
 

 

 

Astbury Centre for  
Structural Molecular Biology 
 

Annual Report  
2015 

 © The University of Leeds, 2015 
 



i 

 

Front cover illustration: EM density map of an empty virus-like particle (eVLP) derived from 

Cowpea mosaic virus (CPMV) determined by cryo-EM to 3.04  Å resolution.  This study by Neil 

Ranson and colleagues, was published in Nature Communications and is described on pages 66-

67. 
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Mission Statement 

 

The Astbury Centre for Structural Molecular Biology will promote interdisciplinary research 

of the highest standard on the structure and function of biological molecules, biomolecular 

assemblies and complexes using physico-chemical, molecular biological and computational 

approaches. 
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Introduction 

Welcome to the Annual Report of the Astbury Centre for 2015. The year proved to be another 

very busy and enormously successful year for the Centre. This letter highlights a few of our many 

successes so that our readers can appreciate the buoyancy of our science, the strength of our 

community and our collaborations, as well as the contributions our members make to others 

through engagement in public-facing events. I would like to thank every member of the Centre 

for their hard work over the year: our Support staff, Technicians, Facility Managers, Students, 

Post-docs, Fellows and Academic staff. Our success comes from our strong multidisciplinary 

science, as well as our collegiality and teamwork. Thank you all! 

 

During 2015 the Centre continued in its quest of “Understanding Life in Molecular Detail” 

through multiple different activities, including seminars, publications, public lectures and other 

events. We continued to enjoy an excellent seminar series (organised by Anastasia Zhuravleva), 

hosting 11 lectures during the year with speakers from the UK and the USA. A spectacular ninth 

Annual Astbury Lecture was given by Professor Xiaowei Zhuang, Howard Hughes Medical 

Institute, Harvard University entitled “Illuminating biology at the nanoscale with super resolution 

microscopy”. This annual event was its usual success, with a brilliant lecture, much physical 

exertion at the sports day (Professor Zhuang just beating the Director in the egg-and-spoon race!), 

and a much enjoyed barbecue hosted by the Astbury Society (see 

http://www.astbury.leeds.ac.uk/about/society.php). 141 members attended the Centre’s Biennial 

Research Retreat, held on September 17-18
th

 at The Shrigley Hall Hotel, Pott Shrigley, 

Derbyshire where students, post-docs and PIs shared their recent exciting scientific discoveries, 

through talks, posters and the ever-popular “Flash Poster” presentations.  

 

During this busy year, 23 of our members went to the Max Planck Institute for Biochemistry 

(Martinsried, Germany) for our second joint research symposium. This involved seminars, 

discussions, posters and networking events. Superb science was enjoyed by all who participated. 

We hope this will develop into strong on-going research links in the future. Centre members also 

hosted two conferences in 2015. The first, a workshop in March, focused on Bio-NMR. In late 

December we were also delighted to host ~140 delegates from all over the world for a 

symposium in honour of Professor Steve Baldwin who sadly passed away in 2014. The event was 

a celebration of science, of friendship and of membrane protein structural and functional biology. 

It also involved a tremendous outreach event for local sixth form students, which included an 

inspiring lecture by Professor Sir John Walker, FRS, entitled “Energy in Biology”. 

 

The Centre welcomed Peter Adams to the University and to our membership in 2015. Sadly, 

during this year we lost our much-loved colleague, Professor Peter Knowles through his untimely 

death in a road accident. His contributions to Structural Molecular Biology and to the Centre 

were second to none and he will be sorely missed. During the coming year we will also welcome 

several new fellows, including Dr Karl Hassan from Sydney, Australia who was awarded an EU 

fellowship to come to work with several Astbury members on “The structure and molecular 

mechanism of transport proteins within the PACE family of multidrug efflux pumps”. Through 

the generous funding from Leeds alumnus, Peter Cheney, we also welcome Professors Carol Hall 

(USA); Herbert Waldman (Germany) and Harry Takagi (USA) to our membership: they will be 

making several visits to the Centre during the coming year (see 

http://www.astbury.leeds.ac.uk/people/fellows.php). We were delighted to welcome many PhD 

students and postdocs to the Centre this year, bringing our total numbers to >300, including 63 

academic staff, 164 PhD students, 89 postdoctoral researchers and 9 research fellows.  

 

http://www.astbury.leeds.ac.uk/about/society.php
http://www.astbury.leeds.ac.uk/people/fellows.php
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Astbury Centre members published their research in a wide range of journals in 2015, with a 

>15% increase in the total number of manuscripts being published (175), including 28 papers in 

the highest impact journals (including Science, Nature, Nature Communications, Nature Cell 

Biol., Nature Chem Biol., Nature Chemistry, Nature Immunol., ACS Nano. Nanoletters, Adv. 

Funct. Materials, Angewandte Chemie, JACS, J Clin Invest.) and an impressive 51 manuscripts 

in journals of impact factor between 5 and 10. A full list can be found at the end of this report. In 

terms of grant income, Astbury members also enjoyed many successes in 2015. Together with 

£9.3M of new project and programme grants, this brings the Astbury portfolio to a striking £52M 

share of £85M of grants: an impressive figure that is testament to the hard work and success of 

our members. Some of the larger grants awarded included a £3.2M Wellcome Trust Seeding 

Drug Discovery Award to Colin Fishwick and Richard Foster (with their Leeds collaborators 

Robert Ariens and Helen Philippou) for “Next generation anti-thrombotics”; a £3.4M EPSRC 

programme grant to Andy Wilson, Adam Nelson, and Tom Edwards (with their collaborators in 

Bristol) for “Intergrated computational and synthetic tools to drive the discovery of orthosteric 

protein-protein interaction inhibitors”; a €3.0M to Andrew Wilson and colleagues for a Marie 

Curie ETN entitled “Targeted small molecule stabilization of protein-protein  interactions”, and 

to Peter Stockley (with Reidun Twarock in York) for a £2.2M Wellcome Trust Joint Investigator 

award “New perspectives for anti-viral therapy: The regulatory roles of genomic RNA in virus 

assembly, infection and evolution”. We are much indebted to the funding agencies that support 

our science, including BBSRC, EPSRC, MRC, the Wellcome Trust, charities, ERC, EU and 

Industry. We also acknowledge, with thanks, the support of the University of Leeds; the Faculties 

of Biological Sciences and Maths and Physical Sciences and the Schools of Chemistry, Molecular 

and Cellular Biology and Physics and Astronomy for their support of the Centre and our research.  

 

2015 saw continuing success of the members of the Astbury Centre in terms of peer recognition. 

Lorna Dougan was awarded an MRC Suffrage Award, Sheena Radford and Alison Ashcroft were 

awarded the Rita and John Cornforth Award of the Royal Society of Chemistry for their 

collaborative research which spans two decades. Our students and post-docs also were awarded 

many prizes for their contributions at conferences and meetings that span the globe, including 

Sarah Hewitt (Wilson group) (poster prize at the RSC Supramolecular and Macrocyclic 

Discussion Group meeting); Irene Arrata (Wilson group) (Kate Furneaux prize for non-academic 

contributions to the School of Chemistry), James Firth (best talk at the early career researchers’ 

meeting of the European Lead Factory); George Karageorgis (awarded an Alexander von 

Humboldt fellowship to work with Herbert Waldmann at the MPI Dortmund) (all Nelson group); 

Claire Windle (Berry group) (invited talk at the 2015 ASBMB meeting in Boston, USA); Lucy 

Barber, Ciaran Doherty, Paul Devine, Sam Hickman (Radford/Brockwell groups) Shaun Rawson 

(Muench group) who won awards at the Faculty of Biological Sciences Postgraduate Symposium 

and Bob Schiffrin (Radford/Brockwell groups) who was awarded a joint first prize for the 3 

minute thesis completion at the first White Rose BBSRC DTP research symposium. Well done 

all. 

 

The Astbury Society, led by the presidents Paul Devine and Matt Balmforth in 2014/15 and 

Rachel Dods and Robert Smith in 2015/16, played a magnificent role in Astbury activities in 

2015. Events included the famous Christmas quiz night, and a highly successful third May Ball. 

With continued fund raising through cake bakes and coffee mornings, the Society has now raised 

a magnificent £2228 for the “Leeds Children’s Charity”.  

 

During the year our members continued to be actively involved in several outreach activities. 

These included interviews by the media (Andrew Macdonald for his work on kidney disease 

which was also presented at the House of Lords); Paul Beales gave a talk at the Chapel Allerton 

Café Scientifique; Bruce Turnbull continues to be involved in BioLeeds: a group which brings 
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together scientists and artists with people engaged in crafts, electronics and software; and Irene 

Arrata (Wilson group) for presenting her life as a chemical biologist as part of an academy-

focused stand-up comedy show (look it up on youtube!).  

Finally, it would be remiss of me not to end with a major highlight of the year: On the 3rd of June 

2015, the University of Leeds Council approved a £17M investment to establish the Astbury 

Biostructure Laboratory. This investment, together with additional support from the Wellcome 

Trust, will bring two Titan Krios cryo-electron microscopes and a 950MHz NMR instrument to 

the Centre in 2015/16. Two support scientists, one each for cryo-EM and bioNMR (Becky 

Thompson and Lars Kuhn) have also been brought to the Centre to run the instruments and 

pump-prime new collaborations. Watch out for the Astbury Annual Report for 2016 wherein I 

will tell you all about the opening of these new and exciting facilities. You can also follow 

updates and progress on http://www.astbury.leeds.ac.uk/biostructurelaboratory. 

I hope that you enjoy reading this Annual Report. Thank you to David Brockwell and Lucy Gray 

for editing this report, everyone who contributed to it, and all who participated in the Astbury 

Centre’s activities in 2015. I look forward to continuing our successes in 2016. 

 

 

Sheena E. Radford, FMedSci, FRS 

 

Director, Astbury Centre for Structural Molecular Biology,  

Leeds, March 2016 

 
Please note that this report (as well as those from previous years) is also available as a PDF document 

which can be downloaded from our website (www.astbury.leeds.ac.uk). 
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Bio-inspired model membranes and light-harvesting nanomaterials 
 

Eliot Dawson and Peter Adams 

 

Introduction 

Biological cell membranes are highly complex, multicomponent systems comprised of a 

variety of lipids, membrane proteins and associated molecules. Specialized membranes allow 

efficient solar energy capture in photosynthesis, with a network of light-harvesting membrane 

protein complexes (LHCs) that channel energy to downstream bioenergetic proteins. 

Supported lipid bilayers (SLBs) are useful model membranes for investigating their physical 

properties and for functional devices. However, they are highly simplified compared to 

biological systems and efforts to increase SLB complexity, control their composition and 

organisation are desirable. As an alternative, synthetic membranes can be built from 

polymeric materials that form ultrathin films. Properties of polymers such as robustness and 

facile chemistry could be of interest for developing photonic materials. Our research aims to 

develop model membrane assemblies for investigating natural photosynthesis and to generate 

semi-synthetic systems. In work at Los Alamos National Laboratory, we developed (i) more 

complex SLBs and (ii) polymer-based light-harvesting materials. In recent work at Leeds, we 

are developing model membranes incorporating LHCs. 

 

Results 

1. Advanced methods to control lipid membrane composition and organisation 

We have demonstrated a novel method for controlled modification of SLBs. 

Lipopolysaccharide (LPS), a lipoglycan that inserts into pre-formed SLBs, was exploited to 

generate voids within lipid bilayers. Iterative control over membrane composition was 

demonstrated by multiple cycles of LPS treatment (Fig 1A). Using a fluid-phase DOPC SLB 

as starting material, generating holes using LPS and then backfilling with secondary DOPC 

vesicles lead to incorporation of these new membrane components and healing of the 

membrane pores. Almost complete exchange of fluorescently-labelled lipids, used as markers 

for the starting composition or secondary composition, was observed (Fig 1B). Furthermore, 

we demonstrated the generation of hierarchically-organized membrane domains. By 

exploiting the finding that LPS acts on lipid bilayers but not monolayers, and using a lipid 

bilayer/monolayer array pattern, the spatial distribution of voids was controlled. Arrays of 

static lipid domains were created by backfilling with gel-phase DSPC vesicles, converting the 

void pattern into a lipid compositional pattern (Fig. 1C). This new approach expands our 

toolkit for functional membrane design, with potential applications, e.g., in biosensors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: (a) Cartoon of the process of LPS-
induced void formation in lipid bilayers. (b) 
Fluorescence microscopy images and relative 
intensities of DOPC SLB (green fluorescent 
lipids) before and after cycles of LPS 
treatment/ backfilling with secondary DOPC 
vesicles (red lipids), as labelled. (c) 
Fluorescence images after backfilling DOPC 
monolayer/bilayer array pattern (red lipids) 
with gel-phase DSPC vesicles (green lipids). 
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Figure 2 (a) Cartoon of polymer micelles and polymer 
bilayers. (b) FRET efficiency against donor 
concentration (constant acceptor concentration) 
calculated from steady-state fluorescence 
spectroscopy. 

2. Polymeric light-harvesting 

nanomaterials 

We have demonstrated the feasibility of 

using polymers as alternatives to LHC 

proteins as scaffolds to organise energy-

transferring chromophore molecules. A 

bio-inspired light-harvesting system 

based on amphiphilic diblock copolymer 

micelles (poly[ethylene oxide]-block-

poly[butadiene]) and non-covalently 

incorporated chromophores (Fig 2A). A 

lipid-linked, BODIPY chromophore 

acted as an energy donor and a 

bacteriochlorin as an acceptor, for testing 

Förster Resonance Energy Transfer 

(FRET). Steady-state and time-resolved 

fluorescence spectroscopy showed increased donor quenching and FRET with chromophore 

concentration (Fig 2B), as predicted by theoretical modelling of Förster theory. Energy 

transfer at 20-80% efficiency was found for well-defined polymer micelles in aqueous 

solution and >90% for polymer bilayer films on solid supports (membrane mimics). These 

findings are proof-of-concept for modular, polymer-based photonic nanomaterials. 

 

3. Model membranes incorporating functional light harvesting complexes 

Research is ongoing to redesign protein/ lipid LHC systems into membrane platforms for 

testing physical parameters under controlled conditions and to generate novel light harvesting 

systems not found in nature. Purified plant proteins and lipids are used as building blocks to 

form protein/lipid vesicles (proteoliposomes) with defined compositions.  Atomic force 

microscopy and fluorescence microscopy/spectroscopy show that protein arrangement and 

light harvesting functionality can be controlled. Observation of decreased LHC-II 

fluorescence lifetime could suggest a quenched state relevant to mechanisms photoprotection 

against light stress. Preliminary studies using non-native lipid-linked chromophores as energy 

donors to LHC-II in proteoliposomes appear to show FRET and thus a system with enhanced 

energy capture. Future studies will test quantum dots as alternative donors. 

 

Publications 

Adams P.G., Collins A.M., Sahin T., Subramanian V., Urban V.S., Vairaprakash P., Tian Y., 

Evans D.G., Shreve A.P. & Montano G.A. (2015) Diblock copolymer micelles and supported 

films with noncovalently incorporated chromophores: A modular platform for efficient 

energy transfer. Nano Lett. 15:2422-2428. 

 

Adams P.G., Swingle K.L., Paxton W.F., Nogan J.J., Stromberg L.R., Firestone M.A., 

Mukundan H. & Montano G.A. (2015) Exploiting lipopolysaccharide-induced deformation of 

lipid bilayers to modify membrane composition and generate two-dimensional geometric 

membrane array patterns. Sci. Rep. 5:10331. 

 

Funding 

Work at Leeds was funded by the BBSRC; work at Los Alamos was funded by U.S. DOE. 

 

Collaborators 

External: C. Hunter & M. Johnson (University of Sheffield), G. Montaño (Los Alamos 

National Laboratory), A. Collins (Southern New Hampshire University). 
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Biomolecular mass spectrometry and structural proteomics 

 

James Ault, Helen Beeston, Antonio Calabrese, Paul Devine, Kate Groves, Patrick Knight, 

Esther Martin, Negar Rajabi, Charlotte Scarff, Tom Watkinson, Leon Willis, Lydia Young 

and Alison Ashcroft 

 

Introduction 

Our research is focussed on the development and application of mass spectrometry (MS) to 

investigate the structure and function of biomolecules. We use non-covalent electrospray 

ionisation (ESI)-MS, tandem mass spectrometry (MS/MS) and ion mobility spectrometry 

(IMS)-MS to determine the mass, conformational properties, stoichiometry, stability, and 

binding characteristics of biomolecules and their complexes. Specifically we study protein 

folding, function and self-aggregation, protein-ligand interactions and biomolecular complex 

assembly [1-11]. We also use chemical labelling methods in conjunction with ESI-MS and 

ESI-MS/MS to map protein folding and aggregation pathways [2, 4] and to characterise non-

covalently bound biomolecular complexes (Figure 1). 

 

Results 

Our major projects are aimed at characterising amyloid protein aggregation and inhibition, 

for which we have developed a high-throughput screening method to evaluate potential small 

molecule amyloid inhibitors [1, 3, 5, 8, 11], investigating ribosome function [6, 7], mapping 

virus capsid assembly pathways [9], determining membrane protein structure and function 

[10], and developing new biomolecular MS methodologies [2, 4] (Figure 2). 

 

 

 

Figure 1: Chemical labelling methods used with MS for 
structural proteomics to study protein structure and 
locate protein:protein and protein:ligand interactions 
include: hydrogen-deuterium exchange (HDX) [2], 
hydroxyl radical footprinting (FPOP) [4] and chemical 
crosslinking. 
 

Figure 2: (a) Immunoglobulin protein; (b) (i) oxidation of solvent-exposed sites using OH radicals gives 
rise to (ii) oxidised protein. Location of the oxidised amino acid residues is achieved by (iii) proteolysis 
followed by (iv) LC-MS. Comparing the oxidation sites of the native protein (c) with those of the partially 
folded (DM) and unfolded (TM) variants indicates conformational differences. 
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Publications 
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Back-to-back dimerization reverses autoinhibition of protein kinases  
 

Selena Burgess, Mark Richards, Sharon Yeoh and Richard Bayliss 

 

Introduction 

Protein kinases are central to cellular signalling processes and are frequently altered in 

diseases such as cancer. The catalytic activity of protein kinases is strictly controlled through 

post-translational modifications and/or protein binding partners. Most protein kinases are 

catalytically inactive until they receive the appropriate signal. Many kinases are activated 

upon phosphorylation within their activation loop, which may be carried out by an upstream 

kinase or can be an auto-catalytic event. Some kinases are regulated through self-association, 

but the precise mechanisms that connect these interactions to activation are unclear.  

Research in the Bayliss lab aims to understand the mechanisms that regulate kinase activity 

and to utilise this information to develop new therapeutics.  

 

Results 

Nek7 is a ser/thr protein kinase that regulates the assembly of the mitotic spindle. We 

previously crystallized Nek7 in an inactive form, and showed that the side-chain of tyrosine 

residue 97 blocks catalytic activity. The C-terminal region of Nek9 harbours a coiled-coil and 

an instrinsically-disordered region that activates Nek7 through an allosteric mechanism that 

we have now characterized. We identified a minimal region of Nek9 responsible for the 

interaction with Nek7 and crystallized the complex using the Y97F mutant of Nek7 to obtain 

a structure with well-defined electron density corresponding to Nek9 (Figure 1). The 

structure  showed that the  Nek9 peptide binds to a hydrophobic groove in the C-lobe of 

Nek7. The interacting residues were confirmed using site-specific mutagenesis and a binding 

assay. Nek7 formed a back-to-back dimer in which the ATP-binding sites of the two 

protomers face away from each other. The structure revealed that the position of the 

sidechain at position 97 is coupled to the interactions in the back-to-back interface, and we 

found that mutations in this dimeric interface reduce kinase activity.  

 

We investigated the mechanism of Nek7 activation by Nek9. In collaboration with Jason 

Chin, we generated recombinant Nek7 protein with site-specific phosphorylation on its 

activation loop using a genetically-encoded phosphoserine. Phospho-Nek7 was fully active, 

and its activity was not enhanced by Nek9.   In contrast, mutation of Tyr97 or addition of 

Nek9 increased Nek7 autophosphorylation, but a combination of both has no additional 

activity. Recombinant Nek9 lacking the coiled-coil domain did not activate Nek7, but fusion 

of Nek9 to dimeric GST rescued Nek7 activation. We concluded that Nek9 stimulates Nek7 

autophosphorylation by inducing a back-to-back conformation of Nek7 that releases 

autoinhibition.  

Figure 1: Crystal structure of complex 
between Nek7-Y97F and Nek9 aa810-828 (PDB 
code 5DE2). Two molecules of Nek7, coloured 
light and dark blue, form a back-to-back dimer 
centred on residue 97.  Nek9, coloured red, 
interacts with the C-lobe of Nek7. 
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IRE1 is a kinase-endonuclease embedded in the endoplasmic reticulum that acts as a signal 

transducer in the unfolded protein response. Previous crystal structures of IRE1 showed two 

different dimeric arrangements: a back-to-back dimer in the structure of active yeast IRE1, 

and a face-to-face dimer in the structure of inactive human IRE1. We determined the crystal 

structure of human IRE1 in a back-to-back arrangement (Figure 2).. Comparison of the two 

different arrangements of human IRE1 revealed conformational differences at Tyr628 that 

resemble those observed in Nek7, and we confirmed that IRE1 is regulated via a similar 

mechanism using a kinase assay.  

 

Ongoing work in the group aims to develop inhibitors of Nek7 and IRE1 as chemical probes 

with the potential for development into new therapeutics. There are many other kinases that 

might be regulated by similar mechanisms, and we are investigating this hypothesis using 

structural biology and biochemical methods. Finally, mutations in the key residues involved 

in kinase regulation have been identified in cancer patients and we are exploring the impact 

of these mutations on kinase activity and cancer cell proliferation.  
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Figure 2: Back-to-back dimerization and movement of 
Tyr628 are coupled in IRE1. The teal structure is one 
protomer of IRE1 in the back-to-back configuration. 
Superposed is the position of Tyr628 (coloured orange) 
in the face-to-face configuration. Tyr628 in the down 
position prevents the proper assembly of key active site 
residues (shown as sticks). 
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Formulation of poorly water soluble drugs using lipoprotein-mimetic 

nanodiscs 

 

Andreea Petrache, Michael Webb and Paul Beales 

 

Introduction 

A large proportional of new lead compounds in drug discovery have very poor water 

solubility, which presents significant challenges for their formulation for effective in vivo 

delivery. Such are the magnitude and complexity of these challenges, many of these drug 

development programs are discarded. There is an urgent need for new technologies to 

enhance the delivery and pharmacokinetics of these poorly water soluble compounds. Natural 

carriers of poorly water soluble compounds exist within the body: lipoproteins transport 

cholesterol to/from the liver. Therefore lipoproteins and lipoprotein-mimetic nanoparticles 

have been of significant interest in the nanomedicine community. Our goal in this work was 

to use a lipoprotein mimics known as lipid nanodiscs, a lipid bilayer disc stabilised by two 

copies of a scaffold protein, to determine the desirable physicochemical properties of drug 

molecules that facilitates high drug loading and sustained release profiles. 

 

Results 

We found that the optimal protocol for loading poorly water soluble drugs into nanodiscs was 

by dissolving the drug.with lipids in choloroform before drying the lipid and drug into a thin 

film for reconstitution with the scaffold protien (Figure 1). We investigated the formulation 

of 12 different poorly water soluble APIs with different log P, Mw and structural features. 

 

Successful drug loading maintained reulted in nanodiscs maintaining a size similar to that of 

empty discs, templated by the membrane scaffold protein. This was observed as a 

hydrodynamic diameter close to 10 nm by dynamic light scattering, or similar retention times 

on a size excludion column as a 150 kDa calibration protein. Drug loading was determined by 

HPLC and ranged from neglible encapsulation to approximately 12 drug molecules per 130 

lipids in a nanodisc, dependent on which drug was being encapsulated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The release rates of encapsulated drugs was quantified using a dialysis assay. Drug release 

was observed to follow first order kinetics as shown for chlorambucil in Figure 2. The 

liberation half lives of the drugs under investigation ranged from 3 to 14 hours. 

 

Attempts to find predictive correlations between drug loading or release rates in the 

nanodiscs and relevant physical properties of the drugs such as hydrophobicity (logP) and 

molecular size (Mw) proved unsuccessful. More complicated relationships between drug 

Figure 1: Schematic depiction of the sample preparation of poorly water soluble drugs loaded inside lipid 
nanodiscs. 
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properties and physical interactions with nanodisc systems was required. To address this 

challenge we conducted SAXS studies to determine how these drugs perturbed the stucture of 

(and hence interacted with) POPC lipid bilayers. Electron density profiles perpendicular to 

the bilayer plane were obtained and are summarised in Figure 2. We found a strong 

correlation between high loading of a drug compound within nanodiscs and its ability to thin 

and soften POPC lipid bilayers. 

 

Further work investigated the role of the lipid composition of nanodiscs in their drug loading 

and release properties. Specifically, we investigated changes in the surface charge density, 

thickness, phase state and steric stabilisation of the lipid bilayer. For these experiments, we 

selected two drugs that had promising loading and release profiles in our wider drug screen 

using POPC lipid nanodiscs: amiodarone and chlorambucil. A key findings from these 

experiments was that lipid composition significantly modulated drug release profiles. 

Increasing the charge density on the membranes significantly increased the rate that drugs 

were liberated from nanodiscs by a factor of 2-3 compared to POPC nanodiscs. However 

drug release rates could also be reduced by a factor of 2-3 when using DPPC lipids, which are 

in the gel phase, or steric stabilisation of the nanodisc particles by grafted PEG polymers 

attached to some of the lipid content. 

 

Overall, lipid nanodiscs are a promising nanoformulation system for poorly water soluble 

drugs. Lipophilic drugs with favourable and stable interactions with the lipid bilayer of these 

particles could be loaded up to 10 mol% within these structures and release at 37 °C upon 

dilution could be tuned in the range of 2 – 16 hours, dependent on the identity of the drug and 

the lipid composition of the nanodiscs. The small size (10 nm diameter) of the nanodiscs will 

likely allow deep tissue penetration during delivery, while still being large enough to avoid 

rapid clearance by the kidneys. Furthermore the biodegradability of these natural 

biomolecular drug excipients will likely lead to low toxicity. 
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Figure 2: (left) Drug liberation assays demonstrate first order release kinetics. (right) Electron density 
profiles through a drug-loaded membrane determined by SAXS. 
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Protein engineering of aldolases 

 

Claire Windle, Robert Smith, Alex Moloney, Marion Mueller, Daniel Judd, Adam Nelson 

and Alan Berry 

 

Introduction 

Aldolases are an attractive candidate for biocatalysis. They catalyse the aldol condensation 

and form new carbon-carbon bonds with high specificity, high yields and under mild 

conditions. We are interested in looking into re-engineering the substrate and stereochemical 

specificity of these enzymes, using both traditional protein engineering techniques and 

methods which utilise non-canonical amino acids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results 

Threonine aldolases as tools for stereoselective synthesis: Threonine aldolases have 

emerged as important tools in the synthesis of β-hydroxy-α-amino acids. These compounds 

are often found in natural products such as antibiotics, immunosuppressants and also as active 

pharmaceutical ingredients. Threonine aldolases use two inexpensive achiral starting 

materials; an aldehyde acceptor and a simple amino acid donor (predominantly glycine). One 

of the main advantages of threonine aldolases as tools for synthesis is their promiscuity for 

the acceptor aldehyde used in the reaction. In collaboration with Chirotech - Doctor Reddy’s, 

a pharmaceutical target is the focus of engineering efforts using two threonine aldolases from 

E.coli and A.jandaei. An enzymatic assay has been implemented to follow this conversion 

that exploits the difference in wavelength absorbance spectra between aromatic β-hydroxy-α-

amino acids and aldehydes.  As the reaction progresses, the absorbance spectra changes and 

conversions can be followed continuously.  

