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Abstract

The redesign and controlled sefssembly of natural systems into noatural functional
products is a quickly developing area of Synthetic Biology. Specifically, the manipulation of
existing, and the introduction of new proteprotein interactionswill allow great advances

in bionanotechnology. In nature, proteprotein assemblies mediate many cellular
processes and exhibit complex and efficient functions. It is thus rational to assume
humanguided biomolecular assemblies could embody equallyngex functionality

designed to address current human needs.

Here we present the design and preparation of a Virike Paiicle (VLP) engineered from

the cholera oxin Bsubunit (CTB). This was achieved viadeenovodesign of a protein
protein interface between CTB subunits consisting of cedeil Gterminal extensions and
modification to the CTB surface. A combination of computational methods was used to
adzZ33Sad Ydzil GA2ya gKAOK aK2z2dzZ R NBRdzOS GKS
a n&ural homopentamer with inbuilt cell targeting and endocytic triggering mechanism.
Future applications for the VLP could include use as a drug delivery vehicle to transport

protected therapeutic agents to targeted cell types.

Through our investigations iecame apparent that the CTA_P structures behaved in a
similar manner to naturally occurring virus coat proteins, which suggests the successful
biomimicry of these complex systems. This study provides a basis for the development of
further VLPs from otlr homomultimeric proteins, especially further classes of

homopentameric bacterial toxins.
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1.1 Overview

In this project we aim to create a novel vitlile particle (VLP). Synthetic biology is a field
which aims to design from scratch, or redesign existing natural, molecules and systems to
create desirable functions for human needs. The VLP mva@atonstruct is designed from

a modified natural norcapsid protein to which we have introduced the ability to form
enclosed capsilke structures. The VLP will be constructed through the addition of
scaffolding extensions followed by the redesuwjrthe putative proteinprotein interaction
interface.  This redesign process will use a number of computational phuteiain
interface design techniques to elucidate mutations which increase the propensity for
association. Some natural viruses are alsmwn to assemble through the use of
scaffolding molecules and extensions and we hope to emulate the process of viral capsid
assembly with our designed protein capsid. The suburitolur construction is cholera
toxin Bsubunit (CTB) which naturally triggdts own endocytosis. Thus a VLP constructed
from CTB should mediate endocytosis of the constructed capsid. This would make the CTB

VLP useful as a delivery vehicle for itiea-cellular targeting of therapeutic agents.

1.2 Synthetic Biology

1.2.1 Overview

Synthetic Biologys an emerging biosciencehich apples biological molecular theory to
non-natural systems in order to createseful technologies. This objective is achieved
through constructing synthetic gene circuits; redesigning proteins, buildingpvel DNA

based structuréd or creating new forms of lif8. Synthetic Biology represents the most

recent genre smudging paradigm and draws interBsim a broad range of scientific
disciplines including mathematics, physics, chemistry, biology, engineering, computing,
electronics and materials science, due to itgpacity tohave impact on future work in

these fields. The current concept of synthetic biology is seen by maaya form of
biologicalengineerin§’, mixedwith investigative sciencén 1988 Richard Feynman left his

final black board scribblisgor us including the famou dz2 G S & 2 KtlcréateLl doO | Yy 2
y2i dzyRSNAEGI yRE @ | 2LISFdzAt & & 6S SELSNRAYSY
biological mechaniseywe will enhance our understanding of the physical processes which

nature exploits in order to create them in the first pl&te Applying tis new knowledge to



the de novoengineerng of biology will further teach us the limits oftural biological
components. Then, through the redesign aie novoconstruction of biological systems we

will overcome these evolutionary constraints.

1.2.2 Historical perspective

In the 1980s synthetic biology wgsnerallydescribed as the production of synthetic forms

of life via artificial gene circuitsthen in 2004 asthe unnatural assembly ohatural

polymers$”, seen by many as a form of biologieagineerind®. More recently The Royal
{20ASG8 2F 9y3IAAYSSNAYy3d RSHSOGNRSESHY { 8afRK SS W\ D.
biologically based parts, novel devices and systems as well as redesigning existing, natural
oA2t23A0Kt aeadsSyvyaoe

1.2.3 Standardisation

Synthetic Biology has made dramatic propositions alfandamentally changing biology

by providing a platform for stadardisation and hence manipulation and design of
biological parts. This standardisation is the true power of synthetic biology, and though we
are not at that stage yet, when it comes, it should allow click and drag biological design and
snaptogether bidogical functionality. A deciding factor in tmvementwill occur when

the cost ofmail order DNA synthesis out competes the cost of the current, more labourious
molecular biology technologiefor designing DNA to the required specification. A
standadised approach to strains, plasmidsgpression systems etevould allow greater
productivity, easier sharing and higher compatibility between laborat6ties 1996 Eric S.
Lander of MIT stated ilPhe New Genomics: Global Views of Biod@yne can envision a
growing handbook of reusable modular components, much as architects of electronic
circuits use today that would propel studies ranging from baséeaech to applied gene

i K S N¥. 3@ Registy of Standard Biological Pdftsvasfoundedat MIT in 20030 apply

that very ideathrough collaboration with the BioBricks Foundatfbandthe International
Genetically Engineered MachindSEN) competition”. Theyaim to create standardised
biological partsthat can beused for a given purpose in almost all circumstances, i.e.
shapping any promoter to any gene in any plasmid to transformcaiagsis (organism). In
creating this kind of standardisatidhey hope toattract nonbiologists in order to bring

interdisciplinary groups into thadld. As biology is highly complex, synthetic biology will



have to undergomore standardisation tharmechanical and electrical engineering to
achieve an appropriate degree of standardisaffon Howevey several biologicatiata
standards already exist, such as thHaternational Nucleotide Sequence Database
Collaboratiof?, microarray datd”, the Protein Data BaHR, enzyme nomenclatufé,
systems biology modét§ and restriction endonuclease activitle§ which is at least a

move in the correct direction.

1.2.4 Synthetic Genomics

Synthetic biology is a broad subject with many facets, however, the fietdirrently
dominated by the sulfield of synthetic gnomics. Much of this work involves the
standadisation of the genetic code, tuning promoters and ribosome binding sites for
tailored and timely protein expressiBf. Genes from one, or in fact many different
organisms, are rassembled into a specific host cell to create new genetic cirahiatycan

then carry out a unique function not previously availaBleThis area of synthetic biology,
while extremely powerful, isirhited to the molecular machinery currently available
through biological evolution. The design of novel nucleotiflesr redesign of ribosomes

to accept fourdigit codon§? are examples of attempts to remove this limitation by re
engineering native functions or by introducimtg novofunctionality®®. A further step
forward is the prediction and production of nascent biomolecules from scfdtchThis

step is yet to be practically applicable as standard, nevertheless, temgi@eering of
protein domains and motifs is tracta?. The redesign or enhancement of enzymatic
function to increase catalysis or alter substrate specificity is a field well developed long
before the arrival gnthetic biolog{?**4. However, the scaffolding of biomolecules to
createlarger, more complex structures and the control of addressable surfaces is still in its
infancy. Controlling the proximity and orientation of biomolecular assemblies will enhance
the repertoire of components available for future synthetic biology applimas bothin

vivoandin vitro. This area adynthetic biology | will refer to as Synthetic Proteomics.

1.2.5 Synthetic Proteomics
The rational design of proteins as synthetic components is currently approached in a
number of ways, from focusing on rationallgarchinghomologue database matches to

required function¥?, to molecular dynamic simulations allowird initio protein design.



Other groups arduilding up from smalpeptidesto larger proteinsjn the speculation that
protein motif scaffolds (tetons) will be instrumental irde novo protein design and
understandinéf®. Currentlythere is a heavy reliance updop-down methods such as
homology modelling, site directed mutagenesis aliécted evolution. Thesapproaches
have produced good resultspch as advances in DNA sequeri€ihd®CR amplificati¢f,

addition of unnatural amino acids into protein sequerit®s manufacturing of
pharmaceutical compounéf§ and the classic, laundry detergentsyt have produce very

few examples of truly novel, functional proteins or protgirotein interactions.

Nature evolves structure and function from thoseoleculesalready in existence, which

may not produce proteins with maximumarn-over or optimal functionality. Thus there

must be structural solutions that wilead to optimised kineticand diversefunctions that

Oy 068 RS@St 2LISR 2dziaA R &> 2This ig patticidddpedtmentS @2 £ dzi A
as the computational power required to search homology databases of the future will need

to be immense, due to the sheer quantities of dafrulynovel design (atomistic) requise

high computation levels beyon&tS LINBR OS & aAy 3 LJ2 g SHadveReF, with2 R @ Q&
ever increasing computational power, fully parameterised atomistic simulation will one day
become a reality. Whatever the method, computational biology will play a major role.

