrated into
the sample followed by RDC measurements. Once the optimal concentration is found,
which gives rise to maximum RDCs, detailed experiments are then undertaken. In
the case of RNC samples, however, this approach is unsuitable as samples are of low
concentration (typically < 10 µM), resulting in long acquisition times (∼7 days), in order
to measure RDCs. The limited stability of RNCs (lifetime < 7 days at 4 ◦ C) would
therefore require a fresh RNC sample for each titration point. In previous studies on
the ribosome (X. Wang et al., in preparation) 10 mg/mL of phage were used, which
gave rise to a maximum RDC of ∼30 Hz. However, this value was determined for
the globular ribosomal L7/L12 protein with the appropriate phage concentration for
disordered proteins such as αSyn potentially differing significantly. Typically, globular
proteins can be aligned using less alignment medium compared to the more flexible
disordered proteins. Therefore 10 and 20 mg/mL of phage concentration were tested
for the optimal alignment of the K60E αSyn RNC. The higher phage concentration of
20 mg/mL gave rise to larger RDCs for test experiments on the isolated K60E αSyn,
however, for the K60E αSyn RNC, no significant difference in the size of the RDC could
be determined using 10 or 20 mg/mL of phage. Given that higher phage concentrations
result in NMR signal broadening and lead to a dilution of the RNC sample, therefore, all
the subsequent detailed RDC measurements on the isolated K60E αSyn as well as K60E
αSyn RNC were aimed to be recorded at 10 mg/mL phage concentration. The data
shown in Fig 3.2.25 were obtained from the RNC aligned in 15.1 mg/mL phage (11.2
Hz deuterium splitting) and 11.4 mg/mL for isolated αSyn (8 Hz deuterium splitting)
(Fig 3.2.26). The fact that these concentrations are higher than the desired 10 mg/ml
results from the difficulties associated with accurately pipetting the concentrated phage
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Figure 3.2.26: Splitting deuterium peak of RDC measurements of the K60E αSyn
RNC
1D 2 H spectra of (a) the αSyn K60E RNC in 15.1 mg/mL Pf1 phage and (b) isolated
αSyn K60E in 11.4 mg/mL Pf1 phage. Details of the NMR parameters are under Section
A.3.1.4.

3.2.6.3

RDC measurements of αSyn K60E RNC

Within the HSQC/TROSY spectra, of the expected 135 non-proline αSyn resonances,
110 peaks for the isotropic and 106 peaks for the aligned spectra could be resolved.
The reduced discernibility of peaks in the aligned spectra arises from line broadening
induced by the presence of alignment medium as well as unresolved homo-nuclear
coupling.

The J couplings were calculated from the isotropic HSQC and TROSY spectra by
taking the differences of the

15 N

frequency for pairs of HSQC and TROSY peaks in

Hz. The same set of differences calculated from the aligned HSQC and TROSY spectra,
then yields the J+D splittings. The D value was calculated by taking the difference
between the J and J+D values (Fig 1.8.3). From the RNC spectra, 93 RDCs are measured
(Fig 3.2.27) of which 55 are from well-resolved peaks. The remaining 38 are derived
from overlapping regions within the spectrum, making their measured peak position
and associated linewidth less accurate resulting in larger error bars. For the isolated
protein 115 RDCs could be measured.

The sign of the RDCs are similar for both the RNC and isolated K60E αSyn. Overall,
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Figure 3.2.27: N-HN RDCs and peak intensities of the αSyn K60E RNC
(a) N-HN RDCs measured on the αSyn K60E RNC (green circles) and isolated K60E
αSyn (orange circles). (b) Measured heights of cross-peaks of the 1 H-15 N HSQC. The
pink bars indicate cross-peaks with the highest peak intensities.

however, the magnitude of the RDCs measured from the RNC (mean RDC ± s.d. =
2.96 ± 1.98 Hz) is larger than that of the isolated protein (mean RDC ± s.d. = 1.18

± 0.69 Hz), which may result from the elevated phage concentration used in the case
of the RNC. Additional differences can be observed when comparing the RDC values
measured across the protein sequence between the RNC and the isolated protein.
Whereas N-terminal residues from M5 to A11 are very similar in RDC values (ca. 0
Hz), residues from E13 to S42 show 2 - 3-fold larger RDC values in the RNC. Regions of
the lowest RDCs measured for the RNC and the isolated protein were residues between
T44 - V48 and also for V66 - G68 as well as for residues around A85. The maximum
RDC values have been measured for residues around T59. Interestingly, in the region
between residues A85 to E110 RDC values are negative for the RNC. This is the only
region where the RNC exhibits significantly lower RDCs compared to the isolated
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protein. However, towards the C-terminus, residues are getting closer to the ribosomal
tunnel leading to a restriction in mobility. For this region (G86 - Y133) RDCs are very
challenging to measure for the RNC construct given the low peak intensities and the
associated broad linewidth reflected in the large error bars.

Generally smaller RDCs indicate regions of more flexibility with larger RDC values
being indicative of regions with restricted mobility. Further information about regions
with high degrees of flexibility versus regions restricted in mobility can be gained
from analysing cross-peak intensities, which were measured in the isotropic HSQC
spectrum. The absolute intensity pattern across the sequence is comparable to the
relative intensities plotted in Fig 3.2.11 (b) for the K60E RNC compared to the isolated
protein in the presence of 70S ribosomes. Regions of the highest peak intensities (T22 T33 and Q62 - T72) (Fig 3.2.27 (b), pink boxes) exhibit low RDC values, particularly for
the latter region.

RNC attachment and integrity (Fig 3.2.28) was monitored in a similar manner to
that described for other RNCs analyses within this thesis (Fig 2.2.2 in Section 2.2.1),
including a combination of biochemical analysis and XSTE diffusion measurements ,
which were interleaved with HSQC and TROSY experiments at approximately five-hour
and nine-hour intervals for isotropic and anisotropic samples respectively.

This study has shown that RDCs can be measured on RNCs representing a major
step towards detailed structural descriptions of emerging NCs.

a

Intensity ratio 95%/5%

Chapter 3. Investigating charge and length alterations of the αSyn RNC
kDa
50

c

1

0.8

40

0.6
0.4

30
20

40

Time /h

60

80

100

d

1

0

0

20

40

Time /h

60

80

100

1

g

0.8

Relative intensities

0.2

0

0 8 22 29 49 54 75 97
Time /h

kDa
50

0 4.5 20 29 45 71 95 142

20
0

20

40

60

80
100
Time /h

120

140

160

h

0

20

40

60

80
100
Time /h

120

140

160

NMR data acquision time /h

180

1

0

100

30

0.4

f

200

40

0.6

0

Percentage tRNA bound

0

0 8 22 29 49 54 75 97
20 NMR data acquision time /h

180

Percentage tRNA bound

e

Intensity ratio 95%/5%

b

Relative intensities

0.2
0

132

200

100

0

0 4.5 20 29 45 71 95 142
Time /h

Figure 3.2.28: Monitoring RNC stability during RDC measurements
(a, e) Ratio of integrated intensities recorded with 95% and 5% maximum gradient
strength of the isotropic (a) and aligned (e) αSyn K60E RNC. (b, f) Integrated intensities
of the 15 N-edited 1D envelope over the course of NMR acquisition for isotropic (b) and
aligned (f) αSyn K60E RNC. Intensities have been normalised to spectrum measured
at the beginning of acquisition. (c, g) Anti-αSyn western blot samples collected during
the NMR acquisition period for isotropic (c) and aligned (g) αSyn K60E RNC. The
blue arrow at ∼45 kDa indicates the tRNA-bound NC with the pink arrow at ∼30 kDa
indicating the released NC. The last two lanes (pink boxes) are the samples run on a
sucrose cushion at the end of the NMR acquisition period to check for the amount of
remaining attached NC. (d, h) Band intensities of samples loaded in (c, g) are plotted
over time to estimate NC release over the course of NMR data acquisition for isotropic
(d) and aligned (h) αSyn K60E RNC.

3.3

Conclusion

In this chapter, the αSyn RNC developed in Chapter 2 was used as a scaffold to
understand the observed interactions with the ribosome surface in greater detail. By
undertaking NMR experiments with sample buffers of varying ionic strength and
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engineering charge mutants of the WT αSyn RNC (Fig 3.2.5 (a)) the influence of
electrostatic effects on ribosome-NC interactions was investigated. While we find that
the charge associated with the NC, is undoubtedly one of the determining factors
for such interactions with the ribosomal surface, it appears to not be the sole factor.
Evidence for this is drawn from cross-peak intensity analyses of regions centred around
residue V40 and T92 for the WT αSyn RNC (Fig 2.2.5 (a)), and the variants K34E and
K60E αSyn RNC (Fig 3.2.11 (a)), in which the intensities do not appear to be related to
the presence of positively charged residues. Similarly, the intensities observed for the
K45E RNC (Fig 3.2.11 (a)) cannot simply be explained by charge effects. While this was
a very unexpected result and will therefore be investigated with much scrutiny, it may
indicate that local effects related to changes in sequence can have very dramatic effects
on NC mobility as measured here by cross-peak intensities. A similar inexplicable effect
has been observed for αSyn in combination with a H6 -tag, where the purification tag
in combination with αSyn induced significant interactions with the ribosome surface
(Fig 2.2.5 (b)) however if the H6 -tag was N-terminal of e.g. the ddFLN sequence of the
Ig-domain (used as a parallel system in the laboratory to investigate co-translational
folding events) no such decreases in intensity and therefore interactions with the
ribosome are observed, stressing the potential importance of very local sequence
determinants inducing interactions.

Further, to investigate the effects of negative charge on the interactions of the
αSyn NC with the ribosome surface, TF was added to the K60E αSyn RNC in order
to determine whether charge also affects the NC - chaperone interactions, that were
observed for the WT αSyn RNC (Section 2.2.5 Fig 2.2.9 (b)). In the first step the K60E
RNC gave rise to on average ∼15% more signal compared to the WT RNC, for which
the NMR signal was extensively broadened (by ∼90%) prior to the addition of TF
(Section 2.2.3 Fig 2.2.5 (a)), with further reductions of ∼50% apparent following the
addition of TF to the sample (Section 2.2.5 Fig 2.2.9 (b)). This resulted in relatively large
errors as it brought the NMR observability to its limits. The charged mutant, however,
allowed to increase the accuracy of these measurements and improved the precision to
map out the sites of interaction between the αSyn NC and the TF cradle. Additionally,
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interactions with the K60E αSyn NC were observed to be weaker compared to the
WT sequence, which may indicate that the observed peak intensity reductions result
from sequence-specific binding events of the αSyn NC to the TF cradle rather than
being of complete steric origin. The observed NMR intensity profile across the K60E
αSyn sequence (Fig 3.2.14 (b)) could, therefore, provide a residue-specific description
of previously reported binding specificities of the TF chaperone, in which interactions
with positively charged substrates are favoured over those negatively charged (Section
1.3.1).

Other than investigating charge effects, the αSyn K60E 1-100 RNC was produced
as another variant of the WT full-length αSyn RNC in order to mimic the emerge of the
NC from the ribosomal exit tunnel, and to explore whether the αSyn sequence (such as
the very N-terminus as well as residues around V40 and T92) is the determining factor
for the interactions observed or whether certain regions on the ribosome need to be
reached that then attract the NC. Here, it was found that although residues within the
1-100 sequence are closer to the exit vestibule and have therefore less ribosomal surface
accessible relative to the full-length RNC, the same residues (e.g. V40) still favour
to interact with the ribosome surface (Fig 3.2.21 (e, f)). Similarly, when aligning the
1-100 and 1-140 RNC sequence from the C-terminus comparing their relative intensity
profiles only T92 showed an interaction with the ribosome surface but not V52, which
is positioned at an equivalent distance to the PTC (Fig 3.2.21 (b, c)). Taken together,
these data confirm that it appears to be specific residues within the αSyn sequence that
determine those interactions rather than particularly attractive areas on the ribosome
surface.

Additionally, TF was also added to the 1-100 K60E RNC, which indicated that
the chaperone interacts in a similar manner with the truncated construct with crosspeak intensity perturbations starting at a comparable distance from the PTC (44
residues for the full-length RNCs, Fig 2.2.9 (b) and Fig 3.2.14 (b) and 46 residues for
the truncated RNC Fig 3.2.23 (b)). However, differences could be observed for the 40
N-terminal residues which were unperturbed by the addition of TF in the full-length
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K60E RNC (Fig 3.2.14 (b)) but significantly decreased in intensity, by ∼50%, in the
truncated construct (Fig 3.2.23 (b)). This indicates that the N-terminus of the full-length
RNC construct seems to have gained full mobility, potentially because the NC has
extended beyond the reach of the TF cradle, in contrast to the N-terminus of the shorter
1-100 RNC construct, which is still contained within at this length. The structural
model of the WT αSyn RNC in complex with TF developed in Chapter 2 (Section 2.2.6,
Fig 2.2.11) corroborates this observation, as E38 was found to be the last N-terminal
residue able to interact with the TF cradle.

Finally, the gains in signal intensity observed for the K60E αSyn RNC were exploited
to develop strategies for measuring RDCs on RNCs.

This presents a whole new

avenue in NMR spectroscopy of RNCs as they present the first measurements of threedimensional NMR experiments on such large molecular complexes. Currently, there
is no 3D structural information on NC conformations available, as they exist beyond
the ribosomal tunnel, and NMR spectroscopy offers the unique prospect to develop
this understanding, particularly through the use of RDCs. RDC values recorded in
this chapter, are currently being employed to restrain molecular dynamics simulations;
together with Dr Tomek Wlodarski (UCL) and Prof Michele Vendruscolo (University of
Cambridge).
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4.1

Introduction

Amyotrophic lateral sclerosis (ALS), the most common form of motor neurone disease
(MND), is characterised by a progressive weakening and atrophy of the muscles due
to the degeneration of the upper and lower motor neurones within the brain and the
spinal cord leading ultimately to fatal paralysis. Investigations into the pathogenesis of
the disease have revealed the presence of intracellular inclusions within neurones that
contain trans-activation response DNA binding protein (TDP-43) (Fig 1.7.3). To date
there is a limited understanding of how this protein is implicated in the onset of disease
and its progression. Knowledge about the fundamental biochemical and biophysical
properties of TDP-43 as well as its structure is scarce, despite the ability to guide our
understanding of how functional proteins transition into toxic inclusions providing the
opportunity to begin to comprehend the complex disease mechanisms involved.

We set out to obtain a understanding of the structural properties of TDP-43 and
in particular its C-terminal domain (CTD274-414 ) (Fig 1.7.1 (a)), which is thought to
be the disease-mediating region as it is associated with nearly all the known TDP-43
mutations [383, 384] and has been shown to initiate aggregation [249, 250]. From its
primary amino acid sequence, the CTD274-414 was predicted to be mainly intrinsically
disordered [250] (Fig 1.7.1 (b)) but was shown by NMR to contain a helix-turn-helix
motif between residue 318-343 (Fig 1.7.1 (d)). However, any detailed structural and
136
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dynamic understanding of the entire domain or indeed about the TDP-43 protein as a
whole is lacking, both of which would be beneficial in providing unique insights into
the pathogenesis of ALS.

As was discussed in Section 1.8, NMR spectroscopy is well suited to study intrinsically
disordered proteins or domains. In order to carry out NMR studies of the CTD274-414 ,
an E. coli expression and purification system, allowing the production of homogeneous,
isotopically-labelled material at high concentrations, was established. This proved to be
highly challenging through the extremely aggregation-prone nature of the CTD274-414 ,
which begins forming insoluble inclusions either already during expression within
the cell, or at low concentrations during purification. Therefore various constructs
were designed using several biochemical expression and purification tags to enable
the production of the CTD274-414 in vitro (Section 4.2.1). The complexity of isolating
the protein from the cell without the formation of aggregates meant that avenues of
performing in-cell NMR experiments were also pursued (Section 4.2.2.3).

Also investigated in this Chapter were the aggregation properties and the characteristics
of the insoluble inclusions of the CTD274-414 (in cooperation with the Chiti lab, University
of Florence) using various biophysical techniques (Section 4.2.3).

4.2

Results & Discussion

4.2.1
4.2.1.1

Development of a TDP-43 CTD expression and purification strategy
Construct design and expression optimisation

In order to initiate the proposed structure and aggregation studies of TDP-43, an
expression system was generated (following the methods detailed in Section 6.1.2) and
a series of variants were produced (together with the help of Dr Lisa Cabrita, UCL and
Dr Emma Daniel, KCL) (Fig 4.2.1), including the glycine-rich CTD274-414 (see Appendix
A.1.2 for the DNA and protein sequence).

The production of TDP-43 CTD274-414 samples was facilitated by expressing the protein
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Figure 4.2.1: Constructs of TDP-43
Constructs of TDP-43 (see Appendix A.1.2 for the DNA and protein sequence) designed
(following the methods detailed in Section 6.1.2) for the proposed structure and
aggregation studies, including CTD274-414 which is at the centre of this investigation.

using several vectors: (i) a small ubiquitin-like modifier (SUMO) vector (DNA and
protein sequence in Appendix A.1.3), which enhances solubility in partially insoluble
proteins [501], (ii) a cold induction pCOLD vector (DNA and protein sequence in
Appendix A.1.3), which allows efficient protein synthesis at low temperatures, reducing
the formation of inclusion bodies [249, 502] and (iii) a vector containing a Maltose
binding protein (MBP)-tag (DNA and protein sequence in Appendix A.1.2), which is
known to enhance protein expression [503] (Fig 4.2.2). All three vectors were tailored
towards enhancing the levels of expression of an aggregation-prone protein, which
was expected to be challenging to over-express in E. coli cells due to the associated
toxicity [249].

Expression tests for all three constructs were carried out in 5 mL and 10 mL LB cultures
following the method detailed in Section 6.1.7.1. Sufficient over-expression of soluble
CTD274-414 protein suitable for NMR sample preparation was only achieved using the
MBP expression system, with the pCOLD and SUMO construct leading overall to
only very low levels of expression (undetectable on a SDS-PAGE gel using Coomassie
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Figure 4.2.2: TDP-43 expression vectors
The CTD274-414 was cloned (detailed procedure in Section 6.1.2) into three E. coli
expression systems: [1] the pET SUMO vector (Invitrogen), which enables the
production of protein fused to a removable solubility tag (SUMO), and with the
advantage of producing the native protein without additional N-terminal amino acids
[501]; [2] the his-tagged pCOLD vector (TakaraBio), which is under a cold-regulated
promoter, generating soluble protein using low temperature IPTG-induction (TEE translation enhancing element, Factor Xa - cleavage site) [249, 502]; [3] the Maltose
binding protein (MBP)-tagged construct, which enables higher expression levels of
soluble CTD274-414 protein [503]. The MBP-tag can be cleaved of using a Tobacco etch
virus (TEV) protease leaving the native protein with an additional glycine. The relevant
DNA and protein sequences are given in Appendix A.1.2 and A.1.3.

stain 6.1.11, < 100 ng). The latter constructs were therefore deemed unsuitable for the
preparation of NMR samples (Fig 4.2.3) making the MBP vector the construct of choice
for all the subsequent NMR sample preparations.
4.2.1.2

Development of a protein purification strategy

Once the MBP expression system was established (see Section 6.1.7 for details of
expression conditions used), a purification strategy was developed (see Section 6.1.8.2
for the detailed purification procedure). The predicted disordered and aggregationprone nature, indicated that the purification strategy needed to be tailored towards
avoiding elevated protein concentrations and supplementation of purification buffers
with aggregation preventing additives such as glycerol, Triton X-100 or high NaCl
concentrations (for the complete composition of purification buffers, see Section 6.1.8.2).
In addition using an N-terminal MBP-tag (Fig 4.2.2) was thought to assist in keeping
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Figure 4.2.3: Development of an expression strategy for CTD274-414
4-12% (w/v) SDS-PAGE gel illustrating soluble expression levels of CTD274-414 from the
different vectors. The red rectangle depicts the molecular weight where a protein band
would be expected. The dashed line highlights that the lanes are from 3 separate gels
run under identical conditions.

the CTD274-414 soluble and reduce aggregation.

Typically for NMR sample preparation, 3 L of

1 H-15 N-labelled

M9 culture (M9

medium composition Table 6.5) were grown at 30 ◦ C for 6 h. Subsequent cell lysis
gave rise to a strong band at 55 kDa within the soluble fraction corresponding to the
MBP-CTD274-414 fusion (Fig 4.2.4 (a), lane 3). Some insoluble material at the same
MW (Fig 4.2.4 (a), lane 2) could also be observed suggesting that while protein had
remained soluble in the cytoplasm about the same amount of protein, as judged by
the band intensities on the SDS-PAGE gel (Fig 4.2.4 (a), lane 2 and 3), has also been
accumulating within inclusion bodies.

The subsequent application of the soluble

lysate to a nickel affinity chromatography column enriched the purity of the H6 MBP-CTD274-414 construct (Fig 4.2.4 (a), lane 8) with most impurities remaining in the
flow-through. Often a band was detected at ca. 40 kDa (Fig 4.2.4 (a), lane 8), which
most likely corresponds to just the MBP-tag where the CTD274-414 appears to have
been cleaved through non-specific proteolysis during cell lysis.

Following affinity

chromatography, the MBP CTD274-414 was subjected to TEV cleavage. The addition of
protease to the reaction immediately resulted in extensive observable precipitation with
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Figure 4.2.4: Purification strategy developed for the CTD274-414
4-12% SDS-PAGE gels of (a) samples collected during lysis and a nickel affinity
chromatography step (L - lysate, P - pellet fraction, S - soluble lysate), (b) during TEV
cleavage and (c) during size exclusion chromatography. (d) S200 gel filtration elution
profile, fractions within the orange boarders were pooled for further analysis by NMR
spectroscopy. (e) 4-12% SDS-PAGE gel of the TDP-43 CTD274-414 sample used for NMR
spectroscopy analysis.

close to all the soluble material aggregating including in addition to the CTD274-414 ,
the MBP-tag, the TEV protease as well as the MBP-CTD274-414 , which did not complete
cleavage (Fig 4.2.4 (b), lane 5). A fraction of just the MBP-tag appeared to remain soluble
(Fig 4.2.4 (b), lane 3). The aggregates were re-solubilised using an 8 M urea containing
buffer and applied to size exclusion chromatography (S200) to separate the different
species observed. The gel filtration profile (Fig 4.2.4 (d)) gave rise to three separate
peaks, which corresponded to the MBP-tag (40 ml, 40 kDa), the TEV protease (50 ml, 28
kDa) and the CTD274-414 (70 ml, 14 kDa) (Fig 4.2.4 (c)). This step allowed the CTD274-414
to be successfully isolated with typical yields being on the order of 0.5 mg per litre of
1 H-15 N-labelled

M9 culture (Fig 4.2.4 (e)).
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NMR characterisation of the CTD of TDP-43

4.2.2.1 In vitro NMR characterisation of TDP-43 CTD274-414 under denaturing
conditions
As described above, the CTD274-414 shows a high tendency to aggregate, so in order
to perform the initial characterisation by NMR spectroscopy, the protein was studied
under denaturing conditions, which allowed NMR experiments to be carried out at
elevated protein concentrations (∼80 µM) without fearing aggregation. 1 H-15 N HSQC
experiments using an 8 M urea, Na2 HPO4 based buffer (for the detailed NMR buffer
composition see 6.1.8.2), were initially recorded at 4 and 25 ◦ C (Fig 4.2.5).
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Figure 4.2.5: NMR characterisation of the CTD274-414 under denaturing conditions
1 H-15 N HSQC spectra (NMR parameters used in Materials & Methods Section 6.3.2.2
and Appendix A.3.2.1) of 80 µM CTD274-414 at 8 M urea (Na2 HPO4 based, full buffer
composition in Methods Section 6.1.8.2) at (a) 277 K and (b) 298 K. The grey box
indicates the region where the resonances of glycine residues are located. (c) Amino
acid sequence of the CTD274-414 .

At both temperatures, cross-peaks were clustered between 7.9 - 8.6 ppm in the 1 H
dimension (Fig 4.2.5 (a, b)), as expected for a disordered protein. Of the expected
141 non-proline residues, 124 could be readily discerned at 4 ◦ C (Fig 4.2.5 (a)), with
104 detectable at 25 ◦ C (Fig 4.2.5 (b)). Disordered proteins, such as αSyn (Fig 1.4.1),
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are commonly recorded at reduced temperatures as this slows amide 1 H exchange with
the solvent increasing the NMR signal intensity of cross-peaks (Appendix Fig A.2.1
(a)). However, even at 4 ◦ C not all resonances expected could be resolved, due to
the disordered nature of the protein and the repetitive primary sequence resulting in
significant cross-peak overlap. The protein sequence consists predominatently of glycine
residues (39), followed by serines (23), asparagines (19) and glutamines (11) (Fig 4.2.5
(c)). Of the 39 glycine residues, 33 could be identified within the region of a 1 H-15 N
HSQC at 4 ◦ C where glycines are typically located (boxed region in Fig 4.2.5 (a, b)).
Furthermore, there are three tryptophan residues within the sequence, whose indole
NH gives rise to a distinctive chemical shift (Fig 4.2.5(a, b) inset). One such cross-peak
could be identified with three-times the resonance intensity relative to the rest of the
cross-peaks observed within the 1 H-15 N HSQC spectrum indicating overlap of the Trp
resonances (see Appendix Fig A.2.1 (b) for the cross-peak intensity plot).
4.2.2.2 In vitro NMR characterisation of TDP-43 CTD274-414 under native conditions
Subsequently,

1 H-15 N

HSQC spectra were recorded as the urea concentration was

progressively reduced (Fig 4.2.6 (a)).

