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Abstract
The ribosome is the 2.5-MDa complex that is responsible for production of biologically
active polypeptide chains. Crystallographic and cryo-EM studies have revealed the intricate
motions of the ribosome during protein synthesis, but less is known about the highly
dynamic regions such as L7/L12 stalk protein, which has an important role during this
process. Moreover, there is currently very little structural information on the dynamic
nascent polypeptide chain (NC), which during its progressive emergence from the ribosome
has its first opportunity to acquire structure, folding in a co-translational manner. While
the formation of tertiary structure occurs outside of the ribosomal exit tunnel while the NC
remains tethered there is little understanding of how this process takes place.
NMR spectroscopy, which has the ability to report on both residue-specific structure and
dynamics at atomic resolution, has previously been applied to report on mobile regions of the
ribosome, such as the L7/L12 stalk protein, and more recently, to the study of co-translational
folding of ribosome-nascent chain complexes (RNC). For example, chemical shift studies
of RNCs of an immunoglobulin domain (ddFLN-Dom5), have revealed a dynamic RNC
capable of adopting the native fold.
The motional properties of both L7/L12 and the NC therefore permit the application
of NMR strategies, such as residual dipolar couplings (RDC), to derive direct threedimensional structural information. RDCs encode detailed structural information in the form
of distance-independent bond-vector orientations, and can be exploited for both structured
and unstructured proteins. This thesis describes steps towards the development of RDC
techniques for probing the structural and dynamic properties of RNCs. Initial application
to the L7/L12 stalk protein was used as the foundation for subsequent studies of RNCs.
i

ii
Alignment in phage enabled a set of RDCs to be measured for both ribosome-bound and
isolated L7/L12, yielding the first direct structural information on the L7/L12 protein in its
ribosome-bound form.
The application of RDCs to the study of RNCs required extensive development of the
strategy for the production of isotopically-labelled RNCs, which resulted in significant
improvements in both the yield and quality of the final RNC samples. The RDC study
of a model RNC, Dom5+110, highlighted the inherent challenges associated with the finite
sample lifetime, low sample concentration and restricted mobility of the RNC. These were
addressed with the study of the intrinsically disordered αSyn-RNC, which enabled the
measurement of N-H RDCs. A potential interaction between the αSyn NC and the ribosome
prevented acquisition of RDCs for all residues, but further studies are underway to improve
the quality of the spectra with a view to obtain the complete set of RDC data. Together these
data provide a solid foundation for an RDC methodology for application to the ribosome
and RNCs, and will enable more detailed structural and dynamical studies of the emerging
nascent chain.
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Chapter 1
Introduction
1.1

Introduction to the structure of the Escherichia coli 70S
ribosome

The ribosome is present in all kingdoms of life and is the molecular machine that enables
protein synthesis to take place. The 2.5-MDa ribosomal complex in Escherichia coli is a 70S
particle which is composed of 56 proteins1 and 3 large RNA molecules distributed between
two subunits, the 50S and 30S. The proteins L1-L36, together with the rRNA molecules
5S and 23S, form the 50S subunit, while the proteins S1-S22, together with the 16S rRNA,
comprise the 30S subunit. The RNA content represents about two-thirds of the total mass
of the ribosome (see Table 1.1) and is also the main constituent of the functional core of the
ribosome, the peptidyl transferase centre (PTC) (Figure 1.1 B), which is shared between the
30S and 50S subunits.
It is well known that the function of the ribosome is to translate genetic information
contained in the incoming mRNA transcript into functional proteins [2], but exactly how
the ribosome performs its function was not well understood until very recently, when
high-resolution structures of the ribosome particle, solved using methods such as X-ray
crystallography [2–9] and cryo-EM [10–16] began to emerge. It is now known that the
1

L7 is the acetylated form of L12, L8 is the complex of L7/L12 and L10, L26 and S20 are same protein and
L31 has two forms [1].

1

1.1 Introduction to the structure of the Escherichia coli 70S ribosome

2

Table 1.1: Components of E. coli ribosomes

Sedmentation coefficient
Mass (kDa)
RNA
RNA mass (kDa)
RNA propotion
Protein
Protein mass (kDa)
Protein propotion

Ribosome
70S
2524
1664
66%
860
34%

Small subunit
30S
930
16S
560
60%
22 proteins
370
40%

Large subunit
50S
1594
23S, 5S
1104
69%
35 proteins
490
31%

ribosome functions as a ribozyme, with the catalysis of peptide bond formation driven by the
PTC, which is composed entirely of RNA [17].
Moreover, these structures have revealed the details of the intricate mechanistic characteristics
of ribosome function and have uncovered the method by which the 30S and 50S subunits
work in unison during the translation process. For instance, the small ribosomal subunit
(30S) is thought to be responsible for mRNA recognition and mediates decoding of the
mRNA, whose sequence determines the polypeptide chain that is produced, by ensuring
that correct base pairing takes place between the mRNA and the cognate tRNAs [18]. In
contrast, the large ribosomal subunit (50S), which harbours a significant proportion of the
PTC [19], is largely responsible for the peptide-bond formation that enables the progressive
assembly of the nascent polypeptide chain to take place. Within the 50S subunit is another
important feature associated with protein synthesis, the ribosomal exit tunnel. This is a
100 Å-long channel that extends through the length of the 50S subunit and varies in width
from 10 to 20 Å. It is lined with parts of the 23S rRNA and with a number of ribosomal
proteins (Figure 1.1 B and Figure 1.6). Approximately 80 Å from the PTC, the ribosome
exit tunnel is at its widest, and this region is referred to as the ‘vestibule’ or ‘exit port’ [20].
Following synthesis, it is via this channel that the nascent chain (NC) makes its way through
the ribosome and into the cellular milieu.
Another structural feature that is pertinent to both the 50S subunit and to protein
translation alike is a set of structural elements which are collectively referred to as the
GTPase-associated region (GAR) and which are highly conserved in both prokaryotes and
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Figure 1.1: Representation of the 70S ribosome complex with the 50S (yellow, PDB 2AW4)
and the 30S (pink, PDB 2AVY) subunits [21]. A: Front and top view of the 50S subunit, the
components of the GTPase-associated region (GAR) are highlighted, including the sarcin-ricin
loop (SRL) (23S RNA, helix 95) in magenta, the L10/L11 binding region (23S RNA, helices
42-44) in red, protein L11 in purple, L10 in blue and L7/L12 (PDB 1RQU [22]) in green. The
L7/L12 and L10 proteins were modelled onto the structure by alignment via the crystal structure
of the Thermus thermophilus 50S ribosome, PDB 3I8I [23]. B: The A-, P- and E-site tRNAs
are shown in red, green and dark blue, respectively (aligned with the crystal structure of the
Thermus thermophilus 70S ribosome, PDB 1GIX [24]). To show the position of the peptidyl
transferase center, only the 50S subunit and the tRNA are shown in the top panel. The location
of the ribosomal exit tunnel is highlighted by a short nascent polypeptide in magenta (aligned
with the cryo-EM structure of the TnaC stalling sequence in the E. coli ribosome, PDB 2WWQ,
[25]. C: Schematic showing the translocation of tRNA from A- and P-site to P- and E-site after
peptide bond formation; GTP hydrolysis by EF-G provides energy for the movement [26].
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eukaryotes [27–29]. It includes helices of the 23S rRNA, specifically helices 42-44 (L10/L12
binding loop) and helix 95 (sarcin-ricin loop), together with the large ribosomal proteins
L10, L11 and L7/L12 (Figure 1.1 A). This region is so named to reflect its role in both the
recruitment and the stimulation of the GTPase activity of several auxiliary factors associated
with the key steps of protein synthesis: initiation (initiation factor 2, IF2), elongation
(elongation factors Tu (EF-Tu), and G (EF-G)) and termination (release factor 3, RF3).

1.1.1

The process of protein translation in prokaryotes (E.coli)

The pioneering studies of the ribosome have also captured in exquisite detail the different
stages of the translation process, which are yielding unprecedented insights into protein
synthesis at an atomic level [26, 30, 31]. The process of translation to generate a polypeptide
chain is composed of three stages: initiation, elongation and termination.
The initiation step begins with the initiation factors recruiting the small ribosomal subunit
and facilitating its recognition of the mRNA at the translational initiation site. In prokaryotes,
the first amino-acyl tRNA, tRNA-fMet, is delivered to the P-site and positioned on the start
codon, which is followed closely by the recruitment of the 50S subunit by IF2, completing
the formation of the initiation complex. Following delivery of the second tRNA to the A-site,
the process of elongation is begun.
During elongation, amino-acylated tRNAs that complement the mRNA coding sequence
are delivered to A-site of the ribosome with the assistance of EF-Tu. The recognition of the
cognate tRNA by the mRNA triggers the hydrolysis of GTP within EF-Tu, which provides
the energy for the amino-acylated tRNA to correctly accommodate within the A-site. This
is followed quickly by the formation of a peptide bond to the amino acid present at the
end of the growing nascent chain within the P-site (Figure 1.1 B), which extends into the
ribosomal exit tunnel. Following peptide bond formation, a translocation step occurs, which
results in progression of the ribosome complex along the mRNA from the 5’ end to the 3’
end. During this process, the A-site tRNA, which is attached to the growing nascent chain
transfers to the P-site, and the deacylated tRNA present within the P-site is translocated to
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the E-site, and subsequently expelled from the ribosome. This enables the A-site to become
vacant, allowing accommodation of an incoming amino-acylated tRNA. The translocation
of the tRNAs in the P/P and A/A sites to the P/E and A/P sites occurs with the assistance
of EF-G and GTP hydrolysis (Figure 1.1 C). When the ribosome encounters the mRNA
sequence corresponding to a stop codon, the termination process is triggered; release factors
are recruited at the A-site and catalyse the hydrolysis of the ester bond in peptidyl-rRNA and
release of the nascent polypeptide chain from the ribosome together with dissociation of the
subunits and mRNA.

1.1.2

The dynamic properties of the ribosomal complex

Although the many crystal structures that have emerged present static representations of the
ribosome, the complex itself and the process of translation are highly dynamic [32]. CryoEM structures, which can offer some dynamic details, together with the crystal structures,
have begun to shed light on the role of dynamics, particularly in the stages involving tRNA
recognition and translocation [33].
During the process of elongation, the amino-acyl tRNA (aa-tRNA) is selected by the
ribosome through an interaction between the L7/L12 stalk region on the 50S ribosome and
EF-Tu (Figure 1.1 A & Figure 1.2 A). The L7/L12 stalk is a highly dynamic region which
contains four copies of the L7/L12 protein (six copies in eukaryotes and archaea). The Cterminal domain (CTD) of L7/L12 is very flexible relative to the core of the ribosome, being
connected to the ribosome-bound N-terminal domain by a 30-residue linker. The flexibility
of the L7/L12 CTD allows it to ‘fish’ for the ternary complex of aa-tRNA-EF-Tu-GTP, which
is passively diffusing within the cellular space, and transports it to the 30S/50S interface,
thereby enabling delivery of the aa-tRNA to the PTC. Despite the critical role played by the
L7/L12 stalk in protein translation, its structural properties on the ribosome have not been
elucidated by either X-ray crystallography or cryo-EM, which is the result of its inherently
dynamic nature. NMR spectroscopy, however, has offered significant insight into both the
structural and dynamic properties of ribosome-bound L7/L12 via the collection of ca. 100
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L7/L12

Body
Platform

50S

30S

Figure 1.2: Motion of ribosome during translocation. Arrows indicate regions that move during
translocation, including the head and body domain of the 30S subunit. Figure produced with
PDB file 2AW4, 2AVY, 1RQU according to [2].

well-dispersed resonances that arise from residues in the CTD [34]. The very fact that it is
observable by NMR indicates that the motion of the L7/L12 CTD is largely independent of
the large ribosome body to which it is attached. The remainder of the 7500-residue ribosome
is NMR-silent. These ideas will be explored in detail in Chapter 2.
The recognition of an incoming aa-tRNA by the ribosome has also been found to be a
highly dynamic process. It involves a set of conformational changes at the decoding centre
in the 30S subunit and the region responsible for GTP hydrolysis in EF-Tu [33, 35]. Upon
selection of the cognate aa-tRNA to be delivered to the ribosome, the anti-codon of the tRNA
is recognised by the codon of the mRNA positioned at the A-site. This recognition process
induces conformational changes within EF-Tu, which results in GTP hydrolysis and, via
allosteric communication, triggers the repositioning of the region surrounding the A-site so
that to accommodate the cognate tRNA. Differential kinetics are observed for the transient
binding of non-cognate or cognate tRNA at the A-site as observed using Förster resonance
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energy transfer (FRET) studies [36]. This suggests that the ribosome can manually ‘inspect’
an aa-tRNA and highlights further that transient interactions are critical for correct tRNA
selection.
Following accommodation of the cognate aa-tRNA at the A-site and formation of the
peptide bond, the ribosome must reposition itself on the mRNA in order to increment
the polypeptide chain. This involves the transfer of the acylated tRNA from the A-site
to the P-site and, simultaneously, the transfer of the deacylated tRNA from the P-site to
the E-site. This translocation process involves a large set of concerted conformational
changes associated with the movement of the ribosome relative the mRNA transcript, which
correspond to a reversible movement in which there is a counterclockwise ‘ratchet-like’
rotation of the 30S subunit by 8-10 ° (Figure 1.2, white arrow), and are essential for the
transformation of the A/A and P/P tRNA configuration to the A/P and P/E configuration
(Figure 1.1 C) [37–40]. This intact subunit movement is accompanied by an orthogonal
rotation of the so-called ‘head’ domain of the 30S subunit to assist control of the tRNA
positioning during translocation (Figure 1.2) [21, 38, 41]. In summary, the concerted
movements of the P-site tRNA into the hybrid P/E configuration are the result of a set of
combined rotations of the small subunit relative to the large subunit and rotation of the 30S
head domain. These conformational changes are thought to be mediated to some extent by
movements of the ribosomal proteins L1, L11 and L7/L12 [37–40, 42, 43] and are catalysed
by the presence of EF-G.
A collection of both X-ray and cryo-EM structures [12, 14, 37, 38, 40, 43–48] correspond
to a series of snapshots that represent the various stages of the ratchet-like translocational
process. An inspection of the array of structures allows the tentative identification of four
principal states, R0 , R1 , R2 and RF [2], in which the intermediate state R2 is thought to
be responsible for the formation of the tRNA hybrid state [43]. Indeed, drawing together
FRET [49], cryo-EM [40] and X-ray crystallography studies illustrates that the ribosome is
subject to oscillations associated with the reversible ratcheting and unratcheting movements
during translocation. Together with the observation that each functional state is a hybrid
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conformation, this suggests that elongation is a thermodynamically driven process [30].
Moreover, the oscillation of the ribosome between different states suggests the presence
of low energetic barriers, but these are more readily overcome through the effects of GTP
hydrolysis within the EFs, which drives the process of translation forwards [30, 33]. These
combined studies illustrate the highly dynamic nature of translation and emphasise many of
the molecular details of ribosome motion remain to be unveiled.
In addition to the physical movements of the subunits relative to each other, another
region of the ribosome which is associated with dynamic behaviour and is of special interest
with respect to the emerging nascent chain, is formed by the PTC and the ribosomal exit
tunnel. Recent studies of ribosome-nascent chain complexes (RNCs) have provided details
of the interaction between the P-site tRNA, the ribosomal exit tunnel and the nascent chain
(NC) [25, 50–52], and the manner in which the ribosome can ‘sense’ the nascent chain.
In the study of SecM-stalled RNCs, specific interactions made between residues within the
SecM sequence and the ribosomal exit tunnel induce conformational changes at the A-site
of the PTC which result in translational arrest [51]. Further evidence that allostery is present
between the ribosomal exit tunnel and the PTC comes from cryo-EM studies of TnaC-stalled
RNCs, which reveal that the set of conformational changes observed in the ribosomal RNA
within the A-site were distinct from those associated with SecM-mediated translational arrest
[51].
Emerging computational studies have also begun to enhance our understanding of the
translational machinery. These have led to models representing the dynamic ribosome
movements during translocation [53, 54] as well as probing the structural aspects of the
ribosome, in particular the ribosomal exit tunnel.

These studies have suggested that

the ribosomal exit tunnel is a largely rigid structure with an inert inner surface, whose
hydrophilicity enables NCs to move easily through the tunnel during translation [55, 56].
Moreover, these studies are increasingly being extended to the study of the NC [57–59],
with models that aim to predict the conformational space that is accessible to a NC upon its
emergence from the ribosome.
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Introduction to protein folding and co-translational
folding

1.2.1 In vitro protein folding: Anfinsen’s theory
Proteins are essential and are the basis of all living systems from viruses to bacteria and from
plants through to mammals. They have evolved a myriad of different functions, which are
critical for the correct functional activity of cells including division, replication, signalling
and transport. The functional aspects of a protein are closely related to its unique threedimensional structure, whose characteristics and folding are dependent on the amino acid
sequence of the polypeptide chain [60–62]. It is well-known that a protein performs its
biological activity in an efficient manner only if it adopts its correct native structure; these
may reflect highly-ordered assemblies, as in the case of multi-domain complexes (e.g. the
molecular chaperone, GroEL [63]), a metastable native fold (e.g. the serine proteinase
inhibitor, antitrypsin [64]), as well as natively unfolded ensembles (e.g. the synaptic protein,
alpha-synuclein [65]).
Within the cell, most proteins exist only transiently and their cellular concentrations are
finely regulated to maintain cellular homeostasis [66]. Under conditions of cellular stress
or due to the influence of destabilising genetic mutations, the balance of proteins can be
altered, which can result in protein misfolding. Misfolded proteins are usually degraded
via quality control processes within the cell, but in some cases they can aggregate and
lead to a number of different diseases, particularly those associated with neurodegeneration
[67]. An understanding of protein folding is therefore not only important for understanding
fundamental cellular processes, but also the basis for misfolding, and the ways in which this
process can be prevented or ameliorated.
In 1973, Anfinsen demonstrated that the protein ribonuclease A could refold into an
active enzyme following denaturation [61], which revealed that the native fold of a protein
is governed by its amino acid sequence. In addition, it supported the thermodynamic
hypothesis, which suggests that the polypeptide chain is driven to acquire a thermodynamically-
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preferred conformational state which is of the lowest free energy. In principle, during
the process of folding, the polypeptide chain can sample a very large number of possible
conformations, (for example, a 150-amino acid protein can adopt 10300 conformations),
however, the time required for the polypeptide to sample all the possible conformations
to attain its native fold would be longer than the age of the universe, which is clearly not
true, this is commonly referred to as Levinthal’s paradox [68]. It is well established, that
the process of folding does not proceed stochastically, and occurs on a µs-to-ms timescale.
Over the last 50 years, a large number of studies, primarily in vitro and in silico using
isolated proteins, have examined the mechanistic principles underlying the protein folding
process. These have involved the characterisation of protein folding both under equilibrium
conditions as well as the determination of folding rates [69] using a range of biophysical and
structural techniques. These studies have sought to characterise the conformational states
sampled by proteins during the folding process, which aside from the native and unfolded
states, include the formation of transient transition states [70] as well as folding/unfolding
intermediate ensembles [71, 72], which serve to guide the folding process.
Experimental strategies that are used to investigate protein folding typically involve an
isolated protein and its denaturation (and renaturation) using both chemical denaturants (e.g
urea, guanidium) and elevated temperatures. Biophysical approaches (e.g. fluorescence,
circular dichroism) are employed to evaluate the thermodynamic and kinetic characteristics
of the polypeptide chain as it visits many conformations during folding/unfolding. Increasingly,
mechanical unfolding/folding using atomic force microscopy and molecular tweezers is
being used to study folding, and present the closest mimic of a nascent chain bound to
the ribosome [73]. NMR spectroscopy (discussed in Section 1.3.2), has also been used to
characterise the range of conformations adopted by the polypeptide chain, and is particularly
effective as it is non-destructive and can be performed under native conditions.
As a result of both experimental and theoretical approaches, a contemporary view of
the process of protein folding has been developed, in which it is described in terms of
a free energy landscape or ‘folding funnel’ (Figure 1.3). At the top of the funnel, the
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Figure 1.3: The free-energy landscape of protein folding and aggregation. The blue surface
shows the multitude of conformations in moving towards native state, whereas the purple
surface shows the conformations in moving towards amorphous aggregates or amyloid fibrils.
Reproduced according to [74].

unfolded polypeptide chain is at its highest free energy, from which it can in principle,
sample all possible conformations. During the process of folding (blue area), the formation
of intramolecular contacts between amino acids begins a biased search towards the lowest
free energy state (represented by a global minimum), which in nearly all cases corresponds to
the biologically-active state of the protein. During the process of folding to its biologicallyactive state, the polypeptide chain may access obligatory or non-obligatory ensemble
intermediates (represented by local minima) as well as transition-state ensembles [69].
Together these studies have suggested that a polypeptide chain will only sample a small
number of possible conformations during the folding process.
Many folding studies have shown that small, single-domain proteins can fold unassisted
to biologically active states under appropriate conditions [61] and within microseconds [75],
whereas topologically complex or multi-domain proteins can take up to many seconds to
fold [76] and in some instances require the assistance of molecular chaperones. It has also
been found that the rate of folding is related to the number of local contacts present within
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the native structure, by which proteins with a high proportion of local contacts tend to fold
more quickly than those proteins that have more non-local interactions [77].
Detailed studies have also shown that an unfolded polypeptide chain does not follow
a single pathway for folding and that many pathways may co-exist, although different
paths typically result in the same native state. The different pathways proceed via diverse
conformational intermediates, with large energy barriers between the intermediates on the
different pathways. The transition state ensemble represents the collection of conformations
halfway between the unfolded and native states.

Characterisation of transition state

ensembles via protein engineering approaches have shown that the ensembles contain
conformations with both native and non-native contacts [69, 78, 79].
For many small proteins (typically <100 a.a.), the process of folding occurs in a highly
co-operative two-state manner, in which the protein populates either an unfolded or a folded
conformation at any point in time. For the majority of proteins, however, the process of
folding is often influenced and assisted by the formation of stable folding intermediates. The
involvement of intermediates is not limited to large proteins, but has also been identified
for some small single-domain proteins that are predicted to have uncomplicated folding
profiles [80]. These intermediate states occupy local minima and their structural properties
can be characterised as a ‘collapsed state’, in which a compact, heterogeneous ensemble
without well-defined secondary or tertiary structure is populated. In addition, the formation
of intermediates possessing ‘molten-globule’ characteristics, i.e. some secondary but little or
no tertiary structure, can both assist in the formation of the native state, as these intermediates
can possess many characteristics of native-like structure, but can also re-organise, forming
kinetically-trapped species (e.g. oligomers) that directs folding towards the formation of
intermolecular contacts, promoting the formation of amorphous aggregates, or in some cases,
highly ordered, thermodynamically-stable amyloid fibres (Figure 1.3). In this description,
the processes of folding and misfolding are competing pathways and understanding both
the process of folding and the relationship between folding and misfolding represents a
fundamental question in contemporary biology.
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Protein folding in the cellular environment

Our current understanding of protein folding has resulted largely from the study of isolated
proteins in vitro, in which the entire polypeptide sequence is available for folding (or
unfolding). Within living systems, however, protein folding occurs under a set of very
different conditions.

1.2.2.1

The nature of the cellular environment

In contrast to in vitro folding, where the entire sequence is available in the cellular
environment, the nascent chain emerges from the ribosome at the rate at which translation
occurs, which is on the order of 100 peptide bonds per minute in E. coli [81, 82]. Moreover,
as the nascent polypeptide chain emerges from the ribosome and into the cellular milieu,
it encounters a complex environment with a high concentration of macromolecules (up to
400 g·l-1 [83]) [62]. These macromolecules include auxiliary factors such as molecular
chaperones, that assist in folding (vide infra) as well as those that are associated with
translocation, signalling and post-translational modifications. The high concentration of
macromolecules limits the space that would otherwise be available to polypeptide chain
for conformational sampling. Both simulations [84, 85] and experiments have shown that
the effect of crowding is to shift the equilibrium of protein folding towards more compact
structures [86, 87] and also to accelerate both the rates of folding and misfolding [88].
Computational studies have also suggested that the entropy of the nascent polypeptide chain
is altered as a result of macromolecular crowding, which alters the thermodynamic and
kinetic properties of protein folding by destabilising the disordered form [89].
In addit ion, the nature of efficient protein translation within cells results in formation
of polysomes, which act to increase the local crowding effect in the vicinity of the nascent
chains. Polysomes are higher order assemblies in which many ribosomes cluster on a single
mRNA transcript, creating a concentrated population of nascent polypeptide chains. CryoEM studies [90] of polysomes have shown that the ribosomes are oriented on the mRNA
in such a way that the nascent chains emerge in at different directions, which is thought to
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minimise contacts between neighbouring chains and therefore prevent aggregation.

1.2.2.2

Interaction with molecular chaperones during f olding

Within the cell, up to 40 % of proteins are predicted to interact with molecular chaperones
[91, 92], which assist in improving the efficiency and success of folding. Within prokaryotes,
a ribosome-associated molecular chaperone, trigger factor (TF), is the first chaperone that
interacts with the nascent chain.
TF is 48 kDa multi-domain protein which has dual roles as both a chaperone and
a peptidyl-prolyl cis/trans isomerase (PPIase) [93]. TF is known to cycle on and off
untranslating ribosomes with a relatively weak affinity (Kd ∼1 µM), but this affinity increases
in the presence of an emerging nascent chain (Kd =50 nM). This suggests that the cycling of
TF on and off the ribosome allows it to inspect the ribosome for the presence of a nascentchain.

C-terminal domain

PPIase domain

Trigger
Factor
nascent chain
N-terminal domain

L23
50S

Figure 1.4: A model of a TF-ribosome complex. Modelled onto the crystal structure of the
50S subunit (yellow, PDB 2AW4) is TF (blue, PDB 1W26 [94]), which binds to the ribosomal
protein L23 (green). TF forms an arch at the base of the ribosomal exit tunnel which can
be occupied by an emerging nascent chain (model of ddFLN646-838 , magenta). TF-ribosome
complex were modelled by alignment via ribosomal protein L23 in the Cryo-EM structure of the
TF-L23 complex (PDB 2VRH [95]), the nascent chain was modelled by Luke Goodsell, UCL.

The X-ray crystal structure of TF from E. coli shows that TF has an elongated ‘dragonlike’ structure formed by three domains: the N-terminal ribosome-binding domain, the

1.2 Introduction to protein folding and co-translational folding

15

C-terminal chaperone domain and the PPIase domain. The N-terminal domain contains
the motif ‘GFRXGXXP’, which is essential for interaction between TF and the ribosomal
protein L23 (Figure 1.4). X-ray and cryo-EM structural studies of the TF-ribosome complex
show that TF forms an arch-like conformation over the opening of the exit tunnel [93, 94].
The positioning of TF suggests that it might chaperone the NC by shielding it from the
cellular environment as it first emerges from the exit tunnel. Cross-linking experiments have
also shown that the entire interior surface of the C-terminal domain can form interactions
with the NC [96]. Together with structural studies that show that the interior surface is
very hydrophobic, this implies that TF protects the hydrophobic stretches of the NC during
the process of co-translational folding, until they became buried within the folded protein
structure. TF is also likely to influence the conformation of the NC as it emerges from the
ribosome and guides it towards the formation of favourable intermediate states in order to
achieve its native fold.

1.2.3

Co-translational protein folding

Aside from the cellular environment and the presence of molecular chaperones, another
significant difference that distinguishes protein folding in vitro from that which occurs in
vivo is that within living systems, the polypeptide chain is synthesised on ribosomes, and as
the N-terminus begins to emerge from the ribosomal exit tunnel, it has the opportunity to
begin sampling conformations before the rest of the protein sequence has been synthesised
[97].
Since Anfinsen’s early protein folding experiments, many studies have speculated on the
events that occur during in vivo protein folding, and indeed if the process of folding can
begin during synthesis, a process known as ‘co-translational folding’. In addition, it has
been suggested that an extended, unfolded conformation for the growing polypeptide chain
is energetically unfavourable [98], which supports a role for co-translational folding, as do
the effects of macromolecular crowding, which favour shifts in the conformational equilibria
toward the formation of compact structure [62]. While it is possible that proteins can only
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acquire their complete, biologically active structure after release from the ribosome, it is
believed that almost all proteins populate folding intermediates co-translationally [98–102].
A number of biochemical and biophysical studies using various techniques have shown
that emerging nascent chains adopt native-like structures during co-translational folding, as
illustrated in Figure 1.5. Ribosome-bound nascent chains can form disulfide bonds [103,
104] and acquire enzymatic activity [105–107]. The structural properties of ribosome-bound
nascent chains can also be recognised by highly specific conformational antibodies [108,
109], probed by limited proteolysis experiments [81, 110, 111] and examined by fluorescence
strategies such as FRET [112] and fluorescence anisotropy decay [113, 114], the latter of
which has provided an insight into the dynamic behaviour of the nascent chain.
A classical model system used in studies of co-translational folding is firefly luciferase
[105, 111, 115–117], which is a 60-kDa multi-domain protein with a mix of α-helical and βsheet content within its structure. Limited proteolysis studies of luciferase have demonstrated
that the first 190 N-terminal residues can form a protease-resistant native-like domain during
the process of co-translational folding. This domain, however, is not formed during the
renaturation of the isolated protein in vitro even in the presence of chaperones [111]. This
was a pivotal study which not only demonstrated that co-translational folding was possible,
but that folding as it occurs on the ribosome may be different to that which occurs in vitro
for an isolated protein. Thus the nature of the vectorial emergence of the nascent chain plays
a significant role in the way in which the protein forms its native structure.
More recently, the protein SufI, derived from E. coli, has emerged as another model
system in studies of co-translational folding. Limited proteolysis experiments have shown
that emerging nascent chains of this 50-kDa multi-domain protein can form proteaseresistant domains, indicating that the protein can fold co-translationally. As with luciferase,
in vitro renaturation experiments of SufI indicate that it refolds inefficiently as a complete
polypeptide and is prone to aggregation [118].
Inspection of the DNA sequence of SufI found clusters of rare codons, corresponding to a
low abundance of tRNA [82], which are typically associated with translational pausing. The
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Figure 1.5: Evidence showing protein folding occurs co-translationally, as provided by different
techniques, including A: conformation-specific antibody recognition [108, 109], B: FRET [112],
C: activity assay [105–107, 115], D: limited proteolysis [81, 110, 111] and E: fluorescence
anisotropy decay [113, 114].
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locations of these codon clusters were found to be ca. 20 residues downstream of each of the
domains that were identified by limited proteolysis. Given that the ribosomal exit tunnel can
accommodate 20-40 residues [52, 58], the implication is that the location of the rare codons
could influence the folding of the SufI protein. Indeed, mutation of the rare codons to more
frequently used codons yielded a protein that no longer showed co-translational proteolytic
resistance. However, co-translational folding of the protein in the absence of the rare codons
could be rescued if the translation reaction was performed at low temperatures [81]. This
study strongly suggested that the regulation of translation rate occurs within the cell in a way
which actively co-ordinates co-translational folding [81].

1.2.3.1

Structural evidence for co-translational folding

Apart from the host of elegant biochemical and biophysical studies of co-translational
folding, recent cryo-EM studies of stalled ribosome-nascent chain complexes have revealed
details of the nascent polypeptide chain within the ribosomal exit tunnel, suggesting that it
remains largely extended throughout the length of the tunnel [25]. The exact conformation
is likely to depend in part on the sequence of the nascent chain, with cryoEM structures
of specially-engineered nascent chains [52] giving rise to electron density consistent with
partial helical structure. This is also supported by FRET studies of transmembrane domains,
which demonstrate that the nascent chain can adopt an α-helical structure [112].
However, the adoption of persistent tertiary structure in the tunnel is probably prevented
by its limited dimensions (up 10-20 Å wide [3, 119]), which narrowly confine the nascent
chain [25, 51, 52]. Experimental studies have shown that the ribosomal proteins L4,
L22, L23, L29 and L32 can make contacts with the nascent chain (Figure 1.6 [52, 120]),
suggesting that the ribosomal exit tunnel can sense the nascent chain and potentially
influence its movements. Despite the restriction within most of the tunnel, approximately
80 Å from the PTC is the ‘exit vestibule’, which at 20 Å in diameter, represents the
widest part of the tunnel for the nascent chain to sample conformational space before it
emerges fully into the cellular millieu [119]. Biophysical studies using cysteine-modifying
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Figure 1.6: Magnified view of the exit tunnel, highlighting the ribosomal protein components
(green) and the emerging nascent chain (magenta).

experiments have indicated that simple structural motifs such as α-helices and β-hairpins
can be formed within the vestibule [20]. In addition, a number of computational studies have
suggested that persistent tertiary structure can occur at a distance of 24-27 residues from the
PTC, which corresponds to the exit vestibule [59].
Furthermore, by incorporating experimental data into simulations, theoretical models
have emerged that suggest that the role of ribosome within co-translational folding is to
reshape the folding landscape [59, 121]. This also depends on the growing nascent chain,
whereby the number of amino acids available for folding, and therefore the shape of the
energy landscape, change constantly.
There is also a suggestion that the ribosome influences the rate of folding, decreases the
folding rate close to the ribosomal surface, which may be a mechanism to prevent misfolding
[59]. In addition, it has been found that the presence of the ribosome reduces the number of
parallel folding pathways and that more compact, native-like transition-state ensembles were
observed [59].
Although some simple structures are predicted to be able to form within the ribosomal
exit tunnel, it is clear that most of the folding takes place outside the ribosome. As ribosome-
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bound nascent chains are highly dynamic, their structural and dynamic characteristics outside
of the tunnel have not been observed by structural techniques such as X-ray crystallography
or cryoEM. Elucidating the molecular details of the co-translational folding process would
significantly improve our understanding of how protein folding occurs within living systems.
Solution NMR is the most promising technique for characterising the nascent chain as it
emerges from the ribosome.

1.3

NMR studies of ribosome and ribosome-nascent chain
complexes

NMR spectroscopy is a uniquely powerful technique, providing both structural and dynamic
information on proteins at atomic resolution.

1.3.1

NMR of the 70S ribosome

As mentioned in Section 1.1.2, NMR spectroscopy has been applied to the study of 70S
ribosomes, where the

15

N HSQC spectrum of 70S ribosomes was found to contain a

collection of resonances that arise almost exclusively from the L7/L12 stalk. The observation
of the ribosomal protein L7/L12 is the result of the long, flexible linker that tethers the
CTD to the ribosomal body. This allows the L7/L12 CTD to move almost independently
of the ribosome, resulting in relatively narrow NMR signals despite its attachment to the
large ribosomal body. The CTD domain is therefore capable of rapid tumbling and this
is supported by 15 N relaxation studies, which have shown that the ribosome-bound L7/L12
CTD has a rotational correlation time of ca.14 ns [34], much shorter than that of the ribosome
(ca. 2500 ns [122]).
Comparison of the chemical shifts of ribosome-bound L7/L12 compared with those
obtained from isolated L7/L12 reveals close similarities between the two species despite
their different physical environments [34]. While this strongly indicates that L7/L12 can
acquire the equivalent structure on the ribosome as in isolation, its dynamic behaviour on the
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ribosome remains to be explored in detail. Moreover, detailed structural information in the
form of its orientation and spatial positioning on the ribosome is currently unavailable, and
the development of NMR strategies that seek to describe these characteristics is described in
Chapter 2.

1.3.2

NMR studies of RNCs

The use of NMR spectroscopy to inspect highly mobile regions on the ribosome, such as
L7/L12, provided the motivation for an initial study into the possibility of applying NMR
to ribosome-bound nascent chains. This approach was first demonstrated for a pair of
tandem-repeat immunoglobulin-like domains (domains 5 and 6) derived from the F-actin
cross-linking gelation factor from Dictyostelium discoideum, referred to in this study as
ddFLN646-838 . An RNC was generated for ddFLN646-838 in which the folding incompetent
domain 6 formed a flexible linker that tethered domain 5 to the PTC, a scenario reminiscent
of ribosome-associated L7/L12.
The use of rapid acquisition methods such as the SOFAST-HMQC experiment [123] on
uniformly

15

N-labelled RNCs allowed observation of

15

N HMQC spectra, which showed

that domain 5 adopted a native fold that resembled the structure of the isolated protein. The
folded state has since been further studied using 1 H-13 C correlation spectra, exploiting the
enhanced sensitivity afforded by the methyl-containing side-chains [124].
Similar NMR approaches have been applied in the study of barnase-RNCs [125] and
also SH3-RNCs using a 1 H-15 N CRINEPT strategy [126].

The latter revealed that a

disordered SH3 domain was observable whilst bound the ribosome, but could acquire its
native structure upon release. Together these studies have allowed initial structural and
dynamic characterisation of ribosome-bound NCs. However, at present, direct structural
information on the nascent chain is limited.
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Use of translational diffusion to monitor ribosomal integrity

By virtue of its inherently dynamic nature, the ribosome has a limited lifetime in vitro. An
important NMR tool to evaluate the integrity of the ribosome is translational diffusion. The
use of translational diffusion in this manner follows from extensive studies of the diffusional
properties of many isolated proteins [127].
The translational diffusion of a molecule is directly related to its hydrodynamic radius
according to the Stokes-Einstein equation:

D=

kB T
6πηr

(1.1)

where D is the diffusion coefficient calculated from the diffusion experiment, η is the
viscosity of the solution, r is the radius of the spherical particle, T is the temperature and kB
is Bolzmann’s constant.
The hydrodynamic radius calculated using the Stokes-Einstein equation can then be used
to estimate the molecular weight according to the following equation:
1 4 rh − δ
M= · π
v 3
fe / fo

!3
· NA

(1.2)

where M is the molecular weight, v is the specific volume, rh is the hydrodynamic radius, δ
is the thickness of the hydrated water layer, fe / fo is the shape factor and N A is Avogadro’s
number.
In this calculation, there are two principal assumptions. Firstly, the thickness of the
hydrated water layer is assumed to correspond to a single layer of water molecules, but
this parameter is difficult to be determined accurately. Secondly, the shape factor is usually
assumed to be 1, as for a perfectly spherical globular protein. This shape factor can be
calculated according to the shape of the protein, if it is known.
The diffusion constant is measured using a gradient spin echo experiment. In its simplest
form, this experiment consists of an excitation pulse followed by two gradients of opposite
sign, separated by a delay. The first gradient acts to encode the position of the spins as a
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spatially dependent phase factor. This spatially dependent phase is decoded by the second
gradient, but this decoding will only be perfect if there is no movement of spins between the
gradients. In practice, this condition is violated due to diffusion-mediated molecular motion
during the inter-gradient delay. This leads to imperfect refocusing of the spatially dependent
phase, and hence a decay in signal intensity. The decay of signal intensity is described by
the Stejskal-Tanner equation [128]:


I = I0 · exp −D(γδG)2 (∆ − δ/3

(1.3)

The observed intensity, I, depends on the initial intensity I0 , the diffusion constant D, the
length δ and strength G of the encode/decode gradients, the inter-gradient diffusion delay ∆
and the magnetogyric ratio γ of the detected spin.
In this work, diffusion experiments are used mostly to monitor the integrity of the
ribosome complex and the attachment of the NC. A fresh, intact ribosome sample shows
slow diffusion with a diffusion coefficient of 1.7-2x10-11 m2 s-1 . Small proteins have diffusion
coefficients on the order of 1x10-10 m2 s-1 . While the NC is attached to the ribosome, the
translational diffusion of the NC is the same as the ribosome. But when measuring simple
1

H diffusion experiments, the detected signal is dominated by the ribosome as the ribosomal

signals swamp those from the NC. To distinguish between the NC and the ribosome, a 15 Nedited diffusion experiment is used, which only detects signals from

15

N-labelled species

(the NC). The analysis of diffusion data is important in the study of ribosomes and RNCs,
as the integrity of the ribosome and attachment of the NC is crucial for reliable analysis and
interpretation of the NMR data.

1.4

Introduction to residual dipolar couplings (RDCs)

Residual dipolar coupling is an NMR property that can be used to determine protein
structure, domain orientation and dynamics. It is a relatively new NMR method compared
to the traditional nuclear Overhauser effect (NOE) technique that has long been used for
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structure determination, and complements well the NOE method. It provides distanceindependent structural information, while NOE interactions are only visible over a short
range (5 Å). Although partial structure determination can be performed with only RDC data,
they are more often used as restraints to refine existing structures, as the distance-independent
structural information is useful in defining angles, e.g. angles between two helices or the
relative orientation of two domains of a protein. In this section, the theory of RDCs, how
they are measured and how they are exploited for structure determination and refinement are
discussed.

1.4.1

The origin of RDCs

B0

θ

Figure 1.7: Schematic of the dipolar interaction between two magnetic dipoles. θ is the angle
between the internuclear vector and the B0 field.

Dipolar coupling is the mutual interaction between two magnetic dipoles. The size of the
coupling depends on the angle (θ) between the internuclear vector and the external applied
field (B0 ) (Figure 1.7). 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 the residual dipolar coupling (RDC). The instantaneous dipolar coupling has a
magnitude of several kHz, while the degree of induced alignment is usually very small,
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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:

DIS =


1 max 
DIS 3 cos2 θ − 1
2

(1.4)

where I and S represent the two interacting nuclei.
Dmax
is the maximum possible dipolar coupling and corresponds to the internuclear
IS
vector lying parallel (or anti-parallel) to the applied field.
The size of Dmax depends on the magnetogyric ratios (γ) of the two nuclei and the
internuclear distance (r), and is given by:
Dmax
IS =

−µ0 hγI γS
3
8π3 rIS

(1.5)

where µ0 is the permeability of free space.
The expression for the RDC, hDIS i, can be derived from that for the instantaneous
coupling (Equation 1.4) by taking the time-average of the angular term:
hDIS i =

1 max
D h3 cos2 θ − 1i
2 IS

(1.6)

The term h3 cos2 θ − 1i 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.
The two contributions can be separated mathematically by first writing cos θ as the scalar
product between unit vectors corresponding to the internuclear vector in a fixed molecular
frame, r, and the (time-dependent) applied field in the same frame, B(t):
hcos θi = hB(t) · ri

(1.7)
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Figure 1.8: The internuclear vector and time-dependent applied field in an arbitrary molecular
frame.

The term hcos2 θi may then be written as the matrix product (see Figure 1.8):


hcos2 θi = h(B(t) · r)2 i = r x ry
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(1.8)

The matrix, P,
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(1.9)

is called the probability matrix, and describes the orientational distribution of the applied
field in the molecular frame.
Under isotropic conditions, this orientational distribution, Piso , is given by:

Piso




 1
0
0

 3


= 0 13 0




1
0 0 3

(1.10)

which is equal to 1/3E, where E is the identity matrix.
The anisotropy of the probability distribution is described by the alignment matrix A,
which is the traceless part of P:
1
A=P− E
3

(1.11)
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Now, Equation 1.8 can be rewritten as:
1
3

hcos2 θi = rT · A · r +

(1.12)

and Equation 1.6 can now be expressed as:
hDIS i = Dmax
IS ·


3 T
r ·A·r
2

(1.13)

In principle, alignment tensor can be expressed in any molecular frame, but to simplify
the equations, the principal axis system (PAS) is usually used, as shown in Figure 1.9, which
describes the orientation of the alignment tensor.
z’
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rz

y’

φ
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ry

Figure 1.9: The principal axis system. Here, θ and φ describes the orientation of the internuclear
vector in the PAS.

