
The crystallisation of 
troublesome proteins: 
developments and lessons 
learnt determining the structure 
of a pentatricopeptide repeat 
protein 

Benjamin S. Gully

This thesis is presented for the degree of Doctor of Philosophy at The University of 
Western Australia. 

May 2014

1



2



3



Abstract

 The structural characterisation of macromolecules via X-ray crystallography 

requires the generation of diffracting protein crystals. However not all proteins are 

amenable to crystallisation, thereby presenting a rate-limiting step in the technique. 

High-resolution structural information affords a comprehensive understanding of 

protein function at atomic-resolution. Such insight can directly  contribute to the 

generation of therapeutics or contribute to the understanding of a biochemical pathway. 

The advent of rapid genome sequencing has identified a large number of desirable 

structural target proteins, generating a bottleneck at crystallogenesis. While a multitude 

of additives aimed at improving crystallogenesis have been reported, no generic 

additives have yet been identified. Thus the research presented in this thesis aimed to 

develop generic additives to improve crystallogenesis and describe work on the 

structural characterisation of a particularly troublesome protein family. Of the 30,000  

known pentatricopeptide repeat (PPR) proteins, no structural data was available at the 

outset of this project due to difficulties in crystallising these proteins via traditional 

methods. PPR proteins are essential for organelle biogenesis, RNA editing and post-

transcriptional maturation in plants. With genetic mutations resulting in cytoplasmic 

male sterility, seed development and other phenotypic impairments. Recent 

developments in understanding the modular nature of sequence-specific RNA binding 

by PPR proteins have raised the possibility of de novo design of proteins with specific 

targets, for use in agricultural and medical biotechnology. 

 Study I and II focus on the generation of heterogeneous additives to improve 
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protein crystal generation. Using high-throughput crystallisation, screening, 

visualisation and X-ray diffraction we determined the efficacy of colloidal graphenes 

and nacre micro-tablets as heterogeneous additives and present their application as 

generic additives for improving protein crystal yield - successfully  for graphene and 

unsuccessfully  for nacre - using an objective, statistically-sound procedure and analysis 

to establish additive efficacy.

 Study III and IV investigate the use of cavitands, small molecules capable of 

binding moieties in a central hydrophobic cavity, to improve protein stability  and use 

host-guest interactions to propagate lattice formation during crystallisation trials. The 

studies included in this thesis describe necessary characterisation of the solution 

structure of cavitands as derived via comprehensive small angle X-ray  scattering, ab 

initio modelling, crystal structures and co-crystallisation trials with cavitands and 

proteins. Such characterisation is required in order to exploit  the vast  potential of 

cavitands to augment structural biology in the future.

 In study V native ligands were trialled to improve the conformational stability of a 

target protein destined for crystallisation trials. These studies include biophysical 

characterisation including circular dichroism and small angle X-ray  scattering, ab initio 

modelling and informed global rigid body modelling. Combining these techniques we 

propose the global structure of a target  PPR protein in complex with RNA. Utilising 

techniques developed during this thesis, conformational stability of the target protein 

was improved leading to the first  monomeric structure of a PPR protein upon binding 

RNA. These studies highlight the importance of conformational stability in structural 

characterisation of proteins. 

 Study VI describes the de novo design of a synthetic PPR protein engineered to be 

more amenable to crystallisation, using sequence optimisation, biophysical methods, 

high-throughput crystallisation attempts and X-ray crystallography. This study describes 

the atomic-resolution crystal structure of the first synthetic PPR protein, offering 

potential as a scaffold for designing RNA binding PPR proteins and highlighting the 

importance of sequence optimisation in the crystallogenesis of troublesome proteins. 
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 Overall, these studies reveal novel methodologies for improved crystallogenesis 

and structural stabilisation of target proteins. We used pre-existing and novel 

methodologies developed here, in a target-orientated crystallisation project to obtain 

highly  sought-after comprehensive structural characterisation of members of the PPR 

protein family.
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Chapter 1 

Literature review

1.1 - Protein structure

The structural analysis of biological macromolecules, such as DNA, RNA and 

proteins, has played a pivotal role in shaping our understanding of their biological 

functions within the cellular landscape. Proteins are of particular interest and represent 

highly  attractive targets for structural studies, due to their functional diversity  and 

potential as therapeutic targets.1 High-resolution structural information is an 

indispensable tool in comprehensively  understanding the molecular mechanism of 

protein function at a chemical level. The protein content of a cell determines and 

mediates function. Proteins dictate cellular structure and control cellular homeostasis, 

signalling, respiration and metabolism. Proteins form highly  diverse structures, as a 

consequence of being comprised of 21 amino acids,2 augmented by  a host of possible 

post-translational modifications this number can expand to the hundreds, each with 

distinct properties, enabling a high level of sequence variety within polypeptide chains. 

The polypeptide chain can fold into ordered arrangements where the polypeptide chain 

is coordinated and stabilised by spatially  nearby residues such that stable secondary 

structures form.3 These secondary structures can assemble further into complex tertiary 

structures, making a general rule for accurately predicting high-resolution structure 

from sequence information currently unviable despite significant effort.4 

In addition to their chemical variety, the functional variance of proteins can be 

partially explained by their three-dimensional structure, and proteins can form an untold 

number of structures. Proteins can operate as a monomer or as an assembly  and can be 
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small5 (e.g crambin is 1 nm) or large6 (e.g. dengue virions form a 500 nm capsid), 

structured or intrinsically disordered. Hence to comprehensively  understand a protein’s 

function and the chemical basis of this function, high-resolution three-dimensional 

structural data are required. 

X-ray crystallography is the technique of choice for high-resolution structural 

determination of proteins and biological macromolecules. Although major advances 

have been made in X-ray crystallography currently available methodologies fail to 

address the bottleneck of X-ray  crystallography; the absolute requirement for protein 

crystals. For example the recently developed X-ray free electron lasers (XFELs) are 

undoubtedly the future of X-ray crystallography. XFELs have a requirement of nano-

crystal generation which is not routine, yet such intense X-rays dictate a small 

illuminated volume is required for data collection.7,8 Notwithstanding a concerted effort, 

the underlying kinetics and energetics of crystallisation are not yet fully  understood, 

although supersaturation,9 and nucleation rates10 are understood such that simplified 

models can be suggested for the initial stages of crystallisation.11,12 Crystallisation is a 

multi-parametric process and predicting conditions conducive to crystallisation of a 

novel protein is currently impossible. Protein crystallisation is an iterative process often 

described as a black-art rather than a science, and has propagated a sometimes anecdotal 

approach to defining success.

This literature review will discuss the possible avenues to gain currently 

available options for crystallographers and discuss the current lack of a generalised 

protocol to obtain diffracting protein crystals. The work included in this thesis outlines 

our approach to determine the structure of a specific target protein utilising pre-existing 

techniques and developing generic techniques and additives in our pursuit of a high-

resolution structure.

1.2 - Structure determination methods

When a target  protein is selected for structural characterisation, there are a 

number of techniques that can be utilised to yield structural information, a number of 
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which are briefly discussed here including: Small angle X-ray scattering (SAXS) 

nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry (MS), and 

electron microscopy (EM) and macromolecular crystallography.

Small angle X-ray scattering

SAXS has recently  become a valuable tool for the structural analysis of 

biological macromolecules.13 The interaction of X-rays with individual atoms generates 

secondary  waves, coherent scattering, which can either constructively or destructively 

interfere with each other. SAXS is the measurement of these secondary  waves as 

produced by scattering from the atoms of a target molecule. Biological SAXS is 

generally  conducted in solution so the resultant scattering is circularly symmetrical, 

reflecting the randomly  orientated sample molecules in solution.14 The scattering pattern 

is described by intensity as a function of the amplitude of the scattering vector, q. When 

q = (4πsinθ/λ) where θ is half the angle of the scattered wave from the incident beam at 

a given wavelength, λ.14

In SAXS the observed scattering is dependent on the difference in density 

between the solution and sample. The contrast between solution and sample scattering 

in a known volume can be used to determine the global shape of a protein once 

assumptions of average electron density of the sample are made.14 The measured 

scattering can be displayed as radially  averaged scattering patterns of I(q) against q, 

normally represented in a double logarithmic plot of solvent  subtracted data which gives 

insight into the shape of the scattering particle.14 SAXS data can be collected on almost 

any sample meaning it is a widely transferrable technique and so has strict sample and 

analysis requirements to ensure accurate and reliable interpretation.15 An estimate of 

sample quality can be made from analysis of ln[I(q)] against q in the low-q region, 

which highlights sample aggregation as a deviation from a characteristic flat region, 

termed Guinier analysis.16 The Guinier plot accurately provides two parameters that 

describe the size and shape of the scattering particle. The first is the root-mean-squared 

distance of the scattering volumes from their centre of mass weighted by their scattering 
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profiles, termed radius of gyration (Rg). The second is an accurate estimation of 

molecular mass (MM), which can be made from the forward scattering intensity  as 

extrapolated from the Guinier plot when sample concentration is known.17

 Further insight into the globular shape can be gained via indirect Fourier 

transformation of the data to obtain the interatomic distance distribution function, P(r) 

which provides information on globular shape.18 Further information on maximum 

linear dimension of the scattering particle can be determined from Fourier 

transformation. Recent advances in SAXS has generated modelling methods to further 

probe SAXS data. Ab initio reconstructions can be generated for dummy-atoms, of a 

mass corresponding an average amino acid, within a predefined search volume in an 

iterative process using simulated annealing of the model until representative of the 

observed scattering data.19,20 Such reconstructions can be screened for uniqueness to 

derive averaged models to further improve the resultant model.21 Additionally three-

dimensional coordinates can be used for rigid-body modeling against the observed 

scattering data for single or multi-domain proteins which can be done complementary to 

ab initio methods.22,23 SAXS has recently been advanced as a high-throughput 

technique that can be directly utilised for rapid screening of protein samples destined for 

crystallisation.24 SAXS is particularly useful when investigating proteins that may have 

large structural re-arrangements as a result of an interaction with another 

macromolecule, or have a high amount of disorder or unstructured regions.25,26 SAXS 

has additionally been utilised for determining protein oligomerisation in solution. This 

determination can be carried out complementary to crystallisation; as demonstrated with 

the Homo sapiens paraspeckle protein core 1 (PSPC1), Non-POU domain containing 

octamer binding protein (NONO) heterodimer;27 or as a technique to fully validate the 

functional relevance of a crystal structure. As demonstrated for the plant defensin 

protein NaD1 from Nicotiana alata, where the monomeric crystal structure was utilised 

with SAXS data to show that in solution NaD1 forms a dimer that enhances the anti-

fungal activity of the protein reflecting the physiological role of the protein.28
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Nuclear magnetic resonance spectroscopy

One-dimensional and multi-dimensional NMR is a solution based technique that 

can yield three-dimensional structures of biological macromolecules.29 This technique 

provides spectral information on the local molecular environment of nuclei providing a 

map of how the atoms are chemically linked.29 NMR can be used to gain structural 

information for proteins and has been incredibly  useful for the structural 

characterisation of many small proteins, such as zinc finger proteins, accounting for 

35% of the known zinc finger structures (www.rcsb.org/pdb). The formative zinc finger 

structure of a synthetic peptide replication of the 31st zinc finger domain from the 

Xenopus protein Xfin was solved via solution NMR.30 with the resultant 37 successful 

models having a root mean square deviation (RMSD) of 1.81 Å.30 The structure 

described the domain architecture of a zinc finger for the first time, since then NMR has 

aided the development of zinc finger proteins as modular DNA binding domains 

amenable to engineering for biotechnological use.31 A recent study  solved the structure 

of a protein via in vivo NMR, data were collected on an over-expressed, Thermus 

thermophilus metal-binding protein, within bacterial cells.32 Through multiple three-

dimensional NMR experiments and modelling iterations, a structure was defined with a 

RMSD of 1.16 Å, when compared to an in vitro derived NMR structure.32 Another 

recent advance was the use of NMR in conjunction with analytical ultracentrifugation to 

investigate the three-dimensional structures of larger proteins, a current limitation of 

NMR.33 In this experiment, an apoferritin oligomeric complex was first  sedimented 

using the centrifugal forces inherent in NMR experiments, and subsequently 

characterised by solid state NMR.33

Mass spectrometry

Mass spectrometry  is a technique that ionizes a sample to generate charged 

fragments, collecting spectra of the mass-to-charge ratio of the fragments can be used to 

determine protein complex stoichiometry and provide insight into post-translational 

modifications.34,35 Cross-linked protein samples can generate information on spatially 
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close residues that may be far apart sequentially.36 Knowledge of spatially close and 

constrained residues can then be utilised to propose a low-resolution structure for the 

studied sample.36 Since the seminal paper by Young et al.. the cross-linking protocols 

and instrumentation have advanced, making the technique more accessible and high-

throughput.37,38 More recently mass spectrometry has extended to membrane complexes 

where micelles were shown to protect protein complexes during the ionisation process.
39,40 As such, it is now possible to determine low-resolution structural information 

regarding the arrangement of large membrane protein complexes from relatively low 

protein concentrations.39,41-43 

Electron microscopy

Another technique that can yield low-resolution structural information is EM, 

which can be particularly useful for determining large oligomeric complexes. For 

example, the pore forming protein perforin 1 (PRF1), which is released by natural killer 

cells and cytotoxic T lymphocytes to kill infected cells.44 Electron microscopy of the 

pore facilitated the determination of the oligomeric state of the entire pore and revealed 

that the amino terminal membrane attack complex perforin-like domain was in the 

opposite orientation in the pore complex to what was suggested from predictive 

methods.44 Another example of how EM  can yield valuable structural information was 

demonstrated in a study examining the mature dengue virus capsid, which utilised EM 

to confirm biochemical and x-ray crystallography data on the architecture of the capsid 

surface and defined the maturation of the virus surface through multiple developmental 

stages.45 In the prior mentioned study  cryo-EM was utilised to determine structures to  

3.5 Å, as technological advances move the resolution limits towards medium resolution.
45

Although structural information from NMR spectroscopy MS, SAXS and EM 

improve our understanding of higher order arrangements, atomic-resolution structural 

data is required for accurate interpretation of any low-resolution structural data. X-ray 

crystallography  remains the most powerful methodology for obtaining high-resolution 
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structural information of proteins and other biological macromolecules. As such these 

techniques have led to elegant examples of complex novel structures determined via a 

multiple technique approach to determine higher order arrangements.46-48 

Introduction to X-ray crystallography

X-ray crystallography is a diffraction technique originally  proposed by Max von 

Laue49 and later embraced by William and Laurence Bragg50,51 precisely 100 years ago 

as reflected by 2014 being the international year of crystallography. To date 28 Nobel 

prizes have been awarded to scientists utilising the technique. X-ray  crystallography 

involves the the scattering of an X-ray beam of around 1 Å wavelength by  a crystalline 

material. The X-rays are (primarily) elastically  scattered by the electrons of atoms 

producing spherical waves from the position of an interacting atom. Therefore a regular 

arrangement of atoms, exemplified by a crystal, can produce constructive interference 

between waves. It was noted that the positions, intensities and angle of the diffracted 

beams, termed reflections, could be used to gain insight into the spatial arrangement of 

the diffracting unit. Braggs law provides the basis for the interpretation of a diffraction 
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pattern. Braggs law describes the distance between the scattering planes of atoms (d) is 

related to the angle of reflection (ϴ) of the X-ray beam, at a given X-ray  wavelength (λ) 

(nλ=2dsinϴ).50,51 The intensities and pattern of reflections in any orientation are 

observed when the unit  cells diffract in phase.  It is then possible to determine the 

dimensions of the unit cell from a diffraction pattern. By collecting complete 

hemispheres of reflections the atomic arrangement of the repeating unit in the crystal 

lattice can be determined.50,51 This is possible as the reflections contain information on 

the spatial arrangement of atoms within the unit cell, combining the all the reflections in 

a diffraction pattern therefore reveals information on the atomic arrangement. In 

addition to the measured indices of an individual reflection and its intensity, phase 

information is required to reconstruct the electron density  via Fourier transform in 

reciprocal space. Phase estimations can be made from predetermined structurally  similar 

proteins,52,53 or experimental phasing can be conducted with heavy metal derivatives 

introduced in a number of ways54 to orient and differences in electron density by 

utilising the characteristic diffraction properties of such elements. It is, in principle, 

possible to use X-ray crystallography  as a technique to define the structure of any 

molecule of interest, providing that it  can be crystallised. The crystallisation of 

molecules is thus the prevailing ‘bottleneck’ of structural biology.

Figure 1.1 illustrates the overwhelming contribution of X-ray crystallography to 

the field of structural biology. Atomic-resolution structural data can provide 

comprehensive understanding of protein function, affording data for therapeutic drug 

design by  strategic drug design. Structural biology has directly contributed to our 

understanding of how proteins recognise DNA, how RNA is transcribed, how nucleic 

acids fold, how proteins are translated, how membrane proteins are structured, how 

antigens are presented by cells and how viruses bypass such defenses. This 

understanding can be described to atomic level detail, thus presenting us with direct 

evidence of the underlying structural chemistry involved in such biochemical pathways. 

The importance of such information can be illustrated with G coupled-protein receptor 

proteins (GPCRs), a large family  of membrane bound receptor proteins involved in 
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cellular signaling. The initial structure was solved, to great acclaim55 and subsequent 

structures were resolved in the following years with agonists, antagonists and related G-

protein bound.56-66 The solving of these structures demonstrate the workflow from 

structural target selection, to elucidation of protein structure and function, through to the 

generation of synthetic agonists or antagonists demonstrated to bind specifically to the 

receptor.56-66 In the wake of the human genome project67,68 huge advances in deep 

sequencing have resulted in a rapid decrease in both the cost and time associated with 

sequencing a genome. The resultant number of predicted proteins being identified and 

thus becoming targets for structural determination has increased accordingly. Although 

protein expression and purification has been streamlined, the attrition from identified 

gene targets through to refined structures remains a only 2% (Figure 1.1). Of the 

structures currently resolved, there is an inherent trend towards those that are more 

amenable to crystallisation. As such, membrane proteins, complexes and more flexible 

proteins are currently  underrepresented in the structural database (Figure 1.1) as they 

are currently difficult or even impossible to crystallise.

Recent advances in protein X-ray crystallography

There have been numerous advances in protein X-ray  crystallography over the 

past decade, such as utilising native protein chemistry  and single-wavelength anomalous 

diffraction data to solve the phases via endogenous sulphur content.54 This circumvents 
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the requirement for a heavy atom derivative whilst achieving resolutions between 

2.3-2.8 Å.54 Additionally the possibility  of combining X-ray diffraction data from 

multiple data collections was shown to improve resolution and structural refinement of 

the derived structures.54 Another notable advancement in X-ray crystallography has 

been the development of X-ray free electron laser (XFEL) sources, capable of 

generating X-rays of a much greater brightness than those possible with synchrotrons.7 

The X-rays generated with XFELs permit data collection on sub-micron crystals, 

termed nano-crystals.7 The beam vapourises the sample, so a jet feeding nano-crystals 

through the X-ray beam in random orientations permitted the collection of a complete 

data set suitable for structural refinement and analysis.7 The technique, termed serial 

femtosecond crystallography (SFX), was subsequently used to solve the structure of 

chicken egg white lysozyme (HEWL) to 1.9 Å by compiling millions of diffraction 

images collected in all orientations through the random distribution of nano-crystals 

moving through the jet  and therefore, the X-ray beam.69 XFELs allow diffraction data to 

be collected from femtosecond pulses, which means that photoionisation damage can be 

mitigated during data collection, thereby  offering an option for data collection from 

36

Figure 1.3 | Illustration of the solvent content (light blue) between protein molecules (dark blue)  in 
a primitive crystal lattice. The intermolecular bonds  of the lattice are shown as  black, red and 
orange arrows. Protein crystals  can contain ~50% solvent within large disordered solvent 
channels. 



sensitive samples7 The bright X-rays achievable with XFELs may  facilitate structural 

data to be collected from single proteins, circumventing the requirement for crystalline 

material.70,71 Although hypothetical at this stage, the theory suggests that XFEL X-ray 

pulses could generate scattering patterns from single molecules. Such scattering patterns 

would be generated from elastic scattering rather than diffraction, and the structural 

information that could be discerned from such scattering could be limited due to the 

dynamic nature of protein molecules.

XFEL diffraction has also been collected on crystals grown in vivo, as a proof of 

principle that data collection from protein nano-crystals generated by over-expressing 

protein in insect cells.72 The development of XFELs is likely to revolutionise X-ray 

crystallography, however stringent the sample requirements. Such requirements include 

the generation of suitably sized nano-crystals, which can be harvested from crystalline 

mixtures with the use of suitable filters, and a large sample requirement which cannot 

be circumvented.7 Both are prerequisites, even if access to an XFEL source is obtained, 

due to the large number of images required to index a dataset successfully. This means 

the technique is not yet widely applicable.

1.3 - An introduction to protein crystals

Protein crystals are periodic repeats of protein molecules, the periodical repeat 

of the protein molecules are a crystal lattice, repeated many times throughout the 

crystal. As the repeating unit is not intrinsically  regular or rigid and has the capacity  for 

unstructured regions,73 the ordered stacking of such units is not a foregone conclusion 

as it is in systems such as inorganic salts (Figure 1.2). Herein lies the problem 

associated with protein crystallography. Crystal packing is a complex balance of 

geometric requirements from the shape of the molecule and interactions strong enough 

to form favourable contacts.74 The interactions that  maintain the crystal lattice are weak 

forces such as hydrogen bonding, ionic interactions, van der Waals interactions, 

aromatic interactions and non-specific hydrophobic or excluded volume effects.74 

Predicting the surface residues involved in intermolecular contacts is difficult as the 
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interactions between proteins in a crystal lattice are specific for each individual protein.
74 The intermolecular contacts are sparse with around 3-12 contacts per molecule with 

an average contact surface area of 200-500 Å3, meaning an extensive proportion of any 

crystallised protein is in contact with the solution used for crystallisation (termed the 

crystallant).74 As such, vast networks of solvent channels exist  within the protein crystal 
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shows the phase transition diagram of the sample drop during equilibration. (1) the sample drop is 
set with a defined concentration of crystallant and protein. The crystallant can be any mixture of 
salts, buffers and additives in a multitude of variations. When the crystallant is diluted with the 
protein solution it creates a vapour diffusion gradient between the sample drop and the reservoir. 
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illustrated Figure 1.3.

Pre-crystallisation requirements

Bioinformatic techniques have provided tools to aid protein construct design by: 

determining a theoretical pI,75 predict secondary structure content,76-78 buried residues,79 

regions of disorder,80 and globularity.81 These techniques enable rational construct 

design to precede expression trials aiding the generation of experimental evidence 

required to validate or dismiss these estimates.82 Complementary techniques, such as 

buffer screening,83 differential scanning fluorimetry,84 circular dichroism85 and light 

scattering86 can be utilised prior to crystallisation trials to ensure sample solubility,83 

stability,84,87 secondary structure,85 and concentration.88 These are imperative for 

successful crystallisation in the majority of cases and the importance of achieving these 

pre-crystallisation requirements is well documented in the literature.89,90 A balance is 

struck in the pursuit of three-dimensional characterisation between the inclusion of 

domains of interest, with the truncation of disordered or unstructured domains. The 

importance of pre-crystallisation requirements was elegantly highlighted in a recent 

paper from our laboratory where N- and C-terminal truncations proved pivotal to the 

successful structural determination of the Homo sapiens PSPC1/NONO heterodimer.
91-93

Protein crystal nucleation

Crystallisation is a first order phase transition proceeding via nucleus formation, 

where the nucleus is a semi-ordered aggregate, followed by  subsequent crystal growth 

(Figure 1.4). Nucleation requires energy  of some form to perturb the Gibbs-Thompson 

free energy, known as the nucleation barrier.94 Nucleation has a separate mechanism to 

crystal growth, although nucleation is a prerequisite for crystal growth. The stability of 

a nucleus is a function of the internal bonds of the aggregate relative to the external 

bonds.94 Therefore the nucleation barrier can be given as the energetic balance between 

the cohesion force of bonds maintaing the aggregate against the surface area of the 
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aggregate which dictates unsaturated interaction sites.11,94 Nucleus stability therefore 

increases with size, and once a critical nucleus size is achieved the nucleus becomes 

stable and likely to continue to grow.94 The kinetics of crystallisation can be estimated 

by measuring nucleation via dynamic light scattering,86 optical microscopy,95 atomic 

force microscopy,96 electron microscopy97 and small angle X-ray scattering.98 The 

process by which nucleation occurs is still not known as it  is hard to define the 

aggregates that directly contribute to protein crystals. The classical nucleation theory 

involves the formation of nuclei from single additions of monomers or oligomers in a 

cluster that ultimately  gains in order to become periodical.99 However an alternative 

hypothesis exists, which proposes that a protein dense mesophase, a semi-ordered 

intermediate state between liquid and solid, precedes nucleation.100

Homogeneous nucleation

Homogeneous nucleation, the method typically employed in protein 

crystallisation, employs supersaturated solutions generated via vapour diffusion to 

facilitate spontaneous nucleation (Figure 1.4).89 Nucleation is therefore driven by 

protein supersaturation with the classical nucleation rate equation given as:

 Ist = K exp(-∆G/kBT)

Where Ist is the nucleation rate in nuclei per second and cm3, K is a kinetic pre-

exponential factor, ∆G is the energy barrier for nucleation, kB is the Boltzmann number 

and T is temperature, as described by  Nanev.11 It has been demonstrated that it is 

possible to calculate K values with some certainty  from light scattering techniques.11,86 

Homogeneous nucleation takes place in the bulk of the solution when the free-energy 

barrier to nucleus formation is overcome. The free-energy barrier for nucleation is 

derived from the protein volume and the surface free energies of the nucleus itself and 

can be given in thermodynamic terms:
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∆G = 32γ1γ2γ3Ω2/(∆µ)2

Where γ1, γ2 and γ3 are surface free energies of the top/bottom, side and front/back faces 

of the protein molecule. Ω denotes the protein volume and ∆µ is the supersaturation 

given by the Gibbs-Thompson equation as described by  Nanev.11 The free energy 

barrier to nucleation can only be defined when assumptions of protein shape, surface 

area and specific energies are made.11,94

Crystal seeding

It is possible to utilise any crystals that form to aid in the generation of more.101 

Originally proposed by Stura and Wilson, streak seeding of crystal shards through 

subsequent vapour diffusion trials produced crystals along the streak line.102 This is 

reliant on the fact that crystal growth and nucleation are two separate events, therefore if 

nucleation has occurred, or in this case is introduced, crystal growth can proceed 

without such an energy  barrier. Thus, seeding with pre-existing nuclei can facilitate a 

stark increase in crystallogenesis.103 Alternatively, a protein crystal can be mechanically 

fragmented to form micro-crystals and utilised as a seed-stock solution,101 this 

technique was used to great effect with two alcohol dehydrogenase crystal structures.104 

The crystallisation of Clostridium beijerinckii, and Thermoanaerobium brockii alcohol 

dehydrogenase required seeds stocks, which were derived from a micro-crystalline 

precipitate.104 Seeding can also be employed in an iterative fashion with multiple rounds 

of seeding and growth, progressing from a crystalline precipitate to single crystals.105 

Seeding can also be conducted with macro-seeding, where an entire crystal can be used 

for seeding.101 In the original proposal of seeding, Stura and Wilson made mention of 

the potential for robotic streak seeding in the future, this was pursued by D’Arcy et al.. 

who developed a procedure for high-throughput seeding of vapour diffusion trials.103,106 

In this study D’Arcy et al. were able to quantify the improvements in crystallisation 

reproducibility as a 2.7-65 fold increase when seeding was utilised.103
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Heterogeneous nucleation

Heterogeneous nucleation has been pursued as an alternative to supersaturation 

and spontaneous homogenous nucleation by inducing nucleation in a localised fashion.
107 In cases where crystallisation trials using homogeneous nucleation have failed, 

heterogeneous nucleation is a valid alternative as heterogeneous nucleation can generate 

nuclei from lower protein concentrations.107 Heterogeneous nucleation operates via a 

surface or cavity interaction of the biological macromolecule and nucleating agent; 

inducing nucleus formation.107 Localisation can impose local super-saturations lowering 

the free energy barrier to nucleation thereby  aiding crystallogenesis.108 Empirical testing 

of heterogeneous nucleating agents includes epitaxial nucleation on mineral surfaces 

where the ordered surface of one material is utilised for the directed growth of another.
109  Porous surfaces have shown to be useful as heterogeneous nucleating agents. A 

silicon surface fabricated with an average pore size of 5-10 nm was observed to 

facilitate generation of HEWL, trypsin, catalase, thaumatin and phycobiliprotein 

crystals from metastable trials in the presence of the nucleant.110 Subsequent research 

into porous silicon attempted to characterise the protein:nucleant  interaction, observing 

that spontaneous crystallisation and quasi-epitaxial crystal growth were possible on 

porous silicon surfaces and proposed the importance of nucleant pore size.111 Trials of 

micro-porous synthetic zeolite material were demonstrated to be a useful heterogeneous 

nucleating agents in micro-batch trials.112 The ordered cage-structure of the crystalline 

silicon oxide material and the resulting ordered pores were shown to be beneficial to 

crystal generation with six recombinantly  expressed proteins, three from Thermus 

thermophilus: HB8, THB142, 00005 and 70134, and three from Pyrococcus horikoshii: 

OT3 , PH1033, 11492 and 70020.112 Porous polymer gels imprinted with a protein 

crystal were recently shown to be useful for replication of crystallisation; although were 

protein specific and therefore not widely applicable.113

Further studies of heterogeneous nucleating agents have identified other 

materials with controllable pores sizes in the range proposed to influence nucleation.107 

Carbon nano-tube based substrates, deposited as a monolayer, have been employed to 
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generate protein crystals,114 providing a substrate with a controllable pore size, 

determined by the synthesis procedure of the carbon nano-tubes.114 These substrates 

were demonstrated to lower the salt concentration required to generate HEWL crystals, 

as determined by observations of crystal emergence rates.114 Polystyrene nano-spheres 

were additionally trialled at  sizes ranging from 20-100 nm and were observed to be a 

useful nucleating agent for diversifying conditions that generate crystalline material.115 

A recent study  proposed gold nano-particles as heterogeneous nucleating agents and 

attributed the mechanism to electrostatic interactions of charged protein side-chains 

with the surface of the nano-particles.116 This interaction was corroborated by the 

utilisation of HEWL crystals for directing the growth of gold nano-particles, 

coordinated by  His residues within the solvent channels of a protein crystal.117 Further 

studies investigated an observation that protein crystals have a propensity to form 

around fibres or hairs in crystallisation trials. Studies into the efficacy of horse and rat 

hair as heterogeneous nucleating agents have been conducted, with minor improvements 

in crystallisation observed.118,119 A high-throughput investigation of the use of 

heterogeneous nucleating agents trialled numerous additives and importantly, attempted 

to study the significance of additive efficacy. The aforementioned study suggested that 

dried seaweed, horse hair, cellulose and hydroxyapatite can improve the generation of 

crystalline material in sparse matrix trials.120

There are a number of theories on the proposed mechanism of heterogeneous 

nucleating agents investigating the underlying mechanisms,111 optimal material108 and 

pore size,107 although the mode of action is not yet fully understood. It  is not  currently 

known which mode of nucleation is the major contributor to protein crystallisation and 

attempts to generate additives to induce favourable nucleation can operate in a protein 

specific manner rather than generically.

Crystal growth

Although nucleation is the initial boundary  to crystallisation, the generation of 

diffracting crystals also necessitates successful crystal growth. Crystal growth requires 
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conditions to facilitate an increasing concentration of protein such that crystal growth 

proceeds at a slow enough rate to result  in a sufficiently ordered arrangement. The 

increase in protein concentration must surpass the rate of diffusion of protein away  from 

the growing crystal faces, whilst avoiding over-nucleation resulting in amorphous 

precipitate or countless micro-crystals. Therefore the identification of specific 

conditions amenable to spontaneous nucleation and subsequent crystal growth requires 

exhaustive trials and can be extremely  inefficient. Crystal growth is the phase in which 

proteins adsorb to the growing faces of the nuclei, in turn improving the order and size 

of the nascent crystalline structure and is directly related to temperature,121 protein 

supersaturation and concentration.88 As such, crystal growth can be defined as 

∆µ = kBTln(C/Ce) = kBTln(1+S)

Where crystal growth (∆µ) is calculated from kB, Boltzmann’s constant, T is 

temperature, S denotes supersaturation derived from protein concentration (C), and Ce 

is protein solubility at a given precipitant concentration.122 

 Crystal growth proceeds via an ordered absorption of protein molecules by 

periodical step formation as shown for the growing crystal face of HEWL crystals.122 At 

low protein concentrations step formation was regular, however nucleation events occur 

on the growing crystal faces at higher protein concentrations.122 The periodical step 

formations grow through a spiral growth pattern, confirming previous hypotheses that 

spiral growth from screw dislocations is a requirement for protein crystal face growth.
123 Precipitant concentrations also affect the growing crystal faces with increased levels 

of two-dimensional nucleation island formation with increasing precipitant 

concentration.124 

 As precise crystal growth is a pivotal step towards the generation of well-

ordered crystals, techniques exist to optimise the process of crystal growth. These 

include the use of gels to improve the quality of the crystals generated125,126 by slowing 

the kinetics at the crystal face, resulting in a more ordered crystal growth, thereby 
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improving the resolution and diffraction qualities of the resultant crystal.127 Additional 

research has shown that degraded or denatured protein can be incorporated into a 

growing face of a protein crystal.128 As crystals are periodic repeats of proteins 

replicated on the order of 106 molecules, defects can occur within the lattice and such 

imperfections are thought to affect crystal diffraction quality, although variation in 

diffraction quality is ordinarily highly variable.122 It is possible for non-stable 

conformations to be tolerated within the lattice due to the irregular and anisotropic 

three-dimensional architecture of proteins.122 Therefore it is imperative to ensure protein 

stability and purity during crystallisation to improve crystallogenesis outputs.  

Protein stability during crystallisation

A major contribution towards ordered crystal growth is a stable and well-ordered 

mono-dispersed protein solution. Small molecules can be utilised in the crystallant to 

mediate this stability during crystallisation experiments.129-134 Ions and anions are 

known to improve protein solubility and stability  during crystallisation by mediating 

solvent accessibility, surface potential and salt bridge formation. The Hofmeister series 

of ions have shown to be particularly  useful for protein crystallisation130 as have 

divalent cations.131 These findings led to a systematic study  of 23 proteins and 12 

different salts, which proved influential in the design of modern crystallisation screens.
132 A major variable in crystallisation screening is pH,135 and so currently available 

screens trial a spectrum of pH and buffers. Additionally viscous solutions, such as 

glycerol and polyols have been shown to be stabilising agents for protein crystallisation.
133 Glycerol was shown to be critical in the crystallisation of the T7 RNA polymerase 

(RNAP), the effect was shown to be in limiting the aggregation propensity through 

stabilisation of a conformationally flexible domain.136 Polyethylene glycols have 

documented use in generating well-ordered crystals, achieved by mediating the protein 

nucleation kinetics.134 Polyethylene glycols have additionally been demonstrated to 

influence crystal growth, thought to modulate the transition from homogeneity towards 

heterogeneity in the crystallant prior to nucleation.137 Sparse matrix trials have been 
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generated which comprise of salts and buffers observed to be useful in augmenting 

crystallisation.131,132,138-140 In addition to salts, buffers, and viscous solutions, it is 

possible to use additives such as ionic liquids in crystallisation experiments.141-143 

Marked improvements were observed with 10 protic ionic liquids in crystallisation 

experiments,144 the cations present in the ionic liquids were shown to stabilise HEWL as 

well as moderate pH and viscosity with cations coordinated in the structures.144

To improve the chances of crystallographic success it  may be possible to use the 

addition of a stabilising ligand to improve the conformational stability  of the biological 

macromolecule or complex. This could be the native ligand,145 or some other small 

molecule identified by screening with a protein of interest.146 Peptides can also be 

employed to improve conformational stability in crystallisation trials as confirmed by 

biophysical characterisation and thermal denaturation.147 Subsequent research 

conducted an extensive search to screen small molecules and peptide fragments as co-

crystallisation additives.148 In total 200 hundred compounds were tested as co-

crystallisation additives with a comprehensive spectrum of proteins in a small number 

of crystallisation conditions, notable candidate compounds were di and tri-carboxylic 

acids and poly-amino acids which offered improvements in crystallisation.148 

A priori knowledge can aid the pursuit of crystals, for example if the protein of 

interest binds nucleic acids this can be harnessed. Firstly if the nucleic acid binding 

partner is known this can be utilised in crystallisation trials and secondly nucleic acids 

can be designed so that they self assemble in an almost continuous pseudo-structure. 

Nucleotides engineered to include sticky  ends have shown application to crystallisation 

although the practical relevance to other proteins is questionable,149-151 as not all 

nucleotide binding modes are conducive to such attempts. Cross-linkers can be used in 

macromolecular crystallisation with success. This process utilises electrostatic cross-

linking agents that interact with charged surface groups of protein molecules to promote 

nucleation or crystallisation.140 Higher order structures have additionally been 

developed to facilitate crystallogenesis, utilising immunoglobulin fragments and 

complementary binding proteins that self-assemble into a scaffold capable of 
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accommodating other proteins within the scaffold such that diffraction data can be 

collected. Such scaffolds are able to coordinate proteins with heterogeneous 

glycosylation sites.152

Crystal growth kinetics ultimately determine the morphology and quality of the 

resultant crystal. A plethora of compounds have been trialled in an attempt to identify 

the ‘silver bullet’ that encourages crystallogenesis of troublesome proteins. No such 

single additive has yet been found meaning those available have to be trialled in a 

highly iterative process to find those suitable for an individual target protein.

Membrane protein crystallisation

Membrane proteins are notoriously difficult to purify and subsequently 

crystallise as a result of transmembranal domains. It is possible to truncate the protein to 

omit the transmembrane domain,82 however, for comprehensive structural analysis it is 

desirable to look at the entire protein. The techniques discussed previously can also be 

applied to the structural determination of membrane proteins; however, additional steps 

are often required to enable the retention of the native membrane spanning domain 

configuration in solution. Transmembrane domains hinder solubility  and crystallisation 

as they contain hydrophobic residues, normally buried in a phospholipid layer or 

bilayer, it is therefore possible to utilise amphiphiles to mask the domains.153 The first 

membrane crystallisation trials used detergent micelles to solubilise bacteriorhodposin,
154 since then over 75 detergents, lipids and amphiphiles have shown to be useful in 

protein crystallisation trials,153 although screening is required to identify suitable 

amphiphiles. Lipids are commonly employed to mimic the phospholipid bilayer and can 

be directed to form a three-dimensional lipidic mesophase arrangement that can be used 

for crystallising membrane proteins.155,156 This technique has proven to be a very 

effective method157 and has since been automated, miniaturised158,159 and made 

complementary  to XFELs160 to facilitate crystallisation attempts with a wider variety of 

membrane proteins.

 The numerous and innovative techniques designed to advance protein 
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crystallisation and alleviate the current bottleneck of the process currently have not 

found an additive or technique that can be utilised universally. Of the crystallisation 

techniques currently available to the crystallographer caveats exist for most if not all, 

and the successes of novel methodologies somewhat include limited testing which 

drives scepticism. Many techniques exist that increase the likelihood of getting a protein 

to crystallisation trials and techniques also exist that increase the likelihood of 

collecting high-resolution data from any crystals generated. However the crystallisation 

of biological macromolecules remains a complex endeavour with trial and error or an 

educated guess utilising a priori information being the only realistic options for 

crystallisation screening.

Crystallisation formats

Numerous methods can be employed to promote the energetically unfavourable 

phase transition from a mono-disperse protein solution, to a highly ordered crystalline 

arrangement. The format in which the protein solution and crystallant are combined 

varies widely. Vapour diffusion is the most commonly used technique50 and relies on the 

diffusion of water vapour between a protein:crystallant droplet and reservoir solution of 

the crystallant. Therefore in the sealed environment of a vapour diffusion trial 
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equilibration occurs and the drop concentration increase/decreases by  salting in or out 

of the protein:crystallant droplet (sample drop) shown Figure 1.4.161 Vapour diffusion 

trials can be conducted via a hanging drop162 or a siting drop on a micro-bridge.163 

The improvements in crystallisation formats and increase in the number of 

structural biology groups worldwide have led to an increase in the number of structures 

being determined per annum (Figure 1.5). As a result, sparse matrix crystallisation trials 

have been generated by considering conditions previously observed to be useful in 

augmenting crystallisation.139 Sparse matrix trials have subsequently  been miniaturised 

so that hundreds of sparse matrix vapour diffusion crystallisation trials can be 

conducted with micrograms of protein in micro-litre volumes of solution.164-166 As there 

are now a plethora of commercial systematic and sparse-matrix crystallisation screens 

currently available, software selection tools have been developed to promote the most 

comprehensive trialling of crystallisation conditions to be undertaken, with a finite 

amount of protein.167 Further advancements could be made by defining and 

documenting all protein crystallisation trials undertaken and if unsuccessful trials were 

also considered.168,169

Automation of vapour diffusion set-up has revolutionised the scale and therefore 

number of trials that can be conducted with a limited amount of protein.164 It is possible 

to dispense nano-litre volume crystallisation experiments with the use of suitable 

robotic dispensing systems.170,171 Complementary automation of visualisation and 

imaging has allowed crystal screening to be conducted on a high-throughput scale.172 

The crystallisation plate chosen can influence crystallogenesis, thought to be a 

combination of the effect of plate geometry on equilibration, dehydration and non-

specific interaction between the protein and plate surface.173 Micro-fluidic chips involve 

the use of narrow channels (known as micro-capillaries) <100 x 100 µm2 to eradicate 

convection currents; causing the crystallant and protein solution to mix only via free 

interface diffusion.174 Micro-capillaries allow the design of trials utilising 

protein;crystallant gradients within each capillary facilitating a more comprehensive 

trialling of crystal space (as per the phase diagram) within a single experiment.175 As the 
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rate of equilibration is a major determinant on crystallisation success176 and surface 

contact of the sample drop can similarly  affect crystallogenesis, it is therefore possible 

to utilise oils to remove surface contact  and slow equilibration by  suspending the drop 

in dense oils.177,178 Micro-gravity has also been trialled to reduce convective flow and 

limit growth to diffusion control, but due to limited success and expense was not 

pursued.179-181 

1.4 - Experimental methods to improve crystallisability

 In addition to utilising small molecules and buffering conditions to mediate 

protein stability more direct methods can be tested to improve the chance of successful 

crystallisation beyond initial construct design. It is possible to return to construct 

optimisation at this stage however there are other alternatives available for aiding 

crystallisation outcomes of particularly  troublesome proteins which will be briefly 

described here.

In situ limited proteolysis

Observations that protein crystals could form long after equilibration led to the 

notion of in situ limited proteolysis.182 The technique can be applied where extensive 

trials have not yielded crystals or have yielded poorly  diffracting crystals. When crystals 

form after months or even years it was hypothesised that  an inadvertent protease 

contamination could be causative. Validation of this hypothesis involved empirical 

testing of low concentration additions of chymotrypsin and trypsin, facilitating in situ 

proteolytic digestion of proteins.182 The proteolytic digestion is natively directed 

towards unstructured or exposed loop  regions, leading to improved conformational 

stability.182 This method was successfully employed in crystallising the Saccharomyces 

cerevisiae cleavage and polyadenylation specificity  factor (CPSF), CPSF-100 subunit 

and the Mus musculus cleavage-stimulation factor (CstF), CSF-77 subunit183,184 and 

additionally improved the reproducibility of crystal generation.185 
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Protein engineering

 Difficulties in crystallisation can persist in samples that are soluble, stable, 

mono-dispersed and completely structured. As mentioned previously, one option is to 

redesign the problematic construct, although this can often be an incredibly time 

consuming process and necessitate the re-optimisation of expression and purification 

protocols.91-93 A secondary option is in the use of site directed mutagenesis to stabilise a 

protein region in order to improve overall structure and conformational stability. 