This lowering in urea concentration resulted

in continuous signal reduction, caused by increased levels of visible aggregate
formation with only very low concentrations (< 5 µM) of soluble material remaining
at physiological buffer conditions in the absence of urea (Fig 4.2.6 (c)). Although, the
spectral sensitivity at conditions below 2 M urea was poor, the observed spectrum
remained similar to that at 8 M urea with no significant chemical shift changes, i.e.
all cross-peaks remained within the 7.9 to 8.6 region of the spectrum.
4.2.2.2.1

NMR spectroscopy on the MBP-CTD274-414 construct

As the primary aim of was the study of CTD274-414 under native-like conditions and
in the absence of aggregation concerns, another strategy was considered. From the
expression and purification steps used to prepare the CTD274-414 (Section 4.2.1.2), it was
seen that the protein remained soluble even at high concentrations (∼100 µM) when the
CTD274-414 was attached to the MBP-tag (Fig 4.2.7 (a)). Therefore, 1 H-15 N fast-HSQC
(Fig 4.2.7 (b)) as well as 1 H-15 N SOFAST HMQC spectra (Fig 4.2.7 (c-e)) of the CTD274-414
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Figure 4.2.6: 1 H-15 N HSQC spectra of the CTD274-414 during the step-wise reduction
of urea concentration
1 H-15 N HSQC spectra of the CTD
274-414 during (a) a step-wise reduction of urea (500
MHz, 277 K), (b) in 8 M urea (500 MHz, 277 K, 60 µM, experiment time 30 min) and (c)
under native conditions at 0 M urea (700 MHz, 277K, < 5 µM, 3 h). Spectra have not
been scaled due to the large differences in protein concentration and are shown with
optimal contour levels for representation purposes. Details of the NMR experiments
can be found in Section A.3.2.2.

bound to the MBP-tag were recorded at several temperatures (277 K, 283 K, 298 K, 310
K). A rationale for this chimera was that MBP, as a globular domain of ca 40 kDa may
be expected to have a significantly faster T2 relaxation rate, reducing the proportion of
NMR signal that it would contribute to the NMR spectrum relative to the CTD274-414 .
In addition it was anticipated that the CTD274-414 (linked to MBP by a 11-residue
linker including the TEV cleavage site, Fig 4.2.7 (a)) would behave independently
from the MBP-tag due to its disordered nature. The NMR spectra recorded, however,
showed only very broad resonances across the temperature range form 277 K to 310
K (Fig 4.2.7 (b-e)). While, the NMR cross-peaks observed for isolated CTD274-414 at 2
M urea overlaid well with the signals detected in the 1 H-15 N fast-HSQC spectrum of
the CTD274-414 -MBP chimera, the poorly resolved and broad NMR signals most likely
indicate restricted independent mobility of the CTD274-414 (Fig 4.2.7 (b)). This may be
due to electrostatic interactions resulting from the differing isoelectric points (pI) of the
domains, for the CTD274-414 a pI of 9.98 and for the MBP-tag a pI of 5.39. It seems likely
that these interactions between the solubility tag and the CTD274-414 are the basis of the
inhibition of aggregation of this construct.
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Figure 4.2.7: NMR spectroscopy analysis of MBP-CTD274-414
(a) The MBP-CTD274-414 construct including a H6 -tag purification tag, a MBP solubility
tag, a TEV cleavage site and the C-terminal domain of TDP-43. (b) 1 H-15 N fast-HSQC
of 73 µM of MBP-CTD274-414 at 283K (red) overlaid with the 1 H-15 N HSQC spectrum
of the CTD274-414 at 277K (blue). 1 H-15 N SOFAST-HMQC spectra at (c) 277K, (d) 298K
and (e) 310K. Experiments were recorded in a Na2 HPO4 based buffer (for the detailed
NMR buffer composition see 6.1.8.2).

4.2.2.2.2

In vitro NMR characterisation of TDP-43 CTD274-414 in conjunction with

the RRM2 domain
A further approach tested to investigate the native structure of the CTD274-414 was the
design of a construct based on the MBP vector that included the RRM2 domain (see
Appendix A.1.2 for the DNA and protein sequence), which precedes the CTD274-414
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within the domain arrangement of TDP-43 (Fig 4.2.1 and Fig 4.2.8 (a)). The globular
RRM2 of TDP-43 readily expresses and purifies and its structural properties have been
well characterised by crystallography and NMR [375, 376]. The construct shown in
Fig 4.2.8 (a) has the MBP-tag expected to enhance expression and the RRM2 domain
anticipated to increase CTD274-414 solubility after removal of the MBP-tag.

The MBP-RRM2-CTD274-414 construct was expressed (2 L, uniformly

15 N-labelled

M9 growth (M9 medium composition see Table 6.5), grown at 30 ◦ C for 6 h, expression
details see Section 6.1.7) and purified following the same purification protocol
established for the MBP-CTD274-414 protein (see Section 4.2.1 and Methods Section
6.1.8.2 for purification details) including cell lysis and nickel affinity chromatography.
This procedure resulted in the recovery of a strong band at the expected MW (∼60 kDa)
(Fig 4.2.8 (b), lane 9). TEV protease was added (1 OD280 TEV per 50 OD280 CTD274-414 )
to the elution fraction for solubility-tag removal (see Methods Section 6.1.8.2 for details
of the cleavage procedure). The cleavage induced visible aggregate formation but on a
slower timescale, over several hours, and with overall less fibrils observed compared to
the case of MBP-CTD274-414 where aggregation was more extensive (judged by eye) and
observed immediately. Interestingly, while the insoluble fraction was found to mainly
contain bands corresponding to the MBP-tag (∼40 kDa) and TEV (∼28 kDa) (Fig 4.2.8
(c), lane 6, 7), the soluble fraction additionally contained a strong band at just above 14
kDa as well as remaining uncleaved MBP-RRM2-CTD274-414 (Fig 4.2.8 (c), lane 8 - 10).
Unfortunately, the RRM2-CTD274-414 construct, which was expected to appear at ∼25
kDa (MW: 24.7 kDa based on ExPASy ProtParam [504]) on a 12% SDS-PAGE gel post
TEV cleavage was not observed. Instead the identity of the ca. 14 kDa fragment, which
may correspond to a truncation product of the RRM2-CTD274-414 , and possibly arising
from an additional TEV site, was investigated.
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Figure 4.2.8: Purification strategy developed for MBP-RRM2-CTD274-414
(a) MBP-vector, including a H6 purification tag, the MBP solubility tag, a TEV cleavage
site, the RRM2 domain and the CTD274-414 . Above the sequence additional TEV
cleavages sites discussed in the text below are also indicated. (b) 12% SDS-PAGE gel
with samples collected during lysis and a nickel affinity chromatography step. Boxed
in red is the band of interest corresponding to the MBP-RRM2-CTD274-414 . In the lane
on the extreme right a purified sample of MBP-CTD274-414 was loaded for comparison.
(c) 12% SDS-PAGE gel with samples prior to and post TEV cleavage, including the
soluble and insoluble fraction. The fractions indicated in the green box were thought
to contain a truncation product of the RRM2-CTD274-414 and therefore further isolated
using size exclusion chromatography. (d) Gel filtration elution profile (S200), fractions
within the red borders were pooled. (e) 12% SDS-PAGE gel of the fractions collected
during a size exclusion chromatography step (S200). (f) Elution profile of the heparin
column, fractions between the red borders were pooled. (g) 12% SDS-PAGE gel of
samples collected during a heparin column step. The fractions indicated in the green
box correspond to the potential RRM2-CTD274-414 truncation and were pooled for NMR
spectroscopy.
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In order to test for additional TEV cleavage sites, the sequence was entered into the
ExPASy PeptideCutter program [504]. The program identified one additional possible
TEV cleavage site located inside the MBP-tag (76 FGGYAQS82 ) at the end of the third
α-helix on the surface of the protein (Fig 4.2.8 (a)). Although the optimal cleavage
sequence of TEV is ENLYFQ\S, the protease is active over a range of sequences with
a consensus sequence of EXLYXQ\X. While the location of the cleavage site in a loop
region on the surface of the protein should have made MBP accessible for cleavage,
corresponding cleavage products were, however, not observed.

Recently, another

possible TEV protease-like cleavage site (246 EDLIIKG252 ) within the RRM2 domain has
been identified using mass-spectrometry [505]. Cleavage at this site could give rise to
the ∼14 kDa construct observed, which would consist mainly of the CTD274-414 as well
as some remaining RRM2 residues. The possibility of having isolated soluble CTD274-414
led to further investigations of this fragment by NMR.

In order to analyse the identity of this protein fragment, the soluble fraction was
applied to size exclusion chromatography.

Unfortunately, the protein of interest

could not be separated from the MBP-tag with both proteins co-eluting in one peak
(Fig 4.2.8 (d)). This suggested that the fragment observed as a ∼14 kDa band on a 12%
SDS-PAGE gel forms a dimer and therefore elutes together with the 40 kDa MBP-tag
(Fig 4.2.8 (e)). Previous studies have found that the RRM domains have oligomer
forming propensities with the RRM1-RRM2 construct forming dimers and the RRM1
and RRM2 in isolation forming homotetramers [376] suggesting that the RRM2 may be
part of the ∼14 kDa fragment. Following size exclusion chromatography, the sample
(Fig 4.2.8 e, lane 3-8) was applied to a heparin column, which allows the isolation of
DNA/RNA-binding proteins such as the RRM domains (Fig 4.2.8 (f)). This purification
step proved successful and enabled the isolation of a mostly homogenous protein
sample at ∼14 kDa (Fig 4.2.8 (g), lane 3-6) strengthening the evidence that RRM2 is
part of this fragment’s sequence. The strong band observable on the SDS-PAGE gel
indicated that the sample was concentrated enough for NMR spectroscopy analysis
(Fig 4.2.8 (g), lane 3-6). MALDI-TOF mass-spectrometry was run on this sample to
determine its molecular weight precisely, giving rise to a strong peak at 13.287 kDa.
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HSQC spectra (see Materials & Methods Section 6.3.2.2 and Appendix

A.3.2.4 for the detailed NMR experiment parameters) of the ∼14 kDa fragment were
recorded at 4 ◦ C and 25 ◦ C (Fig 4.2.9 (a, b)). At 4 ◦ C, cross-peaks were mostly clustered
between 7.9 - 8.9 ppm in the 1 H dimension with a number of well dispersed peaks
also observable. The resonances appearing in the centre of the spectrum are much
stronger in intensity, compared to the dispersed peaks. Increasing the temperature to
25 ◦ C caused the dispersed peaks to become more intense (3-fold), and was associated
with a loss in cross-peak intensity in the centre of the spectrum including several
glycine resonances, which mostly originate from the CTD274-414 .

The temperature

dependence of these central cross-peaks is related to solvent exchange effects of the
amide protons as discussed in Section 4.2.2.1, which slows for disordered proteins
at reduced temperatures increasing the observable signal intensity. At 4 ◦ C a total
of 113 peaks including 17 glycine residues were readily observable and 80 peaks at 25 ◦ C.
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Figure 4.2.9: NMR characterisation of a RRM2-CTD274-414 truncation product
HSQC spectra of ca 50 µM of the ∼14 kDa fragment at (a) 277 K and (b) 298
K recorded in a Na2 HPO4 based buffer (for the details of the NMR experiment see
Materials & Methods Section 6.3.2.2 and Appendix A.3.2.4). The spectra have been
scaled according to the number of scans.
1 H-15 N

Of the 80 cross-peaks observed at 25 ◦ C, at least 30 are dispersed from the centre of
the spectrum, indicative of a region of persistent tertiary structure, most likely the
RRM2 domain (Fig 4.2.9 (b)). The existing NMR assignment of the RRM2 domain in
tandem with RRM1 and bound to UG-rich RNA [375] was therefore used to investigate
whether any cross-peaks in the 1 H-15 N HSQC spectrum of the ∼14 kDa fragment
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overlay. While, there are similarities observable between the location of the assignments
and the cross-peaks of the ∼14 kDa fragment, the agreement between the assignment
and the NMR spectrum is generally very poor, with not a single cross-peak clearly
corresponding to the deposited assignment (Appendix Fig A.2.2). This discrepancy can
be related to a range of factors, slightly differing NMR buffer, the RRM2 in conjugation
with RRM1 or here the CTD274-414 as well as the NMR experiments being carried out in
presence and absence of RNA.

Taken together, however, the data rule out the latter cleavage site identified within the
RRM2 domain (Fig 4.2.8 (a)), as cleavage at this site would have resulted in just 16
RRM2 residues rather than the > 30 observed. C-terminal cleavage removing parts of
the CTD274-414 appears therefore more likely.

To investigate whether the 14 kDa fragment did indeed undergo cleavage from
the C-terminal end, missing residues of the CTD274-414 , the 1 H-15 N HSQC spectrum
recorded at 4 ◦ C (Fig 4.2.9 (a)) was overlaid with the assigned 2 M urea spectrum
(that has been residue-specifically assigned, vide infra Fig 4.2.19 (a) and Section 4.2.2.4).
Overall, less (∼50%) cross-peaks are detectable in the region between 8.0 - 8.8 ppm,
where resonances of residues within the disordered CTD274-414 are expected, confirming
that the truncation may have occurred within the CTD274-414 . Precisely identifying where
cleavage may have occurred within the domain remains ambiguous with matching
cross-peaks detectable in both spectra mapping mainly to the N-terminal region of the
CTD274-414 including G288, A297 and G298 (Fig 4.2.10 (pink boxes)) but potentially also
some C-terminal residues such as G400 (Fig 4.2.10 (blue box)). Taken together it could
not be verified that the ∼14 kDa fragment contains the full CTD274-414 , which meant
further strategies needed to be tried in order to gain a structural understanding of the
CTD274-414 under native conditions.
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Figure 4.2.10: NMR characterisation of a RRM2-CTD274-414 truncation product
Overlay of the 1 H-15 N HSQC spectra of the ∼14 kDa fragment (ca. 50 µM) at 277
K (orange) with the CTD274-414 (ca 15 µM) recorded under 2 M urea conditions (green)
including the CTD274-414 assignment (vide infra Fig 4.2.19 (a) and Section 4.2.2.4). Spectra
have not been scaled but are shown with optimal contour levels for representation
purposes.

4.2.2.3

In-cell NMR characterisation of TDP-43 CTD274-414

The described challenges experienced to produce, purify and characterise the CTD274-414
under native-like conditions appear to mainly result from its high aggregation
propensity occurring during purification.

Another strategy, namely in-cell NMR

spectroscopy, where the CTD274-414 can remain within intact E. coli cells during NMR
acquisition was explored. Selective isotopic labelling schemes that enrich the protein
of interest against an NMR invisible cellular background, thereby allow structural
investigations within a native environment. In-cell NMR spectroscopy has been of
great value to investigate the structure and dynamics of many polypeptides under
physiological conditions including αSyn, which continues to be studied extensively
in our laboratory [481, 506]. While in most cases in-cell NMR is performed using the
bacterial E. coli system, recently such experiments have also been achieved in eukaryotic
cell systems including yeast [507], insect [508] and mammalian cells [509, 510]
broadening the scope of application of these experiments. In this thesis, in-cell NMR
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strategies developed on the αSyn system were applied to the study of the CTD274-414 .

In order to investigate the CTD274-414 within intact E. coli cells, the CTD274-414 was
cloned into a vector containing a protein G- (GB1) solubility tag (Fig 4.2.11 (a), see
also Section 6.1.2 for the cloning details and Appendix A.1.3 for the DNA and protein
sequence). GB1 is a small protein of only 56 residues, often used to enhance the
solubility of aggregation-prone proteins [511]. The small GB1-tag was used as no tag
removal could be performed and because previous in-cell NMR experiments using
GB1 have shown that the tag is inert to cellular components [512, 513]. Expression of
the GB1-CTD274-414 construct was tested in two different E. coli cell lines (BL21, typical
expression cell line and C41, well suited cell line to express toxic proteins) at increasing
lengths of expression time at 22 ◦ C (Fig 4.2.11 (b) and Section 6.1.7.1).
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Figure 4.2.11: Expression test GB1-CTD274-414 construct for analysis by in-cell NMR
spectroscopy
(a) The GB1-CTD274-414 construct designed for in-cell NMR spectroscopy experiments
included a H6 -tag, a TEV cleavage site, a GB1 solubility tag and the CTD274-414 . (b)
Anti-his western blot of the expression test (50 mL LB per time-point) of the GB1-CTD
for various expression durations in two different cell lines (C41 and BL21) at 22 ◦ C
(Section 6.1.7.1).

Expression of the GB1-CTD274-414 gave rise to a strong band at a MW just below 30 kDa,
which is slightly higher than expected for this 21 kDa construct. However, disordered
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proteins such as the CTD274-414 often migrate slower through SDS-PAGE gels than the
MW standards which are based on globular proteins. Expression levels appeared to
be similar in both cell lines (detectable by a strong band in an anti-his western blot)
with maximum soluble expression found at ∼4 h. Increased expression times were
dismissed as they led to no increase in soluble expression but the accumulation of the
protein in insoluble inclusion bodies (Fig 4.2.11 (b)). Based on these expression tests,
conditions deemed suitable for the production of labelled GB1-CTD274-414 for in-cell
NMR spectroscopy were 3 h at 22 ◦ C in the BL21 cell line (Section 6.1.13).

In-cell NMR samples were prepared using a standard protocol (Section 6.1.13) [514],
which typically involved a 200 mL growth initially within LB before transferring cells
into 1 H-15 N-labelled M9 medium (Table 6.5) for expression. The cells were resuspended
as a 40% (w/v) slurry in M9 salts (Table 6.5) for NMR spectroscopy.

A 1 H-15 N

SOFAST HMQC spectrum of the GB1-CTD274-414 construct was recorded giving rise
to detectable cross-peaks clustered between 7.8 - 9.2 ppm in the 1 H dimension but of
very broad signal linewidth (Fig 4.2.12 (a)). The E. coli cells were subsequently lysed
using sonication and the soluble lysate was again recorded. Lysis of the cells led to
a significant improvement of the resolution with narrower NMR signal linewidths
(Fig 4.2.12 (b)).
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Figure 4.2.12: In-cell NMR of CTD274-414
(a) In-cell 1 H-15 N SOFAST HMQC spectrum of GB1-CTD274-414 (700 MHz, 277 K,
experiment time 50 min). (b) 1 H-15 N HSQC spectrum of the soluble lysate of GB1CTD274-414 (700 MHz, 277 K, 2 h 40 min) (c) Overlay of the spectra of (a) and (b).
Details of the NMR data acquisition are given in Materials & Methods Section 6.3.2.3
and 6.3.2.2 as well as Appendix A.3.2.5. Reference spectra of uninduced cells to estimate
the amount of background labelling are given in the Appendix Fig A.2.3 (c, d).
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The 1 H-15 N HSQC lysate spectrum of the GB1-CTD274-414 shows predominantly crosspeaks clustered between 8 - 9 ppm in the 1 H dimension as well as a very few dispersed
peaks indicating mostly disordered but also structured protein regions (Fig 4.2.12 (b)).
In order to determine whether the dispersed peaks originate from the globular GB1-tag,
a GB1-tag only construct was prepared as an in-cell NMR sample with subsequent lysis.
The 1 H-15 N HSQC of lysate GB1 reveals that the dispersed cross-peaks detected in the
spectra of the GB1-CTD274-414 chimera originate from the solubility tag (spectra and GB1
assignment within Appendix Fig A.2.3 (a, b)). When comparing the GB1-CTD274-414
lysate spectrum with spectra of the CTD274-414 at various urea concentrations, a good
agreement of cross-peaks clustered in the centre of the spectrum could be observed
(Fig 4.2.13) indicated that the CTD274-414 appears to remain mostly disordered under
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Figure 4.2.13: Comparison of the CTD274-414 under native and denaturing conditions
Overlays of the 1 H-15 N HSQC spectra between the GB1-CTD274-414 lysate spectrum
(magenta) and the isolated CTD274-414 spectrum at (a) 8 M urea (green), (b) 2 M urea
(blue) and (c) 0 M urea (cyan). Gly region expansions of boxed areas in a and c of (d) 8
M urea and (e) 0 M urea conditions.

native conditions.

The region of the spectrum where mainly Gly residues appear

(Fig 4.2.13 (d, e)) showed a particularly good correspondence. Some differences are
also observable, which may indicate structural distinctions of the protein within its
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cellular environment compared to denaturing conditions in urea as well as additional
background signal in the lysate spectrum. However, these initial experiments of the
CTD274-414 in E. coli lysate prevented previous aggregation difficulties, promoting the
in-cell/lysate NMR strategy as a promising strategy to investigate the structure of the
CTD274-414 under native conditions.

The extent of overlay of the NMR spectra recorded of the CTD274-414 in native
and denaturing conditions suggested the possible option of assigning the protein
backbone under 8 M urea conditions (Fig 4.2.14) and subsequently transferring the
assignment to the lysate spectrum via the previously described 8 M - 2 M urea titration
data set (Fig 4.2.6). The assignment of the CTD274-414 under conditions of 8 M urea was
considered less challenging than attempting to record triple resonance experiments,
which are insensitive and lengthy, directly on the lysate sample. While we have shown
that remarkably good 3D spectra of αSyn inside of cells can be recorded, these are
nevertheless technically challenging experiments, in particular related to the peak
broadening resulting from the inhomogeneous magnetic field [481].
4.2.2.4

Protein backbone assignment of TDP-43 CTD274-414

For assignment, CTD274-414 was prepared via a 3 L culture of

15 N-13 C

labelled M9

medium (see Methods Table 6.5 for media composition and Section 6.1.7 for expression
protocol). The resulting 200 µM CTD274-414 sample (details of the purification under
Section 6.1.8.2).

was used for backbone assignment on a 700 MHz spectrometer

by recording a standard set of 3D-triple resonance experiments including HNCO
and HN(CA)CO, HNCA and HN(CO)CA, HNCACB and HN(CO)CACB (performed
by Dr John Kirkpatrick (UCL), Experiment details within Methods Section 6.3.2.6
and Appendix A.3.2.7).

The assignment was challenging as the CTD274-414 has an

overlapped 1 H-15 N HSQC spectrum resulting from its disordered structure and a
repetitive sequence, which meant that even by evolving a third (13 C) chemical shift
some resonances proved difficult to resolve. All of the 135 non-proline residues were
assigned (Fig 4.2.14 and Table 4.1, assignment performed with significant help from Dr
Xiaolin Wang).
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Table 4.1: Extent of the CTD274-414 assignment
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Figure 4.2.14: 1 H-15 N HSQC fingerprint spectrum of the CTD274-414 in 8 M urea
(a) Example of the Cα (obtained from the inter-residue HNCACB) and C’ (obtained
from the HNCO) shifts of a stretch of three consecutive residues, which could be
assigned in the 8 M urea CTD274-414 . (b) 1 H-15 N HSQC spectrum of the CTD274-414
in 8 M urea buffer at 277 K including the assigned residues. NMR experiment details
within Methods Section 6.3.2.6 and Appendix A.3.2.7.

The backbone chemical shifts (N, NH, CO, CA and CB) were used to estimate secondary
structural propensity, using the algorithm δ2D [515]. The structure predictions show
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that while the CTD274-414 exhibits mostly chemical shifts that indicate random coil
characteristics, there are regions showing elements of residual secondary structure,
particularly a significant (40% probability) β-sheet content between residue S317 - A321
and a minor (10% probability) α-helical content between residue Q346 - S350 (Fig 4.2.15
(a)). The ∆δ Cα/Cβ chemical shift variation between observed chemical shifts and

Propapility of 2ndary Structure

predicted random coil chemical shifts (δ2D [515]) were also calculated (Fig 4.2.15 (b, c)).
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Figure 4.2.15: Secondary Structure Prediction of the CTD274-414 in 8 M urea using
δ2D
(a) Probability for secondary structure elements (yellow - random coil, green - β-sheet,
blue - α-helix) within the CTD274-414. (b) ∆δ Cα and (c) ∆δ Cβ chemical shift variation
relative to random coil shifts deposited in δ2D [515].

Typically negative variations in ∆δ Cα/Cβ chemical shifts indicate α-helical propensity
whereas positive variation in ∆δ Cβ chemical shift indicates β-sheet propensity.
However, both ∆δ Cα and ∆δ Cβ fluctuate equally between positive and negative
values and therefore do not clearly indicate any α-helical or β-sheet content (Fig 4.2.15
(b, c)).

Secondary structure predictions were repeated using DANGLE (Dihedral

Angles from Global Likelihood Estimates) [516], an algorithm implemented into the
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CCPN software [517], which predicts protein backbone Φ and Ψ angles as well as
secondary structure assignments based solely on amino acid sequence information and
experimental chemical shifts. The results indicate close to no residual structure apart
from a small α-helical region between residue 324-328 (Fig A.2.4).

The secondary structure predictions obtained from δ2D [515] and DANGLE [516] were
compared to protein sequence predictions using PSIPRED [518]. These predictions,
based on the amino acid composition of the protein sequence, indicate that the
CTD274-414 is mainly disordered (Fig 4.2.16 (a)) but with α-helical propensity (Fig 4.2.16
(b)) predicted for the region between residue 314 and 334. The structure and sequence
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Figure 4.2.16: Secondary Structure Prediction based on the protein sequence of the
CTD274-414 using PSIPRED
(a) Intrinsic disorder profile indicating that the CTD274-414 is mainly disordered but
with a region of order between residue 314 - 334. (b) The region of order identified in
(a) is predicted to have α-helical propensity.
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predictions are generally in good agreement indicating that the CTD274-414 is indeed
mostly disordered but with structural propensity in a small 20-residue region between
314 and 334. While the structure predictions performed using δ2D [515] indicated this
to be β-sheet (Fig 4.2.15 (a)) the sequence predictions indicate α-helical content, which
is in closer agreement with the structure predictions undertaken using DANGLE [516]
(Fig A.2.4). The discrepancy could be explained by the fact that the NMR structure
predictions are based on chemical shifts measured within an 8 M urea buffer, where
polypeptides are generally mostly disordered with a large error on the prediction
of residual structural content.