According to Equation 1.11, the alignment matrix can be written as:
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(1.14)
In the principal axis system, the off-diagonal terms of the alignment matrix are all equal
to zero, and therefore the alignment matrix can be simplified as:




A
0
0
 xx



A =  0 Ayy 0 




0
0 Azz 

(1.15)
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where A xx = hb2x (t)i − 13 , Ayy = hb2y (t)i − 13 and Azz = hb2z (t)i − 31 are the principal values of the
alignment tensor.
Now, the dipolar coupling constant can be expressed as:
hDIS i = Dmax
IS ·


3
A xx r2x + Ayy ry2 + Azz rz2
2

(1.16)

To deduce structural information, i.e. the orientation of the internuclear vector r in the
molecular frame, the alignment tensor needs to be known. The alignment tensor can be
derived by fitting a set of measured RDCs to a template structure using a numerical method
called singular value decomposition (SVD).
In spherical-polar coordinates, Equation 1.16 can be re-written as:
D = DA

!!


3
2
2
3 cos θ − 1 + R sin θ cos 2φ
2

(1.17)

where DA is the axial component of the alignment tensor scaled for the I-S coupling, which
can be expressed by:
DA =

1 max 3
D · Azz
2
2

(1.18)

and R is the rhombicity of the alignment tensor, which is dimensionless and can be expressed
by:
R=

1.4.2

3 A xx − Ayy
2 Azz

(1.19)

Degeneracy in RDCs

The available orientations of an intermolecular vector for a single measured RDC shows a
strong angular degeneracy relative to the alignment tensor in the molecular frame. In other
words, for a single vector (i.e. a single type of RDC), measured in one alignment medium,
there are many possible orientations in the PAS that all satisfy the measured RDC. These
possible orientations lie on the cone-shaped surface, described by Equation 1.17 (Figure 1.10
A).
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Figure 1.10: A: Angular dependence of RDCs in the principal axis system of the alignment
tensor showing continuum of polar angles consistent with each value of the measured RDC
(simulated for Da =10 Hz and R=0.33). B: Partial raising of degeneracy for the orientation
of an internuclear vector whose RDC is measured in two alignment media (axially symmetric
alignment tensors).

There are two approaches to raise the degeneracy. The first approach involves measuring
two or more RDCs in a fragment of fixed local structure. In this way, the fixed relative
orientations between the multiple vectors limits the possible orientations of each vector on
their individual cones to those orientations that satisfy both the RDC (on the cone surface)
and the relative angles between the vectors. The orientational degeneracy of a planar
fragment relative to the alignment tensor is reduced to 8-fold, while the orientation of a
chiral fragment is restricted to only 4 possibilities.
The second approach is to measure a single RDC in multiple alignment media. In
this approach, the PAS for the alignment tensor in one of the media is considered as the
reference molecular frame, and the other alignment tensors then appear tilted in this frame
relative to the reference alignment tensor. In a similar manner to the first approach, the
possible orientations of the internuclear vector is limited by the requirement that it must lie
simultaneously on all the cones that describe the orientation of the vector relative to each
alignment tensor. In other words, the vector must lie at the intersections of the cones in the
reference molecular frame (Figure 1.10 B). In this case, the degeneracy is reduced to 8-fold
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with two alignment media (8 intersections of the two cones) and 2-fold with three or more
alignment media.
Of course, these two approaches can be combined by measuring multiple RDCs in
multiple alignment media. A combination of a planar fragment and two media yields 2fold degeneracy and this can be reduced to an unambiguously defined relative orientation of
the fragment to the alignment tensor by measuring multiple RDCs from a chiral fragment in
two or more media.

1.4.3

Alignment methods

Originally, alignment of a given protein within the external magnetic field was achieved
by the intrinsic magnetic anisotropy of the molecular system, for example, for DNA and
metallo-proteins [129]. However, for most of the molecules of interest, the alignment
induced by the intrinsic magnetic anisotropy is too small to be useful, and therefore
alignment media were developed to induce molecular alignment.
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
[130, 131], filamentous phage [132, 133], n-alkyl-poly(ethyleneglycol)/n-alkyl alcohol
mixtures [134], purple membrane fragments [135, 136], acrylamide gel and paramagnetic
metal ions (lanthanide binding tag) (Figure 1.11). Phospholipid bicelles, filamentous phage,
n-alkyl-poly(ethyleneglycol)/n-alkyl alcohol mixtures and purple membrane fragments are
all liquid-crystalline media. Acrylamide gels are used in both compressed and stretched
forms, which result in RDCs with opposite signs [137]. Among these liquid-crystalline
media, 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.
Paramagnetic metal ions with anisotropic magnetic susceptibilities are able to induce
alignment of proteins to which they are bound, such as the iron-containing proteins
myoglobin and the cytochromes [129, 140–142].

For proteins lacking native metal
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Figure 1.11: A: Lanthanide binding tag (PDB ID: 1TJB). The residues interacting with the
lanthanide ion (green sphere) are shown in yellow [139]. B: Schematic diagram illustrates
quadrupolar splittings of the 2 H NMR signal from different concentrations of Pf1 in 90 %/10 %
H2 O/D2 O at 25 °C (produced according to [132]). C: Temperature ranges of stable lamellar
phases composed of Cm En /alcohol/H2 O mixtures (adapted from [134]). D: Alkyl polyethylene
glycol/alcohol mixtures form bilayers that align parallel to the magnetic field [134]. E: Oblate
cavities formed in a stretched polyacrylamide gel. F: Prolate cavities formed in a compressed
polyacrylamide gel.
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binding sites, synthetic metal binding motifs can be incorporated at the DNA level.
The lanthanide binding tag (LBT) (Figure 1.11 A) is a short peptide sequence derived
from modifying the EF-hand motif of a calcium-binding protein [139]. The sequence
YIDTNNDGWYEGDELLA binds trivalent lanthanide with high affinity [143] as determined
using fluorescence spectroscopy [144], and has been shown to have minimum effect on
the protein structure [143]. The dissociation constant between the peptide and trivalent
lanthanide ion depends on the ionic radius, where the smallest ion Lu3+ , has K d =130 nM
and the largest La3+ has K d =4 µM [143]. The isotropic reference state is obtained by using
diamagnetic ions with similar ionic radii (such as La3+ , Lu3+ and Y3+ ) to the paramagnetic
ions. In this way any structural changes between the isotropic and aligned states are
minimised [145]. For recombinant proteins with LBTs, the binding affinity might change
from that for the tag alone, and the K d between protein-LBT and the ion is often evaluated
using fluorescent spectroscopy. This is important as presence of excess paramagnetic ions in
the NMR sample causes line broadening through enhancing relaxation [146]. The presence
of a LBT and capability to bind lanthanide ions also provides the opportunity to obtain
structural information from pseudocontact shifts (PCS) and Föster resonance energy transfer
(FRET) [144, 145, 147].
Filamentous bacteriophage is probably the most widely used liquid crystalline medium.
The type of filamentous phage commonly used for RDCs experiments is Pf1, from
Pseudomonas aeruginosa, which forms long rod shape of 1960 nm in length and 6.7 nm
in diameter. There are approximately 7000 copies of the helical coat protein arranged
symmetrically on the surface [148], which together with the shape, give the phage particles
a large anisotropic magnetic susceptibility. This means they are able to align strongly in a
magnetic field and hence induce anisotropic tumbling [149]. Phage particles are negatively
charged at physiological pH [150], and are thus suitable for aligning negatively charged
proteins and DNA/RNA molecules [151], but might interact too strongly with biological
molecules that are positively charged. Magnetic alignment of Pf1 phage can be measured
from the 1D 2 H NMR spectrum, which there show a splitting of the HOD deuterium
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signal caused by the incomplete averaging of the deuterium quadrupolar interaction for
water molecules bound to the surface of the phage particle. The size of the splitting is
approximately proportional to the phage concentration between 10-60 mg ml-1 (Figure 1.11
B), and the alignment is stable over the temperature range 5-35 °C once alignment has been
achieved [132, 150].
The n-alkyl-poly(ethyleneglycol)/n-alkyl alcohol mixtures described by Rückert and
Otting [134] represent another commonly used liquid crystalline medium for partial alignment
of macromolecules. There are different alkyl-(polyelethyleneglyco)/n-alkyl alcohol mixtures
available for applications at different temperatures (Figure 1.11 C)[134]. The different
polyethylene glycol components of the mixture are termed CmEn (m is the number of carbon
atoms in the linear alkyl chain and n is the number of glycol units [134]. The n-alkylpoly(ethyleneglycol) is the component that forms the liquid crystal while addition of the
n-alkyl alcohol promotes formation of the liquid crystal phase at lower concentrations of nalkyl-poly(ethyleneglycol). The advantage of this medium is that it can be used under a wide
range of conditions. It is relatively insensitive to pH and salt, and can be used from 0 °C to
about 40 °C. Importantly, it also has limited binding affinity for macromolecules.
The other liquid crystal media are only usable under a more limited range of conditions.
Purple membranes are naturally-occuring two-dimensional crystals formed by the membrane
protein bacteriorhodopsin and the surrounding lipids in the cell membrane of the archaeon
Halobacterium salinarium [135, 137]. In the magnet, disc-like purple membrane fragments
are aligned perpendicular to the main magnetic field. This medium tends to interact with
proteins strongly [135, 136], which gives rise to line broadening and and alignment tensor
that is not solely dependent on the structure of the molecule. DMPC/DHPC [130] mixtures
are susceptible to degradation by hydrolysis at low pH [152], while DIODPC/CHAPSO
mixtures only form stable liquid crystalline phase at lower than physiological pH [153], and
are therefore limited in their application to studing biological macromolecules. Cetylpyridinium
chloride/hexanol mixtures are only stable in high-salt environments [154], and the stable
phase can be disrupted by high protein concentrations. Another member of this family,
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cetylpyridinium bromide/hexanol, is more stable in lower ionic strength conditions [155].

1.4.4

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-introducing evolution under the dipolar
coupling Hamiltonian without also re-introduce 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).
The experimental approaches for measuring scalar coupling constants are well-established,
and the same approaches can be used for measuring RDCs. There are two principal
methods for measuring coupling constants, the frequency-based approach and the intensitybased approach. The frequency-based approach is relatively more straightforward, with the
splitting being extracted by singly measuring the chemical shift differences of the multiplet
components from the processed spectrum. The intensity-based approach requires encoding
the coupling in the intensity of the observed signal. In the most common J-modulation
approach [156], this is achieved by using variable coupling evolution over some delay to
modulate the relative proportion of transferable magnetisation at some point in the pulse
sequence, so that the intensity of the observed signal depends on the length of the delay and
the size of the coupling. The experiment is repeated with different lengths of delay to obtain
modulation of the observed intensity, which is then fitted to extract the coupling constant.
An alternative approach is called phase-modulated J-spectroscopy, where both magnetisation
components of J-interconverted spins are transferred to observable signals in two separate
sub-spectra. The coupling can then be extracted from the signal intensity ratio between the
two spectra. In general, the intensity-based approach yields more precise measurements of
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the coupling than the frequency-based approach. However, the intensity-based approach is
more susceptible to systematic errors, which can arise from differential relaxation, passive
couplings or cross-correlation.
The type of approach for measuring dipolar couplings also partly depends on the type of
couplings to measure. For proteins, RDCs are most 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-H,
N-C’, HN -C’, C’-Cα , N-Cα and HN -Cα couplings. The other backbone RDCs that can be
measured are at the junction of the peptide plane, i.e. the Cα -Hα and Cα -Cβ couplings.
Proton-proton couplings are less often measured routinely, because the measurement is
complicated by the presence of multiple significant couplings to each proton.

Most

applications of RDCs for protein structural analysis focus on one-bond proton-heteronuclear
couplings. These couplings are large compared to the signal linewidth, which ensures the
accuracy of the measured splittings from the corresponding multiplets. From a structural
perspective, these one-bond H-X or X-X couplings are easier to interpret than proton-proton
couplings, as the internuclear distance is defined by the bond-length, and therefore the
observed RDCs depend only on the angles of the internuclear vectors. In addition, for some
two-bond couplings between nuclei in the protein backbone, the internuclear distance is fixed
by the geometry of the peptide plane, whereas for proton-proton couplings, the internuclear
distance may not be well-defined by the local structure.
Although the HX and XX couplings can be obtained from simple ‘undecoupled’ spectra
simply by removing the decoupling pulse from the standard pulse sequence, additional
considerations are required. For example, in a normal 1 H-15 N heteronuclear single quantum
correlation (HSQC) experiment, each residue gives rise to one cross peak. To be able
to measure the N-H splitting, the decoupling in the

15

N dimension is removed and each

resonance thus appears as a doublet, resulting in twice the number of peaks as in the
decoupled spectrum, leading to more overlap of resonances and difficulties in assignment and
measurement. To circumvent such problems, the ‘undecoupled’ spectra are often recorded
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in a spin-state-selective mode. This means that the two components of the relevant doublet
are separated into two sub-spectra, where the number of peaks in each sub-spectrum is the
same as in the standard decoupled spectrum. In addition, this approach allows accurate
measurement of peak positions for doublets where the linewidth is comparable to the size of
the splittings. In this case, the measured peak positions in an unseparated spectrum would
give rise to underestimated splittings. The in-phase/anti-phase (IPAP) approach is the most
common technique used for measuring J coupling and dipolar coupling from simplified twodimensional NMR spectra [157]. It records two spectra, in which the modulation of the
coupling during the relevant indirect shift evolution time period is arranged to have either a
sine or a cosine dependence. The resulting sub-spectra then have the doublet components
either in-phase or anti-phase. Addition and subtraction of the in-phase and anti-phase
sub-spectra yields two different sub-spectra that contain only the upfield or the downfield
component. The drawback of the IPAP approach is that the insertion of a preparation
period of length 1/(2J) into the pulse sequence gives rise to loss of sensitivity relative to the
standard sequence. Additionally, the separation of the doublet components can sometimes be
imperfect due to J mismatch and differential relaxation effects. The problem of J mismatch is
unavoidable when a range of coupling constants are present. This is generally not a concern
for spectra recorded on isotropic samples, where the one- and two-bond HX and XX J
couplings are usually relatively homogeneous. However, this problem will be noticeable
in aligned spectra, where the J+D values can vary significantly according to the size and sign
of the D values.

1.4.5

Structural information from RDCs

1.4.5.1

RDCs for folded proteins

In favourable cases, RDCs can be used to determine protein backbone folds directly.
In the MECCANO approach [158], for RDCs in the peptide plane (H-N, H-C’, NC’ and C’-Cα and two at the chiral plane junctions (Cα -Hα and Cα -Cβ ) are measured in
two alignment media. The structure calculation algorithm uses the peptide plane RDCs to
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simultaneously determine the two alignment tensors and orient the peptide planes within the
global molecular frame. The orientation of the peptide planes is two-fold degeneracy and
any ambiguities are resolved using the RDCs measured at the plane juction.
More commonly, RDCs are used in refinement of existing structures. For example, they
can be used to obtain a solution structure by refining the X-ray crystal structure. Furthermore,
they can also be used to refine solution structures derived using traditional NOE restraints,
since the NOEs provide only short-range distance restraints (< 6 Å), whereas RDCs provide
complementary distance-independent orientational restraints.
The orientational dependence of RDCs can also be exploited to determine relative
domain orientations within multi-domain proteins. This is slightly different from structural
refinement, where the RDC restraints are used to refine the orientations of individual
bond vectors to improve the structure of the protein; in determination of relative domain
orientations, alignment tensors are calculated for individual domains assuming the domain
structure is rigid. In a protein with fixed relative domain orientations, the alignment tensor
should be common to all domains, and hence the domain orientations can be adjusted such
that the individually calculated alignment tensors coincide.

1.4.5.2

RDCs for unfolded proteins

The recently discovered prevalence of intrinsically disordered proteins, and their importance
in a number of disease states, has required significant changes to the traditional structural
biology picture, in which proteins adopt well-defined, folded structures with only smallamplitude conformational perturbations [159, 160]. These folded proteins can usually be
well represented by a single average structure, with dynamic processes characterised by one
or two parameters describing the magnitude and frequency of excursions from the average
structure. Nevertheless, improved ensemble-based approaches have recently been developed
for describing the structure and dynamics of folded proteins, highlighting that even structures
for well-folded proteins are not fixed [161, 162].
For unfolded proteins, the concept of a single average structure becomes meaningless,
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with the protein undergoing massive conformational changes on rapid timescales. For an
accurate description of the protein’s structure and dynamics, it is essential to adopt ensemblebased approaches. However, using NMR-derived experimental data to derive a representative
ensemble is more challenging than the traditional approaches in which the NMR data is used
for single-structure generation.
One concern of the ensemble approach is the size of the ensemble, which is required
to adequately reproduce the experimental data. The problem is ill-posed in that an infinite
number of ensembles can satisfy the data. When applied to folded proteins, it is found that
only a small ensemble size is required to reach good agreement with the measured NMR
data. This is a reflection of the small amplitude of the conformational changes occurring in
well-folded proteins. However, for intrinsically disordered proteins, much larger ensemble
sizes may be required.
In brief, the ensemble approach as applied to folded proteins involves restraining the
ensemble by minimising the difference between the back-calculated and ensemble-averaged
NMR parameter and the measured value of the parameter. Application of the approach to
unfolded proteins requires more careful generation of the starting ensemble, and increased
computational costs associated with evaluation of the ensemble-averaged NMR parameters
for large ensembles.
The latter consideration is particularly relevant for RDCs, where the evaluation of the
RDCs for each member of the ensemble requires first deriving their distinct alignment
tensors. Early interpretations of RDCs measured on intrinsically disordered protein focused
on a qualitative comparisons between the measured data values, and those back-calculated
from random ensembles based on statistical coil models. Initially, it was thought that
the mere presence of non-zero RDCs for supposedly disordered proteins was indicative
of residual structure [163]. However, it was later demonstrated theoretically than even
random flight chains would show non-zero RDCs [164, 165]. Subsequent refinements of
the model to account for the specific conformational preference of polypeptide chains were
able to accurately reproduce the RDC profiles of completely disordered proteins [166, 167].
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The focus then shifted towards detecting the differences between RDCs predicted from the
sequence assuming complete disorder and the measured RDCs that could indicate residual
structure or transient long-range contacts along the chain. α-synuclein shows an RDC profile
which deviates significantly from that predicted for the random ensemble at the N- and Ctermini. Agreement between the simulated and measured RDCs was improved by 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 and C-terminal segments
gave a simulated RDC profile that closely matched the measured data [168].
More recently, interpretation of RDC data from intrinsically disordered proteins has been
aimed at using the measured data to directly derive the corresponding conformationallybiased ensemble. Two approaches have been developed. In one approach, the RDC data
are used to select sub-ensembles from the random ensemble that most closely reproduce the
measured RDCs [169]. In the second approach, the RDCs are used to construct a pseudopotential energy term that is used to drive the evolution of a random starting ensemble
in a restrained ensemble MD simulation [170, 171]. Such MD simulations have relied
on development of fast algorithms for determination of the alignment tensor, since the
alignment tensor must be calculated for every member of the ensemble at every time-step
of the simulation. While both approaches have improved the quantitative understanding of
RDCs measured on IDPs, there remain some difficulties, such as determining the minimum
ensemble size required to describe the data without over-fitting and ensuring that the
representative ensemble obeys Boltzmann statistics. Interpretation of RDC data from IDPs
remains more challenging than for well-structured proteins.

1.4.5.3

RDC studies of large molecular complexes

The application of backbone RDCs for structure determination and refinement is limited to
systems with molecular weights of less and approximately 100 kDa [172, 173]. The recent
development of methyl-TROSY-based experiments on highly deuterated protein samples that
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contain selectively protonated methyl groups in the isoleucine, leucine and valine residues
has lifted the upper limit of NMR observability of large molecular complexes [174–176].
This has enabled application of RDCs to molecules with high molecular weight, as shown by
the study of the 360 kDa ‘half-proteasome’, which demonstrated that methyl 1 H-13 C RDCs
can be measured for very high molecular weight complexes [177].

1.5

Summary

This introduction has summarised the current understanding of ribosome structure and the
proposed mechanism of the translation process from the snapshots of ribosome structure
captured at different stages of translation. However, studies of the translational product,
the nascent polypeptide chain, have not able to provide detailed structural information or
mechanistic detail of the process of co-translational folding. NMR spectroscopy has been
used in an attempt to extract structural and dynamical information on the nascent polypeptide
chain, but as yet, only chemical shift information has been obtainable, which although
provides a powerful insights into the folding of nascent chains on the ribosome but not
direct structural information. The primary aim of this work is to establish the use of NMR
spectroscopy, via measurement of RDCs, to study the structural preferences of RNCs in
order to begin to develop three-dimensional structural models. Building upon previous NMR
studies of the ribosome, which use the L7/L12 stalk region as a model for the NC, an RDC
approach was initially evaluated and developed for the 70S ribosome. This is the focus of
Chapter 2. This is then followed by Chapter 3, where the RDC methodology developed for
the 70S ribosome was applied to the study of ribosome-nascent chain complexes.

Chapter 2
NMR investigations of the 70S ribosome
particle using residual dipolar couplings
2.1

Introduction

The ultimate goal of this work is to use RDCs acquired on nascent chains to probe their
co-translational folding as they emerge from the ribosome. Previous NMR studies of the
ribosome have identified L7/L12 as a highly mobile and dynamic region (Section 1.1.2).
Therefore to examine the feasibility of using RDC to probe ribosome-bound nascent chains,
the ribosome-bound L7/L12 is an ideal model system. In particular, generating information
about their orientation and other structural and dynamic characteristics, will provide a
significant step forward to developing three-dimensional structural models. These flexible
units therefore represent a model system upon which to develop the required techniques for
measuring RDC data on nascent chains (Figure 2.1). Moreover, the study of the stalk region
of the ribosome represents an interesting system in itself, due to its pivotal role in translation.
However, elucidating the functional aspects of the L7/L12 protein has been hampered due
to its flexibility precluding observation of well-defined electron density in the many recent
crystallographic and cryo-EM structures of the ribosome. Therefore, acquisition of RDC
data on ribosome-bound L7/L12 provides a means to improve the current understanding of
this protein’s structure, dynamics and ultimately, its function.
41
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This chapter will therefore explore the development of this approach to study L7/L12,
both in isolation and as it is bound to the ribosome.

L7/L12 stalk

50S

Nascent chain

Figure 2.1: Structure of the 50S ribosome (yellow) with models of the L7/L12 stalk region
(L7/L12 in green and L10 in violet) and the ddFLN646-838 nascent chain (magenta) illustrating
the potential similarities in dynamics of L7/L12 and the nascent chain. The four copies of the
L7/L12 protein are shown in different shades of green. For PDB IDs, see Figure 1.1.

2.1.1

The structural and functional characteristics of the L7/L12

2.1.1.1

Characteristics of the ribosome-bound L7/L12

As discussed in Section 1.1.2, the stalk region of the ribosome, and in particular L7/L12,
is highly dynamic, and interacts with a number of auxiliary factors, many of which are
GTPases, including IF2, EF-Tu, EF-G, and RF3 [178]. These are involved in mediating the
translation process as it occurs on the ribosome [2].
The protein L7/L12 is unique among the ribosomal proteins, because it is the only protein
present in multiple copies. There are thought to be four copies of L7/L12 in the E.coli
ribosome [182, 183] and 6 copies in eukaryotes and archeae [184]. The protein L7 and
L12 are identical in amino acid sequence, apart from a post-translational modification which
results in an acetylated N-terminal serine in L7 [185]. Studies have shown that the ratio
between L7 and L12 present on the ribosome varies with the cell growth [182], in which the
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Figure 2.2: A: Front view of the 50S ribosome with the stalk region highlighted (as Figure 1.1
A) and a cartoon representation of E.coli L10 and the N-terminal domain of two L7/L12 dimers.
The L7/L12 and L10 proteins were modelled onto the structure by an alignment with the crystal
structure of the Thermus thermophilus 50S ribosome, PDB ID 3I8I [23]. B: Domain architecture
of L7/L12 annotated with secondary structure. C: Two possible models of L7/L12 dimers on
the ribosome, with either one extended and one retracted CTD within both dimers (LHS) or
one dimer with both CTDs extended and one with both CTDs retracted (RHS). D: Model of
L7/L12 dimer as a molecular switch with the hinge region extended or retracted depending on
elongation factor binding, based on X-ray crystallography and NMR data [22, 180]. E: Residues
in the C-terminus domain of L7/L12 interact with translation factors IF2, EF-Tu, EF-G and RF3
(highlighted in yellow) [181].
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L7 form being favoured under restricted growth conditions [186], and the L12 form being
the the more active form involved in GTPase-induced GTP hydrolysis [187].
The L7/L12 protein are bound to the ribosome via protein L10, whereby the C-terminus
(residues 71-165) of L10 binds multiple copies of L7/L12 and the N-terminus (residues 169) binds the (L7/L12)4 ·L10 pentameric complex to the ribosome [188] via interaction with
L11 and L10/L11 binding region of 23S RNA (Figure 1.1 A). Together, this collection of
proteins form a large part of the GAR in ribosome.
Although atomic details of much of the GAR have been revealed in the crystal structures
of the 50S subunit [2], regions such as the L7/L12 stalk give only fragmented or weak density
in cryo-EM [178] and X-ray diffraction maps [21, 189]. Their absence in high-resolution
structures probably results from the fact that they do not occupy well-defined positions on
the individual ribosomes, which is supported by nanogold labeling experiments, in which
the L7/L12 CTD was found to appear at multiple sites on the ribosome [190]. Nevertheless,
the CTD of L7/L12 can be observed in a cryo-EM density map when its motion is restricted
by the binding of EF-G [191].
Early studies in the late 60s and early 70s had already demonstrated that L7/L12 is
required for polypeptide synthesis on the ribosome [192] and that it existed mainly as a
dimer in solution [186]. However, it was unknown if all four copies of L7/L12 are required
for ribosome function. More recent studies have found that protein synthesis on the ribosome
can indeed be supported by the presence of only one CTD in each L7/L12 dimer (80 %
activity compared to wide-type) [193] while ribosomes with only one dimer show less than
50 % activity in protein synthesis [194]. These observations suggest therefore that only one
CTD is functioning within each dimer at any one time. Aside from the CTD, the hinge
region has also been shown to be required for ribosome activity [195], which indicates the
importance of the need of flexibility in the CTD for ribosome function, which is highly
dependent on the conformation of the hinge region.
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Structural and function properties of the L7/L12 protein

Structural investigations of the isolated L7/L12 protein has shown two independent structured
domains linked by a flexible hinge [22] (Figure 2.2 B&D). The all-helical N-terminal domain
(NTD) (residues 1-31) is the site of dimerisation and ribosome binding (Figure 2.2 A). It
was found that the NTD is necessary and sufficient for dimerisation [196]. In addition,
NMR studies of the (L7/L12)4 ·L10 pentameric complex showed that the first 39 residues
of L7/L12 are involved in the interaction with L10 [197], which is supported by the X-ray
crystal structure of the L10-L7/L12 NTD complex from Thermotoga maritima [29]. The
globular CTD (residues 53-120) on the other hand, has been shown to be highly dynamic
with respect to the NTD and is the site of interaction with the GTPase factors. Translation
factors IF2, EF-Tu, EF-G and RF3 bind the ribosome via overlapping regions concentrated
between residues 66-82 in the CTD of L7L12 (Figure 2.2 E) [181].
The flexibility of the L7/L12 dimers on the ribosome has been the subject of several
studies. One X-ray crystal structure [180] exhibits a helical conformation for the hinge
region, which can only be adopted for one hinge region within the dimer at any one time,
since there will be a severe steric clash if both hinge regions are helical simultaneously.
Subsequent NMR studies on L7/L12 bound to the ribosome suggested that the CTDs of only
two out of the four copies of L7/L12 are observed [34, 179]. This observation suggests two
possible models for L7/L12 dimers bound to the ribosome (Figure 2.2 C). Either both dimers
contain one extended and one retracted CTD, or one dimer has both CTDs extended and
the other has both CTDs retracted [179]. However, the latter model is infeasible since two
retracted CTDs would induce steric clashes and does not agree with the biological studies
discussed above, which have suggested that only one CTD is active in each dimer at any one
time. Therefore, the model that each dimer has one extended CTD and one retracted CTD
is the most plausible in light of currently available experimental data. This is also supported
by analysis of 15 N spin relaxation and small-angle X-ray scattering data [198] of the isolated
L7/L12 dimer, which has shown an anti-correltion between the positions of the two CTDs
relative to the dimeric NTD. Together with the fact that the CTD of L7/L12 interacts with
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GTPases, these observations led to the proposal that L7/L12 acts like a molecular switch
on the ribosome, whereby each monomer alternates between a helical and extended linker
conformation in response to translation factor binding and release (Figure 2.2 D) [22].
Although most studies have suggested that L7/L12 is more than 90 % dimer at micromolar
and submicromolar concentrations [186, 199–201], a tetrameric form has also been proposed
[202–204].

An early study in 1981 reported equal disassociation constants of 29 µM

for monomer/dimer and dimer/tetramer equilibria [204]. However, a more recent study
using fluorescence spectroscopy reported a much smaller dimer-to-monomer dissociation
constant of 30-300 nM [205], with no tetramer observed even at concentrations above
100 µM. Therefore, while the presence of a dimer-tetramer association process has been
demonstrated, the strength of this interaction is not currently well defined.

2.1.3

Experimental approaches to measure RDCs on the ribosome

To understand further the orientation and conformational preferences of L7/L12, an RDC
approach was developed as it can yield distance based information on two aspects of L7/L12
on the ribosome. Firstly, they report on the local structure of the protein. Secondly, they
define the orientation of the molecular alignment frame relative to the field. In this work,
a comparative approach was adopted to study the local structure of the L7/L12 protein,
whereby sets of RDCs were measured and analysed for both ribosome-bound and isolated
L7/L12.
Since RDCs for a single vector in one alignment medium result in high orientational
degeneracy for each vector in the alignment frame, a single set of RDCs in one medium has
limited application for structural refinement. Multiple RDCs measured within the peptide
plane, and in multiple media would be desirable. For the second approach where the focus
is on the orientation of the alignment tensor, the domain structure is considered to be fixed,
and hence the degree of degeneracy of the derived alignment tensor in the molecular frame is
much less than that associated with a single vector. In fact, measuring a single set of RDCs
in multiple media is enough to unambiguously define the orientation of the alignment tensor.
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Measurement of RDCs on the ribosome presents several challenges. In particular, the
limited concentration of the samples shapes the measurement strategy. The relative accuracy
of the measured RDCs is dependent on both the intrinsic magnitude of the RDC and the
signal-to-noise ratio and peak linewidths of the experimental data. This means that the choice
of the types of RDCs to measure is limited not only to those of intrinsically large magnitude
but also to those that can be measured with high sensitivity.
The most commonly measured RDC is the backbone amide N-H RDC, since the size
of the coupling is intrinsically large and can be measured with sensitive pulse sequences
relatively easily. The Hα -Cα RDC is the largest one-bond coupling within a protein, with a
magnitude approximately twice that of the N-H coupling, but the measurement is technically
more demanding.
In this chapter, a detailed investigation of intact ribosomal particles using NMR
spectroscopy is described. In particular, the measurement and analysis of residual dipolar
couplings on the ribosome is demonstrated for the first time.
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Results and Discussion
Considerations for studying the ribosome by NMR

The challenges associated with NMR investigations of the ribosome arise primarily as a
result of its large molecular weight (2.5 MDa) and the limited lifetime of the samples.
Indeed, the quality of the sample is crucial for obtaining meaningful NMR data: the
samples must be isotopically enriched to ensure that the maximum possible signal can be
obtained. This is pertinent due to the limited working concentrations that are achievable for
the ribosome, which are at least an order of magnitude lower than typical protein NMR
concentrations. Above this threshold (ca.10 µM), the increase in viscosity manifests as
significant broadening of resonances [206], and the sample lifetime is reduced. In addition,
the sample needs to be homogeneous, as impurities arising from co-factors, for example,
EF-G, may interact with the L7/L12 protein resulting in spectral changes. The presence of
other isotopically-labelled molecules may also result in extra resonances appearing in the
spectra, potentially resulting in misinterpretion of the data. The lifetime of the samples is
also influenced by the presence of bacteria that can cause rapid degradation of the ribosome.
Together, these are of a particular concern to studies of the ribosome as the low working
concentrations result in signals that are inherently weak and are very often close to the noise
threshold, and therefore even weak signals from contaminating species can often obscure
the signals of interest. As a result, the integrity of the ribosome is monitored rigorously
throughout the course of NMR data acquisition, which is essential to ensure that the NMR
signals are derived exclusively from intact ribosome species.

2.2.1.1

Isolation and purification of intact 70S ribosomes

The preparation of intact 70S ribosome complexes is described in detail in section 5.1.12 on
page 192. In brief, an enriched medium composition enables the growth of cultures to high
cell densities (section 5.1.3 on page 183) before harvesting. Following lysis, the ribosomes
were separated from the other soluble cell components by centrifugation through a 30 %
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(w/v) sucrose cushion, after which the ribosomal material is recovered as a pellet at the
bottom of the tube. The 70S monosome fraction is then purified by centrifugation through a
10-35 % (w/v) sucrose gradient, as shown in Figure 2.3 A.
The purity of the ribosome samples used in NMR experiments were evaluated by SDSPAGE, which typically show a collection of bands, each one corresponding to a single
ribosomal protein (example shown in Figure 2.3 B, with the bands highlighted in the black
box). Within the 70S complex, the largest ribosomal protein is S1(61 kDa), while the other
ribosomal proteins have molecular weights ranging between 5.4 and 30 kDa.

A
UV 254nm

35%

B

sucrose concentration

10%

4 6

2

8 10
12
1416 18

2022 242628

2 4 6 8 10 12 14 16 18 20 22 24 2628

S1(61.2kDa)

L2(29.8kDa)
S2(26.6kDa), S1(25.8kDa), L1(25.7kDa)
Other ribosomal proteins
L30(6.4kDa), L32(6.3kDa), L33(6.2kDa)
L34(5.4kDa)

Figure 2.3: A typical 10-35 % (w/v) sucrose gradient fractionation after ultracentrifugation at
22,000 rpm for 16 hours (SW28 rotor, Beckman). The fractionation profile (A) shows the UV
absorbance reading at 254 nm and the corresponding fractions are shown by SDS-PAGE in panel
(B). The fractions highlighted in the box represent 70S ribosomes that are sufficiently pure for
preparation of the NMR sample.

2.2.1.2

1

H 1D NMR spectra of 70S ribosomes

1D 1 H NMR experiments of intact 70S ribosomes were recorded as described in Section 5.3.1.1
on page 203. Within the 1D profile, there are several regions that are of interest for
different purposes, as highlighted in Figure 2.4. The amide/aromatic (pink box) and the
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Figure 2.4: 1D 1 H spectrum of intact ribosomes. Amide, aromatic and methyl regions show
the protein signals. The position of the HEPES peaks highlighted in orange is an indication of
pH. The region highlighted in yellow is where metabolic-product signals appear as a result of
microbial contamination. The RNA ribose signals highlighted in red represent the integrity of
the core of the ribosome.

methyl (green box) regions are protein signals arising from the ribosome particles, and
whose signal intensities are used for diffusion measurements (Section 2.2.1.5). The peaks
corresponding to the HEPES present in the buffer are highlighted in orange; the change in
position of the HEPES peaks is a useful indicator of any changes in pH within the sample
(see Figure 2.8). Such changes in pH are linked to the presence and increase in intensity over
time of metabolic products (Figure 2.4, yellow). Together these two signal regions of signals
report on microbial growth contamination, which is usually associated with the degradation
of the ribosome, and therefore are an important monitor of the stability of the sample over
time. In addition to signals arising from proteins, ribose groups from the ribosomal RNA
(rRNA) give signals that mainly fall in the region between 3.5 and 4.2 ppm. The signals
from rRNA are usually very stable over time, and a change of intensity of these signals is
indicative of complete degradation of the ribosome particle, however, this was found to occur
very rarely.

2.2.1.3
The

15

15

N-1 H 2D spectra of 70S ribosomes

N-1 H HSQC spectrum of uniformly

15

N-labelled intact 70S ribosomes is shown in

Figure 2.5, displays several interesting characteristics as described previously [34]. Despite
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Figure 2.5: 15 N HSQC spectrum of 10 µM 70S ribosomes (blue) overlaid with that of isolated
L7/L12 (red) recorded in Tico buffer at 25 °C. Residue assignments for peaks that closely overlay
in the two spectra are in black text. Where the peak positions are different for the two species,
the isolated and ribosome-bound L7/L12 assignments are in red and blue text, respectively. The
bottom panel shows an expanded view of the crowded central region for clarity. Peaks in the
grey box correspond to side-chain NH2 resonances arising from the asparagine and glutamine
residues.
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the large size of ribosome complex (7500 amino acids), the spectrum shows a subset of ∼80
well-dispersed resonances. These correspond to cross-peaks that arise from the CTD and
part of the hinge region (residue 40 onwards) of the L7/L12 protein on the ribosome, which
is observed in an overlay with the spectrum of the L7/L12 protein in isolation and for which
its assignment is shown (Figure 2.5). These spectra demonstrate that NMR reports on a
highly dynamic region of the otherwise largely inflexible ribosome complex. Apart from the
cross-peaks arising from residues in L7/L12, there are also several additional peaks that are
thought to correspond to protein S1 in the small subunit of the ribosome [179].

2.2.1.4

Isotopic labelling efficiency of the ribosome samples

As the ribosomes used to record the RDC experiments were uniformly 15 N labelled in vivo
within E.coli, the efficiency of the uniform

15

N isotopic labelling was therefore tested by

comparing the intensities of simple 15 N-edited and 15 N-filtered 1D proton spectra, as shown
in Figure 2.6. The 15 N-edited spectrum, which only contains signals from protons attached
to 15 N, can be acquired as the first row of a standard 15 N HMQC spectrum (blue). The 15 Nfiltered spectrum, which only contains signals from protons not attached to

15

N (green), is

then easily obtained by simple modification of the phase cycle of the 15 N HMQC sequence
so as to reject 15 N-labelled magnetisation. In brief, the 15 N 90 ° pulses are (independently)
cycled {x,-x} as in the standard HMQC sequence, but with no cycling of the receiver. The
relative intensities of the signals in the amide region of these two spectra is then an accurate
measure of the labelling efficiency. The sample used for RDC measurement was found to be
more than 95 % 15 N-labelled as shown in Figure 2.6.

2.2.1.5

Monitoring the integrity of 70S ribosome overtime using diffusion experiments

An important tool for describing the integrity of the ribosome particles during the course
of NMR data acquisition is the diffusion coefficient. As described in section 1.3.3 on
page 22, 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
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Figure 2.6: Verifying the labelling efficiency of the ribosome. The 15 N-edited spectrum of 70S
ribosomes (blue) contains only signals from protons attached to 15 N. The 15 N-filtered spectrum
(green) contains only signals from protons not attached to 15 N. The red spectrum contains signals
from all protons, but with those from protons attached to 15 N appearing positive and those from
protons not attached to 15 N appearing negative.

strengths 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 as an interleaved manner, only
three data points at 5%, 50% and 95% relative gradient strength were measured routinely.
Within the multiple peaks in the spectra, only the amide and methyl regions were used
to calculate the diffusion coefficient (as shown in Figure 2.7 A). The total signal intensity
for each gradient strength is calculated by integrating the spectra over the selected region.
Instead of fitting the three intensities to a curve described by Equation 1.3, three values of the
diffusion coefficient are calculated from the pairwise intensity ratios for the different gradient
strengths (i.e. I 95 % /I 50 % , I 50 % /I 5 % , I 95 % /I 5 % ) according to:
DI B /I A =

ln(I A /I B )
(∆ − δ/3) · (γδ)2 · (G2B − G2A )

(2.1)

where GB >GA .
The three diffusion coefficients calculated in this manner give an indication of the
heterogeneity of the diffusion profile, as well as a single average diffusion coefficient. For an
intact 70S ribosome sample, the measured diffusion coefficient is ∼2×10−11 m2 s−1 , changes
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Figure 2.7: A: Amide (left) and methyl (right) regions of the 1 H ribosome spectrum
(above)showing diffusion-mediated intensity decay for three gradient strengths. The signal-tonoise ratio is best for the methyl region. B: Plot of integrated intensity of each data point (left)
and the calculated diffusion coefficients from the pairwise intensity ratios of the different gradient
strengths.

observed within diffusion coefficient is an indication of degradation of the ribosome.
Together with measuring the diffusion coefficient, the diffusion properties of the sample
are evaluated over time, to gauge the integrity of the sample. Figure 2.7 B shows an example
demonstrating typical changes in diffusion over time for a

13

C,15 N uniformly labelled

ribosome sample. At time zero, the three values for the diffusion coefficient calculated
from the three pairs of gradient strengths are very similar, reflecting the high degree of
sample homogeneity. Over a time period of 100 hours, the measured diffusion coefficient
begins to increase (Figure 2.7 B), with the value calculated from I50% /I5% increasing more
rapidly than that from I95% /I50% , which remains close to 2×10−11 m2 s−1 . This discrepancy
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between the calculated values is a reflection of increasing heterogeneity within the sample.
The diffusion coefficient calculated from the I50% /I5% ratio is biased towards small species
that have become detached from the ribosome, while that calculated from the I95% /I50% is
closer to the diffusion coefficient of the ribosomal core particle.
The increasing heterogeneity is also apparent from the plot of the integrated intensities
for the three gradient strengths (Figure 2.7 B). These plots show that the increase in the
diffusion coefficient calculated from the I50% /I5% is dominated by increasing intensity in the
5 % spectrum. This suggests a contribution to the integrated signal region from small species
that were not NMR-visible at time zero. Overall, the evolution of the diffusion profiles is
consistent with a picture of sample-ageing in which the majority of the ribosome particle
remains intact, but with the progressive detachment of some small peripheral proteins.
However, it must be noted that this occurs over a very slow time period of ∼100 hours,
which therefore permits the extended acquisition of data.

2.2.1.6

Monitoring the integrity of 70S ribosomes over time using 1 H 1D analysis

In addition to the use of diffusion experiments, the integrity of the 70S ribosomes is also
monitored using 1D spectra. As discussed in section 2.2.1.2, four characteristic regions are
followed for this purpose (Figure 2.8, top), corresponding to HEPES, metabolic products,
methyl groups and RNA ribose signals. The change of the HEPES peaks is an indication of
changing pH, which becomes lower if the sample is degrading [207]. This is also found to
coincide with the appearance of a signal at ∼1.8 ppm, which is suspected to be a metabolic
byproduct resulting from microbial growth [207]. For example, in the

15

N 70S ribosome

sample used for the measurement of N-H J-couplings, the change of the HEPES chemical
shift is very small (<0.1 ppm, Figure 2.8 A), even though increased intensity was observed at
the chemical shift suspected to correspond to a metabolic product (Figure 2.8 B). The signals
arising in the methyl region (0.9 ppm) are used as a representation of ribosomal protein
integrity (Figure 2.8 top, green) whereas the signals arising from RNA ribose group are a
representation of the integrity of the RNA molecules within the ribosome (Figure 2.8 top,
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Figure 2.8: Top: 1 H 1D spectrum of a 15 N 70S ribosome sample recorded at time=0 (black) and
at time=100 hours (blue). The HEPES, RNA ribose, metabolic product and methyl regions are
highlighted in orange, red, yellow and green, respectively. A, B, C and D: Stack of 1 H spectra
of 15 N ribosomes recorded over increasing sample lifetime at 25 °C, zoomed to show the regions
corresponding to (A-i) the HEPES, (B-i) the metabolic byproduct, (C-i) the methyl groups and
(D-i) the RNA ribose signals. The chemical shift change of the downfield HEPES peak is shown
in A(ii), and the evolution of the signal intensities in the metabolic byproduct, methyl and RNAribose regions are shown in B(ii), C(ii) and D(ii), respectively.
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red). In this example, both the methyl and RNA signals are shown to be stable over time
with minor fluctuations arising due to spectra noise (Figure 2.8 C&D). This suggests that the
70S ribosome remains intact.

