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Abstract 

Rubulaviruses cause familiar human diseases such as mumps, and also circulate widely in 

animal populations. An example is the bat-borne Menangle virus which presents an emergent 

threat to human health. The machinery that these viruses use to replicate and transcribe their 

genome comprises three essential proteins: the nucleocapsid protein (N) packages and 

organises the genomic RNA, whereas the large protein (L) and the phosphoprotein (P) together, 

form the RNA-dependent RNA polymerase (RdRp). L carries the enzymatic functionalities 

required for RNA synthesis and modification, while P facilitates engagement with the N 

protein. 

The L protein is modular and organised into domains with discrete functional or structural roles. 

However, as no rubulaviral L protein has been heterologously expressed or structurally 

characterised, detailed understanding of the polymerase architecture is lacking. In this study, 

the N-terminal domain of mumps virus L was produced using a bacterial expression system, 

and biophysical characterisation revealed a largely α-helical structure. This is the first report of 

the production and characterisation of a domain from mumps virus L. 

The P protein enables translocation of the RdRp along the genomic template and interacts with 

N through its C-terminal region. The partial disorder of this region of P prevents 

crystallographic analysis, hence nuclear magnetic resonance spectroscopy (NMR) was used for 

its structural characterisation. Chemical shift assignment was completed for the last 121 amino 

acids of the Menangle virus P protein. Analysis of the chemical shift data and relaxation 

properties demonstrates the bipartite organisation of this protein, with an intrinsically 

disordered linker preceding a structured three-helix bundle. Further exploration of the linker 

established that it has weak conformational preferences that impact its dynamic behaviour and 

may be of biological significance. At the boundary between the ordered and disordered regions 

is a sequence with intermediate characteristics that seems likely to be in conformational 

exchange between structured and disordered states.  

Altogether, these results provide insight into the proteins that comprise the replication 

machinery of rubulaviruses, and particularly underline the role of conformational flexibility in 

the function of this system.  
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(het)NOE (hetero-) nuclear Overhauser effect 

{1H}-15N NOE  15N steady-state NOE upon 1H saturation 

NOESY  nuclear Overhauser effect spectroscopy 
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NTD N-terminal domain 

NTR N-terminal region 

P phosphoprotein 

PDB  RCSB Protein Data Bank (www.rcsb.org/pdb) 

ppm parts per million 

ps-ns picosecond to nanosecond 

PRNTase polyribonucleotidyltransferase 

R1, R2  longitudinal and transverse relaxation rates 

R2O’Mtase ribose-2’-O-methyltransferase 

RdRp RNA-dependent RNA polymerase 

RMSD root mean square deviation 

RSDM reduced spectral density mapping 

RT room temperature (is taken to be about 20 to 25 °C) 

SAXS small-angle X-ray scattering 

SDS PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SEC size exclusion chromatography 

TMAO trimethylamine N-oxide 

TEV tobacco etch virus protease 

VSV vesicular stomatitis virus 

Xgal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
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1. Introduction 

1.1. Biomedical importance of Paramyxoviruses  

The family Paramyxoviridae includes well-known human and animal pathogens, such as 

measles virus, mumps virus and rinderpest virus. Furthermore, this family also encompasses 

Hendra and Nipah viruses, which are endemic in wild bat populations, and present an ongoing 

threat to human health via zoonotic transmission1.  

Typically, Paramyxoviruses cause acute and highly contagious infections of the respiratory 

tract2, 3. Although vaccination programmes lowered disease incidence worldwide, there 

continues to be localised outbreaks of mumps virus2, and measles virus4. In developed nations, 

where measles had been effectively eradicated, the outbreaks are often associated with 

declining vaccination rates5. For some human Paramyxoviruses (e.g. the parainfluenza viruses 

and respiratory syncytial virus) no vaccines exist. In general, infection by this family of viruses 

is highly problematic for those with a weakened immune system such as the elderly, organ 

transplant recipients, or infants6, 7. 

There are no viable drug treatments for Paramyxoviral infection. Such treatments would be 

useful for both controlling the spread of disease and helping acutely sick individuals. One 

attractive target for therapeutic intervention is the RNA-dependent RNA polymerase (RdRp) 

complex. This complex is comprised of two essential viral proteins, the phosphoprotein (P) and 

the Large (L) protein. As the RdRp complex transcribes and replicates the genome, inhibition 

of its activity attenuates viral infection8-12. However, drug development is currently hampered 

by the unavailability of a high-resolution structure of the RdRp complex from 

Paramyxoviruses. 

1.2. Classification of Paramyxoviruses 

The family Paramyxoviridae belongs to the order Mononegavirales. The unifying feature of 

this order is a non-segmented, negative-sense, single-stranded RNA genome13. In addition to 

the Paramyxoviridae, the order contains seven other viral families. Amongst these, the 

Rhabdoviridae family is of interest as it contains the vesicular stomatitis virus (VSV) which is 

often used as the prototype virus within this order14. Furthermore, the highly contagious and 

dangerous Ebola virus (family Filoviridae)15 is also a member of this order. 
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The Paramyxoviridae family is further subdivided into seven genera. These include the 

rubulaviruses (type species mumps virus) which were the focus of this work, respiroviruses, 

morbilliviruses (type species measles virus), avulaviruses, aquaparamyxoviruses, ferlaviruses, 

and henipaviruses (Figure 1.1). 

 

Figure 1.1: Taxonomy of Paramyxoviridae. 

1.1 A: Schematic taxonomy of Paramyxoviridae and its associated genera. 

1.1 B: Phylogenetic tree representation based on the L protein of the Paramyxoviridae. Tree building 

was done using Geneious®. For clarity not all known species are shown. Abbreviations are: Atlantic 

salmon aquaparamyxovirus (AsaPV); reptilian ferlavirus (FDLV); Avian viruses 1-13 (AV-1-13); cedar 

virus (CedV), Mojiang virus (MojV), bat paramyxovirus (BPV), Nipah virus (NiV); cetacean virus 

(CeV), measles virus (MeasV), small ruminant virus (PPRV), phocine virus (PDV), rinderpest virus 

(RPV); human parainfluenza virus 1/4b (HPIV-1/4b), Sendai virus (SeV); Achimota virus 1/2 (AchPV-

1/2), bat mumps virus (BMV), mammalian virus 5 (PIV-5), Mapuera virus (MapV), Menangle virus 

(MenV), mumps virus (MuV), porcine virus (PorV), simian virus (SV-41), Sosuga virus (SosV), Tioman 

virus (TioPV), Tuhoko virus 1-3 (ThkV1-3).  
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1.3. Paramyxovirus virion structure and viral replication cycle 

Paramyxoviruses are usually spherical in shape, while varying widely in size (diameter 150–

350 nm). The viral particle has a cell-derived lipid bilayer or envelope. The envelope itself 

carries two glycoproteins: an attachment protein (HN/G/H) which promotes attachment, and a 

fusion protein (F) which mediates membrane fusion16-18 (Figure 1.2). Depending on the virus, 

the attachment protein is termed hemagglutinin/neuraminidase (HN), hemagglutinin (H), or 

glycoprotein (G), reflecting their varying abilities to cleave sialic acid (neuraminidase activity) 

and agglutinate erythrocytes (hemagglutination activity)16, 17. The attachment protein 

recognises and specifically binds receptor molecules present on the cell surface, thereby 

mediating viral entry (Figure 1.3 Step 1). Paramyxoviruses require both the fusion and 

attachment proteins for the fusion with the host membrane16, 17, 19.  

In some viruses, such as rubulaviruses, an additional protein, the small hydrophobic (SH) 

protein, is present on the virion surface (Figure 1.2). The functionality of this protein is not 

fully understood. It may play a role in protecting the virus from the host immune system20; 

contribute to a higher cell permeability21; or act as a virulence factor22.  

 

Figure 1.2: Components of a Paramyxoviral virion. 

All components are shown irrespective of their actual numbers and size within the virion. Abbreviations 

are: M = matrix protein, P = phosphoprotein, L = large protein, N = nucleocapsid, encapsidating the 

viral RNA genome, F = Fusion protein, HN/G/H = attachment proteins, SH = small hydrophobic protein. 
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Paramyxoviruses generally passage directly through the cell membrane, before delivering their 

genome17 (Figure 1.3 Step 3). Once in the host cell, the virus can transcribe proteins using the 

host cell machinery. Transcription (Figure 1.3 Step 4) precedes genome replication, which is 

thought to be triggered by a build-up of viral proteins16 (Figure 1.3 Step 5) (see Section 1.4.1.1.). 

Expressed proteins are subsequently transported to the membrane where the virion assembly 

takes place (Figure 1.3 Step 6). While attachment proteins are transported using the secretory 

pathway (Figure 1.3 Step 6a), in most cases, the fusion protein is post-translationally modified 

and transported through the trans-Golgi network18 (Figure 1.3 Step 6b). 

The matrix protein organises viral assembly in most Mononegavirales23-25. This protein binds 

to the inner surface of the cellular membrane and recruits other viral proteins to this location26 

(Figure 1.3 Step 7). It is believed that interactions between matrix and nucleocapsid protein 

drive the incorporation of the genome into the final virion27. Following the insertion of the 

fusion and attachment proteins into the membrane, the replication cycle is completed by the 

release of the virion. This final step is termed budding, which involves the deformation and 

scission of the membrane16, 28, 29 (Figure 1.3 Step 8). 
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Figure 1.3: Mononegavirales replication cycle. 

Step 1 and 2: Binding of attachment proteins to host cell membrane Step 3: F protein-mediated cell 

entry and release of viral genome into the cytoplasm Step 4: Transcription of viral proteins Step 5: 

Replication of viral genome upon build-up of viral proteins Step 6a: Post-translational modification of 

attachment proteins Step 6b: Post-translational modification of the fusion protein Step 6: Transport of 

viral proteins to membrane Step 7: Assembly of viral proteins Step 8: Budding and release of the virion. 

1.4. Virally-directed RNA synthesis 

Paramyxoviral genome organisation 

Paramyxoviruses encode at least seven proteins in their genome (Figure 1.4). Much of the 

variation in coding capacity arises from the P gene, which encodes more than one protein 

through the use of alternate initiation codons and co-transcriptional gene editing. In the latter 

process, the addition of non-templated guanine nucleotides to the transcript at a defined editing 

site can generate up to three proteins (P/V/W). These P proteins share a common N-terminal 

region but have unique C-terminal sequences30.  
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Figure 1.4: Genome organisation of the rubulavirus MuV and the morbillivirus MeasV. 

Depicted are the open reading frames of mumps virus and measles virus, which are the type-species for 

the genera rubulavirus and morbillivirus, respectively. 

Transcription and genome replication involve three essential proteins: These are the 

nucleocapsid protein (N) which packages the genomic RNA (Section 1.4.2.), the large protein 

(L) which synthesises and modifies RNA (Section 1.4.1.), and the phosphoprotein (P) which 

mediates the interaction between L and the encapsidated genome, amongst other roles (Section 

1.4.3.) (Figure 1.5). 

 

Figure 1.5: Schematic of the RNA synthesis machinery. 

Image credit: Dr. Kavestri Yegambaram. 

1.4.1. The Paramyxoviral L protein  

1.4.1.1. Paramyxoviral genome replication and transcription 

The Paramyxoviral L protein is able to both transcribe and replicate the viral genome. 

Transcription 

The L protein possesses all the enzymatic activities needed for production of capped and 

polyadenylated messenger RNA (mRNA). In transcriptional mode, L is able to recognise and 

respond to cis-acting elements at the start and end of each gene. When the polymerase 

encounters a gene start signal it initiates transcription, while the gene end signal promotes 5’-

capping and 3’-polyadenylation of the transcript28. This results in the production of individual 

mRNA transcripts for each of the viral proteins contained within the genomic RNA template. 
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Sometimes the polymerase fails to re-initiate at gene junctions, and as transcription must initiate 

at the 3’-end of the genome, this leads to an mRNA gradient, which is a primary mechanism 

for regulating protein copy number. Therefore, proteins encoded at the 3’-end of the genome 

are made in abundance, while those encoded at the 5’-end are relatively rare30 (Figure 1.6). 

Replication 

It is hypothesised that the build-up of viral proteins regulates the switch from transcription to 

replicative mode. For the Paramyxoviridae, the abundance of N was reported to be responsible 

for L entering the replicative mode31. When acting as a replicase, the polymerase ignores the 

regulatory elements surrounding each gene, and produces a full-length encapsidated copy of 

the genome32 (Figure 1.6). 

A 40 to 55 bp long leader (“Le”) sequence is found at the 3’-end of the viral genome, and an 

equivalently-sized trailer (“Tr”) sequence is appended at the 5’-end. These two elements 

function as the promoter for the genome and antigenome, respectively28, 30, 32. The genomic 

promoter is weaker than the antigenomic promoter, thus favouring genome production. Both, 

the (+) antigenome and (−) genome, are encapsidated by N28.  

 

Figure 1.6: Schematic representation of replication and transcription in Paramyxoviridae. 

Black and white boxes: cis-acting signals, blue boxes: viral genes, orange ovals: antigenome after first 

cycle of replication, black dots: 5’-cap, ‘A’: indicates the polyadenylated tail at the 3’-end of each 

mRNA transcript. The bottom panel displays the mRNA gradient resulting from dissociation of the 

polymerase from the template at the intergenic sequences. 
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1.4.1.2. Structural organisation of Paramyxoviral L 

All Mononegavirales L proteins are of similar size 33, 34. Historically, six regions of high 

sequence conservation were identified, based on the comparison of five L protein sequences 

from the Rhabdoviridae and Paramyxoviridae. These conserved regions (CRs I–VI) were 

presumed to correspond to the domains required for the catalytic functions of L33-35 (Figure 

1.7 A). A variety of experimental techniques, chief among them mutagenesis coupled with 

minigenome or reverse genetic systems, were subsequently used to map the functions of the 

CRs36-38. For measles virus, it was shown that L can trans-complement and regain full 

functionality when split into segments39, demonstrating that the L protein is highly modular in 

nature. 

In 2015, a 3.8 Å cryo-EM structure of the vesicular stomatitis virus (VSV) L protein was 

reported40 (Figure 1.7 C). VSV is the prototypical Rhabdovirus, and this structure provided the 

first detailed insight into the architecture of a Mononegavirales L protein (Figure 1.7 B). 

Analysis of this structure, coupled with earlier experimental data41, shows that conserved 

sequence blocks I–III are associated with the RNA polymerase functionality, blocks IV and V 

with the capping functionality, and block VI with the methyltransferase functionality. 

Additional domains present in the VSV L protein (the “Connector domain” and the “C-terminal 

domain”) were postulated to have a purely structural role. The sequences of these additional 

domains are less conserved across the order, compared to conserved regions I–V34. 
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Figure 1.7: Conserved sequence regions and association with functional and structural domains of the 

VSV L protein.  

1.7 A: Schematic diagram showing conserved regions I–VI34, numbered according to their location in 

the MuV L gene. 

1.7 B: Functions reported for VSV L (residue numbers according to Liang et al.40): L1/L2 = Linker 

regions 1 and 2; Proposed functional motifs are: P-binding, RdRp = polymerase functionality, Capping 

functionality, MTase = methyltransferase functionality. 

1.7 C: Structure of VSV L protein solved at a resolution of 3.8 Å (PDB ID 5A22). Figures were 

generated in Pymol and coloured according to Panel B. 

Recently, the Paramyxoviral Nipah virus L–P complex was expressed in insect cells. Low-

resolution EM imaging of the purified complex suggests an organisation similar to VSV42.  

1.4.1.3. Functions of the conserved sequence regions of Paramyxoviral L  

Based on the structural investigation of the Rhabdoviral L protein40 and numerous functional 

studies (as reviewed e.g. by Fearns and Plemper38), the assigned and speculated roles of the 

conserved regions can be summarised as follows: 

CR I 

P binds to L to form a fully active RdRp complex 28, 43-48. The P–L interaction enables the 

polymerase to gain access to the encapsidated RNA template49, 50. Although the exact binding 

site for P has not been mapped, investigations using minigenome reporter systems in 

combination with co-immunoprecipitation assays, implicated the CR I region of L (Figure 1.9) 
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in binding its cofactor43, 45, 51 (Figure 1.8). Similar experimental approaches have also been used 

to examine whether L can form homo-oligomers. An L–L interaction site was localised to the 

N-terminal ~200 residues of Sendai virus L48, 52. However, this finding has not been verified by 

in vitro analysis, and studies on the human parainfluenza virus 3 suggest that L protein may 

aggregate via non-specific hydrophobic interactions53. The putative L–L and L–P interaction 

sites were shown to be overlapping for measles and Sendai viruses45 (Figure 1.8), leading to 

the proposal that L–P-binding abrogates the L–L interaction50, 53. 

 

Figure 1.8: Mapping of P–L- and L–L-binding sites by reported truncation studies. 

Displayed are the minimal constructs of L retaining P-binding or self-associative functions, as identified 

for various Paramyxoviruses. The reported constructs are shown aligned with the predicted conserved 

regions34. Numbering according to the residues from the respective viruses which are parainfluenza 

virus 5 (PIV-5), Sendai virus (SeV), MuV, MeasV and human parainfluenza virus 3 (HPIV-3). 
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Figure 1.9: Multiple sequence alignment of L proteins from rubulaviruses and avulaviruses encompassing the CR I. 

Highly conserved residues are highlighted in grey, identical residues are shown in black. Order of shown viruses: MuV, avian avulaviruses 1–13, bat mumps virus, 

human parainfluenza viruses 2, 4a, 4b, La Piedad Michoacán Mexico virus, Mapuera virus, MenV, parainfluenza virus 5, Sosuga virus, Simian virus, Teviot virus, 

Tuhoko viruses 1–3, Tioman virus. Numbering according to the consensus sequence. 
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CR II and CR III 

The core function of L is the replication and transcription of the viral genome. Based on the 

VSV L structure40, and a huge body of information on cellular and viral nucleic acid 

polymerases, CR II and III (corresponding to MuV L residues 542–930) were identified as 

crucial for RNA synthesis54. 

The region encompassing CR II and III shares common structural features with other RNA- 

and DNA-polymerases. One key feature is the conservation of a right-handed “fingers-palm-

thumb” domain in which the catalytic site is located40. RNA polymerases of positive-sense 

single-stranded RNA viruses possess a “GDD” motif which is a divalent cation coordination 

site, important for phosphodiester bond formation55. The equivalent motif in the 

Mononegavirales order is the “GDNQ” motif 39, 40, 44, 56, 57 (corresponding to MuV L residues 

778–781) (Figure 1.10). 
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Figure 1.10: Multiple sequence alignment of L proteins from rubulaviruses and avulaviruses encompassing the CRs II–III. 

The GDNQ motif critical for nucleic acid synthesis is highlighted in orange. Highly conserved residues are highlighted in grey, identical residues are shown in black. 

Order of shown viruses: MuV, human parainfluenza viruses 2, 4a, 4b, bat mumps virus, La Piedad Michoacán Mexico virus, Mapuera virus, MenV, parainfluenza virus 

5, Sosuga virus, Simian virus, Teviot virus, Tuhoko viruses 1–3, Tioman virus, avian avulaviruses 1–9. Numbering according to the consensus sequence.
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CR IV and CR V 

During transcription, the L protein must cap the nascent mRNA in order to protect it from 

degradation and to facilitate ribosomal recognition. CRs IV and V are predicted to be involved 

in this process. 

Eukaryotic mRNA capping utilises a set of enzymes that target the 5’-end of the mRNA, 

forming a cap structure consisting of a guanosine group bound to the first nucleoside of the 

RNA via a 5’-5’-triphosphate bridge. This guanosine group is further methylated at its N-7’-

position forming a structure referred to as “cap 0”. Another cap element (“cap 1”) is formed by 

methylation of the first base at the 2’-O position in a subsequent reaction57 (Figure 1.11). 

 

Figure 1.11: Eukaryotic capped mRNA structure.  

“Cap 0” and “cap 1” methyl groups are highlighted with a red circle. 

In eukaryotes, nascent mRNA is capped in the nucleus, which makes the host cell capping 

enzymes inaccessible to viruses replicating in the cytoplasm. Paramyxoviruses have 

consequently developed a mechanistically different set of enzymes to attach a cap structure 

onto their mRNA transcripts, and these provide an interesting target for future drug 

development58.  

The conventional eukaryotic capping route uses three enzymes: Firstly, an RNA-triphosphatase 

(RTPase) hydrolyses the γ-phosphate of the triphosphate group at the 5’-end of the nascent 
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mRNA. Secondly, a guanylyltransferase (GTase) binds a monophosphorylated guanine upon 

the release of pyrophosphate (PPi). This intermediate is then transferred to the diphosporylated 

5’-end of the RNA, leading to GpppNp-RNA58 (Figure 1.12).  

In contrast to this mechanism, Paramyxoviruses produce the same 5’-modification using a 

single enzyme: the polyribonucleotidyltransferase (PRNTase). During capping, this enzyme 

covalently binds the nascent mRNA while releasing a pyrophosphate. Subsequently, the bound 

mRNA is transferred onto guanosine diphosphate (Gpp), producing GpppNp-RNA, the 

precursor for additional methylation steps58, 59 (Figure 1.12). 

 

Figure 1.12: Conventional eukaryotic and unconventional Paramyxoviral capping mechanisms. 

Abbreviations used are as follows: RTPase = RNA 5'-triphosphatase, GTase = mRNA guanylyl-

transferase, NTPase = nucleoside-triphosphatase. 

Early predictions were that the capping functionality was associated solely with CR V34. Based 

on the VSV L structure, however, residues corresponding to the CR IV were also ascribed to 

the capping functionality40. Furthermore, the VSV L structure and previous studies on 

Paramyxoviruses, reveal two major motifs thought to be crucial for the capping activity. These 

are the “GxxT” motif 40, 60 (corresponding to MuV L residues 1224–1227), and the “HR” motif61 

(corresponding to MuV L residues 1298 and 1299). These motifs are believed to be the active 

site of the PRNTase, where the “GxxT”-motif enables binding of Gpp and the “HR”-motif is 

involved during binding of L to the nascent RNA40, 60-62 (Figure 1.13). 
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Figure 1.13: Multiple sequence alignment of L proteins from rubulaviruses and avulaviruses encompassing the CRs IV–V. 

Selected motifs critical for PRNTase functionality are highlighted in green. Highly conserved residues are highlighted in grey, identical residues are shown in black. 

Order of shown viruses: MuV, human parainfluenza viruses 2, 4a, 4b, bat mumps virus, La Piedad Michoacán Mexico virus, Mapuera virus, MenV, parainfluenza virus 

5, Sosuga virus, Simian virus, Teviot virus, Tuhoko viruses 1–3, Tioman virus, avian avulaviruses 1–9. Numbering according to the consensus sequence. 
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CR VI 

In eukaryotes, the two methylation steps leading to the “cap 0” and “cap 1” structures (Figure 

1.11) are catalysed by individual enzymes, whereas in Paramyxoviruses both steps are 

catalysed by the L protein63. It was also found that the order in which these reactions occur are 

reversed, compared to the host methylation machinery64 (Figure 1.14). In Paramyxoviruses, the 

enzyme methylating the 2’-hydroxyl group of the previously formed guanosyl group (Figure 

1.12) is a ribose-2’-O-methyltransferase (R2’OMtase) producing the “cap 1” structure. 

Subsequently, the “cap 0” structure is formed by methylation of the guanine nucleotide on the 

N-7’-position of the capped mRNA transcript. Accordingly, the enzyme is termed guanine-N-

7’-methyltransferase (GN7’Mtase). The substrate for transferring the methyl group is (S)-

adenosyl methionine, producing (S)-adenosyl-L-homo-cysteine as by-product58, 65.  

 

Figure 1.14: Sequential methylation steps during the unconventional Paramyxoviral capping pathway. 

Both methylating enzymes are found within the L protein. Abbreviations are: AdoMet = (S)-adenosyl 

methionine, AdoHcy = (S)-adenosyl-L-homo-cysteine. 
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Figure 1.15: Multiple sequence alignment of L proteins from rubulaviruses and avulaviruses encompassing the CR VI and preceding conserved regions. 

Selected motifs critical for MTase functionality are highlighted in blue. Highly conserved residues are highlighted in grey, identical residues are shown in black. Order 

of shown viruses: MuV, human parainfluenza viruses 2, 4a, 4b, bat mumps virus, La Piedad Michoacán Mexico virus, Mapuera virus, MenV, parainfluenza virus 5, 

Sosuga virus, Simian virus, Teviot virus, Tuhoko viruses 1–3, Tioman virus, avian avulaviruses 1–9. Numbering according to the consensus sequence.  
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The exact location of these methyltransferase activities in L is still under investigation. Based 

on the cryo-EM structure of VSV L, it was suggested that the domain incorporating CR VI 

carries out both activities40. This is supported by previous mutagenic studies on the 

Paramyxoviridae Sendai virus, which also localised both activities to this region66. In addition 

to this, a recent high-resolution structure (2.2 Å) of the C-terminal domain (residues 1599–

2005) of the Pneumoviridae human metapneumovirus virus has been solved where this region 

was shown to possess methyltransferase (MTase) activity67. 

Sequence analysis shows that CR VI contains a “glycine-rich” motif (Figure 1.15) 

(corresponding to MuV L residues 1814–1818), similar to that found in eukaryotic methyl 

transferases. This is inferred to be the AdoMet-binding-site68. Additionally, it is believed that 

the order-wide highly conserved residues (1797)K, (1917)D, (1953)K, and (1990)E (residue 

numbers correspond to MuV L) form a “catalytic tetrad” required for R2’OMtases methylation 

activity66, 67, 69, 70 where the invariant second lysine is presumed to carry out the methyl 

transfer58. However, it remains unclear whether this catalytic site is also important for 

GN7’MTase activity71. 

1.4.2. The Paramyxoviral N protein  

The template for replication is encapsidated RNA. It is thought that RNA synthesis occurs 

concomitantly with N protein encapsidation, to produce a helical protein-RNA complex. 

During replication and transcription, the viral genome and antigenome remain encapsidated and 

the bases are transiently exposed via an uncoiling mechanism, thus enabling the RNA to enter 

the L catalytic site32, 72, 73. In addition to presenting the genome to the polymerase, the 

nucleocapsid protects the genome from cellular nucleases, and may act to block surveillance by 

cellular sensors of infection30, 74-77.  

The N protein has two globular domains, termed the N-terminal and C-terminal domains78 

(Figure 1.16 A). Lateral interactions between these domains create and stabilise the continuous 

helical structure of the nucleocapsid74, 79. Paramyxoviral N proteins have an additional long, 

intrinsically disordered C-terminal tail (Ntail), that is arrayed on the nucleocapsid exterior80-84.  

A single turn of the helical nucleocapsid creates a “ring” when flattened, and these structures 

are frequently used as a simplified model for the nucleocapsid85. Structures of nucleocapsid 
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“rings” from the Paramyxoviruses Sendai virus86, parainfluenza virus 574, and measles virus87 

showed that each “ring” corresponds to 13 monomers of N78 (Figure 1.16 B). 

 

Figure 1.16: Genome organisation and structure of the Paramyxoviral N ring. 

1.16 A: Schematic domain organisation of the Paramyxoviral N protein (NTD = N-terminal domain, 

CTD = C-terminal domain, Ntail = C-terminal tail).  

1.16 B: Ribbon representation of the rubulavirus parainfluenza virus 5 (13-mer) (PDB ID 4XJN) as top 

and rear-view depiction, highlighting one monomer in green and the encapsidated RNA in blue. The N- 

and C-termini are denoted by their respective letters. The figure was created in Chimera. 

Inter-domain motions between the NTD and CTD of N are postulated to allow for temporary 

release of the encapsidated RNA. Based on structural comparison, it has been hypothesised that 

binding of the P protein facilitates switching between an open and closed state of N74, 88-90. 

All Paramyxoviruses likely share the requirement that their genome length be a multiple of six 

nucleotides to allow for efficient replication. This has accordingly been termed the “Rule of 

Six”75, 86, 91. This requirement is hypothesised to arise because of a need to place the genomic 

and antigenomic promoter sequences in the correct phase with respect to the encapsidating N 

protein92-94. The structural analysis of the nucleocapsid clearly establishes that each N protein 

binds exactly six nucleotides of RNA79.  

  



Chapter 1  Introduction 

 
21 

1.4.3. The Paramyxoviral P protein  

The final component of the Paramyxoviral replication machinery is the phosphoprotein. This 

protein interacts with L and N, and is therefore crucial for polymerase function95. 

1.4.3.1. Structure and function of Paramyxoviral P  

Even though the P protein plays a central role during RNA synthesis, its sequence is poorly 

conserved amongst Paramyxoviruses, and it varies widely in length88. Structurally, P can be 

broadly divided into three regions: a N-terminal region, a centralised oligomerisation domain, 

and a C-terminal region. (Figure 1.17). 

 

Figure 1.17: Summary of the structural organisation of the phosphoprotein. 

Depicted are the linear motifs and structural domains of P (grey blocks) that are connected via largely 

disordered stretches. Residue numbers are according to the mumps virus P protein, being a type species 

of the genus rubulavirus.  

N-terminal region 

Numerous studies show that the N-terminal region is required for binding of P to nascent N 

protein96-98 to prevent illegitimate N self-assembly89. Two conserved motifs found in this 

region, termed “SOYUZ-1” and “SOYUZ-2”, are associated with this function. While the 

“SOYUZ-1” motif overlaps with N-binding sites, the function of the “SOYUZ-2” motif, which 

is only found in three Paramyxovirus genera, remains unknown. Overall, this domain is 

characterised as largely unstructured, with secondary structures associated with the conserved 

motifs forming only transiently, in response to binding88, 99, 100.  

Oligomerisation domain 

All Mononegavirales P proteins homo-oligomerise via a coiled-coil101-104. Multiple crystal 

structures for Paramyxoviruses have been determined that show the formation of a tetramer101, 

105-107. For measles virus (genus morbillivirus) and Sendai virus (genus respirovirus) a parallel 

coiled-coil forms, with a 4-fold symmetry101, 108 (Figure 1.18 A). In contrast, for mumps virus 

(genus rubulavirus) an antiparallel coiled-coil forms, with a 2-fold rotational symmetry axis 
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orthogonal to the coiled-coil. This can be considered a “dimer of dimers”103, 104, 109 (Figure 

1.18 B). 

 

Figure 1.18: Coiled-coil structure of the Paramyxoviral P oligomerisation domain. 

1.18 A: Measles virus P OD (PDB ID 3ZDO) forms a parallel coiled-coil with 4-fold rotational 

symmetry to the central axis. 

1.18 B: Mumps virus (PDB ID 4EIJ) forms an anti-parallel coiled-coil with 2-fold rotational symmetry 

orthogonal to the central axis.  

The N- and C-termini are indicated. The figure was created in Chimera. 

Site-directed mutagenesis studies on Sendai virus have indicated that the oligomerisation 

domain is the putative L interaction site101, 110, and that P oligomerisation is necessary for 

replication and transcription101, 111.  

C-terminal region 

The last ~50 amino acids of the C-terminal region form a three-helix bundle82, 112-114 (Figure 

1.19). This structured domain is connected to the central oligomerisation domain by a flexible 

linker (Figure 1.17). The three-helix bundle binds to the nucleocapsid, and is sometimes 

referred to as the nucleocapsid-binding domain (NBD) or the X-domain (XD)82, 84, 114. 
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Numerous structures for the NBD show that the three-helix bundle is structurally conserved 

across the Paramyxoviral family (Figure 1.19). 

 

Figure 1.19: Structures of the Paramyxoviral P C-terminal binding domain. 

Depicted are the overlaid structures of the three-helix bundle from Menangle virus (grey, PDB ID 

4KYC), Hendra virus (blue, PDB ID 4HEO), measles virus (red, PDB ID 1T6O), mumps virus (green, 

PDB ID 3BBZ) and peste-des-ruminants virus (coral, PDB ID 5LXJ), highlighting the family-wide 

structural conservation. N and C termini are indicated with the helices 1–3 labelled sequentially. 

1.4.3.2. Paramyxoviral translocation mechanism  

During RNA synthesis, the polymerase must move along the nucleocapsid in a highly 

processive fashion, while repeatedly binding and releasing the template. As the P protein 

enables this, the nature of the N–P interaction is of great interest. Two main theories exist to 

describe this movement which are termed the “Cartwheeling” and “Jumping” mechanism. 

“Jumping” mechanism 

In this theory, it is postulated that P binds to the nucleocapsid at multiple sites, thus enabling 

the L protein to “jump” between the bound P proteins. This would necessitate a continuous 

formation and dissolution of the polymerase115, while also requiring a tight binding between N 

and P. For the Paramyxoviruses, there is no direct experimental evidence supporting this 

mechanism. However, in the absence of detailed structural analysis of L–P-binding and the 

determination of a corresponding dissociation constant, it cannot be discounted. 
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 “Cartwheeling” mechanism 

An alternative proposal to mechanistically describe polymerase movement, is the 

“Cartwheeling” mechanism. Under this proposal P repeatedly binds and releases the N protein 

during polymerase translocation, while remaining bound to L84, 111, 116. The name comes from 

the idea that P might “cartwheel” over the nucleocapsid surface in a rotary fashion88, 116. 

However, direct evidence for a rotary motion is entirely lacking, and instead P may simply 

“walk” along the nucleocapsid. For measles virus, it was shown that the P–NBD interaction 

with the N protein is short-lived and of low affinity84 which would support this theory. 

Furthermore, the found disordered structure of the P-linker81, 101, which connects the C-terminal 

nucleocapsid-binding domain with the oligomerisation domain, would provide the required 

flexibility for polymerase translocation. However, to date there are no experiments that have 

rigorously tested the “Cartwheeling” mechanism. 

1.4.3.3. Post-translational modification of the Paramyxoviral P  

The phosphorylation that lends the P protein its name has long been considered significant for 

assembly of the N protein with the genomic template117. Additionally, studies of MuV P using 

a minigenome reporter system suggest that phosphorylation plays an essential role during viral 

mRNA synthesis118. For the parainfluenza virus 5 P protein, phosphorylation levels were found 

to correlate with replication efficiency119, 120. Moreover, this post-translational modification 

was linked to viral evasion of the host cell immune response121. Finally, it was recently shown 

that levels of P phosphorylation are influenced by interaction with the nucleocapsid117, adding 

to the complexity of the situation. 

Various kinases have been identified as being involved in P phosphorylation, such as casein 

kinase II for measles virus122, protein kinase C isoform ζ for Sendai virus123, polo-like kinase 

1121, and protein kinase B for parainfluenza virus 5 P protein124. 

Known serine or threonine phosphorylation sites are mostly in the disordered regions of P120, 

125-128, and based on sequence alignments are only partially conserved across the Paramyxoviral 

family (Figure 1.20). 
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Figure 1.20: Reported P phosphorylation sites and their partial sequence conservation. 

The figure displays sequence similarities among Paramyxoviral P proteins in the heavily phosphorylated 

and disordered regions. Highlighted in dark magenta are residues that are reported to be phosphorylated, 

while the light pink lines show the corresponding residues in other viruses. Regions in light grey 

correspond to 60–80 % identity across all sequences, while regions highlighted in dark grey correspond 

to 80–99 % identity, respectively. Residues in black are universally conserved. Reported viruses are 

MuV117, 118, parainfluenza virus 5 (PIV–5)119, 121, 129, MeasV122, Sendai virus (SeV)130, avian virus 1 (AV–

1)131, and human parainfluenza virus 3 (HPIV–3)123. Additional viruses from the rubulavirus genus 

shown are: human parainfluenza virus 2, 4b (HPIV–2, 4b), bat mumps virus (BMV), Mapuera virus 

(MapV), La Perdad Michoacán Mexico virus (LPMV), Achimota virus 1/2 (AchV–1/2), Sosuga virus 

(SosV), Tuhoko viruses 1–3 (ThkV 1–3), Teviot virus (TevV), Tioman virus (TioV), and MenV.  
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1.5. Thesis overview 

All rubulaviruses carry an RNA-dependent RNA polymerase capable of transcribing and 

replicating their genome. The L protein is the catalytic subunit of the polymerase and is found 

complexed with the P protein, which binds to the genomic template and facilitates polymerase 

translocation. However, currently there is no structural information available for any 

rubulaviral L protein, as heterologous production of the polymerase is challenging. 

The first objective of my thesis work was to isolate soluble domains from the mumps virus 

polymerase, to enable structural and functional analysis. Prior work had identified a number of 

candidate domains. One of these candidates, corresponding to the first 395 amino acids of the 

mumps L protein, was expressed and purified and further biophysically analysed. Attempts 

were also made to produce the intact polymerase L/P complex using an insect cell expression 

system. 

The remainder of my thesis investigated the domain structure of the second component of the 

polymerase, the P protein. In all Paramyxoviruses, the three-helix bundle is tethered to its 

central coiled-coil domain by a highly dynamic linker. The flexibility of this linker sequence is 

believed to be critical for polymerase translocation along the template132. However, there had 

been little detailed analysis of the structural propensities and dynamic behaviour of the linker. 

I used nuclear magnetic resonance (NMR) spectroscopy as a tool to provide structural and 

dynamical information for the entire C-terminal region of the Menangle virus P protein (MenV 

P). In order to use this technique, the resonance frequencies (chemical shifts) of all NMR-active 

nuclei in the protein needed to be assigned. 

The second objective of my thesis work was the complete NMR chemical shift assignment of 

the C-terminal region (residues 267–388) of MenV P (MenV P 267–388). This involved the 

collection and analysis of an array of three-dimensional correlation spectra relating the carbon, 

nitrogen and hydrogen nuclei within each residue and between neighbouring residues in the 

sequence. 

The third objective of my thesis work was to use NMR to structurally characterise MenV P 

267–388. This included the measurement of chemical shifts, three-bond spin-spin couplings, 

and nuclear spin relaxation measurements.  
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The final objective of my thesis work was to investigate the dynamic properties of the MenV P 

267–388 protein. Detailed modelling of nuclear spin relaxation data further illuminated the 

structural and dynamic behaviour of the entire C-terminal region, and in particular the linker. 

