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ABSTRACT  
 

This thesis describes the structural and functional characterisation of the 

Drosophila behaviour/human splicing (DBHS) protein family in a study that 

combines X-ray crystallography with solution scattering and complementary 

biophysical characterisation. 

 

The DBHS protein family is something of an enigma, with reported functions 

in almost every step of gene regulation. Humans possess three DBHS paralogues; 

non-POU domain-containing octamer binding protein (NONO), paraspeckle 

protein component 1 (PSPC1) and splicing factor proline/glutamine rich (SFPQ), 

all of which share a highly conserved domain architecture. Since their discovery 

over two decades ago, the biological and clinical relevance of the family has 

undergone rapid development. Perturbing DBHS protein structure or abundance 

is strongly associated with the malignant progression of cancers such as 

neuroblastoma, intellectual disability in humans and broad transcriptional and 

post-transcriptional defects. As such, the DBHS proteins are a viable therapeutic 

target and/or prognostic marker. However, the mechanistic details of their 

function are unknown. Towards developing a molecular understanding of DBHS 

protein function, this study aimed to solve DBHS protein structures and 

complement the structures with an investigation into their RNA binding 

mechanisms.  

 

The literature surrounding DBHS protein function has not been 

comprehensively reviewed in light of recent structural advances for well over a 

decade. Thus, the first part of this study presents a detailed literature review. 

Through an in-depth foray into the literature, the family are identified as dynamic 

proteins mediating a wide range of protein-protein and protein-nucleic acid 

interactions. As such, we describe them as a multipurpose molecular scaffold.  

 

In spite of recent structural advances, the role of combinatorial dimerisation 

and mechanisms of nucleic acid binding are unclear and often overlooked in the 

literature. To explore the molecular origins of DBHS proteins and firmly place the 

role of dimerisation and RNA binding in function, the first set of experimental 

results detail the X-ray crystal structure of NONO-1, an ancestral DBHS protein 



from Caenorhabditis elegans, which was solved and complemented with a 

thorough bioinformatic analysis. 

 

The second part of this study focuses on the challenges of characterising the 

previously uncharacterised human NONO homodimer. Here, the pursuit of stable 

NONO protein and high quality X-ray diffraction produced a case study that 

describes methods for overcoming problems with protein stability, data collection 

and non-crystallographic symmetry.  

 

Finally, the novel X-ray crystal structures of both the NONO and PSPC1 

homodimers are analysed in detail. The RNA binding ability of NONO is 

described using microscale thermophoresis, isothermal titration calorimetry and 

X-ray solution scattering, providing the first detailed molecular insights into the 

association of nucleic acid with a DBHS dimer.  

 

Moving forward, the data presented within this thesis provide a sound 

structural framework to reliably investigate this remarkably adaptable and 

versatile protein family. The novel data on RNA binding mechanisms and the 

dynamic of dimerisation makes a significant contribution to our understanding of 

DBHS molecular mechanisms. The insights provided by this work are an 

important first step towards potentially developing therapeutics targeting DBHS 

proteins. 
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Thesis Prelude 
 

X-ray crystallography has been an important technique in biological research 

since its establishment over a century ago. The evolution of the technique has 

seen its marriage to biophysical characterisation, which together, provide the 

means to explore complex biological phenomena in a way that benefits 

researchers who work in an in vitro and/or in vivo context. This thesis provides 

an apt example of how structural biology complemented with biophysical 

characterisation can inform complex biological function.  

 

This thesis contains work that has been or is prepared for publication and peer 

review, centred solely on the Drosophila behaviour/human splicing (DBHS) 

protein family. The DBHS proteins are something of an enigma, with functions 

reported throughout most steps in nuclear and cytosolic gene regulation. 

Consequently, since their discovery in 1993, the biological and clinical relevance 

of the family has developed rapidly. The first X-ray crystal structure of a DBHS 

protein, published in 2012, illustrated some remarkable characteristics unique to 

the family. 

 

Since then, our laboratory has been engaged in understanding the structure 

and mechanism of DBHS proteins towards recognising them as potential 

prognostic markers but also as therapeutic targets. Towards this, Chapter 1 

presents a comprehensive review of the literature intended to not only place the 

context of this thesis, but to provide a structural framework for future 

investigation into the DBHS protein family. This review article is published in 

Nucleic Acids Research. Following the literature review, a short thesis rationale 

is presented to identify the questions and aims of the study. The methods section 

of this thesis, Chapter 2, contains a general overview of the methods and details 

those methods not strictly defined in the manuscripts that follow. The first results 

chapter of this thesis, Chapter 3, describes a combined bioinformatic and 

crystallographic investigation into the DBHS protein family that is published in 

Protein Science. The data presented within identifies the clear dimeric nature of 

the protein family and highlights the importance of various structural features in 

their evolution and putative function. Chapter 4 describes the successful but 

challenging purification, crystallisation and data analysis of the human DBHS 



protein homodimer, NONO, that had remained uncharacterised. This work is 

presented as a case study in overcoming such crystallographic challenges 

published in Acta. Crystallographica D. With the ability to biophysically 

characterise the NONO homodimer, Chapter 5 presents the novel X-ray crystal 

structures of the NONO and PSPC1 homodimers. An in-depth comparative 

analysis of both structures provides valuable knowledge into the nature of 

combinatorial dimerisation and domain flexibility. A major limitation of the pre-

existing DBHS structural studies was a lack of insight into protein-nucleic acid 

interactions mediated by this family. To redress this, the chapter concludes with 

details of the experiments used to explore the innate RNA binding ability of 

NONO. Combining a biophysical characterisation with X-ray crystallography and 

small angle X-ray scattering, it was possible to describe a novel solution structure 

of NONO in complex with an oligonucleotide.  

 

The final chapter of this thesis, Chapter 6, scrutinizes, discusses and 

summarises the results presented in chapter 3 – 5 before a final conclusion. As 

this thesis contains work that has been or is prepared for publication and peer 

review, each results chapter contains a brief summary to place the context of the 

presented manuscript with author contributions highlighted. The manuscript is 

embedded after this and each chapter possesses its own list of references before a 

conclusion summarising the manuscript in the context of the thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



CHAPTER 1 
Introduction 

 

1.1– Summary 
 Biological macromolecules (e.g. nuclear proteins, DNA and RNA) are often 

given a concise title that captures their function, such as ‘transcription factor’, 

‘polymerase’ or ‘nuclear-receptor’. For members of the Drosophila 

behaviour/human splicing (DBHS) protein family, the focus of this thesis, no such 

clean-cut title exists. DBHS proteins are frequently and consistently identified 

engaging in almost every step of gene regulation, both within and outside of the 

nucleus.  

This chapter describes an in depth review of the literature detailing the 

overarching complexity of the DBHS protein family and serves to aptly place the 

direction of the research carried out for this thesis. Through a comprehensive 

study of the literature, a coherent picture for DBHS protein function is presented 

by recognizing the family as decidedly dynamic proteins essential for mediating 

and integrating protein-protein and protein-nucleic acid interactions. However, 

we highlight the need for further investigation into the structure and function of 

the family. It should be noted that the manuscript referenced within the context 

of this review, Knott et al., 2015 published in Protein Science, forms the first 

results chapter of the thesis, published before the submission of this review. 

 

1.2– Contribution to publication 
 My contribution to this publication included collating, reading and analysing 

all the literature relevant to the DBHS protein family. My involvement also 

included writing the manuscript, preparation of figures and editing for final 

publication. All authors contributed to editing before submission. 

 
AUTHOR Contribution (%) Signature 

Gavin J. Knott 75.0 

Charles S. Bond 10.0 

Archa H. Fox 15.0 



  



 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

  



 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
  



 

 
 
 
 
 

 
 
 
 
 
 

 
 
  



 

 
 
 
 
 

 
 
 
 
  



 

 
 
 
 
 

 
 
 
 
  



 

 
 
 
 
 

 
 
 
  



 

 
 
 
 
 

 
 
 
 
 
 

 
 
  



 

 
 
 
 
 

 
 
 
 
 
  



 

 
 
 
 
 

 
 
 
 
 
 

  



 

 
 
 
 
 

 
 
 
 
 
 

 
  



 

 
 
 
 
 

 
 
 
 
  



 

 
 
 
 
 

 
 
 
  



 

 
 
 
 
 

 
 
 
 
 
 

  



 

 
 
 
 
 

  



 

  



1.3 – Supplementary information 
1.3.1 – The DBHS RNA recognition motifs 
 The conserved DBHS RNA recognition motifs (RRMs), RRM1 and RRM2, are 

not identical (Figure 5). In all members of the family RRM1 features a conserved 

RNP2 and RNP1 motif, whereas RRM2 does not (Figure 5A). Using PSPC1 as a 

reference (extracted from the PSPC1/NONO heterodimer; PDB code 3SDE), 

RRM1 features three highly conserved phenylalanine residues (F85, F119 and 

F121) on the β-sheet surface (Figure 5B). In contrast, the β-sheet surface of RRM2 

shows no conservation of the RNP2 motif and only part of the RNP1 motif (Figure 

5C). However, RRM2 does possess extended β2-β3 and α2-β4 loops when 

compared to RRM1 (Figure 5D). 

 
 
 
 

 
 
 
 
 
 

 
 
 
Figure 5 – The DBHS protein RNA recognition motifs (RRMS). (A) Protein sequence 

alignment of RRMs from C. elegans NONO-1 and human SFPQ, PSPC1 and NONO. The 

secondary structure elements of PSPC1 from the PSPC1/NONO heterodimer (PDB code 

3SDE) are shown above the sequence alignment for RRM1 (dark blue) and RRM2 (light 

blue). The consensus RNA binding residues for RRM1 and RRM2 are indicated by yellow 

stars and triangles respectively. PSPC1 RRM1 (B) and RRM2 (C) shown as cartoons with 

the RNP-1 consensus residues shown as yellow sticks. (D) Superposition of PSPC1 RRM1 

and RRM2 highlighting the extended β2-β3 and α2-β4 loops present within RRM2.  



1.4- Conclusion and thesis rationale  
The last detailed literature review focused on the DBHS protein family was 

published in 2002; long before DBHS protein structure and their nuclear 

dynamics were known. Since then, the field has seen a marked increase in the 

number of publications with well over 100 manuscripts related to a member of the 

DBHS protein family (Figure 1.5). 

 

 

 

 

 

 

 

 

 

 
 

Figure 6 – Number of scientific peer-reviewed publications available online containing 

the keyword ‘DBHS’ published per year since 1989.  

 

 

While the literature brings together a series of common themes describing 

DBHS proteins as a molecular scaffold, there remains a deficiency in our 

understanding of their basic molecular mechanisms. The DBHS proteins have a 

broad range of gene regulatory functions where they are implicated in viral 

infection and a variety of cancers. To date, no experiments have demonstrated 

that DBHS proteins are validated drug targets, especially in light of the 

considerable sequence similarity between the human paralogues. Nevertheless, 

unique functions can be attributed to DBHS protein paralogues, for example, 

NONO functions in the context of N-myc-driven neuroblastoma to the exclusion 

of PSPC1 and SFPQ. Thus, in this example, NONO’s RNA binding ability may 

present a suitable target for drug design in the context of advanced 

neuroblastoma.   

 

 



With the emergent relevance of the DBHS protein family to gene regulation, 

coupled with an expanding list of clinical and therapeutic potential, this project 

was conceived with the aims to:    

 

1. Understand the molecular origins of DBHS proteins in biology through C. 

elegans NONO-1; 

2. Elucidate the structure of the human NONO homodimer and; 

3. Functionally characterise NONO in the context of its nucleic acid binding 

ability. 

 

The need to establish a molecular consensus for DBHS protein dimerisation 

and work towards understanding how they interact with target nucleic acid will 

assist in the identification of medically relevant targets for therapeutics and drug 

design.  
  



CHAPTER 2 
Materials and methods 

 
2.1 – Bacterial strains  
 Escherichia coli (E. coli) strains used in this study are detailed in Table 2.1. 

 
Table 2.1 - Escherichia coli (E. coli) strains used in this study. 

* Strains used for recombinant protein expression.  

 

2.2 – Media and buffers 
 All media and buffers used in this study are detailed in Appendix-1. 

 

2.3 – Molecular biology  
 General molecular biology and microbiological techniques were carried out as 

described in Molecular Cloning; a laboratory manual (Sambrook, Fritsch et al., 

1989).  

 

2.3.1 NONO-1 coding plasmids 

 Details of the molecular cloning can be found in Chapter 3. Briefly, Dr. Hannah 

Nicholas (School of Molecular Bioscience, University of Sydney) generously 

provided cDNA encoding C. elegans NONO-1a. NONO-1 (96 – 353, relative to 

Uniprot entry B3GWA1_CAEEL) was cloned into the pCDF-11 expression vector 

(EMBL, Hamburg) (Figure 2.1).  

 

2.3.2 PSPC1 coding plasmids 

 Daniel M. Passon (School of Chemistry and Biochemistry, University of 

Western Australia) generously provided the plasmid encoding human PSPC1 (60 

Bacterial Strain  Genotype 

XL2-Blue endA1 gyrA96 (nalR) thi-1 recA1 relA1 lac glnV44 F'[::Tn10 
proAB+ lacIq Δ(lacZ)M15] hsdR17(rK- mK+) 

DH5α F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 
φ80dlacZΔM15 Δ (lacZYA-argF) U169, hsdR17 (rK–mK+), λ– 

Rosetta 2 (DE3)* F- ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE2 (CamR) 



– 320, relative to Uniprot entry PSPC1_HUMAN) cloned into the first multiple 

cloning site of pET-Duet-1 (Figure 2.2) and the plasmid encoding human NONO 

(53 – 312, relative to Uniprot entry NONO_HUMAN) cloned into the second 

multiple cloning sites of pET-Duet-1. Daniel M. Passon also provided the plasmid 

encoding both human PSPC1 (60 – 320, relative to Uniprot entry 

PSPC1_HUMAN) and NONO (53 – 312, relative to Uniprot entry 

NONO_HUMAN) cloned into the first and second multiple cloning sites of pET-

Duet-1 respectively.  

 

2.3.3 NONO coding plasmids 

 Archa H. Fox (School of Anatomy, Physiology and Human Biology, University 

of Western Australia) generously provided the plasmid DNA encoding full-length 

human NONO (Uniprot entry NONO_HUMAN). Full-length NONO was used as 

the template for the production of construct variants by polymerase chain reaction 

(PCR) (section 2.3.6). The PCR amplicon was restriction digested (section 2.3.7) 

before ligation into the appropriate pre-digested vector backbone (section 2.3.8). 

The integrity and purity of DNA was verified at each step by agarose gel 

electrophoresis (section 2.3.9) and concentrations determined using a NanoDrop 

spectrophotometer (Thermo Scientific) monitoring absorbance at 260 nm. 

Successful cloning was verified by DNA sequencing (section 2.3.10). 

 

2.3.4 Plasmid transformation in E. coli 

 Bacterial transformations were carried out by incubating 100 ng of purified 

plasmid DNA with 100 μL chemically competent bacteria for 30 minutes. Post-

incubation, the transformation was heat shocked for 90 seconds at 42 °C before 

further incubation on ice for 5 minutes. The transformation was then 

supplemented with 900 μL Lysogeny broth (LB) (Appendix A) and incubated for 

45 minutes at 37 °C/180 rpm. Post-incubation, cells were pelleted by 

centrifugation at 5,000 x relative centrifugal force (rcf) for 5 minutes at ambient 

temperature. The bacterial pellet was separated from the supernatant and 

resuspended in 100 μL LB media and plated on LB-agar plates supplemented 

with the appropriate antibiotics (see Appendix A – LB Media supplementation). 

Once dry, plates were incubated at 37 °C for 16 hours before colonies were 

harvested.  

  



 

 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 2.1 – Vector map of pCDF-11 (EMBL, Hamburg) used for protein 

expression in this study. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 2.2 – Vector map of pET-Duet-1 (Novagen) used for protein expression in 

this study. 



2.3.5 Plasmid propagation and purification  

 Colonies harvested from LB agar plates were transferred to 5 mL LB 

supplemented with the appropriate antibiotics before incubation overnight at 37 

°C/ 180 rpm. Cells were pelleted at 4,000 x rcf for 20 minutes and the supernatant 

removed. Plasmid DNA was extracted using a commercially available mini-

preparation kit (Axygen) according to the manufacturer’s instructions.  

 

2.3.6 Polymerase chain reaction 

 Amplifications were carried out using 25 ng template, 1X Phusion reaction 

buffer (Finzymes), 0.2 mM deoxynucleotide triphosphates, 2.5 pmol forward and 

reverse primer Integrated DNA technologies (IDT, Singapore) (Table 2.2); 

catalysed by 1 unit of PhusionTM high-fidelity (HF) DNA Polymerase (Finzymes). 

Amplification was carried out using a Palm CyclerTM (Corbett Research) with 

thermal cycle conditions outlined in Table 2.3. Post-reaction cleanup was carried 

out using AxyPrepTM PCR-Cleanup Kits (Axygen) in accordance with the 

manufacturer’s instructions and concentrations determined using a NanoDrop 

spectrophotometer (Thermo Scientific).  

 

 
Table 2.2 – Primers for constructs generated in this study.  

Primer name * Sequence (5’ – 3’) 

NONO-1 (96) F. (NcoI) CATGCCATGGCAGCGTTCACTGAG  

NONO-1 (353) R. (XhoI) GGCCTCGAGTTAGAGCATCTGTGCTT
G  

NONO (1) F.TEV (BamHI-HF) CAGGATCCAGAAAACCTGTATTTTCAG
GGC 
ATGCAGAGTAATAAAACTTTTAAC 

NONO (53) F.TEV (BamHI-HF) CAGGATCCAGAAAACCTGTATTTTCAG 
GGC GAAGGCTTGACTATTGAC  

NONO (146) F.TEV (BamHI-HF)  CAGGATCCAGAAAACCTGTATTTTCAG 
GGC CATAGTGCATCCCTTAC  

NONO (312) R. (EcoRI) CGGAATTCTTACATTAGCATGACCTG 
GTG  

NONO (371) R. (EcoRI) CGGAATTCTTACTTGAATCCTTCCTG  

* Note: Naming format is [protein][(amino acid)][directionality, F-forward, R-

reverse].[TEV site][(restriction site)]. 

 

 



Table 2.3 – Thermal cycle conditions for PCR 

Step Temperature (°°C) Time (second) 

Initial denaturation 98.0 45.0 

Denaturation 98.0 15 

30 cycles Annealing 55.0 20 

Extension 72.0 45 

Final extension 72.0 600 

Hold 22.0 Hold 

 
2.3.7 Restriction digestion  
 PCR amplicons and destination expression vectors were double digested with 

restriction enzymes from New England Biolabs (NEB). A quantity of 4 μg of either 

PCR amplicons or destination expression vector were digested in 1X CutSmart 

buffer (NEB), 0.1 mg/mL bovine serum albumin (BSA), catalysed by 40 units of 

each restriction enzyme for two hours at 37 °C. Digested PCR amplicon was 

cleaned using AxyPrepTM PCR-Cleanup Kits (Axygen) in accordance with the 

manufacturer’s instructions. Digested expression vector was treated with 1 unit 

of calf intestinal alkaline phosphatase (Invitrogen) for one hour at 37 °C. 

Phosphatase treated vector was visualised by agarose gel electrophoresis (section 

2.3.9) before gel extraction using the AxyPrepTM DNA gel-extraction Kit (Axygen) 

in accordance with the manufacturer’s instructions. 

 

2.3.8 Ligation 
 Ligation reactions consisted of 100 ng of digested gel extracted vector and five 

molar equivalents of digested cleaned PCR amplicon in 1X T4 DNA ligation buffer 

(NEB) catalysed by 20 units of T4 DNA ligase (NEB). Ligations were carried out 

at 20 °C for four hours before 100 ng was transformed into competent DH5α or 

XL-2 Blue (section 2.3.4). Transformants were selected from LB agar plates and 

cultured for plasmid propagation and extraction (section 2.3.3). Plasmid DNA was 

sequenced (section 2.3.10) to confirm successful cloning of the desired construct 

before expression.  

 
 
 



2.3.9 Agarose gel electrophoresis 
 Agarose was prepared as 0.8 % (w/v) agarose (Amresco) in 0.5 X TBE buffer 

(Appendix A) for assessment of purified plasmids or PCR amplicons. For gel 

extraction, 0.8 % (w/v) low melting point agarose (Amresco) was prepared in 0.5 

X TBE buffer. DNA fragments were prepared with 1 X DNA loading dye 

(Appendix A) and electrophoresed for 30 minutes at 100 V in a mini-gel 

electrophoresis unit (Eurogentec). Gels were stained with ethidium bromide (100 

μg/mL) for 15 minutes and visualised with low intensity ultraviolet light on a UV-

Star transilluminator (Biometra).  

 

2.3.10 DNA sequencing  
 Plasmid DNA containing a cloned insert was sequenced using automated DNA 

sequencing by Macrogen, Korea. Sequencing was primed from the T7 promoter 

and terminator (Macrogen, Korea) and the results analysed using FinchTV 

(Geospiza).  



2.4 – Protein expression  
2.4.1 Expression of the C. elegans and H. sapiens DBHS dimers 

 Competent Rosetta2 (DE3) cells (Novagen) were transformed and selected from 

Lysogeny Broth (LB) agar plates supplemented with the appropriate antibiotics. 

Single colonies were inoculated into 5 mL LB media supplemented with the 

appropriate antibiotics before incubation for 16 hours at 310 K/200 rpm. The 5 

mL culture was used to inoculate 500 mL LB media supplemented with the 

appropriate antibiotics in 2 L conical flasks incubated at 310 K/200 rpm. At an 

optical density (600 nm) of 0.6, cultures were cooled on ice before induction with 

0.5 mM IPTG for 16 hours at 298 K/180 rpm. Cells were harvested by 

centrifugation at 5,000 x rcf for 15 minutes at 4 °C. Pellets were transferred to 50 

mL tubes (Greiner) and stored frozen at – 80 °C. 

 
2.5 – General protein methods 
2.5.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

 Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (PAGE) 

was used to assess the integrity and purity of protein samples at every stage of 

purification. Proteins were prepared with 1X SDS loading buffer (Appendix A) 

heated at 95 °C for 15 min. A 10 μL sample was loaded to a 12 % bisacrylamide-

acrylamide (v/v) tris-glycine gel (Appendix A). Electrophoresis was carried out at 

ambient temperature in 1X SDS running buffer (Appendix A) at 40 mA until the 

dye front approached the base of the gel. Proteins were visualised by staining with 

Coomassie blue stain (Appendix A) for 30 minutes and destained with Coomassie 

destaining solution (Appendix A) for 30 minutes. Gels were imaged manually with 

a camera. Gels were run with a 2 – 212 kDa molecular weight marker (NEB) to 

determine the size of the protein of interest. Theoretical protein molecular masses 

are indicated in Table 2.4.  

 

2.5.2 Determination of protein concentration  

 Protein concentrations were determined using the absorbance at 280 nm 

measured using a NanoDrop spectrophotometer (Thermo Scientific). Theoretical 

protein extinction coefficients used to determine protein concentration are 

indicated in Table 2.4. 

 

 



Table 2.4 – DBHS protein molecular mass and extinction coefficients. 

DBHS protein* Molecular mass (kDa)† Extinction coefficient (M-1cm-1)† 

NONO-1 (96-353) 29.57 15930 

NONO (53-312) 30.10 11460 

NONO (146-312) 19.30 9970 

PSPC1 (60-320) 29.89 11460 

SFPQ (276-535) 29.79 15930 
* Numbers in parenthesis denote the amino acid range.  
† Values calculated using PROTPARAM (http://web.expasy.org/protparam/) 

 

2.6 – Protein purification  
All protein purifications were carried out on a BioLogic DuoFlow (Bio-Rad) 

while monitoring absorbance at 260 and 280 nm with a Quad-Tec detector (Bio-

Rad). Peaks fractions were assessed by SDS-PAGE (see 2.5.1). 
 

2.6.1 High-pressure homogenisation of E. coli  

 Compact pellets of expressed DBHS protein were gently resuspended on ice 

with 1/10 culture volume equivalents of Ni binding buffer (Appendix A) 

supplemented with 1/10000 volumes of Benzonase Nuclease (Sigma). Lysis was 

carried out on ice with an Emulsiflex C5 high-pressure homogeniser (Avestin) 

until the lysate was clarified. The soluble fraction was separated from the 

insoluble fraction by centrifugation at 24 000 x rcf for 30 minutes at 4 °C. The 

soluble fraction was passed through a 0.22 μm syringe filter (Merck Millipore) 

before Ni affinity purification.  