2.2.1.7

15

N spin relaxation of the 70S ribosome

To extend the previous studies which examined the dynamical properties of 70S ribosome
[34], backbone

15

N relaxation rates were measured for the isolated L7/L12 protein and for

the 70S ribosomes (recorded by Dr Helene Launay, UCL).
The transverse relaxation rate (R2 ) is the most easily interpretable measure of the dynamic
properties of the protein. The R2 rates for the isolated L7/L12 protein revealed that the NTD
was the fastest-relaxing region of the protein (average 17 Hz), with the CTD signals relaxing
slightly slower (average 13 Hz). The hinge region has the slowest relaxation rate (average
3 Hz), as it is largely unstructured and therefore has the greatest local flexibility (Figure 2.9).
The backbone

15

N relaxation properties of isolated L7/L12 are discussed in more detail in

Section 2.2.3.4.
The R2 of L7/L12 bound to the ribosome was only measured for the CTD residues as the
NTD is the interaction site with the ribosome and is not visible in 2D HSQC spectra. The
relaxation data recorded on the ribosome was noisier than that for the L7/L12 protein as the
signal-to-noise ratio is limited by the low concentration of the ribosome sample. Generally,
it was found that the average R2 value (17 Hz, indicated by red line) is larger than for the
isolated L7/L12 protein in solution, suggesting that the L7/L12 CTD is less mobile on the
ribosome than it is in solution, despite the flexibility of the long linker that tethers the CTD
to the ribosome via the NTD. This suggests either that the ribosome has an intrinsic influence
on the dynamic properties of L7/L12, perhaps through specific interactions, or that the linker
is not sufficiently flexible to render the motion of the CTD independent of the NTD and
ribosome.
The longitudinal relaxation rate (R1 ), shows a decrease for the L7/L12 bound to the
ribosome compare to the isolated L7/L12 protein. This is in agreement with the increase
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Figure 2.9: Plot of R1 and R2 relaxation rates of the isolated L7/L12 dimer (grey diamonds)
and that bound to the ribosome (blue diamonds). The means of the relaxation rates of the
CTD residues of L7/L12 bound to the ribosome are indicated with red lines, and the means
+/- uncertainties are indicated with green lines. The secondary structure of L7/L12 is shown
above.

in the transverse relaxation rate (R2 ), since the corresponding rotational correlation time
is in the R1 regime where the R1 relaxation rates decrease with increases in the rotational
correlation time.

2.2.2

Characterisation of isolated L7/L12

2.2.2.1

Expression and purification of recombinant L7/L12 protein

To compare the structural characteristics of L7/L12 both in the ribosome and in solution, the
L7/L12 protein was expressed and purified as described in sections 5.1.10 and 5.1.11. The
protein localised to the soluble fraction and expressed in significant quantities, typically
12 mg of material was recovered from a one litre culture. It was found that during the
final purification step using gel filtration chromatography (Superdex 200), the elution profile
showed multiple peaks (Figure 2.10 A), eluting at 60 ml (peak 1), 80 ml (peak 2), 115 ml
(peak 3) and 127 ml (peak 4). SDS-PAGE of the fractions suggested that all peaks contain
the same protein with molecular weight corresponding to L7/L12, which in turn suggests
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that all peaks in the gel-filtration trace represent molecular species composed of the same
protein, i.e. different conformational and/or oligomeric states. Peaks 1 and 2 were subjected
to further investigation to identify the different species, while Peaks 3 and 4 contained too
little material for further analysis.
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Figure 2.10: A: Gel filtration elution profile of L7/L12 and B: SDS-PAGE analysis of fractions
from corresponding peaks. The elution profile of the protein was monitored using the backbone
UV absorbance at 230nm as the L7/L12 protein does not contain any aromatic residues.

2.2.2.2

Investigation of the different species observed by gel filtration chromatography

As discussed in the previous section, multiple peaks were observed on the gel filtration
profile during the purification of the isolated L7/L12 proteins. The observation of only
L7/L12 protein by SDS-PAGE indicated that there is no co-purification of L10, nor other
impurities. The most possible explanation for the multiple peaks present in the gel filtration
profile represent different oligomeric states of the protein. Following purification, peak 1
and peak 2 (Figure 2.10) were pooled and concentrated separately as two fractions, fraction
1 and fraction 2, respectively.
Initial 15 N diffusion analysis To further investigate the behaviour of fraction 1 and 2, the
diffusion coefficients were measured for both fractions. The measured diffusion coefficient
of fraction 1 (5×10−11 m2 s−1 ) is smaller than fraction 2 (7.3×10−11 m2 s−1 ), which is in
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agreement with the observation of the gel filtration profile. If the species corresponding
to these two fractions are slow-exchanging oligomeric forms, the expectation is a resulting
inhomogeneous diffusion intensity profile, and a diffusion coefficient calculated from a single
Gaussian fit that is inversely related to the protein concentration. However, the diffusion
intensity profiles were found to be homogeneous and well-fitted by a single Gaussian.
Moreover, the calculated diffusion coefficient for fraction 1 was smaller than fraction 2,
despite being lower in concentration(160 µM vs 240 µM). Together, the diffusion data
indicates no exchange between the species of fraction 1 and fraction 2.

Analytical gel filtration analysis The two fractions were then applied to an analytical gel
filtration column (Superdex 10/300 GL) to reassess the conformational and oligomeric states
of the protein. In addition, a sample of the L7/L12 protein purified from a ion-exchange
column but without further purification by gel filtration was also applied to serve as a control
for the appearance of fractions 1 and 2.
As shown in Figure 2.10 A, the elution profile of the control sample reproduces the
original profile of the preparative column, showing two major protein-containing peaks, one
eluting at 12 ml (peak 1, red star) and another at 15 ml (peak 2, green star).
When fraction 1 was subsequently applied to the column, the elution profile showed two
peaks, peak 1, at an early elution volume of 12 ml (red star, Figure 2.11 B) and another at
a slightly later elution volume of 16.5 ml (green star, Figure 2.11 B). It was noted that peak
2 eluted slightly later than in the control sample. The relative proportions of the two peaks
therefore, as calculated by integrating the area beneath the curves, suggested that fraction 1
is mainly composed as peak 1(> 85 %) and a small fraction converted to peak 2 (< 15 %).
Therefore compared to the control sample, the molecular species present in fraction 1, is
relatively stable and does not convert into peak 2 easily. In contrast to fraction 1, when
fraction 2 was applied to the column, it gave rise to a single species eluting at ca. 15 ml,
which corresponds to peak 2. These data confirm that the conformational state adopted by
fraction 2 is an inherently stable molecular species.
To evaluate the conformational state of the L7/L12 further, the control sample (as
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Figure 2.11: Analytical gel-filtration of the L7/L12 protein on Superdex 10/300 GL column. A:
Sample prior to gel filtration loaded as reference. B: Peak 1 (red star) from A loaded, resulting
in two peaks: ∼85% peak 1 and ∼15% peak 2. C: Peak 2 (green star) loaded, resulting in the
same peak. D: Total sample denatured and loaded onto column pre-equilibrated in 8M urea,
resulting in one peak. The peak highlighted with the yellow star showed no band on gel. E:
Profile generated by loading a sample prepared by refolding the protein-containing peak in D
(purple star) in native buffer, showing a single peak at the same position as peak 2.

described previously above) was unfolded in 8M urea and applied to the column under the
equivalent denaturing conditions. It was found that the protein eluted at a single peak of
volume of ca. 15 ml (Figure 2.11 D, purple star). This suggested that L7/L12 assumed a
single, presumably unfolded conformation. When the 8M-denatured control sample was
refolded and applied to the column under native conditions, a single peak eluting at 15 ml
was observed (Figure 2.11 C, green star). Both the denatured and refolded samples were
examined by 1 H 1D NMR spectroscopy to ensure the completeness of denaturation and
refolding (see Appendix A, Figure A.1). The spectrum recorded on the refolded sample is
very similar to folded L7/L12 spectrum whereas the spectrum recorded on the denatured
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sample shows a typical unfolded spectrum. In addition, the diffusion intensity profiles for
both samples indicates homogeneous and the diffusion coefficient measured on the refolded
sample is same as that measured on fraction 2, with same concentration.
Together, the data suggest that the L7/L12 can adopt different isoforms that have nonglobular characteristics, as can be seen by the similar elution volumes of the 8M denatured
L7/L12 (Figure 2.11 D) and the elution volumes of peaks 1 and 2 in the native from; this
is due to the architecture of the protein in which there is significant degree of disorder (ca.
20 % of the sequence) that arises from the hinge regions between the NTD and CTD. Also,
the refolding data indicate that under certain conditions, L7/L12 can also acquire a uniform
conformation, which appears to have characteristics that resemble fraction 2. Moreover,
this refolding study also indicated that only the species in fraction 2 can be generated in
vitro, but not fraction 1. The non-globular characteristics also prevent a more detailed
quantitative estimate of the relative sizes of the isoforms present in fractions 1 and 2. As
discussed in Section 2.1.2, studies have suggested that dominant conformation of L7/L12
is that of a dimer, but it can also form higher order oligomers such as tetramers. Based
upon these previous studies and the observations in this study, it would suggest that fraction
1 of L7/L12 (the earlier eluting species) most likely represents a tetrameric species and
fraction 2 represents the dimer, with no exchange between these two species. Bearing these
characteristics in mind, 2D NMR spectra were recorded for both species.
For the following characterisation of L7/L12 by NMR and subsequent RDC experiments
presented later in this Chapter and beyond, unless otherwise indicated, these two species are
referred as fraction 1 (early-eluting fraction, higher order oligomer) and fraction 2 (latereluting fraction, lower order oligomer).
15

N-1 H 2D NMR characterisation

1 and 2, 2D

15

To further investigate the difference between fractions

N HSQC spectra were recorded on both fractions (Figure 2.12).

The

peaks from residues in the CTD overlay between the two samples and appear with similar
intensities (after scaling for differences in concentration). However, the recognised peaks of
the NTD appear with much weaker intensity in the sample of fraction 1 (Figure 2.12, red
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Figure 2.12: Overlay of 15 N HSQC spectra of fraction 1 (blue) and fraction 2 (red) of isolated
L7/L12. Red arrows indicate recognised NTD peaks, which are weak in the fraction 1 spectrum.
Blue arrows indicate unassigned peaks that are present with stronger intensity in the spectrum of
fraction 1.
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arrows) . This spectrum also contains ∼25 peaks that do not correspond to any of the known
assignments (Figure 2.12, blue arrows). This subset of unassigned peaks also appear in the
spectrum of fraction 2, but with a much weaker intensity.
One explanation for these observations is that the species in fraction 1 has a different
structure at its NTD, which is reflected by a different pattern of NTD peaks in the 15 N HSQC
spectrum. The weak peaks appearing at the recognised NTD shifts could be due to a small
population of the species corresponding to fraction 2. Similarly, the weak peaks appearing
at the unrecognised positions in the spectrum of fraction 2 may be the result of low-level
contamination of this sample by the principal species of the other fraction. In summary,
the NMR spectra show that the species in the two fractions appear to differ only at their
NTDs. Together with the observations from the initial diffusion experiments and analytical
gel filtration, the conclusion is that fraction 1 and fraction 2 are non-interconverting forms of
L7/L12 that differ in their conformation and/or oligomerisation state at their NTDs.
Further evidence for an oligomerised state was observed during the detailed inspection
of 2D 15 N HSQC spectra of fraction 2, it was observed that the linewidths of the recognised
NTD peaks were noticeably broader than those of the CTD peaks, despite the smaller
molecular weight of the dimeric NTD. This suggested that further oligomerisition of the
dimeric NTD may be occurring, as suggested previously [202–204].
Evalution of the oligomeric states of the L7/L12 protein in fraction 2 using 15 N diffusion
experiments To investigate the possible higher order oligomerisation within fraction 2,
the diffusion coefficient of fraction 2 was measured as a function of L7/L12 monomer
concentration using 1 H diffusion NMR experiments (Section 5.3.1.4). From the measured
diffusion coefficients (D), the hydrodynamic radii and molecular weights are estimated as
described in Section 1.3.3.
As shown in Table 2.1, the estimated molecular weights at all four concentrations
correspond to values that are significantly larger than both the molecular weight of a
monomer (∼13.4 kDa) or that of a dimer (∼27 kDa). This is at least partly due to the structure
of the L7/L12 protein (Figure 2.2 B&D), which is two folded domains connected by a flexible
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linker (i.e. significantly different from a spherical shape. As the overall shape of the protein
is not expected to be compact, the approximation of the protein as a sphere (as assumed
for the MW calculations) is inaccurate, which means that the calculated molecular weights
represents upper bounds for the true molecular weight.
Concentration /µM
650
240
70
18

D /m2 s-1
6.53×10−11
7.3×10−11
7.73×10−11
8.86×10−11

rh /nm
3.74
3.35
3.16
2.76

Estimated Mr /kDa
153
108
90
58

Table 2.1: Measured diffusion coefficient of L7/L12 as a function of monomer concentration and
corresponding hydrodynamic radii and estimated molecular weights.

To obtain a realistic estimation of the expected diffusion coefficient for L7/L12 from the
diffusion coefficient, the hydrodynamic radius and diffusion coefficient of the protein were
calculated theoretically from the available NMR structure. Using this strategy, two species
were considered, the monomeric and dimeric forms of the protein. As shown in Figure 2.13,
three PDB files of these two species were derived from the NMR solution structure of L7/L12
(source PDB 1RQU [22]), which represents the dimeric state. These structures were then
used to calculate the hydrodynamic properties of the different species using HYDROPRO
[208], including the hydrodynamic radii and diffusion coefficients.

A

B

C

Figure 2.13: The different states of the L7/L12 protein used for HYDROPRO calculations. A:
Dimeric form with both hinge region extended. B and C: each of the two monomers derived
from the dimer PDB. PDB ID: 1RQU [22]

The results from HYDROPRO are summarised in Table 2.2, and these were then
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used to reconsider the experimentally measured diffusion coefficients in Table 2.1. The
measured diffusion coefficient of L7/L12 at the highest monomer concentration (650 µM),
was 6.53×10−11 m2 s-1 , corresponding to slower diffusion than that predicted for the dimer
by HYDROPRO (7.55×10−11 m2 s-1 ). This suggests the presence of higher order oligomers
in the 650 µM sample. Conversely, at the lowest monomer concentration (18 µM), the
measured diffusion coefficient (8.86×10−11 m2 s-1 ) is faster than that predicted for the dimer,
suggesting that the monomer is populated to a significant degree at this concentration. At a
monomer concentration of 70 µM, however, the measured diffusion coefficient is similar to
that predicted for the dimer.
Input
dimer
monomer [A]
monomer [B]

rh / nm
3.236
2.642
2.643

D/10−11 m2 s−1
7.552
9.252
9.248

Table 2.2: Summary of results from HYDROPRO, showing estimated hydrodynamic radii and
calculated diffusion coefficients of different L7/L12 conformations.

Overall, the measured diffusion coefficients in comparison to those calculated theoretically
suggest that monomeric, dimeric and tetrameric forms of L7/L12 are present over the
measured concentration range (18-650 µM). However, this interpretation should be treated
with caution, as the diffusion coefficient of the monomeric and dimeric states calculated
using HYDROPRO are only estimated. This is because the state of L7/L12 in solution
will be an ensemble of multiple conformations in the linker region, rather than being fixed
in a single conformation as used for the HYDROPRO calculations. Nevertheless, the
observed increase in measured diffusion coefficient with decreasing L7/L12 concentration
unambiguously identifies a change in the oligomeric state over this concentration range. In
addition, the observation that all the diffusion-mediated intensity profiles were well fit by
a single Gaussian indicates that the different oligomeric states are in fast exchange on the
diffusion timescale (100 ms).
In principle, it should be feasible to use the concentration-dependent diffusion coefficient
to determine the dissociation constant of the monomer-dimer and proposed dimer-tetramer
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exchange processes. However, this would be difficult if the individual diffusion coefficients
of the of the different oligomeric states are not known.

Determining these diffusion

coefficients is likely to be challenging if the dissociation constants for the two processes
are not very different.

2.2.2.3

Summary

Combining all the results from the analysis above, it can be concluded that only the L7/L12
protein is present in the two fractions obtained by gel filtration, and that the species contained
within these two fractions are non-exchanging. The species represented by fraction 2 can
be reformed by unfolding/refolding in vitro, but not the species represented by fraction 1.
Therefore the initial hypothesis that fraction 1 is a tetrameric state in slow exchange with the
dimeric species of fraction 2 must be discounted. Indeed, it was shown by concentration
dependent diffusion measurements that the different oligomeric states (monomer, dimer,
tetramer) are present within fraction 2, and are in fast exchange with each other. The nature
of the species in fraction 1 remains unknown. It diffuses more slowly than the species in
fraction 2, even at much lower concentrations and gives a

15

N HSQC spectrum that shows

differences to that of fraction 2 for the NTD residues. In addition, it appears to be stable, with
only limited conversion into fraction 2, and is not formed from fraction 2 in vitro. Overall,
these observations are suggestive of a locked higher-order oligomeric state, bound together
by interactions between NTDs that adopt a different conformation to that found in fraction
2.
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2.2.3

Analysis of N-H RDCs measured in phage

2.2.3.1

Alignment using bacteriophage

To be able to measure RDCs, partial alignment of the sample is required. In this case,
the partial alignment of the ribosome particle was achieved using Pf1 phage (ASLA) as
the alignment medium. For initial evaluation, a sample was prepared of

15

N-labelled 70S

ribosomes with phage at similar concentrations to those required for NMR experiments
(10 µM 70S ribosomes with 10 mg ml−1 phage). The sample was observed under a light
microscope and no visible precipitation or aggregation was present under these conditions,
suggesting that the phage had no immediate negative impact on the ribosome.
For the measurement of RDCs, an appropriate

12.3 Hz

concentration of phage is required to provide a suitable
degree of partial alignment. Although the concentration of
the phage particles can be measured by their absorbance
at 270 nm, the high viscosity of the phage means
that the pipetting of the phage solution is not very
accurate.

Instead, the concentration of phage was

5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 ppm

δD

estimated indirectly by measuring the splitting of the

Figure 2.14: 1D 2 H spectrum of

deuterium signals arises from the D2 O in the buffer. There 70S ribosome aligned in Pf1 phage
is a linear relationship between the phage concentration on the 700MHz spectrometer,
showing splitting of 12.3 Hz at

and the size of the deuterium splitting above 10 mg ml−1 298 K.
phage, allowing the concentration of the phage stock to be determined and then added to the
ribosome sample accordingly.
For this particular sample, 12.3 Hz deuterium splitting (Figure 2.14) was detected as a
result of addition of phage to a final concentration 10 mg ml-1 .

2.2.3.2

Strategy of RDC data measurement for the 70S ribosome

Backbone amide N-H splittings were measured for the two fractions (fraction 1 and fraction
2) of isolated L7/L12 and ribosome-bound L7/L12. For each species, data were acquired on
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isotropic and aligned samples (in phage) under identical experimental conditions.
Splittings for the isolated protein were recorded using an IPAP-15 N-HSQC experiment
[157], as described in section 1.4.4 on page 34. Briefly, the N-H coupling is allowed to
evolve during the 15 N indirect chemical shift evolution period, leading to doublets for each
backbone amide in the resulting spectrum. To prevent the increased spectral crowding that
would result from doubling the number of peaks, two sub-spectra are recorded in which
the splitting is either in-phase or anti-phase. Subsequent addition and subtraction of the inphase and anti-phase sub-spectra yields two further sub-spectra containing only the upfield or
downfield doublet component. The splittings are extracted simply by measuring the chemical
shift differences between the upfield and downfield components for each amide.
In contrast, splittings for ribosome-bound L7/L12 were measured using the HSQC/TROSY
approach, where the splitting for an amide site is extracted as twice the

15

N frequency

difference between the 15 N HSQC and 15 N TROSY-HSQC peaks. In principle, the relative
error in the resulting splitting is twice that measured from the IPAP-15 N HSQC spectrum,
assuming that the peak positions are defined with the same precision in both experiments.
However, in the IPAP experiment, the upfield doublet component has a broader 15 N linewidth
(and hence also weaker intensity) than the downfield component due to the TROSY effect
(Figure 2.15). Therefore, the

15

N frequency of the upfield component cannot be measured

to the same precision as that of the downfield component (e.g.

residues 113A, 53E,

Figure 2.15). Indeed, for some peaks with lower intensities, the upfield component broadens
beyond detection (less intense than the noise), resulting in loss of information for that
residue. The differential line-broadening increases as the tumbling rate of the protein slows,
and it becomes beneficial to switch to the HSQC/TROSY approach for measurement of
the splittings. The

15

N linewidth of the HSQC-peak will also be broader than that of

the corresponding TROSY-peak (Figure 2.15), but the effect is not as pronounced as for
the upfield and downfield components of the

15

N doublet, and the improvement for the

HSQC/TROSY approach outweighs the disadvantage of halving the measured frequency
difference [209], as shown in Figure 2.15.
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Figure 2.15: Comparison between IPAP-15 N-HSQC spectra (orange and green) and 15 N-HSQC
and 15 N-TROSY spectra (red and blue) acquired on 70S ribosomes under the same conditions.
The spectra were recorded for the same total experiment time and contoured at the same level
(4× RMS noise). A selected region is displayed, containing cross-peaks from residues 53E, 67A,
90A and 113A.

Part of the motivation behind measuring RDCs for L7/L12 was to develop and test
the techniques required for RNCs (chapter 3), and the comparison between the IPAPHSQC and HSQC/TROSY approaches for the ribosome-bound L7/L12 indicated that the
HSQC/TROSY approach would also be more appropriate for RNCs. Furthermore, for RNCs,
the difference in the relaxation properties between the isolated and ribosome-bound protein
is greater than that for isolated and ribosome-bound L7/L12, with the effective tumbling rate
of the nascent chain typically much slower than that of the corresponding isolated protein.
Hence the HSQC/TROSY method will be clearly required for RNCs.
The sample and experimental conditions for each of the samples are listed in table 5.9
on page 200. For the ribosome-bound samples, data were acquired by recording a repeated
series of relatively short experiments in an interleaved manner. This approach allows the
use of 1D and diffusion experiments to monitor the ribosome integrity at regular intervals.
The final spectra for splitting measurements were obtained by summing the individual
experiments over the time period for which the ribosome is deemed to be intact, as judged
by diffusion experiments (diffusion data shown in Appendix A, Figure A.2).
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Initial analysis of the RDCs measured on isolated and ribosome-bound L7/L12

As mentioned, the N-H RDCs of the isolated L7/L12 protein were recorded using the IPAP
approach [157]. The upfield and downfield sub-spectra obtained for L7/L12 (Figure 2.16 A)
show that most residues give cross-peaks in both the isotropic and aligned sub-spectra (the
measured RDCs versus residue number are shown in Appendix A, Figure A.3). The proton
linewidths of the peaks in the aligned sub-spectra are typically broader than in the isotropic
sub-spectra, which is due to a contribution from unresolved proton-proton splittings.
Four spectra were recorded for measuring the N-H RDCs of L7/L12 on the ribosome
using the HSQC/TROSY approach, which are the isotropic HSQC and TROSY spectra and
aligned HSQC and TROSY spectra. As shown previously in Figure 2.5, 75 peaks were
observed from ribosome-bound L7/L12 (NTD peaks absent) in the isotropic spectra. Of the
75 peaks observed in the isotropic spectra, 70 peaks were observed in the aligned spectra.
The reduced number of peaks is due to the overall broadening of signals in the aligned
spectra, which causes some weak peaks to broaden beyond detection. From the isotropic
HSQC and TROSY spectra, the J couplings were calculated 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 then calculated by taking the difference between the J and J+D values
(Figure 2.16 B, top right panel). All four sets of spectra that were used to measure the RDCs
are shown in Figure 2.16 B, with an example of the dipolar couplings obtained for a set
of cross-peaks shown (right, bottom panel). 70 RDCs were measured, and of these data,
resonances that were overlapped were discarded, resulting in 60 RDCs, which were derived
almost exclusively from the CTD (the measured RDCs versus residue number are shown in
Appendix A, Figure A.3).
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Figure 2.16: A: Overlay of isotropic (pale red and blue) and anisotropic (dark red and blue) 1 H15 N IPAP spectra of uniformly 15 N-labelled isolated L7/L12 protein. B: 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 70S ribosomes.
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Considerations for data selection used in structural analysis

In order to interpret RDC values and apply them to extract structural information, a more
detailed analysis of the dynamic properties of L7/L12 protein is needed. While the scope
of the current work was restricted to analysing the RDCs from L7/L12 with respect to the
structure and orientational probability distribution of the domains, with application of RDCs
in the context of local dynamics within the domains not considered, it is necessary to identify
those residues with local flexibility or undergoing conformational exchange, so that they can
be excluded from the structure and alignment tensor analysis.

Considerations regarding the order parameters As discussed in the introduction (section 1.4),
the overall orientational distribution of a bond vector depends on both the molecular
alignment and any movement of the bond within the molecular frame. The effect of smallamplitude, axially symmetric, local motions (that can be assumed to have no effect on the
global molecular alignment) on the observed coupling can be accounted for by inclusion of
an order parameter, S , in the pre-factor. Mathematically, this order parameter is equivalent
to the Lipari-Szabo order parameter derived from analysis of relaxation data. However,
while the Lipari-Szabo order parameter is sensitive only to motions on pico to nano second
timescales, the RDC order parameter is sensitive to all motions up to a milli second timescale.
Analysis of the RDC data with respect to the structure and alignment tensor parameters
would be more simple if the order parameter in the pre-factor can be assumed to be the
same for all the analysed bond vectors, and hence discarded. The orientation of the extracted
alignment tensor is unaffected, but there is a downscaling of the magnitudes of the principal
components by a factor equal to the order parameter. To adopt this approach, only those
RDCs measured from bond vectors that are rigid are retained during the analysis. In other
words, only those bond vectors whose order parameter values are close to one are considered.
In order to allow the required filtering of the data according to order parameter,

15

N

relaxation rates (R2 , R1 and heteronuclear NOE) were recorded on isolated L7/L12 (data
shown in Figure A.4 on page 214) and analysed according to the model-free formalism to
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extract Lipari-Szabo order parameters [210].
Several previous studies have examined the dynamic properties of isolated L7/L12
proteins using NMR relaxation data [22, 34, 179]. The architecture of the protein, comprising
two structured domains connected by a flexible linker, complicates the relaxation data
analysis and in principle prevents a simple model-free analysis, which is based on the
assumption of a single freely tumbling domain. In the earlier studies [34, 179], the analysis
was restricted to extraction of a per-residue correlation time. The average correlation times
for N- and C-terminal domians indicated that these domains do not tumble completely
independently, despite the length of the flexible linker. A more recent study analysed
the relaxation data using the reorientational eigenmode dynamics (iRED) approach [198],
which was applied to a SAXS-optimised ensemble. The overall picture is that there is
partial coupling between the rotational motion of the C-terminal and dimeric N-terminal
domains, which is significantly stronger than that predicted assuming a completely flexible
linker region. In addition, it was found from the iRED/SAXS analysis that there is an anticorrelation in the position of the two CTDs with respect to their proximity to the N-terminal
dimer domain. Combined with the helical propensity of the residues in the hinge region, it
has been proposed that the flexible hinge region exchanges between extended, random-coil
and retracted/partial helix conformations, with the restriction that only one of the two linkers
can form a helical conformation at any one time. On the ribosome, such a mechanism has
been postulated to explain the observation that only two of the four L7/L12 CTDs appear to
contribute to the observed NMR signal [34, 179].
All the relaxation studies mentioned above have considered a dimeric L7L12 species,
with the dimer formed by interlocking of the helix hairpins of two NTDs. All spectra
of L7/L12 acquired during this work showed markedly broader lines for residues in the
NTD than for those in the CTD (Figures 2.5 and 2.12). An early explanation of this linebroadening proposed conformational exchange within the NTD [211], but a later study
suggested that the slightly slower rotational reorientation of the NTD relative to the CTDs
accounted for the broader linewidths [22, 179]. However, the diffusion data acquired on
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fraction 2 of L7/L12 at varying concentration (Section 2.2.2.2) was strongly indicative of
tetramerisation of the tight L7L12 dimer, most probably via the NTD. Such tetramerisation of
the N-terminal dimer was not considered in the previous relaxation studies. The opportunity
of further investigating this possible tetramerisation provided an additional motivation for
undertaking a relaxation data analysis.
The measured relaxation rates (Figure A.4 on page 214) were analysed using the classical
model-free formalism allowing for anisotropic rotational diffusion. As mentioned earlier,
the model-free approach is not formally applicable to a multi-domain system with correlated
interdomain motions, but in this case it is a very good approximation for the structured
domains. In fact, the iRED analysis showed that the orientational eigenmodes can be reexpressed as anisotropic diffusion tensors for the C-terminal and N-terminal dimer domains.
The overall rate of rotational diffusion can be characterised by a single isotropic rotational
correlation time, which is related to the trace of the diffusion tensor.
Analysis of the relaxation data gave isotropic rotational correlation times of 10.8 ns
and 9.1 ns for the N- and C-terminal domains, respectively.

As reported previously,

these correlation times are significantly longer than would be predicted from completely
independent tumbling of the isolated domains (4.3 ns and 4.1 ns, respectively, derived using
HYDROPRO), confirming the correlated motion of the domains. However, the extracted
correlation times are also longer than those reported in the two previous relaxation studies
(9.4 ns and 8.0 ns for the NTD, and 7.3 ns and 5.9 ns for the CTD, according to [22, 179]). In
fact, all three sets of correlation times are different. The difference may be due to different
degrees of tetramerisation of the NTDs, where different proportions of dimer and tetramer
would lead to different apparent correlation times for different sample concentrations and
conditions. Given that the motion of the CTD is not completely decoupled from the NTD,
it is expected that a change in the average oligomerisation state of the NTD will also
influence the rotational correlation time of the CTD. However, the effect should be rather
small, especially as the effective correlation time of the CTD on the ribosome is only slightly
longer than in isolated L7/L12 (Section 2.2.1.7). This indicates that, for the CTD at least,
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the differences in rotational correlation time are more likely to be due to small changes in
the conformational properties of the linker, which could alter its average flexibility, also then
affecting the rotational correlation time of the NTD.
The order parameters for the N- and C-terminal domains are presented in Figure 2.17.
For the subsequent analysis of the RDC data, residues with S2 <0.85 (S<0.92) were excluded.
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Figure 2.17: Plot of order parameters, S 2 , of isolated L7/L12 protein, measured from fraction 2.
The data points in red represent residues which are excluded for further RDC analysis.

Considerations regarding exchange contributions In addition to filtering the measured
RDCs according to their order parameters, it is also necessary to identify those residues
undergoing chemical or conformational exchange. In the context of RDCs, the influence of
exchange appears through possible changes in both the local orientation of the internuclear
vector and the overall alignment tensor. For conformational exchange, changes in the
alignment tensor may be relatively small, in which case the changes in the local orientation
are most important. In contrast, for oligomeric exchange, the local orientations are likely to
be relatively unaffected, at least for the majority of residues, but the alignment tensors of the
different oligomeric forms will be significantly different.
In the case of slow exchange on the chemical shift timescale, separate peaks are expected
to be observed for those residues whose shift is affected by the exchange process. In general,
the doublet components detected during the experiments to measure splittings will then also
be in slow exchange, and separate sets of RDCs can be extracted for the two states. However,
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residues in fast exchange on the chemical shift timescale will also be in fast exchange with
respect to each line of the doublet, which means only one set of doublets will be observed.
Therefore, it will not be possible to measure separate RDCs for the two states, and the
observed RDC will be a population-weighted average. Analysis of such a system will be
challenging since the observed RDCs will depend not only on the relative populations of the
two states, but also on both the local structure and alignment tensors of those two states.
As discussed earlier, two fractions of isolated L7/L12 were observed after purification
of recombinantly produced L7/L12. NMR, biochemical and biophysical analysis (Section
2.2.2.2) indicated that the two fractions differed in the region of the N-terminal two-helix
domain. In particular, it was found for fraction 2 that the apparent hydrodynamic radius
was dependent on the concentration, indicating protein-protein association, while the nature
of the species in fraction 1 remains unknown. These observations suggested that detailed
analysis of the N-terminal RDCs from fractions 1 and 2 of isolated L7/L12 would be
intractable.

Estimation of exchange contributions to the transverse relaxation

To provide further

evidence of the underlying exchange process and also to identify possible conformational
exchange in the CTD, a relaxation-dispersion experiment was recorded on fraction 2 of
L7/L12.
This experiment is similar to the CPMG sequence commonly used to measure the

15

N

transverse relaxation rate. However, rather than maintaining a constant CPMG frequency
and varying the relaxation delay period, the dispersion experiment is based on a constanttime CPMG relaxation period for which the CPMG frequency is varied [212]. This yields
a relaxation-dispersion profile, in which the effective relaxation rate is plotted as a function
of CPMG frequency. The profile can be fitted to different models to extract parameters
describing the underlying exchange process such as relative populations and exchange rates.
In the simplest implementation, a two-point experiment is recorded, using only the fastest
and slowest accessible CPMG pulsing rates. An approximate estimate for the exchange
contribution to the transverse relaxation rate (Rex ) is simply the difference between the

2.2 Results and Discussion

78

5

Rex / Hz

4
3
2
1
0
-1
116

111

106

101

96

91

86

81

76

71

66

61

56

51

46

41

36

31

26

21

16

11

6

1

Residue

Figure 2.18: Plot of exchange contributions to the transverse relaxation rate, Rex , of isolated
L7/L12 protein, measured for fraction 2.

effective relaxation rates for the two CPMG frequencies. This estimation assumes that the
effective relaxation rate at the slowest CPMG frequency is equal to the the free-precession
transverse relaxation rate and that at the highest CPMG frequency is exchange-free. Even if
this is not true, it provides a lower limit for Rex .
The Rex values for fraction 2 of L7/L12 estimated by this method are shown in
Figure 2.18. The uncertainties are relatively large, being approximately of the order of the
measured Rex for the CTD. However, the majority of residues in the NTD showed measured
Rex values that were significantly greater than the estimated uncertainty, indicating that the
RDC data from the NTD of the fraction 2 of L7/L12 will not be interpretable in terms of a
single structure/alignment tensor.
This simple two-point experiment does not provide much information on the source of
the exchange contributions, but supports the hypothesis that the observed concentrationdependent oligomerisation is mediated via the N-terminus, possibly by formation of a dimer
of dimers. However, the possibility of additional conformational exchange contributions
can not be excluded completely. Further separation of the two possible exchange processes
would require undertaking dispersion experiments at varying protein concentrations.

Considerations regarding uncertainties in the data In order to be able to usefully
interpret the measured RDCs, the error or uncertainty in their measurement must be
significantly smaller than the range of observed values for a particular coupling type and
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alignment strength. Where the RDCs are extracted by measuring the frequency difference
between the two components of a doublet, the uncertainty 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 uncertainty and the signal-to-noise
ratio and peak linewidth was derived using a large set of simulated peaks with varying signalto-noise ratios and linewidths. The relationship can be expressed:
δν =

1 LW
·
2 SN

(2.2)

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:
h
i
D = 2 · (νalign,Hsqc − νalign,Trosy ) − (νisotropic,Hsqc − νisotropic,Trosy )

(2.3)

and hence the corresponding uncertainty is given by:
δD = 2 ·

q
2
2
2
2
δνalign,Hsqc
+ δνalign,Trosy
+ δνisotropic,Hsqc
+ δνisotropic,Trosy

(2.4)

which can be calculated by substituting Equation 2.2 for each of the δν terms.

2.2.3.5

Analysis of the RDCs measured on isolated and ribosome-bound L7/L12

The measured RDCs from well-structured, non-exchanging residues in L7/L12 were analysed
for the two fractions, fractions 1 and fraction 2, of isolated L7/L12 and ribosome-bound
L7/L12. The analysis was conducted in two parts. In the first part, the measured RDCs
were used in combination with the NMR structure of L7/L12 to extract the corresponding
alignment tensors, using the singular value decomposition (SVD) method implemented in the
program PALES [213]. In the second stage, the data were used for structure refinement of the
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CTD NMR structure, confirming that the structure of the C-terminal domain of ribosomebound L7/L12 is the same as in the isolated protein.

Analysis of RDCs from the N-terminal domain (NTD) of isolated L7/L12 Rigorous
interpretation of the measured RDCs from the NTDs of the two fractions of isolated L7/L12
was prevented by the presence of probable dimer-tetramer exchange for fraction 2, and by
the unknown architecture and peak assignments of the N-terminal species in fraction 1.
Nevertheless, some qualitative observations for fraction 2 are possible.
For this fraction, the range of RDCs measured on the NTD was small compared to the
CTD (Figure A.3 on page 213). This was most likely due to the overall negative charge on
the surface of NTD, which limits the interaction of the domain with the negatively charged
phage, leading to overall weak alignment.
Fitting the RDCs from fraction 2 to the NMR structure of the NTD yielded a Q factor of
0.28, with an RMSD of 0.4 Hz (Table 2.3). The Q factor is a magnitude-independent quality
factor that describes the agreement between the measured (Dmeas ) and the back-calculated
(Dcal ) RDCs (Figure 2.19 A) according to the equation:
Q=

N
20

RMSerr /Hz
0.12

RMSD
RMS(Dmeas − Dcal )
=
RMS(Dmeas )
RMS(Dmeas )

RMSD/Hz
0.40

Q
0.28

DNH
a /Hz
-1.2

δDNH
a /Hz
1.1

(2.5)

R
0.46

δR
0.14

Table 2.3: Table of quality and alignment tensor parameters after SVD fitting of measured
N-H RDCs to the L7/L12 NTD structure for isolated L7/L12 in phage. N is the number
RDCs measured, RMSerr is the root-mean-square measurement error (uncertainty), RMSD is
the root-mean-square-deviation between the measured and back-calculated RDCs. Q is the
quality factor, DNH
a is the axial component of the alignment tensor scaled for the N-H coupling
(Equation 1.18) and R is the rhombicity of the alignment tensor (Equation 1.19). δDNH
a and δR
are the uncertainties in DNH
and
R,
respectively.
a

The RMSD is significantly greater than the RMS uncertainty, indicating that the
differences between the measured and back-calculated couplings are greater than can be
accounted for by the measurement error. This difference could be partly due to structural
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noise in the NMR structure, but is also likely to be due at least partly to the oligomeric
exchange at the NTD.

Analysis of RDCs from the C-terminal domain (CTD) of isolated L7/L12 Both fraction
1 and fraction 2 of isolated L7/L12 showed a good correlation between the measured and
back-calculated RDCs for the CTD (Figure 2.19 B & C), with Q factors of 0.21 and 0.19,
respectively. However, the RMSDs between the measured and back-calculated RDCs are
significantly larger than the experimental uncertainties (see Table 2.4), indicating that the
differences are principally due to structural noise in the template structure, and suggesting
that the data can be applied for structural refinement of the template structure. However,
the low Q factors, which are of the order of those observed when fitting RDC data to highresolution crystal structures, indicates that any structural deviations from the template are
rather small.

fraction1
fraction2

N
38
50

RMSerr
0.59 Hz
0.17 Hz

RMSD
4.6 Hz
2.9 Hz

Q
0.21
0.19

DNH
a
-33.0 Hz
-22.0 Hz

δDNH
a
1.8 Hz
1.0 Hz

R
0.227
0.225

Table 2.4: Table of quality and alignment tensor parameters after SVD fitting of measured N-H
RDCs to the L7/L12 CTD structure for isolated L7/L12 in phage.

The strong correlation between the measured RDCs for the CTDs of two fractions
indicates that the CTD alignment tensors are very similar for these two species. The fact
that the slope of the line of best fit is not equal to one simply reflects slightly different
overall strengths of alignment, which is supported by examination of the Da values for the
derived alignment tensors (see Table 2.4). The Da values, which reflect the strength of the
alignment, are -33 Hz and -22 Hz for fraction 1 and fraction 2, respectively. These values are
almost in exactly the same proportion as the measured deuterium splittings for the two phagealigned samples (5.4 Hz and 3.7 Hz, respectively). The rhombicity of the two tensors, which
is independent of the strength of alignment, is the same for both fractions, again suggesting
that the alignment tensor is very similar for the two fractions
The similarity between the orientations of the two alignment tensors can be quantified

δR
0.042
0.034
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Figure 2.19: A-C: Correlation plots between the measured and back-calculated RDCs for the
NTD and CTD of fraction 2 (A & B) and CTD of fraction 1 (C) for isolated L7L12. D:
Correlation plot between the measured RDCs for the CTDs of fraction 1 and fraction 2.

by defining the angle between the tensors in 5-dimensional tensor space, which is calculated
by taking the scalar product of the two tensors [135]. This calculation yields an inter-tensor
angle of just 1.4 °. The significance of this small difference can be determined by visualising
the orientation of the 1000 alignment tensors derived for each fraction during the MonteCarlo error analysis. The spread of these orientations for each fraction can then be compared
to the difference between the orientations for the different fractions. The results are shown in
Figure 2.20 A, in which the orientations of the tensors are represented as Sanson-Flamsteed
projections of the three orthogonal axes of the principal axis frames.
Together, these projections show that the orientations of the tensors for the CTDs are
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Figure 2.20: Sanson-Flamsteed projection showing orientations of the principal axes of the
alignment tensor in the molecular PDB frame. A: Comparison of alignment tensor orientations
derived for the CTDs of fraction 1 and fraction 2 of isolated L7/L12 in phage. B: Comparison
of alignment tensor orientations derived for the CTD of ribosome-bound and isolated L7/L12
(fraction 2) in phage.

well-defined for both fraction 1 and fraction 2, with tight clustering of the axes. However, it
is also clear that the spread in the orientation of the tensors, while relatively small, is greater
than any difference between the two tensors. This is confirmed by the Monte-Carlo derived
uncertainties in the tensor angle for the two tensors, which at 4.3 ° and 3.8 ° (for fraction 1
and fraction 2, respectively)are also larger than the angle between the tensors at 1.4 °.
These results show firstly that the two fractions of the isolated protein behave identically
at their CTDs, further confirming that the difference between the two fractions lies at the
NTD. Secondly and more interestingly, the indistinguishability of the C-terminal alignment
tensors demonstrates that the differences at the N-terminus are not detectable at the Cterminus, at least via the phage-aligned dipolar couplings.

Analysis of RDCs for ribosome-bound L7/L12 (CTD) The correlation between the
measured and back-calculated RDCs for ribosome-bound L7/L12 is shown in Figure 2.21
A. The correlation was not quite as good as for the isolated L7/L12 fractions, which is
also reflected in the slightly higher Q factor of 0.3. This can be attributed to the relative
uncertainties in the measured RDCs (RMSerr , Table 2.5), which are significantly higher for
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Figure 2.21: A: Correlation plot between the measured and back-calculated RDCs for the CTD
of ribosome-bound L7/L12. B: Correlation plot between the measured RDCs for the CTDs of
ribosome-bound and isolated L7/L12 (fraction 2).

the ribosome-bound L7/L12 due to the poorer signal-to-noise of the NMR spectra. The
quality of the agreement between the measured and back-calculated RDCs is still sufficient
to confirm that the structure of the ribosome-bound L7/L12 CTD is closely similar to that
in the isolated protein. While the experimental errors are greater for the ribosome-bound
L7/L12, the RMSD between the measured and back-calculated RDCs is approximately twice
as large as the RMS uncertainty (Table 2.5), indicating that there is still scope for structural
refinement using these data.
N
51

RMSerr
1.84 Hz

RMSD
3.8 Hz

Q
0.29

DNH
a
-18.2 Hz

δDNH
a
1.2 Hz

R
0.299

δR
0.051

Table 2.5: Table of quality and alignment tensor parameters after SVD fitting of measured N-H
RDCs to L7/L12 CTD structure for ribosome-bound L7/L12 in phage.