Overall, however, residual α-helical content of the

CTD274-414 appears more likely with the predicted β-sheet content potentially being an
artefact of the algorithm.

This observation is further supported when compared to the results of the sequence
and structure predictions of an NMR structure of a 50-residue CTD274-414 fragment
(residue M311 to Q360) under native conditions, where a helix-turn-helix motif between
residue A321 - L330 and G335 - Q343 was found [306] (Fig 1.7.1 (e)). These results
again identify the same region (G314 - Q334) to have structure forming propensities,
which together with our own structure predictions suggest that, while the CTD274-414
is mainly disordered, the region between residue G314-Q344 may be significantly
more ordered. Interestingly, the α-helical regions identified in the CTD311-360 fragment
were found by circular dichroism (CD) spectroscopy to transform into β-sheets during
aggregation [306]. Given that the assignment experiments in this study were recorded
on resolubilised CTD274-414 aggregates, it appears likely that the β-sheet content
between residue S317 and A321 may represent residual β-sheet structure resistant
to urea resolubilisation, although further investigation is required to confirm this
potentially interesting region of secondary structure.

The spectral assignment of the CTD274-414 under denaturing (8 M urea) conditions was
transferred onto the 1 H-15 N HSQC spectrum of the CTD274-414 in 2 M urea (Fig 4.2.17
(a)). Of the 135 non-proline resonances, 129 could be attributed to cross-peaks identified
in the spectrum recorded under 2M urea conditions. Using the titration data set (8, 6,
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4, 2 M urea) even dramatically shifted cross-peaks (> 0.2 ppm in the 1 H dimension)
could be followed and transferred onto the 2 M urea spectrum (Fig 4.2.17 (S317)).
Interestingly, the NH chemical shift changes between the 8 M and 2 M urea state are
greatest (∆δNH = 0.46 ppm) surrounding residue A324 (Fig 4.2.17 (b)), proximal to the
region of elevated β-sheet propensity (Fig 4.2.15 (a)). This indicates that this region may
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Figure 4.2.17: Protein backbone assignment strategy for the CTD274-414
(a) 1 H-15 N HSQC spectrum of the CTD274-414 in 8 M (red), 6 M (magenta), 4 M (pink)
and 2 M (green) urea (NMR spectrum as in Fig 4.2.6, NMR conditions: 500 MHz, 277
K, protein concentration 60 µM - 15 µM , Na2 HPO4 based buffer, NMR experiment
details are given in Materials & Methods Section 6.3.2.2 and Appendix A.3.2.2). Insets
show examples of cross-peaks exhibiting large (S317, > 0.2 ppm in the 1 H dimension),
medium (N364, 0.1 - 0.2 ppm in the 1 H dimension) and small (G376, < 0.1 ppm in
the 1 H dimension) ∆δNH chemical shift changes. (b) ∆δNH chemical shift changes
between the CTD274-414 at 8 M urea and 2 M urea. Chemical shift changes that could
be measured but equal zero are indicated as red boxes.
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undergo structure formation during the reduction in urea supporting the findings of the
secondary structure predictions.
4.2.2.4.1

Protein backbone assignment of TDP-43 CTD274-414 under native lysate

conditions
The by transfer obtained assignment at 2M urea was then tried to be further transferred
onto the 1 H-15 N HSQC spectrum of the CTD274-414 obtained in E. coli lysate. Two
different strategies of recording the CTD274-414 under native conditions were tested.
One involved growing uniformly

15 N-labelled

GB1-CTD274-414 construct in E. coli cells

and then recording the supernatant of these lysed cells (Methods in Section 6.1.13).
Secondly, a concentrated 8 M urea protein stock of

15 N-13 C-labelled

CTD274-414 (∼200

µM), purified as described in Section 6.1.8.2, was resuspended into an E. coli lysate from
a non-induced growth in LB (200 mL culture, no labelling, prepared as in Section 6.1.13
but omitting the addition of IPTG). This reduced the final urea concentration to 0.8 M
and no visible signs of aggregation were observed. The 1 H-15 N HSQC spectra obtained
for the CTD274-414 using both of the above described strategies show cross-peaks
clustered between 7.7 - 8.8 ppm indicating the disordered nature of the CTD274-414 as
observed previously (Fig 4.2.18).

Cross-peaks observable in the

15 N

dimension between 127 - 132 ppm in the spectrum

of CTD274-414 grown and then directly recorded within E. coli lysate (Fig 4.2.18 (a))
are absent in the spectrum of the CTD274-414 using the latter strategy (Fig 4.2.18 (b)),
where CTD274-414 was purified separately and then resuspended into unlabelled E. coli
lysate (Fig 4.2.18 (c), grey box). This results most likely from the complete absence of
background labelling of cellular E. coli proteins when using an LB-derived background
lysate. A further advantage of this strategy is that elevated protein concentrations
are achievable and no additional cross-peaks are contributed to the spectrum by the
presence of a solubility tag (GB1). Overall this led to a spectrum with less background
signal and more intense CTD274-414 cross-peaks (Fig 4.2.18 (b)).

The optimised lysate spectrum facilitated the cross-peak assignment by transfer.
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Figure 4.2.18: 1 H-15 N HSQC spectra of the CTD274-414 recorded within E. coli lysate
(a) 1 H-15 N HSQC spectrum (spectrum as in Fig 4.2.12 (b); experiment details given
in Materials & Methods Section 6.3.2.2 and Appendix A.3.2.5) of the CTD274-414
overexpressed in E. coli cells that were lysed (magenta). (b) 1 H-15 N HSQC spectrum
(experiment details are given in Materials & Methods Section 6.3.2.2 and Appendix
A.3.2.6) of the CTD274-414 purified (Methods Section 6.1.8.2) under denaturing
conditions (blue) and then resuspended in E. coli lysate prior to NMR spectroscopy
and (c) overlay of the spectra in (a) and (b).

The small chemical shift changes (< 0.1 ppm) (Fig 4.2.19 (c)) allowed all 129 cross-peaks
identified under 2 M urea conditions (Fig 4.2.19 (a)) to be transferred onto the lysate
spectrum (Fig 4.2.19 (b)). The pattern in ∆δNH chemical shift changes is similar to
that observed between the 8 M and the 2 M urea state of the CTD274-414 with N319
exhibiting the larges ∆δNH chemical shift change of ∼0.1 ppm. This indicates that the
region (residue G314-Q334), which was identified to contain α-helical (Fig 4.2.16 (b)) or
potentially even β-sheet (Fig 4.2.15 (a)) content by secondary structure predictions may
undergo further structural changes towards its native-like conditions.

Experiments underway aim to determine secondary structural information about the
CTD274-414 under native conditions by directly measuring triple-resonance assignment
experiments within E. coli lysate.
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Figure 4.2.19: Protein backbone assignment strategy for the CTD274-414
(a) 1 H-15 N HSQC spectrum of the CTD274-414 in 2 M urea and (b) in E. coli lysate
(0.8 M urea) including the assignment. (c) ∆δNH chemical shift changes between the
CTD274-414 at 2 M urea and in lysate at 0.8 M urea.

4.2.3

Aggregation studies of TDP-43 CTD using biophysical methods

Visible aggregates of CTD274-414 were seen to form during recombinant protein
purification and we therefore investigated the basic characteristics of the aggregates
observed using biophysical methods.

Purified CTD274-414 (following the methods

described in Section 6.1.8.2) dissolved in 8 M urea was dialysed into a Na2 HPO4 buffer
during which aggregates formed. The resulting species were resuspended in H2 O for
analysis by transmission electron microscopy (TEM) using the negative staining method
(for details of the TEM grid preparation see Section 6.2.1). The images obtained show
branched fibrillar-like structures (Fig 4.2.20).
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Figure 4.2.20: TEM images of the CTD274-414 aggregates
TEM images (2x Jeol 1010) captured of CTD274-414 aggregates, which immediately
formed during dialysis from 8 M urea conditions into a native Na2 HPO4 buffer.

To investigate the CTD274-414 aggregates further, a more detailed characterisation of
CTD274-414 misfolding and aggregation was undertaken in collaboration with Fabrizio
Chiti (University of Florence). CTD274-414 , in 8 M urea, was renatured in a phosphate
buffer at pH 7.5 at 37 ◦ C. The aggregates that formed were investigated using atomic
force microscopy (AFM), which indicated that they are of amyloid-like fibrillar
morphology with an average fibril height of 12 - 18 nm (Fig 4.2.21 (a), methods Section
6.2.6).

Amyloid-like fibrils are characterised by β-sheet-rich conformations, which

can be detected using circular dichroism (CD) as well as Fourier transform infrared
spectroscopy (FTIR) (Section 1.5.1) and thus these techniques were used to investigate
the structural details of the CTD274-414 aggregates in more detail (methods Section 6.2.4
and Section 6.2.5). The CD spectrum of the aggregates showed a negative peak at 200
nm (Fig 4.2.21 (b)), which is consistent with disordered structure, rather than what
would have been anticipated for β-sheet content, where a negative peak at ca. 220-230
nm and a positive peak at ca. 190-200 nm is observed. Using FTIR, the second derivative
FTIR spectrum (Fig 4.2.21 (c)) shows a prominent peak at 1680 cm−1 indicating a β-turn
structure. Taken together, these data suggest that although the CTD274-414 aggregates
appear to demonstrate amyloid-like fibril character as shown by AFM, CD and FTIR
analysis reveals that the aggregates do not share the same cross β-sheet like structure
associated with amyloid-like fibrils.
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Figure 4.2.21: Biophysical characterisation of the CTD274-414 aggregates
Biophysical characterisation (methods in Section 6.2) of CTD274-414 aggregates
resolubilsed from 8 M urea and reformed in a phosphate buffer at pH 7.5 at 37 ◦ C
using (a) AFM, (b) CD, (c) FTIR, (d) congo red and (e, f) ThT dye binding.

Further, amyloid diagnostic dyes such as congo red (CR) and thioflavin T (ThT)
were used to assess whether the CTD274-414 aggregates contain typical amyloid-like
dye binding properties (Methods Section 6.2.2 and Section 6.2.3). The CR maximum
absorption peak at ∼495 nm neither increased in intensity nor shifted in wavelength
upon the addition of CTD274-414 aggregates (Fig 4.2.21 (d)). As a result the difference
spectrum remained flat indicating that the CTD274-414 aggregates do not exhibit any CR
binding capacities. Binding to ThT was variable, in which some preparations of the
CTD274-414 fibrils had the ability to bind the dye leading to a strong peak at 480 nm
wavelength (Fig 4.2.21 (e)) while others preparations showed no changes in fluorescence
(Fig 4.2.21 (f)). The variability in binding is currently unclear but has been observed
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similarly within TDP-43 inclusions of patient-derived tissue [407–411] as well as for
in vitro aggregation studies, most likely indicating significant heterogeneity during
the aggregation process. Indeed within the literature, the amyloid-like qualities of
CTD274-414 aggregates remain debatable as CR and ThT binding properties appear to
mostly be absent [407–409] with ThT- and CR-positivity only observed in chemically
treated samples (using oxidants, reductants, acids and bases) [410] or within very small
fractions of disease-affected tissue [411] as well as in vitro only reported for small
CTD fragments of 13 - 50 residues in length. A more detailed description of TDP-43
aggregation is described in Section 1.7.3. Generally, it appears that TDP-43 aggregation
does not show the classic hallmarks associated with β-amyloid formation, however,
further detailed investigations are needed in order to understand this process in detail.

4.2.4

Conclusion

In this chapter the structural and dynamic properties of the CTD274-414 have been
investigated as well as the basic misfolding and aggregation properties of CTD274-414
fibrils. While these studies are still at an early stage we have, nevertheless, made the
first inroads in understanding the detailed structural properties at residue-specific
resolution of the CTD274-414 under native conditions and more importantly have
developed strategies that allow this aggregation prone protein to be studied in atomic
detail.

At the beginning of this project, various suitable expression and purification strategies
were tested in order to find conditions that allow this domain to be expressed and
purified solubly (Section 4.2.1). A MBP-tag was found to facilitate high-level soluble
protein expression necessary for NMR spectroscopy experiments (Fig 4.2.3). Due to
its strong aggregation tendency, the protein was in the first instance studied under
denaturing conditions (Fig 4.2.5) before additional avenues were then investigated in
order to reduce the extent of denaturant in the sample buffer and therefore to approach
native-like conditions (Fig 4.2.6). This turned out to be challenging and has still not
been fully tackled as neither aggregation-preventing additives to the sample buffer
such as glycerol nor the investigation in conjunction with either MBP (Fig 4.2.7) or the
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RRM2 domain (Fig 4.2.9) prevented aggregation and led to successful spectroscopic
measurements.

The most promising results were obtained using an in-cell NMR approach in
which, the CTD274-414 was able to be kept soluble within a native cellular environment.
While within the E. coli cells the NMR signals of overexpressed protein were broad and
overlapped (Fig 4.2.12 (a)), the sonication of the cells and measuring of a CTD274-414
spectrum within E. coli lysate gave rise to more intense NMR signals (Fig 4.2.12
(b)) that corresponded reasonably to those of the denatured isolated protein. This
approach was improved by purifying isotopically labelled CTD274-414 recombinantly
via denaturing conditions and then resuspending the obtained 8 M urea stock of
CTD274-414 into unlabelled E. coli lysate (Fig 4.2.18). The complete protein backbone
assignment obtained under 8 M urea conditions served as a valuable template
(Fig 4.2.14) identifying cross-peaks within the lysate spectrum and gave rise to the first
insights into the secondary structure propensity of this domain (Fig 4.2.15 (a)). Using
the structure prediction programs δ2D [515] and DANGLE [516], residual structure
was predicted in the regions S317 to A321 (β-sheet), Q346 to S350 and A324 to A328
(α-helical) with sequence predictions using PSIPRED indicating α-helical propensity
between G314 to W334 (Fig 4.2.15 (a), Fig A.2.4, Fig 4.2.16 (b)). While these secondary
structure predictions vary in the residual structure type, they all identify a similar
region between S317 to S350. Given that the structure predictions are based on chemical
shifts obtained of an 8 M urea assignment, the conformations sampled within the native
state may vary considerably, but these initial predictions very likely indicate regions
that have not an entirely disordered conformation but can rather transiently access
more structured states even under denaturing conditions. Furthermore, the regions
identified to have structure forming propensities within this study, overlap with the
region of the helix-turn-helix motif identified earlier for a 50 residue fragment (311-360)
of the CTD274-414 [306] underpinning the likelihood that this sequence of the CTD274-414
has structure forming potential.

However, while this study describes well-folded

α-helical structure motifs, our investigations suggest only a small percentage of residual
structure, which is in line with secondary structure predictions based on the CTD274-414
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sequence (Fig 4.2.16). Given that the helix-turn-helix motif was identified for such a
small fragment, its structure may likely differ when part of the entire CTD274-414 .

With a set up recombinant expression and purification system as well as an incell NMR strategy in place, we are now in the position to perform 3D experiments
of the CTD274-414 directly within E. coli lysate, gaining a structural understanding of
the CTD274-414 under native conditions. It is going to be interesting to see whether the
regions with β-sheet and α-helical propensity, can be observed under native conditions
to a similar extent and in comparable regions. Once a full structural understanding
of the native CTD274-414 is obtained, we will be in the unique position to start to
investigate disease-related variants of the CTD274-414 such as the point mutants Q311K
and G298S (Fig 1.7.1 (a)) as well as move towards understanding the structure and
domain arrangement of the full-length protein. Moreover, NMR studies can be used
to characterise the interactions between biological molecules and thus can contribute
significantly to drug discovery programs.

In addition to the NMR spectroscopy studies, investigations of the aggregation
and misfolding behaviour of the CTD274-414 was undertaken in collaboration with the
Chiti group using various biophysical techniques such as AFM, CD, FTIR as well
as CR and ThT binding.

We find that while the CTD274-414 aggregates appear to

have fibrillar morphology using EM and AFM, CD and FTIR spectroscopy as well as
the observed variability in amyloid diagnostic dye binding properties suggest that
CTD274-414 aggregation does not follow the typical β-amyloid formation mechanisms.

Chapter 5
Future Perspectives
5.1 αSyn RNC: Investigating the biosynthesis of IDPs
A robust model to investigate the biosynthesis of αSyn on the ribosome was developed
in Chapter 2. The disordered nature of αSyn provided an ideal scaffold in order to
permit the investigation of interactions of the emerging nascent chain with either
the ribosomal surface or with the chaperone TF, in the absence of complex folding
procedures. These results were used to create the first detailed structural models of
such complexes and begin to reveal the specific manner in which disordered proteins
interact with the biosynthesis and quality control machinery.

Understanding the molecular basis of the interactions observed between the αSyn
NC sequence and the ribosome surface is a major avenue of future investigations. The
K-to-E charge variants of αSyn have indicated that electrostatic effects are certainly
one of the determining factors for these interactions, but they also highlight likely
additional interactions based on hydrophobic effects (e.g. aromatic residues F4, Y39
and F94) contribute. This is clear from relative cross-peak intensity profiles between the
relevant αSyn RNC constructs (WT, K34E, K45E and K60E RNC) and its isolated protein
variant in the presence of ribosomes (Fig 3.2.11). NMR studies currently undertaken in
the laboratory investigate additional point mutants (F4A, Y39A and F94A), which may
help to further illuminate these findings. Combining the information gathered by NMR
with a detailed electrostatic map of the ribosome surface as well as MD simulations
of the NC dynamics will allow interpretations of the interaction profiles observed
and suggest potential interaction sites for the αSyn NC on the ribosome surface.
Further, it will be important to investigate whether the observed interactions correlate
169
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with those of other NC systems such as the Ig-domain also developed as a model in
our laboratory. Such interactions mediated by charge and hydrophobic residues are
likely to be determining factors that impact on co-translational folding of globular
proteins, particularly as the ribosome is associated with having a direct chaperoning
capacity [134, 139]. In addition such interactions could also have a protective role for
emerging NCs particularly those likely to possess substantial regions of disorder, by
preventing co-translational misfolding induced by non-native intra- or intermolecular
interactions during biosynthesis [156].

In order to understand RNC structure in detail, RDC measurements were attempted
and shown to be feasible. This presents a whole new avenue in NMR spectroscopy
of RNCs as RDC experiments enable for the first time three-dimensional structural
information to be derived on such large complexes and therefore allow sampled
conformations of newly emerging NCs to be captured. To date, structural studies of
RNCs have measured chemical shifts, linewidths and cross-peak intensities, a result
of the sensitivity limitations described in this thesis with the low signal-to-noise ratio
achievable through limited sample stability and low maximum sample concentration.
RDC measurements are still not routinely applicable to RNCs and indeed a model
system (K60E αSyn RNC) was used to enable the measurements at 950 MHz discussed
in this thesis (Section 3.2.6). Nevertheless, these data currently being used in a restrained
MD simulation (together with Xiaolin Wang and Tomek Wlodarski) will provide the
first restrained structure of an RNC. Future NMR technological developments (such as
higher field strengths, hardware developments and improved pulse choreography) as
well as advances in the preparative biochemistry of NMR samples (increased sample
concentrations, longer sample stability) will together yield the increased sensitivity to
perhaps allow three-dimensional structures of emerging NCs to be a routine matter .

The possibility of investigating co-translational misfolding is intriguing, in particular
for αSyn and its familial mutants (A30P, E46K and A53T) that are of course implicated
in protein misfolding and aggregation processes that lead to Parkinson’s disease.
Whether such processes can occur co-translationally is not very well understood,
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although studies have shown that erroneous newly emerging NCs are rapidly degraded
potentially even while still attached to their parent ribosome [257]. Using the αSyn
RNC or other more readily aggregating NC systems such as Huntingtin involving
elongated polyQ stretches or the C-terminal domain of TDP-43 might be potential
avenues to investigate co-translational misfolding. The model developed permits this.

Investigating a eukaryotic system represents an essential future step in order to
uncover structural and mechanistic differences of the biosynthesis processes on
the ribosome between prokaryotes and eukaryotes.

Recent cryo-EM and X-ray

crystallographic studies have shown that while ribosomes are universally conserved
throughout all three kingdom’s of life, considerable differences exist. This includes
mRNA recognition and translation initiation, the organisation of the peptide tunnel
(particularly for mitochondrial ribosomes) as well as translation termination and the
region near the exit tunnel, which is characterised by several prokaryote- or eukaryotespecific proteins most likely as a result of differences in N-terminal processing of
emerging nascent chains [519].

While it was essential to develop the αSyn RNC

model in a simpler prokaryotic system, it will need to be tested how the observed
interactions of the αSyn RNC with the ribosome surface and the chaperone TF compare
to interactions with the 80S ribosome and the eukaryotic TF equivalent NAC/RAC.
Cryo-EM structures have already been reported on 80S RNCs investigating NC densities
within the ribosomal exit tunnel [32]. However, the only foreseeable route to study NC
dynamics outside of the ribosome are NMR spectroscopy experiments, which are in
terms of sample requirements much more costly (isotopically labeled media, high levels
of sample concentration). The in vivo production of αSyn RNCs is certainly adaptable
to simple eukaryotic systems such as yeast or insect cells but will be significantly more
challenging to perform in mammalian and in particular neuronal cell lines.

5.2

TDP-43: Misfolding in Motor Neurone Disease

ALS is the most common form of motor neurone disease. The defining histopathologic
characteristic of ALS is the presence of proteinaceous inclusions, which contain
hyperphosphorylated, ubiquitinated forms of TDP-43 and also proteolytically-cleaved
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25 and 35 kDa C-terminal fragments [387, 401–404]. How the protein is implicated in
the pathogenesis of the disease is, however, unknown. Knowledge of the structural and
dynamic properties of TDP-43 and the process by which it transitions from functionally
active protein to toxic intracellular aggregates will help to identify important disease
mechanisms and identify potential therapeutic strategies.

In this thesis a structural understanding of TDP-43 was initiated. Very little knowledge
of the protein structure was available; a result of its highly aggregation prone nature.
Here we established the first robust expression and purification method enabling NMR
investigations of the CTD274-414 . A protein backbone assignment under denaturing
conditions was undertaken and an in-cell NMR strategy to investigate the protein
structure within its native environment was established.

We are now in the position to undertake detailed NMR experiments of the CTD274-414
under physiological conditions. The assignment of the fingerprint spectrum of the
CTD274-414 under these conditions will be used together with 3D NMR experiments to
assign the complete secondary chemical shifts. The secondary structure propensity of
the CTD274-414 will be an invaluable structural tool for investigating the topology of the
disordered region, useable also with molecular dynamics simulations to generate the
first structural ensembles of the CTD274-414 .

The structural ensemble of the WT CTD274-414 can be compared to likely similar
ensembles of the disease-mediating point mutations of TDP-43 (e.g.
M337V [520], A382T [521]).

G287S [404],

Such analyses of the genetic variants that contribute

to the development of both sporadic and familial ALS are potentially important in
identifying relevant variants for ligand screening (discussed further below). Analyses
of the variants Q331K, G348C and A315T, which are currently the subject of transgenic
mouse models (within our collaborator’s lab, Chris Shaw, King’s College) would allow
comparative experiments of in vivo and in vitro data. The aims are to try to understand
structurally any features of the CTD274-414 , which provoke its aggregation.
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The structural investigations of the CTD274-414 will lead in the future to the study
of the full-length protein including an understanding of its domain arrangement as well
as potential interactions between them. This will initially be done via including data
from the RRM domains, which have been well-characterised by NMR (PDB ID: 1WF0,
2CQG, 4BS2 [375]) and crystallographic studies (PDB ID: 3D2W, 4IUF [376]). The use of
RDC measurements may be beneficial in elucidating the relative position of the domains
to each other including the likely preferences of the CTD274-414 , although the need for
lysate stabilising conditions for the region may make the alignment prerequisite for
RDC studies (see Section 3.2.6 where RDCs were shown on an αSyn RNC), which will
provide a challenge to be overcome technically.

In parallel to the structural studies an understanding of the aggregation process
of the CTD274-414 as well as investigating the structural details of the fibril species
formed is required. The collaboration with the Chiti group is key here, with immediate
aims to assess differences in thermodynamic stability between the CTD274-414 and
variants via CD and FTIR spectroscopy. This may help to understand the differences
in aggregation propensity between the WT CTD274-414 and its variants. Atomic force
microscopy will be used to describe CTD274-414 fibril morphology throughout the
aggregation process.

A short-medium term aim of the TDP-43 project is to initiate a high-throughput
screening approach in collaboration to identify small-molecule binders to recombinant
TDP-43 and CTD274-414 . Once promising ’hits’ are found NMR spectroscopy can be used
to monitor the binding interactions. Here chemical shift perturbation and linewidth
analyses in NMR spectra of TDP-43 and the CTD274-414 can provide a residue-specific
pinpoint of the interaction locus and a Kd estimate. Recently developed software within
the group ( www.nmr-titan.com, Waudby C.A. & Christodoulou C. submitted) to asses
2D NMR spectral lineshapes is likely to be a promising avenue to explore. Armed
with these data on the TDP-43 binding loci of these inhibitors, the structural models
of TDP-43 obtained will be subjected to computational analysis to identify structural
’hotspots’ for further targeting; moreover, the biophysical methods previously used will
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be applied to investigate the effects that the putative inhibitors have on the aggregation
process.

Ultimately central to the characterisation studies of TDP-43 is the relevance of the
observations in an in vivo model to investigate the rescue of TDP-43 mediated
neurodegeneration. Potential drug targets for TDP-43 aggregation can be assessed
within cellular, zebrafish and mouse models of ALS, which are being developed
by Professor Christopher Shaw (KCL). Moreover, in collaboration with Professor
Christopher Dobson (University of Cambridge), the toxicity of TDP-43-mediated
aggregation in vivo will also be explored using TDP-43 and its variants in a transgenic
Drosophila model.