Todayit is widely bekved that rational desigof future synthetic biological systemdll be

achieved via further advances in computational bioldgy

The design of tectons and novetoteins, built to purpose, will allow the construction of

simple synthetic macromolecules which, in turn, will lead to multifun&loprotein

assemblies and finally to advanced complex synthetic cells and tissues. Bromley, Woolfson

and coworkerset al. LINS&aSy i GKAA& O2yOSLIi Ay |y 2@SNWAS
oA2f 2 3¥ (Figuan-0.S Q

1.2.6 Synthetic Assemblies

Selfassembly is an importanpphenomenon for constructing nanescde biological
structuresand maintaining this property in designed system components will be essential
tod &y i KS i Adccesd! 2 By 2ahteolling association between biological moleciiles
will be possible to build fibers and filaments,precisely designed surfaces and

macromolecular assemblies with diverse functionality
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Figurel-1: Synthetiebiology space. A description of the steps required to increase complexity and divergence
from nature in the construction of synthetic components which will lead to fully synthetidilkelbystems.
Starting from natural building blocks $uas DNA or peptides, neratural proteins and DNA structures can be
constructed. Additionally nenatural building blocks can also be used such as PNA, peptide nuclejcaacids
foldamers, synthetic polymers which reliably fold into higher order struos, in order to create more
complicatedcomponents for further synthetic biology usesReprinted with permission frolf!. Copyright

2014 American Chemical Society.

The ability to precisely position biofunctional macromolecules on an addressable surface
with nanoscale aagacy is an important step toward the goal of creating nanotechnological
devices. Fueet al. from the Shanghai Institute of Applied Physics have demonstrated the
non-covalent assembly of DNA origami sheets into tubes which could be addressed with
two proteins that form part of an enzymatic cascade. The group showed that proximal
anchoring of the proteins increased the overall reaction rates and when the enzymes were
enclosed within tubes that the reaction rates were further increa$8dFigure1-2. This

work demonstrated that simpléioreactors can greatly increase serial enzymatic reactions

through diffusional restriction of the reaction intermediates.
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Figure1-2: Addressable Nanoscale Bioreactom) GOx forms peroxide upon glucose reduction, HRP utilises
this peroxide to convert ABT$o the chromophore ABTS A schematic of the enzymes positioned on the DNA
origami substrate.b) AFM of the DNA origami sheets with the enzymes associateBNAorigami tubes with

the enzymes presented on the interiord) The change in enzyme kinetics from enzymes free in solution,
addressed to origami sheets or confined to the interior of the origami tuReprinted with permission from
B33 Copyright 2014 American Chemical Society.

1.2.7 Current Government, Academic and Public

Awareness

In recent years the UK government fagressedncreasing levels of interest in synthetic

biology. In 2008 @ostnote was released from the Office of Science and Techridlagy

inform the public andgovernment on the pros and cons of synthetic biology. More
recently Research Councils UK have released a Synthetic Biology RBAdvhigh details

K2g (2 | ROIFIYyOS GKS !YQa LRaAiAildAaz2y +a | g2NIR
government has announced a £600M investment in science, including synthetic biology as

one of the principal beneficiaries through the ctiea of six centres for excellence in

synthetic biology research.

The academic community has also become increasingly interested in synthetic biology with
the creation of networks in synthetic biology between UK universities (almost £900K to
establish conmunication and networkirld, the iIGEMcompetitiort”, as well as a host of

recent UKbased international conferences such as a recent Harden Conféi&nagoint
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1.3 Protein -Protein Interactions

With the wealth of structural information availéb on proteinprotein interactions (PPI)
and current theories on PPI requirements converging, the design of protein interfaces is
now becoming a realistic vision which is bound to have an impact on future synthetic

biology systems.

1.3.1 Overview

Proteinprotein interactions(PPl)mediate many cellular processes from organisation of
cellular scaffolds and intracellular signalling cascades to initimidranscription andthe
immune response. The mapping of these protein interactions will provide a wehlth o
information on biochemical and metabolicetworks®?. The specific structure of a
protein® interaction sitege.g, the position of thevan der Waals interactiort&” as well as
polar contacts and salt bridgé% alongwith more general features such as size, shape
intrinsic flexibility determines the complementarity with which proteins can bind to form
stable complexé&*4. Methods for designing these interactions ine novoprotein-

protein interfaces will allow the construction of larger assemblies to be realised.

1.3.2 Homomeric vs. Heteromeric Interactions

PPIs can be divided into two classes: homomeric and heteromeric. Though this
classification seems obvious and potentially arbitrary, the reality is that these two types of
interaction differ greatly. Bimomeric protein complexesften associate to form
opermanent interactions through extensive vared Waals forces mediated by sterically
complimentary hydrophobic interaction sité3. These specialised and lonfgsting
interactiors typically have a solvergxcluded surface area (SESA) of betw&200-4660

AZ%8 - Converselyheteromericcomplexes more often associatiynamially*” and, as the
surfaces are at times solvent exposed, they cannot contain too many hydrophobic residues.
As these surfaces typically interact througbmplementaryhydrogen bonding, dynamic
protein interfaces often resemble neinterface surfacd$”. Heteromeric interfaces often
have a SESA of between 62@0 &9 A SESA @00 A% is thought to be a reasonable



minimumto preventrapid invasiorof the bulk solvent int@an interaction siteformed from
I aAay 3t 8 wk2d aLridQ

1.3.2.1 Hot Spots

Most PPIs are dominated by only a small percentage of the interaction site residues,
0 S NIVhStRLI2W & GSpots ate 2ndtifs of the interface that contribute a large portion of
the binding energy involved in the interaction. Typically they are definethdisidual
NEaARdzZSa 6 KAOK | NBE O kded(chaings in#de er@@ywol dindlira)dati A y 3 |
-2 kcal/mol or more to the PBY. It has been found that the main hot spot residues
identified are tryptophan (21%), arginine (13.3%) and tyrosine (18%%yhich can
contribute up to-4 kcal/mol to thep JGomdmg[“gl. These three residues are, of course, large
residues and their significant improvements jinGinsing COMpared to small residues like
alanine could arise from their largénteraction surface area. Alternatively, these residues
are more structurally diverse than the likes of leucine, serine and valine and they could
thus perform a more diverse range of roles at the interface; for example tyrosine can form
& Getadtigh3, hykirgplobic interactions and hydrogen bonds. So, is the larger
N N ding for these residues solely a consequence of their size, or is it the result of their
specific structural features?The latter argument is supported by tyrosine being #re
times more likely to be a hot spot residue than phenylalanine, despite reasonably similar

structured®®.

1.3.2.2 Solvent Effects

Proteinprotein interfaces generally contain a mixture of hydrophobic and polar
residue$”. Therefore, PPIs are often characterised by a favourable energy gain in burying
the hydophobic parts of the interface from the bulk solvEfif as well as a compromise
between polar residues interacting with solvent or fang hydrogen bonds with the
binding partnef?. Over larger (wider) interfaces, residues that promote solvation must be
present to maintain solubility. The displacement of water within and around the binding
site in to the bulk solvent often provides, in general terms, aneiase in disorder of the
system even when the increase in order of the new complex is taken into account. This is
achieved, in part, by the destruction of hydration shells, i.e., ordered layers of water, which
extend further into the bulk solvent from unbod PPI than for standard solvated protein

surfaces.
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1.3.3 Experimental Characterisation of PPIs

Experimental validation of PPIs can be assessed by a number of techniques. Examples of
well used methods to assess PPIs are the yeastiyboid systerft, immunoprecipitation

and affinity pulldown, as well asnassspectroscopy>*®. However these methods are not
capable of delivering information based on the binding mode of the complex. It is widely
accepted that accurate characterisation of PPIs requires the use of several experimental
techniques in a combatorial manneP”*®. Techniques which can provide medium to high
resolution structures for PPls arxray crystallography, NMR spectroscopy, electron
microscopy and cryelectron tomography. Lower resolution techniques such as FRET,
analytical ultraentrifugation ITCand SXS* can also deliver important information on PPI
formation. However, which experimental techniques can be essfully used is
dependent on the type of PPIl. For example, assessing homodimeric PPIs eliminates two
hybrid, Immuneprecipitation and puldown as viable choices. However, given a highly
stable quaternary structure, simple methods such as-BRSE or SEGr quick and cheap
techniques such as Differential Scanning Fluorimetay be all that is necessary to deliver

the required information.