The magnitude of the alignment tensor, Da (Table 2.5), is slightly smaller for the
ribosome data than for either of the two fractions of isolated L7/L12, while the deuterium
splitting for the phage-aligned ribosome sample, at 12.3 Hz (Figure 2.14), was larger than
for the isolated L7/L12 samples (5.4 Hz and 3.7 Hz). The higher phage concentration in
the ribosome sample should lead to stronger alignment of the L7/L12 CTD than in the
isolated L7/L12 samples, however, the linewidth of the deuterium signal was observed to
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be significantly broader for the ribosome sample. This is an indication that the presence
of the ribosome is possibly interfering with the homogeneity of the liquid crystal medium
formed by alignment of the phage particles in the external field.
The orientation of the alignment tensor for the CTD of ribosome-bound L7/L12 can be
compared with that for fraction 2 of isolated L7/L12 by overlaying the Sanson-Flamsteed
projections of the principal axes orientations from the Monte-Carlo simulations for the
two data-sets (Figure 2.20 B). The difference between the alignment tensor orientations
for the ribosome-bound and isolated L7/L12 appears greater than that between the tensor
orientations for the two fractions of isolated L7/L12 (Figure 2.20). However, the size of
the differences between the tensor orientations for ribosome-bound and isolated L7/L12
is similar to the spread of each of the orientations within the set of repeated Monte-Carlo
runs. Quantitatively, the angle between the best-fit alignment tensors was calculated to be
7.2 °, while the uncertainties in the angles of tensors were derived from the Monte-Carlo
simulations as 5.3 ° and 3.8 ° for the ribosome-bound and fraction 2 of isolated L7/L12,
respectively.
The rhombicity of the alignment tensor derived for the CTD of ribosome-bound L7/L12
is also slightly different to the rhombicities for the fractions of the isolated protein (R =
0.30 for the ribosome vs R = 0.23 for isolated L7/L12), but again the uncertainties in
the rhombicities (0.034 and 0.051) are of similar magnitude as the difference between the
fitted values. The application of a simple t-test to assess the significance of the differences
between the angles and rhombicities of the alignment tensors indicates that the p-value
for both parameters is approximately 25%, which is too high for rejection of the null
hypothesis that there is no difference between the tensors. Therefore, while there appears
to be a small difference in the phage-induced alignment tensors of the CTDs of isolated
and ribosome-bound L7/L12, this difference cannot be asserted to be significant given the
current uncertainties. However, it should be mentioned that the Monte-Carlo error analysis
is not straightforward, as it needs to account for both the errors in the measured RDCs and
possible errors in the template structure used to derive the alignment tensor (see Material and
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methods section 5.4.4 for more details on the Monte Carlo-derived uncertainties).

2.2.3.6

Structural refinement of the CTD of ribosome-bound and isolated L7/L12

The alignment tensor analysis of the RDC data measured on isolated and ribosome-bound
L7/L12 described above used the measured RDCs in combination with a template structure to
derive the associated alignment tensor. The assumption for this approach is that the template
structure is a good model for the ‘true’ structure. The agreement between the measured data
values and those back-calculated using the template structure and fitted alignment tensor
depends on both the measurement error and on any differences between the template and
‘true’ structures (structural noise). A root-mean-square deviation between the measured and
back-calculated RDCs that is larger than the measurement error indicates that the structural
noise is greater than the measurement noise, and hence that the experimental data can be
used to refine the template structure.
The refinement is typically implemented in a simulating-annealing molecular-dynamics
simulation by introducing an additional term to the force-field whose energy depends on
the difference between the experimental RDC and that back-calculated from the structure.
However, the power of RDC-based structural refinement relies on the simultaneous incorporation
of multiple RDC-based restraints based on different types of internuclear vectors and/or
measurements in multiple alignment media. This requirement for multiple restraint-types is
partly due to the degeneracy in allowed bond-vector orientations consistent with a measured
RDC for a single internuclear vector. This degeneracy is significantly reduced both by
measuring couplings for multiple bond vectors that have known relative orientations within
a rigid molecular fragment (such as the peptide plane) and by measuring the same couplings
in different alignment media (see section 1.4.2).
For the CTD of L7/L12, only N-H couplings in phage-aligned samples were measured
to date, limiting their application for RDC-based structural refinement. However, they
can be applied within a restricted structural refinement scheme in which only the relative
orientations of the secondary structure elements are allowed to change [214].

The
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isolated (before)
isolated (after)
ribosome (before)
ribosome (after)

N
39
39
42
42

RMSerr
0.16 Hz
0.16 Hz
1.87 Hz
1.87 Hz
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RMSD
2.5 Hz
1.6 Hz
3.8 Hz
3.1 Hz

Q
0.16
0.11
0.30
0.25

DNH
a
-21.9 Hz
-21.4 Hz
-18.3 Hz
-17.8 Hz

δDNH
a
0.9 Hz
0.7 Hz
1.4 Hz
1.1 Hz

R
0.230
0.208
0.305
0.284

Table 2.6: Table showing comparison of quality and alignment tensor parameters before and
after structural refinement of isolated and ribosome-bound L7/L12 CTD.

local backbone structure remains essentially unchanged, such that the secondary structure
elements can be considered as rigid molecular fragments. Since several N-H couplings are
available for each alpha-helix or beta-strand, the orientation of the helices/strands are well
defined by the RDC data.
The template structure for the CTD of L7/L12 was refined using the restricted approach
described above, implemented in Xplor-NIH [215]. The local structure of the secondary
structure elements was fixed using non-crystallographic symmetry (NCS) restraints, and only
those RDCs corresponding to rigid N-H vectors within the secondary structure elements
were included as restraints. The values for the magnitude and rhombicity of the alignment
tensor for back-calculation of the RDCs were taken as those of the best-fit alignment tensor
derived using the template structure. The orientation of the alignment tensor is allowed
to float during the refinement. The RDC restraints were implemented as soft-square-well
susceptibility anisotropy (SANI) restraints, with the width of the well adjusted according to
the experimental uncertainty of each measured RDC.
The structure refinement was performed using the measured RDCs for both isolated
fraction 2 and ribosome-bound L7/L12. The parameters for the SVD fitting of the secondarystructure RDCs using the template and refined structures for the two data-sets are shown in
Table 2.6. For both data-sets, there is a small but significant reduction in both the Q factors
(0.3 → 0.25 and 0.16 → 0.11 for ribosome-bound and isolated L7/L12, respectively) and the
RMSDs between the measured and fitted RDCs (3.79 Hz → 3.11 Hz and 2.46 Hz → 1.62 Hz),
indicating that the refined structure is closer to the ‘true’ structure than the initial template
structure. However, the RMSD values are still larger than the experimental uncertainties,
which demonstrates that there remains a significant degree of noise within the local structure

δR
0.028
0.023
0.053
0.045
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Figure 2.22: Overlays of the template NMR structure and the refined structures of the CTD for
ribosome-bound and isolated L7/L12 (fraction 2).

of the refined structures that could not be corrected using this restricted refinement protocol.
Overlays of the refined structures for the CTDs of ribosome-bound and isolated L7/L12
with the template structure and with each other are shown in Figure 2.22. It is clear that the
differences between the refined and template structures are rather small, as was expected
given the low initial Q-factors obtained from fitting the measured data to the template
structure. The pairwise backbone RMSDs to the template structure are 0.52 Å and 0.35 Å
for the ribosome-bound and isolated refined structures, respectively. The backbone RMSD
between the two refined structures is even smaller, at 0.28 Å, further highlighting that the
CTD structure of L7/L12 is the same on the ribosome as in the isolated protein.
The alignment tensor analysis for the CTDs described in Section 2.2.3.5 was repeated
using the refined structures. However, no significant differences from the analysis using
the initial template structure were apparent. Both the rhombicity and the angle of the two
alignment tensors changed slightly, but the difference between the CTD alignment tensors
for the ribosome-bound and isolated L7/L12 derived using the respective refined structures,
while maintained, remained insignificant relative to the estimated uncertainties.

2.2.3.7

Discussion

The principal motivation behind measuring RDCs for L7/L12 on the ribosome was to
demonstrate the feasibility of measuring RDCs on the ribosomal particle and to develop
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the required methodology. However, the behaviour of the L7/L12 protein on the ribosome is
also of interest. The L7/L12 protein is important for protein synthesis, acting as a recruiter
for the translation factors IF2, EF-Tu, EF-G and RF3. Despite its importance, obtaining
structural information on ribosome-bound L7/L12 has proved difficult. The flexibility of the
CTD makes it invisible by the crystallographic methods that have been used to determine the
structure of the majority of the ribosomal particle. In contrast, the flexibility allows the CTD
to be observed by solution-state NMR, while the signals from the structured ribosomal core
are too broad to be detectable. Hence, solution NMR is the most promising technique for
probing the structure and dynamics of ribosome-bound L7/L12.
Prior to measurement of RDCs from ribosome-bound L7/L12, data were acquired
for two structural forms of the isolated L7/L12 protein.

These two forms exhibited

different hydrodynamic properties, eluting at different volumes under gel-filtration and
having different translational diffusion coefficients. The NMR spectra indicated that the
two fractions differ at their N-termini. Fraction 2 appears to undergo a dimer-tetramer
oligomerisation, mediated via the NTD, while fraction 1 has a different but unknown Nterminal architecture. The availability of these two fractions, which are the same at their
C-termini but different at their N-termini, allowed consideration of the conformational
independence of the domains.
Previous relaxation studies on isolated L7/L12 have shown that while the linker is highly
flexible, the orientational motion of the two domains is not completely independent. In
principle, the 20-residue linker should be long enough to make the relative orientationals
distribution of the N- and C-terminal domains completely isotropic.

However, it has

been proposed that each linker within the dimer is in exchange between a random coil
conformation and a conformation with partial helical character in the N-terminal half of
the linker sequence. In addition, it has been noted that such a part-helical conformation can
only be adopted by one of the pair of linkers at any one time, leading to an anti-correlation
between the spatial positions of the two CTDs. The incomplete flexibility of the linker means
that the orientation of one domain in a global frame should depend partly on the orientation
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of the other domain in the same frame. For RDCs, this means that the alignment tensors of
each domain are not only determined by the domains themselves, but are also influenced by
the alignment of the other domain.
This hypothesis can be tested by considering the alignment tensors derived for the CTDs
of the two fractions of isolated L7/L12. It was found that these tensors are identical within
the experimental error, which, since the N-termini are different, suggests that the alignment
of the CTD is independent of the alignment of the NTD. One explanation for this observation,
which contradicts previous conclusions, would be that the two domains are conformationally
independent. However, it was also found that the measured RDCs for the N-terminal domain
of the fraction 2 were much smaller than those for the CTD, indicating the alignment of the
NTD was relatively weak. Although the structure of the NTD in the fraction 1 is unknown, its
alignment is also likely to be weak. Hence, the difference between the alignment tensors of
the two NTDs is likely to be small, and hence there will be little difference in their influence
on the alignments of the CTDs. In addition, the relative orientations of the two domains in
phage-aligned samples will be determined mainly by the interaction of each domain with the
phage medium. In other words, any weak preferred relative orientation of the domains that
might exist under isotropic conditions could be swamped by the effect of the aligning force
on the individual domains from their interaction with the phage. An alternative RDC-based
approach to identifying restricted flexibility within the linker would be to use lanthanideinduced alignment by tagging either the N- or C-terminus. In this system, any alignment of
the other, non-tagged, domain must come from propagation of the alignment of the tagged
domain via the linker. In the case that the two domains were completely orientationally
independent, the non-tagged domain would show no net alignment. Conversely, if non-zero
alignment were observed for the non-tagged domain, then the two derived alignment tensors
could be used to determine the preferred relative orientation of the two domains.
Following the RDC measurements on the isolated protein, data were acquired for
ribosome-bound L7/L12. This set of RDCs represents the first atomic-resolution structural
information for L7/L12 on the ribosome. The data confirmed that the structure of the CTD

2.2 Results and Discussion

91

of L7/L12 on the ribosome is the same as that of the isolated protein. In principle, the
RDC data should also contain information on the preferred orientation of the L7/L12 CTDs
relative to the ribosomal particle. However, extracting such information relies on being able
to simultaneously measure some RDCs from the structured core of the ribosome, which was
not attempted during this work and may not be possible. In addition, such attempts would be
best made using lanthanide-induced alignment of the CTD, so that any small preference for a
defined relative orientation of the L7/L12 and ribosome would not be affected by alignment
forces acting on both the ribosome and L7.
The current data can still be used to assess the flexibility of the linker by comparing the
alignment tensors for the CTD of isolated and ribosome-bound L7/L12. As described above
for the two fractions of isolated L7/L12, differences in the alignment tensors of the NTD
should result in smaller differences in the tensors for the corresponding CTDs, provided the
linker is not completely flexible. In the case of the isolated protein, any difference between
the alignment of the NTDs is probably small, so that possible differences in the tensors of
the CTDs were undetectable. However, the alignment tensors of isolated and ribosomebound NTD should be more different, which might lead to detectable differences in the
alignment tensors of the corresponding CTDs, providing evidence for restricted flexibility
of the linker. The derived alignment tensors for the ribosome-bound and isolated L7/L12
CTDs showed differences that were larger than those between the CTD tensors for the two
fractions of isolated L7. Although these differences were judged not to be highly significant
when compared to the Monte-Carlo derived uncertainties, the probability that the observed
differences are due to chance was sufficiently low (∼25%) to allow speculation that the
difference is real. This conclusion would support previous findings regarding the restricted
flexibility of the linker.
The above discussion has not considered the possible effects on the RDC data arising
from the dimeric state of the isolated L7/L12 protein and additionally for the ribosome, the
presence of two copies of the dimer. All the molecular species for which RDC data were
acquired during this work showed just a single splitting for each N-H pair. Consider first
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the isolated protein. If the structure of the dimer is asymmetric with respect to the CTD,
as for example would be the case if one linker is contracted while the other is extended,
then each N-H signal would show two splittings. Only one splitting is observed, which
indicates that the two linkers are exchanging between the contracted and extended states
on a timescale that is faster than any difference between the RDCs of the two states. On
the ribosome, there are two L7/L12 dimers, but only two CTDs appear to contribute to the
observable NMR signal. The current picture is that each dimer exists in a configuration
where one linker is contracted and the other extended, such that two CTDs from different
dimers are extended away from the ribosome, while the other two are close to ribosome.
That the NMR signal appears to arise from just two copies of the CTD suggests that two
CTDs attached to the linker in its contracted state are NMR-invisible. It follows that any
exchange between the contracted and extended linker conformations must be slow relative
to timescale of the NMR experiment, or all of the L7/L12 signal would disappear. This is
different to the isolated protein, where the linkers seem to be exchanging between contracted
and extended conformations on a timescale fast enough to average any differences in RDCs.
Returning to the ribosome, the picture of two L7/L12 dimers, each with one extended and
one contracted linker, suggests that two sets of RDCs may be observable. The dimers have
different positions on the underlying L10 protein, and hence the two extended CTDs, one
attached to each dimer, would be expected to have different preferred relative orientations
to the ribosome. These different relative orientations should be reflected in different RDCs
for each CTD assuming that the alignment tensor of each domain is partly determined by
the alignment tensor of the ribosome itself. During this work, only one set of RDCs was
observed. Two explanations can be proposed from this observation. Since the influence
of the ribosome alignment tensor on the alignment tensor of the CTDs is expected to be
small, particularly in phage-aligned samples, any small differences in the RDCs for the two
observable CTDs may be undetectable within the precision of the experiment. Alternatively
(or additionally), it is possible that the L7/L12 dimers are exchanging positions on the L10
molecule, on a timescale fast relative to any difference in the RDCs. Since any differences
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in the RDCs are expected to be small, the longest timescale consistent with this explanation
would be quite slow.

2.2.4

Analysis of Cα -Hα RDCs measured in phage

In order to build a better representation of the structural orientation of both ribosome-bound
and isolated L7/L12, an approach examining the Cα -Hα RDCs was attempted.

2.2.4.1

Experimental approaches to measure Cα -Hα RDCs

Together with the one-bond 15 N-1 H coupling, the one-bond 13 Cα -1 Hα RDC is one of the most
commonly measured RDCs within the protein backbone. One advantage of measuring Cα Hα RDCs, which is important for ribosomes and RNCs, is that they are large in magnitude,
which reduces the measurement precision required. The strength of the Cα -Hα dipolar
coupling interaction is approximately twice that of the N-H interaction, so that RDCs of
several tens of Hz are easily achievable with only weak alignment.
For structural refinement, their usefulness in combination with N-H couplings is not
quite the same as for other couplings within the peptide plane. This is because the relative
orientation of the Cα -Hα bond and the N-H bond of the same and successive residues is
not fixed by the local backbone structure, but depends on the backbone angles φ and ψ.
In other words, the relative orientations of these two pairs of internuclear vectors define the
backbone angles φ and ψ. However, while the relative orientations of the internuclear vectors
are partly restricted, they are not fixed, and hence only partly reduces the degeneracy of each
of the orientations of the individual vectors relative to the alignment tensor. Therefore, their
orientation relative to each other and relative to the alignment tensor is not uniquely defined
by the pairs of measured RDCs. In contrast, the relative orientation of two vectors in the
peptide plane is fixed by the molecular geometry such that their joint orientation relative to
the alignment tensor is well defined.
Despite their large magnitude, it is more difficult to measure the Cα -Hα RDCs than the
backbone N-H couplings experimentally. The principal difficulty arises from the carbon-
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carbon couplings that are active in uniformly 13 C-labelled samples. The Cα nucleus exhibits
J couplings to both C’ and Cβ nuclei (except in glycine), with magnitudes that are significant
relative to the Cα -Hα J coupling. While the C’-Cα J coupling can be easily decoupled due
to the large chemical shift separation of the Cα and C’ nuclei, this is more difficult for the
Cα -Cβ interaction. Therefore, the Cα -Cβ coupling interferes with the measurement of the
Cα -Hα coupling as a result of their simultaneous evolution.
Three approaches towards handling the problem of Cα -Cβ coupling evolution have been
considered. First, the time period for evolution of the Cα -Hα coupling can be restricted
so that evolution of the Cα -Cβ coupling is limited. This is possible because the Cα -Cβ
J coupling is approximately four-times smaller than the Cα -Hα coupling. However, the
resulting maximum evolution time (< 1/3JCα Cβ ∼10 ms) possible without resolving the Cα Cβ coupling is too short to completely resolve the Cα -Hα coupling, particularly as the
unresolved Cα -Cβ coupling will contribute to the effective linewidth. Hence, it will be
necessary to record the spectra in an IPAP fashion. However, even then, the linewidths
of the separated multiplet components will be broad, which compromises the precision of
the measurement.
The second approach is to implement the Cα shift and Cα -Hα coupling evolution in a
constant-time fashion. Since the Cα -Cβ coupling is active over the complete constant-time
period for all points, the resulting signal is not modulated by the Cα -Cβ coupling. The length
of the constant-time period is set to (1/J Cα Cβ ) ∼28 ms to give maximum transfer of signal.
This approach has the advantage that it yields narrow lines in the Cα dimension, but it also
suffers from much lower sensitivity due to the fast Cα transverse relaxation.
The third approach is to implement band-selective Cβ decoupling during the Cα shift and
Cα -Hα coupling evolution times, although this is challenging due to the overlapping chemical
shift ranges of the Cα and Cβ nuclei for some residue types. In particular, serine, threonine
and leucine Cβ nuclei resonate at shifts close to or overlapping with the Cα resonances.
Each of the above approaches can be implemented into different types of pulse sequence
which contain an appropriate indirect Cα -evolution period.

These sequences fall into
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C HSQC-based sequences and 2D/3D HN-detected triple-resonance

sequences. Constant-time

13

C HSQCs have been used to measure Cα -Hα couplings in a J-

modulated fashion [156, 216]. A real-time IPAP-13 C-HSQC sequence was used to measure
Cα -Hα couplings for selectively 13Cα -labelled samples, in which no other carbon sites were
13

C-labelled, thus there were no homonuclear carbon-carbon couplings [217]. A 3D IPAP-

HNCA experiment was developed to allow simultaneous measurement of 1 D (Cα -Hα ) and
2

D (N-Hα ), using a short 13 Cα evolution time to restrict Cα -Cβ coupling evolution [218]. A

similar approach was adopted for a 3D HNCO(J-CA) sequence, where the

13

C’ chemical

shift and Cα -Hα coupling evolution are implemented in a simultaneous accordion fashion
[219]. Several sequences have been proposed based on the (HA)CA(CO)NH sequence, either
via quantitative J-modulation [220, 221] or via measurement in the frequency domain with a
28-ms constant-time period for Cα shift/Cα -Hα coupling evolution [222, 223].
For considering which method is most appropriate for measuring Cα -Hα RDCs on the
ribosome and RNCs, sensitivity of the sequence is of most importance. In general, the tripleresonance sequences, whether recorded in 2D or 3D mode, will be less sensitive than those
based on the 2D 13 C HSQC sequence as a result of the multiple transfer steps in the tripleresonance pulse sequences. From this perspective, an experiment based on the 2D 13 C HSQC
sequence may be most suitable for ribosomes/RNCs.
Even without the problems caused by Cα -Cβ coupling, the 13 C HSQC experiment is not
as good for measuring Cα -Hα couplings as is the

15

H couplings. In general, the Cα -Hα region of the

13

than the

15

N HSQC experiment for measuring NC HSQC spectrum is more overlapped

N HSQC spectrum. Additionally, the water signal falls in the middle of the Hα

chemical shift range, which can reduce the quality of 13 C HSQC spectra acquired on samples
in H2 O.
The resolution of the

13

C HSQC spectrum can be maximised by recording the

13

C

chemical shift evolution with a constant-time period. However, the loss of sensitivity due
to the long constant-time period required to refocus the Cα -Cβ coupling (28 ms) and the
fast Cα transverse relaxation will be too much for the low-concentration ribosome and RNC
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samples. However, recording the

13

C HSQC spectrum with real-time

13

C shift evolution

usually limits the 13 C acquisition time to less than 10 ms. The resulting broad linewidths will
lead to extensive peak overlap in the Cα -Hα region, preventing accurate measurement of peak
positions for a large fraction of the residues. Acquiring the 13 C HSQC spectrum with both
sufficient sensitivity for ribosomal samples, and with the required resolution for extracting
splittings, requires real-time 13 C shift evolution in combination with selective Cβ decoupling.
However, even with the extended acquisition times possible with by Cβ -decoupling, the
resolution is limited by the Cα transverse relaxation rate, so that the resulting spectrum will
still suffer from peak overlap to some extent.
The 3D triple-resonance experiments are intrinsically less sensitive than the real-time
13

C HSQC due to the additional delays required for magnetisation transfer. However, they

have the advantage over the

13

C HSQC approach that there will be minimal peak overlap,

allowing measurements of splittings for all residues. The experiments can be constructed
based on two sequences, HN(CO)CA and (HA)CA(CO)NH. The HN(CO)CA spectrum is
usually acquired with real-time

13

C shift evolution (without Cβ decoupling), and hence

would need to be implemented with IPAP to separate the otherwise overlapping doublet
components.

The (HA)CA(CO)NH spectrum is acquired with constant-time

13

C shift

evolution to allow simultaneous evolution of the Cα -C’ coupling ready for the subsequent
transfer step. As with the 13 C HSQC, this constant-time period can be adjusted to refocus the
Cα -Cβ coupling (28 ms), but again this will result in significant and unaffordable sensitivity
losses. Hence, the constant-time period is tuned to the first maximum in the relevant
transfer function, which occurs at ∼6.4 ms. This is even shorter than for the HN(CO)CA,
but there will no contribution of the unresolved Cα -Cβ couplings to the linewidth in
the (HA)CA(CO)NH spectrum, and the constant-time evolution allows safe extension of
the time-domain signal to twice its original size using linear prediction. However, the
(HA)CA(CO)NH experiment will also need to be recorded with IPAP. The sensitivities of
the HN(CO)CA and (HA)CA(CO)NH sequences are expected to similar. The HN(CO)CA
sequence can also be implemented in a BEST (band-selective excitation short-transient)
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fashion, which could yield small sensitivity benefits [224].
Three sequences were tested for measuring Cα -Hα splittings on the ribosome: a 2D IPAP13

C-HSQC sequence with real-time

13

Cα evolution and selective Cβ -decoupling, an IPAP-

BEST-HN(CO)CA sequence and an IPAP-(HA)CA(CO)NH sequence.
13

Cα -HSQC with selective Cβ decoupling The basis of the IPAP-13 C HSQC sequence

was a Cα -selective 13 C HSQC sequence with band-selective Cβ decoupling. This sequence
was developed from a standard gradient-selected, sensitivity-enhanced 13 C HSQC sequence
with C’ decoupling during the

13

C evolution period (Dr John Kirkpatrick, UCL). Cα -

selectivity was achieved using a Cα -selective inversion pulse in the first INEPT. In addition,
the refocusing pulse at the end of the

13

C evolution period, which is required to allow

incorporation of the coherence-order selection gradient, was implemented as a Cα -selective
pulse. C’ and band-selective Cβ decoupling were implemented using a doubly-cosinemodulated pulse, adjusted to give inversion bands for the C’ nuclei, the downfield threonine
Cβ nuclei and the upfield Cβ nuclei of all other residues (except serine and glycine). The
Cα -selective pulses were adjusted to cover all Cα resonances except for glycines, which
are therefore not present in the resulting spectrum. This allows for better coverage of the
Cβ resonances by the C’/Cβ inversion pulses. Further details are given in the Materials &
Methods, Section 5.3.
The selective 13 Cα -HSQC of isolated L7/L12 in Tico buffer is compared with the Hα /Cα
region of the corresponding CT-13 C-HSQC in Figure 2.23 (the assignment of the spectrum
is discussed in Section 2.2.4.3). In the

13

Cα -HSQC spectrum, all the glycine Cα and

threonine Cβ resonances are missing, but the remainder of the Cα peaks appear with uniform
intensities. In particular, the downfield valine Cα peaks are present with good intensity. The
only other difference is that the serine Cα and Cβ peaks appear split due to their mutual
coupling. Comparison of the signal intensities over a sub-set of well-resolved, dispersed
peaks indicates that the

13

Cα HSQC sequence is approximately 2.5-3 times more sensitive

than the CT-13 C-HSQC sequence.
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Figure 2.23: Comparison of CT-13 C-HSQC (red) and selective 13 Cα -HSQC (green) spectra. In
the 13 Cα -HSQC spectrum, glycine Cα and threonine Cβ resonances are missing, and the serine
Cα and Cβ peaks appear split. Both spectra were recorded on 250-µM isolated L7/L12 (fraction
2) in Tico buffer at 25 °C.

2.2.4.2

Comparison of 2D Cα -HSQC and 3D triple-resonance approaches

While being relatively sensitive, the 2D Cα -HSQC spectrum still suffers from peak overlap,
which prevents accurate peak picking for the overlapped resonances. For this reason, the 3D
triple-resonance approaches, based on the HN(CO)CA or (HA)CA(CO)NH sequences are
preferred if sensitivity is not a limiting factor. To determine the feasibility of using the 3D
triple-resonance approach on ribosome samples, a sample of isolated L7/L12 was prepared
at 20 µM (in phosphate buffer), which is equivalent to the effective concentration of L7/L12
in 10 µM ribosome samples. A 2D in-phase HN -Cα spectrum was recorded using the IPAPBEST-HN(CO)CA sequence and compared to the 2D in-phase Hα -Cα spectrum recorded
using the IPAP-Cα -HSQC sequence (Figure 2.24). Both spectra were recorded for 6 hours.
The IPAP-Cα -HSQC sequence is clearly more sensitive than the IPAP-BEST-HN(CO)CA
sequence. In the in-phase IPAP-Cα -HSQC spectrum, nearly all the peaks from the Cα -HSQC
spectrum are present, whereas only a small fraction are visible above the noise level in the
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Figure 2.24: Comparison of the in-phase 2D HN -Cα spectrum recorded with the IPAP-BESTHN(CO)CA sequence (green) and the in-phase 2D IPAP-Cα -HSQC spectrum (red). Both spectra
were recorded on 20-µM isolated L7/L12 (fraction 2) in phosphate buffer at 25 °C for 6 hours and
contoured at the same level (3.5× RMS noise.

2D HN -Cα in-phase spectrum.
For a ribosome sample, the data can be recorded for 48-72 hours, leading to a signalto-noise improvement of 2.8-3.5-fold for the 2D HN -Cα plane. However, the data would
also then be acquired in 3D mode, reducing the signal-to-noise (S/N) due to the additional
dimension. In order to determine more accurately if the HN(CO)CA approach would yield
sufficient sensitivity, and to compare the HN(CO)CA and (HA)CA(CO)NH sequences, 3D
in-phase/anti-phase spectra were recorded on the same 20-µM sample using the IPAPBEST-HN(CO)CA and IPAP-(HA)CA(CO)NH sequences. Each spectrum was recorded for
∼24 hours, so that recording for 48-72 hours would yield a further 1.4-1.7-fold increase in
S/N. 2D HN -Cα views of the separated 3D sub-spectra are shown in Figure 2.25. There
are more peaks in the (HA)CA(CO)NH sub-spectra (∼40) than in the BEST-HN(CO)CA
sub-spectra (∼30), demonstrating that while similar, the sensitivity of the (HA)CA(CO)NH
sequence is slightly better. Some peaks are also much more intense in the (HA)CA(CO)NH
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Figure 2.25: Comparison of 3D IPAP-BEST-HN(CO)CA (left panel) and 3D IPAP(HA)CA(CO(NH) (right panel) spectra. Both spectra were recorded on 20 µM isolated L7/L12
(fraction 2) in phosphate buffer at 25 °C for 24 hours and contoured at the same level (5× RMS
noise).

spectrum.

These correspond to residues in the linker region, and are stronger in the

(HA)CA(CO)NH spectrum because the magnetisation pathway starts on Hα . This means
that the observed peak intensity is less affected by fast amide proton-water exchange, which
will be significant for the unstructured, solvent-exposed linker residues. The number of
detectable peaks in both spectra is still much lower than the total expected for L7/L12 (∼120).
Given that the spectra of L7/L12 on the ribosome are expected to be of poorer sensitivity
than those of the isolated protein (due to the slightly faster relaxation of ribosome-bound
L7/L12), particularly for aligned samples, the Cα -HSQC approach appeared most promising
for measurement of Cα -Hα RDCs.

2.2.4.3

Assignment of Cα -Hα 13 C HSQC spectrum

One drawback of adopting the Cα -HSQC approach is that the Hα /Cα chemical shift
assignments are required.

These were not available for L7/12, as the previous NMR

structure calculation relied on

15

N-labelled samples only [211]. Therefore, the Hα and

Cα resonances were assigned using a concentrated (500 µM) sample of isolated L7/L12.
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Figure 2.26: CT-13 C-HSQC spectrum showing the Hα and Cα chemical shift assignments
of L7/L12. The glycine Cα and threonine Cβ peaks (blue) appear with opposite sign to the
remaining Cα peaks (red), because they have an even number of directly bonded aliphatic carbon
atoms, all the other Cα and serine Cβ nuclei have one directly bonded aliphatic carbon atom.
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First, the assignments of the backbone N-H residues were confirmed and the Cα /Cβ shifts
measured using a standard set of triple-resonance experiments (HNCO, HNCA, HN(CO)CA,
HNCACB, HN(CO)CACB & HN(CA)CO). The assigned
in Figure A.6.

15

N HSQC spectrum is shown

The assignments of residues 94 and 95 are swapped relative to the

original assignment [211]. Second, the Hα shifts were obtained from HA(CACO)NH and
HA(CA)NH experiments. The combined Cα and Hα shifts allowed complete assignment of
the Cα /Hα region of the 13 C HSQC spectrum (Figure 2.26).
2.2.4.4

Comparison of Cα -Hα and N-H RDCs measured for isolated L7/L12 in phage

Both the isolated L7/L12 and the ribosome-bound L7/L12 were recorded in a deuterated
buffer, which serves the purpose of reducing the line-broadening in the proton dimension
that would result from unresolved HN -Hα splittings. In addition, the spectrum recorded in
D2 O-based buffer does not suffer from the presence of a noise stripe due to imperfectly
suppressed water signal.
A lower concentration of phage was used for the measurement of Cα -Hα RDCs. This was
to avoid severe J mismatch of the IPAP element, which arise due to a range of J+D splittings
in combination with the restriction that only a single delay can be chosen for the IPAP
element. The J mismatch can be greater for Cα -Hα couplings than N-H couplings because
DCα Hα is larger relative to J Cα Hα than for DNH /J NH for the same alignment strength. In other
words, while DCα Hα ∼2DNH , J Cα Hα is only 1.5-fold larger than J NH . In addition, because
DCα Hα is intrinsically larger than DNH , relative weaker alignment strengths are required to
obtain RDCs of sufficient size.
For both isotropic and aligned samples of isolated L7/L12, a 20-µM concentration was
used to further assess the expected sensitivity for ribosome-bound L7/L12. The aligned
sample was in the presence of 7.5 mg ml−1 phage, which gave rise to ∼2.4 Hz splitting in
the deuterium spectrum. IPAP Cα -HSQC experiments were recorded for a total of 35 hours
and 80 hours for isotropic and aligned samples, respectively (aligned sub-spectra shown in
Figure 2.27).
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Figure 2.27: The aligned upfield (blue) and downfield (Red) Cα -HSQC sub-spectra, recorded
on 20 µM isolated L7/L12 (fraction 2) in Tico buffer at 25 °C for 80 hours and contoured at 5×
RMS noise.

Within both the isotropic and aligned IPAP Cα -HSQC spectra, 83 pairs of peaks out of
120 residues were assignable. After excluding residues with internal motion (as discussed in
Section 2.2.3.4 for N-H RDCs), and overlapped peaks, 47 pairs of peaks were used for RDC
analysis, of which 36 are from residues in the CTD, and 11 from residues in the NTD. Since
the number of reliable RDCs for the NTD was low, together with the possible complications
arising from oligomerisation processes, the NTD data was not analysed further.
Analysis of the data corresponding to residues in the CTD resulted a Q factor of
0.29, which indicates reasonable agreement between the data and the template structure
(Figure 2.28 A), although it is not as good as for the N-H data (Q=0.19). The difference
is partly due to the increased uncertainty in the measured splittings (RMSerr =1.26 Hz vs
0.18 Hz), but measurement uncertainty is still smaller than the RMSD between the measured
and back-calculated RDCs (Table 2.7), indicating contributions from structural noise in the
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Figure 2.28: A: Correlation plot between the measured and back-calculated RDCs for the CTD
of isolated L7/L12 (fraction 2). B: Sanson-Flamsteed projections showing the comparison of
alignment tensor orientations derived for the CTD of isolated L7/L12 (fraction 2) from the N-H
and Cα -Hα RDCs in phage.

template NMR structure.
The alignment tensor is very similar to that derived from the N-H data, as shown by
overlaying the Sanson-Flamsteed projections (Figure 2.28 B). The calculated DNH
a , is smaller
than that for the N-H RDC data. This is a reflection of the decreased alignment strength,
which is also reflected in the relative 2 H splittings (2.4 Hz vs 3.7 Hz). Both the rhombicity
(R) and the orientation of the alignment tensor are similar.
N
36

RMSerr
1.26 Hz

RMSD
8.6 Hz

Q
0.29

Da HN
-14.2 Hz

δDa HN
9.4 Hz

R
0.206

δR
0.062

Table 2.7: Table of quality and alignment tensor parameters after SVD fitting of measured Cα Hα RDCs to L7/L12 CTD structure for isolated L7/L12 in phage.

2.2.4.5

Approaches to measure Cα -Hα RDCs for ribosome-bound L7/L12

As for the isolated protein, Cα -Hα RDC data for

13

C,15 N labelled 70S ribosomes were

acquired in deuterated Tico buffer. However, the Cα -HSQC spectrum was of much poorer
quality than that of the isolated L7/L12 (Figure 2.30), with weaker peak intensities, loss
of peaks, broader lines and increased overlap both among L7/L12 signals and with peaks
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arising from the ribosomal RNA. As a result, only ∼30 assignments could be transferred
160

unambiguously from the isolated protein spectrum.

measured for a total acquisition time of 42 hours.

J

couplings were calculated for 30 assigned peaks, with an
average signal-to-noise ratio of ∼15. The low signal-tonoise means there are large uncertainties in the measured
couplings (RMSerr ∼5 Hz).

155

JCα−Hα(ribosome)

The corresponding Cα -IPAP-HSQC spectrum was

150
145
140
135
130
135

140

145

150

155

JCα−Hα(isolated)

This large uncertainty is Figure 2.29:

Correlation plot
between the
J couplings of
reflected on the poor agreement with the J couplings
the CTD measured on isolated and
measured for the isolated L7/L12, assuming that the ribosome-bound L7/L12.
Cα -Hα

residue-specific J couplings are relatively similar for both isolated and ribosome-bound
L7/L12 (Figure 2.29).

2.2.4.6

Summary

The experiments discussed in this section demonstrate the challenge of measuring Cα -Hα
RDCs on ribosome. The principal difficulties are sensitivity and peak-overlap within the 13 C
HSQC spectrum. The data acquired on the ribosome under isotropic conditions were not of
sufficient quality to proceed to measurement of the corresponding aligned spectrum.
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Figure 2.30: Comparison of Cα -HSQC spectra of ribosome-bound (blue) and isolated L7/L12
(red). The assignments that can be transferred unambiguously are labelled. The spectrum of
ribosome-bound L7/L12 was recorded on 10 µM 70S ribosome and the spectrum of the isolated
L7/L12 was recorded on 20 µM isolated L7/L12. Both spectra were recorded for 3 hours in Tico
buffer at 25 °C and contoured at the same level (4× RMS noise).
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Figure 2.31: Left panel: Overlays of 15 N HSQC spectra of 250-µM isolated L7/L12 (fraction
2) in Otting medium recorded at 1 hour (red), 24 hours (orange), 55 hours (green) and 92 hours
(blue) after sample preparation. CTD peaks showing chemical shift changes over time are
labelled with their assignments. Right panel: Overlays of 15 N HSQC spectra of isolated L7/L12
(fraction 2) in Otting medium (red) and fraction 1 (green) and fraction 2 (blue) of isolated L7/L12
under isotropic conditions. The peaks of isolated L7/L12 (fraction 2) in Otting medium that
overlay with the unassigned peaks in isotropic fraction 1 are highlighted with arrows.

2.2.5

Analysis of RDCs measured in Otting medium

As discussed in Section 2.1.3, measurement of RDCs in multiple alignment media is one
way to reduce the degree of degeneracy in the relative orientations of bond vectors and the
alignment tensor. The Otting medium (C12E5/n-hexanol) was tested for measurement of
RDCs for isolated and ribosome-bound L7/L12. As described in the Introduction, Section
1.4.3, this liquid crystlline medium induces alignment on solely steric grounds, whereas the
phage medium induces alignment mostly via electrostatic interactions. Using two media of
different types is likely to yield different alignment tensors.

2.2.5.1

Approach to measure N-H RDCs for isolated L7/L12 in Otting medium

Initial experiments using the Otting medium were performed using the isolated L7/L12
protein. In principle, a single isotropic spectrum can be used as a reference spectrum together
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with multiple aligned spectra in different alignment media. In other words, the isotropic
splittings need only be measured once. The alignment of the sample was obtained by using
5 % C12 E5 /n-hexanol, resulting a deuterium splitting of 27 Hz (see Material and methods,
section 5.2.2.2 for details of sample preparation). The N-H splittings was measured using
the HSQC/TROSY approach.
In contrast to the phage-aligned spectrum, immediate loss of all NTD resonances was
observed for the Otting-aligned spectrum. In addition, a slow change of shifts for a number
of residues from the CTD was observed over a period of several days (Figure 2.31, left).
Together these observations suggest that the N-terminal dimer may be partitioning into the
bilayers formed by the polyethylene glycol molecules. The retention of peaks from the
CTD indicates that the domain remains free, but the chemical shift changes suggest that
there are residue-specific interactions with the alignment medium. The overall chemical
shift perturbations are larger those observed in phage (Figure 2.32), leading to concern over
possible structural perturbations induced by the Otting medium.
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Figure 2.32: Chemical shift perturbations, ∆δ, of isolated L7/L12 upon addition of phage (green)
and Otting medium (blue). Chemical
shift changes in both the 1 H and 15 N dimensions were
p
2
combined according to ∆δ = (∆δH ) + (∆δN /5)2 .

After reaching equilibrium, as judged from the
CTD residues were measured using the

15

15

N HSQC spectra, 44 splittings of the

N HSQC/TROSY approach. As expected, the

orientation of the alignment tensor measured in Otting medium is very different to that
in phage, as shown by the overlay of the Sanson-Flamsteed projections (Figure 2.33 B).
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This difference can be quantified by calculating the angle between the two five-dimensional
alignment tensors, which is given by the inverse cosine of their normalised scalar product.
This gives an angle of 113 ° between the phage- and Otting-induced alignment tensors.
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Figure 2.33: A: Correlation plot between the measured and back-calculated RDCs for the CTD
of isolated L7/L12 (fraction 2) in Otting medium. B: Sanson-Flamsteed projection showing
comparison of alignment tensor orientations derived from the CTD N-H RDCs of isolated L7/L12
(fraction 2) measured in phage and Otting media.

The Q factor and RMSD between the measured and back-calculated RDCs (Table 2.8)
are poorer in Otting medium than in phage (Figure 2.33 A), with the RMSD twice that for
the measurement in phage. However, there is only a small increase in the measurement
uncertainty. This could be a reflection of possible structure perturbation to the CTD induced
by interactions with the Otting medium.

phage
Otting

N
50
44

RMSerr
0.17 Hz
2.05 Hz

RMSD
2.9 Hz
12.0 Hz

Q
0.19
0.32

DNH
a
-22.0 Hz
-14.0 Hz

δDNH
a
1.0 Hz
9.4 Hz

R
0.225
0.275

Table 2.8: Comparison of quality and alignment tensor parameters after SVD fitting of measured
N-H RDCs to L7/L12 CTD structure for isolated L7/L12 in phage and Otting media.

2.2.5.2

Approach to measure RDCs for ribosomes aligned in Otting medium

Alignment of ribosomes in Otting medium was also evaluated. In first instance, the same
concentration of C12 E5 /n-hexanol medium (5 %) was used to align a 10-µM ribosome

δR
0.034
0.503
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sample. However, achieving alignment was more problematic than for the isolated protein,
as reported by the measured deuterium splitting. Instead of an expected 2 H splitting of ∼2530 Hz, only 6.5 Hz was observed initially, with the peaks also showing broad linewidths.
Temperature cycling up to 35 °C improved the splitting to 18 Hz, but the lines remained
broad.
One pair of

15

N HSQC/TROSY spectra (∼ 12 hours)

was acquired prior to re-measurement of the 2 H splitting.
An unusual pattern of peaks were observed in the
2

H spectrum, appearing as a doublet of doublets

(Figure 2.34), which indicates possible phase separation
of the medium.

This situation was not resolved by
5.2

repeated temperature cycling up to 35 °C.