 

Aldolases with fluorosubstrates: Aldolases catalyse the aldol condensation of a nucleophilic 

donor and an electrophilic aldehyde acceptor. The resulting product can have up to two new 

stereocentres, and so aldolases are an attractive biocatalyst for the synthesis of key chiral 

building blocks. In this work we want to find aldolases which accept fluorinated donor 

substrates. The enzymatic aldol reaction with fluorinated substrates leads to organofluorine 

Figure 1: Top panel shows a reversible threonine aldolase catalysed condensation reaction. Bottom left 
panel shows the individual wavelength spectra for the aldol product (L-threo-phenylserine) and aldehyde 
starting material (benzaldehyde). Bottom right panel shows wavelength spectra showing the continuous 
reaction progression for the cleavage of L-threo-phenylserine into benzaldehyde and glycine.  
 

Benzaldehyde Glycine L-threo-phenylserine 
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compounds (Figure 1) which are widely used in industry, e.g. for the synthesis of 

pharmaceutical drugs. Organofluorine compounds are extremely rare in Nature and their 

chemical synthesis is difficult. Therefore, the use of aldolases could be a smart and 

environmentally friendly alternative. We have identified, cloned, and expressed different 

pyruvate-dependent aldolases and have demonstrated by 
19

F NMR spectroscopy that some of 

them accept a fluorinated donor. We have been focusing on an aldolase from Pseudomonas 

putida which has been shown to catalyse the aldol reaction between a fluorinated donor and a 

variety of different aldehydes. Targeting active site residues will be used to improve the 

conversion rates towards products of interest.  
 

Modifying substrate specificity using non-canonical amino acids: Until recently protein 

engineering methods were restricted to using the 20 proteogenic amino acids to alter enzyme 

activities. This work has focussed on using non-canonical amino acids (ncAAs) to alter the 

substrate specificity of the aldolase N-acetylneuraminic acid lyase (NAL). ncAAs have been 

incorporated at a variety of positions throughout the enzyme, using a method which works 

via a dehydroalanine intermediate and a subsequent addition of a thiol compound to form 

novel side chains. These ncAA containing enzymes have then been screened for altered 

activity with a variety of substrates using methods such as the thiobarbituric acid assay and 
13

C NMR spectroscopy.  

 

 

 

 

 

 

 

 

 

Novel organocatalyst activity in an enzyme scaffold: Organocatalysts are small organic 

molecules that can catalyse reactions normally catalysed by metal based catalysts, without the 

issues of toxicity, environmental damage and reactions with air and water. One group of 

organocatalysts are the iminium catalysts, amine based molecules including proline that form 

an iminium ion with ketone/aldehyde substrates to catalyse their reactions. In these 

experiments NAL has been used as a scaffold to produce an iminium catalyst enzyme by 

replacing NAL’s catalytic lysine with N-methyllysine. Several methods of incorporation are 

being investigated, two methods using haloalkanes to modify either cysteine or 

dehydroalanine and one method using a photoinduced thiol-ene coupling.  
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Figure 2: Exploiting aldolases in the synthesis of chiral building blocks. The acceptance of fluorinated 
donors by aldolases allows the production of organofluorine compounds revealing a second stereocentre. 
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Engineering novel natural products and binding motifs 

 

Ieva Drulyte, Sarah Pearsall, Rachel Johnson, Laura Cross, Chris Rowley, Stuart Warriner, 

Alison Baker and Alan Berry 

 

Engineering novel natural products 
Natural products belong to an extensive family of diverse organic molecules: in excess of 

200 000 discovered and extracted from various sources. Of particular interest are the 

polyketide, non-ribosomal peptide and isoprenoid classes, contributing to the pharmaceutical, 

cosmetic and biofuel industry. These natural products are synthesised by polyketide 

synthases, non-ribosomal peptide synthases and terpene synthases, respectively, and our 

interests lie in understanding the structure-function relationship of these enzymes, facilitating 

our engineering efforts to synthesise existing and novel natural products. 

 

Structural and functional studies in indanomycin biosynthesis: Indanomycin is an 

ionophoric polyketide antibiotic agent active against Gram-positive bacteria. It is produced 

by a hybrid non-ribosomal peptide synthase/polyketide synthase (NRPS/PKS), a giant 

modular multienzyme which is 2 MDa in size. The aim of this project is to structurally 

characterise the indanomycin synthase and the associated enzymes to gain a better 

understanding of the interfaces between the functional domains, the assembly of the full 

complex and the chemistry involved in the generation of mature polyketide. 

 

Initial work has focused on cloning and expression of several different modular polyketide 

synthase constructs and well as on characterisation of a putative cyclase IdmH, a 36 kDa 

homo-dimeric protein encoded within the indanomycin gene cluster. The later has been 

postulated to catalyse a Diels-Alder [4+2] cycloaddition reaction to form the indane ring in 

indanomycin. We successfully produced 
15

N,
13

C,
2
H-labelled IdmH, collected triple resonance 

spectra and assigned the majority of backbone resonances. This project aims to determine the 

structure of IdmH by NMR spectroscopy, validate the reaction mechanism of this novel 

enzyme, and evaluate the suitability of IdmH to be used in rationally engineered PKS 

assembly lines. 

 

Engineering bisabolene synthase for novel and 

enhanced activities. Bisabolene can be chemically 

hydrogenated to produce the biofuel bisabolane. 

Initial work on bisabolene synthase, a terpene 

synthase, has focussed on engineering the active 

site to produce novel terpene molecules. The 

structure of the active site is demonstrated in figure 

1. So far, we have designed 40 enzyme mutants 

using site-directed mutagenesis which will be 

screened for the synthesis of novel terpenes. 

Natural products will be detected using gas 

chromatography mass spectrometry and 

characterised using 2D NMR. 

 

Creating novel binding motifs for orthogonal 

receptors:This project looks at the interaction 

between the peroxisomal receptor PEX5 and its 

signal sequence PTS1 (peroxisomal targeting signal 

1) which allows targeting of proteins to the 

peroxisome. We aim to disrupt the natural 

Figure 1: Crystal structure of the active 
site of bisabolene synthase (PDB code 
3SAE) from Abies grandis bound with its 
natural substrate farnesyl 
pyrophosphate. 
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PEX5:PTS1 interaction and generate an interaction between a mutated form of PEX5 

(PEX5*) and a peptide representing a non-natural PTS1 (PTS1*). This generated interaction 

will be an orthogonal PEX5-PTS1 binding interaction, which will be termed PEX5*-PTS1*. 

A selection of non PTS1-binding PEX5 variants (candidate PEX5* proteins) have been 

produced and are being screened against a library of candidate PTS1* peptides.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A pull-down screen using ESI-LC-MS has been developed to identify peptides that bind to 

PEX5 (PTS1 peptides). This method of identifying binding sequences could allow the fast 

and efficient validation of sequences predicted to act as PTS1s. A selection of non PTS1-

binding protein variants (candidate PEX5* proteins) has been produced and screened against 

a library of peptides (candidate PTS1* sequences). Only sequences identified as binding 

peptides in this screen will be carried forward for in vivo targeting analysis. 

 

High throughput in vitro techniques are also being developed to interrogate very large 

libraries of PEX5 protein variants for binding to orthogonal PTS1 peptides. Using 

mRNA-display, up to 10
13

 unique sequences can be screened for binding activity in one tube. 

This allows exploration of much larger areas of sequence space than traditional selection 

techniques to discover novel protein functionalities. 

 

Publications 

Pearsall S.M., Rowley C.N. & Berry A. (2015) Advances in pathway engineering for natural 

product biosynthesis. ChemCatChem 7:3078-3093. 

 

 

 

 
 

Figure 2: An example of an orthogonal PEX5*-PTS1* interaction (right) in comparison to the PEX5-PTS1 
interaction (left). Here, an asparagine residue of PEX5 has been mutated to glutamine which should 
reduce the size of the hydrophobic binding pocket and favour binding of valine over leucine on the binding 
peptide. Figure produced from PDB file 1FCH (Gatto et al., 2000). 
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Natural and synthetic flavonoid modulation of TRPC5 channels 

 

Mohamed Amer, Aisling Minard,
 
Marco Migliore, William Evans, Colin Fishwick 

and Robin Bon 

 

Introduction 
TRPC proteins form tetrameric cation channels permeable to Na

+
 and Ca

2+ 
(Figure 1). TRPC 

channels can consist of homomers or heteromers of subunits (Figure 1B,C), each with their 

own biological functions. Several TRPC multimers have been implicated in human disease. 

For example, pro-inflammatory roles of heteromeric TRPC1/C5 channels in 

cardiovascular/metabolic disease and rheumatoid arthritis have been identified in Leeds.  

Because of their key roles in signal transduction/integration and the role of specific TRPC 

channels in modulating pathological cellular phenotypes, TRPC proteins receive increasing 

attention as potential drug targets. However, small molecule pharmacology of TRPC 

channels is relatively under-developed. Although several natural and synthetic modulator 

series exist, they often lack potency, selectivity and/or a well-defined mode of action. Here 

we sought new TRPC5 channel modulators by testing natural products isolated from 

Traditional Chinese Medicines (TCMs). 

 
 

 

 

 

 

 

 

 

 

 

 

 

Results 

Through a screen of a small number of natural products from TCMs, we identified the 

flavonol galangin as an inhibitor of TRPC5 channels over-expressed in HEK 293 cells (IC50 

0.45 µM against TRPC5-mediated Ca
2+

 entry). Galangin also inhibited Ca
2+

 entry through 

endogenous TRPC5-containing channels, although with 5–15 times less potency. Galangin is 

a flavonol isolated from A. officinarum and other members of the ginger family. The related 

natural flavonols kaempferol and quercetin were also TRPC5 inhibitors, but with less potency 

than galangin. Myricetin and luteolin lacked effect, and the flavone apigenin had the reverse 

effect, stimulating TRPC5. 

 

Structure-activity relationships of natural flavonols (Figure 2A) and a set of synthetic, mono-

substituted flavonols (Figure 2B) led to the design of a new compound, AM12, which 

combines the hydroxylation pattern of galangin with an ortho-Br substituent on the phenyl 

ring (Figure 2C). AM12 inhibited TRPC5-mediated Ca
2+

 entry with an IC50 of 0.28 µM 

(Figure2D,E). In subsequent electrophysiology experiments, AM12 was shown to rapidly 

inhibit both TRPC5 and TRPC4 channels, and – to a lesser extent – heteromeric TRPC1/C5 

channels. AM12 was highly selective with respect to TRPC3, TRPV4 and TRPM2 channels, 

and endogenous Ca
2+

 release signal evoked by thapsigargin or ATP. 

 

 

Figure 1: (a) TRPC proteins contain 6 
trans-membrane domains and form 
functional tetrameric cation 
channels. (b,c) Examples of TRPC4 
and TRPC5 homomeric (b) and 
heteromeric (c) channels.  
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TRPC5-containing endogenous channels are up-regulated in differentiated adipocytes and 

inhibition of channel function in vivo by a dominant-negative mutant TRPC5 raises 

circulating adiponectin levels, which is expected to have a cardioprotective effect. Therefore 

flavonoids may act as natural regulators of adipocyte biology at least in part via modulation 

of Ca
2+

 entry through TRPC5-containing channels, conferring a mechanism for integration 

with the environment via dietary intake. It should be noted, however, that flavonoids are not 

specific for TRPC5 channels. In addition, the effects of synthetic flavonols on TRPC5 

activity show that potency and mode of action of flavonols on TRPC5 channels depends 

strongly on subtle changes of substituent patterns. 
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Figure 2: Design of AM12 and its inhibition of Gd
3+

-evoked TRPC5 activity. (a-c) Structure-activity 
relationships (SARs) of natural flavonoids (a) and synthetic, monosubstituted flavonols (b) led to the 
design of AM12 (c). The structure of AM12 is drawn as a twisted conformer to emphasise the proposed 
effect of the ortho-Br substituent on the conformational freedom of AM12. (d, e) Intracellular Ca

2+
 was 

measured using fura2 in TRPC5-expressing (Tet+) HEK 293 cells. (d) Example data from a single 96-well 
plate showing basal Ca

2+
 and then Gd

3+
-evoked Ca

2+
 entry in the presence of vehicle (veh.) and 0.1, 1, 3 

and 10 µM AM12. (e) Summarized concentration-response data for experiments of the type shown in (d) 
for Gd

3+
-evoked Ca

2+
 entry (IC50 0.28 µM, n/N=5/30). 
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NMR and biophysical insights into mechanisms of auto-inhibition in 

fibroblast growth-factor receptor 1 kinase 

 

Gary Thompson, Arnout Kalverda and Alex Breeze 

 

Introduction 

Fibroblast growth factor receptors (FGFRs) are receptor tyrosine kinases that play key roles 

in embryogenesis, tissue development and wound healing. Reflecting these roles in normal 

biology, overexpression or mutation of FGFRs are also prominent features of human cancers, 

including those of the bladder, breast, and stomach. We are using NMR, alongside other 

structural and biophysical techniques, to understand how a conserved feature of FGFRs and 

other kinases – the ‘DFG’ (Asp-Phe-Gly) motif at the start of the activation loop – acts to 

maintain FGFR in an auto-inhibited state in the absence of stimulation by binding of the 

growth factor FGF to the extracellular part of the receptor, and how this knowledge may be 

used to develop new-generation drugs against FGFR-mediated cancers. 

 

Results 

The ‘DFG-out’ conformation of FGFR1 is elusive. This contrasts with many other kinases, 

where (despite being a higher-energy state) it has frequently been exploited for the design of 

so-called ‘Type II’ inhibitors; prominent examples include the chronic myelogenous 

leukaemia drug Imatinib/Gleevec, which binds to and inhibits the Bcr-Abl kinase fusion in 

the Type II (DFG-out) conformation. We recently reported crystal structures showing that the 

Type II inhibitor ponatinib is able to bind potently to FGFR1 in the DFG-out conformation, 

with a low nM affinity very similar to that of the canonical Type I FGFR kinase inhibitor,  

 

PD173074. We have exploited this pair of inhibitors as chemical tools with which to lock the 

kinase in the DFG-out and DFG-in conformations, respectively. Using surface plasmon 

resonance (SPR) and isothermal titration calorimetry (ITC) we have built up kinetic and 

thermodynamic profiles characterising the transition to the DFG-in and DFG-out bound states 

of FGFR1 kinase, and found that the two binding modes and their transition state 

intermediates are characterized by sharply contrasting thermodynamic and kinetic 

‘signatures’: enthalpically-driven and fast for DFG-in, and entropically-driven and very slow 

Figure 1: Thermodynamic reaction pathways for binding of PD173074 to the DFG-in (left) and ponatinib 
binding to the DFG-out (right) conformations of FGFR1 kinase, derived from Eyring analysis of the 
temperature-dependence of the binding kinetics measured by SPR. The DFG-in conformation 
predominates in the inhibitor-free state (centre). 
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for DFG-out (Figure 1), suggesting that enhanced protein dynamics might play a prominent 

role in the DFG flip in FGFR1. 

 

Computational simulations in other kinases suggest that localized unfolding or ‘cracking’ of 

the so-called regulatory spine of the kinase fold may be required in order to facilitate the 

DFG-in-out transition. We obtained evidence to support the possible role of ‘cracking’ in the 

DFG flip in FGFR1 from studies of the effect of low concentrations of denaturant on the rate 

constants for binding of PD173074 and ponatinib. While 1.2 M guanidinium chloride had a 

comparatively modest effect on the binding kinetics of the Type I inhibitor, both the 

association and dissociation rate constants for ponatinib binding were enhanced by well over 

an order of magnitude. To identify the structural elements involved in governing access to the 

DFG-out state of FGFR1, we used NMR spectroscopy and H-D-exchange mass spectrometry 

(HDX-MS). NMR amide chemical shift perturbations between inhibitor-free and the 

respective bound forms indicated that the DFG-out complex is characterized by widespread 

structural and dynamic changes, in addition to those local to the inhibitor binding site that 

predominate in the DFG-in complex. We further characterized these differences using 

backbone 
15

N NMR relaxation and HDX-MS solvent exchange measurements. Taken 

together, the NMR and MS data point to a role for the ‘molecular brake’ hydrogen-bond 

network in the C-4 loop in governing the DFG flip rate of FGFR1 in its basal state. We 

propose that a localized unfolding or ‘cracking’ of the kinase spine is required to effect 

release of the H-bond ‘brake’ that restrains the C-helix movement required for the DFG flip. 

We further hypothesize that DFG flip suppression contributes to the maintenance of an auto-

inhibited conformation in the non-activated state of FGFR1. Current work in the group seeks 

to elucidate the mechanism of oncogenic activating mutations in FGFR kinases, with 

potential insights into design of more efficacious mutation-targeted therapies. 

 

Publications 

Klein T., Vajpai N., Phillips J.J., Davies G., Holdgate G.A., Phillips C., Tucker J.A., Norman 

R.A., Scott A.D., Higazi D.R., et al. (2015) Structural and dynamic insights into the 

energetics of activation loop rearrangement in FGFR1 kinase. Nat. Commun. 6: 7877. 

 

Funding 

This work was funded by AstraZeneca PLC. 

Figure 2: (a) CSPs (relative to inhibitor-free protein) mapped onto X-ray crystal structures of PD173074 
(upper) and ponatinib (lower) complexes of FGFR1 kinase, with corresponding plots of CSP magnitude 
against sequence position shown (right). (b) Overlay of ponatinib-bound structures of c-Abl (grey) and 
FGFR1 (green) showing the engaged molecular brake of FGFR1 contrasting with its absence in c-Abl. (c) 
Release of the molecular brake H-bond restraints is required to facilitate the DFG flip in FGFR1. 
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Cargo binding and regulation of kinesins 

 

Sophie Hesketh and Joe Cockburn 

 

Introduction 

The long-range transport of material through the cytoplasm is crucial for cellular function and 

defects in this process are associated with a number of diseases. Molecular motors (kinesins 

and dyneins) harness ATP hydrolysis to power movement of cellular cargoes along 

microtubules. Although these motors vary profoundly in the their molecular organisation, 

broadly speaking they contain (i) a motor module, which hydrolyses ATP to generate 

movement along microtubules, and (ii) a cargo receptor, which attaches to cellular cargoes. 

The cargo receptors must bind to their cognate cargoes with high specificity to ensure that 

only the correct molecules are transported, and must also allosterically regulate the ATPase 

activity of the motors to ensure that they hydrolyse ATP only when transporting cargo along 

microtubules. Whilst the mechanochemical cycles of motor modules are now quite well 

understood, we know far less about how the cargo receptors work. 

 

Results 

We aim to understand the cargo receptor of kinesin-1 family motors. Kinesin-1 transports a 

wide variety of cellular cargoes such as proteins, mRNPs, vesicles, organelles and viruses. 

When not bound to cargo, kinesin-1 folds into a compact, autoinhibited conformation. Cargo 

binding induces a large-scale conformational change, allowing the motor domains to bind to 

microtubules, hydrolyse ATP, and move. We will answer three fundamental questions about 

the kinesin-1 cargo receptor: What is its molecular organisation? How do ligands bind? And 

how does ligand binding trigger a response, in this case motility? We will use a 

multidisciplinary approach to tackle these fundamental questions. A complex 

macromolecular machine such as kinesin-1 can only be understood using structural biology, 

but we will use in vitro and cell biology assays to integrate this knowledge into the in vivo 

context. 
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Developments in single molecule force spectroscopy 

 

Katarzyna Tych, Megan Hughes, Toni Hoffmann, Danielle Walsh, Ellen Kendrick, Michael 

Wilson, David Brockwell and Lorna Dougan 

 

Introduction 

An exciting development in recent years is the ability to manipulate single molecules and 

probe their properties and function. Since its emergence over two decades ago, single 

molecule force spectroscopy (SMFS) has become a powerful tool to explore the response of 

biological molecules, including proteins, DNA, RNA and their complexes, to the application 

of an applied force. The force versus extension response of molecules can provide valuable 

insight into its molecules mechanical stability, as well as details of the underlying energy 

landscape. We have made a number of developments to the experimental procedure and the 

analysis of the data which allow for the rapid production of experimental data, exploration of 

a broader range of environmental conditions and more robust extraction of information from 

single molecule force spectroscopy experiments.  

 

Development of a rapid and robust method to produce polyproteins 

SMFS exploits the use of multimeric protein constructs, called polyproteins. The use of 

polyproteins is important as it decreases the impact of nonspecific interactions, improves data 

accumulation, and allows for the accommodation of benchmarking reference domains within 

the construct. However, methods to generate such constructs are either time- and labour-

intensive or lack control over the length or the domain sequence of the obtained construct. 

We have developed an approach that addresses both of these shortcomings that uses Gibson 

assembly (GA) to generate a defined recombinant polyprotein rapidly using linker sequences 

(Figure 1). This approach allows the exploration of the mechanical properties of a greater 

number of proteins and their variants. This improves our understanding of the relationship 

between structure and mechanical strength, increasing our ability to design proteins with 

tailored mechanical properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Exploring proteins from extremophile organisms 

Extremophiles are organisms which survive and thrive in extreme environments (Figure 2). 

The proteins from extremophilic single-celled organisms have received considerable attention 

as they are structurally stable and functionally active under extreme physical and chemical 

conditions. We are developing methods which exploit SMFS to mechanically manipulate 

proteins from extremophilic organisms. This is providing information on their stability, 

flexibility and underlying energy landscapes. 

Figure 1: Investigating the mechanical properties of a 
POTRA domain BAM (β-barrel assembly machinery) 
complex in E. coli. Schematic showing a single (I27-
EcPOTRA2)3-I27 molecule (EcPOTRA2 and I27, pink and 
yellow, respectively) attached to a gold surface 
(bottom) and the tip of an AFM cantilever (top). We 
show that, as predicted from the α + β topology, 
EcPOTRA2 domains are mechanically robust over a 
wide range of pulling speeds. 
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Developing tools for the analysis of single molecule protein unfolding data 

SMFS can be used to obtain information about the parameters describing the underlying 

unfolding energy landscape of a protein. We have developed a Monte Carlo simulation that 

incorporates the impact of an unequal unfolding probability distribution on the unfolding 

force and the calculation of the protein unfolding energy landscape parameters. These results 

are important because they allow for a better understanding of the criteria used in SMFS 

experiments.   
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protein unfolding experiments. Phys. Rev. E 91: 012710. 

 

Funding 

Our research is funded by the BBSRC, the EPSRC, the Wellcome Trust, Waters UK Ltd., 

This work was funded by the ERC. 
 

Figure 2: Examples of extreme environments (a) Chenega glacier, an active glacier in Alaska (image credit: 
U.S. Fish and Wildlife Service); (b) A calcium carbonate spire formed by the interaction of fresh spring 
water and the alkaline water of Mono Lake, California (image credit: Mila Zinkova); (c) Hot hydrothermal 
fluids and gases venting from the sea floor, Western Pacific Ocean (image credit: National Oceanic and 
Atmospheric Administration, U.S.A.) 
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Neuronal iron homeostasis in neurodegeneration 

 

Andrew Tsatsanis and James Duce 

 

Introduction 

Iron is an essential element required as a cofactor in metabolic processes throughout the body 

and specifically in tissues of high oxygen consumption, such as the central nervous system. 

High levels of unbound iron are detrimental as this may catalyze the production of toxic 

reactive oxygen species. Increased cellular susceptibility to oxidative stress in association 

with iron accumulation is a component of neurodegeneration. Age-related increases in 

neuronal iron, altered iron-related protein expression and increased susceptibility to oxidative 

stress have all been documented in neuropathological regions from patients with Alzheimer’s 

disease (AD), Parkinson’s disease and tauopathies. 

 

One route in regulating cellular iron homeostasis is through proteins required to facilitate the 

efflux of iron from the cell. -Amyloid precursor protein (APP), Ceruloplasmin and 

Hephaestin facilitate the movement of iron across the plasma membrane, partly by 

complexation with the iron exporter ferroportin, promoting its retention on the cell surface.  

APP is a type 1 transmembrane protein more commonly known as the precursor to the toxic 

ß-amyloid peptide that accumulates in the AD brain. However, regulation of APP expression 

by iron regulatory protein implies a relationship with iron status. Our group strengthened this 

iron relationship through the discovery of the requirement for APP in promoting the efflux of 

iron via ferroportin in cells such as neurons. Prior to our discovery no mechanism was known 

for neuronal iron export as within the brain a membrane-associated form of Ceruloplasmin is 

only expressed on astrocytes and Hephaestin is only expressed in oligodendrocytes. 

 

Results  

Using our recently published 

multiplex assay to more accurately 

measure iron oxidation under 

physiological conditions, we have 

now been able to evaluate 

enzymatic kinetics in biological 

samples and differentiate the 

components of this activity 

originating from ferroxidases such 

as ceruloplasmin or biological 

relevant polyanions prevalent 

within extracellular environment 

(Fig. 1). Using this assay we have 

confirmed a decrease in the iron 

oxidation capability in serum and 

brain tissue from patients suffering 

from neurodegenerative diseases 

such as Alzheimer’s and 

Parkinson’s. While Ceruloplasmin and Hephaestin can enzymatically oxidize iron, we have 

found that APP requires these polyanions to assist with neuronal iron efflux via ferroportin. 

For APP to function correctly in iron efflux it is required to be present on the cell surface, 

however it is typically processed through proteolytic pathways, one of which leads to the 

production of ß-amyloid. For the first time we can now provide a direct link between the 

accumulations of ß-amyloid and iron associated with pathology in neurodegeneration. 

Figure 1: Ferroxidase activity in human control and 
neurodegenerative brain tissue. (a) In conditions optimized 
on healthy control cortical tissue, velocity kinetics of Fe

3+
 

production was measured for post-mortem Brodmann area 
46 tissue from FTD, PD or AD for comparison with Healthy 
age-matched controls (HC) (n=5). (b) Upon subsequent 
fractionation, the mean kinetic velocity of each fraction was 
represented as a percentage of the total in each disease. 
Individual data points are means read in triplicates, each 
disease group are means ± S.E, n= 5 *=P<0.05, *=P<0.01 as 
analysed by 2-tailed T-test. 
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Familial AD associated 

mutations in APP that 

increase processing of APP 

through the amyloidogenic 

pathway not only increases 

the presence of -amyloid 

but, by reducing the 

presence of FPN on the cell 

surface, also leads to 

greater iron retention inside 

the neuron. This inability to 

release iron from the cell 

then leads to neuronal 

toxicity via a greater 

susceptibility to oxidative 

stress. 

 

By continuing to support a 

novel candidate function for 

APP we now begin to 

explain the diverse trophic 

and morpho-regulatory activities of the protein and elucidate the vulnerability of the body to 

age-associated iron accumulation. Modulatory factors that can increase the processing of APP 

through the amyloidogenic pathway may have additional affects on iron regulation and 

oxidative stress. We and others have identified such factors associated with the innate 

immune system that are altered in sporadic AD. These findings are highly relevant to the 

current theories in sporadic neurodegeneration but also provide a novel understanding into 

why response in innate immunity and iron homeostasis are so closely linked in the brain.  