1.3.4 Coiled-Coils

Coiledcoils are potentially the simplest of all protgimotein interaction domains. They are

ubiquitous amongst prokaryotic and eukaryotic cells and are also found in some viruses.
Consequently, they have received much attention and are well characterised in the
literature®. CoiledO2 A f & I NB F2NX¥YSR 06@& (K SelitceswhtOA | (A 2
may associate iparallel, antiparallel or mixed orientations. The total length can vary from

14 amino acids to many hundreds of amino acids. Shorter eodésl often form
oligomerisation motifs of larger proteins, whileniger coiled-coils have structural roles in

the cytoskeleton and in motor proteins. Crick first proposed their existence into&d

the first crystal structure was obtaindzy Phillips in 1988

The repeating unitof acoiled2 A f A& | WKSLIIFRQX A®dSdhE | &Sj|
helices ofthe coiled-coil twist aroundthe central axis of the oligomen a left handed

manner, this superhelicalistortion lowerstheir pitch to 3.5 residues per helical turiThus

the heptad can repeat everywo turns of the helix. This heptad repeat has the

nomencldure abcdefg . Depending on the oligomeric state of the coiedil, the
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residues in the heptad repeat take on different functiof&g(re 1-3)°?. In dimeric,
trimeric and most tetrameric interactions, tha and d' residues form the hydrophobic

core, supported by electrostatic interactions betweeandg' residues.

Figure 1-3: The structure of aimeric coiledcoil. a) The helical wheel representing the coitedil heptad
repeat. a and d positions associate to form the hydrophobic core, while e and g position support the structure
with electrostatic interactions.b) A view down the central axishowing the hydrophobicore. Reprinted with
permission fronf®. Copyright 2014 American Chemical Society.

In dimeric and trimeric coiledoils, hydrophobic residues dominasd positionsa and d
which creates a hydrophobic interaction surface between theo twoils. Smaller
hydrophobic residues such as valine often determine the dimeric oligomerisation site and
bulkier residues such as isoleucine often prescribe trimeric coibddd. These hydrophobic
residues interactinas® I f f S Rinto4K] 2yt 2S0&éty, whitreGsideshains (knobsdf one

helix pack into gaps between sidbains (holes) on the binding partner. This interaction
provides the majority of the coiledoil binding affinity.Positionse andg run alongsidehe
hydrophobic core andften form saltbridges between subunits which help to determine
the specificity by which binding occurs. The remaining positmns, andf are usually
residues with a high helical propensity and also help to maintain the solubility of the coils

by interactingwith the solvent.
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Many natural coileecoil sequences contain irregularities that deviate from the basic
function of the residues in the heptad repeat listed above. These can include the
incorporation of electrostatically repulsive residues or resglueith poor helical
propensities. Although these deviations likely perform a biological function, such as
recognition etc., they are of limited use for synthetic biology applications. However as the
structural rules for coiledtoils are relatively simplecompared to other proteirprotein
interfaces, , these motifs can be designed for specific uses. The heptad repeat denotes the
function of the amino acid, therefore each residue can be purposefully chosen to
contribute to the design.The first redesignfoa coiledcoils by Hodge$®? produced a 86

residuedisuphide-linked parallel dimer.

e Electrostatic interactio®

Figurel-4: The de Crescenzo coilE (left) and coilK (right) which heterodimerise. The hydrophobic core residues
consist of valine and leucine. The electrostatic interaction help prevent homodimerightmrgh electrostatic
repulsion Reprinted with permission Am'®?. Copyright 2014 American Chemical Society.

In 2003 & Crescenzo et @> Ay { KNcColrDdradiy af shélLanadian National
Research Councitlesigned a number dfieterodimeric parallel coiledoils with varying
lengths of thecanonicalheptad repeas VSALEKEand VSALKEK? (Figure1-4). One coil
(coilE) had glutamate residues at tlee and g positions, while the other coil (coilK)
contained lysines at the same positionEhe coileecoil constructed with five hptadshad

a kyof 63pM. They measured the effect of heptad length on the association of the dimer
and found that smaller coils associated via more complex mechanisms involving

conformational rearrangements.
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More recently Burtonet al, in the Woolfson group at the University of Bristol, have
recently demonstrated the incorporation of reactive thiol groups intdeanovodesigned
coiledcoil scaffold and shown these groups to be solvent accessible through their reaction
with iodoacetamile’®® (Figure1-5). This incorporation of reactive groups to truly novel
scaffolds is a good example of our current ability to engineer protinhis level. As this

de novoprotein assembly was created from scratch, the function of each residue is known

with precision, which leads these kinds of structures to be amenable to further design.

b)

Figurel-5: Incorporation of reactive thiol groups into a channel of a de novo protein scaf&ldn overlay of
two hexameric coiledoils with a ring of cystnes incorporated at different heptad repeatsb) a cross
sectional vew of a ring of cyteine residues. Reprinted with permission frolf?. Copyright 2014 American
Chemical Society.

1.3.5 Symmetrical Protein Assemblies

The production of larger symmetrical protein cages can be exemplified with four examples.
Firstly Padillaet al., in the Yeates group at the University of California, Los Angeles,
constructed large symmetrical assemblies via protein fusions includingirahéelron
formed from the homodimeric M1 matrix protein of the influenza virus and the
homotrimeric bromoperoxidase, via the incorporation of 9 residue helical litk&Figure
1-6a/b). The Noble group, at the University of Oxford, constructed 2D arrays with the
streptavidin homodimer and the @&omotetrameric ALABtreptag fisior®”, (Figure
1-6¢/d). The resulting structures are an impressive feat of construction which rely on the
correct choice of linker between the fusion proteins to hold the two protein domains at
specific angles. In each case, they rely on the use of nativengimtierfaces provided by

nature.
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In a third example, the Woolfson group at the University of Bristol, described the
construction of protein cages from coileild®® (Figure1-7). These selissembled cage

like particles (SAGEs) were built in an analogous fashion to the protein cage from the
Yeates group, in this case, employing the use of homotrimer and heterodimer building
blocks that were linked by disulfide bonds. Howevtkese coiledcoils were designedb

initio to interact with each other which presents another level of complexity in the design
process. Molecular dynamic simulations were used to show the propensity for the 2D

coiled-coil array to form curvature whichould lead to enclosed particles.

(LT TR

nm

nm

TRENDS in Cell Biology

Figure1-6: Oligomeric fusion strategies which bring about 2D and 3D assemkdlesA semiridging linker
region (yellow)is used to prescribe an enclosed structure of a ditniener fusion. b) The crystal structure of
the tetrahedral particle. c) Fusion proteins of dimetetramers which bind along the same axis of symmetry
form 2D arrays.d) The csr%/stal structure of #12D array.Entire figure eprinted from®®, with permission from
Elsevier. a and b)from[6 Reprinted with permission from AAAS8.and d Reprinted by permission from
Macmillan Publishers Ltd: Nature nanotechnof?)w, copyright2010 and 2011.
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Figure1-7: SAGEcoiled-coils forming nanescale protein cages visualised by scanning probe microscapy.
AFM 3D projection showing the height and relative diameter of the collapsed protein ¢gdequid AFM of
protein cages.c) schematic of the nostontact LMFM scarnng regime.d) magnified image of the protein cage,
revealing hexagonal structurdsrond®. Reprinted with permission from AAAS.

Finally, the Baker group, at the University of Washington, have investigated the
construction of larger synthetic assemblies in the form of symmetrical protein €lges
They used symmetrical docking screens of large protein libraries, followed by redesign of
the new proteinprotein interface with the program Rosetta, pyoduce both tetrahedrons

and octahedrons. It is worthmentioning that the proteins used to construct the
octahedron naturally form protein cages of a larger dimension, thus this protein cage was
made by reengineering of a PPI. However, the protein which form the tetrahedron,
galactoside O-acetyltransferase,is not thought to naturally form any higher order
complexes. TEM and crystal structures of the tetrahedrald Brotein cage are shown in
Figurel-8. This work preents the meticulous engineering ofla novoPPI, demonstrating

our fundamental ability to construct macromolecular assemblies without any need for
covalent modification or scaffolding of an interaction. However a screening process was
used to search fotINR 4 SAya SKAOK YIGOKSR | WRSAAIAYIl 0Af
redesigning the interface. Thus, the proteins which form the assemblies were not chosen
for their native functions; rather, they were selected because they were expected to be

amenabe to redesign into protein assemblies.
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Figure 1-8: de novoassembly of aetrahedral particle T30. a) A representative TEM micrograph with
averaged structures belowb) and c)backbone crystal structures of the -08-T3-10 and the T30 asemblies
respectively. d) A comparison of the crystal structure (green and magenta) to the computational prediction
(white) from which the designs were constructédom!”’. Reprinted with permission from AAAS.