4.8

4.4

ppm

δD

It appeared that the ribosome was interfering with Figure 2.34: 1D 2 H spectrum of
10 µM ribosome sample in 5 %
Otting medium after 19 h, showing
As described in [134], the spacing between the stacked a doublet of doublets.

the formation and alignment of the liquid crystal phase.

bilayers is estimated to be only a few nm at 5 % (w/w) concentration. It is possible that there
is simply not enough space for the ribosomes in the inter-bilayer space (ribosome diameter
∼25 nm). This hypothesis was evaluated by diluting the sample to reduce the concentration
of the Otting medium to 3 %. The ribosome concentration is also diluted to ∼6 µM. After the
dilution of the sample, the deuterium spectrum showed a splitting of 15 Hz and had narrower
linweidths (although not as narrow as for the sample of isolated L7/L12), which remained
stable over time.
Following the ∼24 hours of data acquisition described above, the measured diffusion of
the sample indicated significant degradation of the ribosome (to a degree usually observed
after three days of measurement). The faster degradation of the ribosome sample was
probably due to the extensive sample manipulation and temperature cycling performed
during the process attempting to obtain stable 2 H splittings. Unfortunately, the degradation
of the sample meant that it was not possible to continue with the measurement of the N-H
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splittings.

2.2.5.3

Summary

Alignment of isolated and ribosome-bound L7/L12 with Otting medium was not as
successful as alignment with bacteriophage.

Isolated L7/L12 appears to show strong

interactions with the Otting medium, with the N-terminal dimer domains suspected to
completely partition into the polyethylene glycol bilayers, and the CTD showing several
residue-specific interactions.

The ribosome appeared to interfere with formation of a

homogeneous well-aligned liquid crystal phase, but this could be because the concentration
of the Otting medium was too high at 3-5 % (w/w). The typical phage concentration used
for ribosome alignment was ∼10 mg ml−1 (or 1 %), so alignment of the ribosome with the
Otting medium may be successful at lower concentration.

2.2.6

Approaches to measure other types of RDCs

As discussed in the previous section, the difficulty of measuring NH RDCs in Otting medium
emphasises the requirement of measuring multiple types of RDC in phage. These RDCs can
be measured for other couplings in the peptide plane.

2.2.6.1

Approaches for measurement of H-C’ and N-C’ RDCs on the ribosome

Measurement of H-C’ and N-C’ RDCs has the advantage that these two RDCs can be
measured simultaneously in a 2D N-H correlation spectrum with relatively high sensitivity.
However, the sizes of these two couplings are relatively small compared to N-H RDCs, being
∼3-fold and ∼8-fold smaller, respectively.
The simplest method to measure these two couplings is to remove the
pulse from the indirect evolution time in a
generating a splitting in the indirect

15

15

13

C’ decoupling

N HSQC or TROSY sequence. As well as

N dimension, the resulting doublet components are

also displaced in the acquisition proton dimension. This is due to the natural E.COSY effect,
which arises because there is no change in the C’ spin-state during the back-transfer of
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magnetisation from

15

112

N to 1 H. The N-C’ and H-C’ splittings are then measured from the

displacement of the doublet components in the

15

N and proton dimensions, respectively.

However, this requires spectra of very high resolution to separate the E.COSY components.
This problem can be avoided by recording the data in an IPAP fashion. The disadvantage
of the IPAP approach is that the long constant-time period required for the IPAP element
(1/2J N-C’ ∼30 ms) causes sensitivity losses.
To evaluate if the precision of measurement will be sufficient relative to predicted range
of RDC values to allow meaningful interpretation of the data, IPAP-E.COSY(C’)-15 NHSQC-TROSY spectra were measured on a 10-µM

13

C,

15

N labelled ribosome sample.

Splittings were extracted from combined spectra representing a total acquisition time of
40 hours (spectra are shown in Figure A.7 on page 217).
Peak positions, signal-to-noise ratios and linewidths were analysed for 75 peaks. The
calculated RMS uncertainties are 1.9 Hz and 0.9 Hz for JH-C’ and JN-C’ , respectively. These
uncertainties should be compared to the predicted range of RDCs. Assuming DNH
would
a
be the same as previously obtained for ribosomes aligned in phage (20 Hz), the magnitudes
of the expected couplings would fall in the range 0-12 Hz and 0-5 Hz for H-C’ and N-C’,
respectively. Assuming that the aligned splittings can be measured with the same precision
as the isotropic splittings would yield estimated uncertainties of 2.7 Hz and 1.2 Hz for DH-C’
and DN-C’ , respectively. Therefore, the predicted uncertainties are ∼20 % of the maximum
expected coupling for both the H-C’ (2.7/12=0.22) and N-C’ (1.2/5=0.24) coupling types.
This level of fractional uncertainty corresponds to a Q factor of 0.45-0.5, indicating that
while in isolation the utility of these couplings would be limited, they could still be useful
when combined with the N-H couplings.
However, in practice, the proton linewidth for the aligned sample will be significantly
broader than for the isotropic sample due to the proton-proton dipolar couplings, and hence
the uncertainties in the H-C’ RDCs may be too large for this coupling to be useful.
In conclusion, it may be possible to measure the N-C’ couplings at sufficient precision
to provide useful information, but the H-C’ couplings will be less precise due to broad
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linewidths in the aligned sample and are unlikely to be useful.

2.2.6.2

Approach to measure C’-Cα RDCs

The final type of coupling considered in this work was the C’-Cα couplings. The magnitude
of this coupling is one-fifth of the N-H coupling, which is in between the magnitude of
the H-C’ and N-C’ couplings. The measurement of the C’-Cα coupling via the

13

C HSQC

spectrum is associated with the same difficulties as described for Hα -Cα couplings, including
peak overlap and poor resolution due to the limited 13 C acquisition time. The latter problem
is even more important for measuring C’-Cα couplings, since the size of the RDCs is 10
times smaller than those for the Hα -Cα coupling (hence requiring narrower linewidths to
allow measurement with sufficient precision).
An alternative approach is to measure the splittings in a 3D fashion, using an HNCOtype sequence. The HNCO-type experiment is approximately three times more sensitive than
the HN(CO)CA sequence tested during the attempt to measure Hα -Cα splittings, and hence
might be feasible for use with ribosome samples. The advantage is that a longer acquisition
time can be used on C’ than Cα , since the C’ acquisition time is not limited by evolution of
other carbon-carbon couplings.
To evaluate the sensitivity and resulting uncertainties of this approach, a 3D in-phase
spectrum using an IPAP-BEST-HNCO sequence was measured for 12 hours on a 20-µM
isolated L7/L12 sample. The 2D H-C’ projection of the 3D in-phase HNCO spectrum is
shown in Figure 2.35, left panel. Peaks representing 80 % of the residues were picked
for the signal-to-noise ratio and linewidth analysis. The average signal-to-noise ratio is
10 with an average linewidth of 27 Hz. Extending the total acquisition time to 72 hours
would improve the signal-to-noise ratio to 25, which would then yield an estimated peak
position uncertainty of 0.5×(27/25) = 0.5 Hz. Assuming a similar signal-to-noise ratio could
be obtained for the ribosome sample leads to a predicted uncertainty in the measured RDCs
of ∼1 Hz. Again assuming an alignment strength corresponding to a DNH
of 20 Hz, the
a
predicted maximum RDC for the C’-Cα coupling would be 8 Hz. Therefore, the estimated
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Figure 2.35: Left panel: 2D H-C’ projection of the 3D in-phase HNCO spectrum of isolated
L7/L12. Spectrum recorded on 20 µM isolated L7/L12 (fraction 2) and contoured with 5× RMS
noise. Right panel: 2D H-C’ IPAP-BEST-HNCO spectrum of ribosome-bound L7/L12 (10 µM
70S ribosomes) with 3× RMS noise. Both spectra were recorded for 12 hours in Tico buffer at
25 °C.

uncertainty is approximately 12 % of the maximum expected RDC, which corresponds to Q
factor of 0.25-0.3, which is sufficiently small to be useful.
On the basis of the above analysis, an attempt was made to measure the C’-Cα
splittings for a phage-aligned ribosome sample using the IPAP-BEST-HNCO sequence. The
experiment was acquired as a 2D H-C’ spectrum to maximise the sensitivity. The measured
spectrum for 12 hours total acquisition time is shown in Figure 2.35, right panel. Only a few
peaks were observed, which correspond to peaks from the linker region and other intense
unassigned peaks in the 15 N HSQC spectrum of the ribosome.
In conclusion, this approach appears not to be feasible due to the low sensitivity of the
spectrum measured on the ribosome. The difference in sensitivity between the isotropic
spectrum of the isolated L7/L12 and the phage-aligned spectrum of ribosome-bound L7/L12
is the result of both the increased relaxation rates of ribosome-bound L7/L12 and the
decrease in the signal-to-noise ratio due to the increased proton linewidths in the aligned
sample (unresolved proton-proton couplings). The triple-resonance experiments are more
sensitive to small differences in relaxation rates than simple 2D experiments due to the long
delays and multiple transfer steps in the pulse sequence of the triple-resonance experiments.
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Conclusions

The isolated L7/L12 protein shows complicated oligomerisation behaviour in solution,
reflected in the multiple fractions observed under gel filtration. Further analytical gel
filtration and NMR diffusion and 15 N HSQC experiments suggested that fraction 1 is higher
order oligomeric form of the L7/L12 protein, which does not exchange easily with fraction
2. Within fraction 2, monomeric, dimeric and possible tetrameric forms all appear to exist in
concentration-dependent equilibria, and the different oligomeric states are in fast exchange
on the NMR timescale.
N-H RDCs were successfully measured on both isolated and ribosome-bound L7/L12
aligned with phage. The alignment tensors of the CTDs of the two fractions of the isolated
protein were very similar. This is at least partly because the alignments of the NTDs are very
weak, and thus any influence on the alignment of the CTD from the NTD alignment will
be small. In addition, within the phage medium, the alignments of each the domains arise
mainly from the interaction between the domains themselves and the alignment medium,
such that any relative orientation preference existing between the domains under isotropic
conditions is likely to be swamped. In slight contrast, the alignment tensors of the isolated
and ribosome-bound L7/L12 CTDs were found to be more different than those of the
fractions of isolated L7/L12. Although the difference was not highly significant compared
to the estimated uncertainties, the result might hint at propagation of partial alignment
through the linker region, such that the (unknown) alignment of the ribosome core particle is
influencing the anisotropic orientational distribution of the ribosome-bound L7/L12 CTD.
The structural refinement of the CTD in its ribosome-bound form from the RDC data
revealed a very similar structure to that of the isolated protein, confirming that the C-terminal
domain structure remains the same both on and off the ribosome.
It has been proposed that the linker region of L7/L12 can exist in both an extended and
a compact, part-helical form, such that either one or the other CTD (but not both) can be
retracted close to the NTD at any one time. This behaviour may explain why only two
copies of the CTD appear to contribute to the L7/L12 NMR signal of the ribosome, which
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contains four copies of the L7/L12 protein overall. This picture then implies that the NMRobservable CTDs belong to different L7/L12 dimers on the ribosome, and hence must be in
different positions on the L10 scaffold protein. As such, they should give rise to two sets of
RDCs, but only a single set was detected. Therefore, either the differences were too small
to be detected, or the L7/L12 dimers exchange rapidly between the two binding positions on
L10.
Attempts to measure other types of RDC were made to allow more powerful structure
refinement of both isolated and ribosome-bound L7/L12, and to continue the development
of the RDC approach for subsequent application to RNCs.

For the measurement of

Cα -Hα RDCs, existing pulse sequences were tested and modified to optimise sensitivity
and resolution for application to the ribosome-bound L7/L12. Using an IPAP-Cα -HSQC
sequence for the measurement of Cα -Hα RDCs was successful for the isolated protein, but
measuring Cα -Hα RDCs on the ribosome was found to be more challenging, with the main
difficulties being low sensitivity and peak overlap in the

13

C HSQC spectrum. Other types

of RDCs were also considered, including H-C’, N-C’ and C’-Cα RDCs, and while it was
shown that it may be feasible to measure the N-C’ RDCs on the ribosome with sufficient
precision to provide useful information, meaningful measurement of the H-C’ and C’-Cα
couplings would be infeasible due to broad proton linewidths in the aligned sample for the
H-C’ coupling and low sensitivity for the C’-Cα coupling.
In addition, a different alignment medium, the Otthing medium, was also investigated for
the alignment of isolated and ribosome-bound L7/L12. This approach was not as successful
as alignment in phage. The isolated L7/L12 protein showed strong interaction with the
Otting medium, principally via the N-terminal dimer domain. The alignment of ribosomes
in Otting medium was hampered by interference of the ribosome with the formation of
the liquid crystal phase, although improvements are potentially achievable by reducing the
concentration of the alignment medium.
In summary, the work presented in this chapter has demonstrated the feasibility of
measuring RDCs on ribosome-bound proteins, and has provided the first direct structural
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information on the L7/L12 protein in its ribosome-bound state.

117

Chapter 3
Application of RDCs for characterisation
of ribosome-nascent chain complexes
(RNCs)
As described in Chapter 2, solution-state NMR, and in particular RDCs, can be used to
observe and characterise the dynamic stalk region of the ribosome. Recent studies have
shown that NMR can be applied to RNCs of several proteins [125, 126, 225]. This is possible
because, despite being tethered to the large ribosome particle, the nascent chain is inherently
dynamic.
Present NMR strategies for evaluating the structural and dynamic properties of ribosomebound nascent chains (RNCs) include evaluating HSQC spectra of the corresponding,
released proteins and assigning resonances in RNC spectra by comparative inspection.
Chemical shift differences between the ribosome-bound NC and the corresponding isolated
protein can then be used to provide information about the extent of folding. For resonances
arising from regions of disorder, N-H chemical shifts act as highly sensitive probes, while
for dispersed resonances, i.e.

those corresponding to persistent tertiary structure, the

use of selectively protonated methyl groups within an otherwise deuterated background
significantly improves the sensitivity relative to simple

13

C-labelled, protonated sample

[226]. Chemical shift analysis is an excellent probe for the formation of structure, but it
118
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is typically unable to provide direct structural information. Traditionally, NOE experiments
are used to provide distance-restraints within proteins [227], but the achievable ribosome
concentration of 10 µM combined with limited sample lifetimes means that such experiments
are infeasible. In order to begin to define the orientation and structural preference of RNCs
during co-translational folding, this chapter discusses the application of the RDC approach
that was developed for the 70S ribosome in Chapter 2.

3.1
3.1.1

Introduction
Generation of ribosome-nascent chain complexes for structural
studies

Newly synthesised polypeptide chains are released by the ribosome at the termination of
an mRNA transcript, which is usually signalled by the presence of a stop codon. While
clearly the release of proteins into the cellular milieu is necessary for them to carry out their
biological function, it introduces a significant challenge for the isolation of RNCs in studies
of protein folding on the ribosome.
Several methods have been developed to produce RNCs with homogeneously stalled
nascent chains [97] for both biochemical and biophysical studies. The most well established
means of stalling nascent chains (NCs) on their ribosomes has been obtained by using in
vitro transcription-translation (cell-free) systems, in which stalling is achieved by terminating
translation using linearised mRNA transcripts in the absence of a stop codon [225, 228].
Within the cell-free system all the components can be controlled and the stalling of the NC
can be achieved relatively simply. An additional consideration arises due to the the L7/L12
resonances, which are likely to dominate the spectra as there are two copies of NMR-visible
L7/L12 compared to a single nascent chain per ribosome. Therefore, high NC labelling
efficiency is essential to enable the maximum NMR signal to be obtained. Cell-free systems
can be used for generating selectively-isotopically labelled RNCs that are suitable for NMR
by supplementing the system with isotopically labelled amino acids [225]. This method is
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efficient, although it is costly to produce the relative large quantities of RNCs needed for
NMR experiments.
As an alternative to cell-free systems, recent advances in in vivo methods have enabled
the production of RNCs [124, 125, 229, 230]. These methods allow the RNCs to be
generated relatively inexpensively. However challenges arise from the inherent complexity
of the strategy, which requires tight control of the translational process as it occurs within
the cell. In this case, specific peptidic sequences are engineered at the C-terminus of the
DNA sequence to induce translational arrest. In particular, the use of the secretion monitor
protein, SecM [231] and also more recently, the tryptophanase operon-derived sequence,
TnaC peptide [25] has made in vivo RNC production possible [124–126, 230].
SecM is a 170-amino acid E.coli protein that regulates the expression of a downstream
protein, SecA ATPase within the secM-SecA operon [232, 233]. A 17-amino acid motif from
the C-terminus of SecM was found to induce elongation arrest, nine amino acids of which
are required for the stalling mechanism (shown in bold): 150-FXXXXWIXXXXGIRAGP166 [231]. It has been suggested that the stalling motif is recognised by regions of ribosomal
proteins L4 and L22, and also by parts of the 23S ribosomal RNA (Figure 3.1) [51, 231, 234],
and that this results in stalling of translation at Gly-165, producing a peptidyl-glycyl-tRNAnascent chain complex which is trapped at the P-site of the peptidyl transferase centre of the
ribosome. It has also been noted that the following codon, Pro-tRNA166 , also appears to be
essential for arrest through its effects at the A-site [51].
Cryo-EM studies have revealed a possible mechanism for SecM stalling, in which
interaction of the SecM peptide in the exit tunnel with the 23S rRNA induces a conformational
change in the 23S rRNA. This is propagated to the P-site 3’-amino acylated A nuclotide,
pushing the carbonyl-carbon of the attached Gly-165 residue away from the amine group
of the Pro-tRNA166 (Figure 3.1), preventing peptide bond formation and subsequent
translocation.
The in vivo approach whose development and application is described in this chapter
enables the RNC to be produced within the natural cellular environment in the presence of
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Figure 3.1: Schematic of the conformational changes of the ribosome rRNA and the P-site tRNA
induced by the SecM sequence. Where SecM nascent chain is in green, ribosomal proteins L4 in
purple, L22 in orange. Produced according to [51].

auxiliary factors such as chaperones. The advantage of the method for producing SecMstalled RNCs is that it enables production of pure and homogeneous ribosome-nascent chain
complexes with a minimum degree of ribosome background labelling.
Another important aspect of the study of RNCs by NMR concerns monitoring their
integrity, as they are dynamic complexes of finite lifetime. This is imperative to ensure that
the signal observed arises from a ribosome-bound NC and not from released species. The
released NC is much smaller and more flexible than the intact complex and is therefore less
motionally restricted. Since NMR sensitivity is related to the tumbling rate of a molecule,
released NCs will contribute more to the observed signal than attached NCs.
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NMR investigations of ddFLN646-838 RNC (Dom5+110)

To study protein folding on the ribosome, the protein ddFLN was selected. ddFLN, also
known as ABP-120, is derived from Dictyostelium discoideum. It is an actin binding protein,
which consists of one N-terminal actin-binding domain and six repeats of immunoglobulin
domains (1-6). For these studies, domains 5 (Dom5) and 6 (Dom6) of ddFLN were selected,
which are flanked by the domain boundaries at residues 646 and 850, using standard
sequence numbering [235]. In the construct used in this study, the terminal beta strand
in domain 6 was removed, which means that it is unable to acquire its native fold and
remains unstructured. As an isolated protein, ddFLN has been well characterised with Xray crystal structures available for domains 4-6 [236] and domains 5-6 [235], as well as
NMR assignments of both the native and urea-denatured domain 5 in solution [237]. ddFLN
has also been used in previous NMR studies of co-translational folding of RNCs, which
demonstrated that domain 5 can acquire its native fold as an attached nascent chain with
truncated domain 6 acting as a tether to the ribosome (Figure 3.2 B) [124, 225]. Recently,
an approach for generating RNCs of ddFLN in E. coli has been established. In this study,
a construct of ddFLN was designed in which Dom5 and Dom6 were stalled using a SecM
sequence at the C-terminus of the protein (Figure 3.2). The RNC of ddFLN is termed here
as Dom5+110, which reflects the distance in residues at the end of Dom5 and the PTC, in
this case 110 amino acids.
At present, there is very little three-dimensional structural information on ribosomebound nascent chains. RDC measurements, as shown in Chapter 2, can provide details
on the structural preferences of the dynamic L7/L12 region on the ribosome and offer the
prospect of deriving structural models. This chapter describes a study in which an RDC
approach applied to RNCs. This chapter explores both the approaches to produce RNCs and
characterise their biochemical and NMR properties as well as the application of the RDC
methodology described in chapter 2.
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Figure 3.2: A: Schematic of the Dom5+110 RNC. The crystal structure of the 70S ribosome,
with the PTC highlighted by the presence of tRNAs. Emerging from the exit tunnel is a nascent
chain of Dom5+110; the SecM-Dom6 linker is modelled in blue/green, while Dom5 is shown in
red (based upon PDB ID 1QFH). B: Cartoon representation of Dom5+110 construct, showing
the folded Dom5 (red) and truncated Dom6 being unstructured (green).

3.2
3.2.1

Results and Discussion
Optimisation of the production of in vivo-derived RNCs suitable
for RDC studies

Central to the study of RNCs using RDCs is the need for suitable samples. To further
develop existing in vivo production strategies, the expression and purification of RNCs was
investigated. A detailed description of the RNC production strategy is given in section 5.1
on page 182 and the most recent developments are summarised in the following section.

3.2.1.1

Development of an expression strategy for in vivo RNCs

The original RNC production strategy is shown in Figure 3.3 A. To achieve the high
concentration of ribosomes required for expression of RNCs, E. coli BL21 (DE3) are grown
to a very high cell density (typically OD600 =4 or higher) in MDG medium (based on an autoinduction medium [238]) for 16-20 h. It was found that growing the cells at 30 °C instead
of 37 °C typically yielded a higher cell density, up to OD600 =6 compared to ∼2. The end
point OD600 of the cells grown in MDG medium was typically used as an indication of cell
viability, where cultures with OD600 <2 were discarded.

3.2 Results and Discussion

124

After growth, the cells were harvested and transferred into expression medium that
did not contain any carbon or nitrogen sources (Figure 3.3 A). The cells were incubated
in this medium for a short period of time (∼25 mins) to allow depletion of all unlabelled
carbon/nitrogen sources carried over from the MDG medium. At the end of the depletion
period (indicated by a decrease in the OD600 reading, Figure 3.3 A), isotopically labelled
carbon/nitrogen sources were added together with IPTG for expression.
Originally, minimal medium (M9) was used, which gave a yield of 100 pmol per litre.
Repeated expression attempts did not result in an overall improvement in the yield, and
therefore enhanced minimal media (EM9) was introduced as the expression medium. The
level of RNCs expression was improved significantly, by an order of magnitude to >500 pmol
per litre. At these expression levels, a band corresponding to the NC was easily observed
by silver-stained SDS-PAGE. One minor problem was that the cells did not reach complete
depletion as indicated by a drop in OD600 for more than 1 hour, which is probably due to the
rich components of the medium. The presence of any residual 14 N or 12 C during expression
can lead to a decrease in NMR observable signals from the RNC. Instead, to rule out that
the improved expression levels did not arise from a carry-over of nitrogen/carbon sources,
a washing step (Figure 3.3 B) was introduced in place of the depletion stage to remove the
residual unlabelled nitrogen/carbon sources from the expression medium.
In addition to the washing step, which enables 100 % labelling of the NC, rifampicin was
added as a supplement to the EM9 medium to prevent background labelling of the ribosomes.
Rifampicin is a bactericidal antibiotic that inhibits the natural bacterial RNA synthesis by
inhibiting bacterial DNA-dependent RNA polymerase [239]. It binds to the RNA polymerase
at a site next to the active centre and physically arrests RNA production [240, 241]. As the
expression of the NC is under control of the T7 polymerase, it is not affected by rifampicin;
adding rifampicin (150 mg l-1 ) to the expression medium after induction was found to reduce
the expression — and therefore labelling — of E. coli proteins, including ribosomal proteins,
by ca. 50 % (Figure 3.4).
Although the use of EM9 medium improved the expression level of RNCs, amino-acid
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Figure 3.3: A: The original growth and expression of RNCs using the depletion method at the
expression stage. B: The optimised protocol for the growth and expression of RNCs to achieve
unlabelled ribosomes and labelled NCs.

supplements (Cambridge Isotope Laboratories, Inc.) were also evaluated in the effort to
further improve RNC expression levels. When added to EM9 medium, they had previously
been found to improve the yield of ddFLN-RNCs, enabling short NC-length constructs
(< 150 residues) to express at levels comparable to the full-length (220 amino acids)
NC (Marilia Karyadi, personal communication).

In the current study, the amino-acid

supplements were used during the expression of wild-type (WT) α-synuclein (αSyn) RNCs,
whose yield is typically five times lower than that of the ddFLN RNCs produced under the
same expression conditions. The amino-acid supplements were found to improve the yield of
the WT-αSyn RNC by three-fold (from 480 to 1500 pmol per litre, Annika Weise, personal
communication).
The improvements that were developed during this study increased expression levels by
∼30 fold, and enabled RNCs suitable for RDC experiments to be produced.
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Figure 3.4: Comparison of the amount of background labelling arising of ribosome in the
absence (A) and presence (B) of rifampicin produced under RNC expression conditions. The
15 N-edited spectra (red) contain signals solely from 1 H attached to 15 N and the 15 N-filtered
spectra contain signals from 1 H not attached to 15 N. A: In the absence of rifampicin, the intensity
of the 15 N-edited spectrum is 24 % of the 15 N-filtered spectrum, indicating 20 % labelling of
the 70S N-H groups with 15 N. B: In the presence of rifampicin, the intensity of the 15 N-edited
spectrum is 11 % of the 15 N-filtered spectrum, which means that 10 % of the 70S ribosome N-H
groups are labelled with 15 N.

3.2.1.2

Development of the purification strategy for in vivo-derived RNCs

A critical step in RNC production is the separation of NC-occupied ribosomes from the
released NCs, empty ribosomes and other endogenous proteins. During this work, the
purification scheme described in [124] was extensively modified and improved.
There are two key requirements for RDC measurements of RNCs: that the samples are
homogeneous, as impurities result in reduced sample lifetimes, and also that they are of
high occupancy, i.e. that all the ribosomes contain a NC. The latter is especially important
as the maximum working concentration of the ribosome is limited to 10 µM, which is a
concentration that is at least an order of magnitude lower than that is typically used for
NMR. A low occupancy therefore, will compromise the signals arising from the NC.
Illustrated in Figure 3.5 is the purification strategy used for in vivo RNCs, which was
developed during the course of this study (in collaboration with Maria Karyadi, UCL). The
strategy includes several key changes relative to the existing purification protocol described
in [124], which were found to improve both the yield and purity of the RNCs and these are
outlined below.
Following lysis by French press (Figure 3.5 A), the soluble fraction of the lysate is
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Figure 3.5: Schematic representation of a typical RNC purification following optimisation.
A: Cell lysis with a French press preserves the ribosomal complexes. B: A sucrose cushion
separates ribosomal material and large complexes from small soluble proteins. C: Metalaffinity chromatography with Ni-IDA resin separates nascent chain-occupied ribosomes from
empty ribosomes. D: Sucrose gradient followed by fractionation separates intact occupied
70S ribosomes from 50S and 30S ribosomes and factors associated with the ribosome. The
purified ribosome-containing fractions identified with silver-stained SDS-PAGE. E: A western
blot against hexa-his tag assesses the occupancy and overall yield of the RNCs.

subjected to a sucrose cushion (Figure 3.5 B) (prior to metal affinity chromatography), which
collects the ribosomal material within the pellet. The introduction of this step (optimised
further as described in section 3.2.1.3) was found to improve the recovery of RNCs in the
subsequent purification steps by enhancing the purity of the ribosomal material: specifically,
the removal of released NCs and other endogenous E.coli proteins improved the binding of
his-tagged RNCs to the metal affinity column (Figure 3.5 C). Using this approach, the overall
yield of Dom5+110-RNCs improved two-fold to 100-200 pmol per litre.
It was found that the type of metal affinity resin was important for improving the
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separation of RNCs from empty ribosomes. The TALON resin (cobalt-affinity resin) was
replaced with a Ni-IDA resin, as this was reported to have a higher binding capacity than
TALON resin (200 mg/ml vs 5-18 mg/ml). The Ni-IDA resin was found to be highly selective
for RNCs, and improved the recovery of Dom5+110-RNCs by a factor of 10. The use of
the sucrose gradient as described in the original protocol was maintained as this was found
to be essential in achieving highly homogenous samples as assessed by SDS-PAGE and
western blot analysis (Figure 3.5 D&E). The buffer composition of the sucrose gradient was
optimised to improve the overall yield of the RNCs; this is discussed in detail in section
3.2.1.3.

3.2.1.3

Evaluation of buffer conditions for optimising RNC purification

At the beginning of these studies, the average lifetime of RNCs samples was on the order of
hours [206]. Sources of RNC sample instability include the degradation of ribosomes due to
the release of ribosomal proteins and the release or proteolysis of NCs from the ribosome.
Building upon the developments in the expression and purification of the RNCs (described
in section 3.2.1.2 above), a set of experiments were performed to evaluate two steps in the
purification, the sucrose cushion and the sucrose gradient. This was undertaken in order to
improve the purity of the RNCs and therefore extend the lifetime of the samples.
Four buffer conditions were used in this test, the standard Tico buffer (10 mM HEPES,
12 mM MgCl2 , 30 mM NH4 Cl, 1 mM BME, pH 7.6), which was used for previous ribosome
RNC purifications; ‘Buffer B’ (50 mM HEPES, 12 mM Mg(OAc)2 , 500 mM KOAc, 2 mM
BME, pH 7.6), which is a high-salt buffer that has been used to purify RNCs in some studies
[126]; and each of these buffers with a supplement of 5 mM ATP, which has been shown
to dissociate ATP-dependent co-factors from the ribosome [126]. The four different buffers
were tested in different combinations with respect to the cushion, resuspension and gradient
steps as shown in Table 3.1.
The cell lysate of Dom5+110 RNC cultures were loaded onto four sucrose cushions made
according to the different buffer compositions shown in Table 3.1 (column 2). The resulting
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Sample name
A
B1
B2
C3
C4
D5
D6

Cushion
Tico
Tico
Tico
Buffer B
Buffer B
Buffer B + 5 mM ATP
Buffer B + 5 mM ATP
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Resuspension
Tico
Tico + 5 mM ATP
Tico + 5 mM ATP
Tico + 5 mM ATP
Tico + 5 mM ATP
Tico
Tico

Gradient
—
Tico
Buffer B + 5 mM ATP
Tico
Buffer B + 5 mM ATP
Tico
Buffer B + 5 mM ATP

Table 3.1: Table of purification tests showing buffer conditions at each of the three purification
stages.

pellet from the cushion was then resuspended in either Tico buffer or Tico buffer with a
supplement of 5 mM ATP (Table 3.1, column 3). 1000 pmol from each of the resuspended
pellets from cushions B, C and D were loaded onto sucrose gradients made in either Tico
buffer or Buffer B with a supplement of 5 mM ATP, as shown in Table 3.1 (column 4). In the
process, pellets C and D were found to resuspend faster than pellets A and B, which suggests
that the high-salt content of the cushion influences the final composition of the ribosomal
pellet.
The gradients were fractionated and samples of the fractions were analysed by SDSPAGE with silver-staining for detailed and high sensitivity detection. Interpretable UV-traces
were only obtained from gradients B1, C3 and D5 (as shown in Figure 3.6) because the
ATP present in gradients B2, C4 and D6 interfered with the UV-detection. As shown in
Figure 3.6, all three traces are similar, but the gel traces show the ribosomal-containing
peak shifted towards lower sucrose concentration in B2, C4 and D6, an effect of the high
salt concentration. In general, gradients run in Buffer B + ATP show improved purity over
those run in Tico, as shown in Figure 3.6, where fewer bands from impurities were observed
(ribosomal protein and impurity bands are highlighted with green and red stars, respectively).
Therefore, the use of high-salt buffer appears to improve the purity of the RNC sample
compared to standard Tico buffer under otherwise identical condition. For a more direct
comparison of purity and occupancy, the 70S fraction from the sucrose gradients derived
using the novel purification conditions B1 to D6 (Table 3.1) were assessed relative to the
original ribosome pellets (A-D) using SDS-PAGE and western blot (Figure 3.7).
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Figure 3.6: Sucrose gradient traces (left column) and silver-stained SDS-PAGE analyses (middle
and right column) from the fractionation of sucrose gradients during the test RNC purifications.
Numbering of the traces and gels corresponds to the conditions shown in Table 3.1. All gels are
loaded from left to right as follows: 5 µl SeeBlue marker, and fractions 2, 4, 6, 8, 10, 12, 14, 17,
20, 23, 26, 29 and 32 collected from the sucrose gradient. The bands highlighted with green stars
are ribosomal proteins, and the bands highlighted with red stars are impurities. The intensities of
the bands and the colour of the gels are slightly different due to the nature of the silver stain.

The samples of the ribosome pellet that were purified using different buffer compositions
(Table 3.1) show the beneficial effect of a high-salt composition buffer, with samples C and
D resulting in purer ribosomal material after the cushion compared to samples A and B.
The effect of the sucrose gradient was to further improve the level of purity observed in all
the samples by removing non-ribosomal contaminants, which typically correspond to bands
under SDS-PAGE that fall between ca. 40 and 60 kDa. Of the conditions that were evaluated
for the sucrose gradient, the most pure samples were obtained in samples D5 and D6 (which
were both of comparable purity) (Figure 3.7). Overall, the combined use of a high-salt buffer
composition and addition of ATP significantly improved the purity of RNCs compared to the
original purification condition represented by sample A (Figure 3.7).
The occupancy of each of the samples was also considered, to ensure that the novel
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Figure 3.7: Silver-stained SDS-PAGE (A) and anti-his western blot (B) of samples after cushions
or gradients. Lanes highlighted with blue stars are samples taken directly after the sucrose
cushion, using buffer conditions A, B, C and D from Table 3.1. Lanes highlighted with pink
stars are samples after the sucrose gradients, with conditions B1, B2, C3, C4, D5 and D6 from
Table 3.1. All lanes were loaded with an equal amount of 10 pmol (ribosomal concentration). Std:
protein standard. The NC band (green arrow) is higher than the isolated protein band because
of the extra SecM sequence. The higher molecular-weight band (red arrow) is the tRNA-bound
form of the NC.

purification conditions did not destabilise the RNC complex. This was evaluated using a
western blot (as described in section 5.1.16), which typically visualises RNCs (in this case,
Dom5+110) as two dominant bands (Figure 3.7 B, lane A): a 30 kDa band which represents
the NC, and a 50 kDa band which is the P-site tRNA-bound form of the NC. It is known
that the P-site tRNA can dissociate from the NC at high pH (>8.0) and the relatively alkaline
conditions under which the electrophoresis was performed results in partial dissociation of
the tRNA from the NC. Lower pH conditions have since been shown to maintain the tRNAbound form of the NC in Dom5+110-RNCs [242].
In each of the RNC samples, the NC was clearly present within the ribosomal pellet
(Figure 3.7, lanes A, B, C and D, green arrow). However there was a variation in the intensity
of the NC band following the subsequent purifications using the sucrose gradient. This
suggests that during the sucrose gradient, the RNCs are subject to some form of dissociation
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Sample name
A
B
C
D
B1
B2
C3
C4
D5
D6

132
Yield (pmol)
9658
15321
5140
11541
366
437
534
—
399
422

Estimated occupancy %
39
31
36
31
—
30
8
29
13
26

Table 3.2: Table of total yield and occupancy obtained from purification under different
conditions. The yield is the total ribosome concentration and the occupancy is determined with
the western blot as described in section 5.1.16 on page 196.

or degradation, and the rate at which this occurs is dependent on the buffer conditions.
In Figure 3.7 B, there is much less NC present in lanes B1, C3 and D5, which correspond
to Tico-based buffer during the sucrose gradient, than in lanes B2, C4 and D6, where the
high-salt + ATP buffer was used for the sucrose gradient stage. When the occupancy was
quantified using densitometric analysis, it was found that the Tico-based buffers B1, C3 and
D5 gave rise to NC occupancies of 0, 8 and 13%, respectively, compared to the occupancies
of the starting ribosomal pellets which were approximately 30%. In contrast, the high
salt/ATP-based buffers used for samples B2, C4 and D6 gave rise to occupancies of 30%,
29% and 26%, respectively, which are comparable to those of the starting ribosomal pellets
(ca. 30%) (Table 3.2).
Together these data suggest that the high-salt/ATP conditions not only improve the purity
of the RNC samples, but also better preserve the integrity of the NC, both of which are crucial
improvements for the preparation of RNC NMR samples.

3.2.1.4

Conclusions

The investigations of RNC expression and purification yielded significant contributions to the
improvement of the RNC production. The expression level was found to be increased both by
using EM9 medium and by supplementation with an amino-acid mix. The use of rifampicin
reduces the level of background labelling. The purity and integrity of RNCs of Dom5+110
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was greatly improved by using high-salt buffer with added ATP. With these improvements,
it is now possible to extract 3000 pmol of RNC from 1 l of cell culture, which corresponds
to one NMR sample at 10-µM concentration. Moreover, the stability of the RNCs was also
improved, with sample lifetimes extended to >24 h.

3.2.2

NMR investigations of the Dom5+110 RNC

3.2.2.1

Preparation of Dom5+110 RNCs for NMR

Using the strategy described in sections 3.2.1 and 5.1.13, Dom5+110 RNCs were generated
for NMR. The particular preparation of Dom5+110 described here in which the NC is
uniformly

15

N labelled corresponds to the NMR analysis discussed in section 3.2.2.2. A

1 l culture was used to express the 15 N-labelled Dom5+110 RNC. The OD600 was measured
to be 5.8 at harvest following induction, demonstrating the high-cell density obtainable using
the combination of MDG and EM9 media. Following purification, the sample was of high
purity with only a single contaminant band visible by silver-stained SDS-PAGE (Figure 3.8
B, pink star) within the fractions selected from the sucrose gradient (Figure 3.8 A).
After pooling of the relevant fractions (12-20) and exchange into the NMR buffer (10 mM
HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 2 mM EDTA, 1 mM BME and 1 µM pepstatin A, pH
7.6), the total yield of RNC was measured as 2900 pmol, corresponding to a 9.8-µM NMR
sample.
The occupancy of the RNC and the quantity of bound trigger factor bound were measured
via densitometric analysis of the western blot (Figure 3.8 C) according to the method
described in section 5.1.16. In brief, the occupancy was determined by quantifying the
density of the relevant band in the western blot by integrating the intensity profile over
the length of the lane (Figure 3.9 A&B). A standard curve (Figure 3.9 C) was prepared
using a range of standards corresponding to varying quantities of isolated Dom5+110. The
NC occupancy was then calculated as the ratio of the concentration of detected NC to the
ribosomal concentration (measured using UV-spectrophotometer). The NC occupancy was
found to be ca. 95 %, with trigger factor present in only trace amounts, and below the
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Figure 3.8: A: Sucrose gradient fractionation profile and B: corresponding silver-stained SDSPAGE of fractions from (A) of Dom5+110 RNC. Highlighted are the ribosomal proteins (green
stars), and the observable contaminant (red star). C: Anti-penta-his and anti-trigger factor
western blots of the NC during purification. R=released NC, P=pellet of sucrose cushion,
FT=flow-through from Ni-IDA column, W=wash of Ni=IDA column, Fn=final sample after
sucrose gradient and buffer exchange. The western blot shows that within the final sample (Fn)
the overall NC occupancy is ∼95 % and quantity of trigger factor is less than 1 %.

detectable limit (less than 1 %).

3.2.2.2

NMR spectra and analysis of Dom5+110 RNCs

Analysis of 2D 15 N HSQC spectra of Dom5+110 RNCs.

15

N-labelled RNCs of Dom5+110

were produced in E. coli (section 3.2.2.1) and 2D 15 N HSQC spectra were acquired at 25 °C.
The RNC spectrum is shown in Figure 3.10 A. As reported previously [124, 225], the spectra
reveal a collection of resonances that are well dispersed, as well as showing a number of
heavily overlapped resonances (δH =8.8-8.5 ppm) (Figure 3.10 A). When the spectra were
compared with that of isolated Dom5, many of the well-dispersed cross peaks of the RNC
overlaid closely with the isolated protein (Figure 3.10 B).
Of the observable well-dispersed cross-peaks within the RNC spectrum, 46 peaks
(Figure 3.10 D, yellow circles) can be identified unambiguously as signals arising from the
folded Dom5 as they overlay with isolated Dom5 peaks to a ∆δ value of less than 0.08 ppm,
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Figure 3.9: Schematic showing densitometric analysis to determine RNC occupancy and ratio
of TF to ribosome from western blots (method described in section 5.1.16 on page 196). A:
Histograms of intensities (bottom) over an area selected for analysis in the western-blot (top,
shown here is one RNC sample (lane 1) and standards ranging from 1 to 10 pmol of triggerfactor (lanes 2-5). B: A standard curve is obtained by plotting the quantities (in pmol) of the
standard samples loaded onto the western blot against the resulting integrated intensities.

q
where ∆δ = ∆δ2H + (∆δN /5)2 (Figure 3.10 B).
There are also 31 dispersed peaks in the RNCs spectrum (Figure 3.10 D, green boxes),
which do not overlay with the folded Dom5 spectrum but with the L7/L12 resonances in the
70S ribosome spectrum (shown in Figure 3.10 C). This indicates that there is a small degree
background labelling of the ribosome during the expression of the RNC. A quantitative
labelling experiment is not possible in this case, as both the labelled L7/L12 and the NC
would be detected in the 1D 15 N-edited spectrum, whereas only the unlabelled L7/L12 would
contribute to the 15 N-filtered spectrum. The previous investigation discussed in section 3.2.1
suggests a background labelling level of the L7/L12 of ∼10 % (Figure 3.4).
Apart from the heavily overlapped region, there is a single cross-peak (black arrow in
figures 3.10 B&C) that can not be identified unambiguously because there are cross-peaks at
the same position in the spectra of both isolated Dom5 and 70S ribosomes. Hence, this peak
was excluded from subsequent analysis of the signal intensities.
The overlapped resonances in the crowded central region (δH =8.0-8.5 ppm) of the
spectrum mostly arise from residues in unstructured or flexible stretches of Dom5+110.
This region of the spectrum is difficult to interpret, as many resonances overlay with L7/L12
resonances. However, there are some unfolded resonances that do not overlay with either
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Figure 3.10: 15 N-1 H HSQC spectrum of Dom5+110 RNC (A) and overlays with the isolated
Dom5 protein (B) and 70S ribosome spectrum (C). The isolated protein and ribosome spectra
are in blue and the RNC spectrum is in red. The dispersed signals arising from the nascent chain
and the ribosome are highlighted in yellow circles and green squares, respectively, in the RNCs
spectrum in panel D. The concentration of the RNC is 9.8 µM. All spectra were recorded in Tico
buffer (pH 7.6) at 25 °C.
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Dom5 or L7/L12 resonances, which most likely arise from the disordered linker region
constituted by Dom6 [206]. An assignment of isolated unstructured Dom6 would help to
resolve the identity of these resonances, but this was beyond the scope of this study.

Characterisation of the dynamics of ribosome-bound NC via linewidth analysis.