Identifying amyloidogenic ligands for APP has major future potential as a therapeutic target 

to reduce intraneuronal iron accumulation and Aβ production. A future direction will be to 

continue identifying small inhibitory compounds that target these sites of interaction on APP. 
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Figure 2: Neuronal iron homeostasis alterations caused by changes in 
APP proteolysis. (a) Neuroblastomas transfected with Icelandic-APP 
have reduced intracellular iron (labile iron pool) but when transfected 
with Italian-APP have increased iron compared to wt-APP 
overexpressing cells. Blocking the amyloidogenic processing of APP 

using -secretase inhibition (bIV) reduces the LIP to levels comparable 
to Icelandic-APP. (b) In accordance with the known changes to the 
presence of APP on the cell surface with each mutation, stabilization 
of FPN by the different APP mutations is also altered whereby Ice-APP 
increased cell surface FPN (thus allowing increased release of 
intracellular iron) and Ita-APP reduced FPN (leading to retention of 
iron inside the neuron) compared to WT (C). Data are means ±SEM, 
n=3 for 3 separate experiments, ***= p < 0.001 compared to WT + 

iron and =p< 0.001 comparing +/- bIV  by two-tailed t tests. 
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The crystal structure of the Hazara virus nucleocapsid protein 

 

Rebecca Surtees, Antonio Ariza, Emma Punch, Chi Trinh, John Barr,  

and Thomas Edwards 

 

Introduction 

Hazara virus (HAZV) is a member of the Bunyaviridae family of segmented negative 

stranded RNA viruses, and shares the same serogroup as Crimean-Congo haemorrhagic fever 

virus (CCHFV). CCHFV is responsible for fatal human disease with a mortality rate 

approaching 30 %, which has an increased recent incidence within southern Europe. There 

are no preventative or therapeutic treatments for CCHFV-mediated disease, and thus CCHFV 

is classified as a hazard group 4 pathogen. In contrast HAZV is not associated with serious 

human disease, although infection of interferon receptor knockout mice with either CCHFV 

or HAZV results in similar disease progression. To characterise further similarities between 

HAZV and CCHFV, and support the use of HAZV as a model for CCHFV infection, we 

investigated the structure of the HAZV nucleocapsid protein (N) and compared it to CCHFV 

N. N performs an essential role in the viral life cycle by encapsidating the viral RNA genome, 

and thus, N represents a potential therapeutic target. 

 

Results 

We present the purification, crystallisation and crystal structure of HAZV N at 2.7 Å 

resolution. 

 

HAZV N was expressed as an N-terminal glutathione S-transferase (GST) fusion protein then 

purified using glutathione affinity chromatography followed by ion-exchange 

chromatography. HAZV N crystallised in the P212121 space group with unit cell parameters 

a=64.99, b=76.10, and c=449.28 Å. HAZV N consists of a globular domain formed mostly of 

alpha helices derived from both the N- and C-termini, and an arm domain comprising two 

long alpha helices. HAZV N has a similar overall structure to CCHFV N, with their globular 

domains superposing with an RMSD = 0.70 Å, over 368 alpha carbons that share 59 % 

sequence identity. Four HAZV N monomers crystallised in the asymmetric unit, and their 

head-to-tail assembly reveals a potential interaction site between monomers. 

Figure 1: Model of HAZV N bound to RNA. Cartoon of 
the HAZV N protein (gold ribbons) bound to RNA 
(Cyan sticks). The N terminus is labelled with a blue 
sphere, C-terminus with red sphere. After 
superposition of the HAZV N protein onto the RNA 
bound Lassa virus structure, the Lassa protein is 
removed to leave a model for how HAZV N binds to 
viral RNA. 
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The crystal structure of HAZV N reveals a close similarity to CCHFV N, supporting the use 

of HAZV as a model for CCHFV. In addition, both CCHFV and HAZV N proteins are 

structurally homologous to the Lassa virus N, for which there is a crystal structure with RNA 

bound, allowing a model for the RNA:HAZV N complex to be proposed (Figure1). Structural 

similarity between the N proteins should facilitate study of the CCHFV and HAZV 

replication cycles without the necessity of working under containment level 4 (CL-4) 

conditions, with the potential for structure based drug design of small molecule anti-virals.  
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(±) cis-bisamido epoxides as a novel series of potent FXIII-A inhibitors 

 

Colin Fishwick 

 

Introduction 

FXIII is the final enzyme involved in the blood clotting process. Its major function is to 

introduce covalent cross links between adjacent fibrin strands in a developing blood clot. 

Plasma FXIII circulates as a tetramer composed of two A domains and two B domains, 

however, cellular FXIII is composed only of the two A chains. This suggests that the B 

domains are necessary for transportation of the catalytic A regions in blood plasma. Several 

crystal structures of human zymogen FXIII have been solved and consistently reveal the 

presence of a C314, H373, D396 triad. Since Zymogen FXIII has no transglutaminase 

activity, as the catalytic triad is buried deep in the core domain of the enzyme and the active 

site entrance is blocked, conversion into the active transglutaminase (FXIII-A) is mediated by 

thrombin and Ca
2+

. This involves a large conformational change allowing the substrates 

access to the active site. Factor XIII-A inhibitors inhibit the production of cross-linked, 

polymeric clots, thus selective inhibition of FXIII-A would provide a mild and safe 

therapeutic approach for conditions such as thrombosis, atherosclerosis and coronary heart 

disease. Our work aims to identify potent and selective small molecule inhibitors for this 

enzyme that may offer potential for therapeutic lead development. Here we report the 

identification of a new class of FXIII-A inhibitors which exhibit excellent inhibitory potency 

and hold potential for future development for thrombosis therapy. 

 

Results 

To date, only a small number of non-peptidic FXIII-A covelent inhibitors have been 

identified which bind irreversibly via attack of the active site cysteine, C314, on electrophilic 

moieties present in these inhibitors. Having studied a number of electrophilic moieties as 

covalent ‘warheads’, it was apparent that many of them were susceptible to reaction with 

endogenous nucleophiles such as glutathione. However, cerulenin 1 which contains an 

epoxide moiety displays moderate inhibition of FXIII-A and is unaffected by a large excess 

of glutathione. In particular, performing the assay in the presence of 1 mM of reduced GSH 

affected the IC50 only marginally, decreasing it from 4 µM to 18 µM (Figure 1). 
 

 

 

 

 

 

 

 

 

 

 

 

 

Molecular modelling was performed in order to deduce a likely binding pose for the pre-

covalent attack complex of cerulenin within the FXIII-A active site and to aid in the design of 

analogues. The carbon atom immediately adjacent to the primary amide unit within cerulenin 

was placed within close proximity to the thiol moiety of C314, thus allowing the attack/ring 

opening of the epoxide moiety to occur, and the epoxide oxygen was placed in close 

proximity to the backbone N-H of C314. Modelling suggested that replacing the 3-keto unit 

Figure 1: (a) Structures of cerulenin 1 and cis-bisamido epoxides 2-11. (b) Dose 
response curve for cerulenin induced FXIII-A inhibition. 
 

cerulenin 
 

cerulenin + GSH (20M) 
 

cerulenin + GSH (1mM) 
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within cerulenin with an amide moiety was predicted to enhance binding to FXIII-A in the 

initial complex via formation of an additional H-bond from this amide N-H to the backbone 

carbonyl of Y372. Additionally, replacement of the alkenyl chain in cerulenin with an 

aromatic ring was predicted to result in a possible p-stacking interaction with Y372 and, 

again, potentially enhancing binding of the inhibitor within the ‘pre-attack’ complex. A small 

series of compound based upon a cis-bisamido epoxide motif were produced which displayed 

good potency towards FXIII-A  (up to IC50 = 4 nM) compared to that displayed by cerulenin 

(5 µM). The inhibition appeared to be irreversible confirmed by exhaustive dialysis. 

Unsubstituted aniline derivative 6 induced much weaker inhibition (0.72 µM) of FXIII-A 

indicating that substituents on the phenyl ring are playing a role in binding to FXIII-A. In 

addition, the potent inhibition observed for 3-phenoxy derivative 5 suggests that larger 

groups at the 3-position of the arylamide moiety of these inhibitors are well tolerated within 

the FXIII-A active site. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To assess the selectivity of these inhibitors against other cysteine-based enzymes, we 

investigated the inhibition profiles against cathepsin S and transglutaminase II (TGII). 

Gratifyingly, all compounds showed negligible inhibition of cathepsin S at concentrations as 

high as 100 µM. TGII has remarkably close structural similarity to FXIII-A and therefore the 

inhibitors also displayed similar levels of potency to TGII. Current work is investigating how 

to achieve such differentiation between FXIII-A and TGII inhibition. Further studies may 

achieve selectivity by targeting a binding cleft specific to TGII, but alternatively since FXIII-

A is the only transglutaminase expressed at measurable levels in plasma, specificity might 

also be achieved by confining the inhibitor to this compartment. We hope to optimise the 

structures of these inhibitors as potential antithrombotic drug leads. 
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Figure 2. (a) Predicted binding mode of compound 8 within the FXIII-A active site. (b) In vitro activity data 
of bis-amido epoxide derivative toward plasma Factor XIII-A. 
 

25



Development of a novel small molecule anticoagulant with minimal 

bleeding risk 

 

Roger Taylor, Helen Philippou, Robert Ariens, Rachel Trowbridge, Colin Fishwick, 

Charlotte Revill, Ian Yule, Emma Hethershaw, Helen Philippou and Richard Foster 

 

Introduction 

By combining tools and techniques in medicinal chemistry, computer-aided drug design and 

high-throughput screening we identify and optimise targeted small molecules as key 

modulators of biological function to support both basic target validation of proteins 

implicated in disease and as potential starting points for small molecule drug discovery 

projects.  

 

 

 

 

 

 

 

 

 

 

 

 

Results 

Development of a novel anticoagulant with minimal bleeding risk  
We have identified potent, novel small molecule inhibitors of a key enzyme involved in 

regulation of the coagulation cascade with exceptional in vivo efficacy. The inhibitors have 

been identified by a number of parallel approaches incorporating virtual drug design, 

chemical synthesis and HTS of drug-like small molecule libraries and fragment screening. 

Presently, we are optimising the inhibitors for target potency, specificity and drug-like 

physicochemical properties using iterative rounds of medicinal chemistry development and 

screening using a panel of orthogonal bioassays. The compounds have been optimised for 

drug-likeness and demonstrate high aqueous solubility, metabolic stability, plasma stability 

and low levels of plasma protein binding and hERG activity. The compounds are >100x 

selective for 10 structurally (and functionally) related enzymes and the compounds 

demonstrate no toxicity on high concentration dosing in mice. The aim of the on-going work 

is to further develop the leads to generate a candidate compound with suitable pharmaceutical 

properties consistent with an optimised lead and which is ready for progression to out-

licensing and clinical trials. A second series of inhibitors identified by fragment-based 

screening is undergoing optimisation for potency driven by structural guided design.  
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Elucidating the complete reaction cycle for membrane-bound 

pyrophosphatases 

 

Craig Wilkinson, Nita Shah and Adrian Goldman 

 

 

Introduction 

Pyrophosphate (PPi) is abundant in cells as a by-product of cellular anabolic processes such 

as the hydrolysis of ATP. Membrane-bound pyrophosphatases (MPPases) are helical 

transmembrane enzymes that couple the hydrolysis of PPi to the pumping of protons (H
+
) 

and/or sodium ions (Na
+
) across a membrane, generating a chemical and electrical potential. 

This potential can be used to drive other cellular reactions such as ATP synthesis and the 

primary active transport of solutes. MPPases are found in bacteria, archaea, protozoans and 

plants, but not in mammals. Crucially, MPPases are found in numerous bacterial and 

protozoan parasites such as Plasmodium spp. (malaria), Toxoplasma gondii (toxoplasmosis), 

Trypanosoma spp. (trypanosomiasis), Leishmania spp. (leishmaniasis) and Clostridium spp. 

(infectious diarrhoea). In these organisms, MPPase is essential during stress such as low-

energy conditions, cold-shock and osmotic stress, and therefore has been validated as a drug 

target against several of these parasites. Our work has focused on obtaining three-

dimensional models of Thermotoga maritima Na
+
-pumping MPPase (TmPPase) and the 

Vigna radiata H
+
-pumping MPPase (VrPPase) during various stages of the reaction cycle in 

order to elucidate the reaction mechanism. Understanding the mechanism of MPPases is 

essential for exploiting this enzyme as a drug target, and atomic models of MPPase can be 

used for structure based drug design approaches. 

 

Results 

We have recently solved the strucutres of substrate analogue (IDP) and Na
+
 bound TmPPase, 

and single phosphate bound VrPPase. We integrated this knowledge with our previous 

structures of TmPPase in resting and product-bound states and VrPPase in an IDP-bound 

state to follow the structural changes in MPPases throuhgout the reaction cycle. These 

structures revealed MPPases are homodimeric, and each monomer has a novel 16 

transmembrane-helical structure (Fig. 1). This integral-membrane protein consists of a  

 

 

 

 

 

 

 

 

 

 

 

continuous active site with four distinct parts: the cytoplasmic facing hydrolytic centre, the 

coupling funnel, the ion gate, and the periplasmic facing exit channel (Fig. 1). By analysing 

the different MPPase strucutres, we have identified the major steps during the PPi cleavage 

and ion-pumping in the reaction cycle. When substrate binds and the loops on the 

cytoplasmic side close, the transported ion (Na
+
 or H

+
) binds to the ion-binding site at the 

ionic-gate, displacing a lysine (K16.50) from the gate (Fig. 2A). This is either driven by, or  

drives, the ‘downward’ movement of tranmembrane helix (TMH) 6. The downward motion 

of TMH 6 activates the enzyme by placing an aspartic acid (D6.43) into position, which  

Figure 1. Structure of Thermotoga maritima MPPase 
(TmPPase).  Dimeric TmPPase bound with the PPi 
analogue IDP (orange), Mg

2+
 (green) and Na

+
 (purple). 

One monomer of TmPPase has been coloured light 
blue, the other dark blue. The position of the lipid 
membrane is represented by a bilayer assembled using 
course grained MD simulations. The top of the enzyme 
(bound to PPi) is facing the cytoplasm whereas the 
bottom of the enzyme is facing the periplasm. 
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coordinates a water nucleophile in the coupling funnel (Fig. 2B). Concomitantly, there is a 

constriction of the active site cavity by the movement of the cytoplasmic ends of TMHs 5, 6, 

11, 12, 15 and 16, and capping of the active site by the helix 5-6 loop. The hydrolysis of PPi 

then drives the enzyme into an occluded state, open neither to the cytoplasm nor the 

periplasm. We posit that ion-pumping requires a short-lived transition state in which the ion-

gate and the exit channel open in sequence, which likely involves the ‘downward’ movement 

of TMH 12. There may be a second, loosely-bound state for the pumped ion on the 

periplasmic side of a glutamic acid residue (E6.53 in TmPPase); in such a state, K16.50 

would swing back in to close the ionic gate from the cytoplasmic side. Only after these steps 

have occured can the active site reopen on cytoplasmic side, allowing the leaving group 

phosphate to diffuse away, and the enzyme to return to the resting state. 
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(a) (b) Figure 2: Transitions in the coupling 
funnel of TmMPPase during the 
catalytic cycle. (a) TmMPPase in the 
substrate analogue-bound state, 
revealing the position of bound Na

+
 

(purple) coordinated by acidic 
residues (blue dashes). (b) 
Comparison of TmPPase in the 
resting state with no product or 
substrate bound (light blue) with a 
formed salt-bridge network 
(magenta dashes) against substrate 
analogue and Na

+
 bound TmPPase 

(dark blue). This highlights the 
changes in the position of D6.43 and 
D16.39 between resting and 
substrate bound states.  
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Structure-guided design of novel inhibitors targeting the drug resistant M2 

proton channel from pandemic swine influenza 

 

Claire Scott, Toshana L Foster, Jayakanth Kankanala, Richard Foster and Stephen Griffin 

 

Introduction 

Antiviral prophylaxis provides a potentially effective strategy for controlling influenza 

pandemics, as emergence is too rapid for vaccines to be produced. Licensed antivirals for 

influenza A virus treatment currently target either neuraminidase or the M2 proton channel. 

However, due to widespread resistance to the adamantane compounds, amantadine and 

rimantadine, which target M2, their use in the clinic is no longer recommended. Thus, there 

exists renewed interest in finding novel inhibitors against resistant M2 variants. Controversy 

exists around the binding site and mode of action of prototypic adamantane M2 inhibitors, as 

structural studies have reported both lumenal and peripheral binding sites. We have 

undertaken a structure-guided rational drug design programme targeting the adamantane-

resistant M2 from the 2009 pandemic H1N1 “swine influenza”, aimed at independently 

targeting both sites in order to design potential combination therapies to better combat 

resistance.  

 

Results 

We modified a robust in vitro assay for ion channel function to compare two M2-derived 

peptides representing the shorter trans-membrane (TM) region (amino acids 20-44), or the 

extended conductance domain (CD) from pandemic swine influenza A virus, “pH1N1”. 

These were used to test the potency and specificity of a series of compounds derived by 

virtual high throughput screening against a pH1N1 M2 homology model, based upon a 

published tetrameric CD peptide solution NMR structure (Schnell & Chou, Nature 2008). 

Compounds were chemically distinct from adamantanes, and were selected by their 

preference for either the peripheral, or the lumenal binding site within the tetrameric M2 

channel complex. As the TM peptides lack the majority of the peripheral binding site, this 

Figure 1: Research summary.   
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provided a means by which to discriminate site preference for a given compound in vitro. 

Reassuringly, screens using series predicted to bind to M2 at either site yielded an enriched 

hit rate for effective compounds compared with that expected from random screens, with hits 

showing clear preferences for either peripheral or lumenal sites. Hence, this is the first direct 

demonstration that the peripheral binding site represents a viable M2 target, and that 

selective, non-adamantane compounds can be used to block otherwise drug-resistant M2 

channels. 

 

In addition to in vitro potency, compounds targeting both lumenal and peripheral sites were 

shown to be effective at blocking pH1N1 in muti-cycle infectious assays, with some 

achieving potency superior to the licenced neuraminidase-targeted antiviral, zanamavir. 

Excitingly, combinations of compounds targeting peripheral and lumenal sites showed 

synergistic effects in culture, which could form the basis of strategies designed to suppress 

the emergence of viral resistance. In this regard, whilst adamantane-based compounds readily 

selected resistant viral variants in culture, this was not the case for novel scaffolds, indicative 

that the genetic barrier may be raised for the virus to escape such molecules. 

 

Ongoing and future work involves further refinement of compound structures towards 

increased potency and to define comprehensive structure-activity relationships in order to 

generate true drug-like molecules.  
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Studies on virus replication and pathogenesis 

 

Hazel Stewart, Roland Remenyi, Niluka Goonawardane, Karen Campos-Leon, Chris Bartlett, 

Joe Lattimer, Lorna Kelly, Chunhong Yin, Yanni Gao, Raymond Li, Sam Stephen, Carsten 

Zothner and Mark Harris 

 

Overview of research 

Our laboratory works on three important human viruses - hepatitis C virus (HCV), 

Chikungunya virus (CHIKV) and Ebolavirus (EBOV).   Our primary aim is to understand 

mechanisms of virus replication and pathogenesis with a view to developing new therapeutic 

options.  

For HCV and CHIKV we are applying similar range of technical approaches – for example 

proteomic analysis to determine the interactomes of key viral non-structural proteins (HCV 

NS5A and CHIKV nsP3).  A major focus is the role of phosphorylation in regulating the 

interactome and the different functions of these proteins.   For example, we are following our 

mass spectrometric analysis of sites of phosphorylation in NS5A with a functional analysis of 

the role of this post-translational modification in virus replication.   

We are using imaging techniques to probe the multiprotein complexes that replicate the viral 

genome.  For example, genetically tagging these viruses to enable either high resolution EM 

or fluorescent imaging, in collaboration with Michelle Peckham (Leeds) we are utilising both 

super-resolution and confocal microscopy, the latter located within a category III containment 

facility – a unique resource within the UK for the study of HCV.   

In collaboration with Colin Fishwick (Leeds) we are applying structure-based drug design 

methodology to viral proteins.  In particular we have established a new research project to use 

this approach to develop small molecule inhibitors of EBOV replication which we hope that 

these may form the basis for a novel future therapeutic approach.  This project utilises a mini-

genome system which does not require growth of this highly pathogenic virus, but 

recapitulates key events in the virus lifecycle. An alternative approach to development of 

antivirals comes from a collaboration with colleagues in Brazil (Carol Jardim and Paula 

Rahal) to exploit the unique flora of that country for potential pharmacologically active 

compounds.  Recent publications have exemplified both of these antiviral strategies.    

Recently, homologues of HCV have been identified in other species, the closest relative is the 

non-primate hepacivirus (NPHV) identified in both dogs and horses.  We have begun a 

programme of work on this virus, both as a model system to study HCV but also for 

comparative studies – although closely genetically related to HCV, NPHV does not appear to 

cause disease and this difference may shed light on some of the pathogenic mechanisms 

specific to HCV.  
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Reaching the mesoscale in bio-molecular simulations with fluctuating finite 

element analysis 

 

Albert Solernou, Ben Hanson and Sarah Harris
 

 

Introduction 

After 50 years of increasing computational power in accordance with Moore's law, we are 

still far from modelling cellular systems. Reflecting this situation, there has been a growing 

interest in developing coarse grained (CG) methodologies for biomolecular simulation at the 

mesoscale. In most forms of coarse graining, groups of atoms are clustered into new discrete 

CG sites. However, in order to simulate processes at significantly longer time and length-

scales, we have adopted the alternative strategy of moving from a discretised description of 

the system into the continuum limit.  

 

Our group have developed Fluctuating Finite Element Analysis (FFEA), which is a CG 

model that treats globular proteins as a viscoelastic continuum subject to thermal noise. 

Within FFEA, each protein is discretised into a tetrahedral mesh, and parametrised locally by 

its bulk continuum properties as well as by short-range potentials describing non-mechanical 

interactions. By solving the equations of motion through Finite Element Analysis, trajectories 

are computed that show the time evolution of the system at the mesoscale. Because FFEA is 

constructed using continuum physics, lower-resolution biomolecular structures (for example 

from cryoEM) can be used as input structures. This highly efficient approach allows us to 

reach the mesoscale, and for instance we can simulate fibrinogen 15 microseconds per day 

using a single core, when compared to the 25 of ns/day using 64 processors needed for the 

simulations at atomic level. 

 

Results 

A bottom-up approach to modelling specific protein-protein interactions (with Kerrie 

Smith and Ste Muench): As FFEA operates at the continuum 

level, chemical detail at the atomistic level cannot be included 

explicitly. We are introducing a significant advance for the 

FFEA approach to model specific protein-protein interactions. In 

a truly multi-scale fashion, we use a variation of the “force 

matching” method to map all-atom forces, coming from all-atom 

molecular dynamics trajectories, onto potentials of mean force 

between different CG-site pairs, which were finally introduced to 

the FFEA model. After adjusting the Young’s modulus for the 

fibrin monomer using data from forced unfolding single-

molecule experiments, we computed the FFEA trajectories at a 

very low computational cost. This approach is being validated 

through comparison with electron microscopy experiments, and 

is intended to study the process of fibrin polymerisation and 

aggregation under blood flow conditions.  

 

Modelling Myosin 7 with FFEA (with Michelle Peckham): 

Myosin 7a is an unconventional molecular motor that possesses the ability to auto-regulate its 

activity by coupling long-range conformational changes resulting from   thermal fluctuations 

with interactions at the atomistic level. For detailed interactions between amino acids at the 

nanometre and nanosecond scale we use all atom molecular dynamics. However, to study the 

fluctuating dynamics over timescales of order of microseconds for the entire myosin 7 

molecule, we use FFEA. By coupling these simulation regimes, along with experimental 

Figure 1: Fibrinogen 
atomic structure (left), 
and its continuum FFEA 
representation (right) 
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inputs which detail the structural changes that occur, we hope to elucidate the structural 

requirements and interactions necessary for myosin 7 to adopt its compact form.    
 

Representing the power stroke of a molecular motor with FFEA (with Stan Burgess and 

Peter Knight): Cytoplasmic dynein is a dimeric molecular motor responsible for transporting 

cargo along microtubules toward the nucleus of a cell. Transport is achieved through a 

complex series of binding events and conformational changes within each monomer (Figure 

2a), powered by ATP hydrolysis, that together lead to a stochastic form of bipedal motion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Post and pre-powerstroke conformations of dynein have been determined at atomistic 

resolution X-ray crystallography, and converted to lower resolution models using VMD to 

generate the FFEA mesh. To model the ATP driven power stroke of the motor, we have 

developed a kinetic model within the FFEA framework which allows us to switch between 

the different structural conformations with a probability that depends on the current energy of 

the motor, and which on average reproduces the experimentally determined kinetic rates. 

 

Following the parameterisation of the Young’s modulus for dynein using the experimental 

data from cryo-EM, kinetic FFEA is currently being used to study how a dynein monomer 

that has just undergone its power stroke searches for new binding sites on the microtubule 

(Figure 2b). For the dimeric motor to be able to walk for the hundreds of steps seen in 

experiments, at least one monomer must remain attached to the track all times to preventing 

diffusion away from the microtubule. This is a non-trivial process that requires mechanical 

communication between the two motor subunits, and which we are currently including within 

the model so that we can successfully reproduce the walking of the dynein motor along its 

track. 
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Figure 2: (a) The two states of cytoplasmic 
dynein; post and pre power stroke. (b) 
When two monomers are dimerised, the 
transition from post to pre power stoke 
causes a rotation in one monomer relative 
to the other, which enables the stalk head 
to locate a new binding site. Once bound, 
the powerstroke itself generates the reverse 
rotation and pulls the dimer (and the cargo) 
forwards. 
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Molecular mechanism by which a hydrogen reducing enzyme protects itself 

from damage by radical oxygen species 

 

Valentin Radu and Lars Jeuken 

 

Introduction 

Hydrogenases are metalloenzymes that catalyze the interconversion between H2 and H
+
s. 

Their high activities coupled with high affinities for H2 have attracted interest in their 

reaction mechanism. Based on the metal content of the active site, hydrogenases are grouped 

into two main classes: [NiFe] and [FeFe] hydrogenases. Both classes serve as models for 

designing sustainable synthetic catalysts for fuel cells and hydrogen production. Maintaining 

activity in the presence of oxygen is key for these functions and a sub-class of “O2-tolerant” 

[NiFe] hydrogenases is therefore been of particular interest. “O2-tolerant” [NiFe] 

hydrogenases can be clearly differentiated from the so called “standard” [NiFe] hydrogenases 

which, like [FeFe] hydrogenases, are instantly and almost completely inactivated by O2. 

Among the most studied O2 tolerant [NiFe] hydrogenases are the membrane bound 

hydrogenases (MBHs), which contain a membrane-integral subunit, cytochrome b, which 

couples H2 oxidation activity to the reduction of the quinone pool. The cytochrome b subunit 

also anchors the protein complex to the cytoplasmic membrane. 