Chapter 6
Materials and methods
The Chapter describes the methods used for the studies discussed in this thesis. It
focuses on the preparation of (a) isotopically labelled isolated αSyn and αSyn RNCs for
NMR spectroscopy studies as well as (b) the purification strategies for the C-terminal
domain of TDP-43. The biophysical and structural methods are also described.

6.1
6.1.1

Molecular biology and biochemical methods
Reagents

Standard chemicals of the highest grade possible were purchased from Sigma-Aldrich
and Fisher Scientific unless indicated otherwise.

6.1.2

DNA constructs

The vector most widely used in this study was pLDC-17, which is based upon the
pET-21(+)b backbone (6.5 kB) (Fig 6.1.1 (a)) but was modified extensively by Dr Lisa
Cabrita (UCL) and features a T7 lac promoter, an ampicillin resistance gene, a H6 -tag
for protein purification and a 17 residue SecM motif for translation arrest (Fig 6.1.1 (b)).
This plasmid was the basis of all RNC constructs as well as most other constructs.

αSyn: Isolated αSyn was expressed from a pT7-7 vector, gifted by Peter Lansbury
(Havard University). The αSyn sequence was sub-cloned by Dr Lisa Cabrita into the
pLDC-17 vector using the NheI and the KpnI restriction sites of the multiple cloning
site (MCS) to generate the αSyn RNC construct. A stop codon was inserted before
the SecM stalling sequence to generate the H6 -αSyn expression plasmid. For the RNC
construct, a TEV cleavage site was introduced between the N-terminal H6 -tag and the
175
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GAA TTC TTC AGC ACG CCC GCT TGG ATA AGC CAG GCG CAA GGC ATC CGT GCT GGC CCT
NcoI

TAA CCA TGG ACC TAA CAA CAA TAA ACC TTA CTT CAT TTT ATT AAC TCC GCA CGC GGG GCG
Strepto-tag

HindI

TTT GAG TTT T AAG CTT TCT CTC GGA TCG CAT TTG GAC TTC TGC CCA GGG TGG CCC CAC
XhoI

GGT GGA TCC CTC GAG

T7 terminator

Figure 6.1.1: pLDC-17 vector backbone
(a) The pLDC-17 vector most widely used in this study is based on the pET-21(+)b
backbone, which features a T7 lac promoter and an ampicillin resistance gene. (b) The
MCS was extensively modified extensively by Dr Lisa Cabrita (UCL).

αSyn sequence using site-directed mutagenesis (Section 6.1.6.1) to generate the final
αSyn RNC clone used in this study.
The K to E αSyn RNC mutants and the 1-100 αSyn RNC were generated using
site-directed mutagenesis (Section 6.1.6.1) replacing K residues with E residues as well
as looping out the last 40 αSyn residues respectively.
The isolated K to E αSyn mutants were prepared from the pT7-7 vector using sitedirected mutagenesis and the isolated 1-100 K60E αSyn protein was generated by Dr
Xiaolin Wang introducing a stop codon after in the K60E αSyn sequence after residue
L100 in the pT7-7 vector.

TDP-43: TDP-43 including the CTD274-414 construct was initially expressed from
the pETSUMO (5.6 kB) and pCOLD vector (4.4 kB) (as well as other TDP-43 domains,
Fig 4.2.1, not used in this study) gifted by Dr Emma Daniel (KCL).

Chapter 6. Materials and methods

177

The MBP-TDP-43 construct was prepared by Dr Lisa Cabrita using a PCR overlap
extension technique, with the MBP gene derived from the pMAL-c2x vector and the
TDP-43 gene from the pETSUMO vector.

Both were sub-cloned into the pLDC-17

vector using the NheI-EcoRI restriction enzyme sites followed by the insertion of a stop
codon in front of the SecM sequence (Fig 6.1.1). The MBP-CTD274-414 construct was
subsequently generated by site-directed mutagenesis (Section 6.1.6.1).
The MBP-RRM2-CTD274-414 construct was generated by introducing another NheI
cleavage site in front of residue K181 within the TDP-43 sequence of the MBP-TDP-43
vector (Section A.1.2) using site-directed mutagenesis (Section 6.1.6.1). Together with
the existing NheI site after the TEV cleavage site, the first 180 residues of TDP-43 could
be removed and subsequently ligated resulting in the MBP-RRM2-CTD274-414 construct
(Section 6.1.6.2).
The GB1-CTD274-414 construct was prepared using cassette mutagenesis (Section 6.1.6.2)
by amplification of the GB1 DNA (PCR) followed by a restriction enzyme digest using
Nhe I. At the same time the pLDC-17 vector containing the MBP-CTD274-414 sequence
was also digested with Nhe I removing the MBP-tag. Subsequent ligation resulted in
the the GB1-CTD274-414 construct.

6.1.3

Bacterial strains

The bacterial strain DH5α (Invitrogen) was used for plasmid maintenance. For the
expression of isolated proteins, RNCs and for the isolation of ribosomes, BL21-GOLD
(DE3) (Stratagene) was used.

Both of these bacterial strains were purchased as

competent cells or made competent using the Hanahan method (Section 6.1.4).

6.1.4

Production of competent cells

Competent cells were prepared using the rubidium chloride method of Hanahan [522].
From a streaked plate, one colony was added to 3 mL of super optimal broth (SOB)
medium (Table 6.3) and allowed to grow overnight at 37 ◦ C. 1 mL of the starter culture
was used to inoculate 200 mL of SOB (in a 1 L flask) and incubated at 37 ◦ C until the
OD600 was 0.5-0.6. The culture was collected in cold, sterile 50 mL tubes and chilled on
ice for 10 min. The cells were then pelleted at 4000 rpm (TX-400 rotor cross, Thermo
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Scientific) for 10 min at 4 ◦ C. The supernatant was discarded and the cells resuspended
in 1/3 volume (of original cells) in Transformation Buffer I (Table 6.1). The cells were
allowed to incubate on ice for 30 min then pelleted as described previously. The cell
pellet was then resuspended in 1/12.5 volume (of original cells) in Transformation Buffer
II (Table 6.1) and allowed to incubate on ice for 15 min. The cells were then dispensed
into 100 µL aliquots on ice (in chilled 0.6 mL tubes), snap frozen and stored immediately
at -80 ◦ C.
Transformation Buffer I 1

component
rubidium chloride

100 mM

10 mM

manganese chloride

50 mM

-

calcium chloride

10 mM

75 mM

glycerol

15% (v/v)

potassium acetate

2

15% (v/v)

30 mM

MOPS
1

Transformation Buffer II 2

-

-

10 mM

adjusted to pH 5.8 with acetic acid
adjusted to pH 6.8 with NaOH
all solutions were filter sterilised and stored at 4 ◦ C

Table 6.1: Composition transformation buffers for competent cell production

6.1.5

Growth media composition

Lysogeny broth (LB) was used for routine bacterial growth, including DNA
transformations, overnight culture growths as well as for the preparation of unlabelled
proteins, ribosomes and RNCs (Table 6.2).
Compound
Yeast extract

Concentration
5 g/L

Tryptone

10 g/L

NaCl

10 g/L

Table 6.2: Composition of LB medium

For agar plates, the media was supplemented with 15 g/L agar.

For the production of competent cells using the Hanahan method (Section 6.1.4)
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a nutrient-rich super optimal growth (SOB) medium was required (Table 6.3).
Compound

Concentration

Yeast extract

5 g/L

Tryptone

20 g/L

NaCl

0.5 g/L

KCl

0.186 g/L

MgCl2

0.952 g/L

MgSO4

2.467 g/L

Table 6.3: Composition of SOB medium

All media were sterilised by autoclaving (121 ◦ C, 22 min, 1.05 bar) prior to addition of
antibiotics (Table 6.4), which were only added once the medium was cooled down to
below 50 ◦ C.

Antibiotic

Concentration

Ampicillin

100 mg/mL

Kanamycin

25 mg/mL

Chloramphenicol

50 mg/mL

Table 6.4: Antibiotic concentrations used for bacterial E. coli growths

For the expression of isotopically-labelled isolated proteins a minimal (M9) medium
was used (Table 6.5). The medium included M9 salts, supplemented with MgSO4 ,
CaCl2 , BME vitamins (Sigma), glucose and NH4 Cl. In accordance to the required
isotopic labelling scheme, for carbon labelling
glucose or for nitrogen labelling the

14 N

both isotopes were used for uniform

12 C

glucose was replaced by 2 g/L

NH4 Cl was replaced by 1 g/L

15 N/13 C-labelling.

15 N

13 C

NH4 Cl and

All components were added

under sterile conditions to autoclaved distilled water.

Ribosomes and RNCs were produced in E. coli using a two-stage growth and expression
protocol [141]. E. coli cells were first grown to high optical cell densities in MDG
medium (Table 6.6) measured at 600 nm (∼OD600 4). For isotopically labelled ribosome
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Stock

Concentration

vol/L

M9 salts1

10x

1x

100 mL

MgSO4

1M

2 mM

2 mL

filter

CaCl2

1M

100 mM

100 µL

filter

BME vitamins

100x

1x

10 mL

sterile

NH4 Cl∗

20% (w/v)

0.1% (w/v)

5 mL

filter

Glucose∗∗

20% (w/v)

0.4% (w/v)

20 mL

autoclave

1M

1 mM

1 mL

filter

IPTG
1

Sterilisation
autoclave

10x stock: 67.9 g/L Na2 HPO4 , 30 g/L KH2 PO4 , 5 g/L NaCl, pH 8

Table 6.5: M9 medium composition
M9 medium composition. All components were added to autoclaved distilled water. ∗
0.1% (w/v) 15 N NH4 Cl was added if 15 N labelling was required or ∗∗ 0.2% (w/v) 13 C
glucose for 13 C labelling. Relevant antibiotics were also included. IPTG is only added
at the time of induction.

production, cells were then transferred into MDG medium without L-aspartic acid
and

14 N

NH4 Cl, were replaced by

15 N

NH4 Cl. If labelling was not required the entire

growth was performed in LB or MDG medium.

Compound

Stock

Concentration

ml/l

Sterilisation

MDG salts 1

50x

1x

20ml

autoclave

5% (w/v)

0.2% (w/v)

40ml

autoclave

1M

2mM

2ml

filter

1000x

0.2x

0.2ml

filter

20% (w/v)

0.4% (w/v)

20ml

autoclave

L-aspartic acid pH 7.0
MgSO4
Trace metals
Glucose
1
2

2

50x stock: 1.25M Na2 HPO4 , 1.25M KH2 PO4 , 2.5M NH4 Cl, 0.25M Na2 SO4
50mM FeCl2 (dissolved in 0.1M HCl), 20mM CaCl2 , 1mM MnCl2 , 1mM
ZnSO4 , 2mM CoCl2 , 2mM CuCl2 , 2mM NiCl2 , 2mM Na2 MoO4 , 2mM
Na2 SeO3 , 2mM H3 BO3

Table 6.6: MDG medium composition
MDG medium composition. All components were added to autoclaved distilled water.
Relevant antibiotics were also included.

For isotopically-labelled RNC preparations, with selectively labelled NCs bound to
unlabelled 70S ribosomes, the first growth stage in MDG medium (Table 6.6) is followed
by a second expression stage in enhanced minimal medium (EM9). EM9 [523] has a
very similar composition to M9 with the following modifications: the concentration of
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MgSO4 is 5 mM instead of 2 mM, 0.0125% (v/v) of trace metals is added and CaCl2 is
200 mM instead of 100 mM (Table 6.7).
Compound

Stock

Concentration

vol/L

EM9 salts 1

10x

1x

100 mL

MgSO4

1M

5 mM

5 mL

filter

CaCl2

1M

200 mM

0.2 mL

filter

Trace metals

1000x

0.25x

0.25 mL

filter

BME vitamins

100x

0.25x

2.5 mL

filter

NH4 Cl∗

20% (w/v)

0.1% (w/v)

5 mL

filter

Glucose∗∗

20% (w/v)

0.4% (w/v)

20 mL

autoclave

1M

1 mM

1 ml

filter

150 mg/mL

0.15 mg/mL

1 mL

filter

100 mg/mL

1 mg/mL

10 mL

filter

IPTG
Rifampicin

2

Chloramphenicol3
1
2
3

Sterilisation
autoclave

10x stock: 71 g/L Na2 HPO4 , 34 g/L KH2 PO4 , 5.84 g/L NaCl, pH 8.0-8.2
dissolve in DMSO
dissolve in EtOH

Table 6.7: EM9 medium composition
EM9 medium composition. All components were added to autoclaved distilled water.
∗ 0.1% (w/v) 15 N NH Cl was added if 15 N labelling was required or ∗∗ 0.2% (w/v)
4
13 C glucose for 13 C labelling. Both were supplemented for double-labelled samples.
Relevant antibiotics were also included. IPTG was only added at the time of induction,
Rifampicin 10min after induction and Chloramphenicol at the time of cell harvest.

6.1.6

Molecular Biology

6.1.6.1

Site-directed mutagenesis

The QuickChange site-directed mutagenesis technique (Stratagene) was used to insert
a TEV cleavage site into the αSyn RNC construct, to prepare the isolated K to E αSyn
constructs, the K to E αSyn RNC variants and the 1-100 K60E αSyn RNC and to insert a
NheI site into the MBP-TDP-43 construct (Primers and sequences are given in Appendix
A.1.1 and A.1.2).
6.1.6.1.1

Polymerase chain reaction (PCR)

Amplification of DNA was performed by polymerase chain reaction (PCR) using
KOD polymerase (Novagen), in a Corbin Research Thermal Cycler applying the
oligonucleotide sequences (purchased from Eurofins) presented in Appendix A.1.
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The reaction mixture and temperature cycles used are detailed in Table 6.8 and 6.9
respectively.
Reagent

Stock

Final concentration

50 ng/µL

10-500 ng

5’ primer

10 µM

150 nM

0.4 µL

3’ primer

10 µM

150 nM

0.4 µL

dNTPs

2mM

200 µM

2.5 µL

MgSO4

25 mM

1.5 mM

1.5 µL

10x

1x

2.5 µL

3 u/µL

1.5 u

0.5 µL

-

-

16.7 µL

DNA template

KOD buffer
KOD polymerase
ddH2 O

Volume
1 µL

Table 6.8: PCR components for amplification

Step

Temperature

Time

Cycles

95 ◦ C

2 min

x1

Denaturation

95

◦C

20 sec

Annealing

55 ◦ C

10 sec

Extension

70

◦C

3 min

Final extension

70 ◦ C

5 min

Initial Denaturation

x20

x1

Table 6.9: Typical PCR reaction temperature cycles

PCR products were verified by 1% (w/v) agarose gel electrophoresis (Section 6.1.6.6)
before proceeding with the cloning procedure.
6.1.6.1.2

DpnI digest

The DNA template remaining after PCR amplification was digested with DpnI using
the reaction conditions in Table 6.10. The reaction was incubated at 37 ◦ C for 2 h before
heat-inactivating the enzyme at 80 ◦ C for 20 min.
6.1.6.2

Casette mutagenesis

Cassette mutagenesis was used to generate the GB1-CTD274-414 as well as the MBPRRM2-CTD274-414 construct.
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Volume

Reagent

20 µL

PCR product

2.5 µL

10x CutSmart Buffer

0.25 µL

100x BSA

1.25 µL

ddH2 O

1 µL

DpnI

Table 6.10: DpnI digest conditions

6.1.6.2.1

Polymerase chain reaction (PCR)

As for site-directed mutagenesis, PCR using KOD polymerase (Novagen) is used
to amplify DNA sequences applying the oligonucleotide sequences (purchased from
Eurofins) presented in Appendix A.1. The reaction mixture and temperature cycling
conditions used for cassette mutagenesis differ only slightly from those presented above
(Section 6.1.6.1.1) and are detailed in Table 6.11 and 6.12 respectively.
Reagent

Stock

Final concentration

50 ng/µL

10-500 ng

5’ primer

10 µM

150 nM

0.4 µL

3’ primer

10 µM

150 nM

0.4 µL

dNTPs

2mM

200 µM

2.5 µL

MgSO4

25 mM

1.5 mM

1.5 µL

10x

1x

2.5 µL

3 u/µL

1.5 u

0.5 µL

-

-

16.7 µL

DNA template

KOD buffer
KOD polymerase
ddH2 O

Volume
1 µL

Table 6.11: PCR components for cassette mutagenesis

PCR products were verified by 1% (w/v) agarose gel electrophoresis (Section 6.1.6.6)
before proceeding with the cloning procedure.
6.1.6.2.2

Restriction enzyme digestion

Restriction enzyme digestion of the MBP-TDP-43 sequence as well as the MBPCTD274-414 and the GB1 sequences was performed at 37 ◦ C for 3 h using enzymes and
buffers (New England Biolabs) as described below (Table 6.13):
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Temperature

Time

Cycles

Initial Denaturation

94 ◦ C

2 min

x1

Denaturation

98 ◦ C

10 sec

Annealing

Tm1

30 sec

Extension

68 ◦ C

1 min/kB

Final extension

68 ◦ C

5 min

x35

x1

Tm = melting Temperature, the annealing temperature
should be set 5 ◦ C below the lowest Tm of the primers
used

Table 6.12: Typical PCR temperature cycling for amplification in cassette mutagenesis

Reagent

Stock

Volume/µL

DNA

400 ng/µL

NheI

10 u/µL

3µL

BSA

100x

1 µL

NEB buffer 4

10x

10 µL

-

46 µL

ddH2 O

40 µL

Table 6.13: Reaction components NheI digestion

6.1.6.2.3

Purification of digest products

The digested sample was run on a 0.8 - 1% (w/v) agarose gel (Section 6.1.6.6). Using a
UV transilluminator the DNA bands were visualised within the gel allowing the excision
of the desired fragments. The Qiagen Gel Extraction kit was used to purify the DNA
from the gel components according to the manufacturer’s instructions.
6.1.6.2.4

DNA quantification

For DNA quantification, the absorbance of DNA was measured at 260nm and the
concentration calculated using the following relation: 1 OD260 = 50 ng/µL.
6.1.6.2.5

Ligation

T4 DNA ligase and 10x T4 DNA ligase buffer (New England Biolabs) were used for
DNA ligation reactions. Molar ratios of 1:3, 1:5, 1:10 vector-to-annealed oligonucleotides
were used for cohesive end ligations. Three controls: vector alone (no insert), vector no
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ligation (vector, no insert, no ligase) and insert alone (no vector) were also set up. The
reactions were incubated at 16 ◦ C for 16-18 h, followed by heat inactivation of the T4
DNA ligase at 65 ◦ C for 20 min.
6.1.6.3

Transformation

1µL plasmid, containing the protein DNA of choice, was added to 25 µL of competent
E. coli cells (during cloning reactions various volumes of DNA were always transformed
0.5, 1, 2, 5 µL). The mixture was incubated on ice for 30 min, heat shocked for 45 sec at 42
◦C

and returned onto ice for 2 min. 900 µL of LB medium was added before incubation

at 37 ◦ C and 200 rpm for 1 h to allow for expression of the antibiotic resistance gene.
The cells were plated on LB plates with the required antibiotics, then incubated at 37 ◦ C
for 12-16 h, until colonies formed were 2-3 mm in size.
6.1.6.4

DNA purification and quantification

DNA was purified from 5 mL LB overnight cultures of a single colony of transformed
DH5α cells, grown at 37 ◦ C, using the QiaPrep Spin mini prep kit (Qiagen) following
the manufacture’s instructions. New clones of cassette mutagenesis steps were initially
verified by PCR colony screening (Section 6.1.6.5). Positive hits were then send off for
DNA sequencing (Source BioScience). For site-directed mutagenesis the PCR colony
screen step was omitted.
6.1.6.5

PCR colony screen

Colonies formed on the agar plates after transformation of the cloning products were
used for PCR colony screen to identify the positive clones, which were then verified by
DNA sequencing. The primers were chose such that that one would bind within the
sequence of the insert (e.g. the GB1 protein) and one within the sequence of the vector
(e.g. the CTD274-414 sequence within the pLDC-17 vector). Using a pipette tip, a colony
was picked and swirled in the PCR tube containing the reaction mixture detailed below
(Table 6.14). The same tip was then dropped into LB medium for an overnight (14 - 18 h)
growth at 37 ◦ C. Depending on the amount of colonies on the control plates (no insert,
no vector, no ligase) 6-10 colonies were screened. In one of the PCR tubes, 0.5 µL of the
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original PCR product was added together with the original primers used to set up the
PCR, serving as a positive control.
Reagent

Stock

Final concentration

5’ primer

10 µM

150 nM

0.4 µL

3’ primer

10 µM

150 nM

0.4 µL

dNTPs

2mM

200 µM

2.5 µL

10x

1x

2.5 µL

3 u/µL

0.375 u

0.125 µL

-

-

19.075 µL

Taq buffer
Taq polymerase
ddH2 O

Volume

Table 6.14: Colony PCR reaction components using Taq polymerase

The following cycling conditions were used:
Step
Initial Denaturation
Denaturation

Temperature

Time

Cycles

95 ◦ C

5 min

x1

◦C

1 min

95

Annealing

55 - 65 ◦ C

1 min

Extension

72 ◦ C

30 sec

Final extension

72 ◦ C

2 min

x30

x1

Table 6.15: Typical PCR temperature cycling during a PCR colony screen

Positive PCR products were identified by 1% (w/v) agarose gel electrophoresis (Section
6.1.6.6).
6.1.6.6

Agarose gel electrophoresis

Reagents
• 50x Tris-acetate-EDTA (TAE) buffer: 242 g/L Tris, 57.1 mL/L glacial acetic acid,
100 mL/L of 0.5 M EDTA, pH 8.0
• 6x loading dye (Promega)
• 1 kb/100 bp ladder (Promega)
• Ethidium bromide 10 mg/mL
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To 1x TAE buffer, agarose was added to a final concentration of 1% (w/v) and dissolved
by heating. The solution was cooled and ethidium bromide was added to a final
concentration of 1 µg/mL. The solution was poured into the gel frame with a comb
and was allowed to set. The gel frame was then placed into the tank containing 1xTAE
buffer. The DNA samples were mixed 5:1 with loading dye and loaded into the wells.
Electrophoresis was performed at a constant voltage of 100 V until the dye front had
reached the bottom of the gel (∼25 min). Gels were visualised under ultra-violet light.

6.1.7

Protein expression

All isolated proteins (Table 6.16) were expressed using the following general method for
uniform 15 N and/or 13 C isotopic labelling. In case of unlabelled protein production the
growth was throughout performed in LB but following the same procedure as detailed
below.

A single BL21 (DE 3) colony was scraped of a LB agar plate and used to inoculate
20 mL of LB medium per litre growth including the relevant antibiotics and grown
over night at 37 ◦ C, with shaking at 200 rpm. The next day 500 mL of M9 medium
(LB for unlabelled preparations), prepared in a 2 L flask, was inoculated with the
starting culture to an OD600 of 0.1. Once the OD600 reached 0.6, protein expression was
induced using 1 mM IPTG. Expression times and temperatures varied depending on
the construct and are specified in Table 6.16.

Exceptions were the expression of GB1-CTD274-414 protein for in-cell NMR, TF and the
TEV-MBP fusion protein, which followed a slightly different expression protocol. The
details of the expression of GB1-CTD274-414 protein for in-cell NMR is described in
Section 6.1.13. TF was prepared by Dr Anne S. Wentink as detailed in her PhD thesis
- Structure and Dynamics of the E. coli Chaperone, Trigger Factor, and its Interaction
with Ribosome-Nascent Chain Complexes (2015). Briefly, deuterated EM9 medium
was supplemented with metabolic precursors, which were selectively protonated at
methyl groups for isoleucine (2-Ketobutyric acid-4-13 C, 3-d2 , a.k.a.

keto-butyrate,

Sigma-Aldrich), leucine and valine (2-Keto-3(methyl-d3 )-butyric acid-4-13 C, 3-d1 , a.k.a.
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isovalerate, Sigma-Aldrich) for selective methyl labelling. For TEV, a single BL21 (DE
3) colony was here added to an auto-induction medium, terrific broth (60 mg/L TB
granules (Novagen), 10 mL/L glycerol) and grown overnight at 30 ◦ C until saturation
(∼20 h).

At the end of the expression period, cells were harvested by centrifugation at
4000 rpm (JLA 8.1, Beckman) for 15-20 min at 4 ◦ C. Cell pellets were transferred into 50
mL falcon tubes, flash-frozen in liquid nitrogen and stored at -20 ◦ C until needed for
purification.
Construct

Antibotic resistance

Expression time

Expression temp

α-syn

Amp

4h

37 ◦ C

Sumo-CTD274-414

Kan

24 h

16 ◦ C

pCOLD-CTD274-414

Amp

48 h

16 ◦ C

MBP-CTD274-414

Amp

6h

30 ◦ C

MBP-RRM2 -CTD274-414

Amp

6h

30 ◦ C

GB1 -CTD274-414

Amp

6h

22 ◦ C

TF

Amp

32 h

18 ◦ C

TEV

Amp

20 h

30 ◦ C

Table 6.16: Expression times and temperatures for all the constructs prepared
Expression times and temperatures for all the constructs prepared. The sequence of
each construct is listed in Appendix A.1

6.1.7.1

Expression tests

Constructs were transformed into BL21 cells using the standard procedure (Section
6.1.6.3). The following day a 5 mL LB starter culture was set up and grown over night
at 37 ◦ C. On the third day a larger LB culture (5 or 10 mL per time-point trialled) was
inoculated to an OD600 of 0.1 and grown at 37 ◦ C until reaching an OD600 of 0.6. At
this point expression was induced with 1 mM IPTG before splitting the LB culture
into 5 or 10 mL cultures. The time-point 0 h was harvested immediately to probe for
leaky plasmid expression Expression times trialled for TDP-43 pCOLD-CTD274-414 and
TDP-43 SUMO-CTD274-414 included 16 h, 20 h, 24 h, 40 h and 48 h at 16 ◦ C and 3 h, 4
h, 5 h, 6 h and 8 h at 37 ◦ C as well as 16 h - 18 h at 21 ◦ C. The TDP-43 MBP-CTD274-414
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construct expression was tested for 3 h, 4 h and 6 h at 30 ◦ C. At the end of the expression
period the OD600 was measured and cells were harvested by centrifugation at 4000 rpm
(TX-400 rotor cross, Thermo scientific) for 10 min at 4 ◦ C. To control for leaky plasmid
expression, a 0 h time-point was also taken, immediately after expression was induced
with all the following time-points being scaled to the OD600 recorded at the start of
expression induction.