The

HSQC spectrum of the Dom5+110 RNC was used to measure the linewidth of the observable
resonances, providing a preliminary insight into the dynamic properties of the ribosomebound NC. Overall, the average

15

N linewidth of the dispersed resonances from the NC is

22±6.6 Hz, broader than those observed for the isolated Dom5 by a factor of 1.5 (Figure 3.11
A). The broadening observed for the RNCs signals appears to indicate that the relaxation
rates of the NC resonances are faster than for those of the isolated protein, which would
mean that the motion of the NC is restricted compared to the freely tumbling isolated protein.
This is most likely due to the tethering of the NC to the ribosome. The analysis of the
linewidths also showed a number of outliers (Figure 3.11 A&B), but these residues have
very low signal-to-noise ratios (<4), and hence their estimated linewidths are unreliable and
were not considered further.
Although the observed L7/L12 resonances are in principle undesirable, they offer an
opportunity to compare the dynamic properties of L7/L12 and the NC. The linewidths of the
NC and L7/L12 signals from the same spectrum, within the same sample were similar, with
22±6.6 Hz for the NC and 21±6.5 Hz for L7/L12 (Figure 3.11 B). In addition, the linewidths
of the L7/L12 cross-peaks from untranslated ribosomes were found to be very similar to
the linewidths of the observable resonances of L7/L12 from the Dom5+110 RNC (within
the uncertainty, Figure 3.11 C). As discussed previously in section 2.2.1.7 on page 57, the
motional behaviour of L7/L12 CTD on the ribosome is similar to that of an isolated 25kDa protein. The isolated Dom5 protein is 11 kDa, and therefore the NC appears to tumble
at a rate of an isolated protein of twice the molecular weight. This would be consistent
with the picture that the linker, while flexible, does not allow the NC to tumble completely
independently of the ribosome.

Linewidth /Hz
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Figure 3.11: A: Plot of linewidths measured for Dom5+110 RNC (red) and isolated Dom5
protein (blue). B: Plot of linewidths measured for Dom5+110 NC (red) and L7/L12 in the
Dom5+110 RNC sample (green). C: Plot of linewidths for L7/L12 in the Dom5+110 NC sample
(green) and in 70S ribosomes without NC (purple).

Assessing the relative cross-peak intensities of ribosome-bound NC and L7/L12.
Given that the relaxation properties of the NC appears to be similar to those of L7/L12,
the relative observed intensities should be in proportion to the relative concentrations. The
signals arising from L7/L12 on the ribosome are the result of low-level background labelling
during expression. The degree of L7/L12 background labelling was measured using an
untranslated 70S ribosome sample, which was produced in exactly the same way as the
RNCs except that the addition of IPTG was omitted. The efficiency of isotope incorporation
into L7/L12 was assessed using the labelling experiments described in section 5.3.1.3 on
page 203 (Figure 3.12 A), and it was found that the average background labelling of L7/L12
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Figure 3.12: A: 15 N-edited (orange) and 15 N-filtered (blue) 1D spectra of 70S ribosomes
produced according to the RNC production protocol (section 5.1.13). The 15 N-edited spectrum
contains signals from protons attached to 15 N and the 15 N-filtered spectrum contains signals
from protons not attached to 15 N. The intensity of the 15 N-edited spectrum is 10 % of the 15 Nfiltered spectrum, which means that 11 % of the 70S ribosome N-H groups are labelled with 15 N.
B: Overlays of 1D proton spectra of Dom5+110 RNC (green) and unlabelled, unoccupied 70S
ribosomes (magenta).

was 10 %. Since the occupancy of the RNC sample was >98 % (section 3.2.2.1 on page 133),
and since two L7/L12 CTDs are visible by NMR, it follows that the concentration ratio of
NMR-observable NC and L7/L12 resonances is approximately 5:1 (NC:L7/L12). Therefore,
the NC peaks should be five times more intense than the L7/L12 peaks (assuming similar
relaxation properties).
Further analysis of the observed NC cross-peak intensities (Figure 3.13 A) showed no
sequence-specific differences compared to the intensities of the isolated protein (Figure 3.13
B). However, a comparison of the cross-peak intensities from the NC to those from L7/L12
(Figure 3.13 C) showed that the NC and L7/L12 resonances have very similar intensities
(within the error). This finding was supported by the 1D 1 H spectra (Figure 3.12 B), in
which the envelope of the amide region in the 1D spectrum of the RNC complex overlays
closely with that of unlabelled, unoccupied ribosomes, apart from a small region around
8.3 ppm, where the extra signal in the Dom5+110 RNC spectrum can be attributed to the
unfolded domain 6 (a more detailed discussion on the spectra of unfolded proteins is given
in section 3.2.3). This suggests that the amide proton NMR spectrum is strongly dominated
by signals from L7/L12, despite the fact that the NMR-observable proton concentration of
L7/L12 is only twice that of the NC.
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Figure 3.13: A: Plot of signal-to-noise ratio (S/N) of NC peaks in the Dom5+110 RNC spectrum.
B: Plot of S/N of Dom5 peaks in the isolated protein. C: Comparison between the S/N of
RNC peaks and L7/L12 peaks in the spectrum of the Dom5+110 RNC. The mean and standard
deviation of the NC peaks (3±0.9) are shown with pink solid and dashed lines, respectively. The
mean and standard deviation for the L7/L12 peaks (4.1±1.1) are shown with green solid and
dashed lines, respectively.

The signal intensities of the NC peaks relative to those of L7/L12 are therefore lower
than expected. If this were due to a non-specific interaction between the NC and the
ribosome surface, then extensive line-broadening would also be expected, but this is not
observed, with the NC peaks having linewidths that are only 1.5-fold broader than those
of the isolated protein. In fact, the

13

C linewidths measured for the Ileδ1 methyl groups

in a U-[12 C,2 H],Ileδ1-[13 C1 H] sample of the same NC construct were found to be ∼10-fold
broader in the NC than in the isolated protein [206]. If the same ratio applied to the

15

N

linewidths, then the linewidths for the NC would be ∼160 Hz, since the average linewidth
for the isolated protein is 16 Hz. One explanation for these observations would be that the
observed NC signals arise not from the RNC complex, but from a small fraction of released
NC. The attachment of the NC was monitored using diffusion experiments, as discussed in
the following section.
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Figure 3.14: Time-course plots of the integrated peak intensities (panels A and B) measured
at different gradient strengths (5 %, 50 % and 95 % for 1 H (panel A) and 5 % and 95 % for 15 N
(panel B)), and the extracted diffusion coefficients for 1 H (panel C) and 15 N (panel D) diffusion
experiments (as calculated from the ratio of integrated intensities at different gradient strengths)
for the Dom5+110 RNC.

3.2.2.3

Monitoring sample stability with 1 H and 15 N diffusion experiments

As presented in section 2.2.1 on page 48, diffusion experiments were used previously to
monitor the stability of the ribosome and more recently RNCs [207]. A similar approach
was applied for RNCs of Dom5+110 to evaluate the integrity of the RNC over the course of
the NMR acquisition.
Both 1 H and 15 N diffusion experiments were recorded for Dom5+110 RNC as described
in section 5.3. In this case, the 1 H diffusion experiments were used to probe the integrity of
the ribosome particle, while the 15 N diffusion experiments were used to monitor the nascent
chain attachment, which together provide a comprehensive assessment of the RNC.
The integrated intensities at the different gradient strengths and the corresponding
diffusion coefficient calculated from the intensity ratios for the 1 H and
experiments are shown in Figure 3.14.

15

N diffusion
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From the 1 H diffusion experiment (Figure 3.14 A&C), it was seen that the signal intensity
for the 5 % gradient (which constitutes contributions from species of all sizes) increased by
∼10 % over 120 hours, while the intensity for 95 % gradient (which only has significant
contributions from signals due to large particles) decreased by 20 %. This is due to the fact
that over time ribosomal proteins dissociate from the ribosome particle, causing an overall
increase in intensity in the 5 % gradient strength spectrum and corresponding decrease in
intensity in the 95 % gradient strength spectrum. The decrease in intensity for the 95 %
gradient (Figure 3.14 A, purple trace) was very small until ∼70 hours, at which point a slight
step decrease was observed. The intensity then remained almost constant for the remainder of
the measurement time. This result is mirrored in the calculated diffusion coefficient derived
from the 50 %/95 % ratio (panel C, purple plot), which describes the diffusion of the large
particles in the sample, for which the diffusion coefficient remained constant up to 70 hours
and then increased, suggesting a slight decrease in the size of the core ribosomal particle at
this point.
The

15

N diffusion was only measured for two gradient strengths (Figure 3.14 B), 5 %

and 95 %, to account for the fact that the 15 N diffusion experiment is less sensitive than the
simple 1 H experiment, and to maximise the measurement time spent recording HSQC and
TROSY spectra for RDC analysis. As a result of the low sensitivity for the folded Dom5
resonances discussed in section 3.2.2.2, the observed signal in this instance is mainly from
unstructured Dom6. In this case, an increase of the intensity in the 5 % gradient strength
spectrum indicates the release of nascent chain, as this species is more dynamic than the
ribosome-bound species, and hence gives rise to a more intense signal. The decrease in
intensity at 95 % (Figure 3.14 B) was similar to that observed for the 1 H diffusion experiment
(Figure 3.14 A), indicating that the release of NC occurred very slowly. As only two gradient
strengths were used, only a single population and diffusion weighted diffusion coefficient
can be calculated. This diffusion coefficient approximately doubles over the course of the
measurement, but this is consistent with only a small proportion of released NC. This is
because the released NC will contribute much more strongly to the observed signal due to its
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slower transverse relaxation as compared to the ribosome-bound NC.

3.2.2.4

Stability of Dom5+110 RNCs monitored by western blotting

Alongside the diffusion experiments and other NMR data that were acquired (section
3.2.2.3), the Dom5+110 RNC sample was subjected to a detailed biochemical characterisation
using the same densitometric analysis described in section 3.2.2.1 (Figure 3.15)
In Figure 3.15, the sample before NMR measurement shows two bands: that at ∼50 kDa
corresponds to the tRNA-bound form of the NC and that at 30 kDa corresponds to the pure
polypeptide (lane 1). A sample of the RNC following NMR acquisition for 5 days was loaded
in lane 2. As precipitation was occasionally observed for ribosome samples, the post-NMR
sample was also subjected to centrifugation to remove the precipitates (lane 3). This did not
change the intensity of visible bands (his-tagged molecules), suggesting that the NC was not
part of the precipitate. Comparing lanes 2 and 3 to lane 1, it is clear that there is a decrease
in intensity for both forms of the original NC, and the occupancy as calculated from the
intact NC band is only ∼10 % of that in the fresh sample. There is also the appearance of
a lower-molecular-weight band (orange arrow), which was suspected to be the N-terminal
region of the NC that has been cleaved proteolytically from the ribosome (Dom5, 11 kDa).
To identify whether or not the lower band was ribosome bound, the post-NMR sample was
filtered through a 100 kDa molecular-weight cut-off concentrator, after which the retentate
should contain only the ribosome-bound fraction, while any released/proteolysed species are
expected to be in the filtrate. The retentate (green square) and the filtrate (red diamond)
were also analysed by SDS-PAGE and western blotting (lanes 4 & 5, respectively), with the
resulting bands showing clearly that the lower-molecular-weight species is not ribosomebound. In addition, no band corresponding to the full-length NC was found in the filtrate,
indicating that the NC N-terminal domain was released through proteolysis.
The combination of the diffusion and western blot data indicated that there was some
release of the NC over the course of the NMR data acquisition. The western blot analysis
suggested that ∼90 % of the NC had been released by the end of the NMR acquisition
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Figure 3.15: Biochemical analysis of Dom5+110 RNC before and after NMR data acquisition:
an anti-penta-his western blot of Dom5+110 RNC samples. M=marker, 1=Before NMR,
2=After NMR acquisition, 3=After NMR and spinning down precipitates, 4 & 5=Retentate
and filtrate from filtration through a 100 kDa molecular-weight cut-off concentrator, 6-9=Protein
standards of 1, 2, 5 &10 pmol, respectively. The purple and blue arrows indicate the position of
intact tRNA-bound NC and free NC, respectively. The orange arrow indicates the position of the
cleaved product of the NC.

time period (after 120 hours), probably via proteolysis of the unstructured Dom6 linker
region. The 15 N diffusion data demonstrated that the NC was released gradually, at a relative
constant rate, as indicated by the steady increase in the intensity of the 5 % gradient-strength
spectrum. Hence, the proportion of attached NC can be estimated at any point during the data
acquisition by extrapolation between the fractions bound at the start- and end- points, taken
to be 100 % and 10 %, respectively. Based on this approach, together with consideration of
the ribosome integrity, data of the first 45 hours of data acquisition were combined for further
analysis, at which point ∼70 % of the NC remained attached to the ribosome.

3.2.2.5

Approaches to measure N-H RDCs on the Dom5+110-RNC

Following the initial biochemical and NMR characterisation of the Dom5+110-RNC, it was
evaluated as a candidate for RDC studies. In the first instance, the isolated protein Dom5
was used to test different methods for partial alignment

Trial with lanthanide-binding tag (LBT) Initially, a lanthanide-binding tag (Figure 3.16
A) was chosen to achieve partial alignment because of the available methods (section 1.4.3
on page 30), and because it is the least perturbing to the protein. The lanthanide-binding
site, which is a sequence motif of 17 amino acids, was grafted onto Dom5 (for details see
section 5.1.5) in between the his-tag and the N-terminus of the protein. Constructs for both
the isolated protein and the RNC complex were prepared. (Figure 3.16 B). The advantage

3.2 Results and Discussion

A

145

B
750
C

838
PTC SecM

646
Domain5

750
Domain6

LBT

His-tag N

LBT

His-tag N

646
Domain5

Figure 3.16: Structure of the lanthanide binding tag (A) and isolated-protein and RNC constructs
incorporating LBT at the N-terminus of Dom5 (B).

of this method is that it should not interfere with the native structure of the protein [143].
This was confirmed for Dom5, based on analysis of the 15 N HSQC spectrum of Dom5-LBT,
which overlaid closely with the corresponding spectrum of native Dom5.
Prior to evaluating the LBT for NMR, a fluorescence approach was used to assess
the strength of binding between the lanthanide ion and the protein (Dom5).

In this

experiment, the concentration of the protein was fixed at 1 µM and the ion (in this case
Tb3+ ) concentration was varied between 10 nM and 25 µM. The titration of Tb3+ into Dom5LBT showed a gradual increase in fluorescence but did not reach the plateau expected for
saturation of a single binding site. Instead, the data revealed (Figure 3.17 A), a possible
plateau at low concentration of Tb3+ (red box), which was followed by further increases
in fluorescent intensity. This fluorescence profile suggests more than one binding site is
available for Tb3+ . This hypothesis was confirmed by titrating Tb3+ to wild-type Dom5
(Figure 3.17 B), which showed binding of the ion to the protein without the LBT.
Despite the ambiguities observed in fluorescence titrations, RDC experiments were
recorded on Dom5-LBT with 0, 0.4, 0.6, 1.0 and 1.5 molar equivalents Tb3+ . The observed
RDCs for Dom5 were very small (<5 Hz with ∼1 Hz uncertainty) as shown in Figure 3.17
C, suggesting that, together with the probable multiple Tb3+ binding sites, the lanthanidebinding method for inducing partial alignment was not ideal for RNC studies. Therefore,
alternative methods for achieving partial alignment were investigated.

N-H RDCs measured on isolated Dom5. Since the approach of aligning Dom5 with a
LBT appeared to be problematic, an alternative alignment medium was investigated, in this
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Figure 3.17: A: Terbium titration of 1 µM ddFLN646-750 -LBT in 10 mM HEPES, 100 mM NaCl,
pH 7.0; λex =280 nm, λem =544 nm/489 nm at 25 °C. B: Same as (A) Dom5 and Dom5+6. All
points represent independently prepared solutions. C: Measured N-H RDCs of Dom5-LBT with
0.6 equivalent Tb3+ in 10 mM Hepes, 100 mM NaCl, pH 7.0 at 25 °C.

case Pf1 phage. In contrast to the LBT approach, the phage medium produced a strong
alignment of Dom5. The N-H RDCs were recorded on 15 N-labelled Dom5 protein using the
IPAP-HSQC approach. 81 out of a possible 105 RDCs were extracted, after discarding data
from overlapping peaks. The set of 81 RDCs was then trimmed further by selecting only
values from residues within rigid secondary structure elements. 43 RDCs from residues in
rigid secondary structure were analysed (Figure 3.18 A).
Fitting the RDCs to the crystal structure of Dom5 yielded a Q factor of 0.16, with
an RMSD between the measured and back-calculated RDCs of 1.13 Hz (Figure 3.18 B).
The RMSD is significantly larger than the RMS uncertainty (0.37 Hz), indicating that the
difference between the measured and back-calculated couplings is greater than can be
accounted for by the measurement error. This difference is probably due to structural
differences between the crystal structure used for the SVD-fitting and the structure in
solution, on which the RDCs are measured.
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A: Measured N-H RDCs vs residue number

B: Measured vs back-calculated RDCs
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Figure 3.18: A: Plot of N-H RDCs measured for Dom5 aligned in phage. B: Correlation plot
between measured and back-calculated RDCs for Dom5.

Sensitivity of N-H RDC experiments measured on the Dom5+110 RNC

For the RNC,

the HSQC/TROSY approach for measurement of the N-H RDCs was used instead of the
IPAP-HSQC method. The first stage was to measure the isotropic splittings (J couplings)
for the Dom5+110 RNC. The quality of its isotropic

15

N HSQC and TROSY spectra was

similar to the spectrum shown in Figure 3.10. The signal-to-noise ratio for the dispersed
peaks was low and only 13 residues of folded Dom5 were unambiguously assignable in
these spectra. The J couplings for these 13 residues were calculated and the associated
uncertainties estimated according to their signal-to-noise ratios and measured linewidths
(Equation 2.4). The average uncertainty for the J-couplings was 20.4 Hz, which is clearly
too large to give useful data when considered in relation to the expected range of RDCs
(magnitude 0-25 Hz). In addition, the linewidth analysis described in section 3.2.2.2 suggests
that the observable peaks in the HSQC spectra that appear to belong to folded Dom5 may
arise from small quantities of released protein, rather than from the ribosome-bound NC.
In conclusion, further work is required to improve the quality of the RNC spectra before
a detailed RDC study can be undertaken.
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NMR investigations of α-synuclein (αSyn) RNC

As Dom5+110 was found to be a challenging candidate for RDCs, an alternative system,
α-synuclein, was also examined, as it represents an ideal model system for NMR studies of
intrinsically disordered protein, and gives intense and resolvable resonances within its

15

N

HSQC spectrum.
αSyn, together with β and γ-synuclein, belongs to the synuclein family of proteins,
which are expressed throughout the body but express at particularly high levels in the brain,
most abundantly in the pre-synaptic nerve terminals [243, 244]. αSyn is an intrinsically
disordered protein (IDP) of unknown function strongly implicated in Parkinson’s disease
(PD), which is a degenerative disorder of the central nervous system. αSyn self-associates
into amyloid fibrils, contributing to the formation of inclusion bodies known as Lewy bodies
[245].
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Figure 3.19: A: αSyn can be divided into three regions, the N-terminal amphipathic region,
the self-aggregating hydrophobic NAC domain and the negatively charged and proline richCterminal tail. The disease related mutations are highlighted with orange arrows and the V82M
mutation point is labelled with a green arrow. B: The part-helical structure of αSyn upon binding
to bicelles (PDB:1XQ8) [246]. C: Schematic for the αSyn-RNC construct.

The αSyn sequence can be divided into an N-terminal amphipathic region (residues
1-61), the non-β-amyloid-component (NAC) domain (residues 61-95) and the acidic Cterminal tail (residues 95-140) (see Figure 3.19 A). The N-terminal amphipathic region
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contains the three sites of mis-sense mutations (A30P, E46K and A53T) that are involved
in familial forms of early-onset PD by increasing the rate of amyloid fibril formation,
and together with the NAC domain, contains seven imperfect repeats (XKTKEGVXXXX)
including the conserved KTKEGV motif. The central NAC domain contains the hydrophobic
stretch VTGVTAVAQKTV, which can self-associate and has been shown to be essential for
aggregation and fibrillation [247]. Although it is an IDP, the overall structures of αSyn is
more compact than that of a completely random coil protein [248]. NMR studies show that it
has an average of ca.10% α-helical content in the N-terminus, which increases upon binding
to membranes (see Figure 3.19 B) [246]. The C-terminal region of αSyn is negatively
charged and has been shown by NMR to be involved in long-range interactions with the
central hydrophobic region [168, 248].
To understand the progressive biosynthesis of an IDP and probe its conformational
preferences on the ribosome, RNC complexes of αSyn were prepared and used to evaluate
RDCs as a technique for describing its structural properties.

3.2.3.1

Preparation and stability of α-synuclein (αSyn) RNCs for NMR

To explore the possibility of applying the RDC approach to the study of αSyn on
the ribosome, SecM-stalled RNCs of

15

N-labelled αSyn were generated as described in

section 3.2.3.1. Preliminary studies of αSyn RNCs identified an unexpected single point
mutation (V82M), which enhanced the stability of the the resulting RNC (in collaboration
with Annika Weise, UCL). To examine in more detail the NMR characteristics of αSyn
RNCs, both WT and V82M variants were subjected to further analysis.

Preparation of the sample. Two αSyn-RNC constructs were used, the wild-type (WTRNC) and a V82M variant (V82M-RNC). The procedure for expressing and purifying both
RNCs constructs was as described in section 5.1.13. The isolated proteins of both constructs
were also prepared as described in section 5.1.11. It was found that there were significant
differences in the characteristics of the two RNC constructs. For example, the total ribosome
content recovered after the sucrose cushion was found to be higher for WT-RNCs, but most
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of these were unoccupied and passed through the metal-affinity column without binding.
Similarly, the material in the elute of the column was typically greater for V82M-RNC than
for the WT-RNC (Table 3.3). Overall, the final yield of the V82M-RNC was also higher
than that of the WT-RNCs by approximately 30 %. It is unclear why the V82M mutation
improves the recovery of the αsyn-RNC, but it is likely to be due to an enhancement in the
stability of the RNC complex.
Purification stage
Pellet after cushion
Flow-through from column
Elution of column
Final sample after gradient

WT-RNC /pmol
186960
166800
3840
1392

V82M-RNC /pmol
144460
77184
6804
2100

Table 3.3: Summary of αSyn-RNC purification: shown is the total ribosomal material (in
pmol), for WT- and V82M-RNCs during purification. Both RNCs were expressed under identical
conditions.

During the purification process, the WT-αSyn-RNCs gave rise to a fractionation profile
after the sucrose gradient that contained two distinct peaks, an early peak (pk1) and a later
peak (pk2) (Figure 3.20 A). The two peaks were indistinguishable by SDS-PAGE, and it
is possible that pk1 represents a higher order assembly of ribosomes (e.g. disomes or
polysomes); both fractions (pk1 and pk2) were evaluated separately (see below).
Using the western blot shown in Figure 3.20, the occupancies of the samples were
determined according to the method described in section 5.1.16 on page 196. In panel B,
which is the anti-αSyn western blot of the WT-RNC, in which the total amounts of ribosomes
loaded in all lanes were the same (apart from the standards), the band corresponding to the
NC (green arrow) is most intense in sample ‘pk2’ (blue box, Figure 3.20 A), which is the
sample used in NMR experiments. The estimated occupancy for ‘pk2’ was calculated to
be 98 %. Panel C is an anti-trigger factor (TF) western blot, from which the ratio of TF to
ribosome was determined using similar method as for determination of the RNC occupancy.
The calculated ratio was 3.8 %, which is sufficiently low to avoid significant effects on the
NMR observability of the NC. A similar western blot analysis for the V82M-RNC is shown
in Figure 3.20 D&E. The final sample ‘Fn’ again shows the most intense band (greater
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Figure 3.20: A: Sucrose gradient fractionation profile of WT-αSyn RNC, showing two peaks,
pk1 and pk2. B-E: Anti-trigger factor (C&E) and anti-αSyn (B&D) western blots of WT-RNC
(B&C) and the V82M-RNC (D&E) for samples collected at different stages of the purification.
The bands corresponding to trigger factor and αSyn from the RNC samples are highlighted with
red and green arrows, respectively. The bands corresponding to the αSyn protein standards
are indicated by orange arrows; the αSyn standards migrate faster than the NCs because the
αSyn protein strandards do not contain the SecM stalling sequence present in the NC construct.
M=marker, R=released NC, P=pellet after sucrose cushion, FT=Ni-IDA column flow-through,
E=column elute, pk1=first peak in the gradient trace (yellow box, panel A), pk2=second peak
in the gradient trace (blue box, panel A), W=column wash, W10=column wash with 10 mM
imidazole, Fn=final sample. Numbers in brackets indicate the amount of sample for SDS-PAGE
in pmol. The standards are labelled with their amounts in pmol.
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than 98 % occupancy) compared to the other bands corresponding to the different stages
of purification (panel D). The anti-TF western blot in panel E, in contrast, shows the least
intense band in the final sample ‘Fn’, and the ratio of TF to ribosome is calculated to be
2 %. This estimated ratio was calculated by comparing the intensity of the band from the
final RNC sample to the 1 pmol band of the trigger factor standard. It would have been more
accurate to plot a standard curve derived from all three standards, but this was not possible
here as the more concentrated TF standards were over-exposed.

Monitoring the stability of αSyn-RNCs by western blotting. To evaluate the integrity
of the WT- and V82-RNC samples during RDC experiments, a biochemical approach was
implemented in addition to the NMR-based monitoring. For both WT- and V82M-RNCs, an
aliquot taken from the fresh NMR sample was incubated separately at 4 °C and samples were
extracted at different time points over a period of ∼170 h. These were centrifuged through a
sucrose cushion to separate the ribosome-bound and released NCs, which are then localised
to the pellet and the top-of-cushion fractions, respectively. All the samples were examined
by anti-α-synuclein western blotting in which the intensities of the top-of-cushion (T) and
pellet fractions (P) were compared to uncentrifuged samples (A) to quantify the population
of ribosome-bound NC.
For the WT-RNC after 24 hours of data acquisition, the αSyn band appears exclusively in
the pellet fraction, indicating that the NC was fully ribosome-bound. To test this conclusion
further, a control was also performed in which released NC was added to 70S ribosomes at
an equivalent concentration and stoichiometry (1:1) to the RNC samples taken during NMR.
The control revealed the presence of the NC in the top-of-cushion fraction alone (Figure 3.21
A, lane ‘-ve’), confirming that the sucrose cushion assay was suitable for discriminating
between released and ribosome-bound species.
The quantities of the pellet fraction could not be accurately determined as a proportion
of the starting concentration of material (7.5 pmol). Nevertheless, the consistent observation
of the αSyn species solely in the pellet fraction demonstrates that the nascent chain remains
ribosome-bound for up to 166 hours at 4 °C.
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Figure 3.21: Anti-αSyn western blot of samples taken during NMR data acquisition of A: WTRNCs and B: V82M-RNCs. The position of bands corresponding to the NC is highlighted with
the red box. A: M=marker, A=whole sample (7.5 pmol), T=top-of-cushion (released/cleaved
NC), P=pellet of cushion (attached NC, 7 pmol), R=purified V82M released NC, -ve=negative
control (mixture of 120 pmol of 70S ribosomes and purified V82M released protein loaded onto
the cushion, +ve=positive control (purified V82M protein loaded onto the cushion), *=3 pmol
loaded onto gel. B: M=marker, A=whole sample (7.5 pmol), T=top-of-cushion (released/cleaved
NC), P=pellet of cushion (attached NC), **=sample before addition of phage (after bufferexchange to remove released/cleaved NC, 7.5 pmol). The RNC lanes are labelled with the time
in hours at which the sample was taken. The protein standards lanes are labelled according to the
quantity loaded (in pmol).

A similar result was observed with V82M-RNCs, which were used in subsequent RDC
experiments (section 3.2.3.4). Over the first 96 hours, during which isotropic HSQC and
TROSY spectra were recorded (i.e. in the absence of Pf1 phage), the RNC sample was
observed to be stable with the NC observed only as a ribosome-bound species. At 96 hours,
Pf1 phage was added to the sample and aligned spectra were recorded (section 3.2.3.4).
A sample taken after these sets of experiments (Figure 3.21 B) shows that the nascent
chain remains ribosome-bound, despite the extended incubation period (250 hours) and the
presence of phage. The extended lifetime of the αSyn-RNC compared to Dom5+110 RNC is
at least partly due to the low temperature (4 °C) at which the αSyn-RNC NMR experiments
were recorded.
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NMR analysis of αSyn RNCs

NMR spectra for both αSyn isolated protein and RNC samples were recorded at 4 °C.
Recording at a low temperature slows the rate of solvent exchange for amides in disordered
proteins, yielding sharper peaks in the spectra [249]. It also advantageous for RNCs because
the reduced temperature extends the life-time of the samples.
The 2D

15

N HSQC spectrum of the isolated WT αSyn protein is shown in Figure 3.22

A. Its characteristics are typical of an unfolded protein and agree well with previous spectra
of αSyn [65]. It has very narrow 1 H chemical shift dispersion (7.6 - 8.7 ppm) compared
to a typical folded protein (6.5 - 10 ppm). While the 1 HN chemical shift range typically
becomes more dispersed in the presence of secondary or tertiary structure, the 15 N chemical
shift is mostly dependent on the observed residue-types and the residue-types of the flanking
residues, so that the 15 N chemical shift range is highly dispersed even for disordered proteins.
The

15

N HSQC spectrum of the isolated V82M protein (Figure 3.22 D), was found to

be similar to the isolated WT protein spectrum (Figure 3.22 A), with a small number of
chemical shift changes, which arise from residues close to the mutation point (V82M). The
backbone chemical shift assignment of V82M was performed by Dr Chris Waudby (UCL),
and these assignments have been used in this study for the analysis of the RNC spectra.
The
1

15

N HSQC spectra of WT- and V82M-RNCs are shown in Figure 3.22 B&E. The

H chemical shift dispersion for both NCs remains narrow and the WT-RNC spectra overlay

well with the corresponding isolated protein spectra (panel C&F), indicating that the NCs
are unfolded on the ribosome. Obtaining accurate peak counts for the RNC spectra is
difficult due to the intrinsically overlapping nature of the αSyn spectrum, where all the
peaks are crowded into the unfolded region. However, it is clear that the V82M-RNC
spectrum contains fewer peaks than the WT-RNC spectrum. 83 and 34 peaks were assigned
unambiguously in the WT- and V82M-RNC spectra, respectively. The overall decrease in
peak-count might be a result of overall line broadening in the RNC spectra. The lower
number of assigned peaks in the V82M-RNC spectrum is partly due to the lower overall
peak counts, but is also due to increased overlap that prevents transfer of assignments from
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Figure 3.22: 15 N HSQC spectra of WT αSyn (A-C) and V82M αSyn (D-F). The isolated
proteins are in blue and the RNCs are in red. Panels C and F are overlays of the RNC spectra
with the isolated protein spectra (the isolated protein spectra are shown with fewer contour levels
for clarity). The concentrations of the WT-RNC and V82M-RNC are 4.3 µM and 5.25 µM,
respectively. All spectra were recorded in Tico buffer at pH 7.6 at 4 °C.
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the isolated protein spectrum. The latter difficulty is illustrated in Figure 3.23, which shows
a peak cluster in the isolated and V82M-RNC spectra. While 8 peaks are assigned for this
cluster in the spectrum of the isolated protein (panel A), none of these assignments can be
transferred to the spectrum of the RNC, despite five local maxima being detectable (panel B,
black crosses).
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Figure 3.23: Selected region of spectra from isolated V82M protein (A) and V82M-RNC (B),
illustrating the increased peak overlap as a result of broadening. C: Overlay of spectra from
panels A and B. The black crosses indicate local maxima that are detected by the auto peakpicking routine.

To investigate if the increased overlap and loss of peaks in the RNC spectra were due
to line-broadening, the

15

N linewidths of the assignable peaks in the RNC spectra were

measured and compared with those of the corresponding peaks in the isolated proteins. For
WT αSyn, the average linewidths (calculated over a set of ∼30 peaks) were 11.8 Hz and
6.7 Hz for the RNC and isolated protein, respectively. For V82M, the average linewidths
(calculated over a set of ∼20 peaks) were 8.6 Hz and 7.4 Hz for the RNC and isolated protein,
respectively. Therefore, the RNC signals are broader than those from the isolated proteins,
and the broadening appears more severe for the WT.
This comparative linewidth analysis is complicated by the fact that the measured
linewidths for the RNCs are only from peaks that appear with sufficient intensity in the
spectra. This means that the average linewidths calculated over the sub-set of observed
peaks for the RNC spectra do not represent the true average linewidths over all residues in
the NCs, but are skewed averages, which are biased towards the narrower, and hence more
observable, peaks. An additional problem is that many of the observable peaks in the RNC
spectra cannot be assigned due to overlap and small chemical shift changes, again reducing
the number of peaks for which the linewidths can be reliably compared between the isolated
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protein and RNC spectra.
The first problem is demonstrated by the average linewidths for the WT and V82MRNC spectra. The average linewidth is lower for the V82M-RNC, but this is calculated over
fewer peaks than for the WT-RNC. Many of the peaks that are very broad in the WT-RNC
spectrum are completely absent in the V82M-RNC spectrum, suggesting the true average
linewidth over all residues is larger for the V82M-RNC. However, it is clear that both RNCs
show broader lines than their corresponding isolated proteins, indicating that the relaxation
properties of the ribosome-anchored αSyn protein are different from those of free αSyn. One
possible explanation for this difference is that it arises as a result of tethering the protein to
the ribosome, which therefore restricts its conformational flexibility. However, this effect is
expected to be small because the dynamics of intrinsically disordered proteins are dominated
by local motions, which should not be affected significantly by anchoring one end of the
chain.
To further explore the differential dynamics between the isolated proteins and their
RNCs, the

15

N HSQC intensity profiles (along the sequence) were plotted for each of the

four αSyn samples (Figure 3.24). Firstly, these profiles highlight that there are missing
peaks in the RNC spectra compared to those from the isolated proteins, particularly for the
V82M construct. Secondly, it is apparent that the majority of missing peaks for the RNCs
are clustered in the N-terminal half of the sequence. For the WT-RNC, where more peaks
are observed, those peaks that are still detectable in the N-terminal half of the sequence are
in general weaker than those towards the C-terminus. This picture does not agree with the
hypothesis that the attachment of the NC to the ribosome is restricting its flexibility. If this
were the case, then the C-terminus of the NC would be less flexible than the N-terminus.
The observed intensities suggest instead that it is the N-terminus whose motion is restricted.
For the V82M-RNC, one explanation consistent with the observations is that the Nterminal portion of the protein has been degraded by proteolysis. However, this explanation
cannot be applied to the WT-RNC, where peaks are observed as close to the N-terminus
as residue 10. Another explanation is that there is non-specific interaction between the N-
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Figure 3.24: Plots of signal-to-noise ratios (S/N) against residue number for isolated WT αSyn
(A), the WT-RNC (B), isolated V82M (C) and the V82M-RNC (D).

terminal part of the αSyn NC and the ribosome. These hypotheses were investigated further
and are discussed later in section 3.2.3.5.

3.2.3.3

Monitoring RNC sample stability using 1 H and 15 N diffusion experiments

Before considering the RDC data for analysis, diffusion experiments and western blots
(section 3.2.3.1) were used to ensure that the recorded NMR data reflected attached NCs.
15

N diffusion experiments were recorded throughout the course of NMR data acquisition

for both the WT- and V82M-RNCs. In the case of the V82M-RNC, the isotropic splittings
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Figure 3.25: Plot of the integrated peak intensities (panels A and C) and the calculated diffusion
coefficients (panels B and D) from the 15 N diffusion experiments recorded on the WT-RNC (panel
A and B) and the V82M-RNC (panel C and D). The blue bar in panels C and D indicates the point
at which phage were added to the V82M-RNC sample.

were recorded first, after which phage were added and the aligned splittings measured. For
the WT-RNC, only the isotropic splittings were recorded. Plots of the integrated signal
intensities in each diffusion row and the diffusion coefficients calculated from the pair-wise
intensity ratios are presented in Figure 3.25.
Overall, the signal intensities and calculated diffusion coefficients are relatively stable
for both RNCs. Comparing the WT-RNC with the isotropic stage for the V82M-RNC, the
diffusion coefficients for the V82M-RNC are stable and homogeneous up to 110 hours, while
those for the WT-RNC begin to gradually increase after 40 hours. This suggests that the
V82M-RNC appears to be slightly more stable than the WT-RNC, as also observed during
their purifications (section 3.2.3.1).
After addition of phage to the V82M-RNC, there was a slight decrease in the intensity
of all rows of the diffusion experiment (after re-scaling to account for the decreased
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concentration). This small decrease is probably due to magnetisation losses during the
pulse sequence caused by evolution of proton-proton dipolar couplings, and mismatches
of the aligned N-H splittings to the INEPT delays. While the intensities remained relatively
stable for the remainder of the measurement, there was an apparent increase in the diffusion
coefficient calculated from the 5 % and 50 % gradient strengths, possibly indicating some
release of NC. However, further inspection indicates that the diffusion coefficient calculated
from the 50 and 95 % gradient strengths decreases over the same time period, which
is implausible. The explanation is that the intensity for the 50 % gradient strength was
systematically under-estimated for these time-points: the relative intensity plot shows that
50 % gradient strength intensity is lower than that for the 95 % gradient strength for this
period. This demonstrates the challenges involved in acquiring high-quality diffusion data
on RNC samples. Due to the low concentration of the RNCs, the diffusion spectra are
noisy, leading to relatively large uncertainties in the calculated diffusion coefficients. The
random uncertainty can be estimated (section 5.4.1), but it is more difficult to account
for systematic errors. In particular, small baseline offsets that vary between the rows can
influence the calculated diffusion coefficients. Careful baseline correction was undertaken
for the data presented here, but poor water suppression caused by a damaged Shigemi tube
means that small offsets may still be present. A small negative baseline offset is the most
likely explanation for the underestimation of the intensity in the 50 % row.
Overall, the diffusion data confirm the biochemical analysis, demonstrating the NCs
remain predominantly ribosome-bound over the extended period of NMR data acquisition
(up to 270 hours on the V82M-RNC).

3.2.3.4

Approach to measure N-H RDCs on αSyn-RNC

Prior to measuring RDCs on the αSyn-RNCs, the RDCs of the isolated V82M protein was
investigated, following the procedure outlined in section 2.2.3.1, by which the isolated V82M
protein was aligned in Pf1 phage. In this case, the N-H RDCs were measured using the
HSQC/TROSY method, to maintain a consistent approach with the RNCs. The measured
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Figure 3.26: A: Plot of measured N-H RDCs for isolated V82M protein. B: Plot of measured
(blue) and simulated data (red). The green shading indicates regions where simulated data do not
match the measured data if there are assumed to be no long-range contacts. Panel B generated
using data taken from [168].

RDCs are plotted along the sequence in Figure 3.26. The RDCs measured on the isolated
protein (Figure 3.26 A) show a similar trend to the published data [168]. The regions
highlighted with green shading were shown by simulation to make long-range contacts
(Figure 3.26 B). The region between residues 120 and 140 also shows higher RDCs than
the rest of the sequence, which could be indicative of residual local structure.
A similar approach was then adopted for the corresponding RNCs. Before proceeding
with extended data acquisition, a set of relatively short (2.5 hours) experiments were
undertaken with the aim of assessing which experiment type would be optimal for measuring
N-H splittings of intrinsically disordered NCs. NCs consisting of folded domains are
similar to the case of ribosome-bound L7/L12, for which the HSQC/TROSY approach is
clearly preferred over the IPAP-HSQC method. However, for disordered NCs, the preferred
method is not necessarily the same as that for folded NCs. This is because disordered
NCs are expected to have significant local conformational flexibility, and hence slower
relaxation rates in general. Therefore, the differential relaxation between the upfield and
downfield components of the

15

N doublets is expected to be less severe than for folded

NCs or ribosome-bound L7/L12, so that the IPAP technique may be preferred over the
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HSQC sequences.

HSQC/TROSY approach.
Therefore, two comparisons were made.

First, the HSQC/TROSY spectra were

compared to the IPAP-HSQC sub-spectra. Second, a refocused

15

N HSQC sequence with

semi-constant time 15 N evolution and 1 H composite-pulse decoupling [250] was compared to
the standard HSQC sequence. The refocused 15 N HSQC sequence should yield narrower 15 N
linewidths, thereby improving the precision at which the peak positions can be defined. For
the first comparison, the estimated uncertainties in the extracted splittings were calculated
for a set of 20 well-resolved peaks based on their signal-to-noise ratios and linewidths. The
uncertainties are calculated for the full N-H splitting in both approaches, i.e. the uncertainties
in the peak position differences from the HSQC/TROSY spectra are doubled to obtain the
uncertainties in the N-H splitting. For the second comparison, the peak position uncertainties
from the standard and refocused-HSQC spectra were calculated for the same set of 20 peaks.
The calculated uncertainties are presented in Figure 3.27. It was found that there
was little difference between the IPAP-HSQC (average uncertainty 1.22±0.58 Hz) and
HSQC/TROSY (average uncertainty 1.23±0.38 Hz) approaches. In addition, the refocused
HSQC sequence was not found to offer significant benefits over the standard sequence. While
the

15

N linewidths were found to be slightly narrower (the average linewidth decreased by

0.24 Hz) using the refocused sequence, there was a concomitant drop in signal intensity that
outweighed the decrease in linewidth, resulting in a higher peak position uncertainty than
for the standard sequence (0.4±0.2 vs 0.34±0.15 Hz). The remaining data were therefore

3.2 Results and Discussion

163

recorded using the HSQC/TROSY approach with the standard HSQC sequence. This
approach was deemed slightly advantageous compared to the IPAP method, despite the
similarity in the projected uncertainties, because the combined resolution in the HSQC and
TROSY spectra is still expected to be better than in the two sub-spectra obtained from
the IPAP/HSQC. This consideration could be important in the context of the overlapped
spectrum of the unfolded NC.
Isotropic splittings were measured initially on the V82M-αSyn RNC, yielding the spectra
shown in Figure 3.28 A. Following this, the sample was buffer exchanged and concentrated
to a smaller volume for addition of phage. The deuterium splitting after addition of phage
was 13.8 Hz.
The HSQC spectra before and after addition of phage were similar (Figure 3.28 A&B)
with only small chemical shift changes of less than 0.05 ppm (Figure 3.28 C). No noticeable
line-broadening was observed, with the changing by less than 2 Hz. This suggests that
there was no significant interaction between the phage and the NC and that the relaxation
properties of the NC were not affected by the addition of phage.
24 RDCs were measured for V82M-αSyn RNC, predominantly from residues at the Cterminal end of the sequence. The measured RDCs vary between -5 and +10 Hz, with an
uncertainty of 1 to 2 Hz, i.e. 10-20 % of the largest RDC measured. This could potentially be
improved by increasing the sample concentration to 10 µM, which would double the signalto-noise ratio and therefore halve the uncertainty.
The current set of RDCs are too incomplete to be used for further structural analysis.
An incomplete set of RDCs can still provide useful information for a folded protein because
they can be used to derive the alignment tensor. However, the data analysis techniques for
unfolded proteins are more demanding and require at least one relative complete set of RDCs
to provide meaningful results. Further work is therefore required to establish the underlying
cause for the loss of N-terminal signals in the αSyn RNCs.
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Figure 3.28: A: Isotropic 15 N HSQC (red) and TROSY (blue) spectra recorded on the V82MαSyn RNC. B: 15 N HSQC (green) and TROSY (orange) spectra recorded on V82M-αSyn RNC
aligned in phage. C: Plot of chemical shift changes for the V82M-RNCs upon addition of phage.
D: Plot of measured N-H RDCs for the V82M-αSyn RNC.
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Investigation of interactions between the ribosome and αSyn NCs

To examine the possibility that the broadening of the N-terminal signals was the result of
interactions between the αSyn NC and the ribosome, further analysis was undertaken. In the
first instance, a western blot against the SecM motif was used to further assess the integrity
of the RNC both before and after NMR (Figure 3.29). This was performed to ensure that the
NC was complete intact, and as one possibility for the absence of the N-terminal resonances
would be that proteolysis has degraded the N-terminus of the NC. The anti-SecM western
blot probes the SecM sequence present at the C-terminus of the αSyn sequence, which is
protected within the ribosomal exit tunnel in RNCs. Therefore any proteolysis at the Nterminus of the NC would be manifested on the blot as bands of lower molecular weight
than the full-length NC, and a reduction in the intensity of the full-length αSyn band.
WT-aSyn RNC

V82M-αSyn RNC

kDa M pre post post* pre post post* -ve Std

40
30
αSyn NC
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Figure 3.29: Anti-SecM western blot of samples from αSyn RNC samples under different
conditions. M: marker, pre: sample before NMR acquisition, post: sample after NMR acquisition
(140 hours for WT and 280 hours for V82M), post*: attached NC fraction of the sample
post NMR acquisition, -ve: negative control (pellet of cushion loaded with purified, released
V82M NC mixed with 70S ribosome), Std: standard of purified, released V82M NC. The bands
corresponding to the NCs are indicated with the green arrow.