These experiments also clarified the nature of the interface between the disordered linker and 

the helical binding domain, and the likely timescales for structural reconfiguration in this 

region.  
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2. Molecular characterisation of the rubulaviral L protein 

2.1. Chapter overview and biological significance 

The Paramyxoviral L protein drives transcription and replication of the viral genome. When 

operating as a transcriptase, L caps the nascent mRNA using a unique chemistry. The enzymes 

involved are potential drug targets133. Across the order Mononegavirales, there are regions of 

exceptionally high sequence conservation within the L protein34, 35, suggesting the possibility 

of pan-viral therapeutics32. As noted in the introduction (Section 1.1), development of 

therapeutics would be aided by the generation of structural and functional information for the 

L protein. This chapter reports on attempts to produce individual functional domains of MuV 

L in E. coli as well as the full-length MuV L protein in a eukaryotic expression system. 

The expression of fragments of MuV L was undertaken because of the inherent difficulties in 

expressing and purifying large, multidomain proteins38. Encouragingly, previous studies on L 

proteins from Paramyxoviruses and related viruses, suggested that the L protein is modularly 

organised and could be split into fragments that retain function39, 41. A method to map out 

boundaries of independently-folded and soluble fragments of large proteins, called “Domain 

Seeking”, was previously developed in our group and applied to MuV L. This work informed 

the design of MuV L expression constructs, leading to the isolation and biophysical 

characterisation of the N-terminal domain of MuV L, as described in this chapter. 

Expressing the full-length MuV L protein is highly desirable, particularly given recent advances 

in EM that make it easier to determine an atomic resolution structure of such a large protein. 

Hence, we also attempted to produce full-length MuV L protein using a eukaryotic expression 

system. Thus far, only two full-length L proteins have been successfully produced in 

heterologous expression systems. These are the Rhabdovirus VSV40 and the Paramyxovirus 

Nipah virus42 L proteins. Both were produced using baculovirus-infected insect cells. Thus, we 

also employed this system for MuV L. The technical challenges we encountered in using insect 

cells to express such a large and complex protein are outlined in this chapter. 
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2.2. Methods for production and isolation of the L protein  

Eukaryotic expression system 

Heterologous production of the Paramyxoviral L protein in its full-length form is non-trivial, 

and has been achieved in only one case42. The difficulties encountered have a number of origins: 

One is likely the over-reliance on the bacterium E. coli as a protein production system. The 

principal advantages of a eukaryotic expression system, relative to a bacterial host like E. coli, 

are that it allows for post-translational modification and can facilitate the correct folding of 

large proteins134-136. A eukaryotic expression system that is often employed is baculovirus-

infected insect cells137.  

Bacterial expression system 

Bacteria provide a cheaper and faster way to produce proteins, when compared to eukaryotic 

expression systems. However, bacteria have some demonstrated limitations when producing 

proteins from eukaryotes and eukaryotic viruses, most likely associated with the lack of 

chaperones or other cellular factors required to assist with folding or post-translational 

modification. One approach, which can retain the practical advantages of bacterial expression, 

is to identify fragments of a large protein that are amenable to production in E. coli. The 

problem is to determine the boundaries of such fragments. However, this can be achieved using 

limited proteolysis or by applying a “Domain Seeking” approach as described below. 

Limited proteolysis  

If trace amounts of the protein of interest can be purified, limited proteolysis can identify 

autonomously folding domains. This is because relatively non-specific proteases, such as 

trypsin, preferentially cut the unstructured linkers that often connect globular protein 

domains138. Subsequently, the protease-resistant fragments can be identified using mass 

spectrometry139. To our knowledge, the only L protein to which this proteolysis method has 

been applied is that from Rhabdovirus VSV41. However, this technique is not applicable if the 

protein of interest cannot be expressed in its full-length form. 

Domain Seeking 

An alternative method for identifying stable and soluble fragments of a large protein that does 

not require the isolation of the full-length protein, is based on random gene fragmentation. 

Transferred into an appropriate expression vector, a randomly generated gene fragment library 
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can be screened for the production of soluble protein fragments. This approach has been termed 

“Domain Seeking”140, 141.  

The two basic steps underpinning Domain Seeking are (1) the generation of the fragment library 

and (2) the screening of the library for soluble protein expression.  

In our implementation, we resolved (1) by creating a PCR-based fragmentation of the gene of 

interest. This is achieved by random incorporation of uracil nucleotides instead of thymine 

during gene amplification, facilitating production of blunt-ended gene fragments with a 

controlled size distribution (Figure 2.1 A). To resolve (2), a “split-GFP” solubility assay142 was 

performed, in which the proteins encoded by the gene fragment library were fused to the last β-

strand of GFP. Trans-complementation with the remainder of the GFP molecule allowed 

identification of soluble protein fragments that were retained in the bacterial cytoplasm (Figure 

2.1 B). 

In detail, the solubility assay involved the following steps: The DNA fragment library was 

cloned into an expression vector that appended the C-terminal β-strand of GFP. Protein 

production from this vector is under control of the PBAD promoter, inducible with arabinose. An 

additional plasmid was provided which expresses the remainder of the GFP molecule (β-strands 

1 to 10). Protein production from this vector was under control of the T7 promoter, inducible 

with IPTG. The two plasmids were transformed into bacterial cells (Figure 2.1 B). Screening 

for soluble protein fragments was then achieved by a step-wise induction of protein expression 

from the two plasmids, exploiting the differing promoters. The induction steps were separated 

by a rest period to allow for recycling of unfolded or insoluble proteins (Figure 2.1 C). Cells 

carrying the soluble fragments of interest can be distinguished from cells containing unfolded, 

unexpressed or insoluble proteins, based on the fluorescence from reconstituted GFP. Selecting 

highly fluorescent colonies allows the isolation of plasmids carrying soluble gene fragments 

(Figure 2.1 D), and the identification of the fragment boundaries using DNA sequencing140-142.  
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Figure 2.1: Workflow of the Domain Seeking method. 

2.3. Mapping of soluble fragments in MuV L protein with Domain Seeking 

Prior to this study, the Domain Seeking method was used to identify a number of MuV L 

fragments that can be expressed in E. coli in a soluble form (unpublished data). A MuV L gene, 

codon optimised for expression in E. coli, was used in this screen. Fluorescence-generating 

protein fragments with >100 residues in length, are depicted in Figure 2.2 A, grouped according 

to their start and end points. The frequency of fragment start and end points within a 9-residue 

window is depicted in Figure 2.2 B. This analysis shows that there are fragmentation hotspots, 

some of which coincide with the boundaries of conserved regions34. 

The detailed analysis of this data helped define start and end sites for subsequent bacterial and 

insect cell expression constructs. 
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Figure 2.2: Domain Seeking results for MuV L and schematic alignment with regions of high sequence 

conservation. 

2.2 A: Fragments sorted according to their respective start and end points. The six conserved regions 

found across L proteins are also indicated. 

2.2 B: The frequency of fragment start points (top) and end points (bottom), averaged over a 9-residue 

window. 
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2.4. MuV L protein fragment expression in E. coli 

A four-step approach was used for production and analysis of MuV L fragments in E. coli: 

1. Construct design, based on Domain Seeking results, bioinformatic analysis,  

and comparison with the published VSV L structure.  

2. Small-scale expression and purification testing for each fragment  

using a variety of affinity tags. 

3. Up-scaling of expression and purification for promising fragments. 

4. Biophysical characterisation of successfully purified fragments. 

Construct design (Step 1) 

In addition to the Domain Seeking results, multiple sequence alignment (see Introduction 

Section 1.4.1.3.) and the VSV L structure (see Introduction Section 1.4.1.2.) informed MuV L 

construct design. Fragments were expressed with a His6-tag, glutathione-S-transferase (GST)-

tag, or maltose-binding protein (MBP) fused to the N-terminus. An interleaving TEV protease 

recognition sequence facilitated cleavage of the GST- and MBP-fusion proteins. 

N-terminal region 

Domain Seeking analysis of CR I, corresponding to the putative P-binding region of L (see 

Section 1.4.1.3.), revealed a prominent start point at the first residue and a high frequency end 

point at residue 395. Additionally, during the course of this study, a crystal structure for the 

distantly-related Rhabdoviral VSV L NTD was published with an end site at residue 379131, 

which corresponds to residue 390 for MuV L, as judged by sequence alignment. Due to initial 

success expressing this region of Mumps L (MuV L 1–395, see Section 2.5 below), some 

analogous constructs were produced for other Paramyxoviruses, specifically Menangle virus 

(MenV L 1–401), human parainfluenza virus 4b (HPIV 4b L 1–395) and measles virus (MeasV 

L 1–383) (Table 2.2). 

RdRp  

The putative RdRp domain comprises the entirety of CRs II to IV, which includes the highly 

conserved “GDNQ” motif which is essential for polymerase function40, 143 (see Section 

1.4.1.3.). Care was taken to include this motif, as well as other regions of high sequence 

conservation, when designing the expression constructs. All constructs started at residue 362, 

which is located six residues downstream from the start point of CR II, and ended at residue 

893, which was an observed fragmentation point in Domain Seeking analysis.  
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PRNTase  

The PRNTase domain is predicted to correspond to the highly conserved region V. Domain 

Seeking analysis did not reveal strong preferences for the start and end sites in this region. 

Therefore, a range of start points corresponding to various Domain Seeking fragments were 

tested (start sites 924, 1190, 1266). The end site was chosen as 1440 which corresponds to a 

longer fragment from Domain Seeking analysis that includes the “GxxT” motif (MuV L 

residues 1224–1227, see Section 1.4.1.3.), shown to be essential for PRNTase activity144.  

MTase  

The C-terminal region of the L protein is predicted to harbour two essential methyltransferase 

(MTase) functionalities, a guanine-N-7’-methyltransferase (GN7’MTase), and a ribose-2’-O-

methyltransferase (R2’OMTase), associated with CR VI (see Section 1.4.1.3.). The start sites 

chosen for the MTase constructs were 1720, 1747 and 1772, all of which occurred in at least 

one soluble fragment identified by Domain Seeking. 

Putative MTase helper function 

We also designed constructs encompassing the sequences preceding CR VI. We hypothesised 

that this region may also be involved in cap methylation due to its relatively high sequence-

conservation and location between the CRs V and VI (Figure 1.15). A range of constructs were 

tested (start sites 1413, 1441, 1465 and end sites 1720, 1747, 1785), based on the Domain 

Seeking results. 

Expression testing (Steps 2 and 3) 

Expression testing included the variation of expression times, temperatures, media types, E. coli 

expression strains, as well as IPTG concentrations. Small-scale testing was initially carried out 

on a 100 mL-scale using LBG media at temperatures of 18 and 28 °C for 5 and 18 h, 

respectively. Subsequently, for constructs that showed an over-expression band, the solubility 

of the expressed protein was tested by lysing the cells using various lysis buffers and attempting 

to purify the protein by affinity chromatography (see Materials and Methods Section 7.3.3.). 

For selected challenging constructs that were insoluble when expressed using a His6-affinity 

tag, the construct was sub-cloned into a vector carrying either a GST- or an MBP-fusion tag 

which are often used to enhance protein solubility145. These tags also included a TEV-

proteolytic cleavage site for removal of the fusion partner. All constructs that produced soluble 
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protein in small-scale experiments, were subsequently tested for soluble protein purification on 

a larger scale (2 L expression culture volume, Material and Methods Section 7.3.4.). 

In most cases, small-scale expression and purification trials did not lead to production of soluble 

protein (Table 2.1). However, for the putative RdRp, PRNTase and MTase domains various 

constructs led to a soluble protein during small-scale testing when an MBP-tag was attached. 

Upscaled trials for constructs corresponding to the RdRp region (MuV L 362–893); the putative 

capping domain (MuV L 924–1440, 1190–1440, 1266–1440); and the MTase domain (MuV L 

1441–1747, 1441–1785, 1465–1747, 1747–2021, 1772–2021), revealed that the appended 

MBP-tag could not be effectively cleaved with TEV protease. This is consistent with these 

proteins likely being mis-folded or aggregated. In addition, the capping domain and MTase 

domain constructs co-purified with the chaperone protein GroEL during affinity 

chromatography (visualised using SDS PAGE (Figure 2.3) and confirmed using LC-MS). 

GroEL was not removed by addition of Mg2+-salts and ATP during a subsequent size exclusion 

chromatography step, which cause the chaperone to cycle146, 147. 

 

Figure 2.3: Example SDS PAGE gel from MuV L 1190–1440 MBP purification showing GroEL 

contamination and insufficient TEV-cleavage. 

Abbreviations and denotations: L = ladder, 1 = amylose affinity resin after loading of cell lysate and 

before TEV protease cleavage, 2 = eluate after TEV protease cleavage carried out at 18 °C for 18 h. 

Table 2.1 gives an overview of all constructs sorted by their predicted functionality and position 

in the sequence as well as the outcome of the expression trials. 
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Table 2.1: Summary of all L protein constructs tested for overexpression in E. coli. 

 Construct Name OE? Soluble? Purification? 

NTD MuV L 1–395 His* Y Y Y 

CR I MuV L 1–395 GST Y Y N 

 MeasV L 1–383 GST Y Y Y# 

 MenV L 1–401 GST N   

  HPIV 4b L 1–395 GST N     

RdRp MuV L 362–893 His N     

CRs II–III MuV L 362–893 GST Y N  

  MuV L 362–893 MBP Y Y N 

PRNTase MuV L 1190–1440 His N     

CRs IV–V MuV L 1190–1440 MBP Y Y N 

MuV L 1266–1440 His* N   

 MuV L 1266–1440 MBP Y Y N 

 MuV L 924–1440 His N   

  MuV L 924–1440 MBP Y Y N 

 MuV L 1413–1720 His N     

MTase MuV L 1413–1720 GST N   

“helper” MuV L 1413–1720 MPB Y N  

 MuV L 1413–1747 His N   

 MuV L 1413–1785 His N   

 MuV L 1413–1785 MBP Y N  

 MuV L 1441–1720 His N   

 MuV L 1441–1720 MBP N   

 MuV L 1441–1747 His N   

 MuV L 1441–1747 MBP Y Y N 

 MuV L 1441–1785 His N   

 MuV L 1441–1785 GST N   

 MuV L 1441–1785 MBP Y Y N 

 MuV L 1465–1720 MBP N   

  MuV L 1465–1747 MBP Y Y N 

MTase MuV L 1720–2021 His N   

CR VI MuV L 1720–2021 MBP N   

 MuV L 1747–2021 MBP Y Y N 

 MuV L 1772–2021 MBP Y Y N 

Abbreviations and denotations: OE = SDS PAGE-based determination for successful over-expression, 

Y = successful, N = unsuccessful and was not further studied, *cloned prior to this study, #only small-

scale testing was carried out.  
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2.5. Biophysical characterisation of MuV L 1–395 

The one construct that was successfully expressed in soluble form, free of cellular chaperones, 

was the N-terminal region of the mumps virus L protein (MuV L 1–395). This L fragment 

encompasses the first conserved sequence block of the L protein (CR I) which has been 

suggested to be the site for P protein attachment for other Paramyxoviruses45, 51, 148, 149. 

Following the development of a purification scheme (Section 2.5.1.), MuV L 1–395 was 

biophysically characterised (Sections 2.5.2–2.5.3) and assayed for putative interaction with 

MuV P (Section 2.5.4.). 

2.5.1. Size exclusion chromatography analysis 

MuV L 1–395 was expressed fused to a N-terminal His6-tag in E. coli strain BL21(DE3). The 

protein was purified using immobilised metal affinity, anion exchange, and size exclusion 

chromatography (Materials and Methods Section 7.4.1.). Large-scale purification leads to 

0.8 mg of protein per L culture medium. The molar mass of the protein was estimated using 

LC-MS (expected 46342 g mol-1; observed 46341 g mol-1).  

MuV L 1–395 elutes in two distinct peaks from a SEC column (Figure 2.4 A), indicating the 

presence of differently-sized species in relatively slow exchange. Pooled fractions from both 

peaks were examined by SDS PAGE which suggested the species were chemically identical 

(Figure 2.4 B). 

 

Figure 2.4: Size exclusion profile of MuV L 1–395 and corresponding SDS PAGE gels. 

Protein was purified at room temperature, 50 mM Tris/HCl (pH 8). Size exclusion media is Superdex 

200. Elution volumes and partition coefficients (σ) as indicated (A280 = protein absorbance at a 

wavelength of 280 nm) B: SDS PAGE image of pooled fractions from the two SEC peaks (A). 

Molecular weight marker: Precision Plus (BioRad). 
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To determine the molar mass of the two species, MuV L 1–395 was passed over a Superdex 

200 SEC column connected to a multiple-angle laser light scattering (MALLS) detector and a 

refractometer (Figure 2.5). The first peak (partition coefficient σ ≈ 0.3) has a molar mass 

corresponding to a dimer, whereas the second peak (partition coefficient σ ≈ 0.44) has a molar 

mass corresponding to a monomer. Within the observed range of concentrations (0.8–

3.2 mg mL-1) the estimated masses did not vary. During purification trials a variety of additives 

known to reduce protein aggregation (glycerol, Triton-X, NP-40 Alternative, 50 mM 

arginine/glutamate) and NaCl concentrations (0.1–1 M) were tested. However, these additives 

did not prevent formation of the dimer species. 

 

Figure 2.5: SEC-MALLS profile of MuV L 1–395 at varying concentrations. 

Displayed is the elution profile of the purified MuV L 1-395 construct showing two distinct elution 

peaks with different scattering profiles (depicted as dots, coloured according to the respective protein 

concentration). Peak 1 (partition coefficient σ ≈ 0.3) is correlated to a dimer and peak 2 (partition 

coefficient σ ≈ 0.44) corresponds to a monomer. ΔRi = refractive index measurement of protein sample 

relative to sample buffer. The principle of SEC MALLS is detailed in Material and Methods Section 

7.6.3. 

As the protein concentration increased, the peak 2 elution volume clearly decreased, and the 

peak asymmetry became more pronounced. This is often diagnostic of the presence of rapid 

and reversible self-association150. However, this is difficult to reconcile with the invariant mass 

estimates, and the presence of two discrete peaks in the chromatogram. 

Consequently, the interconversion of peaks 1 and 2 was investigated using a qualitative SEC 

assay. Following an initial SEC separation, pooled fractions from peaks 1 and 2 were spin 

concentrated, and separately incubated at 25 °C for a period of 6 h. At hourly intervals, 100 μL 



Chapter 2 Molecular characterisation of the rubulaviral L protein 

 
39 

sample volumes were removed and loaded onto a small volume Superdex 200 SEC column 

(Material and Methods Section 7.6.5.).  

For peak 1 (the dimeric species), a shoulder peak was apparent even at the initial time point 

(t = 0 hours). This indicates that some dimer dissociation had occurred during the spin 

concentration step, prior to starting the experiment. After a period of 6 h, there was a roughly 

equimolar mixture of dimer and monomer visible (Figure 2.6 A). In contrast, for peak 2 (the 

monomeric species) only a single peak was observed for the duration of the experiment (Figure 

2.6 B). 

 

Figure 2.6: SEC peak reinjection experiments. 

Following a preparative separation of MuV L 1–395 on Superdex 200 media, pooled fractions from 

respective peaks 1 and 2 were concentrated and incubated over a total time period of 6 h at a temperature 

of 25 °C, before being reinjected onto a small volume Superdex 200 column in hourly intervals. 

Chromatograms corresponding to 0 h and 6 h incubation are displayed. The red dotted line corresponds 

to the elution volume of the dimeric (‘peak 1’) species and the green dotted line corresponds to the 

monomeric (‘peak 2’) species. 

While it remains unclear what drives dimer formation, these experiments indicate that the dimer 

is not stable, and will convert to the monomer on extended incubation. Hence, the monomeric 

species was isolated and used for subsequent biophysical analysis. 
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2.5.2. Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy provides information about protein conformation. In the 

far-UV region (180 to 230 nm) the spectra inform about secondary structure. In this region, the 

peptide bond absorbs light by undergoing transitions such as n → π* or π → π*. The energies 

of these transitions depend on the local conformation of the polypeptide backbone. Due to the 

chirality of the peptide backbone, the absorbance of left and right circularly polarized light 

differs, and thus provides the basis of this technique151. The far-UV CD spectrum of MuV L 1–

395 displays the characteristic features associated with α-helical secondary structure. The 

double minimum at 208 nm (π → π*) and 222 nm (n → π*) as well as a stronger maximum at 

191–193 nm (π → π*) is quite typical for proteins with a high α-helical content152. 

For comparison, the calculated CD spectrum of the correspondent region from the VSV L 

protein46 (PDB ID 5CHS) is displayed in Figure 2.7. This appears qualitatively similar in 

appearance. 

 

Figure 2.7: Far-UV CD spectra of MuV L 1–395 and VSV L 37–389. 

The experimental spectrum, collected at 20 °C, is shown in red. The predicted CD spectrum of the 

correspondent region of the VSV L protein (residues 37–389) is shown in grey. The prediction was 

made using the PDB2CD webserver153 based on PDB ID 5CHS. 

2.5.3. Biological small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) provides information about the size and shape of a 

molecule in solution. Furthermore, it is possible to computationally analyse the one-

dimensional scattering profile and to derive a low-resolution molecular envelope. 

SAXS data were collected for the MuV L 1–395 protein at the Australian Synchrotron radiation 

source (Table 2.2, data collection details in Material and Methods Section 7.6.4).  
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Table 2.2: Parameters extracted from SAXS scattering data collected for MuV L 1–395 protein. 

Conc [mg mL-1] Rg [Å] I0 [Å3] Dmax [Å] 

 

MM [kDa]  

0.6 31.23 0.0097 98.41 21 

1.2 30.23 0.0210 85.01 22 

2.3 30.69 0.0460 89.85 26 

4.6 34.10 0.1090 121.02 30 

The molecular mass (MM) of MuV L 1–395 based on its sequence is 46.3 kDa. The radius of gyration 

(Rg) and I0 were obtained from Guinier linear fit using Primus154; Dmax was derived from the pairwise 

distribution function using GNOM155 in the ATSAS156 software package. The molar mass was derived 

from I0 using the standard formula as described in Material and Methods Section 7.6.4. 

Guinier analysis of scattering data at small angles (Figure 2.8 A) allows the determination of 

the forward scattering intensity (I0) by linear extrapolation to zero scattering angle at each 

sample concentration157 (Figure 2.8 B).  

 

Figure 2.8: SAXS raw data and derived Guinier example plot. 

2.8 A: Raw scattering data obtained at the indicated three protein concentrations. 

2.8 B: Example Guinier plot obtained at a protein concentration of 2.3 mg/mL. 

Subsequently, the retrieved forward scattering intensity was plotted over the varying protein 

concentrations which did not show the expected linear dependency. Instead, a quadratic 

polynomial was found to better fit the data (Figure 2.9). 

As a result, obtained molecular masses, while increasing with sample concentration, were 

underestimating the expected mass and the calculated Rg values varied, particularly at higher 

concentrations (Table 2.2). These observations indicate the presence of interparticle 

interference or protein aggregation158, 159.  
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Figure 2.9: Guinier-derived forward scattering intensities for MuV L 1–395 as a function of protein 

concentration.  

Linear least squared fit (green dotted line) within the concentration range (c = 0.6–4.6 mg mL-1) gives  

I0 = 0.022 c, R2 = 0.98. A polynomial fit (blue dotted line) over the same concentration range gives  

I0 = 0.002 c2 + 0.016 c, R2 = 1. 

Kratky plots use the relationship between the product of 𝑞2 ⋅ 𝐼(𝑞)  as a function of q, to 

determine whether a protein is in a folded or unfolded state. For globular proteins, these plots 

display a peak at lower angles, whereas unfolded proteins show a continuously increasing curve 

as a function of q159-161. The resulting Kratky plots using the MuV L 1–395 SAXS data, display 

a characteristic “bell-shaped” peak at low scattering angles, indicative of a folded protein 

(Figure 2.10). 

 

Figure 2.10: Kratky plots computed for MuV L 1–395. 

The figure was created in PRIMUS154 based on the buffer subtracted scattering data at a concentration 

of 2.3 mg/mL. 
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SAXS-based envelope prediction 

A molecular envelope was generated using a bead modelling method in the ab initio program 

DAMMIF162 (Material Methods Section 7.6.4) following pair-distance distribution analysis, by 

applying the determined values Dmax and porod volume as constraints. Theoretical scattering 

profiles from computed envelopes were subsequently compared to the experimental scattering 

curve. As a likely result of the indicated presence of inter-particle interactions from Guinier 

analysis, the calculated envelope that produced the best fit (Chi2 = 0.62) was significantly larger 

than the correspondent L fragment from the known VSV L 37–389 structure (Figure 2.11).  

 

Figure 2.11: SAXS envelope computed for MuV L 1-395 compared to VSV L 37-388 crystal structure. 

Envelope was calculated using DAMMIF and averaged using DAMAVER using the EMBL online 

server (Material and Methods Section 7.6.4.) based on buffer-subtracted SAXS data at a protein 

concentration of 2.3 mg/mL. Displayed crystal structure of VSV L 37-388 (PDB 5CHS) was fitted to 

the calculated envelope using Chimera.  

2.5.4. Testing for P protein-binding 

It has been suggested for several Paramyxoviruses45, 148, 149, including the closely related 

parainfluenza 5 rubulavirus51, that the N-terminal region of L binds to P. We used an in vitro 

pull-down assay to test this hypothesis. 

Construct preparation 

Two MuV P protein constructs were used in the assay, the first encompassing the C-terminal 

region of P (MuV P CTR, residues 271–391), and the second encompassing both the 

oligomerisation domain and the C-terminal region (MuV P OD–CTR, residues 213–391) 

(Figure 2.12 A). Details of construct design and protein expression are given in Material and 

Methods Sections 7.4.3–7.4.4. Both proteins lack the N-terminal region (NTR) which is prone 

to proteolytic degradation105 (Figure 2.12 B), and is not implicated in L-binding. 
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Figure 2.12: MuV P constructs used during pull-down assay. 

2.12 A: Schematic of the P domains, NTR = N-terminal region, OD = oligomerisation domain, CTR = 

C-terminal region).  

2.12 B: SDS PAGE gels of purified proteins. The corresponding molecular weights are: MuV P full 

42.7 kDa (includes His6-tag and TEV cleavage site), MuV P OD-CTR 22 kDa, MuV P CTR 13 kDa. 
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Affinity assay to test L–P–binding 

MuV L 1–395 carries a N-terminal His6-tag, which the truncated MuV P proteins do not. This 

enabled use of an affinity-based pull-down assay in spin column format. To test for an 

interaction, purified MuV L 1–395 was first bound to the IMAC resin. The resin was 

subsequently incubated with each of the MuV P constructs at varying concentrations. Following 

three wash steps, the resin-bound material was eluted and analysed by SDS PAGE. The 

resulting gels showed only MuV L 1–395 eluted from affinity resin, with no detectable bound 

P-protein (data not shown). Hence, no evidence of an interaction between MuV L 1–395 and 

MuV P was obtained in this experiment. 

2.6. Attempted production of the MuV L protein in insect cells 

2.6.1. Constructs for MuV L protein expression in insect cells 

Several Paramyxoviral L proteins have been produced using baculovirus-infected insect cells40, 

42. In each case, L was co-expressed with the cognate P protein – the non-catalytic subunit of 

the polymerase. In light of these results, we employed the same strategy in attempting the 

expression of MuV L.  

The MuV L and P genes (Jeryl Lynn vaccine strain) were cloned into a suitable vector for 

heterologous co-expression from baculovirus-infected Sf9 insect cells (Material and Methods 

Section 7.5.1, Table S2). Expression constructs for the full-length L protein, and four truncated 

variants were generated. As previously outlined (Section 1.4.1.3.), structural analysis of the 

VSV L protein locates the polymerase within the N-terminal half of L, forming a globular 

central core with additional appendages40, 41, 163. It was hypothesised that truncated variants 

(residues 1–893, 1–924, 1–1413 and 1–1433, Table 2.3), might be stable and show increased 

expression efficiency. The construct end points were based on fragmentation hotspots in the 

Mumps L gene identified in prior Domain Seeking analysis (Sections 2.3 and 2.4). 

Table 2.3: Overview of MuV L/P constructs for insect cell expression. 

Construct name Proteins to be produced Size of proteins (kDa) 

L/P-1 L 1–893 / P 106.6 / 41.6 

L/P-2 L 1–924 / P 110.2 / 41.6 

L/P-3 L 1–1413 / P 164.9 / 41.6 

L/P-4 L 1–1433 / P 167.2 / 41.6 

L/P-full L / P 260.8 / 41.6 
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Preparation of insect cell expression constructs 

The MuV L wild-type gene (NCBI AF201473) was previously produced in our lab by reverse 

transcription of viral genomic RNA. However, sequencing revealed seven non-silent, single 

nucleotide polymorphisms which were not present in any published sequence of the vaccine 

strain. These appeared to be amplification artefacts which required correction prior to gene 

cloning. The mutations were reverted with overlap extension PCR, combining a cascade of 

overlapping fragments (Material and Methods Section 7.5.1.). 

The resulting full-length L gene, with sequence encoding an appended N-terminal His6-tag, was 

cloned into a pFastBacDUAL vector, designed for protein co-expression. This vector possesses 

two multiple cloning sites under control of different promoters (the p10 and polyhedrin 

promoter). The MuV L gene was cloned so that it was under control of the polyhedrin promoter, 

whereas the MuV P gene was cloned so that it was under control of the p10 promoter. Insertion 

of stop codons by site-directed mutagenesis at the appropriate points in the L coding sequence, 

generated constructs for expression of the four truncated variants (Figure 2.13). Successful 

generation of all resulting constructs was confirmed by nucleotide sequencing.  

 

Figure 2.13: Schematic depiction of MuV L/P insect cell expression constructs. 

Alignment according to the predicted conserved regions shown at the top. Residue numbering 

corresponds to MuV L. 

2.6.2. Protein expression testing from insect cells 

Protein expression from insect cells was facilitated using the “Bac-to-Bac” (Thermo Fisher 

Scientific) expression system. This involves the initial production of a recombinant bacmid in 

E. coli which is an artificial baculovirus shuttle vector able to take up the gene of interest from 

the cloned expression constructs by recombinase-mediated transposition. Successful 

transposition was confirmed by disruption of the coding sequence for the lacZα peptide gene, 

obliterating the production of blue colonies during a “Blue-White” screen. The preparatory 
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pathway and a detailed description of this screening method is outlined in the Material and 

Methods Section 7.5.2.  

Based on “Blue-White” screening, bacmids were successfully produced for all variants of the 

MuV L gene, except L/P-1. Following transfection using the produced bacmids, viral infection 

was subsequently tested for these four constructs by analysing a growth curve over a period of 

72 h, post-infection. The growth curve for L/P-2 and L/P-full demonstrates a reduction of cell 

density over time, compared to the uninfected control, indicating successful viral infection 

(Figure 2.14). Infection was confirmed using light microscopy, which revealed the expected, 

distinct change in size and shape of the Sf9 cells164, when compared to uninfected control cells.  

 

Figure 2.14: Growth curve for L/P-2 and L/P-full. 

Titer for L/P-2 and L/P-full infection as indicated. The growth curve of uninfected Sf9 control cells is 

shown as a red line.  

Repeated trials for constructs L/P-3 and L/P-4 did not lead to successful infection of Sf9 cells 

(Figure 2.15). This was postulated to be caused by a low virus count. However, increasing the 

viral count by a factor of 10 did not change the outcome, suggesting that the initial transfection 

was not successful. 
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Figure 2.15: Growth curve for L/P-3 and L/P-4. 

Titers for L/P-3 and L/P-4 infection as indicated. The growth curve of uninfected Sf9 control cells is 

shown as a red line.  

The two constructs (L/P-2 and L/P-full), which showed successful Sf9 infection, were 

subsequently tested for L expression. Both viral titers and culture volumes were varied in these 

expression tests. Additionally, a static expression culture was tested, where Sf9 cells were 

adhered to the walls of a six-well plate and maintained in an incubator during the expression 

period of 72 h (Material and Methods Section 7.5.3.). 

Pelleted cells were lysed by shearing. Small-scale protein expression was then tested using 

IMAC protein pull-down and large-scale protein expression was tested by purification using 

2 mL IMAC resin in 15 mL columns, under gravity flow elution as described in Material and 

Methods Section 7.5.4. All expression and purification trials were analysed using SDS PAGE, 

coupled with colloidal Coomassie staining. However, no gel showed a clear L protein over-

expression band (Figure 2.16 A). More sensitive Dot Blot (Figure 2.16 B) and Western Blotting 

(Figure 2.16 C) methods using an anti-His6 antibody were also employed. These also failed to 

detect the expressed L protein. 
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Figure 2.16: SDS PAGE, Dot Blot and Western Blot analyses of MuV L Sf9 expression trials. 

2.16 A: SDS PAGE gels from large-scale expression and purification trials (titer 1:1000, Standard Sf9 

method according to Section 7.5.4.). A blue square highlights a putative MuV P protein band.  

2.16 B: Dot blot image from the same purification attempts.  

Expected MuV L sizes: L/P-2 =110.2 kDa, L/P-full = 260.8 kDa.  

2.16 C: SDS PAGE gels and corresponding Western Blots of MuV L/P-2 and MuV L/P-full from the 

same Sf9 expression trials, showing no detected L protein.  

Abbreviations are: WCL = whole cell lysate, SN = supernatant, El = elution fraction, RBM = resin 

bound material, post-elution, PC = Positive control, NC = Negative control. 
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The SDS PAGE gel for construct L/P-2 did reveal a clear expression band for a protein of 

~40 kDa size, which corresponds to the expected molar mass of MuV P (41.6 kDa) (Figure 

2.16 A). This band was apparent in both the cellular supernatant and the eluent from a large-

scale IMAC-affinity resin purification. The resin bound material post-elution, however, only 

showed a trace of this band and no band that would correspond to the size of produced L protein. 

As P does not carry a His6-affinity tag it might appear in the pull-down. It might also bind non-

specifically to the IMAC resin. The gel band was excised and analysed using LC-MS but the 

presence of the MuV P protein could not be confirmed.  
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2.7. Discussion and conclusions 

The Paramyxoviral L protein provides all the enzymatic functionalities required for viral 

genome replication and transcription. However, structural and functional information for this 

essential protein remains elusive due to the difficulties in expressing and purifying this multi-

functional protein. 

In an approach employing a bacterial expression system, 33 expression vectors producing 

various fragments of the MuV L protein were constructed. With a single exception, the 

fragments could only be expressed in large amounts when appended to the solubility-enhancing 

MBP-tag. In this fashion, high-level expression of many constructs encompassing the 

methyltransferase (MTase) domains was achieved. However, these proteins co-purified with 

the E. coli chaperone GroEL, indicating that they were likely misfolded. Interestingly, shortly 

after the work was completed, the crystal structure of this MTase domain from the human 

metapneumovirus L protein was published67. This protein was produced in insect cells, 

suggesting that MuV L MTase domain could be expressed more effectively in a eukaryotic 

expression system. 

In contrast to the challenges faced for all other domains, the N-terminal fragment encompassing 

residues 1–395 of mumps L (MuV L 1–395) was expressed and purified on a large-scale. MuV 

L 1–395 had been identified as a soluble fragment in a Domain Seeking screen, which supports 

the basic validity of this approach. However, the difficulties encountered expressing and 

purifying other fragments of L suggests that the “split-GFP” solubility assay142 is probably not 

selective enough, and is generating false positives. 

MuV L 1–395 was subjected to biophysical characterisation. It was found that this protein 

contains extensive α-helical secondary structure and behaves as a cooperatively-folded domain. 

The protein forms a dimer that slowly converts to a monomer over time, though the explanation 

for this behaviour is unclear. SAXS analysis reinforces that the protein is structured, but also 

indicates the protein is likely to aggregate non-specifically at elevated protein concentration. 

While initial crystallisation trials were unsuccessful, MuV L 1–395 is clearly a candidate for 

detailed structural analysis and is the first domain from a rubulaviral L protein to be 

successfully produced in bacteria. However, the function of the fragment remains unclear. 

While it has been proposed from truncation and immunoprecipitation studies on other 

Paramyxoviruses that this region attaches to the P protein43, 48, 51, 148, 165, we were unable to 

demonstrate high affinity binding using an in vitro assay.  
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During the course of this work, the heterologous production of several full-length L proteins 

was reported by other groups40, 42. These proteins were co-expressed with the non-catalytic 

subunit P in baculovirus-infected insect cells. We attempted to use the same approach to 

generate a functional MuV L/P complex. Following cloning of the L and P genes into a suitable 

vector, recombinant baculoviruses were produced for several constructs (the full-length L 

protein, and a truncated variant encompassing only the polymerase domain). While bands 

correspondent in size to the P protein were observed on SDS PAGE gels, we were unable to 

verify expression of either the L or P proteins. Failure to detect an obvious band for the L 

protein could be a function of scale. Our expression trials used 15–25 mL of media, while the 

published studies used litres of media to achieve low-yield expression of the L gene. Overall, 

the initial results justify further investigation using this expression system. 
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3. NMR chemical shift assignment of MenV P 267–388 

3.1. Chapter overview and biological significance 

In the previous chapter, attempts to purify L, the largest and catalytic component of the RdRp 

complex, were detailed. The remainder of this thesis concerns analysis of the second, smaller 

component of the RdRp complex, the phosphoprotein (P). P plays an essential role in the 

replication complex, enabling translocation of the polymerase L along the encapsidated 

template. Menangle virus P is structurally divided into three main regions, the N-terminal 

disordered region, the central oligomerisation domain and the C-terminal region (residues 267–

388). The C-terminal region comprises a C-terminal bundle of three helices that binds to N, 

connected to the oligomerisation domain via a flexible linker (Figure 3.1). 

 

Figure 3.1: Schematic organisation of the full MenV P protein. 

Highlighted in blue is the C-terminal region studied in this project. Numbering according to the MenV 

P protein sequence. 

X-ray crystal structures of the three-helix bundle from several rubulaviral P proteins have been 

determined, however little structural characterisation of the linker has been reported. 