 

When exposed to O2, the active sites of standard [NiFe] hydrogenases are converted to a 

mixture of inactive states (“Ni-A” and “Ni-B”). These inactive states are reconverted to the 

active Ni-S state in reducing conditions, but the reactivation of the enzyme from the Ni-A 

state, also called the “unready” state, can take hours. In contrast, the Ni B or “ready” state is 

reduced to the active state in a matter of seconds. Importantly, the [NiFe] active sites of O2-

tolerant and standard [NiFe] a hydrogenases are identical. We and others have proposed that 

an unusual proximal [4Fe 3S] cluster found in O2-tolerant [NiFe] hydrogenases provides a 

reductive environment that ensures the formation of only the fast-reactivating Ni-B state. 

Upon exposure to oxygen, this cluster converts to a superoxidised (5+) state, which is 

believed to secure the formation of the so-called Ni-B state that is rapidly reactivated under 

reducing conditions. Although the superoxidised state of this cluster has been experimentally 

verified, direct evidence that its formation is coupled to the formation of the Ni-B remains 

elusive. 

 

Results 
We developed an in vitro assay in which the MBH from R. eutropha, along with its native 

lipid environment in the cytoplasmic membrane, is tethered to the electrode via a mixed self-

assembled monolayer (SAM) (Figure 1). In this system, the redox-active MBH is in 

Figure 1: Schematic representation of the 
heterotrimeric MBH in the native 
cytoplasmic membrane inserted in the 
quinone-containing lipid membrane 
tethered to a gold surface via a self-
assembled monolayer (SAM). The SAM, 
adsorbed on a template stripped gold 
surface, comprises phase separated 6-
mercapto-1-hexanol spacers (black) and 
EO3 cholesteryl tethers (gray). The 
structure of the active site in the Ni-S state 
is depicted in the upper-left corner. 
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equilibrium with quinones added in the tBLM, either ubiquinone 10 or menaquinone 7. The 

redox state of the quinone pool is controlled via the electrode potential.  

To determine how the reactivation of MBH 

is dependent on the unusual [4Fe-3S] 

promixal cluster, experiments were 

performed with an MBH variant 

(MBHC19G/C120G) in which the 

proximal cluster is changed to a standard 

[4Fe-4S], resembling the [FeS] cluster 

configuration of standard O2-sensitive 

[NiFe] hydrogenases. MBHC19G/C120G 

is known to share similar catalytic 

properties as MBH
wt

 and the same active 

site structure as any [NiFe] hydrogenase. It 

was previously observed that this variant 

was less active than MBH
wt

, and this was 

confirmed in our setup where the activity 

of MBHC19G/C120G was 4 to 5 times 

lower compared to MBH
wt

. In Figure 2a, 

cyclic voltammograms are shown in which 

the potential is cyclid between -0.3 and 0.6 

V. Around 0 V, the menaquinone get 

oxidised and hydrogen oxidation activity of 

MBH is observed as a current. At about 0.3 

V, ubiquinone is also oxidised by the 

electrode, which further enhances the 

activity. 

To measure the reactivation kinetics of 

MBH,MBH was converted into the Ni-B 

state in the absense of hydrogen, followed 

by the addition of H2-saturated aliquots of buffer under anaerobic conditions (Figure 2b). 

Upon injection of hydrogen, MBH reactivates, leading to a rise in oxidative current. As the 

concentration of the injected gas decays exponentially with time (while the electrochemical 

cell is stirred and flushed with another gas, like N2), the oxidative current returns to the 

baseline as H2 is flushed out. The current increase reveals information about the (re)activation 

kinetics.  Importantly and unexpectedly, it was found that MBH
C19G/C120G

 reactivates 7 times 

faster than the MBH
wt

 (Figure 2b). The normalised rate of current increase for 

MBH
C19G/C120G

, after H2 injection, was 1027.7 (±41.7)×10
-4

 s
-1

 (n=11) compared to 136.6 

(±11.5)×10
-4

 s
-1

 (n=9) for MBH
wt

. These results suggest that the reactivation kinetics of 

MBH
wt

 is rate limited by the reduction of the superoxidized [4Fe 3S]
5+

 cluster.  Based on 

these results we propose a different hypothesis, under which expose to oxygen “locks” the 

proximal cluster in the superoxidized state, which prevents the irreversible damage to the 

active site under aerobic conditions by prohibiting electron transfer to the [NiFe] active site, 

as this might form radical oxygen species. The temporary shutdown of the electron relay 

responsible for disabling the active site reactivity would impede the irreversible deterioration 

of the protein and implicitly the complete loss of enzymatic activity. 
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Figure 2: (a) Cyclic voltammograms  
showing activity levels for MBH

wt
 and MBH

C19G/C120G
 

(30 C; pH 7.4)  in a tethered membrane containing 
ubiquinone- and menaquinone. (b)   
 Chronoamperograms showing reactivation kinetics 

after an injection of 100 M H2 (30 C; pH 7.4, 0.499 
V vs SHE). 
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Single enzyme experiments reveal a long-lifetime proton leak state in a 

proton-pumping enzyme 

 

Mengqiu Li, Duncan McMillan, Łukasz Krzemiński, Nikolaos Daskalakis, Riitta Partanen, 

Roman Tuma and Lars Jeuken 

 

Introduction 

One of the main roles of oxidative phosphorylation in mitochondria and bacteria is 

maintaining a proton-motive force (PMF) across the inner or plasma membrane, thereby 

providing most of the energy for the synthesis of adenosine triphosphate (ATP) in aerobic 

environments. The PMF is formed by transferring or pumping protons across the lipid 

membrane, generating a transmembrane electrochemical potential and transmembrane pH 

difference (ΔpH). During aerobic respiration, electron-transport chains of oxidative 

phosphorylation terminate with heme-copper oxygen reductases (HCOs), in which a heme-

copper bi-nuclear centre (BNC) binds and reduces dioxygen to water. The HCO in 

mitochondria is a cytochrome c oxidase known as Complex IV. Complex IV and a bacterial 

homologue, cytochrome bo3 from Escherichia coli, belong to the A1 subgroup of Type A 

HCOs, which typically pump one proton per electron, therefore four protons per dioxygen 

molecule. The reduction of dioxygen is further coupled to the uptake/release of four charges 

(protons and/or electrons), adding up to a total of eight charges transported across the 

membrane for each dioxygen that is reduced. 

Despite various high-resolution structures and extensive biochemical and biophysical 

research, a distinct understanding of the molecular mechanism by which oxygen reduction is 

coupled to proton pumping is still elusive, while the manner by which turn-over is controlled 

by the PMF remains relatively unexplored. HCOs, including cytochrome bo3, have been 

observed to reduce activity in the presence of high PMF. A “slip” in their pumping 

stoichiometry (decrease in the proton-to-electron ratio) has been observed in many HCO 

studies and also for other transport systems. The implications of these alterations in 

stoichiometry have been previously discussed for HCOs and for pumping ATPases and 

transporters in healthy and disease states. Slips in substrate transport have been proposed to 

act as a “safety valve” through which excess driving force can be dissipated and it is 

proposed to be a mechanism by which HCOs can optimize the condition for ATP synthesis. 

Maintaining such balance is important since high PMF and a highly reduced electron-

transport chain (high ratios in ubiquinol/ubiquinone and NADH/NAD
+
) have been linked to 

increased production of reactive oxygen species (ROS) in mitochondria, which has been 

implicated in aging, cancer, and other diseases. 

Figure 1: The proton uptake/release activity 
of reconstituted cytochrome bo3 is 
controlled by reducing ubiquinone 
electrochemically (a). The change in 
intravesicular pH is determined via an 
encapsulated pH-sensitive fluorescent dye, 
8-Hydroxypyrene-1,3,6-trisulfonic acid 
(HPTS)  (a). A colour-inverted fluorescent 
image (b) and the fitting of the fluorescence 
of the circled proteoliposome by a Gaussian 
function (c) (The grid is raw data, and the 
coloured surface is the fitting result) are 
shown. The sample image in (b) shows a 
small area of the whole image which 
typically contains hundreds of 
(proteo)liposomes. 
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Results 

We developed an single enzyme assay that can directly observe the proton transfer of single 

cytochrome bo2 enzymes (an ubiquinol oxidase from E. coli) for prolonged periods (up to 

100 seconds; Figure 1).  Figure 2 shows a collection of typical (proteo)liposome time traces. 

Due to the low protein-to-lipid ratio used, the majority of the observed (proteo)liposomes 

were plain liposomes and did not portray 

any change in pH upon reducing the 

ubiquinone pool electrochemically (Figure 

2f). During the time window the ubiquinone 

pool was electrochemically reduced (dashed 

lines in Figure 2), about 15% of the 

observed (proteo)liposomes displayed 

significant pH changes (0.1 < ΔpH < 1 and 

in rare cases up to about 2 units). pH values 

were observed to both increase and decrease 

(Figure 2a and 2b), indicating cytochrome 

bo3 was present in both orientations in the 

proteoliposomes. About 76% of ‘active’ 

vesicles show a pH increase consistent with 

a “right-side out” orientation. The single-

enzyme traces reveal a distribution in turn-

over rates, while in more than 10% of cases, 

cytochrome bo3 was observed to abruptly 

halt proton uptake/release (Figure 2e). Such 

dynamic heterogeneity and “stalling” of 

activity was observed for enzymes in both 

orientations and is a feature typically 

observed for (single) enzymes. Importantly, 

however, a significant fraction of our single 

enzyme traces (7.2±1.5 %) also show abrupt 

turns in pH changes, rapidly destroying 

formed ΔpH even when the potential was 

still applied to reduce the ubiquinone pool. Such events were observed for cytochrome bo3 in 

both orientations (Figure 2c and d). Further analysis showed  the probability of entering the 

leak state is increased at higher ΔpH. 

Our studies reveal that HCO enters a rare, long-lifetime “leak state” during which 

protons rapidly leak or are transported back along the transmembrane electrochemical 

potential and ΔpH. Our findings support a view in which one of the underlying causes of the 

observed reductions in the H
+
/e

-
 stoichiometry is a leak state, which provides insights into the 

molecular mechanism of proton pumping in HCOs and its regulation by high ΔpH. 
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Figure 2: Traces are given for proteoliposomes 
where protons are pumped throughout the 
application of the electrochemical potential (a, b), 
proton leakage (c, d), proton uptake/release 
cessation without leakage (e). An example trace of 
a liposome without cytochrome bo3 is also shown 
(f). Red lines in the example traces (a-f) are fits to 
the data (gray) as explained in the text. Proton 
uptake/release activity was initiated by applying 
an electrochemical potential between time points 
indicated by the vertical dashed lines. 
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Cryo-EM of cytoplasmic dynein motors during movement on microtubules 

 

Hiroshi Imai, Stan Burgess and Peter Knight 

 

Introduction 

Cytoplasmic dynein uses ATP to fuel the transport of diverse cargoes along microtubules 

(MTs) from their plus to minus ends, which generally means cargoes are carried from the 

periphery of the cell towards the nucleus. Viruses can hi-jack this system in vertebrate 

neurones to be carried from a peripheral site of infection deep into the spinal cord. This 

dynein is a large complex of two massive dynein heavy chains, each ~500 kDa, associated 

with various smaller chains and with other macromolecular complexes that together form the 

functional transporter. Each heavy chain is the ATPase (a member of the AAA
+
 family) that 

contains six concatenated AAA
+
 modules that form a ring. The six modules have evolved 

distinct functions: AAA1 is the primary ATPase, AAA4 includes an 11-nm coiled-coil 

extension at the tip of which is the stalkhead that reversibly binds to the MT, AAA5 & 6 

cannot bind ATP and may play a structural role as transmitters of allosteric information 

between the ATPase site and the MT binding site ~25 nm away. Extending across the ring 

from the N-terminus of AAA1 is the rod-like linker that is thought to switch from bent to 

straight to generate the powerstroke of the motor, and continues as the tail that dimerises 

dynein and forms larger complexes, including with cargo.  

 

The structural basis for the movement of dynein along MTs is unknown because the molecule 

has not been visualised during stepping. We have worked with a minimal dynein motor 

construct in which dimeric glutathione S-transferase (GST) replaces the tail, and used flash-

freezing, cryo-EM and image processing to see the dimeric motor during stepping along MTs 

at a physiological ATP concentration. 

 

Results 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Dynein dimers stepping along MTs have 
diverse structures. (a) Raw cryo electron micrograph 
shows superposed motors (single arrow), offset motors 
(two arrows) and multiple dimers (arrowhead); scale 
bar 40 nm. (b) superposed dimers. Left panel is an 
averaged image of dimers attached to the edge of MT; 
scale bar 8 nm. Centre panel is an atomic model based 
on high resolution structures of dynein, GST and MT. 
The AAA modules are numbered. The location expected 
for GST in the ‘primed’, pre-powerstroke state is also 
shown. Right panel shows detail of the boxed region of 
the model, highlighting the proline residues at the 
hinge. (c) Offset dimers. Left panels are averaged 
images showing diversity in separation between the 
two rings and in their distance from the MT surface; 
scale bar 20 nm. Right panel diagram illustrates the 
swinging of the two motors about their hinges, and the 
spring-like connection between them (black coil spring). 
(d) quantitative analysis of flexibility at the stalk-
stalkhead hinge shown as a percentage cumulative 
frequency (pcf) plot for the three classes of motors. 
Insets show the stalk angle measured and the 
magnitude of the Normally-distributed flexibility. 
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We find two distinct appearances of the dimeric motor: one in which the two rings are 

variably offset along the MT axis and another, equally abundant, in which the two rings are 

closely superposed (Fig. 1a). The abundance of superposed motors is unexpected and it 

suggests that the two motors interact. The superposed stalks are strongly angled to the MT 

pointing in the direction of movement of dynein along the MT, and the stalkhead can be seen 

binding at the interface of the α–β tubulin dimers in the MT. The GST dimerisation domain is 

visible between the superposed rings and MT, indicating that the linker is in the straight, 

unprimed state in both motors, which further indicates that both stalkheads are bound to the 

MT, on adjacent protofilaments (Fig. 1b). We find marked flexibility in the superposed dimer 

with a hinge at the stalk-stalkhead junction. The structural origin of this hinge is probably a 

pair of conserved proline residues that locally upset the α–helical structure of the stalk. It 

provides a basis for the highly variable step lengths found in dynein. 

 

By contrast, offset dimers are highly variable in appearance with each ring flexing quasi-

independently of its partner, with a wide range of separations between them. This means that 

each dimer is different in structure, posing challenges for obtaining detailed structures by 

image averaging (Fig.1c). Nevertheless we can deduce the stalk angles of each motor, and 

they show a similar wide spread as in superposed dimers (Fig. 1d). We can also make 

deductions about the pN forces experienced within the dimer, as we find that when rings are 

further apart, the connection between them acts as a spring, pulling the trailing stalk to a 

higher angle, and the leading stalk to a lower angle. These first images of stepping dynein 

open the way to understanding the structural mechanism of this remarkable motor protein.  
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Figure 2:  A model for a stepping cycle of dynein on the MT. 
It shows an example of a 2-step advance along the MT, 
tentatively correlated with consumption of two molecules 
of ATP, and showing the stalkhead binding sequence both as 
viewed from the rings looking at the MT surface (upper 
diagrams) and in the view seen in our data. The mobile part 
of the linker is illustrated (magenta) switching to the primed 
conformation during stalkhead detachment, as well as a 
possible trajectory of each detached stalkhead along the MT 
protofilament. In this example, 8-nm stepping occurs along 
two adjacent protofilaments and superposed and offset 
dimers alternate during stepping, illustrated here as an 
inchworm progression. The great flexibility at the stalk-
stalkhead junction allows the detached motor explore the 
surface of the MT and take longer steps. 
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Nonparametric variational optimization of reaction coordinates 

 

Polina Banushkina and Sergei Krivov 

 

Introduction 

Realistic simulations of atomistic dynamics of complex biological processes are becoming 

increasingly common. These simulations produce a massive amount of data (e.g., 

trajectories). The trajectories alone without proper analysis, however, do not provide deep 

insight into the process dynamics. Interpreting the data and constructing reliable and 

meaningful models of the dynamics, taking into account all important dynamical information 

from the data, are non-trivial tasks. The large size of trajectories makes the development of 

automated analysis tools very important. A popular approach aimed at extracting dynamical 

information consists of projecting these trajectories into optimally selected reaction 

coordinates (RC) or collective variables. For equilibrium dynamics between any two 

boundary states, the committor function also known as the folding probability (pfold) in 

protein folding studies is often considered as the optimal RC. To determine it, one selects a 

functional form R(i,X) with many parameters i and trains it on the trajectories using 

various criteria. A major problem with such an approach is that a poor initial choice of the 

functional form may lead to sub-optimal results. We have developed an approach which 

allows one to optimize the reaction coordinate without selecting its functional form and thus 

avoiding this source of error. 

 

Results 

The committor or pfold equals the probability for the trajectory to reach one state B (e.g., the 

native state in the analysis of protein folding) before it reaches another state A (e.g., the 

denatured state) starting from any given configuration. We assume that the dynamics of a 

system of interest can be described as an equilibrium stochastic Markov process in 

multidimensional configuration space X, time interval ∆t. In particular, the system trajectory 

can be represented as X(k∆t). The pfold coordinate for the Markov process can be obtained 

by minimizing the total squared displacement of an equilibrium trajectory projected on a 

coordinate x(k∆t)=R(i,X(k∆t)). Namely one minimizes 

                                          
k

tkxtktx 2)]()([  

under constraints that xkA=0 and xkB=1, where kA and kB denote the points x(k∆t) that 

belongs to basins A and B respectively. In the case when RC functional form is given as a 

linear combination of basis functions R(i,X)=iifi(X) the optimal values of parameter i 

can be found analytically. The requirement of the functional form to be a linear combination 

of basis functions restricts the flexibility of RC and may lead to suboptimal solutions.  

We have suggested a nonparametric or functional form free approach which allows 

one to optimize the reaction coordinate without selecting its functional form. Instead of 

finding a function that approximates the optimal coordinate R(i,X), the approach determines 

the value of the coordinate for every snapshot of the trajectory. In particular, given a long 

multidimensional equilibrium trajectory X(k∆t), the algorithm determines the value of the 

pfold coordinate for every snapshot of the trajectory pfold(k∆t), i.e., it projects the 

multidimensional trajectory onto the optimal RC.  

In principle, any continuous function of coordinates (X1,...,Xn) can be approximated 

with arbitrary precision in a compact region of configuration space by a polynomial (e.g., a 

finite Taylor series) R(X1,...,Xn)=i1
,...,in i1

,...,inX1
i1...Xn

in. Since the function is linear with 

respect to the Taylor coefficients α, the optimal values of the coefficients, which best 

approximate the pfold coordinate can be found analytically. However, the dimensionality of 
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the problem (i.e., the number of coefficients required) is huge, which makes such a 

straightforward approach unrealistic. Instead, we suggest to optimize this function iteratively. 

At each iteration, one considers only a subset of the Taylor terms and coefficients. We found 

it useful to take the current putative RC as one of the variables. Namely, at each iteration, we 

optimize the RC in a recursive way R′ = f(R,Xm), where R is the RC obtained on the previous 

step, Xm is a randomly selected coordinate of the configuration space X, and f is some fixed 

polynomial of small degree (3 here), whose optimum can be found analytically. 

The approach was successfully tested on a model complex multidimensional system, 

where complete sampling of the configuration space is impractical. In order to be able to 

verify the final optimized coordinate, we chose a system for which the optimal coordinate is 

known. Specifically, we consider isotropic diffusion in n-dimensional space (here n=50) with 

radially symmetric potential energy U(r). An optimal RC for the diffusion towards the center 

for such systems is radius r, with the FEP constructed along r being F(r)=U(r)−(n−1)kTln(r). 

The potential energy U(r) is chosen so that the FEP has two large basins with a small 

intermediate. The trajectory was generated by simulating MC dynamics for 10
6
 steps with a 

diffusion coefficient along each axis D(Xi)=1. It is clear that such a trajectory cannot cover 

the configuration space densely enough; since just to visit all possible regions with different 

combinations of coordinate signs, one needs 2
50

 ∼ 10
15

 points. 

The approach demonstrated its sensitivity and robustness (see Figure). It has 

improved a seed sub-optimal coordinate =i|Xi| to the optimal one, even though the seed 

coordinate was already quite good; the difference between the free energy profiles 

constructed along the seed coordinate and the optimal analytical coordinate is of just 0.05kT 

(panel a). Further optimization for 100 000 iterations in total did not lead to over-fitting. The 

optimality criterion had confirmed that the determined coordinate closely approximates pfold 

over the entire range, not just around the transition states (panel c). 
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Figure 1: (a) Free energy profiles as functions of reaction coordinates: analytical optimal RC (red line), 

suboptimal RC (green line), determined optimal RC (blue line) and that optimized for 100000 iterations 

(pink line). (b) Optimality criterion applied to sub-optimal RC : the profiles increase with time interval 
indicating sub-optimality of the seed RC. (c) Optimality criterion applied to determined optimal RC: the 
profiles fluctuate around the limiting value. 
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Receptor tyrosine kinase signalling in the absence of growth factor 

stimulation 

 

Chi-Chuan Lin, Jonathan Berrout, Arndt Rohwedder, Janne Darell and John Ladbury 

 

Overview of research 

In the absence of extracellular stimulation or genetic mutation, an oncogenic response can be 

driven by the competitive binding of SH3 domain-containing downstream effector proteins to 

proline-rich sequences on growth factor receptors. Of the approximately 50 plasma 

membrane receptor tyrosine kinases (RTKs) the majority have proline-rich sequences in their 

C-termini. These have a propensity to bind to the >300 proteins expressed in human cells 

which contain SH3 domains. These interactions occur in the absence of any extracellular 

stimulation (e.g. growth factors, cytokines). Proline-rich sequence binding to SH3 domains 

are promiscuous and the observed interactions with RTKs are dependent on the relative 

concentrations of the proteins involved.  

 

We previously established that under non-stimulatory conditions the fibroblast growth factor 

receptor 2 (FGFR2) recruits the adaptor protein, growth factor receptor binding protein 2 

(Grb2) through its C-terminal SH3 domain. In cells depleted of Grb2 other proteins can 

access the proline-rich motif on FGFR2. One of these proteins, phospholipase C(gamma)1 

(Plcγ1) is activated on binding and through turnover of plasma membrane phospholipids to 

produce second messengers, raises cellular calcium levels which are responsible for increased 

cell motility and invasive behaviour. In ovarian and lung adenocarcinoma patients with low 

levels of Grb2 and increased expression of Plcγ1higher incidence of metastasis leads to 

greatly reduced survival outcomes.  

 

We have extended our studies in this area to explore other RTK-SH3 domain-containing 

protein interactions to establish whether the up-regulation of signal transduction through 

these interactions is a general phenomenon. This leads to the hypothesis that two tiers of 

intracellular signalling can be derived from receptors with intrinsic protein kinase activity: 

1) Ligand-induced elevation in kinase activity resulting in tyrosylphosphate-mediated 

effector protein recruitment and committal to a defined cellular outcome (e.g. proliferation). 

2) Receptor phosphorylation-independent activation of downstream effectors through SH3 

domain/proline-rich sequence interactions, which appear to be required for cell 

homeostasis/metabolic control. 

 

Hyperactivity of the tier 1 signalling is a feature of receptor tyrosine kinase-related cancers 

arising from genetic mutation.  Although the tier 2 signalling mechanism occurs under basal 

conditions, and is thus likely to be associated with cellular maintenance, we have shown that 

fluctuations in expression levels of SH3-containing proteins can drive cells into pathological 

phenotypes including proliferation and metastasis. 

 

We are testing this hypothesis with a range of methods extending from cell-based assays 

(including fluorescence lifetime imaging microscopy) through to structural and in vitro 

biophysical analysis. 
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Studies of small DNA tumour viruses that cause disease in humans 

 

Christopher Wasson, Ethan Morgan, Daniel Hurdiss, Margarita Panou, David Kealy, Rajni 

Bhardwaj, Gemma Swinscoe, Emma Prescott, Sam Dobson and Andrew Macdonald 

 

Introduction 

Members of the Papovaviridae, which includes the Papillomaviruses and Polyomaviruses, 

are the causative agents of a number of severe diseases in humans. Notable examples include 

cervical cancer, which is exclusively associated with infection with human papillomaviruses, 

and polyomavirus-associated nephropathy (PVAN) and progressive multifocal 

leukoencephalopathy (PML) caused by the BK and JC polyomaviruses, respectively. Current 

therapeutic strategies to treat these virus-associated maladies are lacking. We undertake a 

broad ranging analysis of these viruses in an effort to identify new targets for therapeutic 

intervention. These studies have revealed novel information about these viruses.  

 

Results 

Human papillomavirus: We use an integrated approach to understand the roles of the least 

understood virus encoded proteins in the HPV life cycle and in cancer development.  In 

particular we have focussed on the E5 oncoprotein.  This highly hydrophobic membrane 

protein is expressed by all cancer-associated HPV isolates but its role in transformation and 

the life cycle is not clear.  In 2012 we developed the first system to study recombinant E5 and 

subsequently demonstrated that it was a novel member of the viroporin family of virus 

encoded ion channels.  This has opened up the possibility of developing small molecule 

inhibitors targeting the channel function of E5. In addition, we study the host pathways 

essential both for transformation and the HPV life cycle. Using three-dimensional  

 

 

 

 

 

 

 

 

 

 

 

 

 

organotypic raft culture models – we grow skin in a dish – we have shown that E5 

manipulates growth factor pathways to enhance keratinocyte proliferation and to delay 

terminal differentiation, both of which are essential for the HPV life cycle. Current projects 

include studying novel E5 binding partners and understanding how these contribute to HPV 

infection and pathogenesis. In addition we have embarked on a novel study to ascertain the 

global changes to the host proteome upon HPV infection. 

 

Human polyomaviruses: Members of this family, including BK, JC and Merkel cell 

polyomavirus, are associated with disease in humans. Despite their clear association with 

disease there is a paucity of understanding of their basic biology and as such we are using a 

wide ranging series of experiments to understand their life cycles and to identify novel targets  

 

 

Figure 1: (a) In silico modelling of the 
HPV16 E5 proteins.  Energy minimisation 
models depicting a hexameric channel 
structure. (b) Screen for novel inhibitors 
of E5 viroporin activity.  Panel of known 
viroporin inhibitors and bespoke 
compounds generated from the in silico 
model were tested for the ability to 
prevent E5-mediated dye release. (c) 
Genetic studies of E5 function using E5-
knockout viruses in primary 3D organo-  

typic raft culture models.  BrdU incorporation measures the levels of unscheduled DNA replication in the 
suprabasal layers of the epithelium (red stain) in normal human keratinocytes (NHK), cells infected with 
wild-type HPV18 (WT) and cells infected with an HPV18 genome lacking E5 expression (KO).   
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for antiviral therapeutics.  We have 

identified a novel immune evasion 

strategy for the Merkel cell polyomavirus 

and are uncovering the roles of the 

enigmatic agnoprotein in the 

polyomavirus life cycle.  We are also 

using the latest advances in structural 

biology to gain an unprecedented 

understanding of the fundamental make-

up of polyomavirus particles.  This 

information may herald crucial advances 

in anti-viral drug design.  
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Figure 2: (a) Schematic of the current understanding of 
BK polyomavirus (BKPyV) life cycle. (b) 
Immunofluorescence with Alexafluor954 labelled 
BKPyV infected human renal proximal tubular epithelial 
(RPTE) cells. (c) Cryo-electron microscopy structure 
determination of the native BKPyV virion.  
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Modulation of potassium channels inhibits bunyavirus infection 

 

Samantha Hover, Chris Peers, John Barr and Jamel Mankouri 

 

Introduction 

Bunyaviruses are considered to be emerging pathogens facilitated by the segmented nature of 

their genome that allows reassortment between different species to generate novel viruses 

with altered pathogenicity. Bunyaviruses are transmitted via a diverse range of arthropod 

vectors, as well as rodents, and have established a global disease range with massive 

importance in healthcare, animal welfare and economics. There are no vaccines or anti-viral 

therapies available to treat human bunyavirus infections and so development of new anti-viral 

strategies is urgently required.  