 

2.6.2 NONO-1 protein purification  

 Bacterial pellets were harvested at 5 000 g, resuspended in NONO binding 

buffer and lysed with an Emulsiflex C5 high-pressure homogeniser (Avestin) 

(Chapter 2, section 2.6.1). The lysate was clarified at 24 000 x rcf and the 

supernatant applied to a 5 mL Hi-Trap column charged with NiCl2 (GE 

Healthcare). NONO-1 protein was eluted in NONO elution buffer (Appendix A) 

with an imidazole gradient (25 – 500 mM) over ten column volumes. Peak 

fractions were pooled, diluted with NONO-1 gel filtration buffer (Appendix A) and 

incubated with in-house produced recombinant His-tagged TEV protease at 

ambient temperature for 16 hours supplemented with 1 mM dithiothreitol (DTT). 



The digest was subsequently applied to a 1 mL Hi-Trap column (GE Healthcare) 

to remove the tagged protease and residual uncleaved NONO-1. Cleaved NONO-

1 was immediately loaded onto a HiLoad 16/60 Superdex 200 preparative-grade 

column (GE Healthcare) developed with NONO-1 gel filtration buffer. Purified 

NONO-1 protein was concentrated to 4 – 8 mg/mL as determined by absorption 

at 280 nm using the estimated absorption coefficient 15 930 M-1 cm-1. 

Concentrated protein was evaluated by SDS-PAGE (section 2.5.1) and flash 

frozen with liquid nitrogen for long-term storage at 193 K.  

 

2.6.3 NONO protein purification optimisation   

 The instability of NONO at any concentration or stage of purification prompted 

broad optimisation. Briefly, optimisation was carried out by modifying the buffer 

content (e.g. pH, ionic strength, reducing agents, additives etc.), purification 

protocol (MBP tagged constructs, purification temperature, purification column 

steps etc.), bacterial expression (bacterial strain, expression plasmid, 

temperature, induction period etc.), and/or in various combinations with the 

NONO protein construct. Improvement was assessed by optimal solubility 

screening in 24 well format (1) and differential scanning fluorimetry (DSF) as 

described in (2). Ultimately, the addition of 50 mM L-proline was sufficient to 

stabilise the protein for subsequent purification and analysis.  

 

2.6.4 NONO protein purification 

 Compact pellets of 500 mL were gently resuspended on ice with 50 mL NONO 

binding buffer (Appendix A) supplemented with 5 μL Benzonase Nuclease 

(Sigma). Lysis was carried out with an Emulsiflex C5 high-pressure homogeniser 

(Avestin) (Chapter 2, section 2.6.1) clarified by centrifugation (24 000 x rcf/30 

min/278 K) and 0.22 μm filtration before application to a 5 mL NiCl2 charged Hi-

Trap column (GE Healthcare). NONO was eluted over a ten-column volume 

imidazole gradient (25 – 500 mM) while monitoring absorbance at 260 and 280 

nm with a Quad-Tec detector (Bio-Rad) attached to a BioLogic DuoFlow (Bio-Rad). 

After an immediate 1:3 dilution in NONO gel filtration buffer (Appendix A), 

NONO was incubated at ambient temperature for 16 hours with in-house 

produced recombinant His-TEV protease supplemented with 1 mM dithiothreitol. 

Post-digestion centrifugation (24 000 x rcf/30 min/277 K) and 0.22 μm filtration 

was carried out before re-application to a Hi-Trap column (GE Healthcare). 



Cleaved NONO was pooled and loaded to a HiLoad 16/60 Superdex 200 

preparative-grade column (GE Healthcare) in 5 mL injections developed with 

NONO gel filtration buffer at 1 mL min-1. NONO was concentrated using a 10-

kDa concentrator (Amicon) and the concentration determined by absorption at 

280 nm using an estimated absorption coefficient (Table 2.4). Purified NONO 

homodimer was evaluated by SDS-PAGE (section 2.5.1) and stored at 277 K or 

flash frozen with liquid nitrogen for long-term storage at 193 K.  

 

2.6.5 PSPC1 purification  

 Compact pellets of 500 mL were gently resuspended on ice with 50 mL PSPC1 

binding buffer (Appendix A). Lysis was carried out with an Emulsiflex C5 high-

pressure homogeniser (Avestin) (Chapter 2, section 2.6.1) clarified by 

centrifugation (24 000 x rcf/30 min/278 K) and 0.22 μm filtration before 

application to a 5 mL NiCl2 charged Hi-Trap column (GE Healthcare). PSPC1 was 

eluted over a ten-column volume imidazole gradient in PSPC1 elution buffer 

(Appendix A) while monitoring absorbance at 260 and 280 nm with a Quad-Tec 

detector (Bio-Rad) attached to a BioLogic DuoFlow (Bio-Rad). Peak fractions were 

subjected to buffer exchange into PSPC1 gel filtration buffer (Appendix A) using 

a PD-10 desalting column (GE Healthcare) and then incubated at 277 K for 16 

hours with in-house produced recombinant TEV protease. Post-digestion re-

application to a Hi-Trap column (GE Healthcare) removed His-tagged species 

before concentrated samples were loaded to a HiLoad 16/60 Superdex 200 

preparative-grade column (GE Healthcare) developed with gel filtration buffer at 

1 mL/min. Purified PSPC1 homodimer concentrated in a 10-kDa concentrator 

(Amicon) was evaluated by SDS-PAGE (section 2.5.1) flash frozen with liquid 

nitrogen for long-term storage at 193 K. 

 

2.7– Analytical size exclusion chromatography  
 Analytical gel filtration experiments on DBHS protein samples were carried 

out over a S200 10/300 Increase (GE Healthcare) attached to a Biologic Duo-Flow 

(Bio-Rad) with a Quad-Tec detector (Bio-Rad). The S200 was developed with gel 

filtration buffer over one column volume at room temperature at 0.5 ml min-1. 

Molecular weights were estimated from a gel filtration standard (Bio-Rad).  

 
 



2.8 – General RNA methods 
2.8.1 Nucleic acid sample preparation 

 All oligonucleotides used in this study are labelled at the 5’-end with 6-

carboxyfluorescein (6-FAM). 5’ 6-FAM homo-ribopolymers (5’ 6-FAM-dT-[G9] 3’, 5’ 

6-FAM-dT-[A9] 3’, 5’ 6-FAM-dT-[U9] 3’ and 5’ 6-FAM-dT-[C9] 3’) were synthesised 

by IDT (Singapore) and 5’ 6-FAM labelled antisense oligonucleotides (ASOs) were 

synthesised by IDT (USA) (Table 2.5). The ASOs are completely phosphorothioate 

(PS)-modified, 5-10-5 gapmers consisting of five nucleotide 2’-modified termini; 2’, 

4’-constrained 2’-O-ethyl (cET) (IONIS626823) or 2’-α-fluoro (F) (IONIS742093). 

All oligonucleotides were dissolved in nuclease free water (Sigma) to 2 mM and 

diluted into the appropriate RNA-binding buffer (Appendix A) prior to use in 

MST, ITC or SAXS experiments. The integrity of RNA samples was assessed 

using agarose gel electrophoresis (section 2.3.9).  

 

Table 2.5 – Oligonucleotides used in this study.  

† Sequences in square brackets are modified at the 2’-position. 

* The 2’-modification is indicated in parenthesis where (cET) corresponds to a 2’, 

4’-constrained 2’-O-ethyl and (F) corresponds to 2’-α-fluoro.  
‡ mC denotes 5-methyl cytosine  

 

2.9 – Microscale thermophoresis  
 Microscale thermophoresis (MST) was used to measure the interaction 

between DBHS proteins and candidate oligonucleotides. All MST experiments 

were carried out using a Monolith NT.115 (NanoTemper Technologies) at ambient 

temperature. Briefly, single-stranded oligonucleotides were prepared at 100 nM 

– 500 nM and incubated on ice in a dilution series of NONO in RNA-binding 

buffer. The reactions were transferred directly to standard-treated capillaries 

(NanoTemper) and directly loaded into Monolith NT.115. Primary capillary scans 

Oligonucleotides name * Sequence (5’ – 3’) † ‡ 

Homo-ribopolymer G dT-GGGGGGGGG 

Homo-ribopolymer U dT-UUUUUUUUU 

Homo-ribopolymer C dT-CCCCCCCCC 

Homo-ribopolymer A dT-AAAAAAAAA 

IONIS626823 (cET) [CTGCT] AGmCmCTmCTGGA [TTTGA] 

IONIS742093 (F)  [CUGCU] AGmCmCTmCTGGA [UUUGA] 



determined capillary position and confirmed consistent fluorescence between 

capillaries as a function of increasing protein concentration. Thermophoresis 

experiments were carried out at 20%-50% blue-LED with 20% MST power. 

Observed fluorescence signals were normalized to the fluorescence at time point 

0 and analysed using the NanoTemper analysis software. Data were analysed 

using the ‘Thermophoresis + T-Jump’ profile fit to a Hill equation [f(c)=unbound 

+ (bound – unbound)/(1 + (EC50/c)^n).  

 

2.10 – Isothermal titration calorimetry  
 All Isothermal Titration Calorimetry (ITC) experiments were carried out in a 

MicroCal iTC200 (GE Healthcare) at 298.15 K. Briefly, purified NONO 

homodimer was placed in the calorimetric cell and oligonucleotides in the titrant 

syringe after extensive dilution into RNA binding buffer. After equilibration in 

the cell, aliquots of the oligonucleotide were titrated into the NONO homodimer 

until saturation. Raw ITC data were analysed with Origin 7.0 (Origin Lab). A one-

set-of-sites model was fitted to the sigmoidal curves obtained and the 

stoichiometry (N), association constant (Kd) and the change in enthalpy (ΔH) were 

determined. The values of the standard molar Gibbs energy change (ΔG) and 

standard molar entropic contribution (TΔS) were then calculated using the 

relationship ΔG=TΔS - ΔH.  

 

2.11 – Protein crystallisation  
 Crystallisation experiments were carried out employing vapour diffusion 

techniques at 293 +/- 0.5 K. Sparse matrix screens were carried out in 96-well 

format using the Index96, Crystal 1 and 2, PEG/Ion, Natrix 1 and 2 screens 

(Hampton Research) prepared in Intelliplate low volume reservoir sitting drop 

plates (Hampton Research) by a Phenix liquid handling robot (Art Robbins 

Scientific, USA). Briefly, 100-200 nL of concentrated protein was mixed with 100-

200 nL of reservoir solution equilibrated against 80 μL reservoir. Crystallisation 

hits were optimised by varying combinations of precipitant concentration, buffer 

pH and protein concentration in 2 – 10 μL drop sizes. Optimisations were carried 

out in 24-well hanging drop VDX (Hampton Research) or Linbro (ICN 

Biochemicals) and sitting drop Cryschem plates (Hampton Research). The 

successful crystallisation of NONO-1 (Chapter 3), NONO (Chapter 4) and PSPC1 

(Chapter 5) are described in detail within the relevant chapter.  



2.12 – X-ray diffraction data collection and processing 
 All diffraction data presented in this thesis were collected on the MX2 beamline 

of the Australian Synchrotron by remote access using the beam-line software Blu-

Ice (3). Briefly, data were integrated and reduced in either iMOSFLM (4) or XDS 

(5) whereupon a high-resolution cut-off was applied to the data. The resolution 

limits of native data were determined by the half-dataset correlation coefficient 

(CC1/2 ≥0.5) (6,7). The space group was determined and the data scaled and merged 

in AIMLESS (8). The phase problem was overcome by molecular replacement in 

MOLREP (9). The highest correlations were initially refined in REFMAC5 (10) 

before sequence correction using COOT (11) and co-ordinate manipulation in 

PDB-MODE (12). Structures were refined in either BUSTER (13), REFMAC5 or 

PHENIX.REFINE (14) before validation in MOLPROBITY (15). The atomic 

coordinates and structure factors for the models described in this thesis have been 

deposited to the Protein Data Bank (Appendix II, Validation Reports). Molecular 

graphics illustrating structures were generated using PYMOL (Schrodinger). 

 

2.13 – Small-angle X-ray scattering  
2.13.1 – Data collection and processing 

 Purified NONO was prepared as described in 2.6.4 and shipped with a matched 

buffer on dry ice to the Australian Synchrotron. All small-angle X-ray scattering 

(SAXS) data were collected on the SAXS/WAXS beamline of the Australian 

Synchrotron. Data were collected using static capillaries or size-exclusion 

chromatography-coupled synchrotron small-angle X-ray scattering (SEC-SY-

SAXS) (16) controlled by a Shimadzu HPLC system. All data were collected on a 

1 M Pilatus detector (17). Details of data collection samples and parameters are 

presented in the relevant results chapter. Data reduction and background 

correction were carried out in SCATTERBRAIN and further corrected for 

cumulative capillary fouling by aggregates using US-SOMO (17). Primary data 

processing was carried out with the ATSAS software package (18).  

 

2.13.2 – Data analysis and modelling  

 The details of analysis and modelling are provided in detail within Chapter 5. 

Briefly, the Guinier region, intensity at 0 [I(0)], and radius of gyration (Rg) were 

calculated using PRIMUS (19). The P(r) distribution plot, Porod volume, and 

maximum dimension (Dmax) were calculated using GNOM (20). The agreement 



between theoretical scattering curves and amplitudes for X-ray crystal structures 

were calculated in CRYSOL (21). The structural neighbours of observed solution 

scattering data were retrieved using the DARA web server (22). Accurate 

estimates for molecular weights were calculated from the mass parameter QR in 

SCÅTTER using the volume-of-correlation (Vc) (23). Ab initio models were 

generated (high-q cut-off of 0.2) using DAMMIF (24), superimposed and averaged 

with DAMAVER (25) before refinement in DAMMIN (24). Rigid-body modelling 

of complexes was carried out using SASREF (25). Coordinates were manipulated 

with PDB-MODE (12).  
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CHAPTER 3 
The molecular origins of DBHS proteins 

 

3.1 – Summary  
 Through a combination of in vivo and in vitro experimentation, it has become 

abundantly clear that DBHS proteins exist as obligate dimers. However, in spite 

of the apparent consensus in the literature, there is still a prevalence of 

inconsistent DBHS protein functional annotation and poor construct design in 

light of the structural data published. 

 This manuscript describes the X-ray crystal structure of an ancestral DBHS 

protein, NONO-1 from the invertebrate Caenorhabditis elegans. By layering a 

comprehensive bioinformatic analysis onto the three dimensional structure, we 

were able to highlight the inherently dimeric nature of the DBHS protein family. 

Furthermore, we discovered evolutionarily conserved structural features that 

likely underpin the function of all DBHS proteins in biology. Taken together, the 

findings presented in this publication provide a molecular basis for future 

investigations into the DBHS protein family. 

 

3.2 – Contribution to publication 
 My contribution to this work was the in depth bioinformatic analysis, cloning, 

expression, purification, crystallisation, structure solution and refinement of the 

NONO-1 homodimer. I wrote the manuscript, prepared the figures and edited for 

final publication. Mihwa Lee, Daniel M. Passon and Charles S. Bond provided 

invaluable supervision. All authors contributed to editing the manuscript prior to 

final submission and publication. Preliminary data for this publication were 

gathered as part of my honours thesis, however all of the detailed bioinformatics, 

crystallisation, structure determination and analysis were undertaken as part of 

this PhD thesis. 

 

Supplementary material to Chapter 3 can be found in Appendix B.  
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Abstract: Members of the Drosophila behavior/human splicing (DBHS) protein family have been

characterized in the vertebrates Homo sapiens and Mus musculus, and the invertebrates Drosophila

melanogaster and Chironomus tentans. Collectively, both vertebrate and invertebrate DBHS proteins
function throughout gene regulation, largely but not always, within the nucleus. In this study, we report

a structural and bioinformatic analysis of the DBHS protein family to guide future studies into DBHS

protein function. To explore the structural plasticity of the family, we describe the 2.4 Å crystal structure
of Caenorhabditis elegans non-POU domain-containing octamer-binding protein 1 (NONO-1). The

structure is dimeric, with a domain arrangement consistent with mammalian DBHS proteins.

Comparison with the DBHS structures available from H. sapiens reveals that there is inherent domain
flexibility within the homologous DBHS region. Mapping amino acid similarity within the family to the

NONO-1 dimer highlights the dimer interface, coiled-coil oligomerization motif, and putative RNA

binding surfaces. Surprisingly, the interior surface of RNA recognition motif 2 (RRM2) that faces a large
internal void is highly variable, but the external b2–b3 loops of RRM2 show remarkable preservation.

Overall, the DBHS region is under strong purifying selection, whereas the sequences N- and C-terminal

to the DBHS region are less constrained. The findings described in this study provide a molecular basis
for further investigation into the mechanistic function of the DBHS protein family in biology.

Keywords: DBHS protein family; NONO-1; protein structure; dimerization; RNA binding; amino acid

similarity; selection pressure

Introduction

The Drosophila behavior/human splicing (DBHS)

protein family was first described based on the strong

sequence identity between D. melanogaster non-on

transient A protein (NONA) and H. sapiens non-POU

domain-containing octamer-binding protein (NONO;

Abbreviations: DBHS, Drosophila behavior/human splicing; NONA, non-on transient A protein; NONO, non-POU domain-
containing octamer-binding protein; NOPS, NONA/paraspeckle domain; PSPC1, paraspeckle protein component 1; RRM, RNA
recognition motif; SFPQ, splicing factor proline/glutamine rich.
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p54nrb), paraspeckle protein component 1 (PSPC1;

PSP1), and splicing factor proline/glutamine rich

(SFPQ; PSF).1 However, these proteins have a diverse

array of functions aside from the behavioral role in

Drosophila and splicing in humans; the wealth of

data accumulated would suggest that they act broadly

in the control of gene regulation, in a variety of physi-

ological contexts.2 Examples include NONO’s role as a

transcriptional co-regulator inhibiting the activity of

the progesterone receptor,3 or its synergistic enhance-

ment of transcriptional activity in rhodopsin expres-

sion.4 Similarly, NONO and SFPQ are both intimately

associated with post-transcriptional processing4–9 and

DNA repair.10–16 Furthermore, NONO, SFPQ, and

PSPC1 are components of the mammalian specific

subnuclear body the paraspeckle.17,18 Together, SFPQ

and NONO are essential for paraspeckle formation

via direct interaction with the long noncoding RNA

NEAT1.17,18

DBHS proteins are defined by a conserved

domain architecture (DBHS region) consisting of

tandem N-terminal RNA recognition motifs (RRMs

1 and 2), a NONA/paraspeckle domain (NOPS) and

a C-terminal coiled-coil. In humans, the paralogues

NONO, SFPQ, and PSPC1 differ substantially in

their N- and C-terminal sequences flanking the

DBHS region. DBHS proteins are observed as either

homo- or heterodimers in vitro; forming a highly sta-

ble complex independent of other factors.18–20

Co-immunoprecipitation, co-localization, and mutagen-

esis experiments in cell culture strongly support that

DBHS proteins function as obligate dimers.18,21,22 The

dimerization is mediated by a reciprocal interface

between the second RRM, NOPS, and coiled-coil

domains, giving rise to a unique domain arrangement

where the N-terminal RRMs are surface exposed and

the second RRMs face a void at the core of the dimer.

Functionally, the nucleic acid binding activity of the

DBHS protein has been linked to both the first and

the second RRM, binding a diverse array of single-

and double-stranded nucleic acids.2 A recent study

illustrated that the C-terminal coiled-coil domain

extends beyond the dimerization interface to facilitate

oligomerization between DBHS dimers, a process that

increases avidity for nucleic acid.20

In humans, the three DBHS protein paralogues

have conserved overlapping functions.2 However, cell-

type, nuclear context, post-translational modification,

and dimerization state have all been suggested to

alter DBHS protein function. With reported roles in

binding a diverse range of single- and double-

stranded RNAs, DNAs, and proteins, it is difficult to

establish a coherent picture for their function. To

shed light on the DBHS protein family in its entirety,

we identified DBHS proteins within sequenced

genomes. We used a bioinformatic analysis of the

family to identify Caenorhabditis elegans NONO-1 as

the earliest organism to possess a DBHS protein. We

determined the structure of the NONO-1a isoforms

DBHS region and used it as a reference for mapping

and analyzing highly maintained protein sequence

and structural features.

Results

DBHS sequence compilation and identification

of NONO-1

As part of a comprehensive study into the DBHS

protein family, we investigated the diversity of

DBHS proteins present in sequenced genomes. A

total of 41 DBHS proteins were collated from 19 dif-

ferent species, aligned and the resulting alignment

displayed as a distance map [Fig. 1(A)]. From the

sequences available, it is clear that DBHS proteins

are restricted to the animal kingdom, spanning

invertebrates to higher order vertebrates. The tree

can be subdivided into four distinct clusters corre-

sponding to the invertebrate DBHS proteins and

three vertebrate paralogues. Invertebrates typically

encode a single DBHS protein with the exception of

D. melanogaster, which possesses two DBHS pro-

teins, namely NONA (Q04047_DROME) and NONA-

like (Q24113_DROME). In contrast, vertebrates

have three DBHS protein paralogues: PSPC1,

NONO, and SFPQ. However, lower order vertebrates

such as Salmo Salar and Xenopus tropicalis lack

NONO and PSPC1, respectively. Expanding the list

of sequences to include insufficiently curated

genomic and transcriptomic data further highlights

the restriction of DBHS proteins to the animal king-

dom (Supporting Information Figure 1). However,

consecutive gene duplications have generated addi-

tional closely related paralogues, such as Canis

familiaris encoding eight DBHS proteins. All mem-

bers of the family show high protein sequence con-

servation within the DBHS region [�40% identity/

�80% similarity; Fig. 1(B)]. However, the residues

N- and C-terminal to the DBHS region show a

distinct lack of similarity. SFPQ paralogues

have expanded Pro, Gly, and Gln repeats, NONO

paralogues have shorter His and Gly repeats and

PSPC1 paralogues have Gly-rich regions N- and

C-terminal to the DBHS region. The RGG-motif

observed to be the N-terminal DNA binding domain

in human SFPQ20 is present in NONA and HRP65

but absent from PSPC1 and NONO paralogues.

Taken together, the DBHS protein family is defined

by a conserved DBHS region with sequences that

vary in length and composition at the N- and

C-termini. To date, only human DBHS protein fam-

ily members have been structurally characterized.

The single DBHS protein, NONO-1, encoded by

C. elegans [Fig. 1(A)] is, like other invertebrate fam-

ily members, appreciably different from the three

vertebrate DBHS paralogues. As such, NONO-1
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provided a unique opportunity to explore for struc-

tural consistency and plasticity.

X-ray crystal structure of the NONO-1 DBHS

region reveals a consistent domain arrangement

A truncated form of C. elegans NONO-1 comprising

the DBHS region (residues 96–353 with respect to

UNIPROT entry B3GWA1_CAEEL) was purified and

found to form a highly stable homodimer (data not

shown). Purified NONO-1 protein was crystallized,

good quality X-ray data collected to 2.4 Å resolution

and the structure solved by molecular replacement

(Table I). The structure of NONO-1 reveals a domain

arrangement consistent with the existing human

DBHS protein structures [Fig. 2(A)]. The local struc-

tures of the NONO-1 monomers within the asymmet-

ric unit are related by a twofold noncrystallographic

rotation axis with a root mean square deviation

(RMSD) of 0.19 Å (248/248 Ca). Furthermore, the

NONO-1 dimer has an RMSD of 2.63 Å (480/496 Ca)

and 2.77 Å (480/496 Ca) with the PSPC1/NONO

heterodimer and SFPQ homodimer, respectively

Figure 1. DBHS protein distance tree and schematic representation of DBHS domain architecture. A: DBHS distance tree with

branch lengths indicated. Nodes are labeled with Uniprot accession codes and paralogue clusters for SFPQ, NONO, and

PSPC1 are colored red, yellow, and blue, respectively. The NONO-1 protein from C. elegans (B3GWA1_CAEEL) is indicated in

orange. B: Schematic representation of the DBHS protein family domain architecture; DNA binding domain (DBD), RNA

recognition motif (RRM), NONA/paraspeckle domain (NOPS), coiled-coil, and nuclear localization signal (NLS). Illustrated:

NONO-1a from C. elegans (B3GWA1_CAEEL), NONA from D. melanogaster (Q04047_DROME), HRP65 from C. tentans

(HRP65_CHITE), NONO (Q15233_HUMAN), SFPQ (P23246_HUMAN), and PSPC1 (Q8WXF1_HUMAN) from H. sapiens.