Examples of this can be seen within studies examining GPCR proteins,186 a family  of 

proteins where necessity has driven innovation in crystallisation techniques.187-191 For 

example, crystallogenesis of the agonist-bound Homo sapiens adenosine A2A receptor, 

and the β1-adrenergic receptor from Meleagris gallopavo erythrocytes, was achieved by 

improving thermal-stability  via systematic a amino acid mutations.188,189 Another 

elegant example of innovative crystallisation is the G-protein-coupled Homo sapiens β2-

adrenergic receptor (β2-AR).56 The β2-AR structure was shown to have a flexible 

intracellular loop 3 and a similarly  flexible C-terminal region.56 Although potentially 

functionally important, the flexible region rendered β2-AR unsuitable for crystallisation 

attempts. The intracellular loop of β2-AR (residues 234 to 259) was replaced with 

residues 2 to 164 of HEWL, creating a chimeric β2-AR construct. This construct  was 

later amended to insert residues 2 to 161 of HEWL in place of residues 231 to 262 of β2-

AR. Along with a C-terminal truncation at residue 365, the construct was successfully 

crystallised and the structure solved without impairing the native protein structure.190 In 

a similar undertaking, a monoclonal antibody  fragment that bound the flexible 

intracellular loop  3 and increased stability was pursued.191 Subsequent use of a 

complementary  fragment antigen binding fragment was used for crystallisation attempts 

to resolve the structure of β2-AR.57 These techniques have been utilised extensively 

since and have led to multiple GPCR structures being resolved, such as the antagonist-

bound human adenosine A2A receptor crystallised in lipidic cubic phase with HEWL 

fusions.60 The techniques were utilised collectively  for the HEWL fusion of β2-AR, an 

antibody was generated to stabilise the open conformation facilitating crystallographic 
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data to be collected on the agonist bound β2-AR.63 

1.5 - Pentatricopeptide repeat proteins, high value structural targets

 The selection of a target protein for structural characterisation is often preceded 

by a priori knowledge of protein function. Sometimes a comprehensive knowledge of 

protein function can exist, without structural data on how said function is achieved. One 

such family of proteins is the pentatricopeptide repeat (PPR) protein family, an α-

solenoid family of RNA binding proteins, particularly interesting owing to their 

function as RNA specificity and editing factors. The modular code for RNA-binding, 

occurrence in extended arrays and organelle targeting capabilities mean PPR proteins 

hold great promise for the design of bespoke RNA binding proteins for biotechnological 

and agricultural applications.192,193 Therefore a PPR protein structure would provide 

valuable insight into the structural chemistry of PPR arrays and RNA binding which 

was lacking from the literature at the start of this project.

α-Solenoid proteins

 Members of the α-solenoid protein super-family are characterised by  degenerate 

repeats of modular domains, typically  found in arrays. The domains are ~30 to 40 amino 

acid repeats which form helical bundles generally  containing either two or three α-

helices per repeat. The tetratricopeptide repeat (TPR) proteins comprise a repeating TPR 

motif of 34 amino acids and contains two anti-parallel α-helices.194 TPR proteins 

normally contain multiple motifs, arranged in a right-handed superhelical array  that 

presents an extended interaction site to mediate protein-protein interactions, including 

transcriptional regulation and protein transport  complexes.194 Armadillo proteins 

comprise of a repeating ARM repeat, an imperfect 42 amino acid repeat which forms a 

helical bundle of three α-helices.195 Armadillo proteins contain multiple repeats 

arranged in a right-handed superhelix and function in protein-protein interactions 

including signal transduction, nuclear import and transcriptional regulation.196 

 The transcription-activator-like effector (TALE) protein family is an example of 
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a nucleic acid binding α-solenoid protein family. TALEs are virulence factors that 

operate by  interrupting transcription and nuclear function via binding double-stranded 

DNA.197 TALEs provided a route towards stochastic DNA binding, achievable through 

a modular interaction of a central TAL repeat. Positions 12 and 13 within the TAL 

repeats were proposed to dictate specificity  and the code was elucidated enabling 

engineered TALEs generation for DNA binding.198 A subsequently  solved crystal 

structure demonstrated that TAL repeats form an anti-parallel helix conformation, where 

positions 12 and 13 are found at the loop between the short and long α-helix.199 TAL 

repeats are arranged in a right-handed superhelical architecture with 11 repeats per 

helical turn, the DNA binding groove presents as a positively  charged electrostatic 

surface potential on the internal side of the superhelix (provided by  the invariable Lys16 

and Gln17 per repeat).199 The electrostatic surface facilitates a non-specific interaction 

with the DNA phosphate backbone and residue 13 was shown to determine TAL 

specificity.199 The ability of TALE modules to exist in arrays of up to 28 repeats, for 

repeats to be shuffled, and a modular interaction, means numerous downstream 

applications exist for engineered TALEs.200-203 

 An RNA-binding contemporary  to TALEs exists within the α-solenoid family, 

the Pumilio and FBF homology (PUF) proteins. The eukaryote-specific protein family 

is characterised by an imperfect ~36 amino acid repeat (PUF domain). PUF proteins’ 

modular interaction with RNA was highlighted in a crystal structure of the Homo 

sapiens PUF protein, Pumilio 1 and RNA.204 The structure characterised the PUF 

domain as a three helix bundle, with repeating PUF domains arranged in an arc rather 

than a superhelix.204 The RNA binding mode was shown to be modular and 

subsequently  the code for specificity was identified.205 The natural ability  of PUF 

domains to preferentially bind U, A or G,205 was extended via directed evolution 

engineering to specifically bind C. The ability  to bind target RNA in vivo with high 

selectivity was later demonstrated.206 The RNA sequence specificity of PUF domains is 

determined by hydrogen bonding and van der Waals interactions with the Watson-Crick 

edge of the base, dictated by residues 12 and 16 of a PUF repeat.204 Engineered PUF 
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proteins have since proven incredibly useful for RNA binding experiments in vivo.207-209 

Pentatricopeptide repeat proteins

 Here we focus on the pentatricopeptide repeat protein (PPR) family. At the outset  

of this work, PPR proteins were thought to be analogous to TALEs and PUF proteins in 

having a modular nucleotide binding mode, although this was unproven. PPR proteins 

are much more divergent and numerous than any  other α-solenoid protein family and 

offer potential as designer RNA binding proteins with capabilities beyond those 

currently achievable. The PPR superfamily, was first identified a decade ago, in a 

systematic search of mitochondrial and chloroplast targeting sequences within the 

Arabidopsis thaliana (Thale Cress) genome.210 PPR proteins are characterised by a 

degenerate 35 amino acid motif, homologous to, but divergent from the tetratricopeptide 

repeat (TPR) motif.210

 

Diversity of PPR proteins

 A comprehensive bioinformatic approach was adopted to identify  the cellular 

targeting of all identified PPR proteins, across a variety of genomes. The PPR motifs 

identified at the time were used to generate a hidden Markov model to search multiple 
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genomes for PPR proteins.211 PPR proteins are eukaryote-specific, with the exception of 

fewer than 20 genes identified in bacteria, resultant from an ancient horizontal gene 

transfer event.212 PPR proteins have been identified in protist, fungal and mammalian 

genomes although enormously more numerous and varied in higher plants: over 450 

and 470 have been identified in A. thaliana and Oryza sativa (rice) genomes, 

respectively.211 Further genomic screening studies extended the number of known PPR 

proteins to include those from other genomes213 with over 30,000 now identified at a 

sequence level (PFAM.sanger.ac.uk). Figure 1.6 shows the distribution of PPR proteins 

identified in various species.

PPR proteins in humans 

 To date only seven mammalian PPR proteins have been identified, Figure 1.7, 

with mutations in one PPR gene being associated with a genetic human disease.214 The 

Homo sapiens mitochondrial RNA polymerase (POLRMT) was the first mammalian 

example of a PPR protein, containing 2 tandem PPR repeats.215 Since then 3 tandem 

repeats were identified in mitochondrial ribonuclease P protein 3 (MRPP3),216 8, 5 and 

15 motifs were identified in pentatricopeptide repeat domain proteins (PTCD) 1,2 and 

3.217-219 The most studied mammalian PPR protein is the leucine rich pentatricopeptide 

repeat containing protein (LRPPRC). LRPPRC mediates global mitochondrial mRNA 

55

Mammalian 

7 

A. thaliana 

470 

Figure 1.7 | A plot of the under 

representation of PPR proteins in 

mammalian genomes relative to 

those of higher order plants. 

Arabidopsis and Rice genomes 

encode over 450 PPR proteins.211 

where as in the human genome 

only 7 PPR proteins are known.322 

The function of the seven 

expressed PPR proteins are not 

well defined yet and it is not yet 

confirmed whether they play a role 

in RNA binding. 

Homo sapiens A. thaliana



stability, coordinates translational control and polyadenylation, highlighting LRPPRC as 

an important post-translational regulator of mtDNA expression in mammals.220 A review 

of mammalian PPR proteins highlights that although cellular function of the protein 

may be known we do not yet know the role of the PPR domains themselves.215 

Subcellular localisation

 A multi-genome bioinformatic search of PPR sub-cellular targeting signals, 

found 36-64 % of PPR proteins are mitochondrial localised and 15-28 % are plastid 

localised.211 The study also showed that PPR proteins are essential for organelle 

biogenesis although they are nuclear encoded.211 The expansion of PPR proteins in 

higher plants is still not understood, it  is not thought to be a relic of an endosymbiotic 

event, instead thought to be a horizontal gene transfer event.221

PPR proteins key organelle RNA binding proteins in higher order plants

 Genetic mutations of PPR genes or knockouts can result in cytoplasmic male 

sterility  (CMS), an extranuclear control mechanism resulting in a failure to produce 

functional pollen associated with unusual open reading frames (ORFs) in mitochondrial 

genomes.222 PPR proteins have been implicated in the control of CMS encoding genes 

and are involved in fertility.222-224 PPR proteins also function in embryonic development 

with seed development defects were seen in maize when a PPR protein containing gene 

(emp4) was knocked down.225 Additional phenotypic impairments range from lethality 

to morphological defects such as defective shoot and leaf growth when PPR proteins are 

knocked down.226

PPRs function as specificity factors

 PPR proteins function as RNA binding proteins, with binding implicated in 

organelle mRNA stabilization.227-233 PPR proteins are able to protect transcript 

degradation by binding 5’ and 3’ untranslated regions (UTRs). A plastid localised Zea 

mays (maize) PPR protein PPR10, was shown to bind an intergenic region of a poly-
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cistronic mRNA. PPR10 contains 20 tandem P-type PPR motifs and binds the 5’ UTR 

of the atpH transcript, protecting it from ribonuclease activity in vitro. A second plastid 

localised maize PPR protein (PPR5), contains 10 tandem P-type PPR motifs and is 

involved in the stability and splicing of the group II intron-containing precursor of 

chloroplast the mRNA, trnG-UCC.232 PPR5 was shown to bind the 3’ UTR of the 

transcript.227 Poly-cistronic RNAs contain multiple ORFs and are more abundant in 

organelle genomes with poly-cistronic mRNAs requiring multiple RNA binding 

proteins to modulate and control expression. PPR proteins are thought to orchestrate 

this complex system acting as post-transcriptional regulatory elements.

 

PPR editing factors

 Two A. thaliana PPR proteins, chlororespiratory reduction mutant 4 and 21 

(CRR4 and CRR21) were shown to be essential for C to U editing of the ndh transcript 

which encodes a subunit of the chloroplast NA(P)DH dehydrogenase complex.234-236 

The site-directed post-transcriptional maturation is thought to involve the recruitment of 

an editing factor but illustrates one way PPR proteins exhibit sub-organelle translational 

regulation. A third chloroplast PPR protein from A. thaliana directs editing at two sites 

with non-identical RNA sequences, the plastid clpP transcript which encodes for a 

57

P P

P L S

P L S P L S

P L S P L S

E

E DYW

P-type

PLS-type

Editing 
factors [

up to 30 repeats

Figure 1.8 | Serial architecture of PPR proteins, Canonical ‘P’ motif dictates RNA binding and 

specificity, found in arrays of 2-30, PLS type contain Longer and shorter (L, 36 aa’s and S, 31 

aa’s) variants commonly found in repeating tracts of PLS triplets, Editing factors contain C-

terminal E domains subsequent to PLS repeats and are implicated in recruiting editing factors, 

DYW domains are found in a subset of PLS proteins and are implicated in editing. 



chloroplast protease, and the rpoA transcript which encodes the plastid RNA 

polymerase.237 Therefore the underlying structural chemistry  of RNA recognition and 

editing by PPR proteins is an intriguing one. 

PPRs regulate post transcriptional regulatory elements

 Another post-transcriptional mechanism involving PPR proteins is translational 

activation, transcripts stabilisation as with CRP1 is required for translation of the psaC 

and petA mRNAs.238,239 Secondly  activation can be induced upon binding mRNA 

secondary  structures, thereby disrupting the structure and liberating a downstream 

ribosome binding site.230,233 Thirdly PPR binding can inhibit the formation of RNA 

secondary  structures, ATP4 binding in the 5’ UTR of atpB/E240 improved translation 

initiation with a similar observation made in maize.241

PPR function is defined by structure

 The ability  of PPR proteins to function in varied RNA binding capacities can be 

partially explained by  the existence of PPR sub-types. PPR proteins follow a sequential 

domain architecture shown Figure 1.8. PPR specificity factors are comprised of the 

originally  identified, canonical ‘P’ type motifs, found in tandem arrays up to 30 repeats 

long.242 Variants of the canonical ‘P’ type motif are the long (L) and short (S) motifs, 36 

and 31 amino acids, respectively are found in tracts of repeating PLS triplets.211 

 All currently identified PPR editing factors are PLS proteins that include the C-

terminal, E- and DYW domains first  identified by Lurin et al..211 E- (extended) domains 

are required for editing, with the N-terminal PLS repeats defining editing site 

specificity. Although the E-domain does not directly catalyse editing they are required 

for editing to occur, with deletion or switching of E-domains disrupting editing for 

CRR4 and CRR21.236 Switching E-domains between mitochondrial and plastid PPR 

proteins, OTP71, OTP72, CRR4 and CLB19 highlighted that the domains are also 

organelle specific, although evolutionarily  related.243 A second C-terminal domain is the 

DYW domain, found successively to E-domains and named after the conserved C-
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terminal tri-peptide motif of Asp, Tyr and Trp.211 In Physcomitrella patens all of the 

identified editing factors contain DYW domains suggesting the domain could have 

directed RNA editing early in plant evolution.244 The presence of DYW domains is 

strongly correlated with increased RNA editing frequency.244 DYW domains have been 

suggested to have a deaminase activity,245 although further studies are required to 

support this and investigate the biochemistry of C-terminal PPR domains. 

 Of the editing factors identified to date, more than half are DYW proteins 

(containing both E and DYW domains), and the remainder are E proteins (containing 

only the E domain). Both chloroplast and mitochondrial editing factors can be either E 

or DYW PPR proteins, adding to biochemical and phylogenetic evidence that the 

editing systems in both organelles have a common origin.
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Proposed RNA binding

 After mapping the minimal binding site of PPR10 to the atpH transcript233 an 

assumption was made that the interaction of P-type motifs and RNA was modular. 

Utilising a bioinformatic approach amino acid conservation and position within a P-type 

motif were screened and subsequently  correlated to known RNA specificity, made 

possible by well defined PPR:RNA interactions.242 The combinatorial code for defining 

specificity in P-type motifs was elucidated with positions 1 and 6 shown to correlate 

with specificity. Finally it was found that position 6 of a motif and position 1’ of a 

subsequent motif determined specificity co-operatively see Figure 1.9. PPR10 was 

subsequently  engineered utilising the code to modify specificity, confirming the in silico 

work in vitro.242 The same code could be applied to L-type motifs242 and subsequent 

research postulated the binding modes for PLS repeats246 and editing factors,247 

although these are yet to be fully characterised.

Proposed PPR tertiary structure and implications to function 

 Based on sequence homology (to TPRs) it was proposed that PPR motifs would 

consist of anti-parallel α-helices.210 The only experimental evidence to support the α-

helical arrangement at the start  of this project was circular dichroism data indicating a 

high level of α-helical secondary structure in PPR5.227 PPR proteins proved to be 

incredibly  difficult targets for structural studies owing to solubility issues and 

propensity  to oligomerise and aggregate. Of the 30,000 identified PPR genes, few 

proteins have successfully  been recombinantly expressed and almost none have been 

ideal crystallisation targets as determined by preceding solubility screening of tens of 

PPR proteins conducted in our lab. A PPR model was proposed for P-class PPR motifs 

utilising a consensus motif derived from covariation data of 8,068 motif alignments, see 

Figure 1.9, covarying positions were restrained in a distance-geometry minimisation 

using a solely α-helical starting model.242,248 The model illustrated that the proposed 

code for specificity and modular interaction to be structurally feasible.242 However 

informed the structural prediction is, experimental data are required to define the atomic 
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interactions that dictate the modular interactions of P-class PPR proteins before PPR 

proteins can be utilised as designer RNA-binding proteins. Such bespoke RNA-binding 

proteins could allow transcriptional or translational control via the protection of 

important transcripts, or as a novel approach to RNA knockdowns, in vivo. Used in 

conjunction with editing factors it could may also allow directed RNA editing to 

become a possibility which would have vast implications to biotechnology.

In summary X-ray crystallography is the technique of choice in structural biology, 

therefore crystal generation is the rate limiting yet unavoidable step in the structural 

determination of proteins. High-resolution structural information affords a 

comprehensive understanding of enzymatic function at atomic-resolution. Such insight 

can directly contribute to the generation of therapeutics or contribute to the 

understanding of a biochemical pathway. The advent of rapid genome sequencing has 

identified a large number of target proteins destined for structural analysis, although 

the rate limiting step of crystallogenesis persists. An increasing number of studies have 

attempted to stem the attrition from identified protein target through to refined structure 

however those currently identified only operate in specific conditions or require further 

study to determine generic efficacy. A plethora of compounds have been trialled in an 

attempt to identify the ‘silver bullet’ that ameliorates crystallogenesis of troublesome 

proteins. No such single additive has yet been found meaning those available have to be 

trialled in a highly iterative process to find those suitable for an individual target 

protein.

1.6 - Aims and approaches 

 The aim of the studies proposed in this thesis were to investigate ways to stem 

the attrition of protein target selection through to a refined structure. This would 

develop novel methodologies and subsequently apply such techniques to 
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pentatricopeptide repeat proteins, as troublesome crystallisation targets.

 These studies involved the generation of heterogeneous additives to improve 

crystallogenesis (Chapter 2), examination of the use of small molecules to mediate 

protein stability  during crystallisation (Chapter 3), investigation of the role of native 

ligands in the stabilisation of a PPR protein (Chapter 4) and the generation of an 

engineered PPR protein more amenable to crystallography (Chapter 5). Specifically, the 

following studies were conducted: 

 Chapter 2 includes two studies undertaken to provide an in-depth analysis of 

novel heterogeneous nucleating agents in an attempt to improve crystalline material 

generation. By utilising a spectrum of model proteins, high-throughput crystallisation 

screening, crystal visualisation, X-ray diffraction and a rigorous statistical approach 

these studies were able to identify universally applicable heterogeneous additives. The 

additives generated significant improvements in crystalline material formation and 

include a statistical validation protocol. Here crystalline material generation was 

monitored through high-throughput miniaturised sparse matrix crystallisation trials of 

model proteins. Monitoring for crystalline material generation during equilibration with 

results subjected to a statistical approach specifically  developed to test heterogeneous 

additives and determine efficacy. In study I colloidal graphenes were applied to protein 

crystallisation trials, offering improvements in crystalline output  and nucleation. In 

study II nacre was shown not to be an effective heterogeneous additive validating the 

importance of a statistical method to scrutinise results. 

 Chapter 3 includes two studies that  investigate the use of small molecules to 

improve protein stability and propagate lattice formation in protein crystallisation trials. 

Cavitands (introduced in chapter 3 foreword) are molecules that hold vast potential for 

structural biology as co-crystallisation additives to promote solubility, stability  and 

crystallogenesis in a generic fashion for troublesome proteins. Study III describes the 

structure of cavitands, using single crystal X-ray diffraction to highlight how such 
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cavitands can form complexes and crystallise readily, which could prove to be 

beneficial to structural biology in the future. Additionally showing how such cavitands 

crystallise readily in conditions conducive to protein crystallisation Study  IV utilises 

small angle X-ray  scattering, ab initio modelling and form-factor analyses to study the 

structure of aqueous dispersions of cavitands to investigate the structural arrangements. 

Concentration profiles, incremental alkylation variants and functionalisation of the 

cavitands were investigated to characterise such arrangements in order to take the next 

step towards exploiting the vast potential of cavitands to augment structural biology.

 Chapter 4 includes biophysical studies structurally characterising a Zea mays 

PPR protein in the presence of a native ligand. PPR proteins are RNA binding proteins 

and are intriguing structural targets owing to their modular RNA binding mode. Study 

V describes the solution structure of a PPR protein highlighting the structural 

rearrangement upon binding its native ligand. Here circular dichroism, small angle X-

ray scattering, ab initio modelling and informed global rigid body modelling were 

conducted to derive a low-resolution solution structure of a PPR protein in complex  

with its cognate RNA. Informed model building was then utilised to propose an  

arrangement of the RNA binding face of the protein. This study is the first solution 

structure of a P-type PPR protein and the first example of a monomeric PPR:RNA 

complex, offering valuable insight into the structural chemistry of RNA binding. 

 Chapter 5 includes study VI which sought to describe the structure of an 

engineered PPR protein. Sequence alignment and optimisation were utilised to generate 

a consensus motif, engineered to generate a construct amenable to structural 

characterisation. Circular dichroism and nuclear magnetic resonance confirmed 

secondary  structure content and the structure was solved by X-ray crystallography and 

anomalous methods to 2.17 Å. The structure is the first synthetic PPR protein and 

serves as a scaffold for designing bespoke RNA binding proteins, additionally 

highlighting the influence sequence optimisation can have on crystallogenesis of 
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troublesome proteins.

Overall, these studies reveal novel methodologies of structural stabilisation and 

determination of proteins. At multiple levels we have addressed steps hindering the 

structural characterisation of proteins. Commencing this research we have developed  

heterogeneous additive to improve crystalline material generation, additives to improve 

crystal generation and protein solubility whilst describing the first solution structure of 

a PPR protein and the refined structure of a PPR protein strategically designed to be 

amenable to crystallisation.
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Chapter 2

2.1 - The development of heterogeneous nucleating agents to 
improve protein crystallisation

As outlined in chapter 1 the current and unavoidable bottleneck in X-ray 

crystallography  remains the generation of diffracting protein crystals.90,249 As nucleation 

is the initial barrier to protein crystallisation a clear rationale exists in developing 

additives to address the attrition at this stage. The use of additives to induce favourable 

nucleation, referred to as heterogeneous nucleating agents includes epitaxial nucleation 

on mineral surfaces,109 gold nano-particles,116 hair,118,119 seaweed,120 carbon nano-tube 

based substrates,114 polystyrene nano-spheres,115 microporous synthetic zeolite 

material112 and porous media.107,110,113 Two studies are presented aimed at developing 

universally-applicable heterogeneous nucleating agents to improve crystal yield in 

crystallisation trials, as many of the currently available additives often operate in a 

specific basis.

Study I addressed colloidal graphenes as heterogeneous nucleating agents. The 

current hypothesis for the mechanism of heterogeneous nucleating agents, is via 

inducing protein localisation, thereby facilitating nucleation. As colloidal graphene 

sheets are known to be a suitable localisation matrix for protein mass spectrometry,
250-252 it  was postulated that colloidal graphene could act as a heterogeneous nucleating 

agent. A set of well-characterised model proteins was selected due to extremely well-

documented crystallisation conditions. Additionally, an in-house recombinantly 

expressed protein was included to show relevance to novel crystal targets. Importantly, 
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we set out to develop  a robust statistical method to objectively interrogate how 

significant any effects were and to validate any findings, having noted that the majority 

of reports on new crystallisation media and additives are commonly phenomenological. 

Study I demonstrated that colloidal graphenes are effective heterogeneous nucleating 

agents, improving the generation of crystalline material for the broad set of proteins 

tested, and the value of an appropriate statistical approach which may have wider use.

 Study II investigated the use of nacre as a heterogeneous nucleating agent. Nacre 

is a calcium carbonate polymorph that  forms the lustrous “mother of pearl” of 

molluscan shells. Nacre is an energetically unfavourable polymorph of calcium 

carbonate, however its formation is promoted by  strict biochemical mechanisms within 

the mollusc. As proteins direct the growth of nacre layers, the surface is conducive to, 

and capable of protein binding, leading us to hypothesise that they might make ideal 

protein-binding heterogeneous nucleating agents and aid nuclei formation. Our 

proceeding work on colloidal graphenes detailed in study I was replicated here to 

determine the efficacy  of nacre as a heterogeneous nucleating agent. Study  II showed 

nacre not to be an effective heterogeneous nucleating agent. For the proteins tested 

nacre inhibited or did not improve crystalline material generation. Study II serves to 

highlight the importance of the statistical approach developed in study I, as a validation 

tool for novel heterogeneous nucleating agents. 
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Study I

2.2 - Colloidal graphenes as heterogeneous additives to enhance 
protein crystal yield

Benjamin S. Gully, Jianli Zou, Gemma Cadby, Daniel M. Passon, K. Swaminathan 
Iyer and Charles S. Bond. Colloidal graphenes as heterogeneous additives to enhance 
protein crystal yield. 2012, Nanoscale, 4, 17: 5321-5324.
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In the structural analysis of proteins via X-ray diffraction, a rate-

limiting step is in favourable nucleation, a problematic obstacle in

successful generation of protein crystals. Here graphene and gra-

phene oxide were applied to protein crystallisation trials, offering

improvements in crystalline output and nucleation.

Despite structurally orientated advancements in NMR1 and mass

spectrometry,2 X-ray crystallography remains the most powerful

methodology for high-resolution structural determination of

proteins. Atomic resolution structural data allows comprehensive

understanding of protein function, potentially providing a basis for

therapeutic drug design.3–6 Recent advances include miniaturisation

and automation of crystal screening,7–9 the development of sparse

matrix selection tools10 and circumvention of the destructive damage

of X-ray exposure11 resulting in the determination of structures as

complex as ribosomes.12 The multi-parametric process13,14 of gener-

ating suitably diffracting crystals, associated with large numbers of

crystallisation trials, remains the major bottleneck of structural

biology.

Crystallisation is a first order phase transition proceeding via

nucleus formation, where the nucleus is a semi-ordered aggregate.

Homogeneous nucleation, the method typically employed in protein

crystallisation,15 requires the identification of specific conditions

amenable to spontaneous nucleation and subsequent crystal growth.

Identification of these conditions requires numerous trials and can be

extremely inefficient. Currently available additives, mainly salts,

sugars and small molecules,16,17 are applied to improve crystal quality,

rather than aid crystal formation. Methods of aiding crystal gener-

ation include; seeding with pre-existing nuclei,18,19 or introduction of

stabilising ligands20 or short peptide fragments.21 Each of these

techniques requires spontaneous nucleation somewhere in the

process, normally achieved through the use of supersaturated solu-

tions. However heterogeneous nucleation operates via a surface or

cavity interaction of the macromolecule and nucleating agent.

Empirical testing of heterogeneous nucleating agents extends to

epitaxial nucleation on mineral surfaces,22 hair,23 seaweed,24 porous

silica,25 carbon nanotube based substrates,26 polystyrene nano-

spheres,27 microporous synthetic zeolite material28 and porous

media.29,30 Nucleation is neither truly ordered nor disordered and so

localization itself is proposed to impose local super-saturations

lowering the free energy barrier aiding crystallisation. Heterogeneous

additives developed thus far commonly operate in a protein specific

manner so a clear rationale exists for the development of universal

methodologies to enhance crystal generation. Interestingly, graphene

and graphene oxide (GO) have been identified as localisation

matrices for biological macromolecules for MALDI-TOF MS anal-

ysis allowing small molecules,31 proteins and nucleotides32,33 to be

localised on these matrices in high salt solutions. Herein we use this

property of graphene and GO in crystal trials with a series of model

proteins to demonstrate significant enhancement in the crystallisation

outcome. Model proteins alcohol dehydrogenase (ADH), catalase,

lysozyme and trypsin were selected in the current study due to their

well-documented crystallisation conditions and annotated structures.

Additionally PSPC1–NONO a recombinantly expressed hetero-

dimeric mammalian paraspeckle protein was selected as a more

challenging crystallisation target.34–36 The graphene and GO used in

the present studywas synthesized via a chemical exfoliation technique

as previously reported.37 AFM analysis (Fig. 1) further confirmed

that atomically flat single layer reduced graphene oxide sheets were

successfully synthesised (referred to as graphene throughout).

Aqueous dispersions of graphene and GO were preliminarily

screened for optimal concentrations between 500 mg mL�1 to 0.5 mg

mL�1 (see Experimental details‡).

Testing of heterogeneous nucleating agents generally involves

arbitrary monitoring of the crystal formation timescale or crystal

yield (number of crystals). However, this approach is highly

phenomenological, due to the multi-parametric nature of crystal-

lisation and not directly comparable between studies. In this study we

implement a binary notation for each crystallisation trial as condi-

tions with crystalline material (CCM) or not. CCMs are inclusive of

definite clear microcrystals, needles or needle clusters, rods and single

crystals. A scale commonly used in crystallization to grade the drops

as clear, amorphous precipitate, crystalline precipitate, quasi

aCentre for Strategic Nano-Fabrication, School of Chemistry and
Biochemistry, The University of Western Australia, Crawley, WA 6009,
Australia. E-mail: swaminatha.iyer@uwa.edu.au; Fax: +61 8 6488 1005;
Tel: +61 8 6488 4470
bSchool of Chemistry and Biochemistry, The University of Western
Australia, Crawley, WA 6009, Australia. E-mail: charles.bond@uwa.edu.
au; Tel: +61 8 6488 4406
cCentre for Applied Statistics, The University of Western Australia,
Crawley, WA 6009, Australia. Tel: +61 8 6488 3360

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2nr31150j
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crystalline/phase separation andCCMswas implemented (see ESI for

examples†). This approach ensures consistency circumventing a

single particular crystallisation trial from skewing a dataset. Ambig-

uous drops were defined as the lower ranking option to avoid false

positives. CCMs were used to determine efficiency relative to a

control experiment (in the absence of graphene and GO); triplicate

readings enabled standard error to be calculated of the proteins tested

in the presence of nucleating agents (ESI Table 2†).

Upon the addition of graphene and GO, improvements

were observed for all the model proteins (Fig. 2). In the case of

ADH : graphene crystallisation trials, the number of clear drops

decreased, ordered precipitates increased and the proportion of

CCMs increased almost 3 fold (based on the mean values for this

trial). Although the formation of crystalline precipitate is not the final

goal, it is a requirement for identifying suitable crystallisation

conditions through optimization stages, and can also afford a seed-

stock for homotypic seeding experiments. For statistical analyses,

CCM counts were converted to proportions by dividing the positive

CCMcounts by 96 (representative of the 96well crystallization trials).

CCM proportions relative to the protein and nucleating agents were

analysed using ANOVA of the transformed arcsine square roots of

CCM generation. Protein and nucleating agent relationships were

also considered. Results indicated that protein, nucleating agents and

their statistical interactions were significantly associated with CCMat

the 5% level of significance (ESI Table 3†). Pairwise comparisons

between controls and both graphene and GO were made using least

significant difference procedure within each protein group (Table 1);

p-values were calculated on the transformed scale. The number of

CCMs increased significantly in the ADH : graphene, catalase : -

graphene, catalase : GO, lysozyme : graphene, trypsin : GO,

PSPC1–NONO : graphene and the PSPC1–NONO : GO trials. The

improvement in the number of drops reaching theCCMstandard has

scope for drastically reducing the attrition-rate of failed crystallisation

trials. It was also of interest whether graphene and GO had potential

to be universally applicable nucleating agents. Due to the significant

statistical interaction between some proteins and nucleating agents, it

was not possible to perform a formal test for nucleating agent effi-

cacy, while ignoring the individual protein. However, mean CCM

counts were higher for graphene (3.67, 3.67, 15.0, 2.67 and 2.67) and

graphene oxide (2.00, 4.00, 13.0, 4.00 and 4.00), compared to the

controls (1.33, 2.00, 11.33, 2.00 and 1.33) for all proteins. Further-

more, we also found that the addition of graphene and GO to a

crystal drop diversified the CCMs relative to the control. In the

lysozyme : GO trial where the net CCM was not significantly

improved 6 novel CCMs developed relative to the control plate.

Successful generation of novel CCMs or an increase in the mean

number of CCMs stands to increase the likelihood of obtaining data-

collection quality protein crystals in any trial inclusive of the nucle-

ating agents. It is additionally worth noting that in none of the trials

undertakenwas there a drop in the netCCMcount upon the addition

of either graphene or GO.

We also trialed the ability of graphene andGO to generate crystals

from relatively low protein concentrations where supersaturation

may not be achieved, meaning spontaneous nucleation does not

Fig. 1 Atomic force microscopy analysis of graphene. (a) Line profile

showing the height of the graphene on a silica wafer is 0.9 nm. (b) AFM

image showing the monolayer graphene sheet dispersions.

Fig. 2 Crystalline material forming conditions in protein crystallisation

trials with (darker grey) graphene, (white) a control and (lighter gray)

graphene oxide. Crystalline material includes micro-crystals, needles or

needle clusters, rods and single crystals. Error bars represent SE.

Table 1 Pairwise comparisons using least significant difference proce-
dure for all protein and nucleating agent combinations

Protein Nucleating agent Mean p-Value

ADH Control 1.3333 n/a
Graphene 3.6667 0.0002
Graphene oxide 2.0000 0.1443

Catalase Control 2.0000 n/a
Graphene 3.6667 0.0125
Graphene oxide 4.0000 0.0037

Lysozyme Control 11.3333 n/a
Graphene 15.0000 0.0059
Graphene oxide 13.0000 0.1711

Trypsin Control 2.0000 n/a
Graphene 2.6667 0.2567
Graphene oxide 4.0000 0.0032

PSPC1–NONO Control 1.3333 n/a
Graphene 2.6667 0.0155
Graphene oxide 4.0000 <0.0001

Nanoscale This journal is ª The Royal Society of Chemistry 2012
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occur and subsequently no crystals will form. Fig. 3 shows such a

metastable lysozyme crystallisation trial, after 72 hours with a final

protein concentration of 13.33 mg mL�1, protein crystals only

formed in the crystal trials inclusive of graphene and GO. The effect

of the nucleating agent was shown to be concentration independent

with higher concentrations not resulting in more crystals, as is the

case with some macro-scale nucleating agents. Graphene presented a

unique problem in that incorporation might contribute to crystal

defects. To test this, Raman spectra were obtained from single crys-

tals of lysozyme grown in the presence of 166 mg mL�1 graphene

(Fig. 4). It should be noted that the single crystals were washed and

transferred in a graphene/GO free solution. The Raman spectrum of

the single crystal revealed typical peaks associated with graphene

presence (G-band at�1580 cm�1) suggesting graphene incorporation

in the crystal. It is important that any crystallisation additive aids the

generation of crystals without impairing the diffraction quality. We

further tested if this incorporation resulted in impairment of X-ray

diffraction or quality. The resolution and data quality of a crystal

with graphene was consistent with that obtained without graphene

(ESI Table 4†). As the included graphene may constitute less than 1

part per billion of the volume of the lysozyme : graphene crystal, it is

not surprising that we observed no evidence of graphene diffraction.

We propose that the observed increase in CCMs is a result of the

nucleating agent facilitating semi-ordered aggregate or nucleus

formation via non-specific localisation. Mediated by the surface

aberrations of graphene and GO operating to confine the protein

potentially generates a localised saturation leading to nucleus

formation. Localisation may accelerate nucleus formation or lower

the concentration of protein required for nucleation via lowering the

free energy barrier required for nucleation to occur.

Conclusions

Generation of nuclei currently represents a major obstacle in protein

crystallisation. Here notable improvements were observed in ordered

crystalline precipitates and CCM generation in trials inclusive of the

prior mentioned nucleating agents, whilst additionally reducing the

number of conditions remaining clear during the crystallisation trial.

Graphene and GO have been shown to improve the reproducibility

of crystallisation, increase the likelihood of generating crystalline

material and aid crystal generation from lower protein concentra-

tions. The use of the described nucleating agents in practice should be

used as one tool in the crystallisation screening process where nucleus

formation or conditions with crystalline material is lacking. The

positive effects of graphene and GO on the test proteins suggest

potential use as universally applicable nucleating agents showing

statistically significant effects on CCM generation outside of the

inherent variation in crystallisation as a process. In addition, our

methodology provides a more robust approach to be used for the

determination of additive efficiency in the future.

The authors are grateful for the financial support for this work by

the Australian Research Council, Chimere Pearls and TheUniversity

of Western Australia. The microscopy analysis was carried out using

facilities in the Centre for Microscopy, Characterization and Anal-

ysis, The University of Western Australia, which are supported by

University, State and Federal Government funding. X-ray data were

collected at beamline MX2 of the Australian Synchrotron.

Fig. 3 Protein crystallisation trials of lysozyme at a final concentration

of 13.33 mg mL�1 carried out in triplicate. (a) Lysozyme control, (b)

33 mg mL�1 graphene, (c) 33 mg mL�1 graphene oxide, (d) 166 mg mL�1

graphene and (e) 166 mg mL�1 graphene oxide.

Fig. 4 Raman spectra of (a) a 100 mg mL�1 graphene solution and a

lysozyme protein crystal (b). Spectra of a lysozyme protein crystal grown

with graphene (c) and with the lysozyme background subtracted (c-b)

indicating graphene within the lysozyme protein crystal.
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Notes and references

‡ Experimental: Graphene was synthesized according to the recently
reported method.37 Graphite was oxidised by H2SO4 and KMnO4 with
resultant graphite oxide undergoing exfoliation to afford GO. Hydrazine
and ammonia were subsequently used to reduce GO to reduced graphene
oxide, referred to as graphene throughout. Partial oxygenation may
remain, however this was not expected to affect the application docu-
mented here. Model proteins used; alcohol dehydrogenase (from bakers
yeast, Sigma-Aldrich A3263-30ku) was used at 15 mg mL�1 in 100 mM
sodium citrate buffer, pH 6.0, Catalase (from bovine liver, Sigma-Aldrich
C9322-1G) was used at 30 mg mL�1 in 10 mM HEPES pH 7.0, trypsin
(bovine pancreas, Sigma-Aldrich T1426-50mG) was used at 30 mg mL�1

in 25 mM Tris–HCl, pH 7.0 and lysozyme (from hen-egg white, Sigma-
AldrichL2879-5G) 60mgmL�1 in 100mMsodiumacetate buffer, pH4.6.
PSPC1–NONOwas used at 4mgmL�1 and prepared as per Passon et al.35

Model protein solutions were used at relatively low concentrations to
monitor CCM generation from low protein concentrations (or even
metastable conditions) in the presence of graphene and GO. Metastable
refers to a crystallization drop that may not reach the critical concentra-
tion necessary for spontaneous nucleus formation. Miniaturized 96 well
sparse matrix vapour diffusion trials were undertaken with an Art-Rob-
bins phoenix liquid handling robot, Hampton Research crystal screen 1
and 2 (Hampton Research HR2-110 and HR2-112) and 96 Well Crys-
talQuick� Plus, Hydrophobic, Greiner (Hampton Research HR8-148)
plates. Ratios of 200 : 200 : 50 nL of protein solution : crystallisation
condition : additive solution (20 mgmL�1). Trays were stored at 20 �Cand
monitored at 24 hours, 7 days and 30 days. Thorough testing of the ability
to generate crystals from metastable crystallisation trials was undertaken
with 24 well VDX crystallisation plates (Hampton Research HR3-142)
with a 1 : 1 : 1 ratio of lysozyme (from hen-egg white, Sigma-Aldrich
L2879-5G) 40 mg mL�1 in 100 mM sodium acetate buffer, pH 4.6, reser-
voir 100 mM sodium acetate buffer, pH 6.0, 0.6 M sodium chloride and
nucleating agent 100 or 500mgmL�1 as shown.Nucleating agent efficiency
was shown to be unrelated to concentration as adding more additive did
not increase the number of crystals. Raman spectra samples were grown in
the same conditions as the crystals grown in the metastable experiment,
100mgmL�1 of nucleatingagent.RamanspectraweremeasuredonaDilor
Labram model 1B dispersive Raman spectrometer (30 second exposures
and 1024 datapoints, measuring spectra from 127.38 to 3063.17 Raman
shift cm�1 at room temperature). Spectra were collected below the
meniscus of solutions and on the protein crystal surfaces. Crystals were
extensively washed in reservoir solution prior to data collection to remove
any surface contamination of nucleating agents. Complete X-ray data
were collected at the Australian Synchrotron MX2 beamline with an
ADSC Quantum 315r detector and cooling to 100 K. 180� of native data
were collected at a wavelength of 1.077 �A in 0.5� oscillations with 0.5 s
exposure per image and 95% attenuation of the beam. The data were
processed with, the space group evaluated with, and the data merged and
scaled with XDS.38 Data statistics are listed in ESI Table 4.†
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crystal yield 
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Table 2 

The results of Miniaturized 96 well sparse matrix vapour diffusion trials were undertaken with Hampton Research crystal screen 1&2 in  ratios of 

200:200:50nL of protein solution:crystallisation condition:additive solution (at 20 μg.mL-1). Monitoring for crystalline material forming conditions 

(CCMs). CCMs are inclusive of definite clear micro-crystals, needles or needle clusters, rods and single crystals. A scale commonly used in crystallization 

to grade the drops as clear, amorphous precipitate, crystalline precipitate, quasi crystalline/phase separation and a condition containing crystalline material 

was implemented, for examples see http://hamptonresearch.com/documents/growth_101/9.pdf. 
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Table 3 

Analysis of variance table used to determine p-values using transformed data. The data was transformed by dividing the CCM by 96 (the 

number of trials), taking the square root and then the arcsine. DF denotes the degrees of freedom associated with the source of variance. 

Sum sq. denotes the sum of squares associated with the sources of variance, Total, Model and Error. Mean sq denotes the mean square, 

(Sum sq./DF). F value is the F-statistic (Mean Square Model divided by the Mean Square Error). The Pr (> F) denotes the p-value 

associated with the F-statistic.  It is used in testing the null hypothesis that all means are equal.  

 

 

 

 

 

Table 4 

Details of diffraction data collected from three lysozyme crystals grown with addition of either graphene or GO at a final concentration of 33 μg.mL-1, or a 

water-only control. 