 

Results 

Bunyamwera virus (BUNV; genus Orthobunyavirus) is the model bunyavirus, sharing 

aspects of its molecular and cellular biology with all Bunyaviridae family members. Here, we 

showed for the first time that BUNV activates and requires cellular potassium (K
+
) channels 

to infect cells. Time of addition assays using K
+
 channel modulating agents demonstrated that 

K
+
 channel function is critical to events shortly after virus entry but prior to viral RNA 

synthesis/replication. A similar K
+
 channel dependence was identified for other bunyaviruses 

namely Schmallenberg virus (Orthobunyavirus) as well as the more distantly related Hazara 

virus (Nairovirus). Using a rational pharmacological screening regimen, twin-pore domain 

K
+
 channels (K2P) were identified as the K

+
 channel family mediating BUNV K

+
 channel 

dependence. As several K2P channel modulators are currently in clinical use, our work 

suggests they may represent a new and safe drug class for the treatment of potentially lethal 

bunyavirus disease.   
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The activation of RNase E by binding of structured RNAs to an allosteric 

site 

 

Justin Clarke, Kiran Sabharwal, Louise Kime and Kenneth McDowall 

 

Introduction 

Escherichia coli endoribonuclease E is a major regulator of gene expression and homologues 

are found in many bacteria and in some plant plastids. RNase E cleaves RNA by the 

simultaneous recognition of multiple unpaired regions or an unpaired region(s) in 

combination with a 5’-monophosphorylated end. Indeed, it is believed that the cleavage of 

RNA by RNase E is limited by the affinity of interaction. 

 

Results 

We have shown for the first time that the 5’ leader and 3’ trailer sequences within tRNA 

precursors are both required to permit a strong interaction of the substrate with the RNA-

binding channels of NTH-RNase E. We also provide evidence that the binding of these 

unpaired regions is not always sufficient to mediate cleavage, and that an adjacent tRNA unit 

acts as a cis-regulatory RNA element that enhances catalysis. RNase E activation may be 

achieved by the interaction of these supporting tRNA units with an allosteric binding site 

found within the NTH. We propose that the cooperative interaction of two or more unpaired 

regions of RNA is required to increase the affinity of the substrate for RNase E, and that 

neighbouring stem loop structures are required to initiate cleavage and hence increase the 

selectivity of RNase E. This would explain why several cleavages by RNase E are found 

adjacent to complex stem loop structures. 

 

Update 

Very recently our map of sites of RNase E cleavage (reported last year) has been combined 

with the first map of secondary structure across the E. coli transcriptome, which was 

produced by the group of Zoya Ignatova, Hamburg (Figure 1).  This revealed that sites of 

RNase E cleavage in vivo are preceded by stretch of structured RNA and that this structural 

signature is not shared with other E. coli endonucleases.  The possibility that this structural 

signature enables allosteric activation of RNase E is being investigated. 
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Figure 1:  Average PARS (parallel 
analysis of RNA structure) score 
(top) and GC content (bottom) for 
each position around the top 64 
RNase E cleavage sites (our work).  
Inset, the sequence logo of the 
aligned RNase E cleavage sites, 
spanning from -10 to +10 nt.  
Adapted from Del Campo et al. 
(2015). 
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Going green: bio-inspired approaches to inorganic material synthesis 

 

Thembaninkosi Gaule, Shunbo Li, Fiona Meldrum and Michael McPherson 

 

Introduction 

Nature has succeeded in designing high performance materials using simple limited 

components under ambient conditions. Magnetotatic bacteria produce well-defined Fe3O4 or 

Fe3S4 nanoparticles to exploit magnetic fields for alignment and migration. Fish grow 

otoliths, structures composed of the aragonite polymorph of calcium carbonate, within the 

inner ear, assisting in inertial sensing. In these examples specialised biomolecules have been 

found to play a major role in the deposition and morphogenesis of complex inorganic 

structures. Biomolecules such as proteins and peptides fine-tune properties of inorganic 

material to match environmental pressure resulting in biominerals with controlled crystal 

size, shape, orientation and polymorph.  

 

Directed evolution techniques have great potential in material science to provide a route for 

selecting biomolecules tailored to fine-tune the properties of inorganic materials. Using a 

diverse library (>10
10

) derived from the Adhiron protein scaffold (Tiede et al., 2014); we are 

exploring the generation of genetically encoded quantum dots and magnetic nanoparticles. In 

order to successfully screen for and select “active” biomolecules we have developed a simple 

and reproducible method for generating artificial cell like compartments (double emulsions) 

that can be used in conjunction with fluorescence activated cell sorting (FACS) and magnetic 

separation.  

 

Results 

Device Fabrication: the use of polydimethylsiloxane (PDMS) as a substrate in device 

fabrication offers many advantages such as rapid production, flexibility and low cost. The 

generation of double emulsions (w/o/w) relies on the ability to selectively control the 

wettability of microchannels. Spatial wettability was achieved by protecting desired 

hydrophobic channels with epoxy glue during oxygen plasma treatment (Figure 1A). 

Immediately after plasma treatment the two slabs are bonded resulting in a device (step 3, 

Figure 1A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: (a) Summary of the 
fabrication process for double 
emulsion microfluidic chips, (b) 
Generation of double emulsions 
using two flow focussing junctions, 
(c) Monodispersed W/O/W double 
emulsions generated by device, (d) 
The addition of substrate to 
droplets containing cell lysate from 
cells expressing galactose oxidase. 
Stage 1, droplet approaches 
picoinjector; Stage 2, substrate is 
injected into droplet by 
picoinjector; Stage 3, droplet 
makes its way to the outlet; Stage 
4, colour change is observed in 
some droplets at collection point. 
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Formation of double emulsions: the internal water (water in oil; W/O) droplets are formed 

at the first junction (which is hydrophobic) and carried to the second junction by the 

continuous oil phase (Figure 1B). At the second junction the water in oil droplets are sheared 

generating monodispersed double emulsions (W/O/W) (Figure 1B). Using our method we can 

produce double emulsion droplets less than 100 um in size allowing analysis using 

fluorescent activated cell sorting (FACS) machines (Figure 1C). 

Current work involves performing a number of reactions such as crystallisation, enzyme 

assays and protein expression within the droplets. As some reactions are multi-step reactions 

we have also incorporated pico-injectors into our devices. This will enable us to perform 

multi-step reactions that require the addition of different reagents at defined times (Figure 

1D).  

 

Selection of morphology modifying proteins using phage display: biologically available 

biomaterial forming proteins operate on the basis of molecular recognition. We have 

employed combinatorial biology techniques such as phage display, to discover Adhiron 

biomolecules that can assist and control biomaterial synthesis. A combinatorial phage library 

of unique proteins was screened for affinity against calcium carbonate crystals. The proteins 

capable of interacting with CaCO3 were isolated and used to study the control of CaCO3 

crystallisation. Some of the selected proteins had significant effects on the morphology of 

CaCO3 (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At present, our work involves using this method to select proteins that interact with a number 

of interesting target materials such as ZnO and CuO. We are exploring the role of the selected 

proteins in the synthesis of materials for applications such as semiconductors and battery 

electrodes. 
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Figure 2: The effect of artificial proteins on calcium carbonate morphology. 
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Understanding the mechanism and regulation of the Vacuolar ATPase 

 

John Trinick and Stephen Muench 

 

Introduction 

The vacuolar ATPase (V-ATPase) is a large (1MDa) multi-subunit complex which acts 

through a rotary mechanism to transport protons across the membrane. It is composed of ~30 

subunits of 14 different types separated into an ATP hydrolysing V1 domain (subunits A3, B3, 

C, D, E3, F, G3 & H) and a proton translocating Vo domain (subunits c6-15, a, e, & d)(Figure 

1A). The  hydrolysis of ATP takes place within the AB subunits of V1, which drives the 

rotation of a central axle formed by subunits D/F. The axle is coupled via subunit d to the c-

ring which is rotated relative to the a subunit, transporting protons over the membrane. 

Despite significant advances in our structural understanding of the rotary ATPase family, we 

are only just starting to understand the mechanical properties which allow these complex 

rotary machines to work at close to 100% efficiency. The key role the V-ATPase in cellular 

homeostasis is shown by the disease states it is associated with such as cancer invasiveness, 

osteoporosis and kidney disease. Only in light of the new structural information can we start 

to design tailored, isoform specific inhibitors to treat a range of diseases.  

 

Results 

Through a combination of structural biology, biochemistry and molecular dynamics our 

group has been making significant steps forward in our structural and mechanical 

understanding of the V-ATPase. At the turn of the year, using single particle cryo-EM 

approaches, we published the first sub nm resolution V-ATPase structure which, showed the 

rotary ATPase trapped in two distinct catalytic states. This had important implications in the 

role of the EG stators, which our work revealed do not change shape to accommodate the 

nucleotide occupancy of the AB dimer, rather to accommodate the interactions they make 

with subunits in the collar region. We also discovered a highly conserved electrostatic 

bearing in V1, which contributes to the extraordinarily high efficiency of rotary ATPases and 

is a novel mechanism whereby rotation can be achieved in a “frictionless” environment. The 

resolution of the current V-ATPase structure from M. sexta has permitted the construction of  

an atomic model based on known crystal structures for individual subunits. This work has  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

now started to inform a number of in silico rational inhibitor design studies with the hope of 

treating diseases such as toxoplasmosis, osteoporosis, cancer invasiveness and kidney disease 

(Figure 1B). It is hoped that the next few years will see a number of potent and highly 

specific inhibitors developed based on the current structure. 

 

Figure 1: (a) V-ATPase with subunits labelled. (b) in silico designed small molecule (green) to bind within 
the subunit G/H interface (purple) of the V-ATPase. (c) Negative stain reconstruction of the SMALP 
extracted AcrB (blue surface), with crystal structure docked (yellow). 
 

51



 

Other work in the laboratory has focused on the use of a new scaffold for membrane protein 

extraction which reduces the need for detergents and produces a more “native” lipidic 

environment (SMALPs). As a proof of principal our group has published the first negative 

stain electron microscopy reconstruction of a membrane protein extracted and stabilized 

within a SMALP polymer (Figure 1C). These new polymers for extracting membrane 

proteins are providing novel ways of studying a range of systems, which the group are 

currently investigating.  These range from human, parasitic, bacterial and plant receptors and 

channels which play a diverse role in transport and signaling within the cell. 
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The exploration of biologically-relevant chemical space 

 

Anthony Aimon, George Burslem, Ignacio Colomer, Philip Craven, Richard Doveston, Mark 

Dow, James Firth, Daniel Foley, George Karageorgis, Ho-Yin Li, Paolo Tosatti, Rong Zhang, 

Richard Foster, Stuart Warriner and Adam Nelson  

 

Introduction 

Chemists have explored chemical space in an uneven and unsystematic manner.  An analysis 

of the scaffolds of the 25 million known cyclic small molecules (in 2008) revealed that one 

sixth of the compounds are based on just 30 (out of the 2.5 million) known molecular 

scaffolds!  To address this historic uneven exploration, we have developed a vibrant research 

programme focusing on the identification and development of synthetic methods that have 

potential to facilitate more systematic exploration of chemical space.   

 

Extension to lead-like chemical space 

A strongly developed theme within the Nelson group has been to develop diversity-oriented 

synthetic approaches that align with the requirements of drug discovery programmes. 

Established diversity-oriented approaches have tended to focus on small molecules that lie 

well outside drug-like space. It is now generally accepted that attrition rates in drug discovery 

are strongly linked to molecular properties such including molecular weight and lipophilicity. 

Optimisation almost always leads to increases in both molecular weight and lipophilicity, so 

it is important to control the properties of initial lead molecules.  We are thus continuing to 

develop a robust and growing toolkit of synthetic reactions that address the challenges raised 

in the nascent field of lead-oriented synthesis.  This research programme is now feeding into 

the €196M European Lead Factory in which Leeds is a partner.  

 

Realisation of activity-directed synthesis 

We have further developed activity-directed synthesis (ADS), our novel discovery approach 

in which bioactive small molecules emerge in parallel with associated synthetic routes.  

Unlike conventional discovery approaches, ADS exploits promiscuous reactions with many 

alternative outcomes, and enables the exploration of diverse regions of chemical space.   The 

approach is iterative, exploiting diverse reaction arrays whose design is informed by the 

activity of product mixtures formed in previous rounds.  Ultimately, promising reactions are 

scaled up to reveal, after purification, the structures of the responsible bioactive molecules.  

ADS is thus a function-driven approach in which the discovery of bioactive molecules occurs 

in parallel with the emergence of an associated synthetic route. 

 

 

 

 

 

 

 

 

 

 

 

 

 

We have recently shown that intermolecular reactions greatly extend the scope of ADS.  We 

exploited ADS in the discovery of diverse agonists of the androgen receptor: crucially, the 

chemotypes discovered did not have any previously annotated activity against the androgen 

Scheme: Syntheses of androgen receptor agonists (with sub-micromolar activity) that emerged from our 
activity-directed approach.  The chemotypes discovered did not have any previously annotated activity 
against the androgen receptor. 
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receptor; and high-yielding syntheses emerged in parallel (see Scheme for examples).  In one 

case, a novel asymmetric reaction was discovered on the basis of biological activity alone.  In 

another case, a heterocyclic peptidomimetic emerged from our ADS approach 

 

Summary 

The development of general strategies that are able to deliver skeletally diverse compounds – 

but within the boundaries of lead-like chemical space – is demanding.  Publications from this 

programme, and other programmes under active development in the group, are listed below.  

Further details of research within the Nelson group may be found at www.asn.leeds.ac.uk.  
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ABC-F proteins mediate antibiotic resistance through ribosomal protection 

 

Liam Sharkey, Thomas Edwards and Alex O’Neill 

 

Introduction 

Elucidation of the mechanisms by which bacteria resist the inhibitory effects of antibiotics 

provides essential intelligence in the ongoing fight against antibiotic resistance. Whilst the 

majority of clinically important antibiotic resistance mechanisms are by now well 

characterised, some key gaps in our knowledge remain. One such gap concerns the 

mechanism by which ABC-F proteins mediate resistance to antibiotics that target protein 

synthesis in Gram-positive pathogens; although members of the ABC-F family collectively 

yield resistance to a broader range of clinically important antibiotic classes than any other 

family of resistance determinants, their mechanism of action has been the subject of 

controversy since their discovery at the University of Leeds 25 years ago.  

ABC-F proteins comprise a single polypeptide containing two ATP-binding cassette (ABC) 

domains separated by a linker of ~80 amino acids. In contrast to canonical ABC transporters, 

the ABC portions of ABC-F proteins are not fused to transmembrane domains (TMDs), nor 

are they genetically associated with TMDs in operons. Two competing hypotheses have been 

proposed to explain how these proteins mediate resistance to antibiotics (Figure 1). The  

 

 

 

 

 

 

 

 

 

 

 

 

 

efflux hypothesis posits that ABC-F proteins associate with as-yet-unidentified TMDs to 

form a functional efflux complex capable of exporting antibiotics out of the cell, whilst the 

ribosomal protection hypothesis suggests that these resistance proteins act instead to reduce 

the accessibility or affinity of antibiotic binding sites on the 50S subunit of the ribosome, 

thereby directly protecting the translational machinery from antibiotic-mediated inhibition. 

This project was initiated with the intention of elucidating the mechanism of antibiotic 

resistance mediated by ABC-F proteins. 

 

Results 

ABC-F proteins protect staphylococcal translation from antibiotic inhibition in vitro:We 

initially sought to determine whether ABC-F proteins could mediate antibiotic resistance in 

vitro, under conditions where efflux was not possible. To this end, staphylococcal S30 

extracts were generated, and used to establish in vitro transcription-translation (T/T) assays. 

Two phylogenetically-distant ABC-F proteins, Vga(A) and Lsa(A), were heterologously 

expressed in E. coli, purified to homogeneity, and tested for their ability to protect T/T assays 

from antibiotic inhibition. Both proteins were shown to mediate dose-dependent restoration 

of translational activity (Figure 2A).  

Figure 1: Proposed mechanisms of ABC-F mediated antibiotic 
resistance. In an antibiotic-susceptible bacterium, translation is 
inhibited by the antibiotic, leading to growth arrest (centre). 
ABC-F proteins (green) are proposed to rescue translation from 
inhibition either by recruiting an unknown membrane-
spanning protein to promote active efflux of the antibiotic 
(left), or, by displacing the antibiotic from its ribosomal binding 
site (right). 
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To provide confirmation that 

the observed ability of ABC-F 

proteins to protect in vitro 

translation from antibiotics 

reflected the activity of these 

proteins in whole cells, we 

sought to recapitulate in the T/T 

assay three phenotypes that 

have been associated with these 

proteins in bacteria:  i) The 

Vga(A) protein is not functional 

in E. coli, failing to confer any 

reduction in virginiamycin M 

susceptibility even when 

detectably overexpressed. This 

result was mirrored in an in 

vitro T/T assay using E. coli 

S30 extract. ii) It has previously 

been demonstrated that 

substitution for glutamine of the 

catalytic glutamate residue following the Walker B motif in either ABC domain of Vga(A) 

results in a non-functional protein incapable of mediating antibiotic resistance. We confirmed 

that this also holds true in in vitro, with addition of purified Vga(A)E105Q to a T/T assay using 

S. aureus S30 extract producing no restoration of translation activity. iii) A single amino acid 

substitution (K219T) in the linker region between the two nucleotide binding domains of 

Vga(A) has been reported to increase the level of phenotypic resistance to antibiotics of the 

lincosamide class from low-level to high-level. This shift in resistance profile was 

successfully recapitulated in the S. aureus T/T assay; addition of purified Vga(A)K219T to a 

T/T reaction inhibited with a lincosamide resulted in restoration of translation activity, whilst 

wild-type Vga(A) did not detectably protect translation against the drug. 

ABC-F proteins directly displace antibiotics from the ribosome:To assess whether ABC-

F proteins protect the translation apparatus from antibiotic-mediated inhibition by directly 

interfering with the interaction between the antibiotic and the ribosome, we evaluated the 

ability of the Lsa(A) protein to prevent binding of radiolabeled (
3
H) lincomycin to purified 

staphylococcal ribosomes. Pre-incubation of Lsa(A) with ribosomes prior to the addition of 
3
H-lincomycin resulted in a dose-dependent decrease in subsequent binding of the drug to 

ribosomes (Figure 2B). Subsequently, we also examined the ability of Lsa(A) to displace pre-

bound 
3
H-lincomycin from ribosomes, establishing that addition of an 8-fold molar-excess of 

Lsa(A) to ribosomes pre-incubated with drug resulted in a substantial (~73%) reduction in 

ribosome-associated 
3
H lincomycin. 

Collectively, our results show that the ABCF-F proteins mediate antibiotic resistance through 

ribosomal protection. Future studies will focus on gaining insights into the structure and 

molecular mechanism of these proteins. 
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Figure 2: (a) Titration of Vga(A) 
(left) and Lsa(A) (right) into T/T 
assays inhibited with a 
concentration of antibiotic 
sufficient to bring about 90% 
inhibition of the system (IC90). (b) 
Lsa(A) causes a dose-dependent 
reduction in binding of 
radiolabelled lincomycin to 
staphylococcal ribosomes. 
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In silico studies of proteins: folding, mechanics, dynamics and self-

assembly   
 

Sam Hickman, Gemma Wildsmith, Matthew Batchelor, James Ross, Kostas Papachristos, 

Gael Radou and Emanuele Paci 

 

Overview 

Our group is interested in a broad range of research 

topics related to the behaviour of proteins. The tools 

we use are theoretical and computational, though most 

of our research involves experiments performed in 

collaboration with colleagues from the Astbury Centre 

and further afield.  

One topic where models and simulations provided 

information that no experiment has been able to 

provide and suggestions for more insightful 

experiments relates to the structural propensity of 

polypeptides with specific sequence patterns. These 

range from the simplest repeat, a homopolypeptide, 

i.e., the same aminoacid repeated N times, to periodic 

repeats of aminoacids of opposite charge 

(polyampholytes). While polymer theory suggests that 

most of these sequences are unstructured we found  

Much of our work involves molecular simulation of the 

dynamics and interactions within and between protein systems. Data generated from 

simulation are used to interpret and direct experimental measurements such as hydrogen-

deuterium exchange probed by mass spectrometry (Radou et al, in preparation), the response 

to mechanical forces of helical polyampholytes (Batchelor 2015) and proteins that 

evolutionary adapted to function in extreme environments (Tyck 2016).   

 

Another challenge undertaken in our group (in 

collaboration with Bruce Turnbull) is rational 

design of capsids (for various practical purposes 

and to assess our understanding of the forces 

involved in capsid formation and stability).  We 

developed an original approach to estimate the 

stability and effect of mutations on capsids of 

known structure (a preliminary step to the design of 

novel capsids) that has been shown to be accurate in 

an application to lumazine synthase, a non-viral 

protein that form capsids in several organisms 

(Hickman 2015).   

 
 

In our group we also develop and implement 

methods to determine free energy changes along 

pathways connecting diffent conformational states 

of proteins. One particular topic in which we have 

been consistently leaders is that of intepreting single molecule force spectroscopy 

experiments. We are currently collaborating with David Brockwell to interpret measurements 

of the response to force of the transmembrane machinery that transports vitamin B12 (Figure 

3). 

Figure 1: Investigating the effect of 
salt bridge incorporation and core 
residue mutations on the stability and 
mechanical unfolding behaviour of 
cold-shock protein homologues. 
 

Figure 2: Lumazine synthase. The 
energetics of capsid formation has been 
elucidated using crystal symmetries and 
molecular dynamics. 
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Figure 3: “Remodelling” of the gating domain of the vitamin B12 transport protein BtuB using the non-
covalent interaction with the inner membrane protein TonB. (a) All atom structure of TonB (pink) in 
complex with vitamin B12 (spheres) bound BtuB (cyan) in a bilayer surrounded by water (not shown for 
clarity). TonB associates non-covalently with BtuB by a parallel β-strand. Applying a force to TonB away 
from receptor (2.5 Å/ns) causes the lumen occluding plug domain to “remodel”. This interaction is 
maintained under force and remodels approximately half of the plug domain before TonB unbinds, in 
agreement with force spectroscopy experiments. (b) After unfolding half the plug domain, a channel 
throughout the receptor is created, this channel allows the passage of vitamin B12 (red spheres). 
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Imaging the cytoskeleton in health and disease 

 

Kasia Makowska, Ruth Hughes, Marcin Wolny, Matthew Batchelor, Francine Parker, 

Brendan Rogers, Glen Carrington, Alexa Cleasby, Anna Lopata, Marta Kurzawa 

and Michelle Peckham 

 

Introduction 

Our main research interests focus on the cytoskeleton, and in particular two of the three types 

of filamentous systems: microtubules and actin filaments. Microtubules are important for 

trafficking of proteins, RNA, and vesicles throughout the cell, and in forming the scaffold for 

chromosomal organisation and movement during mitosis. They are associated with two 

families of molecular motors: kinesins and dyneins. Actin Filaments are also important for 

shorter range trafficking, cell shape, motility and contractility, and they are associated with 

the myosin family of molecular motors. Our research this year has ranged from investigating 

the roles of myosins in prostate cancer metastasis, to understanding how a deacetylase 

enzyme (HDAC3) modulates the acetylation status of microtubules, together with developing 

super-resolution light microscopy approaches to better visualise protein organisation and 

dynamic behaviour in cells. 

 

Results 

Specific myosins are important in prostate cancer metastasis: We investigated myosin 

expression and localisation in prostate 

cancer cells with low and high metastatic 

potential, and discovered that several 

myosin isoforms (Myo1b, Myo9a, 

Myo10 and Myo18) were expressed at 

higher levels in more highly metastatic 

cells. SiRNA mediated knockdown had 

distinct effects on the organisation of the 

acto-myosin cytoskeleton, cell shape and 

migration for each specific myosin (Fig. 

1). Particularly striking was the large 

increase in actomyosin bundles that 

appeared when the expression of Myo18a 

was knocked down (Fig. 1). Our results 

nicely demonstrate how each myosin 

plays a distinct role in the cell, and can 

contribute to the metastatic phenotype 

(Makowska et al., 2015). 

 

Super-resolution Imaging. 

We have now built a new super-resolution microscope, the iSIM (instant structured 

illumination microscope Curd et al., 2015) in collaboration with Dr Hari Shroff at the NIH. 

This complements our existing PALM/STORM (photoactivated light microscopy/stochastic 

optical reconstruction microscopy) instrument. While PALM and STORM can improve 

resolution by ~10-20 fold compared to a standard light microscope, the iSIM allows a 2-fold 

improvement in resolution, but very fast image capture (up to 100 frames per second). We 

have used the STORM set-up to image protein organisation in primary cilia, capturing the 

fine detailed organisation within these small structures (Lambacher et al., 2016). 

 

Figure 1: Organisation of actin (red) and non-muscle 
myosin 2A (green) in prostate cancer (PC-3) cells before 
(WT) and after knockdown of Myo8b and Myo18a. The 
arrows show the distinct re-organisation of acto-
myosin bundles in the knockdown cells. 
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Other projects: 

We are continuing to work on the structure and function of single alpha helical domains 

(BBSRC funded), beta-cardiac myosin mutations in heart and skeletal muscle disease (MRC 

and BHF funded). 
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Figure 2: iSIM images of mitochondria (red) and Dynamin related protein 1 (DRP1 in green), shows the 
association of DRP1 with the mitochondrion, followed by possible fission of the mitochondrion (image 
taken with Fiona Hartley, UG project student). 
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Mass spectrometry to study the structure and function of membrane 

proteins 

 

Antonio Calabrese, Tom Watkinson, Bob Schiffrin, David Brockwell, Peter Henderson, 

Alison Ashcroft and Sheena Radford 

 

Introduction 

Despite the fundamental roles that membrane proteins (MPs) play in vivo, the 

characterisation of their structure and function is hampered by their insolubility in aqueous 

solution, aggregation propensity and difficulties in obtaining material in adequate quantities 

and of sufficient purity for analysis. Mass spectrometry (MS) is being employed increasingly 

for the study of MPs, with a variety of MS-based methods being developed for this purpose, 

including electrospray ionisation-ion mobility spectrometry-MS (ESI-IMS-MS). In this work 

we aim to: (1) expand the range of amphiphiles suitable for MS by investigating the 

suitability of amphipathic polymers (amphipols, Apols) (Figure 1) to deliver native MPs into 

the gas phase; and, (2), investigate the structure of MP:periplasmic chaperone complexes in 

order to understand how MPs are chaperoned in the periplasm. 