Thus far, only the P protein from Sendai virus (genus respirovirus) has been studied in detail. 

The studied protein included around half the linker, and NMR analysis found the linker 

sequence to be entirely disordered81. CD spectroscopy studies on rubulaviral P proteins also 

indicate that the linker is structurally disordered114, 127, 166.  

Analysis of the entire C-terminal region of MenV P (MenV P 267–388) using NMR can 

facilitate the high-resolution structural and dynamical characterisation of this partially 

disordered viral protein. However, a prerequisite for using this method is to establish sequence-

specific chemical shift assignments. In this chapter the methods used to achieve near-complete 

chemical shift assignment of MenV P 267–388 are reported. The assignment process used 

isotopically labelled proteins (15N and 15N/13C), enabling application of a variety of 2D and 3D 

heteronuclear experiments. 
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3.2. Basic principles of solution NMR  

Nuclear magnetic resonance (NMR) spectroscopy can be used to answer various biological 

questions. In the following, an introduction of the basic concepts of NMR that are relevant to 

this thesis is given. 

In an NMR experiment the behaviour of atomic nuclei with a magnetic moment (μ) in the 

presence of an external magnetic field (B) is manipulated. In particular, those are nuclei with 

either an odd mass number, or an even mass number and odd charge, resulting in a spin angular 

momentum. Protein NMR mainly uses 1H, 15N and 13C nuclei, which have a nuclear spin 

quantum number (𝐼) of ½. Amongst these, 1H is naturally abundant, whereas the isotopes 15N 

and 13C are naturally very rare and need to be artificially enriched to enable the study of 

proteins. 

In the absence of a magnetic field, the 2𝐼 + 1 nuclear spin energy levels are all degenerate, but 

in the presence of a magnetic field an energy splitting (ΔE), also termed “Zeeman splitting” 

occurs (Figure 3.2). For nuclei with spin 𝐼 = ½, this results in a low energy state (α) and high 

energy state (β). The magnitude of the energy-splitting depends on the magnetic field present 

at the nucleus. This will differ from the applied magnetic field, because of attenuation by the 

electrons surrounding the nucleus, which is determined by the specific chemical environment. 

The local magnetic field strength at the nucleus (Beff) is described as 

𝐵𝑒𝑓𝑓 = (1 − 𝜎) ∙ 𝐵𝑜 Eq. 3.1 

where σ is the chemical shielding tensor, which is typically expressed as a 3 x 3 matrix, and B0 

is the applied field.  

In general, the magnitude of the shielding is dependent on the alignment of the individual 

nucleus in relation to the external magnetic field. However, if the nucleus is tumbling rapidly 

and isotropically in solution, then complete averaging of the tensor results, and a scalar constant 

suffices to describe the shielding. 

The magnitude of the energy splitting can be written as 

∆𝐸 = 𝐸𝛽 − 𝐸𝛼 = ℏ𝛾𝐵0 Eq. 3.2 

where ℏ is Planck’s constant divided by 2π and γ is the gyromagnetic ratio of the nucleus. 
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Figure 3.2: Zeeman splitting for a 1H (𝐼 = ½) spin into two states with different energy.  

Given the equation for the energy of a photon (E = h ν), the frequency (ν) of the radiation needed 

to induce a transition between these states, referred to as Larmor frequency (𝜈𝛼→𝛽), is 

𝜈𝛼→𝛽 = ∆𝜈 =
∆𝐸

ℎ
=

𝛾𝐵0

2𝜋
 Eq. 3.3 

3.2.1. Chemical shift 

To remove the dependence on the applied field strength (Eq. 3.2 and Eq. 3.3), the chemical shift 

(δ) is usually reported instead of the frequency. The chemical shift is expressed in parts per 

million (ppm), and is the normalised difference of the resonance frequency from a reference 

frequency that defines 0 ppm: 

𝛿 =
(𝜈 − 𝜈𝑟𝑒𝑓)

𝜈𝑟𝑒𝑓
∙ 106 Eq. 3.4 

where ν is the absolute resonance frequency of a particular nucleus in the molecule of interest 

and νref is the absolute resonance frequency of the same isotope in a reference compound. In 

biomolecular NMR, the reference compound for calculating proton chemical shifts is usually 

4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). Other nuclei (15N and 13C) are referenced 

indirectly167. 
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3.2.2. Sensitivity of the NMR experiment 

At thermal equilibrium, the relative population of the two energy states can be deduced from 

the Boltzmann relation: 

𝑁𝛼

𝑁𝛽
≈ 𝑒

−∆𝐸
𝑘𝑇  Eq. 3.5 

where k is the Boltzmann constant and T is the temperature.  

As the energy difference between the two states is very small, they are almost equally 

populated. This means that NMR spectroscopy is a technique of fundamentally low sensitivity, 

requiring long measurement times, to achieve the necessary signal averaging168. 

3.2.3. Sequence-specific chemical shift assignment 

The backbone amide chemical shifts of a protein can be displayed in a 2-dimensional 1H-15N 

HSQC spectrum which contains a peak for each amino acid in the protein, excepting prolines. 

This is sometimes referred to as the “fingerprint” spectrum of a protein169. Side chain amide 

groups (from Trp, Gln, Asn and Arg) may also appear in this spectrum. 

Most commonly, the sequence-specific chemical shift assignment of proteins begins with 

experiments that correlate the backbone 1H-15N amide chemical shifts of each residue with the 

side chain nuclei, and with the nuclei of immediately neighbouring residues (Figure 3.3). These 

experiments can be used for side chain chemical shift assignment and also allow connectivities 

to be identified between neighbouring amino acids. If enough of these connectivities can be 

derived, the sequence assignment becomes unambiguous. Particularly for larger proteins 

(>10 kDa), assignment can become challenging due to increasing spectral overlap. In these 

cases, triple resonance spectroscopy, allowing correlations between 1H, 15N and 13C nuclei, is 

essential170. 

In general, triple resonance experiments establish connectivities by one-bond magnetisation 

transfer exploiting the large one-bond coupling (1J) of proton-bound nuclei such as 1JNH or 1JCH. 

Starting and ending magnetic transfers on a proton is advantageous, as this increases the 

sensitivity by exploiting its large gyromagnetic ratio. The use of triple-resonance spectra in 

tandem allows a sequential backbone assignment. This is facilitated by combining two spectra 

detecting the same chemical shifts of a specific residue in all three dimensions, where one 

spectrum additionally records the chemical shift from an adjacent residue (Figure 3.3). 
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Figure 3.3: Schematic representation of the assignment process to establish connectivities between 

adjacent residues.  
1H-15N HSQC “fingerprint” spectrum records all backbone amide peaks. Step 1: In a triple resonance 

spectrum magnetisation transfer from the amide bond is used to determine the chemical shifts of 

connected nuclei in a third dimension (indicated as red arrows) Step 2: Connectivities are established 

using strips from paired spectra that display chemical shifts of nuclei that are connected to each amide. 

Highlighted in purple are spectra that display a peak associated with the residue (i, red colour), where 

the magnetisation transfer was initiated, and also a peak from the preceding residue (i-1, grey colour). 

Highlighted in white are spectra displaying only the peak associated with residue i. Comparing these 

spectra allows discrimination between inter- and intra-residue connections. 

For example, combining HNCA with HN(CO)CA (Figure 3.4 A), or HNCO with HN(CA)CO 

(Figure 3.4 B), establishes sequential connectivities between the backbone amide groups and 

Cα and C’ carbons, respectively. 

 

Figure 3.4: Triple resonance correlation spectra for sequential backbone assignment. 

3.4 A: HNCA/HN(CO)CA pair for sequential Cα assignment. HN(CO)CA correlates the amide group 

of residue NH (i) with the Cα of the preceding residue Cα (i-1) HNCA correlates the amide group of 

residue (i) with both Cα (i) and Cα (i-1). By comparing the two spectra, an inter-residue connection can 

be established. 

3.4 B: HNCO/HN(CA)CO pair for sequential carbonyl C’ assignment. The experimental construction 

is parallel to part (A) however correlations with the backbone carbonyl carbon are established. 
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Particularly useful for the hydrogen side chain assignment is the 15N-TOCSY HSQC spectrum, 

which is based on a magnetisation transfer from the amide group to evolve on most side chain 

hydrogens of the same residue using weak three-bond hydrogen couplings171. Another critical 

experiment is the 15N-NOESY HSQC172. During this experiment, magnetisation is transferred 

from one spin to another via cross-relaxation instead of a through-bond magnetisation transfer. 

This is termed the nuclear Overhauser effect (NOE). The resulting magnetisation transfer 

occurs when spins are in spatial proximity to each other (~5–6 Å distance), and exhibits a 1/r6 

distance dependency, leading to strong NOE peaks for nuclei that are close in space and to weak 

peaks for those further apart168, 173, 174. An analogous 13C-NOESY HSQC experiment is 

generally very complex, but useful for side chain proton assignment.  

Other experiments, valuable for both side chain hydrogen chemical shift assignment and 

establishing sequential connectivity, are the 3D HBHACONH175, 176 and H(CCO)NH177 

experiments which correlate the backbone amide resonance of a residue with the side chain 

hydrogen nuclei of its preceding residue by employing the large 13C-13C and 1H-13C couplings. 

In conjunction with 15N-NOESY and 15N-TOSCY HSQC171, these spectra allow for the 

assignment of aliphatic side chain connectivities. For challenging side chain shift assignments, 

additional spectra that correlate side chain hydrogen nuclei to their attached carbon nuclei, such 

as HCCH-TOSCY178, 179 or HCCH-COSY180, can be employed. 
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3.3. Chemical shift assignment of MenV P 267–388 

3.3.1. Low temperature requirement for chemical shift assignment 

Peaks in the 2D 1H-15N HSQC spectrum of MenV P 267–388 are sufficiently dispersed for 

sequence specific assignment (Figure 3.11). Initial assignment was carried out at a temperature 

of 25 °C, where only 109 (95.6 %) of the 114 non-proline residues could be assigned, due to 

severe peak broadening for some residues within the first half of the protein (residues 267–

333). Decreasing the temperature to 10 °C resolved this issue, enabling the near-complete 

backbone amide chemical shift assignment (98.2 % of non-proline backbone amide-N, Table 

3.1). The effects of temperature on HSQC peak intensity are further explored in Chapter 5. 

3.3.2. Sequential backbone assignment 

Working at 10 °C, sequential backbone chemical shift assignment was facilitated by a 

combination of 3D NMR triple resonance spectra, correlating the 1H-15N HSQC amide 

resonances with nuclei in the same and adjacent residues (see Section 3.2.3.). A full list of all 

NMR assignment experiments is given in the Material and Methods Section 7.7.3. An example 

of a spectral pair that enabled the sequential backbone assignment is the HNCO/HN(CA)CO 

experiment pair, which correlate the backbone amide and backbone carbonyl (C’) nuclei 

(Figure 3.5). 

 

Figure 3.5: Example sequential backbone-carbonyl assignment using the spectral pair HN(CA)CO and 

HNCO. 

The HN(CA)CO (blue) and HNCO (red) spectra are shown overlaid. Strips correspondent to residues 

307–312 have been extracted from the 3D spectra. The HNCO experiment correlates NH (i) with C’ (i–

1), while the HN(CA)CO experiment correlates NH (i) with both C’ (i) and C’ (i–1). Spectra were 

collected at 10 °C and pH 7. 
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These and other triple resonance correlation spectra, allowed near-complete sequential 

assignments. However, due to spectral overlap in some instances, the necessary connectivities 

could not be unambiguously established. To resolve this problem, an (H)N(COCA)NH 

spectrum was used. This relatively simple spectrum correlates the backbone amide resonances 

NH (i) with the nitrogen N (i+1) of the following residue. This allowed a direct “Backbone 

walk”181, establishing the missing connectivities (Figure 3.6). 

 

Figure 3.6: Use of the (H)N(COCA)NH spectrum to confirm sequential connectivity between D310 

and T311.  

Starting with the D310 amide peak in the 1H-15N HSQC spectrum, the correlation with the amide-N of 

the following residue can be established using the 3D (H)N(COCA)NH spectrum. The displayed strip 

of the 3D (H)N(COCA)NH spectrum shows an intense inter-residue (i) → (i+1) cross peak, and a weaker 

intra-residue autocorrelation peak. Spectra were collected at 10 °C and pH 7. 

3.3.3. Side chain resonance assignment 

A combination of 12 triple resonance spectra led to the assignment of most aliphatic side chain 

Cα/Hα and Cβ/Hβ nuclei. However, further experiments were needed for assignment of lengthy 

aliphatic side chains, aromatic side chains, and some side chain amide groups. 

The H(CCO)NH experiment, which correlates each backbone amide resonance with the 1H 

resonances of the previous residue, in conjunction with 15N-TOCSY HSQC and 15N-NOESY 

HSQC, provided a means to assign Hɣ, Hδ and Hε nuclei for most arginine and lysine residues. 
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(Figure 3.7). HHC-NOESY, HCCH-TOCSY and HCCH-COSY spectra additionally helped 

resolve ambiguities. 

 

Figure 3.7: Lysine and arginine side chain hydrogen assignment facilitated by H(CCO)NH in 

combination with 15N-TOCSY HSQC.  

Spectral regions that allowed assignment of K286 Hβ and R287 Hβ/Hɣ are displayed. Spectra were 

collected at 10 °C and pH 7. 

The assignment of aromatic side chain hydrogens was performed using (HB)CB(CGCD)HD 

and (HB)CB(CGCDCE)HE spectra, which correlate the side chain Cβ resonances with the Hδ 

and Hε resonances of the aromatic ring (Figure 3.8 A). Assignment of the ring protons allowed 

determining the correspondent carbon resonances using CT HSQC spectra, optimised for the 

aromatic region (Figure 3.8 B). 

 

Figure 3.8: Assignment procedure for the aromatic side chain resonances.  

3.8 A: Overlaid (HB)CB(CGCD)HD (green) and (HB)CB(CGCDCE)HE (blue) spectra, collected at 

10 °C and pH 7, used for assignment of F289 Hδ/Hε. The varying sensitivity of both spectra to the 

respective Hδ and Hε nuclei led to different peak intensities which aided in distinguishing between the 

nuclei. 3.8 B: CT HSQC spectrum for subsequent assignment of F289 Cδ/Cε.  
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In order to assign arginine side chain Nε and Hε chemical shifts, a three-step approach was 

employed: Firstly, the Hδ peaks were assigned as previously described (Step 1 Figure 3.9). 

Secondly, the Hδ resonances were correlated with the Nε cross-peaks, using a 2D H2(C)N 

spectrum (Step 2 Figure 3.9). Finally, the Hε chemical shift was assigned in a fast-HSQC 

spectrum (Step 3 Figure 3.9). 

 

Figure 3.9: Assignment procedure for arginine Nε/Hε side chain groups illustrated for R370. 

Hδ assignment was achieved by inspection of 3D H(CCO)NH and 15N TOCSY-HSQC spectra (Step 1). 

Assignment of Hδ allowed assignment of Nε using a 2D H2(C)N spectrum (Step 2). Assignment of Nε 

allowed assignment of Hε using a fast-HSQC spectrum (Step 3). Spectra were collected at 10 °C and 

pH 7. The additional peak shown in the H2CN spectrum correspond to another arginine side chain that 

was not unambiguously assigned. 

The final assigned 1H-15N HSQC spectrum is shown in Figure 3.10 and the assignment statistics 

are summarised in Table 3.1. The near-complete chemical shift assignment of MenV P 267–

388 was deposited in the Biological Magnetic Resonance Data Bank (BMRB) under accession 

number 27634 and published in the Journal Biomolecular NMR Assignments182.
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Figure 3.10: Assigned 2D 1H-15N HSQC spectrum for MenV P 267–388 

3.10 A: 2D 1H–15N HSQC spectrum covering the entire sweep width in 1H and 15N. 

3.10 B: Expansion of the 2D 1H-15N HSQC spectrum, displaying centred peaks. 
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Table 3.1: Chemical shift assignment statistics for MenV P 267–388. 
 

Assigned/Available % Assigned 

All N 126/166 75.9 

Backbone N 112/122 91.8 

Non-proline backbone N 112/114 98.2 

Side chain N 14/44 31.8 

All C 507/567 89.4 

C’ 121/122 99.2 

Cα 121/122 99.2 

Cβ 113/114 99.1 

Other side chain C  152/209 72.7 

All H 701/777 90.2 

Hα 129/130 99.2 

Hβ 190/191 99.5 

Other side chain H 270/343 78.7 

The near-complete chemical shift assignment was obtained at a temperature of 10 °C, at pH 7 on a 

600 MHz (14.1 T) NMR spectrometer. 
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3.4. Discussion and conclusions 

Using an array of multi-dimensional NMR spectra enabled the near-complete chemical shift 

assignment of MenV P 267–388. The assignment was carried out at a temperature of 10 °C 

because of the marked attenuation of some spectral peak intensities, observed at elevated 

temperature. Particularly, peaks for residues located at the interface between the linker and the 

three-helix bundle (residues 329–333) showed extensive spectral line broadening at a 

temperature of 25 °C, thus preventing assignment. This suggests the presence of a 

conformational or chemical exchange process, that is slowed at a temperature of 10 °C183, an 

idea that is further explored in Chapter 5. Additional challenges arose during the assignment 

process due to high proline content, particularly within the intrinsically disordered linker 

region, resulting in interruptions of the sequential backbone assignment. 

A relatively narrow peak dispersion in the amide 1H dimension was observed for residues 

located in the linker region of MenV P (residues 290–334), with chemical shifts ranging from 

8.06 ppm (A318) to 8.61 ppm (S334) (Figure 3.10). This is consistent with this region being 

intrinsically disordered184. In contrast, residues corresponding to the helical nucleocapsid-

binding domain have a wide peak dispersion ranging between 7.41 ppm (R380) to 9.21 ppm 

(E363), reflecting their structured environment. 

To conclude, the near-complete chemical shift assignment highlights a bipartite structural 

organisation of MenV P 267–388. In the following chapters, we use this assignment to analyse 

the structure (Chapter 4) and dynamics (Chapter 5) of the Menangle P C-terminal region in 

detail. 
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4. Structural characterisation of MenV P 267–388 by NMR spectroscopy 

4.1. Chapter overview and biological significance 

Prior structural and functional characterisation of the Paramyxoviral P protein established that 

a three-helix bundle located at the C-terminus, acts as a nucleocapsid-binding domain (NBD). 

The L-binding region was localised for some viruses to the central oligomerisation domain 

(OD). Little is known about the flexible linker that connects the oligomerisation domain OD to 

the NBD. For the Sendai virus P protein, part of the linker was studied using NMR, and found 

this region to be entirely disordered81. In the most generally accepted model of translocation 

(see Section 1.4.3.2.), the P-NBD needs to repeatedly bind and release the nucleocapsid as the 

polymerase translocates. The flexibility in the linker appears integral to this process. 

For MenV P, the structure of the C-terminal three-helix bundle forming the nucleocapsid-

binding domain was determined using X-ray crystallography114. More recent crystallographic 

analysis166 revealed that the sequence preceding the first helix of the NBD folds over the top of 

the domain, forming a “latch” structure. This latch appears to be unique to the MenV P protein. 

Although the latch is observed in two different crystal forms, in both cases the protein was 

crystallised fused to the C-terminus of maltose-binding protein (Figure 4.1 C). The 

crystallographic analysis indicates that the latch is relatively mobile, and it has not been 

established if the structure forms in solution. 

In this chapter, the structure of MenV P 267–388 (Figure 4.1 B), encompassing both the linker 

and NBD, was investigated using NMR spectroscopy.  

The aims of the investigation were: 

1. to determine if the linker is fully disordered (a statistical random coil), 

or if it is transiently structured; 

2. to establish if the latch, visualised using crystallography (Figure 4.1 D), 

can be detected in solution. 
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Studying proteins that are conformationally heterogenous is very challenging and a consensus 

approach is required that combines different types of NMR data.  

The methods used in this chapter include: 

 Secondary chemical shift-based and computational analysis, in which the 

experimentally determined MenV P chemical shifts are compared to 

those expected of a random coil. 

 Analysis of three-bond nuclear spin-spin couplings (3JHNHα)  

which can be related to the backbone torsion angle Φ. 

 Measurement of the effects of a protein structure stabiliser (TMAO)  

on the spectroscopic properties of the linker region. 

In the following sections the background and theory of each of these approaches is detailed. 

 
Figure 4.1: Structural organisation of MenV P, and the truncated proteins that have been structurally 

analysed. 

4.1 A: Schematic organisation of the full-length MenV P protein highlighting in blue the C-terminal 

region.  

4.1 B: MenV P construct (residues 267–388) used for solution NMR studies (this work). 

4.1 C: MenV P construct (residues 329–388) used for X-ray crystallographic studies (prior work). 

The orange box and the asterisk denote the proposed latch region. 

4.1 D: MenV P 329–388 X-ray crystal structure in ribbon representation (1.3 Å)166. 
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4.2. Methods to obtain structural information 

4.2.1. Structural information from chemical shifts 

NMR spectroscopy can be used to study protein structure and dynamics at an atomic level. The 

most easily accessible information is the chemical shift of the assigned nuclei along the 

polypeptide chain. As chemical shifts are influenced by the chemical environment of each 

individual nucleus, they carry information on protein secondary structure185-187, solvent 

exposure188, and protein flexibility189. Consequently, chemical shifts provide in-depth insight 

into the structural and dynamic properties of proteins. 

Since the late 1960s, when the first attempts were made to establish rules that connect protein 

structure with chemical shifts, there have been major advances in this field. Nowadays, robust 

empirical relationships are established between the chemical shifts of certain nuclei (e.g. Hα, 

Cα and Cβ) and secondary structure formation. One method to access this information is to 

estimate the chemical shift deviations from the values expected for a random coil structure. 

These deviations have been termed “secondary chemical shifts”. The secondary chemical shifts 

of the nuclei Cα, Hα, Cβ, and C’ are particularly indicative of either α-helix or β-sheet 

structures190. Secondary chemical shift is the basis of the popular chemical shift index (CSI) 

method for detecting α-helix or β-sheet regions in a protein structure186, 191-193.  

For structure prediction based on secondary chemical shift to work well, accurate estimates of 

the random coil chemical shifts are required and nearest neighbour effects need to be accounted 

for. Moreover, the conformational averaging will depend on temperature, solvent composition, 

and pH, hence these variables must also be incorporated into the predictions.  

Reflecting these complexities, various approaches have been used to determine random coil 

chemical shift values. One approach uses polypeptide libraries, where chemical shifts were 

determined under denaturing conditions167, 194. Alternatively, random chemical shifts can be 

derived from analysis of protein chemical shift databases190, 195. More recently, these databases 

have been augmented with shifts compiled from assigned IDPs196.  

A different approach is to combine chemical shift information from multiple nuclei and use it 

to directly predict structure formation. Various software packages have been developed to 

achieve this193. Two commonly used programmes are TALOS (Torsion Angle Likeliness 

Obtained from Shift and Sequence Similarity)197, and PREDITOR (PREDIction of TORsion 

angles from chemical shift and homology)198. These programmes calculate backbone torsion 
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angles from chemical shifts using extensive databases, that were built from deposited X-ray 

crystal structures and their respective chemical shift assignments. The TALOS approach was 

further advanced by incorporating an artificial neural network learning approach199, and 

subsequently expanded to additionally predict unusual structural motifs, such as helix-capping 

motifs or different types of β-turns, in the MICS (motif identification from chemical shifts) 

programme200.  

As chemical shift and structural databases expand, the predictive power of this type of approach 

increases. Although these tools have thus far largely been applied to highly ordered proteins, 

chemical shift analysis is very relevant to the study of intrinsically disordered proteins, and 

analysis of secondary chemical shifts can provide valuable information on transient structure 

formation. A specific computational approach incorporating the random coil shifts derived from 

IDPs has been developed, termed the neighbour-corrected Structural Propensity (ncSP) 

calculator201. 

4.2.2. Structural information from the nuclear Overhauser effect 

Structural information from NMR data can be derived from the nuclear Overhauser effect 

(NOE) which allows detection of spatially close protons202 (see Section 3.2.3.). Inter-residue 

NOEs, involving protons in different residues, have been categorised as short-, medium- and 

long-range, depending on the separation of the residues involved. These provide different kinds 

of structural information203. Short- and medium-range NOEs (separation ≤ 4 residues) reflect 

secondary structure formation. Long-range NOEs (separation > 4 residues) provide information 

on tertiary or quaternary structure204, 205. 

4.2.3. Structural information from scalar coupling constants 

The nuclear spins in a molecule are not independent. The scalar coupling constant (J) 

quantitates the indirect dipole-dipole, or spin-spin interaction between two nuclei connected via 

chemical bonds. The scalar coupling constant is influenced by both the number of bonds 

between coupled nuclei and their spatial arrangement. In general, scalar couplings between 

nuclei separated by more than three bonds are insignificantly small and can be neglected. Three-

bond scalar couplings (3J) have attracted considerable attention as there is a long-established 

mathematical connection between the magnitude of the coupling constant and the bond 

geometry. This is quantitated by the Karplus equation206, 207, which relates the scalar coupling 
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constant to the torsion angle Φ between the associated atoms208. As generally parameterised, it 

is written: 

𝐽(𝜙)  = 𝐴 cos 2𝜙 + 𝐵 cos 𝜙 + 𝐶3  Eq. 4.1 

where A, B, and C are empirically-derived parameters which depend on the nuclei involved.  

One important feature of the Karplus equation is that an experimental 3J coupling measurement 

will not generally yield a unique estimate for the corresponding torsion angle (Figure 4.2 B). 

Within a protein, the two backbone torsion angles Φ and Ψ effectively define the backbone 

polypeptide conformation, of which the torsion angle Φ reports on the rotation around the Cα-

N bond (Figure 4.2 A).  

There are multiple 3J couplings which relate to the torsion angle Φ, of which the most 

commonly measured is the 3JHNHα coupling constant209. Despite the problem of non-uniqueness, 

the measurement of 3JHNHα provides structural information on the torsion angle Φ, and hence 

on the local polypeptide backbone conformation174 (Figure 4.2 B). 

 

Figure 4.2: Torsion angle Φ and the 3JHNHα coupling constant. 

4.2. A: Schematic showing definition of the backbone torsion angle Φ. 

4.2. B: Karplus relationship between torsion angle Φ and the 3JHNHα coupling constant210. Highlighted 

with grey boxes are the torsion angles (and hence coupling constants) that would be expected for a 

residue within a β-sheet or α-helix.211.  

When using coupling constants to characterise intrinsically disordered proteins, it is useful to 

compare experimental values to those expected of a random coil, analogous to the procedure 

for chemical shifts (Section 4.2.1.). Once again, nearest neighbour effects have to be accounted 

for. Adopting this approach, a sequence-specific random coil value for the 3JHNHα coupling 
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constant can be computed212, and subsequently the “secondary coupling constant” can be 

calculated as the difference between experimental and random coil values. 

4.2.4. Protein-stabilising compound TMAO 

Trimethylamine N-oxide (TMAO) (Figure 4.3) is a naturally occurring osmolyte that has been 

shown to protect structured proteins from chemical, thermal, and pressure denaturation213-216. 

In this thesis the structure-stabilising properties of this compound was used to study putatively 

sampled structural propensities in the intrinsically disordered region of the MenV P C-terminal 

domain. 

 

Figure 4.3: Chemical structure of trimethylamine N-oxide (TMAO). 

Even though the structure-stabilising effects of this osmolyte are well established217, 218, its 

mechanism of action remains in dispute. Volumetric and thermodynamic measurements 

suggest a stabilising effect, in which interaction of TMAO with the amide groups of the 

polypeptide backbone is disfavoured, driving compaction of the polypeptide chain and burial 

of the amide groups219, 220. A favourable direct TMAO-solvent interaction leading to the same 

effect has also been suggested, in which hydration of TMAO is thermodynamically favoured 

over a water-amide interaction, thus indirectly enforcing structure formation221, 222. These 

differing explanations highlight the ongoing effort to understand the mechanism in which 

osmolytes interact with proteins. 
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4.3. Results 

4.3.1. Sequence analysis of the MenV P linker 

To investigate the propensity for structure formation in the MenV P linker region (residues 

267–329), some sequence-based analyses were performed.  

Typically, intrinsically disordered proteins are depleted of hydrophobic residues, and enriched 

in charged and polar residues, relative to folded proteins223, 224. A sequence-derived 

hydrophobicity plot for the MenV P linker reveals some contiguous stretches of hydrophilic 

amino acids (residues 278–287, 324–328), in an otherwise relatively hydrophobic sequence 

(Figure 4.4). 

 

Figure 4.4: Residues of the MenV P linker and their respective hydrophobicity and polarity. 

Residues are colour-coded with respect to their polarity, with hydrophobic residues in red-shade and 

polar residues in blue shades. Small bars correspond to hydrophilic residues, whereas large bars indicate 

hydrophobic residues. The figure was created in the programme Geneious® by applying the EMBOSS225 

algorithm trained to detect hydrophobic residues. 

When assessed using the Kyte and Doolittle hydrophobicity scale226, the linker has a relatively 

high mean hydrophobicity of 0.48 ± 0.01, which is the same as that calculated for the three-

helix bundle region (0.48 ± 0.03). This can be compared with the published values expected for 

folded globular proteins (0.48 ± 0.01) and for unfolded proteins (0.39 ± 0.09)223. 

While the overall sequence composition does not clearly demarcate the linker as disordered, 

there are proline residues distributed throughout the sequence, consistent with the expected 

absence of persistent structure. 

Although the linker is expected to be highly dynamic, and isolated secondary structures are not 

generally stable, an indication of secondary structure propensity can be derived from sequence-

based algorithms. Using GOR V227, several regions with structural propensity were demarcated, 

with two regions (residues 267–272, 294–301) displaying a propensity for β-sheet formation, 

and three regions (residues 280–290, 309–318, 323–333 displaying a propensity for α-helix 

formation (Figure 4.5). Other secondary structure predictors such as Jpred4, PSIPRED, and 

Spider returned consistent results (data not shown). 
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Figure 4.5: Secondary structure prediction based on GOR V algorithm for the MenV P linker. 

The blue and red bars represent the probability for α-helix and β-strand formation, respectively. The 

score ranges between 0–1000, where 0 indicates no structure, and 1000 refers to a fully formed 

secondary structure227. 

Multiple sequence alignment of the linker sequence, with representative sequences from all 

major clades within the genus rubulavirus, revealed three well conserved sequence motifs 

separated by ~20 residue stretches exhibiting little sequence conservation (Figure 4.6). 

Two of the highly conserved regions (residues 267–276 and residues 293–299), have a high 

propensity for the formation of β-structure (Figure 4.6). The region 293–299 includes a 

“P(x)nP” motif (with n =2, 3, 5)228-230, which was shown to be a recognition motif for kinases228, 

229. The final conserved region contains the “DELARP” motif (residues 315–320), which is 

conserved beyond this genus, and also occurs in the P protein of most avulaviuruses231.  
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Figure 4.6: Multiple sequence alignment for the Men V P linker.  

Numbering according to MenV P sequence. Highlighted regions in light and dark grey correspond to 60–80 % and 80–99 % sequence-similarity, respectively. Residues 

in black are identical. At the top: Consensus sequence logo depiction. The alignment was made using the programme Geneious®. Reported viruses are Menangle virus 

(MenV, NCBI AAK62280.1), Achimota viruses 1,2 (AchV-1/-2, NCBI AFX75104.1, AFX75112.1), Tuhoko viruses 1–3 (ThkV 1–3, NCBI YP_009094493.1, 

YP_009094493.1, YP_009094062.1), Sosuga virus (SosV, NCBI YP_009094029.1), Teviot virus (TevV, NCBI YP_009176987.1), Tioman virus (TioV, NCBI 

NP_665865.1), parainfluenza virus 5 (PIV-5, NCBI ARR95846.1), bat mumps virus (BMV, NCBI AFH96013.1), Mumps virus (MuV, NCBI AWI67977.1), Mapuera 

virus (MapV, NCBI YP_001249271.1), Porcine virus (PorV, NCBI YP_001331028.1), human parainfluenza viruses 2, 4b (HPIV–2, 4b, NCBI AXA52712.1, 

AFB82773.1). 



Chapter 4: Structural characterisation of MenV P 267–388 by NMR spectroscopy 

 
75 

4.3.2. Chemical shift analysis 

Chemical shifts are highly sensitive to structure content and readily accessible following 

sequence-specific assignment. Moreover, they can be reliably measured even in the presence 

of substantial spectral overlap. Thus, they are routinely used for an initial structural 

characterisation of a protein (see Section 4.2.1.). 

Due to the bipartite organisation of this protein, the chemical shift deviation from random coil 

is very different for the structured three-helix bundle and the linker. For this reason, these two 

regions are analysed separately. 

4.3.2.1. Analysis of the MenV P linker 

The secondary chemical shifts of Cα, Cβ, Hα, and C’ nuclei carry the most information on 

secondary structure formation190. The observed values for the MenV P linker (residues 267–

329) are shown in Figure 4.7. 

The four secondary chemical shifts vary in their sensitivity to secondary structure formation190, 

a finding which extends to the transient and partially formed structures of IDPs201. 

C’ and Cα shifts are generally considered to be most sensitive to α-helical structure formation 

for stable proteins190. Clustering of positive C’ and Cα secondary chemical shifts (Figure 4.7 A 

and B) suggests that several regions within the MenV P linker (275–286 and 308–316) have 

weak helical propensities, and likely sample α-helical conformations.  

The Hα and Cβ shifts are most sensitive to the formation of β-structure186, 190, 192. The data 

suggest that some regions, most notably 268–272, but also 288–307, may have weak β-

propensity. Some isolated residues (273 and 304) have notably large Cβ secondary chemical 

shifts. Overall, the data suggest there are some weak structural propensities within the linker, 

though visual inspection does not allow high confidence assignment into regions sampling α- 

or β-structure. 
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Figure 4.7: Secondary chemical shifts (Δδ) of the nuclei C’ (A), Cα (B), Cβ (C), and Hα (D) for the 

MenV P linker region (residues 267–329).  

Shown are positive and negative deviations from random coil values which are associated with the 

formation of regular secondary structure, as indicated by the blue and red arrows on the side of the plot. 

Shaded in blue and red are the nuclei-specific RMSD values196 for the random coil database, which 

provide a measure of the uncertainty in the predictions. 
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4.3.2.2. Analysis of the MenV P three-helix bundle and latch region 

The secondary chemical shifts (Cα, Cβ, C’ and Hα) for the structured, nucleocapsid-binding 

domain and latch (residues 329–388) are shown in Figure 4.8. 

The three helices of the nucleocapsid-binding domain are clearly demarcated by this analysis. 

In particular, the C’ and Cα secondary chemical shifts reflect the location of the helices very 

well. In contrast, the Cβ and Hα secondary chemical shifts of the helical residues have the 

expected sign, for the most part, but vary widely in magnitude. This is in accord with literature 

observations where these shifts were found to be least sensitive to α-helix formation190.  

There are also some interesting features in the secondary chemical shifts of the non-helical 

residues. A number of residues in loop-1 (353–354) and loop-2 (369–371) showed significant 

shift deviations from random coil values, indicative of structural constraint. This is most 

noticeable for the Cβ nucleus which is reported to be sensitive to side chain restraints232. As 

crystallographic analysis indicates that residues in loop-2 make direct contact with residues in 

the latch, this could potentially inform on latch formation. This question is further examined in 

Section 4.3.8.  
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Figure 4.8: Secondary chemical shifts (Δδ) of the nuclei C’ (A), Cα (B), Cβ (C), and Hα (D) for the 

MenV P three-helix bundle and latch region (residues 329–388).  

Positive and negative deviations from random coil values are associated with the formation of regular 

secondary structure, as indicated by the blue and red arrows on the side of the plot. At the top, the 

position of the three helices is indicated (defined according to Kabsch and Sander233 from the 

crystallographic model). A purple arrow highlights the Ncap-forming residue N371, discussed in 

Section 4.3.3.2., orange arrows highlight the residues A332 and R370 discussed in Section 4.3.8. 
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4.3.3. Computational analysis of chemical shifts  

4.3.3.1. Prediction of secondary structure for the Men V P linker using ncSP 

Since the secondary chemical shifts of different types of nuclei report on secondary structure 

to varying degrees, it is necessary to use a more systematic approach to combine the chemical 

shift data to produce a consensus structural prediction. An earlier approach developed for this 

purpose is the CSI method191, 192, shown to be suitable for application in folded proteins. This 

method produces a “consensus” secondary structure prediction based on appropriately-weighed 

13Cα, 13Cβ, 13C' and 1Hα secondary shift values. Modern computational methods such as 

TALOS+ or PREDITOR expanded this approach, by predicting backbone and side chain 

torsion angles from chemical shifts. These programmes are trained on databases of structured 

proteins and are not designed for detecting weak structural propensities in intrinsically 

disordered proteins.  

The program ncSP was specifically developed to predict (transiently) formed secondary 

structure from chemical shifts. This programme incorporates the chemical shifts of six nuclei 

and generates secondary structure propensities using an algorithm that accounts for their 

differing sensitivity to structure formation196, 201. The computed ncSP scores for the MenV P 

linker region are displayed in Figure 4.9. 

 

Figure 4.9: ncSP-based prediction for secondary structure propensity in the MenV P linker region. 

Displayed are residues 267–329 corresponding to the linker region. Dashed lines display an empirically-

derived cut-off for sampled α-helical (blue line) and β-sheet structure (red line)201.  

The analysis delineates two regions with propensity for β-structure (268–273 and 288–295). 

The first region was also indicated by direct inspection of the secondary chemical shifts (Figure 

4.7), whereas the second region was previously not clearly demarcated. A region with α-helical 

propensity is also apparent (score >0.06 for residues 277–284), which reflects the most 

prominent trend seen in the C’ and Cα secondary chemical shifts (Figure 4.7). 
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4.3.3.2. Prediction of structural motifs from chemical shifts  

Most programmes for predicting secondary structure from chemical shifts focus on the 

canonical α- and β-structures. However, there are many other recurrent geometric features of 

protein structure. The programme MICS was trained on a structure database to specifically 

predict helical capping motifs (Ncap or Ccap structures) and β-turns motifs, based on 15N, 13C', 

13Cα, 13Cβ, 1Hα, and 1HN chemical shifts200. This algorithm was applied to the structured C-

terminal region of MenV P (Figure 4.10.). 