The ability tocontrol the assembly of functional biomolecules with atomic precision will
allow future technologies to be realised, frosimpletargeted drug delivery vehicle®
more complicated assemblies that could be used for biomolebaked computational

devices.



17

1.4 Biomolecular Simulations

1.4.1 Overview

Richard Feynman proclaimed ims 1963 Whe Feynman lectures on physics,-1Qthat
WSASNEBY 3 (KFG fA@AYy3a GKAy3Ia R2 OFy 06S dzyRSNA
2F LG2YaQs FyR GKNRAZAK oAz2Y2f SOdzZ F NJ aAYd
movements and extracting useful information from them. Biomolecular simulation is a
technique based on the numerical solution of the equations of motwar time, for a

model that represents a system of molecules. Models differ in the degrees of freedom
assumed (electrons, nuclei, group of atoms (amino acids), entire proteiny,agtdthe

interaction between these degrees of freedom. Fefisdds which accurately represent
interactions between atoms in proteins, nucleic acids, lipids, water and small molecules of
biological and pharmaceutical importance have been developed in the 3@&syears.

These forcdields have beenincorporatedinto a number of software packagesiich as

AMBER and CHARMM, which have been built for the evolving needs of the modern
biologist. This type ofoftware allows the study of protein folding, dynamicglarthanges

in conformatio’?”, protein association with small molecules and prot€ff§ and

assessment of the free energies of ligand bindhg

1.4.1.1 Simplified models

Asthe size of the system of study increases, the use of such detailed models and force
fields dramatically limits théimescales that can be investigatagy to a point where the
necessary computational processipgwer is reache®’9. When studying the association

of a large nmber of proteins, fully flexible atomistic models dheis not viable.In order to
extend modelling beyond the limits of atomissamulations, anumber ofcoarsegrained
approaches have been proposed whierbiomolecules are represented by simple spheres,
cylinders or ellipsoidsr sometimesas rigid atomistic model The aHatom approach and

the course grain approach can be cdmdxd to allow the simple modelling of parts of the
system which are less informative, while rigorously simulating the part of the system which

is more informativ&?.
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In all cases (atomisticnd course grained) the environment around the target, often the
solvent, must also be represented numerically. In a furtitegmpt to reduce complexity,
the effect of the environment is oftemepresented by an average calculation of its
influenceon the protein, rather than calculated atom by atom (explicit). For these reasons,
biomolecular simulations cannot routinely give precisely correct numepiealictions of a
systen!. Therefore,it is still essential to combinsimulation with experimento allow

simulation tosteer the experimentation anexperiment tooptimise the computatior?.

1.4.1.2 Binding orientations and assessment.

With regard to PPIgprotein-protein docking techniques have become fashionable as of
late. Such docking programs includedd&k®¥, HeX*¥ and RosetteDock¥. These
programs find the most energyinimised configuration between two proteins, thus
predicting their binding conformationThe use of simple linear interaction energy methods
should also not be over looked. For example the FoldX package containgle airargy
function and a sidehain rotamer library. It is used to measure the free energy change of
unfolding, compared to a hypothetical model of the same sequence. Recently Christensen
and Kepfi? have used FoldX in conjunction with MD simulation to successfully estimate

the stability changes upon mutation of a fungal laccase.

1.4.2 Computational Protein -Protei n Interface Design

The generation of specific proteprotein interactions with designed affinity, specificity

and kinetics is a long term goal of computational design. Protein interaction affinities can
be influenced by a number of factors such as tenapere, pH and the ionic strength of the
solvent. Interaction sites can occur on any surface of the protein including unstructured
loop regions. This binding affinity can be described as a function of the free energy
difference between the bound complexna the components of the complex, which
includes both intersubunit and intrasubunit energy changes as wells entropic

O2y (iNRAodziAz2yad FYyR WSEGSNYyrt FFOG2NARQ &dzOK
partly responsible for the lagging of PPI ides compared to computational design

advances in enzymatic functidffsand protein fotis?”.
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Many residues in proteins are critical ftreir structural viabilityand biological function.
Identification of mutable positions which maintain tertiary and quaternary structure and
function but allow a degree of surface association manipulation is an essential first step in
designing protein interfacesA number of irial strategies can be employed to identify
designable positions in a protein sequence, such as protein sequerdgsanto identify
evolutionarily conerved residues, mutational differences between strains of a given
species, as well as between wtturd homologues Sructurally important residues can
often be determinedin suchsearchesFurthermore, these conserved residues have been
shown to overlap with hot spot residu&% A more rigorous tedbr key residuess alanine
sanningmutagenesi? which can be conductedh silicoby simulationusinga range of
commercial modelling packagé¥®. The use of alanine scartsas confirmed that the
majority of the protein interfaceenergy gain is contributed bjyst a few important hot

spot residueS”.

Schreiber and Fleishm8f have suggested a number of strategies which can lead to
successful protein interface design which are highlighteBigure1-9. Here we will focus
on the de novodesign strategies. Docking protein scaffolds to find binding partners with

the most complementary shapes and then optimising the amino acid residues at the

AYGSNFIOS ¢la RSAONAOSR [0290S UGKNRIZAK . 1SN

tetrahedral protein cage¥”.
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Figure 1-9: A schematicdescription of possible proteirprotein design approaches. Redesign can be
accomplished through the grafting of interacting residues from a known PPI on to a new putative inteléace.
novodesign can be achieved through the docking of scaffoldsspot design, which may include a level of
grafting, or through metal, or ligand, binding sitesign, where eacHrategy isfollowed by optimisation of the
binding site Reprinted front2. Copyright 2013with permission fronElsevier

A second strategy for de novo interface design is to dock amino acid side chains to the
target proteinsurface in a similar way tim silicofragment screening, and then link them
together using a suitable protein scaffold. This strategy is illustrated by the work of
Fleishmanet al. from the Baker lab at the University of Washington. They designed a
binding protein to the conserved stem region of the 1912 H1N1 influenza hemagglutinin
protein®?. After docking amino acid residues to the surface ofttamagglutinin protein

GKS LRaarots LRarAdA2ya 2F GKS /h NRGFYSNEA
were screened against a library of proteins to find scaffddh t K G KS O2 NNB O
Once these hotspot residues and scaffolds had bestuded, Rosetta was used to suggest
packing residues which would hold the hotspot residues in the correct orientations and
contribute additionally to the interface. Figure 1-10 shows the crystal structure of a
designed protein HB36 in association with thaemmagglutinin protein. An additional
mutant HB80 was shown to inhibit the fusogenic conformational change required for

influenza infectivity at low pH.

D

h
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Figure1l-10 The HB36 designed protein binding to the stem region of hemaggluta)iA. superposition of the
crystal structure of HB36 (red) binding to the two subunits of hemagglutinin (pink and cyan) with the
computational model (blue).b) A close up of the designed interaction site) An unbiased electron density
map from the Xray data. From'#3, Reprined with permission from AAAS.