Results 

Using Amphipols to solubilise membrane proteins for ESI-IMS-MS. Typically, 

detergents are added to MP solutions to maintain solubility, but they are not the ideal medium 

to preserve the structural and functional integrity of MPs for biochemical analysis. MPs can 

also be solubilised by means of Apols which function by interacting with the surfaces of MPs 

via hydrophobic interactions (Figure 1a). MP:Apol assemblies are highly stable, with the 

Apols having an extremely slow dissociation rate from the complex, resulting in increased 

MP stability in solution. There is an array of Apols with various structures, but the best 

characterised is called A8-35 (Figure 1a). Their structural diversity, general applicability and  

 

 

 

 

 

 

 

 

 

 

 

 

 

novel properties have led to Apols being used to solubilise MPs for analysis by many 

structural techniques. In this work we reported for the first time, a systematic comparison of 

the ESI-IMS-MS data of two very different structural classes of MPs (β-barrel and α-helical) 

solubilised with detergent micelles of n-dodecyl-β-D-maltopyranoside (DDM) or the Apol 

A8-35. We show that the only commercially available Apol, A8-35, can be used successfully 

as a vehicle to transfer MPs into the gas phase for analysis and that this Apol is superior at 

preserving native structure in vacuo than the commonly used detergent DDM. We 

demonstrated this finding based on the observed charge state distributions, the collision 

cross-sections measured by IMS, and the tendency of the protein to unfold in vacuo (Figure 

1b). We have also investigated a range of other less-well studied Apols (Figure 1a), and 

determined that these are, in general, less efficient at transferring MPs into the gas phase than 

A8-35.  

Figure 1: (a) Composition of the Apols A8-35, A8-75, SAPol, A34-35 and A34-75. (b) ESI-IMS-MS spectrum 
of the β-barrel MP PagP liberated from A8-35 (the crystal structure of PagP is inset). The green diamonds 
indicate the protein signals in the driftscope plot. 
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Studying membrane protein:chaperone complexes by ESI-IMS-MS. We have also used 

ESI-IMS-MS to study the mechanism by which chaperones bind to outer membrane proteins 

(OMPs) from gram-negative bacteria. OMPs are synthesised in the cytoplasm and must be 

translocated across the inner membrane and chaperoned across the periplasm before their 

final folding and insertion into the outer membrane (OM). The periplasmic chaperones Skp 

(Figure 2a) and SurA are considered the major OMP chaperones in E. coli, and membrane 

insertion is catalysed by the β-barrel Assembly Machinery (BAM), a large heterooligomeric 

complex.  BAM is a potential antibiotic target as it is essential, surface located and widely 

conserved across gram-negative species.  In this work we have investigated the mechanism 

by which the chaperone Skp is able to sequester OMPs of different sizes. For example, we 

showed using ESI-MS that Skp binds in a 1:1 stoichiometry to tOmpA, the 8-stranded 

transmembrane domain of OmpA (Figure 2b,c), whilst 2:1 assemblies are also observed with 

tBamA, the 16-stranded transmembrane domain of the BamA OMP insertase (Figure 2 d,e). 

Data from ESI-IMS-MS were used to generate candidate model structures of these 2:1 

assemblies (Figure 2e, inset). These results provide new insights into how Skp is able to 

chaperone substrates with dramatically different sizes, by the formation of multivalent 

complexes. Current work is continuing to examine the interplay between the folding factors 

of the OMP assembly pathway (such as Skp and SurA) with the BAM complex, with the 

ultimate goal of determining how BAM is able to successfully fold an OMP.  
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Figure 2: Crystal structures of (a) Skp 
and (b ) tOmpA. (c) ESI- MS spectrum 
of Skp in complex with tOmpA. (d) 
Crystal structure of tBamA and (e) ESI-
MS spectrum of Skp in complex with 
tBamA. The inset shows a possible 2:1 
Skp :OMP structure. Peaks are 
labelled as follows: Skp (●), 1:1 
Skp:OMP (■), (▲) 2:1 Skp:OMP. 

63



Combining in vitro and in vivo methods for the identification and 

classification of novel small molecule inhibitors of protein aggregation 

 

Janet Saunders, Lydia Young, Rachel Mahood, Matthew Jackson, Charlotte Revill, Richard 

Foster, David Brockwell, Alison Ashcroft and Sheena Radford 

 

Introduction 

Sensitive, time- and cost-effective techniques for measuring protein aggregation and its 

inhibition are urgently required, given that the prevalence of protein misfolding and 

aggregation disorders is increasing exponentially in the developed world. Preventing protein 

aggregation provides a significant challenge for multiple reasons; intermediates of assembly 

are transient and lowly populated and aggregation-prone proteins often lack defined structure 

therefore ruling out structure based drug design. Our work aims to develop novel methods for 

identifying protein aggregation inhibitors. 

 

Results 

ESI-IMS-MS as an in vitro method for defining the mode of action of inhibitors: 

screening for inhibitors of aggregation of proteins using electrospray ionisation-ion mobility 

spectrometry-mass spectrometry (ESI-IMS-MS) allows the rapid identification of compounds 

that bind to the target sequence and inhibit aggregation. The technique can also be used to 

identify molecules that bind non-specifically or erroneously self-aggregate (colloidal). This in 

vitro screen takes <1 minute/sample and enables ~1000 molecules to be assayed per mg 

protein (Figure 1). It circumvents the requirement for sample labeling or immobilisation. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Development of an in vivo platform for studying protein aggregation: an in vivo assay has 

also been created to screen for inhibitors of protein aggregation, circumventing the need for 

purified protein; a pre-requisite for in vitro screening. The aggregating protein of interest is 

inserted into a glycine/serine linker separating the two domains of the E. coli enzyme β-

lactamase (Figure 2a). If the test protein aggregates, the β-lactamase enzyme is unable to 

function and the bacteria lose their ability to grow in the presence of the antibiotic ampicillin 

(Figure 2b). By growing the bacteria in the presence of small molecules, any compound that 

can prevent the test protein from aggregating rescues bacterial growth in a quantitative 

manner (Figure 2c).  

 

Figure 1: Schematic of the ESI-IMS-MS experimental procedure. The protein of interest is mixed 
individually with small molecules from a compound library in 96-well plate format. Via a Triversa 
NanoMate automated nano-ESI interface, the samples are infused into the mass spectrometer. A non-
interacting small molecule will produce a spectrum the same as that generated by the peptide alone 
(black). A small molecule that specifically interacts with the peptide will produce a binomial distribution of 
bound peaks (blue). A non-specific ligand will bind but result in a Poisson distribution of bound peaks 
(pink). A colloidal inhibitor will produce a range of overlapping peaks due to self-association of the small 
molecule (green). 
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A combination of the in vitro and in vivo screening techniques described has thus far led to 

the identification and classification of a number of novel inhibitors against the proteins 

involved in Alzheimer’s disease (amyloid-β) and type II diabetes mellitus (human islet 

amyloid polypeptide). These compounds are currently under investigation to map the specific 

binding site(s) to the protein, with the aim of developing even more potent protein 

aggregation inhibitors in the future. We are now applying the screening techniques to identify 

potent inhibitors of proteins involved in other aggregation-based diseases, such as familial β2-

microglobulin amyloidosis and Parkinson’s disease, as well as the aggregation of protein 

therapeutics.    
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Figure 2: Schematic of the split -lactamase assay for protein aggregation. (a) The test protein (green) is 

inserted into a glycineserine-rich linker (blue) within the loop region separating the two domains of TEM-

1 -lactamase (purple and pink). Association of the two -lactamase domains results in the formation of 

the enzyme active site. (b) If the test protein aggregates, the activity of -lactamase is reduced and the 

bacteria become more sensitive to -lactam antibiotics. (c) Small molecule inhibitors (yellow) of protein 

aggregation diffuse into the periplasm via porins and prevent aggregation of the -lactamase tripartite 

fusion protein, restoring bacterial resistance to -lactam antibiotics. 
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Mechanisms of assembly and genome packaging in an RNA virus revealed 

by high-resolution cryo-EM 

 

Emma Hesketh, Rebecca Thompson and Neil Ranson 

 

Introduction 

A crucial step in virus assembly is the specific encapsidation of their genomes. This is a 

particular challenge for single-stranded RNA viruses, as they must preferentially select their 

genomes from a high background of cellular mRNA. CPMV, a plant infecting member of the 

order Picornavirales, has a bipartite, positive-sense, single-stranded RNA genome. Its 

icosahedral particles have a maximum diameter of ~30 nm and are comprised of 60 copies 

each of a Large (L) and Small (S) coat protein. The mechanisms by which RNA is selected 

and packaged are poorly understood. The only portion of the CPMV capsid proteins currently 

implicated in RNA packaging is a segment of 24 amino acids at the C-terminus of the S 

subunit. CPMV is a ‘biotechnology workhorse’ and is being developed for many 

biotechnology applications, including targeted nano-containers for drug delivery, 

nanomaterials, imaging agents and as a platform for novel vaccine development. However, 

despite much research on CPMV, its true potential in biotechnology may not be realised until 

we achieve a full understanding of the mechanisms that underlie capsid assembly and 

genome encapsidation.
 

 

Results 

Although the C-terminal extension to the S subunit is implicated in capsid assembly and 

RNA packaging, understanding these roles has been difficult because the normal maturation 

of wild type (WT) CPMV involves its cleavage and dissociation. As a result no structural 

information for these residues is currently available. To address this lack, we examined the 

structure of the CPMV empty virus like particle (eVLP). Crucially, eVLPs completely lack 

RNA encapsidation and undergo C-terminal cleavage more slowly than WT virions, raising 

the possibility that we could determine the structure of an eVLP that retains the C-terminal 

segment using cryo-EM and single particle image processing. We therefore collected a cryo-

EM dataset for CPMV eVLP on an FEI Titan Krios microscope, using a direct electron 

detector. Iterative rounds of 2D and 3D classification were then used to select a homogeneous 

subset of particles for 3D structure refinement. The resulting density map was refined to 3.04 

Å resolution (Fig. 1).  

 

 

 

 

 

 

 

 

 

Existing structural information for the CPMV capsid
 
show the C-terminus of S subunit after 

cleavage (ending at residue 189) in an extended conformation running across the exterior  

 

Figure 1: EM density map of CPMV 
empty virus-like particle (eVLP) 
determined by cryo-EM to 3.04Å 
resolution (EMDB-3014). The L 
subunit is shown in green, the S 
subunit in blue and the C-terminal 
13 amino acids of S subunit in 
magenta. The density for an 
individual β strand is shown in a 
mesh representation with the EM-
derived atomic model within, 
showing clear resolution of the side 
chains. 
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surface of the capsid toward a cleft between the S subunits that form the turret at an 

icosahedral 5-fold vertex (Fig. 2a). In the eVLP map, we see additional density in this cleft 

that does not match the previously deposited structure. The density that would correspond to 

residues 184-189 in the C-terminus is very weak suggesting this segment is poorly ordered in 

the particle in solution (yellow segment Fig. 2b). However, it is clear that the polypeptide 

chain takes a steeper path along the edge of the cleft than it does once C-terminal cleavage 

(between residues 189 & 190) has occurred (compare yellow segments in Fig. 2a and 2b). 

The C-terminal segment then becomes ordered once more, and we see density corresponding 

to Leu190 to Arg202, residues absent from previous structures. A loop runs from the top of 

the S subunit back into the cleft between subunits, before forming two turns of α-helix 

running out of the cleft towards the bulk solvent (magenta segment Fig. 2b). The bottom of 

this segment appears to be very well ordered, with clear density for side chains that make 

intimate contacts to the neighbouring S subunit around the penton (Fig. 2c). The density then 

becomes disordered once more, with Arg202 as the last ordered residue, suggesting that the 

11 C-terminal residues are disordered in solution. The ordered C-terminal segment described 

for the first time here forms an intimate network of interactions with the neighbouring S 

subunit around the 

pentameric ring that forms 

the 5-fold vertex of the 

particle. Mutational 

analysis of amino acids in 

this region has shown that 

hydrophobic interactions 

play a central role in this 

binding, allowing us to 

propose a model (Fig. 3). 

 

Publications 

Hesketh E.L., Meshcheriakova Y., Dent K.C., Saxena P., Thompson R.F., Cockburn J.J., 

Lomonossoff G.P. & Ranson N.A. (2015) Mechanisms of assembly and genome packaging in 

an RNA virus revealed by high-resolution cryo-EM. Nat. Commun. 6: 10113. 

 

Funding 

Funded by the BBSRC (BB/L020955/1) and The Wellcome Trust (096685/Z/11/Z). 

 

Collaborators 

University of Leeds: J. Cockburn. 

External: G. Lomonossoff, Y. Meshcheriakova and P. Saxena (John Innes Centre, Norwich), 

K. Dent (Present affiliation: Diamond Light Source). 

Figure 2: (a) EM density map of unsharpened WT CPMV coloured as described previously. The C-terminus is 
yellow (residues 184-189). (b) EM density map of the unsharpened eVLP map. The density corresponding to 
residues 184-189 is coloured yellow. This portion of the C-terminal moves in the eVLP map compared to the 
WT CPMV map (see yellow segment in (a). Coloured magenta is the newly resolved 13 residues (190-202 in 
the S subunit). (c) Zoom-in of the C-terminal extension from the sharpened EM density map with the new 
atomic model is shown. 
 

 

 

Figure 3: A Model for CPMV Assembly. The 
L (green) and S (blue) subunit, associate to 
form a coat protein penton. The C-
terminal extension (magenta circle) 
appears to act a dab of ‘molecular glue’, 
stabilising the formation of the penton 
due to extensive interactions with the 
neighbouring S subunit. 
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Coordinate regulation of antimycin and candicidin biosynthesis 

 

Thomas McLean and Ryan Seipke 

 

Introduction 

Soil bacteria, namely streptomycetes, produce more than half of all drugs used in human 

medicine, ranging from antibiotics to cure infectious disease as well as drugs to treat cancer 

and enable organ transplantation. Only about one-tenth of the bacterial genes that enable the 

production of these compounds are expressed in the laboratory. In other words, the global 

pharmaceutical industry is based on ~10% of the biochemical diversity it could be. A lack of 

knowledge as to how bacteria control the production of these potentially useful chemicals is 

one of the most significant challenges faced by the field of natural product drug discovery. 

Antimycins are potent antifungal compounds made by Streptomyces bacteria that are also 

selective inhibitors of the Bcl-2/Bcl-xL-family of anti-apoptotic proteins which are often 

over-produced in drug-resistant cancers. Antimycins are produced by a hybrid non-ribosomal 

peptide synthetase / polyketide synthase biosynthetic pathway which we identified and 

characterised in Streptomyces albus. The biosynthetic gene cluster consists of 15 genes 

organised into three operons: antBA, antCDE, antFG and antHIJKLMNO. The gene cluster 

harbours a single cluster-situated regulator, an orphan alternative RNA polymerase sigma 

factor encoded by antA (σ
AntA

). σ
AntA

 regulates the expression of antFG and antHIJKLMNO, 

which direct the biosynthesis and activation of the 3-formamidosalicylate precursor, but not 

antBA or antCDE. Our work aims to understand the regulation of natural product 

biosynthesis. Here, building on previous work with the antimycin pathway, we present data 

showing that FscRI, a LuxR-family cluster-situated regulator of candicidin biosynthesis co-

ordinately production of both candicidin and antimycin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results 

We deleted the fscRI gene in Streptomyces albus S4 and tested the resulting mutant (∆fscRI) 

against Candida albicans in a bioassay. As predicted, the ∆fscRI strain could no longer 

inhibit the growth of C. albicans. Complementation of this mutant with the fscRI gene under 

the control of a strong promoter restored bioactivity against C. albicans to wild-type levels. 

Ultra high performance liquid chromatography electrospray ionisation mass spectrometry 

confirmed that candicidin and antimycin production is FscRI-dependent. We also cloned the 

Figure 1: The antimycin gene cluster from S. albus S4. FscRI positively regulates the 
transcription of antAB and antCDE

AntA
 positively regulates transcription of antFG and 

antHIJKLMNO operons and the ClpXP protease modulates the activity of the orphan 
AntA

. AT, acyltransferase; NRPS, non-ribosomal 
peptide synthetase; PKS, polyketide synthase; CCR, crotonyl CoA 
carboxylase/reductase.   
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complete antimycin biosynthetic pathway and demonstrated that heterologous production of 

antimycin by Streptomyces coelicolor is strictly dependent upon co-expression of fscRI. 

Bioinformatics analysis identified DNA motifs upstream of antAB and antCDE consistent 

with that reported for closely related LuxR-family regulators. Overall, we propose the 

following model for the regulation of antimycin biosynthesis (Figure 1). The coordinate 

production of antimycin and candicidin suggests that these agents may act synergistically 

against fungal competitors in the soil.  

 

Current work is focused on in vivo DNA footprinting of the FscRI binding site using ChIP-

exonuclease and generating a fractional inhibitory concentration index for antimycin and 

candicidin. 
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The influence of two-dimensional organization on peptide conformation 

 

Simon White, Mark Sellick, Christoph Wälti and Peter Stockley  

 

Introduction 

Molecular crowding plays essential roles in the assembly and stability of many 

macromolecular complexes, e.g. α-synuclein fibrils, and the activity of enzymes, such as 

superoxide dismutase for catalase. A comprehensive understanding of molecular structure 

and function must therefore consider the effects of local concentrations, particularly in 

environments that exhibit very high molecular densities. High-density molecular 

environments are observed and exploited frequently in systems involving the integration of 

biomolecules with inorganic surfaces. Many biophysical analytical techniques, such as 

surface plasmon resonance (SPR), quartz crystal microbalance with dissipation monitoring 

(QCM-D), and a wide range of emerging technologies, notably in vitro diagnostics, tissue 

engineering, and biomolecular electronics, all require the immobilization of biological 

molecules onto a surface, often at very high surface densities. Despite the importance of 

surface-immobilized protein and peptide molecular systems, little is known about the local 

arrangement of molecules on these surfaces or how crowding within the molecular layer 

influences molecular conformation. Here, we provide critical insights into the influence of 

molecular crowding on the two-dimensional organization and molecular conformation of a 

model coiled-coil peptide in a self-assembled monolayer. Using on-surface circular dichroism 

(CD) spectroscopy, we have investigated the structure of a synthetic peptide assembled into a 

highly packed monolayer. The immobilized peptide undergoes a structural transition between 

α-helical and random coil conformation upon changes in pH and ionic concentration, but 

critically the threshold for conformational change is altered dramatically by molecular 

crowding within the peptide monolayer. This study highlights the often over-looked roles 

molecular crowding plays in regulating molecular structure and function in surface-phase 

studies of biological molecules. 

 

Results 

We used CD to study the conformation of surface-tethered peptide monolayers using a 30 

residue synthetic coiled-coil peptide, BASE-C, which includes a C-terminal cysteine for 

oriented and covalent attachment to quartz surfaces. Electrostatic effects dominate below pH 

9 with the charged lysine residues of the heptad destabilizing the assembly of coiled-coil 

homodimers at pH 7 so that the peptide exists as an isolated random coil (Figure 1A, inset).  

 

 

 

 

 

 

These electrostatic interactions can be screened by increasing ionic strength. Above pH 9, the 

deprotonation of the lysine residues reduces electrostatic repulsion between BASE-C 

peptides, resulting in the assembly of stable coiled-coil homodimers. On-surface CD spectra 

Figure 1: (a) On-surface CD of BASE-C monolayer 
immobilized on a quartz surface at pH 7. Inset: 
Solution-phase CD spectrum of BASE-C in 
solution at pH 7 showing random-coil 
conformation. (b) Solution-phase CD spectra for 
BASE-C at pH 7 for two different peptide 
concentrations. The assembly of stable coiled-
coil homodimers, indicated by θ222/ θ208:1: 1 (see 
inset), occurs at pH 7 when the concentration of 
peptides in solution is 650 μM. In contrast, for a 
65 μM solution we only observe θ222/ θ208:1 
above pH 11.  
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of the immobilized BASE-C peptides at pH 7 show pronounced CD minima at 222 nm and 

208 nm characteristic of α-helical secondary structure (Figure 1A). Solution-phase 

measurements showed a strong dependence between pH and molecular conformation, with 

the α-helical conformation being favored under increasingly basic conditions. We also 

observe a qualitatively similar behavior following the immobilization of BASE-C. Critically, 

the pH at which the peptide changes between random coil and α-helical conformations is 

found to be reduced with increasing peptide concentration. Immobilization of BASE-C 

through thiol chemistry effectively forces the system into this high (surface) concentration 

regime in which hydrophobic effects drive folding into an organized, α-helical monolayer. 

This molecular crowding effect can also be observed in solution measurements (Figure 1B) 

when the concentration of the BASE peptide is increased from 65 μM to 650 μM. To 

understand the spatial organization of peptides within the immobilized BASE-C film in more 

detail, we performed molecular dynamics (MD) simulations of a BASE-C mono-layer 

assembled on gold from 24 individual peptides with an assumed α-helical conformation 

(Figure 2A). This is equivalent to a surface density of 4.4 x 1013 peptides per cm2 and 

compares well with the surface density derived experimentally. The peptides are organized 

into a well-defined, crystalline monolayer, as shown in Figure 2B, driven by hydrophobic 

interactions that force the hydrophobic leucine residues exposed on the helical peptide 

surface to aggregate, screening them from the surrounding solvent. This leads to the 

formation of a repeating pattern of well-defined hydrophobic and hydrophilic regions. 

In conclusion, we used on-

surface CD to study an 

immobilized exemplar peptide 

and show that molecular 

crowding, which results directly 

from immobilization, 

dramatically shifts the pH and 

ionic strength at which the 

peptides undergo a structural 

transition between random coil 

and α-helical conformation. 

Although the kinetics and 

thermodynamics governing the interaction between an immobilized protein and a ligand in 

solution are well established, our results show that interactions between proteins in an 

immobilized layer can also strongly influence molecular conformation and need to be 

considered, for example, when using on-surface CD or complementary tools such as IR 

spectroscopy, and in the design and interpretation of experimental studies involving 

immobilized molecular systems. 
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Figure 2: Representative snapshots of 
MD simulations of (a) side view and 
(b) top view of a monolayer 
assembled on gold from 24 individual 
BASE-C peptides. The yellow spheres 
are sulphur moieties associated with 
the cysteine residue. The gold surface 
has been removed for clarity. Part (b) 
also plots the organization of 
hydrophobic leucine residues 
(highlighted in red) within the peptide 
monolayer.  

71



Direct evidence for a RNA packaging signal-mediated  

virus assembly mechanism 

 

Nikesh Patel, Simon White, Ottar Rolfsson, Iain Manfield, Neil Ranson, Roman Tuma, David 

Rowlands and Peter Stockley 

 

Introduction 

RNAs have a wide variety of biological functions, possessing the ability to alter their 

secondary and tertiary structures in order to present different functional states. The genomes 

of single-stranded, positive-sense RNA viruses have historically been seen as a passenger in 

the process of genome compaction and packaging when forming virions. Previous studies 

focussed on the viral coat proteins (CP) driving assembly via charge neutralisation alone. 

This mechanism cannot account for the high level of viral genome packaging specificity seen 

in almost all cases. We demonstrated previously, using single molecule fluorescence 

correlation spectroscopy (smFCS), that the model system, MS2 bacteriophage, preferentially 

packages its own RNA genome via binding of its cognate CP to multiple regions of 

degenerate sequence/structure within the RNA that we term packaging signals (PS). This 

sequence-specific binding is accompanied by a collapse in the hydrodynamic radius (Rh) of 

the genome, which is essential for it to fit inside its capsid. These cognate CP-PS interactions 

also serve to increase the specificity, fidelity and efficiency of the virion assembly process.  

Recent work with the model virus Satellite Tobacco Necrosis Virus (STNV), demonstrates 

that not only does the RNA genome present PSs to cognate CPs to assist with assembly, but 

these PSs act cooperatively to increase the fidelity and yield of assembled capsids. One 

consequence is that the relative PS spacing within the STNV genome radically effects 

assembly fidelity. Indeed, we can recreate in vitro the assembly properties of STNV RNA 

with a completely artificial sequence encompassing appropriately spaced minimal CP 

recognition features. We have also obtained unambiguous evidence confirming PS-mediated 

assembly of infectious MS2 using CLIP-SEQ. 

 

Results 

SELEX was performed on the STNV CP, identifying RNA aptamers that bind with high 

affinity, all of which possessed an -AXXA- loop motif. These were compared to the STNV-1 

genome, identifying several aptamers with high sequence homology to the genome, the best 

of which is termed B3. B3 has been shown to promote efficient STNV capsid assembly in 

vitro in reassembly assays at micromolar concentrations. In order to unpick the mechanistic 

detail, however, required analysis at a more likely in vivo concentration (nanomolar). We 

used recently developed smFCS assays to monitor STNV assembly at these concentrations by 

monitoring the Rh of dye-labelled RNA. We showed using B3, and a variant replacing the 

replacing the -AXXA- motif with –UUUU- (in order to keep the overall electrostatics the 

same,) that full capsid assembly was possible using a single PS, and that assembly was 

sequence dependant, with the 4U variant only forming unstable species. 

 

In order to test whether a similar assembly would occur with a genomic fragment, this assay 

was performed on the first 127 nt of the STNV-1 genome, named PS1-5. This was the 5′ end 

of the genome, encompassing the first 5 putative PSs. The middle PS, PS3, was also 

homologous to the B3 aptamer. PS1-5, and several variants replacing the -AXXA- motifs of 

each loop with 4 U’s were fluorescently labelled, and tested with the aforementioned smFCS 

assays as before. This genomic fragment highlighted the cooperative nature of the PS 

mediated assembly mechanism, as an initial collapse in the Rh of the RNA occurs, 

(dependant on the presence of the wild type PS3 sequence,) with a more rapid assembly step 

to T=1 VLPs, (dependant on the presence of the wild type sequence of the flanking loop 
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motifs,) in comparison to assembly with B3 alone (Figure 1A). Additional experiments 

varying the relative spacing between these 5 PSs showed that precise placement of CPs along 

this RNA fragment was an absolute necessity for faithful VLP assembly (figure 1B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We showed previously using smFCS that MS2 bacteriophage preferentially packages its own 

genome, and exhibits the cooperative nature one expects from a PS-mediated assembly. We 

have also predicted the 60 packaging signals we expect to find within the MS2 genome. 

Working with Prof Cheng Kao’s group at the University of Indiana in Bloomington we have 

verified these predictions experimentally. The MS2 virion was subjected to CLIP-SEQ 

(Figure 2).which uses UV irradiation to crosslink the RNA genome to the protein shell of 

MS2, these points of contact corresponding to PSs. The bound RNA was then sequenced by 

Next Generation sequencing and the reads aligned to the genome. Peaks of positive sequence 

matches correspond almost perfectly with previous PS predictions.  

 

 

 

 

 

 

 

 

 

 

 

In summary, we have confirmed the presence of predicted packaging signals in the RNA 

phage MS2, using a combination of independent in silico and in vitro experimental 

techniques. SmFCS assays have been used to pick apart the mechanistic details that are 

involved in PS-mediated assembly. This work has led to a new, non-electrostatic paradigm 

Figure 1: PS-mediated assembly of STNV. (a) Comparison of STNV VLP assembly using one PS (B3, dashed 
blue) vs 5 (PS1-5, black). CP titrations are shown by red dashed lines. B3 slowly forms a T=1 capsid in 
titrations up to 3 µM CP, while PS1-5 shows an initial Rh drop, followed by a highly co-operative assembly 
at 200 nM CP. (b) Multiple, short, degenerate CP-recognition motifs within the STNV genome (highlighted 
in red) when presented appropriately by RNA folding into stem-loops, are bound co-operatively at high 
affinity (low nM) by cognate CPs, leading to efficient capsid formation. 