Cell pellets were resuspended in BugBuster (Novagen) at 5 mL extraction reagent
per g of cell pellet, transferred into 1.5 mL eppendorf tubes and incubated on ice for
30 min. The cellular debris was spun down by centrifugation for 30 min at 13,200
rpm (F-45-24-11 rotor, refrigerated eppendorf benchtop centrifuge). 5 to 10 µL of the
supernatant fraction were loaded on to a SDS-PAGE gel (prepared and run as described
in Section 6.1.11) and stained using Coomassie blue stain (Section 6.1.11). The pelleted
cellular debris was resuspended in the same volume as prior to centrifugation (usually

∼500 µL) and 1 - 2 µL of this fraction were also loaded onto the gel to test for insoluble
expression.

6.1.8

Protein purification

6.1.8.1

Purification of αSyn

Buffer composition:
• Lysis buffer: 100 mM Tris-HCl, 10 mM EDTA, 2 mM BME, protease inhibitor tablet
(Roche), DNase I, pH 8.0
• Buffer A: 25 mM Tris-HCl, 2 mM BME, pH 7.7
• Buffer B: 25 mM Tris-HCl, 1 M NaCl, 2 mM BME, pH 7.7
• Size exclusion buffer (SEC): 25 mM Tris-HCl, 150 mM NaCl, 2mM BME, pH 7.7
• Tico NMR buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2
mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.0
• SIGMAFAST protease inhibitor tablet: 1 tablet was dissolved in 1 mL ddH2 O
giving rise to 100x stock, containing the following inhibitor concentrations: 200
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mM AEBSF, 100 µM phosphoramidon, 13 mM bestatin, 1.4 mM E-64, 100 µM
leupeptin, 20 µM aprotinin, 1mM pepstatin A
• Roche cOmplete protease inhibitor: 1 tablet was dissolved in 1 mL ddH2 O giving
rise to 10x stock
Purification procedure:

The cell pellet was thawed in a 37

◦C

waterbath and

resuspended in lysis buffer (25 mL/5 g pellet). Using a pre-chilled French Press the
cells were lysed at ∼1000 psi. The cellular debris was pelleted by centrifugation (19,000
rpm Sorvall SS34, 1 h, 4 ◦ C). The supernatant was simmered for 20 min at boiling point,
then, aggregates were pelleted by centrifugation (13,500 rpm Sorvall SS34, 20 min, 4 ◦ C).
10 mg/ml of streptomycin sulfate was then added in order to precipitate any remaining
DNA/RNA and incubated with stirring for 20 min at 4 ◦ C, then, the sample was once
again centrifuged (13,500rpm Sorvall SS34, 20min, 4 ◦ C). The remaining protein in the
supernatant was then precipitated by adding 400 mg/mL ammonium sulfate and left to
stir for 20 min at 4 ◦ C before pelleting the precipitated protein by centrifugation (13,500
rpm Sorvall SS34, 20 min, 4 ◦ C). The pellet was resuspended in a minimal volume
of Buffer A (typically 5 mL) and dialysed overnight against 4 L of ddH2 O at 4 ◦ C.
The following day the protein was further purified by anion exchange chromatography
using a HiTrap Q sepharose column. Proteins were eluted by a 60 ml 0 - 600 mM
NaCl gradient using Buffer B collecting 2 mL fractions. αSyn-containing fractions were
pooled based on the chromatography profile and SDS-PAGE results, and concentrated
using 3kDa MWCO concentrators. Occasionally, samples were additionally loaded onto
a Superdex75 (16/600) size-exclusion column, if large MW impurities were observable.
Highly pure αSyn fractions were identified by SDS-PAGE, pooled, concentrated and
buffer exchanged into ddH2 O or Tico buffer and stored at -80 ◦ C.
Quantification:

αSyn protein concentrations were determined by absorbance

measurements at 280 nm and calculated using an extinction coefficient of 5960 M−1 cm−1 .
L-Glu/L-Arg experiments: Standard Tico buffer was prepared using 50 mM L-Glu
(Sigma) and 50 mM L-Arg (Sigma) replacing 30 mM NH4 Cl. It is important not to
use these amino acids in form of salts: e.g.

L-Arg · HCl or L-Glu · Na are not

suitable as they would introduce additional highly-conducting, high-mobility ions into
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the solution [500].
6.1.8.2

Purification of TDP-43

MBP-CTD274-414
Buffer composition:
• Lysis buffer: 25 mM Na2 HPO4 , 2 M NaCl, 10% (v/v) glycerol, 1% (v/v) Triton X100, 2 mM BME, 100 mg lysozyme, protease inhibitor tablet (SIGMAFAST), DNase
I, pH 8.0
• Ni-IDA wash buffer I: 25 mM Na2 HPO4 , 2 M NaCl, 10% (v/v) glycerol, 1% (v/v)
Triton X-100, 2 mM BME, pH 8.0
• Ni-IDA wash buffer II: 25 mM Na2 HPO4 , 150 mM NaCl, 10% (v/v) glycerol, 2 mM
BME, pH 8.0
• Ni-IDA elution buffer: 25 mM Na2 HPO4 , 150 mM NaCl, 10% (v/v) glycerol, 150
mM imidazole, 2 mM BME, pH 8.0
• Dialysis buffer: 25 mM Na2 HPO4 , 5 mM BME, pH 7.0
• Size exclusion buffer (SEC): 8 M urea, 25 mM Na2 HPO4 , 150 mM NaCl, 5 mM
EDTA, 5 mM BME, pH 7.5
• NMR buffer_denaturing conditions: 8 M urea, 25 mM Na2 HPO4 , 5 mM EDTA, 2
mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
• NMR buffer_native conditions: 25 mM Na2 HPO4 , 150 mM NaCl, 10% (v/v)
glycerol, 5 mM EDTA, 2 mM BME, 0.1% SigmaFast protease inhibitor cocktail
tablet, pH 7.5
Purification procedure: Cell pellets were thawed, resuspended in lysis buffer and
incubated on ice for 30 min. Using a pre-chilled French Press the cells were lysed at

∼1000 psi before pelleting the cellular debris by centrifugation (19,000 rpm Sorvall
SS34, 1 h, 4 ◦ C). The resulting supernatant was incubated with pre-equilibrated Ni-IDA
resin for 2 h at 4 ◦ C under gentle rolling. The flow-through was collected and any
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non-specifically bound proteins were washed from the column with Wash buffers
I (10 CV) and then II until baseline using a Bradford assay (Pierce, 160 µL reagent
+ 40 µL sample). The MBP-CTD274-414 was eluted with elution buffer before being
dialysed overnight into dialysis buffer. The following day, the protein concentration
was measured at OD280 and TEV was added at a ratio of 1 OD280 TEV per 100 OD280
CTD274-414 and incubated at room temperature for 1 h under gentle rolling. During
that time aggregates formed, which were spun down by centrifugation at 4,000 rpm
(TX-400 rotor cross, Thermo Scientific) for 20 min at 4 ◦ C. The supernatant was treated
with TEV again in order to ensure that all MBP-CTD274-414 protein was cleaved. The
pelleted aggregates were resuspended in SEC buffer, filtered (0.45 µM) and loaded onto
a Superdex S200 (16/600) size exclusion column. The CTD274-414 was eluted by isocratic
elution at 1 mL/min collecting 1.5 mL fractions. Pure fractions were pooled based on
OD280 reading and SDS-PAGE, concentrated, flash-frozen and stored in aliquots at -80
◦ C.

Quantification: CTD274-414 protein concentrations were determined by absorbance
measurements at 280 nm and calculated using an extinction coefficient of 17990
M−1 cm−1 .

MBP-RRM2-CTD274-414
Buffer composition:
• Lysis buffer: 25 mM Na2 HPO4 , 2 M NaCl, 10% (v/v) glycerol, 1% Triton X-100, 2
mM BME, 100 mg lysozyme, protease inhibitor tablet (SIGMAFAST), DNase I, pH
8.0
• Ni-IDA wash buffer I: 25 mM Na2 HPO4 , 2 M NaCl, 10% (v/v) glycerol, 1% (v/v)
Triton X-100, 2 mM BME, pH 8.0
• Ni-IDA wash buffer II: 25 mM Na2 HPO4 , 150 mM NaCl, 10% (v/v) glycerol, 2 mM
BME, pH 8.0
• Ni-IDA elution buffer: 25 mM Na2 HPO4 , 150 mM NaCl, 10% (v/v) glycerol, 150
mM imidazole, 2 mM BME, pH 8.0
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• Dialysis buffer: 25 mM Na2 HPO4 , 5 mM BME, pH 7.0
• Size exclusion buffer (SEC): 8 M urea, 25 mM Na2 HPO4 , 150 mM NaCl, 5 mM
EDTA, 5 mM BME, pH 7.5
• Heparin A buffer: 40 mM HEPES, 10 mM BME, pH 8.0
• Heparin B buffer: 40 mM HEPES, 1 M NaCl, 10 mM BME, pH 8.0
• NMR buffer: 30 mM NaCl, 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, pH 7.5
Purification procedure: Cell pellets were thawed, resuspended in lysis buffer and
incubated on ice for 30 min. Using a pre-chilled French Press the cells were lysed
at ∼1000 psi before pelleting the cellular debris by centrifugation (19,000 rpm Sorvall
SS34, 1 h, 4 ◦ C). The resulting supernatant was incubated with pre-equilibrated Ni-IDA
resin for 2 h at 4 ◦ C under gentle rolling. The flow-through was collected and any nonspecifically bound proteins were washed off the column with Wash buffers I (10 CV) and
then II until baseline using a Bradford assay (Pierce, 160 µL reagent + 40 µL sample). The
MBP-RRM2-CTD274-414 was eluted with elution buffer before being dialysed overnight
into dialysis buffer. The following day, the protein concentration was measured at OD280
and TEV was added at a ratio of 1 OD280 TEV per 50 OD280 CTD274-414 and incubated
at room temperature for 1 h under gentle rolling. During that time aggregates formed,
but in comparison to the cleavage of MBP-CTD274-414 aggregation occurred less readily.
The reaction was spun down by centrifugation at 4,000 rpm (TX-400 rotor cross, Thermo
scientific) for 20 min at 4 ◦ C. Samples of the soluble and insoluble fraction were loaded
on to SDS-PAGE gel to determine their protein composition.
soluble fraction: The soluble fraction was concentrated down to ∼5 mL and loaded on
to a Superdex S200 (16/600) column collecting 1.5 mL fractions. Given that this step was
not sufficient to reach purity, the fractions collected from the S200 column were dialysed
into Heparin A buffer and loaded onto a Heparin column. Samples were eluted with
an isocratic gradient from 0 - 100% Heparin buffer B in 12 CV collecting 1 mL fractions.
Pure fractions were pooled based on OD280 reading and SDS-PAGE, concentrated, buffer
exchanged into NMR buffer, flash-frozen and stored in aliquots at -80 ◦ C.
insoluble fraction: Resolubilised aggregates were further purified using a second Ni-

Chapter 6. Materials and methods

194

IDA column step under denaturing conditions using the same buffers as above with the
addition of 8 M urea. Pure fractions were pooled based on SDS-PAGE, concentrated,
flash-frozen and stored in aliquots at -80 ◦ C.
Quantification:

RRM2-CTD274-414 protein concentrations were determined by

absorbance measurements at 280 nm and calculated using an extinction coefficient of
19480 M−1 cm−1 .
6.1.8.3

Purification of TF

Purification procedure: Purification of TF was performed by Dr Anne S. Wentink,
including lysis by sonication, affinity chromatography, and His-tag removal using TEV.
Post cleavage samples were reapplied to a nickel affinity column prior to loading onto
a Superdex S200 (16/600) size-exclusion column. UV absorbance profile and SDSPAGE gel were used to determine the pure [U-2 H, 13 CH3 -ILV] TF fractions, which were
concentrated and buffer exchanged into Tico buffer.
TF titration:

15 N-

and

13 C-edited

1D envelopes were recorded for the αSyn RNC only,

before adding TF to the sample (Section 2.2.5). The different labelling schemes permitted
the monitoring of the 15 N-labelledαSyn NC as well as the 2 H-TF that was selectively 13 Clabelled and protonated at all Ile, Leu and Val side chain methyl groups. The ribosome
concentration (OD260 ) measured for the RNC was 6.5 µM with an NC occupancy of
62% (i.e. NC concentration was 4 ± 0.4 µM). TF was added according to the ribosome
concentration starting with 0.2 equivalents up to 0.4, 0.6, 0.8, 1, 1.5, 2, and 3 equivalents.
Experiments were repeated in a similar manner (with 0.25, 0.5, 0.75, 1, 1.5, 2 and 5
equivalents of TF) for the interaction of TF with unoccupied 70S ribosomes at 5 µM
concentration.
6.1.8.4

Purification of TEV protease

Buffer composition:
• Lysis buffer: 25 mM Na2 HPO4 , 200 mM NaCl, 10% (v/v) glycerol, 2 mM BME,
100 mg lysozyme, protease inhibitor tablet (Roche), DNase I, pH 7.5
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• Ni-NTA wash buffer I: 25 mM Na2 HPO4 , 200 mM NaCl, 10% (v/v) glycerol, 25
mM imidazole, 2 mM BME, pH 7.5
• Ni-NTA wash buffer II: same as Ni-NTA wash buffer I without imidazole
• Ni-NTA elution buffer: 25 mM Na2 HPO4 , 200 mM NaCl, 10% (v/v) glycerol, 250
mM imidazole, 2 mM BME, pH 7.5
• Dialysis buffer: 25 mM Na2 HPO4 , 200 mM NaCl, 10% (v/v) glycerol, 5 mM BME,
pH 7.5
• Size exclusion buffer (SEC): same as dialysis buffer
Purification procedure: Cell pellets were thawed, resuspended in lysis buffer and
incubated on ice for 30 min. Using a pre-chilled French Press the cells were lysed
at ∼1000 psi before pelleting the cellular debris by centrifugation (19,000 rpm Sorvall
SS34, 1 h, 4 ◦ C). The resulting supernatant was incubated with pre-equilibrated Ni-NTA
resin for 2 h at 4 ◦ C under gentle rolling. The flow-through was collected and any nonspecifically bound proteins were washed off the column with Wash buffers I and then II
until baseline using a Bradford assay (Pierce, 160 µL reagent + 40 µL sample). TEV was
eluted with elution buffer containing 250 mM imidazole before being dialysed overnight
into dialysis buffer, then, concentrated using a 10 kDa MWCO concentrator to 5 ml or
when aggregation was observed. Finally, the TEV protease was further purified by
size-exclusion chromatography using a Superdex S75 (16/600) column pre-equilibrated
in SEC buffer collecting 1.5 mL fractions. Pure fractions were pooled based on OD280
reading and SDS-PAGE, concentrated, flash-frozen and stored in aliquots at -80 ◦ C.
Quantification:

TEV protein concentrations were determined by absorbance

measurements at 280 nm. An OD280 of 1.126 corresponded to 1 mg/mL.

6.1.9
6.1.9.1

Production of isotopically labelled 70S ribosomes
Expression of 70S ribosomes

BL21 E. coli cells were streaked onto LB-agar plates, and a single colony was used to
inoculate 3 mL of LB medium (without antibiotics). The pre-culture was incubated
overnight at 37 ◦ C, 180 rpm. Two flasks of 500 mL of MDG without L-aspartic acid and
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enriched with 15 NH4 Cl and/or 13 C glucose isotopes were inoculated with the overnight
pre-culture and left to incubate overnight at 37 ◦ C, 180 rpm. The OD600 was measured
before the cells were pelleted at 3500 rpm (JLA 8.1, Beckman) for 15 min. The cells were
then resuspended in M9 medium enriched with

15 NH

4 Cl

and/or

13 C

glucose. After

1 h of incubation, the cells were pelleted at 3500 rpm (JLA 8.1, Beckman) for 20 min
and transferred into a 50 mL falcon tube, flash-frozen and stored at -20 ◦ C for later
purification.
6.1.9.2

Purification of 70S ribosomes

The ribosome purification was identical to the RNC purification with the omission of
the Ni IDA chromatography step (Section 6.1.10.2).

6.1.10
6.1.10.1

Production of selectively isotopically labelled RNCs
RNC expression

A starter culture of 5 mL LB medium containing 100 µg/mL ampicillin was inoculated
with a single colony, and left to grow for 5 h at 37 ◦ C and 200 rpm. The OD600 was
measured and flasks containing 500 mL of MDG medium were inoculated with the
pre-culture to a final OD600 of 0.005 and incubated overnight at 30 ◦ C, 200 rpm. The
following day the OD600 (I) was measured before pelleting the cells at 3500 rpm (JLA
8.1, Beckman) for 15 min. The pellet was resuspended in 500 mL EM9 salts (per L of
culture) and spun down again at 3500 rpm (JLA 8.1, Beckman) for 15 min. This washing
step was performed twice to remove residual MDG medium and thereby any remaining
unlabelled nitrogen. The cell pellet was then resuspended in 500 mL prepared EM9
medium without isotopes and distributed evenly to each flask. Thereafter, 15 N NH4 Cl (1
g/L) was added, the OD600 recorded (II) and expression induced with 1 mM IPTG. Cells
were then incubated at 30◦ C and at 200 rpm for 10 mins before 150 mg/L rifampicin
were added and the OD600 measured (III). The reaction was incubated for another 30
mins before protein synthesis was stopped by adding 100 mg/mL chloramphenicol.
The OD600 was measured (IV) and cells were harvested by centrifugation at 4000rpm
(JLA 8.1, Beckman) for 20 mins at 4◦ C. Cell pellets were snap frozen and stored at 20◦ C
until purification. OD600 measurements (I - IV) were performed in order to monitor
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cell growth during the time of induction as this gave an indication about the levels of
background labelling. Growth rates were typically less than 10%, which usually gave
rise to 5-10% background labelling.
6.1.10.2

Purification of αSyn RNCs

Buffer composition
• Lysis buffer: 50 mM HEPES, 1 M C2 H3 O2 K (KOAc), 12 mM (CH3 CO2 )2 Mg*4H2 O
(Mg(OAc)2 ), 5 mM EDTA, 2 mM BME, 1 protease inhibitor tablet (SIGMAFAST), 2
µg/mL aprotinin, 2 µg/mL leupeptin, 1 mg/mL lysozyme, traces of DNase I, pH
7.5.
• 35% sucrose cushion: 35% (w/v) sucrose, 50 mM HEPES, 1 M KOAc, 12 mM
Mg(OAc)2 , 5 mM EDTA, 5 mM ATP, 2 mM BME, 1 protease inhibitor tablet
(SIGMAFAST), 2 µg/mL aprotinin, 2 µg/mL leupeptin, pH 7.5.
• Buffer B Ni-IDA: 50 mM HEPES, 500 mM KOAc, 6 mM Mg(OAc)2 , 5 mM ATP, 2
mM BME, 1 protease inhibitor tablet (SIGMAFAST), 2 µg/mL aprotinin, 2 µg/mL
leupeptin, pH 7.5.
• Wash buffer I: 50mM HEPES, 500 mM KOAc, 6 mM Mg(OAc)2 , 2 mM BME, 5 mM
ATP, pH 7.5.
• Wash buffer II: same as wash buffer 1 without ATP
• Elution buffer: 50mM HEPES, 500 mM KOAc, 6 mM Mg(OAc)2 , 2 mM BME, 250
mM Imidazole, 0.1% (1 tablet resuspended in 1 mL, 100 µL of protease inhibitor
used for 100 mL sample) protease inhibitors (Roche), 2 µg/mL aprotinin, pH 7.5
• Cleavage buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 2 mM BME, 0.1%
protease inhibitors (Roche), 2 µg/mL aprotinin, pH 7.5.
• Sucrose gradient: Two stock solutions of 35% and 10% (w/v) sucrose were used to
prepare linear sucrose gradients and both were prepared in the following buffer:
50 mM HEPES, 1 M KOAc, 12 mM Mg(OAc)2 , 5 mM EDTA, 2 mM BME, 1 protease
inhibitor tablet (SIGMAFAST), 2 µg/mL aprotinin, 2 µg/mL leupeptin, pH 7.5.
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• NMR Tico buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2
mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL aprotinin, 2 µg/mL
leupeptin, pH 7.0
Purification procedure: Cell pellets were resuspended in a minimal volume of Lysis
buffer and then lysed using a pre-chilled French Press at ∼1000 psi. To pellet the cellular
debris, the lysate was centrifuged at 19000 rpm (SS34, Sorvall) for 1 h at 4 ◦ C. The
resulting supernatant was loaded onto a 35% (w/v) sucrose cushion and centrifuged
at 40000 rpm for 12 h at 4 ◦ C using a Type 45Ti Beckman rotor. The pellet fraction,
harbouring the ribosomes were resuspended by adding 2 mL of Buffer B Ni-IDA. The
OD260/280 , volume and pH value of the resuspended pellet was recorded before adding
the sample onto 10 mL of Ni-IDA affinity resin (Protino®) pre-equilibrated in Buffer B
Ni-IDA. The resulting suspension was then incubated for 2 h with gentle rolling at 4
◦ C.

The flow through was then collected and any non-specifically bound proteins were

washed off the column with Wash buffers I and then II until baseline using a Bradford
assay. The RNCs were eluted with Elution buffer containing 250 mM imidazole. The
elution fractions were pooled and concentrated using 100 kDa molecular weight cutoff (MWCO) concentrators. The sample was then buffer exchanged (1 in 225 dilution)
into a cleavage buffer before adding TEV protease in a 1:200 TEV to RNC OD280 :OD260
ratio (1:300 for mutant αSyn RNCs and the 1-100 K60E αSyn RNC) and incubating the
reaction overnight at 4 ◦ C. The reaction was then loaded onto a 10-35% (w/v) sucrose
gradient in SW28 centrifuge tubes and spun at 22000 rpm for 16 h at 4◦ C using a SW28
swing bucket rotor. The concentration of 70S ribosomes was estimated by OD260nm
(1 OD260 = 24 pmol 70S). After centrifugation the gradient was fractionated using a
Teledyne Isco Foxy Jr. fractionator coupled to a Watson Marlow 313S pump, monitored
by OD254nm . The fractions were loaded onto 12% SDS-PAGE gels to assess purity
and ribosome content. Fractions deemed to contain pure 70S ribosomes were pooled,
concentrated and buffer exchanged into NMR Tico Buffer containing 25% sucrose using
a 100kDa MWCO concentrator. The resulting sample was then flash frozen using liquid
nitrogen and stored at -80 ◦ C until further use with the sucrose functioning as a cryoprotector. The buffer exchange was repeated several times to ensure removal of sucrose
(< nM range) only on the day of NMR measurements. As a final step, samples were
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concentrated to 300 µL for NMR spectroscopy.
Quantification of ribosomes and RNCs concentration: The concentration of ribosomes
and RNC samples was determined using UV spectroscopy at OD260 , where 1 OD260 in a
1cm path-length corresponded to 24 nM of 70S ribosomes [524]. An OD260 /OD280 ratio
of 1.9 - 2.0 was deemed to indicate a pure 70S preparation as this ratio reflects both the
rRNA and protein content present within the ribosomal complex [524].
6.1.10.2.1

RNC preparation for RDC measurements

Isotropic RNC samples were prepared for NMR spectroscopy as described above with
samples being buffer exchanged in Tico buffer and concentrated to a final volume of
300 µL. Anisotropic RNC samples were buffer exchanged, concentrated to 300 µL and
recorded in the absence of phage to check sample integrity via
1 H-15 N

15 N

XSTE diffusion and

SOFAST-HMQC (1 h) experiments. The sample was then buffer exchanged for

one further round where phage was added.
Preparation of Pf1 phage: The phage alignment medium used in this work was
prepared using bacteriophage Pf1 (ASLA Biotech Ltd.). The phage were centrifuged
at 95000 rpm for 1 h at 5 ◦ C in a Beckman TLA-110 rotor and resuspended in Tico
buffer. The procedure was repeated twice to buffer exchange the phage into Tico buffer.
The concentration of phage was determined from the UV absorbance at 270 nm, with
 = 2.25 mg mL−1 cm−1 . The deuterium splitting was measured from the 1D 2 H NMR
spectrum to confirm the concentration of phage in the NMR sample and to verify the
homogeneity of the aligned liquid-crystal phase.

6.1.11

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE)

Buffer composition:
• 20x MOPS tank buffer: 209.2 g/L MOPS, 121.2 g/L Tris, 20 g/L SDS, (6 g/L EDTA)
• 4x Loading dye: 30% (v/v) glycerol, 0.25 M bis-tris, 0.04% (w/v) bromphenol blue,
0.8% (w/v) DTT, 8% (w/v) SDS, pH 5.7
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• Coomassie stain: 40% (v/v) ethanol, 10% (v/v) glacial acetic acid, 0.05% (w/v)
brilliant blue R-250 (Fisher BioReagents)
• Destain solution: 40% (v/v) ethanol, 10% (v/v) glacial acetic acid
Experimental procedure: Sodium dodecyl sulfate (SDS) polyacrylamide gels were
cast according to the recipe in Table 6.17. Running gels were cast first, topped with
isopropanol and left to set for 10 - 15 min. Once the running gel was solidified the
isopropanol was poured off and the running gel topped by a 0.5 - 1 cm stacking gel. A
gel comb (10 or 15 wells) was inserted immediately.
Reagent

Stacking

Running
12%

1.25 M Bis-Tris (pH 6.4)

15%

1 mL

2.86 mL

0.88 mL

4 mL

5 mL

25% APS

40 µL

60 µL

60 µL

TEMED

6 µL

4 µL

4 µL

ddH2 O

3 mL

3.14 mL

Total volume

5 mL

10 mL

30% Acrylamide

2.86 mL

3.14 mL
10 mL

Table 6.17: SDS-PAGE gel composition
SDS-PAGE gel composition worth for 2 gels at pH 6.4

Running gels of 12% were used to visualise ribosome, RNC, αSyn and TDP-43
preparations while 15% gels were used for the 1-100 αSyn purifications.