A third strategy for de novo interface design is to incorporate metetliated interactions,
which may then be augmented by other interactions between amino acids. The Kuhlman
group at the University of North Carolina rechnattempted to control proteirprotein
interactions through zinc mediated associatidn they succeeded while inadvertently
creating a protein capable of catalysing carboxyester and phosphodiester hyd?8lysis
They designed a homodimer, wherein each monomer was a -teflixhelix. Each
monomer was designed to coordireatwo zinc atoms using two histidine residues. As zinc
has a preference for tetrahedral coordination, a dimeric protein complex should form with
the additional histidines on the binding partner coordinating the free sites on the zinc
(Figure1-11). The authors usethe Rosetta progranmio search the pdb for other zinc

binding scaffolds antb attempt to graft these onto selected regions of the dimer.
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Figure1-11: The MIDizinc homodimer, interacts primarily through zinc mediated associatenthe crystal

A0 NHzZOGdzNBE 0606t dz§0 FyR GKS 02YLMzil GA2ybh)tOnerd fé zine 6 NBR 6y U
coordnation site is not occupied by a histidine which allows the zinc to mediate carboxyester and
phosphodiester hydrolysi®eprinted with permission frol#f’. Copyright 2012merican Chemical Society

The discovery and implementation of new design protocols is occurring regularly.
Established forcdields such as CHARMM and AMBER egelarly updated, however they

do not incorporate some of the more interesting features present in packages like Rosetta.
Rosetta however does not perform the more conventional MD simulation of the former
packages. Additional programs perform a numbespmecific and important measurements
however, each of these programs is written in different code and are not regularly

compatible.
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1.5 Virus Capsid Assembly

1.5.1 Overview

The regulation of capsid assembly is paramount in the construction of infectious virus
particles. Often the virus genome provides the common structural denominator for viral
capsid protein assembly. However under particular conditions the virus coat proteins
themselves can spontaneously assembi® miruslike particles. How do naturalruses
prevent the formation of these nomfectious particles? This is achieved through the
WLINREOS&aa 2F aasSyvyoteQ YSRAFGSR GKNRdzAK GKS
assembly is similar to that of many other protgirotein interactions and ibased around

the physicochemistry of the interaction site and the environment in which assembly occurs.
The regulation of assembly however is more biological in nature, in that the assembly of
the particle must be spatially and temporally regulated towespackaging of the genome
and the correct assembly of the coat. Allostery is thought to play a key regulatory role
through effector molecules and viral or host factors. Often these allosteric regulators make

a conformational alteration in the coat preih which leads to ordered assembly.

1.5.2 Assembly

From a simplistic perspective a capsid protein should associate through Brownian motion,
in a geometrically precise orientation and bind with high affinity to form stable particles.
However, if the bindin@gffinity is very high, then full virus particles would rarely occur as
most of the subunits would become associated in partially constructed intermediates
leading to kinetic trapg¥’. The use of master equation$®? and simulatio®**¥ has
revealed that a general requirement for efficient and precise capsid assembly is the
interactions between the coat proteins must be weak. The low affinity ensures that
intermediate states maylisassemble almost as readily as they assemble which minimises
aberrant capsid growtf’® and formation of kinetic trapsF{gure1-12). For example the
average association energy between two hepatitis B virus capsid subunits is approximately
-4 kcd/mol™¥. However the multivalency of the full assembly is strong enough to prevent
the dissociation seen with the part assemblie$his weak association has an additional
positive effect on the assembly process: nucleation events are less frequent than the
association of additional subunits to a growing particle. The association between two

subunits is mediated by one interface, however, given a trimer, each subunit make two
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interactions which mutually support each other. Any further subunits joining the growing
particle from this point make at least two further interactions and support tiebal

stability of the particle. Furthermore, as addition is more likely than nucleation, this
ensures that a reservoir of subunits is available for each nucleation event to rapidly

progress to a full capsid.

o) ®
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Figurel-12: Efficient virus assembly and kinetic traps. Given few nucleation events full size capsid formation is
achieved with pool of capsid protein. However, if nucleation occurs too frequently aberrant part capsids
become the dminating speciesReprinted fron™. Copyright 201 Wwith permission fronElsevier

1.5.3 Viral Capsid Scaffolding

Scaffolding proteins are found in many viruses, farmsgle the bacteriophage P22 contains

a thermodynamically and kineticallgontributive scaffold proteiff®*®3,  Scaffolding
proteins can help mediate morphological changes required for the maturation steps that
lead to the fully assembled viriBfi!. These scaffolding effects can also be mediated
through chain extensions of the virus protein coat, for example by donor strand exchange
as seen with simian virus 4%, or with coiledcoils, as seen with satellite tobacco necrosis
virus (STNV/9 (Figure1-13). In the case of simian virus 40, these donor strands take up
relatively different positions dependent onthe quasé YYS GO NE 2F GKS LI
The STNV coilecbils are just one anddff heptads in length but act to help assemble the
coat proteins by providing a stage for RNA binding.

NI A C
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Figure1-13: N-terminal scaffolding coiledoil at the 3fold axis of the satellite tobacco necrosigus. From
1A34.pdd

1.5.4 Pentagonal Tiling

Many virus particles associate to form structures with icosahedral symmetry such as the
T=1, T8, T=4 and T=7 structures. Each of these structures, barring the T=1 dodecahedron,
requires a mixture of both pentagons and hexagons to complete the particle. However, the
protein chosen for this project is just a pentagon. Does this restrict the sthe ohpsid to

that of the dodecahedron? The short answer is no. Nature provides examples of viruses
having the T=7d geometry in which five pentagons associate around a central pentagon to
ONBIdSa | WadzJSNJ LISydlF3I2yQ RRABRODKERNKEYD =
structure is exemplified by the families ppillomaviridaeand polyomaviridae In theory,

an intermediate structure comprising an octahedron of trimers of pentafférgFigure

1-14a) is also accessible. The caveat of these T=7d assemblies, however, is the subunit
interactions donot occur in a uniform mannerFigurel-14b shows theiling arrangement

in the T=7d capsid, as seen for the simian virus 40. The grey pentamer sits amettbete

the 5fold axis of symmetry and interacts with five pentamers. However, each of those five
pentamers interacts with a total of six pentamers with different orientations of
interactions. This unusual assembly arrangement is mediated by the saadfeldtensions

which contribute the majority of the binding surface area. Therefore if we are to design a

larger capsid from pentagons, we must follow suit.
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Figure1-14: Particle options for pentagonallitig capsids.a) A dodecahedron pentamers, an octahedron of
trimers of pentamers and super dodecahedrdReprinted fromi®?. Copyright 2008 with permission from
Elevier. b) Pentagontiling arrangement for the super dodecahedroReprinted front'®3. Copyright 1996
with permission fronElsevier

1.5.5 Structural polymorphism

The capsids of almost all spherical viruses have icosat®drahetry. Assembly of capsids
without the viral genome often leads to misassembly steps which result in aberrant capsid
structure$®®. As discussed, dependent on the type of virus, capsid proteins can often bind
in different orientations to the same subunit. This feature, combined with Brownian
fluctuations, can give rise to ndarget structures. This point can be exemplified again
with the SV40 virus: under ngohysiological conditions, SV40 has been shown to assemble
rapidly’®®.  This phenomenon leads to a number of kinetic assembly traps producing
particles of 22 nm icosahedra, spherical particles 0f332nm and even tubular

structure$!®d,

The Handa group at the Tokyo Institute of Technology showatl§V40 assembled into a
range of aberrant capsid structures under Agimysiological conditions, 1 M NaCl and 2
mM CaGl(pH 7.2) at room temperatuf®? (Figure1-15). This assembly is thought to be
due to the high NaCl concentration which inhibits disassembly of the VP1 proteins.
Furthermore, they found no evidence of any assembly aaogiin the same conditions but

using 150 mM NacCl.
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Figurel-15: SV40 assembly in 1 M NaCl, 2 mM ¢@iHl. 7.2) at room temperature. Tu are tubular structures,
Ti are tiny particles, V are VLP, | are intermediate parti@egnublished with permission @fie Society for
General Microbiolog,yfrom[m; permission conveyed through Copyright Clearance Center, Inc.

The Zlotnick group at thédebrew UniversigfHadassah Medical Schodiave recently
shown that incubation of SV40 VP1 with differing sizes of DNA can bring aboutrdiffere
capsid sizé5%. This experiment highlights the role that scaffolding molecules play in virus
capsid assembly. The group assembled VP1 on both ssDNA at 3200 nucleotid®krd

2.4 kbp and 5.2 kbpF{gure 1-16). Perhaps unsurprisingly they found larger particles

assembled around scaffolds of larger DNA

Linear ssDNA Supercoiled circular dsDNA

Figure 1-16: SV40 VP1 assembled around different sizes of DNA scaffolds, as deRefmthted with
permission frorf 2. Copyright 2013American Chemical Society.

Finally, Nguyen and Brooks, from the University of Michigan, used simulations to
demonstrate a number of T=7 capsid polymorphisms that can theoretically't¢curhey
show that from T=Z that the aberant structures produced are larger than the target
structure, however from T=19, the aberrant structures created are often smaller than the
target structure. Interestingly, T=7 capsids lie within both groups and thus should be able

to form aberrant capsls that are either larger or smaller than the expected size.
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Figurel-17: Snapshots of the growth of T=7 capsids over time at a concentration of 43.5 uM and 308 K. a) the

target T=7 capsidb) At high concentrations a larger capsid can form containing 14 extra coat proteigy.At

lower concentrations, smaller aberrant capsids can form. Structyres sometimes referred to as the
WAYGSNYSRAI GSQ aid NHzO G dzNIB Refigtgdiwithipgithissan faidti ICe6p@RiBM208 a& YY St
American Chemical Society.