Figure 2: CLIP-Seq and RCAP 
techniques identify the RNA 
and CP interfaces  in 
infectious  virions, 
confirming the predicted  
packaging signals within this 
phage.  
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for ssRNA virus assembly (Prevelige, P. (2015) Follow the Yellow Brick Road: a paradigm 

shift in virus assembly. J. Mol. Biol. 428:416-8). 

 

Publications 

Patel N., Dykeman E.C., Coutts R.H.A., Lomonossoff G.P., Rowlands D.J., Phillips S.E.V., 

Ranson N., Twarock R., Tuma R. & Stockley P.G. (2015) Revealing the density of encoded 

functions in a viral RNA. Proc. Natl. Acad. Sci. USA 112:2227-2232. 

 

Funding 

This work was supported in part by the BBSRC (BB/J00667X/1, BB/L021803/1, 

BB/J004596/1 and BB/L022095/1) and the Wellcome Trust (089311/Z/09/Z and 

090932/Z/09/Z). 

 

Collaborators 

University of Leeds: N. Ranson, D. Rowlands and R. Tuma 

External: R. Twarock, E. Dykeman (University of York), C. Kao, S. Middleton, R. Vaughan, 

B. Fan (Indiana University, Bloomington), S. Phillips (Harwell, Oxford), R. Coutts (Imperial 

College, London) and G. Lomonossoff (JIC, Norwich). 

 

74

http://www.ncbi.nlm.nih.gov/pubmed/?term=Prevelige%20PE%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=26707196


Unexpected evolutionary proximity of eukaryotic and cyanobacterial 

enzymes responsible for biosynthesis of retinoic acid and its oxidation 

 

Jennifer Miles and Paul Taylor 

 

Introduction 

Retinoic acid (RA) 3 is the main biologically 

active form of vitamin A and controls key 

development processes animals (Figure 1). Indeed, 

RA signalling is considered a distinctive feature of 

animals with phylogenetic analyses pushing the 

evolutionary origins of retinoid biosynthesis ever 

earlier through the chordate and bilaterian 

lineages. Given its animal “heritage”, it is 

surprising that RA, its biosynthetic precursor 

retinaldehyde 2 and oxidised catabolites of RA 

have been discovered in cyanobacteria, since 

animals and cyanobacteria are, in standard models, 

linked only at the very beginning of evolution. 

Since lateral gene transfer between cyanobacteria 

and animals has been implied previously, we 

reasoned it unwise to assume that RA signalling 

had evolved independently in these lineages. 

 

Results 

According to Sobreira et al., ALDH1a and ALDH2 enzymes fall into a common clade, in 

which the former specifically do and the latter specifically do not process retinaldehyde. Our 

research suggests that the bacterial orthologs should be considered phylogenetically as part of 

the same clade and that animal ALDH1a/2 enzymes are more closely related in evolutionary 

terms to these bacterial ALDHs than they are to their closest paralogs in the same animals, 

ALDH1L and ALDH8 dehydrogenases (Figure 2). Phylogenetic analysis of the CYP 

enzymes repsonsible for oxidation of RA gave a similar result (not shown). 

Structural, spectroscopic and analytical studies show that CYP120A1 from 

Synechocystis and metazoan CYP26s are strikingly similar. They have both been shown to 

catalyse reactions of RA and to oxidise it at the 4- and 18- positions. Furthermore, there are 

conserved tryptophan and phenylalanine residues believed to occupy important positions in 

the binding site. To our knowledge there are no structural or mechanistic studies on the 

bacterial ALDH enzymes included in our phylogenetic analysis. Therefore, we undertook a 

detailed study of the active site motif identified by Sobreira et al. as being characteristic of 

the catalytic site of these enzymes in vertebrates, GQCC, which is found at amino acids 299-

302 of human ALDH1A1. The GQCC motif is found in many of the eukaryotic ALDH1 and 

ALDH2 enzymes in our study and in none of the ALDH8 and ALDH1L proteins. Strikingly 

the same motif is present in all of the bacteria we investigated, as indicated in Figure 2. 

 

In conclusion, maximum likelihood phylogenetic analyses, across all kingdoms, of both 

ALDH1a/2 aldehyde dehydrogenases and cytochrome P450 enzymes known to oxidise 

retinoic acid show surprising evolutionary proximities between animal and cyanobacterial 

proteins (and also planctomycetes in the case of ALDHs). We believe the simplest 

explanation consistent with these data, and with literature observations on the structures and 

functions of the enzymes, to be a lateral gene transfer event between the bacteria and animals. 

Current work is extending this idea to other chemical signalling pathways.  

Figure 1: Retinoic acid biosynthetic pathway. 
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Figure 2: Phylogenetic tree of aldehyde 
dehydrogenase (ALDH) enzymes from representative 
metazoans, cyanobacteria and planctomycetes. 
Proteins analysed previously in Sobreira et al. are 
shown in teal (ALDH8), orange (ALDH1L), blue 
(ALDH1) and pink (ALDH2). Cyanobacterial and 
planctomycete proteins added in this study are 
shown in cyan. Proteins with active site motif GQCC 
are indicated with an asterisk. Bootstrap values >50% 
are given. Branches present in less than 50% of 
bootstrap replicates are collapsed. 
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Developing a toolbox of Adhiron reagents to inhibit protein-protein interactions in 

disease 

 

Sophie Heseltine, Christian Tiede, Matthew Balmforth, Michael Webb, Michael McPherson 

and Darren Tomlinson 

 

Introduction 

SH2 domains are phosphotyrosine-binding modules that mediate a range of protein-protein 

interactions. These domains are found in over 120 human proteins and are involved in 

numerous disease processes; in particular, cancer signalling pathways. However, research 

into the role of many SH2 domains in disease has been hampered by a lack of protein-specific 

reagents available for intracellular functional assays. This is due to the high sequence and 

structural homology between different SH2 domains. To further our understanding of 

interactions modulated by SH2s and to develop effective inhibitors, novel research tools are 

needed. 

 

The Adhiron is a non-immunoglobulin binding protein that has been recently developed by 

the Tomlinson/McPherson group. Adhirons are selected via phage display and are useful 

tools not only for the detection of target proteins, but also for inhibition of their function. 

Adhirons could therefore be useful tools for studying the roles of SH2s in disease. Their 

efficient folding and retention of function in intracellular applications, attributed to their high 

stability and lack of di-sulphide bonds, allows them to effectively bind targets in cell-based 

functional assays. 

 

Results 

Adhirons that bind the Grb2 SH2 domain were isolated via phage display and have been 

shown to bind the domain with nM affinities. Sixteen binders were taken forward for 

characterisation and have been used in a fluorescence polarisation (FP) assay to determine 

their ability to competitively inhibit the Grb2 SH2 (Fig.1). All sixteen Adhirons were able to 

displace a Grb2 SH2-binding phosphopeptide labelled with fluorescein isothiocyanate, shown 

by a dose-dependent decrease in polarisation. The IC50s calculated ranged from 300 nM – 42 

µM.   
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Figure 1: Fluorescence polarisation was used as a measure of binding between the Grb2 SH2 and a FITC-
labelled phosphopeptide ligand (pY). Assays were set up in 96-well plates and analysed using a Tecan 
Spark

TM
 10M microplate reader. (a) A Grb2 SH2-pY binding curve was read on each plate as a control ([pY] 

= 20nM). (b) Example curve, Adhiron D5. Serial dilutions of Adhirons were set up in triplicate and the FP 
measured in each well ([pY] = 20nM; [Grb2 SH2] = 0.25µM). A decrease in polarisation was seen with an 
increase of Adhiron concentration, indicating a displacement of pY from the Grb2 SH2. 
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These Adhirons were also shown to pull out detectable levels of endogenous Grb2 protein 

from mammalian cell lysate. U-2 OS cell lysate was incubated with Adhiron-loaded Ni-NTA 

resin and unbound proteins washed away. Bound proteins were then eluted and western 

blotting used to detect Grb2 (Fig.2). This assay demonstrated the ability of the Grb2 

Adhirons to bind the SH2 domain in its natural conformation within the full-length protein. 

Phage display screens have also been carried out on the rest of the Grb family, SHIP 1 & 2 

and PLCγ 1 & 2 SH2 domains using the Adhiron library. Binders have been isolated from 

these screens that show specificity for their targets over the SH2 domains of family members, 

as demonstrated by phage ELISA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Future work 

Eight Grb2 SH2 Adhirons are now being taken forward for use in cell-based assays. Adhiron 

DNA has been inserted into a retro-viral vector for stable expression of Adhirons in target 

cell lines. Assays determining the level of Grb2 inhibition by these binders, and the effect this 

has on signalling such as the MAPK pathway, will then be conducted. Further binding 

affinity measurements are also being collected for these Adhirons using SPR and ITC. 

 

The overall aim of the group is to utilise Adhirons to block protein-protein interactions to 

studying their role in cellular signalling. The ultimate goal is to perform this on a proteomic 

scale to generate reagents sets capable of dissecting the interactome.   
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Figure 2: Pull-down of endogenous Grb2 from U-2 OS cell lysate by Grb2-SH2 Adhirons. (a) Resin samples 
were probed for Grb2. Membranes were incubated with Anti Grb2, 1:5000 in 2% BSA in PBS-Tween block, 
overnight at 4°C. Secondary antibody Anti-Rb-HRP, 1:1000 in blocking solution, was then added for 1-2 
hours at room temp. A  ySUMO-binding Adhiron (YS) and Ni-NTA resin only were used as negative 
controls. Lysate not incubated with resin was loaded as a positive control. (b) Resin samples were probed 
for Adhirons. Membranes were incubated with Anti-His-HRP, 1:5000 in blocking solution, for 1-2 hours at 
room temp. 
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Titin ruler hypothesis not refuted 

 

Larissa Tskhovrebova, Charlotte Scarff, Alba Fuentes Balaguer and John Trinick 

 

Introduction 

Muscle consists principally of rod-like polymers of myosin and actin, the thick and thin 

filaments, which slide past each other to produce force and contraction. In most muscles the 

filaments of each type are the same length and are held together in register by the M- and Z-

lines, respectively. This highly ordered arrangement gives rise to repeating broad bands, the 

A- and I-bands, running transversely across the muscle and hence the term striated muscle 

(Fig. 1A).  In many cases the sharpness of the edge of the A-band indicates the thick 

filaments all have the same number of myosin molecules. Thus in vertebrate striated muscle 

the thick filaments are 1.6 μm long and are thought to contain precisely 294 myosin. There 

have been several proposals for how thick filament length is exactly terminated, but none has 

been proven. A mechanism that we proposed involves titin, whose individual molecules span 

between the Z- and M-lines and in the A-band are thought to lie on the surface of the filament 

shaft. This suggested an obvious mechanism for control of exact filament length, with titin 

acting as a molecular ruler, which is a widely accepted idea. Interactions between myosin and 

titin are indicated by close correspondence between the helical structure of the filament and 

patterning of the Ig (Ig) and fibronectin (Fn3) domains that titin is mainly composed of (Fig. 

1B),. Furthermore, titin A-band epitope distances to the M-line do not vary with sarcomere 

length, indicating that titin is firmly associated with the thick filament. This contrasts with I-

band titin, which contains only Ig domains and unique sequences and behaves elastically. 

In a recent paper in PNAS Granzier and coworkers described a mouse model with modified 

titin to test the proposal that “titin is a protein ruler that determines thick filament length.” 

Fourteen domains spanning 56 nm were deleted from titin at the end of the thick filament (IA 

junction) between the thick filament bound (A-band) and elastic (I-band) parts of the 

molecule. No change in thick filament length was observed, from which it was concluded that 

Figure 1: (a) Sharp sarcomere A-band 
edges indicate thick filaments are all 
exactly the same length. The extent of 
the titin molecule is shown below. (b) 
Titin and myosin arrangement near the 
A-band end. (Upper) Titin domain 
arrangement around I-band/A-band 
transition region; blue box indicates 
deletion made by Granzier and 
coworkers. (Lower) Stagger of the last 
four myosin registers at the thick 
filament tip, spaced 14.3 nm, to same 
length scale as the titin domains. Black 
boxes indicate the N-terminal ends of 
LMM; asterisks indicate a major titin 
binding site. Note the missing register of 
myosin in the middle of the four shown, 
which results in a pale line near the A-
band edge in A. 
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“Findings disproved that titin at the IA junction is crucial for thick filament length control, 

settling a long-standing hypothesis.” 

Results 

We challenged the conclusions of Granzier and coworkers. We do not contest the conclusion 

that the IA junction part of titin is not critical for thick filament length control. However, we 

agued the claim that this disproves the ruler hypothesis is unjustified. Myosin is a long 

molecule, ~180 nm, and evidence indicates that its main interaction sites for assembly into 

filaments and titin attachment are in the C-terminal tail, light meromyosin (LMM), more than 

100 nm away from the IA junction (Fig. 1B). Thick filament length is therefore unlikely to be 

affected by deletion of titin domains from the filament tip region. Whether the ruler 

hypothesis is correct can be questioned, but we argued that these recent data do not provide a 

critical test. 
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Avian reovirus non-structural protein NS acts as an RNA chaperone and 

assists genome segment assortment 

 

Alexander Borodavka, James Ault, Peter Stockley and Roman Tuma 

 

Introduction 

Avian reoviruses (ARVs) are pathogens of farmed birds that cause considerable commercial 

losses to the poultry industry. ARVs belong to the genus Orthoreovirus of the Reoviridae 

family, which also encompasses numerous human and animal pathogens, including 

rotaviruses and bluetongue virus. All reoviruses possess segmented double-stranded (ds) 

RNA genomes. The ARV genome (23.5 kbp) is composed of 10 dsRNA segments, encoding 

8 structural and at least 4 non-structural proteins. The genomic dsRNA segments are 

encapsidated within two concentric protein shells, forming the outer capsid and the core, 

respectively. Apart from the genomic segments the core contains multiple copies of the RNA-

dependent RNA polymerase and the capping enzyme.  

RNA replication and morphogenesis of reoviruses occurs exclusively within 

cytoplasmic inclusion bodies, also known as viral factories, or ‘viroplasms’. The ARV 

viroplasms are primarily made of the non-structural protein NS in association with another 

non-structural protein NS. The mechanism of segment assortment, by which exactly one of 

each of the multiple genomic precursors is selected and packaged into individual virions is 

largely unknown. Previous studies of other members of the Reoviridae family suggest that 

multiple RNA-RNA interactions are involved in this process and non-structural RNA-binding 

proteins, such as NS, appear to be essential for RNA encapsidation. 

 

Results 

Using a combination of various biophysical techniques, we demonstrate that NS assembles 

into elongated hexamers, capable of binding strands or segments of ssRNA with nanomolar 

affinity but little sequence specificity (Figure 1A). Using ensemble and single molecule  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

fluorescence spectroscopy, we show that NS binds to a partially double-stranded RNA, 

resulting in gradual helix unwinding. The hexamer can bind multiple RNA molecules and 

exhibits strand-annealing activity, thus mediating conversion of metastable, intramolecular 

Figure 1: Modes of action of the 

ARV NS. (a) NS protein hexamers 
(reconstructed shape from SAXS 
shown in blue) bind to metastable 
RNA stem-loops (strands with 
sequence complementarity, shown 
in red and black, left), gradually 
unwinds them (middle) and 
facilitates zipping up of stable 
heteroduplexes (right). (b) In the 

context of viroplasms NS hexamer 
may mediate specific intersegment 
RNA-RNA interaction which then 
lead to assortment complex 
formation. 
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stem-loops into more stable heteroduplexes. We demonstrate that the ARV NS acts as an 

RNA chaperone facilitating specific RNA-RNA interactions between genomic precursors 

during segment assortment and packaging (Figure 1B). 
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The role of structured RNA in early virus replication events 

 

Andrew Tuplin 

 

Overview 

A phylogenetically conserved RNA structure within the NS5B coding region of hepatitis C 

virus functions as a cis-replicating element (CRE). Integrity of this CRE, designated SL9266, 

is critical for genome replication. SL9266 forms the core of an extended pseudoknot, 

designated SL9266/PK, involving long distance RNA-RNA interactions between unpaired 

loops of SL9266 and distal regions of the genome. Previous studies demonstrated that 

SL9266/PK is dynamic, with 'open' and 'closed' conformations predicted to have distinct 

functions during virus replication. Using a combination of site-directed mutagenesis and 

locked nucleic acids (LNA) complementary to defined domains of SL9266 and its interacting 

regions, we have explored the influence of this structure on genome translation and 

replication. We demonstrate that LNAs which block formation of the closed conformation 

inhibit genome translation. Inhibition was at least partly independent of the initiation 

mechanism, whether driven by homologous or heterologous internal ribosome entry sites or 

from a capped message. Provision of SL9266/PK in trans relieved translational inhibition, 

and mutational analysis implied a mechanism in which the closed conformation recruits a 

cellular factor that would otherwise suppresses translation. We propose that SL9266/PK 

functions as a temporal switch, modulating the mutually incompatible processes of translation 

and replication (Figure 1).  
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Figure 1: A cartoon interpretation of SL9266/PK conformational 
rearrangement as part of a translation/replication switch; illustrating the 
mechanism and role of negative feedback interactions in the proposed 
model. The upper cartoon illustrates up-regulation of HCV IRES initiated 
translation (large red arrow) due to the SL9266/PK closed conformation 
sequestering a cellular IRES inhibition factor (IF). The lower cartoon illustrates 
the open conformation, initiated by virally encoded non-structural proteins 
(5A and 5B) binding the 3’NCR and blocking ‘kissing loop’ formation. The 
open structure favours interaction between cellular protein EWSR1 and 
SL9266, up-regulating RNA replication (large blue arrow). As demonstrated in 
the current study the resulting open conformation actively inhibits HCV 
translation (small red arrow), which we speculate is due to EWRS1 displacing 
- and thus making available - translation inhibition factor IF.  
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Multivalent inhibitors of carbohydrate-binding proteins 

 

Clare Mahon, Thomas Branson, Martin Fascione, Tom M
c
Allister, Chadamas Sakonsinsiri 

and Bruce Turnbull 

 

Introduction 

Protein-carbohydrate interactions at cell surfaces mediate many important processes in 

biology from fertilisation to adhesion of viruses, bacteria and their toxins. Individually, 

protein-sugar interactions are usually very weak, but both affinity and binding selectivity can 

be enhanced through a phenomenon called multivalency: multiple binding sites on the protein 

interact simultaneously with multiple copies of the sugar ligand to achieve a high avidity and 

enhance binding selectivity. The multivalency phenomenon can be reproduced using 

synthetic molecules that incorporate multiple copies of the carbohydrate ligands. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In some of our studies we aim to make molecules that are precisely tailored to match the 

valency of the target carbohydrate-binding protein (lectin). For example, we have made 

inhibitors of the pentavalent cholera toxin protein by attaching five copies of the natural 

carbohydrate ligand onto pentavalent scaffolds based on dendrimers and bacterial toxin 

proteins. However, we have also recently been investigating if we can use dynamic 

combinatorial chemistry on polymers to allow the inhibitor to optimise its own binding to the 

target protein. In this approach, a polymer bearing aldehyde groups is allowed to react with 

different carbohydrates that have hydrazide functional groups. Around pH 4-5 the resulting 

hydrazone formation is reversible and the sugar ligands that prefer to bind to the protein 

become incorporated selectively into the polymer chains to create the most active multivalent 

inhibitors. 

 

 

Figure 1: Dynamic combinatorial chemistry on an aldehyde-functionalised polymer backbone with 
galactose (yellow circle) and mannose (green circle) sugar hydrazides. Figure is adapted from Mahon et al., 
(2015) Org. Biomol. Chem. 13, 2756-2761. 
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Transcellular stress signalling: how proteotoxic stress is communicated 

between different tissues in C.elegans 

 

Daniel O’Brien and Patricija van Oosten-Hawle 

 

Introduction 

In all biological systems, cells throughout their lifetime are exposed to different physiological 

and environmental stress conditions that lead to protein damage and cellular dysfunction – 

and ultimately disease. Cumulative protein misfolding and aggregation is one of the 

hallmarks implicated in the pathologies of misfolding diseases associated with 

neurodegeneration, including Alzheimer’s disease, amyotrophic lateral sclerosis, 

Huntington’s disease and Parkinson’s disease, as well as cancer, diabetes and several 

myopathies. Maintaining a healthy cellular proteome is crucial to cellular viability. This is 

achieved by the proteostasis network, which integrates protein biogenesis, protein folding by 

molecular chaperones, as well as clearance mechanisms and stress response pathways. 

However, in an entire organism, cellular damage associated with misfolded proteins are 

rarely confined to a single tissue, but often involve peripheral tissues in ways we are only 

beginning to understand. Because the regulation of stress response mechanisms that maintain 

cellular proteostasis have been historically investigated in 

isolated tissue culture cells and unicellular organisms, 

regulation of proteostasis is understood in a strict cell-

autonomous manner, regardless of the health state of 

neighbouring cells. Recent evidence in different multicellular 

model systems, such as fruit fly D. melanogaster and 

nematode C. elegans as well as mammalian tissue culture now 

show that cellular stress responses are organized coordinately 

between and across tissues by transcellular stress signalling in 

metazoans. For example an imbalance of proteostasis within 

one tissue is sensed and signalled to other tissues within the 

organism to adjust chaperone levels, minimize the risk of 

proteotoxic damage and increase survival  (Figure 1).  

 

Results 

This project aims to determine how the transcellular stress signalling response between 

tissues can be utilized to enhance cytoprotective stress responses to restore the health of 

tissues affected by protein folding disease. To address these questions, we use C. elegans, a  

well-established metazoan model organism for protein misfolding diseases and proteostasis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Model explaining 
transcellular stress signalling in 
C. elegans. 
 

Figure 2: Transcellular stress delays polyQ 
aggregation of an intestinal iQ44::YFP disease 
model. (a) Systemic RNAi-mediated knockdown 
of hsp90 reduces age-dependent Q44 
aggregation. (b) iQ44::YFP animals in the 
background of the RNAi-insensitive sid-1 mutant 
are unaffected by RNAi. (c) Neuron-specific 
hsp90 RNAi reduces intestinal iQ44::YFP 
aggregation by almost 50%, when compared to 
RNAi insensitive iQ44,sid-1 control animals in 
(b). 
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First results using a C. elegans Huntington’s (PolyQ) disease model, where Q44 fused to YFP 

is expressed the intestine shows that transcellular stress signalling may indeed alleviate age-

dependent aggregation. For example, by tissue-specific genetic manipulation of hsp90 levels 

in neurons, which induces the heat shock response and cytoprotective chaperones in multiple 

tissues, aggregation of intestinal polyQ (iQ44::YFP) is reduced by almost 50% (Figure 2). 

Current studies are aimed at identifying transcellular signalling molecules mediating this 

response and extending to other C. elegans neurodegenerative disease models.  
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Structural basis for regulation of bacterial pantothenate biosynthesis 

 

Diana Monteiro, Zoe Arnott, Philip Morrison, Matthew Balmforth, Chris Bartlett, Michael 

Rugen, Sam Ness, Daniel Williamson, Vijay Patel, Bruce Turnbull and Michael Webb. 

 

Introduction 

The pantothenate biosynthetic pathway is essential for the formation of coenzyme A in 

bacteria, fungi and plants. Inhibition of this relatively simple pathway has been shown to lead 

to reduction of bacterial virulence. In all organisms, -ketoisovalerate (an intermediate in 

valine biosynthesis) is converted to pantoate which then reacts with -alanine to form 

pantothenate. The source of -alanine is more varied, and in bacteria it is generally formed by 

the action of the pyruvoyl-dependent aspartate -decarboxylase. We have recently reported 

that formation of this cofactor is dependent upon an additional protein, PanZ. In this study we 

aimed both to identify the structural basis for this activation and to investigate the cryptic role 

of coenzyme A in maintenance of this protein-protein interaction.  

 

Results 

We have previously used a combination of ITC and ESMS to demonstrate formation of a 

hetero-octameric complex between ADC and PanZ. Formation of this complex appeared to 

be dependent upon acetyl coenzyme A (AcCoA) but we were not able to show 

unambiguously that AcCoA was essential for complex formation. We therefore generated 
15

N-labelled PanZ; the 
1
H-

15
N HSQC spectrum of this protein shows a complex spectrum 

corresponding to multiple species however addition of AcCoA leads to simplification of this 

spectrum to a single PanZ.AcCoA species. Addition of the binding partner, ADC, leads to 

signal broadening and loss of the spectrum due to formation of a large 130 kDa protein 

complex. In contrast, addition of ADC to the PanZ sample prior to AcCoA leads to loss of 

only a subset of signals, corresponding to the PanZ.AcCoA complex – free PanZ is unable to 

interact with ADC and is therefore still observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By obtaining diffraction data at room temperature,  we were able to solve the structure of the 

protein-protein complex. This highly symmetrical structure (figure 1) revealed that each 

molecule of PanZ binds to one face of the ADC tetramer at the protomer-protomer interface 

(the active site of the enzyme). Binding of AcCoA structures a flexible loop in PanZ which, 

in turn, binds around the conserved C-terminus of ADC. Deletion of this tail leads to loss of 

interaction as determined by ITC. 

Since PanZ was identified as being required for the activation of ADC, the dependence of the 

interaction on AcCoA was initially paradoxical. It appeared that a positive feedback 

Figure 1: Crystal structure of the complex between 
E. coli PanZ and E. coli ADC(T57V) at 1.7 Å 
resolution (4crz). Each molecule of PanZ (blue) 
binds to one face of the ADC tetramer (green) in 
an acetyl coenzyme A dependent fashion. Binding 
of AcCoA structures PanZ such that it can interact 
with the C-terminal peptide of ADC – this portion 
of the protein is conserved in all organisms which 
encode PanZ but had not previously been 
observed in crystal structures. While deletion of 
this portion leads to loss of interaction, the 
isolated peptide does not bind to PanZ without the 
context of the remainder of the protein. 
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mechanism was in operation whereby accumulation of PanZ.AcCoA would lead to formation 

of more active ADC and hence to uncontrolled overproduction of coenzyme A. 

Reinvestigation of our previous genetic analysis revealed that while expression of PanZ is 

sufficient to relieve the -alanine auxotrophy of panZ deletion mutants, overexpression of 

the same protein does not and, in fact, generates -alanine auxotrophy in wild-type bacteria. 

We demonstrated that this was due to inhibition of catalytic activity by the activated enzyme 

thereby providing a negative feedback mechanism for regulation of the biosynthetic pathway. 

 

 

 

 

 

 

 

 

 

 

 

Current work is characterising the mechanism of activation and inhibition by crystallography 

and determining whether the regulatory complex is an effective antimicrobial target. We are 

also investigating a range of additional protein-protein interactions in the pathway to 

determine whether these are physiologically relevant. 
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Figure 2: New model for regulation of 
pantothenate biosynthesis as a function of acetyl 
coenzyme A concentration. (i) AcCoA was 
previously known to allosterically regulate 
pantothenate conversion by pantothenate 
kinase (PanK). (ii) and (iii) PanZ.AcCoA formation 
leads to activation of PanD to form ADC and to 
inhibition of the activated enzyme. (iv) ADC 
undergoes covalent inactivation in a substrate-
dependent reaction after approximately 300 
turnovers. 