 

 

* Precision-indicating R-factor 

 

  DF Sum sq. Mean sq.  F value Pr(>F)  

Protein  4 0.32033 0.0800082  148.6923 <2.2e-16  

Treatment  2 0.02801 0.014004  26.0013 2.815e-07  

Protein:treatment  8 0.01233 0.001541  2.8606 0.01724  

Residuals  30 0.01616 0.000539     

   lysozyme control   lysozyme and                
graphene   lysozyme and               

graphene oxide 

Space group   P 43 21 2   P 43 21 2   P 43 21 2 

Cell Dimensions Å  a=78.99, c=36.96   a=78.68, c=37.35   a=78.83, 36.96 
Resolution limits 

(highest resolution bin) Å  78.99-1.36 (1.43-1.36)   78.68-1.67 (1.76-1.67)   78.83-1.53 (1.61-1.53) 

Rpim*   0.02 (0.11)   0.02 (0.20)   0.02 (0.11) 

Mean ((I)/sd(I))   23.4(6.6)   33.5(3.7)   28.3(5.8 

Completeness %  99.8(98.7)   99.6 (97.6)   99.8 (99.0) 

Multiplicity   13.4 (13.5)   13.0 (9.9)   11.7 (9.9) 

Electronic Supplementary Material (ESI) for Nanoscale
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Study II

2.3 - Micro-architecture nacre tablets as a heterogeneous additive 
to improve protein crystallisation

2.4 - Introduction

 Molluscan shells are biominerals, composed of a mineral and organic phase 

where both calcite and aragonite (known as mother of pearl or nacre) form from the 

same amorphous CaCO3 solution. Epithelial cells secrete precursor Ca2+, HCO3- and 

amorphous calcium carbonate.253,254 Specific polymorph formation involves high levels 

of molecular control. Initially a layer of tightly stacked calcite prisms form 

perpendicular to the direction of shell growth and subsequently a layer of protein-coated 

chitin is deposited that directs the formation of polygonal nacre micro-tablets.255 

Proteins were implicated in polymorph formation after a protein-rich chitin framework, 

extracted from nacre, was shown to preferentially form nacre in vitro.256 Subsequent 

work identified proteins that covalently bind chitin to generate an insoluble organic 

matrix between growing nacre micro-tablets.257 Mapping of the protein distribution 

within the organic matrix highlighted their role in nacre formation, polymorphism, 

orientation and morphology.258,259 The mechanism of action is thought to be via the 

cation binding capacity of acidic proteins rich in aspartic acid.260-262 Aspein, a protein 

expressed in Pinctada fucata has 60% aspartic acid composition and was shown to 

influence nacre micro-tablet formation.263 Further studies identified two disordered 

chitin associated polypeptides involved in nacre formation,264 suggesting that a 

combinatorial effect of many proteins control nacre formation.
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 The surface morphology of the individual polygon nacre micro-tablets is 

therefore either protein binding or a relic of protein-directed formation. We set out to 

investigate whether nacre micro-tablets could be employed to generate protein crystals. 

Many naturally-derived heterogeneous nucleating agents107,110,112,113,118-120 have shown 

promise previously and the characteristics of nacre micro-tablets make it a candidate 

heterogeneous nucleating agent. 

2.5 - Experimental methods and procedures 

Nacre preparation

Nacre micro-tablets were prepared by scraping Pinctada fucata shells with a scalpel, the 

resultant powder was tested for nacre micro-tablets via scanning electron microscopy at 

the Centre for Microscopy, Characterisation and Analysis at The University  of Western 

Australia.

Nacre inlay method

Crystallisation plates (96-3 well, low volume reservoir intelliplate (Hampton Research 

HR3-183)) were prepared with 1 µL aliquots of a concentration gradient from 10 mg 

mL-1 to 100 ng mL-1 scraped nacre micro-tablets dried into each sitting well. 

Crystallisation drops of 1 µL volume (protein:crystallant at 1:1 ratio) equilibrated 

against an 80 µL reservoir of crystalline were set up  using an Art Robbins Phoenix 

liquid handling robot. Protein solution consisted of 40 mg mL-1 Hen egg white 

lysozyme (HEWL, Sigma-Aldrich L2879-5G) in 20 mM sodium acetate at  pH 4.6. 

Crystallant solution consisted of 0.6 M sodium chloride, 0.1 M sodium acetate at pH 

4.5. 

Agarose nacre-suspension method

Crystallisation plates (24 well, Cryschem plates (Hampton Research HR3-158)) were 

prepared with crystallisation drops of 4 µL volume (protein:gelated crystallant at  1:1 

ratio) equilibrated against an 1 mL reservoir of crystallant were set  up. Protein solution 

consisted of 40 mg mL-1 Hen egg white lysozyme (HEWL, Sigma-Aldrich L2879-5G) 

in 20 mM sodium acetate at pH 4.6. Gelated crystallant consisted of 1% (w/v) low 
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melting point agarose (Sigma-Aldrich A9414-5G), 0.6 M sodium chloride, 0.1 M 

sodium acetate at pH 4.5 with 10 mg mL-1 and 5 mg mL-1 scraped nacre micro-tablets. 

Crystallant solution consisted of 0.6 M sodium chloride, 0.1 M sodium acetate at pH 

4.5.

Silica hydrogel nacre-suspension method

Crystallisation plates (24 well, Cryschem plates (Hampton Research HR3-158)) were 

prepared with crystallisation drops of 5 µL volume (gel:protein:crystallant at 1:2:2 ratio) 

equilibrated against an 1 mL reservoir of crystallant were set up. Protein solution 

consisted of 40 mg mL-1 Hen egg white lysozyme (HEWL, Sigma-Aldrich L2879-5G) 

in 20 mM  sodium acetate at pH 4.6. Gel consisted of 1 µL silica hydrogels (Hampton 

Research HR2-310) with 10 mg mL-1 to 0.12 mg mL-1 scraped nacre micro-tablets. 

Crystallant solution consisted of 0.6 M sodium chloride, 0.1 M sodium acetate at pH 

4.5. 

High-throughput nacre-trials method

Nacre micro-tablets were screened for concentration dependent effects with HEWL 

from 10 mg mL-1 to 10 µg mL-1 conducted in cryschem plates (Hampton Research 

HR3-158) and a 2 µL drop volume of protein:crystallant at 1:1 ratio. Lysozyme (from 

hen-egg white, Sigma-Aldrich L2879-5G) used at 40 mg mL-1 in 20 mM sodium acetate 

buffer at  pH 4.6. Crystallant  0.6 M sodium chloride, 0.1 M sodium acetate at  pH 4.5. 

Nacre was added to the crystallant prior to set-up of sitting drop  and the 1 mL 

crystallant reservoir with 6 replicates per trial. Miniaturized 96 well sparse matrix 

vapour diffusion trials were undertaken with an Art-Robbins phoenix liquid handling 

robot, Hampton Research INDEX screen (Hampton Research HR2-144) and 96-3 well, 

low volume reservoir intelliplate (Hampton Research HR3-183). Plates were set-up  with 

triplicate replications of 1 µL drop volume of protein:crystallant at 1:1 ratio. Model 

proteins used; alcohol dehydrogenase (from Saccharomyces cerevisiae, Sigma-Aldrich 

A3263-30ku) was used at 15 mg mL-1 in 100 mM  sodium citrate buffer at  pH 6.0, 

catalase (from Bovine liver, Sigma-Aldrich C9322-1G) was used at 30 mg mL-1 in 10 

mM HEPES at pH 7.0, myoglobin (from Equine skeletal muscle, Sigma-Aldrich 
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M0630) was used at 10 mg mL-1 in 25 mM Tris-HCl at pH 7.0, lysozyme (from hen-egg 

white, Sigma-Aldrich L2879-5G) used at  30 mg mL-1 in 20 mM sodium acetate buffer 

at pH 4.6 and xylanase (from Thermomyces lanuginosus, Sigma-Aldrich X2753) was 

used at 10 mg mL-1 in 25 mM Tris-HCl at  pH 7.0. Nacre trials were set down with 

protein solutions made as described above with 5 mg mL-1 nacre micro-tablets. Nacre 

was prepared by crushing with a mortar and pestle. Nacre sample was mixed with NaCl 

at 95 % (w/w) and ball milled for 90 minutes in a Spec 8000D Mixer Mill. Ball milled 

sample was washed with Milli-Q and nacre micro-tablets pelleted at 20,000 g and the 

supernatant removed. Sample washing was repeated 5 times with the final pellet left  to 

dry to a powder. 

Statistical analysis method

We utilised the same marking criteria and analysis as developed with our work on 

colloidal graphenes to quantify success. This involved the use of a binary notation for 

each trial as yes or no for conditions with crystalline material (CCM). The use of a 

marking scheme such as this is pivotal to the testing of heterogeneous nucleating agents. 

Generally testing involves arbitrary  monitoring of the crystal formation timescale or 

crystal yield (number of crystals). However, this approach is sensitive to the variation of 

crystallisation, which is a multi-parametric and complex process and so highly variable. 

CCMs include definite clear micro-crystals, needles or needle clusters, rods and single 

crystals. This approach was implemented in an attempt to ensure consistency and 

circumvent investigator bias. CCM counts were converted to proportions by dividing 

the positive CCM counts by 96 (representative of the 96 crystallisation trials 

conducted). CCM proportions were then compared to the control trials using ANOVA of 

the transformed arcsine square roots of CCM generation as described in our study  on 

colloidal graphenes.265 Pairwise comparisons between control and nacre trials were 

made using the least significant difference procedure within each protein group. 

Transformed values were used for the calculation of p-values to determine significance.
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2.6 - Results

 Nacre micro-tablets were prepared from Pinctada fucata shells and confirmed 

via scanning electron microscopy shown in Figure 2.1. Preliminary screening of nacre 

micro-tablets for concentration dependent effects were undertaken with hen egg white 

lysozyme (HEWL). We utilised a marking criteria developed in study  I to quantify mean 

fractions with crystalline material (CCMs). CCMs were used to determine efficacy by 

comparing the mean fraction of success. Determined by dividing CCM count by the 

number of trials to get  a ratio of successes out of the trials undertaken. Overall nacre 

micro-tablet inlays had no effect on CCM generation relative to the control (Figure 2.1).

 The hypothesis that nacre micro-tablets could induce heterogeneous nucleation 

is reliant on the surface morphology  of the tablets. As such we attempted to use gels to 

suspend the nacre micro-tablets to allow all facets to be solvent accessible and thereby 

aid nucleation. We trialled low melting point agarose as it has been used previously  to 

improve protein crystal quality.125 Agarose crystallants of nacre micro-tablets were 

generated and trialled for HEWL, CCMs were abolished through the agarose suspension 

trials, see Figure 2.2 (a). We then trialled a commercially  available silica hydrogel from 

Hampton research which operates similarly  to agarose.126 It  became evident that nacre 
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Figure 2.1 | (a) Scanning electron microscopy image of scraped nacre sample extracted from P. 

fucata nacre inlays, (b) Mean fraction of crystalline material generation in nacre concentration 

gradient trials with a final concentration of 20 mg mL-1 HEWL. (n=24 and monitored at 72 hrs). 
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micro-tablets dissolved in the silica gel during equilibration. No improvement or 

inhibition of CCM generation was determined from the silica gel trials, shown Figure 

2.2 (b).

 We then attempted to utilise nacre micro-tablets as a simple addition to the 

crystallant solution in HEWL crystallisation trials. In these additions no improvement or 

inhibition on CCM  generation was evident in the presence of nacre micro-tablets, 

shown Figure 2.3. We then trialled nacre micro-tablets as an addition to the protein 

solution, to facilitate high-throughput testing at low protein concentrations to trial CCM 

generation from metastable conditions. Trials were undertaken with the model proteins 

alcohol dehydrogenase, catalase, HEWL, myoglobin and xylanase. CCM generation for 

HEWL trials inclusive of nacre micro-tablet trials decreased compared to control trials, 

triplicate measurements allowed mean CCM  generation to be calculated for nacre 

micro-tablet and control trials (Figure 2.4). It is not possible to calculate an overall 

efficiency for nacre due to a strong protein dependence of nacre efficacy, be that 

positive or negative. We can however describe a trend for the mean number of CCMs 

for the nacre and control trials. Mean CCM counts dropped from 15.33 in the control to 

0.33 with nacre micro-tablets for HEWL trials. Mean CCM counts were lower or 
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Figure 2.2 | Mean fraction of crystalline material generation in gelated trials with HEWL. (a) 

Agarose nacre trials with a final HEWL concentration of 20 mg mL-1. (test n=4 and control n=12 

monitored at 48 hrs). (b) Silica hydrogel nacre trials a final HEWL concentration of 16 mg mL-1. 

(test n=4 and control n=12, shown at 72 hrs). 
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unchanged (considering variation) in the nacre trials with values of 8.67, 1.34, 1.34 and 

0.00 compared to 2.00, 1.67, 0.34 and 0.00 in the control trials for ADH, catalase, 

myoglobin and xylanase.

 Statistical analysis was carried out as described in Study I to determine 

individual efficacy of nacre micro-tablets on CCM  generation for the model proteins 

tested. Pairwise comparisons between control and nacre trials were made using the least 

significant difference procedure within each protein group  to determine significance 

(Table 2.5). The deleterious effect of nacre-micro tablets on HEWL crystallisation was 

shown to be significant with no significant effect observed for ADH, catalase, 

myoglobin and xylanase.

 The sparse-matrix conditions generating CCMs changed slightly  in nacre trials 

relative to the control. ADH, catalase, myoglobin and HEWL gained 1 novel CCM, 

however the gain in a CCM was offset by the loss of others, for example in the case of 

ADH a novel CCM  was generated in the presence of nacre however 14 were lost over 

the three replicates. HEWL similarly gained a novel CCM in the presence of nacre 

micro-tablets however 32 CCMs were lost from the control trial. Myoglobin gained one 

CCM in nacre micro-tablets trials at the loss of two CCMs and catalase gained a novel 
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Fig. 2.3 | Protein crystallisation trials of lysozyme at a final concentration of 20 mg mL-1 with nacre 

micro-tablet additions. Triangles denote CCMs and crosses denote no crystalline material. (n=6, 

monitored at 72 hrs)



CCM without the loss of any CCMs and is the only  trial not to be negatively affected by 

nacre micro-tablets. Xylanase did not generate any  CCMs during this experiment and is 

presumably not at a high enough protein concentration.

2.7 - Conclusion

 Screening of nacre micro-tablet inlays as heterogeneous nucleation agents 

showed no improvement or inhibition to CCM generation for HEWL. Similarly  trials 

conducted in agarose gels inhibited CCM generation throughout the time points and 

concentrations tested. The heating required to generate agarose solutions is likely  to 

have compromised the crystallant components, rendering this approach unsatisfactory. 

Silica hydrogel dissolved the tablets, it  is possible that the acetic acid present in the 

silica hydrogel formulation negatively affected brick morphology, ultimately causing 

the nacre micro-tablets to dissolve. Nacre showed no effect on CCM  generation in the 

hydrogel trials. High-throughput crystallisation trials with nacre micro-tablets and low 

concentration protein solutions or ADH, catalase and myoglobin and xylanase showed 

no significant effect on CCM  generation. Nacre micro-tablets induced a significant 

decrease in CCM generation with HEWL. 

 In the experiments conducted here nacre micro-tablets were of no use as a 

heterogeneous additive. Instead, high throughput testing with a larger sample of proteins 
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protein nucleating 
agent mean p-value significance

control 8.6667 n/a
nacre 2.0000 0.1703 none

control 1.3333 n/a
nacre 1.6667 0.9116 none

control 15.3333 n/a
nacre 0.3333 0.0050 **

control 1.3333 n/a
nacre 0.3333 0.5285 none

control 0.0000 n/a
nacre 0.0000 1.0000 noneXylanase
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Figure 2.4 | Crystalline material forming 

conditions in protein crystallisation trials with 

controls (grey) and nacre micro-tablets (white) 

at day 7. (n=3 x 96 trials monitored at 7 days) 

Error bars represent SEM. 

Table 2.5 | Pairwise comparisons using least 

significant difference procedure for protein and 

nacre micro-tablet trials monitoring CCM 

generation.



is required to determine the efficacy of nacre more generally. In future studies it would 

also be valuable to trial numerous preparation methods for nacre micro-tablets. It may 

be that the remaining protein content in the nacre micro-tablets poisoned crystal growth 

due to the introduction of impurities to the crystallisation trial. Therefore it may be 

useful to examine whether it is possible to completely  remove the organic component of 

the nacre micro-tablets in order to investigate the impact on crystallisation outcomes 

from the calcium carbonate component alone.
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CHAPTER  3



Chapter 3 

3.1 - The use of cavitands to ameliorate crystallisation and 
crystallogenesis of troublesome proteins

 Solubility and conformational stability of a target protein is pivotal to successful 

crystallisation. In protein expression and crystallisation trials, a variety of salts and 

small molecule additives are investigated to identify those that improve conformational 

stability  in solution. Therefore a generic additive to generally aid solubility  and 

crystallogenesis of troublesome proteins is sought, but remains elusive. 

 A recent study highlighted the potential for small molecules in protein 

crystallisation, where molecules capable of forming and donating hydrogen bonds were 

used to promote lattice assembly by mediating intermolecular bonding.266 We chose to 

target a class of molecules called cavitands. Cavitands are cone-shaped molecules with 

a hydrophobic central cavity, Figure 3.1, able to bind complementary molecules in host-
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Figure 3.1 | Illustration of the 
overall shape of cavitands. In 
this example calixarenes are 
comprised of phenolic units that 
form a central cavity. The 
dimensions of the central cavity 
is therefore proportional to the 
number of phenolic units which 
is described in the nomenclature 
of the calix[n]arene. Similarly the 
upper and lower functional 
group effect interactions and the 
cavity by dictating the 
arrangement of the phenolic 
units



guest and supramolecular assemblies. There are three sub-types of cavitands: 

cyclodextrins, curcurbiturils and calixarenes. The host-guest interactions of 

curcurbiturils have proven useful for protein purification. Curcurbit[7]uril immobilised 

on Sepharose™ beads was used to selectively extract plasma membrane proteins such 

as caveolin and integrin alpha 6 when functionalised with a ferrocene derivative 

previously  shown to tightly  bind curcurbit[7]uril.267 Cyclodextrins have also shown 

application to structural biology. In membrane protein crystallisation trials that use 

detergent mediated solubility, cyclodextrins facilitated the removal of excess detergent, 

thereby facilitating crystallogenesis.268 Using cyclodextrins in such an application aided 

two-dimensional crystallisation of ompF,268 with the technique subsequently  being 

transferred to micro-fluidic devices.269

 However, the application of calixarenes to structural biology is yet to be fully  

realised. Calixarenes are cone-shaped amphiphilic molecules of linked phenolic units 

forming a central hydrophobic cavity.270 The number of constituent  phenolic rings can 

be controlled and the upper (para) and lower positions, (Figure 3.1) can be 

functionalised271,272 facilitating controllable host-guest interactions.273 Calixarenes have 

application in catalysis274 and self assembly,275 however their application to 

biochemistry  requires further study. Their potential use in protein crystallisation stems 

from two factors: Firstly, their ability to bind complementary  moieties, including 

nucleotides, amino acids, and camouflage residues on a protein surface, could be used 

to mediate protein stability thereby improving the likelihood of protein crystallisation. 

Secondly  their symmetry  and thus potential for forming crystal contacts, and self-

assembly  in solution, could lead to a potential crystallisation advantage. Thirdly, the 

amphipathic nature of some calixarenes could facilitate the structural analysis of 

membrane proteins in a similar manner to lipid meso-phase158 or lipid micelles.34,39

 Calixarenes have been shown to bind nucleotides, where the phenolic hydroxyl 

group of the calixarene coordinated the phosphate of the base.276,277 They can also bind 

amino acids in a host-guest complex, governed by  hydrophobic interactions and the 

aliphatic or aromatic side chains of Val, Leu, Phe, His and Trp.278 The basic residues 
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Lys and Arg were additionally shown to complex calixarenes, dictated by hydrophobic 

interactions and π-π interactions, respectively.279,280 Carboxylic acid functionalised 

calixarenes were shown to bind 15 amino acids with preferential binding of Asp, due to 

hydrogen bonding with the carboxylate side chain281 in a strictly  1:1 complex.282 The 

interaction was shown to be enthalpically  driven with ring size showing no effect on 

amino acid binding.283 Carboxylic acid functionalised calixarenes have since been used 

to extract Trp  analogues from the aqueous phase and solubilise them in chloroform.284 
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Figure 3.2 | Crystal structure of the cytochrome c sulphonatocalix[4]arene complex. (a) The 
asymmetric unit comprises two molecules of cytochrome c (chain A in grey and chain B in green) 
and three calixarenes bound to Lys side chains. Calixarenes shown as blue, N; red, O; yellow, S; 
Carbon atoms are shown coloured as the chain. (b) 1.4 Å electron density map shows the 
presence of a p-sulphonatocalix[4]arene molecule at Lys89. The side chain of Lys89 is shown as 
sticks. (c) Crystal contacts around the p-sulphonatocalix[4]arene bound to B. Lys4 involves three 
additional protein chains (B1, A2 and A3).

Adapted from McGovern et al..293

a

b c



Calixarene binding has also been shown for dipeptides and is thought to be dictated via 

van der Waals interactions directing binding within the hydrophobic cavity. 285 Larger p-

sulfanatocalix[6]arenes are able to bind multiple di or tripeptides.285

 The first  structural insight into an amino acid calixarene complex was a 1:2 

structure of p-sulfonatocalix[4]arene and Lys. The crystal structure showed a bilayer 

arrangement of calixarenes with Lys residues bound within the cavity, and a second Lys 

molecule coordinated between the calixarene bilayers.286 Subsequent studies identified 

similar arrangements for Ala, Phe, His, Leu and Arg calixarene complexes.287-289 

 Further research showed calixarenes were able to bind exposed residues on a 

protein surface, with solvent accessible Lys residues of bovine serum albumin shown to 

bind calixarenes.290 A similar study showed surface exposed Lys residues of cytochrome 

c could also interact with calixarenes,291 the interaction was employed to improve 

cytochrome c solubility in chloroform.292 The recognition of residues was exemplified 

in the crystal structure of p-sulfonatocalix[4]arenes bound to surface exposed Lys 

residues of cytochrome c (Figure 3.2).293 Three binding sites were identified in a crystal 

structure and confirmed in solution with NMR. Lys binding involves hydrogen bonding, 

salt  bridge from the sulfonates and cation-π interactions, typically involving 

coordination with neighbouring residues. The different binding modes of each of the 

three calixarenes imply a range of coordinations are possible and NMR data collected in 

the study showed the interactions were transient in solution. The sulfonate head groups 

contributed to Lys binding and the lower rim hydroxyl groups are involved in crystal 

contacts. Crystal contacts are donated by  the four hydroxyl groups of the calixarene 

(bound to Lys22 and Lys89) making van der Waals contacts with the methyl group  of a 

neighbouring Ala.293 

 

 This chapter describes results obtained during our attempts to investigate the 

application of cavitands as generic additives to aid crystallogenesis of troublesome 

proteins. Although we were unable to obtain any  protein:calixarene co-crystals, valuable 

lessons were learned from the two studies presented here. Study III is a brief report on 
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the serendipitous discovery  that sparse matrix screening can be employed to great effect 

in small molecule crystallisation. In this study  we attempted to co-crystallise a cavitand 

with model proteins to investigate the ability  of cavitands to promote crystallogenesis. 

The negative aspect to this result was that we discovered how readily cavitands 

crystallise in the ion-rich crystallisation screens typically used for protein 

crystallisation: their self-assembly properties worked against us. We did, however, 

discover that the 96-well format screening process is effective for controlled screening 

of small molecule crystallisation. The generated crystals were used for X-ray diffraction 

analysis and two small molecule crystal structures illustrate the potential of sparse-

matrix screening for small molecule crystallisation. This may  prove to be a useful 

discovery, considering the increasing complexity of compounds synthesised and 

destined for X-ray diffraction in chemistry. The fact  that calixarenes crystallised so 

readily in sparse-matrix trials led us to investigate the solution structures of cavitands to 

better understand self-assembly and how that could affect  complexation. Study IV 

describes the characterisation of aqueous dispersions of calixarenes. As the pre-existing 

knowledge of calixarene assembly and interaction with proteins is derived almost solely 

from solid-state studies, we investigated and characterised their aqueous structures and 

concentration-dependent solution behaviour, in order to take the next step towards 

exploiting calixarenes’ potential to augment structural biology. 
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Study III

3.2 - The serendipitous discovery of a high-throughput small 
molecule crystallisation format

3.3 - Introduction 

 After extensive co-crystallisation trials with cavitands and model proteins for 

benefits to protein crystallogenesis generated solely small molecule crystals. We 

decided to probe this observation further. 

Anecdotal evidence from the small molecule crystallography service at UWA 

(CMCA@Bayliss) suggested that small molecules destined for X-ray diffraction are 

becoming evermore complex. A search of the Cambridge Structural Database 

(ccdc.cam.ac.uk)294 - the principal repository for chemical crystal structures - yielded 

evidence of increasing complexity: the number of atoms in the asymmetric unit 

increases in relation to year of deposition (Figure 3.3). Additionally due to multiple-

stage, miniaturised and complex synthesis protocols the quantities of compounds 
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Figure 3.3 | Graph shows the mean 
number of atoms per Cambridge 
Structural Database entry per year. This 
shows structures with more atoms are 
being solved via X-ray crystallography. 
Values shown are mean values for the year 
and error bars denote SEM.
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generated can be small. As such the usual method of generating small molecule crystals 

by evaporation trials at super-saturated millilitre scale can be wasteful and costly. We 

discovered the use of protein crystallisation tools and methodologies for the 

crystallisation of small molecules from micro- to nanolitre volumes.

3.4 - Experimental methods and procedure 

p-Sulfonatocalix[6]arene structure 

Crystals were grown from a 2 µL drop  solution of 1:1 ratio protein solution:calixarene 

solution. The protein PPR10 (from maize) was used at 10 mg mL-1 in 500 mM KCl, 50 

mM Tris-HCl buffer at pH 7.5, 10% (v/v) glycerol, 5 mM  β-mercaptoethanol. The 

crystallant was 500 mM  KCl, 50 mM Tris-HCl at pH 7.5, 10% (v/v) glycerol and 5 mM 

β-mercaptoethanol. The cavitand was an aqueous solution of 10 mM  p-

sulfonatocalix[6]arene. A 24-well optimisation screen was set put using a 1 mL 

crystallant reservoir of in a Cryschem™ plate (Hampton Research HR3-158). Trays 

were stored at 20 ºC. Complete crystallographic data for the structure were collected at 

100 K on an Oxford Diffraction Gemini diffractometer. Following analytical absorption 

corrections and solution by direct methods, the structure was refined against F2 with 

full-matrix least-squares using the program SHELXL-97.295 One water molecule, O17, 

was refined with site occupancy  of 0.5 after trial refinement. Those water molecule 

hydrogen atoms which were located were included and refined with restrained 

geometries. All remaining hydrogen atoms including phenolic hydrogen atoms were 

added at calculated or observed positions and refined by  use of a riding model with 

isotropic displacement parameters based on those of the parent atoms. Anisotropic 

displacement parameters were employed for all the non-hydrogen atoms. 

β-Cyclodextrin structure 

Crystals were grown from a 300 nL drop  of a 1:1:1 solution of protein solution/

crystallant:cyclodextrin solution. The protein alcohol dehydrogenase (ADH) (from 

bakers yeast, Sigma-Aldrich) was used at 15 mg mL-1 in 100 mM sodium citrate buffer 

at pH 6.0. The crystallant was 0.1 M HEPES at pH 7.5, 1.4 M  sodium citrate tribasic. 
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The cavitand was an aqueous solution of 10 mM  β-cyclodextrin. A miniaturised 96 well 

sparse-matrix vapour diffusion trial was undertaken with an Art-Robbins Phoenix liquid 

handling robot, Hampton Research index crystal screen (HR2-144) and 96 Well 

CrystalQuick™ Plus, Hydrophobic, Greiner plates (Hampton Research HR8-148). 

Trays were stored at 20 ºC. Complete crystallographic data for the structure were 

collected at the Australian Synchrotron MX1 beam line with an ADSC Quantum 315r 

detector and cooling to 100 K. 180 º of native data were collected at a wavelength of 

0.7085 Å in 1 º oscillations with 1 second exposure per image and 95% attenuation of 

the beam. The data were processed with MOSFLM296 and solution by direct methods, 

the structure was refined against F2 with full-matrix least-squares using the program 

SHELXL-97.295 

3.5 - Results 

 As a byproduct of screening for protein:calixarene complexes, we crystallised, 

and solved the structures of two small molecules: The p-sulfonatocalix[6]arene 

crystallised in a monoclinic space group P21/n, unit cell parameters 13.56, 11.46, 18.80., 

90.00, 103.92, 90.00. The formula is given in Table 3.4. The p-sulfonatocalix[6]arene is 

situated on a crystallographic inversion centre and is in the form of a three-up, three-

down conformation shown Figure 3.5. The asymmetric unit contains one p-

sulfonatocalix[6]arene and six potassium ions. The structure is similar to a Rb analogue 

previously  described.297 These two structures differ slightly  in that, although O17 has 

occupancy of 0.5 in both structures, the uncoordinated water molecule O18 in the p-

sulfonatocalix[6]arene is now fully  occupied. The quality of the data was sufficient for 

the phenolic hydrogen atoms to be located and refined. Those on O5 and O9 (and their 

centrosymmetrically  related atoms) are involved in intra-molecular hydrogen bonding to 

adjacent phenolic oxygen atoms. The remaining phenolic hydrogen atom, H1, is 

hydrogen bonded to a sulphonate oxygen atom of the calixarene molecule related by the 

crystallographic 21 axis along the b direction. All the K+ ions are bonded to water 

molecules or sulphonate oxygen atoms only with no contacts to the phenolic oxygen 
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atoms. As was also observed in the Rb compound, there is evidence of K+- π 

interactions with short contacts between K3 and some of the aromatic rings. The 

calixarenes are arranged in sheets parallel to the (-1 0 1) planes alternating with sheets 

of K+ ions coordinated to the sulphonate and water molecule oxygen atoms.
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Table 3.4 | Crystal refinement data for the β-cyclodextrin and benzoic acid complex and p-
sulfonatocalix[6]arene.* Denotes data collected at the Australian synchrotron MX1 beamline and † 
Denotes data collected in-house on a Oxford Diffraction Gemini diffractometer.

β-Cyclodextrin* p-sulfanatocalix[6]arene†

Chemical formula C98H180O89 C42H52K6O35S6

Mr 2782.42 1543.80
Crystal system Triclinic, monoclinic
space group P1 P21/n
Temperature (K) 100 100
dimensions
  a,b,c (Å) 15.04(12), 15.67(13), 15.73(13) 13.56(8), 11.46(10), 18.80(13)
  α,β,γ (º) 88.88(5), 74.84(5), 75.69(5) 90, 103.92(7), 90
V (Å3) 3463.1(5) 2834.5(4)
Z (g dm-3) 1 2
Radiation type Synchrotron, λ = 0.70850 Å λ = 1.54178 Å
μ (mm-1) 0.12 7.10
Crystal size (mm) 0.06 x 0.04 x 0.02 0.14 x 0.08 x 0.05

Data collection

Diffractometer MAR-CCD diffractometer Oxford Diffraction Gemini 
diffractometer

Absorption correction - Analytical
No. of measured, independent and 
observed reflections

15357, 15357, 14614 14054, 5036

Rint 0.0000 0.1126
(sinϴ/λ)max (Å-1) 0.669 1.110
  
Refinement  
R[F2>2σ(F2)], wR(F2), S 0.109, 0.264, 1.02 0.069, 0. 189, 0.938
No of reflections 15357 14054
No. of parameters 1674 427
No. of restraints 3463.1(5) 20
H-atom treatment H-atom parameters constrained

w = 1/[σ2(Fo2) + (0.060P)2 + 16.P]
where P = (Fo2 + 2Fc2)/3

H-atom parameters constrained
w = 1/[σ2(Fo2) + (0.060P)2 + 16.P]
where P = (Fo2 + 2Fc2)/3

Δρmax, Δρmin (e Å-3) 1.19, −0.48 0.696, -0.971



 Of the two structures, the β-cyclodextrin/benzoic acid complex is of particular 

interest to the application we set out to study. The β-cyclodextrin/benzoic acid complex 

crystallised in the triclinic space group  P1, unit  cell parameters 15.04, 15.67, 15.73, 

88.88, 74.84, 75.69. The formula of the β-cyclodextrin/benzoic acid complex is given in 

Table 3.4. β-cyclodextrin is a seven membered ring of α-D-glucopyranoside units linked 

1 to 4, shown Figure 3.5. The asymmetric unit contains two β-cyclodextrin molecules 
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Figure 3.5 | Crystal structure of the β-cyclodextrin and benzoic acid complex (a). The asymmetric 
unit comprises two molecules β-Cyclodextrin molecules with two benzoic acid moieties co-
ordinated within the central hydrophobic cavity. β-cyclodextrin shown as green, C; red, O; yellow, 
S; white, H. (b) shows the flip-flop 3 up 3 down structure of p-sulfonatocalix[6]arene. (see Table 
3.4 for details).



stacked head to head, with upper rim secondary hydroxyl groups forming extensive 

hydrogen bonds with the secondary hydroxyl groups of the second molecule. The 

primary hydroxyl groups of β-cyclodextrin molecules are involved in crystal contacts. 

The structure shows the inclusion of a benzoic acid moiety within the cavity of each β-

cyclodextrin. The benzoic acid is coordinated by hydrogen bonding of the carboxylic 

acid group at the para- position of the aromatic ring and two primary hydroxyl groups 

of the β-cyclodextrin, with the phenyl group buried in the hydrophobic cavity The 

significance of this structure lies in the similarity of benzoic acid to the Phe side chain, 

illustrating the potential of cavitands for binding surface-exposed amino acids on 

proteins. 

3.6 - Conclusions

 The results described here did not show the co-crystallisation capabilities of 

cavitands with proteins. After high-throughput protein:cavitand crystallisation trials we 

were not able to identify  a co-crystal structure of such a complex. The benzoic acid 

complex does however illustrate the binding potential of cyclodextrins and other 

cavitands for amino acid like molecules. 

 Vapour diffusion and nano-litre sparse matrix screening is useful for small 

molecule crystallisation offering potential in the future. This builds on previous 

observations that vapour diffusion is a more controlled crystallisation technique than the 

commonly used solvent evaporation technique.298 Vapour diffusion has been utilised to 

some extent for small molecule crystallisation although more general use is yet to be 

fully  embraced. There are over 220 β-cyclodextrin structures, excluding redundancies 

deposited in the Cambridge Structural Database.299 Many of these structures have been 

solved using solvent evaporation. For example, five of the most recent cyclodextrin 

structures exclusively use solvent evaporation to generate crystals.299-303

As progressively larger and more complex chemical compounds are synthesised, 

they become crystal targets that behave more like dynamic protein molecules in 

solution. The use of miniaturised crystallisation trials means a finite amount of sample 

96



can be tested in large number of conditions that span a huge area of crystallisation space 

in terms of reagent mixtures and concentrations. The use of liquid handling robots could 

improve also aid in crystal replication.

 It could be suggested that the inability  to co-complex cavitands with proteins in 

crystal trials could be due to the concentrations of cavitands being too high. For instance 

the use of solution based techniques such as NMR or SAXS to screen firstly for 

protein:cavitand interactions, and secondly to investigate optimal concentrations and 

ratios for complexes to form. Such an approach would hopefully limit the number of 

cavitand crystals in crystallographic screening as experienced here, where the 

generation of crystals was limited to that of the cavitands alone. This problem was made 

worse by the fact that cavitand crystals are not immediately discernible from protein 

crystals and required X-ray diffraction data to be collected to identify  the crystal 

composition.

 Therefore this study then raised questions regarding the aqueous behaviour of 

cavitands in solution. A necessary characterisation step  considering we have shown here 

that cavitands tend to crystallise in conditions favourable to protein crystallisation.
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Study IV

3.7 - The structural characterisation of calixarene micelles via small 
angle X-ray scattering

Benjamin S. Gully, Haydyn D. T. Mertens, Paul Eggers, Adam D. Martin, William A. 
Stanley, Colin L. Raston, K. Swaminathan Iyer and Charles S. Bond. The structural 
characterisation of calixarene micelles via small angle X-ray scattering. In prep.
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Calixarenes are phenolic derivatives employed as cavitand hosts for a variety of 

supramolecular applications. The organisational state of calixarenes in solution is 15 

currently ill-defined, yet their supramolecular assembly is critical to 

understanding their bulk properties. Here small angle X-ray scattering is used to 

determine the solution three-dimensional arrangement of a series of 

functionalised calixarenes, and their mode of solubilising the hydrophobic 

antibiotic, thiostrepton.  20 

Calixarenes are cone-shaped amphiphillic phenol derivatives that are highly 
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functionalisable: It is possible to covalently modify the upper and lower rim of the 

phenolic units1 as well as control the number of constituting units2 modifying their 

cavity size.3 Owing to such customisation, calix[n]arenes have been studied in host 

guest chemistry,4 catalysis,5 biochemical applications,6-11 and self assembly.12 

Calixarenes were previously shown to bind to a variety of amino acids and 5 

peptides.11,13,14 including exposed amino acid side chains on a protein surface,8,15, and 

ultimately exemplified by the successful co-crystallisation of a p-

sulfonatocalix[4]arene bound to surface exposed lysine residues of cytochrome c.16 

 

Given that protein crystallisation is such a major bottleneck in structural genomics17-19 10 

due to the attrition from cloned targets through to refined structures (remaining 

~3%),20 much research has been aimed at improving the technique21,22 of 

crystallogenesis,23-34 particularly as the science moves towards structural analysis of 

membrane bound proteins and complexes. An additive to generally aid solubility and 

crystallisability of proteins is sought, but remains elusive. The potential for calixarenes 15 

here is three-fold, as already shown calixarenes could be employed to camouflage 

residues on a protein surface in an attempt to mediate protein stability thereby 

improving the likelihood of protein crystallisation. Secondly, calixarenes self-assemble 

in solution, leading to a potential crystallisation advantage. Thirdly, the amphipathic 

nature of some calixarenes could facilitate the structural analysis of membrane proteins 20 

in a similar manner to lipid meso-phase35 or lipid micelles.36,37 As exemplified in the 

use of amphiphillic calix[4]arene compounds for membrane protein extraction for 

crystallisation.38  
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Calixarenes can be functionalised such that they form micelle-like arrangements,39-41 

with a variety of functionalised calixarenes subsequently shown to form similar 

micelles.42-47 Such micelles were shown to form in complex with guest molecules48-52 

with the potential for employment as delivery vehicles. The supramolecular 

arrangement of calixarene molecules in micelles was shown for the first time via cryo-5 

TEM at 12Å resolution53,54 and further insight gathered via NMR.55,56 Factors shown 

to affect the structure include the lower rim alkylation,57 ion58 or counter ion 

binding,58-60 pH61 and addition of other molecules.62  

Present understanding of calixarene-based micelles is derived from known constraints 

of lipid micelle formation and crystal structures of the constituting monomers. A key 10 

tool has therefore been X-ray crystallography derived structures. Such models afford a 

comprehensive understanding of the structure of the molecule within any relevant 

crystal but whether these accurately represent the aqueous solution structure remains 

unclear. Structure determination of a calixarene micelle remains difficult. However, a 

model of a reverse-micelle dodecameric calixarene assembly in DMSO was recently 15 

proposed.63 Although small angle X-ray scattering data exists for other calixarene 

species this is the first time phosphonated calixarene arrangements have been 

described in such detail. Crystal structures of O-alkylated p-

phoshphonatocalix[4]arenes (pclx4) have shown the propensity for the alkyl chains to 

induce  bi-layer type arrangements,64,65 however, experimental evidence suggests that 20 

the aqueous structures are different.66,67  

 

As the pre-existing knowledge of calixarene assembly and interactions with proteins 
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and peptides is derived almost solely from solid-state studies, we sought to investigate 

and characterise their aqueous structures and concentration-dependent solution 

behaviour, in order to take the next step towards exploiting calixarenes’ vast potential 

to augment structural biology. 

Results 5 

Herein we analyse the solution structures of O-alkylated pclx4’s as determined via 

small angle X-ray scattering data (SAXS), describing their micelle-like arrangements 

and demonstrating that these structural arrangements are controllable. Figure 1 shows a 

schematic representation of the compounds studied, namely a series of O-alkylated 

pclx4 compounds, an O-octyl para-methylphosphonatocalix[4]arene (mpclx4C8) and an 10 

O-octyl para-methylaminocalix[4]arene (mnclx4C8). 

 

To investigate the contribution of alkyl chain length to the aqueous arrangements we 

generated pclx4 compounds with butyl (C4), hexyl (C6), octyl (C8) and decyl (C10) O-

alkylations (Fig. 1). SAXS measurements were performed on aqueous samples of these 15 

compounds at a series of concentrations, providing comprehensive detail on the size 

and structural arrangements. Radially averaged one-dimensional scattering profiles for 

compounds pclx4C4, pclx4C6, pclx4C8 and pclx4C10 are shown Figure 2.  

 

Qualitative analysis of scattering data 20 

The SAXS profiles for pclx4C4 and pclx4C6 clearly show a concentration-dependent 

formation of large structures (Fig. 2a & b). A transition from relatively featureless 
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profiles characteristic of unstructured and polydisperse solutions at low concentration, 

to profiles with increased intensity at low-q and a broad maximum at high-q, at 

concentrations above 4 mM is observed for pclx4C4. The slope at low-q of the log-log 

plot for the pclx4C4 sample at 16 mM is ~-2, consistent with the formation of vesicular 

or “disc-like” structure.61 The pclx4C6 profiles, however, clearly show the formation of 5 

a defined aggregate structure as the concentration is increased. A relatively sharp 

minimum is observed at q ~0.12 Å-1 and a secondary maximum at ~0.2 Å-1, the former 

an indicator of low sample polydispersity and the latter typical of “bi-layered” 

structures (eg. scattering between regions of high electron density separated by a lower 

electron density region, similar to that observed for phospholipid bilayers). Due to 10 

inter-particle inference hindering Guinier analysis, the radius of gyration (Rg) and 

maximum dimension (Dmax) of the calixarene arrangements were determined via Real 

space distribution functions p(r) from indirect Fourier transformations, implemented in 

the program GNOM68 from the ATSAS69 suite. 

Further evidence of a concentration dependant polydispersity of the pclx4C4 & pclx4C6 15 

structures is evident in the heterogeneity of the p(r) functions (Fig. 3a, b & Table 1). 

For the pclx4C8 scattering profiles (Fig. 2c), as the sample concentration is increased 

from 0.13 mM to 0.54 mM, the minimum at q ~0.13 Å-1 is observed to shift subtly 

towards higher q values. Above 0.54 mM, the trend is reversed and enhanced, 

reflecting a concentration-dependent increase in particle size. Commensurate trends in 20 

the p(r) plot of pclx4C8 are observed with a changing mean radius for the second 

maximum at 35-40 Å (Fig. 3c). Similar scattering profiles and p(r) plots are observed 

for the decyl derivative although with an increase in particle Dmax (Fig. 2d & 3d).  
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It could be that the average aggregate size decreases with concentration as somewhat 

compact structures initially assemble, followed by an increase in average size beyond 

0.54 mM. However, the absence of this trend for both Rg and Dmax argues against such 

behaviour, pointing instead toward the assembly of inhomogeneous calix[4]arene 

aggregate structures with several different regions of electron density. An electron rich 5 

(relative to the solvent) shell and electron poor core would provide a complex multiple 

contrast condition that may explain the subtle shifts in minima observed in the data. 