Prior to loading samples onto the SDS-PAGE gels, protein samples where mixed
in a 1:4 ratio with 4x non-reducing lithium dodecyl sulfate (LDS) loading dye (Thermo
Fisher Scientific) with the addition of 20 mM DTT and boiled for 5 min. In case of
RNC samples where the tRNA-bound form was needed to be preserved, samples were
mixed in a 1:5 ratio with 4x bis-tris loading dye (pH 5.7) with the addition of glycerol
to a final concentration of 5%. The boiling step was omitted to protect the tRNA-bound
form. Gels were run using the Bio-Rad gel system at 200 V for 35 - 40 min in cold 2x
MOPS tank buffer (to preserve the tRNA-bound NC ice packs were added to the tank
to prevent the buffer from heating up).
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Gels probing for ribosomes and RNCs were typically silver stained using the
SilverQuest silver staining kit (Invitrogen), following the manufacturer’s instructions
or in case of RNCs were further analysed using western blotting methods (Section
6.1.12). Gels for analysis of isolated proteins were stained with Coomassie Stain and
then destained using Destain.

6.1.12

Immunodetection – Western Blot

Buffer composition
• Transfer buffer: 6 g/L Tris, 14.4 g/L glycine, 20% (v/v) methanol, 0.01% (w/v)
SDS (stored at 4◦ C )
• Tris-buffered Saline (TBS): 25 mM Tris, 150 mM NaCl, pH 7.4
• TBS-Tween (TBS-T): 0.1% (v/v) Tween-20 in TBS
• Blocking buffer:
Anti-H6 detection: 1% (w/v) casein in TBS
Anti-αSyn detection: 5% (w/v) milk powder in TBS-T
Anti-SecM detection: 5% (w/v) bovine serum albumin (BSA) powder in TBS-T
Anti-TF detection: 0.5% (w/v) milk powder in TBS-T

• Antibody dilution:
Anti-H6 antibody:

1:5000 Penta-His horseradish peroxidase (HRP) conjugate

(Qiagen) in TBS-T
Anti-αSyn primary antibody: 1:1000 mouse anti-αSyn polyclonal antibody (BD
Transduction Laboratories) in 5% (w/v) milk in TBS-T
Anti-αSyn secondary antibody: 1:1000 anti-mouse IgG HRP-linked antibody (Cell
Signaling) in 5% (w/v) milk in TBS-T
Anti-SecM primary antibody: 1:10,000 rabbit anti-SecM (gift from Bernd Bukau,
University of Heidelberg) in 2% (w/v) BSA in TBS-T
Anti-SecM secondary antibody: 1:20,000 anti-rabbit IgG HRP-linked antibody (Cell
Signaling) in 2% (w/v) BSA in TBS-T
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Anti-TF primary antibody: 1:2500 rabbit anti-TF polyclonal antibody (Genscript) in
0.5% (w/v) milk in TBS-T
Anti-TF secondary antibody: 1:1000 anti-rabbit IgG HRP-linked antibody (Cell
Signaling) in 0.5% (w/v) milk in TBS-T
• chemiluminescence detection (ECL): SuperSignal West Pico (Femto occasionally
for anti-SecM detection) chemiluminescence substrate (Pierce).
Western blot procedure: The SDS-PAGE (Section 6.1.11) was soaked in cooled transfer
buffer together with six sponges, nitrocellulose membrane and 2 filter papers, before
stacking into the transfer chamber in the following order: 3 sponges, 1 filter paper, gel,
nitrocellulose membrane, 1 filter paper, 3 sponges, taking care to avoid air bubbles. The
apparatus was assembled into the gel running tank. The inner chamber was filled with
transfer buffer and the outer chamber was filled with water. The transfer was performed
for 2 h at a current of 250 mA. After transfer, the membrane was soaked in blocking
buffer and incubated for 1 h with shaking at room temperature. The SDS-PAGE gel was
stained with Coomassie stain to confirm the efficiency of the transfer. After blocking,
the membrane was incubated in primary antibody for 2 h or overnight at 4 ◦ C, and
then washed 3 times for 10 min in TBS-T. For anti-histidine detection, the membrane
was incubated with ECL reagent for 5 min and the chemiluminescence detected
using a Fujifilm LAS-1000 scanner with exposure times ranging from 30 sec to 5 min
depending on the intensity. For other detections, the membrane was first incubated in
the secondary antibody for 2 h at 4 ◦ C, followed by another washing stage using TBS-T
(4x10 min), before ECL incubation and chemiluminescence detection as described above.

Densitometry analysis and RNC occupancy determination: NC occupancy of an
RNC was determined by comparing a 10 pmol (70S concentration) RNC sample to a
series of αSyn standards of known protein concentration ranging from 2 - 10 pmol.
Densitometry analysis of the resulting band intensities using Image J and Image Studio
Lite softwares enabled the determination of a standard curve based upon the αSyn
standards allowing the estimation of NC concentration of the RNC sample.
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Figure 6.1.2: Western blot procedure
Schematic illustrating the stacking layers for western blot transfer.

The quantification of TF occupancy was performed in a similar manner, with TF
standards loaded at amounts ranging from 0.2 to 2 pmol.

6.1.13

Preparation of TDP-43 GB1-CTD274-414 samples for in-cell NMR
experiments

The pLDC-17 vector containing the GB1-CTD construct (see Appendix A.1.3 for the
protein and DNA sequence) was transformed into BL21 (DE 3) cells using the standard
procedure (Section 6.1.6.3). The following day a single colony was picked to inoculate
a 10 mL LB starting culture, which was grown overnight at 37 ◦ C. The next day a 200
mL LB culture was inoculated to an OD600 of 0.1 and incubated at 37 ◦ C until the OD600
reached 0.6. The temperature was then reduced to 22 ◦ C for protein expression. The
cell culture was spun down at 1800xg for 15 min at 4 ◦ C before resuspending the cells
in 100 mL M9 medium (Table 6.5) in the presence of

15 N

NH4 Cl (0.1% w/v) resulting

in doubling of the OD600 . The culture was allowed to adjust to the lower temperature
and the M9 medium for ∼30 min in the incubator under shaking before inducing
expression with 1 mM IPTG. Protein expression was terminated after 3 h (500 µL of
culture were used for preshimming the NMR tube) spinning down the cells at 1800xg
for 15 min at 4 ◦ C. The cell pellet was resuspended in 50 mL M9 salts and pelleted again
by centrifugation. The resulting cell pellet was resuspended as a 40% (w/v) slurry for
NMR spectroscopy.

Subsequently the cells were lysed via sonication (sonication conditions varied for
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these small volumes with sonication cycles being repeated until cell suspension
appeared clear) before spinning down the cellular debris by centrifugation for 10 min
at 14,680 rpm (FA-45-24-11 rotor, Eppendorf benchtop centrifuge) before repeating the
NMR experiments.

6.2

Biophysical aggregation studies of TDP-43 CTD274-414

Pure and highly concentrated (∼200 µM) CTD274-414 samples were prepared in 8 M urea
as described in Section 6.1.8.2. The biophysical characterisation of the aggregates that
were formed from these TDP-43 CTD274-414 samples was undertaken in collaboration
with Fabrizio Chiti (University of Florence).

All experiments, apart from the EM

experiments, were undertaken by members of the Chiti group, who also provided the
protocols detailed below from Section 6.2.2 to Section 6.2.6.

6.2.1

TEM sample preparation

3 µL sample (CTD274-414 in H2 O) was loaded onto copper grids. After 3 min, filter paper
was used to absorb the remaining liquid, followed by immediate addition of 3 µL of
staining solution (2% (w/v) uranyl dissolved in H2 O) to the grid. A further 3 min later,
excess solution was removed with filter paper and the grid allowed to air dry. The grids
can then be imaged at 80 keV using a Jeol 1010 TEM. At low magnifications (10-12,000x)
the fibril concentration can be checked. If the sample is too concentrated and fibrils
overlap further dilutions of the sample in H2 O are necessary.

6.2.2

CR absorbance

Interaction of CR with CTD274-414 aggregates was tested using a Jasco V-630
spectrophotometer (Tokyo, Japan) by recording the absorbance spectra from 400 nm
to 700 nm using a 10 mm quartz cell. CTD274-414 fibrils were incubated at 25 ◦ C at 1.0
and 0.7 mg/mL concentrations. An aliquot of 60 µL of each sample was mixed with 440
µL of a 5 mM NaH2 PO4 , 150 mM NaCl buffer at pH 7.4 containing 20 mM CR. Spectra
were then recorded. Spectra were also recorded of identical samples either devoid of CR
or devoid of fibrils. The difference spectrum obtained by subtracting the spectra of CR
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alone and fibrils alone from that of CR plus fibrils indicated the spectrum of CR bound
to β-sheet structure.

6.2.3

ThT fluorescence

CTD274-414 aggregates were incubated at the same concentrations described above at 25
◦C

and an aliquot of 60 µL of each sample was mixed with 440 µL of a 25 mM NaH2 PO4

buffer at pH 6.0 containing 25 mM ThT. The resulting fluorescence was measured at 25
◦C

using a Perkin-Elmer LS 55 spectrofluorimeter (Waltham, MA, USA) equipped with

a thermostated cell holder attached to a Haake F8 water bath (Karlsruhe, Germany),
using excitation and emission wavelengths of 440 and 450 - 600 nm, respectively. A 2610
mm quartz cuvette was used. The ThT spectrum obtained in the presence of the same
buffer without fibrils was subtracted from those acquired in the presence of CTD274-414
aggregates.

6.2.4

Far-UV CD

CTD274-414 aggregates were prepared at 25 ◦ C in 25 mM NaH2 PO4 buffer at pH 7.3 at
2.8 and 2.0 mg/mL concentrations. The far-UV CD spectra were collected over the 190 260 nm wavelength range at 25 ◦ C using a Jasco J-810 Spectropolarimeter (Tokyo, Japan)
equipped with a thermostated cell holder attached to a Thermo Haake C25P water bath
(Karlsruhe, Germany). A 1 mm path-length cell was used. All spectra were blank
subtracted. For the calculation of the molar ellipticity [θ], the following formula was
used:

[θ ] =

θ
◦
∗optical path∗concentration
( 10∗ N residuemolecular
)
weight

(6.1)

where [θ] is the molar ellipticity in deg cm2 dmol−1 , θ is the ellipticity in mdeg, optical
path is in cm, concentration is in g/L, molecular weight is in g/mol.

6.2.5

FTIR

CTD274-414 aggregates were resuspended in D2 O to achieve a final protein concentration
of 21 mg/mL. Each sample was deposited on a potassium bromide window in a
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semipermanent liquid cell using a spacer of 25 mm, and the FTIR spectrum was
recorded at room temperature using a Jasco FTIR 4200 spectrophotometer (Tokyo,
Japan).

The system was constantly purged with N2 .

The resulting spectra were

background subtracted and baseline corrected.

6.2.6

AFM

CTD274-414 aggregates were resuspended in water at a protein concentration of 2 mg/mL
and diluted 10 or 100 times. A 10 µL aliquot was deposited on freshly cleaved mica and
dried under mild vacuum. Tapping mode AFM images were acquired in air using a
Dimension 3000 SPM, equipped with a ’G’ scanning head (maximum scan size of 100
mm) and driven by a Nanoscope IIIa controller, and a Multimode SPM equipped with
a ’E’ scanning head (maximum scan size of 10 mm) and driven by a Nanoscope V
controller (Digital Instruments, Veeco). Single-beam uncoated silicon canti-levers (type
OMCL-AC160TS, Olympus) were used. The drive frequency was between 260 and 330
kHz; the scan rate was 0.4-0.8 Hz.

6.3
6.3.1

NMR data acquisition and analysis
Experimental conditions

All NMR experiments presented in this thesis (apart from the RDC measurements)
were recorded on a 700 MHz (16.4 T) Bruker Advance III spectrometer (Bruker BioSpin,
Karlsruhe, Germany) equipped with a TXI cryoprobe using Topspin 2.1. The RDC
measurements were performed on a 950 MHZ Bruker Advance III spectrometer
equipped with a cryoprobe using Topspin 3.1 (Section 3.2.6).

All isolated αSyn and αSyn RNC experiments were recorded at 277 K in Tico
buffer (10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME,
0.1% SimaFast protease inhibitor cocktail tablet, pH 7.0) and all TDP-43 experiments
were recorded at 277K or 298 K in a sodium phosphate buffer (for detailed NMR
buffer composition see Section 6.1.8 and Section A.3.2), which was slightly modified
depending on the presence or absence of urea (± 8 M urea, 25 mM Na2 HPO4 , ± 150
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mM NaCl, ± 10% glycerol, 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease
inhibitor cocktail tablet, pH 7.5). All NMR samples were supplemented with 10% (v/v)
D2 O as a lock solvent and 0.001% (w/v) DSS.

Below, the most commonly used experiments are presented together with a short
description of the most important parameters used.

6.3.2
6.3.2.1
1H

NMR data collection
1D proton spectra

1D experiments: 1 H 1D spectra of all isolated αSyn and αSyn RNC preparations

were typically acquired using excitation sculpting (zgesgp) for water-suppression [525]
with a spectral width of 11160 Hz and 2048 points (TD) for an acquisition time of ca.
0.09 s. A recycle delay of 1 s was used between scans.

1H

1D experiments of TDP-43 were typically recorded using zgesgp experiments

with a spectral width of 12019 Hz and 4096 complex point for an acquisition time of ca.
0.170 s. The recycle delay was kept at 1 s between scans.

Heteronuclear-edited 1D experiments:

13 C-

and

15 N-edited

recorded by acquiring the first increments of the 2D
quantum coherence (HMQC) or

15 N-band-selective

1D experiments were

13 C-heteronuclear

multiple-

optimised-flip-angle short-transient

(SOFAST-HMQC) sequence (Section 6.3.2.3).

Isotopic labelling experiments: The

15 N

background labelling of ribosomes within

RNC samples was determined using a pair of
experiments, based on the first increment of the

15 N-edited

15 N-SOFAST-

and

15 N-filtered 1 H

1D

HMQC pulse sequence.

Water pre-saturation was applied during the recycle delay of both experiments. This
is necessary to achieve acceptable water suppression in the
where the standard
magnetisation.

15 N-editing

15 N-filtered

phase-cycle is inverted to reject

spectrum,

15 N-attached 1 H

The pre-saturation will also have the side-effect of predominantly

saturating the exchangeable amide resonances belonging to the unfolded nascent chain,
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attenuating their relative contribution to the final spectra so that the peaks in the amide
region can be safely assumed to arise entirely from ribosomal proteins (L7/L12 and
S1). The sum of the signal intensity from the two spectra corresponds to 100% of
the ribosome signal, while the fraction of the

15 N-edited

summed total intensity corresponds to the fraction of

experiment signal over this

15 N

labelled ribosomes in the

sample.
6.3.2.2
For

1 H-15 N

RNC

HSQC

preparations,

1 H-15 N

HSQC

correlation

spectra

(pulse

sequence:

hsqcfpf3gpphwg.3.2.jk) were recorded with 2048 points and a spectral width of
12500 Hz in the direct 1 H dimension and 192 points and a spectral width of 1845 Hz in
the indirect

15 N

dimension for acquisition times of ca. 0.08 s and 0.05 s for 1 H and

15 N

respectively. A recycle delay of 1 s was used between scans.

For isolated protein preparations, sensitivity enhanced

1 H-15 N

HSQC correlation

spectra (pulse sequence: hsqcetfpf3gpsi2) were recorded with 2048 points and a spectral
width of 10,000 Hz in the direct 1 H dimension and 256 points and a spectral width of
1660 Hz in the indirect 15 N dimension for acquisition times of ca. 0.1 s and 0.07 s for 1 H
and 15 N respectively. A recycle delay of 1 s was used between scans.
6.3.2.3

1 H-15 N

1 H-15 N

SOFAST HMQC spectra (sfhmqcf3gpph) [442] of all αSyn experiments were

SOFAST HMQC

recorded using non-uniform weighted sampling methods [441] with 1024 points and a
sweep width of 10504 Hz in the direct 1 H dimension, and 122 points and a sweep width
of 1845 Hz in the indirect

15 N

dimension with a recycle delay between scans of 50 ms.

Non-uniform weighted sampling was used with a 128 point cosine-squared sampling
schedule, with up to 1024 scans sampled in increments of the 4-step phase cycle.

1 H-15 N

SOFAST HMQC spectra recorded on TDP-43 were acquired with similar

parameters but with uniform sampling.
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Diffusion

STE diffusion experiments:

1H

diffusion experiments were recorded on RNC

samples using stimulated gradient echoes (STE, Section 1.8.2.1) with a diffusion delay
of ∆ = 100 ms, and bipolar trapezoidal gradient encoding pulses (shape factor σ = 0.9)
of total length δ = 4 ms and a strength of 5% (0.028 Tm−1 ) and 95% (0.532 Tm−1 ) of
the maximum gradient strength (0.56 Tm−1 ). 1D 1 H STE diffusion experiments were
acquired with 2048 points over 17482 Hz spectral width for an acquisition time of ca.
0.06 s. A recycle delay of 1s was used between scans.

15 N

XSTE diffusion experiments:

15 N

XSTE diffusion measurements [439, 526]

were recorded by using a diffusion delay of 100 ms, and a bipolar trapezoidal gradient
encoding pulses of a total length of 4 ms and a strength of 5% (0.028 Tm−1 ) and 95%
(0.532 Tm−1 ) of the maximum gradient strength (0.56 Tm−1 ).

15 N

XSTE diffusion

experiments were acquired with 2048 points and a sweep width of 20,000 Hz in the 1 H
dimension using a recycle delay between scans of 1 s.
6.3.2.5

RDC measurements

All NMR data were recorded at 277 K on Bruker Avance III 700 MHz and Bruker
Avance III HD 950 MHz spectrometers equipped with helium-cooled cryogenic inverse
triple-resonance probe heads (CP-TCI).

15 N-HSQC

spectra were recorded using gradient coherence-order-selection and

sensitivity enhancement [527–529], and with water flip-back pulses and weak bipolar
gradients during the

15 N

chemical shift evolution period (t1) to preserve the water

magnetisation along the +z axis.

15 N-TROSY-HSQC

spectra were recorded using the

Nietlispach TROSY implementation [428, 530], with modifications to incorporate bandselective Ha/Hb decoupling during t1 [531], and with a temperature compensation
block during the recycle delay to match the
15 N

15 N

RF power deposition with that of the

HSQC. Water was preserved along the +z axis with a combination of water flip-back

pulses and weak bipolar gradients during t1. Ha/Hb decoupling was achieved using
an IBurp1 shaped pulse [532], centred at 3 ppm with a bandwidth (50% inversion) of
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4.9 ppm (1500 µs pulse length at 700 MHz).
6.3.2.6

Assignment via triple-resonance NMR experiments

NMR spectra for backbone assignment of CTD274-414 (NMR parameter details in
Appendix A.3.2.7) and K60E αSyn (NMR parameter details in Appendix A.3.1.2)
were acquired using the BEST (band-selective excitation short-transient) technique
to shorten the recycle delay and allow collection of very high-resolution data
in the available time.

The set of assignment experiments consisted of HSQC,

HNCO, HN(CA)CO, HN(CO)CACB and intra-HNCACB spectra (Details can be found
under Section A.3.1.2 for αSyn and A.3.2.7 for TDP-43).
implementations were modified to allow long
of semi-constant-time

15 N

15 N

The standard BEST

acquisition times by incorporation

chemical shift evolution.

In addition, the

13 C

chemical

shift evolution in the CACB-type experiments was implemented in a constant-time
fashion, with the constant-time period set to 1/J_CC, where J_CC is the Ca-Cb
coupling constant (∼35 Hz). The data were recorded with non-uniform sampling in
Topspin 3, with typical fractional sampling ratios of 5-15%. Sampling schedules were
generated using the online schedule generator available at the nus@HMS web-page
(http://gwagner.med.harvard.edu/intranet/hmsIST/).

6.3.3

NMR data processing and analysis

NMR data were processed and analysed using nmrPipe [533], Sparky [534], CCPN [517]
and Matlab (MathWorks, Matlab release R2015a) software packages.

DSS referencing:

In all spectra,

internal reference DSS [535].

1H

15 N

dimensions were directly referenced to the

and

13 C

chemical shifts were then referenced

indirectly using the ratio of their gyromagnetic ratios: Ξ = γ N /γ H = 0.10132912 and Ξ
= γC /γ H = 0.25144953 [535, 536].

FID processing:
1H

1D: 1 H 1D raw data was converted from Bruker to nmrPipe format using a cosine

window function prior to zero-filling to double the size of the data. After Fourier
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transformation, the imaginary data were discarded and a zero-order phase correction
was applied. The nmrPipe script is shown in Appendix Script 1 .

15 N

XSTE diffusion spectra:

15 N

XSTE diffusion data was converted from Bruker

to nmrPipe format using an exponential window function (typically 40 Hz) prior to
zero-filling.

After Fourier transformation, the imaginary data were discarded and

a zero-order phase correction followed by a linear baseline correction was applied
(sample scripts can be found in Appendix Script 4). The data was then converted from
nmrPipe format to text format and imported into Matlab. In Matlab the signal integral
from 8.0 - 8.8 ppm was calculated for each spectrum at 5% and 95% gradient strength
and plotted against the time at which those spectra were recorded. The uncertainties
of these integrals were calculated as the standard deviation of integrals over the same
bandwidth at -2 to -2.8 ppm across multiple spectra. The diffusion ratio was also
plotted derived from the signal intensity at 95% over the signal intensity at 5%.

As described in Section 1.8.2.1.1, the diffusion coefficient is best calculated by fitting
the observed intensity profile to Equation 1.3. Ideally, measurements of intensities for
a minimum of 10 different gradient strengths is necessary to enable good curve-fitting,
but due to the limited signal and in order to maximise the acquisition time of the
2D experiments, which are collected in an interleaved manner, two data points at 5%
and 95% relative gradient strength were measured routinely. Instead of fitting the
two intensities to a curve described by Equation 1.3, the diffusion coefficient D was
calculated from the intensity ratio I95% /I5% according to:

D=
1 H-15 N

)
ln( II95%
5%
2
2 )
(∆ − 3δ ) × (γδ)2 × ( G95%
− G5%

SOFAST-HMQC spectra:

to nmrPipe.

1 H-15 N

(6.2)

SOFAST-HMQC spectra were exported

For uniform weighted sampling methods a cosine window function

was applied to the 1 H dimension before zero-filling to double the size of the data.
After Fourier transformation, the imaginary data were discarded, a zero-order phase
correction applied and the data then transposed. A cosine window function was applied
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dimension before zero-filling to double the size of the data. After Fourier

transformation, the imaginary data was discarded, a zero-order phase correction of
-90◦ and a first-order phase correction of 180◦ were applied. For non-uniform weighted
sampling methods the window function applied to the indirect dimension was omitted.
Experiments recorded for 1 H linewidth analysis were analysed with an exponential
window function with a line-broadening of 12 Hz in the 1 H dimension.

1 H-15 N

SOFAST-HMQC spectra were added together for the time where the RNC was deemed
stable based on diffusion and western blotting experiments.

In order to analyse the

15 N-edited

1D envelope, the first row of the 1 H-15 N SOFAST-

HMQC spectra was extracted. Processing scripts were the same in the 1 H dimension
with the

15 N

dimension being discarded. The data was then converted from nmrPipe

format to text format and imported into Matlab. In Matlab the signal integral from
8.0 - 8.8 ppm was calculated for each spectrum and plotted against the time at which
those spectra were recorded. The uncertainties of these integrals were calculated as the
standard deviation over the same bandwidth at 0 to 0.8 ppm across multiple spectra.
The nmrPipe scripts are shown in Appendix Script 2.

RDC measurements: NMR data were processed using the NMRPipe [533] and Azara
software packages (Azara v2.8, Wayne Boucher, http://www2.ccpn.ac.uk/azara/).
Spectral analysis, peak picking, assignment were performed using the CcpNmr Analysis
program [517]. Signal-to-noise ratios were calculated as the ratio of the peak height
to the RMS noise. The RMS noise was calculated as the standard deviation of the
data points within a signal-free region. The linewidths (full-width at half-height) were
measured in CcpNmr Analysis. The uncertainties in peak positions depends on the
accuracy of the peak-picking, which in turn depends on the signal-to-noise ratio and
linewidth of the peaks. An empirical relationship between the peak position and the
signal-to-noise ratio and peak linewidth was derived using a large set of simulated
peaks with varying signal- to-noise ratios and linewidths. The relationship can be
expressed:
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δν =

1 LW
×
2 SN

(6.3)

where δν is the uncertainty of the peak position in Hz, LW is the linewidth (full-width
at half-height, in Hz) and SN is the signal-to-noise ratio, which is the ratio of the peak
height to the RMS spectral noise. The RDC is calculated from four peak positions:



D = (νalign,HSQC − νalign,TROSY ) − (νisotropic,HSQC − νisotropic,TROSY )

(6.4)

and hence the corresponding uncertainty is given by:

δD = 2 ×

q

2
2
2
2
δνalign,HSQC
+ δνalign,TROSY
+ δνisotropic,HSQC
+ δνisotropic,TROSY

(6.5)

which can be calculated by substituting Equation 6.3 for each of the δν terms.