 

Figure 4.10: MICS-predicted propensity for secondary structure and cap-formation based on 

experimental chemical shifts for the MenV P three-helix bundle and latch region.  

The stacked bar plot depicts the score for each predicted structural element based on their respective 

likelihood for each residue. The calculation was performed on the entire MenV P 267–388 construct, 

but only the residues corresponding to the latch and three-helix bundle (residues 329–388) are presented. 

The algorithm correctly predicts the position of the three helices. Each of the helices is also 

predicted to begin with a capping motif, with a particularly high score for the Ncap structure 

preceding the first helix (Ncap-1, 70 % for S334), and significant scores for the subsequent 

helices (Ncap-2, 46 % for N355; Ncap-3, 41 % for N371). Geometrically, the cap structure 

results from formation of a hydrogen-bond between the side chain of the capping residue (i), 

and the backbone amide of residue i+3200, 234, 235. To validate the predictions, the 

crystallographic models were analysed for formation of the relevant hydrogen-bonds (Figure 

4.11). 
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Figure 4.11: Visualisation of the helix capping structures present in MenV P 267–388. 

The same Ncap structures were found in all crystallographic models (depicted is Chain A of the space 

group P21 crystal structure).  

4.11 A: Ncap-1 formed between hydroxyl-oxygen of S334 and the backbone amide-hydrogen of A337 

(red dashed line), an additional hydrogen-bond between L338 and S334 is also shown (black dashed 

line). 4.11 B: Top view displaying the positioning of the latch over the central core.  

4.11 C: Ncap-2 formed between side chain carbonyl-oxygen of N355 and the backbone amide-hydrogen 

of K358 (red dashed line). 

4.11 D: Ncap-3 formed between the side chain carbonyl-oxygen of N371 and the backbone amide-

hydrogen of D374 (red dashed line), an additional bond between the side chain amide-hydrogen of N371 

and S331 backbone carbonyl-oxygen is also shown (black dashed line).  

The hydrogen bonding was evaluated in Chimera according to the empirical rules established by 

McDonald and Thornton236. 

All three helices are capped in the crystal structures with the expected hydrogen-bonds formed. 

Formation of the Ncap-1 structure, positions the latch-forming residues over the top of the 

three-helix bundle (Figure 4.11 B). An additional hydrogen-bond, formed between the 

backbone amide of L338 with the backbone carbonyl-oxygen of S334 (bond length 2.0 Å) 
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identified in the crystal structures (Figure 4.11 A), was also observed in solution using 15N-

edited NOESY HSQC analysis (Section 4.3.4). 

The hydrogen-bond formed by the Ncap-3 residue N371 with D374, positions the side chain 

amide group of N371 in close proximity to the latch, thus enabling the formation of an 

additional hydrogen-bond (1.68 Å) between N371-Hδ21/Hδ22 with the backbone carbonyl-

oxygen of residue S331 (Figure 4.11 D). This may explain the MICS-computed high β-structure 

constraint for this latch residue. Other structural motifs are predicted with a very low score, 

indicative of their absence within the C-terminal region of MenV P. 

4.3.4. 1H spatial connectivities in MenV P 267–388 

15N-edited HSQC NOESY spectra are useful for structural analysis, as this type of experiment 

identifies nuclei that are spatially proximal to each other, but not necessarily directly bonded. 

Assignment of the 15N-HSQC NOESY spectrum allowed mapping of NOEs across the MenV 

P 267–388 sequence. The inter-residual NOEs were categorised into short- (i=1, i.e. adjacent 

residue), medium- (1<i≤4), and long-range (i>4) NOEs203 (where i corresponds to the 

difference in residue number). The distribution of short- and medium-range inter-residual 

NOEs for MenV P 267–388 is shown schematically in Figure 4.12. 

Within the linker (residues 267–329), only short-range inter-residual NOEs were generally 

observed, and in some cases (e.g. S285) no inter-residue NOEs could be detected. For most 

residues located in the vicinity of the latch region (particularly residues 328–332), intra- and 

inter-residual NOEs were completely absent. Correspondingly, there were no observable NOEs 

diagnostic of the interactions between latch and loop-2 residues. 

For the majority of residues located in the three-helix bundle, medium-range NOEs were 

observed, consistent with the helical structure and the presence of the helical capping motifs 

(Figure 4.13). Long-range NOEs (not shown in Figure 4.12) were only detected for residues 

involved in formation of the hydrophobic core of the three-helix bundle. Further CLEANEX 

PM studies237 could be carried out to confirm these hydrogen bonds. 
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Figure 4.12: 15N-HSQC NOESY 1H short- and medium-range connectivities for MenV P 267–388. 

The spectrum was obtained at a temperature of 10 °C, pH 7, at a magnetic field strength of 600 MHz 

(14.1 T). Grey bars indicate observed hydrogen inter-residue connectivities categorised by their distance 

into short- (i, i+1) and medium-range (i, i+2/ i+3/ i+4). The three α-helices of the three-helix bundle are 

highlighted in blue for reference. 
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Figure 4.13: 15N-HSQC NOESY peaks corresponding to the Ncap-1 hydrogen boding between S334 

with A337 and L338. 

The shown hydrogen bonds correspond to the crystal structure derived distances of 3.02 Å and 4.02 Å 

for the S334-A337 and S334-L338 cross peaks, respectively (space group P212121)166. 

4.3.5. 3JHNHα coupling constant analysis of MenV P 267–388 

The 3JHNHα coupling constant informs on the backbone torsion angle Φ. This constant was 

obtained for MenV P 267–388 using a 2D ARTSY-J experiment. “Secondary coupling 

constants” were subsequently calculated as the difference between the experimental and 

random coil values212 (see Material and Methods Section 7.7.5) and are shown in Figure 4.14. 
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Figure 4.14: Secondary 3JHNHα coupling constants for MenV P 267–388 obtained as the difference 

between experimental and random coil values. 

4.14 A: Secondary 3JHNHα coupling constants for the entire C-terminal region. Highlighted in grey is the 

linker region depicted in 4.13 B. 

4.14 B. Expanded view showing the secondary 3JHNHα coupling constants for the linker region (residues 

270–329). The blue and red regions relate to the likely accuracy of the random coil database as defined 

by published RMSD calculations212. Error bars are not shown for clarity and are reported in Table S5. 

An asterisk denotes missing residues as a result of insufficient spectral resolution to determine a 

coupling constant as well as all glycines for which no disorder value was predicted. Two orange arrows 

highlight the residues A332 and R370 discussed in Section 4.3.8. 

The data highlights the bipartite organisation of MenV P 267–388, with residues in the linker 

and the structured nucleocapsid-binding domain showing strikingly different deviations from 

random coil values. In an intrinsically disordered protein, the deviations of 3JHNHα coupling 

constants from random coil values will be small due to conformational averaging. Therefore, 

the analysis is not likely to be particularly sensitive to weak conformational preferences in the 

polypeptide backbone. Thus, with few exceptions, the secondary coupling constants for linker 

residues are less than 0.35 Hz, which is the estimated accuracy of the predicted random coil 
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values (highlighted in red and blue shades in Figure 4.14 B)212. However, some residues in the 

linker showed larger secondary coupling constant, which are indicative of local structural 

constraint (e.g. 270, 271, 286, 294, 309, 312, 313, 316).  

In contrast to the linker region, residues within the three-helix bundle are highly constrained 

and show large negative deviations from random coil values, as expected for α-helical 

structure211. Within the latch structure, located at the interface between the ordered and 

disordered regions, some residues have 3JHNHα values that deviate significantly from random 

coil values (e.g. S331 and A332) while others (e.g. residues K329 and S334) do not. 

For the helical residues, the experimentally obtained 3JHNHα coupling constants agree well with 

those calculated from the crystal structures (RMSD of 0.99 Hz over all helical residues for 

space group P21 Chain A). However, for the residues located in the latch, the experimental 

values agree poorly with those calculated from the crystal structures (RMSD 2.53 Hz for 329–

334, for space group P21 Chain A). Furthermore, the structure-derived coupling constants for 

these residues also diverged between the different crystal structures (Table 4.1). 

Table 4.1: Comparison of experimental coupling constants with structure-derived coupling constants. 

Displayed are values for residues corresponding to the latch (329–334) and loop-2 (369–371) regions. 

 3JHNHα [Hz] 

experimental 

3JHNHα [Hz] 

P21 Chain A 

3JHNHα [Hz] 

P21 Chain B 

3JHNHα [Hz] 

P212121 

K329 6.26 ± 0.19 8.31 0.62 9.37 

S330 7.04 ± 0.27 5.04 2.68 7.27 

S331 7.29 ± 0.72 2.81 0.62 7.04 

A332 7.34 ± 0.02 9.58 0.76 6.83 

A333 5.76 ± 0.10 4.09 1.15 1.16 

S334 5.05 ± 0.11 3.58 0.92 0.70 

I369 4.28 ± 0.27 4.35 0.63 1.68 

R370 8.86 ± 0.47 9.85 0.71 0.61 

N371 5.94 ± 0.25 6.50 2.95 0.61 

The divergence between structural predictions and experimental observation within the latch 

region is presumably the result of conformational averaging. This is consistent with the 

crystallographic analysis166, which showed that the B-factors (atomic displacement parameters) 

of residues in the latch are significantly higher than those of residues in the helical bundle. The 

mobility of this region is further addressed in Chapter 5. 
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4.3.6. Structural analysis of putative MenV P phosphorylation sites in the linker 

The P proteins of Paramyxoviruses undergo post-translational phosphorylation of some serine 

and threonine residues117-120, 238. Previous studies identified a number of phosphorylation sites 

within the disordered regions of P (see Section 1.4.3.3.). Hence, we looked in more detail at the 

structural characteristics of the serine and threonine residues within the linker, as this may 

dictate accessibility to cellular protein kinases. Two NMR observables, the secondary Cβ and 

3JHNHα coupling constants are sensitive to side chain flexibility211, 232. The values of these two 

observables are displayed in Figure 4.15 for the relevant linker residues. 

 

Figure 4.15: 3JHNHα secondary coupling constants (A) and Cβ secondary chemical shifts (B) for serine 

and threonine residues in the MenV P linker. 

The red (β-structure) and blue (α-helical structure) shaded regions show the RMSD between predicted 

values and experimentally measured values for a library of disordered proteins which provides a 

measure of the precision of the predictions.  

Essentially all serine and threonine residues have Cβ shifts and 3JHNHα coupling values very 

close to those expected for a random coil, consistent with the chemical shift analysis (Figure 

4.15). 
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4.3.7. Effects of the osmolyte TMAO on MenV P 267–388 

The prior analysis suggested that the latch preceding the nucleocapsid-binding domain (Figure 

4.1) is highly dynamic. The structure observed crystallographically is probably only partially 

realised in solution, and in chemical exchange with other species. We therefore investigated if 

the generic protein structural stabiliser TMAO would force population of the folded state. We 

also wanted to explore the comparative effects of TMAO on the structured and unstructured 

regions of MenV P 267–388, as the effects of TMAO on IDPs have been little studied. We 

anticipated that incorporation of TMAO into the solvent would result in two principal effects 

on chemical shift: Firstly, it was likely to cause generic, possibly residue-dependent, 

perturbation of chemical shifts, due to the variable interaction of TMAO with the chemical 

groups of the protein. Secondly, it was likely to cause compaction and structural reconfiguration 

of the protein conformational ensemble, leading to additional chemical shift perturbation. 

We found that addition of TMAO (up to 1.6 M concentration) did not force complete population 

of the latch conformation seen in the crystal structures (detailed analysis not shown). It did, 

however, give some intriguing preliminary insights into the way TMAO interacts with the 

polypeptide chain.  

2D 1H-15N HSQC spectra were collected at varying TMAO concentrations (0–1.6 M), and the 

backbone amide chemical shifts followed across the concentration series. The chemical shift 

perturbations (Δ15N/Δ1H) at two different TMAO concentrations are shown in Figure 4.16. 
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Figure 4.16: Δ15NH chemical shift change of MenV P 267–388 in the presence 0.4 M TMAO and 1.6 M 

TMAO relative to the absence of TMAO. 

4.16 A: Δ15N(H) amide chemical shift change 4.16 B: Δ1H(N) amide chemical shift change measured at 

10 °C, pH 7. No correction was made for possible pH changes due to varying TMAO-concentrations. 

Shown is the relative chemical shift for 0.4 M–0 M TMAO as blue bars and 1.6 M–0 M TMAO as red 

bars. The residues S330 and S331 were broadened beyond detection at higher TMAO concentrations. 

Chemical shift referencing was carried out with respect to the DSS signal measured in the absence of 

TMAO. 

As expected, TMAO perturbs the protein chemical shifts in a concentration-dependent manner, 

with the largest shift changes seen at a concentration of 1.6 M. The nitrogen shift perturbations, 

and to a lesser extent the proton shift perturbations, reflect the general organisation of the 

protein with the mean changes being larger in the disordered linker than in the structured 

nucleocapsid-binding domain. This difference could arise from both the structure-dependent 

shielding of residues from direct interaction with the solvent within the nucleocapsid-binding 

domain, as well as the greater capacity for structural reconfiguration in the disordered linker. 

In addition to these global trends, the amide nitrogen shift perturbations in the linker (MenV P 

269–329) are clearly dependent on residue-type (Figure 4.17 A). 
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Figure 4.17: Analysis of the residue-dependent TMAO effect on the 15N chemical shifts in the linker 

region of MenV P.  

4.17 A: Relative 15N shift changes at 1.6 M TMAO classified by amino acid type. The number of 

analysed residues as indicated. Only amino acids occurring more than four times are included in the 

analysis. The average 15N shift perturbation at 1.6 M TMAO is shown with a horizontal bar. 

4.17 B: Mean 15N shift perturbation versus TMAO concentration for all analysed residue types. Dashed 

lines show a linear least square fit to the data. The error bars display the variance.  

4.17 C: The amino acid sequence of the linker, with the analysed residues highlighted, and coloured 

according to panel B. 
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Particularly striking is that a uniform negative shift was observed for all glycines and isoleucines (Figure 

4.17 A), irrespective of their location within the protein sequence (Figure 4.17 C). This suggests that 

their molecular properties are dominating when interacting with TMAO. This amino acid-dependence 

can be alternatively visualised in plots of mean shift perturbation versus TMAO concentration (Figure 

4.17 B). In all cases, the chemical shift is linearly dependent on TMAO concentration, however the 

slope of the plots differs between amino acids. Glycine shows the smallest shift perturbation, whereas 

the branched hydrophobic amino acids (Val, Ile, Leu) show the largest. A caveat on the interpretation 

of the data is that there may well be unmodeled nearest neighbour effects, as well as influences from 

local structure.  

Alanine, leucine and valine show the largest variance in their response to TMAO (Figure 4.17 A). It 

may be significant that for these amino acids, the individual residues that exhibit greatest sensitivity to 

TMAO (V307, L314, L317, A318) are located in a region with little propensity for secondary structure 

formation (residues 308–321, based on chemical shift analysis using ncSP, Figure 4.9). 

The complex interplay between structural and residue type-dependence of TMAO-perturbed shifts, 

makes more detailed interpretation difficult. However, the obtained results are very striking. As the 

chemical shift perturbations reflect the localisation of TMAO around the polypeptide backbone, this 

speaks to the fundamental mechanism of action of TMAO and clearly warrants further investigation. 

4.3.8. Investigation of the MenV P 267–388 latch structure 

Putative latch interaction with loop-2 residue R370 

Inspection of the crystal structures shows that the guanidinium side chain group of R370 forms 

hydrogen bonds conventionally with the main chain and side chain oxygen atoms of the latch 

residue S330, and the side chain oxygen of S331. The R370 guanidinium group is also 

effectively “sandwiched” by the neighbouring side chains of K329 and A332, potentially 

enabling a different kind of hydrogen bonding interaction (Figure 4.18). 

This is the CH-π bond, involving the formation of a hydrogen bond between a side chain CH-

donor group and an acceptor π-system239. Generalised interactions of this kind have previously 

been documented for the guanidinium group240. However, the formation of a CH-π bond has 

specific geometric requirements. These are often specified using the “Brandl-Weiss” 

formalism239, in which (1) the distance between the donor carbon atom and the centre of the π-

acceptor system (dC‒X) is required to be less than 4.5 Å, (2) the angle at the donor hydrogen  

(∠C‒H‒X) is at least 120°, and (3) the distance (Hv‒X) from the donor hydrogen position, 

projected vertically onto the acceptor π-plane, and the geometric centre of the π-system, is 
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smaller than 1.2 Å239 (Figure 4.18 B). We used an in-house programme to determine these 

geometric parameters for the MenV P 329–388 crystal structures. Table 4.2 summarises the 

parameters for all interactions with R370, which approximately satisfy the criteria for a CH‒π 

bond in accordance to the “Brandl-Weiss” formalism. 

 

Figure 4.18: Interaction of the R370 side chain with the latch residues K329 and A332.  

4.18 A: The crystallographic model in ribbon representation, with relevant side chains in ball and stick 

representation. Chain A of the space group P21 structure is displayed. 

4.18 B: CH-π bond formalism according to the “Brandl-Weiss” convention. Shown is (1) the distance 

(dC‒X) between donor-carbon atom and the geometric centre (X) of the π-system, (2) the angle (∠C‒

H‒X) at the donor-hydrogen atom, and (3) the distance of the donor hydrogen position, projected 

vertically onto the acceptor π-plane (Hv), from the geometric centre (X) of the π-system. 

Table 4.2: Geometric parameters for CH-π bond formation between the guanidinium group of R370 

and neighbouring aliphatic groups.  

Model P212121 dC‒X [Å] ∠C‒H-X Hv‒X [Å] 

A332 CHα 4.55 113.5° 1.15 

Model P21 

Conformer A 

 

dC‒X [Å] 

 

∠C‒H-X 

 

Hv‒X [Å] 

K329 CHδ2 3.84 164.0° 1.15 

A332 CHβ1 4.81 142.2° 2.62 

Model P21 

Conformer B 

 

dC‒X [Å] 

 

∠C‒H-X 

 

Hv‒X [Å] 

K329 CHδ2 4.29 155.9° 1.37 

A332 CHβ1 4.46 146.9° 2.92 

Highlighted in grey are values that satisfy the standard criteria for CH-π bond formation according to 

the “Brandl-Weiss” formalism. Shown are values corresponding to the various structural models of 

MenV P 329–388, which was crystallised in two space groups (P212121 and P21). In space group P21 

there are two alternate conformations of the R370 side chain guanidinium group. The two observed 

R370 guanidinium conformers are labelled A and B. 
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In at least one of the models, a conventional CH-π bond was observed between K329-CHδ2 

and the guanidinium group from R370. Furthermore, for several other donors, the standard 

criteria for CH-π bond formation are nearly satisfied (A332-CHβ1 and A332-CHα, Table 4.2). 

Overall, the crystallographic analysis suggests that if the latch is present, the guanidinium group 

of R370, and the side chain groups of K329 and A331 should experience some structural 

constraint through both conventional hydrogen bonding and CH-π interactions. The Cβ 

secondary chemical shift is useful in informing on side chain mobility232, and large deviations 

from random coil values were observed for A332 and R370 (Figure 4.8, residues highlighted 

with orange arrows) but not for K329. As previously discussed (see Section 4.3.5. above), the 

experimental 3JHNHα coupling constants of the putative CH-π bond donors in the linker diverge 

from those calculated from the crystallographic models (Table 4.1), likely reflecting substantial 

conformational fluctuations of the polypeptide backbone. 

 

Figure 4.19: Visualisation of the interactions between K329 and R370 that satisfy the criteria for CH-π 

bond formation. 

4.19 A: Positioning of the two R370 guanidinium conformers (space group P21, Chain A). 

4.19 B: K329 CHδ2 interaction for conformer A (space group P21, Chain A). 

4.19 C: K329 CHδ2 interaction for conformer B (space group P21, Chain A). 

The solid red line connects the donor atom Cδ with the geometric centre of the π-acceptor plane (X), the 

dashed red line connects the donor atom Hδ with the geometric centre of the π-acceptor plane (X). 
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There is another hydrogen bonding interaction stabilising the latch, involving the side chain of 

N371 (loop-2), and the backbone carbonyl-oxygen of S331 (latch) (Figure 4.11 D). This 

interaction is difficult to investigate using the available NMR data. Chemical shift analysis 

indicates that N371 is structurally constrained (Figure 4.8, residues highlighted with purple 

arrows), but this could simple result from its involvement in the Ncap-3 formation. An HNCO-

type experiment241, able to detect a coupling constant between the N371 side chain amide and 

the backbone-oxygen of S331, could potentially be used to investigate this further.  
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4.4. Discussion and conclusions 

4.4.1. Structural characterisation of the MenV P linker  

4.4.1.1. Conformational preferences in the MenV P linker  

The chemical shift analysis detailed in this chapter, provides experimental evidence that the 

MenV P linker region is not entirely disordered. To integrate the secondary chemical shift data 

from multiple nuclei and develop a consensus structure prediction, the programme ncSP201 was 

employed. The analysis indicates formation of transient α-helical structure within the linker 

(residues 277–284 Figure 4.20) in general agreement with secondary structure prediction 

algorithms (Figure 4.5). There are two supporting lines of evidence (1) 3JHNHα coupling constant 

analysis highlights residue T281 as having a torsion angle that is consistent with α-helical 

structure. (2) MenV P has three helix-stabilising alanine residues242, 243 located in this region, 

which are reasonably well conserved across the genus (Figure 4.6).  

Formation of β-structure is indicated between residues 269–273, and to a lesser extent between 

residues 288–307 (Figure 4.20), which is again in general agreement with secondary structure 

prediction (Figure 4.5). For residues 269–273, which directly follow the oligomerisation 

domain and are highly conserved across the genus (Figure 4.6), the 3JHNHα coupling constants 

support this finding. 

The ncSP programme, which appropriately weights and combines the information from 

multiple chemical shifts, generated structural predictions that are supported by independent 

evidence. These predictions were more robust than those resulting from individual shift analysis 

alone (Figure 4.20). 

NOE connectivities were also analysed for the MenV P linker region. However, no medium- 

or long-range NOEs were detected in this region, which is not unexpected, given the dynamic 

nature of the linker.  
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Figure 4.20: Consensus depiction of structural propensities from chemical shifts for MenV P 267–388.  

Red bars represent β‒sheet and blue bars α‒helix secondary structural propensity, white bars correspond to no shift assignment, and grey bars display structural 

disorder. A structural element was indicated when the following heuristic rules were fulfilled: δ[Cα] > |0.2| ppm|, δ[Cβ] > |0.19| ppm|, δ[C’] > |0.2| ppm|, δ[Hα] > 

|0.11| ppm| over a threshold of twice the respective value was considered significant and highlighted in a darker shade of the respective colour.
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Addition of the structure stabilising osmolyte TMAO caused large backbone amide 15N 

chemical shift perturbations throughout the linker. However, the magnitude of the perturbations 

varied across the sequence. Regions experiencing relatively weak perturbation (e.g. 272–281) 

were the same regions predicted to have structural preferences by chemical shift analysis. We 

hypothesise that this results from “protection” of the backbone amide groups from TMAO, 

through partial structuring of the polypeptide backbone. In addition, there were strong residue-

specific effects apparent (Figure 4.17), highlighting the importance of the local chemical 

environment. Fully understanding the complicated effects of TMAO on intrinsically disordered 

proteins would seem to require a library of unstructured peptides, of strictly defined sequence, 

similar to the approach taken to estimate random coil chemical shifts194. 

Overall the results show that the linker is not a simple random coil, and certain regions are 

“statistically structured”, having distinct conformational preferences. The full mapping of those 

structural preferences clearly requires additional data, which could include more extensive J-

coupling measurements, or measurement of other NMR observables, such as residual dipolar 

couplings. However, the dynamic behaviour of the linker also needs to be considered, a problem 

which is taken up in the following chapter. 

4.4.1.2. Putative P phosphorylation sites in the MenV P linker region 

The rubulavirus P protein is extensively phosphorylated117-120. Where phosphorylation sites 

have been mapped, they generally localise to the disordered N-terminal region or to the C-

terminal linker117-119, 121, 129, 131. While the phosphorylation of Menangle virus P has not yet been 

characterised, there are numerous serine and threonine residues within the linker, some in 

regions without any clear conformational preferences (e.g. 304–328) which are likely targets 

for kinase activity. 

Many different host cell kinases have been reported to post-translationally modify other P 

proteins117-120, such as polo-like kinase 1121, casein kinase 2122 and protein kinase C isoform 

ζ123. The typical binding motifs for these kinases may provide an indication of the location of 

phosphorylated residues within the linker region. These kinases are known to have a preference 

for acidic amino acids and prolines in the vicinity of the phosphorylation sites244-248. Notably, 

residues 293–299 of MenV P comprise a “P(x)nP” motif, with a serine at position 297. This 

motif has been reported as a kinase-binding site for other phosphorylated proteins228, 229. Further 

potential sites of modification are T311, S321, and T325. These residues are all adjacent to the 
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highly conserved “DELARP” motif (residues 315–320) which carries several acidic amino 

acids.  

The known biological consequences of P protein phosphorylation for replication efficiency119, 

120, in aiding N protein assembly117 and its involvement during viral mRNA synthesis118, justify 

further exploration. NMR is particularly equipped to study this type of post-translational 

modification. Following in vitro phosphorylation using a candidate host kinase, analysis of 

chemical shift perturbations would inform on the exact location of phosphorylation sites249.  

4.4.2. Structural characterisation of the MenV P latch and three-helix bundle 

The chemical shifts for the three-helix bundle displayed the expected deviations from random 

coil values (Figure 4.20). Computational analysis of the chemical shifts using the programme 

MICS200 correctly predicted the positions of the helices, and the presence of helical capping 

motifs.  

The analysis of NMR chemical shift and 3JHNHα coupling constant data improved understanding 

of the latch structure, observed in all crystallographic models. The N-terminal capping structure 

of the first helix, involving S334 and A337, directs the latch across the top of the helical bundle 

(Figure 4.11 B). Here, various kinds of hydrogen bonding govern interaction of the latch with 

the main body of the domain. In particular, analysis of the crystal structures revealed that R370 

likely forms a CH-π interaction via its guanidine group with aliphatic donors from K329 and 

A332 in the latch. This would sandwich the R370 guanidium group between the side chains of 

two latch residues. The observed chemical shifts as well as the observation of the R370 NεHε 

peak are certainly consistent with this proposal, though they do not prove it and corroborating 

NOE peaks were not detected, indicating that the latch structure is highly dynamic. 
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5. Dynamical characterisation of MenV P 267–388 by NMR spectroscopy 

5.1. Chapter overview and biological significance 

The motional properties of the C-terminal region of the P protein are likely important for the 

movement of the RNA polymerase along the encapsidated RNA template. Besides facilitating 

nucleocapsid-binding, this region of P is also putatively modified by cellular kinases (see 

Section 1.4.3.3.). Consistent with this, structural characterisation of the Menangle virus P C-

terminal region (MenV P 267–388) presented in the previous chapter, suggests that the 

phosphorylation sites are located in a highly flexible region of the linker (see Section 4.3.6.).  

The detailed structural characterisation of MenV P 267–388 using solution NMR, showed that 

the MenV P linker region (residues 267–329) contains regions with distinct conformational 

preferences. This structural characterisation also expanded our understanding of the latch 

element that caps the three-helix bundle. The analysis suggested that the latch is partially 

populated in solution; however, the interactions responsible for forming the latch appear to be 

highly dynamic, consistent with the crystallographic analysis. 

Currently, there is no experimental information on the dynamic behaviour of the C-terminal 

region of any rubulaviral P protein. NMR spectroscopy is a powerful technique for probing 

motions on different timescales and amplitudes. In this chapter, NMR observables such as 

spectral lineshape, 15N amide nuclear spin relaxation and Carr-Purcell Meiboom-Gill relaxation 

dispersion (CPMG RD) experiments were used to dissect the motional timescales of various 

regions along the peptide chain, particularly in the linker region. Additionally, “reduced spectral 

density mapping” (RSDM) was used to model data obtained from nuclear spin relaxation 

experiments. Despite this being a simplified approach to explore site-specific motional 

amplitudes, RSDM provided key information on the motional properties of this partially 

intrinsically disordered protein. 
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5.2. NMR methods to study protein dynamics 

5.2.1. NMR timescales 

As encapsulated in Anfinsen's thermodynamic hypothesis250, secondary and tertiary protein 

structure forms as a result of the complex interplay between the protein primary sequence and 

its surrounding environment. All proteins have a certain degree of malleability, and their 

conformation will fluctuate at equilibrium, and change in response to physical and chemical 

cues. In some cases, this dynamic behaviour is unambiguously linked to their biological 

functions251.  

Protein motions occur on vastly different timescales. Fast dynamics on the pico- to nanosecond 

(ps-ns) timescale correspond to bond vector reorientations and rotational diffusion as a result 

of Brownian motion174. Dynamics that are strongly related to protein function, including 

conformational motions such as ligand binding, enzyme catalysis, but also structural 

reorganisation, such as protein folding and unfolding, occur on slower timescales ranging 

between microseconds to hours252. 

NMR can be used to measure protein dynamics by applying a range of different experiments 

which are able to capture motions over different timescales253, 254 (Figure 5.1). 

 

Figure 5.1: NMR observable timescales and associated protein dynamics. 

Various NMR experiments are able to capture protein motions on different various timescales. Not all 

of these experiments are discussed in detail in this chapter. A comprehensive discussion of these 

experiments can be found in the literature (e.g. Kay 2005255, Kleckner and Foster 2011253, Palmer 

2006256). 

5.2.2. Nuclear spin relaxation 

In the presence of an external magnetic field and in the absence of magnetisation perpendicular 

to the applied field, the system is at thermal equilibrium and the population of nuclear spin 

states is determined by the Boltzmann distribution (see Section 3.2.2.). The resulting net 
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magnetisation is aligned with the static field, which is termed the longitudinal axis (by 

convention: z-axis). However, the spins can be perturbed by radiofrequency pulses, and the 

process by which they return to the equilibrium state is referred to as relaxation.  

Subsequent to applying a radiofrequency pulse in the x-y direction, the net magnetisation along 

the external magnetic field (Mz) recovers exponentially over a detectable time period. This is 

termed longitudinal relaxation. The return of the bulk magnetisation to its equilibrium value 

(Mz,eq) can be described using the Bloch equations173. If the magnetisation is inverted by the 

radiofrequency pulse, the relevant solution to these equations is: 

𝑀𝑧 = 𝑀𝑧,𝑒𝑞 (1 − 2𝑒
−𝑡

𝑇1
⁄ ) Eq. 5.1 

where the time constant T1 can be alternatively expressed as the longitudinal relaxation rate 

(R1): 

𝑅1 =
1

𝑇1
 Eq. 5.2 

T1 usually governs the speed at which NMR spectra can be acquired, since the system must be 

allowed to re-equilibrate before acquisition can be repeated. 

Conversely, following a radiofrequency pulse, built-up magnetisation in the transverse (x-y) 

plane will decay exponentially to zero according to: 

𝑀𝑥𝑦 = 𝑀𝑥𝑦(0) 𝑒
−𝑡

𝑇2
⁄

 Eq. 5.3 

where the time constant T2, can be alternatively expressed as the transverse relaxation rate R2: 

𝑅2 =
1

𝑇2
 Eq. 5.4 

T2 governs the linewidth of a peak. 

For simplification, further explanations will concentrate on relaxation effects involving motions 

of the heteronuclear 1H-15N-amide bond vector, which were experimentally explored in this 

thesis.  

1H-15N nuclear spin relaxation is influenced by random field fluctuations caused by 

reorientation of the amide bond vector through molecular Brownian motion and local 

conformational fluctuations168. Nuclear spin relaxation experiments capture fast motions on the 
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ps-ns timescale and can also give information about chemical exchange processes that occur on 

slower timescales252. 

In practice, the relaxation rates R1 and R2 are determined by 1H-15N HSQC-type experiments 

recorded using different delay times. The resulting varying peak intensities (I) are analysed by 

non-linear least square fitting of the function: 

𝐼(𝑡) = 𝐼0𝑒−𝑅𝑡 Eq. 5.5 

The major contribution to nuclear relaxation for ½-spins arises from dipole-dipole interactions 

(dipolar coupling). The magnitude of this effect is proportional to the gyromagnetic ratios of 

the involved two nuclei and the distance between them168. It is hence particularly strong when 

it involves nuclei with large gyromagnetic ratio such as 1H. Because the strength of the dipolar 

coupling is so highly dependent on the inter-nuclear distance, the dipolar relaxation of the 

amide-15N is dominated by its attached proton. 

The second important influence on nuclear spin relaxation is chemical shift anisotropy (CSA). 

Changes in the shielding caused by surrounding electrons cause fluctuations in the magnetic 

field experienced by each nucleus. Variations resulting from molecular tumbling of a basically 

rigid molecule are described by the chemical shift tensor (see Section 3.2). Local motions of 

the amide group, relative to the rest of the molecule will also cause fluctuations in shielding. 

Local field variations resulting from chemical shift anisotropies lead to nuclear spin relaxation 

when these fluctuations appear at the Larmor frequency for the involved nuclei168. 

The nuclear Overhauser effect, which measures how perturbation of the spin state populations 

of one nucleus influences the populations of a coupled nucleus, can also be exploited to 

investigate the motional properties of the molecule173. If this effect is studied for two different 

coupled nuclei, such as for the 1H-15N-amide bond, it is referred to as the {1H}-15N 

heteronuclear Overhauser effect (hetNOE). Theoretically, the heteronuclear NOE is a function 

of the longitudinal relaxation rate, R1, of the nitrogen nucleus, reflecting its origin in the dipolar 

coupling. To measure the hetNOE, HQSC-type experiments are again employed257. 

5.2.3. Spectral density function  

The objective of nuclear spin relaxation studies is to characterise molecular motion. This is a 

difficult problem, as comprehensive and physically realistic models will generally have more 

parameters than the number of experimental observations. The “model-free” formalism 



Chapter 5 Dynamical characterisation of MenV P 267–388 by NMR spectroscopy 

 
103 

developed by Lipari and Szabo258, 259 is often used to convert nuclear spin relaxation rates and 

{1H}-15N hetNOE values into a relatively simple description that separates the internal 

dynamics and global motions of a protein. The theoretical underpinning of this approach, and 

the most general way to describe the motions of the bond vectors in a protein, is the spectral 

density function and its counterpart the correlation function. These create an interface between 

the experimental observables and an invoked model. Simplified, the spectral density function 

informs on the “power” that is available to relax nuclear spins (i.e. cause energy transitions) at 

a given angular frequency ω. The spectral density function (operating in the frequency domain) 

is the Fourier transform of the correlation function (operating in the time domain), which 

describes bond vector reorientation as a function of time. The spectral density at five critical 

frequencies: J(0) corresponding to the spectral density at zero Hz; J(ωH) corresponding to the 

Larmor frequency of the 1H nucleus; J(ωN) corresponding to the Larmor frequency of the 15N 

nucleus; and J(ωH±ωN) are particularly informative on the motional timescales of the molecule.  

In the very simple case of a rigid molecule tumbling isotropically, the autocorrelation function 

can be expressed as173 

𝐶(𝜏) =
1

5
∙ 𝑒−𝜏

𝜏𝑚⁄  Eq. 5.6 

with τm being the rotational correlation time – the mean time it takes the molecule to rotate 

through one radian. The Fourier transform of this function gives the spectral density function173: 

𝐽(𝜔) =
2

5
∙

𝜏𝑚

(1 + 𝜔2𝜏𝑚
2 )

 
Eq. 5.7 

which depends on the frequency (ω) (Figure 5.2.). 
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Figure 5.2: Depiction of the spectral density function for two different rotational correlation times (τm). 

The spectral density function was calculated according to Eq. 5.7. The approximate Larmor frequencies 

of nitrogen and hydrogen are indicated by the red dashed lines. 

Therefore, slowly tumbling molecules that have a longer rotational correlation time τm (Figure 

5.2 A), will have higher densities at lower frequencies. Conversely, faster tumbling molecules 

that have shorter correlation times (Figure 5.2 B), have larger spectral densities at higher 

frequencies. 

The longitudinal relaxation rate, R1 can be expressed as a function of spectral densities258-260 as:  

𝑅1 =
𝑑2

4
[3𝐽(𝜔𝑁) + 6𝐽(𝜔𝐻 + 𝜔𝑁) + 𝐽(𝜔𝐻 − 𝜔𝑁)] + 𝑐2𝐽(𝜔𝑁) Eq. 5.8 

The dipolar coefficient d is defined as: 

𝑑 = (
𝜇0ℎ𝛾𝐻𝛾𝑁

8𝜋2
)

1

𝑟𝑁𝐻
3  

Eq. 5.9 

where 𝜇0  is the permeability of free space, h is Planck’s constant, 𝛾𝐻  and 𝛾𝑁  are the 

gyromagnetic ratios of 1H and 15N, respectively, and rNH is the time-averaged amide bond 

length. 

The CSA coupling constant c is: 

𝑐 =
∆𝜎𝜔𝑁

√3
 Eq. 5.10 

where ∆𝜎 is the amide-15N CSA. 
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Similarly, the transverse relaxation rate R2 can be expressed as a function of spectral 

densities260: 

𝑅2 =
𝑑2

8
[4𝐽(0) + 3𝐽(𝜔𝑁) + 3𝐽(𝜔𝐻 + 𝜔𝑁) + 𝐽(𝜔𝐻 − 𝜔𝑁) + 6𝐽(𝜔𝐻)]

+
𝑐2

6
[𝐽(0) + 6𝐽(𝜔𝑁)] + 𝑅𝑒𝑥 

Eq. 5.11 

with 𝑅𝑒𝑥 referring to an additional chemical exchange contribution to R2. 