 

Further inspection of the data reveals that for only the octyl derivative, is a consistent, 

stable structural arrangement observed throughout the whole concentration range 10 

explored (Fig. 3 & Table 1), having an Rg of ~24 Å and a Dmax of ~61 Å throughout 

(Table 1). The other derivatives all display substantial changes in size at low and/or 

higher concentrations. Analysis of scattering data for the pclx4 series of O-alkyl 

derivatives reveals that when comparing similar concentration samples (for example 

those at ca [2 mM], there is a correlation between alkyl chain length and both Rg and 15 

Dmax (supplementary Fig.  1). 

 

Construction of chemically-plausible models 

In order to generate chemically relevant models of particle structure, we employed two 

approaches: (1) fitting of plausible geometrical objects to the experimental data, and 20 

(2) ab initio reconstruction directly from the data with dummy-atom bead modelling. 

In the first case, the scattering profiles were analysed using a fitting procedure 

implemented in the software package Igor Pro (Wavemetrics), making use of the 
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NCNR form factor fitting library.70 Form-factor fitting corresponding to spherical and 

cylindrical objects were fit to the scattering data (see Experimental section for details) 

of samples at concentrations corresponding to the most stable arrangements of pclx4C8 

and pclx4C10, to a selection of objects was trialled (see Table 1 for fitting parameters 

and supplementary Fig. 2-6 for fits). Rather than the core-shell sphere model that one 5 

might expect for a classical micelle-like arrangement, the best fit was observed for a 

core-shell cylinder form factor (see Experimental section for details) which for pclx4C8 

had a shell of radius ~1.4 Å and length of ~1.2 Å surrounding a core of radius ~18.6 Å 

and length ~24.3 Å, in the concentration range 2.18 to 0.14 mM. Consideration of 

these dimensions, along with our chemical knowledge of phosphonated calixarenes 10 

suggest that the shell in this model represents the electron dense phosphonate groups, 

while the core represents the largely aliphatic tail. Consistent with this, the fitted 

electron density of the shell (0.37e -/Å3) is higher than that of the surrounding water 

(0.334 e-/Å3) while the core, is similar or lower (0.31-0.33 e-/Å3) suggesting a central 

hydrophobic region. This supports the presence of a multi-contrast system and the 15 

complex sample behaviour observed in the SAXS patterns described in the previous 

section. 

 

An ab initio reconstruction of the pclx4C8 data (Table 2.) using a loosely constrained 

search volume and without enforcing symmetry shows that, at low resolution, the 20 

solution arrangements of pclx4C8 are micelle-like. Eight discrete areas of density are 

observed in the models (Fig. 4a), which is similar to that from previous findings where 

seven molecules defined a micelle-like arrangement.48 Using the pclx4C8 reconstruction 
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we could generate a plausible model of the micelle-like arrangements, by 

superimposing copies of the crystal structure of an alkylated p-phosphonated 

calix[4]arene, shown previously to crystallise in a bilayer,71 into the model volumes 

(Fig. 4b). We propose that the alkyl chains point towards the centre of the arrangement 

based on the propensity for calixarenes to bury alkyl chains away from the solution as 5 

the ab initio reconstructions show the core of the micelle-like arrangement as devoid of 

density - as expected for model reconstruction of a low scattering contrast core region, 

and matching the geometric form-factor fitting.  

 

The effects of functionalization on particle shape 10 

To investigate how modification of the chemical structure of the upper-rim would 

affect the structural arrangements a para-methylphosphonatocalix[4]arene (mpclx4C8, 

Fig. 1) was synthesised and characterised (see supplementary Fig. 7 & supplementary 

Table 1). Like pclx4C8, scattering profiles of mpclx4C8 aqueous dispersions retain the 

sharp minimum observed at q ~0.13 Å-1 and secondary maximum at ~0.2 Å-1. The 15 

features in the SAXS profiles and the parameters extracted follow a similar trend to 

pclx4C8. Nevertheless, the mpclx4C8 aqueous arrangements could still be adequately fit 

with a core shell cylindrical form-factor (see supplementary Fig. 8 & supplementary 

Table 1), indicating that the upper-rim of the phenolic units can be functionalised 

whilst retaining micelle-like arrangements.  20 

 

Once we established that pclx4C8 and mpclx4C8 form stable micelle-like arrangements 

we set out to test whether such micelle-like arrangements persist when calixarenes are 
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used to solubilise hydrophobic molecules, or if a more classical host-guest 

arrangement was observed. We chose to investigate thiostrepton, a hydrophobic cyclic 

peptide, original isolated as an antibiotic and more recently documented to have anti-

cancer activity.72 Thiostrepton has poor water solubility that has hampered its utility as 

a therapeutic. We noted that the core radius and length of the pclx4C8 micelle-like 5 

arrangements (~19 and ~24 Å) could be suitable for the encapsulation of thiostrepton 

which has a Dmax of ~24 Å, as calculated from crystal structures.73,74 Alternatively, 

thiostrepton itself could alter there structure of the calixarene micelle, resulting in a 

much tighter, specific supramolecular complex.  

 10 

In order to test these potential solubilisation modes we attempted to encapsulate 

thiostrepton with the functionalised mpclx4C8 to generate an aqueous dispersion of 

thiostrepton. However, the mixture immediately formed a cloudy colloidal suspension 

that produced SAXS data of a showing that stable micelle encapsulation had been 

unsuccessful (see supplementary Fig. 7 & supplementary Table 1). The scattering 15 

profiles were indicative of a significant structural rearrangement upon encapsulation 

attempts although we could not accurately describe the structure of the complex other 

than stating it was no longer micelle-like (see supplementary Fig. 8). demonstrating 

that we had not produced stably encapsulated thiostrepton  (see Experimental section 

for encapsulation procedure).  20 

 

We then attempted the encapsulation with calixarenes functionalised with a para-

methyltri-methylamine group (mnclx4C8) on the upper rim (Fig. 1). This involved the 
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suspension of thiostrepton in chloroform, mixing with an aqueous solution of the 

mnclx4C8 calixarenes, followed by selective evaporation of the chloroform. This 

resulted in a clear aqueous solution, suggesting inclusion of thiostrepton within the 

mnclx4C8’s. SAXS data were collected on aqueous dispersions of mnclx4C8 alone, of 

thiostrepton:mnclx4C8 and a thiostrepton-less control where the same chloroform 5 

evaporation protocol had been followed (ch:mnclx4C8) (Fig. 5). 

 

SAXS scattering profiles of aqueous dispersions of mnclx4C8 retain many of the 

features observed for pclx4C8, including a sharp minimum at q ~0.13 Å-1 and a 

secondary maximum at ~0.2 Å-1. However, the scattering profiles show signs of 10 

structure factor interference in the low-q region, suggesting potential inter-particle 

interference (Fig. 5). The scattering profile of the Thio:mnclx4C8 sample (Fig. 5) 

displays similar features as for apo mnclx4C8 at 7.06 mM, although the presence of 

structure factor interference in the low-q data remains consistent at ~140 Å for both the 

apo mnclx4C8 and Thio:mnclx4C8 arrangements. Indirect Fourier transformation 15 

analysis of the data showed the Rg and Dmax of the apo mnclx4C8 and Thio:mnclx4C8 

arrangements were comparable (supplementary Fig. 9). Suggesting similar structural 

arrangements are observed. The SAXS profiles of the Thio:mnclx4C8 arrangements 

show clear differences relative to those obtained in the absence of the compound. 

Although the exact nature of the interaction leading to solubilisation cannot be 20 

obtained from this data, the lack of visible precipitate suggests that the compound is 

stabilised and likely forms a complex of some description with the calix[4]arenes.  

Conclusions 
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A series of O-alkylated phosphonated calix[4]arenes were synthesised and shown to 

form complex micelle-like arrangements in solution. We were able to show that the 

aqueous arrangements of O-alkylated pclx4’s are irregular below a critical O-alkylation 

of an octyl group and stable above that threshold. The aqueous arrangements showed a 

core-shell cylinder structure in solution rather than the core-shell sphere one would 5 

expect. The solution structures of the O-alkylated pclx4 derivatives are completely 

different to the crystallographically observed structural arrangements of bi-layers and 

or elongated fibres. We have also shown that the extension of the upper-rim functional 

group by one methylene unit does not alter the formation of micelle-like arrangements 

suggesting that these micelles could be customised towards a specific application in 10 

the future. Notably, we have shown a continuous correlation between the maximum 

dimension of the particle and the length of the alkyl group, and mapped out a 

potentially useful array of concentration and alkyl length values that result in 

formation of consistently-shaped particles. Ab initio reconstructions support the 

observation of micelle-like arrangements and illustrates that calixarenes can form a 15 

clathrate-like arrangement of 8 molecules. We further note that with shorter alkyl 

groups, the arrangements are less stable across concentration ranges, and suggest that 

this is influenced by the inherent flexibility of calixarenes with short alkyl changes, as 

opposed to those with longer chains, which are stabilised against flip-flopping of the 

phenolic units.  The steric hindrance promotes a more stable micelle-like arrangement 20 

in solution.  

 

Finally, we have demonstrated the ability to produce relatively monodisperse aqueous 
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dispersions of a substantial hydrophobic antibiotic peptide, and characterised these 

particles using SAXS. The data suggests apo mnclx4C8 and Thio:mnclx4C8 form 

similar arrangements and we propose that the micelles display scattering consistent 

with micelle-like arrangements and the strong interparticle interference suggests that 

the para-methyltri-methylamine group is solvent facing with thiostrepton encapsulated 5 

in the micelle-like core of the arrangement. The value and further application of 

calixarenes and there micelle-like arrangements is yet to be realized particularly as 

there seems to be a clear relationship between the length of the alkyl chain and the 

overall size of the arrangements. We have been able to define the solution structure of 

these micelle-like arrangements with clarity and precision whilst in solution. This is 10 

imperative for their wider applications as calixarenes are mainly employed as solutes. 

There is promise for the use of these micelle-like arrangements as a solubilisation 

matrix for small molecules, drugs or even potentially as an easily functionalised 

alternative to lipids for protein solubilisation. 

Notes and references 15 

‡ Experimental:  

Calixarene synthesis was carried out as described previously by Eggers et al.67 

Aqueous dispersions of the calixarenes were made in 1 mL of Milli-Q with the 

addition of 40 µL of 1M NaOH to disperse the calixarenes, subsequently bringing the 

solution to neutrality with 40 µL of 1M HCl. Encapsulation protocol for para-20 

methyltri-methylamine calix[4]arene  (mnclx4C8) and thiostrepton included making a 

7.06 mM aqueous dispersion. We added thiostrepton at 1:8 stochiometry 
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thiostrepton:calixarene. We added 266.6 µL of chloroform with 1.46 mg of 

thiostrepton in solution. After 60 seconds sonication in a sonic bath the chloroform 

was selectively evaporated. For the chlorofrom control the same protocol was carried 

out in the absence of thiostrepton. Small angle X-ray scattering data were collected at 

the Australian Synchrotron SAXS/WAXS beamline75 with a Pilatus detector at 20 ºC, 5 

at neutral pH, using the mother liquor of Milli-Q with the NaOH and HCl addition was 

used for the dilution series.  Several exposures were measured per 80 µL loaded under 

controlled flow via capillary loading. The scattering images were processed with 

scatterBrain. The radius of gyration (Rg) and maximum dimension (Dmax) of the 

arrangements was analysed using the ATSAS software GNOM,68 by indirect Fourier 10 

transformation and from p(r) distributions. Form factor fitting was undertaken with the 

NIST software Igor Pro.70 We calculated approximate values of the electron densities 

derived from the chemical composition of the calixarenes as a starting point for fitting. 

The theoretical formula for the core shell model was adapted from Igor pro70 and A. 

Guinier76 and is calculated: 15 

 

with the normalised log-normal distribution: 

 

and 

I(Q) = bkg +
Scale∑∑ (R )P(Q R R HH )I(Q) = bkg +   

Vp
∑∑n(Rp,σp)P(Q,Rp,Rl,HHl,ρp,ρl,ρsolv)
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2

)exp( 1 [[ ln(Rp/RRo) ] )
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J1(x) is the first order Bessel function. Theta (Θ) is the angle between the cylinder axis 

and the scattering vector, Q. The integral over theta averages the form factor over all 

possible orientations of the cylinder with respect to Q. The core radius = Rp, core 5 

length = Hp  (the mean core radius = Ro). Note that shell radius and length incorporate 

the dimensions of the bare particle (i.e Hl = Hp + 2 * face thickness and Rl = Rp + radial 

thickness). Sigma (σ) is equivalent to standard deviation of the log-normal plot. The 

form factor P(Q) is normalised by multiplying by scale/Vp. If scale represents the 

volume fraction of the core particles then the multiplication factor is the number 10 

density of particles and an absolute intensity is returned. Note that the shell has a 

constant thickness around the edge of the particle. 76-point Gaussian quadrature is 

used to calculate the form factor and a 20 point Gaussian quadrature is used to 

integrate the polydispersity. Ab initio reconstructions of the data were conducted with 

the programmes DAMMIF,77 DAMMIN,78 DAMAVER79 and CRYSOL80. DAMMIF 15 

reconstructions of pclx4C8 arrangements conducted on the 0.5 mM data (as well as the 

DAMMIN reconstructions, data not shown). The q range was truncated at 0.35 prior to 

generating 10 separate ab initio reconstructions. The reconstructions were tested for 

uniqueness with DAMAVER. Normalised spatial discrepancy (NSD) values of 0.974, 

0.975, 0.990, 1.003, 1.012, 1.063, 1.147, 1.178, 1.235 as calculated via SUPCOMB for 20 

the nine models included in DAMAVER processing. The mean NSD was 1.096 with a 

2

[ sin (( QH1 cosθ ) ( ) sin ( QHp cosθ ) ( )]
2

P(Q) sinθ・dθ・[ V (ρ ρ )
sin (( 2 ) 2J1(QR1 sinθ)

+ V (ρ ρ )
sin ( 2 ) 2J1(QRp sinθ)]P(Q) =   sinθ・dθ・[ V1(ρp - ρsolv) QH1 cosθ QR1 sinθ

+ Vp(ρp - ρl) QHp cosθ QRp sinθ ][
2 2

][
2 2

]
  π/2

∫
0

Vx = πRxHx
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variation of 0.136, the tenth model was classed an outlier with an NSD of 1.380. The 

crystal structure used for the modelling was obtained from the Cambridge Structural 

Database, accession CCDC 717636.71 

Form-factor fitting the scattering data to a cylinder core shell with Rc, Rs, lc & ls 

correspond to the radii and lengths of the model cylinder core and shell, is represented 5 

below.  
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Figure 1. Schematic representation of a, the O-alkylated para-phosphonato 

calix[4]arenes (pclx4) with O-alkylations of butyl (pclx4C4), hexyl (pclx4C6), octyl 

(pclx4C8) and decyl (pclx4C10) b, para-methylphosphonato calix[4]arene 

(mpclx4C8) and c, the para-methyltri-methylamine calix[4]arene (mnclx4C8) 

with octyl lower rim alkylation.   
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Figure 2. Concentration series small angle X-ray scattering profiles of 

aqueous arrangements of  butyl (pclx4C4), hexyl (pclx4C6), octyl (pclx4C8) and 

decyl (pclx4C10) a-d, respectively. Sample concentrations are indicated. 

Scattering profiles are shown vertically shifted by scaling the data for clarity. 
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Figure 3. Real-space distance distribution functions, p(r) from indirect Fourier 

transformation of pclx4C4 pclx4C6, pclx4C8 and pclx4C10 a-d, respectively. In 

pclx4C8 sample the initial decrease in the size of the second maximum up to a 

concentration of 0.54 mM and the subsequent increase with further sample 

concentration.  
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Table 1. Shows SAXS analysis of pclx4C4 pclx4C6, pclx4C8 and pclx4C10 

scattering data. Rg and Dmax were derived via Guinier analyses and indirect 

Fourier transformations. Form-factor fitting the scattering data to a cylinder 

core shell with Rc, Rs, lc & ls correspond to the radii and lengths of the model 

cylinder core and shell, respectively. ρc and ρs are the electron densities of 

the cylinder core and shell, respectively. The electron density of the solvent 

was calculated from the buffer components and fixed at 0.334 e-/Å3. χr 

indicating the reduced fitting parameter.  

Conc.
 (mM)

Rg

(Å) 
Dmax 
(Å)

Rc 
(Å)

Rs-Rc

(Å)
lc

(Å)
ls-lc
(Å)

ρc 
(e-/Å3)

ρs 
(e-/Å3)

χr

16.51 22.82 40.0 65.5 9.4 5.1 1.0 0.330 0.350 9.99
8.26 6.50 23.0 17.6 4.2 7.4 1.0 0.316 0.360 0.76
4.13 8.52 30.4 15.5 8.0 7.7 1.1 0.319 0.345 0.44
2.06 9.80 35.0 14.4 11.1 5.4 1.0 0.318 0.343 0.41
1.03 10.44 35.0 14.4 11.4 4.5 1.0 0.319 0.341 0.40

pclx4C4 0.52 10.54 35.0 14.8 11.8 3.5 1.0 0.319 0.341 0.37p 4C4
0.26 10.48 35.0 16.2 11.8 2.9 1.0 0.331 0.361 0.36
0.13 11.46 40.0 13.3 12.8 2.7 1.0 0.320 0.338 0.38
0.06 12.94 45.0 14.1 12.6 2.4 1.1 0.321 0.338 0.34
0.03 13.14 45.0 11.8 14.4 2.2 1.2 0.321 0.336 0.36
0.02 11.35 39.0 10.1 18.7 2.0 1.3 0.322 0.335 0.39
9.71 23.28 61.0 19.8 1.9 21.6 2.9 0.331 0.361 4.28
4.86 21.94 60.0 17.7 2.5 20.8 2.8 0.331 0.355 2.32
2.43 19.90 51.0 15.5 2.5 18.0 1.9 0.331 0.355 1.51
1.21 18.80 51.0 14.1 2.6 15.6 1.5 0.332 0.356 1.14

pclx4C6 0.61 18.50 51.0 13.8 2.3 16.0 1.3 0.332 0.356 1.14p 4C6
0.30 19.02 60.0 3.8 1.8 16.8 3.3 0.332 0.356 1.99
0.15 19.49 57.5 7.7 1.9 17.4 1.4 0.332 0.356 2.22
0.08 28.28 96.8 9.6 1.6 20.0 1.0 0.332 0.356 1.98
0.04 - - 164.1 13.5 5.6 1.0 0.332 0.356 0.84
8.72 27.9 69.3 30.4 2.6 12.6 15.4 0.337 0.328 5.00
4.36 26.4 67.0 20.8 1.9 25.5 2.1 0.330 0.367 4.07
2.18 23.8 60.0 18.9 1.6 24.7 1.3 0.331 0.371 2.27

pclx4C8 1.09 22.9 58.0 18.3 1.5 23.8 1.2 0.331 0.370 1.71p
0.54 22.6 57.5 18.4 1.3 24.0 1.1 0.332 0.366 0.86
0.27 22.9 57.0 18.7 1.3 24.3 1.1 0.332 0.362 0.53
0.14 23.7 59.0 18.9 1.5 24.7 1.1 0.332 0.356 0.40
8.73 40.3 140.0 8.6 20.0 113.8 1.0 0.314 0.341 4.08

pclx4C10 4.37 32.2 88.0 8.5 20.0 44.3 10.5 0.312 0.340 3.88p
2.18 30.2 86.0 15.6 8.1 46.4 4.9 0.330 0.344 2.63
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Figure 4. a, Ab initio reconstruction of the aqueous pclx4C8 structure, shown 

in grey, indicating eight descrete areas of density. b, The reconstruction 

enabled an atomic model to be generated by placing copies of the crystal 

structure of an alkylated p-phosphonated calix[4]arene. 
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Figure 5. Small angle X-ray scattering profiles of mnclx4C8, in water, positive 

control and with thiostrepton a-c, respectively in concentration series. 

Indicating stable structural arrangements at 7-3 mM although structure 

factors are present in the low-q region and buffer subtraction was 

compromised for the lower concentrations. Scattering profiles are shown 

vertically shifted by scaling the data for clarity. 
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Table 2.  pclx4C8 Data collection and refinement statistics  
 
 pclx4C8 
Data collection  
Instrument Australian synchrotron 

SAXS/WAXS beamline 
Beam geometry (µm) 120 
Wavelength (Å) 1.033 
q range (A-1)  0.010 – 0.570 
Exposure time (s) 2  
Flow-rate (mL.min-1) 0.1 
Concentration (mM) 8.72 – 0.14 
Temperature (K) 288 
  
Structural parameters 
I(0) (cm-1) [from P(r)] 
Rg (Å) [from P(r)] 

  
  
0.05 ± 0.00* 
22.62 ± 0.06* 

Dmax (Å) 57.5* 
    
Molecular-mass determination   
Molecular mass Mr calculated (Da) 1193 
Porod invariant (Vp)(Å3)  8039 (6.7) 
Estimate Mr from Vp (Da)#

 15300 (12.8) 
Molecular mass (DAMAVER)‡ 9841 (8.2) 
   
Software employed   
Primary data reduction Scatterbrain  
Data processing PRIMUS 
Form factor fitting IGOR PRO 
Ab initio processing DAMMIF  
Validating and averaging DAMAVER 
Computation of model intensities CRYSOL 
3-D graphical representation PyMOL 
 
*denotes data for pclx4C8 ca 0.54 mM. Estimated Mr derived from Vp 
calculated using the online IFSC software to 0.3 q. Estimated oligomeric 
state shown in parentheses. See Experimental section for more information.   
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Supporting information 

Supplementary Figures S1-9 
 
 
 5 

 

Supplementary Figure S1. Plot of the increase in Radius of gyration (Rg) and 

maximum dimension (Dmax) at ca [2 mM] against alkyl length of O-alkylated p-

phoshphonatocalix[4]arenes (pclx4) compounds with butyl (C4), hexyl (C6), octyl (C8) 

and decyl (C10) O-alkylations.  10 
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Supplementary Figure S2. Igor PRO form factor fitting (black line) to the 
scattering profiles (coloured line) of para-phosphonato calix[4]arene (pclx4C4) 
aqueous samples, concentrations:16.51, 8.28, 4.13, 2.06, 1.03, 0.52, 0.26, 
0.13, 0.06, 0.03 and 0.02 mM a-k, respectively. 5 
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i Supplementary Figure S3. Igor PRO form 
factor fitting (black line) to the scattering 
profiles (coloured line) of para-phosphonato 
calix[4]arene (pclx4C6) aqueous samples, 
concentrations: 9.71, 4.86, 2.43, 1.21, 0.61, 
0.30, 0.15 and 0.08 mM a-i, respectively. 
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Supplementary Figure S4. Igor PRO form factor fitting (black line) to the 
scattering profiles (coloured line) of para-phosphonato calix[4]arene (pclx4C8) 
aqueous samples, concentrations: 8.72, 4.36, 2.18, 1.09, 0.54, 0.28 and 0.13 
mM a-g, respectively. 5 
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Supplementary Figure S5. Igor PRO form factor fitting (black line) to the 
scattering profiles (coloured line) of para-phosphonato calix[4]arene (pclx4C10) 
aqueous samples, concentrations: 8.73, 4.37 and 2.18 mM a-c, respectively. 
 5 
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Supplementary Figure S6. Small angle X-ray scattering profiles of para-

methylphosphonato calix[4]arene (mpclx4C8) aqueous samples, in chloroform 

and with thiostrepton in chloroform a-c, respectively. Sample concentrations 5 

are indicated. Scattering profiles are shown vertically shifted by scaling the 

data for clarity. Real-space distance distribution functions, p(r) from indirect 

Fourier transformation of the respective samples d-f, respectively.  

 
 10 

 
 

r, Å

P
(r

), 
re

l. 
un

its

r, Å r, Å

P
(r

), 
re

l. 
un

its

P
(r

), 
re

l. 
un

its

q, Å q, Å q, Å

I(q
), 

cm
-1

I(q
), 

cm
-1

I(q
), 

cm
-1

a b c 

d e f 



138

 

 
Supplementary Table S1. Shows SAXS analysis of mpclx4C8 aqueous 

samples, in chloroform and with thiostrepton in chloroform. Rg and Dmax were 

derived by indirect Fourier transformations. Form-factor fitting the scattering 

data to a cylinder core shell with Rc, Rs, lc & ls correspond to the radii and 5 

lengths of the model cylinder core and shell, respectively. ρc and ρs are the 

electron densities of the cylinder core and shell, respectively. The electron 

density of the solvent was calculated from the buffer components and fixed at 

0.334 e-/Å3. χr indicating the reduced fitting parameter. 

 10 

 
 
 
 

Sample Conc.
 (mM)

Rg

(Å) 
Dmax 
(Å)

Rc 
(Å)

Rs-Rc

(Å)
lc

(Å)
ls-lc
(Å)

ρc 
(e-/Å3)

ρs 
(e-/Å3)

χr

8.38 29.6 89.6 23.7 3.6 22.7 6.0 0.330 0.351 9.81
4.19 24.7 62.2 19.6 2.8 24.6 2.7 0.331 0.354 1.51
2.10 23.0 58.4 18.8 1.5 24.7 1.3 0.332 0.361 0.72
1.05 23.8 82.1 19.1 1.2 25.0 1.0 0.333 0.358 0.58

mpclx4C8 0.52 25.1 88.0 19.2 0.8 25.9 0.8 0.333 0.356 0.52p
(water) 0.26 25.9 90.8 18.6 0.8 24.3 0.5 0.333 0.353 0.36(water)

0.13 29.5 97.0 13.2 0.4 27.2 0.7 0.334 0.349 0.37
0.07 25.3 89.0 18.7 0.8 19.3 0.3 0.333 0.350 0.41

 
 

8.38 58.1 160.0 123.9 -0.2 21.6 3.7 0.338 0.304 36.81
4.19 59.1 170.0 121.9 -0.1 22.2 3.1 0.331 0.371 36.68
2.10 60.2 189.0 95.9 0.1 24.8 3.0 0.333 0.354 17.86
1.05 62.0 213.0 92.4 -0.2 26.3 3.0 0.334 0.343 10.05

mpclx4C8 0.52 63.0 220.5 87.9 0.3 27.1 2.7 0.334 0.348 4.92

(chloroform) 0.26 61.5 189.4 90.9 -0.3 28.7 2.3 0.334 0.343 2.48(chloroform)
0.13 60.6 198.4 86.1 -0.0 29.9 2.1 0.334 0.341 1.29
0.07 - - 83.4 0.0 31.4 1.7 0.3 0.3 0.7
0.03 - - 70.8 0.4 36.0 1.2 0.3 0.3 0.4
0.02 - - 74.2 0.0 32.5 1.1 0.3 0.3 0.3
8.38 82.7 273.0 161.8 0.3 7.2 16.6 0.321 0.343 21.10
4.19 84.3 273.0 148.0 -0.3 6.5 17.2 0.322 0.341 17.27
2.10 86.2 276.5 123.6 1.8 5.0 20.1 0.323 0.339 12.70

mpclx4C8
1.05 87.4 276.5 110.3 1.4 3.9 27.3 0.327 0.337 7.66mpclx4C8 0.52 87.4 270.6 76.4 25.6 7.5 48.0 0.339 0.335 2.63

(thiostrepton) 0.26 87.2 270.6 71.3 25.4 59.5 29.7 0.335 0.335 2.40
0.13 86.1 264.7 54.9 30.3 61.0 33.8 0.335 0.335 3.14
0.07 83.5 264.7 49.0 30.5 81.8 41.9 0.335 0.335 3.69
0.03 - - 38.9 51.7 74.6 39.4 0.335 0.335 3.91
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Supplementary Figure S7. Igor PRO form factor fitting (black line) to the 

scattering profiles (coloured line) of para-methylphosphonato calix[4]arene 

(mpclx4C8) aqueous samples, concentrations: 8.38, 4.19, 2.10, 1.05, 0.52, 

0.26, 0.13 and 0.07 mM a-h, respectively. 5 
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Supplementary Figure S8. The SAXS data of mpclx4C8 aqueous samples, in 

chloroform and with thiostrepton in chloroform at 2 mM display different 

scattering profiles, indicating a significant structural rearrangement of the 

complex. However due to heterogeneity we could not accurate describe the 5 

extent of the structural rearrangement other than stating it was not a stable 

micellar structure upon complexation.  
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Supplementary Figure S9. Real-space distance distribution functions, p(r) 

from indirect Fourier transformation of the respective samples a-c, 

respectively. Negative scattering contrast in the p(r) functions is evident due 5 

to the structure factors of the arrangements. Supplementary Table S2. 

Shows SAXS analysis of mnclx4C8 samples. Rg and Dmax were derived via 

Guinier analysis and indirect Fourier transformations. 
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Sample Conc.
 (mM)

Rg

(Å) 
Dmax 
(Å)

7.06 27.8 74.0

mnclx4C8
3.53 28.6 85.0

mnclx4C8 1.77 27.5 81.0
(water) 0.88 21.6 56.0

0.44 20.5 51.2
7.06 27.3 74.5

mnclx4C8
3.53 25.5 70.2mnclx4C8 1.77 25.1 72.7

(chloroform) 0.88 22.1 50.5
0.44 20.1 50.1
7.06 25.3 72.0

mnclx4C8
3.53 23.8 70.0mnclx4C8 1.77 22.4 55.0

(thiostrepton) 0.88 21.6 56.9
0.44 - -



142

CHAPTER  4



Chapter 4 

4.1 - The biophysical structural characterisation of a 
pentatricopeptide protein: A troublesome protein target

  In addition to screening a series of model proteins in the previous chapters, we 

also applied our innovative approaches to studying a high-value target. A member of a 

protein family that had evaded structural characterisation for a number of years: the 

pentatricopeptide repeat (PPR) protein family  of α-solenoid RNA binding proteins. We 

set out to investigate the structure of a PPR protein utilising standard and novel 

methodologies developed during the course of this project as described in chapter 2 and 

chapter 3, including the use of colloidal graphenes and cavitands to aid crystallogenesis. 

After extensive crystallographic trials proved unsuccessful we progressed towards 

improving the construct stability  through various means to facilitate structural studies. 

This chapter presents biophysical studies detailing the stabilisation of a PPR protein 

using a native ligand to facilitate detached structural characterisation using small-angle 

X-ray scattering. PPR proteins are of particular interest due to their relatively 

predictable sequence specific binding of single-stranded RNA. Structural information 

on PPR proteins would afford valuable insight into how PPR proteins mediate and 

dictate their RNA binding and as a basis for exploiting their potential as a basis for 

designer RNA binding proteins.
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Study V

4.2 - The solution structure of the pentatricopeptide repeat protein 
PPR10 upon binding atpH RNA

Benjamin S. Gully, Nathan Cowieson, Will A. Stanley, Kate Shearston, Ian D. Small, 
Alice Barkan and Charles S. Bond. Small angle X-ray scattering reveals the monomeric 
structure of a pentatricopeptide repeat protein PPR10 upon binding atpH RNA. 2014, 
Nucleic Acids Research, 1, doi: 10.1093/nar/gkv027
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ABSTRACT

The pentatricopeptide repeat (PPR) protein fam-
ily is a large family of RNA-binding proteins that
is characterized by tandem arrays of a degener-
ate 35-amino-acid motif which form an �-solenoid
structure. PPR proteins influence the editing, splic-
ing, translation and stability of specific RNAs in
mitochondria and chloroplasts. Zea mays PPR10
is amongst the best studied PPR proteins, where
sequence-specific binding to two RNA transcripts,
atpH and psaJ, has been demonstrated to follow a
recognition code where the identity of two amino
acids per repeat determines the base-specificity.
A recently solved ZmPPR10:psaJ complex crystal
structure suggested a homodimeric complex with
considerably fewer sequence-specific protein–RNA
contacts than inferred previously. Here we describe
the solution structure of the ZmPPR10:atpH com-
plex using size-exclusion chromatography-coupled
synchrotron small-angle X-ray scattering (SEC-SY-
SAXS). Our results support prior evidence that
PPR10 binds RNA as a monomer, and that it does
so in a manner that is commensurate with a canoni-
cal and predictable RNA-binding mode across much
of the RNA–protein interface.

INTRODUCTION

The pentatricopeptide repeat (PPR) superfamily (1) is char-
acterized by a degenerate 35 amino acid repeat and is spe-
cific to eukaryotes although most numerous and varied in
the plant kingdom (2), with over 400 identified inArabidop-
sis thaliana (3). PPR proteins function in RNA stabiliza-
tion (4–6), editing (7), maturation and post-transcriptional
modifications (8,9) and are essential for organelle biogenesis

(3) and translational control (10–14). Mutations can result
in cytoplasmic male sterility (15,16), impaired seed devel-
opment (17) and diverse embryonic defects (18).
PPR proteins can be broadly divided into two families,

those consisting of tandem arrays of canonical P-class mo-
tifs and those composed of repeats of triplets of P-, L- and
S-class motifs (3). Regardless of repeat class, conservation
of key amino acids from eachmotif has been correlatedwith
the sequence of known RNA targets to establish a statisti-
cally and experimentally validated predictive code for RNA
recognition by PPR proteins (19–21). This code is consis-
tent with a modular interaction where a base is coordinated
by the sixth residue of one PPR repeat, and the first residue
of the next repeat. Such a modular, predictable, mode of
single-stranded RNA binding makes PPR proteins a po-
tential scaffold for the design of biotechnologically useful
proteins (22,23).
Predictions of an �-solenoid tertiary structure for PPR

tracts (1,24) have been confirmed recently by a number of
crystal structures including a segment of the mitochondrial
RNA polymerase (25), Arabidopsis proteinaceous ribonu-
clease P (26), the P-class PPR protein THA8L (27) and a
synthetic consensus P-class PPR protein (28). Crystal struc-
tures of two PPR proteins, Brachypodium THA8 (29) and
Zea mays PPR10 (ZmPPR10) (30), in complex with RNA
have partially confirmed the modular RNA-binding mode,
but revealed non-modular and idiosyncratic interactions
that had not been anticipated based on prior data. In addi-
tion, these structures implicate a dimeric quaternary struc-
ture in RNA binding.
ZmPPR10 localizes to plastids where it binds cis-

elements of two polycistronic transcripts (6,13), the mini-
mal binding sites identified as 17 and 18 nucleotide tracts in
the atpI-atpH and psaJ-rpl33 intercistronic regions. PPR10
binding was shown to stabilize the RNA in vivo, protect-
ing the transcripts from exoribonucleases in either direc-
tion, and to activate mRNA translation by remodeling lo-
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cal RNA structure (6). Analytical ultracentrifugation ex-
periments unambiguously demonstrated the association of
PPR10 monomers into dimers at high concentration and
dissociation of PPR10 dimers intomonomers on binding an
oligonucleotide representing atpH RNA, resulting in a 1:1
protein:RNA stoichiometry (19), with a dissociation con-
stant that has been measured at ca. 1 nM (6).

In the recent crystal structure of ZmPPR10 in complex
with an 18 nucleotide RNA fragment of psaJ (PDB 4M59
(30)), the protomer consists of a continuous array of 201

2
P-class PPR repeats forming a right-handed superhelix. A
dimer is generated by the association of two anti-parallel
molecules, and one RNA molecule is bound at each end
of the dimer by elements of both monomers. Notably, re-
ported attempts to crystallize PPR10 with atpH resulted in
apparent dissociation of the dimer and failure to crystal-
lize, suggesting the possibility of a different, higher-affinity,
mode of RNA binding compared to psaJ, for which a disso-
ciation constant of >200 �Mhas been measured (13). Here
we use size-exclusion chromatography-coupled synchrotron
small-angle X-ray scattering (SAXS) (31) to produce clear
structural evidence for a monomeric PPR10:atpH complex
in solution, demonstrating a potential structural rearrange-
ment with respect to the PPR10:psaJ crystal structure, that
is more consistent with the proposed PPR–RNA recogni-
tion code and with other prior data concerning PPR10–
RNA interactions.

MATERIALS AND METHODS

Protein expression and purification

The ZmPPR10:pMAL-TEV plasmid generated as de-
scribed previously (13) was used to transform E. coli
RosettaTM 2 (DE3) (Novagen). Cells were grown in 2YT
media containing 1% (w/v) D-glucose, 50 mM Tris-HCl at
pH 7.5 with kanamycin at 50 �g ml−1 and chloramphenicol
at 50 �g ml−1. The culture was grown at 37oC to an optical
density (600 nm) of 0.6 and then cooled on ice for 5 min.
Expression was then induced with 1 mM isopropyl �-D-
1-thiogalactopyranoside and the culture shaken overnight
at 16oC for protein expression. The bacterial pellet was re-
suspended in Buffer A (50 mM Tris-HCl at pH 8.0, 500
mM KCl, 10% (v/v) glycerol, 1 mM dithiothreitol) sup-
plemented with 0.13 mM phenylmethanesulfonyl fluoride
(Roche), 1 mini Complete protease inhibitor tablet (Roche),
0.5 �l Benzonase (Sigma-Aldrich) and 1mgml−1 lysozyme,
and lysed under high pressure using a Emulsiflex C5 ho-
mogenizer (Avestin). Lysate supernatant was batch loaded
onto amylose resin (GE healthcare) and left at 4oC for 1
h with agitation. The column was washed with buffer A,
and fusion protein eluted with buffer A supplemented with
50 mM maltose. Fusion protein was cleaved overnight at
4oC with tobacco etch virus protease and then subjected to
size-exclusion chromatography (BioLogic DuoFlow, Bio-
Rad) with aHiLoad 16/60 Superdex 200 prep grade column
(GEHealthcare) developed in buffer A. Peak fractions were
confirmed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (NuPage R©Novex 4–12%, Bis-Tris gel, In-
vitrogen) stained with Coomassie brilliant blue. Purified
proteins were concentrated in a Vivaspin R© 20 (MWCO 30

000) centrifugal concentrator (GE) and quantified by ab-
sorption at 280 nm (Nanodrop Lite, ThermoScientific).
RNA concentration was analysed by absorption at 260
nm. PPR10:atpH complex was prepared by briefly incu-
bating a 1:1 molar ratio of purified protein with RNA (5′-
GUAUCCUUAACCAUUUC-3′ [IDT]).

Circular dichroism analysis

Purified PPR10 protein at a concentration of 0.1 mg ml−1

was dialysed into 10 mM potassium phosphate at pH 8.0,
100 mM KF, and analysed at 20oC in a 1 mm path length
quarz cuvette on a JASCO J-810 spectropolarimeter. Mea-
surements from 260 to 185 nm with wavelength steps of 1
nm were conducted in triplicate to facilitate the generation
of error bars denoting standard deviation. Estimations of�-
helix content were made using characteristic signals at 208
and 222 nm:%�208 = [(|[Θ]208|−4000) / (33 000–4000)] x 100
and%�222 = [(|[Θ]222|−3000) / (36 000–3000)] x 100 (32,33).

Small-angle X-ray scattering analysis

SAXS measurements were conducted at the SAXS/WAXS
beamline of the Australian Synchrotron with continuous
data collection on a 1 M Pilatus detector (34). SEC-SY-
SAXSwas controlled by a ShimadzuHPLC system. For the
PPR10:atpH complex, scattering data were collected from
50�l of a 6mgml−1 sample loaded onto a Superdex200 Pre-
cision column (GE healthcare) at 0.1 ml min−1 in 50 mM
Tris-HCl at pH 7.3, 250 mM NaCl, 10% glycerol, 5 mM
� -mercaptoethanol. For the MBP-PPR10:atpH complex,
90 �l of a 6 mg ml−1 sample was run through the Preci-
sion column at 0.5 ml min−1 in Buffer A. For experiments
where timed shutter opening was critical, the delay between
the FPLC UV detector and X-ray detector was calibrated
using glucose isomerase solution as a standard. Scattering
data from 2 s exposures were background corrected and av-
eraged using scatterBrain. Data were corrected for fouling
by aggregates while the shutter was open, by using linear
interpolation of background from averaged frames prior to
the peak to averaged frames after the peak, in an analogous
approach to that used in US-SOMO (35). A high-q cutoff
of 0.21 was used due to increasing noise beyond this res-
olution. The radius of gyration (Rg), maximum dimension
(Dmax) andP(r) distribution plots of the samples were deter-
mined with the ATSAS software (36) using PRIMUS (37)
and GNOM (38) respectively. Initially, the automatedDmax
determination by GNOM was used. However, we chose to
manually increaseDmax as it was underestimated judging by
the appearance of the P(r) plot (discussed below).
Coordinates were manipulated with PDB-MODE (39).

Rigid-body modeling was performed using SASREF (40).
The starting model was derived from a single chain of
PPR10 extracted from PDB 4M59 (30), broken into seven
‘domains’ each consisting of three PPR motifs. RNA was
included in the domain definition by placing the appropri-
ate trinucleotide adjacent to the predicted RNA-binding
residues of each domain. For the MBP-PPR10 data, PDB
entry 1MBPwas used as an additional protein domain. Two
distance constraints per domain were added to ensure phys-
ically reasonable modeling, as the PPR motifs in PPR10
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Figure 1. SEC-SY-SAXS of PPR10:atpH. (a) Size exclusion chromatography trace of PPR10:atpH showing peaks corresponding to oligomers,
PPR10:atpH complex and unbound atpHRNA. Black bars indicate the part of the chromatogram for which SAXS was collected by opening the beamline
shutter. The grey circle indicates position where the first data frame was recorded, and the bar, the region corresponding to frames 552–710. (b) Scattering
profiles of the PPR10:atpH complex averaged across 20 frame segments, corresponding to the second half of the PPR10:atpH peak (grey bar in (a)). (c)
Guinier analysis of the low-q scattering data for the five most strongly scattering 20 frame segments indicates a radius of gyration of 36 Å. (d)P(r) distri-
bution for frames 552–710 indicates a maximum dimension of 125 Å. (e) Dimensionless Kratky plot is diagnostic of a globular but somewhat extended
protein.

form a continuous array. CRYSOL (41) and MOLEMAN2
(42) were used to evaluatemodel quality by quantifying how
representative the atomic models are of the data and P(r)
distribution plots.Molecular graphics were createdwith Py-
MOL (Schroedinger LLC).