Triple-resonance NMR experiments:

The full data matrices were reconstructed

using iterative soft thresholding as implemented in the hmsIST software [537] prior
to standard Fourier transform processing with nmrPipe [533]. Spectra were assigned
using CcpNmr Analysis [517].

6.4

Modelling of the αSyn RNC

All the MD simulations and modelling described within this thesis was performed by
Dr Tomek Wlodarski (UCL). An atomic model of a stalled NC on the ribosome was
derived from cryo-electron microscopy data [48] by molecular-dynamics flexible fitting
[33]. The original NC sequence in the model was replaced and extended to the sequence
of the αSyn RNC using Swiss-PDB Viewer [34]. Trigger factor bound to ribosome was
modelled based on the cryo-electron microscopy data of the ribosome-TF complex [35]
and the atomic structure of TF [36, 37]. The NC mobility for each residue was calculated
as root mean square fluctuations (RMSF) from the average position of CA atoms within
the trajectory.
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Coarse-grained MD simulations of the αSyn RNC in the presence and
absence of TF

Coarse-grained simulations of the αSyn RNC were performed using a version of the
tube model [484], known as the CamTube force field, which was implemented in
Gromacs [538] via tabulated potentials. Each amino acid is represented by its five
backbone atoms (N, H, CA, C and O) and one atom (CB) has been used to model
side-chains with the length of the CA-CB bond being amino acid-dependent. The
bonded interactions are taken from the Amber force field [539]. The tube-like behaviour
is obtained by imposing a hard sphere potential on all the atoms. In addition, hydrogen
bonding is modelled as Lennard-Jones interactions between pairs of O and H atoms,
whereas hydrophobic and electrostatic interactions are introduced by residue-specific
contact potentials implemented only between CB atoms of the residue pairs using
the square well function. These potentials are adapted from lattice models of protein
folding and parameterised based on the contact frequencies between amino acid pairs in
the PDB [540, 541]. Additionally a curvature penalty was introduced into the CamTube
force field in form of a weak repulsive force between C and H atoms that are separated
by two or three residues along the protein chain. Amber force field parameters were
changed for CB-CA-N-C and CB-CA-C-N dihedral angles in order to reproduce correct
Ramachandran plots in the CamTube force field. Within the CamTube model, the
ribosome and TF are represented as frozen hard spheres with a 5 Å radius centred on
P and CA carbon atoms for RNA and protein molecules, respectively. The system was
simulated using a stochastic dynamics algorithm with a time step of 2 fs together with
the LINCS algorithm to constrain bond lengths. In order to enhance the NC sampling
of the available space all simulations were performed at 345 K and run for 2.4 µs. For
analysis we calculated the minimum distance between the CA atoms of the NC and the
CA and P atoms of the ribosomal surface within 6 distance ranges (< 6, 10, 15, 20, 25, >
25) for which the ribosome surface was coloured accordingly.
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Analysis of the MD trajectory

The analysis of the MD trajectory was performed by Dr Christopher Waudby (UCL).
Estimates of 1 H R2 relaxation rates for a rigid bound state were calculated, as an
ensemble average of 50 all-atom RNC structures, from the sum of 1 H-1 H dipolar
interactions [542]:

R2,i = h

1 µ0 2 h̄2 γ4H S2 τc
i
∑ 5 ( 4π )
rij6
jeHatoms

(6.6)

where γ H is the proton gyromagnetic ratio, S2 is the generalised order parameter for
the internuclear bond vector, and τc = 3.9 µs is the ribosome rotational correlation time
at 277 K in H2 O [483]. Only the zero frequency spectral density has been considered, as
given the slow tumbling of the ribosome the contribution from higher frequency terms
is negligible.

Amide S2 generalised order parameters were calculated from an ensemble of 8000
all-atom RNC structures, where θ and φ are angles of the N-H bond vector relative to
the fixed molecular reference frame [543]:

S2 =

4π
5

2

∑

m=−2

∗
(θ, φ)i
hY2m (θ, φ)i hY2m

(6.7)

Appendix A
Appendix
A.1

DNA and protein sequences

A.1.1 α-synuclein
ATG = start methionine
Blue = Hexa-histidine tag
Magenta = TEV cleavage site
Red = vector derived residues (from restriction enzyme sites)
Green = SecM stalling sequence
Cyan = stop codon

α-synuclein DNA sequence
ATG CAT CAC CAT CAC CAT CAC GAA AAC CTG TAT TTC CAG GGA 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
GGT ACC ACT AGT GAA TTC TTC AGC ACG CCC GTC TGG ATA AGC CAG GCG
CAA GGC ATC CGT GCT GGC CCT TAA CCA TGG ACC TAA CAA CAA TAA

216
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Primers K to E mutants

K12E
FWD: GAT GTA TTC ATG GAA GGA CTT TCA GAG GCC GAG GAG GGA GTT GTG
REV: CAC AAC TCC CTC CTC GGC CTC TGA AAG TCC TTC CAT GAA TAC ATC

K23E
FWD: GCT GCT GCT GAG GAA ACC GAA CAG GGT GTG GCA
REV: TGC CAC ACC CTG TTC GGT TTC CTC AGC AGC AGC

K34W
FWD: GAA GCA GCA GGA GAG ACA GAA GAG GGT GTT CTC
REV: GAG AAC ACC CTC TTC TGT CTC TCC TGC TGC TTC

K45E
FWD: TAT GTA GGC TCC GAA ACC GAG GAG GGA GTG GTG
REV:CAC CAC TCC CTC CTC GGT TTC GGA GCC TAC ATA

K60E
FWD: ACA GTG GCT GAG GAG ACC GAA GAG CAA GTG ACA
REV:TGT CAC TTG CTC TTC GGT CTC CTC AGC CAC TGT

Primers 1-100 truncation

RNC
FWD: TTT GTC AAA AAG GAC CAG TTG GGT ACC ACT AGT GAA TTC TTC
REV: GAA GAA TTC ACT AGT GGT ACC CAA CTG GTC CTT TTT GAC AAA

Protein
FWD: AAA AAG GAC CAG TTG TAA TAA GGC AAG AAT GAA GAA
REV: TTC TTC ATT CTT GCC TTA TTA CAA CTG GTC CTT TTT
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α-synuclein protein sequence
M H H H H H H E N L Y F Q G 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 V82 E G A
G S I A A A T G F V K K D Q L100 G K N E E G A P Q E G I L E D M P V D P
DNEAYEMPSEEGYQDYEPEAGTTSEFFSTPVWISQAQGIRAGP

The full sequence represents the RNC construct, with the isolated αSyn protein
construct being represented by the sequence in black. The αSyn truncation to L100 is
indicated as well as the point mutant V82M. The K residues mutated to E for the charge
mutant constructs are underlined.

A.1.2

TDP-43

ATG = start methionine
Blue = Hexa-histidine tag
Magenta = TEV cleavage site
Red = vector derived residues (from restriction enzyme sites)
Orange = MBP
Cyan = stop codon

1 - 104 = N-terminal domain
105 - 169 = RRM1
194 - 257 = RRM2
274 - 414 = C-terminal domain

MBP TDP-43 DNA sequence
ATG CAC CAC CAC CAC CAC CAC AGC ATG AAA ACT GAA GAA GGT AAA
CTG GTA ATC TGG ATT AAC GGC GAT AAA GGC TAT AAC GGT CTC GCT GAA
GTC GGT AAG AAA TTC GAG AAA GAT ACC GGA ATT AAA GTC ACC GTT GAG
CAT CCG GAT AAA CTG GAA GAG AAA TTC CCA CAG GTT GCG GCA ACT GGC
GAT GGC CCT GAC ATT ATC TTC TGG GCA CAC GAC CGC TTT GGT GGC TAC
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GCT CAA TCT GGC CTG TTG GCT GAA ATC ACC CCG GAC AAA GCG TTC CAG
GAC AAG CTG TAT CCG TTT ACC TGG GAT GCC GTA CGT TAC AAC GGC AAG
CTG ATT GCT TAC CCG ATC GCT GTT GAA GCG TTA TCG CTG ATT TAT AAC
AAA GAT CTG CTG CCG AAC CCG CCA AAA AGC GCG CTG ATG TTC AAC CTG
CAA GAA CCG TAC TTC ACC TGG CCG CTG ATT GCT GCT GAC GGG GGT TAT
GCG TTC AAG TAT GAA AAC GGC AAG TAC GAC ATT AAA GAC GTG GGC GTG
GAT AAC GCT GGC GCG AAA GCG GGT CTG ACC TTC CTG GTT GAC CTG ATT
AAA AAC AAA CAC ATG AAT GCA GAC ACC GAT TAC TCC ATC GCA GAA GCT
GCC TTT AAT AAA GGC GAA ACA GCG ATG ACC ATC AAC GGC CCG TGG GCA
TGG TCC AAC ATC GAC ACC AGC AAA GTG AAT TAT GGT GTA ACG GTA CTG
CCG ACC TTC AAG GGT CAA CCA TCC AAA CCG TTC GTT GGC GTG CTG AGC
GCA GGT ATT AAC GCC GCC AGT CCG AAC AAA GAG CTG GCA AAA GAG TTC
CTC GAA AAC TAT CTG CTG ACT GAT GAA GGT CTG GAA GCG GTT AAT AAA
GAC AAA CCG CTG GGT GCC GTA GCG CTG AAG TCT TAC GAG GAA GAG TTG
GCG AAA GAT CCA CGT ATT GCC GCC ACC ATG GAA AAC GCC CAG AAA
GGT GAA ATC ATG CCG AAC ATC CCG CAG ATG TCC GCT TTC TGG TAT GCC
GTG CGT ACT GCG GTG ATC AAC GCC GCC AGC GGT CGT CAG ACT GTC GAT
GAA GCC ACT GAG AAT CTT TAT TTT CAG GGC GCT AGC ATG TCT GAA TAT
ATT CGG GTA ACC GAA GAT GAG AAC GAT GAG CCC ATT GAA ATA CCA TCG
GAA GAC GAT GGG ACG GTG CTG CTC TCC ACG GTT ACA GCC CAG TTT CCA
GGG GCG TGT GGG CTT CGC TAC AGG AAT CCA GTG TCT CAG TGT ATG AGA
GGT GTC CGG CTG GTA GAA GGA ATT CTG CAT GCC CCA GAT GCT GGC TGG
GGA AAT CTG GTG TAT GTT GTC AAC TAT CCA AAA GAT AAC AAA AGA AAA
ATG GAT GAG ACA GAT GCT TCA TCA GCA GTG AAA GTG AAA AGA GCA GTC
CAG AAA ACA TCC

105 GAT

TTA ATA GTG TTG GGT CTC CCA TGG AAA ACA

ACC GAA CAG GAC CTG AAA GAG TAT TTT AGT ACC TTT GGA GAA GTT CTT
ATG GTG CAG GTC AAG AAA GAT CTT AAG ACT GGT CAT TCA AAG GGG TTT
GGC TTT GTT CGT TTT ACG GAA TAT GAA ACA CAA GTG AAA GTA ATG TCA
CAG CGA CAT ATG ATA GAT
AAT TCT
194 TTT

181 AAG

170 GGA

CGA TGG TGT GAC TGC AAA CTT CCT

CAA AGC CAA GAT GAG CCT TTG AGA AGC AGA AAA GTG

GTG GGG CGC TGT ACA GAG GAC ATG ACT GAG GAT GAG CTG CGG
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GAG TTC TTC TCT CAG TAC GGG GAT GTG ATG GAT GTC TTC ATC CCC AAG
CCA TTC AGG GCC TTT GCC TTT GTT ACA TTT GCA GAT GAT CAG ATT GCG
CAG TCT CTT TGT GGA GAG GAC TTG ATC ATT AAA GGA ATC AGC GTT CAT
ATA

258 TCC

AGA AGT

AAT GCC GAA CCT AAG CAC AAT AGC AAT AGA CAG TTA GAA

274 GGA

AGA TTT GGT GGT AAT CCA GGT GGC TTT GGG AAT CAG

GGT GGA TTT GGT AAT AGC AGA GGG GGT GGA GCT GGT TTG GGA AAC AAT
CAA GGT AGT AAT ATG GGT GGT GGG ATG AAC TTT GGT GCG TTC AGC ATT
AAT CCA GCC ATG ATG GCT GCC GCC CAG GCA GCA CTA CAG AGC AGT TGG
GGT ATG ATG GGC ATG TTA GCC AGC CAG CAG AAC CAG TCA GGC CCA TCG
GGT AAT AAC CAA AAC CAA GGC AAC ATG CAG AGG GAG CCA AAC CAG
GCC TTC GGT TCT GGA AAT AAC TCT TAT AGT GGC TCT AAT TCT GGT GCA
GCA ATT GGT TGG GGA TCA GCA TCC AAT GCA GGG TCG GGC AGT GGT TTT
AAT GGA GGC TTT GGC TCA AGC ATG GAT TCT AAG TCT TCT GGC TGG GGA
ATG TAG TAA

MBP TDP-43 protein sequence
MHHHHHHSMKTEEGKLVIWINGDKGYNGLAEVGKKFEKD
TGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYA
QSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEA
LSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQE
PYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLT
FLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWS
NIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKE
LAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDP
RIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQ
TVDEATENLYFQGASMSEYIRVTEDENDEPIEIPSEDDGTVL
LSTVTAQFPGACGLRYRNPVSQCMRGVRLVEGILHAPDAG
W G N L V Y V V N Y P K D N K R K M D E T D A S S A V K V K R A V Q K T S 105 D
LIVLGLPWKTTEQDLKEYFSTFGEVLMVQVKKDLKTGHSK
G F G F V R F T E Y E T Q V K V M S Q R H M I D 170 G R W C D C K L P N S 181 K Q
S Q D E P L R S R K V 194 F V G R C T E D M T E D E L R E F F S Q Y G D V M D V F I
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P K P F R A F A F V T F A D D Q I A Q S L C G E D L I I K G I S V H I 258 S N A E P K
HNSNRQLERS

274 G

RFGGNPGGFGNQGGFGNSRGGGAGLG

NNQGSNMGGGMNFGAFSINPAMMAAAQAALQSSWGMM
GMLASQQNQSGPSGNNQNQGNMQREPNQAFGSGNNSYS
G S N S G A A I G W G S A S N A G S G S G F N G G F G S S M D S K S S G W G M Stop

Primers NheI restriction site insertion
FWD: AAA CTT CCT AAT TCT GCT AGC AAG CAA AGC CAA GAT
REV: ATC TTG GCT TTG CTT GCT AGC AGA ATT AGG AAG TTT

The whole of the sequence corresponds to full-length TDP-43, the start of the
RRM2-CTD274-414 (res K181) and the CTD274-414 (res G274) have been indicated
accordingly.

A.1.3

Other vector sequences

pCOLD DNA sequence

Orange = Shine-Dalgarno sequence
ATG = start methionine
Blue = Hexa-histidine tag
Magenta = Factor Xa
Red = vector derived residues (from restriction enzyme sites)
Green = TEE
Cyan = stop codon

AAG AGG TAA TAC ACC ATG AAT CAC AAA GTG CAT CAT CAT CAT CAT CAT
ATC GAA GGT AGG CAT ATG GAG \ TDP-43 \ TAG

pCOLD protein sequence
K R - Y T M N H K V H H H H H H I E G R H M E \ TDP-43 \ Stop
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SUMO DNA sequence
ATG = start methionine
Blue = Hexa-histidine tag
Red = vector derived residues (from restriction enzyme sites)
Orange = SUMO
Cyan = stop codon

ATG GGC AGC AGC CAT CAT CAT CAT CAT CAC GGC AGC GGC CTG GTG CCG
CGC GGC AGC GCT AGC ATG TCG GAC TCA GAA GTC AAT CAA GAA GCT
AAG CCA GAG GTC AAG CCA GAA GTC AAG CCT GAG ACT CAC ATC AAT TTA
AAG GTG TCC GAT GGA TCT TCA GAG ATC TTC TTC AAG ATC AAA AAG ACC
ACT CCT TTA AGA AGG CTG ATG GAA GCG TTC GCT AAA AGA CAG GGT AAG
GAA ATG GAC TCC TTA AGA TTC TTG TAC GAC GGT ATT AGA ATT CAA GCT
GAT CAG ACC CCT GAA GAT TTG GAC ATG GAG GAT AAC GAT ATT ATT GAG
GCT CAC AGA GAA CAG ATT GGT GGT \ TDP-43 \ TAG

SUMO protein sequence
MGSSHHHHHHGSGLVPRGSASMSDSEVNQEAKPEVKPEVKP
ETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSL
R F L Y D G I R I Q A D Q T P E D L D M E D N D I I E A H R E Q I G G \ TDP-43 \ Stop

GB1-CTD274-414 DNA sequence
ATG = start methionine
Blue = Hexa-histidine tag
Magenta = TEV cleavage site
Red = vector derived residues (from restriction enzyme sites)
Orange = GB1
Cyan = stop codon

ATG CAC CAT CAT CAC CAT CAT GAA AAT CTG TAT TTT CAG GGC GAA
TTC GAC GTC ATG ACC TAT AAA CTG ATT CTG AAT GGC AAA ACC CTG AAA
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GGC GAA ACC ACG ACC GAA GCG GTG GAT GCG GCG ACC GCC GAA AAA
GTG TTT AAA CAG TAT GCG AAT GAT AAT GGC GTG GAT GGC GAA TGG ACC
TAT GAT GAT GCG ACC AAA ACC TTT ACC GTG ACC GAA GCT AGC GGA AGA
TTT GGT GGT AAT CCA GGT GGC TTT GGG AAT CAG GGT GGA TTT GGT AAT
AGC AGA GGG GGT GGA GCT GGT TTG GGA AAC AAT CAA GGT AGT AAT
ATG GGT GGT GGG ATG AAC TTT GGT GCG TTC AGC ATT AAT CCA GCC ATG
ATG GCT GCC GCC CAG GCA GCA CTA CAG AGC AGT TGG GGT ATG ATG GGC
ATG TTA GCC AGC CAG CAG AAC CAG TCA GGC CCA TCG GGT AAT AAC CAA
AAC CAA GGC AAC ATG CAG AGG GAG CCA AAC CAG GCC TTC GGT TCT
GGA AAT AAC TCT TAT AGT GGC TCT AAT TCT GGT GCA GCA ATT GGT TGG
GGA TCA GCA TCC AAT GCA GGG TCG GGC AGT GGT TTT AAT GGA GGC TTT
GGC TCA AGC ATG GAT TCT AAG TCT TCT GGC TGG GGA ATG TAG TAA

GB1-CTD274-414 protein sequence
MHHHHHHENLYFQGEFDVMTYKLILNGKTLKGETTT
EAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTV
T EA S G R F G G N P G G F G N Q G G F G N S R G G G A G L G N N Q G S
NMGGGMNFGAFSINPAMMAAAQAALQSSWGMMGM
LASQQNQSGPSGNNQNQGNMQREPNQAFGSGNNSYS
G S N S G A A I G W G S A S N A G S G S G F N G G F G S S M D S K S S G W G M Stop

Primers GB1 amplification

FWD: GCG GCG ATA CAT ATG CAC CAT CAT CAC
REV: CGC CGCGCT AGC TTC GGT CAC GGT AAA
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Figure A.2.1: Cross-peak intensities measured for the CTD274-414 at various
temperatures
(a) Cross-peak intensities measured within a 1 H-15 N HSQC (long acquisition time of
9 h) spectrum for the CTD274-414 at 277 K in 8 M urea indicating the Trp residue with
three-times the intensity compared to the rest of the sequence. (b) Cross-peak intensities
measured as in (a) for the CTD274-414 at 277 K (green) and 298 K (red) but with a shorter
acquisition time (1 h) with less cross-peaks observed.
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Figure A.2.2: 1 H-15 N HSQC spectra of the ∼14 kDa fragment together with the RRM2
assignment
1 H-15 N HSQC spectra of the ∼14 kDa fragment at 298 K overlaid with the existing NMR
assignment of the RRM2 domain in tandem with RRM1 and bound to UG-rich RNA
[375]. The 14 kDa fragment was recorded in 30 mM NaCl, 25 mM Na2 HPO4 , 5 mM
EDTA, 5 mM BME buffer at pH 7.5, whereas the assignment was obtained in 50 mM
KH2 PO4 and 2.5 mM BME at pH 6.8. The assignment was aligned with the spectrum
using G120 at 105 ppm in the 15 N dimension and 7.25 ppm in the 1 H dimension.
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Figure A.2.3: 1 H-15 N HSQC spectra of GB1-CTD274-414 constructs
HSQC spectra of (a) the GB1-tag including the deposited assignment [544]
overlaid in (b) with the GB1-CTD274-414 lysate spectrum. (c) 1 H-15 N HSQC spectra
of (c) uninduced E. coli cells overlaid in (d) with the GB1-CTD274-414 lysate spectrum.
All samples were prepared following the methods detailed in 6.1.13 and recorded in
M9 salts (Table 6.5). The assignment ( [544], BMRB ID: 7280) was obtained in a sodium
acetate buffer at pH 5.4 and 298 K.
1 H-15 N
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Figure A.2.4: Secondary structure prediction of the CTD274-414 under 8 M urea
conditions using the prediction algorithm DANGLE
Secondary structure prediction of the CTD274-414 under 8 M urea conditions using the
prediction algorithm DANGLE [516].
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NMR acquistion parameters

A.3.1 αSyn
A.3.1.1

isolated αSyn

• Annika_asyn_salt_090212 - SFHMQC
– Sample: H6 -αSyn V82M
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: 5 µM
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: sfhmqcf3gpph
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128
– NS: 160
– SW: 1 H 15 ppm (10504 Hz)/15 N 26 ppm (1844 Hz)
– ExpT: - 1 hr 3 min
– D1 - recycle delay: 1 sec

• Annika_asyn_salt_090212 - HSQC
– Sample: H6 -αSyn V82M
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: 5 µM
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpsi2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 256
– NS: 64
– SW: 1 H 14.29 ppm (10000 Hz)/15 N 23.4 ppm (1659 Hz)
– ExpT: - 5 hr 20 min
– D1 - recycle delay: 1 sec

A.3.1.2

K60E αSyn assignment

• asyn_K58E_091014 - High-resolution backbone assignment experiments:
– Sample: K60E αSyn (15 N-13 C)
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: ∼200 µM
– Spectrometer: 700 MHz (NIMR)
– Temperature: 277 K
– Experiments used for assignment:
* 16/ BEST-HSQC
* 17/ HNCO
* 20/ First HNCOCACB
* 23/ First iHNCACB
* 26/ HNCACO
* 29/ Second iHNCACB
* 23plus29/ Sum of first and second iHNCACB
* 32/ Second HNCOCACB
* 34/ BEST-HSQC
– Processing: All spectra have been processed using hmsIST/nmrPipe: use azara.spc.par files in each experiment directory for loading spectra
into CcpNmr.
– Current data location: nmrpc11:/localhome/jk/data/nmr/NIMR/data/NIMR/nmr /asyn_K58E_091014
– Original data location: spec700.nimr.mrc.ac.uk:/dms/home/johnk/nmr /asyn_K58E_091014
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Experimental parameters
PULPROG

16

17

20

23 (29)

26

32

rb_hsqcetf3gpsi.3.jk

b_hncogp3d_SCT.jk

b_hncocacbgp3d.2_CTSCT.jk

b_hncacbigp3d.2.2_CTSCT.jk

b_hncacogp3d.2_SCT.jk

b_hncocacbgp3d.2_CTSCT.jk

4

8

16

16 (8)

16

8

0.20 s

0.20 s

0.20 s

0.20 s

0.20 s

0.20 s

NS
Recycle delay (D1)
TD
SW (Hz)

1H

1536 / 15 N 384

12500 / 1632.4

1H

1536 / 15 N 256 / 13 C 128

12500 / 1632.4 / 1057.1

1H

1536 / 15 N 256 / 13 C 548
12500 / 1632.4 / 10000

1H

1536 / 15 N 256 / 13 C 548
12500 / 1632.4 / 10000

1H

1536 / 15 N 256 / 13 C 128

12500 / 1632.4 / 1057.1

1H

1536 / 15 N 256 / 13 C 548
12500 / 1632.4 / 10000

SW (ppm)

17.854 / 23

17.854 / 23 / 6.003

17.854 / 23 / 56.8

17.854 / 23 / 56.8

17.854 / 23 / 6.003

17.854 / 23 / 56.8

FnMODE

Echo-Antiecho

Echo-Antiecho / States-TPPI

Echo-Antiecho / States-TPPI

Echo-Antiecho / States-TPPI

Echo-Antiecho / States-TPPI

Echo-Antiecho / States-TPPI

10 min

3 h 7 min

20 h 2 min

19 h 58 min ( 9 h 59 min )

6 h 34 min

10 h 2 min

Expt

Table A.1: Assignment parameters of K60E αSyn
High-resolution backbone assignment of K60E αSyn using NUS, 13 C constant-time and 15 N semi-constant time
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αSyn RNCs

• αSyn RNCs and αSyn ± 70S, TF experiments - SFHMQC
– Sample: H6 -TEV-αSyn-SecM RNC cleaved with TEV
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: 5 - 10 µM
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: sfhmqcf3hpph.aws.cw
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 122
– NS: 8 NUWS
– SW: 1 H 15 ppm (10504 Hz)/15 N 26 ppm (1844 Hz)
– ExpT: - 1 hr
– D1 - recycle delay: 1 sec

• αSyn RNCs (K60E/K45E) - HSQC
– Sample: H6 -TEV-αSyn-SecM RNC cleaved with TEV
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: 5 - 10 µM
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: hsqcfpf3gpphwg.3.3.jk
– FnMODE: States-TPPI
– TD: 1 H 2048/15 N 192
– NS: 32
– SW: 1 H 17.85 ppm (12500 Hz)/15 N 26 ppm (1845 Hz)
– ExpT: - 2 hr
– D1 - recycle delay: 1 sec