1.6 Cholera Toxin

1.6.1 Overview

The starting point for the project design is the cholera toxin (Eiufel-18a), which is an

AB; protein toxin of around 85 kDa naturally expressed\fiprio cholerae CT and the

heatlabile enterotoxin (LT), from enterotoxigenie. cok Ol dza S OKz2f SN} | yR
R A I NN&spestivedyz which induce severe diarrhoea and vomiting, leading to a loss of

up to 30 litres of fluid a dd}}?. Both are rife within the developing world and cause over a

billion cases of diarrhoea annudti?**?, and together with, the shiga toxin and pertussis

toxin, form the AB protein toxin family which are responsible for over a million deaths

annually**4.

1.6.2 Structure

CT and LT share 83% sequence identity and consist of anmekgrestablé?
homopentameric doughnushaped Bsubunit Eigure 1-18c,d) with a toxic Asubunit

tethered through its central holeF{gure 1-18b)*****. The toxic component of the-A

subunit (CTA1) is a globular domain which is linked to tied20 dzy A G LISy & YSNI O
helical rod (CTA2) that is a ntoxic proteolytic fragment of the Aubunt™¥. The B

subunit protomer (the monomeric unit) goa A & G &  2-Relix(centrdl, MBS the

pentamer), and two adjoining antiJl NJ Sheedst Thése sheets twist in such a way as to

YI 1S LJ-sNdetfintedtions in the centre of the molecule; however, they are almost

perpendicular to each otheat the edges of the protomer.
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Figure1-18: Structures of cholera toxin (composite of PDB 1S5E and 3CHB), howeveytaiting8have this
same generic structurea) The AB holotoxin, Asubunit in teal and green, -8ubunits in red and GM1
ganglioside in dark bluda) The Asubunit, Al in teal and A2 in greer). The Bsubunit pentamer, in red with
GM1 in dark blued) A top down view of the Bubunit pentamer revealing itsve-fold symmetry, pentagonal
shape and GM1 binding sites, in dark blue.

¢ ¢ 2-shéets from adjoining protomers bind in an apérallel fashion to form a virtually

dzy’ 6 N2 -$hSef cote in a ring around the pentamer. Each protomer contributes residues

to a carbohydrate binding site located distally to thesubunit binding site and situated on

the seam of the dimeric interaction of the protomers. This binding site recognises the GM1

I y3dtA2a-DREB! ODh Db SEdzp! Oh o VAYUré1i19), WhicD is fobnd YA RS
on the surface of intestinal epithelium céttd. The five binding sites on the to%#? have

one of the highest affinities known for protetrarbohydrate interactionskj = 43 nMi24.

The porcine variant of LTB (pLTB) is also know to bind nedlabtd f i n Bter@ibate® i
glycoconjugates and the human variant (hLTBjniswn to bind blood group A type-2

6Dl tb! Oh o6 CdzO")emidatet! glycdddnjOgatESS.

o2 o 00
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Figurel-19: Structure of the GM1 Ganglioside: GM1 is a pentasaccharide containing two galactose (blue), one
N-acetylgalatosamine (green), one glucose (pink) and one sialic acid (red) residue. The ceramide lipid forms the
linker attaching the oligosaccharide to the cell surfice Image obtained from Dr Bruce Turnbull, University

of Leeds.
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1.6.3 Expression and Secretion

The CT gene cassette, ctxAB, is found on a virulence plasmid naturally occukfibgan
choleral & ¢St t | & ( K/Scholeawhich isMedpah$Sble Fofonizontal gene
transfer of the cassetf&3. The genes fathe Asubunit and Bsubunit are found to overlap

in a polycistronic gene where the Shine Dalgarno sequence for #uthihit is located
GAGKAY GKS o0Q RA¥IOTR BeS a grapeptid& Bader gejuengeSwhigh
targets CTB expression to the periplasm. In the periplasm the tesmtpience is cleaved

and a disulfide bond is formed between C9 and C86. Once correctly folded, the CTB
protomers associate around the CTA2e@ninal domain to form the holotoxin which is
secreted. The secretion of CTB involves the type 2 secretion sy$&8%), a sophisticated
piston driven mechanism seen Figure1-20**". The T2SS is a macromolecular complex
which spans both the inner and outer membrane of the periplasm and is cap#bl
secreting fully folded proteins. The T2SS contains a dodecameric hollow shaft which loads

the CT holotoxin; a pseudopilus is then used to purge the complex.

Toxin
secretion

Extracellular

Outer membrane

A
%
i
3 ﬁ Interaction with _‘;", 4% Gate 31N ,&
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Figurel-20: Structure of the Type 2 Secretion System: Proposed mode of action of the T2SS, CT (yellow) binds
to the pseudopilus tip (grey) while the secretin (blue) is closed or directly to secretin. Pseudopilus tip extension
pushes the CT free from the complex, wdgy CT dissociates from the pseudopilus tipeprinted by
permission from Macmillan Publishers Ltd: Natu&trMol. Biof?? copyright2010.
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1.6.4 Function

Once secreted from the pathogen the peptide backbone between Al and A2 chains is
cleaved by host proteases in the cadd_T, or secreted proteases in the case of CT, leaving
only a disulfide bond between the Aand A2subunit$'®. Binding to GM1 at the cell
surface stimulates receptanediated endocytosis of the AB5 toXfl. The toxins which
have a KDEL or QDEL sequence at therminus of CTA2, follow the retrograde
translocation pathway through the Golgi to the Endoplasmic ReticulBiguie 1-21).
There, protein disulfide isomerise is thought to break the remaining disulfide bond
between CTA1 and CTA3¥ and help shuttle CTA1 into the cytosol via the sec61p

channel.

Once CTAl enters the cytosol it Afilbdsylates adenylate cyclase, thus mediating
constitutive activation of the enzyme. The resulting twip in CAMP leads to an expulsion
of salts and movement of water out of the cells into the intestinal IUF&nCT and LT
thereby cause liféhreatening diarrhoea. In the absence of thesébunit, the Bsubunit
pentamer is not toxic; however, it continues to trigger receptoediated endocytosis and

gains 00S&aa (G2 OStftQa AYy(diSNR2ND

Endoplasmic Reticulum

Cell

membrane Cytosol

Golgi “
apparatus

Figure 1-21 The CTB subunit binds to cell surface GM1 gangliosides which trigger the endocytosis of the
holotoxin. The @erminal residues of the CTA subunit target the vesicle into the retrograde translocation
pathway, through the Golgi to the endoplasmic reticuludere the disulfide bond between CTA1 and CTA2 is
cleaved and CTAL is shuttled into the cytoplasm where it binds to adenylate cyclase, thus mediating its
constitutive activation. This leads to a buil@ in cCAMP and transport of salts out the cell, thesasi are
followed osmatically byvater”z‘q. Image obtained from Dr Bruce Turnbull, University of Leeds.
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1.6.5 CTB as a H&rget for Bionanotechnology
CT, CTB, LT and LTBragularlyexpressed usin¥ibrio sp. 60which is a nofpathogenic

relative ofV. choler8”. Coexpression of TA and CTB has been found to give up to-five
fold increase in overall CTB productidh It is thought that the presence of theguibunit
facilitates the Bsubunit association, reducing degradation (by reducing free protomer) and
thereby increasing the relative expression of tBesubunit. As the protein is naturally
secreted, the Bubunit pentamer or holotoxin is isolated from the media supernatant by
filtration, affinity purification or precipitation. The benefit of this procedure is a relative
lack of contaminating proteindjowever, this advantage is countered by the substantial
dilution of the protein in the media. Some groups report purification from the

periplasm*®3, but no groups have reported expression from the cytoplasm

Due to the abilitie®f these proteins to induce endocytosis and their high stability, they are
uniquely positioned to make good oral carriers for transport of products around the
body™*4. Furthermore, this high structural stability suggests thatstheproteins could
harbour more mutations compared to the average protein with compromising its
stability, making these proteins attractive design targets. The three most simisabBnits