As seen previously in blots using the anti-α-Synuclein antibody (section 3.2.3.1), the
αSyn NC migrates a little higher (above 20 kDa) than its true molecular weight of 18 kDa.
The position of the αSyn NC band is confirmed with a standard of purified, released V82MαSyn NC (lane 9, Std, Figure 3.29), which migrated at the expected position for the fulllength NC (Figure 3.29, green arrow).
The same approach was applied for both WT- and V82M-RNCs. Initially, a sample
was taken before NMR acquisition (‘pre’), representing the attached, intact NC. Another

3.2 Results and Discussion

166

sample was taken directly after NMR acquisition and loaded on to the blot without any
further processing (‘post’) to represent the total NC content, including attached and any
released NC or cleaved products. In addition, a sample taken after NMR acquisition was
pelleted through a sucrose cushion, from which the pellet fraction (‘post*’) contains only the
attached NC (Figure 3.29). Due to the observation of background binding of the antibody to
non SecM-containing proteins, a negative control (-ve) was also used; this was prepared from
the sucrose-cushion pellet of a sample in which isolated V82M was added to 70S ribosomes
prior to the cushion. This negative control showed that no released NC could be carried over
into the pellets and illustrated the pattern of weak bands resulting from non-specific bindings
of the antibody to ribosomal protein for comparison with the RNC samples.
For the WT-αSyn RNC, all three samples gave NC bands of similar intensity, indicating
that the NC remained bound to the ribosome throughout NMR data collection. In particular,
the NC bands in the ‘post’ and ‘post*’ samples were of comparable intensity. This indicates
that the NC population present in the sample after NMR (‘post’) is fully ribosome bound
(‘post*’). For the V82M-αSyn RNC, there is a small difference between the samples from
before (‘pre’) and after (‘post’) NMR acquisition. However, the NC content (‘post’) of the
sample after NMR is ribosome-bound (‘post*’). In addition, none of the samples show
evidence of proteolytic cleavage, suggesting that the RNCs were indeed intact and ribosomebound. As the western blot indicated that the RNCs remain intact throughout NMR data
acquisition, the origin of the line-broadening that leads to the loss of N-terminal peaks in the
RNC HSQC spectra may be interaction between the NC and the ribosomal surface.
The flexibility of the αSyn protein is such that the NC could bend back on itself as a
result of an interaction between the ribosome and the N-terminus of the NC (Figure 3.30).
Such an interaction between the NC and the ribosomal surface could arise from electrostatic
attraction. The first 100 residues of αSyn are positively charged [251] (due to the repeat
KTKEGV motif), whereas the C-terminus is negatively charged and the NAC domain
contains a hydrophobic stretch of amino acids. The surface of the ribosome is comprised
of both RNA and proteins, with the RNA molecules being negatively charged giving an
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Figure 3.30: A: A model of αSyn in which the NC is interacting with the surface of the ribosome
at its N-terminus. Only the 50S subunit is shown with proteins in yellow and RNA in cream. The
α-synuclein NC is shown in magenta. B: Model of the 50S with αSyn NC present. The surface of
the ribosome is highly negatively charged (red), while the N-terminal 100 residues of the αSynNC are positively charged (green, theoretical pI 9.4), and the region close to the C-terminus
(residues 100-130) is negatively charged (yellow, theoretical pI 3.55). (Models built by Dr Chris
Waudby and Luke Goodsell, UCL)

overall negative surface charge. Therefore, it is possible that the N-terminus is attracted
to the negatively charged ribosome surface, while no such attraction would exist for the
C-terminus. There may also be additional contributions to the electrostatic attraction from
partial positive charges on the N-terminal his-tag. Indeed, HSQC spectra recorded on the
isolated WT protein that does not have a his-tag at the N-terminus showed weaker interaction
with the ribosome (as observed over residues 1-40) than did the isolated V82M protein with
his-tag (Figure 3.31 A&B). Further tests for the presence of electrostatic interactions were
undertaken in collaboration with Annika Weise, UCL.
To attenuate electrostatic interactions, the most commonly used approach is to increase
the ionic strength of the buffer, within which the increased concentration of ions then screen
the charge of the molecules more effectively. Within the confines of conditions suitable for
maintaining the stability of the ribosome, two buffer modifications were tested: an increase
in the concentration of NH4 Cl from 30 mM to 140 mM and substitution of the NH4 Cl
with a combination of 100 mM arginine and 100 mM glutamate, which has been shown
to disrupt protein-protein interactions without compromising the sensitivity of cryo-probes
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Figure 3.31: Plot of the relative peak intensities against residue number for αSyn in the presence
of equimolar 70S ribosomes vs αSyn alone for (A) WT-αSyn (no his-tag) in Tico buffer, (B)
V82M-αSyn in Tico buffer, (C) V82M-αSyn in Tico buffer with 140 mM NH4 Cl increased from
30 mM in Tico and (D) V82M-αSyn in Tico buffer with 100 mM arginine and 100 mM glutamate
instead of NH4 Cl.

[252].

15

N HSQC spectra and diffusion experiments were recorded on the

15

N-labelled

isolated protein, unlabelled 70S ribosomes alone and the isolated protein in the presence
of equimolar ribosomes (all at 5 µM concentration) using the buffer conditions described
above. The original Tico buffer condition was also tested for comparison.
The data recorded using the 140 mM NH4 Cl buffer sample has lower signal-to-noise
ratio, which is due to the reduced sensitivity of the cryo-probe in the presence of the higher
concentration of ions. In Figure 3.31, the intensities of the signals from the isolated protein
in the presence of ribosomes are plotted relative to the intensities from the isolated protein
alone. For the WT-αSyn and V82M-αSyn isolated proteins in Tico buffer, it is clear that
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the relative intensities are lower at the N-terminus than in the rest of the protein, which
supports the hypothesis that there is an interaction between the N-terminus of the proteins
and the ribosomal surface. If this interaction is assumed to be a fast-exchange event, the
decrease in intensity of the N-terminal residues should correspond to an associated increase
in the linewidth, which itself is a result of increase in the transverse relaxation rate R2 .
This increase in R2 has two possible contributions, the increase in the population-weighted
average intrinsic relaxation rate (due to the much faster relaxation in the putative ribosomebound form) and an additional exchange contribution, which arises from chemical shift
changes between the free and bound forms. The population-weighted average intrinsic
relaxation rate depends on the intrinsic relaxation rates of the free and ribosome-bound forms
and also on the relative populations according to :
R02,average = pfree R02,free + pbound R02,bound

(3.1)

where R02,average is the average intrinsic relaxation rate, pfree and pbound are the populations
of the free and bound forms, and R02,free and R02,bound are the intrinsic transverse relaxation
rates of its free and bound forms, respectively. Since R02,bound  R02,free , even a very low
population of the bound state will give rise to appreciable line-broadening. This contribution
to the line-broadening is likely to outweigh any exchange contributions that arise from
possible chemical shift changes. In principle, it is also possible that the interaction falls
into the slow exchange regime. In this case, only the free form of the protein will be
observed, whose signals would then have relaxation properties similar to those of the isolated
protein. However, the observed intensities indicate that if the interaction were to be in the
slow exchange regime, the upper limit of the fraction bound would be 90 %, because the
lowest observable intensity is 10 % of the free form. At the concentration used in these
experiments (5 µM) and assuming a diffusion-limited on-rate, this corresponds to a Kd of
50 nM. Subsequent diffusion experiments (Figure 3.32), however, suggested a higher Kd of
∼22 µM, so that the slow exchange regime scenario can be discounted.
The relative intensities of αSyn in 140 mM NH4 Cl buffer (Figure 3.31 C) show a similar

3.2 Results and Discussion

170

trend to those recorded in the original Tico buffer (Figure 3.31 B), although the recovery of
the relative intensities by moving through the sequence from the N-terminus occurs within a
shorter stretch of residues than for the sample in Tico buffer, indicating that the length of the
interacting region is slightly shortened in the high-salt buffer. No such difference is observed
in the arginine/glutamate buffer, for which the shape of the profile is indistinguishable from
that in the original Tico buffer (Figure 3.31 D).
In order to quantify the strength of the interaction under the different conditions, diffusion
experiments were recorded on the unlabelled 70S ribosome, and the isolated protein, both
alone and in the presence of ribosomes. The diffusion coefficient measured for the isolated
protein in the presence of ribosomes is a population-weighted average of the bound and free
forms, and can be written:
Dobs = fbound · Dbound + ffree · Dfree

(3.2)

where Dobs is the population-weighted average diffusion coefficient, Dbound is the diffusion
coefficient of the protein bound to the ribosome, Dfree is the diffusion coefficient of the
free protein, and ffree and fbound are the relative populations of the free and bound forms,
respectively. As the size of the ribosome is much greater than that of the protein, it can be
assumed that Dbound = Dribosome . In addition, ffree = 1 − fbound . Since
Kd =

[protein] · [ribosome]
[protein-ribosome]

(3.3)

and since the total protein and ribosome concentrations are both 5 µM, it follows that:
Kd = 5 × 10

−6

Dribosome − Dobs Dobs − Dribosome
+
Dobs − Dfree
Dribosome − Dfree

!
(3.4)

The diffusion coefficient of the protein alone (Dfree ), the ribosome alone (Dribosome ) and the
protein in the presence of ribosomes (Dobs ) can be measured for all conditions, and hence the
corresponding K d values can be calculated according to Equation 3.4. The results are shown
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Figure 3.32: A: Plot of the diffusion coefficients for 70S ribosomes, αSyn protein, and αSyn
protein in the presence of ribosomes under different buffer conditions. B: Kd of αSyn interacting
with ribosomes derived from the diffusion constants.

in (Figure 3.32 B). The calculated Kd values are all higher than 20 µM, which implies koff
>1x105 Hz assuming that the on-rate is diffusion-limited. The associated kex is too large to
be consistent with slow exchange on the chemical shift time-scale. Therefore, the interaction
between the αSyn proteins and the ribosomal surface is a fast exchange event. The calculated
Kd values are quite similar, although the interaction may be slightly weakened by the highsalt (140 mM NH4 Cl) buffer, in agreement with the small change observed in the relative
intensity profile under these buffer conditions.
Nevertheless, it appears that even in the high-salt buffer, there remains some interaction
between the N-terminus of αSyn and the ribosomal surface. This interaction could be further
weakened by removal of the N-terminal his-tag. In the case that the residual interaction
cannot be attenuated further, and still leads to loss of signals in the

15

N HSQC spectrum

of αSyn, an alternative avenue of investigation could be to examine other intrinsicallydisordered proteins that lack the repeated stretches of positively-charged residues found in
αSyn.
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Conclusions

This chapter has described the progress made towards measuring RDCs on ribosome boundnascent chains, and has demonstrated the challenges that need to be overcome.
The development of the RNC expression and purification has been very successful,
increasing the total yield of RNC from 100 pmol per litre to 3000 pmol per litre, an
improvement which has enables the routine production of high-quality, high-concentration
RNC samples, and has allowed investigation of RNCs using NMR methods, such as RDCs,
possible. Taking advantage of these development, two types of RNCs were studied, the
folded Dom5+110 RNC and the unfolded αSyn RNCs.
In the case of the Dom5+110 RNC, the sample produced was of high purity and relatively
long lifetime, with 65 % of the NCs still attached after two days of NMR acquisition. From
the analysis of linewidths and signal intensities, it was found that the motion of the folded
Dom5 is significantly restricted by being anchored to the ribosome despite the length and
expected flexibility of the linker. This restriction in domain motion gave rise to low signal
intensities and broad linewidths, which precluded acquisition of high-quality RDC data.
However, the studies on the unfolded RNCs, based on αSyn, are more promising. αSyn
RNCs are able to provide higher signal intensities and better sample stability, benefitting
from recording the NMR experiments at a lower temperature. The challenges of the αSyn
RNCs lie in the complexity of extracting structural information from the RDC data and the
interaction between the NC and the ribosomal surface. Further work is required towards
abrogating the interaction between the N-terminus of αSyn and the ribosome in order to
recover the complete 15 N HSQC spectrum of the NC.

Chapter 4
Conclusions
4.1

Protein folding on the ribosome as studied by NMR
spectroscopy

Much of our understanding of protein folding comes from in vitro studies of isolated proteins;
within living systems, however, protein folding is known to be initiated during translation on
the ribosome. Until very recently, studies of co-translational folding have been limited to
biochemical and biophysical studies. Together, these have provided a wealth of information
showing that nascent chains are capable of adopting native-like structure on the ribosome.
Structural studies using X-ray crystallography and cryo-EM have provided detailed insights
into the structure and function of the ribosome, but the highly dynamic nature of the
emerging ribosome-bound nascent chain has made its characterisation impossible using these
traditional strategies.
An understanding of the structural and dynamic transformations experienced by the
nascent chain (NC) as it acquires its native structure would provide an unprecedented insight
into the process of co-translational folding as it occurs on the ribosome. As discussed
below, NMR spectroscopy offers the unique advantage of probing dynamic regions within
the otherwise rigid ribosome. Specifically, NMR spectroscopy has allowed structural and
dynamic characterisation of the highly mobile ribosomal L7/L12 stalk protein, which has
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eluded both X-ray crystallography and cryo-EM [34]. These initial pioneering NMR studies
have provided a solid foundation for the exploration of the emerging nascent polypeptide
chain, because when bound to the ribosome, the nascent chain displays motional properties
that are partly independent of the ribosome itself [124, 207, 253]. The inherent dynamic
properties of the nascent chain therefore represent an attractive opportunity to study protein
folding as it occurs on the ribosome, and provide a new avenue of investigation into protein
folding as it takes place within living systems.
An idealised set of conditions for examining co-translational folding would involve the
use of NMR spectroscopy to probe the emerging nascent chain during synthesis in ‘real
time’. As will be discussed later in this chapter, one significant limitation in the study of
ribosome–nascent chain complexes (RNCs) by NMR spectroscopy is related to the low NMR
sensitivity associated with these samples. Therefore, at present, co-translational folding
studies using NMR are performed as equilibrium measurements; homogeneously stalled and
isotopically labelled ribosome–nascent chain complexes permit examination of the nascent
chain at a fixed length. By studying RNCs of varying lengths, folding ‘snapshots’ are
generated which represent the real-time folding process. Research within the group has
led to the development of strategies that enable RNCs to be produced in vivo within E.
coli for NMR studies. Developing further methods by which direct structural evidence
can be gleaned from NMR studies of RNCs is an important step towards understanding
co-translational folding. In order to implement structural strategies that report on cotranslational folding, this thesis has explored the development of residual dipolar couplings
(RDC) applied to both the ribosome and RNCs to generate direct structural information.
This work builds upon recent NMR studies of ribosome–nascent chain complexes of
an immunoglobulin domain, ddFLN. These studies have permitted initial chemical shift
analyses, making steps towards probing structural and dynamic properties of the ribosomebound nascent chain. These are beginning to provide a view of the nascent chain as it exists
on the ribosome and the manner in which it acquires its structure during co-translational
folding. At present, however, there is limited direct three-dimensional structural information
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on the NC and as a consequence little is known about either the orientation of the NC with
respect to the ribosome, or its structural preferences as it progressively emerges from the
ribosome. Detailed studies reporting on these characteristics of the NC would provide a
more comprehensive understanding of the early events of protein synthesis and folding.

4.2

RDCs applied to the study of the isolated and ribosomebound L7/L12

Residual dipolar couplings are NMR parameters that can be measured with high sensitivity
and that provide high-resolution structural information, in terms of both the orientations
of individual inter-nuclear vectors within the protein structure and the global orientational
probability distribution of the protein under anisotropic conditions. In order to explore the
possibility of applying an RDC approach to the study of NCs, the technique was first applied
to the dynamic L7/L12 stalk region of the ribosome, with a view to developing the required
methodology for the subsequent study of RNCs. The rationale behind this strategy was based
on the similar motional properties that are expected for the two dynamic, ribosome-bound
species.
As described in Chapter 2, the development of an RDC strategy to derive alignment
tensors and local structural information for L7/L12 on the 70S ribosome was largely dictated
by the challenges associated with the low maximum working concentration of the ribosome
(10 µM). This consideration narrowed the choice for the types of RDC that could be
measured, with the focus on intrinsically large couplings (N-H and Cα -Hα ) and those that,
while smaller, can be measured with high sensitivity (N-C’ and C’-Cα ).
The alignment of the ribosome was successfully achieved using phage, and with
the above considerations in mind, N-H RDC measurements were acquired using an
HSQC/TROSY strategy. This approach was found to be optimal in this case because of the
associated sensitivity and resolution gains compared to the IPAP-HSQC approach, which
is more commonly applied to small, isolated proteins. The use of Cα -Hα couplings was
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also explored because of their intrinsically large size. Modifications of established pulse
sequences were implemented in an attempt to optimise the sensitivity and resolution for
examining the ribosome-bound L7/L12.
To complement the N-H measurements made in phage, efforts to acquire RDCs in an
alternative alignment medium were also made. Due to its large size and intrinsic lability,
aligning the ribosome is not as straightforward as for simple proteins. The Otting medium,
based on polyethylene glycol, was selected as a promising candidate for a second alignment
medium, since it is reported to be inert towards most proteins, and should provide a near
orthogonal alignment tensor to that produced in phage. However, the alignment was not as
effective as with phage, as the ribosome appeared to interfere with the formation of the liquid
crystal phase, although further attempts at lower concentrations could prove successful.
The N-H RDCs measured in phage using the HSQC/TROSY approach were able to
yield detailed information on the ribosome-bound L7/L12. The measurement of the Cα -Hα
RDCs was more challenging, with limited resolution in the 13 Cα -HSQC of ribosome-bound
L7/L12 preventing extraction of splittings for many of the residues. The measurement of
isotropic splittings for the H-C’/N-C’ couplings showed that it may be feasible to measure
the N-C’ RDCs with sufficient precision and sensitivity to provide useful information. An
attempt to measure the C’-Cα RDCs was unsuccessful, due to the low sensitivity associated
with the ribosome-bound L7/L12. Indeed, the results of this study suggest that given the
current sample conditions suitable for ribosomes, a future prospect for the measurement
of ribosomal RDCs may lie in an alternative choice of organism. Thermophilic ribosomes
(e.g. from Thermus thermophilus) have proved to be instrumental in crystallographic studies,
presumably due to the inherent stability of the complexes. The enhanced thermostability
may present the opportunity to either increase the concentration or, more likely, extend the
lifetime of the 70S complex. As the L7/L12 stalk protein is highly conserved, presumably
so too are its dynamic properties, and hence the development of RDCs in this context may
offer alternative avenues of exploration.
The studies of the ribosome-bound L7/L12 were undertaken in parallel with isolated
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L7/L12, allowing a comparison of its structural characteristics in isolation and when bound
to the ribosome. A concentration-dependent oligomerisation of isolated L7/L12, postulated
to be a dimer-tetramer interconversion, was observed. The oligomerisation event appeared to
be mediated by the N-terminal domain of the L7/L12 protein and complicated RDC analysis
due to the exchange between the different oligomeric states. For ribosome-bound L7/L12, the
NTD is NMR-invisible and its structure could not be studied. The interpretation of the RDC
data required careful consideration to take into account the intrinsic dynamics of L7/L12, so
that only data from the rigid regions of the protein were considered.
The study of the CTD of isolated and ribosome-bound L7/L12 provided insights into
both its structure and orientational preferences in the two states. The alignment tensors of
the CTDs from the two gel-filtration fractions were very similar. This result is likely to
arise from a combination of the weak alignment of the different NTDs and the fact that the
alignment of the CTD will be dictated primarily from its own interaction with the phage,
so that any influence from the NTD that may be transmitted through the linker region is
so small as to be undetectable. The alignment tensors for the isolated and ribosome-bound
CTDs were slightly different (although not to a highly significant degree), which may provide
evidence for the orientation of the ribosome, and hence ribosome-bound NTD, affecting that
of the L7/L12 CTD. Interestingly, however, only one set of RDCs was observed for the
ribosome-bound L7/L12, despite the current understanding that the NMR signal arises from
two CTDs, one on each of the two L7/L12 dimers. This suggests that there may be exchange
of the dimers between the two ribosome-binding sites on the L10 protein or that the influence
of the ribosome on the orientational preference of the extended CTDs is very small. Further
studies using lanthanide-based alignment should yield more information on the flexibility of
the linker region by revealing more clearly the relative orientational preferences of the Nand C-terminal domains.
The measurement of the N-H RDCs in phage also indicated that the structure of the
L7/L12 CTD is very similar in the isolated and ribosome-bound states, and this similarity
was confirmed by a limited structural refinement using the RDC data. Improvement of the
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refinement protocol requires measurement of the N-H RDCs in another alignment medium.
Attempts in this direction with the Otting medium were as yet only partly successful, but
with indications that modifications could lead to improved alignment.

4.3

RDCs applied to study of RNCs

As mentioned, the primary purpose of studying the ribosome-bound L7/L12 was to provide
a foundation of optimised methodology that could then be applied to the ribosome-bound
nascent chain. An inherent challenge in the study of RNCs, however, is the preparation
of suitable samples. During the period of this study, significant improvements were made
that enabled the generation of large quantities of isotopically labelled and homogeneously
stalled RNCs, with an enhanced stability on the order of days. The use of the model RNC
system Dom5+110 was initially selected as a candidate for RDC experiments because of its
favourable characteristics as an RNC, such as its high occupancy and stability. The dynamic
properties of the RNC, however, yielded resonances with lower than expected intensities,
which presented a significant challenge in obtaining the required sensitivity and resolution
to measure peak positions with the precision required for N-H based RDC experiments.
As an alternative, the RDC study of αSyn-RNCs was initiated because the intrinsically
disordered conformation of αSyn and its high degree of flexibility gives rise to intense and
narrow resonances. In addition, the low temperatures used for such experiments extended the
sample lifetime, allowing for longer NMR data acquisitions. N-H RDC experiments were
recorded on the V82M αSyn-RNC, giving rise to a collection of RDCs corresponding to
residues at the C-terminus but little data from residues in the N-terminal half of the protein,
whose signals are broadened beyond detection. This broadening appears to arise as a result
of an interaction between the N-terminus of αSyn and the ribosome. The nature of the
interaction is likely to be electrostatic in origin due to the net positive charge associated with
the N-terminus of αSyn, and it was found that the interaction could be weakened slightly
by high ionic-strength conditions. Further studies into the nature of the interaction and
the means by which it can be attenuated or abrogated may permit a more complete set of
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RDC data to be obtained. Alternatively, other intrinsically disordered proteins could be
investigated to determine if they can be used as model systems for intrinsically disordered
RNCs.

4.4

Future strategies for the application of RDCs to RNCs

As detailed above, the relatively narrow linewidths and high signal-to-noise ratios associated
with the inherent dynamics of intrinsically disordered RNCs make them more amenable
systems for developing RDCs at present.

However, more attractive proposition for

developing our understanding of co-translational folding is the study of folding-competent
proteins. Returning to the case of the Dom5+110-RNC, the application of RDCs may be
more feasible if an alternative isotopic labelling strategy is considered. Specifically, the use
of perdeuteration and selective methyl labelling of isoleucine, leucine and valine amino acids
enable methyl-TROSY methodology to be applied, which both enhances the sensitivity of
the resonances and reduces their associated linewidths. This approach has been used recently
to acquire spectra of selectively isoleucine-labelled Dom5-RNCs (Dr Helene Launay, UCL).
It also proved to be critical in overcoming the motional restrictions imposed on the NCs of
Dom5-RNCs that were close to the ribosomal exit tunnel [207], and enabled identification of
native-like cross-peaks of folded Dom5 that were otherwise not observable using uniform
13

C or

15

N strategies. Developing RDCs along similar lines may therefore present new

opportunities.
It must be noted, however, that methyl groups at the termini of amino-acid side-chains
show a wide range of local flexibility relative to the backbone and hence application of
methyl RDCs to structural refinement also requires careful characterisation of the local
dynamics by relaxation measurements. Despite this, the use of methyl RDCs has been
explored recently in a small number of studies, for example, on ubiquitin [254] and malate
synthase G [255], the latter an 82-kDa protein. With this in mind, the use of methyl
RDCs for a selectively-isoleucine labelled Dom5+110-RNC presents an elegant case for
the application of this strategy to derive information on co-translational folding.
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4.5

Prospects for NMR and RDCs in the study of cotranslational protein folding

The use of RDCs to provide direct structural information will undoubtedly complement the
existing strategies, in which the study of NCs by NMR proceeds principally via monitoring
the chemical shifts and comparing them with those of the isolated protein at different folding
stages between fully folded and fully denatured conformations. Although the backbone
amide chemical shifts have, up to now, been the main source of chemical shift information
on NCs, a more recent study (Dr Helene Launay, UCL) has shown that methyl TROSY of
selectively labelled NCs can also provide improved signal-to-noise ratios.
Although chemical shift analyses are able to provide useful indicators of the folding
status of the NC, the information content of chemical shifts is currently somewhat limited as
the conversion of chemical shift information into structural restraints is not yet straightforward.
In this respect, RDCs are a more powerful tool, as they are directly translatable into structural
restraints. Although RDCs are not the only NMR restraints that can be used in structure
calculations, they can be measured using relatively sensitive NMR methods, an important
consideration for application to RNCs.
Together, the combined approach of direct structural information (from RDCs) with
indirect chemical shift information will provide a powerful strategy for the future study of
RNCs, for example by applying these data within NMR restraint-driven molecular dynamics
simulations to generate ensemble structures. Indeed, the use of chemical shifts alone is
currently providing a means of generating such ensembles and is already being applied to
RNCs of ddFLN. The further development and use of RNC-derived RDCs in combination
with chemical shift information offers the exciting possibility of providing further insights
into the emerging nascent chain and the development of its structure at the very early stages
of folding. RDCs offer the possibility of reporting on interactions the NC may make with
the ribosome as well as the prospect of examining NC-protein interactions, such as those
made with auxiliary factors such as molecular chaperones (trigger factor), those involved
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in NC transport (e.g. SecA/signal recognition particle) or small molecules or peptides
that may stabilise a preference for a particular conformational state of the NC. Overall,
probing the structure and orientation of emerging NCs by RDCs will provide a wealth of
highly complementary structural information that will make important contributions to our
understanding of protein folding as it takes place on the ribosome.

Chapter 5
Materials and Methods
The following chapter describes the methodology used for the studies discussed in this
thesis. It contains the protocols for the preparation of E. coli ribosomes (both unlabelled
and isotopically labelled) and ribosome-nascent chain complexes (RNCs) that were used
in the NMR studies, the biochemical methods used to assess the purity and integrity of
the ribosomes and RNCs and the NMR experiments and data analysis associated. All
biochemicals and reagents were purchased from sigma, unless otherwise specified and were
of the highest grade possible.

5.1
5.1.1

Molecular biology and biochemical methods
Vectors and sequences

All constructs (except for L7/L12 and αSyn) used were cloned into the pLDC vector
[253], which contains a T7 promoter, N-terminal his tag and ampicillin resistance. The
ddFLN646-838 RNC and ddFLN646-838 isolated protein constructs were constructed by Dr
Lisa Cabrita. The ddFLN646-750 protein construct was made by site-directed mutagenesis of
the ddFLN646-838 construct. The ddFLN646-750 -LBT and ddFLN646-838 -LBT RNC constructs
were cloned by insertion of the LBT DNA sequence into the existing construct between the
NdeI and NheI restriction sites by cassette mutagenesis, in which a pair of complementary
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oligonucleotides were annealed and ligated into the pLDC vector. The clone of the L7/L12
protein (ASKA clone JW3949) was obtained from the National BioResource Project (NIG,
Japan) and then cloned into the pET21b(+) vector with a C-terminal his-tag between the NdeI
and XhoI restriction sites (clone produced by Dr Lisa Cabrita). The clone of isolated αSyn
protein was in the pT7-7 vector and a kind gift from Peter Lansbury (Harvard University).

5.1.2

Bacterial strains

The bacterial strain DH5α (Invitrogen) was used for cloning. For protein, ribosome and
RNC expressions, bacterial strain BL21-GOLD(DE3) (Stratagene) was used. Both bacterial
strains were purchased as competent cells.

5.1.3

Growth media

Lysogeny broth (LB) medium (Table 5.1) was used for routine bacterial growths including
overnight cultures, transformations, agar plates, unlabelled protein, ribosome and RNCs
expression. For making agar plates, the medium was supplemented with 15 g/l of agar. The
medium was sterilised by autoclaving (121 °C, 20 min) prior to addition of antibiotics. All
constructs discussed in this work are ampicillin resistance: 100 µg/ml ampicillin was added
to the medium after sterilisation when the medium has cooled to below 50 °C, except for
ribosome production, in which no antibiotic was required.
Table 5.1: LB medium composition
Compound
Yeast extract
Tryptone
NaCl

Concentration
5 g/l
10 g/l
10 g/l

Minimal medium (M9) (Table 5.2) was used for expression of isotopically labelled
proteins. M9 salts were made as 10× stock at pH 7.4, and all components were added to
autoclaved distilled water under sterile conditions.
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Compound
M9 salts
MgSO4
CaCl2
yeast nitrogen base†
15
NH4 Cl
glucose*

Concentration
1X
2 mM
100 mM
0.8 g/l
1 g/l
0.4 % (w/v)
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sterilisation
autoclave
filter
filter
filter
filter
filter

Table 5.2: M9 medium composition. *0.2% 13 C glucose was used if 13 C labelling was required.
†Without amino acids, Difco.

Compound
Na2 HPO4
KH2 PO4
NaCl

Concentration
71 g/l
34 g/l
58.4 g/l

Table 5.3: 10X M9 salts composition, pH 7.4, autoclaved for sterilisation.

Ribosome and RNC were produced in E. coli using a two stage growth and expression
protocol. MDG medium (Table 5.4) was used in both ribosome and RNC production in the
first stage to achieve high cell density. For expression of isotopically labelled ribosomes,
L-aspartic acid was removed from the MDG recipe to achieve 100% labelling and 15 NH4 Cl
was added separately to the medium being part of the 50× salt solution.
Compound
50X MDG salts
5% (w/v) L-aspartic acid pH 7.0
MgSO4
Trace metals*
glucose

Concentration
1X
0.2 %(w/v)
2 mM
0.02 % (w/v)
0.4 % (w/v)

sterilization
autoclave
filter
filter
filter

Table 5.4: MDG medium composition. *100% trace metals: 2 mM CoCl2 , 2 mM CuCl2 , 2 mM NiCl2 ,
2 mM Na2 SeO3 , 2 mM Na2 MoO4 , 2 mM H3 BO3 , 10 mM ZnSO4 , 10 mM MnCl2 , 20 mM CaCl2 , 50 mM
FeCl3 .
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Compound
Na2 HPO4
KH2 PO4
Na2 SO4
NH4 Cl

185

Concentration
1.25 M
1.25 M
250 mM
2.5 M

Table 5.5: 50X MDG salts composition. Autoclaved for sterilisation.

Enhanced M9 (EM9) medium was used for the expression stage of RNC production. The
composition of EM9 medium (based on [256]) is very similar to that of M9 medium, with the
following modifications: the pH of the salts is 8.0-8.2, the concentration of MgSO4 is 5 mM
instead of 2 mM, 0.0125 % (v/v) of trace metals is added, BME vitamins (Sigma) is used
instead of yeast nitrogen base and the concentration of CaCl2 is 0.2 mM instead of 100 mM.

5.1.4

Transformation

To 25 µl of competent E. coli cells, 1 µl of a plasmid was added. The cells were incubated on
ice for 30 min, followed by a heat-shock at 42 °C for 45 s. The cells were then incubated on
ice for 2 min before adding 900 µl of LB media and incubating for 1 hour at 37 °C, 200 rpm
shaking to allow for expression of the antibiotic resistance gene. The cells were then plated
on LB-Amp plates and incubated at 37 °C for 12-16 hours, until the colonies were 2-3 mm in
size.

5.1.5

Mutagenesis

QuikChange site-directed mutagenesis was used to modify the Dom5+110-RNC construct to
generate the Dom5 construct. Cassette mutagenesis was used to add the lanthanide-binding
tag to the Dom5 construct.

Oligonucleotide sequences For the addition of the lanthanide binding tag to Dom5
using cassette mutagenesis, complementary oligonucleotides were purchased from Eurofins
(Germany) (high-purity, salt-free grade).

The pair of oligonucleotides used for the

mutagenesis had the LBT flanked by restriction enzyme sites NdeI (5’) and NheI (3’) as
described by the following sequences. Each sequence is written in the 5’ to 3’ direction:
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5’-3’: TATG CAT CAC CAT CAC CAT CAT TAT ATT GAT ACC AAT AAT GAT GGC
TGG TAT GAA GGC GAT GAA CTG CTG GCG G
5’-3’: CTAGC CGC CAG CAG TTC ATC GCC TTC ATA CCA GCC ATC ATT ATT GGT
ATC AAT ATA ATG ATG GTG ATG GTG ATG CA
For the introduction of the stop codon to convert Dom5+110-RNC construct to the Dom5
construct the following complementary sequences were used:
5’-3’: GTA CTT GGT AAC TAA AGT GAA TTC TTC
5’-3’: GAA GAA TTC ACT TTA GTT ACC AAG TAC

5.1.6

Polymerase chain reaction (PCR)

Amplification of DNA was performed by the polymerase chain reaction (PCR), in a Corbin
Research Thermal Cycler, using the oligonucleotides presented above.
Table 5.6: PCR reaction components for KOD polymerase
Reagents
DNA template
5’ primer
3’ primer
dNTPs
Polymerase
Polymerase buffer
ddH2 O

Stock
40 ng/µl
10 µM
10 µM
2 mM
3 u/µl
2×
—

Final concentration
10-500 ng
300 nM
300 nM
400 µM
3u
1×
—

Volume
1 µl
0.75 µl
0.75 µl
5 µl
1 µl
12.5µl
4 µl

Table 5.7: PCR reaction temperature cycling
Step
Initial denaturation
Denaturation
Annealing
Extension
Final extension
Hold

Temperature
95 °C
98 °C
50 °C
68 °C
72 °C
4 °C

Time
2 min
10 s
30 s
7 min
10 min
—

Cycles
1
35
1
—

The PCR products were verified by 0.8 % (w/v) agarose gel electrophoresis before
proceeding further.
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DNA purification and quantification

Cultures from 5 ml of overnight growth in LB were used to purify DNA using the
QiaPrep Spin miniprep kit (Qiagen) following the manufacturer’s instructions. For DNA
quantification, the absorbance of the DNA was measured at 260 nm, and the concentration
calculated using the following relation: 1OD260 ≡50 ng/µl.

5.1.8

Restriction enzyme digestion and ligations

5.1.8.1

Restriction enzyme digestion

Restriction enzyme digestion of Dom5 (in the pLDC vector) were performed using enzymes
and buffers from New England Biolabs as described below:
Table 5.8: NheI and NdeI digestion reaction components
Reagent
DNA (400 ng/µl
NheI (NEB)
NdeI (NEB)
BSA (100×)
Buffer 4 (10×)
ddH2 O

Volume /µL
30
2.5
2.5
0.5
5
9.5

For DpnI digestion, 20 µl of PCR products were digested with DpnI in a final reaction
volume of 25 µl.
Digestions were typically incubated for 3 h at 37 °C before heat inactivation at 65 °C for
20 min.

5.1.8.2

Oligonucleotide annealing for cassette mutagenesis

Oligonucleotide pairs corresponding to the lanthanide binding tag were annealed to generate
a cassette for ligation into the pLDC vector backbone. Equal proportions of forward and
reverse oligonucleotides at a final concentration of 10 µM were prepared in ddH2 O. The
oligonucleotides were then heated to 95 °C for 5 min and then allowed to cool slowly to
room temperature prior to ligation.
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Ligations

T4 DNA ligase and 10×T4 DNA ligase buffer (New England Biolabs) were used for the
ligation reactions. Molar ratios of 1:3, 1:5, 1:10 vector-to-annealed oligonucleotides were
used for cohesive end ligations. The reactions were incubate at 16 °C for 14-16 h, followed
by heat deactivation of the T4 DNA ligase at 70 °C for 20 min.

5.1.9

Agarose gel electrophoresis

Reagents:
• 50× TAE buffer (for 1 l): 242 g Tris, 57.1 ml glacial acetic acid, 100 ml 0.5 M EDTA
at pH 8.0.
• 6× loading dye (Promega)
• 1 kB ladder (Promega)
• Ethidium bromide 10 mg/ml
To 1× TAE, 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 1× TAE. The samples were
mixed with an equal volume of 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. The gel was then visualised under ultraviolet light.

Gel purification After electrophoresis, the DNA fragment of interest was excised from
the gel and purified using the QiaQuick Gel Extraction kit (Qiagen) according to the
manufacturer’s instructions
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Protein expression

All isolated proteins were expressed following the method below unless specified otherwise.
A single colony was used to inoculate 3 ml of LB medium. The pre-culture was incubated
overnight at 37 °C, with 200 rpm shaking. 500 ml of M9 medium prepared with
and/or

13

15

NH4 Cl

C-glucose was inoculated with the pre-culture and incubated for 6 hours at 37 °C,

with 200 rpm shaking. When the OD600 reached 0.6, IPTG was added to the medium to a
final concentration of 1 mM to induce protein expression. After 4 h incubation at 37 °C (or
16-18 h at 21 °C), the cells were harvested by centrifugation at 6000 rpm for 20 min and the
cell pellet transferred to a 50 ml tube for storage. Cells were flash-frozen in liquid nitrogen
and stored at -20 °C until purification.

5.1.11

Protein purification

5.1.11.1

Purification of isolated ddFLN646-750 and ddFLN646-750 -LBT

Buffer compositions
• Phosphate buffer: 25 mM NaH2 PO4 , 30 mM NH4 Cl, 2 mM BME, pH 7.4
• Phosphate washing buffer: 25 mM Iimidazole, 25 mM NaH2 PO4 , 30 mM NH4 Cl, 2
mM BME, pH 7.4
• Phosphate elution buffer: 150 mM imidazole, 25 mM NaH2 PO4 , 30 mM NH4 Cl, 2
mM BME, pH 7.4

Purification procedure The cells were resuspended in phosphate buffer supplemented
with trace DNAase and 1 protease inhibitor tablet (sigma), and lysis was performed using
sonication, performed on ice with interleaved periods of 10 s of sonication and 30 s of rest
(10 cycles). The cellular debris was then pelleted by centrifugation at 18000 rpm for 45 min.
The cell lysate was added to 5 ml Ni-NTA beads, and binding allowed to proceed for 1 hour at
4 °C. The beads were washed with phosphate washing buffer until baseline (measured using
Bradford reagent: 160 µl reagent + 40 µl sample in a microplate), after which the protein was
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eluted with phosphate elution buffer. The sample was then buffer exchanged into phosphate
buffer and loaded onto a 5 ml Hitrap Q-sepharose column (GE Healthcare) using the Akta
system (GE Healthcare). The Q-sepharose column was washed with phosphate buffer until
baseline and the protein was eluted with a 60 ml salt gradient from 0-1 M NaCl at 5 ml/min
flow-rate with collection of 1.5 ml fractions. The sample was then concentrated with a 10 kDa
molecular-weight cut-off concentrator and run through a Superdex 75 16/60 column (GE
healthcare) in phosphate buffer at 1 ml/min flow-rate with collection of 1 ml fractions. Pure
fractions of Dom5 (as assessed by SDS-PAGE) were pooled and concentrated using a 10 kDa
molecular-weight cut-off concentrator. The final concentration of protein was determined
from the absorbance at 280 nm, using the extinction coefficient for Dom5 (=5960 M−1 cm-1 ,
calculated from amino-acid sequence). Released NCs of Dom5+110 extracted from the
purification of RNCs were purified using the same protocol for the Ni-NTA chromatography.

5.1.11.2

Purification of isolated L7/L12

Buffer compositions
• Lysis buffer (50 ml): 50 mM Na2 HPO4 , 100 mM KCl, 1 protease inhibitor tablet
(Roche), trace DNAseI, pH 7.0
• Ni binding buffer: 50 mM Na2 HPO4 , 100 mM KCl, pH 7.0
• Ni wash buffer: 50 mM Na2 HPO4 , 100 mM KCl, 25 mM imidazole, pH 7.0
• Ni elution buffer: 50 mM Na2 HPO4 , 100 mM KCl, 250 mM imidazole, pH 7.0
• Ion-exchange buffer A: 50 mM Tris·HCl, pH 8.0
• Ion-exchange buffer B: 50 mM Tris·HCl, 1 M NaCl, pH 8.0
• Size-exclusion buffer: same as Ni binding buffer
Purification procedure

The cells were defrosted in a 37 °C water-bath and resuspended

in lysis buffer. Lysis was performed using sonication, performed on ice with interleaved
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periods of 10 s of sonication and 30 s of rest (10 cycles). The cellular debris was then
pelleted by centrifugation at 18000 rpm for 45 min. The cell lysate was added to 5 ml NiIDA beads pre-equilibrated in Ni binding buffer, and binding allowed to proceed for 1 hour
at 4 °C. The beads were washed first with Ni binding buffer until baseline (measured using
Bradford reagent, 160 µl reagent + 40 µl sample) and second with Ni wash buffer (also
until baseline) after which the protein was eluted with Ni elution buffer. The eluate was
then dialysed into ion-exchange buffer A overnight at 4 °C and loaded on a 5 ml Hitrap
Q-sepharose column (GE healthcare) using the Akta system at 5 ml/min flow-rate. The Qsepharose column was washed first with ion-exchange buffer A and second with 90 %:10 %
buffer A:buffer B until baseline, after which the protein was eluted with a 100 ml salt gradient
from 10-100 % ion-exchange buffer B with collection of 1.5 ml fractions. The absorbance
at 230 nm was monitored. Fractions were examined by SDS-PAGE. Pure fractions were
pooled and concentrated using a 3 kDa molecular weight cut-off concentrator and then ran
through a Superdex 200 16/60 column at 1 ml/min flow-rate (GE healthcare) pre-equilibrated
in size-exclusion buffer with collection of 1 ml fractions. Pure fractions of L7/L12 (as
assessed by SDS-PAGE) were pooled and concentrated using a 3 kDa molecular-weight cutoff concentrator. The final concentration of protein was determined using the bicinchoninic
acid (BCA) protein assay reagent (Pierce Biotechnology, Inc.) because the absence of
aromatic residues in the sequence, results in a very weak extinction coefficient at 280 nm.