• αSyn RNCs - 15 N XSTE
– Sample: H6 -TEV-αSyn-SecM RNC cleaved with TEV
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: 5 - 10 µM
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: stebpgp1s19xn.3.jk
– FnMODE: QF
– TD: 1 H 2048/15 N 2
– NS: 64
– SW: 1 H 28.5603 ppm (20000 Hz)
– ExpT: - 21 min
– D1 - recycle delay: 1 sec

• αSyn RNCs - 1 H STE
– Sample: H6 -TEV-αSyn-SecM RNC cleaved with TEV
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: 5 - 10 µM
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: stebpgp1spr2.3.jk
– FnMODE: QF
– TD: 1 H 2048/15 N 2
– NS: 32
– SW: 1 H 24.96 ppm (17482.5 Hz)
– ExpT: - 5 min 33 sec
– D1 - recycle delay: 1 sec
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αSyn RNC - RDC experiments

• K60E αSyn RNC - 1D (to measure deuterium splitting)
– Sample: H6 -TEV-αSyn-SecM K60E RNC cleaved with TEV
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: 5 - 10 µM
– Spectrometer: 950 MHz
– Temperature: 277 K
– PULPROG: zg2h
– FnMODE: OF
– TD: 1 H 4096
– NS: 1
– SW: 1 H 34.2724 ppm (5000 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• K60E αSyn RNC - HSQC
– Sample: H6 -TEV-αSyn-SecM K60E RNC cleaved with TEV
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: 5 - 10 µM
– Spectrometer: 950 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpsi2.2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 3072/15 N 256
– NS: 32
– SW: 1 H 15.78 ppm (15000 Hz)/15 N 26 ppm (2500 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• K60E αSyn RNC - TROSY
– Sample: H6 -TEV-αSyn-SecM K60E RNC cleaved with TEV
– Sample buffer: 10 mM HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.1% protease inhibitors (SIGMAFAST), 2 µg/mL
aprotinin, 2 µg/mL leupeptin, pH 7.0
– Sample concentration: 5 - 10 µM
– Spectrometer: 950 MHz
– Temperature: 277 K
– PULPROG: trosyetf3gpsi2_bsd_tc.2.2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 3072/15 N 256
– NS: 64
– SW: 1 H 21.42 ppm (15000 Hz)/15 N 26 ppm (1842 Hz)
– ExpT: – D1 - recycle delay: 1 sec

A.3.2
A.3.2.1

TDP-43
In vitro - TDP-43 CTD274-414 - denaturing conditions

• Annika_TDP_CTD274-414_Urea100712 - 2D Experiments 5, 6:
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct
– Sample buffer: 8 M urea, 25 mM Na2 HPO4 , 150 mM NaCl, 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet,
pH 7.5
– Sample concentration: 80 µM
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– Spectrometer: 700 MHz
– Temperature: 298K
– PULPROG: hsqcetfpf3gpsi
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 400
– NS: 4
– SW: 1 H 14.3 ppm (10000 Hz)/15 N 29 ppm (2058 Hz)
– ExpT: 32 min 11 sec
– D1 - recycle delay: 1 sec

• Annika_TDP_CTD274-414_Urea100712 - 2D Experiments 24, 25:
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct
– Sample buffer: 8 M urea, 25 mM Na2 HPO4 , 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: 80 µM
– Spectrometer: 700 MHz
– Temperature: 277K
– PULPROG: hsqcetfpf3gpsi
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 400
– NS: 4
– SW: 1 H 14.3 ppm (10000 Hz)/15 N 29 ppm (2058 Hz)
– ExpT: 32 min 11 sec
– D1 - recycle delay: 1 sec

A.3.2.2 In vitro - TDP-43 CTD274-414 - towards native conditions
• Annika_TDP_CTD_Urea110712 - 2D Experiments 11 (1-11):
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct
– Sample buffer: 8 M urea, 25 mM Na2 HPO4 , 150 mM NaCl, 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet,
pH 7.5
– Sample concentration: ∼60 µM
– Spectrometer: 500 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpprsi2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 300
– NS: 8
– SW: 1 H 20 ppm (10000 Hz)/15 N 29 ppm (1469 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_CTD_Urea110712 - 2D Experiments 24 (20-29):
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct
– Sample buffer: 6 M urea, 25 mM Na2 HPO4 , 150 mM NaCl, 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet,
pH 7.5
– Sample concentration: ∼23.4 µM
– Spectrometer: 500 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpprsi2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 300
– NS: 8
– SW: 1 H 20 ppm (10000 Hz)/15 N 29 ppm (1469 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_CTD_Urea110712 - 2D Experiments 45/46 (40-48):
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– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct
– Sample buffer: 4 M urea, 25 mM Na2 HPO4 , 150 mM NaCl, 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet,
pH 7.5
– Sample concentration: ∼21.6 µM
– Spectrometer: 500 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpprsi2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 300
– NS: 8
– SW: 1 H 20 ppm (10000 Hz)/15 N 29 ppm (1469 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_CTD_Urea110712 - 2D Experiments 55/56 (50-58):
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct
– Sample buffer: 2 M urea, 25 mM Na2 HPO4 , 150 mM NaCl, 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet,
pH 7.5
– Sample concentration: ∼15 µM
– Spectrometer: 500 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpprsi2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 300
– NS: 8
– SW: 1 H 20 ppm (10000 Hz)/15 N 29 ppm (1469 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_CTD_Urea110712 - 2D Experiments 65/66/67 (60-69):
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct
– Sample buffer: 1 M urea, 25 mM Na2 HPO4 , 150 mM NaCl, 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet,
pH 7.5
– Sample concentration: ∼7 µM
– Spectrometer: 500 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpprsi2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 300
– NS: 8
– SW: 1 H 20 ppm (10000 Hz)/15 N 29 ppm (1469 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_CTD_Urea110712 - 2D Experiments 85/86/87/88 (80-89):
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct
– Sample buffer: ∼30-300 µM urea, 25 mM Na2 HPO4 , 150 mM NaCl, 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail
tablet, pH 7.5
– Sample concentration: < 1 µM
– Spectrometer: 500 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpprsi2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 300
– NS: 8
– SW: 1 H 20 ppm (10000 Hz)/15 N 29 ppm (1469 Hz)
– ExpT: – D1 - recycle delay: 1 sec
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• Annika_TDP_CTD_0MUrea031012 - 2D Experiments:
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct
– Sample buffer: ∼30-300 µM urea, 25 mM Na2 HPO4 , 150 mM NaCl, 10% glycerol, 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease
inhibitor cocktail tablet, pH 7.5
– Sample concentration: < 5 µM
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpprsi2.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 256
– NS: 32
– SW: 1 H 14 ppm (10000 Hz)/15 N 22 ppm (1560.6 Hz)
– ExpT: – D1 - recycle delay: 1 sec

A.3.2.3

In vitro - TDP-43 MBP-CTD274-414 - native conditions

• Annika_TDP_MBP_CTD_160413 - 2D Experiments 43/45/47/49/51/53/55/57/59 (40-60):
– Sample: H6 -MBP-TEV-CTD274-414 construct (uncleaved)
– Sample buffer: 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: 70 µM
– Spectrometer: 500 MHz
– Temperature: 283 K
– PULPROG: sfhmqcf3gpph
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128
– NS: 512
– SW: 1 H 24 ppm (12019 Hz)/15 N 40 ppm (2027 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_MBP_CTD_160413 - 2D Experiments 73/75/77/79/81/83/85/87 (70-88):
– Sample: H6 -MBP-TEV-CTD274-414 construct (uncleaved)
– Sample buffer: 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: 70 µM
– Spectrometer: 500 MHz
– Temperature: 277 K
– PULPROG: sfhmqcf3gpph
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128
– NS: 512
– SW: 1 H 24 ppm (12019 Hz)/15 N 40 ppm (2027 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_MBP_CTD_160413 - 2D Experiments 103/105/107/109/111/113/115 (100-116):
– Sample: H6 -MBP-TEV-CTD274-414 construct (uncleaved)
– Sample buffer: 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: 70 µM
– Spectrometer: 500 MHz
– Temperature: 298 K
– PULPROG: sfhmqcf3gpph
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128
– NS: 512
– SW: 1 H 24 ppm (12019 Hz)/15 N 40 ppm (2027 Hz)
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– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_MBP_CTD_160413 - 2D Experiments 123/125/127/129/131/133/135/137/139/141/143
(120-144):
– Sample: H6 -MBP-TEV-CTD274-414 construct (uncleaved)
– Sample buffer: 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: 70 µM
– Spectrometer: 500 MHz
– Temperature: 310 K
– PULPROG: sfhmqcf3gpph
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128
– NS: 512
– SW: 1 H 24 ppm (12019 Hz)/15 N 40 ppm (2027 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_MBP_CTD_220413 - 2D Experiments 3 (1-4):
– Sample: H6 -MBP-TEV-CTD274-414 construct (uncleaved)
– Sample buffer: 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: 70 µM
– Spectrometer: 600 MHz (Varian)
– Temperature: 283 K
– PULPROG: gNfhsqc (in Bruker fast 15N HSQC = fhsqcf3gpph)
– FnMODE: – TD: 1 H 2048/15 N 256
– NS: 192
– SW: 1 H 20 ppm (11990 Hz)/15 N 36.19 ppm (2200 Hz)
– ExpT: – D1 - recycle delay: 1 s

• Annika_TDP_MBP_CTD_220413 - 2D Experiments 13 (11-14):
– Sample: H6 -MBP-TEV-CTD274-414 construct (uncleaved)
– Sample buffer: 50mM NaCl, 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: 70 µM
– Spectrometer: 600 MHz
– Temperature: 283 K
– PULPROG: gNfhsqc (in Bruker fast 15N HSQC = fhsqcf3gpph)
– FnMODE: – TD: 1 H 2048/15 N 256
– NS: 96
– SW: 1 H 20 ppm (11990 Hz)/15 N 36.19 ppm (2200 Hz)
– ExpT: – D1 - recycle delay: 1 s

• Annika_TDP_MBP_CTD_220413 - 2D Experiments 23 (21-24):
– Sample: H6 -MBP-TEV-CTD274-414 construct (uncleaved)
– Sample buffer: 250mM NaCl, 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: 70 µM
– Spectrometer: 600 MHz
– Temperature: 283 K
– PULPROG: gNfhsqc (in Bruker fast 15N HSQC = fhsqcf3gpph)
– FnMODE: – TD: 1 H 2048/15 N 256
– NS: 192
– SW: 1 H 20 ppm (11990 Hz)/15 N 36.19 ppm (2200 Hz)
– ExpT: – D1 - recycle delay: 1 s
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In vitro - TDP-43 RRM2-CTD274-414 - native conditions

• Annika_TDP_RRM2_CTD_300413 - 2D Experiments 23/27/31/35/39/43 (11-46):
– Sample: RRM2-CTD274-414 purified from the H6 -MBP-TEV-RRM2-CTD274-414 construct, isolated as a ∼14kDa species, expected MW 24.7
kDa
– Sample buffer: 30 mM NaCl, 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, 10% glycerol, 0.1% SIGMAFAST protease inhibitor cocktail tablet,
pH 7.5
– Sample concentration: ∼50 µM (based on 24.7 kDa construct)
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: hsqcfpf3gpphwg.3.2.jk
– FnMODE: States-TPPI
– TD: 1 H 2048/15 N 512
– NS: 4
– SW: 1 H 14 ppm (10000 Hz)/15 N 32 ppm (22727 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_RRM2_CTD_300413 - 2D Experiments 51 (50-55):
– Sample: RRM2-CTD274-414 purified from the H6 -MBP-TEV-RRM2-CTD274-414 construct, isolated as a ∼14kDa species, expected MW 24.7
kDa
– Sample buffer: 30 mM NaCl, 25 mM Na2 HPO4 , 5 mM EDTA, 5 mM BME, 10% glycerol, 0.1% SIGMAFAST protease inhibitor cocktail tablet,
pH 7.5
– Sample concentration: ∼50 µM (based on 24.7 kDa construct)
– Spectrometer: 700 MHz
– Temperature: 298 K
– PULPROG: hsqcfpf3gpphwg.3.2.jk
– FnMODE: States-TPPI
– TD: 1 H 2048/15 N 512
– NS: 4
– SW: 1 H 14 ppm (10000 Hz)/15 N 32 ppm (22727 Hz)
– ExpT: – D1 - recycle delay: 1 sec

A.3.2.5 In vivo - TDP-43 GB1-CTD274-414 - native conditions
• Annika_TDP_260314 - 2D Experiments HSQC 15,23/20,24 (1-78):
– Sample: uninduced cells
– Sample buffer: M9 salts (Table 6.5), 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 8
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: hsqcetfpf3gpsi2.jk / hsqcfpf3gpphwg.3.2.jk
– FnMODE: Echo-Antiecho / States-TPPI
– TD: 1 H 2048/15 N 348
– NS: 2 or 4
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: 15 or 30 min
– D1 - recycle delay: 1 sec

• Annika_TDP_260314 - 2D Experiments SFHMQC 13, 14, 19, 27, 31, 35, 39, 43, 47, 51, 55, 59, 63, 67,
71, 75 (1-78):
– Sample: uninduced cells
– Sample buffer: M9 salts (Table 6.5), 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 8
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 277 K
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– PULPROG: sfhmqcf3gpph
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128 (256)
– NS: 4 (8)
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_260314 - 2D Experiments HSQC 15,23/20,24 (101-172):
– Sample: induced cells expressing GB1-CTD274-414
– Sample buffer: M9 salts (Table 6.5), 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 8
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: hsqcfpf3gpphwg.3.2.jk
– FnMODE: States-TPPI
– TD: 1 H 2048/15 N 348
– NS: 2 or 16
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: 15 min or 1 h 20 min
– D1 - recycle delay: 1 sec

• Annika_TDP_260314 - 2D Experiments SFHMQC 115, 138, 143, 148, 153, 158, 163, 168 (101-172):
– Sample: induced cells expressing GB1-CTD274-414
– Sample buffer: M9 salts (Table 6.5), 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 8
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: sfhmqcf3gpph
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128 (256)
– NS: 4 (8)
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: – D1 - recycle delay: 1 sec

• Annika_TDP_260314 - 2D Experiments HSQC 204, 214 (201-214):
– Sample: induced cells expressing GB1-CTD274-414 then lysed
– Sample buffer: M9 salts (Table 6.5), 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 8
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: hsqcfpf3gpphwg.3.2.jk
– FnMODE: States-TPPI
– TD: 1 H 2048/15 N 256
– NS: 16
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: 1 h 20 min
– D1 - recycle delay: 1 sec

• Annika_TDP_260314 - 2D Experiments SFHMQC 203, 213 (201-214):
– Sample: induced cells expressing GB1-CTD274-414 then lysed
– Sample buffer: M9 salts (Table 6.5), 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 8
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: sfhmqcf3gpph
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– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128
– NS: 64
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: 25 min
– D1 - recycle delay: 1 sec

• Annika_TDP_GB1-CTD_CN_lysate_201114 - 2D Experiments HSQC 7 (1-16):
– Sample: induced cells expressing GB1-CTD274-414 then lysed (15 N-13 C)
– Sample buffer: M9 salts (Table 6.5), 10 mM HEPES, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: hsqcfpf3gpphwg.3.2.jk
– FnMODE: States-TPPI
– TD: 1 H 2048/15 N 384
– NS: 16
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: 2 h 2 min
– D1 - recycle delay: 1 sec

• Annika_TDP_GB1-CTD_CN_lysate_201114 - 2D Experiments SFHMQC 3, 15 (1-16):
– Sample: induced cells expressing GB1-CTD274-414 then lysed (15 N-13 C)
– Sample buffer: M9 salts (Table 6.5), 10 mM HEPES, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: sfhmqcf3gpph
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128
– NS: 64
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: 25 min
– D1 - recycle delay: 1 sec

• Annika_TDP_GB1-CTD_CN_lysate_201114 - 2D Experiments HSQC 106 (101-107):
– Sample: induced cells expressing the GB1-tag then lysed (15 N-13 C)
– Sample buffer: M9 salts (Table 6.5), 10 mM HEPES, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 298 K
– PULPROG: hsqcfpf3gpphwg.3.2.jk
– FnMODE: States-TPPI
– TD: 1 H 2048/15 N 384
– NS: 16
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: 2 h 2 min
– D1 - recycle delay: 1 sec

• Annika_TDP_GB1-CTD_CN_lysate_201114 - 2D Experiments SFHMQC 103 (101-107):
– Sample: induced cells expressing the GB1-tag then lysed (15 N-13 C)
– Sample buffer: M9 salts (Table 6.5), 10 mM HEPES, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: cells from a 200 mL LB culture
– Spectrometer: 700 MHz
– Temperature: 298 K
– PULPROG: sfhmqcf3gpph
– FnMODE: States-TPPI
– TD: 1 H 1024/15 N 128
– NS: 64
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 36 ppm (2554.9 Hz)
– ExpT: 25 min
– D1 - recycle delay: 1 sec
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In vivo - TDP-43 CTD274-414 - native conditions

• Xiaolin_incell_220415 - 2D Experiment HSQC 63:
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct (15 N-13 C)
– Sample buffer: lysate in M9 salts (Table 6.5), 10 mM HEPES, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5, (0.8 M urea
remaining)
– Sample concentration: 20 µM (55 µL taken from original assignment sample)
– Spectrometer: 700 MHz
– Temperature: 277 K
– PULPROG: b_hsqcetf3gpsi.3.jk
– FnMODE: Echo-Antiecho
– TD: 1 H 2048/15 N 384
– NS: 96
– SW: 1 H 14.28 ppm (10000 Hz)/15 N 20.01 ppm (1420.455 Hz)
– ExpT: 5 h
– D1 - recycle delay: 1 sec

A.3.2.7

TDP-43 CTD274-414 assignment

• Annika_CN_TDP_urea_060614 - High-resolution backbone assignment experiments using NUS,
13 C constant-time and 15 N semi-constant time:
– Sample: CTD274-414 purified from the H6 -MBP-TEV-CTD274-414 construct (15 N-13 C)
– Sample buffer: 8 M urea, 25 mM Na2 HPO4 , 5 mM EDTA, 2 mM BME, 0.1% SIGMAFAST protease inhibitor cocktail tablet, pH 7.5
– Sample concentration: ∼200 µM
– Sample note: Sample has changed very slightly since original assignment experiments - need to compare 15 N HSQCs to transfer assignments
derived from this set of experiments back to the spectra of the "fresh" urea sample.
– Spectrometer: 700 MHz
– Temperature: 277 K
– Experiments used for assignment:
* 12/ RF-SCT-15N HSQC, v. high resolution
* 16/ HNCO
* 17/ BEST-15N HSQC
* 18/ Proton 1D (used for referencing)
* 23/ First HN(CA)CO
* 33/ Second HN(CA)CO
* 23plus33/ Sum of first and second HN(CA)COs
* 39/ intra-HNCACB
* 53/ HN(CO)CACB
– Processing: All spectra have been processed using hmsIST/nmrPipe: use azara.spc.par files in each experiment directory for loading spectra
into CcpNmr.
– Current data location: nmrpc11:/localhome/jk/data/nmr/700/jk/Topspin3
– Original data location: nmrspec700:/opt/topspin/data/jk/nmr/Topspin3
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Experimental parameters
PULPROG

12

16

17

23

39

rfhsqcfpf3gpphwg_SCT.jk

b_hncogp3d_SCT.jk

b_hsqcetf3gpsi.3.jk

b_hncacoigp3d.2.2_SCT.jk

b_hncacbigp3d.3.2_CTSCT.jk

32

8

8

8

16

1.25 s

0.25 s

0.25 s

0.25 s

0.25 s

NS
Recycle delay (D1)
TD
SW (Hz)

1H

2048 / 15 N 1024

1H

2048 / 15 N 384 / 13 C 192

1H

2048 / 15 N 512

1H

2048 / 15 N 384 / 13 C 192

1H

2048 / 15 N 320 / 13 C 512

10000 / 8302

11111.1 / 1420.5 / 1057.1

11111.1 / 1420.5

11111.1 / 1420.5 / 1057.1

11111.1 / 1420.5 / 9259.3

SW (ppm)

14.28 / 117

15.867 / 20.016 / 6.002

15.867 / 20.016

15.867 / 20.016 / 6.002

15.867 / 20.016 / 52.583

FnMODE

States-TPPI

States-TPPI / Echo-Antiecho

Echo-Antiecho

Echo-Antiecho / States-TPPI

Echo-Antiecho / States-TPPI

Expt

3 h 31 min

18 h 1 min

34 min 45 s

14 h 16 min

40 h 35 min

53
b_hncocacbgp3d.2_CTSCT.jk
16
0.25 s
1H

2048 / 15 N 320 / 13 C 512
11111.1 / 1420.5 / 9259.3
15.867 / 20.016 / 52.583

Echo-Antiecho / States-TPPI
46 h 53 min

Table A.2: Assignment parameters of TDP-43 CTD274-414
High-resolution backbone assignment of TDP-43 CTD274-414 experiments using NUS, 13 C constant-time and 15 N semi-constant time.
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A.4

NMR processing scripts

bruk2pipe -in ./fid \
-bad 0.0 -aswap -AMX -decim 1792 -dspfvs 20 -grpdly 67.9841766357422 \
-xN 2048 \
-xT 1024 \
-xMODE DQD \
-xSW 11160.714 \
-xOBS 700.273 \
-xCAR 5.016 \
-xLAB 1H \
-ndim 1 \
-out ./test.fid -verb -ov
nmrPipe -in test.fid \
| nmrPipe -fn SP -off 0.5 -end 1.00 -pow 2 -c 1.0 \
| nmrPipe -fn ZF -zf 3 -auto \
| nmrPipe -fn FT \
| nmrPipe -fn PS -p0 118.9 -p1 0 -di \
-verb -ov -out test.ft1

Script 1: nmrPipe script for the conversion and processing of 1D 1 H spectra.

bruk2pipe -in ser \
-bad 0.0 -aswap -AMX -decim 1904 -dspfvs 20 -grpdly 67.9868774414062 \
-xN 1024 -yN 122 \
-xT 512 -yT 61 \
-xMODE DQD -yMODE States-TPPI \
-xSW 10504.202 -ySW 1845.121 \
-xOBS 700.273 -yOBS 70.966 \
-xCAR 5.016 -yCAR 119.339 \
-xLAB HN -yLAB 15N \
-ndim 2 -aq2D States \
-out test.fid -verb -ov
nmrPipe -in test.fid \
| nmrPipe -fn SOL \
| nmrPipe -fn SP -off 0.5 -end 1.00 -pow 1 -c 1.0 \
| nmrPipe -fn ZF -auto \
| nmrPipe -fn FT -auto \
| nmrPipe -fn PS -p0 68.8 -p1 0.00 -di -verb \
| nmrPipe -fn EXT -x1 7.4ppm -xn 9ppm -sw \
| nmrPipe -fn TP \
| nmrPipe -fn ZF -zf 2 \
| nmrPipe -fn FT -auto \
| nmrPipe -fn PS -p0 -90 -p1 180 -di -verb \
-ov -out test.ft2

Script 2: nmrPipe script for the conversion and processing of 1 H-15 N SOFAST-HMQC
spectra recorded with non-uniform weighted sampling methods
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bruk2pipe -in ser \
-bad 0.0 -aswap -AMX -decim 1600 -dspfvs 20 -grpdly 67.9841461181641 \
-xN 2048 -yN 192 \
-xT 1024 -yT 96 \
-xMODE DQD -yMODE States-TPPI \
-xSW 12500.000 -ySW 1845.018 \
-xOBS 700.273 -yOBS 70.966 \
-xCAR 5.016 -yCAR 119.339 \
-xLAB HN -yLAB 15N \
-ndim 2 -aq2D States \
-out test.fid -verb -ov
nmrPipe -in test.fid \
| nmrPipe -fn SOL\
| nmrPipe -fn SP -off 0.5 -pow 1 -c 1.0\
| nmrPipe -fn ZF -zf 1 -auto\
| nmrPipe -fn FT -auto\
| nmrPipe -fn PS -p0 39.4 -p1 0.0 -di\
| nmrPipe -fn EXT -left -sw\
| nmrPipe -fn TP\
| nmrPipe -fn SP -off 0.5 -pow 1 -c 1.0\
| nmrPipe -fn ZF -zf 1 -auto\
| nmrPipe -fn FT -auto\
| nmrPipe -fn PS -p0 -90 -p1 180 -di\
| nmrPipe -fn TP\
-ov -out test.ft2

Script 3: nmrPipe script for the conversion and processing of 1 H-15 N HSQC spectra

bruk2pipe -in ser \
-bad 0.0 -aswap -AMX -decim 1418.66666666667 -dspfvs 20 -grpdly 67.9896545410156 \
-xN 2048 -yN 2 \
-xT 1024 -yT 2 \
-xMODE DQD -yMODE Real \
-xSW 14097.744 -ySW 2.000 \
-xOBS 700.273 -yOBS 1.000 \
-xCAR 4.974 -yCAR 0.000 \
-xLAB 1H -yLAB TAU \
-ndim 2 -aq2D States \
-out test.fid -verb -ov
nmrPipe -in test.fid \
| nmrPipe -fn POLY -time \
| nmrPipe -fn EM -lb 40.0 -c 1.0 \
| nmrPipe -fn ZF -auto \
| nmrPipe -fn FT -auto \
| nmrPipe -fn PS -p0 40.6 -p1 0.00 -di -verb \
| nmrPipe -fn BASE -nw 10 -nl -4ppm -1ppm 6ppm 10ppm \
-ov -out test.ft1

Script 4: nmrPipe script for the conversion and processing of
spectra

15 N-XSTE

diffusion
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