of the AR family are CTB, LTB (83% sequence identity to CTBr Hiiotype 3}*, and
CFXB, a cholettike toxin found inCitrobacter freundi{73% sequence identity to the CTB El
Tor biotype 3}*3. Each of these proteins exist as several different strains, harbouring
many different amino acid variations at the positions of the protomer structure. The full

sequence of the CTB classical Biotype and some homologues are sHeigurai-22.
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Figure 1-22: Cholera toxin Bubunit (CTB), heat labile enterotoxin (bJBnd cholerdike toxin found in
Citrobacter freundii(CFXB) of various strains. Full sequence for CTB classical biotype is shown in colours
corresponding to each residues biophysical characteristic. Identical residues displayed as dots. Note subtle
differences within species and largdramges between specieBigure produced with Bioedit.
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Mutational studies have been carried out on CTB and LTB since the 1990mgrthep
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expression, transport, assembly, secretion and virulence conferred by the d¢HaffJe
Particular interest has been paid to the GM1 binding site as work has concentrated on
developing therapeutic inhibitors to prevenblotoxin endocytosis, thus the positions 33,
34, 35 and 88 have been thoroughly mapped. By combining the information from naturally
can be fashioned which shows thevéds of malleability currently known to maintain

features such as pentamerisation and holotoxin formation, etc. shoviguarel-23.
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highlighted in dark grey. Light grey positions indicate deviations from this CTB sequence made by close

possible amino acids adjacetat the position humber (X = stop codon). The CTB EIl Tor biotype 3 residues are
sequence homologues (see figure 1.6). Coloured residues represent mdeswsbed in the literature as able

Figurel-23: Mutational Space Map: The map shows the residue position down thédeft! side, and lists all
to secrete as holotoxin (green); able to form pentamers but not the holotoxin (orange); and as not leading to

expression (red). The NPR, VGP and PAEtaren®al extensions:>"*4
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1.7 Project Summary

In this projectwe aimed to construct a novevViruslike protein capsido test the ability of
current computational techniques to estimate changes in free energy of a PPI upon
mutation as well as to create useful therapeutic delivery devic&he principles used in its
design and validation will help lay the foundations farther rational protein design
routines that are generically applicablésa secondaryaim, the VLPconstructed could be

useful as a drug delivery vehicle or ngparticle scaffoldor further augmentation

Cholera Toxin Bubunit CTB is a pentameic, pentagonalprotein and, byits fivefold
symmetry, can be used as a building block for a dodecahedron containing 12 pentamers
larger structures which comply with 3D pentagiiling theory. We aim to exploit the CTB
property which mediates endocytasat epithelial cell surfaces in our capsid structure. CTB
tapers naturally at an angle which would provide a large interaction surface for a €apsid
like assembly. Utilising this natural tapering to create a curved surface would also present
the CTB GM1lamglioside binding site on the outside of the particle, which should allow

triggering of endocytosis, as found in the wijghe protein.

In order to achieve this assembly process our CTB subunits were modified-teitimiGal
coiledO2 A f W& OtenBidhg(Fighrk1y2d) © brddabout selassociation. Aiin silico
symmetrical docking protocol was developed to assess the most likely interaction face for
our assenbled subunits, based on which a list of interacting residues was constructed.
These residues were used for ansilicosaturation mutagenesis experiment to identify
which mutations would contribute to binding of the subunits. Hits from the computationa
process where expresséd vitrowith the coiledcoil extensions and characterised for their
ability to form higher order structures by size exclusion chromatography, dynamic light

scattering and transmission electron microscopy.

Figurel-24: Modified CTB witlGterminal coiledcoils (3heptad). a) Topdown view of CTBb) Sideon view of
CTB revealing coilezbils. ¢) Bottom-up view of CTBFigureproducedfrom modified pdb 3CHB.
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2.1 Experimental

2.1.1 Materials

2.1.1.1 Instrumentation

PCR reactions were conducteasing a Techne Thermocycler BI2. Glassware,
plasticware and media were sterilised in either a Prestige Medical beqchutoclave or a
LTE TouchclawR autoclave. Sterile environments were mediated with a Thermo Electron
Corporation SAFE 2010 Class lliteamflow cabinetor a benchtop bunsen Incubation of
mini-cultures, starter cultures and transformations were performed with a Stuart Orbital
Incubator, petri dishes and digestions were incubated in a Binder BD23 incubator and scale
up cultures were ingbated in a Kuhner ClimBhaker ISFX. A BieRad Geldoc XR was
used for tre UV visualisation of ethidium bromigegained agarose gels and stained protein
gels under white light. Centrifugation of volumes up to 1.5 mL was conducted with a
Heraeus Biofugpico, volumes up to 50 mL with a Heraeus Multifuge-R &nd volumes up

to 500 mL in @8eckman Coulter Avanti3Dl. SDS$AGE was performed inBio-Rad Mini
Protean Apparatus Mass spectrometry was conducted witlBeuker HCT Ultra MS System
with an Aglent 1200 Series Auto SampleDSF experiments were performed witlBa-

Rad CFX96 ReEime PCR Detection SysterBEC was conducted oiG& healthcare AKTA
FPLC systemDLS was performed withNMalvern Zetasizer Nano ZS EM was conducted

on a TecnaG2 Spirit electron microscope.

2.1.1.2 General Materials

General reagents were purchased from Sigma Aldrich, Fisher Scientific, VWR International,
Roche Diagnostics, Generon, Merck Chemicals Ltd and MP Biomedicals Elrhpe.
Laddes were obtained from New Engtal Biolabs angbrotein molecular weight rarkers

were purchased from Fisher Scientific. Protein gels were stainedingtant Blue(Triple

Red Limited). Antibiotic stock concentrations of 1000x were prepared from 100 mg/mL
ampicillin supplied by Fishecigntific. Pwo Polymerasestoredat 3 U/pL, was prepared by

Dr Louise Kime. All other DNA modifying enzymes were purchased from New England
Biolabs. The gel staBypro Orange (508)was obtained from i§maAldrich and used at a
working concentration @x in DSF experimentd\i Superflow Plus Resamd NiNTA resin

was purchased from Generoand Qiagen respectively -Lacdtose Agarose resin was

supplied by Sigmaldrich amyloseagarose from New England Bioladnsd a Superose 6
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10/300 GL SEC colunwas obtained from GE Healthcare. Sequencing reactions were

carried out by GATC Biotech via ABI 3730xI Sanger sequencing.

2.1.1.3 Buffers

Pfu Buffer (1&): 200mM TrisHCI (pH 8.8 at 25 °C), 100 mM (NSQ, 100 mM KCl, 1%
(v/v) Triton X100, 1 mg/ml BSA and 20 mMgSQ.

TAE Buffer (58): 2 M Trisbase 5.71% V/v) acetic acid, 0.5 M EDTA.

SDSPAGHunning Buffer (%): 125 mM TrisHCI, 960 mM Glycine, 0.5%/¢) SDS
SDSPAGESample Buffer (8): 100 mM TrisHCI, 0.1%w/v) Bromghenol Blug 200 mM
DTT, 20%v(v) Qycerol, 4%W/v) SDS

Nickel Suspension Buffer 100 mM TrisHCI (pH 7.4 at 25 °C), 100 mM NacCl, 20 mM
Imidazole

NickelElution Buffer 100 mM TrisHCI (pH 7.4 at 25 °C), 100 mM NacCl, 500 mM Imidazole
LactoseSuspension Buffer100 mM TrisHCI (pH 7.4t 25 °C), 100 mM NaCl

LactoseElution Buffer 100 mM TrisHCI (pH 7.4 at 25 °C), 100 mM NacCl, 300 mM Lactose
Maltose Suspension Buffer100 mM TrisHCI (pH 7.4 at 25 °C), 100 mM NaCl

Maltose Elution Buffer 100 mM TrisHCI (pH 7.4 at 25 °C), 100 mWdCI, 10 mM Maltose
SEC Bufferl00 mM TrisHCI (pH 7.4 at 25 °C), 100 mM NacCl

EB Buffer10 mM TrisHCI, pH 8.5

2.1.1.4 Nucleotide Synthesis

Oligonucleotidesirom 18 to 95 ntwere purchased fromintegrated DNA Technologies.
These included oligonucleotides for priming PCR reactions against DNA templates, for
sequencing or for thede novoconstruction of the CTB gene, and &xtensions, by

assembly PCR.