Knott et al. PROTEIN SCIENCE VOL 24:2033—2043 2035

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



[Fig. 2(B)]. The Ca trace of each structure is particu-

larly consistent within the second RRM and NOPS

domain [0.78 Å RMSD (129/129 Ca)]. In contrast, the

first RRM of NONO-1 shows deviation in its position

relative to the core dimerization interface (RRM2,

NOPS, and coiled-coil domains). NONO-1 shows a

subtle movement within the b-sheet face of RRM1

tilting by 258 relative to that seen in the SFPQ homo-

dimer. Similarly, relative to the PSPC1/NONO heter-

odimer, NONO-1 shows a significant rearrangement

where RRM1 is angled by 378. The directionality of

the N-terminus also varies with the tilting of RRM1

[Fig. 2(B)]. However, the N-terminal residues of

NONO-1 (residues 106–111) show no secondary struc-

ture that is comparable with the a-helical nature of

residues 276 to 292 in the SFPQ homodimer.20 These

observations raise the question as to whether the var-

ious dimers have specifically different dispositions of

RRM1, or whether there is general flexibility and

that the crystal structure "traps" the particular con-

formations observed. Solution scattering experiments

(e.g., PSPC1/NONO23 and SFPQ20), inspection of the

structures, and normal mode analysis on NONO1a

(HingeProt24) suggest a relatively narrow range of

possible orientations of RRM1, anchored by a hinge

region located between RRM1 and RRM2 (residues

185–190). In addition, the position of the NONO-

1 C-terminal coiled-coil also displays variation between

structures where the C-terminal end of the domain is

tilted by an angle of 138/208 compared with PSPC1/

NONO and SFPQ, respectively [Fig. 2(B)]. In sum-

mary, the structure of the NONO-1 homodimer shows

subtle variation in the dispositions of RRM1, the

C-terminal coil and N-terminus hinting at an inherent

flexibility in the positioning of these domains.

The dimerization interface of NONO-1 consists

predominantly of contacts between the NOPS domain

of one subunit and the second RRM and coiled-coil

domain of the partnered subunit [Fig. 2(C,D)]. As

described previously for both the PSPC1/NONO and

SFPQ dimers, the NOPS domain wraps around

RRM2, interacting with a cluster of hydrophobic resi-

dues [Fig. 2(C)]. The Pro-Arg-Phe (PRF) motif present

in the NOPS domain employs P296 and F298 to lock

into a hydrophobic groove of RRM2 composed of phe-

nylalanine residues 209, 212, and 254. The interface

is further stabilized by R297 forming a salt bridge

with E305, and a network of hydrogen bonds with the

peptide carbonyl oxygen of G295 and T257 of RRM2

in the partnered subunit. The intimacy of DBHS

dimerization extends upward through the hinge into

the coiled-coil domain [Fig. 2(D)]. R334 of one chain is

buried into a network of salt bridges with E195 and

K261 from RRM2 of the same chain and E319 of the

partnered subunit. The single tryptophan (W312)

stacks neatly above K261, allowing for M341 to slot

into the interface with Y345 behind it. Finally, Y308

stacks against the side of the partnered coil followed

by p-stacking between Y348 and F304 that is unique

to NONO-1. Taken together, the complex series of res-

idues within both RRM2 and the C-terminal end of

the coiled-coil facilitate contacts with the N-terminal

end of the coiled-coil in the partner subunit.

Amino acid similarity highlights significant

features throughout the DBHS region

To explore the DBHS region for important features

within the dimer, amino acid similarity was mapped

onto chain A of the NONO-1 dimer and viewed from

four orthogonal perspectives [Fig. 3(A-D)]. The PRF

motif within the NOPS domain, where it locks into

the hydrophobic groove of RRM2, is maintained

throughout the family [Fig. 3(A)]. Likewise, by rotat-

ing 1808, it is evident that the reciprocal hydropho-

bic groove of RRM2 does not vary where it interacts

with the partner PRF motif [Fig. 3(C)]. Further

examination of the interface between the coiled-coils

reveals that the contacts between the coiled-coil

forming helices are reciprocally invariant through-

out the extent of their interaction interface

[Fig. 3(A,B)]. Thus, most of the similarity within the

DBHS family is associated with preserving the

interface between monomers.

Nevertheless, there are a number of highly invari-

ant solvent accessible residues present throughout the

dimer. The amino acid composition of RRM1, specifi-

cally the b-sheet face, is strikingly invariant [Fig. 3(A–

C)], generating a central aromatic surface [F119, Y146,

F152, F154; Fig. 4(A)]. Consistent with a canonical

RRM, the putative binding surface of RRM1 also

Table I. Crystallographic Data Collection and Refine-
ment Statistics

Data collection

Space group P21
Unit cell dimensions a5 60.32 Å,

b5 63.12 Å,
c5 83.84 Å;
b5 101.038

Resolution 19.67–2.40 Å (2.53–2.40 Å)
Completeness (%) 97.5 (97.5)
Rmerge 0.13 (0.83)
I/rI 6.7 (1.75)
CC (1=2) 0.668
Reflections (unique) 23,755 (3269)
Redundancy 3.7 (3.5)
Solvent content (%) 49.0
Refinement statistics
Rwork/Rfree (%) 24.2/29.7
Chains A, B (260 residues ea.)
Bond R.M.S (Å) 0.1
Angle R.M.S (˚) 1.15
Averaged b factor (Å2) 43.3
Ramachandran plot (%)
Favored/Allowed/Outliers 98/2/0 (100/0/0)a

Protein Data Bank identifier 5CA5

The numbers in parenthesis denote values corresponding
to the highest resolution bin.
a The numbers in parenthesis correspond to Chain B.
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displays a collection of highly invariant basic amino

acids (R117, R156, R178) and other charged amino

acids [E114, N122, E129, D171; Fig. 4(A)]. Interest-

ingly, both the NOPS domain (R280 and R284) and the

N-terminal end of a2 in RRM2 (K239) present basic

motifs above and to the side of the b-sheet face of

RRM1 [Fig. 3(B)]. Due to the unique arrangement of

the DBHS RRMs, the notably conserved b2–b3 loops

(D223, E224, K225, R227) of RRM2 [Fig. 3(D)] are posi-

tioned above the conserved face of the partnered RRM1

[Fig. 4(B)]. The collection of invariant residues across

the surface of RRM1, RRM2, and the NOPS domain

may serve as components of a single molecular interac-

tion site.

The oligomerization motif of DBHS proteins is

invariant

A recent study illustrated that the SFPQ homodimer

can functionally oligomerize via an oligomerization

motif within the coiled-coil domain.20 The structure

of human SFPQ revealed that the oligomerization is

mediated by an antiparallel coiled-coil interface

(where positions in the heptad sequence repeat

forming the coil are labeled a–g) featuring a series

of hydrophobic contacts (positions a and d) further

stabilized by electrostatic interactions along the

length of the coil [positions e and g; Fig. 5(A)]. To

investigate the role of the coiled-coil within the

DBHS family, the conservation of amino acids within

the family was mapped to the coiled-coil sequence of

NONO-1 [Fig. 5(B)]. Projecting out along the coil, the

oligomerization motif /-e-f-g-/-b-c-R-e-f-g-/-b-c-/ is

invariant throughout the family. Notably, the degree

of similarity within the coiled-coil domain decreases

beyond the oligomerization motif. However, the

coiled-coil domain of invertebrate family members is

predicted to be approximately 30 amino acids shorter

than that of its vertebrate counterpart (Fig. 1). To

investigate variation of the coiled-coil beyond the oli-

gomerization motif, the invertebrate proteins were

Figure 2. X-ray crystal structure of the NONO-1 homodimer. A: Domain structures indicating the RNA recognition motifs (RRM)

1 and 2, the NOPS domain, and coiled-coil with Chain A in cartoon and Chain B in a gray surface representation. B: Ribbon

representation of NONO-1 homodimer (yellow) superposed with SFPQ (red; PDB code 4WII) and PSPC1/NONO (teal/green;

PDB code 3SDE). Deviations in local structure are indicated. C: The residues forming the hydrophobic groove of RRM2 are

indicated within the surface representation of RRM2 (maroon). Key residues within the NOPS domain (yellow) are illustrated.

D: Coiled-coil interaction interface between Chain A (yellow) and Chain B (gray) with interface residues indicated.

Knott et al. PROTEIN SCIENCE VOL 24:2033—2043 2037

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 3. Amino acid similarity mapped to the NONO-1 homodimer surface. A–D: The NONO-1 homodimer is shown over four

orthogonal perspectives illustrating Chain A (represented as a yellow ribbon) and Chain B (blue to white surface representation).

The intensity of blue coloring increases with increasing similarity at that position in the alignment. Features showing strong simi-

larity are indicated.

Figure 4. Conserved surface exposed residues illustrated using the NONO-1 homodimer. A: Cartoon representation of NONO-

1 RRM1 (Chain A) with highly maintained residues shown as sticks. The aromatic (pink), basic (teal), and other charged residues

(white) are shown covering the surface exposed face of RRM1. B: The conserved b2–b3 loop of RRM2 (Chain B) illustrated

with highly conserved residues shown as sticks (gray) positioned above the conserved RRM1 of Chain A (yellow).
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removed from the alignment and conservation

remapped to the coiled-coil sequence of SFPQ [Fig.

5(B)]. Evidently, vertebrate DBHS proteins possess

additional maintained and charged features in the

extended coiled-coil region. Taken together, the coiled-

coil oligomerization motif is remarkably invariant

within the family suggesting that functional oligomeri-

zation is intrinsic to DBHS proteins. Furthermore, ver-

tebrate DBHS proteins have expanded their coiled-coil

and possess additional highly charged features along

its length.

Diversification N- or C-terminal to the core

DBHS region
To eliminate the possibility that the features identified

by position specific amino acid sequence similarity may

reflect a restraint within the coding DNA/mRNA, we

quantified the selection pressure at each codon posi-

tion. The selection pressure (dN/dS) within the DBHS

protein family using NONO-1 as a reference accurately

reflects the amino acid similarity described earlier

(Fig. 6). Strong negative (purifying) selection occurs

when the rate of synonymous substitution (dS) for a

given codon is greater than that of the nonsynonymous

substitution rate (dN). The core DBHS region (aa 96–

378) is under strong purifying selection (dN/dS5 0.08),

whereas the N- and C-terminal regions (aa 1–96/379–

562) are under weaker purifying selection (dN/dS of

0.5 and 0.25, respectively). Examination of the coding

sequences for the conserved b2–b3 loops of RRM2 and

the PRF motif in the NOPS domains reveals that the

codons vary at the wobble position, suggesting that the

DBHS region is strongly restrained as a protein

sequence, but can vary synonymously within the cod-

ing sequence. Furthermore, other features identified by

conservation of protein sequence are strongly corre-

lated with the selection pressures calculated (Support-

ing Information Data 1).

SFPQ, NONO, and PSPC1 all possess low-

complexity regions of differing length between each

paralogue, suggesting that they are experiencing dif-

ferent selection pressures. To explore this, we meas-

ured the selection pressure at each codon position

within each human paralogue (Table II). Strong

Figure 5. The DBHS oligomerization motif illustrated with the SFPQ homodimer (PDB code 4WII). A: The canonical knobs into

holes heptad for the DBHS antiparallel coiled-coil interaction is represented as a helical wheel with the structure of two SFPQ

homodimers (yellow and gray) interacting via their oligomerization motif illustrated in a cartoon representation below. The con-

served oligomerization motif is shown for the SFPQ homodimer with the key hydrophobic residues illustrated as sticks. B: The

amino acid sequences of the extended coiled-coil in NONO-1 from C. elegans and SFPQ from H. sapiens aligned and colored

by amino acid similarity. NONO-1 is colored using the entire family, whereas SFPQ is colored using only the vertebrate DBHS

proteins. The predicated a-helical regions are indicated below the sequence and the periodicity of the DBHS oligomerization

motif is indicated above.
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purifying selection is evident within the DBHS

region of SFPQ, NONO, and PSPC1 (0.051, 0.055,

and 0.062, respectively). However, the purifying

selection is weaker within the N-terminal regions of

SFPQ paralogues (0.417) and PSPC1 paralogues

(0.501). Interestingly, the N-terminus of NONO

paralogues appears to be under purifying selection

(0.156) relative to PSPC1 and SFPQ. The C-terminal

region (excluding the nuclear localization signal) fol-

lowing the coiled-coil appears to be under similar

selection pressure among all paralogues (�0.25).

Taken together, this would suggest that the core

DBHS region is highly conserved because of its func-

tional and structural importance within the protein.

In contrast, the amino acids N- and C-terminal to

the DBHS region are less restrained.

Discussion

The expansion of protein families can often be

attributed to whole gene duplication events where

subsequent divergence and differential expression

leads to neofunctionalization.25 The DBHS protein

family spans the invertebrate and vertebrate line-

ages with apparent duplications leading to the for-

mation of multiple paralogues in vertebrate

lineages. In humans, the three paralogues SFPQ,

NONO, and PSPC1 share both overlapping and

diverse functions that are dependent on their spatial

and temporal expression.2,26 For example, the

nucleoplasmic pool of SFPQ is reshuffled to facilitate

its dynamic association with sites of DNA damage

after depletion from the nuclear paraspeckle.11 In

HeLa cells, the expression of SFPQ and NONO

greatly exceeds that of PSPC1,18 whereas in Sertoli

cells, PSPC1 is the predominant DBHS protein

expressed.27 Furthermore, the nuclear abundance of

PSPC1 has been shown to increase as a result of

NONO knockout compensating for its role in the

DNA double-stranded break repair pathway.16 Intri-

guingly, while DBHS proteins are found highly con-

served within invertebrates, the paraspeckle

architectural long noncoding RNA NEAT1 is absent.

However, D. melanogaster encodes a long noncoding

RNA heat shock RNA x (hsrx) with which NONA

may associate via interaction with Hrb87F.28 Thus,

the emerging concept that DBHS proteins facilitate

nuclear RNA, DNA, and protein interactions may be

conserved throughout the family. However, the diver-

gence of the N- and C-terminal sequences flanking the

DBHS region appears to have driven paralogue neo-

functionalization. SFPQ has multiple N-terminal RGG

repeats, some that have been implicated in direct

DNA interaction,20 while the reported T15 phosphoryl-

ation of NONO directly influences the homodimer’s

ability to associate with a subset of nucleic acids.29

Thus, the functional differences between paralogues

may be driven by the sequences flanking the DBHS

region combined with differential temporal and spatial

expression.

Detailed analysis of the core DBHS region has

highlighted extensive conservation, confirming strong

purifying selection. The structure of NONO-1 from C.

elegans reveals that DBHS domain architecture is

consistent within the family from invertebrates to

vertebrates.19,20 Analysis of the amino acid sequence

in the context of the DBHS dimer reveals that there

Figure 6. Selection pressure (dN/dS ratios) within the NONO-1 coding sequence. The dN/dS ratio (y axis) is plotted against

amino acid position (x axis) with a moving average of 10. Averaged dN/dS for the DBHS region; N- and C-terminal regions are

indicated above the plot. A schematic representation of the DBHS region is shown aligned to the amino acid position along the

x axis. The coding sequences for two highly conserved features are shown as examples to illustrate sequence variability in

codon wobble positions.
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has been an absolute conservation of the dimerization

interface, strongly supporting the concept of DBHS

proteins being obligatory dimeric in biology. Further-

more, given the maintenance of the coiled-coil oligo-

merization motif, it is likely that the DBHS proteins

collectively dimerize and form functional oligomers.

The conserved extension of the coiled-coil domain

within the vertebrate lineage may be indicative of

potential docking sites for proteins and/or nucleic

acid, where charged alpha helical regions promote

transient interactions.30 For example, methylation of

conserved Arg residues in human NONO influences

its ability to bind dsRNA.31 Together, obligatory and

combinatorial dimerization, coupled with oligomeriza-

tion, putative auxiliary binding sites along the length

of the coiled-coil and divergent N- and C-termini pro-

vides a versatile platform for the remarkable multi-

functionality of the DBHS proteins.

However, the precise mechanistic detail of DBHS

protein nucleic acid interaction remains unclear.

Analysis of the amino acid sequence has revealed

that the canonical aromatic residues present within

RRM1 are maintained throughout the family, sug-

gesting a conserved target and/or mechanism of bind-

ing. Intriguingly, the solvent accessible regions of

RRM2 show remarkable conservation restricted to

the b2–b3 loops. The b2–b3 loops of RRM2 bear

striking resemblance to those of RBMY utilized in the

binding of double-stranded RNA major grooves.32

Furthermore, the presence of conserved salt bridges

could be suggestive of an interface that can wrap hel-

ical DNA/RNA.33 Overall, the subtle variations

observed for RRM1 and RRM2 could result in alter-

native sequence specificity where combinatorial

DBHS arrangements make for a wider array of func-

tional specificity. It will be interesting to explore how

DBHS proteins interact with their target nucleic

acids, and will in turn provide broader insight into

their context-dependent nuclear functions.

Materials and Methods

DBHS protein sequence identification and

analysis
Protein and DNA sequences were retrieved from the

ENSEMBL public genome database (http://www.

ensembl.org) with BLAST searches using the DBHS

family-specific sequence of the H. sapiens NONO NOPS

domain. DBHS proteins were selected from sequenced

genomes with and without transcript or protein evi-

dence after careful analysis to give a diverse collection

of unique proteins. Multiple sequence alignments were

made using MUSCLE34 with default settings for both

full-length proteins and truncations comprising only the

DBHS region. Distance trees were constructed using

the output distance matrix from MUSCLE and visual-

ized using the FigTree v1.4.2 software package (http://

tree.bio.ed.ac.uk/software/figtree/) as an unrooted tree.

The alignments were colored using the CALCONS

method35 in ALINE.36 Molecular graphics were gener-

ated using The PyMOL Molecular Graphics System,

Version 1.6.9 (Schr€odinger, LLC).

Plasmid construction

Heterologous expression of C. elegans NONO-1a

(B3GWA1_CAEEL) was achieved using the pCDF-11

vector (EMBL-Hamburg). The NONO-1 fragment

(residues 96–353) corresponding to the conserved

DBHS core region19,20,23,37 was generated by poly-

merase chain reaction amplification from a mixed

stage cDNA library (RIKEN RDB 1864) with the fol-

lowing forward and reverse primers (CAT GCC ATG

GCA GCG TTC ACT GAG; GGC CTC GAG TTA

GAG CAT CTG TGC TTG). Inserts containing NcoI

and XhoI sites (italicized in the primer sequences) at

the 50- and 30-end of the fragments were digested to

allow construction of the pCDF-11 expression plas-

mid. Following ligation, the resulting protein was

expressed as an N-terminal TEV protease-cleavable

hexahistidine-tagged fusion. Successful cloning was

confirmed by DNA sequencing (Macrogen, Korea).

Expression and purification
Competent E. coli Rosetta2 (DE3) cells (Novagen)

were transformed and expression carried out as

described for human SFPQ.20 Bacterial pellets were

harvested at 5000g, resuspended in binding buffer

[20 mM Tris-Cl (pH 7.5), 250 mM NaCl, 25 mM imid-

azole, 10% (v/v) glycerol] and lysed with an Emulsiflex

C5 high-pressure homogenizer (Avestin). The lysate

was clarified at 24,000g and the supernatant applied

to a 5 mL Hi-Trap column charged with NiCl2 (GE

Healthcare). NONO-1 protein was eluted with an

imidazole gradient (25–500 mM) over 10 column vol-

umes. Peak fractions were pooled and incubated with

recombinant His-tagged TEV protease at ambient

temperature for 16 h supplemented with 1 mM dithio-

threitol (DTT). The digest was subsequently applied

to a 1 mL Hi-Trap (GE Healthcare) to remove the

tagged protease and residual uncleaved NONO-1.

Cleaved NONO-1 was immediately loaded onto a

HiLoad 16/60 Superdex 200 preparative-grade

Table II. Selection Pressures (dN/dS) Within DBHS Protein Coding Sequences

Paralogue SFPQ NONO PSPC1

Residue range 1–275 276–598 599–707 1–52 53–375 376–471 1–59 60–380 381–523
Averaged dN/dS 0.417 0.051 0.128 0.156 0.055 0.170 0.501 0.062 0.120
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column (GE Healthcare) developed with 20 mM Tris-

Cl (pH 7.5), 250 mM NaCl, 1 mM DTT, and 10% (v/v)

glycerol. Purified protein was concentrated to 4 to

8 mg/mL as determined by absorption at 280 nm

using the estimated absorption coefficient 15,930 M21

cm21. Concentrated protein was flash frozen in liquid

nitrogen and stored at 193 K.

Crystallization

Crystallization space was explored with commercially

available screens (Hampton Research) set up in 96-well

sitting drop vapor-diffusion format by an Art Robbins

Phoenix; 150 nL NONO-1 mixed with 150 nL reservoir

solution equilibrated against 80 lL reservoir solution

(Intelliplate 96-well sitting drop). Optimization of

potential crystal hits was carried out using hanging-

drop vapor diffusion by mixing 2 to 3 lL protein solu-

tion with 2 to 3 lL reservoir solution equilibrated

against 500 lL reservoir solution in 24-well plates (Lin-

bro, ICN Biochemicals). Crystallization experiments

were carried out at 29360.5 K. The crystallization of

NONO-1 to produce diffracting crystals was successful

in 0.1M sodium 4-(2-hydroxyethyl)-1-piperazineethane-

sulfonate (HEPES; pH 7.5), 0.1M ammonium sulfate,

and 17.5% w/v polyethylene glycol 3350.

Data collection, processing, and refinement

Diffraction data were collected from single crystals

cooled to 100 K at the MX2 beam-line of the Australian

Synchrotron. Data were indexed and integrated with

XDS,38 the space group determined in POINTLESS39

and the data scaled with AIMLESS.39 The crystals

were in the spacegroup P21 with the unit cell parame-

ters of a5 60.3, b5 63.1, c5 83.8 Å, and b5 101.038.

Solvent content analysis40 indicated two monomers of

NONO-1 are within the asymmetric unit. Initial phase

estimates were determined by molecular replacement

using the homodimer of human SFPQ (PDB code

4WII)20 as the search model with all non-protein atoms

removed in MOLREP.41 After truncation of the input

search model to residues 290 to 530 of each SFPQ

monomer, a single convincing molecular replacement

solution was obtained for a dimer within the asymmet-

ric unit. Iterative cycles of refinement and model

building were carried out using BUSTER42 with auto-

matically determined noncrystallographic symmetry

restraints, TLS disorder modeling, and with COOT.43

Data collection and refinement statistics are summar-

ized in Table I. Coordinates and structure factors have

been deposited with the protein data bank (PDB code

5CA5).

Detection of evolutionary selection within
coding sequences

Coding sequences of all 41 DBHS proteins were aligned

using PAL2NAL.44 Alignments were generated for the

entire family, and for each of the SFPQ, NONO, and

PSPC1 subfamilies. To examine the selective pressures

acting on the coding sequences of DBHS proteins, the

ratio of nonsynonymous to synonymous substitutions

(dN/dS) was calculated for individual codons using

SELECTON.45 Selection pressures (dN/dS) were

visualized against amino acid position with a moving

average of 10 amino acids [raw selection pressure

(dN/dS) are presented in Supporting Information Data].
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3.3 – Conclusions 
 This manuscript describes the identification of C. elegans as an ancestral 

species possessing a single DBHS orthologue, NONO-1. The determination of the 

dimeric crystal structure of NONO-1, coupled with the bioinformatic analysis, 

definitively characterises DBHS proteins as obligatory dimers. This fact alone has 

bearing on the wealth of functional annotation described for DBHS proteins 

where they are treated as individual functioning units. Comparisons between the 

structure of NONO-1, SFPQ homodimer and PSPC1/NONO heterodimer also 

revealed the varied disposition of RRM1 and the distal coiled-coil. The 

bioinformatic analysis mapped to the structure provided invaluable insight into 

putative features required for nucleic acid binding and DBHS oligomerisation. 