Finally, the hetNOE can be written in terms of spectral densities as257, 260: 

ℎ𝑒𝑡𝑁𝑂𝐸 = 1 + (
𝑑2

4𝑅1
) (

𝛾𝐻

𝛾𝑁
) [6𝐽(𝜔𝐻 + 𝜔𝑁) − 𝐽(𝜔𝐻 − 𝜔𝑁)] Eq. 5.12 

The correlation function and its counterpart, the spectral density function, are the most general 

ways to describe protein dynamics on the ps-ns timescale, without incorporating assumptions 

about the structure of the molecule or its dynamic behaviour. Recovering the spectral density 

function from experimental data is termed spectral density mapping. It has been shown to be 

particularly useful for reconstructing site-specific dynamic information for (partially) 

intrinsically disordered proteins261, 262. However, only three observables are typically acquired 

(R1, R2 and hetNOE) (Eq. 5.8, 5.11 and 5.12), and these equations involve five unknowns (J(0), 

J(ωN), J(ωH), J(ωH+ωN) and J(ωH–ωN).  

In “reduced” spectral density mapping (RSDM), the J(ω) values at the three highest 

frequencies, J(ωH) and J(ωH±ωN) are assumed constant, and are replaced with the spectral 

density at 0.87ωH
263, 264. This results in the following relationships between the reduced spectral 

density values and experimental relaxation parameters260: 

𝐽(0) =
1

3𝑑2 + 4𝑐2
(6𝑅2 − 3𝑅1 − 2.72𝜎𝑁𝑂𝐸) Eq. 5.13 

𝐽(𝜔𝑁) =
1

3𝑑2 + 4𝑐2
(4𝑅1 − 5𝜎𝑁𝑂𝐸) Eq. 5.14 

𝐽(0.87𝜔𝐻) =
1

5𝑑2
4𝜎𝑁𝑂𝐸 Eq. 5.15 

𝜎𝑁𝑂𝐸 = 𝑅1(𝑁𝑂𝐸 − 1)
𝛾𝑁

𝛾𝐻
 Eq. 5.16 
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While the spectral density function describes the probability of bond vector oscillations 

occurring at varying frequencies, it does not indicate the molecular origin of these oscillations. 

To gain mechanistic understanding of protein dynamics, the “model-free formalism” of Lipari 

and Szabo258, 259 is frequently invoked for structured proteins. Fundamentally, this approach 

rests on the factorisation of the correlation function into global and internal motions (i.e. it 

assumes that the internal motions are independent of the rotational diffusion of the molecule as 

a whole). All internal motions are assumed to occur on the same timescale (Figure 5.3 B). The 

amplitude of the internal motions is quantitated with a squared order parameter (S2) which is 

generally interpreted in terms of a simplified motional model, describing the restriction of a 

bond vector within a cone of an angle ϴ258, 265 (Figure 5.3 C): 

𝑆2 = [
1

2
cos 𝜃 (1 + 𝑐𝑜𝑠 𝜃)]

2

 Eq. 5.17 

When the order parameter approaches a value of one, the amide bond vector samples a very 

small cone angle, whereas when the order parameter approaches zero the amide bond vector 

samples all possible cone orientations. 

 

Figure 5.3: Schematic of the molecular motions on the ps-ns timescale and their description using the 

Lipari and Szabo “model-free” formalism and a simplified “diffusion in a cone” motional model. 

5.3 A: Illustration of the global molecular motion τm in relation to the external magnetic field B0. 

5.3 B: Illustration of the internal (site-specific) librational motion τi on the fast (ps) timescale. 

5.3 C: Illustration of the spatial restriction of the internal motions defined by the squared order 

parameter S2. The larger the value of S2, the smaller the cone angle ϴ. 

A more detailed description of the underlying concepts of this method can be found in the 

literature (e.g. Lipari and Szabo 1982258, 259, Farrow et al. 1995263, Lefevre et al. 1996264, Palmer 

2004254). 
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5.2.4. Chemical exchange 

The exchange of nuclei between two or more physico-chemical environments can lead to 

changes in spectral observables, such as chemical shift and linewidth266. Exchange processes 

relevant to this thesis include proline cis-trans isomerisation, conformational changes, solvent 

exchange, and intra- and intermolecular interactions, which typically occur on the ms-µs 

timescale174. 

As outlined previously, nuclei with spin quantum number I = ½, that are subjected to an 

externally applied magnetic field, give rise to a specific absorption line in the NMR spectrum, 

correspondent with the Larmor frequency. Since the resonance position is dependent on the 

environment of the nucleus, it appears at a very specific chemical shift (see Section 3.2). If the 

nucleus undergoes chemical exchange during the NMR experiment, peaks associated with both 

states may appear in the resulting spectrum252, 267. However, the exact appearance of the 

spectrum will depend on the timescale of chemical exchange.  

Consider the simplest case, where the two states of a nucleus A and B are in chemical exchange 

with one another. The first order rate constants governing exchange are kAB and kBA and we 

define an apparent exchange rate kex = kAB + kBA. Now consider the effects of chemical exchange 

on the observed chemical shift and lineshape: If the frequency difference (Δν), between the two 

states is much smaller than the apparent exchange rate kex, then only a single sharp peak will be 

observed, at the weighted average chemical shift of the two component states. Conversely, if 

the frequency difference is much larger than kex, two discrete peaks appear, with the chemical 

shifts of the two component states. If the frequency difference is of the same magnitude as kex, 

then a complex broadened peak will be observed174, 268, 269. Consequently, chemical exchange 

is usefully categorised into slow, intermediate and fast exchange according to the relationship 

between exchange rate and the frequency difference between both states251 (Figure 5.4). 
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Figure 5.4: Illustration of the relationship between exchange rate and spectral observation, assuming 

that the two states are equally populated. 

Depending on the timescale of chemical exchange, different experimental methods are 

available to measure the rate constants. Chemical exchange on the μs-ms timescale results in 

spectral line broadening. This increases the observed transverse relaxation rate (𝑅2
𝑂𝑏𝑠), which 

contains an exchange rate contribution (𝑅𝑒𝑥)266: 

𝑅2
𝑂𝑏𝑠 = 𝑅2

0 + 𝑅𝑒𝑥 Eq. 5.18 

where 𝑅2
0 is the transverse relaxation rate in the absence of chemical exchange.  

This effect is exploited in the Carr-Purcell Meiboom-Gill relaxation dispersion (CPMG RD). 

experiment253, 270-274, which typically observes dynamic processes within a time window of 0.3–

10 ms253. 
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5.3. Results 

5.3.1. MenV P 267–388 displays motions on various timescales 

Some information about MenV P 267–388 dynamics can be derived from analysis of the 

spectral lineshape which is influenced by the overall molecular tumbling, as well as site-specific 

motional properties including chemical exchange. The lineshape therefore informs on the 

chemical and structural environment at different locations within the protein. As the rates of 

tumbling and chemical exchange are modulated by temperature251, 266, 275, the 1H-15N HSQC 

peak intensities for MenV P 267–388 were analysed at different temperatures.  

1H-15N HSQC spectra were collected at 5 °C intervals from 5 to 25 °C, and peak intensities 

were normalised relative to those at 5 °C (Figure 5.5.). 

 

Figure 5.5: Normalised 1H-15N HSQC peak intensities at 10 and 25 °C.  

Resonance intensities for 1H-15N HSQC peaks were determined for a temperature series between 5 to 

25 °C at a magnetic field strength of 600 MHz (14.1 T), pH 7. Relative peak intensities are defined as 

the ratio of the peak intensity at the indicated temperature and the peak intensity at 5 °C. For clarity, 

only data obtained at 10 and 25 °C are shown. Prolines are not shown (green asterisks) as well as 

intensities for residues 278, 287, 295, 327, 329, 342, 366 and 373 (black asterisks) that could not be 

estimated because of spectral overlap. Residues 326–333, demarcated by the green arrows in the figure, 

showed strong line broadening that prevented intensity estimation at most temperatures examined. 

Residue 326 was broadened beyond detection at 25 °C, and residue 333 displayed significant spectral 

line broadening at all temperatures. 

Generally, it was found that the intensities increased or decreased monotonically with 

temperature. From the data at 25 °C it is clear that MenV P 267–388 contains three regions that 

have very different temperature-dependent modulations. These regions coarsely correspond to 

the linker (residues 267–320), the interface between linker and helical region (residues 321–

334), and the three-helix bundle (residues 335–388). 
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Peaks arising for most amide groups of linker residues weakened with increasing temperature. 

Partial peak broadening, leading to an observed intensity decrease is typically a result of 

chemical exchange processes253. The rate of amide hydrogen exchange with the solvent 

increases with temperature251, and this may be the dominating influence in the linker, where the 

polypeptide backbone is flexible and solvent-exposed276, 277. Some residues in the linker that 

were adjacent to proline residues (272, 273, 297, 298, 303, 304, 321, 324, 325, 334, 336), 

declined sharply in intensity. This may reflect the influence of cis–trans proline 

isomerisation278. For residues 297, 298, 334, 336, all adjacent to a proline, a weak second peak 

was detected indicative of slow chemical exchange – as observed for many other proteins279. 

Other mechanisms appear to be in play for residues 279–286 and 309, which are more than four 

residues away from a proline. While most residues in the linker showed a decreased peak 

intensity with raised temperature, residues 318 and 319 significantly increase in intensity. These 

residues correspond to a region previously found to not have any detectable conformational 

preferences (see Section 4.3.3.1.). 

Residues located at the interface between linker and three-helix bundle displayed a particularly 

high temperature dependency. For example, the latch residues S330 and S331 were broadened 

beyond detection at all temperatures above 10 °C. This indicates a transitioning from slow 

exchange at low temperatures, to intermediate chemical exchange at higher temperatures174 

(Figure 5.6). 

 

Figure 5.6: 1H-15N HSQC temperature series depicting two residues, S330 and S334. 

Shown residues are located at the interface between linker and three-helix bundle. The figure was 

produced using CcpNmr. 

Most other latch residues show a considerable decrease in intensity as the temperature increases 

suggesting exchange contributions on the intermediate μs-ms timescale.  

The normalised peak intensities obtained for residues located in the three-helix bundle generally 

increase at higher temperature. This is the result of the more rapid tumbling of this structured 
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domain at higher temperature, thus decreasing the linewidth280. Residues located in, and 

adjacent to, loop-1 (353–355) strongly contradict this trend, suggesting the presence of 

significant chemical exchange. Conversely, residues located in the loop-2 region (369–371) 

appear to move in concert with the rest of the domain. 

Overall, these findings suggest complex motional behaviour on various timescales across the 

MenV P 267–388 sequence, as a result of competing physical influences. As Ishima and 

Torchia281 and others275 have shown, the mere observation of line broadening is not sufficient 

to judge the exact timescale of the underlying exchange process, and thus requires further 

experimental investigation. Hence, a more detailed characterisation of the dynamics of the C-

terminal region of MenV P (267–388) was carried out. 

5.3.2. Dynamics on the fast timescale 

5.3.2.1. Field-consistency analysis 

Integrative analysis of nuclear spin relaxation data using datasets obtained at different fields, 

such as in reduced spectral density mapping, requires a field-consistency check. This ensures 

that there are no inconsistencies between the data collected at different fields due to, for 

example, variations in sample preparation or the instrumentation. An approach addressing this 

problem, and shown to be applicable for the study of disordered proteins, is a comparison of 

the spectral density at zero frequency (J(0)) between different fields282. The basis for this 

method is the field-independence of J(0) in the absence of any exchange contribution263, and 

hence any systematic deviation would inform on non-random error in the data.  

Nuclear spin relaxation data for MenV P 267–388 was collected at four magnetic fields 

(600 MHz, 700 MHz, 800 MHz and 900 MHz). For each field, J(0) values were determined 

using the programme “relax”283. Residues that clearly incorporated an exchange contribution 

based on prior results (Chapter 4), for example residues within the latch (residues 329–334) and 

loop-2 of the helical domain (residues 369–371), were excluded from the analysis. The resulting 

correlation plots are shown in Figure 5.7. 
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Figure 5.7: Correlation plots of J(0) values calculated from relaxation data at four magnetic fields. 

Datasets were acquired at 600 MHz (14.1 T), 700 MHz (16.5 T), 800 MHz (18.8 T) and 900 MHz 

(21.1 T). Field-consistency of relaxation data was tested with linear least squared fitting. Displayed are 

the correlation graphs with an x=y diagonal.  
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All datasets are highly consistent, with particularly good agreement (0.01–0.9 %), based on 

linear least squared fitting, for the datasets obtained from the fields 600 and 700 and 900 MHz. 

This agreement is lower than the empirically-derived threshold for acceptance of 2 %282. 

Spectral densities at zero frequency were slightly larger for the 800 MHz data than that for the 

other fields, leading to a deviation of 2.2 %. This is correlated with the spectrometer hardware. 

A Varian instrument was used at 800 MHz, whereas all other datasets were acquired on Bruker 

NMR spectrometers. Overall, the consistency justifies the use of relaxation data from all fields 

for further dynamical characterisation of MenV P 267–388 

5.3.2.2. Nuclear spin relaxation analysis of MenV P 267–388 

Information about MenV P 267–388 backbone dynamics on the fast (ns-ps) timescale can be 

determined using R1, R2, and {1H}-15N hetNOE relaxation experiments251. The data obtained at 

four magnetic fields (600, 700, 800 and 900 MHz) are shown in Figure 5.8 and are summarised 

in Table 5.1. 

Overall, the obtained nuclear spin relaxation data emphasise the bipartite organisation of MenV 

P 267–388, with a striking division between the dynamics of the linker region (residues 267–

329) and the three-helix bundle region (residues 336–388). Residues located at the interface 

(residues 329–334) have R1, R2, and {1H}-15N hetNOE values that indicate a transitioning 

between these two regions.  

Nuclear spin relaxation analysis for the MenV P linker region 

A site-specific motional heterogeneity in the linker was observed, with R1 values ranging from 

1.3 ± 0.01 to 1.72 ± 0.01 s-1 (at a field of 600 MHz) and hetNOEs ranging between –0.623 ± 

0.002 and 0.270 ± 0.009 (at a field of 600 MHz). As hetNOEs reflect motionally-dependent 

cross-relaxation processes, these values can be used as sensitive probes for local order284-287. 

The negative hetNOE values found for residues located at the N-terminus are indicative of 

motion on the fast timescale. This is typically observed for disordered proteins as a consequence 

of the decreased structural persistence at the ends of the polypeptide chain288. Interestingly, the 

relatively low hetNOE values found for residues located between 297 and 300 (mean −0.173 ± 

0.008 at 600 MHz), suggest a localised higher mobility compared to the adjacent regions (273–

291 and 303–329). This is not the behaviour expected of an entirely unrestrained disordered 

protein81, 261, 288. 
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All hetNOEs for the linker residues are lower than 0.65, which is typically used as a minimal 

threshold for which a rotational diffusion tensor of a uniformly tumbling molecule can be 

determined174. This, and the overall low R2 values for all linker residues, further emphasise the 

high flexibility of this region and the vastly different dynamics when compared with the helical 

region. 

Nuclear spin relaxation analysis for the MenV P latch and three-helix bundle region 

Largely uniform hetNOE and R1 values were obtained for residues in the three-helix bundle. 

This is typical of structured domains260. The transverse relaxation rates, however, displayed a 

more complex site-specific dependence, that could result from an added contribution from 

chemical exchange, occurring on an intermediate timescale, for example through hydrogen-

bonding to proximal nuclei. This contribution is field-dependent275, leading to an increase in R2 

with higher field strength, in line with the observations for this region. 

A clear transitioning between the two dynamically different regions is observed for residues 

connecting the linker and three-helix bundle, with the nuclear spin relaxation data indicating 

higher structural constraint closer to the helical region. This effect is particularly pronounced 

when comparing R2 values, which changed dramatically from 5.9 ± 0.4 s-1 for S331, which is 

part of the latch, to 14.3 ± 0.4 s-1 for A336, which is the first residue of helix-1 (at a magnetic 

field of 600 MHz). For residue S330, the resonance split into two partially resolvable peaks at 

magnetic fields above 600 MHz. The appearance of a second S330 resonance was also observed 

in the 1H-15N HSQC temperature series (Figure 5.6), and shows directly that this residue is in 

chemical exchange. 

Residues located in the loop-1 region have relaxation values that are consistent with decreased 

rigidity relative to residues within the helices. Conversely, residues corresponding to loop-2, 

particularly I369 and R370, display elevated longitudinal and transverse relaxation rates. The 

raised R2 values suggest a significant chemical exchange contribution to this relaxation rate275. 

A magnetic field-dependence was also observed for R1 relaxation rates in the three-helix 

bundle, indicative of motions on the nanosecond regime as a result of their dependence on the 

overall rotational diffusion262. In contrast, the observed field-dependence for both relaxation 

rates are far less pronounced for the linker region. 
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Figure 5.8: Nuclear spin relaxation data of MenV P 267–388 collected at four magnetic fields. 

5.8 A: {1H}-15N hetNOE values, 5.8 B: Longitudinal relaxation rates R1, 5.8 C: Transverse relaxation 

rates R2. Datasets were collected at the static magnetic fields of 600 MHz (shown in grey), 700 MHz 

(shown in blue), 800 MHz (shown in green) and 900 MHz (shown in red) at a temperature of 10 °C. 

Spectral overlap interfered with quantitative peak integration of residues 278, 287, 345, and 366, which 

were subsequently not included during nuclear spin relaxation analysis. Residues 332 and 356 were 

excluded from the analysis due to severe spectral line broadening and residue 330 was excluded at fields 

700-900 MHz due to the observed split into two peaks. 
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Table 5.1: Summary of mean 15N nuclear spin relaxation rates for MenV P 267–388. 

{1H}-15N hetNOE    

magnetic field [MHz] 600 700 800 900 

full MenV P 267–388 0.37 ± 0.01 0.45 ± 0.01 0.53 ± 0.01 0.59 ± 0.01 

linker (269–328) 0.04 ± 0.01 0.18 ± 0.01 0.30 ± 0.01 0.39 ± 0.01 

latch (329–334) 0.24 ± 0.02 0.32 ± 0.01 0.41 ± 0.01 0.48 ± 0.01 

three-helix bundle  

(336–388) 0.72 ± 0.02 0.75 ± 0.01 0.78 ± 0.01 0.81 ± 0.01 

helix-1 (336–350) 0.74 ± 0.01 0.77 ± 0.01 0.81 ± 0.01 0.82 ± 0.01 

helix-2 (356–368) 0.73 ± 0.01 0.75 ± 0.01 0.78 ± 0.01 0.81 ± 0.01 

helix-3 (372–384) 0.77 ± 0.01 0.79 ± 0.01 0.83 ± 0.01 0.85 ± 0.01 

     

R1 [s-1]     

magnetic field [MHz] 600 700 800 900 

full MenV P 267–388 1.40 ± 0.00 1.27 ± 0.01 1.19 ± 0.00 1.14 ± 0.00 

linker (269–328) 1.56 ± 0.01 1.49 ± 0.01 1.45 ± 0.01 1.42 ± 0.00 

latch (329–334) 1.42 ± 0.01 1.32 ± 0.01 1.26 ± 0.01 1.21 ± 0.01 

three-helix bundle  

(336–388) 1.23 ± 0.01 1.05 ± 0.01 0.92 ± 0.00 0.84 ± 0.00 

helix-1 (336–350) 1.20 ± 0.00 1.02 ± 0.01 0.90 ± 0.00 0.81 ± 0.00 

helix-2 (356–368) 1.21 ± 0.01 1.03 ± 0.00 0.90 ± 0.00 0.82 ± 0.01 

helix-3 (372–384) 1.21 ± 0.01 1.03 ± 0.00 0.89 ± 0.01 0.81 ± 0.00 

     

R2 [s-1]     

magnetic field [MHz] 600 700 800 900 

full MenV P 267–388 9.08 ± 0.13 9.78 ± 0.11 10.87 ± 0.14 11.53 ± 0.11 

linker (269–328) 3.88 ± 0.11 4.21 ± 0.08  4.66 ± 0.11  4.71 ± 0.06 

latch (329–334) 6.43 ± 0.24 6.78 ± 0.18  7.74 ± 0.23  7.63 ± 0.13 

three-helix bundle  

(336–388) 14.7 ± 0.1 15.76 ± 0.13 17.52 ± 0.17 18.88 ± 0.16 

helix-1 (336–350) 15.4 ± 0.2 16.62 ± 0.16 18.54 ± 0.21 19.99 ± 0.20 

helix-2 (356–368) 14.4 ± 0.1 15.25 ± 0.12 16.47 ± 0.16 17.86 ± 0.15 

helix-3 (372–384) 15.6 ± 0.1 16.69 ± 0.15 18.94 ± 0.16 20.13 ± 0.18 

5.3.3. Reduced spectral density mapping 

A more in-depth physical analysis of the MenV P 267–388 relaxation data requires the 

calculation of spectral densities258, 259. The calculated spectral densities for the three obtainable 

frequencies (0 Hz, ωN, 0.87ωH) capture motions from differing time windows within the fast 

ps-ns regime (see Section 5.2.3.). This approach enabled us to obtain a preliminary 

understanding of the underlying motional characteristics for this bipartitely-organised protein 

by invoking the model-free-derived order parameter and effective correlation time260, 263. 
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Calculations of spectral densities from relaxation data were performed using an in-house 

developed Python script289, by solving equations 5.13 to 5.15 for the unknown spectral 

densities. The resulting site-specific spectral densities for all four magnetic fields are 

summarised in Table 5.2 and displayed in Figure 5.9. 

 

Figure 5.9: Calculated spectral densities for MenV P 267–388. 

5.9 A: J(0) 5.9 B: J(ωN) 5.9 C: J(0.87ωH) Experiments were collected at four magnetic fields (600 MHz 

grey; 700 MHz blue; 800 MHz green; 900 MHz red) at a temperature of 10 °C. 

As previously noted (Figure 5.8. caption), spin relaxation parameters were not estimated for residues 

278, 287, 330, 332, 345, 356 and 366 which are therefore also excluded from the RSDM analysis.  



Chapter 5 Dynamical characterisation of MenV P 267–388 by NMR spectroscopy 

 
118 

Reduced spectral density analysis of the MenV P linker region  

Fast motions on the ns-to-ps regime are indicated by the power spectral density function at a 

frequency of 0.87ωH, and to a lesser extent at a frequency of ωN
260. These spectral densities are 

overall higher for linker residues compared to all helical residues. The largest J(0.87ωH) values 

were obtained for residues located near the N-terminal region with high spectral densities for 

motions at ~30.7 ps (mean J(0.87ωH) at 600 MHz for 269–273). Residues corresponding to the 

central linker region (residues 295–300) also display elevated J(0.87ωH) densities for motions 

at 26 ps (mean J(0.87ωH) at 600 MHz), highlighting the localised large backbone mobility.  

The spectral densities at a frequency of ωN follow a similar trend as is observed for J(0), with 

a clear reduction in values for residues located between 295–300. Consequently, similar to the 

previous hetNOE observation, the raised values obtained for residues flanking this region (275, 

280–288 and 308–319) suggests the propensities of these residues to form structures260, thus 

influencing their motional properties through an increased local constraint. 

Reduced spectral density analysis for the latch and three-helix bundle region 

Across all residues that correspond to the latch region (residues 329–334), a strong J(0) increase 

from 1.11 ± 0.05 ns (K329) to 2.35 ± 0.04 ns (S334) (average over all fields) was found. 

Residues corresponding to the structured three-helix bundle have elevated spectral densities at 

zero frequency with an average of 4.00 ± 0.04 ns (average over all fields). No field-dependence 

was found for spectral densities at zero frequency, consistent with the previously determined 

high field-consistency. 

The spectral density at zero frequency is also a sensitive probe for potential exchange 

contributions on the intermediate timescale due to their functional dependence on transverse 

relaxation rates (Eq. 5.13)260. Thus, the elevated values found for residues located in the loop-

2 region (I369/R370), indicate that these residues are involved in chemical exchange.  

Spectral densities at the nitrogen Larmor frequency reflect the bipartite organisation of MenV 

P 267–388 to a lesser extent than the other obtained spectral densities. A strong magnetic field 

dependence was found for the entire peptide chain for J(ωN), with decreasing densities as the 

magnetic field strength increased. This is a result of the dependence of the nitrogen Larmor 

frequency on the longitudinal relaxation rate (Eq. 5.14), where the same field-dependence was 

observed.  



Chapter 5 Dynamical characterisation of MenV P 267–388 by NMR spectroscopy 

 
119 

Table 5.2: Summary of the calculated mean spectral densities for MenV P 267–388. 

J(0) [ns]    

magnetic field [MHz] 600 700 800 900 

full MenV P 267–388 2.35 ± 0.04 2.37 ± 0.03 2.43 ± 0.03 2.35 ± 0.02 

linker (269–329) 0.86 ± 0.03 0.88 ± 0.02 0.92 ± 0.03 0.85 ± 0.01 

latch (329–334) 1.60 ± 0.07 1.68 ± 0.04 1.78 ± 0.05 1.61 ± 0.03 

three-helix bundle  

(336–388) 3.99 ± 0.04 3.97 ± 0.03 4.05 ± 0.04 3.98 ± 0.31 

helix-1 (336–350) 4.17 ± 0.05 4.15 ± 0.04 4.24 ± 0.05 4.16 ± 0.04 

helix-2 (356–368) 3.99 ± 0.04 3.97 ± 0.03 3.95 ± 0.04 3.93 ± 0.03 

helix-3 (372–384) 4.24 ± 0.04 4.17 ± 0.04 4.33 ± 0.04 4.19 ± 0.04 

     

J(ωN) [ns]     

magnetic field [MHz] 600 700 800 900 

full MenV P 267–388 0.24 ± 0.00 0.20 ± 0.00 0.17 ± 0.00 0.15 ± 0.00 

linker (269–328) 0.26 ± 0.00 0.23 ± 0.00 0.21 ± 0.00 0.19 ± 0.00 

latch (329–334) 0.24 ± 0.00 0.20 ± 0.00 0.18 ± 0.00 0.16 ± 0.00 

three-helix bundle  

(336–388) 0.22 ± 0.00 0.17 ± 0.01 0.14 ± 0.00 0.12 ± 0.00 

helix-1 (336–350) 0.22 ± 0.00 0.17 ± 0.00 0.14 ± 0.00 0.11 ± 0.01 

helix-2 (356–368) 0.22 ± 0.00 0.17 ± 0.00 0.14 ± 0.00 0.12 ± 0.00 

helix-3 (372–384) 0.22 ± 0.00 0.17 ± 0.00 0.14 ± 0.00 0.11 ± 0.00 

     

J(0.87ωH) [ps]     

magnetic field [MHz] 600 700 800 900 

full MenV P 267–388 14.6 ± 0.6 11.8 ± 0.2 9.7 ± 0.2 8.1 ± 0.8 

linker (269–328) 23.3 ± 0.9 19.0 ± 0.3 15.9 ± 0.2 13.3 ± 0.1 

latch (329–334) 16.9 ± 0.4 14.0 ± 0.2 11.7 ± 0.2 9.9 ± 0.2 

three-helix bundle  

(336–388) 5.4 ± 0.2 4.2 ± 0.1 3.2 ± 0.1 2.6 ± 1.5 

helix-1 (336–350) 4.8 ± 0.2 3.7 ± 0.1 2.7 ± 0.1 2.6 ± 4.9 

helix-2 (356–368) 5.2 ± 0.2 4.0 ± 0.1 3.0 ± 0.1 2.4 ± 0.1 

helix-3 (372–384) 4.4 ± 0.2 3.2 ± 0.2 2.4 ± 0.1 2.4 ± 0.1 
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Order parameter and correlation time  

The spectral densities were used to calculate the approximate motional properties of MenV P 

267–388 using a model-free formalism. Although this formalism is strictly applicable only to 

the structured three-helix bundle where a global tumbling rate can be meaningfully defined, the 

model-free parameters S2 and τm were calculated for the entirety of MenV P 267–388260, 263 (see 

Section 5.2.3. and Material and Methods Section 7.8) (Figure 5.10). 

 

Figure 5.10: Calculated model-free parameters τm and S2 for MenV P 267–388.  

5.10 A: Apparent rotational correlation times τm. 

5.10 B: Order parameters S2. 

Data shown are calculated using relaxation data obtained at a magnetic field of 600 MHz and 10 °C. An 

overall rotational correlation time was computed from the apparent τm values of the well-ordered 

residues, as described by Bracken 1999260 and used to calculate the order parameters S2. Estimated errors 

in the order parameter are not shown for clarity. These increase towards the N-terminus (269–286) and 

are detailed in Table S6. An order parameter for residue I369 and R370 was not calculated because of 

their inflated transverse relaxation rates and therefore cannot be used to calculate order parameters by 

invoking this simplified model261. 

Apparent rotational correlation times τm were calculated for all residues using Eq. 7.14. (Figure 

5.10 A). To obtain a reliable approximation of the overall rotational correlation time, the τm-

estimates for well-ordered residues were averaged. The criteria for selection was that residues 
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should have hetNOE values larger than 0.65 and a R1R2 product that is not greater than one 

standard deviation from the mean value260 – criteria which naturally excludes all residues within 

the linker. This yielded an overall rotational correlation time of 11.0 ± 0.5 ns (at 600 MHz) 

which correlates well with values observed for proteins of comparable size to the three-helix 

bundle290. Using the overall rotational correlation time, S2 values were then approximated for 

all residues using Eq. 7.15 (Figure 5.10 B). 

The obtained order parameters at a field of 600 MHz indicate a dynamic sub-

compartmentalisation within the linker region, reflecting the hetNOE measurements (Figure 

5.8) and deviating from the behaviour expected for a fully disordered protein with an 

unconstrained movement of the polypeptide chain288, 291, 292. However, this motional description 

of the linker cannot be fully justified on theoretical grounds, and a more advanced 

computational approach will be required to properly delineate its motional properties. 

5.3.4. Probing the latch and loop-2 dynamics 

During structural investigation of MenV P 267–388, we found that the loop-2 residues R370 

and N371 may form hydrogen-bonds with latch residues in solution, consistent with the crystal 

structure findings. Specifically, a CH-π bond likely forms between the R370 guanidinium group 

and the spatially-close side chain of K329. An additional “CH-π-like” interaction with A332 

was also indicated, leading to a structurally buttressed R370 guanidinium group, positioned 

between the K329 and A332 side chains (see Section 4.3.2, Figures 4.17 and 4.18).  

In addition, N371 seemingly forms a hydrogen-bond involving its side chain amide-hydrogens 

with the backbone carbonyl-oxygen of S331 (Figure 4.11 D). However, the high 

crystallographic B-factors of the residues in the latch166 and divergence between the 

experimentally measured coupling constants, and those calculated from the structure, suggest 

that these interactions may be only transiently formed. To test this hypothesis, the motional 

properties of the involved residues were further examined. CPMG RD experiments were carried 

out to explore chemical exchange resulting from motions on the intermediate (ms-µs) 

timescale293. Furthermore, nuclear spin relaxation experiments involving the R370 and N371 

side chain resonances, were used to investigate the structural restraints on these side chains. 
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5.3.4.1. Dynamics on the intermediate timescale  

CPMG RD experiments were carried out at a constant field of 800 MHz in a temperature series 

ranging between 5 to 25 °C as described in Material and Methods Section 7.7.8. Resulting 

relaxation dispersion curves for residues located in the three-helix bundle, including the loop-

2 residues as well as all linker residues (residues 267-330), displayed profiles that showed no 

clear indication of chemical exchange. However, analysis of the critical latch region was 

impaired by spectral overlap for most residues (K329, S331, A332, A333) and was only 

possible for residues A332, and A333 at one temperature each (Figure 5.11). 

 

Figure 5.11: CPMG RD profiles and spectral observation for the MenV P latch residues A332 and 

A333. 

5.11 A: A332 spectral observation and CPMG RD profile at 5 °C showing only a very a small Rex 

between both extrapolated regions. 

5.11 B: A333 spectral observation and CPMG RD profile at 25 °C showing a large Rex contribution 

within the observed spin lock period. The profile deviates from an unexpected CPMG RD plot, not 

displaying a plateau at slow and fast spin lock frequencies, respectively. 

CPMG RD curves were collected at a magnetic field of 800 MHz at the temperatures of 5, 10, 15, 20 

and 25 °C. The R2,eff was calculated according to Eq. 7.13 as described in Material and Methods Section 

7.7.8. The dashed line shows the linear fit used to calculate Rex. 

For residue A332 a relaxation dispersion profile could only be obtained at a temperature of 

5 °C, with a fitted Rex of 0.2 ± 0.1 s-1. Peak fitting was mostly impaired by spectral overlap for 
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A333, and only possible at a temperature of 25 °C. This resulted in a calculated Rex of 

2.1 ± 0.1 s-1. However, due to partial spectral overlap and incomplete linear extrapolation 

within the observable spin lock period, this value may underestimate the actual chemical 

exchange contribution to the transverse relaxation rate at this temperature. 

Decreasing the magnetic field strength reduces the chemical shift difference between two 

possible states that are in slow chemical exchange, while it does not impact the exchange rate. 

Therefore, to measure any chemical exchange arising from resonance at a slow to intermediate 

time window, CPMG RD experiments were repeated at a lower field strength of 600 MHz at a 

temperature of 25 °C. However, the resulting CPMG RD dispersion profiles were found to be 

uniformly flat for all MenV P 267–388 residues (data not shown). This suggests that chemical 

exchange resulting from the interaction of the three-helix bundle with the latch may occur on a 

faster timescale than can be captured by experiments conducted at a field strength of 800 MHz.  

5.3.4.2. Side chain nuclear spin relaxation analysis 

A caveat of the CPMG RD experiment carried out for MenV P 267–388 is that it only reports 

on backbone amide dynamics. However, structural analysis indicated an involvement of the 

R370 and N371 side chain groups in latch formation. Therefore, a different experimental 

approach was undertaken, able to detect motional properties of the arginine side chain 

guanidine group and the asparagine side chain carboxamide group. We hypothesised that as a 

result of an intramolecular contact between latch and the loop-2 side chains, the resulting 

nuclear spin relaxation data would indicate an increased structural constraint. 

Arginine side chain dynamics 

Measured relaxation data from the 15N(H)ε arginine guanidine group are shown in Table 5.3, 

which also includes published relaxation data for comparison. Figure 5.12 depicts three arginine 

side chain data obtained for MenV P 267–388, corresponding to different positions within the 

protein. Apart from R370, two other residues are displayed: one located in the relatively 

unconstrained linker region (R287), and the other located in the three-helix bundle (R359), and 

exhibiting well-defined electron density in the crystal structure. These latter two residues 

therefore indicate the behaviour expected of an unstructured and structured side chain, 

respectively. 
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Figure 5.12: Side chain 15N(H)ε relaxation data for three arginines.  

R287 is located in the linker region, R359 is located in the first helix, and R370 is located in the loop-2 

region. A: R1 values B: R2 values and C: {1H}-15N hetNOE values. 

Unsurprisingly, the side chain relaxation parameters indicate faster motions, when compared to 

the amide backbone relaxation parameters (Tables 5.1 and 5.3). In particular, the small or 

negative hetNOEs, suggest the overall mobility of all analysed side chains, which has been 

reported for other proteins294, 295. However, the relaxation parameters of the R370 side chain 

appear intermediate between those of the flexible side chain of R287, and the constrained side 

chain of R359. This observation is supported by published relaxation data on unconstrained 

arginine side chains294-297, and suggests that there are some structural constraints operating on 

R370. 

Asparagine side chain dynamics 

Three of four asparagine side chain resonances were unambiguously assigned (Chapter 3). 

These were N304, located in the linker region, N355, adjacent to helix-2, and N371, located in 

loop-2. The side chain relaxation data for these three residues are displayed in Figure 5.13 and 

summarised in Table 5.3. 
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Figure 5.13: Side chain 15N(H)δ relaxation data for three asparagines.  

N304 is located in the linker region, N355 is located in loop-1 and N371 is located in the loop-2 region 

of the three-helix bundle. A: R1 values B: R2 values and C: {1H}-15N hetNOE values. 

Comparison of the N371 and N355 side chain relaxation values with amide side chain 

relaxation data for the linker residue N304, demonstrates that overall both N371 15Nδ nuclei 

are motionally constrained. This is particularly apparent from the hetNOE values.  

Furthermore, comparison of relaxation data for the individual N371 15N(H)δ-1 (1H upfield-

shifted) and 15N(H)δ-2 (1H downfield-shifted) peaks, shows that their respective relaxation 

parameters differ: While 15N(H)δ-2 displays elevated hetNOE and transverse relaxation rates, 

those obtained for the 15N(H)δ-1 peak species are significantly lower. Therefore, this indicates 

that the downfield-shifted proton is more constrained, a trend also apparent in the R1 and R2 

values. This restraint could result from hydrogen-bonding between the N371 15N(H)δ-2 side 

chain hydrogen and the backbone carbonyl-oxygen of S331, but may also reflect involvement 

of N371 in the formation of the Ncap-3 capping motif of helix-3 (Figure 4.11 D, Section 

4.3.3.2.). 
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Table 5.3: Summary of side chain relaxation data for arginines and asparagines. 