RESULTS

We have generated a plausible model of the solution struc-
ture of ZmPPR10 in complex with the 17 nucleotide min-
imal binding site of the maize atpH transcript informed

by a combination of SAXS data, circular dichroism spec-
troscopy, and pre-existing bioinformatic, biochemical and
crystallographic data. The secondary structure content of
PPR10 was estimated to be predominantly �-helical (84%)
from circular dichroism as expected for the anti-parallel �-
helical topology of a PPR motif, and comparable with cal-
culations based on the crystal structures (71% �-helix). Pre-
liminary SAXSmeasurements on PPR10 alone and after in-
cubation with atpH RNA yielded complex uninterpretable
scattering profiles due to significant aggregation. We there-
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Figure 2. Validation of candidate molecular models against PPR10:atpH scattering data. Top row: Molecular model. Middle row: Optimized fit to data.
Bottom row: Reconstructed pair distribution plots from the respective models (solid histogram) compared with the experimentally derivedP(r) distribution
(black line). (a) apoPPR10 monomer extracted from PDB 4M57; (b) apoPPR10 dimer from PDB 4M57; (c) PPR10:psaJ monomer extracted from PDB
M459; (d) PPR10:psaJ dimer from PDB 4M59; (e) The best-fitting SASREF model. Fitting parameters indicate a considerably better fit for the SASREF
model.

fore employed size-exclusion chromatography-coupled syn-
chrotron small-angleX-ray scattering (SEC-SY-SAXS; Fig-
ure 1). This method allowed us to separate the various com-
plexes inline, identify their content from their A260/A280
ratios and examine the solution structure of specific SEC
fractions (Figure 1a). A significant challenge to this method
was encountered due to the earliest eluting aggregated pro-
teins adhering to the sample capillary at the point of X-ray
exposure, thus tainting all further images. By carefully tim-
ing the opening of theX-ray shutter to onlymeasure regions
of interest and appropriate background segments it was
possible tomeasure high quality SAXS on the protein:RNA
complex. Scattering data were obtained for a monodisperse
peakwith anA260/A280 ratio andmolecular size commen-
surate with amonomeric PPR10:atpH complex (Figure 1b).
Data collection and analysis are summarized inTables 1 and
2, respectively.
PPR10:atpH displayed a stable scattering profile for a

globular protein throughout the SEC peak. Guinier anal-

ysis of the low-q data indicated a consistent radius of gyra-
tion (Rg) close to 36 Å for the most concentrated fractions
(Table 2, Figure 1c). An upturn at low-q became evident in
the scattering profile during later fractions, possibly due to
adhesion of protein on the capillary (Figure 1b), rendering
Guinier analysis of these lower concentration samples im-
possible. Thus, data from the peak fraction (frames 552–
570) were averaged and used for subsequent analysis.
The P(r) distribution (Figure 1d) is indicative of a globu-

lar structure with an extended tail: an asymmetric distribu-
tion with a maximum at 40 Å with a shoulder at 20 Å and a
steady decline through the longer distances with shoulders
at 80 and 110 Å and a Dmax of ca. 125 Å. A dimensionless
Kratky plot contains a peak at 1.95 with a height of around
1.2 indicating a somewhat elongated, but generally globu-
lar protein (with reference to (43)) that is suitable for Porod
analysis (Figure 1e). The molecular mass (Mr) of the scat-
tering particle, determined from the Porod invariant (Vp),

 at M
onash U

niversity on January 21, 2015
http://nar.oxfordjournals.org/

D
ow

nloaded from
 



149

Nucleic Acids Research, 2015 5

Figure 3. SEC-SY-SAXS analysis of MBP-PPR10 fusion protein:atpH complex. (a) Scattering profiles of averaged and background subtracted five-frame
region of the peak fraction ofMBP-PPR10:atpH. (b)Guinier analysis and (c)P(r) distribution for the 215–220 averaged scattering profile. (d)The best-fitting
SASREF model for the MBP fusion protein.

(44), corresponds to a monodisperse, 1:1 PPR10:atpH com-
plex (Tables 1 and 2).

As the monomeric state of the complex as determined
by AUC, REMSA and now SAXS contrasts with the re-
ported dimeric crystal structure, we next sought to build
a molecular model––taking into account the limitations of
data quality––that best reflects the scattering data. We first
examined the crystal structures of ZmPPR10 in the absence
(4M57) and presence (4M59) of psaJ RNA. Initially, we
generated candidate models of the observed dimers, and
monomers extracted from the crystal structures, and com-
pared their minimized fit with the observed scattering pro-
files, and compared their distance distributions with the ob-
servedP(r) distribution (Figure 2). The relatively high � val-
ues combined with the lack of common features in the dis-
tance distribution (e.g. a maximum at 60 Å compared to 40
Å) led us to conclude that there were notable differences be-

tween the solution structure and the crystallographic mod-
els.
Armed with this knowledge we generated rigid body

models from PPR10 broken into seven domains, with RNA
fragments attached, and refined against the scattering data.
Highly consistent results were obtained over multiple in-
dependent modeling runs for PPR10:atpH (Figure 2e) pre-
sented as amonomeric complex. Themodel has an excellent
� fitting parameter (0.73). The best-fitting model is a right-
handed superhelical array with the C-terminal region form-
ing a toroid. However, the pseudosymmetric nature of the
PPR10molecule––a superhelical array––made it impossible
to objectively assign either end as the N- or C-terminus.
To address this problem, we repeated the data collection

procedure with an N-terminal MBP-PPR10 fusion protein.
Scattering data were analysed (Figure 3) revealing increases
of Rg to 61 Å andDmax to 250 Å, as expected from addition
of an MBP domain. Rigid body modeling of this complex
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Figure 4. Global conformation of PPR10. (a) Dynamic structure of a PPR10 monomer:A single PPR10 molecule extracted from the RNA-free dimer
structure (4M57 chain A, red cartoon), the PPR10:psaJ dimer (4M59 chain A, gold) and the monomeric PPR10:atpH solution structure (this work, blue)
can be superimposed effectively (RMSD ranging from 7 to 11 Å including C� atoms from most of the structure: black lines link superimposed C� atoms
between two structures). The N-terminal region (oriented at the top) differs between apo- and psaJ-bound proteins, while only the C-terminus differs
significantly between psaJ- and atpH-bound proteins. Global differences between superposed structures are indicated by black arrows. (b)PsaJ RNA
coordination by PPR10 motifs 6 and 7 in the crystal structure (4M59; chain A orange cartoon; chain B, beige/gray surface). Residues Asn284, Asp314
and Asn319, Asn349 (positions 6 and 1′ for motifs 6 and 7 respectively) are known to dictate RNA specificity, however Asn349 is displaced from RNA
binding by the dimeric interface. (c) The solution structure of PPR10:atpH illustrates that the arrangement of the PPR motifs (colored blue to red from
N-terminus) is conducive to ssRNA binding (black cartoon) as a monomer (Note: breaks in RNA chain are a consequence of the rigid body modeling
approach used).

Table 1. SAXS data collection and refinement statistics

PPR10:atpH MBPPPR10:atpH

Data collection
Instrument Australian synchrotron SAXS/WAXS beamline Australian synchrotron SAXS/WAXS beamline
Beam geometry (�m) 120 120
Wavelength (Å) 1.033 1.033
q range (A−1) 0.01–0.21 0.01–0.21
Exposure per frame (s) 2 2
Flow-rate (ml min−1) 0.1 0.5
Concentration (mg ml−1) 6–0 6–0
Temperature (K) 288 288
Structural parameters
I(0) (cm−1) [from P(r)] 0.007 ± 0.00 0.01 ± 0.00
Rg (Å) [from P(r)] 36.19 ± 1.08 63.2 ± 0.01
I(0) (cm−1) (from Guinier) 0.008 ± 0.00 0.009 ± 0.00
Rg (Å) (from Guinier) 37.39 ± 2.30 61.20.78 ± 1.87
Dmax (Å) 125 250
Molecular-mass determination
Porod invariant (Vp)(Å3) 165,328 203,698
EstimatedMr from Vp (Da) 97,251 161,900
CalculatedMr (Da) 87,882 135,607
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Table 2. Guinier and Porod analysis of peak fractions from PPR10:atpH and MBP-PPR10:atpH SEC-SY-SAXS

Frame no. I(0)
Radius of

gyration, Rg (Å) Guinier range (q)
Maximum
dimension, Dmax (Å) P(r) Range (q)

Porod invariant,
Vp (Å3)

Molecular mass,
Mr , from Vp (Da)

Oligomeric state
fromMr

552–570 0.007 ± 0.000 37.394 ± 2.299 0.014–0.034 130.1 0.014–0.25 165,328 97,251 1.11
570–590 0.006 ± 0.000 36.055 ± 3.811 0.014–0.034 126.2 0.014–0.25 162,893 95,819 1.09
590–610 0.005 ± 0.000 36.456 ± 3.967 0.014–0.034 127.6 0.014–0.25 165,752 97,501 1.11
610–630 0.004 ± 0.000 36.773 ± 5.734 0.014–0.034 126.4 0.014–0.25 158,006 92,944 1.06
630–650 0.003 ± 0.000 35.034 ± 9.020 0.014–0.034 123.9 0.014–0.25 187,843 110,495 1.26
650–670 0.002 ± 0.000 38.532 ± 5.436 0.014–0.034 130.0 0.014–0.25 162,642 95,671 1.09
215–220 0.012 ± 0.000 67.459 ± 6.188 0.012–0.025 250.0 0.012–0.35 210,905 124,061 0.94
221–226 0.012 ± 0.000 61.199 ± 1.868 0.012–0.025 250.0 0.012–0.35 203,698 135,607 1.03
227–233 0.007 ± 0.000 55.053 ± 1.385 0.012–0.025 250.0 0.012–0.35 204,390 143,800 1.09
234–239 0.005 ± 0.000 54.975 ± 2.248 0.012–0.025 250.0 0.012–0.35 184,072 129,100 0.98
240–245 0.003 ± 0.000 55.947 ± 3.515 0.012–0.025 250.0 0.012–0.35 160,763 112,200 0.85

Forward scatter,I(0), radius of gyration, Rg determined using PRIMUS. Maximum dimension, Dmax, and Porod volume,Vp , and molecular mass, Mr , determined using GNOM. Oligomeric state (n)
determined from the ratio ofMr(Vp) toMr (theoretical).

produced a satisfactory solution (� = 0.78) for a protein
withMBP at the N-terminus and a toroidal arrangement at
the C-terminus, thus supporting our model of the untagged
protein, which is used in the following comparative analysis.
Alignment of monomeric PPR10 structures from three

different available structural contexts (amonomer extracted
from the apo-PPR10 dimer (PDB 4M57); a monomer ex-
tracted from the psaJ-bound dimer (PDB 4M59) and the
monomeric atpH-bound solution structure, this work) re-
veals two notable regions of structural rearrangement (Fig-
ure 4a) that are also discernable from the scattering profiles
and distance distributions (Figure 2). While the C-terminal
region of the apo- and psaJ-bound monomers aligns well,
the four N-terminal PPR motifs are arranged differently.
Conversely, the psaJ- and atpH-bound conformations only
differ significantly around the four C-terminal PPR motifs.

DISCUSSION

This study shows how the coupling of size-exclusion chro-
matography with synchrotron SAXS allows productive
study of challenging macromolecular complexes, particu-
larly when studying a well-characterized system with ample
orthogonal information, from genomic, biochemical and
crystallographic sources.
We have determined that the solution structure of

ZmPPR10 complexed with a fragment of atpH is not com-
patible with the dimeric form observed in the PPR10:psaJ
crystal structure, thus confirming previous analytical ultra-
centrifugation analyses. The nature of recognition of atpH
and psaJ has been well characterized (6,13,19), and the
PPR–RNA recognition code has been validated biochem-
ically for the N-terminus/5′ end of the PPR–RNA duplex
by mutating residues Asn284, Asp314 and Asn319, Asn349
in PPR motifs 6 and 7, and observing a predictable change
in binding specificity (19). The dimeric conformation ob-
served in the psaJ-bound PPR10 structure is not fully com-
patible with this result, as one of the key residues in motif 7
does not engage the RNA (Figure 4b). Indeed the structure
of the helix bearing Asn349 is highly disturbed, presenting
considerably different positions in the two subunits of the
crystal structure: in both cases Asn319 is well over 10 Å dis-
tant from the RNA. It seems likely that the presence of the
other subunit of the dimer close to this region is a cause of
the disruption of this binding site (Figure 4b).

In the SAXS structure, the more highly overwound su-
perhelix of the C-terminal region would sterically hinder

dimerisation of the protein (Figure 4c). In this tight, toroid-
like part of the structure there are intramolecular interac-
tions between residues of the C-terminal repeats and repeats
earlier in the sequence, which in the dimeric crystal structure
are involved in intermolecular interactions instead. Our re-
sults are consistent with the 1:1 stoichiometry established by
analytical ultracentrifugation for a PPR10-atpH complex
(19). That a similar architecture would apply to the PPR10-
psaJ complex in solution is supported by the comigration of
PPR10-atpH complexes and PPR10-psaJ complexes in na-
tive gels and by the extensive sequence conservation across
the length of the psaJ and atpH RNAs.

A question is raised about whether all of these unambigu-
ously observed configurations can be correct. The answer
may lie in the necessarily convoluted dynamic process that
is required for PPR10 to dissociate from a dimeric state to a
monomeric state and to bind sequence specifically to RNA
in a cellular context involving other binding partners and
RNA secondary structures (6).
It is unclear whether the dimeric PPR10:psaJ structure

observed crystallographically represents an intermediate
state in the dynamic process of RNA recognition by PPR10,
or if it represents a dead-end complex formed at the high
concentrations required for crystallisation. At a late point
in our analysis, a paper became available that raises fur-
ther doubt regarding the dimeric nature of the complex (45).
Here, the authors of the PPR10 crystal structures determine
that an N-terminal truncation and a point mutation that
were essential for crystallogenesis in fact drive dimerization.
Our wild-type PPR10 protein makes a more physiologically
relevant model for the interaction between PPR10 and tar-
getRNA, taking into account theminiscule cellular concen-
tration of PPR10 (with respect to the micromolar dissocia-
tion constant for dimerisation) and the large excess of ‘non-
specific’ single-stranded RNA. While it remains plausible
that dimeric apoPPR10 binds to an RNA transcript in low-
affinity mode causing a structural rearrangement that dis-
sociates the dimer and allows the high-affinity monomeric
complex to form, it is likely that in the cell a monomeric
PPR10 interacts with bulk single-stranded RNA before ex-
changing partners to achieve high-affinity binding to its tar-
get RNAmotif as a monomeric protein:RNA complex sim-
ilar to the solution structure presented here.
Despite their well-described modularity and relatively

predictable RNA-binding specificity, this example of a na-
tive PPR protein reveals a potentially convoluted process
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of RNA binding. If the promise for PPR proteins to be
applied as ssRNA-binding tools in biotechnology is to be
maximized, a fuller understanding of the detailed structural
changes that occur on RNA binding is essential.
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CHAPTER  5



Chapter 5

5.1 - The engineering and design of a pentatricopeptide protein to 
improve crystallisation propensity

 Study VI involves the generation of a synthetic PPR protein. This work was 

undertaken in an attempt to characterise the PPR protein family at high-resolution. After 

crystallographic trials with native PPR proteins and complexes proved unsuccessful we 

progressed towards optimisation of the target construct. It  is possible to review the 

stability  of the target protein and modify the sequence in an attempt to improve the 

likelihood of successful crystallisation. This engineered approach can be undertaken in 

a number of ways. Terminal regions can be truncated or extended to optimise the 

construct destined for crystallisation. Alternatively the target  protein can be directly 

engineered to be more amenable to structural studies. Fusion proteins can be generated 

to drive conformational stability and donate favourable crystal contacts. 

 However an alternative option arose for characterising PPR proteins. High-

resolution structural data is desirable for PPR proteins in order to characterise the RNA 

binding mode and understand the underlying structural chemistry  that defines 

specificity. A structure would also further our understanding of key residues that define 

domain architecture and their importance in extended arrays of the modular domains. 

The promise of PPR proteins as engineerable RNA binding proteins in the future means 

the pursuit of a single native PPR structure is not strictly  required. Therefore we were in 

somewhat of a unique situation with a priori knowledge of likely motif structure, 

homologous structures and an extensive amount of sequence data, due to the expansion 

of the family in higher plants.
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 In study VI we describe a novel approach that  was undertaken to design and 

characterise a synthetic PPR protein. This approach utilised similar methodology to the 

synthetic TPR protein. Where Main et al.. synthesised and structurally characterised a 

synthetic TPR protein comprised of repeating consensus motifs.304 Given the sequence 

homology  to TPRs, a synthetic PPR motif was designed in an analogous fashion to the 

synthetic TPRs. Due to the diversity, functional variance and tendency to occur in tracts 

of motifs a reliable consensus motif could be generated. A consensus model was 

generated from a Hidden Markov model (HMM) that described the frequency  of an 

amino acid at a defined position. The resultant sequence was modified to generate a 

more stable construct and subsequently characterised structurally. Study VI includes the 

biophysical, biochemical and structural characterisation of a synthetic PPR protein.
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Study VI

5.2 - The structure of a synthetic pentatricopeptide repeat protein

Benjamin S. Gully, Kunal R. Shah, Mihwa Lee, Kate Shearston, Nicole Smith, Agata 
Sadowska, Amanda J. Blythe, Kalia Bernath-Levin,,William A. Stanley, Ian D. Small 
and Charles S. Bond. The structure of a synthetic pentatricopeptide repeat protein. 2014, 
Acta Crystallographica section D, 70, doi:10.1107/S1399004714024869.
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Proteins of the pentatricopeptide repeat (PPR) super-family are characterised by 

tandem arrays of a degenerate 35-amino-acid α-hairpin motif. PPR proteins are 

typically single-stranded RNA-binding proteins, with essential roles in organelle 

biogenesis, RNA editing and mRNA maturation. A modular, predictable code for 

sequence-specific binding of RNA by PPR proteins has recently been revealed, 

which opens the door to the de novo design of bespoke proteins with specific 

RNA targets, with widespread biotechnological potential. We here describe the 

design and production of a synthetic PPR protein based on a consensus 

sequence, and the determination of its crystal structure to 2.2 Å resolution. The 

crystal structure displays helical disorder, resulting in electron density 

representing an infinite superhelical PPR protein. A structural comparison with 

related TPR proteins, and with native PPR proteins, reveals key roles for 

conserved residues in directing the structure and function of PPR proteins. The 

designed proteins have high solubility and thermal stability, and can form long 

tracts of PPR repeats. Thus consensus sequence synthetic PPR proteins could 

make a suitable backbone for the design of bespoke RNA-binding proteins with 

the potential for high specificity. 
 

1. Introduction 

Controlling and manipulating macromolecular interactions has generated great 
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interest over the past decade. Much of this biotechnological research initially studied 

short nucleic acids, however the functional variance of proteins and subcellular 

targeting capabilities provide greater control and precision. While transcription-

activator-like effector (TALE) proteins provided a route towards sequence-specific 

DNA binding (Boch et al., 2009, Deng et al., 2012, Yang et al., 2000) with many 

downstream applications (Morbitzer et al., 2010, Zhang et al., 2011, Miller et al., 

2011, Hockemeyer et al., 2011) an RNA-binding equivalent has proven elusive. PUF 

(Pumilio and FBF homology) proteins, characterised by imperfect ~36 amino acid 

helical repeats (PUF domain) bind RNA in a modular mode (Wang et al., 2002) 

which can be engineered to recognise specific RNA (Cheong & Hall, 2006, 

Filipovska et al., 2011). Applications for such PUF proteins (Ozawa et al., 2007, 

Tilsner et al., 2009, Wang et al., 2009) exist although RNA binding capability 

(maximum of ~16 nucleotides) is limited, as the structure is proposed to ultimately 

form a closed circle when additional PUF domains are added, thereby limiting 

specificity. As such, the search for a modular RNA binding protein with greater 

specificity or targeting potential is a requirement for biotechnological control of 

complex transcriptomes of higher organisms.   

 

A potential solution to this need comes from the pentatricopeptide protein (PPR) 

superfamily. First identified a decade ago (Small & Peeters, 2000) PPR proteins are 

characterised by tandem degenerate 35 amino acid repeat motifs, that display some 

limited homology to tetratricopeptide repeat (TPR) motifs. Although PPR proteins are 

found throughout the eukarya – for example there are seven human PPR-containing 

proteins - the potential for their use as a backbone for bespoke proteins is raised by 

their massive expansion in the plant kingdom (Barkan & Small, 2014). There are over 

450 divergent PPR proteins identified in Arabidopsis thaliana alone (Lurin et al., 

2004). PPR proteins are essential for organelle biogenesis in plants (Lurin et al., 

2004), RNA stabilization (Beick et al., 2008, Choquet, 2009, Prikryl et al., 2011), 

editing (Okuda et al., 2006), post-transcriptional maturation, (Williams-Carrier et al., 

2008, Delannoy et al., 2007) and organellar translational control (Davies et al., 2012, 

Zoschke et al., 2012, Zoschke et al., 2013, Pfalz et al., 2009, Barkan et al., 1994) with 

genetic mutations resulting in cytoplasmic male sterility (Bentolila et al., 2002, Akagi 

et al., 2004), seed development (Gutierrez-Marcos et al., 2007) and other phenotypic 

impairments (Cushing et al., 2005).  
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More than one subclass of PPR motifs exist: the originally-identified, canonical ‘P’ 

motifs are found in tandem arrays of up to 30 “P-class” repeats. Longer and short 

(“L” and “S”) motifs have also been described, and are typically found in arrays of 

repeating PLS triplets (Lurin et al., 2004). Despite this divergence, a set of very 

similar amino acid codes has been elucidated that determines the sequence specificity 

of binding of single-stranded RNA by P-class and PLS-class PPR proteins (Barkan et 

al., 2012, Takenaka et al., 2013,,Yagi et al., 2013) In this code, the nature of residue 6 

of one motif, and residue 1 of the subsequent motif (indicated by 1’) are most closely 

correlated with the identity of the base to be coordinated. In this way tracts of tandem 

repeats can bind specific oligonucleotides. 

PPR proteins are distantly related to TPR proteins, although the latter are generally 

associated with protein-protein interactions rather than protein-RNA interactions. The 

first example of a TPR structure was the three-TPR domain of protein phosphatase-5 

(Das et al., 1998) which showed the novel anti-parallel α-helical architecture of the 

family. Subsequently this led to the design and structural characterisation of an 

idealised TPR motif (Main et al., 2003, Kajander et al., 2007). Biophysical 

measurements confirmed α-helical content of PPR proteins (Beick et al., 2008) and 

recently-determined crystal structures of proteins that contain P-type PPR motifs: 

human mtRNAP (Ringel et al., 2011), A. thaliana PRORP1 (Howard et al., 2012) and 

most recently Bracypodium distachyon THA8 (Ke et al., 2013) illustrate an anti-

parallel α-helical structure similar to that of TPR proteins. The first RNA-bound 

structure of a PPR protein was recently described (Yin et al., 2013): Zea mays PPR10 

contains an array of PPR motifs bound to an 18 nt RNA sequence from the psaJ 

transcript.  

 

Nevertheless, the structural context and limited sequence identity of the PPR repeats 

in these proteins in comparison with a canonical PPR repeat have shown that an 

engineered scaffold based on sound design principles is essential to support future 

PPR protein engineering efforts to design bespoke RNA-binding proteins. Partly 

inspired by published work on designed TPR proteins, we defined a P-class PPR 

consensus sequence, modeled its structure, altered the sequence based on observations 

from the model, expressed the protein and determined its crystal structure. 
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2. Materials and Methods 

2.1 Source of Sequence Data 

A set of 2357 previously identified Arabidopsis thaliana PPR motifs consisting of 

exactly 35 amino acids (Small & Peters, 2000), was used to obtain a consensus model 

using the HMMER v2.26 package (Johnson et al, 2010) as described in Lurin et al, 

2004. Based on this analysis, a canonical PPR sequence of 

DVVTYNTLIDGLCKAGRLEEALELFEEMKEKGVKP was selected for this work. 

Figure 1(a) presents the sequence alignment as analysed using SKYLIGN (Wheeler et 

al, 2014) represented by Information Content and by Score. Minor discrepancies 

between the HMMER and SKYLIGN consensus sequences are observed at two low 

information content positions. A three-dimensional model of a four-motif consensus 

PPR array was constructed using methodology described in Fujii et al, 2011.  

 

2.2 Molecular biology, cloning and protein purification 

The design principles for generating a synthetic protein are described under Results 

and Discussion. The designed gene sequence, terminated by a double stop 

(TAATAA) codon and flanked by NotI and NcoI restriction enzyme sites was 

optimized and synthesized by Genscript, and provided in a pUC57 vector. The 

synthPPR3.5 and synthPPR5.5 genes (containing three or five tandem PPR motifs, 

respectively) were subcloned into a pETM-11 plasmid (EMBL Protein Core Facility) 

using standard restriction  (NotI, NcoI, New England Biolabs) and ligation (T4 DNA 

ligase, New England Biolabs) methods. 

 

The resulting expression plasmids were used to transform E. coli Rosetta™2 (DE3) 

cells (Novagen). 250 mL of 2YT media supplemented with 1 % (w/v) D-glucose, 50 

mM Tris-HCl at pH 7.5, 50  µg.mL-1 kanamycin and 50 µg.mL-1 chloramphenicol 

was innoculated with a transformed bacterial pre-culture and shaken at 37 ºC until the 

optical density at 600 nm reached 0.6. The culture was then cooled on ice for 5 

minutes and expression induced with 1 mM isopropyl β-D-1-thiogalactopyranoside 

with shaking overnight at 16 ºC. Selenomethionine protein was generated via 

inhibition of the methionine synthesis pathway in M9 media supplemented with 1 

mM CaCl2, 2 mM MgSO4, 0.5% (w/v) D-glucose and 0.0001% (w/v) 

thiamine.  When an optical density at 600 nm of 0.6 was reached, the culture was 

supplemented with lysine, phenylalanine and threonine at 100 mg mL-1 and 



162

isoleucine, leucine, and valine at 50 mg mL-1 and L-selenomethionine at 60 mg mL-1. 

The culture was then induced with 1 mM isopropyl β-D-1-thiogalactopyranoside and 

shaken overnight at 16 ºC for protein expression. 

 

The bacterial pellet was resuspended in buffer A (50 mM Tris-HCl pH 8.0, 500 mM 

KCl, 10 % (v/v) glycerol, 1 mM DTT) supplemented with 0.13 mM PMSF, (Roche), 

1 mini complete protease inhibitor tablet (Roche), 0.5 μL of Benzonase (Sigma-

Aldrich) and 1 mg.mL-1 lysozyme, and lysed under high pressure using a Emulsiflex 

C5 homogeniser (Avestin). Supernatant was loaded onto a pre-equilibrated 5mL 

HisTrap™ column, (GE healthcare), washed with buffer A and eluted by a gradient of 

0-500 mM imidazole in buffer A. The peak fraction was then subjected to gel 

filtration chromatography (BioLogic DuoFlow, Bio-Rad) on a HiLoad 16/60 

Superdex 200 prep grade column (GE Healthcare) in buffer A. Peak fractions were 

confirmed via SDS-PAGE (NuPage®Novex 4-12%, Bis-Tris gel, Invitrogen) stained 

with Coomassie Brilliant Blue (Supplementary Figure 1). Protein concentration was 

determined by absorbance at 280 nm. The histidine tag was not cleaved for any 

subsequent experiments. 

 

2.3 Circular dichroism 

Circular dichroism was carried out with a sample of synthPPR3.5 at 0.2 mg mL-1 in 10 

mM sodium borate buffer at pH 8.0, on a JASCO-810 spectropolarimeter equipped 

with a Peltier heating environment. Data were recorded with a 1 mm quartz cuvette 

using a 260-200 nm measurement range, 1 nm bandwidth, 5 s response time, 3 

accumulations and a 1 nm data pitch. All measurements were made in triplicate: 

Measurements were taken at 20°C, following by heating to 95°C, remeasurement,  

cooling to 20°C and remeasurement. Baseline correction using buffer measurements 

at 20°C was employed. 

 

 

2.4 Crystallisation 

Purified synthPPR3.5 in buffer A, was concentrated to 15 mg.mL-1 by centrifugation 

(Centricon) and screened for crystallisation in 96-well sitting drop format with 96-3 

LVR Intelliplates (Art Robbins Scientific), a Phenix liquid handling robot (Art 
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Robbins Scientific) and the sparse matrix screens Crystal Screen, Crystal Screen 2, 

Index, PEG/Ion and Natrix (Hampton Research) (250 nL protein:250 nL crystallant; 

50 μL reservoir). Crystal hits were optimised, resulting in diffraction quality crystals 

that grew from 3 μL drops in 24-well sitting drop CrysChem plates (Hampton 

Research) in a 2:1 ratio of crystallant (100 mM sodium citrate pH 3.35, 8 % (w/v) 

PEG 3350) and protein equilibrated against 1 mL of crystallant at 20 ºC. Crystals 

required cryoprotection with 10% (w/v) PEG3350 and 15% (v/v) glycerol to maintain 

optimum diffraction. Crystals of Se-synthPPR3.5 and synthPPR5.5 were also grown 

in these optimised conditions. 

 

2.5 X-ray data collection and structure solution 

All diffraction data sets were collected on a ADSC Quantum 315r detector at the 

MX2 beamline of the Australian Synchrotron at a temperature of 100 K. Native data 

were collected at a wavelength of 0.9537 Å. For synthPPR3.5, selenomethionine-

derivative crystal diffraction data were collected at a peak wavelength of 0.9792 Å (f' 

-8.02, f" 3.84) determined empirically from a Se fluorescence scan. All diffraction 

data were processed with XDS (Kabsch, 2010). The anomalous substructure, 

determined by PHENIX_AUTOSOL (Adams et al, 2010), included six Se 

atoms (with x, y, z and occupancy of: Se 1, -12.492, -59.940, -75.901, 2.05, Se 2, -

3.836, -63.464, -84.503, 1.92, Se 3, -1.477, -33.605, -35.488, 1.58, Se 4, -5.349, -

12.466, -24.587, 1.67, Se 5, -1.204, -43.042, -26.829, 1.31 and Se 6, -7.979, -9.308, -

67.705, 0.46). Phasing resulted in a figure of merit of 0.358, and SAD phases to 2.6 

Å. PHENIX_AUTOBUILD was used for density modification and model building, 

producing a model with five PPR motifs (and five Se atoms) in the asymmetric unit 

(Rwork, 0.29; Rfree 0.32). The sixth potential Se position was spurious and did not 

correspond to any atomic position. At this point a switch to the isomorphous higher-

resolution native data was made. Iterative cycles of model building and refinement 

used COOT (Emsley et al, 2010), PHENIX.REFINE and BUSTER (Bricogne et al, 

2011). REFMAC (Murshudov et al, 1997) was used for the final stages of refinement 

as a LINK statement was required to form a peptide bond between residue 175 of one 

asymmetric unit and residue 1 of the next. Coordinates were manipulated with PDB-

MODE (Bond, 2003), sequence alignments performed with ALINE (Bond & 

Schuettelkopf, 2009) and molecular graphics, inter-helical angles, and helix vectors 
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generated in PYMOL (Schroedinger). Superhelical parameters were derived by 

adapting DYNDOM (Hayward & Berendsen, 1998): individual PPR motifs were 

treated as domains, allowing the comparison of a protein consisting of motifs 1 and 2 

with one consisting of motifs 1 and 3. The result is a translation axis, and rotation 

about that axis that describes the superhelix. 

2.6 Modelling of Protein:RNA Complex 

Coordinates of a nine-repeat synthPPR protein, derived from the crystal structure  and 

oligouridine RNA octamer were prepared using PDB-MODE (Bond, 2003). Distance 

geometry restrained simulated annealing and Powell minimisation was performed 

using XPLOR-NIH, with the backbone of the protein fixed and with atoms from the 

uracil base  restrained to be within 5+/-1 Å of the sidechain atoms of N6 and D1 of 

adjacent PPR motifs. All 20 parallel runs produced effectively identical structures, 

indicating a global minimum. 

2.7 Protein Mass Determination from Crystals 

Approximately ten crystals (ca. 0.05 x 0.1 x 0.3 mm3 each) were harvested from a 

drop using a nylon loop (Hampton Research). They were washed by transfer into a 

protein-free drop of reservoir solution (100 mM sodium citrate pH 3.35, 8 % (w/v) 

PEG 3350) and then dissolved in ca. 4 μL water. For mass spectrometry 10% 

trifluoroacetic acid (TFA) was added to a final concentration of 0.1%. The protein 

solution was mixed at a 1:1 ratio with matrix solution II (sinapinic acid, Sigma, 

saturated in 30% acetonitrile, 0.1% TFA). Spotting was done using the double layer 

method: Initially 1 μl of matrix solution I (sinapinic acid saturated in ethanol) was 

spotted. After it dried, 1 μl or 2 μl of the protein-matrix mixture was spotted on top. 

After the spots were dried, they were analyzed with an UltraFlex III Matrix Assisted 

Laser Desorption/Ionisation-Time-Of-Flight (MALDI-TOF) mass spectrometer 

(Bruker Daltonics) at 50% laser intensity with up to 3,000 shots. The instrument was 

calibrated using Protein Calibration Standard I (Bruker) with a mass range of 5700 

Da-16952 Da. The spectra (e.g. Supplementary Figure 2) from two protein dilutions 

each gave two main peaks corresponding to the single (16,728.069, 16762.987 Da) 

and double-charged protein (8361.77, 8370.968 Da) respectively, which correlate well 

with the theoretical protein sequence (average mass 16681 Da). The 47 Da shift 

between the observed and expected mass could be a combination of a 2-3 Da error 
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and various salt adducts from the complex crystallization buffer or oxidation of 

methionine. 

 

3. Results and Discussion 

3.1 Sequence analysis 

A P-class PPR consensus sequence was derived from a profile Hidden Markov Model 

(HMM), generated from 2357 PPR motifs found in A. thaliana. In the first instance, 

the residue with highest propensity at each of the 35 positions was used as the basis 

for the following work (Figure 1(a)). In the absence of existing structural information 

on PPR proteins at the time of this work, we explored potential ab initio structural 

models of a conceptual PPR protein made from tandem consensus repeats, using our 

previously described approach (Fujii et al, 2010). In the resulting structure, the PPR 

motifs are composed of two antiparallel α-helices forming a hairpin. PPR motifs then 

stack together to form a superhelical solenoid structure. Helix A bears residues 

implicated in interacting with RNA, while helix B faces away from the RNA interface 

(Fujii et al, 2011). 

 

3.2 Protein design 

Armed with our consensus sequence, a predicted structure, and a design approach 

previously applied for a consensus TPR protein (Kajander et al., 2007) we designed a 

synthetic protein. Our first considerations were the suitability of the consensus 

sequence. We noted a conserved cysteine residue at position 13 and chose to 

substitute it with alanine – the next most favoured amino acid at this position – in 

order to reduce the potential for unwanted disulfide bond formation. We also noted a 

cluster of negatively charged residues (Glu19, 20, 23, 26, 27, 30) on the solvent 

exposed face of helix B of our model (Figure 1(b)). Despite the glutamic acid residues 

being most highly representative at each of those five positions, analysis showed that 

few of the 2357 individual native PPR sequences involved in building the consensus 

sequence have more than three negatively charged residues in that region and only 

one has six (Figure 1(c)). We therefore selected Glu 23 and 26 to make conservative 

subsitutions to glutamine.
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Our second consideration was the termini of the protein. At the N-terminus a tobacco 

etch virus protease-cleavable hexahistidine tag was included to assist purification, 

followed by a short α-helix-stabilising sequence (AVGN) (Dasgupta & Bell, 1993). 

At the C-terminus, an additional single helix was included that resembles the first half 

of a PPR motif, although four residues (Tyr5, Ile9 & Leu12, Ala13) were substituted 

to asparagine, lysine, alanine and serine, respectively, to produce an amphipathic 

“solubilizing” helix. In principle, any number of PPR motifs can be inserted between 

these termini: for these studies we made synthPPR3.5 with three complete PPR motifs 

and synthPPR5.5 with five. The final protein sequence can be described as 

MKHHHHHHPMSDYDIPTTENLYFQGAMGN -  

(DVVTYNTLIDGLAKAGRLEEALQLFQEMKEKGVKP)n - 

DVVTNNTLKDGASKAG 

 

3.3 Protein Expression and Structure Solution 

The synthetic protein synthPPR3.5 was readily overexpressed and purified using 

standard methods. In contrast to wild-type PPR proteins in general, synthPPR3.5 is 

remarkably soluble and resilient to changes in buffer and temperature. In order to 

demonstrate the thermal stability of synthPPR3.5 we used circular dichroism 

experiments (Figure 2(a)). The protein can be heat-cycled from 20°C to 95°C and 

back to 20°C with minimal change in the CD spectrum, and no evidence of 

precipitation in the cuvette. This observation is in stark contrast to CD studies of the 

wild-type PPR5 protein, which unfolds irreversibly at 39°C resulting in aggregation 

(Williams-Carrier et al, 2008). The thermal stability of synthPPR3.5 bodes well for 

future biophysical study of synthetic PPR proteins and potentially for their longevity 

in biological systems. 

SynthPPR3.5 also crystallised readily using standard methods (Figure 2(b)). Good 

quality data could be collected to 2.17 Å resolution. Initial molecular replacement 

attempts using a variety of models derived from predicted and other crystal structures 

(structures for mtRNAP and AtPRORP1 containing PPR motifs had become available 

at this time) were unsuccessful.  We chose to use single-wavelength anomalous 

dispersion methods on a selemethionine derivative of the protein to phase the 
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structure. Details are presented in Table 1.  

The structure solution process revealed a number of surprises. The synthPPR3.5 

protein contains 3.5 PPR motifs, and includes five methionine residues. Two of these 

are part of the N-terminal tag which might be expected to be disordered. Matthews 

coefficient analysis of the crystals (P212121, a = 54.0 Å, b = 75.0 Å, c = 85.1 Å) 

suggested either two (26% probability) or three (74%) molecules in the asymmetric 

unit. The observation of six atoms in the selenium substructure (with occupancies 

2.05, 1.92, 1.58, 1.67, 1.31, 0.46) suggested one or two protomers in the asymmetric 

unit. The final structure (Rwork, 0.22; Rfree, 0.27, respectively) is in fact rather different, 

containing exactly five repeats per asymmetric unit in a superhelical arrangement 

(Figure 3). Application of the 21 screw c-axis to the coordinates generates a complete 

superhelical turn of ten PPR motifs, resulting in a continuous superhelix running 

throughout the crystal. There is no evidence of the N-terminal sequence and C-

terminal helix in the electron density, nor are any breaks in electron density observed 

between subsequent repeats. The structure has the appearance of a seamless, infinitely 

long protein (Figure 4).  

3.4 Diagnosis of Helical Disorder 

In order to investigate the discrepancy between the protein we had crystallised and the 

apparent structure, we undertook close examination of data processing results from 

SCALA and TRUNCATE, which yielded no anomalies. All measured parameters are 

perfectly normal: Rmerge per image is in the range 3-6%, both Rmeas and <I/σI> vary 

smoothly across resolution ranges to reasonable values, the Wilson plot is exemplarily 

linear from 4.5 A to the resolution limit, systematic absences are clearly observed for 

all three screw axes, no twinning or abnormal cumulative intensity distribution 

features were observed, and the data shows minimal anisotropy.  

At this point we closely inspected the diffraction images. For synthPPR3.5 we noted 

weak, streaky diffraction, with two evenly-spaced minor peaks in between major 

peaks along the c-axis (Figure 5(a)). One potential explanation for this phenomenon is 

a superlattice, where the c-axis is tripled. We considered this possibility, because the 

convolution of our three PPR motif molecule onto a unit cell containing ten protomers 

could result in longer-range order corresponding to 30 PPR motifs. However, 



168

reprocessing of the data, still in P212121, but with unit cell 54.20, 75.24, 255.94 Å 

(Table 1) revealed simply an overall reduction in signal and extreme systematic 

weakness for planes perpendicular to Miller index l. Analysis of the structure factor 

amplitudes along the l-axis reveals that the streaks are extremely weak, with each 

streak layer (l=3n+1, l=3n+2) having a mean F/σF of less than 6 at low values of l, in 

comparison to ca. 40 for l=3n layers (Figure 5(b)). It is clear from the images that the 

major diffraction spots contain no streaking, and are exemplarily-shaped, whereas the 

streaks are wide, often linking the neighbouring positions in h, k or h+k. Importantly, 

refinement of a fifteen PPR motif protein against the long unit cell data still reveals an 

apparently infinite protein, with no breaks in electron density or evidence of the 

missing pieces of protein (Supplementary Figure 3). 

In seeking an explanation for this phenomenon we noted that an analogous result had 

been obtained for the structure of the consensus TPR (cTPR) protein (Kajander et al., 

2007). In that case, however, an asymmetric unit cell that was too small for the 

crystallised proteins was observed: for example a combination of a tetragonal four-

fold screw axis (P412121) and an asymmetric unit content of two cTPR motifs was 

observed for both an 8.5 motif and 20.5 motif protein. The result is a hypersymmetric 

crystal structure of an apparently infinite TPR superhelix. In our case we observe a 

similar electron density feature, yet as the asymmetric is large enough to contain a 3.5 

PPR motif protein, the term hypersymmetry does not seem appropriate. The best 

common explanation of both synthPPR and cTPR structures is helical disorder. 

Analysis of of the cTPR and synthPPR structures reveals infintite superhelices 

running along one or more crystallographic axes. Depending on the number of motifs 

present in the crystallised protein, one would expect breaks in electron density at 

regular intervals. In the case of three PPR motifs, this is incommensurate with five 

motifs per asymmetric unit (ten motifs per superhelical turn), and thus weak diffuse 

features appear in the diffraction pattern that correspond to some long-range order 

over three unit cells.  

However, there is the capacity for electron density breaks along a superhelix in one 

part of the crystal being out of register with those in another part. For synthPPR3.5, 

there are three possibilities (Figure 6(a)). If streaks are due to the symmetry mismatch 

between synthPPR3.5’s three PPR motifs and the five motifs in the asymmetric unit, 
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then one would expect either no evidence of streaks, or streaks coincident with 

diffraction spots for crystals of synthPPR5.5 (Figure 6(b)). Indeed, synthPPR5.5 

crystallises under identical conditions, producing effectively indistinguishable 

diffraction (same space group and unit cell constants), except for the absence of 

interstitial streaks along l, but evidence of very weak streaks between diffraction spots 

with the same value of l. (Figure 5(c)). Refinement against this data again reveals no 

evidence of chain breaks in the electron density (not shown). Due to the rotational 

component of this disorder, it is not the same as the lattice-translocation described by 

Wang et al, 2005. Additionally, the potential similarity to a hypersymmetric RNA 

duplex structure described by Shah et al, 1999, is not apparent in our data for similar 

reasons to those described by Kajander et al, 2007: The repeated units are perfectly 

identical in sequence, so no disruption of the intensity distributions is apparent, and 

the helically disordered structure is well described by the application of crystal 

symmetry employed here. 

3.5 Verification of Sample Integrity 

The observed phenomenon of a helically disordered superhelix raises questions about 

the physical status of the protein sample. The cTPR proteins described by Kajander et 

al showed no evidence of aggregation in solution. Conversely, synthPPR3.5, when 

incubated over the course of days, displays an increased amount of sodium dodecyl 

sulfate/dithiothreitol-resistant laddering monitored by polyacrylamide gel 

electrophoresis (SDS-PAGE; Supplementary Figure 1). Nevertheless, an explanation 

involving the formation of infinite assemblies of three PPR motif units raises the 

question as to what has happened to the additional parts of the protein: the N-terminal 

tag and the displaced C-terminal “solvating helix”. SDS-PAGE analysis and MALDI-

TOF mass spectrometry performed on a sample of ca. six month old crystals reveals 

clearly that the vast majority of protein is intact and full-length, containing the 

histidine tag, TEV-cleavage site, helix-capping motif, three PPR motifs and a full C-

terminal solvating helix (Supplementary Figure 2; observed: 16728 Da; theoretical: 

16681 Da; δ=+49 Da), although a minute amount of degraded protein in the range 

14.9-15.7 kDa is observed. 

4. Comparative Structure Analysis 
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Based on the excellent geometry and good quality refinement of the structure, we 

consider the result of this work as an appropriate model for a consensus PPR protein 

of arbitrary length that is suitable for comparison with other PPR and TPR proteins. 

Notably, the structure is remarkably similar to the computational model on which we 

based our design. A four-PPR tract of predicted structure superimposes with the 

crystal structure with a low RMSD of ~2.5 Å for all 140 Cα atoms, indicating that the 

structure prediction had been highly successful (Supplementary Figure 4).  

4.1 Description of a canonical consensus PPR protein 

Each PPR motif consists of two anti-parallel four turn α-helices (referred to as A and 

B respectively), linked by a 2 amino acid intra-motif turn and linked to the subsequent 

motif with a 5 amino acid loop (Figure 3).  Inspection of the temperature factors 

shows that the loops are more mobile than the helices (Supplementary Figure 5). 