However, this study highlighted the key differences between DBHS paralogues, 

particularly the evolutionary pressure on the low-complexity regions distal to the 

highly conserved DBHS region. Future studies cannot overlook the importance of 

combinatorial dimerisation in species that encode multiple DBHS paralogues and 

will benefit from the structural analyses presented in this manuscript.  

 

 



CHAPTER 4 
Expression and purification of the human DBHS 

NONO homodimer 
 

4.1 – Summary 

 As described and identified in Chapter 3, mammals have three DBHS protein 

paralogues, and given their inherent dimerisation, that can potentially make six 

possible homo- and heterodimeric combinations. It is clear that the dimeric state 

influences nuclear/cytoplasmic partitioning and function. While the structures of 

the PSPC1/NONO heterodimer, SFPQ homodimer and invertebrate NONO-1 are 

now known, the question still arises: while dimerisation is obligatory; are all 

dimeric combinations possible in humans? Is there a structural basis for the 

intrinsic preference for some dimer combinations over others?  How does this 

influence function? Furthermore, given their clinical relevance, can we 

therapeutically target one DBHS protein dimer independently from another? 

Towards answering these questions, this publication describes the expression, 

purification, X-ray data collection and structure solution of the human NONO 

homodimer.  
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4.3 – Conclusions  
 In terms of its functional diversity and clinical relevance, NONO is a highly 

sought after target for characterisation. However, the human NONO homodimer 

has eluded structural and biophysical study for over a decade. Although not 

exclusively detailed in this thesis, NONO has a notorious reputation in the DBHS 

protein community for its rapid in vitro aggregation and precipitation. This 

manuscript details how the addition of L-proline as a buffer component prevented 

rapid aggregation of purified NONO.  The presence of L-proline made the NONO 

homodimer highly amendable to crystallisation and biophysical characterisation, 

a detail that is significant for any future in vitro experiments. Collectively, the 

details of the purification and crystallisation of NONO provide a case study for 

dealing with pathological problems of protein instability and data processing of 

NONO. Furthermore, this work features X-ray diffraction data skewed by the 

presence of overlapping reflections that was incorrectly identified as data 

twinning. Through a detailed forensic analysis, it was possible to identify that the 

cumulative intensity distribution L-statistic provided the only indication of the 

spot overlap and provides a valuable case study for crystallographers in the 

future. The rapid rate of X-ray data collection is such that close inspection of the 

quality of crystal diffraction during data collection becomes a challenge. Currently 

at the Australian Synchrotron, a complete dataset may take 10 minutes to collect, 

and future upgrades to the beamlines may reduce this to 1 minute. 

Crystallographers thus rely more heavily on statistical measures reported by data 

processing software. My experience with NONO is a cautionary one, where 

statistical measures did not identify the true pathology. As a result, the 

importance of scrutinizing reflections cannot be understated.  

  



  
  



CHAPTER 5 
The structure and function of DBHS homodimers 
 

5.1 – Summary 
 This chapter, drafted as a manuscript, presents an extensive body of work that 

features a detailed structural analysis of the NONO and PSPC1 homodimers 

followed by RNA binding studies of the clinically relevant NONO homodimer.  

 

 The structures reveal subtle variation between different DBHS dimerisation 

states, both in domain flexibility and local residue conformation within the 

dimerisation interface. Furthermore, by comparing the different dimerisation 

states and utilising the extensive non-crystallographic symmetry in the NONO 

homodimer; we present a rationale for the preferential association of DBHS 

proteins into heterodimers. Additionally, it was possible to identify L-proline 

within the dimerisation interface of the NONO homodimer where it appears to 

play a role in stabilising conformational variability. The NONO and PSPC1 

homodimers show a novel N-terminal secondary structure that adds to the 

already extensive dimerisation interface.   

 

 The second section of the manuscript explores the RNA binding ability of the 

NONO homodimer using microscale thermophoresis, isothermal titration 

calorimetry and small-angle X-ray scattering. It was possible to demonstrate for 

the first time the absolute requirement for RRM1 in RNA binding and to identify 

a high-affinity target that was complexed with the NONO homodimer for X-ray 

solution scattering experiments. These data have led to a model of NONO binding 

RNA. Taken together, the manuscript presents a novel solution structure of the 

NONO homodimer in complex with nucleic acid and provides insights into co-

operative nucleic acid binding in DBHS proteins. The results presented herein 

provide novel insights into both combinatorial dimerisation and the nature of 

nucleic acid binding.  
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ABSTRACT 
 In humans the Drosophila behaviour/human splicing (DBHS) protein family 

consists of the non-POU domain-containing octamer-binding protein (NONO, 

a.k.a p54nrb), paraspeckle protein component 1 (PSPC1) and splicing factor – 

proline/glutamine rich (SFPQ, a.k.a PSF). DBHS proteins have a broad functional 

repertoire but the mechanistic details of their combinatorial dimerisation and 

nucleic acid binding are unknown. Here we describe the first X-ray crystal 

structures of the human NONO and PSPC1 homodimers to 2.6 Å and 3.2 Å 

resolution respectively. Through a detailed comparative analysis using DBHS 

protein structures solved to date and the extensive non-crystallographic 

symmetry in NONO; we highlight the structural plasticity of dimerisation, novel 

N-terminal secondary structures and the nature of L-proline binding to NONO. 

We explore the ability of NONO to bind to single-stranded RNA and 2’-F-modified 

antisense oligonucleotides, and its dependence on RRM1, using a combination of 

microscale thermophoresis and isothermal titration calorimetry. Finally, we 

report the small-angle X-ray scattering derived solution structure of the human 

NONO homodimer in complex with two structured oligonucleotides associating 

proximal to RRM1. The data presented here describe a mechanism for co-

operative recognition of oligonucleotides and coupled with combinatorial 

dimerisation may describe how DBHS proteins achieve broad targeting specificity 

in a cellular context. 



1. INTRODUCTION 
 The Drosophila behaviour/human splicing (DBHS) proteins are a family of 

nucleic acid binding proteins that are found dynamically throughout vertebrate 

and invertebrate gene regulation (1). The family consists of three highly 

conserved paralogues; Non-POU domain-containing octamer binding protein 

(NONO, aka. P54nrb), paraspeckle protein component 1 (PSPC1) and splicing 

factor proline/glutamine rich (SFPQ, aka. PSF). Since their identification over two 

decades ago, the list of annotated DBHS protein functions has expanded to 

include, but not limited to, transcriptional activation/repression (2-4), post-

transcriptional processing (4-8), DNA repair (9-11), RNA transport (12), and 

paraspeckle structure and function (13-15).  

 

 DBHS proteins all possess a highly conserved domain architecture (known as 

the DBHS region) consisting of tandem N-terminal RNA recognition motifs 

(RRM), a NonA/paraspeckle (NOPS) domain and a C-terminal coiled-coil (CC). 

Flanking this DBHS region are structural uncharacterised sequences that vary 

in length and sequence complexity between paralogues. DBHS proteins exist as 

obligate dimers, where the structures of conserved regions of the PSPC1/NONO 

heterodimer; SFPQ and NONO-1 homodimers collectively describe a consistent 

arrangement of the domains within the DBHS region (14-16). Furthermore, the 

nature of the expression and purification of PSPC1/NONO and SFPQ/NONO 

heterodimers indicated an intrinsic preference for heterodimerisation (15,17,18). 

Each chain of a DBHS dimer interacts reciprocally with its partner to create an 

extensive hydrophobic and electrostatic network dominated by contacts between 

the NOPS domain wrapping around RRM2 and the distal coiled-coil of the 

partnered protein. Consistent with this, mutagenesis of key aromatic residues 

within the core interface of PSPC1 (Y275 and W279) produces dimerisation 

incompetent proteins (14). In humans, the presence of three paralogues suggests 

a complement of six possible dimeric combinations, of which two have been 

structurally characterised (PSPC1/NONO). More recently, dimers of SFPQ and 

SFPQ/NONO were demonstrated to functionally aggregate through an 

oligomerisation motif present within the CC (15), a behaviour that is most 

probably conserved throughout the entire family (16).  

 



 The tandem DBHS RRMs (named RRM1 and RRM2) are described as 

canonical and non-canonical respectively. However, while structurally 

characterised, very little is known regarding their putative nucleic binding 

mechanism despite a wealth of both simple and structured nucleic acid 

substrates. For example, SFPQ and NONO are reported to bind single-stranded 

RNA (19-22), the conserved 5’-splice site (22,23) and structured nucleic acids such 

as the U5 snRNA stem-loop (24). SFPQ interacts directly with double-stranded 

DNA to exert its role in transcriptional regulation in complex with NONO (25-

27). Additionally, the DBHS proteins interact with the paraspeckle long non-

coding RNA (lncRNA) NEAT1 (28), the lncRNA MALAT1 (29), a novel non-coding 

RNA lncUSM-MycN (30), viral RNA (31,32) and more recently, to 

phosphorothioate-antisense oligonucleotides (PS-ASOs) (33,34). Interestingly, 

the interaction of SFPQ and NONO with PS-ASOs appears dependent on the 

presence of a PS-backbone (33), however NONO is able to discriminate between 

2’-modifications associating preferentially with 2’-αfluoro modified ASOs (34). 

Furthermore, DBHS protein interaction with PS-ASOs displaces and outcompetes 

the lncRNA NEAT1 leading to the depletion of cellular DBHS protein (33,34).  

  

 From a therapeutic and clinical perspective, DBHS proteins are consistently 

associated with tumourigenesis (30,35,36), innate cellular immune responses 

(31,32,37), neurobiology (38,39) and development (4). However, the role and 

details of combinatorial dimerisation and the mechanistic details of nucleic acid 

binding are still unknown. To explore the homodimeric nature of both PSPC1 and 

NONO and provide a platform for potential therapeutic targeting, we set out to 

solve the first crystal structures of the homodimeric NONO and PSPC1. Here we 

present the homodimeric crystal structures and through a comprehensive 

comparison with heterodimer PSPC1/NONO identify regions of structural 

plasticity. Furthermore, we explore the RNA binding ability of the NONO 

homodimer using a combination of microscale thermophoresis and isothermal 

titration calorimetry. Domain truncations and biochemical data, together with 

small-angle X-ray scattering experiments, subsequently describe the shape of the 

NONO homodimer in complex with 2-F-ASOs, revealing both the structured 

nature of the bound RNA and the repositioning of RRM1 upon complex formation.  



2. MATERIALS and METHODS 
2.1 Expression and purification of the NONO homodimer 

 Recombinant NONO homodimer production, crystallisation, X-ray data 

collection and structure solution are described in detail elsewhere (40). NONO 

lacking the first RNA recognition motif (NONOΔRRM1) was purified as described 

elsewhere (40). Briefly, truncated forms of NONO (including residues 53-312 and 

148-312 relative to Uniprot entry NONO_HUMAN) were cloned into the first 

expression cassette of a pET-Duet1 vector (Novagen) and expressed in Rosetta2 

(DE3) E. coli (Novagen) using standard methods. Soluble protein was purified 

using nickel-affinity chromatography with an N-terminal tobacco etch virus 

(TEV) protease-cleavable hexahistidine tag. His-tagged NONO was subjected to 

TEV digestion (using in-house produced recombinant TEV protease), reverse 

immobilised metal affinity chromatography and developed over a gel filtration 

column with 20 mM Tris-Cl (pH 7.5), 250 mM KCl, 50 mM L-proline and 0.5 mM 

EDTA. Purified NONO was concentrated by centrifugation before use in 

crystallisation and biophysical experimentation.  

 

2.2 Expression and purification of the PSPC1 homodimer  

 Recombinant PSPC1 (residues 61-320, relative to Uniprot entry 

PSPC1_HUMAN) was cloned into the first expression cassette of a pET-Duet1 

vector (Novagen) (BamHI and EcoRI underlined in sequence) (5’- CAG GAT CCA 

GAA AAC CTG TAT TTT CAG GGC ATG GGG TTC ACT ATC GAC ATC -3’) 

(5'- CGG AAT TCT TAC ATT AGC ATT AAT TGG TG -3’) with an inserted TEV 

protease site (bold). Competent E. coli Rosetta2 (DE3) cells (Novagen) were 

transformed and selected from Lysogeny Broth (LB) agar plates (100 μg mL-1 

ampicillin, 50 μg mL-1 chloramphenicol). Single colonies were inoculated into 5 mL 

LB (100 μg mL-1 ampicillin, 50 μg mL-1 chloramphenicol) and incubated for 16 

hours at 310 K/180 rpm. The 5 mL culture was used to inoculate 500 mL LB (50 

μg mL-1 ampicillin, 50 μg mL-1 chloramphenicol) in 2 L conical flasks incubated at 

310 K/180 rpm. At an optical density (600 nm) of 0.6, expression was induced with 

0.5 mM IPTG for 16 hours at 298 K/180 rpm. Compact pellets of 500 mL were 

gently resuspended on ice with 50 mL buffer (50 mM Tris-Cl (pH 7.5), 150 mM 

NaCl, 5 mM imidazole, 10% v/v glycerol). Lysis was carried out with an Emulsiflex 

C5 high-pressure homogeniser (Avestin) clarified by centrifugation (24 000g/30 

min/278 K) and 0.22 μm filtration before application to a 5 mL NiCl2 charged Hi-



Trap column (GE Healthcare). PSPC1 elutes over a ten-column volume imidazole 

gradient (50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.05-1.0 M imidazole, 10% v/v 

glycerol). Peak fractions were subjected to buffer exchange into gel filtration 

buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 10% v/v glycerol) using a PD-10 

desalting column (GE Healthcare) and then incubated at 277 K for 16 hours with 

in-house produced recombinant TEV protease. Post-digestion re-application to a 

Hi-Trap column (GE Healthcare) removed His-tagged species before concentrated 

samples were loaded to a HiLoad 16/60 Superdex 200 column (GE Healthcare) 

developed with gel filtration buffer at 1 mL min-1. Purified PSPC1 homodimer 

concentrated in a 10 kDa concentrator (Amicon) was flash frozen with liquid 

nitrogen for long-term storage at 193 K. 

 

2.3 Crystallisation and X-ray data collection of the NONO and PSPC1 

homodimer  

 Details of the crystallisation, data collection and processing for NONO are 

described in detail elsewhere (40). For the PSPC1 homodimer, quality diffracting 

crystals were obtained by 24-well hanging-drop vapour diffusion experiments in 

2:1 ratios of protein at 6.0 mg/mL to 100 mM (D/L) malic acid (pH 7.0), 28% (v/v) 

PEG 3350, 100 mM Tris (pH 7.0) equilibrated against 500 uL reservoir. PSPC1 

crystals were flash-frozen in liquid nitrogen without cryoprotection and 

diffraction experiments carried out at the MX2 beam line of the Australian 

Synchrotron (Melbourne, Victoria, Australia). A complete dataset from PSPC1 

crystals was processed using XDS (41) and the data merged and scaled using 

AIMLESS (42). The data collection and processing statistics for both NONO and 

PSPC1 are summarized in Table 1.  

 

2.4 Crystallographic structure solution, refinement and validation  

 Molecular replacement was used to solve the crystal structure of NONO and is 

described in detail elsewhere (40). For PSPC1 (60 – 320), the structure was solved 

by molecular replacement in PHASER (43) with the PSPC1 chain of the 

PSPC1/NONO heterodimer (PDB code: 3SDE (14)). Molecular replacement with 

an ensemble of PSPC1 domains (ensemble one, residues 66 – 153 and ensemble 

two, residues 154 – 320) found two monomers (one dimer) within the asymmetric 

unit, consistent with solvent content analysis indicating the presence of two 30 

kDa proteins within the asymmetric unit (44). The resulting model was subjected 



to iterative model building with COOT (45) and refinement with BUSTER (46). 

The structures of both the NONO and PSPC1 homodimers were validated using 

MOLPROBITY (47) with the final refinement statistics included in Table 1.  

 

 

* Numbers in parenthesis correspond to the high-resolution bin. 
† Calculated-using MolProbity (45). 
≠ Note the high overall Rmerge observed for PSPC1 data is likely due to poor cryo-protection. 

Table 1 – PSPC1 and NONO data collection and refinement statistics  

 PSPC1 NONO 

Data Collection   

Wavelength (λ) 1.542 Å 0.826 Å 

Space group P21 P21 

Cell dimensions (Å) a, b, c 61.54, 63.49, 67.80 67.15, 407.18, 68.96 

(°) α, β, γ 90.00, 98.06, 90.00  90.00, 97.75, 90.00 

Resolution (Å) 19.41 – 3.17 (3.54 – 3.17)* 48.15 – 2.60 (2.65 – 2.60)* 

Rmerge 0.200 (0.590)≠ 0.088 (0.742) 

CC (1/2) 0.994 (0.508) 0.995 (0.524) 

<I/σI> 5.7 (1.65) 10.1 (1.60) 

Completeness (%) 98.0 (98.0)  98.9 (97.7)  

Redundancy 3.6 (3.7) 3.7 (3.8) 

Refinement    

Unique reflections 8738 (2390) 110444 (5451) 

Rwork/Rfree 24.7/28.9 19.8/23.4 

Average B-factors (Å2) 59.0 65.8 

Ramachandran Plot†   

          Favoured region (%) 97.0 97.1 

          Allowed (%) 2.0 2.7 

          Outliers (%) 1.0 0.2 

R.m.s deviations   

           Bond length (Å)  0.009 0.013 

           Bond angles (°) 1.13 1.79 

PDB code 5IFN 5IFM 



2.5 Oligonucleotide sample preparation 

 Fluorescently labelled homo-ribopolymers (5’ 6-FAM-dT-[G9] 3’, 5’ 6-FAM-dT-

[A9] 3’, 5’ 6-FAM-dT-[U9] 3’ and 5’ 6-FAM-dT-[C9] 3’) were synthesised by 

Integrated DNA technologies (IDT). Fluorescently labelled (6-FAM) antisense 

oligonucleotides (ASOs) were provided by IONIS Pharmaceuticals Inc. (USA) 

synthesised by IDT (USA). The ASOs were completely phosphorothioate-

modified, 5-10-5 gapmers consisting of five nucleotide 2’-modified termini; 2’, 4’-

constrained 2’-O-ethyl (cET) (IONIS626823) or 2’-α-fluoro (F) (IONIS742093). All 

oligonucleotides were dissolved in nuclease free water (Sigma) to 2 mM and 

diluted into the appropriate RNA-binding buffer prior to use in MST, ITC or SAXS 

experiments. 

 

2.6 Microscale thermophoresis  

 All microscale thermophoresis (MST) experiments were carried out using a 

Monolith NT.115 (NanoTemper Technologies) at ambient temperature. Homo-

ribopolymers and ASOs were prepared at 100 nM (with the exception of 6-FAM-

dT-[G9] at 500 nM) and incubated for 15 minutes on ice with a two-fold dilution 

series (starting at 100 μM) of NONO in RNA-binding buffer (20 mM Tris-Cl pH 

7.5, 250 mM KCl, 50 mM L-proline, 0.5 mM EDTA, 0.5% v/v Tween-20). The 

reactions were transferred directly to standard-treated capillaries (NanoTemper) 

and loaded into the Monolith NT.115. Primary capillary scans determined 

capillary position and confirmed consistent fluorescence between capillaries as a 

function of increasing protein concentration. Thermophoresis experiments were 

carried out at 20% blue-LED (with the exception of 56-FAM-G9 at 50% blue-LED 

power) with 20% MST power. Observed fluorescence signals were normalized to 

the fluorescence at time point 0 and analysed using the NanoTemper analysis 

software. Data were analysed using the ‘Thermophoresis + T-Jump’ profile fit to 

a Hill equation [f(c)=unbound + (bound – unbound)/(1 + (EC50/c)^n).  

 

2.7 Isothermal titration calorimetry  

 Isothermal titration calorimetry (ITC) experiments were carried out in a 

MicroCal iTC200 (GE Healthcare) at 298.15 K. Before loading, purified NONO 

(53-312) and oligonucleotides were degassed and equilibrated to approximately 

298 K. The purified NONO homodimer (10 μM) was placed in the calorimetric cell 

and oligonucleotides in the titrant syringe after extensive dilution into RNA 



binding buffer (20 mM Tris-Cl pH 7.5, 250 mM KCl, 50 mM L-proline, 0.5 mM 

EDTA). After equilibration in the cell at 298 K, the rotating syringe (500 rpm) 

injected 2.5 μL aliquots of oligo (100 μM) into the NONO homodimer (10 μM) at 

intervals of 180 seconds until saturation. Raw ITC data were analysed with 

Origin 7.0 (Origin Lab). A one-set-of-sites model was fitted to the sigmoidal curves 

obtained and the stoichiometry (N), association constant (Kd) and the change in 

enthalpy (ΔH) were determined. The values of the standard molar Gibbs energy 

change (ΔG) and standard molar entropic contribution (TΔS) were then calculated 

using the relationship ΔG=ΔH - TΔS.  

 

2.8 Small-angle X-ray scattering data collection and processing 

 Small-angle X-ray scattering (SAXS) data were collected using size-exclusion 

chromatography-coupled synchrotron small-angle X-ray scattering (SEC-SY-

SAXS) (48) controlled by a Shimadzu HPLC system on the SAXS/WAXS beamline 

of the Australian Synchrotron with continuous data collection on a 1 M Pilatus 

detector (49) at 289 K. For apo-NONO (53-312), 200 μL of protein at 7.0 mg mL-1 

was injected and developed over a WTC-030N5 (Wyatt) column in 20 mM Tris-Cl 

(pH 7.5), 250 mM KCl, 50 mM L-proline, 0.5 mM EDTA at 0.5 mL min-1. For apo-

ASO (IONIS742093), oligonucleotide at 1 mM was injected in 200 μL and 

developed as above. For the NONO:ASO complex, NONO (53-312) at 7.0 mg mL-1 

was complexed with a 2.4:1 molar excess of 2’-F-ASO (IONIS742093) for 30 

minutes on ice before SEC-SY-SAXS as described above. Details of data collection 

parameters and calculated structural parameters are presented in Table 3. The 

scattering data from the first 20 frames were averaged and used for background 

correction in SCATTERBRAIN. Data were further corrected for cumulative 

capillary fouling by aggregates using US-SOMO (49). Primary data processing 

was carried out with the ATSAS software package (50). The Guinier region, 

intensity at 0 [I(0)], and radius of gyration (Rg) were calculated using PRIMUS 

(51) for each data point and frames averaged where these values were consistent. 

The P(r) distribution plot, Porod volume, and maximum dimension (Dmax) were 

calculated using GNOM (52). The normalised Kratky, Kratky-Debye and Porod-

Debye plots were generated in SCÅTTER in the flexibility analysis . Theoretical 

scattering curves and amplitudes were derived from structures and their 

agreement with scattering data calculated using CRYSOL (53). The structural 

neighbours of observed solution scattering data were retrieved using the DARA 



web server (54). Accurate estimates for apo-NONO and apo-ASO molecular 

weights were calculated from the mass parameter QR in SCÅTTER using the 

volume-of-correlation (Vc) (55). 

 

2.9 Ab initio and rigid body SAXS modelling 

 For modelling, a high-q cut-off of 0.2 was applied due to the decreasing signal-

to-noise ratio. Ab initio models were generated by 60 DAMMIF (56) modelling 

runs with P2 symmetry imposed. Resulting models were superposed and 

averaged with DAMAVER (57) before final refinement in DAMMIN (56). Rigid-

body modelling of the NONO: ASO complex was carried out using SASREF (57) 

with P2 symmetry imposed. Coordinates were manipulated with PDB-MODE 

(58). The starting model was derived from the crystal structure of the NONO 

homodimer using a single dimer (chains AB) with all heteroatoms removed for the 

protein component and the NMR structure of the bacterial group II intron (PDB 

code 2M57) for the RNA component. Two distance restraints were applied; (i) a 

range of 5.0 – 7.5 Å (A144 - S147) was used to describe the flexibility of the linker 

between RRM1 and RRM2 in each monomer, (ii) a range of 3.5 – 10.0 Å between 

F111 of RRM1 and any part of 2M57 was used to describe the requirement of 

RRM1 for binding. Molecular graphics were created in PYMOL (Schroedinger, 

LLC). 