Arginine side chain relaxation data 

 R1 [s-1] R2 [s-1] hetNOE 

R287 0.61 ± 0.02 1.43 ± 0.15 -0.72 ± 0.02 

R359 1.08 ± 0.06 5.94 ± 0.15 0.50 ± 0.02 

R370 0.73 ± 0.03 3.13 ± 0.26 -0.35 ± 0.02 

R379 0.92 ± 0.04 4.94 ± 0.32 0.36 ± 0.04 

R380 0.60 ± 0.02 1.51 ± 0.16 -1.04 ± 0.09 

R384 0.81 ± 0.03 3.20 ± 0.29 -0.25 ± 0.03 

R114* 2.64 ± 0.27 13.96 ± 0.74 0.59 ± 0.21 

R125* 1.66 ± 0.03 3.37 ± 0.34 -0.67 ± 0.03 

 

Asparagine side chain relaxation data 

 R1 [s-1] R2 [s-1] hetNOE 

N304 δ1 2.65 ± 0.26 4.33 ± 0.81 -0.62 ± 0.01 

N304 δ2 2.58 ± 0.24 4.22 ± 0.77 -0.64 ± 0.00 

N355 δ1 2.66 ± 0.19 14.18 ± 1.32 0.47 ± 0.01 

N355 δ2 2.75 ± 0.18 15.45 ± 1.35 0.50 ± 0.01 

N371 δ1 1.45 ± 0.04 10.34 ± 1.28 0.55 ± 0.03 

N371 δ2 2.36 ± 0.05 20.70 ± 0.92 0.81 ± 0.06 

N27* 2.64 ± 0.27 13.96 ± 0.74 0.59 ± 0.21 

N77* 1.66 ± 0.03 3.37 ± 0.34 -0.67 ± 0.03 

Shown are nuclear spin relaxation data obtained for all assigned arginine-N(H)ε and asparagine-N(H)δ 

side chain groups. Highlighted in grey are residues positioned in the helices of the C-terminal 

nucleocapsid binding domain. Denoted with an asterisk are residues from published relaxation studies 

on hen egg white lysozyme295, 296, corresponding to residues in helical and disordered regions for 

comparison. δ1/ δ2 denotation corresponds to upfield- and downfield-shifted peaks, respectively. All 

relaxation data were collected at a magnetic field of 600 MHz (14.1 T). 
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5.4. Discussion and conclusions 

Initial lineshape analysis of MenV P 267–388 is consistent with its overall bipartite 

organisation, clearly discriminating between the disordered linker, and the structured three-

helix bundle. Strong spectral line broadening was observed for residues within the latch, being 

positioned at the interface between the ordered and disordered regions. This was hypothesised 

to result from chemical exchange266, involving interaction of the latch with residues located in 

loop-2 (see Chapter 4). Residues corresponding to the three-helix bundle show increased peak 

intensities with higher temperature (Figure 5.14). This reflects the dominating influence of the 

overall molecular tumbling rate for this region, thus leading to sharper peaks with increased 

temperature280. For residues within the linker, the temperature dependence is dramatically 

different: Here, the majority of the resonances decrease in intensity as the temperature 

increases. This may reflect the effects of solvent exchange, proline cis-trans isomerisation and 

transient secondary structure formation. The variation of peak intensities in intrinsically 

disordered proteins with weak conformational preferences has been reported for other proteins. 

This has been suggested to be a result of an interplay between competitive motions, thus leading 

to a complex lineshape modulation 276, 277. 

These preliminary findings prompted further exploration of the motional properties of MenV P 

267–388 which included: 

1) Dissection of timescales in which the different regions move  

by using nuclear spin resonance experiments combined with a simple modelling approach.  

2) Probing of chemical exchange on the ms-µs timescale  

by applying CPMG RD experiments. 

3) Investigation of the structurally-indicated latch to loop-2 interaction  

using experiments exploring side chain dynamics. 
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Figure 5.14: Comparison of selected structural and dynamical parameters for MenV P 267–388.  

Structural parameter: A: ncSP-calculated secondary structure based on chemical shift analysis. Dynamical parameters: B: Relative 1H-15N HSQC peak intensity at 25 

compared to 5 °C, C: {1H}-15N backbone hetNOE, D: the apparent correlation time and E: the order parameter, assuming isotropic tumbling with a single overall 

rotational correlation time. Missing data are depicted as white boxes. 
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Transient structure formation in the linker modulates peptide chain dynamics 

Experimental nuclear spin relaxation data and modelled spectral densities helped to characterise 

the dynamics of MenV P 267–388. The motional behaviour was consistent with the presence 

of weak conformational preferences in the linker.  

The analysis highlights a segmentation of the linker into two regions with elevated motional 

constraint (residues 272–292 and 302–322), separated by a stretch of residues with lower 

constraint. This was particularly evident in the hetNOE values, which showed a sharp decline 

between residues 295–305 compared to adjacent regions (Figure 5.8). Spin relaxation 

parameters for fully disordered polypeptides attached to globular domains are typically 

described as following a “bell-shaped” curve288, 298 – reflecting the steady drop in structural 

constraint toward the untethered end of the chain81, 261. The departure from this behaviour 

reflects weak structuring of segments within the linker (Figure 5.14), leading to a motional 

restriction of the corresponding backbone amides.  

The spectral density function at a frequency of 0.87ωH highlighted that residues located in the 

linker move on a faster ps-timescale with particularly elevated spectral densities obtained for 

the N-terminal and a central linker region (292–302). Interestingly, this central region 

corresponds to a stretch of residues that lacks clear structural preference and coincides with the 

“P(x)5P” motif (see Section 4.3.1). This motif has been suggested to be a putative 

phosphorylation site and therefore hypothesised to require a high degree of mobility for an 

interaction with a modifying kinase.  

We applied the standard model-free formalism to describe the motional behaviour of MenV P 

267–388 based on the acquired relaxation data. An overall rotational correlation time of ~11 ns 

(at 600 MHz) was determined for the helical region which corresponds well to correlation times 

observed for other globular proteins290 of the size of the entire MenV P 267-388 protein. Thus, 

the presence of the linker does not appear to greatly perturb the rotational movement of the 

helical domain, consistent with its highly flexible character. A defining feature of IDPs is the 

absence of a single, defined overall correlation time276. The use of the overall tumbling time, 

derived from the three-helix bundle, for calculation of order parameters for the entire sequence 

can therefore not be justified and the derived order parameters for the linker regions will not 

accurately reflect their site-specific motions. To better describe the motional properties in this 

region, a different modelling method is required. One such approach is the “extended model-

free” formalism that allows the incorporation of additional parameters, thereby accounting for 
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correlation times on different time windows. This has been successfully applied for the 

modelling of other bipartite proteins261, 299. However, this approach is computationally 

complex, and would need to be modified to account for chemical exchange that was apparent 

for various helical residues based on spectral density mapping. Such work is ongoing but falls 

outside the scope of this thesis. 

Probing the dynamics of the latch to loop-2 interaction 

The structural analysis of MenV P 267–388 indicated an interaction between residues located 

preceding the first helix and those found in the loop-2 region (see Section 4.3.8.).  

If this interaction is dynamic, the residues involved would be in chemical exchange, possibly 

on the ms-µs timescale. Chemical exchange was indeed indicated by the severe line 

broadening252 of the latch residues at elevated temperatures. We therefore used CPMG RD 

experiments to delineate motions within the ms-µs intermediate time window. Unfortunately, 

spectral overlap for most residues located in the latch region greatly impaired this analysis. A 

small Rex value of 0.2 s-1 at 5 °C was obtained for A332 which was structurally indicated to 

form a “CH-π-like” bond with R370. For residues located in the loop-2 region, the CPMG RD 

experiment do not indicate exchange on the captured timescale, involving the backbone amide 

nuclei. Other experiments such as CEST300 and T1ρ183 could also be employed that are able to 

capture slower and faster intermediate timescale motions, respectively. The absence of line 

broadening of R370 and N371 could be due to their motions on a faster timescale. It could also 

be a result of the low population of the minor state that are in slow exchange, thereby interfering 

with their detection. 

However, it is the side chains of R370 and N371 which interact directly with the latch. The 

dynamic behaviour of these side chains was therefore explored using nuclear spin relaxation 

experiments. In summary, these experiments showed that R370 was under weak structural 

constraint, and N371 under very strong structural constraint. In both cases, the side chain 

relaxation parameters were discriminated from those expected of unconstrained residues294-297.  

Based on the dynamical observations for the latch and loop-2 residues the model shown in 

Figure 5.15 is suggested, involving a two state “switch” between an open and closed state. 

Further experimental work will be required to properly validate this model which could employ 

mutagenesis studies of the involved residues. 
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Figure 5.15: Schematic depiction of a proposed open and close “switch” between latch and loop-2.  
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6. General conclusions and outlook 

Targeted antiviral drug development would significantly benefit from the availability of a high-

resolution structure of the Paramyxoviral RNA-dependent RNA polymerase. This information 

would also fundamentally advance our understanding of this unique replication machinery. The 

enzymatic domains of the L protein responsible for 5’ mRNA capping are particularly 

promising targets for drug design because the virus and the host cell use fundamentally different 

mechanisms to generate this cap structure. However, structural analysis of the Paramyxoviral 

L protein has progressed slowly, partly due to difficulties in producing the protein. 

In this study, small-scale insect cell expression trials to produce MuV L failed to yield a 

detectable amount of the full-length protein. However, it must be noted that the expression of 

L proteins from related viruses in insect cells involved very large-scale culture volumes. For 

example, the expression of the Nipah virus RdRp in insect cells used up to 200 times more 

media, and generated the protein in low yield (0.5 mg per litre culture)42. Therefore, any further 

attempts to express MuV L in insect cells should use significantly larger culture volumes. 

Other avenues could also be explored to express the RdRp complex. Minigenome reporter 

systems have been constructed for many Paramyxoviruses, demonstrating that L can be 

produced in a variety of mammalian cell lines. The amounts produced were very small, and L 

was only detected by means of its activity, or by immunoprecipitation assays129, 301, 302. 

Notwithstanding, as the natural system in which the protein is produced, human cell lines may 

offer the best path forward.  

With the challenges faced in expressing full-length MuV L, a divide and conquer approach was 

adopted to generate individual functional domains of L in bacteria. Sequence analysis, coupled 

with experimental data from a Domain Seeking method141, was used to design a large number 

of MuV L fragments for expression in E. coli. As a result, we successfully produced the ~400 

residues N-terminal fragment of the MuV L protein. Biophysical characterisation, including 

CD and SAXS analysis, suggests that this domain is structurally similar to the correspondent 

domain from the distantly-related VSV L protein. While attempts to crystallise this domain 

were unsuccessful, further optimisation of this construct and the methods for its isolation 

appears warranted. To our knowledge, this is the first report of the successful expression and 

biophysical characterisation of a rubulavirus L fragment using a heterologous expression 

system. 
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The N-terminus of L has been identified as the locus for binding P in various studies43, 48, 51, 148, 

165, 303, though in no case has a direct interaction been demonstrated. In this study, a pull-down 

assay using the purified N-terminal fragment of MuV L did not verify binding to MuV P. 

However, it has been suggested that the L-P interaction is relatively weak51. If true, this would 

align with the proposed “jumping” mechanism of polymerase translocation, which requires low 

affinity L-P binding, and detection may require the use of more sensitive techniques. 

The second major component of the replicative complex is the phosphoprotein. The C-terminal 

three-helix bundle of this protein directly binds the nucleocapsid, and the structure of this 

domain has been extensively characterised83, 84, 103, 113, 114. Little is known about the linker that 

separates the three-helix bundle from the central coiled-coil domain. Our NMR solution studies 

on Menangle P confirm that the linker is disordered, but also reveal that it has weak 

conformational preferences, particularly within the regions directly following the coiled-coil. 

The linker region immediately adjacent to the three-helix bundle appears to be particularly 

disordered. It is likely that the resulting flexibility is instrumental for supporting polymerase 

movement along the nucleocapsid. Bioinformatic analysis also shows that this region contains 

several potential sites for phosphorylation which are in close proximity to a “DELARP” motif 

that is conserved beyond the rubulavirus genus. Hence, it is possible that this region is also 

important for modulation of RNA polymerase activity through post-translational 

phosphorylation. This could be investigated both functionally – through the development of a 

minigenome reporter system for this relatively novel virus, and structurally – by employing 

chemical shift perturbation studies in combination with in vitro phosphorylation using 

appropriate kinases249. 

We used nuclear spin relaxation experiments, in conjunction with simple modelling of the 

relaxation data, to further show that structural propensities impact the motional behaviour of 

the linker. The bipartite structural organisation of MenV P 267–388 interfered with a site-

specific delineation of the dynamics of the linker residues, as the factorisation of the correlation 

function into global and internal motions, which underpins “model-free” analysis, appears 

invalid. However, as nuclear spin relaxation datasets from four fields were obtained, some form 

of analysis which allows for a range of motional timescales and accounts for chemical exchange 

should prove possible in the future (see e.g. Clore et al.304, Gill et al.261, Hsu et al.299). 
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In this thesis we also explored whether it is possible to modulate the structure of the linker 

region using the chemical osmolyte TMAO. This compound is known to promote protein 

folding, although its physical mechanism of action remains unclear. We found that TMAO 

affects the backbone amide chemical shifts in a complex fashion, but some striking residue-

specific effects were apparent. Measurement of the TMAO-dependent chemical shifts of a 

series of unstructured pentapeptides would potentially allow the effects of residue-type, nearest 

neighbour interactions and conformational influences to be partially decoupled. This would 

enable a better delineation of the effect of TMAO on protein structure. 

The study of a large complex such as the Paramyxoviral RNA polymerase remains challenging. 

Recent advances in electron microscopy mean that atomic resolution structures of such large 

protein complexes are more accessible than ever before. However, as detailed here, isolating a 

multi-protein complex as large as the Paramyxoviral RNA polymerase remains a major hurdle. 

Furthermore, EM is limited in its ability to reveal the dynamic characteristics of proteins. It is 

likely that in the future an approach using static EM or X-ray structures, combined with the 

dynamic data provided by NMR, will reveal how the Paramyxoviral RNA polymerase is able 

to execute its function in viral replication. 
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7. Materials and Methods 

7.1. Sequence alignment and phylogenetic tree building 

The analysis of sequence similarity and the creation of a phylogenetic tree was achieved using 

the Geneious® software package (version 11.0.5, Biomatters Limited), inputting L and P 

sequences from the NCBI database (https://www.ncbi.nlm.nih.gov).  

Sequence alignment of rubulavirus and avulavirus L or P protein sequences was performed 

using the “Geneious alignment” algorithm, applying a Blosum62 cost matrix. Phylogenetic tree 

generation was carried out using a “Global alignment” with free end gaps algorithm. Distantly-

related sequences of L proteins from other genera or families, were analysed using the ClustalW 

alignment algorithm. 

7.2. Molecular biology methods 

7.2.1. Agarose gel electrophoresis 

Agarose gels (0.8–1.5 % (w/v)) were prepared by weighing out analytical grade solid agarose 

powder (AppliChem) and dissolving in 50 mL 1x TAE buffer (40 mM Tris pH 8.3, 20 mM 

acetic acid, 1 mM EDTA) under microwave heating. Ethidium bromide was added to a final 

concentration of 0.2–0.5 μg mL-1, and the resulting solution was poured into an appropriate 

casting unit. Set gels were transferred into an electrophoresis unit (Biorad), filled with 1x TAE 

buffer. 10 μL DNA samples were mixed with 6x loading dye (0.25 % (w/v) bromophenol blue, 

0.25 % (w/v) xylene cyanol, 25 % (v/v) glycerol), prior to loading into the wells. Agarose gel 

electrophoresis was carried out under constant voltage conditions (90–100 V) for 30–45 min. 

Subsequently, gels were visualised using a BioRad Gel Doc imager using the Quantity One 

software (BioRad). 

7.2.2. Transformation using chemically competent cells 

Chemically competent cells were prepared according to the “PEG–DMSO” method as 

described by Chung et al.305 and stored at –80 °C in the presence of trehalose306. For 

transformation of DNA, 50–200 ng of plasmid DNA was mixed with 300 μL thawed competent 

cells and heat shocked for 2 min at 42 °C, using a dry heat block (VWR). After 2 min incubation 

on ice, 400 μL of sterile LB medium was added and the samples were incubated at 37 °C with 
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shaking for 45–60 min. Cells were plated on sterile agar plates, supplemented with appropriate 

antibiotics and incubated at 37 °C overnight. 

7.2.3. Transformation using electrocompetent cells 

Electrocompetent cells were prepared according to the “glycerol-method”307. This included 

repeated wash steps using ice-cold 10 % glycerol before freezing of the cells. 

For transformation of DNA, 50 μL competent cell aliquots were thawed on ice, before adding 

1 μL of ~100 ng μL-1 plasmid DNA. The sample was subsequently transferred into 1 cm 

electroporation cuvettes, and a current of 2.5 kV applied for 5 ms using a Biorad MicroPulser. 

Following electroporation, 950 μL of ice-cold, sterile LB solution was added and the sample 

was incubated at 37 °C with shaking for 45–120 min. Subsequently, cells were plated on sterile 

LB agar plates, supplemented with appropriate antibiotics and incubated at 37 °C overnight. 

7.2.4. DNA amplification by PCR 

Amplification of DNA fragments for use in molecular cloning was carried out using an 

Eppendorf Pro Mastercycler. Depending on the type of PCR, various polymerases and reaction 

mix compositions were used (Table 7.1). 

Table 7.1: Master mix compositions for various polymerases (50 μL reaction volume). 

 Prime Star HS iProof HF  PfU Turbo  

Supplier Takara BioRad Agilent 

Provided buffer 10 μL 10 μL 5 μL 

dNTP mix 200 μM each 200 μM each 200 μM each 

Template (genomic DNA) 50-100 ng 50-100 ng 50-100 ng 

Forward / Reverse primers 0.5 μM each 0.5 μM each 0.5 μM each 

Polymerase 1.25 U 0.5 U 1.25 U 

Depending on the requirements of the polymerase and the length of the gene, varying initiation, 

denaturing, and extension times as well as temperatures were used (Table 7.2). 
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Table 7.2: Applied PCR parameters for various polymerases. 

 Prime Star HS iProof HF PfU Turbo  

Initial denaturation 98 °C, 30 s 98 °C, 30 s 95 °C, 30 s 

Denaturation 98 °C, 10 s 98 °C, 10 s 95 °C, 10 s 

Annealing 45–65 °C, 30 s 45–65 °C, 30 s 45–65 °C, 30 s 

Extension 72 °C, 60 s/kb 72 °C, 20 s/kb 72 °C, 60 s/kb 

Final extension 72 °C, 10 min 72 °C, 5 min 72 °C, 10 min 

Number of cycles 30 30 30 

Resulting PCR-products were purified directly or after agarose gel separation, using the 

“NucleoSpin Gel and PCR Clean-up” kit (Machery Nagel) following the manufacturer’s 

instructions. DNA concentration was determined on a nanophotometer (Implen, model N60), 

assuming an absorbance coefficient of 50 ng cm µL-1 for double-stranded DNA. 

7.2.5. T4 DNA ligase-based cloning 

Primers were designed to introduce 3’- and 5’-restriction sites flanking a target sequence to 

allow enzymatic digest. Primers were analysed for the presence of unfavourable secondary 

structure formation or homodimer formation using the “OligoAnalyzer“-webtool (Integrated 

DNA Technologies) and ordered from Integrated DNA Technologies.  

Enzymatic digest of purified plasmid DNA and amplified inserts was performed with high-

fidelity restriction enzymes, according to the manufacturer’s instructions. The resulting DNA 

fragments were purified directly or following separation by agarose gel electrophoresis, using 

the “NucleoSpin Gel and PCR Clean-up” kit from Machery Nagel, following the 

manufacturer’s instructions. Digested and purified DNA components with matching sticky ends 

were ligated using 1 U T4 DNA ligase (New England Biolabs) at 4 °C during overnight 

incubation, or at 16 °C during 4 h incubation. 

The full reaction mix was subsequently transformed into chemically competent cells. Resulting 

colonies were screened for the presence of the desired insert, by growing a liquid culture 

overnight at 37 °C in 5 mL LB media, supplemented with appropriate antibiotics. PCR reactions 

were carried out using Prime Star HS polymerase in a 25 μL total reaction volume. Resulting 

PCR products were analysed using agarose gel electrophoresis. Successful clones were purified 

using the “NucleoSpin Plasmid EasyPure” mini prep kit (Machery Nagel), following the 

manufacturer’s instructions. DNA concentration was determined using a nanophotometer 

(Implen, model N60). The DNA sequence was verified by genomic sequencing, using either 
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the in-house sequencing facility (Genomics Centre, Auckland Science Analytical Services, the 

University of Auckland) or the sequencing facility from Massey University (Palmerston North). 

7.2.6. In-Fusion®-based cloning 

In-Fusion® HD cloning (Clontech Laboratories, Inc) applies a set of enzymes to insert PCR-

amplified genes into a target vector. For that, the vector was linearised using appropriate 

restriction endonucleases prior to gene transfer.  

A typical In-Fusion® HD reaction mix included 100 ng linearised vector, 120 ng purified insert 

and 1 µL In-Fusion premix in 20 µL total volume. The reaction was carried out on an Eppendorf 

thermocycler, involving heating to 50 °C for 15 min, followed by cooling to a temperature of 

4 °C, before the entire mix was transformed into chemically competent DH5α cells, using 

100 ng linearised vector as a negative control. Resulting clones were grown in sterile tubes at 

37 °C overnight, and purified using the “NucleoSpin Plasmid EasyPure” mini prep kit 

(Machery Nagel), following the manufacturer’s instructions. DNA concentration was 

determined using a nanophotometer (Implen, model N60). Nucleotide sequences were verified 

by Sanger sequencing using either the in-house sequencing facility (The University of 

Auckland) or the sequencing facility from Massey University (Palmerston North). 

7.2.7. Site-directed megaprimer and QuickChange mutagenesis  

In order to introduce small mutations (up to 12 nt) into a gene, the PCR-based QuickChange 

mutagenesis method (Stratagene) was used. Primers were designed to incorporate the desired 

mutation into the plasmid in a single PCR using iProof HS polymerase. 

For more complex mutations, the megaprimer mutagenesis method was used, in which overlap 

extension PCR was applied to create a “megaprimer”308, which was subsequently used to 

amplify the entire plasmid, thus introducing the desired mutation(s). 

In either case, following amplification of the mutated plasmid, the reaction mixtures were 

digested using DpnI (10 U µL-1, Thermo Fisher) at 37 °C for 2–4 hr, to remove the original 

template DNA. The plasmid DNA was then transformed into chemically competent DH5α cells. 

Resulting clones were picked and grown overnight at 37 °C and purified using the “NucleoSpin 

Plasmid EasyPure” mini prep kit (Machery Nagel), following the manufacturer’s instructions. 

The successful incorporation of the mutation was verified by Sanger DNA sequencing as 

described before. 
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7.2.8. Protein detection methods 

7.2.8.1. SDS PAGE gel electrophoresis 

Protein samples were analysed under denaturing conditions using sodium dodecyl sulphate 

(SDS) polyacrylamide gel electrophoresis (PAGE). Polyacrylamide gels with concentrations 

ranging between 8 to 15 % (w/v) were prepared according to standard protocols309, dependent 

on the size of the protein. 

Prior to loading, 10 to 15 μL samples were diluted 1:1 in 2x SDS PAGE loading buffer 

(10 mM Tris/HCl pH 8.0, 10 % (v/v) β-mercaptoethanol, 4.9 % (w/v) SDS, 20% (w/v) glycerol, 

0.005 % (w/v) bromophenol blue), and heated at 95 °C for 5 min.  

Gels were run at a constant current of 30 mA for 45 to 90 min using an EPS 301 power supply 

unit (Amersham Biosciences). Alongside the protein samples, the Novex Sharp pre-stained 

protein ladder (Invitrogen) was included, to allow for subsequent size estimation. Following 

electrophoresis, gels were washed and stained using a colloidal Coomassie stain (4.2 % (v/v) 

orthophosphoric acid, 378 mM ammonium sulphate, 15 % (v/v) ethanol, 0.001 % (w/v) SERVA 

Blue G) and destained with water to visualise protein bands. Gels were dried between 

cellophane sheets for long-term storage. 

7.2.8.2. Fast protein detection 

To detect protein quickly during purification, the Bradford protein assay310 was used. Here, 2–

5 μL sample volume was mixed with two times diluted Bradford reagent (Bio-Rad) in a 96-

well plate. A colour change to blue was indicative of protein being present. 

7.2.8.3. Western Blot and Dot Blot detection 

For Western Blotting, proteins were transferred from SDS PAGE gels onto a suitable membrane 

using a transfer chamber (Bio-Rad) operated at 100 V for 1 h, or at 30 V overnight. For initial 

quick determination of the presence of His6-tagged proteins, a Dot Blot transfer was carried out 

instead of the Western blotting procedure, where 2–10 µL protein samples were directly 

transferred onto a membrane, followed by air-drying. 

In most cases, PVDF membranes (Thermo Fisher) were used in conjunction with Towbin buffer 

(25 mM Tris pH 8.3, 192 mM glycine, 20 % (v/v) methanol, 0.025 % (w/v) SDS), due to their 

high sensitivity and good protein binding properties. Where background noise was significant, 
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nitrocellulose membranes were used instead, in conjunction with Electroblot buffer (25 mM 

Tris pH 8.3, 192 mM glycine).  

Following Dot or Western Blot transfer, the “SuperSignal West HisProbe Kit” (Thermo Fisher) 

was used to screen for His6-tagged protein. This detection method is based on an interaction 

between the protein-appended His6-tag and a HisProbe-horseradish peroxidase conjugate. This 

conjugate is a Ni2+-bound derivative of horseradish peroxidase, which catalyses a 

chemiluminescent oxidation of luminol. The resulting chemiluminescent protein was visualised 

using an ImageQuant LAS4000™ (GE Healthcare) or an Amersham™ Imager 600 (GE 

Healthcare) instrument. 

7.3. Recombinant protein expression and purification from E. coli 

7.3.1. Protein expression strains and media  

Protein expression vectors for all prepared L constructs (Table S1) were transformed into an 

appropriate strain of E. coli (Table 7.3). 

Table 7.3: E. coli expression strains and main features. 

Strain Features 

BL21 (DE3) 

(Novagen) 

standard T7 IPTG induction strain 

Deficient in proteases Lon and OmpT 

BL21Star (DE3)  

(Invitrogen) 

provides enhanced mRNA stability 

Deficient in proteases Lon and OmpT 

Rosetta2 (DE3) 

(Novagen) 

supplies tRNAs for 7 rare codons  

LOBStr311 
Reduced background contamination for His-tag purification 

through modified arnA and slyD genes 

Chaperone co-

expression strain “C3” 

plasmid 1: Expression of chaperones GrpE, ClpB 

plasmid 2: Expression of chaperones DnaK, DnaJ,  

large amount of GroESL 

Chaperone co-

expression strain “C4” 

plasmid 1: Expression of chaperones GrpE, ClpB  

plasmid 2: Expression of chaperones DnaK, DnaJ,  

small amount of GroESL 

Protein expression was induced with the allolactose-derivate isopropyl-β-D-1-

thiogalactopyranoside (IPTG), except when using auto-induction media312 (Table 7.4). 
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Table 7.4: Various expression media utilised during bacterial protein production. 

Expression medium Components 

LBG  2 % (w/v) LB broth base (Invitrogen), 10 % (v/v) glycerol  

Terrific broth  12 g L-1 tryptone, 24 g L-1 yeast extract, 10 % (v/v) glycerol, autoclaved 

100 mL KPi buffer freshly added before inoculation 

Auto-induction  12 g L-1 tryptone, 24 g L-1 yeast extract, 20 % (v/v) glycerol, 5 g L-1 lactose,  

0.15 g L-1 glucose freshly added before inoculation: 100 mL KPi,  

2 mL 1 M MgSO4, 15 mL sterile filtered 25 % (w/v) aspartic acid 

KPi buffer 0.17 M KH2PO4, 0.72 M K2HPO4 in 100 mL ddH2O, autoclaved 

Detonations and abbreviations: ddH2O = ultra-pure water, KPi = potassium phosphate buffer,  

LB(G) = Luria Bertani medium (supplemented with glycerol). 

7.3.2. Small-scale testing for protein expression 

To test recombinant protein expression on a small scale, plasmids were freshly transformed into 

a suitable expression strain. Resulting bacterial colonies were used to inoculate 5 mL LBG, 

supplemented with appropriate antibiotics and grown overnight at 28 °C with shaking (or at 

37 °C without shaking). 

Following inoculation of varying media with 1–2.5 mL of pre-culture, small-scale expression 

cultures (25–50 mL) were incubated at a temperature of 37 °C, shaking at 180 rpm, until the 

absorbance (A600) was 0.8–1.0. Protein expression was induced by adding IPTG (0.5–1 mM 

final concentration), and cultures were maintained shaking at 28 °C for 5 h, or at 18 °C 

overnight.  

Expression levels were examined by SDS PAGE using 1 mL samples taken prior to induction 

and at various time intervals after induction. 

7.3.3. Small-scale testing for protein purification 

During small-scale expression trials, cell lysis was either achieved by sonication (Misonix S-

3000 sonicator), or by chemical lysis with BugBuster® (Novagen). The lysate was clarified by 

high-speed centrifugation at 4 °C. Subsequently, 800 μL supernatant was incubated for 1 h on 

ice with 200 μL affinity resin, which had been pre-equilibrated by washing twice with 500 μL 

lysis buffer (Table 7.5), which was supplemented with complete mini protease inhibitor 

(Roche).  

The resin was transferred to an EconoSpin column (Pierce) and was washed three times with 

500 μL lysis buffer, before elution with 200 μL elution buffer. Elution buffers had the same 

composition as the lysis buffers (Table 7.5), but additionally contained either 250 mM 
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imidazole (for His6-tagged proteins), 10 mM reduced glutathione (for GST-tagged proteins) or 

varying concentrations of maltose (for MBP-tagged proteins). At each step, 10–20 µL samples 

were taken for subsequent SDS PAGE analysis. 

Table 7.5: Lysis buffer compositions for small-scale purification testing of L fragments. 

Buffer Composition 

Lysis pH 6 25 mM PIPES/NaOH, 150 mM NaCl 

Lysis pH 7 25 mM MOPS/KOH, 150 mM NaOH 

Lysis pH 7.5 50 mM Tris/HCl, 150 mM NaCl 

Lysis pH 8 50 mM Tris/HCl, 150 mM NaCl 

Lysis pH 9.5 50 mM glycine/NaOH, 150 mM NaCl 

The lysis buffer additionally contained 20 mM imidazole for His6-tagged proteins to reduce 

non-specific binding to the resin. In cases where protein solubilisation was poor, different salt 

concentrations (130–500 mM NaCl), and additives were tested. Additives tested included 

glycerol (0.1 % w/v), Triton X-100 (0.5 % w/v), EDTA (1 mM), or arginine and glutamine 

(50 mM). Either 1 mM dithiothreitol (DTT), 0.5 mM tris(2-carboxyethyl)phosphine 

(TCEP/HCl), or 0.05 % (v/v) β-mercaptoethanol was added as a reducing agent when cysteines 

were present. 

7.3.4. Large-scale protein expression and purification testing 

Overnight pre-cultures (25 mL) in LB-media, supplemented with appropriate antibiotics, were 

inoculated with E. coli from a single colony, and grown at 28 °C with shaking (180 rpm). Large-

scale LBG expression cultures (500–750 mL) were inoculated with 5–7.5 mL of the pre-culture, 

and grown in 2 L baffled shaker flasks at 37 °C with shaking (180 rpm), until an A600 of 0.8–

1.0 was reached. Unless auto-induction media was used, protein expression was induced with 

0.5 mM IPTG, and cultures maintained at 28 °C for up to 5 h, or at 18 °C for up to 18 h. Auto-

induction cultures were grown at 37 °C until an A600 of 0.6 was reached, and maintained at 

28 °C for 5 h, or at 18 °C overnight.  

Cells were harvested by centrifugation. Cell pellets were either immediately used for protein 

purification or stored at –80 °C for later use. Cell pellets were re-suspended in 2 mL lysis buffer 

per g of bacteria, containing complete mini protease inhibitor (Roche). Cells were lysed by 

passage through a high-pressure homogenizer (Microfluidics). The resulting lysate was 

clarified by high speed centrifugation at 4 °C. Following centrifugation, soluble protein in the 
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supernatant was subjected to purification using appropriate chromatographic techniques, 

cleaving the fusion protein with TEV protease where required. 

7.4. Protein purification schemes 

7.4.1. Purification of MuV L 1–395 

A plasmid expressing the N-terminal region (residues 1–395) of MuV L (pNH614, Table S1) 

fused through its N-terminus to a His6-tag was transformed into the E. coli expression strain 

BL21(DE3). Large-scale expression cultures were grown as described in Section 7.3.4, with 

Terrific broth as the media. Following induction with 0.5 mM IPTG, cultures were maintained 

at a temperature of 18 °C overnight. 

Following cell lysis and centrifugation (Section 7.3.4.), the supernatant was run over pre-

equilibrated Talon® (Clontech) affinity resin under gravity flow, which was then washed using 

lysis buffer (Table 7.6). The protein was eluted with elution buffer (Table 7.6), spin 

concentrated (MWCO 15 kDa), and diluted into a low salt buffer (Table 7.6), before loading 

onto an equilibrated anion exchange column (Q Sepharose 16/10 HP, column volume 

~20 mLs). Protein was eluted using a linear salt gradient (50–1 M NaCl over 8 column 

volumes). Subsequently, protein-containing fractions (as determined by SDS PAGE analysis) 

were pooled, concentrated, and passed over a Superdex S200 16/60 size exclusion column. 

Purified protein fractions were pooled and spin concentrated. Final protein concentration was 

determined using UV absorbance spectroscopy, assuming a sequence-derived molar 

absorbance coefficient of ε = 63370 M-1 cm-1 at a wavelength of 280 nm. 
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Table 7.6: Composition of buffers used during MuV L 1–395 purification. 

Buffer Composition 

MuV Lysis Buffer 50 mM Tris/HCl pH 8.0, 500 mM NaCl, 0.05 % (v/v) β-BME,  

50 mM arginine, 50 mM glutamate, 1 tablet protease inhibitor  

(complete mini tablets, Roche), 10 mM imidazole 

MuV Elution Buffer 50 mM Tris/HCl pH 8.0, 250 mM NaCl, 50 mM arginine,  

50 mM glutamate, 0.05 % (v/v) β-BME, 250 mM imidazole 

MuV Low Salt Buffer 25 mM Tris/HCl pH 8.0, 50 mM NaCl, 50 mM 

arginine, 50 mM glutamate, 0.05 % (v/v) β-BME 

MuV High Salt Buffer 50 mM Tris/HCl pH 8.0, 1 M NaCl, 50 mM arginine, 50 mM 

glutamate, 0.05 % (v/v) β-BME 

MuV SEC Buffer 50 mM Tris/HCl pH 8.0, 250 mM NaCl, 50 mM arginine,  

50 mM glutamate, 1 mM TCEP.HCl 

7.4.2. Purification of full-length MuV P 

A plasmid expressing the full-length MuV P protein carrying a C-terminal His6-tag (pRLK3) 

(Table S1), was transformed into the E. coli expression strain BL21(DE3) (Stratagene). Large-

scale expression cultures were grown in LBG medium (Section 7.3.4), until an A600 of ~0.6 was 

reached. Cultures were shifted to 18 °C, and allowed to cool for a period of 30 min, before 

induction of expression with IPTG. Following induction, the cultures were maintained 

overnight at 18 °C with shaking.  

Following cell lysis and centrifugation (Section 7.3.4.), the supernatant was run over IMAC 

resin (Talon®, Clontech) under gravity flow, and washed with wash buffer (Table 7.7). Bound 

protein was eluted with an imidazole gradient (125–500 mM over 3 CV, 1 CV = 15 mL). Protein 

was diluted with low salt buffer to reduce the salt concentration to 50 mM, and loaded onto a 

SP Sepharose 16/10 HP column, equilibrated with low salt ion exchange buffer (Table 7.7). 

The protein was eluted with a linear NaCl gradient (50 mM–1 M) over 10 CV (1 CV = 20 mL). 

Fractions containing the target protein were combined and concentrated, before final SEC 

purification on a Superdex S200 16/60 column. Purified protein fractions were combined, and 

spin concentrated (MWCO 15 kDa). UV absorbance spectroscopy was used to determine the 

final protein concentration assuming a sequence-based molar absorbance coefficient of 

ε = 5960 M-1 cm-1 at a wavelength of 280 nm. 
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Table 7.7: Composition of buffers used during full-length MuV P purification. 

Buffer Composition 

MuV P Lysis buffer 12.5 mM MOPS/KOH pH 7.0, 150 mM NaCl, 0.05 % (v/v) β-BME,  

1 tablet protease inhibitor (complete mini tablets, Roche),  

5 mM imidazole, 2 % (v/v) glycerol 

MuV P Wash buffer 12.5 mM MOPS/KOH pH 7.0, 150 mM NaCl,  

0.05 % (v/v) β-BME, 50 mM imidazole 

MuV P Elution buffer 12.5 mM MOPS/KOH pH 7.0, 250 mM NaCl,  

0.05 % (v/v) β-BME, 125, 250 or 500 mM imidazole 

MuV P Low salt buffer 12.5 mM MOPS/KOH pH 7.0, 50 mM NaCl, 0.05 % (v/v) β-BME 

MuV P High salt buffer 12.5 mM MOPS/KOH pH 7.0, 1 M NaCl, 0.05 % (v/v) β-BME 

MuV P SEC buffer 12.5 mM MOPS/KOH pH 7.0, 500 mM NaCl, 1 mM EDTA, 1 mM TCEP.HCl 

7.4.3. Purification of MuV P OD-CTD 

A plasmid expressing His6-tagged MuV P OD-CTD (Table S1) was transformed into the E. coli 

expression strain BL21(DE3) (Stratagene). Large-scale expression was carried out as described 

for full-length MuV P (Section 7.4.2.), except that cells were maintained at 28 °C for 5 h, 

following induction.  

Subsequent to cell lysis and centrifugation (Section 7.3.4.), the supernatant was run over IMAC 

affinity resin (Talon®, Clontech) under gravity flow as described previously (Section 7.4.2.), 

using appropriate buffers (Table 7.8). On column cleavage of the His6-tag was carried out by 

addition of 0.1 mg TEV-protease per mL resin and 1 mM DTT, before overnight incubation at 

4 °C. Cleaved protein was eluted using wash buffer (Table 7.9), and concentrated to ~5 mL 

(MWCO 3 kDa) before loading on a S200 Superdex SEC column, attached to an Äkta purifier 

system. Purified protein fractions were combined, and concentrated and final protein 

concentration determined using UV absorbance spectroscopy, assuming a sequence-based 

molar absorbance coefficient of ε = 1480 M-1 cm-1 at a wavelength of 280 nm. 