5.1.11.3

Purification of isolated α-synuclein

Buffer compositions
• Lysis buffer (50 ml): 100 mM Tris·HCl, 10 mM EDTA, 2 mM BME, 1 protease
inhibitor tablet (Sigma), pH 8.0
• Ion-exchange buffer A: 25 mM Tris·HCl, 2 mM BME, pH 7.7
• Ion-exchange buffer B: 25 mM Tris·HCl, 2 mM BME, 1 M NaCl, pH 7.7
• Size-exclusion buffer: same as ion-exchange buffer A
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Purification procedure The cells were defrosted in a 37 °C water bath and resuspended
in lysis buffer. Lysis was performed first with two freeze-thaw cycles (flash-freeze in liquid
nitrogen followed by defrosting in a 37 °C water bath) and then by sonication, performed
on ice with interleaved periods of 30 s of sonication and 30 s of rest (6 cycles). The cellular
debris was then pelleted by centrifugation at 18000 rpm for 45 min. The cell lysate was
then transferred to a beaker and boiled for 20 min with stirring. The aggregated E. coli
proteins were separated by centrifugation at 13500 rpm for 20 min at 4 °C. Streptomycin
sulfate was added to the supernatant at 10 mg/ml concentration and stirred for 20 min at
4 °C. The solution was then centrifuged at 13500 rpm for 20 min at 4 textdegree C and the
supernatant transferred to a beaker. Ammonium sulfate was added at a concentration of
400 mg/ml and stirred for 30 min at 4 °C. The solution was again centrifuged at 13500 rpm
for 20 min at 4 °C, and the supernatant discarded. The pellet was resuspended in a minimal
volume of ion-exchange buffer A and then dialysed against 4 l of water overnight at 4 °C. The
dialysed protein solution was filtered and loaded on a 5 ml Hitrap Q-sepharose column (preequilibrated in Ion-exchange buffer A) (GE healthcare) using the Akta system at 5 ml/min
flow-rate. The Q-sepharose column was washed with ion-exchange buffer A until baseline,
after which the protein was eluted with a 60 ml salt gradient from 0-600 mM NaCl using ionexchange buffer B with collection of 2 ml fractions. Fractions were examined by SDS-PAGE
and pure fractions dialysed into water before concentration with a 3 kDa molecular-weight
cut-off concentrator. The final concentration of protein was determined from the absorbance
at 280 nm, using the extinction coefficient for Dom5 (=5960 M−1 cm-1 , calculated from
amino-acid sequence).

5.1.12

Expression and purification of Escherichia coli 70S ribosomes

The protocol described here is the basic method for ribosome purification; modifications
made for particular cases are specified in the relevant sections.
Ribosomes were prepared by growing E. coli cells in MDG medium containing 15 NH4 Cl
as the nitrogen source for 20 hours at 37 °C. Cells were then centrifuged at 4000 rpm for

5.1 Molecular biology and biochemical methods

193

20 minutes at 4 °C. The cell pellet was gently resuspended in the same volume of fresh MDG
medium and incubated at 37 °C. The cell density was checked every 15 minutes until a steady
increase of OD600 was observed. Cells were then harvested by centrifugation at 6000 rpm for
15 minutes at 4 °C.
The resulting cell pellet was resuspended in 50 ml lysis buffer (30 mM HEPES, 12 mM
Mg(OAc)2 , 1 M KOAc, 5 mM EDTA, 2 mM BME, trace DNAseI, pH 7.6) and lysed with
a French Press (1000 psi, 3 passes). The cell lysate was centrifuged at 18000 rpm for
45 minutes at 4 °C. The supernatant was collected and loaded onto a 30 %(w/v) sucrose
cushion prepared in a high-salt buffer (30 mM HEPES, 12 mM Mg(OAc)2 , 1 M KOAc, 5 mM
EDTA, 5 mM ATP, one protease inhibitor tablet (Roche), 2 mM BME, pH 7.6). The cushion
was then centrifuged at 40000 rpm for 15 hours at 4 °C in a Beckman Type 45Ti rotor. The
resulting ribosomal pellet was resuspended in the same buffer as used for the cushion but
without ATP and further purified through a linear density gradient of 10 - 35 % (w/v) sucrose
in a Beckman SW28 rotor (22000 rpm, 16 hours, 4 °C). The gradient after centrifugation
was then fractionated using a sucrose gradient machine (Teledyne Isco Foxy Jr.). Fractions
containing 70S ribosomes were identified by SDS-PAGE. All fractions containing pure 70S
ribosomes were concentrated and buffer exchanged into Tico buffer (10 mM HEPES, 12 mM
MgCl2 , 30 mM NH4 Cl, 2 mM BME, pH 7.6).
The final concentration of protein was determined from the absorbance at 260 nm,
using the extinction coefficient =4.2×107 M−1 cm-1 (A260 =1 corresponds to a 70S ribosome
concentration of 24 pmol/ml).

5.1.13

Expression and purification of ribosome-nascent chain (RNC)
complexes

RNCs were prepared by growing E. coli cells (BL21 DE3) in unlabelled MDG medium (with
100 µg/ml ampicillin) for 16 hours at 30 °C. Cells were then harvested by centrifugation
at 3000 rpm for 15 mins at 4 °C. The cell pellet was washed twice by resuspension in the
same volume of 1x EM9 salts (25 mM Na2 HPO4 , 25 mM KH2 PO4 , 5 mM NaCl, pH 8.0) and
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centrifugation at 3000 rpm for 15 mins at 4 °C. The washed cell pellet was then resuspended
in the same volume of EM9 media with 100 µg/ml ampicillin containing 1 g/l 15 NH4 Cl as the
nitrogen source and 1 mM IPTG. The cells were allowed to grow for 10 mins at 30 °C prior
to addition of 150 mg/l rifampicin. The cells were then allowed to grow for 60 mins at 30 °C
before harvesting by centrifugation at 4000 rpm for 20 mins at 4 °C.
The final cell pellet was resuspended in lysis buffer (50 mM HEPES, 12 mM Mg(OAc)2 ,
500 mM KOAc, 2 mM BME, 100 mg/ml lysozyme, pH 7.6) and lysed by French Press
(1000 psi, 3 passes). The cell lysate was centrifuged at 18000 rpm for 45 mins at 4 °C.
The supernatant was collected and loaded onto a 30 % (w/v) sucrose cushion prepared in
‘Buffer B’ (unit[50]mM HEPES, 12 mM Mg(OAc)2 , 500 mM KOAc, 2 mM BME, pH 7.6)
with 5 mM ATP. The cushion was then centrifuged at 42000 rpm for 3 hours at 4 °C in a
Beckman Type 45Ti rotor. The resulting ribosomal pellet was resuspended in Buffer B with
5 mM ATP and then loaded onto 5 ml Ni-IDA resin that has been pre-equilibrated in Buffer
B and binding allowed to proceed for 1 h 4 °C. The resin was washed with Buffer B until the
A260 reading reached zero and then eluted with 150mM imidazole in Tico buffer. The eluate
was concentrated using a 100 kDa molecular-weight cut-off concentrator and further purified
through a linear density gradient of 10-35% sucrose in a Beckman SW28 rotor (22000 rpm,
16 h, 4 °C), 1000 pmol of ribosomal material was loaded on each gradient. The gradient after
centrifugation was then fractionated using a sucrose gradient machine. Fractions containing
the pure ribosomal matrial were identified by SDS-PAGE. All fractions of pure ribosomal
material were concentrated and buffer exchanged into Tico buffer (10 mM HEPES, 12 mM
MgCl2 , 30 mM NH4 Cl, 2 mM BME, pH 7.6).
The final concentration of the RNC was determined using the same method as for the
ribosomes. The occupancy was determined as described in section 5.1.16.3.

5.1.14

Small-scale RNC expression and purification

Small-scale RNCs expression RNC samples for small-scale purification were prepared
by growing E. coli cells (BL21) in unlabelled MDG medium with 100 µg/ml ampicillin for
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16 h at 30 °C. Cells were harvested at 3000rpm for 15 min at 4 °C. The cell pellet was then
washed twice by resuspension in the same volume of 1× EM9 salts and centrifugation at
3000rpm for 15 min at 4 °C. The washed cell pellet was resuspended in the same volume of
EM9 medium and expression induced with 1 mM IPTG. The cells were allowed to grow for
10 min at 30 °C prior to addition of 150 mg/l rifampicin. The cells were then allowed to grow
for 30-60 mins at 30 °C before harvesting by centrifugation at 4000 rpm for 20 min at 4 °C.

Small scale RNCs purification The final cell pellet was resuspended in lysis buffer
(50 mM HEPES, 12 mM Mg(OAc)2 , 500 mM KOAc, 2 mM BME, 100 mg/ml lysozyme,
pH 7.6) and lysed by 5 freeze/thaw cycles. The cell lysate was centrifuged at 13000 rpm
for 25 mins at 4 °C in a bench-top centrifuge. A trace of DNAseI was added if the lysate
was found to be glutinous. The supernatant was collected and loaded onto a 30 % (w/v)
sucrose cushion (300 µl sample + 700 µl cushion) prepared in Buffer B. The cushion was
then centrifuged at 120000 rpm for 30 mins at 4 °C in a TLA120.1 rotor (or 100,000 rpm
for 90 mins in a TLA110 rotor). 200 µl from the top of the supernatant was carefully
removed and precipitated by addition of 1 ml ice-cold acetone. The sample was centrifuged
at 13000 rpm for 15 mins at

Methanol/chloroform precipitation

All reagents were ice-cold.

For 150 µl sample,

600 µl of methanol was added and mixed thoroughly before adding 150 µl of chloroform
and mixing further by vortexing. 450 µl of ddH2 O was then added and mixed. The resulting
mixture was put on ice for 2 mins before centrifugation for 5 mins in a bench-top centrifuge
at top speed. After centrifugation, the mixture separated into two layers, an aqueous top
layer and an organic bottom layer between which is a layer of precipitate containing the
sample. The top layer was carefully removed without disturbing the disc. Another 650 µl of
methanol was added and after mixing the sample was centrifuged for 5 mins in a bench-top
centrifuge at top speed. All liquid was removed after centrifugation and pellet air-dried. The
precipitated protein in the pellet was then resuspended in 20 µl of Tico buffer for further
analysis.
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Quantification of ribosome and RNC concentration by UV
absorbance

The concentrations of ribosomes and the ribosomal content of RNC samples were determined
by UV spectroscopy from the absorvance at 260 nm, A260 =1 in a 1 cm path-length corresponds
to 24 nM of 70S ribosomes [257].The A260 /A280 ratio was used as a measure of the purity of
the ribosome samples as this ratio reflects the relative proportion of RNA and proteins present
[257], a pure ribosome sample should give a ratio between 1.9-2.0.

5.1.16

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE), immunodetection (western blotting) and RNC occupancy
determination

5.1.16.1

SDS-PAGE

Samples were mixed with LDS loading dye (Invitrogen) and boiled for 5 min before loading
onto pre-cast 4-12 % (w/v) Bis-Tris gels (Invitrogen). The maximum sample volume are 15
and 25 µl for 15- and 10-well gels, respectively. The gels were ran at 200 V for 35 min in 1×
MES running buffer (Invitrogen).
Gels of RNC and ribosome samples were typically silver-stained using the SilverQuest
silver-staining kit (Invitrogen), with a staining procedure according to the manufacturer’s
instructions. Gels of isolated proteins were usually stained with Coomassie stain (0.025 %
w/v coomassie brilliant blue, 40 % v/v ethanol, 10 % acetic acid) and destained using destain
(40 % v/v ethanol, 10 % acetic acid).

5.1.16.2

Immunodetection - western blotting

Buffer compositions
• Transfer buffer: 6.05 g/l Tris, 14.4 g/l glycine, 20 % (v/v) methanol, 0.01 % (w/v) SDS.
• Tris-buffered Saline (TBS): 2.42 g/l Tris,11.69 g/l NaCl, pH 7.4.
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• TBS-Tween (TBST): 0.05 % (v/v) Tween-20 in TBS
• Blocking buffer:
Histidine-Tag detection: 1 % (w/v) casein in TBS
Trigger-factor (TF) detection: 0.5 % (w/v) milk powder in TBST
αSyn detection: 5 % (w/v) milk powder in TBST
SecM detection: 5 % (w/v) bovine serum albumin (BSA) in TBST
• Antibodies:
Histidine-Tag detection: Penta-His HRP conjugate (1:5000) (Qiagen) in TBST
anti-TF primary antibody: rabbit anti-TF polyclonal antibody (1:2500) (Genscript) in
blocking buffer
anti-TF secondary antibody: Horseradish peroxidase conjugated anti-rabbit antibody
(raised in goat) (1:1000) (New England Biolabs) in blocking buffer
anti-αSyn primary antibody: mouse anti-αSyn (1:1000) in blocking buffer
anti-αSyn secondary antibody: anti-mouse IgG (1:1000) in blocking buffer
anti-SecM primary antibody: rabbit anti-SecM (1:10000) in 2 % (w/v) BSA in TBST
anti-SecM secondary antibody: anti-rabbit (1:20000) in 2 % (w/v) BSA in TBST
• Chemiluminescence detection (ECL): SuperSignal West Pico chemiluminescence
substrate (Pierce)

Western-blot procedure.

The gel after SDS-PAGE was soaked in cold 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 (Figure 5.1), 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 on ice. After transfer, the membrane was soaked in blocking
buffer and incubated for 1 hour with shaking. The gel after transfer was stained with
Coomassie stain to confirm the efficienty of the transfer. After blocking, the membrane
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was incubated in primary antibody for 2 h or overnight, and then washed 4 times for 10 min
in TBST. 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 s to 10 min depending on the intensity. For other detections, the
membrane was first incubated in the secondary antibody for 1 hour at room temperature,
followed by another washing stage using TBST (4×10 min), before ECL incubation and
chemiluminescence detection as described above. The densities of the western blot signals
were quantified with Image J software[258].

+
Nitrocellulose
membrane
Gel
Filter paper
Sponge

Figure 5.1: Schematic illustrating the stacking layers for western blot transfer.

5.1.16.3

Determination of nascent chain occupancy and trigger factor binding determination

To measure the NC occupancy, 7.5 pmol (for αSyn) or 10 pmol (for Dom5+110) of the RNC
together with a series of the corresponding purified isolated protein standards 2 to 10 pmol)
were run by SDS-PAGE, transferred onto the western blot membrane and probed for the
his-tag. Densitometric analysis of the resulting bands enabled a standard curve based upon
the isolated protein standards to be generated, which was then used to determine the NC
occupancy. The quantification of TF binding was performed in a similar manner, except that
the standards used were purified TF, and these were loaded in amounts ranging from 1 to
10 pmol.
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Analytical gel-filtration chromatography

The conformational properties of the isolated L7/L12 protein were evaluated using analytical
gel filtration performed on an Akta FPLC (GE healthcare) using a Superdex 75 10/300
GL column. The column was pre-equilibrated with phosphate buffer and the elution was
monitored by following the absorbance at 230 nm.

5.1.18

Fluorescence titration measurements

Fluorescence measurements were performed in a 1 cm path length quartz cell at room
temperature. Measurements were made using a FluoroMax-4 spectrofluorometer (HORIBA
Jobin Yvon) with excitation and emission slit widths set at 1 nm and an integration time of
0.1 s. A scan speed of 100 nm/s was used and the emission spectra were averaged after 4
independent acquisitions.
The binding to the lanthanide binding tag was evaluated by titrating Dom5-LBT and
Dom5 (each at a concentration of 1 µM, in 10 mM HEPES, 100 NaCl, pH 7.5) with a range
of 0-25 molar equivalents of terbium (Tb3+ ) (prepared in water). The fluorescence of the
Tb3+ was excited at a wavelength of 280 nm and emission spectra were collected over 300600 nm (0.5 nm increments). The fluorescence maxima at 489 nm and 544 nm were used for
analysis.

5.2 NMR sample preparation and conditions
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NMR sample preparation and conditions
NMR sample conditions

Sample, labelling, concentration, buffer
Fraction 1, 15 N, 160 µM, Tico, H2 O
Fraction 2, 15 N, 240 µM, Tico, H2 O
Fraction 1,15 N, 110 µM, Tico, H2 O
+phage, ∼10 mg ml−1 , 5.4 Hz 2 H splittings
Fraction 2,15 N, 170 µM, Tico, H2 O
+phage, ∼10 mg ml−1 , 3.7 Hz 2 H splittings
Fraction 2, 13 C/15 N, 500 µM, phosphate, H2 O
Fraction 2, 13 C/15 N, 250 µM, Tico, H2 O
Fraction 2, 13 C/15 N, 20 µM, phosphate, H2 O

Fraction 2, 13 C/15 N, 20 µM, Tico, D2 O
Fraction 2,13 C/15 N, 20 µM, Tico, D2 O
+phage, ∼7.5 mg ml−1 , 2.4 Hz 2 H splittings
Fraction 2,13 C/15 N, 250 µM, Tico, H2 O
+Otting, 5 %, 30 Hz 2 H splittings
Fraction 2, 13 C/15 N, 20 µM, Tico, H2 O
70S ribosome, 15 N, 10 µM, Tico, H2 O
70S ribosome, 15 N, 10 µM, Tico, H2 O
+phage, 12.3 Hz 2 H splittings
70S ribosome, 13 C/15 N, 10 µM, Tico, D2 O
70S ribosome, 13 C/15 N, 10 µM, Tico, H2 O
+Otting, 5 %, 18 Hz 2 H splittings, 3 %, 15 Hz
70S ribosome, 13 C/15 N, 10 µM, Tico, H2 O
70S ribosome, 15 N, 10 µM, Tico, H2 O
+phage, ∼17.5 mg ml−1 , 12.9 Hz 2 H splittings

Experiment
isotropic N-H splittings, IPAP-15 N-HSQC
isotropic N-H splittings, IPAP-15 N-HSQC
phage-aligned N-H splittings,
IPAP-15 N-HSQC
phage-aligned N-H splittings,
IPAP-15 N-HSQC
Triple-resonance assignment experiments
15 N relaxation experiments
Cα -Hα sensitivity tests
IPAP-Cα -HSQC
IPAP-BEST-HN(CO)CA
IPAP-(HA)CA(CO)NH
isotropic Cα -Hα splittings
IPAP-Cα -HSQC
phage-aligned Cα -Hα splittings,
IPAP-Cα -HSQC
Otting-aligned N-H splittings,
15 N-HSQC/TROSY
isotropic C’-Cα splittings/sensitivity test,
IPAP-HNCO
isotropic N-H splittings, HSQC/TROSY
phage-aligned N-H splittings,
HSQC/TROSY
isotropic Cα -Hα splittings,
IPAP-Cα -HSQC
Otting-aligned N-H splittings (attempted)
isotropic N-C’/H-C’ splittings,
IPAP-E.COSY-15 N-HSQC-TROSY
phage-aligned C’-Cα splittings,
IPAP-HNCO (attempted)

Table 5.9: NMR sample conditions of isolated and ribosome-bound L7/L12. Tico buffer: 10 mM
HEPES, 30 mM NH4 Cl, 12 mM MgCl2 , 5 mM EDTA, 2 mM BME, 0.05 % NaN3 , protease
inhibitors, pH 7.6. Phosphate buffer: 50 mM Na2 HPO4 , 100 mM KCl, 5 mM EDTA, 0.05 %
NaN3 , pH 7.6. All experiments recorded at 25 °C.

5.2 NMR sample preparation and conditions

Sample, labelling, concentration, buffer
Dom5,15 N, 100 µM, Tico, H2 O
Dom5,15 N, 100 µM, Tico, H2 O
+phage, 12.8 Hz 2 H splittings
Dom5-LBT,15 N, 100 µM, Tico, H2 O
Dom5-LBT,15 N, 100 µM, Tico, H2 O
Dom5+110 RNC, 15 N, 9.8 µM, Tico, H2 O
V82M-αSyn, 15 N, 100 µM, Tico, H2 O
V82M-αSyn,15 N, 100 µM, Tico, H2 O
+phage, ∼10 mg ml−1 , 6.4 Hz 2 H splittings
V82M-αSyn-RNC, 15 N, 5.25 µM, Tico, H2 O
V82M-αSyn-RNC, 15 N, 4.4 µM, Tico, H2 O
+phage, ∼18 mg ml−1 , 13.8 Hz 2 H splittings
WT-αSyn-RNC, 15 N, 4.3 µM, Tico, H2 O
V82M-αSyn, 15 N, 5 µM, Tico, H2 O
V82M-αSyn, 15 N, 5 µM, 140mM NH4 Cl, H2 O
V82M-αSyn, 15 N, 5 µM, 100 mM Glu+Asp, H2 O
V82M-αSyn, 15 N, 5 µM, Tico, H2 O
+70S ribosome, unlabelled, 5 µM
V82M-αSyn, 15 N, 5 µM, 140mM salt, H2 O
+70S ribosome, unlabelled, 5 µM
V82M-αSyn, 15 N, 5 µM, Glu+Asp, H2 O
+70S ribosome, unlabelled, 5 µM
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Experiment
isotropic N-H splittings, IPAP-15 N-HSQC
phage-aligned N-H splittings,
IPAP-15 N-HSQC
isotropic N-H splittings, IPAP-15 N-HSQC
LBT-aligned N-H splittings,
IPAP-15 N-HSQC
isotropic N-H splittings, 15 N HSQC/TROSY
isotropic N-H splittings, 15 N HSQC/TROSY
phage-aligned N-H splittings,
15
N HSQC/TROSY
isotropic splittings, 15 N HSQC/TROSY
phage-aligned N-H splittings,
15
N HSQC/TROSY
15
N-HSQC
testing interaction with ribosome,
HSQC/SOFAST-HMQC
testing interaction with ribosome,
HSQC/SOFAST-HMQC
testing interaction with ribosome,
HSQC/SOFAST-HMQC
testing interaction with ribosome,
HSQC/SOFAST-HMQC
testing interaction with ribosome,
HSQC/SOFAST-HMQC
testing interaction with ribosome,
HSQC/SOFAST-HMQC

Table 5.10: NMR sample conditions for RNCs and isolated proteins. All spectra were recorded
at 25 °C except for αSyn spectra, which were recorded at 4 °.
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5.2.2

Alignment media preparation for RDCs experiments

5.2.2.1

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-120.1 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.

5.2.2.2

Preparation of Otting medium

The Otting medium used in this work was prepared from C12 E5 (pentaethylene glycol
monododecyl ether) and n-hexanol, with r = 0.85 (where r is the molar ratio of C12 E5
to hexanol) according to [134]. A stock solution of the medium at 10 % (w/w) C12 E5
was prepared by first mixing C12 E5 and buffer, and then adding n-hexanol stepwise with
vortexing between each addition. This stock solution was then diluted in a 1:1 ratio with the
protein/ribosome sample to give a final C12 E5 concentration of 5 % (w/w).

5.3

NMR data collection

Except for the

15

N relaxation measurements, all NMR experiments were recorded on a

Bruker Avance III 700 MHz spectrometer equipped with a cryogenically-cooled inverse
triple-resonance probehead (CP-TCI) and running Topspin 2.1.

15

N relaxation experiments

were recorded on a Bruker Avance III 500 MHz equipped with a room-temperature
inverse triple-resonance probehead (TXI) and running Topspin 2.1. All non-standard NMR
sequences were coded by Dr John Kirkpatrick, UCL.

5.3 NMR data collection

5.3.1

Ribosome monitoring

5.3.1.1

1D proton spectra
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1D proton spectra were acquired using either pre-saturation or excitation sculpting [259] for
water suppression, with typical acquisition times of 100-200 ms. Pre-saturation 1D spectra
were acquired with a recycle delay of 2 s, and pre-saturation field strengths of 50-100 Hz.
Excitation-sculpting spectra were acquired with a recycle delay of 2 s, and using 2 ms square
water-selective 180 ° pulses.

5.3.1.2

SOFAST-HMQC spectra

SOFAST-15 N-HMQC spectra [260] were acquired with typical acquisition times of 50 ms
and 30 ms in 1 H and

15

N, respectively, and recycle delays of 50-100 ms. GARP

15

N

decoupling [261] during acquisition was applied with a field strength of 0.7 kHz. 120 ° PC-9
[262] and 180 ° ReBURP [263] pulses centred at 8.2 ppm and with approximate bandwidths
of 3.1 ppm were used for amide proton magnetisation excitation and refocusing, respectively.
13

C decoupling during t1 (where necessary) was applied with a 500-µs smoothed-CHIRP

adiabatic pulse [264] centred at 115 ppm with an 80-kHz frequency sweep.

5.3.1.3

Labelling experiments

The 15 N-edited labelling experiment was run using a modified 15 N-SOFAST-HMQC sequence
with pre-saturation added for extra water suppression. The 15 N-filtered experiment was run
with the same sequence, but with the phase-cycle of the receiver inverted to reject

15

N-

labelled magnetisation.

5.3.1.4

Diffusion experiemnts

All diffusion experiments were run as stimulated gradient echoes [265], where the diffusion
delay and the gradient lengths were fixed, and the gradient strengths were varied.
13

15

N- and

C-X-stimulated echoes were recorded according to [266]. Bipolar gradients (smoothed-

square shape) were used for encoding and decoding the spatially dependent phase. Water
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suppression was achieved using water saturation (50-100 Hz field strength) during both the
recycle and diffusion delays. Typical parameters were: encode/decode gradient length, δ
= 4 ms, diffusion delay, ∆ = 100 ms, gradient strengths: 5 %, 50 %, 95 % (expressed as
percentages of the maximum gradient strength). The maximum gradient strength was 55.57
G/cm.

5.3.2

N-H splittings

Backbone amide N-H splittings were measured using either the IPAP or HSQC/TROSY
approaches.

15

N HSQC spectra [267] were recorded using phase-cycling for coherence

order selection, and WATERGATE with flipback [268] for water suppression.

15

N HSQC-

TROSY spectra [269] were recorded with phase-cycling for coherence order selection and
3-9-19 WATERGATE [270] for water suppression. The IPAP spectra were acquired in an
interleaved fashion with an IPAP-modified

15

N-HSQC sequence [157]. The in-phase and

anti-phase preparation periods were of equal length (1/2J NH = 5.4 ms).

5.3.3

Cα -Hα splittings

Measurement of Cα -Hα splitting was tested using three sequences.

The IPAP-BEST-

HN(CO)CA sequence was modified from the BEST-HN(CO)CA sequence (see assignment
section below) by addition of a Cα -Hα IPAP element of length 1/2J Cα Hα = 3.6 ms prior
to the Cα indirect evolution period.

The Cα acquisition time was set to 9 ms.

The

IPAP-(HA)CA(CO)NH sequence was modified from the (HA)CA(CO)NH sequence (see
assignment section) by addition of the same IPAP element prior to the Cα indirect evolution
period. The constant-time Cα evolution period was set to 6.4 ms. Cα -Hα IPAP elements were
implemented using Cα -selective ReBURP refocusing pulses (22 ppm bandwidth centred at
59 ppm).
The IPAP-Cα -HSQC sequence was adapted in a similar manner from a Cα -selective 13 C
HSQC sequence. The Cα -selective

13

C HSQC sequence was developed from a standard

gradient-selected, sensitivity-enhanced

13

C HSQC sequence. Cα -selectivity was achieved
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using ReBURP/IBurp1 pulses (22 ppm bandwidth centred at 59 ppm) in the first INEPT and
at the end of t1 [263]. Selective C’/Cβ -decoupling was implemented using a doubly-cosinemodulated IBurp1 pulse during t1. The cosine-modulation and pulse length were adjusted to
give the following three inversion bands:
• C’: 32 ppm bandwidth centred at 175.5 ppm, Thr Cβ : 32 ppm bandwidth centred at 85
ppm, Upfield Cβ : 32 ppm bandwidth centred at 30.5 ppm
•

13

Cα -HSQC and IPAP-Cα -HSQC spectra were acquired with 13 C acquisition times of

25-30 ms.

5.3.4

N-C’ and H-C’ splittings

N-C’ and H-C’ splittings were measured using an IPAP-E.COSY-15 N-HSQC-TROSY
sequence, adapted from the

15

N-HSQC-TROSY sequence by addition of an N-C’ IPAP

element prior to the t1 indirect evolution period. The in-phase and anti-phase preparation
elements were of equal length (1/2J NC’ = 33 ms). C’-selective inversion during the IPAP
element was achieved using a Q3 pulse [271] centred at 176 ppm with 22 ppm bandwidth.
Cα -decoupling during t1 was implemented with a Q3 pulse centred at 56 ppm with 80 ppm
bandwidth. The proton and 15 N acquisition times were set to 76 ms and 62 ms, respectively.

5.3.5

Cα -C’ splittings

Cα -C’ splittings were measured using an IPAP-BEST-HNCO sequence modified from the
BEST-HNCO sequence (see below) by addition of a Cα -C’ IPAP element of length 1/2J Cα C’
= 9 ms prior to the C’ indirect evolution time. The C’ acquisition time was set to 22-24 ms.

5.3.6

Assignment experiments

Data for backbone assignment of L7/L12 were acquired using the BEST implementations
(band-selective excitation short-transient) of the standard HNCO, HNCA, HN(CO)CA,
HNCACB, HN(CO)CACB and HN(CA)CO triple-resonance assignment experiments [224].
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BEST experiments were acquired with proton acquisition times of 50 ms, and recycle delays
of 250-350 ms.

15

N decoupling during acquisition was applied with a field strength of 0.83

kHz. All HN -selective pulses were centred at 8.2 ppm with approximate bandwidths of 3-3.5
ppm. HN -selective refocusing pulses were applied as ReBURP pulses. HN -selective 90 °
pulses were applied as PC-9 pulses in the first INEPT and as EBurp2 pulses in the backtransfer sensitivity-enhancement block. Proton decoupling during the

13

C and

15

N indirect

evolution periods was achieved with broadband-inversion pulses [272].
The Hα resonances were assigned using HA(CACO)NH and HA(CA)NH sequences
modified from the corresponding standard HBHA(CBCACO)NH and HBHA(CBCA)NH
sequences [273]. Hα /Cα assignments were transferred to the constant-time

13

C HSQC

spectrum [274].

5.3.7

Relaxation experiments

Backbone

15

N relaxation rates (R1 and R1ρ ) were measured on isolated L7/L12 using

established methods [275, 276]. The water signal was preserved using selective water pulses
(2 ms sinc shape) and weak bipolar gradients during the indirect chemical shift evolution
time to maintain the magnetisation along z. In the R1 sequence, N-H cross-relaxation
pathways were suppressed by application of amide-selective IBurp1 pulses (centred at 8.2
ppm) at intervals of 10 ms during the relaxation delay [277, 278]. In the R1ρ sequence, crossrelaxation was suppressed by application of random-phase proton CW during the nitrogen
spin-lock [279], and magnetization was aligned with the 1.5 kHz spin-lock field [280].
Backbone {1 H}15 N steady-state heteronuclear NOEs were measured using the standard
method [275, 276].

Water magnetisation was preserved in the reference spectrum as

described above. Saturation of the amide proton magnetisation was achieved using a 5 s train
of high-power 120 ° pulses applied at 5 ms intervals. The reference and saturated spectra
were recorded in an interleaved fashion. To ensure full recovery of the water magnetisation
at the start of each increment of the reference experiment, a long recycle delay of 15 s was
used [281].

5.4 NMR data processing and analysis
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NMR data processing and analysis

NMR data were processed using the NMRPipe [282] and Azara software packages [283]
Spectral analysis, peak picking, assignment and curve-fitting for extraction of relaxation
rates were performed using the CcpNmr Analysis program [284]. Signal-to-noise ratios were
calculated as the ratio of the peak height to the RMS noise. The RMS noise was calculated
(Azara) 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 were calculated according to Equation 2.4 (see section 2.2.3.4 in the
main text). Uncertainties in R1 and R1ρ relaxation rate constants were calculated using the
boot-strapping Monte-Carlo function in CcpNmr Analysis. Uncertainties in the {1 H}15 Nheteronuclear NOE values were calculated according to the noise levels in the reference and
saturated sub-spectra.

5.4.1

Diffusion experiments with less than four gradient strengths

Diffusion coefficients for experiments recorded with 4 or fewer gradient strengths were
calculated as described in section 2.2.1.5 in the main text.
The uncertainty were calculated according to:
s
δD = k

δI1
I1

!2

δI2
+
I2

!2

where I is the integrated signal intensity and δI is calculated from a set of integrals over
signal-free regions of the same width as the integrated signal region using the following
equation:
s
δI =

X
1
(xi − x)2
·
N − 1.5 i

where xi are the individual integrals, x is the mean integral and N is the number of integrals.
k is given by:
1



k=
∆ − 3δ − 2τ (γδ)2 G22 − G21

5.4 NMR data processing and analysis

5.4.2

208

Diffusion experiments with more than four gradient strengths

The diffusion coefficients for experiments recorded with more than 4 gradient strengths were
calculated using the build-in function ‘T1guide, in Topspin, in which the signal region is
selected interactively and the resulting integrated intensities fitted to Equation 1.3 to extract
the diffusion coefficient.

5.4.3

Relaxation data analysis

The measured R1ρ relaxation rates were converted to R2 relaxation rates according to:
R1ρ = R1 · cos2 θ + R2 · sin2 θ
θ is the tip-angle of the effective spin-lock field, given by:
θ = tan−1 (ω1 /Ω)
where ω1 is the spin-lock field strength and Ω is the 15 N offset, respectively.
The

15

N heteronuclear relaxation rates were analysed according to the model-free

formalism [210] using the program TENSOR2 [285]. The analysis proceeds in two stages.
First, the global diffusion tensor is derived from the R2 /R1 ratios for residues showing
negligible internal motion. For this purpose, all residues with a heteronuclear NOE of less
than 0.6 were excluded. In addition, residues showing a residual exchange contribution
to their transverse relaxation were excluded. These residues were identified according the
exclusion criterion:
hT 2 i − T 2 T 1 − hT 1 i
−
> 1.5 × SD
hT 2 i
hT 1 i

(5.1)

where T 1 and T 2 are the inverses of R1 and R2 , respectively, and SD is the standard deviation
of the quantity on the left-hand side of the inequality.
In the second stage, the anisotropic diffusion tensor is used to fit the relaxation rates for
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all residues to the model-free spectral density function, yielding order parameters and, where
necessary, internal correlation times.
Estimates of the uncertainties in the extracted parameters were derived using the built-in
Monte-Carlo function together with the estimated uncertainties in the measured relaxation
rates.

5.4.4

RDC data analysis

L7/L12 alignment tensors and back-calculated RDCs were calculated by fitting the measured
RDCs to the L7/L12 NMR structure (PDB 1RQU) using SVD as implemented in the program
PALES [213, 286]. As discussed in the main text, the extracted RDC values were filtered
according to spectral overlap, internal flexibility and exchange contributions before PALES
fitting.
Uncertainties in the alignment tensor parameters were derived using the built-in PALES
Monte-Carlo module mcDc. In this method, noise is added to experimental RDCs. The
amount of noise added is adjusted iteratively such that 80 % of the 1000 back-calculated
data-sets contain no back-calculated RDCs that deviate from the experimental values by
more than twice the standard deviation of the added noise [287].

5.4.5

Structure refinement

Structure refinement of the C-terminal domain of the NMR structure of L7/L12 (PDB 1RQU)
was performed using Xplor-NIH [215] using a protocol based on that described in [214]. A
single iteration was performed with the NCS weight set to 100000 for residues in secondarystructure elements. The RDC data were included as SANI restraints, using a smooth-square
potential with well-width set to the experimental uncertainty and a force constant of 1. Only
RDCs from residues in secondary-structure elements were included as restraints. Da and
R values for the SANI potential were taken as the values derived from PALES fitting to
the NMR structure. The orientation of the alignment tensor was allowed to float. Pairwise
RMSDs between the refined and starting structures were calculated in PyMOL [288] over

5.4 NMR data processing and analysis
the backbone Cα , N and C’ atoms.
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Appendix A
Additional plots
A.1

1D 1H spectra of isolated L7/L12
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Figure A.1: 1D 1 H spectra of isolated L7/L12 samples from the analytical gel-filtration
experiments. Blue: before denaturation, green: denatured in 8M urea, red: after refolding. The
curved base-line of the green spectrum is the result of the strong urea signal.
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Figure A.2: Plot of the integrated signal intensity (A, C and E) and the calculated diffusion
coefficient (B, D and F) for isotropic sample of 15 N-labelled ribosomes (A and B), the aligned
sample of 15 N-labelled ribosomes (C and D) and the isotropic sample of 15 N,13 C-labelled
ribosomes (E and F).

A.3 N-H RDCs of isolated and ribosome-bound L7/L12

A.3

213

N-H RDCs of isolated and ribosome-bound L7/L12
40

Isolated, fraction 1

DNH / Hz

20
0
-20
-40
-60
116
116

111

116

101

106

96

111

101

106

96

91

106

101

86

111

96

91

81

86

76

86

81

91

76

71

76

71

81

71

66

56

61

51

46

41

36

31

26

21

16

11

6

1

Residue
30

Isolated, fraction 2

20

DNH / Hz

10
0
-10
-20
-30
-40
66

61

56

51

46

41

31

36

26

21

11

16

1

6

Residue
30

Ribosome-bound

20

DNH / Hz

10
0
-10
-20
-30
-40
66

61

56

51

46

41

36

31

26

21

16

11

1

6

Residue

Figure A.3: N-H RDCs measured for fraction 1 and fraction 2 of isolated L7/L12 and for
ribosome-bound L7/L12, with phage alignment.
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A.5 Cα -Hα RDCs measured in phage and N-H RDCs measured in Otting medium for
isolated L7/L12
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Figure A.5: Cα -Hα RDCs measured in phage and N-H RDCs measured in Otting medium for
isolated L7/L12.
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Figure A.6: 15 N HSQC spectrum of isolated L7/L12 showing peak assignments. The bottom
panel shows an expanded view of the crowded central region for clarity. Peaks in the grey box
correspond to the sidechain NH2 resonances from the asparagine and glutamine residues.
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Figure A.7: IPAP-E.COSY-15 N-HSQC-TROSY spectra of 13 C,15 N-labelled 70S ribosomes.
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Figure A.8: A: N-C’ and H-C’ J couplings of ribosome-bound L7/L12, measured on 10 µM 70S
ribosomes. B: C’-Cα J couplings of isolated L7/L12, measured on 20 µM isolated L7/L12.
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B.1 L7/L12 sequences

B.1

L7/L12 sequences

DNA sequence
ATGTCTATCA CTAAAGATCA AATCATTGAA GCAGTTGCAG CTATGTCTGT AATGGACGTT
GTAGAACTGA TCTCTGCAAT GGAAGAAAAA TTCGGTGTTT CCGCTGCTGC TGCTGTAGCT
GTAGCTGCTG GCCCGGTTGA AGCTGCTGAA GAAAAAACTG AATTCGACGT AATTCTGAAA
GCTGCTGGCG CTAACAAAGT TGCTGTTATC AAAGCAGTAC GTGGCGCAAC TGGCCTGGGT
CTGAAAGAAG CTAAAGACCT GGTAGAATCT GCACCGGCTG CTCTGAAAGA AGGCGTGAGC
AAAGACGACG CAGAAGCACT GAAAAAAGCT CTGGAAGAAG CTGGCGCTGA AGTTGAAGTT
AAACTCGAGC ACCACCACCA CCACCACTGA

Amino acid sequence
MSITKDQIIE AVAAMSVMDV VELISAMEEK FGVSAAAAVA VAAGPVEAAE EKTEFDVILK
AAGANKVAVI KAVRGATGLG LKEAKDLVES APAALKEGVS KDDAEALKKA LEEAGAEVEV
KLEHHHHHH

Within the amino acid sequence, L7/L12 residues are highlighted in red.
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ddFLN646-838 RNC and related protein sequences

DNA sequence
ATGCATCACC ATCACCATCA CGCTAGCAAA CCAGCCCCAT CCGCTGAACA CTCTTATGCT
GAAGGTGAAG GTTTAGTCAA AGTATTTGAT AATGCCCCAG CTGAATTCAC TATTTTCGCC
GTTGACACTA AAGGTGTTGC TCGTACCGAT GGTGGTGATC CATTTGAAGT CGCTATCAAT
GGTCCAGATG GTTTAGTCGT TGATGCCAAA GTTACCGATA ACAATGACGG TACTTATGGT
GTTGTCTATG ATGCCCCAGT TGAAGGTAAC TACAATGTTA ATGTCACCCT CCGTGGTAAT
CCAATCAAAA ATATGCCAAT CGATGTCAAA TGCATTGAAG GTGCCAATGG TGAAGATTCA
TCATTCGGTT CATTCACTTT TACCGTCGCT GCTAAAAATA AGAAAGGTGA AGTTAAAACC
TATGGTGGTG ATAAATTTGA AGTCTCTATC ACTGGTCCAG CTGAAGAAAT CACTCTCGAT
GCTATTGATA ACCAAGATGG TACTTATACT GCCGCTTACT CTTTAGTTGG TAATGGTCGT
TTCTCAACTG GTGTCAAATT AAACGGTAAA CACATTGAAG GTTCTCCATT CAAACAAGTA
CTTGGTAACA CTAGTGAATT CTTCAGCACG CCCGTCTGGA TAAGCCAGGC GCAAGGCATC
CGTGCTGGCC CTTAA

Amino acid sequence
MHHHHHHASK PAPSAEHSYA EGEGLVKVFD NAPAEFTIFA VDTKGVARTD GGDPFEVAIN
GPDGLVVDAK VTDNNDGTYG VVYDAPVEGN YNVNVTLRGN PIKNMPIDVK CIEGANGEDS
SFGSFTFTVA AKNKKGEVKT YGGDKFEVSI TGPAEEITLD AIDNQDGTYT AAYSLVGNGR
FSTGVKLNGK HIEGSPFKQV LGNTSEFFST PVWISQAQGI RAGP

Within the amino acid sequence, domain 5 residues are highlighted in red, domain 6 residues
are highlighted in green and the SecM residues are highlighted in blue. The isolated Dom5
and Dom5+6 protein sequence correspond to the red and red+green sequence respectively.

B.3 α-Synuclein sequences
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B.3 α-Synuclein sequences
DNA sequence
ATGCATCACC ATCACCATCA CGCTAGCATG GATGTATTCA TGAAAGGACT TTCAAAGGCC
AAGGAGGGAG TTGTGGCTGC TGCTGAGAAA ACCAAACAGG GTGTGGCAGA AGCAGCAGGA
AAGACAAAAG AGGGTGTTCT CTATGTAGGC TCCAAAACCA AGGAGGGAGT GGTGCATGGT
GTGGCAACAG TGGCTGAGAA GACCAAAGAG CAAGTGACAA ATGTTGGAGG AGCAGTGGTG
ACGGGTGTGA CAGCAGTAGC CCAGAAGACA GTGGAGGGAG CAGGGAGCAT TGCAGCAGCC
ACTGGCTTTG TCAAAAAGGA CCAGTTGGGC AAGAATGAAG AAGGAGCCCC ACAGGAAGGA
ATTCTGGAAG ATATGCCTGT GGATCCTGAC AATGAGGCTT ATGAAATGCC TTCTGAGGAA
GGGTATCAAG ACTACGAACC TGAAGCCGGT ACCACTAGTG AATTCTTCAG CACGCCCGTC
TGGATAAGCC AGGCGCAAGG CATCCGTGCT GGCCCTTAAC CATGGACCTA ACAACAATAA

Amino acid sequence
MHHHHHHASM DVFMKGLSKA KEGVVAAAEK TKQGVAEAAG KTKEGVLYVG SKTKEGVVHG
VATVAEKTKE QVTNVGGAVV TGVTAVAQKT VEGAGSIAAA TGFVKKDQLG KNEEGAPQEG
ILEDMPVDPD NEAYEMPSEE GYQDYEPEAG TTSEFFSTPV WISQAQGIRA GP

Within the amino acid sequence, α-Synuclein residues are highlighted in red and the SecM
residues are highlighted in blue. The residues highlighted in pink arise from cloning.
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