3. RESULTS 
3.1 The structures of human NONO and PSPC1 homodimers and 

variability in obligatory dimerisation 

 The truncated versions of NONO (aa 53 – 312) and PSPC1 (aa 60 – 320) were 

crystallised, diffraction data obtained and the structures solved by molecular 

replacement and refined to 2.6 and 3.2 Å respectively. Both PSPC1 and NONO 

crystallised as homodimers, featuring an overall domain arrangement and 

dimerisation interface analogous to all DBHS protein dimer structures solved to 

date (14-16) (Figures 1A and 1B respectively). The crystal structure of PSPC1 

contains two independent molecules that wrap around each other to form a highly 

symmetrical dimer where each chain differs by a root-mean-square-deviation 

(R.M.S.D) of 0.64 Å (253/260 Cα-atoms). Similarly, NONO crystallised as a 

symmetrical dimer, however the asymmetric unit features a superhelical array of 

six unique dimers (Figure 1B) all sharing the same domain arrangement (average 

R.M.S.D of 0.46 Å between dimers [514/520 Cα-atoms]) (Figure 1C). The 

remarkable NCS within the NONO crystal structure presents insight into the 

conformational freedom accessible to dynamic domains. Comparing the local 

secondary structures by a superposition of monomers illustrates lateral shifting 

in the NOPS domain over a 3.5-Å range relative to RRM2' (where the apostrophe 

denotes the partnered chain) (Figure 1D). Similarly the distal region of the CC 

varies in conformation over a range of 18-Å, consistent with previous observations 

when comparing PSPC1/NONO, SFPQ and NONO-1 (14-16).  

 

 To explore the correlation between movements in the NOPS domain and distal 

CC, we grouped monomers of NONO by R.M.S.D within the NOPS domain (using 

chain B as a reference) (Table 2). Two clusters are evident for the NOPS domain, 

one described by RMSD of ~ 0.7 Å (chains A, C, E, F, G, H and I) and a second by 

RMSD of ~ 0.35 Å (B, D, J, K and L). Closer examination of the residue 

conformations within the NOPS domain of each cluster identifies that they are 

made distinct by the conformation of W271 (Table 2), with the exception of chain 

C. W271 is positioned within the hydrophobic dimer interface and was previously 

shown to be necessary for DBHS protein dimerisation and paraspeckle 

localisation (14). In NONO, first cluster (Chains A, E, F, G, H and I) are described 

by W271 adopting a conformation where the side chain torsion angles χ1 and χ2 

are -177.4±1.3 and -103.2±1.1 respectively (termed W-1).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Crystal structures of human PSPC1 and NONO homodimers. (A, B) The 

crystal structure of PSPC1 (60-320) and NONO (53-312) homodimers respectively. The 

crystallised domains are indicated schematically below the structure and the β-clasp 

(green), RNA recognition motif 1 (RRM1, red), RRM-linker (orange), RRM2 (red), 

NonA/paraspeckle (NOPS, blue) and the coiled-coil domain (teal) coloured consistently 

throughout. (C) All six NONO dimers (chains AB, CD, EF, GH, IJ and KL) overlayed. (D) 

All twelve NONO chains overlayed showing the dynamic positioning of the distal coiled-

coil (teal) and the NOPS domain (blue). (E) The two conformers of W271, W-1 (coloured) 

and W-2 (white) overlayed and viewed from the dimerisation interface between the NOPS 

domain (blue) and partnered RRM2' (red) and CC (teal).  

 

 

 In contrast, the second cluster (Chains B, C, D, J, K and L) adopts an 

alternative conformation described by the torsion angles χ1 and χ2 (-85.7±2.1 and 

105.6±7.7 respectively) (termed W-2). Thus, in the context of a dimer, the 

conformation of W271 is correlated with the displacement of the distal CC' and 

lateral shift of the NOPS domain (Figure 1E). NONO chains adopting the W-1 

conformation show a distal CC' turned in towards the NOPS domain (coloured, 

Figure 1E). In contrast, NONO chains adopting the W-2 conformation have their 

distal CC' region projected above the plane of W271 in the NOPS domain (grey, 

Figure 1E). 



a R.M.S.D value for the NOPS domain (aa 227-275) of each chain relative to Chain-B. 
* Chains that have a L-proline bound within the dimerisation interface. 
† Torsion angles χ1 and χ2 for W271. 
‡ Average B-factor of W271 calculated with BAVERAGE (59). 
 

 

 To further explore the structural plasticity within this region, we compared the 

PSPC1 and NONO homodimers with the PSPC1/NONO heterodimer and SFPQ 

homodimer. While the overall domain arrangement between the homo- and 

heterodimeric structures is consistent, there are distinct variations in the 

dispositions of RRM1 and the distal CC (Figure 2A), consistent with previous 

observations (16). However, in spite of the almost perfect main chain 

superposition of each structures RRM2 and NOPS domain, there is significant 

variation within the dimerisation interface. Projection along the 

NOPS':CC:RRM2 interface highlights the distinct conformational variability that 

is dependent on dimerisation state (Figure 2B-2G). The heterodimeric interface 

of PSPC1/NONO shows an asymmetry in the conformation of M308 (M300) and 

Y275' (Y267') in the PSPC1 and NONO chains respectively (Figure 2B and 2C). 

  

Table 2 – Clustering NONO monomers by variation within the NOPS domain.  

NONO Chain ID R.M.S.Da (Å) χ1 (°)† χ2 (°)† B-factor (Å3)‡ Cluster ID 

A 0.64 - 177.0 - 103.0 58.3 W-1 

B* 0.00 - 87.0 107.0 46.9 W-2 

C  0.73 - 85.0 101.0 64.4 W-2 

D* 0.36 - 83.0 113.0 46.1 W-2 

E 0.70 - 178.0 - 103.0 83.3 W-1 

F 0.78 - 177.0 - 104.0 91.6 W-1 

G 0.97 - 178.0 - 103.0 73.0 W-1 

H 0.72 - 177.0 - 103.0 70.2 W-1 

I 0.75 - 176.0 - 102.0 77.1 W-1 

J 0.33 - 83.0 103.0 64.8 W-2 

K 0.45 - 87.0 105.0 60.6 W-2 

L 0.39 - 87.0 104.0 74.9 W-2 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – Comparisons between the different DBHS dimerisation states. (A) Ribbon 

superposition of NONO (53-312) homodimer (chains AB, green) with the PSPC1 (60-320) 

homodimer (blue), PSPC1/NONO (60-320/53-312) heterodimer (black), and SFPQ (276-

535) homodimer (maroon). The grey box illustrates the orientation for panels B through 

to G. (B-G) Core dimerisation interface of the PSPC1/NONO heterodimer (B, C), NONO 

homodimer, (D, E), PSPC1 homodimer (F), and SFPQ homodimer (G) projected along the 

CC interaction interface coloured as in Figure 2A. 



The reorientation of Y275' in the PSPC1 chain is caused by the contribution of a 

bulky hydrophobic, F218 in RRM2 by the NONO chain. The effect of this 

contribution reorients Y275' above the distal CC of NONO and shifts M300 below. 

Consistent with this observation, all chains of the NONO homodimer show Y267' 

stacked above the distal CC due to the presence of F218 in RRM2 (Figure 2D and 

2E). Interestingly, the aforementioned W-1 and W-2 conformations of W271' alter 

the disposition of the distal CC, but only M300 appears to accommodate the 

reorientation. In the absence of a bulky hydrophobic, PSPC1 and SFPQ present a 

threonine (T226, T441 respectively) leading to Y275' (Y290' in SFPQ) to stack 

below the distal CC of its partner whereby M308 (M523 in SFPQ) sits above the 

plane of the partnered NOPS domain (Figure 2F and 2G). Taken together, the 

PSPC1 and NONO homodimers provide a wealth of insight into the structural 

plasticity and general flexibility of the dimerisation interface, particular around 

the highly conserved tryptophan residue.  

 

3.2 The NONO homodimer possesses a unique L-proline binding pocket  

 The production and purification of NONO homodimer that is suitably stable 

for biophysical characterisation requires supplementation with L-proline (40). 

Although all of the dimers in the asymmetric unit show Fobs-Fcalc difference density 

at their dimer interface that may be consistent with L-proline, we have chosen 

the conservative approach of building L-proline at the two interfaces where the 

density is completely unambiguous and of full occupancy (dimers AB and CD) 

(Supplementary Figure S1). At the other lower-confidence sites, the density was 

left un-modelled or modelled with water molecules. In subsequent description we 

identify dimer AB as that with the highest quality electron density.  

 

 The NONO dimer (chains AB) features a reasonably well-defined L-proline 

within a solvent accessible pocket formed at the dimerisation interface within 

RRM2 (Figure 3). The L-proline molecule is involved in a stacked van der Waals 

interaction with F218 of RRM2 positioning the L-proline’s carboxyl group to form 

a salt bridge with R220. Consistent with the observation of mobile tryptophan 

sidechains described for NONO above, the solvent accessible pocket occupied by 

L-proline is dominated by the presence of W271 stacked above R220. 

Furthermore, the two dimers (chain AB and CD) that show density conducive to 

modelling L-proline show the lowest B-factor for W271 (Table 2). While it is not 



clear whether the L-proline increases the local order of the dimerisation interface, 

or alternatively, the increased order in the crystal allowed modelling of proline, 

the presence of L-proline is necessary for maintaining NONO in solution (40).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3 – Stereo view of the L-proline binding pocket within the NONO homodimer. The 

L-proline (purple) is illustrated interacting with residues within the partnered RRM2 

(RRM2', red cartoon) in a solvent accessible pocket (surface). The positive omit Fobs-Fcalc 

isomesh (green) after omitting L-proline from refinement is shown contoured to 3.0 σ over 

a 10.0-Å spherical radius relative to the L-proline. 

 



3.3 PSPC1 and NONO homodimers possess a novel N-terminal ‘ββ-clasp’ 

and arginine-rich electrostatic core 

 One of the notable and novel features within both the PSPC1 and NONO 

homodimers is the presence of an antiparallel two-stranded β-sheet formed by the 

N-terminal strand of each subunit, hereafter referred to as the β-clasp (Figure 4A 

and 4B). Within both the PSPC1 and NONO homodimer, RRM1 of one monomer 

is related by a 2-fold rotation to RRM1'. The proximity of RRM1 and RRM1' 

generates a hydrophobic groove between α2 and α2' with a pair of non-polar amino 

acids (L121 and I124 in NONO, L129 and I132 in PSPC1). Each strand of the 

NONO and PSPC1 β-clasp is amphipathic, where the hydrophobic residues (L55, 

I57 and L59, NONO numbering, I65 and I67, PSPC1 numbering) pack against 

the interface between the RRM1 domains forming a tight hydrophobic core. While 

analogous in secondary structure and broader interface, the PSPC1 and NONO 

β-clasps differ, both in the register of the β-strands contributing to the clasp and 

the positioning of the β-clasp relative to the abutted RRM1 domains (Figure 4C). 

Superposing the structures using the β-strands as the reference point illustrates 

the symmetrical twist by 15° of the PSPC1 RRM1 domain (grey cartoon, Figure 

4C) relative to NONO (coloured cartoon, Figure 4C). Furthermore, the residues 

that contribute to the interface within one β-strand are aligned antiparallel to 

each other within the NONO β-clasp, but offset by two residues in the PSPC1 

homodimer (Figure 4D).  

 

 The NONO and PSPC1 homodimers possess an extensive polar interaction 

network that includes contacts with both the NOPS domain and RRM2 (Figure 

4E). Using the higher resolution NONO structure as the reference, we observe a 

cluster of arginine residues (R73, R119, R176) whose planar-stacked guanidinium 

groups are ordered in planes above F143 stabilised by salt bridges with E123, 

E194 and E233. Due to the dimeric nature of the interface, the same polar 

interaction network is mirrored on the opposing side of the dimer core and likely 

contributes significantly to the stabilising the interaction between the N-terminal 

RRM1 domains. 

  



 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 – A novel N-terminal β-clasp within the PSPC1 and NONO homodimers. (A, B) 

The N-terminal β-clasp (green) formed between α2 of RRM1 and RRM1' (red) shown 

within a surface representation (green). A zoomed orthogonal perspective is shown below 

with the key hydrophobic contacts indicated. (C) Superposition centred on the β-clasps of 

the PSPC1 (grey) and NONO (red) homodimers. The disparity in angling of RRM1 and 

RRM1' relative to the β-clasp and two-fold (black ellipse) is indicated. (D-E) The differing 

hydrophobic registers of the PSPC1 (D, grey) and NONO (E, red) β-clasp. (F) Electrostatic 

core of DBHS protein dimers illustrated using the NONO homodimer. The highly 

conserved contacts between RRM1 (red), RRM-linker (orange), RRM2 (red) and the NOPS 

domain (blue) are indicated within 2Fobs-Fcalc isomesh (grey). 

 



3.4 NONO binds nucleic acid with an absolute requirement for RRM1 

 NONO reportedly interacts with a broad spectrum of nucleic acids, however 

the mechanistic details are unclear. To explore the RNA binding ability of the 

DBHS region, we carried out MST binding experiments with NONO and homo-

ribopolymers (Figure 5A). The NONO homodimer binds with the highest affinity 

to G-rich homo-ribopolymers (Kd=8.2 μM) and with decreasing affinity to U-rich, 

C-rich and A-rich homo-ribopolymers (10.7 μM, > 15.0 μM and > 25.0 μM 

respectively). Furthermore, the binding is best described using the Hill Equation 

where the binding has a Hill coefficient (nH) > 1, suggestive of co-operativity.  

 

 The DBHS RRM1 is a canonical RRM possessing highly conserved RNA 

binding elements (16), whereas RRM2 does not contain canonical residues at key 

RNA-binding positions. To test the importance of RRM1 in RNA binding, we 

truncated the DBHS region to remove RRM1 (NONOΔRRM1) and measured its 

ability to bind the same set of homoribopolymers (Figure 5A). While 

NONOΔRRM1 maintains its dimeric nature (Supplementary Figure S2), it no 

longer associates with the higher affinity G-rich or U-rich ribopolymer targets. 

Taken together, the DBHS region of NONO co-operatively binds single stranded 

RNA, with highest affinity for G- and U-rich RNA, where it requires RRM1.  

 

 Recently, it was reported that NONO associates with 2’-modified PS-ASOs, 

outcompeting the paraspeckle long non-coding RNA NEAT1 (33,34). To explore 

this further, we measured the binding between NONO and two ASOs, 

IONIS742093 and IONIS626823 (Figure 5B). NONO binds strongly to  

IONIS742093 with an apparent Kd of 40.0 nM and nH of 1.72, indicative of co-

operativity. In contrast, the same nucleotide sequence with a 2’-cET-modificaton 

(IONIS626823) binds with high micromolar affinity. Consistent with 

homoribopolymer binding, NONOΔRRM1 did not bind to either IONIS742093 or 

IONIS626823. To explore the interaction between NONO and IONIS742093 

further, we characterised the binding using isothermal titration calorimetry 

(Figure 6). Titrating NONO homodimer into IONIS742093 gives an affinity in the 

low nanomolar range (293.0 nM) and a stoichiometry of 0.5, indicative of 0.5 

NONO dimers binding to a single oligonucleotide. Taking the MST and ITC data 

together, two molecules IONIS742093 associate co-operatively (nH < 1) with the 

NONO dimer, requiring RRM1. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 – NONO binds to single-stranded homoribo-nucleic acids as well as antisense 

oligonucleotides requiring RRM1 as determined by MST. (A) Binding curves for NONO 

interacting with single-stranded homoribo-nucleic acids. Normalised fluorescence (FNORM) 

for G9 is plotted on the left and FNORM for U9/C9/A9 on the right against concentration of 

NONO in nM. Binding of NONO is shown with circles for G9 (blue), U9 (green), A9 (red) 

and C9 (black). Binding of NONOΔRRM1 is shown with crosses for G9 (blue) and U9 

(green). The determined binding coefficient Kd (μM) and Hill coefficient (nH) are 

summarised in a box. (B) Binding curves for NONO interacting with 2’-modified antisense 

oligonucleotides (ASOs). FNORM for the ASO is plotted against concentration of NONO in 

nM. Binding of NONO is shown with coloured circles and coloured crosses for 

NONOΔRRM1 interacting with IONIS742093 (blue) and IONIS626823 (red). The 

determined binding coefficient Kd (μM) and Hill coefficient (nH) are summarised. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6 – NONO binds to IONIS742093 as determined by ITC. The raw heats and 

integrated binding isotherm are shown for a single experiment. The binding constants for 

stoichiometry (N), affinity (Kd) and change in enthalpy (ΔH) are indicated with the fit to 

the data. 
 

 

3.5 Solution scattering of apo-NONO, apo-2’-F-ASO and NONO: ASO 

complex 

 To further characterise the association of NONO and IONIS742093 (hereon 

the 2’-F-ASO), we prepared apo-NONO, apo-2’-F-ASO and the NONO:2’-F-ASO 

complex for size exclusion chromatography synchrotron SAXS (SEC-SY-SAXS) 

(48). The raw I(q) vs. (q) scattering data are shown in Figure 7A with the 

theoretical scattering curves for crystal structures fitted to the data where 

possible. The Guinier region and calculated radius of gyration (Rg) for each data 

set are shown in Figure 7B. The P(r) profiles are shown in Figure 7C with the 

normalised (dimensionless) Kratky plot shown in Figure 7D. Flexibility analysis 

by Porod-Debye and Kratky-Debye are shown in Figures 8A and 8B respectively. 

The structural parameters for each sample are summarised in Table 3. 
 



 
 

Figure 7 – SAXS analysis of the apo-NONO homodimer, apo-2’-F-antisense 

oligonucleotide (ASO) (IONIS742093) and NONO: ASO complex. (A) Scattering data for 

NONO (green), ASO (blue), NONO:ASOα (black) and NONO:ASOβ (purple) with error 

bars indicating the mean ± standard deviation (grey). The theoretical scattering for the 

NONO homodimer (5IFM) and bacterial group II intron (2M57) are superposed with the 

NONO and ASO scattering data respectively (solid black line). (B) Guinier plot of the low-

q scattering data with the calculated radius of gyration (Rg) indicated above each fit. (C) 

Pairwise distance distribution (or P(r)) for apo-NONO, apo-ASO and NONO: ASO 

complexes. Curves are coloured consistently throughout. (D) Dimensionless (normalised) 

Kratky plots for apo-NONO, ASO (blue) and NONO: ASO complexes. The intersection of 

qRg2 and qRg for a typical globular protein is indicated with a dashed grey line. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 – Flexibility analysis from SCÅTTER of the apo-NONO homodimer (green), apo-

2’-F-antisense oligonucleotide (ASO) (IONIS742093) (blue) and NONO: ASO complex 

(black and purple for NONO: ASO α/β respectively). The Porod-Debye lot (above) and 

Kratky-Debye plots (below) are shown to a q2 of 0.015. 

 

 



\ 
 
 
 
 

* Masses are calculated using power-law relationship with Vc for protein or RNA only 

scattering for NONO and ASO respectively. 
† Masses are calculated using power-law relationship with Vc for protein only scattering. 

 

 

 

 

 

 

 

 

 

 

 

Table 3 – SAXS data collection and analysis statistics  

 NONO  ASO NONO:ASOβ NONO:ASOα 

Data collection    

Instrument Australian synchrotron SAXS/WAXS beamline 

q range (Å-1) 0.006 – 0.375 0.006 – 0.375 0.006 – 0.375 0.006 – 0.375 

Structural parameters     

I(0) (cm-1) [P(r)] 0.03 ± 0.00 0.01 ± 0.00 0.04 ± 0.00 0.07 ± 0.00 

Rg (Å) [P(r)] 28.12 ± 1.35 19.49 ± 0.38 39.3 ± 0.27 41.8 ± 0.29 

I(0) (cm-1) [Guinier] 0.03 ± 0.00 0.01 ± 0.00 0.04 ± 0.00 0.07 ± 0.00 

Rg (Å) [Guinier] 28.08 ± 0.67 18.01 ± 0.95 38.8 ± 1.03 39.31 ± 1.11 

Dmax (Å)  100.0 85.00 175.0 184.00 

Molecular-mass     

Porod exponent (PX) 4.3 1.9 3.6 3.6 

Porod invariant (Vp)(Å3) 94,253 15,230 130,621 152,800 

Volume-of-correlation (Vc)  461.66 160.0 637.68 666.66 

Theoretical-mass (kDa) 30.4 7.1 - - 

Calculated-mass (kDa)* 61.6 14.4 84.0† 86.4† 

Stoichiometry (n) Dimer Dimer ~ 3.5 – 4.5 RNA / Dimer 



3.6 Apo-2’-F-ASO is a flexible but compact oligonucleotide  

 The 2’-F-ASO has a reciprocal space radius of gyration (Rg) of 18.01 Å, with a 

real space Rg = 19.49 Å and a unimodal P(r) function giving a maximum dimension 

(Dmax) of 85.0 Å. The normalised Kratky plot for the 2’-F-ASO is a non-parabolic 

curve reaching a maximum at 2.2 qRg before converging to zero qRg. Flexibility 

analysis for the 2’-F’ASO in SCÅTTER shows a hyperbolic rise in the Porod-Debye 

but a plateau in the Kratky-Debye plot, indicative of a flexible particle. 

Collectively, the unimodal P(r) distribution, absence of a hyperbolic plateau and 

rightward shift in the Kratky maxima (away from √3 qRg) and plateau in the 

Kratky-Debye are all consistent with the 2’-F-ASO being a fairly compact prolate 

particle with some flexibility (60).  

 

 The 2’-F-ASO is a 20-nt 5-10-5 gapmer phosphorothioate oligonucleotide of 

unknown structure (Figure 9A). Determining the molecular mass of 2’-F-ASO 

from the SAXS data using the power-law relationship between QR and particle 

mass (55) for RNA gives a molecular mass of 14.4 kDa, a contrast to the expected 

monomeric mass of 7.1 kDa. Consistent with this, the scattering of the 2’-F-ASO 

did not resemble an unstructured RNA (Figure 9B), but rather, searching the 

Protein Data Bank for structural neighbours identified that the scattering from 

the 2’-F-ASO was most consistent with the size and shape of the 35-nt stem-loop 

domain 5 of the bacterial group II intron from Azotobacter vinelandii (χ=0.94) 

(PDB-code: 2M57) (Figure 9B). Ab initio reconstruction of the 2’-F-ASO produces 

a prolate molecular envelope with characteristic surface contours suggestive of 

double-stranded major and minor grooves (blue surface, Figure 9C). Furthermore, 

the 35-nt stem-loop identified as a structural neighbour shows a good fit within 

the molecular envelope. Collectively, the molecular mass calculated from the 

scattering data and neighbour searches indicated that the 2’-F-ASO 

(IONIS742093) might exist as a duplex in solution. Modelling the 2’-F-ASO based 

on its sequence suggests two conformations that could describe the solution 

structure of the oligonucleotide (Figure 9C): a duplex, or paired arrangement of 

stem loops.  

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 – IONIS742093exists as a flexible but compact oligonucleotide in solution. (A) 

Nucleotide sequence and modifications of the 5-10-5 ASO (IONIS742093) the 2’-αFluoro-

modified nucleotides (blue) are shown flanking the 2’-OH nucleotides (black) and 

methylated cytosines (green). (B) Scattering data for the ASO (blue) plotted in arbitrary 

units against the scattering vector q in units of inverse Å with error bars indicating the 

mean ± standard deviation (grey). The calculated scattering for an ideal 20-nt ssRNA (red) 

and the NMR structure of the bacterial group II intron (PDB-code 2M57, black) are fitted 

to the scattering data with the structure of 2M57 shown. Chi-values describing the fit to 

the data are indicated on the plot (C) Ab initio reconstruction of the 2’-αFluoro-modified 

ASO (IONIS742093) shown over two orthogonal views with the NMR structure of 2M57 

fitted within the molecular envelope. (D) Secondary structure predictions for the ASO 

(IONIS742093) as a duplex or hairpin-duplex. Nucleotides are coloured as in Figure 8A. 



3.7 NONO forms an elongated complex with the 2’-F-ASO 

 The solution structure of apo-NONO is consistent with the X-ray crystal 

structure (40) (Figure 7A, χ-value=1.04) having an Rg of 28.08 Å and a 

symmetrical unimodal P(r) profile to a Dmax = 100.0 Å (Figure 7C). The normalised 

Kratky analysis (Figure 7D) indicates that NONO is globular and compact 

particle with a maximum value at √3qRg.  

 

 Complexing the NONO homodimer with the 2’-F-ASO and separating over a 

gel filtration column produces a bimodal distribution where the Rg plateaus over 

two regions (Supplementary Figure S3). In the subsequent analysis, these two 

regions are labelled α (first to elute) and β (second to elute). NONO:ASOα has a 

real-space Rg of 41.8 Å, in contrast to apo-NONO having an Rg of 28.08 Å (Table 

3). The P(r) profile for NONO:ASOα is unimodal with a trailing edge to Dmax = 

184.0 Å (Figure 7C), suggestive of a globular structure with elongated segments. 