 

89



Dynamic gene regulatory networks drive hematopoietic specification and 

differentiation 
 

M. Vijayabaskar and David Westhead 

 

Cellular differentiation is a tightly controlled process that is essential for the development of 

a single celled embryo into a multicellular organism. This process is regulated primarily 

through changes in the dynamics of gene expression and is orchestrated by the interplay of 

various biological mechanisms such as chromatin accessibility, modifications and most 

importantly, binding of transcription factors. In this study we have generated, integrated and 

analysed a large multi-dimensional dataset for the in vitro differentiation (IVD) of mouse 

embryonic stem cells into macrophages. At the first step we successfully associate gene 

expression changes with important cell fate decisions that determine lineage specification. By 

interrogating DNaseI accessibility, active histone marks such as H3K27ac, H3K9ac and 

H3K4me3, repressive H3K27me3 and 16 transcription factors, in a unified manner, we show 

that we can map this four dimensional data to gene expression events, vis-a-vis cellular 

differentiation. Here, we also show how we systematically build up the complexity of the 

analysis and derive a 

simple yet highly 

informative core gene 

regulatory network for the 

transcriptions factors 

important in our 

developmental pathway. 

Follow-up experiments 

driven by the new 

hypotheses derived from 

our analyses shows that this 

dataset can be powerful in 

implicating new biological 

gene networks and 

pathways in definitive 

hematopoiesis.  

 

Results 

We have adopted a bottom-up approach in the reconstruction of the transcriptional network 

regulating the in vitro differentiation (IVD). To achieve this, initially we used RNA-Seq to 

investigate the gene expression dynamic in the pathway (IVD). By performing differential 

expression analysis we identified 8986 genes, a third of known coding genes in mouse, to be 

involved in the IVD. Interestingly further analyses showed that the expression dynamics of 

these gene clusters were highly correlated, strongly indicating that there may be common 

regulatory mechanisms influencing their transcription. Statistical functional enrichment of the 

31 gene clusters showed a remarkable inter-relationship between expression dynamics and 

cellular processes involved in cell-fate decisions. 

In order to understand the relationship between the gene clusters and chromatin events such 

as transcription factor (TF) binding, chromatin accessibility and chromatin modifications, we 

performed DNaseI-seq, and ChIP-seq for important histone marks and 16 transcription 

factors for all the six cell types in the IVD pathway. Through rigorous statistical formulation 

and progressive integration of this massive dataset, we were able to obtain a global picture of 

the mechanism for the transcriptional regulation) of the gene clusters leading to numerous 

 

Figure 1: Schematic representation of the genomic data analyses of the 
developmental pathway. Left: The cell types analysed in the pathway is 
provided along the Waddington landscape. Right: The different types of 
sequencing data used in the integrative analyses and the construction 
of the core transcriptional regulatory network. 
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novel insights. For example, transcription factors LMO2 and TAL2 show a propensity to bind 

to chromatin regions in a cell type (say Hemangioblast), that seem to open only in the 

subsequent stage (Hemogenic Endothelium) indicating that they are involved in enhancer 

priming. Similar PU.1 binds to sites in progenitors that only become active later in 

macrophages indicating that PU.1 is capable of priming events required for macrophage 

specification during early events of definitive hematopoiesis.  

The complete impact of this time course dataset became apparent through our extensive 

analysis of motifs that bind TFs in our DNaseI-seq and TF ChIP-seq data. The results not 

only confirmed the role of previously known TFs like RUNX1 but also exposed novel TFs 

that may be involved in progressive lineage restriction. As a proof of concept, TEAD TFs 

whose motif was enriched in Mesoderm, Hemangioblast and Hemogenic endothelium was 

taken for further experimental validation. Immunostaining experiments showed that 

interaction of TEAD with YAP co-factor in early stages like Mesoderm was vital for blood 

precursor cells.  

 

This study demonstrates the extent of functional insights that can be obtained by integrating 

multiple high-throughput datasets and presents a powerful resource for studying 

hematopoietic specification and demonstrating how such data can advance our understanding 

of mammalian development. 
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Figure 2: Dynamic gene regulatory 
network driving hematopoietic 
specification. The colour of each node 
corresponds to the level of gene 
expression (see key). The chromatin 
accessibility at each promoter is shown 
as open/circular (DHS presence) or 
closed/octagonal (DHS absence) and the 
border colour of the node corresponds 
to the promoter state according to the 
coarse grain 4 state HMM model. 
Arrows indicate binding events of a TF 
(source) at loci encoding all TFs (target). 
The arrow colour relates to the 
promoter state of the target TF encoding 
gene. No emanating arrow from a node 
indicates absence of ChIP data. 
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Cross-platform gene expression classifier of Burkitt’s and diffuse large B-cell 

lymphoma 

 

Chulin Sha, Matthew Care, Reuben Tooze and David Westhead 

 

Introduction 

Burkitt lymphoma (BL) and diffuse large B-cell lymphoma (DLBCL) are aggressive tumours 

of mature B cells, and the distinction of which is of clinical importance as the highly 

proliferative BL requires a very intense chemotherapy while DLBCL is usually given milder 

treatment. However based on traditional diagnostic criterion which is usually a combination 

of histomorphological, phenotypic and genetic features, there are a considerable number of 

intermediate cases where the categories are not clear and treatment decisions are difficult. 

Accordingly, classifiers based on molecular criteria such as gene expression signatures have 

been developed, which effectively provide molecular definitions of BL and DLBCL. Transfer 

of these research classifiers into a clinical setting is challenging because: firstly, there are 

competing classifiers based on different methodology and gene sets with no clear best choice, 

secondly, classifiers based on one expression measurement platform may not transfer 

effectively to another, moreover classifiers developed using fresh frozen samples may not 

work effectively with the commonly used paraffin-embedded formalin fixed (FFPE) samples 

using in many clinics. Here we provide a detailed comparison of two high profile classifiers, 

examined their concordance and transferability between data sets developed on different 

measurement platforms. Furthermore, we generated a 28-gene SVM classifier that works 

reliably across platforms, and the test result on our own clinical FFPE samples suggest the 

classifier provide useful information independent of traditional criteria. 

 

Results 

The first stage of our study was to develop classifiers able to re-produce adequately the 

results of previous classifiers with the data for which those classifiers were developed, 

because each of the classifier is implemented strongly specific to its own data, where 

straightforward comparison on a third-party data is impossible. We systematically compared 

ten machine learning classification algorithms as well as five classifier gene lists. The 

performance of the classifiers were assessed by ten-fold cross-validation within each dataset 

and evaluated with overall error rates. Based on relative performance, we chose the gene list 

consisting of 28 genes to build the classifier and support vector machines (SVMs) as 

implemented in libSVM as our classifier method. The detailed result of different algorithms 

is illustrated in Figure 1.  
 

The main aim of the work is to generate a robust classifier that works on different 

measurement platforms; therefore next we went on testing the classifier on three additional 

public datasets as well as two FFPE datasets generated by our collaborators. In order to 

achieve the best transferability, we examined the effect of cross platform data normalization 

methods by comparing four ways of normalizing training and testing data. Moreover, we 

explored the training set relevance with classification result by adjusting BL definition in the 

training set. The result shows that despite using substantially different methods and genes, 

classifications within previous classifiers represent a largely consistent definition of BL that 

can be used as a basis for a classifier that uses fewer genes and transfers well between the two 

datasets. And all normalization methods give similar classifications under the same train and 

test conditions. We chose z-score as it is easy implemented and has a straightforward 

interpretation. However in case of smaller dataset or samples with intermediate expressions, 

the classifications largely depend on where the definition of BL is drawn in the training set, 

and the test results show it achieves a better consistency within and between larger datasets 
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by excluding the less confident cases in the training set, thus this training option was used in 

the classifier for FFPE samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The test results of the 28-gene libSVM classifier on FFPE samples achieved a high 

concordance among the replicates inner and inter platforms, 78 out of 81 (96.3%) repeat 

patients with a total number of 189 samples were classified consistently. And the 

classification result shows a high level of agreement with the current clinical diagnosis – 85% 

of cases diagnosed clinically as BL, and 96% of DLBCL. Moreover, of the interesting group 

diagnosed as DLBCL but with MYC rearrangement detected, which most are now classified 

as “lymphoma with features intermediate between BL and DLBCL”, and though many 

studies have reported a poor prognosis, our data show that the survival rate for those 

classified as BL and DLBCL by the classifier is 30% and 68% respectively, suggesting some 

advantage to gene expression classification that might eventually be examined in more detail 

in future trials. 
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Figure 1: Performance of different machine learning algorithms with two previous data sets.  Overall error 
rates (10 fold cross-validation within the data set GSE4732_p1, GSE4475_strict and GSE4475_wide 
respectively) for the binary classification problem, using a range of machine learning with default 
parameters. In GSE4475 we consider two possible definitions (BL), strict (cases for which the authors give 
a BL probability of >0.95) and wide (BL probability >0.5). Classifiers are tested with the gene sets employed 
in the original papers for these data sets (214 genes for GSE4732_p1, 58 genes for GSE4475 strict and wide 
definition). 
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Novel antiviral strategies for human tumour viruses 

 
Belinda Baquero-Perez, David Hughes, Sophie Schumann and Adrian Whitehouse

 

 

 

Introduction 

Infection is a major cause of cancer worldwide. Kaposi’s sarcoma-associated herpesvirus 

(KSHV) is a Group 1 carcinogen, required for the development of Kaposi’s sarcoma, a highly 

vascular tumour of endothelial lymphatic origin, and is also associated with two 

lymphoproliferative disorders; primary effusion lymphoma and multicentric Castleman's 

disease. Presently there are no KSHV-specific antivirals or vaccines. Therefore current 

treatments are not targeted and rely on reconstitution of the immune system and systemic 

administration of cytotoxic agents. Consequently, specific, efficacious anti-KSHV therapies 

are still urgently needed. Work in the Whitehouse laboratory has recently identified two 

novel pathways which can be used to inhibit KSHV replication and thus present novel 

therapeutic strategies for this important human tumour virus.  

 

The first novel target involves the blockade of the ubiquitin 

proteasome system (UPS, a normal quality control pathway 

that degrades cellular proteins) to kill KSHV-infected 

lymphoma cells. A large component of the UPS is made up by 

the protein family known as the cullin-RING ubiquitin ligases 

(CRLs), which are activated by NEDD8 (a process known as 

NEDDylation). Recently, an inhibitor of NEDDylation 

(MLN4924) has been developed and is currently in clinical 

trials as an anti-cancer drug. As NEDDylation has not been 

investigated for many viruses, we used this to compound 

examine its importance in KSHV biology. We have shown that 

NEDDylation is essential for the viability of KSHV-infected lymphoma cells, and MLN4924 

treatment killed these cells by blocking NF-κB activity (required for KSHV latency gene 

expression and KSHV-associated cancer). Furthermore, NEDDylation is required for KSHV 

to replicate its genome, a critical step in the production of new virus particles. Therefore, this 

research has identified a novel molecular mechanism that governs KSHV replication. 

Furthermore, it demonstrates that NEDDylation is a viable target for the treatment of KSHV-

associated malignancies. 

 

The second target involves molecular chaperones from the HSP70 and HSP90 families, 

which have important roles in cell survival. Recent evidence implicated their functioning in a 

variety of diseases, including cancer. As such they have been identified as emerging drug 

targets. KSHV, like other herpesviruses, lytically replicates in virus-induced structures within 

the nucleus, termed replication and transcription compartments (RTCs). Here we developed a 

novel proteomic approach enhanced by subcellular fractionation to study the cellular protein 

composition of KSHV-

induced RTCs. Results 

revealed that the 

constitutively expressed 

Hsc70 and the stress-

inducible iHsp70 chaperones 

were significantly increased 

in the KSHV-induced RTCs. 

Importantly, inhibition of the 

Figure 1 

Figure 2 
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ATPase function of these chaperones led to a marked reduction in KSHV RTCs formation 

and KSHV lytic replication. Notably, these results highlight the therapeutic potential of 

HSP70 inhibitors for the treatment of KSHV-related diseases. 
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Inhibition of protein-protein interactions using small molecules  

 

George Burslem, Anna Barnard, Jennifer Miles, Valeria Azzarito, Hannah Kyle, Kerya Long, 

Panchami Prabhakaran, Silvia Rodriguez-Marin, Amy Barker, Christian Tiede, Alex Breeze, 

Thomas Edwards, Andrew Macdonald, Adam Nelson, Darren Tomlinson, Stuart Warriner 

and Andrew Wilson 

 

Introduction 

This report summarises our group’s efforts to study protein-protein interactions (PPIs) and 

inhibit them using oligobenzamide helix mimetics.  

 

Understanding the HIF-1/p300 PPI  

Around 30% of all PPIs are mediated by -helices and thus represent targets for generic 

inhibitor design. However the precise determinants of molecular recognition within these 

interfaces are not always well understood. The HIF-1α/p300 protein–protein interaction is 

one such interface and due to its role in tumour metabolism, represents an anticancer drug-

development target. We performed a detailed biophysical analysis of the native interaction 

including deletion studies and both peptide and Adhiron phage display libraries to identify 

novel binding motifs and binding regions of the surface of p300 to inform future inhibitor 

design. These underscored a dominant role of the HIF-1α helix 3 in mediating molecular 

recognition with p300 (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Development of oligobenzamide helix mimetics scaffolds 

We previously introduced oligobenzamide proteomimetics as inhibitors of α-helix mediated 

PPIs (Figure 2a); these scaffolds project functional groups that match the spatial orientation 

of key side chains of native -helices. We have now synthesized a series of novel scaffolds 

designed to mimic more than one face of an α-helix (Figure 2b) and developed multi-valent 

helix mimetics with a view to developing more efficacious inhibitors (not shown).  In 

addition, we introduced a new hybrid scaffold (Figure 2c) that recognizes its target protein 

hDM2 leading to inhibition of the p53/ hDM2 interaction in a manner that depends upon the 

composition, spatial projection and stereochemistry of functional groups appended to the 

scaffold. Critically, the selectivity for p53/hDM2 inhibition versus Mcl-1/NOXA-B inhibition 

was shown to be dependent upon the stereochemistry of the helix mimetic. Finally, using a 

library of helix mimetics based on an N-alkylated aromatic oligoamide scaffold (Figure 2d), 

we used high content screening in tandem with detailed biophysical and cellular analyses to 

identify compounds that act as potent dual inhibitors of p53/hDM2 and Mcl-1/BH3 

interactions representing a potentially novel approach to target cancerous cells. 

Figure 1: Overview of HIF-1α/p300 characterisation studies (a) NMR determined structure of the HIF-

1/p300 PPI and (b) selected inhibitory potencies (IC50’s) determined for HIF-1α truncated peptides in 
fluorescence anisotropy competition assays.  
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Figure 2: Approaches for inhibition of α-helix mediated PPIs (a) schematic denoting competitive inhibition 
(b) modelling analysis of a bifacial a-helix mimetic illustrating alignment with the i, i + 3 and i + 4 side 
chains of a helix (c) structure of a hybrid α-helix mimetic foldamer bearing a central amino acid residues 
whose stereochemistry influences the selectivity and potency of PPI inhibition (d) structure and associated 
high content screening data for an N-alkylated aromatic oligoamide helix mimetic shown to act as a dual  
p53/hDM2 and Mcl-1/BH3 inhibitor. 
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Regulating protein ubiquitination by high-order oligomerisation 
 

Mark Stead and Stephanie Wright 

 

Introduction 

Ubiquitination is a post-translational modification that targets eukaryotic proteins for 

proteasomal degradation.  The regulation of protein ubiquitination is critical for controlling 

fundamental biological processes, and defects in components of ubiquitination pathways have 

been increasingly implicated in human diseases, including cancer.   

 

Protein ubiquitination is carried out by over 600 E3 ligases that each select specific substrates 

for modification.  The cullin-RING E3 ligases are multisubunit complexes that together 

comprise the largest subclass of E3 ligase.  These complexes contain a cullin (Cul1-5, Cul7) 

scaffold protein together with a diversity of adaptor proteins that each recruit specific 

substrates for ubiquitination.  SPOP (speckle-type POZ protein) is a BTB-domain adaptor 

protein that recruits substrates for ubiquitination by the cullin3-type E3 ligase complex.  

SPOP has been implicated both as an oncogene and as a tumour suppressor in a variety of 

human cancers, and understanding its mode of action has direct therapeutic applications.   

 

Regulation of the cullin3 adaptor, SPOP, by high-order oligomerisation 

SPOP contains an N-terminal MATH domain that recruits substrates for ubiquitination 

(Figure 1A).   Substrates interact with SPOP via their serine/threonine-rich degrons, and 

many SPOP substrates contain multiple weak degrons that together mediate strong 

interaction.  We showed that SPOP contains two independent dimerisation interfaces that  

 

together direct its high-order oligomerisation; one dimerisation interface is found in the 

central BTB domain, whereas the other is in the C-terminus (C-terminal domain, CTD; 

sometimes known as the BACK domain) (Figure 1A).  We solved the X-ray crystal structure 

of the C-terminal dimerisation domain, and generated a model of the high-order SPOP 

oligomer (Figure 1B).  The arrangement of the MATH domains along one face of this 

oligomer enables multivalent interactions with a substrate, thereby enhancing both substrate 

recruitment and the ubiquitination reaction.  

 

28 166 177 296 359
3741

MATH BTB CTD

substrate recruitment dimerisation and 
interaction with Cul3

dimerisation

high-order 
oligomerisation

A

B

Figure 1: (a)  Domain organisation of SPOP and 
(b) Model of a high-order SPOP oligomer.  The 
model of the high-order BTB+CTD oligomer 
was generated by iterative superposition of X-
ray crystal structures (PDB entries 4hs2 and 
4j8z).  The SPOP MATH domains were 
modelled using coordinates from PDB entry 
3hqi.  Substrate is recruited via the MATH 
domains; the E2 enzymatic activity that directs 
ubiquitination is recruited by a RING protein 
that interacts with the Cul3 that is bound to 
the BTB and CTD domains. 
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The SPOP gene is mutated in approximately 15% of prostate cancers, and represents the most 

commonly mutated gene is this malignancy.  Other prostate cancers are characterised by 

mutations in genes that encode SPOP substrates, such as the androgen receptor or the 

transcription factor ERG; the mutant substrates are unable to interact with SPOP, thus 

reinforcing the importance of the SPOP pathway in this disease.  SPOP has also been 

implicated as a tumour suppressor in a variety of other malignancies, including endometrial 

cancer and liver cancer.  Most SPOP mutations observed in human cancers are heterozygous 

missense mutations, indicating with a dominant-negative mechanism of action that is 

consistent with the function of SPOP as an oligomer.  We are currently studying the role of 

cancer-associated SPOP mutations that are located in its oligomerisation interfaces 
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Multifunctional nanomedicines for efficient, targeted cancer treatment 

 

Shengrong Guo, Lei Song, Yifei Kong, Yuan Guo and Dejian Zhou 

 

Introduction 

A great healthcare challenge currently facing the society is finding solutions to some of the 

most devastating diseases, such as cancer, which alone accounted for >8 million deaths in 

2012. Despite significant worldwide effects, the number cancer death is projected to continue 

increasing, reaching to >11 million in 2030. This highlights the need of developing more 

effective cancer treatments. Most current cancer therapies often suffer from drawbacks such 

as invasiveness (surgery) and/or severe side-effects (chemotherapy), due to a lack of specific 

targeting ability. To address this challenge, we are developing multifunctional nanomedicines 

for simultaneous detection and effective, targeted treatment of cancer. 

 

Results 

Several drawbacks such as low drug loading, uncontrolled drug release, and a lack of specific 

targeting ability have greatly limited the efficacy of current chemotherapy treatments. Here a 

new poly(active pharmaceutical ingredient) (PAPI) strategy is developed: a hydrophobic drug 

(curcumin) is directly co-polymerized with dithiol dipropionoic acid, forming a hydrophobic 

disulfide linked intracellular cleavable polymer. It is further coupled to a biotinylated poly-

(ethylene glycol) to form amphiphilic diblock copolymer which can easily self-assemble into 

a stable Biotin-PEG-PCDA NP. This leads to stable, high drug loading, avoiding premature 

drug release during blood transport. The disulfide linkage is readily cleaved by the high 

(A) (B)

(C)

Figure 1: (a) Schematic routes to preparing Biotin-PEG-PCDA and DOX loaded Biotin-PEG-PCDA 
nanoparticles (NPs). DTAPA: dithiodipropionic acid; PCDA: poly(curcumin dithiodipro-pionic acid). (b) 
Photos of the EMT6 tumours in mice after treatment with saline (a), free DOX (b), DOX + Biotin-PEG-PCDA 
polymer (c) and DOX loaded Biotin-PEG-PCDA NP (d). (C) Comparison of tumour size changes after 6 day 
treatment: (1) saline; (2) free DOX, (3) DOX + Biotin-PEG-PCDA polymer, and (4) DOX loaded Biotin-PEG-
PCDA NP. Error bar = SD (n = 6). 
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intracellular glutathione content, resulting in efficient intracellular release. Moreover, the NP 

is further loaded with doxorubicin (DOX) for more effective, dual-drug therapy (Figure 1A). 

Our approach has several advantages, including efficient intracellular drug release, high drug 

loading, capacity of providing simultaneous dual-drug treatment (to maximize synergy) and 

combining both active (via cancer cell overexpressed biotin receptors) and passive (via EPR 

effect) targeting to achieve greatly improved specificity and treatment efficacy. Indeed, the 

biotin-PEG-PCDA NP shows high stability under simulated blood circulation conditions 

(with no/low glutathione content), but is rapidly degraded to release its drug content with 5 

mM glutathione (similar to intracellular level). The biotin-PEG-PCDA NP shows high cell 

uptake together with significantly increased cytotoxicity towards model ETM6 and HeLa 

cancer cell lines. An ex vivo experiment show the NP displays impressive time-dependent 

tumour targeted accumulation, where NP content is twice as high as that in liver at 24 h post 

intravenous injection. The DOX loaded Biotin-PEG-PCDA NP displays a remarkably high in 

vivo anticancer efficacy on ETM6 tumour in mice (Figure 1B), and after 6 daily treatment, 

the tumour size shrinks by ~30% from the starting point. In contrast, all control groups yield 

significant tumour size growths of ~700, ~240 and ~160% after treatment with saline, free 

DOX and DOX + biotin-PEG-PCDA polymer physical mixture, respectively (see Figure 1C). 

This result demonstrates that the PAPI based dual-drug nanomedicine is a highly attractive 

strategy for effective, targeted treatment of cancer at both cellular and in vivo levels.      
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Molecular mechanisms of the unfolded protein response 

 

Samuel Dawes, Lukasz, Wieteska, Nicholas Hurst and Anastasia Zhuravleva 

 

The unfolded stress response (UPR) is one of the most ubiquitous signalling pathways in the 

eukaryotic cells, enabling real-time adaptive adjustments of the folding capacity in the 

endoplasmic reticulum (ER) and cell survival. Similar to other transmembrane signalling 

systems, UPR activation is a fast and reversible process that relies on multistep activation of 

three stress sensors: IRE1, PERK and ATF6. The initial step of UPR signalling has been 

suggested to involve dissociation of the most abandon ER molecular chaperone BIP from 

luminal domains of IRE1, PERK and ATF6, dimerization (or/and homooligomerization) of 

these stress sensors in the plane of the ER membrane resulting in activation of their 

cytoplasmic domains. The aim of this project is to elucidate how interactions between Hsp70 

molecular chaperone BIP and the ER stress sensor IRE1 trigger the UPR cascade and to 

understand how the IRE1 multicomponent signalling pathway is regulated at the molecular 

level by physiological and pathological factors as well as through evolution. 

 

Results 

Conformational flexibility of the molecular chaperone BIP: To investigate the molecular 

basis of BIP function and regulation and well as better understand allosteric signal 

transduction in large multidomain and multicomponent biological machines, we have 

employed solution NMR spectroscopy. We have designed several BIP constructs, including 

truncations and mutations in functionally important regions, which allows us to use the 

“divide-and-conquer’ strategy to dissect and characterize individual functional steps of the 

BIP chaperone cycle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The structural and dynamics features of BIP were investigated in the presence and the 

absence of different ligands, including phisiologically relevant nucleotides, substrates, and 

ions. Our results demonstrated that BIP is an extremely flexible protein that co-exists as an 

ensamble of functianaly distinct conformations. The conformatinal equilibrium is under the 

tide control of several factors, such as fluxes of substrates, nucleotides and Ca
2+ 

as well as 

redox conditions. These findings reveal several unique structural and dynamic features of the 

full length BIP and its nucleotide binding domain NBD (Figure 1), suggesting that 

conformational flexibility are extremely important for NBD function and can be fine-tuned 

by several ER enviromental factors.  

 

Communication between the UPR stress sensor IRE1 and molecular chaperone BIP:The 

aim of this project is to build a structural model for the initial steps of IRE1 activation, 

Figure 1: Conformational flexibility of the BIP 
NBD. (Top) A representative Ile region of 
methyl spectra in the presence of different 
nucleotide- and co-factors (shown in different 
colours) indicating a characteristic peak-
walking pattern for a fast-exchange process 
between two conformations (labelled as 
states A and B). (Bottom) 

13
C relaxation 

dispersion (CPMG) profiles, measured at 
1
H 

frequencies of 750 MHz for two characteristic 
nucleotide-bound states (blue: 100% state A 
and cyan: 80% state A and 20% state B).  
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including IRE1 interactions with ER molecular chaperone BIP and unfolded protein 

substrates, dimerization and oligomerization of the IRE1 luminal domain. To understand this 

challenging, multistep process, we are using several BIP and IRE1 constructs to ‘trap’ 

individual steps of the IRE1-BIP activation cascade and characterize conformational features 

of ‘trapped’ steps using NMR, MicroScale Thermophoresis (MST), Mass Spectrometry 

(MS), Size-Exclusion Chromatography (SEC), and other biophysical methods. Interactions 

between IRE1 and BIP were characterized by MST are shown in Figure 2. The results 

suggest that at low (M) IRE1 concentrations IRE1 dimerization and IRE1 binding to BIP 

are competitive processes with the dissociation constants around 0.5 M.  

The current work is focused on examination of the 

structural details of the transient IRE1-BIP complex as 

well as identification of binding interfaces for both 

proteins. We are employing an array of approaches: 

including methyl NMR for detailed characterization of 

IRE1-BIP interactions at near native conditions and 

concentrations (Figure 3); mass spectrometry to 

characterize high order BIP and IRE1 oligomerization at 

higher (tens M) protein concentrations, mutagenesis to 

control protein-protein interactions and conformational 

changes, and computational approaches to analyse and 

interpret sparse experimental data. We hope to answer 

several fundamental questions regarding the molecular 

basis of IRE1 activation and regulation and well as better 

understand signal transduction in large, multicomponent 

protein-protein complexes.  
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Figure 2: IRE1-BIP (left) and IRE1-IRE1 (right) interactions studied by MST. Cartoons indicate expected 
transitions upon interactions.  Normalised MST data are shown; error bars indicate ±SE. 

Figure 3: Two dimensional Ala 

HMQC spectrum of 1 M BIP 
NBD, measured at 

1
H frequencies 

of 950 MHz.  
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