Table 7.8: Composition of buffers used during MuV P OD-CTD purification. 

Buffer Composition 

MuV P OD-CTD 

Lysis buffer 

12.5 mM MOPS/KOH pH 7.0, 250 mM NaCl, 5 % (v/v) glycerol,  

1 tablet protease inhibitor (complete mini tablets, Roche), 5 mM imidazole 

MuV P OD-CTD 

Wash buffer 

12.5 mM MOPS/KOH pH 7.0, 150 mM NaCl, 50 mM imidazole 

MuV P OD-CTD 

SEC buffer 

12.5 mM MOPS/KOH pH 7.0, 250 mM NaCl, 1 mM EDTA  
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7.4.4. Purification of MuV P CTD 

A plasmid containing MuV P CTD fused to a TEV-cleavable N-terminal GST-tag (Table S1) 

was transformed into the E. coli expression strain BL21(DE3) (Stratagene). Cells were grown 

and lysed as described for MuV P OD–CTD (Section 7.4.3.), using appropriate buffers (Table 

7.9). 

Following centrifugation, the supernatant was run over glutathione affinity resin (Pierce, 

Thermo Fisher) under gravity flow, and washed with wash buffer (Table 7.9). The GST-tag 

was cleaved by addition of 0.1 mg TEV protease per mL resin and 1 mM DTT during overnight 

incubation at 4 °C. Cleaved protein was eluted using wash buffer (Table 7.9) and concentrated 

to ~5 mL (MWCO 3 kDa), before loading on a S75 Superdex column attached to an Äkta 

purifier system. Purified protein fractions were combined and spin-concentrated. Protein 

concentration was determined using UV absorbance spectroscopy assuming a sequence-based 

molar absorbance coefficient of ε = 1480 M-1 cm-1 at a wavelength of 280 nm. 

Table 7.9: Composition of buffers used during MuV P CTD and MenV P 267–388 purifications. 

Buffer Composition 

MuV P OD–CTD Lysis buffer 12.5 mM MOPS/KOH pH 7.0, 250 mM NaCl, 5 % (v/v) glycerol,  

1 tablet protease inhibitor (complete mini tablets, Roche) 

MuV P OD–CTD Wash buffer 12.5 mM MOPS/KOH pH 7.0, 150 mM NaCl  

MuV P OD–CTD SEC buffer 12.5 mM MOPS/KOH pH 7.0, 250 mM NaCl  

7.4.5. Purification of 15N- and 15N-13C-labeled MenV P 267–388  

A plasmid expressing MenV P (residues 267–388) fused to a N-terminal GST-tag (pMW591, 

Table S1) was transformed into the E. coli expression strain BL21(DE3). Bacteria were grown 

in unlabelled LBG medium (750 mL), until an A600 of ~1.0 was reached. Cells were pelleted by 

centrifugation and re-suspended in M9 minimal media, supplemented with either 15NH4Cl 

(1 g L-1) and D-glucose (4 g L-1), or 15NH4Cl (1 g L-1) and [U-13C]-D-glucose (2 g L-1), as the 

sole nitrogen, or nitrogen and carbon source, respectively313. Re-suspended cells were 

maintained at 37 °C for 30 min, with shaking (180 rpm), to allow metabolite clearance. Protein 

expression was subsequently induced by addition of 0.5 mM IPTG. Cultures were maintained 

shaking overnight at a temperature of 18 °C.  

Cells were pelleted and lysed as described previously (Section 7.3.4., buffers according to Table 

7.9). The resulting supernatant was run over pre-equilibrated glutathione affinity resin (Pierce, 

Thermo Fisher). The appended GST-tag was cleaved using TEV protease (0.1 mg mL-1 per mL 
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resin, plus 1 mM DTT) during overnight incubation at 18 °C. Cleaved protein was eluted from 

the affinity resin and diluted to lower the salt concentration (final buffer composition 12.5 mM 

MOPS, pH 7.0, 50 mM NaCl). The protein was loaded onto a Sepharose 16/10 HP cation 

exchange column attached to an Äkta purifier system with a 50 mL superloop, and subsequently 

eluted and separated from contaminants by a linear salt gradient (50–430 mM). The protein-

containing fractions (as determined by SDS PAGE), were combined and spin concentrated 

(MWCO 3 kDa), before loading onto a SEC Superdex 75 (16/60) column equilibrated in an 

NMR-suitable buffer (12.5 mM MOPS, pH 7.0, 50 mM NaCl). The final protein concentration 

was determined using UV absorbance spectroscopy assuming a sequence-based molar 

absorbance coefficient of ε = 1490 M-1 cm-1 at a wavelength of 280 nm. 

7.5. Recombinant protein expression and purification from insect cells 

7.5.1. Preparation of insect cell expression constructs 

Sf9 insect cell expression constructs were made by cloning the MuV L and P genes into 

pFastBacDUAL (Life Technologies), a vector designed for recombinant co-expression of 

proteins containing two multiple cloning sites (MCS) under control of the polyhedrin and p10 

promoters, respectively. 

The MuV L gene sequence (Jeryl Lynn vaccine strain) had been obtained by reverse 

transcription of viral genomic RNA. Nucleotide sequencing revealed seven non-conservative 

mutations in the L gene. The gene was reverted to the published sequence using multi-step, 

megaprimer mutagenesis approach (Section 7.2.7.). 

The full-length MuV P gene was initially subcloned from an existing bacterial expression vector 

into the MCS under control of the p10 promotor of the pFastBac DUAL expression vector. The 

corrected MuV L gene, with an appended N-terminal His6-tag, was subsequently cloned into 

the MCS of the same vector under control of the polyhedrin promoter. In addition to a construct 

encoding the full-length L protein, constructs encoding truncated L proteins were also prepared. 

This was achieved by introducing stop codons at the desired end points, using QuikChange® 

site-directed mutagenesis (Section 7.2.7.). All constructs were confirmed by DNA sequencing. 

Details of construct design are given in Table S2. 
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7.5.2. Preparation of baculovirus-infected insect cells 

Bacmid preparation 

The preparation of baculovirus-infected Sf9 insect cells was performed using the “Bac-to-Bac” 

protocol (Life Technologies). Following this protocol, insect cell co-expression constructs were 

transformed into electrocompetent MultiBac™ E. coli cells (Geneva Biotech). These cells 

contain bacmid DNA and an additional helper plasmid carrying a recombinase gene to facilitate 

the insertion of the target DNA into the bacmid DNA. During this transposition step, gene 

insertion leads to the interruption of the lacZ reporter gene. Plates containing LB-agarose were 

prepared, supplemented with appropriate antibiotics, 40 µg ml-1 IPTG, and 200 µg ml-1 5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside (Xgal), allowing the detection of colonies 

containing the recombinant bacmid by “Blue-White” screening. White colonies were picked 

and re-streaked on a fresh plate, supplemented with appropriate antibiotics, IPTG, and Xgal to 

validate the white phenotype. 

Recombinant bacmids were grown in LB supplemented with kanamycin overnight at 37 °C in 

a rotating shaker and purified by the following method: Overnight cultures were spun down at 

14,000 x g for 3 min. The LB was removed and the cell pellet was resuspended in 300 μL buffer 

A (15 mM Tris/HCl pH 8.0, 10 mM di-Na+-EDTA pH 8.0, 50 µg ml-1 RNAse A), before cell 

lysis by adding 300 μL buffer B (0.2 N NaOH, 1 % (w/v) SDS) and gentle mixing through 

inversion at room temperature for 5 min. From the cleared solution, cellular proteins and lipids 

were precipitated by adding 300 μL of 3 M K+-acetate (pH 5.5) and mixed by gentle inversion. 

Following incubation for ~10 min on ice, the precipitated material was pelleted by 

centrifugation at 14,000 x g for 8 min. The clarified supernatant (~800 μL) containing bacmid 

DNA was transferred to a fresh tube, where it was mixed with 800 μL analar isopropanol and 

incubated on ice for 10 min to precipitate the DNA. The bacmid DNA was pelleted by 

centrifugation at 14,000 x g for 5 min. The supernatant was removed, and pelleted DNA was 

washed twice with 700 μL ice-cold 70 % analar ethanol (v/v) followed by centrifugation at 

14,000 x g for 5 min. The ethanol was removed, and the tube was left to air-dry before re-

suspending the DNA in 50 μL sterile TE buffer (10 mM Tris/HCl, 1 mM di-Na+-EDTA, 

pH 8.0). Bacmid DNA concentration was measured on a nanodrop spectrophotometer. 
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Transfection of insect cells 

All work involving the culture of Sf9 cells and handling of baculovirus was conducted under 

standard sterile cell culture conditions in a class II biosafety cabinet (Heraeus Herasafe). 

An exponentially-growing culture of Sf9 cells (~ 5 x 106 cells mL-1) was diluted with fresh Sf-

900™ III SFM (GIBCO) medium to give a cell count of 0.8 x 106 cells mL-1. For each 

transfection, 2 mL of diluted cells were seeded into 2 wells of a sterile 6-well cell culture dish 

(Nunc, Thermo Fisher) and incubated over a period of 1 h in a 28 °C static incubator to allow 

cell adhesion to approximately 80 % confluence. Successful cell-adherence was determined 

using a light microscope (Leica DMIL microscope, using brightfield illumination at 100 x 

magnification). 

Sf9 cells were transfected using GeneJuice® transfection reagent (Novagen), following the 

manufacturer’s instructions. For each transfection, 4 μg of freshly prepared bacmid DNA was 

diluted into 100 μL Sf-900 III SFM™ (GIBCO) media and combined with a fresh solution of 

12 μL Insect GeneJuice® cationic lipid (Novagen), diluted in 88 μL Sf-900 III SFM™ 

(GIBCO) media. DNA-cationic lipid complexes were allowed to form by incubation for 30 min 

at RT, before adding 800 μL of additional Sf-900 III SFM™ (GIBCO) media. The plating media 

was removed from the adherent cells in the six-well plate and the 1 mL of transfection mix was 

gently overlaid on the cell and incubated for 4 h at 28 °C in a static incubator. Subsequently, an 

additional 1 mL of fresh Sf-900 III SFM™ (GIBCO) media was added to each well of a 

transfection and the cells further incubated for 72 h at 28 ℃.  

Following this incubation period, the media from each well of a transfection was removed into 

a sterile 15 ml falcon tube and any residual cells pelleted by centrifugation at 500 x g for 5 min 

in a swing-out bucket centrifuge (Heraeus). The clarified supernatant containing baculovirus 

was transferred to a fresh falcon tube and 500 µl aliquots were dispensed into each well of a 

fresh six-well cell culture dish. To each of these wells 1.5 mL of Sf9 cells with a density of 

1.5 x 106 cells mL-1 were overlaid on the 500 µl of transfection media. These primary virus 

amplification plates were incubated for further 72 h at 28 ℃, and the subsequent high titer 

amplification stock was harvested by removal of residual cells by centrifugation, and transfer 

of the clarified media containing virus to a fresh 15 ml falcon tube supplemented with 2 % (v/v) 

FCS (fetal calf serum). Amplified viral stocks were kept at 4 ℃ until further required. 
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7.5.3. Small-scale purification testing of MuV L expression from insect cells 

A fresh dilution of exponentially-growing cells with a cell density of 2 x 106 cells mL-1 was 

infected with varying titers of transfected cells. Culture volumes, ranging between 15 to 

100 mL, were maintained shaking at a speed of 120 rpm at 28 °C. Cells were counted daily and 

investigated for baculoviral infection using a light microscope, judging their size and shape. 

For constructs (L/P-2 and L/P-full), where successful Sf9 infection was indicated, various 

expression and purification methods were tested as specified in Table 7.10. 

Table 7.10: Overview L/P-2 and L/P-full expression and purification trials. 
 

L/P-2 L/P-full L/P-full* 

Titer 1/100, 1/1000 1/500, 1/1000, 1/2000 1/1000 

Scale 15 mL 15-20 mL 12 mL* 

Purification 

method 

Standard Sf9 Standard Sf9,  

VSV method 

Standard Sf9 

An asterisk denotes a static expression trial which was carried out in a six-well dish (2 mL cell 

culture/well). The purification methods are further described in Section 7.5.4. and Table 7.11 below. 

For small-scale testing of recombinant protein production, 1 mL of cultures were centrifuged 

at 500 g and a temperature of 4 °C for 5 min, using a bench top centrifuge (Eppendorf). Lysis 

was achieved by rapid resuspension of the cell pellet in hypotonic lysis buffer (Table 7.11). 

Lysed cells were centrifuged at 4 °C and the supernatant (500 µL) was incubated on ice with 

equilibrated IMAC resin (200 µLTalon, Clontech) for 30 min. The sample was applied to 2 mL 

EconoSpin® columns (Epoch Life Sciences) and centrifuged at a speed of 13,000 rpm. Samples 

were washed three times by application of 500 μL of lysis buffer (Table 7.11). Elution buffer 

(200 µL, Table 7.11) was added and the sample incubated on ice for 30 min, prior to 

centrifugation and collection of eluted protein. Protein expression and purification was assessed 

by SDS PAGE, Western or Dot Blotting methods. The insoluble cell pellet retrieved following 

cell lysis, was resuspended in nuclear-solubilisation buffer (Table 7.11) and analysed by SDS 

PAGE. 

7.5.4. Large-scale testing of MuV L expression from insect cells 

During large-scale expression trials, the baculovirus-infected Sf9 cultures were grown as 

described in Section 7.5.2. After an incubation period of 72–96 h, cells were spun down at a 

speed of 500 x g for 5 min in a swing bucket centrifuge (Heraeus). Pelleted Sf9 cells were 
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resuspended in an equivalent volume of cell pellet and harvest buffer, before flash-freezing by 

beading into liquid nitrogen and subsequently storing at –20 °C. 

Upon thawing on ice, the cells were diluted in five times their initial volumes, in either standard 

Sf9 or VSV lysis buffer (Table 7.11). Cell lysis was achieved by using a syringe with a 0.2 μm 

gauge hypodermic needle and repeatedly (5–6 times) drawing the suspension into the syringe 

and quickly emptying the content. Lysed cells were centrifuged at a speed of 12,000 rpm using 

a SS34 or S21 rotor on a Sorvall RC–6 centrifuge (Thermo Fisher). 

The supernatant was further purified by IMAC purification using the His6-tag appended on the 

N-terminus of the produced L protein. Following centrifugation, the supernatant was passed 

over a freshly poured 2 mL resin suspension (Talon, Clontech) under gravity flow. Non-

specific, weakly-bound contaminants were eluted using lysis buffer (Table 7.11). Elution of 

bound protein was achieved using elution buffer (Table 7.11). During all purification steps, 

samples were taken and analysed by SDS PAGE and further investigated by Dot Blot or 

Western Blot method (Section 7.2.8.3.). 

Table 7.11: Buffers used in the large-scale purification of Mu V L from Sf9 cells. 
 

Components 

HLB buffer  20 mM Tris/HCl pH 8.0, 100 mM NaCl,  

0.5 % (v/v), Nonident P-40 alternative 

NSB buffer 50 mM Tris/HCl pH 8.0, 300 mM NaCl,  

5 % (v/v) glycerol, 1 % (w/v) SDS 

Pull-Down Elution buffer 20 mM Tris/HCl pH 8.0, 100 mM NaCl,  

500 mM imidazole 

Harvest buffer 25 mM Tris/HCl pH 7.5, 137 mM NaCl 

Standard Sf9 Lysis buffer 25 mM Tris/HCl pH 7.5, 250 mM NaCl, 0.5 % (v/v)  

Nonident P-40-alternative 0.1 % (v/v) C12E10, 1 mM MgCl2,  

RNAse A (50 μg mL-1) 

VSV Lysis/Wash buffer 25 mM Tris/HCl pH 7.4, 250 mM NaCl 

VSV Elution buffer 25 mM Tris/HCl pH 7.4, 150 mM NaCl,  

300 mM imidazole 

HLB = hypotonic lysis buffer, NSB = nuclear-solubilisation buffer. All buffers were supplemented with 

0.5 mM TCEP.HCl or 1 mM DTT. Lysis buffers included complete mini protease inhibitor (Roche). 

7.6. Biophysical protein characterisation methods  

7.6.1. Mass spectrometry 

All mass spectrometry measurements were carried out at the Auckland University Science 

Faculty Mass Spectrometry Centre, with the assistance of Mr Martin Middleditch. Both liquid 
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samples and samples excised from SDS PAGE gels were analysed. Proteins that were expressed 

or purified at low yield were verified using peptide fingerprinting mass spectrometry involving 

a tryptic digest prior to peptide analysis, using electrospray ionisation Quadrupole time-of-

flight mass spectrometry (QSTAR XL hybrid Quadrupole-TOF liquid chromatography mass 

spectrometer, Applied Biosystems). The mass of intact MuV L 1–395 was measured using 

electrospray ionisation Quadrupole time-of-flight mass spectrometry (QSTAR XL hybrid 

Quadrupole-TOF liquid chromatography mass spectrometer, Applied Biosystems). 

7.6.2. Circular dichroism spectroscopy 

Samples for circular dichroism (CD) measurements were prepared by dialysing the protein into 

a buffer of suitably low absorbance (5 mM Na+-phosphate pH 8.0, 50 mM NaF).  

CD spectra were recorded using a Chirascan spectrophotometer (Applied Photophysics) over 

the wavelength range 190–380 nm, with an optical bandwidth of 1 nm, using 1 mm path length 

quartz cuvettes (Helma). The CD spectrum of MuV L 1–395 was estimated by subtraction of 

the averaged buffer spectrum from the averaged sample spectrum. The spectra are reported as 

the apparent molar CD absorption coefficient Δε of the protein: 

∆휀 =
∆𝐴

𝑐 ∙ 𝑙
 

Eq. 7.3 

where ΔA is the differential absorbance of left and right circularly polarised light, l is the optical 

path length (cm) of the cuvette, and c is the protein concentration (M). 

7.6.3. SEC MALLS 

The oligomeric state of MuV L 1–395 was determined using size exclusion chromatography 

coupled to multi-angle laser light scattering (SEC MALLS) with aid of Dr. Jeremy Keown.  

Prior to sample injection, the system was calibrated with 2 mg mL-1 bovine serum albumin. 

100 μL sample, containing 3.2 mg mL-1 MuV L 1–395, was serially diluted in buffer, before 

injection onto a Superdex 200 10/300 SEC column. The column is attached to an in-line 

SLD7000 7-angle MALLS photometer (Polymer Standards Service), coupled to a Shodex RI-

101 differential refractive index detector, allowing the determination of the refractive index and 

light scattering of the sample. The molecular mass of MuV L 1–395 was calculated from these 

measurements using the PSS programme of the winGPC Unichrom software (Polymer 

Standards Service). 
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7.6.4. Small-angle X-ray scattering 

For studies on MuV L 1–395 using small-angle X-ray scattering (SAXS), samples were freshly 

prepared with a final concentration of 4.6 mg mL-1, and frozen in liquid nitrogen for transport 

to the synchrotron. Measurements over a concentration range (0.05–4.60 mg mL-1) were 

achieved by serial dilution in sample buffer (50 mM Tris/HCl pH 8.0, 250 mM NaCl, 50 mM 

arginine, 50 mM glutamate, 0.1 mM TCEP.HCl). 

Data collection was carried out at the Australian Synchrotron by Dr. Jeremy Keown. All SAXS 

data was collected at the SAXS/WAXS beamline using an X-ray scattering wavelength of 

1.0322 Å and a Pilatus 1M detector (170 x 170 mm) with a sample-to-detector distance of 

1600 mm, corresponding to a momentum transfer vector range of 0.006 to 0.4 Å-1. The 

amplitude of the momentum transfer vector (q) is defined as: 

𝑞 =
4𝜋 𝑠𝑖𝑛Θ

𝜆
 Eq. 7.4 

where λ is the wavelength and 2𝛩 is the angle between the incident and scattered beam. 

Data collection was carried out at 10 °C under continuous flow (2 sec intervals) in a 1.5 mm 

glass capillary. Scattering profiles were generated using the software scatterBrain (Australian 

Synchrotron), and further analysed using the software package ATSAS156. This included 

Guinier-analysis using PRIMUS154 and the calculation of the particle distance distribution 

function (Pr) using GNOM155.  

Assuming a monodisperse solution and particles of globular shape, Guinier analysis314 was used 

to determine the molar mass (MM), using the obtained intensity (I0) at zero scattering angle 

(q = 0) according to (Eq. 7.5–7.6)158, 315. 

𝑀𝑀 = (𝑁𝐴  
𝐼0

𝑐
) /∆𝜚𝑀

2
 Eq. 7.5 

∆𝜚𝑀 = (∆𝜚𝑀,𝑝𝑟𝑜𝑡𝑒𝑖𝑛 −  ∆𝜚𝑀,𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ∙ �̅�) ∙ 𝑟0 Eq. 7.6 

where NA is Avogadro’s number, c is the protein concentration (mg mL-1), ΔρM is the scattering 

constant per mass, ΔρM, protein is the number of electrons per mass of dry protein, ΔρM, solvent is 
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the number of electrons per aqueous solvent volume, �̅� is the protein partial specific volume 

and r0 is the scattering length of an electron.  

Envelope prediction 

DAMMIF was used to create a bead model envelope from the scattering profiles for MuV L 1–

395 using the EMBL web server (https://www.embl-hamburg.de/biosaxs/atsas-online/). This 

software enables the generation of protein envelopes based on an annealing algorithm, by 

minimising the difference between calculated and experimental scattering profiles. DAMSEL 

was subsequently used to compare all models. Based on this analysis, those models that were 

closest to the average prediction were selected and subsequently used to produce an average in 

the programme DAMAVER156, 162. 

7.6.5. SEC-reinjection studies 

SEC calibration 

A Tricorn 5/50 Superdex S200 SEC column (GE Healthcare), attached to an Äkta purifier (GE 

Healthcare) system, was calibrated for subsequent analytical studies. To calibrate the column, 

the partition coefficient σ of the column was determined through analysis of standards. Blue 

Dextran was used to determine the column void volume (V0), while tyrosine (Sigma Aldrich) 

was used to determine the retention volume (Vr). The included volume (Vi) was then calculated 

from the relation Vi =Vr–V0. The volume at which the sample elutes (Ve) was determined from 

the midpoint of the elution peaks. The resulting partition coefficient σ was calculated according 

to: 

𝜎 =  
𝑉𝑒 − 𝑉0

𝑉𝑖
 

Eq. 7.7 

with a determined V0 of 0.875 mL and V0 + Vi of 1.94 mL. 

Analytical SEC to test for MuV L 1–395 interconversion 

MuV L 1–395 samples at a concentration of 1.0 mg mL-1 were incubated for a total period of 

6 h at 25 °C. At the outset of the incubation and at hourly intervals thereafter, a 100 μL sample 

was removed and injected into the calibrated Tricorn 5/50 Superdex S200 SEC column. Data 

were analysed as described above. 
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7.6.6. Pull-down affinity assay to test binding of MuV L 1–395 to MuV P 

100 μL of Talon® resin (Clontech) was equilibrated by washing three times with 300 μL binding 

buffer (Table 7.12), using EconoSpin (Thermo Fisher) columns. Subsequently, the resin was 

mixed with 300 μL of protein solution, containing 40 μM of purified MuV L 1–395 protein and 

incubated on ice for 10 min. The sample was washed with 300 μL binding buffer before addition 

of MuV P OD-CTR or MuV P CTR at varying L to P protein ratios (1:1, 1:2, 1:4). The resulting 

protein mix was further incubated on ice for 30 min. Any unbound protein was removed by 

washing three times with 300 μL binding buffer. Resin-bound protein was eluted with elution 

buffer (Table 7.12), following incubation for 10 min on ice. SDS PAGE samples were taken 

before and after incubation with the P constructs. 

Table 7.12: Buffer composition for pull-down binding assay. 
 

Components 

Binding/Wash buffer 50 mM Tris/HCl pH 8.0, 250 mM NaCl, 50 mM arginine,  

50 mM glutamate, 0.5 mM TCEP.HCl 

Elution buffer 50 mM Tris/HCl pH 8.0, 250 mM NaCl, 50 mM arginine,  

50 mM glutamate, 0.5 mM TCEP.HCl, 300 mM imidazole 

7.7. Nuclear magnetic resonance spectroscopy  

7.7.1. NMR instruments and experimental details  

The spectrometers used for all NMR experiments are listed in Table 7.13. 

Table 7.13: NMR spectrometers used for characterisation of MenV P 267–388. 

Magnetic field 

strength 
Probehead Location Supplier 

14.1 T (600 MHz) 
Triple resonance 

cryoprobe 
Auckland, New Zealand Bruker, Rheinstetten, Germany 

14.1 T (600 MHz) 
Triple resonance 

cryoprobe 
Jülich, Germany Bruker, Rheinstetten, Germany 

16.5 T (700 MHz) 
Triple resonance 

cryoprobe 
Jülich, Germany Bruker, Rheinstetten, Germany 

18.8 T (800 MHz) 
Triple resonance 

cryoprobe 
Jülich, Germany Varian, Palo Alto, USA 

21.1 T (900 MHz) 
Triple resonance 

cryoprobe 
Jülich, Germany Bruker, Rheinstetten, Germany 

Samples of MenV P 267–388 were suspended in NMR sample buffer (20 mM sodium 

phosphate pH 7.0, 50 mM NaCl, 0.5 mM sodium azide, 0.1x protease inhibitor, 0.1 mM DSS, 

10 % deuterium oxide), at protein concentrations ranging between 0.5 to 1.0 mM. 
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All NMR spectra that aided in the chemical shift assignment and structural characterisation of 

MenV P 267–388 were collected by Dr. Michael Schmitz at the University of Auckland 

(Faculty of Science, School of Chemical Sciences). 

NMR temperature calibration 

Temperature calibration of the cryoprobes at all magnetic fields was achieved by measuring the 

chemical shifts of a 99.99 % methanol-d4 sample in a 1D one-pulse experiment as described by 

Findeisen et al. 2007316.  

7.7.2. NMR data processing and analysis 

The 1H chemical shifts were referenced directly to the internal standard DSS (0 ppm), and 15N 

and 13C chemical shifts were referenced indirectly, relative to 1H using the ratios of their 

respective gyromagnetic ratios167. NMR data was processed using NMRPipe317.  

3D triple resonance experiments were collected using non-uniform Poisson-gap-weighted 

sampling, and reconstructed with istHMS318. 

Chemical shift and sequential backbone assignment were carried out in CcpNmr Analysis 

(version 2.4.2)319. 

PINT was used for determining peak volumes and peak heights320, 321. This programme allows 

the optimisation of peak position, line width and line shape, and performs a non-linear, least 

squares fit for all picked peaks. Manual inspection of the fits, in a 3D representation, allowed 

ready identification of issues arising due to mis-picking or spectral overlap. 

7.7.3. Chemical shift assignment experiments 

The backbone 1H, 13C and 15N resonances were assigned using the HNCA, HN(CO)CA, HNCO, 

HN(CA)CO, CBCA(CO)NH, HNCACB, (C)(CO)NH, and CBCANH experiments. Hydrogen 

nuclei were assigned using HHN-TOCSY HSQC322, 323, HHN-NOESY HSQC171, 322, 324, 

HNHA, HNHB, HBHA(CO)NH, and HC(C)(CO)(NH) spectra. Aromatic side chain hydrogens 

were assigned using the (HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE spectra, whereas the 

corresponding carbon nuclei were assigned using CT-HSQC spectra, with constant time 

evolution periods of 25 ms. HHC-NOESY171, 322, 324, 325, HCCH-TOCSY178, 179 and HCCH-

COSY176, 326 aided in the partial assignment of the asparagine and glutamine side chain amide 

groups. Partial assignment of methionine methyl side chain groups was accomplished using a 
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CT-HSQC experiment applying two different constant times (26.6 and 53.2 ms). The HεNε 

arginine side chain resonance assignment was achieved using a H2CN spectrum327 in 

combination with a fast-HSQC spectrum328. A summary of all correlation experiments with 

their respective references are listed in Table 7.14. Full experimental details of all experiments 

used for chemical shift assignment can be found in Table S3. 

Table 7.14: 2D and 3D correlation experiments for the assignment of MenV P 267–388. 

Experiment Detected nuclei Reference 

Main chain carbon shifts 

2D (CT) HC-HSQC N,H,C* (i) Vuister and Bax329 

3D HNCO N,H (i) + C’ (i–1) Grziesik et al.330, Schleucher et al.325, Kay et al.326 

3D HNCA N,H,Cα (i) + Cα (i–1) Grziesik et al.330, Schleucher et al.325, Kay et al.326 

3D HN(CA)CO N,H,C’ (i) + C’ (i–1) Clubb et al. 331, Kay et al.326 

3D HN(CO)CA N,H, (i) + Cα (i–1) Grzesiek et al.330, Kay et al.326  

3D CBCA(CO)NH N, H (i) + Cα (i–1), Cβ (i–1) Grzesiek et al.330, Muhandiram and Kay 176 

3D CC(CO)NH 
N, H (i) + Cα (i–1), Cβ (i–1),  

Cγ (i–1), Cδ (i–1), Cε (i–1) 

Montelione et al.177, Grzesiek et al.330, Logan et al.179, 

Clowes et al.332, Carlomagno et al.333 

3D HNCACB N, H (i) + Cα, Cβ,  Cα (i–1), Cβ (i–1) Wittekind and Müller334, Muhandiram and Kay176 

Main chain proton shifts 

3D HNHA N, H, Hα (i) Vuister and Bax 335, 336 

3D HNHB N, H, Hβ (i) Archer et al. 337, Düx et al.338, Löhr et al.339 

3D H(CCO)NH 
N, H, (i) + Hα (i-1), Hβ (i–1),  

Hγ (i–1) 

Grzesiek and Bax330, Montelione et al.177, Logan et 

al.179, Clowes et al.332, Carlomagno et al.333 

3D HBHACONH N, H (i) + Hα (i–1), Hβ (i–1)  Grzesiek et al.330, Muhandiram and Kay176 

Other side chain shifts 

2D fast-HSQC Hε, Nε (i) Mori et al. 328 

2D H2(C)N Hζ,η, Nζ, η (i) Andre et al.327 

2D (HB)CB(CGCD)HD Hδ, Cβ (i) Pascal et al.297 

2D (HB)CB(CGCDCE)HE Cβ, Hδ, Hε (i) Pascal et al.297 

3D (H)N(COCA)NH N, H (i) + N (i–1) Bracken et al.340, Panchal et al.341, Sun et al.181 

(H2C)N(CC)H-TOCSY Hβ, Hδ, Hε, Nε (i) Esadze et al.342 

* denotes the CT-dependence of a CT-HSQC to detect either side chain aliphatic or aromatic carbons. 

The assigned chemical shift data were converted into NMR STAR (Self-defining Text Archival 

and Retrieval) format (version 3.1), in alignment with the BMRB (BioMagResBank, 

http://www.bmrb.wisc.edu) guidelines. The chemical shifts of MenV P 267–388 have been 

deposited into the BMRB database under the accession number 27634182. 
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7.7.4. Secondary chemical shifts 

To derive structural information for MenV P 267–388, temperature-corrected random coil 

values were employed using the ncIDP database (http//nmr.chem.rug.nl/ncIDP)201, 343. 

Secondary chemical shifts were calculated by subtracting the predicted random coil value (δcoil) 

from the experimentally-derived chemical shifts (δobs): 

∆𝛿 = 𝛿𝑜𝑏𝑠 − 𝛿𝑐𝑜𝑖𝑙 Eq. 7.8 

7.7.5. 3JHNHα coupling constant from ARTSY-J experiment 

The 2D ARTSY-J NMR experiment is an intensity-based 1H-15N TROSY HSQC-like 

experiment for the determination of the 3JHNHα coupling constant. In addition to the regular 

TROSY HSQC pulse scheme, this experiment contains a delay to dephase the 3JHNHα coupling. 

The 3JHNHα coupling constant was calculated based on the ratio of the obtained peak intensity 

of the dephased spectrum (IB) and the peak intensity of a reference spectrum (IA) in which the 

dephasing was suppressed344: 

𝐽𝐻𝑁𝐻𝛼 = 𝑐𝑜𝑠−1 (
𝐼𝐵

𝐼𝐴
) /(𝜋 ∙ 𝜏𝑑)3  

Eq. 7.9 

where τd is the dephasing time. 

For some residues severe line broadening in the dephased spectrum did not allow for 

meaningful peak intensity determination and hence these residues were subsequently excluded 

from further data analysis.  

For a structural interpretation of the experimentally-derived 3JHNHα coupling constant, 

“secondary coupling constants” were determined by subtracting the values expected of a 

random coil from the experimentally-obtained 3JHNHα coupling constant: 

∆3𝐽𝐻𝑁𝐻𝑎 = 𝐽3
𝐻𝑁𝐻𝑎,𝑒𝑥𝑝 − 𝐽3

𝐻𝑁𝐻𝑎,𝑐𝑜𝑖𝑙 Eq. 7.10 

The random coil value was calculated based on the MenV P 267–388 protein sequence using 

the “RC_3JHNHa” webserver (https://spin.niddk.nih.gov/bax/nmrserver/rc_3Jhnha/). This 

programme takes nearest neighbour effects into account and has a reported database accuracy 

based on the calculation of a RMSD between  experimental and predicted values of ~0.35 Hz212. 

The residues glycine and proline are excluded from the random coil prediction, hence secondary 

coupling could not be calculated for these residues.  
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The Vadar webserver345 (http://vadar.wishartlab.com) was used to derive the torsion angle Φ 

of the MenV P C-terminal region (residues 329–388) based on the X-ray crystal structure 

coordinates of MenV P 329–388166. The crystal structure-derived 3JHNHα coupling constants 

were subsequently calculated using the parametrised210 Karplus equation: 

𝐽𝐻𝑁𝐻𝛼
3 = 6.98 𝑐𝑜𝑠2(𝛷 − 60°) − 1.38 𝑐𝑜𝑠(𝛷 − 60°) + 1.72 Eq. 7.11 

7.7.6. TMAO titration 

The effect of the osmolyte TMAO on MenV P 267–388 backbone amide chemical shifts was 

studied using a 2D 1H-15N HSQC experiment (Table S3). 

For these experiments deuterated TMAO was used. With a fixed protein concentration of 

550 μM, the final deuterated TMAO concentration ranged between 0.4 and 1.6 M. The solutions 

were prepared by addition of a stock TMAO solution (~4 M). The exact concentration of the 

stock solution was determined by measuring the refractive index of the solution at a wavelength 

of 589.3 nm, and a temperature of 20 °C using a Schmidt & Haensch Digital Multiple 

Wavelength Refractometer (DSR λ). The TMAO concentration was calculated from the 

refractive index as previously described218. 

7.7.7. Nuclear spin relaxation experiments 

Unless otherwise stated, all relaxation experiments presented in this work were recorded at the 

Forschungszentrum Jülich (Germany) by Drs. Andrew Dingley and Philipp Neudecker.  

Steady-state heteronuclear {1H}-15N hetNOE values were recorded from pairs of interleaved 

spectra with (NOE) and without (reference) proton saturation during a recycle delay of 15 s.257, 

346, 347.  

The applied pulse sequence for R1 experiments was modified to employ amide-selective 

inversion pulses347. Applied relaxation delays during R1 experiments were 80 (2x), 160, 240, 

320, 400, 480 (2x), 640, 800, 960, 1040 and 1200 (2x) ms at 600 MHz (14.1 T), 700 MHz 

(16.5 T) and 800 MHz (18.8 T). At a magnetic field of 900 MHz (21.1 T) the relaxation delays 

were set to 160 (2x), 320, 480, 640, 960 (2x), 1280, 1600, 1920, 2080 and 2400 (2x) ms.  

R1ρ experiments were conducted according to Korzhnev et al.348. The R1ρ experiments were 

measured with a spin-lock period of 125 ms at 600 MHz (14.1 T) and 700 MHz (16.5 T), 
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128 ms at 800 MHz (18.8 T) and 131 ms at 900 MHz (21.1 T) with heat compensation. The 

applied 15N spin-lock field strength was 2 kHz at 600 MHz (14.1 T), and 700 MHz (16.5 T), 

1.95 kHz at 800 MHz (18.8 T), and 2.21 kHz at 900 MHz (21.1 T). The recycle delay was 3 s 

and the experimental relaxation delays were 10 (2x), 20, 30, 40, 50, 60 (2x), 70, 80, 90,100, 

110, 120 and 130 (2x) ms. 

R2 experiments, using a CPMG sequence, were measured according to Farrow et al.257 with 

heat compensation, at a field of 600 MHz (14.1 T, Auckland) with aid from Dr. Michael 

Schmitz. The applied recycle delay was 3 s and the relaxation delays were 28.8, 57.6 (2x), 86.4, 

115, 144, 173, 202, 230 (2x) and 259 ms. The CPMG sequence was designed to account for 

adapted phase progression for spins far off-resonance from the 15N radiofrequency carrier to 

decrease resulting errors349. Further parameters related to the setup of R2,CPMG, R1ρ R1 and {1H}-

15N hetNOE experiments are listed in Table S4. 

Analysis of nuclear spin relaxation data 

The {1H}-15N hetNOE values were obtained from two recorded spectra, one spectrum where 

the amide proton is saturated, and a reference spectrum without the saturation pulse. The 

resulting residue-specific hetNOE values were determined from the ratio of the 15N signal 

intensities from both spectra: 

{ 𝐻1 } − 𝑁 ℎ𝑒𝑡𝑁𝑂𝐸15 =
𝐼( 𝑁15 )

𝑠𝑎𝑡

𝐼( 𝑁15 )
𝑟𝑒𝑓

 
Eq. 7.12 

where 𝐼( 𝑁15 )
𝑠𝑎𝑡

 and 𝐼( 𝑁15 )
𝑟𝑒𝑓

 are the intensities from the spectra with and without proton 

saturation, respectively350.  

Error estimates were derived from the signal variation in the spectral background257, errors 

reported for relaxation rates were the standard deviations from Jackknife simulations in 

PINT321. R2 conversion of the R1ρ rates was achieved as described by Davis et al.351 and Tjandra 

et al.352. 