When the helical disorder of crystal context is considered one might expect that the 

occupancy of atoms at the junction between motifs would be reduced by one third 

(the protomer making up the crystal consists of three PPRs). Although there is no 

obvious distortion of the electron density here, the temperature factors of those 

residues are amongst the highest within each motif (Supplementary Figure 5).  

4.2 Superhelical Structure 

Analysis of the superhelical parameters of the synthPPR structure provides an 

interesting comparison with cTPR: The synthPPR superhelix is continuous with a 

helical pitch of 85 Å defining the c axis of the unit cell. The periodic repeat of the 

synthPPR superhelix is ten motifs, each motif being replicated along the superhelix 

with a translational distance along the axis of 5.8 Å and a rotational angle of 38º. The 

TPR superhelix has a tighter 70 Å pitch, with a periodic repeat of eight motifs, 

corresponding to an axial translation of 6.4 Å and a rotational angle of 45º per motif. 

Helix A contributes side chains to the internal cavity in a similar arrangement to TPR 

proteins however with higher conservation of hydrophilic residues and a more 

positively charged groove, similar to that observed in Armadillo-repeat proteins. This 

groove corresponds to the RNA-binding surface of PPR proteins. The consensus 

sequence at positions 6 and 1’ of synthPPR corresponds to the combination expected 

for binding a uridine base: the N6D1’ RNA binding variant was shown previously to 
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target U>C>>>A,G in RNA binding studies of PPR10 (Barkan et al., 2012). The 

synthPPR structure is consistent with that mode of binding RNA (Figure 7). 

 

In order to understand how the sequence of PPR and TPR proteins result in different 

superhelical structures, a comparison can be broken down into intra-motif interactions 

(between residues on helices A and B of one motif) and inter-motif interactions 

(between helices of neighbouring motifs). As might be expected, the five PPR repeats 

in the synthPPR asymmetric unit are effectively structurally identical: they align with 

a root-mean-square deviation (RMSD) of 0.22 ± 0.05 Å for all 35 Cα atoms 

(Supplementary Figure 6). Mapping of the distribution of residue conservation, as 

described by the sequence logo (Figure 1(a)) reveals that the most highly conserved 

residues are those with sidechain interactions between residues on helices A and B 

within a single motif, rather than those between motifs (Supplementary Figure 6(g)).  

4.3 Comparison between PPR and TPR Motifs 

A structural comparison between the synthPPR and cTPR (PDB 2FO7) structures 

reveals sequence differences that cause local inter-motif differences in geometry 

(Figure 8(a)), which in turn propagate to large long-range differences in superhelical 

structure. It is notable that all of the most highly-conserved residues in both PPR and 

TPR motifs are predominantly hydrophobic (Figure 8(a,b); with the exception of the 

PPR RNA-binding positions 1 and 6), and thus buried in the various intra- or inter-

motif interfaces. A comprehensive analysis of interhelical angles for a number of PPR 

and TPR proteins is provided in Supplementary Figure 7.  Notably, at first glance the 

intra-motif interhelical angles of synthPPR and cTPR are very similar (ca. 167º). 

However, when this angle is decomposed into projections perpendicular to, or parallel 

to the helical array (Figure 8(b,c)), differences emerge. It is clear that helices A and B 

are more splayed out for PPR than TPR motifs. These differences can be accounted 

for by the observation that two critical highly-conserved residues buried at the 

interface between the helices in TPR repeats are tiny (Gly, Ala) and these are replaced 

by much bulkier conserved residues (Ile, Met) in PPR repeats. This observation may 

also explain the longer repeat length in PPRs (35 vs 34) allowing the helices to 

diverge further.  
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The most significant differences between PPR and TPR motifs, however, are apparent 

at the interface between adjacent motifs. The angle between helices A of adjacent 

motifs is ca 9° greater for TPR (22°) than PPR motifs (13°). This enhanced twist is 

responsible for the more highly overwound TPR superhelix. (Figure 8(c)).  Analysis 

of the residues that make up the interface (Figure 8(d)) shows that while residues 

from both helices A and B of both adjacent PPR motifs contribute to the interface, for 

TPR motifs helix B of the second motif barely participates, thus allowing the 

additional rotation. A further important structural distinction is the role of the 

conserved proline at the end of the motifs (PPR Pro35 inPPR; TPR Pro32). Despite a 

similar position in the motif and a high level of conservation, the TPR proline exposes 

its sidechain out, away from the interface between motifs, whereas the PPR proline is 

deeply buried. Its aliphatic atoms are buried in a pocket formed by Phe25, Met28, 

Lys29, Val33, and Thr4 and Tyr5 from the next subunit, thus playing a potentially 

key role in superhelical structure.  It is likely that the evolutionary constraint that 

causes this difference between PPRs and TPRs is the requirement that residue 6 on 

helix A of one motif and residue 1 of the next cooperate together to effect RNA 

sequence specificity. 

4.4 Comparison between synthPPR and native PPR Structures 

Structural alignments of the previously crystallised PPR motifs from mtRNAP 

(Ringel et al., 2011), PRORP1 (Howard et al., 2012), THA8 (Ke et al., 2013) and 

PPR10 (Yin et al., 2013) illustrate the differences between the PPR motifs 

(Supplementary Figure 6) and highlight the utility of the consensus structure 

described here. The intra-motif angles in the previously crystallised PPR structures 

vary considerably relative to the well-defined intra-motif angle of synthPPR. In an 

attempt to define a typical P-type PPR motif structurally, we aligned the P-type motifs 

of mtRNAP, PRORP, THA8 and PPR10 to synthPPR, with resulting RMSDs of 3.1 

Å, 1.6 Å ± 0.3,  5.2 Å ± 1.2 and 1.7 Å ± 0.9 respectively, i.e. 5-fold greater variance 

than observed within the synthPPR structure. The inter-motif angles are similarly 

variable in the natural PPR structures, varying from 28º to 53º in the PPR10 structure.  

 

The diversity of sequence represented in the existing PPR protein crystal structures 

makes rationalisation of the specific determinants of superhelical structure difficult. 

The only clearly observable rule is that concerning the highly conserved methionine 
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residue in helix B (Met28 in synthPPR). This residue projects towards helix A from 

helix B, making contacts with residues Val2, Tyr5 and Ile9. In the apoPPR10 

structure (PDB 4M57; Supplementary Figure 7) the intra-motif angle is quite clearly 

different between those PPR motifs conserving the methionine and those without. 

Repeats 3, 5-11, 16 and 17 have methionine at this position and a typical interhelical 

angle 168+/- 1°, whereas the other repeats have a wider angle of 158+/-1°. Perhaps 

counterintuitively, the residues at this position are smaller than methione (valine, 

isoleucine), so the cause of the widened repeats is not simple steric repulsion  (Figure 

9). Substitution of Met28 for less bulky sidechains could alter its ability to pack 

against the conserved Pro35 with knock-on effects at the interface with the next PPR 

motif.  

 

4.5 The Effect of “Designer” Substitutions 

 

 We chose to substitute conserved glutamate residues with glutamine to 

minimise the size of a negatively charged cluster on the protein. The inclusion of 

glutamine residues in helix B, facing the outer side of the superhelix may have played 

a role in improving solubility, by decreasing the charge of the outer side of the 

protomer, but are most likely to have influenced crystallization. Crystal contacts 

between superhelices involve the outer side of one protomer (protomer A) interacting 

with two protomers (α and β) in a second antiparallel superhelix (Figure 10). These 

contacts are dominated by the engineered glutamines, with Gln58 of protomer A 

interacting with Glu159 of protomer α in the second superhelix which is stabilized by 

Arg17 of protomer β in the antiparallel superhelix. Gln61A also interacts with the 

Glu20β stabilized by Glu65A and Arg17β. It is thus possible that maintenance of Glu at 

positions 23 and 26 would have inhibited crystallisation, although we have not tested 

this. 

 

 

5. Conclusions 

 

The results presented here give novel insight into the design and structure of synthetic 

PPR proteins. The crystal structure presented here highlights which residues dictate 

the intra- and inter-motif relationships of P-class PPR motif arrays, in turn controlling 
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the architecture of the RNA binding surface. Additionally, the synthPPR structure 

defines the archetypal P-class motif scaffold.  Importantly, the synthPPR proteins 

investigated here were highly stable in solution, unlike any of the increasing numbers 

of studied native PPR proteins, providing a basis for future studies into the detailed 

role of individual amino acid positions in RNA-binding and structure. 

 

The assembly of protomers into an effectively infinite superhelix has both positive 

and negative implications for the utility of synthetic PPR proteins in biotechnology 

applications. On the one hand, long arrays replicate the unusually long RNA binding 

surfaces of natural PPR proteins, and support the notion that they are reproducible in 

vitro. On the other hand, however, the head-to-tail mis-association of synthPPR 

molecules could adversely modify sequence specificity with unpredictable outcomes. 

 

The synthPPR structure is an important step towards applications in biotechnology, 

providing a rational basis for engineering a suite of base-specific PPR motifs and 

RNA specificity factors. Such customisable PPR proteins could have many uses as 

tools to intervene in post-transcriptional processes in living cells (Yagi et al., 2014). 
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Table 1. Data collection and refinement statistics 
 

*Values in parenthesis are for highest-resolution shell. ^Chen et al., 2010. #Engh & 
Huber, 1991 
 

 
 
Rwork and Rfree are calculated from the working set of reflections and the test set, 

respectively, and expressed as  
 

 synthPPR3.5 
PDB 4OZS 

synthPPR3.5 long Se-synthPPR3.5 

Data collection    
Cell dimensions      
  a, b, c (Å) 54.0, 75.0, 85.1 54.2, 75.2, 255.9 54.1, 75.0, 85.7 
Resolution (Å) 
(highest resolution bin) 

56.28-2.17  
(2.25-2.17) 

48.74-2.17  
(2.25-2.17) 

45.72-2.61  
(2.73-2.61) 

Rmerge 0.046 (0.709) 0.133 (2.616) 0.097 (1.271) 
CC1/2 0.999 (0.822) 0.999 (0.525) - 
<I / σI> 24.4 (2.9) 7.7 (0.8) 11.9 (1.5) 
Completeness (%) 
Average Redundancy 
Anom. Completeness (%) 

99.8 (98.9) 
7.2 (7.3) 
- 

99.8 (99.8) 
7.0 (7.1) 
- 

99.6 (97.3)  
7.0 (6.7) 
98.8 (94.1) 

Anom. Redundancy - - 3.7 (3.4) 
Wilson B-factor (Å2) 48 49 - 
    
Refinement    
Resolution (Å) 56.28-2.17   
Reflections Total / Free 17,825 / 966   
Rwork / Rfree   0.216 / 0.265   
Number of atoms 1416   
    Protein 1371   
    Water 46   
Ramachandran outliers^ 1.2%   
Rotamer outliers^ 5.5%   
Clash score^ 13   
Average B-factors (Å2):    
    Protein 52   
    Ligand/ion 56   
    Water 55   
R.m.s. deviations from  
ideal values:# 

   

    Bond lengths (Å) 0.004   
    Bond angles (°) 0.69   
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Figure Legends 

 

Figure 1. Sequence analysis of PPR domains. SKYLIGN representations of an 

alignment of 2357 PPR motifs displaying (a) Information Content above background 

and (b) Score. The consensus sequence is provided, along with the modified 

consensus used for structural work. (c) A model of predicted structure revealed a 

cluster of six glutamate residues on predicted helix B. (d) Only one real sequence 

from all 2357 has six glutamate residues on helix B. 

 

Figure 2. synthPPR3.5 protein is thermally stable and crystallises readily. (a) Circular 

dichroism spectropolarimetry of a sample at 20°C, 95°C and returned to 20°C. 

Measurements were made in triplicate. Each spectrum was buffer baseline corrected 

and smoothed using a 15-point Savitzky-Golay filter. Minimal structural differences 

are observed before and after heating. (b) Crystals of synthPPR3.5 are readily grown 

and have a clean orthorhombic habit.  

 

Figure 3. The crystal structure of synthPPR3.5 (a) The asymmetric unit includes five 

linked PPR motifs coloured in shades of blue. The N6D1’ RNA binding residues are 

shown as sticks on the inner face of the superhelix (b) The synthPPR superhelix 

respresented by the content of three adjacent asymmetric units viewed perpendicular 

and parallel to the c axis. 

 

Figure 4. Electron density for the synthPPR3.5 structure. (a) A stereoview of motif 1 

(residues 1-35) represented as ball-and-stick with sticks coloured according to B-

factor (blue, low; red, high), superimposed on 2m|Fo|-D|Fc|, αc (1.2σ, 0.18e/Å3, blue) 

and m|Fo|-D|Fc|, αc (-3.0σ, -0.08 e/Å3, red; +3.0σ, 0.08 e/Å3, green) electron density 

maps  represented as mesh. (b) Snapshots of structure and electron density (as in (a)) 

at the five junctions between adjacent PPR motifs. Note the continuous density 

running between adjacent asymmetric units in the left panel. 

 

Figure 5. Helical disorder is evident in the diffraction from synthPPR crystals. (a) 

Two diffraction images (90° apart) from synthPPR3.5 crystals. Zoomed-in views give 

Miller indices for key spots. Streaking is observed between lattice points along l. (b) 

When data is reprocessed with a tripled c axis, the mean signal-to-noise ratio for the l-
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layers that correspond to the streaks is considerably lower than for the major layers. 

(c) A diffraction image from synthPPR5.5 crystals reveals weak streaks perpendicular 

to l diffraction maxima, but not between them. 

 

Figure 6. A schematic representation of helical disorder. (a) PPR motifs in three 

adjacent superhelices in the synthPPR3.5 structure are coloured as white-grey-black 

triplets. Arbitrary rotation/translation along the superhelical axis can place a white 

motif at any of these three positions. Thus a superhelically-averaged structure is 

observed. (b, c) Displacement of N-terminal and C-terminal parts of the polypeptide 

is possible for synthPPR3.5 and synthPPR5.5. Greater evidence of diffraction 

streaking for synthPPR3.5 may be due to the higher molar concentration of disordered 

polypeptide. 

 

Figure 7. A model of polyU RNA (orange and magenta cartoon) bound to a synthPPR 

array (rainbow cartoon).  

 

Figure 8. Comparison of synthPPR and cTPR structure. (a) Sequence alignment of 

consensus PPR and TPR motifs. Most highly conserved positions are shaded (PPR, 

blue; TPR, grey). Circles mark RNA-binding positions in PPR motifs. Stars mark 

residues conserved between PPR and TPR sequences. Triangles mark positions with 

sgnificantly different-sized residue types. (b) Side views of individual PPR (blue) and 

TPR (black) motifs shown as ribbon, with sticks for conserved residues. Red-to-green 

vectors indicate the orientation of α-helices A and B. (c) Side views of pairs of 

adjacent PPR (blue) and TPR (black) motifs reveal the increased twist along a TPR 

superhelix compared to a PPR. Compare the angles between vectors representing 

helix A of adjacent repeats. (d) The identity of amino acid residues involved in the 

interface between adjacent motifs (PPR, top; TPR, bottom). A surface representation 

is used as if the motifs had been opened apart like pages of a book. Residues are 

coloured according to the sequence logo in Figure 1. 

 

Figure 9. Comparison of synthPPR motifs with native PPR motifs. synthPPR (blue) is 

superimposed on motifs 8, 4 and 13 of ZmPPR10 (red; PDB 4M57). Motif 4 is a 

highly canonical motif and key residues are identical or similar to synthPPR, resulting 

in a similar interhelical angle. Motifs 4 and 13 are more divergent, and typical of the 
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motifs that do not contain methionine at position 28. The result is a larger interhelical 

angle.   

 

Figure 10. The crystal contacts between neighbouring superhelices (grey vs. blue) in 

the synthPPR3.5 structure involve only a small number of hydrogen bond contacts, 

either directly, or via solvent atoms (yellow spheres). A number of glutamine residues 

which were substituted from glutamate in this work are involved.  
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Figure 1. Sequence analysis of PPR domains. SKYLIGN representations of an 

alignment of 2357 PPR motifs displaying (a) Information Content above background 

and (b) Score. The consensus sequence is provided, along with the modified 

consensus used for structural work. (c) A model of predicted structure revealed a 

cluster of six glutamate residues on predicted helix B. (d) Only one real sequence 

from all 2357 has six glutamate residues on helix B.
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Figure 2. synthPPR3.5 protein is thermally stable and crystallises readily. (a) Circular 

dichroism spectropolarimetry of a sample at 20°C, 95°C and returned to 20°C. Each 

spectrum was buffer baseline corrected and smoothed using a 15-point Savitzky-

Golay filter. Minimal structural differences are observed before and after heating. (b) 

Crystals of synthPPR3.5 are readily grown and have a clean orthorhombic habit.  
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Figure 3. The crystal structure of synthPPR3.5 (b) The asymmetric unit includes five 

linked PPR motifs coloured in shades of blue. The N6D1’ RNA binding residues are 

shown as sticks on the inner face of the superhelix (c) The synthPPR superhelix 

respresented by the content of three adjacent asymmetric units viewed perpendicular 

and parallel to the c axis. 
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Figure 4. Electron density for the synthPPR3.5 Structure. (a) A stereoview of motif 1 

(residues 1-35) represented as ball-and-stick with sticks coloured according to B-

factor (blue, low; red, high), superimposed on 2m|Fo|-D|Fc|, αc (1.2σ, blue) and m|Fo|-

D|Fc|, αc (-3.0σ, red; +3.0σ, green) electron density maps  represented as mesh. (b) 

Snapshots of structure and electron density (as in (a)) at the five junctions between 

adjacent PPR motifs. Note the continuous density running between adjacent 

asymmetric units in the left panel. 
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Figure 5. Helical disorder is evident in the diffraction from synthPPR crystals. (a) 

Two diffraction images (90° apart) from synthPPR3.5 crystals. Zoomed-in views give 

Miller indices for key spots. Streaking is observed between lattice points along l. (b) 

When data is reprocessed with a tripled c axis, the mean signal-to-noise ratio for the l-

layers that correspond to the streaks is considerably lower than for the major layers. 

(c) A diffraction image from synthPPR5.5 crystals reveals weak streaks perpendicular 

to l diffraction maxima, but not between them. 
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Figure 6. A schematic representation of helical disorder. (a) PPR motifs in three 

adjacent superhelices in the synthPPR3.5 structure are coloured as white-grey-black 

triplets. Arbitrary rotation/translation along the superhelical axis can place a white 

motif at any of these three positions. Thus a superhelically-averaged structure is 

observed. (b, c) Displacement of N-terminal and C-terminal parts of the polypeptide 

is possible for synthPPR3.5 and synthPPR5.5. Greater evidence of streaking in the 

synthPPR.5 may be due to the higher molar concentration of disordered polypeptide. 
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Figure 7. A model of polyU RNA bound to a synthPPR array. The conformation of 

RNA is not strained. 
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Figure 8. Comparison of synthPPR and cTPR structure. (a) Sequence alignment of 

consensus PPR and TPR motifs. Most highly conserved positions are shaded (PPR, 

blue; TPR, grey). Circles mark RNA-binding positions in PPR motifs. Stars mark 

residues conserved between PPR and TPR sequences. Triangles mark positions with 

sgnificantly different-sized residue types. (b) Side views of individual PPR (blue) and 

TPR (black) motifs shown as ribbon, with sticks for conserved residues. Red-to-green 

vectors indicate the orientation of α-helices A and B. (c) Side views of pairs of 

adjacent PPR (blue) and TPR (black) motifs reveal the increased twist along a TPR 

superhelix compared to a PPR. Compare the angles between vectors representing 

helix A of adjacent repeats. (d) The identity of amino acid residues involved in the 

interface between adjacent motifs (PPR, top; TPR, bottom). A surface representation 

is used as if the motifs had been opened apart like pages of a book. Residues are 

coloured according to the sequence logo in Figure 1. 
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Figure 9. Comparison of synthPPR motifs with native PPR motifs. synthPPR (blue) is 

superimposed on motifs 8, 4 and 13 of ZmPPR10 (red; PDB 4M57). Motif 4 is a 

highly canonical motif and key residues are identical or similar to synthPPR, resulting 

in a similar interhelical angle. Motifs 4 and 13 are more divergent, and typical of the 

motifs that do not contain methionine at position 28. The result is a larger interhelical 

angle.   
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Figure 10. The crystal contacts between neighbouring superhelices (grey vs. blue) in 

the synthPPR3.5 structure involve only a small number of hydrogen bond contacts, 

either directly, or via solvent atoms (yellow spheres). A number of glutamine residues 

which were substituted from glutamate in this work are involved.  
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Supplementary Figure 1. Denaturing reducing polyacrylamide gel electrophoresis 

for the expression, purification and storage of the 16.7 kDa synthPPR protein. (Left) 

Samples taken throughout  purification including nickel affinity (NiNTA) and size 

exclusion chromatography (SE). (Middle) Concentrated samples immediately prior to 

crystallisation and (Right) after two weeks incubation, including a sample containing 

five dissolved protein crystals. No proteolytic degradation is visible, but SDS/DTT-

persistent laddering of the protein is observed. SDS-PAGE (NuPage®Novex 4-12%, 

Bis-Tris gel, Invitrogen) stained with Coomassie brilliant blue loaded with 10 µL per 

well. 
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Supplementary Figure 2. MALDI-TOF analysis of a sample harvested from a six-

month old crystal tray. The vast majority of the protein is full-length (observed: 

16728 Da; theoretical: 16681 Da; δ=+49 Da) with some evidence of minor 

degradation products around 15kDa. 
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Supplementary Figure 4. Comparison of the predicted PPR structure with the 

synthPPR3.5 crystal structure. (a) Superposition of the crystal structure with the most 

similar model. (b) Superposition of 18 models on the crystal structure. (All-atom 

RMSDs for between 729 and 876 atoms are, 2.6, 3.0, 2.5, 2.5, 4.2, 3.0, 2.8, 2.7, 2.9, 

2.8, 2.7, 2.8, 3.1, 3.2, 2.5, 2.6, 3.5 and 2.8 Å). Models were generated from 20 rounds 

of modelling two of which did not complete.  

  

90º 90º

b a 
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Supplementary Figure 5. A cartoon putty representation of the asymmetric unit of 

synthPPR3.5, coloured according to B-factor (blue, minimum; red, maxmum). B-

factors are higher in the loops than in the helices.  
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Supplementary Figure 6. (a) Superposition of five PPR motifs of synthPPR; RMSDs 

of 0.239, 0.142, 0.219 and 0.284 Å respectively relative to synthPPR motif 1. (b) 

Superposition of 18 PPR motifs of PPR10 (4M59) with RMSD of 0.847, 0.646, 

2.398, 1.334, 3.923, 1.259, 0.740, 2.694, 1.441, 0.824, 2.024, 0.922, 1.568, 2.499, 

1.401, 2.368 and 1.928 Å respectively to motif 1 from PPR10. (c) Superposition of 

the five PPR motifs of THA8 (4N2Q) with RMSDs  6.335, 4.290, 3.836 and 6.518 Å 

relative to motif 1. (d) Superposition of the five PPR motifs of PRORP1 (4G23) with 

RMSD of 1.315, 1.575, 1.500 and 2.047 Å respectively to motif 1 from PRORP1. (e) 

Superposition of two PPR motifs from mtRNAP (3SPA) with RMSD of 3.087 Å. (f) 

Superposition of four TPR motifs of synthTPR (2FO7) with RMSD of 0.333, 0.370 

and 0.333 Å respectively to motif 1. (g) A model of two adjecent motifs of 

synthPPR3.5 with sidechains represented as spheres with radius proportional to the 

information content, coloured in the same manner as Figure 1(a). 
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Supplementary Figure 7. Analysis of superhelical parameters, expressed as intra-

motif and inter-motif angles, for known PPR structures; (Top) synthPPR, mtRNAP 

(PDB 3SPA), PRORP1 (4G23), and THA8 (4N2Q) as well as a consensus TPR 

structure (2FO7). (Bottom) Similar characterisation for PPR10 without (4M57) and 

MMotif Residue Intra-motif Inter-motifMMotif 
N

Residue 
N 1 5 10 15 20 25 30 35 40

Intra-motif 
l (º)

Inter-motif 
l (º)No. No. 1 5 10 15 20 25 30 35 40 angle (º) angle (º)

1 1-35 D V V T Y N T L I D G L A K A G R L E E A L Q L F Q E M K E K G V K P 164.85 n/a

2 36-70 D V V T Y N T L I D G L A K A G R L E E A L Q L F Q E M K E K G V K P 164.72 36.78

3 71-105 D V V T Y N T L I D G L A K A G R L E E A L Q L F Q E M K E K G V K P 163.16 39.72

4 106-140 D V V T Y N T L I D G L A K A G R L E E A L Q L F Q E M K E K G V K P 167.22 38.83

5 141-175 D V V T Y N T L I D G L A K A G R L E E A L Q L F Q E M K E K G V K P 165.48 n/a

AAve. =165.09 ± 1.47 38.44 ± 1.23

1 46-80 S T E A I H A V Q A L K R L T A A D R S P P A A T A A A S A A L G R L 154.16 n/a

2 81-116 L R A D L L A A M A E L Q R Q G H W S L A L A A L H V A R A E P W Y R P 162.26 -

3 117-166 D P E L Y A T F V S S S P S N D P A A A A A V D A L V E A F I E E K E R G A A G G S S E G V W V G E 173.10 -

4 176-202 D V Y K L T R L R A L V A K G R A R A A W R V Y E A A V R K G G C E V 159.23 35.30

5 203-239 D E Y M Y R V M A K G M K R L G L D E E A A E V E A D L A D W E A R H L P 164.45 n/a

AAve. =162.64 ± 7.01 -

1 96-130 P E A L L K Q K L D M C S K K G D V L E A L R L Y D E A R R N G V Q L 168.59 n/a

2 131-174 S Q Y H Y N V L L Y V C S L A E A A T E S S N P G L S R G F D I F K Q M I V D K V V P 159.25 -

3 175-209 N E A T F T N G A R L A V A K D D P E M A F D M V K Q M K A F G I Q P 152.47 24.17

4 210-244 R L R S Y G P A L F G F C R K G D A D K A Y E V D A H M V E S E V V P 163.56 87.01

5 245-278 E E P E L A A L L K V S M D T K N A D K V Y K T L Q R L R D L V R Q V 164.67 n/a

AAve. =161.71 ± 6.14 55.59 ± 31.42

1 260-294 T L D M Y N A V M L G W A R Q G A F K E L V Y V L F M V K D A G L T P 172.01 n/a

2 295-330 D L L S Y A A A L Q C M G R Q D Q A G T I E R C L E Q M S Q E G L K L 174.65 n/a

AAve. =174.31 ± 1.87 -

1 1-34 A E A W Y N L G N A Y Y K Q G D Y D E A I E Y Y Q K A L E L D P R S 165.95 n/a

2 35-68 A E A W Y N L G N A Y Y K Q G D Y D E A I E Y Y Q K A L E L D P R S 160.51 45.98

3 69-102 A E A W Y N L G N A Y Y K Q G D Y D E A I E Y Y Q K A L E L D P R S 160.24 43.46

4 103-136 A E A W Y N L G N A Y Y K Q G D Y D E A I E Y Y Q K A L E L D P R S 159.64 n/a

AAve. =161.59 ± 2.93 44.72 ± 1.26

sy
nt
hP

PR
TH

A8
PR

O
RP

1
m
tR
N
AP

sy
nt
hT

PR

MMotif Residue Intra motif Inter motifMMotif 
N

Residue 
N 1 5 10 15 20 25 30 35

Intra-motif 
l (º)

Inter-motif 
l (º)No. No. 1 5 10 15 20 25 30 35 angle (º) angle (º)

1 137-172 D A S A L E M V V R A L G R E G Q H D A V C A L L D E T P L P P G R S L 157.17 n/a

2 173-207 D V R A Y T T V L H A L S R A G R Y E R A L E L F A E L R R Q G V A P 162.52 47.42

3 209-243 T L V T Y N V V L D V Y G R M G R S W P R I V A L L D E M R A A G V E P 174.37 28.72

4 244-278 D G F T A S T V I A A C S R D G L V D E A V A F F E D L K A R G H A P 162.02 38.26

5 279-313 S V V T Y N A L L Q V F G K A G N Y T E A L R V L G E M E Q N G C Q P 169.68 -

6 314-348 D A V T Y N E L A G T Y A R A G F F E E A A R C L D T M A S K G L L P 164.30 -

7 349-383 N A F T Y N T V M T A Y G N V G K V D E A L A L F D Q M K K T G F V P 162.62 -

8 384-418 N V N T Y N L V L G M L G K K S R F T V M L E M L G E M S R S G C T P 170.65 -

9 419-453 N R V T W N T M L A V S G K R G M E D Y V T R V L E G M R S S G V E L 169.27 -

10 454-488 S R D T Y N T L I A A Y G R C G S R T N A F K M Y N E M T S A G F T P 167.33 52.65

11 489-523 C I T T Y N A L L N V L S R Q G D W S T A Q S I V S K M R T K G F K P 167.83 37.96

12 524-559 N E Q S Y S L L L Q C Y A K G G N V A G I A A I E N E V Y G S G A V F P 153.92 28.22

13 560-594 S W V I L R T L V I A N F K C R R L D G M E T A F Q E V K A R G Y N P 156.88 -

14 595-629 D L V I F N S M L S I Y A K N G M Y S K A T E V F D S I K R S G L S P 159.60 52.77

15 630-65 D L I T Y N S L M D M Y A K C S E S W E A E K I L N Q L K C S Q T M K P 157.09 -

16 666-700 D V V S Y N T V I N G F C K Q G L V K E A Q R V L S E M V A D G M A P 165.68 -

17 701-735 C A V T Y H T L V G G Y S S L E M F S E A R E V I G Y M V Q H G L K P 168.55 47.21

18 736-770 M E L T Y R R V V E S Y C R A K R F E E A R G F L S E V S E T D L D F 157.33 n/a

AAvee. =163.11 ± 5.83 41.65 ± 9.23

Z
m
P
P
R
10

MMotif Residue Intra motif Inter motifMMotif 
N

Residue 
N 1 5 10 15 20 25 30 35

Intra-motif 
l (º)

Inter-motif 
l (º)No. No. 1 5 10 15 20 25 30 35 angle (º) angle (º)

1 137-172 D A S A L E M V V R A L G R E G Q H D A V C A L L D E T P L P P G R S L 157.40 n/a

2 173-207 D V R A Y T T V L H A L S R A G R Y E R A L E L F A E L R R Q G V A P 166.98 41.72

3 209-243 T L V T Y N V V L D V Y G R M G R S W P R I V A L L D E M R A A G V E P 171.26 40.26

4 244-278 D G F T A S T V I A A C S R D G L V D E A V A F F E D L K A R G H A P 170.30 43.23

5 279-313 C V V T Y N A L L Q V F G K A G N Y T E A L R V L G E M E Q N G C Q P 163.74 -

6 314-348 D A V T Y N E L A G T Y A R A G F F E E A A R C L D T M A S K G L L P 145.97 -

7 349-383 N A F T Y N T V M T A Y G N V G K V D E A L A L F D Q M K K T G F V P 165.43 -

8 384-418 N V N T Y N L V L G M L G K K S R F T V M L E M L G E M S R S G C T P 170.80 26.42

9 419-453 N R V T W N T M L A V S G K R G M E D Y V T R V L E G M R S S G V E L 164.23 45.97

10 454-488 S R D T Y N T L I A A Y G R C G S R T N A F K M Y N E M T S A G F T P 167.04 51.65

11 489-523 C I T T Y N A L L N V L S R Q G D W S T A Q S I V S K M R T K G F K P 170.27 41.29

12 524-559 N E Q S Y S L L L Q C Y A K G G N V A G I A A I E N E V Y G S G A V F P 155.75 33.46

13 560-594 S W V I L R T L V I A N F K C R R L D G M E T A F Q E V K A R G Y N P 164.16 40.59

14 595-629 D L V I F N S M L S I Y A K N G M Y S K A T E V F D S I K R S G L S P 164.15 54.60

15 630-65 D L I T Y N S L M D M Y A K C S E S W E A E K I L N Q L K C S Q T M K P 161.12 26.24

16 666-700 D V V S Y N T V I N G F C K Q G L V K E A Q R V L S E M V A D G M A P 164.11 41.38

17 701-735 C A V T Y H T L V G G Y S S L E M F S E A R E V I G Y M V Q H G L K P 161.90 -

18 736-770 M E L T Y R R V V E S Y C R A K R F E E A R G F L S E V S E T D L D F 158.96 n/a

AAvee. =163.53 ± 6.27 40.57 ± 8.24
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with (4M59) RNA bound. Intra-PPR angles calculated via pymol and  ± represents 

standard deviation. Helix A shown in light blue and helix B shown in dark blue. Red 

denotes missing residues and yellow shows residues defined as loop rather than 

helical. 
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Chapter 6

6.1 - Discussion

 The overall aim of this thesis was to identify novel methodologies to aid the 

crystallisation of challenging protein targets and to apply  them alongside traditional 

techniques in an attempt to characterise a high-value structural target, a PPR protein. 

 In studies I and II, heterogeneous additives were trialled with model proteins for 

improvements in crystallogenesis. Study I found that colloidal graphenes increased 

crystalline material formation with an almost 3 fold increase in crystalline material 

generation for ADH in the presence of graphene.265 Mean crystalline material counts 

were higher for graphene (3.67, 3.67, 15.0, 2.67 and 2.67) and graphene oxide (2.00, 

4.00, 13.0, 4.00 and 4.00), compared to the controls (1.33, 2.00, 11.33, 2.00 and 1.33) 

for ADH, catalase, lysozyme, trypsin and PSPC1/NONO, respectively. Further analysis 

was carried out to explore the ability for graphenes to generate crystalline material from 

low protein concentrations. Lysozyme crystals formed in the presence of graphenes 

whereas control drops were lacking crystalline material formation. 

Curiously, a statistically-robust method to determine heterogeneous additive efficacy 

was lacking prior to our work. Current reporting of crystallographic successes when 

investigating novel additives includes phenomenological events, simply  stating 

correlative observations of an additive working. Such a lack of definition of causality 

and reproducibility means the efficacy of previously described heterogeneous additives 

is often questionable. Two studies have attempted to determine such efficacy. Thakur et 

al. found CCMs that were nucleant-specific were significantly  reproducible, however, 

use in wider screening was not determined.120 A subsequent study  from King et al.. 
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proposed a statistical method to investigate the effect of crystallisation plate type on 

crystallisation outcomes.173 The method was not transferrable to sparse matrix testing 

and therefore not useful for testing additive efficacy. Our statistical analyses found the 

effects of colloidal graphenes (Study I) to be notable and nacre not to be a useful 

heterogeneous additive (Study II). The ineffectiveness of nacre was most unexpected as 

similar studies have utilised similar additives112,118,120 and reported improvements in 

crystallogenesis. 

The future use of colloidal graphenes should be in crystallisation trials where traditional 

techniques have proven unsuccessful. Of the proteins tested, colloidal graphenes were 

shown to be useful throughout, and therefore, we propose could be widely applicable 

for use with real structural targets and not just the readily crystallisable model proteins. 

Importantly, we propose that the statistical method developed in study I should be used 

in any  future attempts to determine the efficacy of novel heterogeneous additives. The 

importance of this can be exemplified in our work on nacre, and such an approach could 

ultimately  benefit protein crystallographers, by  allowing them to use statistically 

validated additives in their crystallisation experiments.

 While nucleation is the initial barrier to crystallisation, a major determinant of 

crystallographic success is protein stability. This can include solubility, aggregation 

propensity, lack of structure or inherent disorder and flexibility.

Calixarenes have well-documented complexation capacities with amino acids278-289 and 

protein surfaces,290-293 although their effect on stability is poorly  characterised. Intrigued 

by the potential for calixarenes and other cavitands as co-crystallisation moieties, we 

attempted to obtain cavitand:protein complexes through crystallisation trials with model 

proteins. These include cyclodextrins, a second family of cavitands that are known to 

form host-guest complexes that have been utilised for complexing amino acids305,306 in a 

similar interaction to those observed with calixarenes. 

During our studies we made a serendipitous discovery on how such complexes can be 

crystallised. In study III we found that a significant  impediment to the wider use of 
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calixarenes in protein crystallisation is that they  readily crystallise in conditions 

favourable for protein crystallisation. The high molecular symmetry  of calixarenes 

combined with their ability to coordinate metal ions result in calixarenes being able to 

self assemble into highly  ordered structures,307-309 reviewed elsewhere.310,311 Calixarenes 

are highly  amenable to crystallisation and the metal coordination is so well defined that 

calixarenes can be directed to form large regular polyhedral structures, through careful 

control of the coordination chemistry.275 

It is therefore not surprising that during our crystallisation trials many small molecule 

crystals were generated. A by-product of this work was the determination of two small-

molecule crystal structures: an isomorphous structure of an existing calixarene structure 

with a different counter ion and a cyclodextrin/benzoic acid complex which shows how 

cyclodextrins might complex the side chain of an aromatic amino acid. in a similar 

manner to that previously  described.305,306 Our hypothesis of using cavitands to 

ameliorate low solubility and stability during crystallisation, and propagate lattice 

formation was validated when McGovern et al.. published the co-crystal structure of 

cytochrome c and sulfonated calix[4]arenes.293 While we were not able to illustrate any 

benefit to protein crystallisation in the presence of cavitands, we have become 

proponents of the use of micro/nanoscale vapour diffusion crystallisation experiments 

for the controlled crystallisation of small-molecules and supramolecular complexes, 

especially when water-soluble. Small molecule crystallisation generally  requires 

milliliter scale trials with supersaturated solutions using unregulated room temperature 

evaporation to drive crystal growth, an incredibly crude and wasteful technique if 

unsuccessful, and potentially hard to replicate if successful. Our serendipitous discovery 

has since inspired small molecule crystallographers at UWA to employ protein-like 

methods to obtain appropriate crystals for data collection, where the appearance and 

growth of diffraction quality crystals was only achievable by the controlled equilibrium 

provided by  vapour diffusion experiments (Simon Grabowsky, personal 

communication).
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If cavitands are to be used to stabilise proteins in solution and to assist subsequent co-

crystallisation trials, it is important to understand their structure in solution at varying 

concentrations. We addressed this in Study  IV. The current understanding of the 

aqueous solution structure of calixarenes is limited, and the published interpretation of 

data from NMR,312-314 SAXS315 and EM316,317 is heavily reliant on crystal structures. 

Here we described the aqueous solution structure of O-alkylated phosphonated 

calix[4]arenes through comprehensive analysis of small angle X-ray scattering data. We 

have been able to define the solution structure of these micelle-like arrangements with 

clarity  and precision. This is an imperative characterisation step for their wider 

application, as calixarenes are mainly employed as solutes. We were able to generate an 

informed model of a concentration-persistent micelle-like arrangement of eight 

calixarenes that is in agreement with previous observations of oligomerisation state.318 

These studies complement ion,319 counterion320 and pH315 screening of similar 

calixarenes arrangements. Armed with this knowledge on generating stable and 

controllable synthetic micelles we investigated the ability  to produce monodisperse 

aqueous dispersions of a highly hydrophobic antibiotic peptide, thiostrepton, using the 

calixarene as an amphipathic molecule for masking hydrophobic regions. We were not 

able to conclude from our observations that our inclusion trials were successful. We can 

state that thiostrepton did not precipitate which indicates a complex was achieved 

although we cannot comprehensively  describe the nature of that complex. Study IV 

therefore serves as a characterisation study for forming stable calixarene micelle-like 

arrangements. 

The potential for cavitands to aid crystallisation is vast, however the transient 

interaction and propensity to crystallise so readily  are currently inhibitory. Should these 

obstacles be overcome then cavitands could prove to be a widely applicable additive to 

improve stability and propagate lattice formation. The future applications of calixarene 

micelle-like arrangements is yet to be realised, particularly  as there seems to be a clear 

relationship  between the length of the alkyl chain and the overall dimensions of the 

particles. There is promise for the use of these micelle-like arrangements as a 
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solubilisation matrix for small molecules. Such micelles could aid the solubilisation of 

hydrophobic molecules or transmembrane regions of proteins although it is unclear as to 

what extent  calixarenes offer a better alternative to existing highly-used detergent and 

lipid systems.

Having established a sound basis for applying novel crystallisation strategies, we sought 

to apply them in the pursuit of a specific high-value protein target that  had been 

resistant to crystallisation by traditional methods. The biological function of PPR 

proteins and their role in organelle RNA maturation is described in more detail in 

Chapter 1. However, structural evidence for how modular RNA binding and specificity 

is achieved was lacking at the start of this project. Despite many  years work, PPR 

proteins had remained intractable to structural study, presenting problems at all stages 

from cloning, expression, purification and crystallisation. They  are typically sparingly 

soluble, prone to degradation and aggregation.242 We undertook a target-orientated 

approach to crystallisation where multiple avenues were pursued to gain insight into the 

structural chemistry of troublesome RNA-binding proteins.

Our extensive crystallisation attempts with PPR10 proved unsuccessful, including the 

application of the nucleants and cavitands applied in Chapters 2 and 3. As a result, we 

employed biophysical methods to gain insight into the structure of PPR10, as well as 

provide information for ongoing crystallisation trials. In study V we demonstrate that 

complexation with the cognate RNA binding partner atpH improved the conformational 

stability  of PPR10, to a level that  samples could be analysed by  size exclusion 

chromatography-coupled synchrotron small-angle X-ray scattering - one of a limited 

number of studies by  this method. Using ab initio modelling and global rigid body 

modelling we were then able to build an informed low-resolution structure of PPR10 in 

complex with its primary binding partner, the mRNA transcript atpH. The recently 

deposited apo- and psaJ-complexed PPR10 crystal structures partially validated the 

modular interaction with RNA, although significant questions were raised regarding the 

partially uncoordinated fragment of the psaJ transcript.321 The structures did aid the 
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interpretation of the SAXS data such that we could answer some of these queries. 

Firstly the PPR10:psaJ crystal structure shows psaJ binding requires a homodimeric 

interface.321 We were able to show monomeric PPR10 binds atpH, corroborating 

biochemical data242 in direct disagreement with the PPR10:psaJ crystal structure. 

Additionally  the RNA coordination in the PPR10:psaJ crystal structure321 differs from 

all available biochemical data which suggests a modular RNA interaction.242 Most 

notably, residues that were successfully engineered to direct  PPR10 motif specificity in 

agreement with the predicted code,242 do not coordinate the psaJ transcript in the crystal 

structure. The SAXS derived model for PPR10:atpH suggests a different RNA-binding 

mechanism after informed model building was used to propose the arrangement of the 

RNA-binding residues. The derived model is conducive to ssRNA binding (atpH) 

corroborating the previously  described code and all biochemical data collected thus far.
242 

In this study we have shown that the recently solved apo and PPR10:psaJ crystal 

structures are most likely  a crystal artifact, and that the observed RNA binding is 

therefore atypical. PPR proteins have desirable RNA binding capabilities and a well 

characterised recognition motif242,246,247 that  is thought to be modular.322 PPR proteins 

therefore have potential application to biotechnology.192,193 However, the modular 

nature of the RNA binding required further study. The strict sample requirements of 

SAXS dictates almost absolute monodispersity  and purity can hard to achieve. Thus the 

use of size exclusion chromatography coupled synchrotron SAXS has allowed valuable 

structural data to be collected on complex protein samples, such as the multi-protein 

nucleic acid complexes as described by Beckham et al..323

In study VI we utilised the information gathered during the entirety of the project to aid 

the crystallisation of a protein that had been designed to improve crystallogenesis. We 

confirmed the protein secondary structure content in solution and ultimately solved the 

structure of a synthetic PPR to 2.17 Å using X-ray crystallography  and anomalous 

methods to solve the phases of a selenomethionine derivative. At the time the structure 
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was the first PPR structure and highlights the influence that  sequence optimisation can 

have on crystallogenesis of troublesome proteins. 