The normalised Kratky plot for NONO:ASOα reaches a maximum at 2.2 qRg 

before gradually converging to zero at higher qRg (Figure 7D), indicative of some 

degree of flexibility within a relatively compact particle. Flexibility analysis by a 

Porod-Debye plot (Figure 8A) shows an asymptotic trend to a plateau in 

NONO:ASOα, as expected for compact particles. However, complexing NONO 

with the 2’-F-ASO decreases the Porod exponent (PX) from 4.3 to 3.6 (Table 3), 

which together with the flexibility analysis, suggests that the complex is 

relatively compact but has elements of disorder. Comparable to NONO:ASOα, the 

NONO:ASOβ complex has a marginally smaller Rg of 39.3 Å and a similar trailing 

P(r) profile with Dmax = 175.0 Å (Figure 7, Table 3). Similarly, the normalised 

Kratky plot for NONO:ASOβ peaks at 2.2 qRg, with flexibility analysis by Porod-

Debye suggestive of some flexibility in the complex (Figure 7D, Figure 8A). 

Determining an approximate molecular mass of the complex using the power-law 

relationship for protein only (55) gives a mass of 84.0 – 86.4 kDa for NONO:ASOα 

and NONO:ASOβ respectively, suggestive of four 2’-F-ASOs per dimer (Table 3). 

Taken together, the increased Dmax, trailing P(r) profile and approximations of 

mass suggest that the NONO:2’-F-ASO complex is formed of two duplex 2’-F-

ASOs that associate with a NONO homodimer to form an elongated flexible 

structure. 

 

 



 The solution structure of NONO in complex with the 2’-F-ASO was modelled 

with two copies of the 35-nt stem-loop domain 5 of the bacterial group II intron 

(PDB code 2M57) and a NONO dimer (Figure 10). The crystal structure of apo-

NONO  (Figure 10A) was defined as a single rigid body to describe the protein 

component of the scattering and modelled with two copies of 2M57, converging on 

a solution that fits the data poorly (χ=2.41). However, given the observed co-

operativity and the requirement for RRM1, we reasoned that RRM1 might have 

to shift to accommodate the nucleic acid. To model this, a restraint of 5.0 – 7.5 Å 

was applied between RRM1 and RRM2 to mimic the flexible RRM-linker and the 

rigid body solutions are superposed within the ab initio shape reconstruction for 

NONO:ASOα and NONO:ASOβ (Figure 10B and 10C). A good rigid body fit to the 

NONO:ASOα data was obtained that described an overall compression of the 

dimer (58 Å down to 48 Å from the RRM1 interface to the coiled-coil interface) 

where RRM1 and RRM1' shift laterally and upwards from under the core of the 

dimer by 9 Å compared to apo-NONO (χ=1.55) (Figure 10B). Consistent with this, 

rigid body modelling for NONO:ASOβ produces a model described by a shorter 

lateral shift of 4 Å compared to apo-NONO (χ=1.78) (Figure 10C). Ab initio SAXS 

reconstruction produces a molecular envelope characterised by a globular core 

with extensions projected out on either side (χ=1.49/1.67 for NONO:ASOα/NONO: 

ASOβ respectively) (Figure 10B and 10C, grey envelope). Taken together, these 

data are in good agreement with a solution structure that describes a lateral shift 

of the N-terminal RRMs to accommodate two copies of the structured 2’-F’-ASO 

that arrange relative to a NONO dimer, associating above the β-sheet surface of 

RRM1. 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 – The X-ray crystal structure of a NONO homodimer alongside the models of the NONO homodimer i

from scattering data. (A) The X-ray crystal structure of a single NONO homodimer illustrated over two orthogon

the coiled-coil interface and β-clasp interface as well as the distance between RRM1 and RRM1' are indicated. Ab 

(B) and NONO:ASOβ (C) shown as a transparent grey molecular envelope over two orthogonal perspectives. Supe

are the rigid body modelling solutions calculated from the SAXS. The NONO homodimer is coloured green and the 

blue and orange. The distance between the coiled-coil interface and β-clasp interface as well as the distance betwe



4. DISCUSSION 
4.1 Novel insights into the dimerisation of DBHS proteins 

 The human DBHS paralogues play critical roles in almost every step of gene 

regulation, often sharing overlapping functions. However, emerging evidence 

suggests that the individual DBHS paralogues have non-redundant roles in both 

their transcriptional and post-transcriptional activity. For example, in HeLa cells 

PSPC1 is required for genome maintenance, a function that neither SFPQ nor 

NONO can compensate for in the absence of PSPC1 (9). Similarly, neither PSPC1 

nor SFPQ can compensate for the loss of NONO that results in intellectual 

disability in humans (39). Thus, in spite of their remarkable similarity, the 

functional context of a DBHS dimer may, in part, be dictated by the dimerisation 

state. Consistent with this, the relative abundance of SFPQ, NONO or PSPC1 

varies with cell-type and this in turn influences the dimerisation partitioning 

(13,61). The current study describes the X-ray crystal structures of homodimeric 

NONO and PSPC1 and provides novel insights into the nature of combinatorial 

DBHS protein dimerisation.  

 

 Overall, the structures of PSPC1 and NONO reveal that the domain 

arrangement between DBHS hetero- and homodimers is remarkably consistent 

(Figure 2). While DBHS dimers have been reported to differ in the placement of 

the N-terminal RNA recognition motif (16), to date, only SFPQ has a 

characterised secondary structure N-terminal to RRM1 (15). The PSPC1 and 

NONO homodimers feature a β-sheet, here termed a β-clasp, formed by an 

antiparallel β-strand contributed by the N-terminus of each monomer (Figure 4). 

The presence of the well-ordered β-clasp is a contrast to the disorder observed in 

the N-terminal residues of the PSPC1/NONO heterodimer (14) and the short α-

helix within the SFPQ homodimer (15). However, the disparity in the register of 

β-strands between the PSPC1 and NONO homodimers may account for the lack 

of a β-clasp in a heterodimer formed of PSPC1 and NONO. Quite remarkably, as 

a result of the N-antiparallel β-clasp and the C-terminal antiparallel arrangement 

of the coiled-coil domains; the PSPC1 and NONO homodimers are intertwined to 

an extent that there is a full 360° left-handed twist of one chain around the other. 

It is significant to consider that DBHS proteins are able to readily exchange 

dimerisation partner in a cellular context, especially with the large entropic cost 

of disrupting such an extensive interaction interface. However, by virtue of the 



suite of dimers within the NONO crystal structure (Figure 1), it was possible to 

observe a structural dynamic in the positioning of the NOPS domain and the 

distal CC', perhaps hinting at the variable regions involved in partner swapping. 

In NONO, the subtle conformational variability within the core dimerisation 

interface was correlated with the two alternative conformations (W-1 and W-2) 

adopted by W271. It was previously noted that the structural plasticity of this 

region may drive the observed preference for heterodimerisation in DBHS 

proteins (14). Examining the dimerisation interface of each DBHS dimer state 

reveals that PSPC1/NONO possesses an asymmetric complementary in its 

electrostatic and hydrophobic interactions within the dimerisation interface, 

contacts that are absent in the homodimeric structures (Figure 2). Furthermore, 

the sequences of NONO and SFPQ, coupled with the homodimeric crystal 

structures, would suggest that a heterodimer formed between NONO and SFPQ 

would have a more energetically favourable interface then the individual 

homodimers. Collectively, these structural observations lead us to hypothesise 

that the core set of contacts in the dimerisation interface, coupled with varying 

flexibility, engenders a preference for heterodimerisation in DBHS proteins. 

While this is consistent with observations in vitro and in vivo, the Kd for each 

interacting DBHS protein pair remains unknown. However, we note that the 

extended coiled-coil and low-complexity domains may well influence the 

propensity to form homo- or heterodimers. Furthermore, post-translation 

modifications, interaction partner and relative expression levels could all 

influence dimerisation.  

 

 The NONO homodimer is intrinsically variable within the dimerisation 

interface where the structural plasticity may indicate what drives DBHS dimers 

to readily exchange partner. Interestingly, the broader flexibility of the NONO 

homodimer appears to be destabilising given that in the absence of L-proline, 

NONO rapidly aggregates and precipitates (40). The crystal structure of the 

NONO homodimer illustrates that L-proline is involved in a site-specific 

interaction with F218 of RRM2 (Figure 3), where it potentially limits the local 

conformational variability and stabilises the protein. Alternatively, L-proline may 

be acting in a more generalised capacity as a cosmotrope where it modulates the 

ordered shell of water molecules solubilising a protein (62,63). However, a closer 

examination of the L-proline binding pocket reveals the proximity of two highly 



conserved glutamate residues (E297 and E301) within the distal CC' that do not 

contribute to the dimerisation interface. It is tempting to suggest that the ‘groove’ 

occupied by L-proline may serve as an interaction site for nucleic acid or other 

protein co-factors that regulate dimerisation.  

 

4.2 Novel insights into DBHS protein nucleic acid binding  

 In this study, we explored the nucleic acid binding ability of the NONO 

homodimer through microscale thermophoresis and degenerate single-stranded 

homo-ribopolymers (Figure 5). Consistent with previous observations 

(22,24,64,65), we demonstrated that NONO has a broad specificity for single 

stranded RNA but exhibits the greatest affinity for G-rich sequences. Notably, we 

demonstrate that the interaction with simple homo-ribopolymers requires the 

canonical RRM1 and when they are present, binding occurs in a co-operative 

manner, suggesting that a NONO homodimer accommodates two or more RNA at 

dependent binding sites. The binding events are relatively weak when compared 

to other RNA binding proteins that use a canonical RRM (66,67). The low affinity 

could be explained by the absence of the coiled-coil oligomerisation domain which, 

when present, may increase the avidity for simple nucleic acids (15). 

Alternatively, a higher affinity single-stranded target with more sequence 

complexity may exhibit a higher affinity.  

 

 However, we do observe that NONO binds with strong affinity to 2’-α-fluoro 

phosphorothioate antisense oligonucleotides (2’-F-PS-ASO), consistent with 

previous observations (33,34). Additionally, we have shown that this interaction, 

like the homo-ribopolymers, is dependent on the presence of RRM1. Furthermore, 

when given the same nucleotide sequence with 2’-cET modifications, the binding 

affinity was markedly lower, suggesting that the high affinity is provided by the 

2’-F-modification.  

 

 Our data strongly suggest that the 2’-F-PS-ASO is not a simple oligonucleotide 

in solution (Figure 8). The SAXS data for the 2’-F-PS-ASO were surprisingly 

consistent with a duplex oligonucleotide, as suggested by our observations that (i) 

the normalised Kratky plot resembles a particle with only limited flexibility ;(ii) 

the power-law relationship calculates a molecular weight double the excepted size 

for a monomeric ASO species; (iii) the scattering is inconsistent with a single-



stranded RNA; and (iv) searching for structural neighbours identified a collection 

of duplex RNA species that provided an excellent fit to the scattering observed. 

Secondary structure predictions using the nucleotide sequence indicated that 

some secondary structure may exist, however, it is well known that 2’-F-

modifications have a stabilising effect on base stacking and Watson-Crick base 

pairing (68,69). Thus, it is possible that the binding of the NONO homodimer to 

the 2’-F-ASO is in fact dependent on its structure, stabilised by the presence of 2’-

F-modifications, rather than any inherent affinity for 2’-F-modifications. 

Interestingly, our binding studies indicate that RRM1 is required for the 

interaction with the structured oligonucleotide. As described earlier, the first 

RRM in DBHS proteins strongly resembles a canonical single-stranded RNA 

binding domain (14,16,67). Thus, it is likely that a proximal domain (e.g. NOPS, 

RRM2) contributes to the recognition of secondary structure. However, from the 

data collected it is unclear whether the first RRM1 is necessary or sufficient for 

interaction with the ASOs used in this study. Further experiments are required 

to explore the true nature of the interaction.  

 

 SEC-SY-SAXS of the NONO: 2’-F-ASO complex gave rise to a bimodal 

distribution on the gel filtration column that was separated into two regions, 

namely NONO: ASOα and NONO: ASOβ. Although these two regions are 

seemingly different, it is likely that the differences observed are within 

experimental error. Nevertheless, the SAXS-derived models of the NONO 

homodimer in complex with 2’-F-ASO describe a NONO homodimer forming a 1:2 

complex with duplexed 2’-F-ASO (Figure 10). The solution structures reveal the 

duplexed oligonucleotide associating above the highly conserved β-sheet surface 

of RRM1; consistent with the binding data. The association above the β-sheet 

surface of RRM1 requires that RRM1 and RRM1' shift laterally from out under 

the core of the dimer (Figure 10B and 10C). It should be noted that the chi-values 

deviate from 1.0, which may be attributed to the use of rigid bodies in modelling 

and that modelling was carried out against low resolution solution data. 

Nevertheless, the fit to the data was improved by allowing for the subtle domain 

re-arrangement of the N-terminal RRM1. The NONO and PSPC1 homodimers 

possess a novel N-terminal β-clasp that, to facilitate the RRM1 movement, must 

presumably ‘unlock’ for RRM1 to shift out from under the core to allow the re-

arrangement necessary to accommodate the ASO. The implication that an N-



terminal DBHS region might regulate nucleic acid binding ability has been noted 

for SFPQ (25,70). The N-terminal DNA binding domain (DBD) of SFPQ associates 

with dsDNA. However, upon RNA binding to potentially RRM1 or RRM2, SFPQ 

is released from dsDNA, perhaps by a similar allosteric effect that translates to 

the DBD (15,25,70). Furthermore, post-translational modifications in the N-

terminus of NONO do influence RNA binding (22), perhaps by fixing the N-

terminal RRMs in a locked state. Interestingly, the movement of the N-terminal 

RRMs out from beneath the dimer core brings them closer to the highly conserved 

β2-β3 loop of RRM2 (16). Interestingly, quasi-RRMs, those that lack any 

conserved aromatic residues on the β-sheet surface, can employ the β1-α1, β2-β3 

and/or α2-β4 loops for RNA interaction (67,71). While it is appealing to suggest 

that the highly conserved DBHS β2-β3 loops may interact with grooves within the 

structured RNA, similar to RBMY (72), further investigation is required to define 

the role of this loop.  

 

 The reported interaction between NONO and 2’-F-PS-ASOs leads to a 

reduction in the nuclear abundance of NONO, likely due to targeted protein 

degradation (34). While the binding of the 2’-F-PS-ASOs to the NONO homodimer 

described in this study did not appear to compromise the integrity of the dimer, 

it is possible that the large-scale nuclear mRNP aggregates formed with ASO 

treatment elicit a defensive response to mitigate the formation of pathological 

aggregates. Ultimately, further investigation is required to explore what effect 2’-

F’-ASO binding to NONO containing dimers has within a cellular context. 

 

 Integrating the results that indicate co-operativity dependent on the RRM1, 

the presence of the β-clasp and the apparent movement of the RRM, we describe 

a model for the co-operative recognition of structured RNA via RRM1 (Figure 11). 

In its resting state, the NONO homodimer has its β-clasp fastening the abutted 

RRM1 domains into the conformation observed in the crystal structure. Upon 

interaction with a target nucleic acid the β-strand is disrupted as one RRM swings 

out to accommodate the nucleic acid. As a result, the hydrophobic interface formed 

at the β-clasp and the electrostatic core above α1 and α2 collapses, leading to a 

conformational re-arrangement that creates a higher affinity-binding site on the 

opposing RRM1.  

  



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 – RNA binding model for NONO derived from the observed X-ray crystal 

structure and solution structure of NONO in complex with IONIS742093. The NONO 

homodimer is drawn schematically showing: the coiled-coil (CC, teal), RRM2 (red), RRM1 

(maroon), and N-terminal β-clasp (green). (i) The resting state of a NONO homodimer 

where the β-clasp fastens the abutted RRM1 domains into the conformation observed in 

the crystal structure. (ii) RRM1’ accommodates an RNA target, disrupting the β-strand 

interface and electrostatic core, (iii) leading to a conformational re-arrangement that 

creates a higher affinity binding site on RRM1. (iv) RRM1 accommodates the 2nd RNA to 

give rise to the observed solution structure for NONO in complex with the PS-ASO.   
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Supplementary Figure S1 – The L-proline binding sites within the crystal structure of 

the NONO homodimer. The model and corresponding electron density map are shown for 

the region surrounding F218 for (A) well-modelled L-proline, (B) uncertain modelling of 

L-proline, (C) nothing modelled, (D) water molecule modelled. The 2Fobs-Fcalc and Fobs-Fcalc 

densities are shown around the site contoured to 1.0 and 3.0 σ respectively. The NOPS 

domain (blue), coiled-coil domain (teal) and RRM2 (red) are shown in cartoon 

representations. 

 



 
Supplementary Figure S2 – Size exclusion chromatography trace indicating 

NONOΔRRM1 is globular and dimeric. The size exclusion profiles of NONOΔRRM1 (blue) 

are overlayed with the NONO homodimer (green) and gel filtration standards (black). The 

elution volume (mL) is plotted against absorbance at 280 nm (in arbitrary units, AU). The 

known molecular weights (kDa) for the standards are indicated above the corresponding 

peak. Estimated molecular weights for NONO and NONOΔRRM1 are indicated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S3 – Size exclusion chromatography trace for NONO in complex 

with the 2’-F-PS-ASO (IONIS742093) collected during SEC-SY-SAXS at the SAXS/WAXS 

beamline of the Australian Synchrotron. The reciprocal space radius of gyration (Rg) is 

overlayed with the refractive index.  
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5.3 – Conclusions 
 The X-ray crystal structures described in this manuscript provide further 

evidence for conformational variability within DBHS protein dimer states. 

Specifically, we have now observed the N-terminal RRM, NOPS domain and distal 

coiled-coil in differing conformations. While the consequences of the inferred 

domain and side chain motions are unclear, cumulative evidence would suggest 

that the motion is linked to dimerisation propensity. This manuscript also 

presents the first structural study that details a DBHS nucleic acid interaction.  

The NONO homodimers form a highly specific 1:2 complex with duplexed 

antisense oligonucleotides, undergoing a subtle conformational change that 

facilitates co-operativity and simultaneous recognition of nucleic acid above the 

canonical RRM1. These data make significant contributions to our understanding 

of nucleic acid interactions, and coupled with the X-ray crystal structures of the 

PSPC1 and NONO homodimers paves the way to explore the interactions further.  
  



CHAPTER 6 
General discussion and conclusions 

 

 This thesis describes an in depth characterisation of DBHS proteins to expand 

our understanding of their molecular mechanisms in gene regulation. 

Collectively, the aims set out for this thesis and the results obtained address two 

broad themes: the nature of (i) DBHS protein dimerisation and (ii) DBHS protein 

nucleic acid recognition. Moreover, it is becoming increasingly apparent that 

DBHS dimerisation state and nucleic acid binding are intimately linked.  

 

6.1 – DBHS protein dimerisation 
 DBHS proteins were identified as dimers as early as 1993 (1); even so the 

intimacy of dimerisation remained unknown until the structure of the 

PSPC1/NONO heterodimer was solved in 2012 (2). The homodimeric X-ray crystal 

structures of NONO-1, PSPC1 and NONO, coupled with the pre-existing 

heterodimer structure, present a unique opportunity to gain insight into what 

influences dimerisation partnering. This is particularly important since the 

functional unit of a DBHS protein is a dimer of either homo- or heterodimeric 

origin (see Chapter 1, 1.1 Obligatory dimerisation). Evidence from cellular and 

disease studies indicate that distinct DBHS proteins have distinct roles, and in 

some cases paralogues cannot substitute for each other. Thus, choice of dimer 

partner is a significant determinant of function. However, the dimerisation 

preferences (that is, the Kd for each interacting DBHS pair) are unknown. 

 

 The structures of the NONO-1, NONO and PSPC1 homodimers show a 

consistent overall domain arrangement, however this study reports variable 

positioning of the NOPS, coiled-coil and RRM1 domains. Careful comparison 

between the human homo- and heterodimer structures describes a model for 

preferential DBHS protein dimerisation (Figure 6.1). In this model, the 

PSPC1/NONO and SPFQ/NONO heterodimers would be favoured due to the 

complementary electrostatic and hydrophobic interactions formed within the 

dimerisation interfaces. However, a theoretical SFPQ/PSPC1 interface would lack 

the complementary interactions observed for the other heterodimers, perhaps 

suggesting that it is the least favoured of the heterodimers. This finding matches 



the observation that in HeLa cells, DBHS proteins exists largely as SFPQ/NONO 

and PSPC1/NONO heterodimers, but not SFPQ/PSPC1 (3). However, murine 

Sertoli cells show a greater proportion of SFPQ/PSPC1 heterodimers (4), likely 

due to greater relative abundance of PSPC1.  

 

 Taken together, the choice of dimerisation partner, at least in an in vitro 

context, could be driven by a more rigid interface formed by improved hydrophobic 

and electrostatic contacts. However, more research is needed to investigate the 

biological switches that may regulate DBHS dimerisation.  
 

Figure 6.1 – Schematic representation of the homo- (top) and heterodimeric (bottom) 

dimerisation interfaces formed between NONO (green), PSPC1 (blue) and SFPQ (red). A 

single panel is shown for the homodimers representing the symmetrical interface. Two 

panels are shown for each heterodimer (above and below) to illustrate the asymmetrical 

interface formed upon heterodimerisation. The CC' and RRM2 domains are represented 

schematically with key residues contributing to the interface. Favourable electrostatics 

and hydrophobic interactions are indicated with dashed and dotted lines respectively.  



 Quite remarkably, from a structural perspective, DBHS protein dimerisation 

gives rise to an extraordinarily intertwined interface. Global analysis of the 

dimerisation interface in PISA (5) indicates that the PSPC1/NONO heterodimer 

has a buried surface area of ~ 4400 Å2. In contrast, PSPC1 and NONO 

homodimers feature additional interactions that form the β-clasp, driving the 

buried surface area to ~ 5083 Å2 and ~ 5097 ± 77 Å2 respectively (averaged for 

NONO across all dimers). With this in mind, how does a DBHS dimer identify 

with another dimer and subsequently drive a reciprocal exchange of partners? 

The subtle domain movements observed within the non-crystallographic 

symmetry related dimers of NONO are perhaps indicative of the domain motions 

required for partner swapping. These domain motions are potentially the cause 

for the instability of NONO homodimer in the absence of L-proline, as described 

in Chapter 4. Furthermore, the arginine-rich electrostatic core may act as a 

switch to drive dimers apart, as highly charged protein cores can be destabilising 

(6). However, when considering the extent of hydrophobic contacts, and the 

entropic cost associated with unravelling the interface, it seems likely that 

spontaneous dissociation to form heterodimers may require the assistance of a 

chaperone or cofactor. Future investigations may look to use the single highly 

conserved tryptophan within the dimerisation interface for fluorescence 

measurements, or NMR relaxation experiments with the introduction of a stable 

isotope or modification of the indole.  

 

 Partner swapping is directly relevant in a cellular environment as DBHS 

proteins are constantly shuttled around the nucleus to facilitate their dynamic 

function. As such, it is interesting to hypothesise how partner swapping might be 

used as a form of regulation. For example, SFPQ can be sequestered into 

paraspeckles by NEAT1 induction to relieve repression from IL-8 (7). Given that 

NONO and PSPC1 do not have the same functional role in IL-8 repression, it is 

possible that SFPQ homodimer, linked to DNA binding activity, is driving this 

repression. As a speculative example of regulating function, NONO may respond 

to the presence of nascent mRNA and form a heterodimer with SFPQ, thus 

triggering a de-repression of transcription (Figure 6.2), however further work 

would be required to test this theory.   

 

 



 

 
 
 
 
 
 

 
 
 
 
 
Figure 6.2 – Schematic examples of how (A) dimerisation and (B) nucleic acid binding 

might regulate DBHS protein function. (A) SFPQ homodimer (maroon) using its DNA 

binding domain (purple) to repress transcription on dsDNA. Binding of an RNA regulator 

(yellow) by NONO (green) and heterodimerisation disrupts the DNA interaction leading 

to active transcription. From here, SFPQ/NONO could associate with post-transcriptional 

processing, making for an effective switch from repression to de-repression. (B) NONO 

homodimer (green) associated within the paraspeckle (dashed oval) and bound to the 

lncRNA NEAT1 at one RRM leading to the allosteric activation of RRM1 (orange sphere). 