7.7.8. CT CPMG RD experiments 

Constant time CPMG relaxation dispersion (CT CPMG RD) experiments for MenV P 267–388 

were carried out according to Tollinger et al.353, Loria et al.354 and Ishima and Torchia355 at 

magnetic field strengths of 600 MHz (14.1 T) at a temperature of 298 K, and at 800 MHz 

(18.8 T) at temperatures of 278, 283, 288, 293, and 298 K.  
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For each CT CPMG RD, 21 or 14 CPMG frequencies were recorded over a range of CPMG 

frequencies (νCPMG) of 2000 or 1000 Hz for the magnetic fields of 600 MHz (14.1 T) and 

800 MHz (18.8 T), respectively. The applied constant time at 600 MHz and 800 MHz was 

48 ms and 40 ms, respectively.  

Global exchange parameters were determined from plotting the effective relaxation rate (R2,eff) 

as a function of the CPMG frequency, and R2,eff was calculated according to253: 

𝑅2,𝑒𝑓𝑓(𝜈𝐶𝑃𝑀𝐺) = −
1

𝑇𝑟𝑒𝑙𝑎𝑥
∙ 𝑙𝑛

𝐼𝜈𝐶𝑃𝑀𝐺

𝐼0
 Eq. 7.13 

where 𝑇𝑟𝑒𝑙𝑎𝑥 is the relaxation delay, 𝐼𝜈𝐶𝑃𝑀𝐺
 is the peak intensity at the respective CPMG 

frequency, and I0 the intensity of the peak in the reference spectrum. 

7.8. Reduced spectral density mapping 

Reduced spectral density mapping was carried out using R1, R2 and {1H}-15N hetNOE values 

obtained at the magnetic field strengths of 600 MHz (14. T), 700 MHz (16.5 T), 800 MHz 

(18.8 T) and 900 MHz (21.1 T).  

The J(ωH+ωN), J(ωH–ωN) and J(ωH) were combined and computed as J(0.87ωH) during reduced 

spectral density mapping analysis. Densities were calculated according to Eq. 5.13 to 5.15 

(Section 5.2)258, 259, 263, 356, 357. During analysis, the applied average amide bond length rNH and 

the amide CSA ∆𝜎 were 1.02 Å and –172 ppm, respectively. 

The apparent local correlation time was calculated according to260: 

𝜏𝑚 =
1

𝜔𝑁

√
𝐽(0) − 𝐽(𝜔𝑁)

𝐽(𝜔𝑁)
 Eq. 7.14 

where 𝜏𝑚  is the apparent rotational correlation time determined for each residue, ωN is the 

Larmor frequency of the 15N nucleus at the respective fields, and J(0) and J(ωN) are the spectral 

densities at the frequencies 0 and ωN, respectively.  

The generalised order parameter used in the simple “model-free” formalism can be 

approximated using spectral densities and the rotational correlation time (Eq. 7.14) according 

to260, 264: 
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𝑆2 =
5(𝐽(0) − 𝐽(𝜔𝑁)(1 − 𝜔𝑁

2 𝜏𝑚
2 ))

2𝜔𝑁
2 𝜏𝑚

3  Eq. 7.15 

Propagation of errors from analysed relaxation rates and {1H}-15N hetNOE values during 

spectral density mapping was carried out using the python script provided by Dr. Romel 

Bobby289. Here, the error Δf was propagated as 

∆𝑓

𝑓
= √(

∆𝑥

𝑥
)

2

+ (
∆𝑦

𝑦
)

2

 Eq. 7.16 

7.9. Statistical comparison 

Root mean square deviation (RMSD) calculation was used during comparison of the coupling 

constants derived from X-ray crystal structure models, with the experimental coupling 

constants according to: 

𝑅𝑀𝑆𝐷 = √
∑ (𝑥𝑖 − �̂�𝑖)2𝑁

𝑖=1

𝑁
 Eq. 7.17 

where N is the total number of values for each residue i, 𝑥𝑖 is the experimental value (3JHNHα), 

and �̂�𝑖 is the model-derived value.  
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8. Appendices 

8.1. Appendix A: Expression construct summaries 

Table S1: Bacterial protein expression constructs. 

Expressed 

protein/construct 

name 

Viral strain/ 

GenBank 

Acc. 

Vector 

Backbone 

 

Details of inserted fragment 

MuV L 1-395# Jeryl-Lynn/ 

AAF70396.1 

pET15b- 

SpeI* 

Vector His6                                              SpeI    1   2   3   ... 393 394 395 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT ATG GCA GGC ... GAT TTT CAG TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Met Ala Gly ... Asp Phe Gln  

                                                Mumps virus L protein 

MuV L 1-395 Jeryl-Lynn/ 

AAF70396.1 

pET-41a(+) ...Vector Spacer   SpeI    TEV-cleavage site        1   2   3  ... 393 394 395 Stop Xhol        

...TAC GAT ATC CCA ACT AGT GAA AAC CTG TAT TTT CAG GCA GGC CTG ... GAT TTT CAG TAA  CTC GAG 

...Tyr Asp Ile Pro Thr Ser Glu Asp Leu Tyr Phe Gln Ala Gly Leu ... Asp Phe Gln  

                                                   Mumps virus L protein 

MeasV L 1-383 Moraten 

vaccine/ 

AAF85674.1 

pET-41a(+) ...Vector Spacer   SpeI    TEV-cleavage site        1   2   3  ... 381 382 383 Stop Xhol        

...TAC GAT ATC CCA ACT AGT GAA AAC CTG TAT TTT CAG GAC TCG CTA ... GTG TAT GAG TAA  CTC GAG 

...Tyr Asp Ile Pro Thr Ser Glu Asp Leu Tyr Phe Gln Ala Gly Leu ... Val Tyr Glu  

                                                   Measles virus L protein  

MenV L 1-401 Bat/ 

YP415514.1 

pET-41a(+) ...Vector Spacer   SpeI    TEV-cleavage site        1   2   3  ... 399 400 401 Stop Xhol        

...TAC GAT ATC CCA ACT AGT GAA AAC CTG TAT TTT CAG GCG TGC CCC ... GAC CTA ACT TAA  CTC GAG 

...Tyr Asp Ile Pro Thr Ser Glu Asp Leu Tyr Phe Gln Ala Cys Pro ... Asp Leu Thr  

                                                   Menangle virus L protein 

HPIV4b L 1-395 68-333/ 

AB543337.1 

pET-41a(+) ...Vector Spacer   SpeI    TEV-cleavage site        1   2   3  ... 393 392 393 Stop Xhol        

...TAC GAT ATC CCA ACT AGT GAA AAC CTG TAT TTT CAG GCT GAC CAT ... GAC TTT ACA TAA  CTC GAG 

...Tyr Asp Ile Pro Thr Ser Glu Asp Leu Tyr Phe Gln Ala Asp His ... Asp Phe Thr  

                                                   HPIV4b virus L protein 

MuV L 362-893 Jeryl-Lynn/ 

AAF70396.1 

pET-41a(+) ... GST-tag     Spacer  SpeI    362 363 364 ... 891 892 893 Stop Xhol        

... aaa tcg gat GGT TCA ACT AGT CTG TGC ATT ... AAA GAT CTG TAA CTC GAG 

... Lys Ser Asp Gly Ser Thr Ser Leu Cys Ile ... Lys Asp Leu 

                                Mumps virus L protein 
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MuV L 362-893 Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

... Vector Spacer   SpeI    TEV-cleavage site       362 363 364 ... 891 892 893 Stop Xhol        

... GGT TCG GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG CTG TGC ATT ... AAA GAT CTG TAA CTC GAG 

... Gly Ser Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Leu Cys Ile ... Lys Asp Leu 

                                                    Mumps virus L protein 

MuV L 1190-

1440# 

Jeryl-Lynn/ 

AAF70396.1 

pET-15b- 

SpeI* 

Vector His6                                              SpeI    1190 1191 1192 ... 1438 1439 1440 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT TGT  AGC  AGC  ... CCG  CTG  CTG  TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Cys  Ser  Ser  ... Pro  Leu  Leu  

                                                Mumps virus L protein 

MuV L 1190-

1440 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector Spacer  SpeI    TEV-cleavage site       1190 1191 1192 ... 1438 1439 1440 Stop HindIII      

   TCG GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG TGT  AGC  AGC  ... CCG  CTG  CTG  TAA  AAG CTT 

   Ser Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Cys  Ser  Ser  ... Pro  Leu  Leu 

                                               Mumps virus L protein 

MuV L 1266-

1440 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1266 1267 1268... 1438 1439 1440 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc TGG  CAG  GAT ... CCG  CTG  CTG  TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Trp  Gln  Asp ... Pro  Leu  Leu 

                                               Mumps virus L protein 

MuV L 924-1440 Jeryl-Lynn/ 

AAF70396.1 

pET-15b- 

SpeI* 

Vector His6                                              SpeI    924 925 926 ... 1438 1439 1440 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT AAT GCC TAT ... CCG  CTG  CTG  TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Asn Ala Tyr ... Pro  Leu  Leu  

                                                Mumps virus L protein 

MuV L 924-1440 Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           924 925 926 ... 1438 1439 1440 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc AAT GCC TAT ... CCG  CTG  CTG  TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Asn Ala Tyr ... Pro  Leu  Leu 

                                               Mumps virus L protein 

MuV L 1413-

1720 

Jeryl-Lynn/ 

AAF70396.1 

pET-15b- 

SpeI* 

Vector His6                                              SpeI    1413 1414 1415... 1718 1719 1720 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT CCG  CTG  AGT ... CCT  ATT  CTG  TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Pro  Leu  Ser ... Pro  Ile  Leu  

                                                Mumps virus L protein 

MuV L 1413-

1720 

Jeryl-Lynn/ 

AAF70396.1 

pET 

41a(+) 

... GST-tag     Spacer  SpeI    1413 1414 1415... 1718 1719 1720 Stop Xhol        

... aaa tcg gat GGT TCA ACT AGT CCG  CTG  AGT ... CCT  ATT  CTG  TAA CTC GAG 

... Lys Ser Asp Gly Ser Thr Ser Pro  Leu  Ser ... Pro  Ile  Leu 

                                Mumps virus L protein 
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MuV L 1413-

1720 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1413 1414 1415... 1718 1719 1720 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc CCG  CTG  AGT ... CCT  ATT  CTG  TAA AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Pro  Leu  Ser ... Pro  Ile  Leu 

                                               Mumps virus L protein 

MuV L 1413-

1747 

Jeryl-Lynn/ 

AAF70396.1 

pET-15b- 

SpeI* 

Vector His6                                              SpeI    1413 1414 1415... 1745 1746 1747 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT CCG  CTG  AGT ... CTG  GAA  CTG  TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Pro  Leu  Ser ... Leu  Glu  Leu  

                                                Mumps virus L protein 

MuV L 1413-

1785 

Jeryl-Lynn/ 

AAF70396.1 

pET-15b- 

SpeI* 

Vector His6                                              SpeI    1413 1414 1415... 1783 1784 1785 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT CCG  CTG  AGT ... CTG  GGT  CTG  TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Pro  Leu  Ser ... Leu  Gly  Leu  

                                                Mumps virus L protein 

MuV L 1413-

1785 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1413 1414 1415... 1783 1784 1785 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc CCG  CTG  AGT ... CTG  GGT  CTG  TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Pro  Leu  Ser ... Leu  Gly  Leu 

                                               Mumps virus L protein 

MuV L 1441-

1720 

Jeryl-Lynn/ 

AAF70396.1 

pET-15b- 

SpeI* 

Vector His6                                              SpeI    1441 1442 1443... 1718 1719 1720 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT GAA  AAA  ATC ... CCT  ATT  CTG TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Glu  Lys  Ile ... Pro  Ile  Leu 

                                                Mumps virus L protein 

MuV L 1441-

1720 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1441 1442 1443... 1718 1719 1720 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc GAA  AAA  ATC ... CCT  ATT  CTG TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Glu  Lys  Ile ... Pro  Ile  Leu 

                                               Mumps virus L protein 

MuV L 1441-

1747 

Jeryl-Lynn/ 

AAF70396.1 

pET-15b- 

SpeI* 

Vector His6                                              SpeI    1441 1442 1443... 1745 1746 1747 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT GAA  AAA  ATC ... CCT  ATT  CTG  TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Glu  Lys  Ile ... Leu  Glu  Leu 

                                                Mumps virus L protein 

MuV L 1441-

1747 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1441 1442 1443... 1745 1746 1747 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc GAA  AAA  ATC ... CCT  ATT  CTG  TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Glu  Lys  Ile ... Leu  Glu  Leu 

                                               Mumps virus L protein 
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MuV L 1441-

1785 

Jeryl-Lynn/ 

AAF70396.1 

pET-15b- 

SpeI* 

Vector His6                                              SpeI    1441 1442 1443... 1783 1783 1785 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT GAA  AAA  ATC ... CTG  GGT  CTG  TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Glu  Lys  Ile ... Leu  Gly  Leu 

                                                Mumps virus L protein 

MuV L 1441-

1785 

Jeryl-Lynn/ 

AAF70396.1 

pET41a(+) ... GST-tag     Spacer  SpeI    1441 1442 1443... 1783 1783 1785 Stop Xhol        

... aaa tcg gat GGT TCA ACT AGT GAA  AAA  ATC ... CTG  GGT  CTG  TAA CTC GAG 

... Lys Ser Asp Gly Ser Thr Ser Glu  Lys  Ile ... Leu  Gly  Leu 

                                Mumps virus L protein 

MuV L 1441-

1785 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1441 1442 1443... 1783 1783 1785 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc GAA  AAA  ATC ... CTG  GGT  CTG  TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Glu  Lys  Ile ... Leu  Gly  Leu 

                                               Mumps virus L protein 

MuV L 1465-

1720 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1465 1466 1467... 1718 1719 1720 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc ACC  AGC  ATT ... CCT  ATT  CTG  TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Thr  Ser  Ile ... Pro  Ile  Leu 

                                               Mumps virus L protein 

MuV L 1465-

1747 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1465 1466 1467... 1745 1746 1747 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc ACC  AGC  ATT ... CTG  GAA  CTG TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Thr  Ser  Ile ... Leu  Glu  Leu 

                                               Mumps virus L protein 

MuV L 1720-

2021 

Jeryl-Lynn/ 

AAF70396.1 

pET-15b- 

SpeI* 

Vector His6                                              SpeI    1720 1721 1722... 2019 2020 2021 Stop Xhol        

ATG ggc agc agc cat cat cat cat cat cac ACT AGT CTG  ATG  GAA ... CAG  GGT  TTT  TAA CTC GAG 

MET Gly Ser Ser His His His His His His Thr Ser Leu  Met  Glu ... Gln  Gly  Phe 

                                                Mumps virus L protein 

MuV L 1720-

2021 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1720 1721 1722... 2019 2020 2021 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc CTG  ATG  GAA ... CAG  GGT  TTT  TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Leu  Met  Glu ... Gln  Gly  Phe 

                                               Mumps virus L protein 

MuV L 1747-

2021 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1747 1748 1749... 2019 2020 2021 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc CTG  TCT  GAT ... CAG  GGT  TTT  TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Leu  Ser  Asp ... Gln  Gly  Phe 

                                               Mumps virus L protein 
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MuV L 1772-

2021 

Jeryl-Lynn/ 

AAF70396.1 

pMAL-c2x-

SpeI$ 

Vector     SpeI    TEV-cleavage site           1772 1773 1774... 2019 2020 2021 Stop HindIII      

   GGT TCG ACT AGT GAA AAC CTG TAT TTT CAG ggc CCG  CAG  CCA ... CAG  GGT  TTT  TAA  AAG CTT 

   Gly Ser Thr Ser Glu Asn Leu Tyr Phe Gln Gly Pro  Gln  Pro ... Gln  Gly  Phe 

                                               Mumps virus L protein 

MuV P OD-CTR Jeryl-Lynn/ 

AAF70396 

pET-15b- 

SpeI* 

SpeI  Tev-cleavage site             213 214 215 ... 389 390 391 Stop Xhol        

ACT AGT GAA AAC CTG TAT TTT CAG AGT CAA AGT GCG ... AGC GCC ATA TAA CTC GAG 

Thr Ser Glu Asn Leu Tyr Phe Gln Ser Gln Ser Ala ... Ser Ala Ile 

                                                Mumps virus P protein  

MuV P CTR Jeryl-Lynn/ 

AAF70396 

pET41a(+) ... SpeI    TEV-cleavage site       271 272 273 ... 389 390 391 Stop Xhol        

... ACT AGT GAA AAC CTG TAT TTT CAG GCA ACA GTA ... AGC GCC ATA TAA CTC GAG 

... Thr Ser Glu Asn Leu Tyr Phe Gln Ala Thr Val ... Ser Ala Ile 

                                    Mumps virus P protein  

MenV P 267-

388#/% 

AF326114 pET41a(+) ... SpeI    TEV-cleavage site       267 268 269 270     386 387 388 STOP Xhol     

... ACT AGT GAA AAC CTG TAT TTT CAG ACC ACC ATC AAA ... GCA GCA CAG TAA CTC GAG 

... Thr Ser Glu Asn Leu Tyr Phe Gln Thr Thr Ile Lys ... Ala Ala Gln      

                                    Menangle virus P protein  

All affinity tags are N-terminal tags. All constructs except those derived from MuV are not E. coli codon-optimised. 

Denotations are: * = vector pET-15b-SpeI is an in-house modified version of the pET-15b vector (Novagen) where the unique restriction site for SpeI endonuclease was 

introduced directly downstream of the His6-tag; $ = vector pMAL-c2x-SpeI is an in-house modified version of the pMAL-c2X vector (NEB) where the unique restriction 

site for SacI endonuclease was replaced with the sequence for the endonuclease SpeI endonuclease # cloned prior to this project; % = the P gene carries the mutation 

C352S to limit chemical reactivity of the protein  
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Table S2: Insect cell protein expression constructs. 

Construct name Details of inserted fragment 

P Vector NcoI   1   2   3   ... 389 390 391 Stop NcoI     vector 

       CCA TG GAT CAA TTT ... AGC GCC ATA TAG  CCA TGG 

 ...   --- -- Asp Gln Phe ... Ser Ala Ile ---            ... 

              Mumps virus P protein* 

L/LP-1§       6x His  Spacer TEV cleavage site            Spacer    SalI      1   2   3   4   ... 891 892 893 Stop   

. . . CAT CAG . . .  GAA AAC CTG TAT TTT CAG GGC  . . .   ACG TCG ACG ATG GCG GGC CTA ... AAA GAT TTG TAA   

. . . His His . . .  Glu Asn Leu Tyr Phe Gln Gly  . . .   Thr Ser Thr Met Ala Gly Leu ... Lys Asp Leu    

                                                                      Mumps virus L protein fragment 1-893 

L/LP-2§       6x His  Spacer TEV cleavage site            Spacer    SalI      1   2   3   4   ... 922 923 924 Stop  

. . . CAT CAG . . .  GAA AAC CTG TAT TTT CAG GGC  . . .   ACG TCG ACG ATG GCG GGC CTA ... ATT ACT AAT TAA   

. . . His His . . .  Glu Asn Leu Tyr Phe Gln Gly  . . .   Thr Ser Thr Met Ala Gly Leu ... Ile Thr Asn    

                                                                      Mumps virus L protein fragment 1-924 

L/LP-3§       6x His  Spacer TEV cleavage site            Spacer    SalI      1   2   3   4    ... 1411 1412 1413 Stop 

. . . CAT CAG . . .  GAA AAC CTG TAT TTT CAG GGC  . . .   ACG TCG ACG ATG GCG GGC CTA ... CCT  GAA  CCA  TAA 

. . . His His . . .  Glu Asn Leu Tyr Phe Gln Gly  . . .   Thr Ser Thr Met Ala Gly Leu ... Pro  Glu  Pro    

                                                                      Mumps virus L protein fragment 1-1413 

L/LP-4§       6x His  Spacer TEV cleavage site            Spacer    Sal I     1   2   3   4   ... 1431 1432 1433 Stop 

. . . CAT CAG . . .  GAA AAC CTG TAT TTT CAG GGC  . . .   ACG TCG ACG ATG GCG GGC CTA ... ATT  GGT  GGT  TAA  

. . . His His . . .  Glu Asn Leu Tyr Phe Gln Gly  . . .   Thr Ser Thr Met Ala Gly Leu ... Ile  Gly  Gly  

                                                                      Mumps virus L protein fragment 1-1433 

L/LP-full§       6x His  Spacer TEV cleavage site            Spacer    Sal I     1   2   3   4   ... 2259 2260 2261 Stop 

. . . CAT CAG . . .  GAA AAC CTG TAT TTT CAG GGC  . . .   ACG TCG ACG ATG GCG GGC CTA ... GAC  ATA  ATT  TAA   

. . . His His . . .  Glu Asn Leu Tyr Phe Gln Gly  . . .   Thr Ser Thr Met Ala Gly Leu ... Asp  Ile  Ile       

                                                                      Mumps virus L protein fragment 1-2261 

All tags are N-terminal tags. The genes correspond to the Jeryl-Lynn viral strain (GenBank Acc. AAF70396.1). Denotations are: * insert details for Mumps virus P 

protein apply for all insect cell constructs. The multiple cloning site containing the P gene is in reversed direction to the polyhedrin promotor that contains the L genes 

in the pFastBac DUAL vector.   
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8.2. Appendix B: NMR experimental details 

Table S3: NMR parameters for assignment and structural characterisation experiments. 

Experiments T [°C] Acquisition times [ms] Data matrices/size FID Additional parameters 

2D 1H-15N HSQC 5 136.4 (tH) x 94 (tN) 1024 (H) x 160 (N) 
 

2D 1H-15N HSQC 10 136.4 (tH) x 94 (tN) 1024 (H) x 160 (N)  

2D 1H-15N HSQC 15 136.4 (tH) x 94 (tN) 1024 (H) x 160 (N)  

2D 1H-15N HSQC 20 136.4 (tH) x 94 (tN) 1024 (H) x 160 (N)  

2D 1H-15N HSQC 25 136.4 (tH) x 148.2 (tN) 1024 (H) x 160 (N)  

2D 1H-15N HSQC 27 136.4 (tH) x 72.6 (tN) 1024 (H) x 128 (N)  

2D 1H-15N HSQC 29 136.4 (tH) x 72.6 (tN) 1024 (H) x 128 (N)  

2D 1H-15N HSQC 31 136.4 (tH) x 72.6 (tN) 1024 (H) x 128 (N)  

2D 1H-15N HSQC 33 136.4 (tH) x 72.6 (tN) 1024 (H) x 128 (N)  

2D 1H-15N HSQC 35 136.4 (tH) x 72.6 (tN) 1024 (H) x 128 (N)  

2D 1H-15N HSQC 37 136.4 (tH) x 72.6 (tN) 1024 (H) x 128 (N)  

2D 1H-15N HSQC 10 136.4 (tH) x 94 (tN) 1024 (H) x 160 (N) 0 M TMAO 

2D 1H-15N HSQC 10 136.4 (tH) x 94 (tN) 1024 (H) x 160 (N) 0.4 M TMAO 

2D 1H-15N HSQC 10 136.4 (tH) x 94 (tN) 1024 (H) x 160 (N) 0.8 M TMAO 

2D 1H-15N HSQC 10 136.4 (tH) x 94 (tN) 1024 (H) x 160 (N) 1.2 M TMAO 

2D 1H-15N HSQC 10 136.4 (tH) x 94 (tN) 1024 (H) x 160 (N) 1.6 M TMAO 

2D (CT) HC-HSQC 10 136.4 (tH) x 13.1 (tN) 1024 (H) x 150 (N) 26.6 ms constant time 

2D (CT) HC-HSQC 10 136.4 (tH) x 13.1 (tN) 1024 (H) x 150 (N) 53.2 ms constant time 

2D (CT) HC-HSQC 10 136.4 (tH) x 33.1 (tN) 1024 (H) x 200 (N) 18.2 ms constant time 

2D (CT) HC-HSQC 10 136.4 (tH) x 14.5 (tN) 1024 (H) x 130 (N) 36.4 ms constant time 

2D fast-HSQC 10 136.4 (tH) x 87.7 (tN) 1024 (H) x 128 (N) 
 

3D HNCO 10 136.4 (tH) x 37.9 (tN) x 17.0 (tC) 1024 (H) x 64 (N) x 32 (C) 9.96 % NUS sampling density 



 

 170 

3D HNCA 10 136.4 (tH) x 14.9 (tN) x 20.3 (tC) 1024 (H) x 64 (N) x 38 (Cα) 9.95 % NUS sampling density 

3D HNCACB 10 122.1 (tH) x 82.8 (tN) x 548.0 (tC) 1024 (H) x 64 (N) x 38 (CαCβ) 9.95 % NUS sampling density 

3D HN(CA)CO 10 136.4 (tH) x 34.8 (tN) x 20.3 (tC) 1024 (H) x 64 (N) x 38 (C) 9.95 % NUS sampling density 

3D HN(CO)CA 10 136.4 (tH) x 34.8 (tN) x 20.3 (tC) 1024 (H) x 64 (N) x 38 (Cα) 9.95 % NUS sampling density 

3D CBCA(CO)NH 10 136.4 (tH) x 13.0 (tN) x 20.3 (tC) 1024 (H) x 64 (N) x 38 (Cα)) 9.95 % NUS sampling density 

3D (C)(CO)NH 10 136.4 (tH) x 7.87 (tN) x 11.3 (tC) 1024 (H) x 96 (N) x 21 (C) 10.1 % NUS sampling density 

3D (H)N(COCA)NH 10 136.4 (tH) x 23.8 (tN) x 54.3 (tH) 1024 (H) x 180(N) x 100 (H) 7.78 % NUS sampling density 

3D 15N-NOESY HSQC 10 136.4 (tH) x 16.9 (tN) x 20.3 (tH) 1024 (H) x 128 (N) x 38 (H) 9.99 % NUS sampling density 

3D 15N-TOCSY HSQC 10 136.4 (tH) x 16.9 (tN) x 19.0 (tH) 1024 (H) x 128 (N) x 38 (H) 9.99 % NUS sampling density 

3D HNHA 10 136.4 (tH) x 25.8 (tN) x 8.39 (tH) 1024 (H) x 48 (N) x 64 (H) 10.1 % NUS sampling density 

3D HNHB 10 136.4 (tH) x 48.8 (tN) x 5.19 (tH) 1024 (H) x 90 (N) x 40 (H) 20.0 % NUS sampling density 

3D H(CCO)NH 10 136.4 (tH) x 12.65 (tN) x 11.0 (tH) 1024 (H) x 96 (N) x 21 (H) 10.1 % NUS sampling density 

3D HBHACONH 10 136.4 (tH) x 11.1 (tN) x 20.3 (tH) 1024 (H) x 64 (N) x 38 (H) 9.95 % NUS sampling density 

3D HHC-NOESY 10 136.4 (tH) x 16.9 (tC) x 5.88 (tH) 1024 (H) x 128 (C) x 64 (H) 10.0 % NUS sampling density 

3D HCCH-TOCSY 10 136.4 (tH) x 16.9 (tC) x 3.06 (tH) 1024 (H) x 128 (H) x 38 (C) 9.99 % NUS sampling density 

3D HCCH-COSY 10 136.4 (tH) x 16.9 (tC) x 3.06 (tH) 1024 (H) x 128 (H) x 38 (C) 9.99 % NUS sampling density 

2D (HB)CB(CGCD)HD 10 136.4 (tH) x 8.3 (tC) 1024 (H) x 50 (C) 
 

2D (HB)CB(CGCDCE)HE 10 136.4 (tH) x 8.3 (tC) 1024 (H) x 50 (C) 
 

2D H2(C)N 10 136.4 (tH) x 308.3 (tC) 1024 (H) x 210 (N) 
 

(H2C)N(CC)H-TOCSY 10 136.4 (tH) x 411.1 (tN) 1024 (H) x 200 (N)  

2D ARTSY-J 10 136.4 (tH) x 29.0 (tN) 1024 (H) x 512 (N) 0 M TMAO 

2D ARTSY-J 10 136.4 (tH) x 29.0 (tN) 1024 (H) x 512 (N) 0.4 M TMAO 

2D ARTSY-J 10 136.4 (tH) x 29.0 (tN) 1024 (H) x 512 (N) 0.8 M TMAO 

2D ARTSY-J 10 136.4 (tH) x 29.0 (tN) 1024 (H) x 512 (N) 1.2 M TMAO 

2D ARTSY-J 10 136.4 (tH) x 29.0 (tN) 1024 (H) x 512 (N) 1.6 M TMAO 

NUS = non-uniform sampling.  
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Table S4: Experiments for dynamical characterisation of MenV P 267–388. 

Experiment 
Magnetic field 

strength [T] 
Acquisition times [ms] Data matrices* 

Scans per t1 

increment 
Instrument 

2D {1H}-15N hetNOE 14.1 106.9 (tH) x 71.8 (tN) 1024 (H) x 96 (N) 40 Bruker, Jülich, Germany 

2D {1H}-15N hetNOE 16.5 91.7 (tH) x 82.0 (tN) 1024 (H) x 128 (N) 40 Bruker, Jülich, Germany 

2D {1H}-15N hetNOE 18.8 64.0 (tH) x 53.8 (tN) 816 (H) x 96 (N) 40 Varian, Jülich, Germany 

2D {1H}-15N hetNOE 21.1 64.0 (tH) x 53.8 (tN) 1536 (H) x 128 (N) 40 Bruker, Jülich, Germany 

2D 15N R1 relaxation 14.1 106.9 (tH) x 71.8 (tN) 1024 (H) x 96 (N) 16 Bruker, Jülich, Germany 

2D 15N R1 relaxation 16.5 91.8 (tH) x 81.9 (tN) 1024 (H) x 128 (N) 8 Bruker, Jülich, Germany 

2D 15N R1 relaxation 18.8 65.2 (tH) x 53.8 (tN) 832 (H) x 96 (N) 16 Varian, Jülich, Germany 

2D 15N R1 relaxation 21.1 104.4 (tH) x 63.8 (tN) 1536 (H) x 128 (N) 8 Bruker, Jülich, Germany 

2D 15N R1ρ relaxation 14.1 106.9 (tH) x 71.8 (tN) 1024 (H) x 96 (N) 16 Bruker, Jülich, Germany 

2D 15N R1ρ relaxation 16.5 91.8 (tH) x 81.9 (tN) 1024 (H) x 128 (N) 8 Bruker, Jülich, Germany 

2D 15N R1ρ relaxation 18.8 64.0 (tH) x 53.8 (tN) 816 (H) x 96 (N) 16 Varian, Jülich, Germany 

2D 15N R1ρ relaxation 21.1 104.4 (tH) x 63.8 (tN) 1536 (H) x 128 (N) 8 Bruker, Jülich, Germany 

2D 15N CPMG dispersion 14.1 106.9 (tH) x 71.8 (tN) 1024 (H) x 96 (N) 8 Bruker, Jülich, Germany 

2D 15N CPMG dispersion 18.8 64.0 (tH) x 53.8 (tN) 832 (H) x 96 (N) 16 Varian, Jülich, Germany 
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8.3. Appendix C: NMR results 

Table S5: Calculated 3JHNHα coupling constants (600 MHz, 10 °C). 

residue 3JHNHα  Error residue 3JHNHα  Error residue 3JHNHα     Error 

269 9.57 ± 0.02 311 7.23 ± 0.02 353 8.77 ± 0.10 

270 7.24 ± 0.02 312 6.74 ± 0.03 355 6.03 ± 0.13 

271 7.63 ± 0.02 313 8.24 ± 0.03 357 4.45 ± 0.15 

272 7.17 ± 0.02 314 6.52 ± 0.03 359 2.72 ± 0.42 

273 6.44 ± 0.02 315 6.36 ± 0.03 360 3.05 ± 0.23 

275 7.30 ± 0.02 316 5.54 ± 0.04 361 4.00 ± 0.18 

276 7.45 ± 0.02 317 6.95 ± 0.03 362 4.86 ± 0.19 

277 7.49 ± 0.03 318 6.08 ± 0.03 363 3.68 ± 0.37 

278 6.94 ± 0.02 319 6.72 ± 0.03 364 4.43 ± 0.17 

279 7.45 ± 0.04 321 7.11 ± 0.05 365 5.13 ± 0.23 

280 5.80 ± 0.03 322 6.78 ± 0.04 367 8.19 ± 0.15 

281 7.00 ± 0.03 324 6.70 ± 0.05 368 5.97 ± 0.23 

282 5.50 ± 0.04 325 7.23 ± 0.08 369 4.28 ± 0.27 

283 5.28 ± 0.04 326 6.30 ± 0.15 370 8.86 ± 0.47 

284 6.58 ± 0.04 328 6.94 ± 0.42 371 5.94 ± 0.25 

285 6.48 ± 0.07 329 6.26 ± 0.19 373 4.71 ± 0.18 

286 6.90 ± 0.08 330 7.04 ± 0.27 374 3.34 ± 0.25 

287 6.32 ± 0.04 331 7.29 ± 0.72 375 2.54 ± 0.83 

288 7.18 ± 0.03 332 7.34 ± 0.02 377 4.07 ± 0.21 

289 7.17 ± 0.03 333 5.76 ± 0.10 378 5.14 ± 0.23 

290 7.04 ± 0.04 334 5.05 ± 0.11 380 3.86 ± 0.29 

291 6.25 ± 0.03 336 4.36 ± 0.32 381 4.76 ± 0.21 

292 5.56 ± 0.03 337 4.83 ± 0.19 383 3.67 ± 0.46 

294 6.20 ± 0.06 338 3.52 ± 0.28 384 4.23 ± 0.18 

295 7.28 ± 0.02 339 3.30 ± 0.20 385 5.20 ± 0.15 

296 7.69 ± 0.02 340 6.89 ± 0.18 386 4.71 ± 0.10 

297 7.11 ± 0.04 341 2.94 ± 0.30 387 6.42 ± 0.04 

298 7.63 ± 0.03 342 3.13 ± 0.41 388 7.63 ± 0.02 

300 7.47 ± 0.02 343 3.39 ± 0.28     

301 7.23 ± 0.02 344 2.77 ± 0.38     

302 6.47 ± 0.04 345 4.73 ± 0.37     

303 7.09 ± 0.02 346 2.90 ± 0.53     

304 7.43 ± 0.02 347 4.47 ± 0.17     

306 7.25 ± 0.03 348 3.47 ± 0.31     

307 7.83 ± 0.03 349 2.33 ± 0.93     

308 6.46 ± 0.03 350 3.05 ± 0.33     

309 5.13 ± 0.03 351 5.34 ± 0.15     

310 6.87 ± 0.02 352 8.32 ± 0.15     
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Table S6: Calculated order parameters (600 MHz, 10 °C). 

residue S2  Error residue S2  Error residue S2  Error 

269 0.026 ± 0.158 313 0.241 ± 0.012 360 0.944 ± 0.008 

270 0.031 ± 0.113 314 0.226 ± 0.005 361 0.938 ± 0.009 

271 0.043 ± 0.037 315 0.211 ± 0.007 362 0.924 ± 0.007 

272 0.054 ± 0.070 316 0.238 ± 0.008 363 0.951 ± 0.006 

273 0.058 ± 0.081 317 0.192 ± 0.008 364 0.912 ± 0.009 

275 0.071 ± 0.054 318 0.212 ± 0.006 365 0.898 ± 0.006 

276 0.068 ± 0.033 319 0.245 ± 0.003 367 0.760 ± 0.008 

277 0.062 ± 0.086 321 0.202 ± 0.031 368 0.873 ± 0.007 

279 0.078 ± 0.096 322 0.194 ± 0.022 371 0.868 ± 0.007 

280 0.092 ± 0.078 324 0.18 ± 0.032 372 0.942 ± 0.011 

281 0.099 ± 0.074 325 0.193 ± 0.042 373 0.742 ± 0.014 

282 0.116 ± 0.064 326 0.224 ± 0.050 374 0.946 ± 0.008 

283 0.119 ± 0.056 328 0.186 ± 0.059 375 0.951 ± 0.010 

284 0.124 ± 0.055 329 0.201 ± 0.048 376 1.000 ± 0.006 

285 0.139 ± 0.065 330 0.208 ± 0.051 377 0.952 ± 0.013 

286 0.151 ± 0.069 331 0.297 ± 0.051 378 0.932 ± 0.012 

288 0.146 ± 0.029 333 0.420 ± 0.018 379 0.978 ± 0.012 

289 0.148 ± 0.032 334 0.504 ± 0.017 380 0.959 ± 0.008 

290 0.164 ± 0.035 336 0.875 ± 0.030 381 0.937 ± 0.004 

291 0.149 ± 0.023 337 0.923 ± 0.014 382 0.994 ± 0.015 

292 0.157 ± 0.012 338 0.934 ± 0.010 383 0.953 ± 0.006 

294 0.140 ± 0.006 339 0.909 ± 0.008 384 0.951 ±  0.007 

295 0.147 ± 0.003 340 0.975 ± 0.010 385 0.902 ±     0.008 

296 0.144 ± 0.011 341 0.945 ± 0.009 386 0.792 ±  0.007 

297 0.125 ± 0.044 342 0.943 ± 0.008 387 0.489 ±  0.004 

298 0.102 ± 0.039 343 0.901 ± 0.014 388 0.22 ±  0.002 

300 0.102 ± 0.003 344 0.938 ± 0.014    

301 0.116 ± 0.009 346 0.956 ± 0.006    

302 0.122 ± 0.022 347 0.964 ± 0.006    

303 0.102 ± 0.036 348 0.939 ± 0.008    

304 0.119 ± 0.035 349 0.978 ± 0.008    

306 0.136 ± 0.017 350 0.943 ± 0.008    

307 0.160 ± 0.005 351 0.941 ± 0.006    

308 0.168 ± 0.006 352 0.897 ± 0.012    

309 0.194 ± 0.009 353 0.756 ± 0.010    

310 0.200 ± 0.009 355 0.605 ± 0.011    

311 0.190 ± 0.012 357 0.951 ± 0.013    

312 0.203 ± 0.005 358 0.931 ± 0.017    
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