At the outset of this work, no crystal structures of PPR proteins were available, very 

recently, as our work progressed, structures of five PPR domain-containing proteins 

have been published. The first characterisation of the motif was via the two PPR motifs 

within Homo sapiens mtRNAP and more recently, the PRORP1, THA8 and THA8L 

structures, which also contain PPR motifs.324-327 The Homo sapiens mitochondrial RNA 

polymerase (mtRNAP)324 structure contains two highly atypical PPR motifs, in a highly 

structurally  constrained conformation. The functional relevance of the motifs is not yet 

known.324 The A. thaliana proteinaceous ribonuclease P, THA8 and the THA8L 

structures followed, confirming the typical anti-parallel α-helical architecture of the 

PPR motif.325,326 Most recently, structures of apo- and RNA-bound PPR10 were 

published, illustrating for the first time its superhelical architecture of PPR arrays 

providing insight into the structural chemistry of RNA binding.321 The study  by Yin et 

al.. serves to illustrate the importance of protein engineering in successful crystallisation 

of PPR arrays. In their study, they substituted each of the 18 Cys residues in PPR10 for 

Ser and those that retained RNA-binding capacity  were screened in double, triple and 

quadruple mutations for optimum solubility.321 The final construct utilised for 

crystallisation was a quadruple mutation with Cys>Ser mutations at positions 256, 279, 

430 and 449.

In the design of synthPPR a number of substitutions of conserved residues were made, 

some of which may also have been pivotal to crystallogenesis. The Cys>Ala 

substitution at  position 13 in the consensus motif was introduced to avert oxidative 

polymerisation in solution, which in turn allowed crystallisation. The solution behaviour 

of synthPPR far exceeds that  achievable with any native PPR protein investigated thus 

far. Additional Glu>Gln substitutions at positions 23 and 26 in each motif were made to 

reduce the supercharging of the second helix. Ironically, supercharging has become a 

useful method for improving the solubility of proteins.328 This is counter to earlier 

findings where reducing net charge inhibited amyloid formation in peptides with a 
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propensity  to form amyloid fibrils.329 Nevertheless, we observe that of the 7 residues 

that contribute to crystal contacts between anti-parallel PPR superhelices, four Glu>Gln 

substitutions are involved in three of the four crystal contacts, had these substitutions 

not been made, crystallisation may not have been achieved.

The synthetic PPR structure allowed valuable insight into the residues that define 

typical and atypical PPR motifs and arrangement when compared with PPR motifs in 

other structures. The validity  of such observations will become clearer once more 

structures become available. However, we were able to suggest  key residues for 

defining the intra- and inter-motif angles, which ultimately determine the higher order 

architecture of the superhelix. The right-handed superhelical arrangement suggests that 

synthetic PPR proteins could be extended to include long PPR arrays. Considering 

native PPR proteins contain up to 30 PPR motifs the number that could be 

accommodated in a single construct could be comparable. One limitation would be the 

number that can be accommodated whilst retaining solubility and stability is yet to be 

verified. The superhelix contains 10 motifs per helical turn with internal diameters and 

spatial arrangements of serial PPR motifs conducive to RNA binding in a modular 

fashion. The future potential of bespoke synthetic PPR proteins is reliant  on their 

capacity to act  as an RNA binding protein scaffold that can be tailored to a specific 

application. Although PPR10 has previously been used as a scaffold to alter RNA 

binding specificity, its poor solution behaviour and propensity to homodimerise renders 

it a difficult  protein to use for such applications.242 The synthetic PPR construct has so 

far shown no indication of homodimerisation. However, its propensity to form large 

oligomers as a long right-handed superhelix is a problem for further use. This property 

is currently being circumvented with structure-guided mutagenesis of the residues of the 

N-terminal motif which mediates the inter-motif arrangements. 

In structurally  characterising synthPPR we have shown that  long arrays of P-type motifs 

assemble into an ordered right-handed superhelix. As such the hierarchical structure 

shows that long stretches of P-class PPR motifs can be utilised as a scaffold for 

designing RNA binding proteins in a specific and customisable way. The synthPPR 
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structure provides invaluable insight into the application of synthetic PPR proteins to 

biotechnology  in the future. As mentioned previously the monomeric interactions of P-

class PPR proteins with RNA means that the key  amino acids and positions determining 

sequence specificity are already determined. 

6.2 - Future work
 While we observed a general trend of improvements in crystal generation in the 

presence of colloidal graphenes our findings would be well complemented with 

nucleation studies. While studies have been undertaken to probe homogeneous 

nucleation, the mechanism by which heterogeneous nucleation precedes this is currently 

unknown. An electron microscopy study could facilitate the study of whether graphenes 

induce heterogeneous nucleation in metastable crystallisation trials. Light scattering 

techniques are generally useful for monitoring nucleation however such methods are 

compromised by the introduction of nanoscale additives, such as colloidal graphenes. 

Incorporating more proteins in the test samples, including more troublesome 

crystallisation targets could be useful in probing graphene and nacre efficacy further 

whilst investigating wider applicability. The rationale for using nacre micro-tablets as a 

heterogeneous nucleating agent was reliant on the surface architecture of the tablets. 

However nacre micro-tablet stability is yet to be studied in high-salt buffers. Nacre 

stability  in acidic conditions can result in an unstable CaCO3 surface on the aragonite 

tablets.330 The effects of such dissolutions would be magnified in applications such as 

those described here, due to increased surface area from processing nacre to extract 

nacre micro-tablets. The biological content of nacre could be inhibitory to 

crystallisation trials, even at low concentrations. Removing the organic matrix from the 

nacre tablet surface may improve the prior mentioned application, although how this 

could be achieved without disrupting nacre surface morphology is unclear.

The difficulties in obtaining co-crystal structures of cavitands and proteins could be 

attributed to a dynamic interaction. As described by McGovern et al.., the cytochrome-c 
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and sulfonated calix[4]arene interaction was shown to be transient via NMR.293 As such 

future use of systematic NMR studies of protein-cavitand interactions to identify 

interactions, could be complemented with differential scanning fluorimetry or similar 

methods to identify those that improve conformation stability. This would serve as an 

informative preliminary study prior to crystallographic studies with a troublesome target 

protein. Our characterisation of calixarene micelles serves as a formative study for 

trialling such calixarenes as a solubilisation or complex molecule for the study of 

membrane proteins or proteins with poor solubility. Small angle X-ray  scattering, light 

scattering and crystallographic studies would serve to investigate the use of calixarene 

micelles for such complexation studies for the structural characterisation of proteins. 

The use of cavitands in protein crystallisation is an exciting prospect for the future and 

could be generic as exposed hydrophobic and flexible side chains are commonplace on 

protein surfaces. Therefore cavitands could improve the number of protein targets that 

are conducive to crystallisation. However further systematic screening and 

complementary  studies to crystallisation trialling is required to identify the full potential 

of cavitands.

Regarding the structural studies of PPR proteins we have shown that  protein stability is 

pivotal to successful characterisation. Our solution studies of PPR10 would be well 

complemented by  a crystal structure of the PPR10:atpH complex. However as described 

by Yin et al..321 and corroborated by our unsuccessful crystallisation trials this would 

not be routine. A comprehensive construct optimisation study  including systematic 

screening of single and multiple Cys mutations that retain atpH binding could prove key 

to successful crystallogenesis as with apoPPR10 crystallisation.321 More extreme 

engineering steps such as the use of chimeric PPR10 constructs, potentially with 

flanking synthetic PPR segments could also aid crystallogenesis. FAB fragments that 

target the atpH complex could also aid crystallisation of the PPR10:atpH complex. 

Additionally  the solution structure of apoPPR10 would be valuable in defining the 

extent of the structural rearrangement upon atpH binding and probe the 
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homodimerisation kinetics. This may not be possible due to the current unsuitability of 

apoPPR10 to SAXS, although site-directed mutations of Cys residues would almost 

certainly improve these stability issues. The PPR10:psaJ complex would also be of 

interest contrast variation SAXS/SANS experiments to determine whether the 

homodimeric arrangement is required for optimal psaJ binding. 

The future for synthetic PPR proteins requires a comprehensive study of RNA binding 

capability to investigate our current hypothesis of residues 6 and 1’ defining specificity. 

Systematic engineering of the proposed RNA binding variants from the N6D1’ variant 

described here should also be screened for RNA binding capabilities. This could be 

achieved through micro-scale thermophoresis, relative electro-mobility shift assays, 

NMR, mass spectrometry cross-linking experiments and ideally, co-crystallisation. 

Extending the synthetic PPR construct  to investigate the maximum length that can be 

stably  synthesised and expressed would also benefit downstream biotechnological 

applications. Similarly  disrupting the propensity to oligomerise in solution could also be 

studied with systematic mutations of residues involved in inter-PPR motif arrangements 

to study  how they impact oligomerisation. This could be studied with small angle X-ray 

scattering to aid the generation of a construct that does not oligomerise. The ability  to 

use the methods developed during our work on synthetic PPRs could be harnessed to 

further our understanding of L and S type motifs by conducting analogous construct 

design with other PPR sub-types. 

In conclusion, this project has succeeded in developing novel additives to ameliorate 

crystallogenesis and has laid the foundations for others to be studied for such 

applications. The additives we developed did not aid the crystallisation of our initial 

protein target of PPR10, which highlights the reality  that there are few “magic bullet” 

solutions to the problems of crystallisation. Nevertheless, the use of a statistically-valid 

approach for determining the efficacy  of novel methods offers the best chance of 

discovering these magic bullets. As we move forwards our observations have the 
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potential to aid in the crystallisation of proteins that may be difficult or currently 

impossible to crystallise. Throughout this project we have shown where and how 

improvements can be made in protein crystallisation but have determined that the major 

determinant for success is the quality of the protein sample. Through engineering it is 

possible to vastly improve the chances of crystallographic success, however, as the area 

of structural biology progresses more towards membrane bound and intrinsically 

disordered proteins, both of which are increasingly important structural targets, methods 

to aid crystallogenesis of troublesome proteins will become more relevant. Small angle 

X-ray scattering will aid such structural characterisation in a similar manner to how we 

have utilised the technique. Even so, X-ray crystallography remains the gold standard to 

comprehensively understand the structural chemistry  of a protein. The future may be 

directed towards XFEL sources yet currently  crystals are an absolute requirement for X-

ray crystallography. 

Through this project we have developed novel methodologies that significantly  improve 

crystallogenesis and characterised compounds that have the potential to make many 

more proteins amenable to crystallisation. We then used informed structural 

characterisation experimentation to determine the first three dimensional solution 

structure of a PPR protein. Characterising for the first time a monomeric PPR:RNA 

complex. This structure corroborates prior biochemical data on RNA binding and 

conforms with the predicted structural chemistry that defines specificity, in opposition 

to the recently  solved PPR crystal structures. We then moved a step closer to the use of 

PPR proteins as designer RNA binding proteins to enable directed transcriptional 

control by generating and characterising a synthetic PPR. The resultant construct and 

crystal structure shows the suitability of PPR proteins as modular, engineerable and 

controllable scaffolds for designing such proteins in the near future. We have gone from 

fundamental crystallogenesis additives through to the structural biology  pipeline to the 
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characterisation of an incredibly difficult protein family, in the process overcoming the 

high attrition inherent in protein crystallisation.
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Appendix

7.1 - General materials & methods

7.2 - Molecular biology & protein expression materials 

Lysogeny broth* (LB) agar - Bacto-tryptone 10 g L-1, Bacto-yeast extract 5 g L-1, NaCl 
10 g L-1, agar 15 g L-1, volume adjusted with Milli-Q and sterilised by autoclaving. *As 
described by Bertani, “the acronym, LB, has been variously  interpreted, perhaps 
flatteringly, but incorrectly, as Luria broth, Lennox broth, or Luria-Bertani medium. For 
the historical record, the abbreviation LB was intended to stand for lysogeny broth.”331

Lysogeny broth (LB) Media - Bacto-tryptone 10 g L-1, bacto-yeast extract 5 g L-1, NaCl 
10 g L-1 volume adjusted with Milli-Q and sterilised by autoclaving.

2YT Media - Bacto-tryptone 16 g L-1, bacto-yeast extract 10 g L-1, NaCl 5 g L-1 volume 
adjusted with Milli-Q and sterilised by autoclaving.

M9 minimal media - 1 x M9 salt (5 x M9 salt stock; 15 g L-1 KH2PO4, 64 g L-1 
Na2HPO4, 2.5 g L-1 NaCl, 5 g L-1 NH4Cl), 0.5 x trace metal solution (1000 x trace metal 
solution stock; 50 mM FeCl3, 20 mM CaCl2, 10 mM MnCl2, 10 mM ZnSO4, 2 mM 
CoCl2, 2 mM CuCl2, 2 mM NiCl2, 2 mM  Na2MoO4, 2 mM Na2SeO3, 2 mM  HBO4.), 1 
mM CaCl2, 2 mM MgSO4, 0.0001% (w/v) thiamine, 0.5% (v/v) glucose. 

Ampicillin (1000x stock) - 100 mg mL-1 ampicillin sodium salt prepared in Milli-Q and 
filter sterilised.

Kanamycin (1000x stock) - 35 mg mL-1 kanamycin sulfate prepared in Milli-Q and 
filter sterilised. 

Chloramphenicol (1000x stock) - 10 mg mL-1 chloramphenicol prepared in 95% 
aqueous ethanol. 
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Sodium Dodecyl Sulfate (SDS) loading buffer (5x stock) - 250 mM Tris-HCl at pH 7.5, 
10% (w/v) SDS, 0.5% (w/v) bromophenol blue, 75% (v/v) glycerol & 10 mM 
dithiothreitol.
 
SDS-PAGE running buffer - 25 mM  Tris-HCl at pH 8.3, 192 mM glycine, 0.1% (w/v) 
SDS. 

NuPAGE® 2-ethanesulfonic acid (MES) SDS running buffer - Purchased as a 20x stock 
formulation is 50 mM MES., 50 mM  Tris-HCl at pH 7.3, 0.1% (w/v) SDS. & 1mM 
ethylenediaminetetraacetic acid.

Coomassie blue staining solution - 40% (v/v) methanol., 10% (v/v) acetic acid., 5 g L-1 
coomassie brilliant blue, volume adjusted with Milli-Q and stirred overnight and the 
solution was filtered. 

Destaining solution - 40% (v/v) methanol., 10% (v/v) acetic acid volume adjusted with 
Milli-Q.

E. coli replication strains - DH5α™ (promega) F- endA1 glnV44 thi-1 recA1 relA1 
gyrA96 deoR nupG Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ–., XL2-
Blue (stratagene), phenotype endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 
F'[ ::Tn10 proAB+ lacIq Δ(lacZ)M15 Amy CmR] hsdR17(rK- mK+).

E. coli expressions strains - Rosetta™ 2 (DE3) (Novagen), phenotype; F- ompT 
hsdSB(rB- mB-) gal dcm (DE3) pRARE2 (CamR)., BL21 (DE3) (Novagen) phenotype; F– 
ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5])., 
Overexpress™ C41 (DE3) (Lucigen) phenotype; F– ompT gal dcm hsdSB(rB- mB-)
(DE3).

7.3 - Molecular biology & protein expression methods

Detailed descriptions of gene synthesis or cloning, sub-cloning, E. coli transformation 
and protein expression can be found in the respective chapters. 

Numerous plasmids and multiple E. coli strains were utilised throughout this research. 
Mainly  the expression plasmids were restricted to the pET plasmids which were used 
for the synthetic PPR work and were generated by EMBL, and the pMAL expressions 
system employed in the ZmPPR10 work. The synthetic PPR work also included the use 
of the pUC57 gateway vector, used by  Genscript when synthesising the synthPPR gene. 
Plasmid preparation and purification was conducted on transformed E. coli cells grown 
over night in an orbital shaker at 37 ºC and 200 rpm in LB media. The harvested cells 
were lysed and the plasmid extracted with the Axygen mini-preparation kit (Axygen). 
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The E. coli strains tested throughout the course of this thesis include the DH5α™ 
replication strain and the Rosetta™ 2 (DE3) expression strain. DH5α™ is an E. coli 
strain employed for sub-cloning or plasmid preparation as it contains mutations that 
eliminate endonuclease activity and the ∆(lacZ)M15 allele required for blue/white 
screening. The main strain found to be useful for PPR protein expression was Rosetta™ 
2 (DE3). Although multiple other expression strains were tested for recombinant 
expression there were mixed results amongst other cell strains. Rosetta™ 2 (DE3) is a 
BL21 (DE3) derivative enhanced to contain codons rarely found in E. coli but required 
for Eukaryotic protein expression and the DE3 indicating the chromosome for T7 RNA 
polymerase gene under control by an inducible promoter. As such the Rosetta™ 2 
(DE3) cell line is suitable for use with the pMAL and pET plasmids and inducible upon 
supplementation with isopropyl β-D-1-thiogalactopyranoside. 

Testing of E. coli culturing conditions was also undertaken for each protein and the 
conditions described in the respective chapters was found to be optimal. Variables tested 
include, incubation temperatures (pre/prior induction), glucose additions, buffering, and 
media. Large scale expressions were undertaken with ZmPPR10 in a fermentor which 
simply  involves a single run of 8 L of expression media controlled as described except 
with agitation from an electronic stirrer and temperature control via a heating jacket. 
Protein expression and solubility was tested via protein gel electrophoresis. 

7.4 - ZmPPR10 molecular biology

The ZmPPR10 gene was prepared as described previously  in a pMAL-TEV vector that 
includes an N-terminal MBP fusion. The construct  starts at amino acid 38 through to the 
C-terminus as shown previously to generate soluble and stable protein, as previously 
described.230

a
GGATCCCTCCCGCTCGACTCGCTCCTGCTCCACCTCACCGCGCCCGCCCCCGCGCCGGCCCCCGCGCCGCGGCGGT
CGCACCAGACGCCGACGCCGCCGCACTCCTTCCTCTCCCCCGACGCGCAGGTGCTGGTGCTCGCCATCTCCTCGCACC
CGCTCCCCACGCTGGCGGCCTTCCTGGCCTCCCGCCGCGACGAGCTCCTCCGCGCGGACATCACGTCCCTGCTCAAG
GCGCTGGAGCTCTCGGGGCACTGGGAGTGGGCGCTCGCGCTCCTCCGGTGGGCAGGCAAGGAGGGTGCCGCCGACG
CGTCGGCGCTCGAGATGGTCGTCCGCGCGCTGGGCCGCGAGGGCCAGCACGACGCCGTCTGCGCGCTGCTCGACGAA
ACGCCGCTCCCGCCGGGCTCCCGCCTCGACGTCCGCGCCTACACCACCGTGCTGCACGCGCTCTCCCGCGCGGGCC
GGTACGAGCGCGCGCTCGAGCTCTTCGCCGAGCTCCGGCGCCAGGGGGTGGCGCCCACGCTCGTCACCTACAACGTC
GTGCTGGACGTGTACGGGCGGATGGGCCGGTCGTGGCCGCGGATCGTCGCCCTCCTCGATGAGATGCGCGCCGCCGG
GGTCGAGCCCGACGGCTTCACCGCCAGCACGGTGATCGCCGCGTGCTGCCGCGACGGGCTGGTTGACGAGGCGGTGG
CGTTCTTCGAGGACCTCAAGGCCCGCGGCCACGCCCCGTGCGTCGTCACGTACAACGCGTTGCTCCAGGTGTTCGGCA
AGGCCGGGAACTACACGGAGGCGCTGCGCGTGCTCGGGGAGATGGAGCAGAACGGCTGCCAGCCAGATGCTGTGACG
TACAACGAGCTCGCCGGAACGTACGCCCGGGCTGGGTTCTTCGAGGAGGCTGCCAGGTGCCTGGACACAATGGCATCC
AAGGGTCTGTTGCCAAACGCATTCACGTACAACACCGTGATGACAGCCTATGGGAATGTTGGGAAGGTGGATGAGGCGCT
CGCTCTGTTTGACCAGATGAAGAAGACCGGGTTCGTGCCGAACGTGAACACGTACAATCTTGTCCTTGGCATGCTTGGCA
AGAAGTCAAGGTTCACGGTGATGCTAGAGATGCTTGGAGAGATGTCGAGGAGCGGATGCACACCGAACCGGGTAACATG
GAACACAATGCTTGCAGTCTGTGGGAAGCGTGGCATGGAGGACTACGTCACCCGGGTTCTGGAGGGGATGAGGTCTTGC
GGGGTTGAACTGAGCCGAGACACCTACAACACCCTGATAGCTGCGTACGGCCGGTGTGGCTCGAGGACTAATGCCTTCA
AGATGTACAACGAGATGACCAGCGCTGGATTCACCCCCTGCATCACCACGTACAACGCGTTGCTGAACGTGCTGTCGCGG
CAGGGCGACTGGTCCACCGCCCAGTCGATCGTAAGCAAAATGAGGACCAAGGGGTTCAAGCCGAACGAGCAGTCGTATT
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CGCTGCTGCTCCAGTGCTACGCGAAGGGGGGCAACGTGGCAGGGATAGCCGCGATCGAGAACGAGGTGTACGGATCAG
GTGCCGTTTTCCCAAGCTGGGTGATCCTGAGGACCCTTGTCATCGCCAATTTCAAGTGCCGGCGACTGGATGGCATGGAG
ACGGCGTTTCAAGAGGTGAAGGCCAGAGGCTACAACCCGGACCTCGTGATATTCAACTCCATGCTGTCCATCTACGCGAA
GAACGGGATGTACAGCAAGGCCACCGAGGTCTTCGACTCCATCAAGCGGAGCGGGCTGAGCCCCGACCTCATCACCTAC
AACAGCCTGATGGACATGTACGCCAAGTGCAGCGAGTCGTGGGAGGCCGAGAAGATACTGAACCAGCTCAAGTGCTCCC
AGACGATGAAGCCCGACGTGGTGTCCTACAACACGGTCATAAACGGGTTCTGCAAGCAGGGGCTGGTGAAAGAGGCCCA
GAGGGTCCTCTCGGAGATGGTCGCCGACGGCATGGCCCCCTGCGCCGTGACCTACCACACGCTCGTCGGGGGTTACTC
CAGCCTGGAGATGTTCAGCGAGGCCAGGGAGGTCATCGGCTACATGGTCCAGCACGGCCTCAAGCCTATGGAGCTGACC
TACAGGAGAGTCGTCGAGAGCTACTGCAGAGCGAAGCGGTTCGAGGAGGCTCGCGGCTTCCTGTCCGAGGTCTCGGAG
ACCGACCTGGATTTTGACAAGAAGGCGCTCGAAGCCTATATAGAGGATGCGCAGTTTGGAAGGTAGAAGCTT

b
MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ
DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYEN
GKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPF
VGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVR
TAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGGLPLDSLLLHLTAPAPAPAPAPRRSHQTPTPPH
SFLSPDAQVLVLAISSHPLPTLAAFLASRRDELLRADITSLLKALELSGHWEWALALLRWAGKEGAADASALEMVVRALGREGQH
DAVCALLDETPLPPGSRLDVRAYTTVLHALSRAGRYERALELFAELRRQGVAPTLVTYNVVLDVYGRMGRSWPRIVALLDEMRAA
GVEPDGFTASTVIAACCRDGLVDEAVAFFEDLKARGHAPCVVTYNALLQVFGKAGNYTEALRVLGEMEQNGCQPDAVTYNELAG
TYARAGFFEEAARCLDTMASKGLLPNAFTYNTVMTAYGNVGKVDEALALFDQMKKTGFVPNVNTYNLVLGMLGKKSRFTVMLE
MLGEMSRSGCTPNRVTWNTMLAVCGKRGMEDYVTRVLEGMRSCGVELSRDTYNTLIAAYGRCGSRTNAFKMYNEMTSAGFT
PCITTYNALLNVLSRQGDWSTAQSIVSKMRTKGFKPNEQSYSLLLQCYAKGGNVAGIAAIENEVYGSGAVFPSWVILRTLVIANFKC
RRLDGMETAFQEVKARGYNPDLVIFNSMLSIYAKNGMYSKATEVFDSIKRSGLSPDLITYNSLMDMYAKCSESWEAEKILNQLKC
SQTMKPDVVSYNTVINGFCKQGLVKEAQRVLSEMVADGMAPCAVTYHTLVGGYSSLEMFSEAREVIGYMVQHGLKPMELTYRRV
VESYCRAKRFEEARGFLSEVSETDLDFDKKALEAYIEDAQFGR* 

Figure 7.1 | (a) DNA sequence of ZmPPR10 in red are the restriction sites  for BamHI (GGATCC) 
and HindIII (AAGCTT) (b) shows  the corresponding translated ZmPPR10 protein sequence (black) 
with MBP fusion (blue) and TEV cleavage site (red) 

Figure 7.2 | (a) map of the ZmPPR10 pMAL-TEV plasmid. 
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7.5 - synthPPR3.5 molecular biology

a
GGATCCATGGGTAACGATGTCGTGACTTACAATACGCTGATTGATGGTCTGGCCAAAGCTGGTAGACTGGAAGAGGCATTG
CAGCTGTTCCAAGAGATGAAAGAAAAGGGTGTTAAGCCTGATGTGGTTACCTACAACACGCTGATTGACGGTCTGGCTAAA
GCTGGACGTCTGGAAGAAGCACTGCAATTGTTCCAGGAAATGAAGGAAAAAGGTGTTAAGCCAGATGTTGTCACTTACAAT
ACCCTCATTGATGGCCTGGCAAAAGCTGGTCGTCTGGAGGAAGCTTTGCAGCTGTTTCAAGAGATGAAAGAAAAAGGTGT
CAAACCCGACGTTGTGACTAATAACACCCTGAAAGATGGTGCTTCCAAAGCTGGTTAATAAGCGGCCGC

b.
MKHHHHHHPMSDYDIPTTENLYFQGAMGNDVVTYNTLIDGLAKAGRLEEALQLFQEMKEKGVKPDVVTYNTLIDGLAKAGRLEE
ALQLFQEMKEKGVKPDVVTYNTLIDGLAKAGRLEEALQLFQEMKEKGVKPDVVTNNTLKDGASKAG*

Figure 7.3 | (a) DNA sequence of synthPPR3.5 in red are the restriction sites for BamHI 
(GGATCC), NcoI (CCATGG) and NotI (GCGGCCGC) (b) shows the corresponding translated 
sequence synthPPR (back) with N- terminal His6 tag (blue) and TEV cleavage site (Red). 

Figure 7.4 | (a) map of the synthPPR3.5:pETM-11 vector derived from sequencing to identify the 
location of the gene in the multiple cloning site.
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5% JT: data analysis, editing.
20% AHF: concept, data analysis, writing, editing.
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Abstract 
 
SFPQ, (a.k.a. PSF), is a human tumor suppressor protein that regulates many important 

functions in the cell nucleus including coordination of long non-coding RNA molecules into 

nuclear bodies. Here we describe the first crystal structures of SFPQ, revealing structural 

similarity to the related PSPC1/NONO heterodimer and a strikingly extended structure (over 

265 Å long) formed by an unusual anti-parallel coiled-coil that results in an infinite linear 

polymer of SFPQ dimers within the crystals. Small-angle X-ray scattering and transmission 

electron microscopy experiments show that polymerization is reversible in solution, and can 

be templated by DNA. .We demonstrate that the ability to polymerize is essential for the 

cellular functions of SFPQ: Disruptive mutation of the coiled-coil interaction motif results in 

SFPQ mislocalization, reduced formation of nuclear bodies, abrogated molecular interactions 

and deficient transcriptional regulation. The coiled-coil interaction motif thus provides a 

molecular explanation for the functional aggregation of SFPQ that directs its role in 

regulating many aspects of cellular nucleic acid metabolism.  

 
 
Keywords 
Coiled-coil interaction motif/ functional aggregation/ gene regulation/ polymerization 

domain/ SFPQ 
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Introduction 

 
Splicing Factor Proline and Glutamine Rich (SFPQ) is an abundant ubiquitous nuclear protein 

that is essential for life in vertebrates (Kowalska et al, 2012; Lowery et al, 2007). In 

mammals, SFPQ regulates key pathways such as circadian rhythms (Duong et al, 2011) and 

pluripotency in hESCs (Chia et al, 2010). First identified as a splicing factor associated with 

polypyrimidine tract-binding protein (Patton et al, 1993), SFPQ has been implicated in 

myriad nuclear functions, including DNA repair, transcriptional regulation, splicing and RNA 

transport (Shav-Tal & Zipori, 2002). A common feature in these varied molecular functions is 

the ability to interact with nucleic acids.  SFPQ interacts with dsDNA at the promoters of a 

number of genes, where it exerts control over transcriptional regulation (Hirose et al, 2014; 

Imamura et al, 2014; Song et al, 2005). SFPQ is also a key player in double-strand break 

repair pathways, interacting directly with DNA and DNA repair proteins (Morozumi et al, 

2009; Rajesh et al, 2011) and rapidly localizing to sites of DNA damage in cells (Ha et al, 

2011). SFPQ also interacts with long non-coding RNAs (lncRNAs) in many scenarios: with 

NEAT1 lncRNA as an essential factor for subnuclear ‘paraspeckle’ formation (knockdown of 

SFPQ results in the loss of paraspeckles (Bond & Fox, 2009)), with CTBP1-AS in advanced 

prostate cancer (Takayama et al, 2013), with MALAT1 in metastasis (Ji et al, 2014), and 

VL30-1 retroelement lncRNA in oncogenesis (Song et al, 2005).  

SFPQ is one of three homologous mammalian proteins that belong to the “Drosophila-

Behavior, Human-Splicing (DBHS)” family, the other two being NONO and PSPC1. The 

three DBHS proteins share a common core structural “DBHS” region of approx. 300 amino 

acids, which encompasses two RNA recognition motif domains (RRM1 and RRM2), a 

conserved region termed NONO/paraspeckle (NOPS) domain and an extensive region of 

coiled-coil. Outside this conserved region, the three proteins contain varying quantities of low 

complexity sequence (SFPQ contains proline/glutamine- and glycine-rich regions; NONO 
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contains histidine/glutamine-rich and proline-rich regions; PSPC1 contains proline/alanine- 

and glycine-rich regions), and a C-terminal nuclear localization signal.  

The DBHS proteins are obligate dimers, capable of homo- and heterodimerization in 

vitro (Fox et al, 2005; Lee et al, 2011; Passon et al, 2012). Dimerization is mediated by 

RRM2, NOPS and part of the coiled-coil, regions which are also required for stable protein 

structure. We have previously identified and characterized a heterodimer of PSPC1 with 

NONO, that included the dimerization domain, and RRM1 for both molecules (Passon et al, 

2012). We observed that the NOPS domain forms an extensive peptide-like interaction with 

RRM2 of the other subunit in the dimer, and the final 50 amino acids of these truncated 

proteins form an unusual antiparallel right-handed heterodimeric coiled-coil. Studies inspired 

by this unusual structure provided a hint that predicted coiled-coil beyond the dimerization 

domain could be important for the ability of DBHS proteins to be targeted to paraspeckles 

(Passon et al, 2012).  

It is rapidly emerging that the ability of RNA-binding proteins to form and be targeted 

to RNA-protein granules, such as paraspeckles in the nucleus and stress-granules in the 

cytoplasm, is directly linked to their propensity for “functional aggregation” (Li et al, 2013). 

Indeed, a number of proteins that are critical components of paraspeckles have been identified 

to have low complexity domains with a propensity for aggregation in addition to their nucleic 

acid-binding domains, and mutation of these proteins, and concomitant misregulation of gene 

expression in motor neurons, has been linked to the cause of amyotrophic lateral sclerosis 

(ALS) (Li et al, 2013; Ramaswami et al, 2013). 

In order to investigate the precise role of coiled-coil mediated aggregation of DBHS 

proteins in nuclear organization and gene regulation, we embarked on a study in which we 

have solved the first crystal structures of SFPQ including a remarkable extended coiled-coil 

polymerization domain. We complement this work with studies of its solution structure and in 
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vitro DNA binding activity, and a suite of cellular assays, all of which combine to provide a 

molecular basis for SFPQ’s multifunctional role in the nucleus, with a common theme of 

functional aggregation via reversible and dynamic polymerization.   
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Results 

The crystal structure of SFPQ reveals a novel coiled-coil interaction motif. 

Three truncated versions of SFPQ were generated, encompassing various regions of the key 

domains: the DNA binding domain (DBD), RNA-recognition motifs (RRMs), a protein 

interaction domain (NOPS) and an extended coiled-coil domain (Fig 1A).  Crystal structures 

of three different length SFPQ proteins, termed Crystal 1, 2 and 3, were solved by molecular 

replacement to 3.5 Å, 3.0 Å and 2.1 Å resolution, respectively, using the structure of a 

PSPC1/NONO heterodimer (PDB 3SDE) as a search model (Table 1). These structures 

demonstrate that SFPQ forms symmetrical dimers (Fig 1B, D and E), where the overall 

conformation and principal dimer interface is similar to that observed in the structure of a 

PSPC1/NONO heterodimer in our previous study (Passon et al, 2012) (Fig 1C). A root-mean-

square-deviation of 1.8 Å for 442/494 Cα atoms reflects the 70% sequence identity in this 

conserved region of the family. The highly unusual spatial arrangement of RRM domains is 

therefore confirmed as being a common feature of DBHS protein homo- and heterodimers. 

However, the two structures of longer SFPQ proteins (Crystal 1: PDB code 4WIJ and 

Crystal 2: PDB code 4WIK), display remarkable extended α-helical regions of over 110 

amino acids in a single helical span. As a result of the α-helix beginning in the dimerization 

domain, where it forms an unusual right-handed antiparallel coiled-coil, the C-termini of the 

two molecules in the dimer extend over 260 Å apart (Fig 1D and E). Each of the crystal 

structures contains two independent SFPQ molecules (as a homodimer) in the asymmetric 

unit, and the extended α-helix, which we term the polymerization domain, participates in 

numerous intermolecular contacts within the crystal (e.g Fig 1F). Evaluation of the potential 

biological relevance of these interactions with PISA (Krissinel & Henrick, 2007) indicates 

that the majority are typical low affinity polar crystal contacts. However, in addition to the 

dimer interface that is common to all DBHS structures (ΔiG = -42.7 kcal/mol; P-value = 
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0.05), two novel interactions are identified as stable with a “complex significance score” of 1. 

While one of these potential interfaces (ΔiG = -7.1 kcal/mol; P-value=0.44) is only observed 

in Crystal 2, the other one is, notably, observed in both Crystal 1 and Crystal 2 (ΔiG = -7.6 

kcal/mol; P-value=0.29), giving us further confidence of its significance (Fig. 2). The 

residues involved in this latter high-confidence interface, 528 to 555, belong to a region of 

high sequence-conservation (Fig 2A), and inspection of the structure reveals a coiled-coil 

motif immediately C-terminal to the dimerization domain of the structures (Fig. 2B,C). This 

motif interacts with the next dimer in the unit cell in a specific, homotypic antiparallel left-

handed coiled-coil that is readily detected from the structure by the program SOCKET 

(Walshaw & Woolfson, 2001). The result is a linear polymer of SFPQ running through the 

crystals. We hereafter refer to this 528 to 555 region as the coiled-coil interaction motif (Fig 

1D and Fig 2). Although we note that the use of crystal contacts to infer biologically-relevant 

macromolecular interactions is open to question, the observation of identical sequence-

conserved interfaces in two unrelated crystal forms from two differently-truncated proteins 

provides considerable validation that this interaction is likely to be biologically relevant. 

Solution studies reveal a reversible coiled-coil mediated interaction at moderate 

concentrations 

While the observation of coiled-coil based polymerization is consistent with SFPQ being an 

essential ‘building’ component of nuclear bodies such as paraspeckles, it raises questions 

regarding additional SFPQ function: The roles of SFPQ in the nucleus are diverse and have 

been shown to be dynamic, involving mobility between paraspeckles, nucleoli and sites of 

action, such as double strand breaks in DNA and sites of transcription (Ha et al, 2011; Urban 

et al, 2002). To address the question of whether SFPQ proteins can reversibly associate and 

dissociate we measured a small-angle X-ray solution scattering dilution series on a dimeric 

protein sample where only one of the monomers includes the complete polymerization 
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domain, while the other only includes the dimerization domain. This was achieved by 

exploiting the apparent preference of SFPQ and NONO to heterodimerize. Thus co-

expressing the same SFPQ protein used for Crystal 1 along with the dimerization domain of 

NONO results in formation of SFPQ-276-598/NONO-53-312 heterodimers (Fig 3, 

Supplementary Fig S1, and Supplementary Table 1). We note that the SFPQ/NONO 

heterodimer may in fact be more physiologically relevant than the SFPQ homodimer, as 

SFPQ was first discovered as a heterodimer with NONO (Zhang et al, 1993) and many 

studies since have observed SFPQ and NONO colocalized and copurified (Ha et al, 2011; 

Miyamoto et al, 2008). 

At lower concentrations, the solutions display scattering consistent with pure 

heterodimers, having a characteristic shape of a mostly globular molecule with an extended 

tail (Fig 3A and B), with excellent fit to an appropriate atomic model derived from the SFPQ-

276-598 structure. At higher concentrations, protein association occurs: the appearance and 

increasing intensity of a peak in the pair distribution function around 100 Å is consistent with 

the formation of an increasing population of extended tetramers generated by interaction of 

the coiled-coil interaction motif, as observed in our crystal structures. At the highest 

concentrations measured, further higher order associations are observed. These associations 

are not surprising as there are many polar interactions observed in both crystal structures, and 

an additional region of potentially relevant coiled-coil in Crystal 2 which could allow non-

specific aggregation into larger particles at higher concentrations (Fig 3A and C). The 

presence of these multiple species in the higher concentration solutions convolutes the X-ray 

scattering profile and so prohibits more detailed modeling of the tetramer species. 

Nevertheless, as the lowest concentration samples were obtained by dilution from the 

highest, the associations observed are demonstrated to be reversible. A potential basis for this 

reversibility can be found in the amino acid bias in this region of DBHS proteins compared to 
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other coiled-coil proteins (Gromiha & Parry, 2004): overrepresentation of relatively polar 

glutamine and methionine residues and underrepresentation of apolar alanine and leucine may 

explain the ability of the unpaired coiled-coil to remain in aqueous solution. This study paints 

a picture of reversible dynamic equilibrium between soluble dimeric protein and coiled-coil 

associated tetramers, dependent on concentration. 

The coiled-coil interaction motif is important for optimal DNA-binding in vitro 

SFPQ, reported to bind DNA as well as RNA, acts in transcriptional regulation of 

genes - both repression and activation - by direct interaction with promoter regions (Hirose et 

al, 2013; Mathur et al, 2001; Song et al, 2005). In this regard, a key defining structural 

feature of SFPQ, different with respect to the related proteins NONO and PSPC1, is a unique 

region immediately N-terminal to the RRM1 that encodes a putative DNA binding domain 

(DBD) (Ha et al, 2011; Urban et al, 2002). Our attempts to crystallize a protein containing 

this complete DBD, while unsuccessful, allowed us to determine the structure of Crystal 3 

encompassing residues 276-535, lacking the polymerization domain but including 10 amino 

acids of the DNA binding domain (DBD) (Fig 1B). Unlike in the structure of SFPQ-276-598, 

where the first 16 amino acids (276-291) prior to the RRM1 are not observed in the electron 

density, this N-terminal region in SFPQ-276-535 revealed a short α-helical structure that may 

contribute to DNA binding by interacting with the major groove of DNA. It is notable that 

this short stretch of sequence in SFPQ is conspicuously divergent from NONO and PSPC1 

(Supplementary Fig S4). 

To examine the significance of the intact DBD and the polymerization domain for 

DNA binding, we next tested the ability of a number of the SFPQ constructs to bind to 

promoter DNA using an electrophoretic mobility shift assay (EMSA) with the GAGE6 

promoter - a reported SFPQ target gene (Song et al, 2005) - as a probe (Fig 4). In order to 

limit extensive unworkable polymerization, we again used heteromeric SFPQ/NONO 
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proteins, where NONO is unchanged (dimerization domain, 53-312) and SFPQ is varied: 

SFPQ-214-598 comprises DBD, dimerization domain and polymerization domain, SFPQ-

214-535 comprises DBD and dimerization domain, and SFPQ-276-535 matches Crystal 3 

(dimerization domain) (Fig 1B). To specifically address the role of the coiled-coil interaction 

motif in the polymerization domain, a mutated variant SFPQ-214-598mut was also generated, 

where the four key residues of the motif - L535, L539, L546 and M549 (Fig 2A) - were 

substituted to alanine. These four hydrophobic residues are the “knobs” that stick into “holes” 

that stabilize coiled-coil interactions. The alanine mutation was designed to maintain α-helical 

structure while disrupting the ability to form the coiled-coil interaction. 

We observed maximal DNA binding with SFPQ protein that contains both the full 

DBD and the polymerization domain (SFPQ-214-598; Fig 4-1). Interestingly, increasing 

protein concentration of SFPQ-214-598 resulted in multiple bands in the EMSA, indicating 

that more than one SFPQ-214-598 molecule is capable of interacting with the 61 bp probe. 

These higher order species are likely to be no more than two heterotetramers due to steric 

considerations for this size protein on a 61 bp probe (Supplementary Fig S2). Removal of 

most of the DBD but including the short stretch of α-helix (SFPQ-276-598) abolished DNA 

binding (Fig 4-4).  

Most interestingly, deletion of the polymerization domain significantly impaired DNA 

binding, despite the inclusion of the full DBD (SFPQ-214-535; Fig 4-2). We further validated 

this observation by showing that SFPQ-214-598mut (Fig 4-3) also has significantly impaired 

DNA-binding ability: Only a single protein:DNA complex is observed at higher 

concentrations of the mutant, presumably corresponding to a single heterodimer bound to the 

61 bp probe. We also note that at higher concentrations, the presence of the impaired 

polymerization domain in SFPQ-214-598mut results in less aggregation (protein/DNA 

retained in the well of the gel) than when it is completely absent (SFPQ-276-535). The 
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disfunctional polymerization domain could be acting as a steric barrier to non-specific 

protein:protein interactions.  

Noting that the EMSA shows multiple binding events, and considering that SFPQ is 

enriched over thousands of bases around transcription start sites (West et al, 2014, Mol Cell 

55, 791-802), and that SFPQ accumulates at double-strand breaks where no sequence 

conservation can be expected, we sought to visualise the interaction of SFPQ with bulk 

double-stranded DNA using negative-stain transmission electron microscopy (Fig. 5). SFPQ 

containing the full DBD as well as the polymerization domain (SFPQ-214-598, the optimal 

DNA-binding protein in the EMSA assay) clearly forms a thick contiguous coating of protein 

around linearized plasmid DNA (Fig. 5A). The protein coat is 17 nm thick and typically 350 

nm or longer in length. In remarkable contrast, the equivalent coiled-coil quadruple mutant of 

this protein exists as individual protein particles of 15-20 nm, occasionally associated with 

DNA (Fig. 5B), demonstrating the importance of the coiled-coil interaction motif to this DNA 

coating property of SFPQ. In the absence of DNA, SFPQ-214-598 forms amorphous 

aggregates composed of protein particles at 10 nm separation (Fig. 5C),  While it is hard to 

judge the concentration dependent effects on protein interactions in the dehydrated 

environment of the electron microscopy grid, it is clear that wild-type protein alone is unique 

in demonstrating regular, reproducible, coating of DNA. The thickness of the fibre (17 nm) is 

approximately as would be expected for a sleeve of protein, a single dimer thick (7 nm) 

surrounding DNA duplex (2 nm). 