The allosterically active NONO can bind hyperedited/structured RNA (brown with blue 

edited sites) while remaining associated with NEAT1, sequestering the edited RNA within 

the nucleus. 
 

6.2 – DBHS protein nucleic acid recognition  
 A significant body of work has sought to identify a consensus RNA target for 

DBHS proteins. For example, systematic ‘evolution of ligands by exponential 

enrichment’ (SELEX) experiments have identified short regions containing 

AGGGA/U or UGGAGAGGAAC as targets for NONO and SFPQ/NONO 

respectively (8,9). Furthermore, NONO has been reported to bind to the 5’-splice 

site AAAAAGGUAAG, the extensive G-rich regions at the 5’/3’ ends of NEAT1, 

dsRNA inverted repeat Arthrobacter luteus (Alu) elements and A-I edited 

transcripts (10-16). Taken together, these data would suggest that NONO has a 

limited specificity for GA-rich regions, which is especially relevant given they are 

over-represented in the 5’ and 3’ ends of NEAT1. However, we note that the 



binding of NONO to homo-ribopolymers shown in Chapter 5 describes a broad 

RNA binding ability, particularly given that the binding occurs in the presence of 

an excess of non-specific competitor. Given that the considerably higher affinity 

binding to the 2’-F-ASO may not be sequence specific, there remains the 

possibility that the biological targets of NONO are in fact structured RNA. Future 

high-throughput DNA/RNA sequencing techniques may look explore the 

possibility of both sequence and structure specificity.   

 
 In Chapter 5, it was also demonstrated that NONO’s association with nucleic 

acid was co-operative. This co-operativity could be useful in a multitude of 

biological scenarios. It has been postulated that the retention of RNA within the 

paraspeckle may occur through NONO while it maintains a simultaneous 

association with the lncRNA NEAT1 (17). Given the new insights shown here into 

RNA binding co-operativity, it is possible that a NONO homodimer might interact 

with NEAT1 at one RRM, with RRM1' then allosterically activated to provide a 

high affinity target for nascent mRNA or edited RNA (Figure 6.2B). Consistent 

with this, there is evidence to suggest that a DBHS dimer might simultaneously 

interact with both simple single-stranded RNA and double-stranded RNA (18,19). 

One model could be the association of a structured RNA with the novel highly 

conserved β2-β3 loop of RRM2 (identified in Chapter 3) in parallel with a single-

stranded RNA associating with the β-sheet surface of RRM1. Coupled with 

combinatorial dimerisation, this potential simultaneous association of RRM1 and 

RRM1' with different target sequences could engender a broad spectrum of 

binding possibilities.  

 

 Functional aggregation by coiled-coil mediated oligomerisation (Chapter 1, 

section 1.2) would further complement nucleic acid binding (20). In this model, 

the DBHS proteins could use a single localised binding event to ‘seed’ a co-

operative coating of nucleic acid, seemingly independent of high-affinity sequence 

recognition, as suggested for the formation of the paraspeckle (17). This concept 

is relevant as ultimately DBHS protein activity in the cell is seeded by nucleic 

acid. Localisation to paraspeckles is driven by the lncRNA NEAT1 just as 

recruitment to DNA damage foci is driven by exposed dsDNA (Chapter 1, section 

4.1 and 4.2). Similarly, DBHS proteins associate with active transcription and 

processing through the nascent mRNA (Chapter 1, section 2.2).  



6.3 – Future perspectives 
 DBHS proteins are clinically relevant (Chapter 1, 6.1 – 6.3). However, the 

remarkable similarity between each protein paralogue has hindered any progress 

towards recognising them as potential therapeutic targets. Structural 

characterisation of the PSPC1 and NONO homodimers has revealed significant 

variability within the dimerisation interface and local arrangement of domains. 

Furthermore, characterising NONO-1 with an evolutionary perspective provides 

a molecular understanding of DBHS interaction modules. Moving forward, it may 

be possible to exploit the observed differences to target a feature specific to a 

DBHS paralogue. For example, overexpression of NONO, but not SFPQ or PSPC1, 

has been linked to the malignant progression of neuroblastoma (21). Whilst more 

work needs to be done to show that NONO is driving neuroblastoma progression, 

it is nevertheless pertinent to explore therapeutic options for targeting NONO. 

With this rationale, the L-proline binding pocket or slightly variant N-terminal 

β-clasp represent ‘druggable’ features that are unique to the NONO homodimer. 

Another therapeutic approach would be to refine the antisense oligonucleotide 

interaction with the NONO homodimer. Given that the interaction between 

NONO and 2’-F-ASOs drives a reduction in NONO levels, treatment with 2’-F-

ASOs could prove promising in treating advanced neuroblastoma.  

 

 One highly novel feature of this study is the new insights into RNA binding 

modes. The details of RNA binding were unknown until the characterisation of 

the NONO homodimer in complex with an antisense oligonucleotide (Chapter 5). 

Future work should focus on obtaining higher resolution data for the NONO 

homodimer in complex with antisense oligonucleotides and other candidate RNA 

by either cryoelectron microscopy (cryo-EM) or X-ray crystallography. Whilst the 

oligo exhibits a remarkable affinity for the NONO homodimer, to enhance the 

potential of crystallisation and effective resolution in single particle cryo-EM, the 

length would need optimisation given the flexibility observed in the complex. 

Additionally, further investigation into the precise structure of the 

oligonucleotide (e.g. NMR or X-ray crystallography) would provide valuable 

molecular details into the type of nucleic acid recognised by NONO. Ultimately, 

structural characterisation of the complex and the oligonucleotide will be 

invaluable towards understanding DBHS nucleic acid binding, but also in 

searching for similar structured nucleic acid targets of DBHS proteins. 



6.4 – Conclusions  
 As a multipurpose molecular scaffold, understanding the mode of dimerisation 

and RNA binding is fundamentally important to appreciating DBHS proteins as 

therapeutic targets. The cumulative insights described in this study set the stage 

for future structure based exploration into DBHS protein function across every 

species. Furthermore, this work significantly advances our understanding of 

complex gene regulation through the considerable contributions it makes to 

describe the mechanisms of DBHS protein dimerisation and nucleic acid binding. 
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APPENDIX A 
Buffers and Media 

 

0.5X TBE             6X DNA loading dye 
 45 mM Tris-borate          0.25% bromophenol blue (w/v) 

 1 mM EDTA            0.25% Xylene cyanol FF (w/v) 

                 30% glycerol (v/v) 
 

1X SDS running buffer       5X SDS loading buffer 
 25 mM Tris (pH 8.3)          300 mM Tris (ph 6.8) 

 192 mM glycine           50% glycerol (v/v) 

 0.1% SDS (w/v)            10% SDS (w/v) 

                 0.005% bromophenol blue 
 

12 % polyacrylamide gel  
Resolving gel (8 mL)           Stacking gel (6%, 5 mL) 

 2.4 mL 40% bis-/-acrylamide       0.75 mL 40% bis-/-acrylamide  

 2 mL 1.5 M Tris (pH 8.8)        1.25 mL 1.5 M Tris (pH 6.8) 

 3.4 mL ddH20            2.9 mL ddH20 

 80 μL 10% SDS           50 μL 10% SDS 

 80 μL 10% ammonium persulphate (APS)   50 μL 10% APS 

 8 μL tetramethylethlyenediamine (TEMED)  5 μL TEMED 
 

Coomassie blue stain (0.1 L)   Coomassie blue de-stain (0.1 L) 
 0.25 g Coomassie brilliant blue (R250)   10 mL glacial acetic acid 

 10 mL glacial acetic acid        30 mL ethanol 

 45 mL ethanol           60 mL ddH20 

 45 mL ddH20 
 

Lysogeny broth (LB)        LB Agar 
 10 g/L Tryptone (Amresco)       10 g/L Tryptone 

 5 g/L Yeast extract (Amresco)      5 g/L Yeast extract  

 10 g/L NaCl (Amresco)          10 g/L NaCl  

                15 g/L Bacto-agar 

 

 



LB Media Supplementation  
 Vector/Strain   Supplement 

 pCDF-11/13   50 μg/mL spectinomycin  

 pET-Duet-1   100 μg/mL ampicillin  

 Rosetta 2 (DE3)  50 μg/mL chloramphenicol, 0.1 % w/v D-glucose 

 

NONO binding buffer       NONO elution buffer 

 50 mM Tris-Cl (pH 7.5)         50 mM Tris-Cl (pH 7.5) 

 250 mM NaCl            250 mM NaCl 

 25 mM imidazole           500 mM imidazole 

 10 % (v/v) glycerol           10 % (v/v) glycerol 

 

PSPC1 binding buffer       PSPC1 elution buffer 

 50 mM Tris-Cl (pH 7.5)         50 mM Tris-Cl (pH 7.5) 

 150 mM NaCl            250 mM NaCl 

 5 mM imidazole           1.0 M imidazole 

 10 % (v/v) glycerol           10 % (v/v) glycerol 
 

RNA binding buffer       RNA binding buffer (Heparin)  
 20 mM Tris-Cl (pH 7.5)         20 mM Tris-Cl (pH 7.5)  

 250 mM KCl            250 mM KCl 

 50 mM L-Proline           50 mM L-Proline 

 0.5 mM EDTA            0.5 mM EDTA 

 0.1% (v/v) Tween-20          0.1% (v/v) Tween-20  

                 1 mg/mL Heparin  
 

NONO-1 Gel filtration buffer   NONO Gel filtration buffer  
 20 mM Tris-Cl (pH 7.5)         20 mM Tris-Cl (pH 7.5)  

 250 mM NaCl            250 mM KCl  

 1 mM DTT             50 mM L-Proline 

 10 % (v/v) glycerol           0.5 mM EDTA 
 

PSPC1 Gel filtration buffer 
 50 mM Tris-Cl (pH 7.5)    

 150 mM NaCl     

 10 % (v/v) glycerol    
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APPENDIX C 
NONO structure validation report 
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APPENDIX D 
PSPC1 structure validation report 
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APPENDIX E 
Additional contributions 

 
Peer reviewed publications contributed to by the candidate, but not directly 

included in the thesis.  

 

(1) Manuscript  

Middleton CL, Parker JL, Knott GJ, White MF, Bond CS. Crystal 

'Unengineering': Reducing the Crystallisability of Sulfolobus solfataricus Hjc. 

Australian Journal of Chemistry 2014; 67(12): 1818-1823. 

 

Contribution 

This paper describes the challenge of a highly crystallisable protein and the 

process where it was necessary to “un-engineer” the crystallisability of a protein: 

DNA complex to further understand its function. My contribution to this work 

was to refine, validate and deposit the final structure to the protein data bank 

(PDB).  

 

(2) Manuscript  

Hennig S, Kong G, Mannen T, Sadowska A, Kobelke S, Blythe A, Knott GJ, 

Iyer KS, Ho D, Newcombe EA and others. Prion-like domains in RNA binding 

proteins are essential for building subnuclear paraspeckles. J Cell Biol 2015; 

210(4): 529-39. 

 

Contribution 

This seminal manuscript describes the emerging paradigm of functional nuclear 

protein aggregation to facilitate macromolecular complex formation in the 

nucleus. My contribution to this work was significant supervision, coordination 

and troubleshooting of protein expression, protein purification, gel formation 

and X-ray scattering experiments presented in this study.  
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The protein Hjc from the thermophilic archaeon Sulfolobus solfataricus (Ss) presented many challenges to both structure
solution and formation of stable complexes with its substrate, the DNA four-way or Holliday junction. As the challenges
were caused by an uncharacteristically high propensity for rapid and promiscuous crystallisation, we investigated the

molecular cause of this behaviour, corrected it by mutagenesis, and solved the X-ray crystal structures of the two mutants.
An active site mutant SsHjcA32A crystallised in space group I23 (a 144.2 Å; 68% solvent), and a deletion of a key crystal
contact site, SsHjcd62–63 crystallised in space group P21 (a 64.60, b 61.83, c 55.25 Å; b¼ 95.748; 28% solvent).

Characterisation and comparative analysis of the structures are presented along with discussion of the pitfalls of the use of
protein engineering to alter crystallisability while maintaining biological function.
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Introduction

Macromolecular crystallisation is typically performed using

vapour diffusion methods. Successful crystallisation occurs
under conditions of subtle equilibrium of solvation, macro-
molecular interaction, and vapour diffusion. The changing

concentration of the protein, and the ionic strength and crowd-
edness of the mother liquor make first nucleation, and then
crystal growth energetically favourable (reviewed in[1]). In

order to discover these conditions, it is often necessary to screen
many hundreds of solutions in a sparse matrix screen, as well as
varying the temperature and protein concentration (reviewed
in[2]). An even more challenging scenario can be encountered

when attempting the crystallisation of a macromolecular com-
plex, where the energetics of the crystallisation process interact
with the energetics of complex formation. Preferential precipi-

tation of one component can render the crystallisation of a
complex impossible.

This study focuses on our attempts to deal with the unusually

high ‘crystallisability’ of the protein Hjc, a key enzyme found in
thermophilic archaeon that catalyses the resolution of four-way
DNA junctions.[3] The process of homologous recombination is
ubiquitous throughout life, facilitating the rearrangement and

repair of DNA: both in the exchange of genetic material during
meiosis and the maintenance of the genome in response to DNA

damage.[4,5] In order to explain the observed transfer of genetic
information in yeast, the ‘Holliday junction’[6] was proposed

50 years ago by Robin Holliday.y This four-way DNA junction
manifests as a physical link between homologous double-
stranded DNA molecules, and branch-migration of the junction

along the DNA duplex leads to regions of heteroduplex DNA.
Like other structured DNA and DNA–RNA hybrid molecules
that occur in various mechanisms of molecular biology, the

Holliday junction must be correctly resolved in order to avoid
critical damage to the DNA. If the junction persists through to
DNA replication, it will act as a mutagen. Resolution of the
Holliday junction is effected by metal-dependent junction-

resolving enzymes (reviewed in[7]). These dimeric nucleases
can symmetrically nick two of the four DNA strands by
performing a phosphodiester bond cleavage, which when fol-

lowed by a ligation reaction results in two new duplexes.
The three-dimensional structure of the folded four-way

junction has a 2-fold symmetry.[8,9] This symmetry is reflected

in the structures of the enzymes that resolve them: the enzymes
from bacteriophage (e.g. T7 phage endonuclease I,[10] T4 phage
endonuclease VII,[11]), bacteria (Escherichia coli RuvC[12]

and RusA,[13] Bacillus sp RecU[14]), archaea (Sulfolobus solfa-

taricus Hje,[15,16] and Hjc from Sulfolobus solfataricus,[17]

Sulfolobus tokodaii (PDB 2EO0), Pyrococcus furiosus,[18] and

yHolliday, a Sydney-resident CSIRO scientist is recently deceased (Tom Kirkwood, 2014, ‘Robin Holliday Obituary | Science’, The Guardian, http://www.

theguardian.com/science/2014/may/20/robin-holliday).
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Archaeoglobus fulgidus (PDB 2WCW)), and Ydc2 from the
yeast mitochondrion[18] are all dimeric, presenting two symmet-
rically related catalytic nuclease sites. A new level of detailed

understanding of supramolecular complexes formed by junction-
resolving enzymes and their substrates were revealed by the
structures of T7 endonuclease I and T4 endonuclease VII bound

to four-way junctions.[19,20] Notably, the two phage enzymes are
completely genetically unrelated, and use completely different
architectures to recognise and cleave effectively identical

substrates.
Sequence alignment of the archaeal Hjc enzymes reveals a

common architecture (Fig. 1) that places them in the nuclease
superfamily. Other members of this family include the type II

restriction endonucleases that are widely used in molecular
biology and the distantly related T7 phage enzyme. Despite this
relationship, the structures of Hjc and T7 endo I display quite

different dimer arrangements,[15,17] suggesting that Hjc binds
the four-way junction in a different manner, prompting a series
of attempts at generating the complex of Sulfolobus solfataricus

Hjc (SsHjc) with a Holliday junction.
During our studies that ultimately led to the crystal structure

of SsHjc (PDB 1HH1[17]), we were thwarted by an uncommon
phenomenon: Hjc readily crystallised very rapidly (,5min) in

approximately half of the crystallisation conditions in the
Hampton Research CrystalScreen I. The beautifully formed
cubes would grow to a size of 0.5mm (Fig. 2a). Yet, despite

this apparent high symmetry and large crystal volume, diffrac-
tion even at synchrotron sources was limited to worse than 6 Å.
Several variables were modified to attempt to overcome this

rapid crystallisation. The phenomenon appeared to be concen-
tration independent, whereby lower concentrations of protein
either produced no crystals or produced similarly diffracting

crystals. Attempts to lower the rate of vapour diffusion by
crystallising at 48C and increasing the drop size to 5mL in order
to reduce the surface area-to-volume ratio also fared no better.
Crystallisation in silica hydrogel had no beneficial effect on

diffraction.
Although wider screening of conditions ultimately resulted

in the production of a completely different, well diffracting,

tractable hexagonal crystal form, the ready appearance of these
cubic crystals continued to plague us by obstructing our attempts

to crystallise the Hjc–DNA complex, where we used a catalyti-
cally inactive mutant with residue serine 32 – the key nucleo-
phile in the phosphodiester hydrolysis – substituted by alanine.

Large cubic SsHjcS32A crystals would form preferentially,
leaving the DNA in solution.

Herein, we describe the characterisation of the cubic crystal

form of Hjc (Fig. 1). This structure assisted in the identification
of a mutant that successfully reduced the crystallisability of the
protein, so that it could be applied in complex co-crystallisations

(Fig. 1). We report and analyse the monoclinic crystal structure
of this d62–63 deletion mutant of Hjc.

Results and Discussion

The final crystallographic model of cubic SsHjcS32A contains
two molecules arranged as a dimer via a non-crystallographic
dyad (Fig. 2). Both chains shown in Fig. 2a, b contain residues

9–31 and 37–140 of SsHjc; 98% of residues are in favoured
regions of the Ramachandran plot; 167 water molecules are
modelled as oxygen atoms. The coordinates and structure fac-

tors have been deposited with the PDB (4TKK).
The arrangement of the Hjc dimers in the cubic space group

I23 offers some possible explanations of the difficulty in
obtaining sufficiently well diffracting crystals. Superficially,

the protein region of the crystal resembles a lipidic cubic phase
crystal and the solvent-filled void at the centre of the 144 Å unit
cell is capable of accommodating a huge sphere of radius 38 Å

(Fig. 2). The fact that only 30% of this crystal is constituted by
proteinwith the remainder being disordered solventmay explain
the poor diffracting power of the cubic crystals. An additional

factor in the poor diffraction properties is the rapidity of crystal-
lisation in a variety of conditions, suggesting that crystallisation
of this form is highly kinetically favoured.

The crystal from which the structure was solved was one of
many tens of crystals that were screened (in the hope that they
contain a complex with DNA), and it was the only crystal that
diffracted to a useful resolution. Based on the knowledge that

controlled dehydration is a frequently applied method for
improving the diffraction of protein crystals,[21] it is likely that
the accidental gradual dehydration of the crystallisation drop

over many months allowed this particular cubic crystal to
become more ordered, resulting in better diffraction.

SsHjc
1 10 20 30 40

49
52
48
40
46

101
103
99
91

100

1009080706050

140
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135

130120110

SsHje

StHjc
AfHjc
PfHjc

Fig. 1. Sequence alignment of five archaeal junction-resolving enzymes for which crystal structures are available: Sulfolobus solfataricus Hjc PDB

1HH1 (SsHjc), Sulfolobus tokodaii Hjc 2EO0 (StHjc), Archaeoglobus fulgidus Hjc 2WCZ (AfHjc), Pyrococcus furiosus Hjc 1GEF (PfHjc), Sulfolobus

solfataricus Hje 1OB8 (SsHje). Secondary structure observed in SsHjc is marked. Triangles indicate the residues mutated in this work.
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Paraspeckles are a nuclear body that are seeded by, and built on, 
the long noncoding RNA NEAT1 (Nuclear Paraspeckle Assem-
bly Transcript 1/MENε/β; Clemson et al., 2009; Sasaki et al., 
2009; Sunwoo et al., 2009). There are ∼40 known paraspeckle 
proteins—mostly abundant nuclear RNA binding proteins en-
riched in RNA recognition motifs (RRMs), zinc finger, and K 
homology domains (Naganuma et al., 2012; Fong et al., 2013). 
Paraspeckle formation is triggered by transcription of NEAT1 
followed by the recruitment of different proteins that coordi-
nately build up the paraspeckle structure (Mao et al., 2011). 
Intriguingly, FUS, TDP-43, SS18L1, HNRNPA1, TAF15, 
and EWSR1 are all genes encoding paraspeckle proteins (Na-
ganuma et al., 2012; Nishimoto et al., 2013) that contain PLDs 
and have known ALS-causing mutations (Vance et al., 2009; 
Couthouis et al., 2011, 2012; Chesi et al., 2013; Kim et al., 
2013). Paraspeckles are also apparent in ALS motor neurons, 
and NEAT1 is up-regulated in the related condition frontotem-
poral lobar degeneration (Tollervey et al., 2011; Nishimoto et al., 
2013). Furthermore, paraspeckles are stress-responsive struc-
tures induced by viral infection, proteasome inhibition, and dif-
ferentiation (Sunwoo et al., 2009; Hirose et al., 2014; Imamura 
et al., 2014). Paraspeckles influence gene expression by nuclear 
retention of RNA with inverted repeats (Prasanth et al., 2005; 
Chen and Carmichael, 2009) and by sequestration of specific 
transcription factors (Hirose et al., 2014; Imamura et al., 2014).

Given many RNA binding proteins with PLDs contain nu-
clear localization signals (King et al., 2012), we speculated that 
PLDs play a role in nuclear body formation. To identify pro-
tein–protein interactions likely mediated by PLDs, we mapped 
the interactome network of paraspeckle proteins. We found that 
RBM14 (RNA binding protein 14), an essential paraspeckle 
component, mediates a key interaction linking several other es-
sential proteins into the network. This interaction is driven via 
the PLD of RBM14, and we showed that this region possesses 
the same liquid-phase transition potential as FUS, forming 
hydrogels with amyloid-like properties in vitro. We also con-
firmed that the PLDs of both RBM14 and FUS are responsible 
for targeting these proteins to paraspeckles and are essential for 
the formation of paraspeckles.

Results and discussion

The paraspeckle protein–protein 
interactome is rich in PLD-
containing proteins
To identify the direct protein–protein interactions underpinning 
paraspeckles, we performed a comprehensive yeast two-hybrid 
screen on the known, and some putative, paraspeckle proteins 
(Fig.  1  c and Table S1). MATa yeast containing each candi-
date fused to the LexA DNA-binding domain were mated 
with MATα yeast containing DNA–activation domain fusions 
(Fig. 1, a and b). The LacZ reporter was used to screen for in-
teractions, and interaction probability scores were assigned, 
with higher numbers reflecting the most stringent interactions 
in numerous biological replicates (Fig. 1, b–d). Interactions be-
tween key proteins were validated by cotransformation of both 
plasmids (Fig. 1 d) and, in some cases, by coimmunoprecipita-
tion in HeLa cells (Fig. S1; Naganuma et al., 2012; Passon et 
al., 2012; Kawaguchi et al., 2015). 53 interactions between 29 
paraspeckle proteins were identified that met the most stringent 
scoring criteria for reproducibility and strength, and these are 

shown in a network (Fig. 1 e). Paraspeckle proteins are unusu-
ally enriched in PLDs, as defined by the prion-like amino acid 
composition tool (Fig. S2; Lancaster et al., 2014). There is an 
overrepresentation of proteins with PLDs in the interactome 
network: 66% of network proteins have PLDs (19/29), whereas 
55% of the starting proteins had PLDs (26/47; Fig. S2).

We have previously performed siRNA knockdowns of 
the majority of the paraspeckle proteins to determine their 
importance to paraspeckle formation (Naganuma et al., 
2012; summarized in Table S1). Proteins that completely, or 
partially, ablate paraspeckles when knocked down are col-
ored on Fig. 1 e and comprise over half of the network: 52% 
of network proteins are required for paraspeckle formation 
(15/29), whereas only 36% of the starting protein pool are 
in this category (17/47; Table S1), illustrating the potential 
importance of protein–protein interactions in paraspeckle 
formation and maintenance. Furthermore, 12 of the 15 pro-
teins required for paraspeckle formation that are in the in-
teractome network also contain PLDs, indicating that these 
domains may play a key role. PLDs are emerging as import-
ant modules in gene regulation that act through a process 
of functional aggregation and phase transition, thus ex-
plaining their presence in numerous RNA binding proteins, 
transcriptional regulators, and their fusions to DNA-bind-
ing domains in chromosomal translocations in cancer. To 
investigate a potential for PLD-mediated functional ag-
gregation in the context of paraspeckle formation, we fo-
cused on the PLD-containing protein RBM14, identified 
as directly connecting two other essential proteins, NONO 
(Non-POU domain-containing octamer-binding protein) and 
SFPQ (Splicing factor, proline- and glutamine-rich), to the 
rest of the network (Fig. 1 e).

The RBM14 PLD mediates protein–protein 
interactions and paraspeckle targeting
RBM14 contains two amino-terminal RRMs and a long PLD 
in the carboxy-terminal half of the protein, which we postu-
lated was mediating protein–protein interactions. Indeed, yeast 
two-hybrid and coimmunoprecipitation experiments confirmed 
that the RBM14 PLD is required for its robust interaction with 
NONO (Fig. 2 a) and that this interaction is not dependent on 
RNA (Fig. 2 b). We used superresolution microscopy to confirm 
enrichment of NONO and RBM14 in paraspeckles (Fig. 2 c), 
albeit with distinct subparaspeckle patterns that may reflect 
unique interactions and/or functional roles. Expression of YFP-
tagged fragments of RBM14, combined with FISH to detect 
endogenous NEAT1, showed that the PLD domain is sufficient 
for paraspeckle targeting (Fig. 2 d). Although the PLD and full-
length RBM14 both colocalize with NEAT1 at paraspeckles, 
the amino-terminal fragment that contains only the RRMs (resi-
dues 1–176) does not (Fig. 2 d), suggesting that RBM14 is most 
probably recruited via protein–protein interactions.

The integrity of the RBM14 and FUS 
PLDs is critical for paraspeckle targeting 
and formation
Similar to RBM14, the PLD of FUS is required for targeting 
FUS to paraspeckles (Shelkovnikova et al., 2014). We thus 
tested the importance of PLD integrity for paraspeckle tar-
geting by these proteins, using mutants in which tyrosines 
in the PLD repeat motifs were mutated to serine (Fig. 3 a). 
FUS contains 27 repeats of Y[G/S]QQ or [S/G]Y[S/G], and 
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Prion-like domains in paraspeckle formation 

Figure 1. An interactome of paraspeckle proteins. (a) Schematic of the yeast two-hybrid mating strategy. (b) Example of a growth plate (left) with 48 
mated yeast spots, each containing bait protein, with different candidate fusion proteins. The code of the grid position for each candidate is in Table S1. 
At right is the filter lift for the plate, color is β-galactosidase (β-Gal) activity. (c) Interactions between paraspeckle proteins, with numerical values binned into 
grayscale, as indicated. The values reflect both the strength of the interaction as well as the number of times it occurred in the two replicate experiments, 
see Materials and methods. (d) Example of a cotransformation with candidate proteins and negative controls. (e) Network diagram of the interactome, 
excluding putative paraspeckle proteins, with a cutoff of 8 for interaction (see Materials and methods), line thickness increasing with interaction score. Color 
coding is relevance to paraspeckle formation, determined by siRNA knockdown (Naganuma et al., 2012). Asterisks indicate proteins with PLDs (Fig. S2).
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RBM14 has 21 Y[G/N/A/S]AQ or [S/G]YG motifs (Table 
S1). The mutants we tested were either partial Y→S (half 
of the tyrosines mutated) or all Y→S. Fig. 3 (b and d) shows 
that tyrosine mutations in FUS PLD abolish paraspeckle 
targeting, similar to cytoplasmic stress granule targeting 
by FUS (Kato et al., 2012). Thus, there is likely a common 
PLD-dependent mechanism mediating FUS recruitment to 
RNPs in both subcellular compartments. RBM14 PLD mu-
tants showed a similar trend to FUS, with YFP-RBM14-PLD 
partial Y→S localization showing significantly diminished 
paraspeckle targeting and YFP-RBM14-PLD all Y→S failing 
to target to paraspeckles (Fig. 3, c and d). The overexpressed 
PLD mutants did not disrupt paraspeckles, suggesting their 
expression cannot dislodge the endogenous RBM14 protein 
from its normal role (Fig. 3 c and Fig. S3 a). The RBM14 PLD 
can also promote aggregation independent of paraspeckles, 
as seen with numerous, additional, non-NEAT1–containing 
foci in cells overexpressing YFP-RBM14 PLD (Fig. S3 b). 
Consistent with the notion that NONO binding may be im-
portant for RBM14 paraspeckle targeting, we observed that 
neither RBM14 PLD tyrosine mutant could coprecipitate 
NONO from cell lysates (Fig. 3 e).

To assess whether the FUS and RBM14 PLD is required 
for paraspeckle formation, we tested the ability of wild-type 
and mutant constructs to rescue the ablation of these bodies by 
siRNA knockdown of endogenous FUS, or RBM14. We first 
demonstrated that knockdown of the endogenous proteins re-
sults in significantly diminished paraspeckle numbers in HeLa 
cells, as determined by counting NEAT1 foci. We then showed 
that wild-type FUS, or RBM14, but not the vector control, 
could rescue paraspeckle formation (Fig. 3 f). In contrast, the 
FUS or RBM14 PLD mutants could not rescue paraspeckle for-
mation, giving results more similar to the vector control than 
wild-type FUS or RBM14 (Fig. 3 f), confirming that the PLDs 
of FUS and RBM14 play a critical role in paraspeckle forma-
tion. Given potential nuclear enrichment for many proteins with 
PLDs, nuclear body formation may represent one of the most 
important functions of PLDs.

The RBM14 PLD forms a hydrogel with 
amyloid-like properties in vitro
Given the FUS PLD can form hydrogel in vitro, we next 
tested whether the RBM14 PLD shares this property. GFP-
tagged RBM14-PLD and PLD mutants were expressed and 
purified, with GFP-FUS-PLD as a positive control (Fig. 4 a). 
When the samples were concentrated and cooled, all proteins, 
with the exception of GFP-RBM14-PLD all Y→S, formed 
hydrogels, composed of full-length GFP-PLDs, with a strong 
bias against presence of any degradation products (Fig. 4 b). 
Examination of their biophysical attributes confirmed sim-
ilarities of RBM14 to FUS hydrogels, with scanning EM 
(SEM), revealing the fibril mesh networks characteristic of 
amyloids (Fig. 4 c) and x-ray diffraction showing the typi-
cal amyloid signature of diffraction rings at ∼4.6 and 10 Å 
(Fig. 4 d). Unlike pathological amyloids, however, hydrogels 
are relatively soluble in SDS. Fig. 4 e shows that the RBM14 
and FUS hydrogels were all relatively soluble in 2% SDS, 
whereas aggregated huntingtin protein, typical of a patholog-
ical aggregate, was not. Collectively, these results confirm 
that the RBM14 PLD can form hydrogels in vitro in a simi-
lar manner to FUS PLD and that this attribute is dependent 
on a structurally intact PLD. Together, these findings pro-

vide new evidence for the importance of functional “tamed 
amyloids” in cell biology.

Nuclear body and RNP granule formation are highly 
dynamic processes, but the molecular basis for this remains 
unclear. Given the abundance of tyrosine and serine residues 
in PLDs, phosphorylation could play a role in regulating 
PLD-mediated interactions underpinning bodies. Suggestive 
of this, we observed different SDS-PAGE mobility for RBM14 
PLD mutants expressed in HeLa cells (Fig. 3 e) and found evi-
dence that RBM14 PLD is phosphorylated in cells (Fig. S3 c). 
Furthermore, the FUS PLD can be phosphorylated (Gardiner 
et al., 2008), and phospho-FUS hydrogels have weaker in-
teractions (Han et al., 2012).

Beyond paraspeckle formation, RBM14 is important in 
coregulation of transcription and splicing, centriole formation, 
and DNA repair (Iwasaki et al., 2001; Auboeuf et al., 2004; 
Yuan et al., 2014; Shiratsuchi et al., 2015). Re-examining these 
papers, we find the RBM14 PLD required for three out of four 
of these functions. Although the role of the RBM14 PLD in 
DNA repair is yet to be assessed, it is an attractive hypothe-
sis that functional aggregation is involved in the dynamic for-
mation of localized DNA repair assemblies. Notably, another 
essential paraspeckle protein, SFPQ, also implicated in DNA 
repair, requires functional aggregation via a coiled-coil motif 
for optimal DNA binding (Lee et al., 2015).

The regulation of RNP granule formation is emerging 
as a potential therapeutic application for cancer and neuro-
degenerative disorders. Of particular relevance is ALS, as-
sociated with cytoplasmic aggregates of normally nuclear 
PLD-containing proteins and caused in many cases by mu-
tations within PLD-containing proteins. Also important is 
the recent discovery of the most common genetic cause of 
ALS: a repeat expansion in C9ORF72, resulting in formation 
of toxic nuclear RNA granules that sequester RNA binding 
proteins and production of mutant proteins that bind hydro-
gels (Donnelly et al., 2013; Kwon et al., 2014). Paraspeckles 
now join stress granules and C9ORF72 foci as RNP gran-
ules implicated in ALS pathobiology (Tollervey et al., 2011; 
Nishimoto et al., 2013). Six paraspeckle proteins are known 
to cause ALS when mutated. It is thus possible that other 
paraspeckle proteins are putative candidates for novel ALS 
genes. This growing appreciation of the importance of func-
tional aggregation mediated by PLDs in RNA binding pro-
teins in ALS is opening the door for future studies into how 
these processes are perturbed in disease.

Until now, the common feature for paraspeckle pro-
teins was the presence of RNA binding domains, whereas 
the long noncoding RNA NEAT1 was thought to be the key 
structural determinant of paraspeckle formation. Our data do 
not diminish the importance of NEAT1, rather they suggest 
that in addition to protein–RNA interactions, there are also 
PLD-mediated protein–protein interactions, and together, 
these give rise to a dynamically regulated structure. In-
deed, many paraspeckle proteins associate within cells in an 
RNA-dependent manner (Chesi et al., 2013; Shelkovnikova 
et al., 2014). Questions remain about the repeat motifs 
within different PLDs and how differences in these relate 
to functional aggregation into RNPs and other assemblies. 
Paraspeckle targeting could join yeast aggregation and tox-
icity as a useful assay to address the relative contributions 
of different residues within PLDs to functional aggregation 
(Table S1; Couthouis et al., 2011).
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Figure 3. The RBM14 PLD is essential for paraspeckle formation. (a) Schematics of secondary structure, consensus repeat motifs and mutational strategy 
for FUS and RBM14. ZNF, Zinc finger. (b and c) Fluorescence micrographs of representative HeLa cells transiently expressing YFP-NLS-FUS-PLD or YFP-
RBM14-PLD (top), YFP-NLS-FUS-PLD partial Y→S mutant or YFP-RBM14-PLD partial Y→S mutant (middle), and YFP-NLS-FUS-PLD all Y→S mutant or YFP-
RBM14-PLD All Y→S mutant (bottom). NEAT1 RNA detected with FISH (red) to label paraspeckles. Green, YFP fluorescence; blue, DAPI. The paraspeckle 
targeting by FUS or RBM14 PLD is lost when tyrosines are mutated. Bars, 10 μm (d) Quantification of colocalization for experiments in b and c, see 
Materials and methods. (e) Western blot for NONO showing it is coimmunoprecipitated on GFP-trap resin from lysates expressing YFP-RBM14 (lane 2) or 
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individually transformed with all of the candidates in each of the 
yeast two-hybrid vectors and grown on synthetic dropout (SD) se-
lection agar plates. The resulting 48 AMR70 transformants were 
grown overnight in 2  ml SD-W liquid media in deep well blocks 
(5  ml). One of the L40 transformants was grown in SD-W liquid 
media (15 ml tube). For the mating process, an SD-L-W agar plate 
was prewarmed at 30°C. The L40 interactor was diluted to OD600 = 
1, and 2-μl drops were applied in a 6 × 8 grid on the warm agar plate. 
Although the drops were drying, the L40 interactors were diluted to 
OD600 = 1, and subsequently, 2 μl of the mixture was applied on top 
of the AMR70 yeast on the plate. Plates were incubated at 30°C for 
∼4 d. Mating of the two strains resulted in diploid yeast growing on 
the selection media carrying both yeast two-hybrid plasmids. These 
were then tested for β-galactosidase activity. The process was re-
peated until all L40 transformants were tested against the grid of 
AMR70 candidates. The nuclear laminar protein Lamin was among 
the candidates and thereby served as negative control throughout 
the whole screen. This entire analysis was performed as a biological 
duplicate. Filter lift assays were performed as described in Golemis 
et al. (2011). β-Galactosidase activity was observed after 2  h and 
overnight incubation at 30°C in humidified chambers.

Yeast two-hybrid interaction screen analysis
Analysis was performed on pictures of the colored X-Gal filter lifts 
as well as the yeast growth on agar plates before the filter lift assay. 
Candidates that gave a strong blue color for all possible interactions, 
including the Lamin negative control, were deemed to be auto-ac-
tivating the β-galactosidase reporter gene and therefore discarded 
from further screen analyses.

All other interactions were scored on an intensity scale from 
1 to 4. As each interactor was screened as bait against all others and 
also present as prey within the grid, reciprocal interactions could 
be observed in most cases. Numerical values were assigned to each 
potential interaction using several rules. First, the scores based on 
the intensity of β-galactosidase assays were added together (in this 
case, the maximum was 4 + 4 + 4 + 4, in which both replicates 
showed maximal interaction, with bait and prey in both orienta-
tions). Second, to give greater value to recurring interactions, we 
multiplied the summed scores with the number of times an interac-
tion was observed (either during the screen repetition or as duplicate 
within the reciprocal screen design). In this way, the example above 
would score (4 + 4 + 4 + 4) × 4 = 64. The NONO–SFPQ interaction 
was the only one to reach this value of 64 (Fig. 1 e). Thus, an overall 
higher score indicated a higher probability for interaction, as false 
positives should not reoccur during experimental repetition (either 
in the biological duplicate or within the reciprocal screen arrange-
ment) and will occur just once in the intensity scoring. Fig. 1 e was 
made only with interactions of a minimum score of 8. One-off false 
positive interactions cannot reach our threshold of 8 because a one-
off maximum intensity score of 4 will only ever score 4 (4 × 1 = 4), 
whereas interactions with low intensity on the reporter assay, yet 
occurring in more than one replicate or bait–prey orientation could 
easily reach the threshold to occur in the network shown in Fig. 1 e 
(for example, (1 + 1 + 1) × 3 = 9, (2 + 1 + 1) × 3 = 12, (2 + 2) × 2 = 
8, (3 + 1) × 2 = 8, (4 + 1) × 2 = 10).

The resulting interactome heatmap was created using Excel and 
manual binning into eleven greyscales with increasing scores of 8. Net-
work arrangement was performed from interactions scoring higher than 
8 using Cytoscape 3.1.0 (National Resource of Network Biology). Line 
thickness and transparency corresponds to the scoring value starting 
from 8. Graphical adjustments (e.g., font type, layout, coloring) were 
made using Inkscape (v0.48).

Yeast two-hybrid interaction validation
To validate selected interactions, combinations of candidate genes 
(1 μg plasmid each) were cotransformed into the L40 strain and 
grown on SD-L-W agar plates. Lamin and A62 both served as nega-
tive controls in the yeast bait and prey plasmids (Ingley et al., 1999). 
Subsequently, all growing transformants were tested for β-galactosi-
dase activity. Blue color compared with negative controls indicated 
protein–protein interaction.

Plasmid construction
All candidate genes are human sequences. Some candidate gene 
cDNAs for yeast two-hybrid experiments were amplified from human 
cDNA or from plasmid sources and cloned into the pDONR entry 
plasmid (Life Technologies). Other candidate genes were provided as 
gateway entry clones in pENTR (Zhu et al., 2009; Naganuma et al., 
2012). These gene sequences are published on the Human Gene and 
Protein Database website (HGPD; http://www.HGPD.jp). Sequence 
variations or isoforms are indicated in Table S1. Subcloning of all can-
didate genes into pBTM-GW and pVP-GW yeast two-hybrid gateway 
destination vectors was performed by the LR-Clonase strategy accord-
ing to the manufacturer’s instructions (Gateway system; Life Technol-
ogies). pBTM-GW and pVP-GW destination vectors were provided 
by Zhu et al. (2009). Truncations of RBM14 were amplified by PCR 
using primers with gateway compatible overhangs followed by BP re-
combination into the pENTR vector. After sequence verification, LR 
reactions were performed into yeast expression vectors and a mam-
malian YFP expression vector.

Bacterial expression plasmids encoding the FUS PLD mutants 
were a gift of S. McKnight (University of Texas Southwestern, Dal-
las, TX; Kato et al., 2012). These were used as templates for PCR 
amplification to clone mutated FUS 1–215 into the YFP-C1-NLS 
plasmid, or to replace the endogenous FUS 1–215 sequence in pcD-
NA5-Flag-FUS, performed with Gibson cloning (Naganuma et al., 
2012). RBM14 PLD mutants (residues 350–669) were generated by 
gene synthesis (GenScript). RBM14 Partial Y→S has the following 
changes: Y365S, Y384S, Y402S, Y417S, Y432S, Y449S, Y474S, 
Y498S, and Y528S. RBM14 Full Y→S has the following changes: 
Y356S, Y365S, Y377S, Y384S, Y395S, Y402S, Y410S, Y417S, 
Y425S, Y432S, Y442S, Y449S, Y460S, Y474S, Y486S, Y498S, 
Y504S, Y528S, and Y540S. After synthesis, the mutant RBM14 PLD 
cDNAs were then PCR amplified and cloned into peYFP-C1-NLS 
using the Gibson cloning reaction (New England Biolabs, Inc.). To 
make full-length RBM14 mutants that were siRNA resistant, first, 
a Flag-tagged RBM14 construct was made with silent mutations 
(aAtcAgcTgcGtcGtcTctTgcAta) across the siRNA target sequence 
(5′-AGTCTGCAGCCTCCTCACTAGCTTA-3′). Subsequently, the 
Gibson method was used to replace the wild-type 350–669 residues 
in RBM14 with the PCR amplified partial Y→S and full Y→S 350–
669 regions. To make plasmids for expressing recombinant RBM14 
PLD (residues 350–669), as well as mutants, the relevant regions 
were PCR amplified and cloned into pHis-GFP FUS vector (gift of 
S. McKnight) digested with KpnI and XhoI using the Gibson method 
(New England Biolabs, Inc.).

Cell culture and transfection
HeLa cells were grown in DMEM supplemented with 10% fetal calf 
serum and 100 U/ml penicillin and streptomycin (Life Technologies). 
Cells were transfected with plasmids using Lipofectamine 2000 (Life 
Technologies) according to the manufacturer’s instructions. For im-
aging experiments, cells were transfected with plasmids followed by 
fixation the next day. For RBM14 siRNA knockdown experiments, 
cells were grown on coverslips in 8-well plates and then transfected 
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For Fig. S1, HeLa cells (107 cells) were lysed with lysis buffer 
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, Com-
plete EDTA-free [Roche], and PhoSTOP [Roche]) and placed on ice 
for 30 min, and the supernatant was recovered by centrifugation at 
10,000  g for 10 min. Antibodies were mixed with Dynabeads pro-
tein G (Invitrogen) for 1  h followed by washing twice in lysis buf-
fer. The remaining supernatants were mixed with antibody–beads 
conjugates and rotated overnight at 4°C, and then the beads were 
washed five times with lysis buffer. Immunoprecipitations were 
performed with rabbit polyclonal antibody to RBM14 (Bethyl Lab-
oratories) and mouse monoclonal to HNRNPK (Abcam). Western 
blotting was carried out with rabbit polyclonal to HNRNPK (Bethyl 
Laboratories), rabbit polyclonal to HNRNPUL1 (Abcam) and rabbit 
polyclonal to RBMX (Abcam).

Protein expression and purification
GFP-FUS PLD, GFP-RBM14 PLD, and GFP-RBM14 PLD mutant 
proteins were overexpressed in Escherichia coli BL21(DE3) cells with 
0.5 mM IPTG at 16°C overnight. Harvested cells were resuspended in 
lysis buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 20 mM imid-
azole, 100 mM DTT, 0.1 mM PMSF, and protease inhibitor cocktail, 
EDTA-free [Roche]) and incubated at 60°C for 10 min with agita-
tion at 2-min intervals, to heat denature proteases. Cells were lysed 
using a high-pressure homogenizer (EmulsiFlex-C5; Avestin) at 200 
kPa. The lysates were spun at 24,000 g at 4°C for 30 min. The sol-
uble fraction was mixed with preequilibrated Profinity IMAC Ni2+-
charged resin (Bio-Rad Laboratories, Inc.) at 4°C for 30 min. The resin 
mixture was poured into a Econo-Pac gravity-flow column, washed 
with 10× resin volume of lysis buffer, and the bound proteins were 
eluted with elution buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 
500 mM imidazole, 100 mM DTT, 0.1 mM PMSF, protease inhibitor 
cocktail, and EDTA-free [Roche]). EDTA was added to a final con-
centration of 0.5 mM. Samples were subject to 1D SDS-PAGE and 
stained with Coomassie blue.

Formation of FUS and RBM14 hydrogels
The purified proteins were concentrated using Amicon Ultra Cen-
trifugal filters (EMD Millipore) to ∼40 mg/ml. The protein solutions 
were then dialyzed against gelation buffer (20 mM Tris-HCl, pH 7.5, 
200 mM NaCl, 100 mM DTT, 0.5 mM EDTA, and 0.1 mM PMSF) at 
4°C for 2 h. The dialyzed protein solutions were left in 0.2-ml PCR 
tubes at 4°C for ≥48 h to gelate.

X-ray diffraction
GFP-FUS, GFP-RBM14, and GFP-RBM14 partial Y→S mutant hy-
drogels were dialyzed against distilled water overnight. The hydro-
gels were then lyophilized, and the solid materials were mounted on a 
nylon CryoLoop. X-ray diffraction images were collected at RT using a 
Bruker MICROSTAR generator (wavelength = 1.54 Å) equipped with 
a Mar345dtb detector. The sample to detector distance was 350 mm. 
Each of the samples was oscillated 1° during a 20-min exposure.

SEM
GFP-FUS, GFP-RBM14, and GFP-RBM14 partial Y→S mutant hy-
drogels were mounted onto 10-mm coverslips that were coated with 
poly-l-lysine. The hydrogels were then fixed with 2.5% glutaraldehyde 
at 4°C for 2 h before they were dehydrated in a series of ethanol washes 
(50%, 70%, 90% and twice in absolute “dry” ethanol). The samples 
were critical point dried, mounted on SEM aluminum stubs with dou-
ble-sided carbon tape, and coated with gold. Images were collected 
using a variable-pressure field-emission scanning electron microscope 

(1555; Carl Zeiss; Centre for Microscopy, Characterisation and Analy-
sis, University of Western Australia) at 10 kV.

Htt46Q-CFP aggregation and SDS solubility assay
6 μmol of purified Htt46Q-CFP protein was incubated at 37°C for 72 h 
with 0.1% sodium azide to induce aggregation. For the SDS solubility 
assay, Htt46Q aggregate material and hydrogel fragments of GFP-FUS, 
GFP-RBM14 wild type, and GFP-RBM14 partial mutant were incu-
bated with and without 2% SDS at 37°C for 10 min. The samples were 
then passed through a 0.2-μm spin filter to remove solid material, and 
the UV absorbance of the flow through was measured to monitor the 
amount of monomeric protein that passed through the filter.

Online supplemental material
Fig. S1 shows selected coimmunoprecipitations for validation of the 
yeast two-hybrid screen. Fig. S2 shows the PLD prediction algorithm 
output for each of the proteins used in this study. Fig. S3 shows that 
RBM14 PLD mutants do not act as dominant negatives to disrupt en-
dogenous paraspeckles, but that wild-type RBM14 PLDs are capable 
of aggregating in the absence of NEAT1, and that RBM14 PLD is 
phosphorylated in vivo. Table S1 is a list of proteins and their attri-
butes used in this study and is provided online as an Excel file. On-
line supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.201504117/DC1.
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