 

Overall these in vitro results illustrate a synergistic dependency between the DBD and coiled-

coil interaction motif for optimal DNA-binding. This can be interpreted as the coiled-coil 

interaction promoting a more avid interaction by colocalizing multiple DBDs along a piece of 

DNA.  Extrapolation of this notion to native proteins capable of forming polymers, and thus 
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highly avid multivalent interactions, is commensurate with their role in forming large 

nucleoprotein complexes in the cell nucleus. 

 

Polymerization of SFPQ is important for optimal transcriptional activation in cell 

culture 

We next tested the functional significance of the coiled-coil interaction motif on the ability of 

SFPQ to mediate transcriptional regulation in cells. We used the RNA levels of the SFPQ 

target gene, ADARB2 (Hirose et al, 2013), in HeLa cells as a readout of SFPQ transcriptional 

activation in a series of knockdown-rescue experiments (Fig 6.). ADARB2 is an 

enzymatically-impaired adenosine deaminase protein, whose expression is reduced by SFPQ 

depletion or sub-nuclear sequestration, and whose functional depletion is associated with ALS 

(Hirose et al, 2014; Stepto et al, 2014).  

We first showed that knockdown of SFPQ resulted in a five-fold reduction in 

ADARB2 levels (Fig 6A), and then tested the ability of transiently expressed full-length 

SFPQ, and quadruple mutant full-length SFPQ (L535A/L539A/L546A/M549A), to rescue 

ADARB2 expression. Both constructs contain silent mutations in the siRNA target region to 

render them siRNA resistant, allowing complementation of the knockdown. We found wild-

type SFPQ restored ADARB2 mRNA levels to over 60% of endogenous levels, whereas the 

quadruple mutant SFPQ has significantly impaired capacity to recover the activity (Fig 6A, 

compare lanes 3 and 4).  

Despite both SFPQ variants being over-expressed at similar protein levels (Fig 6C), 

the polymerization-deficient mutant was unable to restore ADARB2 at a level similar to wild-

type protein. SFPQ binds directly to the ADARB2 promoter, as demonstrated by chromatin 

immunoprecipitation (Hirose et al, 2013). Beyond this binding, the precise mechanism of 

SFPQ activation of the ADARB2 gene is unknown. One possibility suggested by our data is 
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that the polymerization of SFPQ at the ADARB2 promoter may facilitate recruitment of other 

proteins involved in transcriptional activation, however this is yet to be tested. 

Localization of SFPQ to existing paraspeckles requires both a functional coiled-coil 

interaction motif and a full-length polymerization domain 

In previous studies we showed that YFP-tagged C-terminally truncated versions of 

PSPC1 require additional sequence beyond the dimerization domain in order to be localized 

to paraspeckles (Passon et al, 2012). This shortest paraspeckle-targeting construct of PSPC1 

(PSPC1-61-340, schematically marked as protein “1” in Fig 7A) contains the dimerization 

domain as well as the equivalent residues to the SFPQ coiled-coil interaction motif (Fig 2A). 

We therefore introduced the equivalent quadruple substitution of key leucine and methionine 

residues to alanine within PSPC1-61-340 and observed that, when tagged with YFP and 

overexpressed in HeLa cells, this construct is no longer able to be targeted to paraspeckles 

(Fig 7A). Clearly, the coiled-coil interaction motif is absolutely essential for PSPC1 

localization to paraspeckles. Fully expecting a similar observation for SFPQ, we made the 

same length YFP-tagged SFPQ (the protein “1” version of SFPQ; SFPQ-276-565; Fig 7A and 

Supplementary Fig S3), but were surprised to observe that this length of SFPQ construct 

does not localize to paraspeckles (Fig 7A), despite including the coiled-coil interaction motif. 

This led us to speculate that additional sequence within the polymerization domain may be 

playing a role in paraspeckle targeting by SFPQ. Indeed, adding more and more coiled-coil, 

by increasing the length of polymerization domain improves paraspeckle localization 

progressively (proteins “2”-“4”, Fig 7A) until a native-like distribution is observed for SFPQ-

267-598 (protein “5”; complete polymerization domain, Fig 7A). It is possible that the 

additional potential coiled-coil based interaction observed only in the Crystal 2 structure 

around residues 565-585 may be playing a role in paraspeckle localization. However, given 

its relatively low P-value from PISA analysis, and the fact that its detection as a coiled-coil by 
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SOCKET is marginal (distance cut-off 8.5 Å required), an alternative possibility is that this 

region could interact with other proteins in the cell, enabling paraspeckle targeting. 

Nevertheless, once robust paraspeckle targeting by SFPQ could be achieved (protein “5”), the 

importance of the coiled-coil interaction motif was again highlighted, as the protein “5” SFPQ 

quadruple mutant was unable to be targeted to paraspeckles (Fig 7A). Thus paraspeckle 

targeting by SFPQ is underpinned by extensive coiled-coil interactions mediating 

polymerization. 

Polymerization of SFPQ is essential to the formation of paraspeckles 

As SFPQ has been shown to be essential for paraspeckle formation (Naganuma et al, 2012), 

we next chose to use our knockdown-rescue assay to investigate the importance of the coiled-

coil interaction motif for polymerization of SFPQ in the formation of paraspeckles. 

Fluorescent in situ hybridization (FISH) using probes against NEAT1 lncRNA is the gold-

standard marker for paraspeckle localization and can be used to count the number of 

paraspeckles per cell. Against a background of siRNA knocked-down endogenous SFPQ, we 

transfected HeLa cells with siRNA-resistant GFP-fusion proteins and counted the numbers of 

paraspeckles (NEAT1 foci) per cell. Cells lacking SFPQ, and overexpressing GFP alone had 

significantly reduced numbers of paraspeckles, commensurate with no rescue, whilst rescue 

with recombinant full-length SFPQ restored paraspeckle numbers to wild-type levels 

(p<0.0001, Fig 7B). Full-length mutant SFPQ is, however, unable to restore paraspeckle 

numbers, yielding a similar number of NEAT1 foci to the GFP-only case (p<0.0001, Fig 7B). 

Thus, the presence of an intact coiled-coil interaction motif is absolutely necessary for the 

essential role of SFPQ in paraspeckle formation. 
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Discussion 

Our studies suggest that the coiled-coil interaction motif in the SFPQ polymerization 

domain is critical for targeting SFPQ to paraspeckles, binding DNA and mediating 

transcriptional regulation. Our SAXS data further support the notion that this polymerization 

is dynamic and reversible, suggesting a mechanism for regulation via equilibrium into and out 

of the polymerized state. The polymerized protein-DNA complex is readily observed under 

the electron microscope. 

The structural studies described here have revealed a remarkable, and highly unusual 

protein arrangement where extensive coiled-coil structures link functional globular domains. 

Examination of secondary structure element length in the complete PDB reveals that the 

SFPQ α-helix is the longest single α-helix found in the structure of a nuclear protein: other 

long helices are found in numerous myosin-related proteins, viral spike proteins and proteins 

implicated in extracellular roles such as cell adhesion, clotting and chemotaxis. Only two 

known structures with equally long α-helices have any relevance to nucleic acid metabolism – 

the enigmatic vault ribonucleoprotein compartment (PDB code 2ZUO) (Tanaka et al, 2009) 

and the E3 ligase protein TRIM25 (PDB code 4LTB) (Sanchez et al, 2014). The observation 

of a protein that can easily span 25 nm, that is involved in nuclear bodies of minimum 

dimension 300 nm (Souquere et al, 2010) points to the exciting possibility in the near future 

of reconciling atomic structure with microscopic ultrastructure. 

It is known that paraspeckle formation is initiated with transcription of NEAT1 

lncRNA (23 kb), which acts as a structural scaffold, nucleating the bodies by recruiting SFPQ 

and other essential paraspeckle proteins (Bond & Fox, 2009; Mao et al, 2011). Paraspeckles 

have recently been shown to play a role in the cellular response to viral infection and other 

stresses, primarily via the sub-nuclear sequestration of SFPQ. Under these conditions, 

paraspeckle formation and subsequent SFPQ sequestration prevents SFPQ from acting at 
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chromatin to regulate important target genes such as IL-8 and ADARB2 (Hirose et al, 2013; 

Imamura et al, 2014). Interestingly, through overexpression of portions of NEAT1, Imamura 

and colleagues showed that SFPQ sequestration only occurs when NEAT1 is of sufficient 

length (Imamura et al, 2014). Our data, added to this, raises the possibility of involvement of 

multiple binding sites on NEAT1 to recruit multiple polymerizing SFPQ molecules as critical 

for paraspeckle formation and sequestration of SFPQ.  

The polymerization of SFPQ is underpinned by the coiled-coil interaction motif. This 

region is linked to SFPQ’s important roles in cancer. Chromosomal translocations of SFPQ 

resulting in a fusion protein are well documented; SFPQ fused to the transcription factor 

TFE3 in papillary renal cell carcinoma (Kuroda et al, 2012), and fused to ABL kinase in acute 

lymphoid leukaemia (Hidalgo-Curtis et al, 2008). Both resulting fusion proteins consist of the 

N-terminal 662 amino acids of SFPQ followed by the partner protein (TFE3 or ABL kinase) 

at the C-terminus. In particular, it has been speculated that constitutive activation of fusion 

ABL kinase, essential for transforming activity, is mediated by an oligomerization domain 

within SFPQ (Hidalgo-Curtis et al, 2008). This fits with our findings of polymerization of 

SFPQ via the coiled-coil interaction motif that is contained within the fusions. Given this 

new-found structural knowledge of SFPQ, the door is now open for future structure-based 

development of an inhibitor of SFPQ polymerization as a potentially useful therapeutic. 

Interestingly, there already exists an animal model demonstrating the functional 

importance of the coiled-coil interaction motif to DBHS protein function. Drosophila nonA is 

the invertebrate orthologue of DBHS proteins. The nonAdiss allele encodes an arginine to 

cysteine mutation at a position equivalent to SFPQ R542 (Fig 2A, yellow circle) exhibiting a 

severe neurological phenotype with global defects in viability and courtship song (Rendahl et 

al, 1996). This point mutation could potentially result in destabilization of the coiled-coil as 

cysteine is heavily underrepresented in coiled-coils (only proline is less prevalent). It is also 
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possible that constitutive polymerization of nonA may result from this mutation, as C542 

residues of neighboring units in the polymer would be within 5 Å and could potentially form 

a disulfide bond in a conducively oxidative environment.  

Further, alterations in the functional aggregation propensity of SFPQ, potentially via 

mutations within the polymerization domain, may also play a role in human 

neurodegeneration. In addition to the drosophila nonAdiss neurological phenotype described 

above, SFPQ has strong expression in the developing zebrafish brain, particularly in regions 

enriched for neuronal progenitors, and ablation of SFPQ in the zebrafish embryo shows a 

brain phenotype within 28 hours (Lowery et al, 2007). In human disease, changes in the 

subcellular localization of SFPQ and its heterodimeric partner NONO have been observed in 

neurons of Alzheimer’s disease and ALS patients (Ke et al, 2012; Shelkovnikova et al, 2014). 

In regard to ALS, it is also intriguing to note that a significant number of paraspeckle proteins 

have known ALS-causing mutations (six of approximately forty proteins) (Naganuma et al, 

2012). These six proteins (FUS, EWSR1, TDP43, TAF15, SS18L1 and HNRNPA1) are prone 

to aggregation when mutated or mislocalized to the cytoplasm (Li et al, 2013). As SFPQ 

shares similar traits of functional aggregation and paraspeckle enrichment with these proteins, 

it is possible that SFPQ may also play a role in the pathways perturbed in ALS, and studies 

are underway to investigate this possibility.  

The dynamic and functional aggregation exhibited by SFPQ thus explains its ability to 

participate in many cellular processes, modulated by local protein and nucleic acid 

concentrations, thereby providing temporal and spatial regulation and potentially reducing 

biological noise. A general model for DBHS participation in these processes could involve a 

seeding event, such as binding to a hotspot in a nucleic acid (e.g. a specific DNA promoter 

sequence, a DNA double-strand break, or a binding site on a long non-coding RNA), followed 

by condensation of additional DBHS dimers via protein-protein and protein-nucleic acid 
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interactions (Fig 8). Such an assembly, as observed by electron microscopy (Fig 5A),  would 

provide a large local concentration of other peripheral domains of DBHS proteins thus 

allowing the bulk recruitment of additional factors which could be crucial in mounting a rapid 

response to DNA damage or a transcriptional event.  Similar themes are emerging to explain 

the involvement of higher order assemblies in signaling complexes (Wu, 2013). Interestingly, 

the network of coiled-coil interactions observed in the crystals, is redolent of a fibrillar gel. 

This fibrillar potential is reminiscent of recent discoveries that several other paraspeckle 

proteins, namely FUS, EWS, and TAF15, harbor low complexity domains that form 

reversible, fibrillar functional aggregates in vivo and in vitro (Kato et al, 2012; Kwon et al, 

2013). These fibrillar mesh networks with liquid like and phase-transition properties mediate 

the recruitment of the C-terminal domain of RNA polymerase II to promoters, resulting in 

strong transcriptional activation (Kwon et al, 2013). Analogous to these low-complexity 

domains, the findings presented in this study offer a framework how a common coiled-coil 

domain, in combination with nucleic acid binding domains, can form reversible functional 

aggregates. This framework provides new insight into the multifunctional biological 

implications of SFPQ in the organization of dynamic sub-cellular structures and gene 

regulation. 
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MATERIALS AND METHODS 

Construct design and plasmid construction for expression. Human SFPQ constructs were 

cloned into pCDF-11 (EMBL) using standard molecular cloning techniques. The full-length 

cDNA of human SFPQ was used as a template in PCR. Five constructs were generated, 

coding for the following truncated proteins: SFPQ-276–535, SFPQ-276–598, SFPQ-369–598, 

SFPQ-214–535 and SFPQ-214–598. Each construct was cloned into pCDF-11 using NcoI and 

XhoI sites. pCDF11-SFPQ-214–598 quadruple mutant (L535A, L539A, L546A, M549A) was 

generated by QuikChange site-directed mutagenesis (Agilent) using complementary 

oligonucleotides containing the base-pair substitutions. All constructs were verified by DNA 

sequencing. The construction of pETDuet-1-NONO-53–312 was described elsewhere (Lee et 

al, 2011). 

Protein expression and purification. Each protein was expressed in RosettaTM 2 (DE3) 

(Merck Millipore) and purified using nickel-affinity chromatography followed by size 

exclusion chromatography. The cells were grown in LB broth with 50 μg/mL spectinomycin 

and 50 μg/mL chloramphenicol at 37 °C and induced with 0.5 mM IPTG at an Abs600 of 0.6 – 

0.8. After further incubation at 25 °C for 16 h, the cells were harvested by centrifugation at 

3,000 x g. The cell pellet was resuspended in Buffer A (20 mM Tris.HCl (pH 7.5), 250 mM 

NaCl, 10 % glycerol), disrupted using an Avestin C5 homogeniser and clarified by 

centrifugation at 30,000x g. The soluble fraction was then applied to a nickel-chelating 

column (Hi-Trap HP, GE healthcare). SFPQ was eluted using a gradient of 25 - 500 mM 

imidazole in Buffer A. Pooled fractions were subjected to tobacco etch virus (TEV) protease 

digestion with 1:100 ratio (w/w) at RT overnight. His-tagged TEV protease and uncleaved 

SFPQ were removed by nickel-affinity chromatography. Concentrated flow-through fractions 

were then applied to a 16/60 Superdex 200 column and developed with 20 mM Tris.HCl (pH 
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7.5), 250 mM NaCl. For co-expression of SFPQ with NONO-53–312, pETDuet-1-NONO-53-

312 was co-transformed with the appropriate pCDF-11-SFPQ constructs into RosettaTM 2 

(DE3) (Merck Millipore) and the SFPQ/NONO heterodimer purified as described above. 

Typically, the His-SFPQ was expressed at higher levels than the untagged NONO, resulting 

in two distinct peaks (SFPQ/NONO heterodimer and SFPQ homodimer) eluting the Ni-

affinity purification. The fractions of the first peak that contained the heterodimer were 

pooled and further purified as above. 

Crystallization and data collection. Crystals for SFPQ-276-535 were obtained from 

hanging-drop vapor diffusion experiments at 20 °C using a reservoir solution of 1.9 M 

Ammonium sulfate, 0.2 M Tris.HCl (pH 8.5) and 20% (v/v) ethylene glycol. Typically 2 μL 

protein (4 mg/mL) was mixed with 2 μL reservoir solution and equilibrated against 1 mL 

reservoir solution. Crystals for SFPQ-276-598 were obtained from sitting-drop vapor method 

at 20 °C using a reservoir solution of 26% 1,4-dioxane, 50 mM MOPS (pH 7.0), 5 mM MgCl2 

and 1 mM spermine. 6 μL protein (8.7 mg/mL) was mixed with 3 μL reservoir solution and 

equilibrated against 0.5 mL reservoir solution. Crystals for SFPQ-369-598 were also 

optimized using sitting-drop vapor method at 20 °C. 6 μL protein (6.7 mg/mL) was mixed 

with 3 μL reservoir solution (22% PEG3350 and 0.2 M Na2HPO4) and equilibrated against 

0.5 mL reservoir solution. Diffraction data were recorded at the Australian Synchrotron on 

crystals cooled to 100K. Datasets for SFPQ-276-598 and SFPQ-369-598  (Crystal 1 and 

Crystal 2) were collected on beamline MX2, and SFPQ-276-535 (Crystal 3) was collected on 

MX1. The data were processed using XDS(Kabsch, 2010); the space group evaluated with 

POINTLESS(Evans, 2006) and the data merged and scaled using SCALA(Evans, 2006). 

SFPQ-276-598 (Crystal 1) was crystallized in space group P43212 with unit cell dimensions a 

= b = 66.58 Å, c = 398.02 Å. SFPQ-369-598 (Crystal 2) belonged to space group C2221 with 

unit cell dimensions a = 127.40 Å, b = 180.42 Å, c = 57.03 Å. SFPQ-276-535 (Crystal 3) 
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belonged to space group P212121 with unit cell dimensions a = 63.45 Å, b = 67.61 Å, c = 

119.53 Å. Data collection and processing statistics are summarized in Table 1. 

Crystallographic structure solution, refinement, and validation. The crystal structures 

were solved by molecular replacement using PHASER (McCoy et al, 2007). For SFPQ-276-

535 (Crystal 3), the structure of PSPC1/NONO (PDB code 3SDE (Passon et al, 2012)) was 

used as search model. Two monomers (one dimer) were found in the rotational search (Z 

score 25) and the translation search confirmed the space group to be P212121. At this stage, 

the residues which differ in identity from the search model were mutated to alanine and the 

resulting model was subjected to iterative model building with COOT (Emsley et al, 2010) 

and refinement with autoBUSTER (Blanc et al, 2004). The final model includes two chains 

with residues 276-528 in Chain A and 285-529 in Chain B, one sulfate, eight ethylene glycol, 

and 176 water molecules. Structure solution for SFPQ-276-598 (Crystal 1) and SFPQ-369-

598 (Crystal 2) utilized the structure of SFPQ-276-535 (Crystal 3) as search model in 

molecular replacement. In the case of SFPQ-369-598 (Crystal 2), the search model was 

further modified by deleting the first RRM. The extended coiled-coil helices were built in 

manually with help of COOT. Iterative model building with COOT and refinement with 

autoBUSTER was performed. The final model for SFPQ-276-598 includes two chains with 

residues 292-589 in Chain A and 292–592 in Chain B. SFPQ-369-598 also has two chains in 

the asymmetric unit modeled with residues 370–597 in Chain A and residues 370–594 in 

Chain B. All final models were validated using MOLPROBITY (Chen et al, 2010). The 

refinement statistics are included in Table 1. 

Small-angle X-ray scattering data collection. SAXS experiments were carried out at the 

SAXSWAXS beamline of the Australian Synchrotron on a dilution series of protein sample. 

Scattering from a dilution series [6.0, 3.0, 1.5, 0.75, 0.38, 0.19 mg/mL of SFPQ-276-
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598/NONO-53-312 in 20 mM Tris.HCl (pH 7.5) and 250 mM NaCl] was carried out. Sample 

flowed through a glass capillary at a constant rate of 5 µL/s with data from 10 consecutive 1s 

exposures collected on a Pilatus 1M detector and processed using ScatterBrain software 

(written and provided by the Australian Synchrotron; available at 

http://www.synchrotron.org.au/). All data were placed on an absolute scale using an empirical 

calibration factor derived from scattering by water in the identical experimental setup, and 

normalized to the beamstop intensity. Solvent-subtracted and averaged data were exported for 

analysis. 

SAXS data analysis. Data were analyzed with the ATSAS suite (Petoukhov et al, 2012) (Fig 

3, Supplementary Fig S1, and Supplementary Table 1). Guinier and P(r) analyses were 

performed using PRIMUS and GNOM, model fits to the scattering profiles used CRYSOL, 

and ab initio structure calculations used DAMMIF. The lowest concentration shows flattening 

in the lowest q-regime of a log-log plot characteristic of a uniform sized scattering particle 

and the I(q) vs q profile shown (χ value of 0.970) demonstrates excellent fit to a model of the 

heterodimer derived directly from the SFPQ crystal structure (Fig 3).  Further, the Guinier 

and P(r) distribution determined Rg and I(0) values are in excellent agreement 

(Supplementary Table 1), and the P(r) distribution (Fig 3) has the characteristic shape of a 

mostly globular molecule with an extended tail; a single peak at 30-40 Å with a long tail 

extending to a dmax of 140 Å. For ab initio shape reconstruction, the 0.38 mg/mL data was 

used, as its Porod volume (1093310 Å3) is commensurate with the molecular mass of the 

heterodimer (Porod 65.6 kDa vs calculated 68.5 kDa).  The filtered average model from all 

ten independent calculations  (NSD values of 0.96 +/- 0.5) shows the expected globular body 

with an elongated tail.  With increasing protein concentration, the flattening of the lowest q-

regime is lost, Rg values steadily increase (Supplementary Table 1), the heterodimer model 

fit is poor with χ values increasing sharply, and I(0)/c also steadily increasing.  These results 
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indicate steadily increasing concentration-dependent protein associations.  Somewhere 

between the 1.5 and 3.0 mg/mL samples, the value of I(0)/c doubles, consistent with the 

formation of tetramers.  Increasing protein concentration also gives rise to a secondary peak 

in P(r) around 100 Å that increases in intensity along with the steadily increasing maximum r 

value.  These changes in P(r) are consistent with the formation of an increasing population of 

extended tetramers in which the globular domains of each dimer are separated in space.  The 

secondary peak in P(r) near 100 Å would correspond to the approximate separation of the 

centers of scattering density (mass) for these globular domains, as is observed in the crystal 

structures. At the highest concentration measured, higher order associations are indicated by 

the continuing increases structural parameters, including I(0)/c. The presence of multiple 

species in the higher concentration solutions prohibits more detailed modeling of the tetramer 

species. 

Electrophoretic mobility shift assay. A 6-carboxyfluorecein (6-FAM™)-labeled 61-bp 

DNA probe (the promoter region of the human proto-oncogene GAGE6 (Song et al, 2005) 

was chemically synthesized (Integrated DNA Technologies). 50 fmol of the FAM-labeled 

DNA probe was incubated with SFPQ/NONO in a volume of 10 μL in EMSA buffer (20 mM 

HEPES (pH 7.5), 50 mM KCl, 5 mM MgCl2, 0.5 mM EDTA, 1 mM DTT, and 5% glycerol) 

at RT for 30 min. The reactions were analyzed by 4-20% gradient PAGE (BioRad) in Tris-

glycine buffer (25 mM Tris, 0.192 M glycine, pH 8.3). Fluorescence was detected using 

Typhoon Trio (GE healthcare) with excitation and emission at 488 and 520 nm, respectively. 

Transmission Electron Microscopy. Samples were prepared in 20 mM Tris.HCl (pH 7.5), 

250 mM NaCl, 0.5 mM EDTA at the following concentrations: Double-stranded DNA; 

pCDF11 plasmid linearised with XhoI (New England Biolabs); 10 nM. Protein alone (SFPQ-

214-598 or SFPQ-214-598mut or SFPQ-276-598); 3 μM. Protein/DNA complex: 600 nM 
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protein and 16 nM DNA. Freshly prepared samples were incubated at 4°C for 30 min before 

application to glow-discharged carbon-covered 150-mesh copper grids. Grids were negatively 

stained with 1% (w/v) uranyl acetate. Images were obtained with a JEOL 2100 transmission 

electron microscope operated at 120 keV. 

Plasmids for Fluorescent protein fusions. Plasmids for fluorescent protein fusion 

experiments were generated with the Gibson Assembly cloning method (New England 

Biolabs) using the pEYFP-NLS plasmid in the case of truncated proteins, and the pEGFP-C1 

(Clontech) vector in the case of full-length proteins. pEYFP-NLS vector was generated by 

inserting the SV40 large T-antigen nuclear localization signal into pEYFP-C1 (Clontech). 

pEYFP-NLS-SFPQ-276–555, 276–565, 276–585 and 276–598 were made by assembling the 

PCR products of SFPQ encoding the corresponding residues into the linearized pEYFP-NLS 

by EcoRI and BamHI. The same strategy was applied to generate pEYFP-NLS-SFPQ-276–

598mut (L535A, L539A, L546A, M549A) with the exception of using pCDF11-SFPQ-214–

598mut as the PCR template in place of the wild-type construct. To make the siRNA-resistant 

SFPQ plasmids, silent mutations in residues 446-451 were introduced (this region is the target 

for the SFPQ siRNA used in this study, see below). Two sets of PCR primers were designed 

to amplify two halves of the full-length SFPQ. The reverse primer for the first half (1-451) 

and the forward primer for the second half (446-707) had 18 overlapping nucleotides with the 

designated silent mutations in residues 446-451. The two PCR fragments were then cloned 

into the linearized pEGFP-C1 vector by EcoRI and BamHI using the Gibson Assembly 

cloning method (New England Biolabs). The quadruple mutant version of siRNA-resistant 

SFPQ was also generated by the same strategy, using the quadruple mutant SFPQ plasmid as 

the PCR template. pEYFP-NLS-PSPC1-61-340 was made previously (Passon et al, 2012). 

peYFP-NLS-PSPC1-61-340 mutant (M320A, L324A, L331A, M334A) was generated by 
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QuikChange site-directed mutagenesis (Agilent) using complementary oligonucleotides 

containing the base-pair substitutions. All constructs were verified by DNA sequencing. 

SFPQ and PSPC1 localization assay. HeLa cells (cultured in DMEM supplemented with 

10% FCS) were seeded at 1.5 x 105/well on coverslips in a 12-well plate.  24 h later, 

transfection with plasmids encoding the various peYFP-C1-NLS-SFPQ truncations was 

carried out using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s 

instructions, using 300 ng of plasmid DNA per well.  16 h post-transfection, cells were 

washed with PBS, fixed with cold 4% paraformaldehyde (PFA) for 10 min, washed with PBS 

and permeabilized with cold 70% ethanol for 16-24 h at 4 oC.  Cells fixed on coverslips were 

then subjected to NEAT1 FISH (Fluorescence in-situ hybridization) using Stellaris FISH 

probe – human Neat1 5’ Segment with Quasar 570 Dye (Biosearch Technologies) according 

to the manufacturer’s instructions.  Cell imaging and capture (z-stacks) were carried out using 

a 60x objective and the DAPI, FITC and TRITC filters on the NIKON Ti-E wide-field 

fluorescent microscope, followed by analysis with NIS elements software.  Only cells with 

very low levels of expression were selected for imaging to avoid overexpression artifacts. 

siRNA treatment, qPCR and western blotting analysis. For knockdown experiments, all 

transfections were done in triplicate with at least three biological replicates. 2.5 x 105 HeLa 

cells (cultured in DMEM supplemented with 10% FCS) were seeded in each well of a 6-well 

plate and siRNA transfection was carried out with the ‘reverse’ technique using 4 ml 

Lipofectamine 2000 (Life Technologies) and either 24 pmol scrambled siRNA (Stealth 

siRNA Negative control Med GC, Life Technologies), or SFPQ Stealth siRNA 

(UGUUCAAGUGGUUCCACAAUGACUG, Life Technologies).  In some transfections, 500 

ng of plasmid encoding GFP, siRNA-resistant GFP-SFPQ, or siRNA-resistant GFP-SFPQmut 

were also added to the transfection mix. 4 h post-transfection, medium was replaced with 
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fresh DMEM/10%FCS. At 48 h post-transfection either RNA or protein purification of the 

samples was carried out. RNA was purified using TRISURE reagent (BIOLINE, according 

the manufacturer’s instructions).  500 ng of RNA was then reverse transcribed (QuantiTect 

Reverse Transcription Kit; Qiagen) according to the manufacturer’s instructions. The relative 

expression levels of SFPQ (qPCR primers: forward GAGGAGAAGATCTCGGACTCG, 

reverse: CGACATCGCTGTGTGTAAGTTT), ADARB2 (qPCR primers: forward 

ATATTCGTGCGGTTAAAAGAAGGTG, reverse 

ATCTCGTAGGGAGAGTGGAGTCTTG) and GAPDH (qPCR primers: forward 

ATGGGGAAGGTGAAGGTCG, reverse GGGGTCATTGATGGCAACAATA) were 

measured by qPCR using SYBRgreen dye (BIOLINE) on the Rotor-Gene cycler.  GAPDH 

expression levels were used to normalize the SFPQ and ADARB2 expression levels in all 

samples. In experiments in which plasmids had been co-transfected, cells were visualized 

under a fluorescent microscope with a FITC filter to assess the transfection efficiency. To 

assess relative protein expression levels, lysates were prepared from transfected HeLa cells by 

first rinsing with PBS, followed by cell disruption in 2x SDS loading dye (100 mM Tris pH 

6.8, 4% w/v sodium, dodecyl sulfate, 0.2% w/v bromophenol blue, 20% v/v glycerol, 200 

mM β-mercaptoethanol), followed by removal of the DNA in a QIAshredder column 

(Qiagen). Samples were heated at 100 oC for 3 min and used for SDS-PAGE protein gel 

electrophoresis (NUPAGE 4-12% gradient, MOPS gels, Life Technologies) and subject to 

western Blotting with anti-GFP (Roche) and anti-Beta Actin (AC-15, Abcam) followed by 

anti-mouse 800 Fluorescent Secondary Antibody (Licor). Western blots were visualized using 

the Odyssey System (Licor) and Analysis Software. 

For SFPQ siRNA knockdown and paraspeckle rescue experiments, cells were grown on 

coverslips in 6 well plates, then transfected with siRNA against SFPQ (as above) using the 

RNAimax reagent according to the manufacturer's instructions (Life Technologies). 48h 
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following siRNA transfection, cells were then transfected with plasmids encoding GFP, GFP-

SFPQ, or GFP-SFPQ mutant, followed by fixation and processing for NEAT1 FISH 14h later. 

Following imaging with identical exposure times, the number of NEAT1 foci (as defined by 

Softworx 'define polygon' function with constant thresholds) per nucleus was counted for 

each condition (n=30). 
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Figure Legends 
 
Figure 1. Crystal structure of human SFPQ.  

A. Schematic presentation of human SFPQ domains discussed in this study.  

B. Crystal structure of SFPQ-276-535 (Crystal 3, PDB code 4WII; chain A, grey trace; 

chain B, cartoon colored according to Fig 1A). 

C. Superposition of SFPQ-276-535 homodimer (chain A blue; chain B gold) with 

PSPC1/NONO heterodimer (PDB 3SDE(Passon et al, 2012); magenta and black, 

respectively). 

D. Crystal structure of SFPQ-276-598 homodimer (Crystal 1, PDB code 4WIJ; chain A, 

grey surface; chain B, cartoon). Domains that are discussed throughout this work are 

labeled. 

E. Crystal structure of SFPQ-369-598 (Crystal 2, PDB code 4WIK; chain A, gray surface; 

chain B, cartoon). The distance between the Cα of residue 597 in chain A and that of 

residue 594 in chain B is displayed. 

F. Crystal packing of SFPQ (Crystal 1; asymmetric unit, red).  

 

Figure 2. A novel conserved coiled-coil interaction motif amongst DBHS proteins.  

A. Sequence alignment of the coiled-coil interaction motifs from SFPQ, NONO and 

PSPC1. Key residues are marked.  

B,C. Molecular details of the coiled-coil interaction motif in Crystal 1 (PDB code 4WIJ) and 

Crystal 2 (PDB code 4WIK), respectively. 

 

Figure 3. Small angle X-ray scattering studies of an SFPQ-276-598/NONO-53-312 

heterodimer.  
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A. Scattering profiles (log(I) vs log(q)) for a dilution series (6.0 – 0.19 mg/mL), including 

fit of a model derived from the Crystal 1 structure (inset) to the 0.19 mg/mL 

concentration sample.  See Supplementary Table 1 and Supplementary Fig. 3 for 

additional details. 

B. Ab initio model calculated from 0.38 mg/mL data and superimposed on an atomic 

model derived from the Crystal 1 structure. 

C. Experimental P(r) distribution calculated from the scattering data (left panel) is 

comparable with a calculated P(r) distribution (right panel) for atomic heterodimer and 

tetramer models (and mixtures thereof) derived from the Crystal 1 structure. The lowest 

concentration sample contains no tetramer, but a 100 Å feature consistent with 

increasing tetramer content appears with rising concentration. 

 

Figure 4. The coiled-coil interaction motif is critical for DNA binding of SFPQ.  

Electrophoretic mobility shift assay using a 61bp double-strand DNA probe (GAGE6 

promoter). Increasing concentrations of proteins (0.1, 0.2, 0.4, 0.8, and 1.6 mM) were 

incubated with the probe. Maximum DNA-binding activity is achieved when both DBD 

and the coiled-coil polymerization domain are present. 

 

Figure 5. The coiled-coil interaction motif in SFPQ promotes the regular coating of double-

stranded DNA, as revealed by transmission electron microscopy. 

A. SFPQ-214-598, containing both DBD and coiled-coil polymerization domain coats 

double-stranding DNA in a single layer of protein, forming 17 nm think fibres for 

contiguous regions of around 400 nm. Naked DNA can be seen protruding from 

the end.  
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B. SFPQ-214-598, where the coiled-coil interaction motif is impaired by mutation, is 

unable to form fibres, instead existing as individual protein dimers (~20 nm) 

which occasionally associate with DNA. 

C. In the absence of DNA, SFPQ-214-598 forms poorly ordered aggregates. 

 

Figure 6.  The coiled-coil interaction motif is critical for transcriptional regulation 

activity of SFPQ 

A. Relative qPCR levels of the SFPQ target gene, ADARB2, following knockdown of 

endogenous SFPQ and rescue with transiently expressed GFP-SFPQ or GFP-SFPQmut. 

Wild-type SFPQ can rescue ADARB2 expression to a greater extent than mutant SFPQ 

(two independent replicates shown). 

B. RT-qPCR and western blot showing endogenous SFPQ levels in HeLa cells treated with 

either scramble (control), or SFPQ siRNA. 

C. Anti-GFP and anti-beta-actin western blot of protein extracts from HeLa cells 

transiently expressing GFP (lane 1), GFP-SFPQ (lane 2), or GFP-SFPQmut (lane 3). 

 

Figure 7. The coiled-coil interaction motif within the polymerization domain is 

essential for both localization of SFPQ to exiting paraspeckles, and formation of new 

paraspeckles. 

 

A. Truncated variants of SFPQ and PSPC1 have differing coiled-coil requirements for 

localization to paraspeckles. For both proteins, the coiled-coil interaction motif is 

essential, but for SFPQ, additional potential coiled-coil is required (purple helix 

indicates potential coiled-coil interaction with a neighboring molecule from another 

asymmetric unit in Crystal 2). Protein “1” corresponds to the minimum paraspeckle-
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targeted PSPC1 while protein “5” corresponds to the optimal paraspeckle-targeted 

SFPQ. Quadruple mutation of the coiled-coil interaction motif abolishes paraspeckle 

localization. Typical fluorescent micrographs of representative HeLa cells transiently 

expressing YFP-NLS (nuclear localization sequence)-fusions of the proteins indicated 

in each panel are shown: GFP, green; DAPI blue. Scale bars, 10 µm. 

B. Number of paraspeckles per cell (n=30) under a number of conditions, measured by 

counting NEAT1 FISH foci: scramble siRNA control (endogenous SFPQ present), 

SFPQ siRNA knockdown, wild-type GFP-SFPQ rescue of SFPQ knockdown, and 

mutant GFP-SFPQ rescue of SFPQ knockdown. Whilst wild-type GFP-SFPQ can 

rescue paraspeckle formation, mutant GFP-SFPQ is no more effective than GFP alone.  

Typical fluorescent micrographs of representative HeLa cells are shown: GFP, green; 

NEAT1 red, DAPI blue. Significantly reduced numbers of NEAT1 foci are 

accompanied by reduced colocalization with SFPQ. Scale bars are 5 µm. All samples 

are significantly different (p<0.0001, unpaired t-test). 

 

 

Figure 8. A general model for cooperative nucleic acid-templated functional 

polymerization of DBHS proteins. 
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Figure 8 
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Table 1 Crystallographic data collection and refinement statistics 
 
 SFPQ-276-598 

(Crystal 1) 
SFPQ-369-598 

(Crystal 2) 
SFPQ-276-535 

(Crystal 3) 
Data collection    
Wavelength (Å) 0.9537 0.9537 0.9686 
Space group P43212 C2221 P212121 
Cell dimensions    

a, b, c (Å) 66.6, 66.6, 398.0 127.4, 180.4, 57.0 63.5, 67.6, 119.5 
Resolution (Å) 47.08 – 3.49 

 (3.82 – 3.49) 
48.20 – 3.00 
(3.24 – 3.00) 

19.52 – 2.05 
(2.12 – 2.05) 

Rmerge 0.100 (0.307) 0.083 (0.694) 0.102 (1.051) 
<I/σI> 10.8 (4.3) 8.7 (1.9) 13.1 (2.1) 
Completeness (%) 99.4 (98.1) 98.6 (99.8) 99.6 (100.0) 
Redundancy 6.8 (6.6) 4.1 (4.1) 7.1 (6.9) 
Refinement    
Unique reflections 12,261 (2,757) 13,384 (2,716) 32,776 (2,924) 
R  0.272 (0.309) 0.242 (0.261) 0.199 (0.231) 
Rfree 0.335 (0.337) 0.291 (0.298) 0.235 (0.284) 
B-factors (Å2)    

Protein 127.4 96.4 43.6 
Ligand - - 61.5 
Water - - 44.1 

Ramachandran Plot†    
Favored region (%) 96.8 97.8 99.0 
Disallowed region 
(%) 

0.0 0.0 0.0 

R.m.s. deviations    
Bond length (Å) 0.007 0.008 0.010 
Bond angles (°) 0.88 0.98 1.04 

PDB code 4WIJ 4WIK 4WII 
 

¶ Values in parentheses are for the highest-resolution shell. 
†Calculated using MolProbity (Chen et al, 2010) 
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Supporting Information 
 
 SI Figure legends – SI Figures – SI Tables – SI Text 
 
 
SI Figures 
 
Supplementary Figure 1 Guinier analysis for Small angle X-ray scattering data of a 

dilution series (6.0 – 0.19 mg/mL) of the SFPQ-276-598/NONO-53-312 heterodimer (see Fig 

3). 

 

Supplementary Figure 2 Proposed DNA binding model in EMSA (Fig 4). Two RRMs, 

NOPS domain, and coiled-coil domain in SFPQ are depicted as red circles, cyan line, and 

yellow rectangle, respectively. Equivalent domains of NONO are presented in grey. Solid 

green block represents the N-terminal short α-helical structure observed in SFPQ-276-535. 

Residues 214-275 (not resolved in crystal structures) are depicted in green dashed line. The 

dimensions of the GAGE6 probe used would match a maximum of two heterotetramers 

binding per probe. 

 

Supplementary Figure 3 SFPQ positive foci are paraspeckles that colocalize with 

NEAT1 RNA. For each GFP-fused truncated SFPQ protein (corresponding to proteins “1”-

“5” in Fig 4) fluorescence microscopy data is given (scale bar 5 micron). Left, GFP-SFPQ 

fusion (green); center NEAT1 FISH (red) and DAPI (blue); right, overlay. Yellow vectors 

drawn on the overlay correspond to linescans presented on the right (green, red and blue 

corresponding to GFP, NEAT1 and DAPI). Colocalization is identifiable by coincident peaks 

for GFP and NEAT1, as exemplified in SFPQ-276-598. 

 

Supplementary Figure 4  Sequence alignment of the conserved DBHS domain of the 

three human DBHS proteins. A representative secondary structure scheme deduced from three 
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crystal structures of SFPQ reported in this study is drawn on top of the sequences. Domain 

structure defined in PFAM is displayed under the sequences. Boundaries for the constructs 

reported in this study are indicated by the triangles with down-pointing triangles for N-

terminus and the upward-pointing ones for C-terminus. Residues involved in the coiled-coil 

interaction motif are marked with diamonds, stars and a circle. Produced with ALINE (Bond 

& Schuttelkopf, 2009). 
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Supplementary Figure 1 
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Supplementary Figure 2 
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Supplementary Figure 3 
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Supplementary Figure 4 
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Supplementary Table 1 Structural Parameters from SAXS Data and Dimer Model 

Fit Results  

 
Protein 
conc* 

(mg/mL) 

Guinier analysis 
(q⋅Rg < 1.0**) 

 P(r) analysis Dimer 
model 

fit 
 Rg (Å) I(0) x 1010 cm I(0)/c*** Rg (Å) I(0) x 1010 cm dmax 

(Å) 
χ 

6.0 60 ± 0.6 0.5286  ± 
0.0023 

0.0881 61.1 ± 0.2 0.5247 ± 
0.0012 

230 n.a. 

3.0 54 ± 0.6 0.2246 ± 
0.0011 

0.0749 55.8 ± 0.2 0.2242 ± 
0.0005 

210 n.a. 

1.5 48 ± 0.7 0.0846 ± 
0.0005 

0.0564 48.9 ± 0.2 0.0838 ± 
0.0003 

170 5.7 

0.75 44 ± 1.0 0.0350 ± 
0.0004 

0.0467 45.9 ± 0.6 0.0352 ± 
0.0002 

170 2.0 

0.38 40 ± 1.7 0.0139 ± 
0.0003 

0.0371 41.6 ± 0.8 0.0140 ± 
0.0002 

150 0.7 

0.19 35 ± 2.8 0.0059 ± 
0.0002 

0.0315 38.6 ± 1.2 0.0061 ± 
0.0001 

140 0.4 

 

* Protein stock solution of was determined as 6.0 mg/mL by absorption at 280 nm.  

Subsequent serial two-fold dilutions were used to prepare the concentration series. 

** Guinier analysis was confined to q⋅Rg < 1.0 due to the highly asymmetric shapes of the 

scattering particles.   

*** For a stable single species, I(0)/c would be constant with increasing c.  When c is 

expressed in mg/mL there is a linear relationship between the molecular weight of the 

scattering particle and I(0)/c, thus if I(0)/c = 0.0371 is the dimer, then a tetramer would give 

I(0)/c = 0.0742.   

n.a. is not applicable 
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