2.1.1.5 Heat Shock Competent Cell Strains

Heat shok competentE. colistrains XL10 and TG1 were obtained fr@tnatageneand
Lucigen respectively. Incompetent DE3 expression sBlizd Star*, BL21 Gold, C41 and
C43 were provided by Dr Thomasiwards, University of Leeds, which all contained the
pRAREJlasmid. The pRARE2 plasmid encodes the enhanced production of tRNA for a

variety of underrepresented codonsin colilevelling the codon bias.
2.1.2 General DNA Manipulation

2.1.2.1 Starter Culture or Mini culture

Mini-cultures were prepared bydaling 5 mL of sterilised LB medigo a 50 mL falcon tube
containing 100 pg/mL ampicillin. Eithersagle colonywas pickedfrom a petri dish, a
glycerol stock scraping was added or 5pL of liquid culture was added to the falcon tube
followed byagitaton. The culture wasncubated for approximatelyl6 hours at 37Cand

200 rpm.
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2.1.2.2 Isolation of Plasmid DNA

Plasmid DNA was obtained from cells isolated from overnight-cuiltires glleted via
centrifugation for 10 minutes a8000g. DNA extraction was conducted by alkaline lysis

using theQiagenplasmidmini-preparation kit elutingvith 50> [of EB buffer.

2.1.2.3 Polymerase Chain Reactigkmplification

General PCR amplificationgre performed with a final concentration okPfu Buffer, (6

U PwoPolymerase, 0.8 mM dNTP mixyproximately 10 ngf template DNA, 1M priming
oligonucleotides and made to a final volume of @0 with water. This mixture was
constructed adding the polymerase last, and mixed well, just befordatioib of the
thermal cycling. Table2-1 describes a general PCR prografs standard after each PCR,
the mixture was purified using the Qiagen PCR clgakit.

Cycle Process Time (s) Temperature {C)
1 Initial denduration 180 95
30 denaturation 30 95
- Annealing 30 Primer T, -2
- Elongation 60 per 500 bp 70
1 Final Elongation 2.5x Elongation 70
1 Hold - 4

Table2-1: Standard PCR reaction. This table shows the generalisations made to the mitichanost PCR
reactions require.

Assembly PCR Also known as Polymerase Cycling Assembly, allows the construction of a
large section of dsDNA from short overlapping ssibidfecules. This technique was used

to construct a subset of mutant CTB genes. As showigime2-1a, the gene is routinely
constructed from upto eight internal segments in the presence of an excess of flanking
primers. PCR amplification leads to the production of the full length gene. In some cases a
second amplification is conducted using the product of the fir€R Rand the flanking
primersto obtain large quantities of the full length gene. The exact same method used for
the wildtype gene construction was used to construct the CTB mutants, however the wild
type parts were substituted for mutant parts. This technigue led to a nomenclaased

on the parts used to construct each gene. CTB was constructed from six parts, whese wild
type parts were labelled, the wildtype can be writtenAAAAAA however, the mutant

exemplified in theFigure2-1b, which contains mutant parts, can be writtenl@/AGD
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Figure2-1: Assembly PCR. Short overlapping oligonucleotides, routinely altering between senseisahsat
strands are assembled into one large section of DNA during a modified PCR program. Typically the
concentrations of the parts are quite lgwowever,terminal primers are in excess, thick arrovesid these
terminal primers dominate the amplification once the parts have bridged the gap between theajn.
Construction of the wildype gene by this technique b) Construction of mutant genes. This technique allows
multiple mutations to be made simalheously and allows the construction of large potential libraries.

An alternative wildtype part 4B contains silent mutations to allow binding of a
amplification primer was frequently used to aid subcloning. Example oligonucleotides for
construction of he wildtype CTB gene are described Table 2-2, mutant parts are

available in the appendix.

Part ‘ Sequence

Part -1A-T CTGTTCAGGCGCATG

Part - 1A CTGTTCAGGCGCATGCAACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACAACAC

Part - 2A CTCTTTTTCCCGCTAGCGATTCTGTATACGAAAAGATCTTATCATTTAGCGTATATATTTGTGTGTTGTGGTAT
Part - 3A GCTAGCGGGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGAGGTACCAGG]
Part - 4A GCAATCCTCAGGGTATCCTTCATCCTTTCAATCGCTTTTTTTTGTGAATCTATATGTTGACTACCTGGTACCT(
Part - 5A GATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATGGAATAATAAA

Part - 6A CGAATTACCTGCAGGGAAAACTTAGTTTGCCATACTAATTGCGGCGATCGCATGAGGCGTTTTATTATTCCAT
Part - 6A-T CGAATTACCTGCAGGG

Table2-2: Example of the overlapping oligonucleotides required to assemble the full length CTB gene using the
Assembly PCR method.
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Assembly PCR was performed with a final concentration of 1xBBfier, 0.6 U Pwo
Polymerase, 0.8 mM dNTP mix, @M terminal priming oligonucleotides, 1M
oligonucleotide parts (one each of parts6lor 1-8) and made to a final volume of 50

with water. This mixture was prepared without polymerase, which was added shortly
before initiation of the thermal cycling. The CTB Assembly PCR program can be seen in

Table2-3. As standard after each PCR, the mixture was purified using the Qiagen PCR

cleanup Kit.
Process Time (s) Temperature {C)

1 Initial denaturation 120 95
30 denaturation 30 95

- Annealing 30 47

- Elongation 60 70

1 Final Elongation 150 70

1 Hold - 4

Table2-3: Specific program for Assembly PCR of the CTB gene. This program can be used for both six part and
eight part assemblies and also for the second round amplification containing flanking primers.

Assembly PCR was used to construct approximately half oélémene scan mutants, the
coiled-coil genes for MBR-terminal extensions as well as all additional mutant CTB genes

both with and without coileetoils.

Clonal Screening;, The presence of the correct insert was confirmed by PCR screening
using primers P&1AT and partdB-T. Par4B-T is complimentary the sequence of P4RB

which is uniquely incorporated into assembly constructs.

QuikChange Mutagenesig Routine sitedirected mutagenesis of constructs was carried
out using the Stratagene QuikChange paul with a pair of complimentary primers
containing the desired mutation. The PCR reactions generally described above were
modified with a 14 min elongation time step. Following thermal cycling 20 U of Dpnl was
used to digest the methylated template DN&S described for the digestion protocols.
QuikChange mutagenesis was used to construct approximately half of the alanine scan

mutant genes.

2.1.2.4 Restriction Digest

Basic Digest, Restriction digests of PCR products and inserts were routinely carried out as
follows. A 10 pL reaction mixture was prepared containing up to 1 pg of plasmid DNA, with
1x of the appropriate NEB buffer andlB U of each restriction enzyme. Reactions were

incubated at 37 °C for 1 h, after which samples were analysed 1% agarose/ticAhal
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double digests were conducted by repeating the above for esidgle enzyme and
constructinga double digest containing-10 U ofboth enzymes. Digested samplesre

heat inactivated at 80 °C for 25 minutes or purified using the Qiagen PCRugbdain

Plasmid Digest for Ligatiorty Restriction digestion, to generate linear vectors, was
conducted as for PCR inserts, however the reaction mixture was scaled to allow of
endonuclease per ug plasmid DNA and®BU of Antarctic phosphatase per ptagmid
DNA. The digested samples were run on a 1% agarose gel. The geuabsa\briefly
and the linearised plasmid band wasxcisel with a clean scalpednd purified with the

Qiagen Gel Extraction Kit.

2.1.2.5 Ligation

Ligationmixtures of 10 pL were consicted with50 ng oflinear plasmidrector, a 1:3 molar
ratio of vector to insertlx Lgase Buffer20 U of T4 DNA Ligase amade up to 1QuLwith
dH,0. These reactions were incubated at room temperature for 30 minutes before storage

at 4°C prior to trasformation.

2.1.2.6 Preparation ofHeat shock competent cells

Chemically competenE. colistrains were grown and prepared as follow&00 mL of LB
media was inoculatedwith 100 pL of starter cultures ofthe required cell type using
chloramphenicol for sainscontaining the pPRARE2 plasmibhese cultures werencubated

at 37°Cto a final Olgy0f 0.3¢ 0.4. The cultures were immediatelygeed on ice. The cells
were isolated by centrifugation in a pamoled rotor @ 6000y and 4 °Gor 10 minand the

superratant was discarded The pellet wasasuspendedn 10 mL of cold, sterile 0.1 M

CaGland ncubated for 10 min on ice before isolating the cells agair6@00g and 4 °@r

10mins The pellets were resuspéded in 4 mLof cold 0.1 MCaGJ, 20% glycerdlv/v) and

aliquoted into 100 pL fractions which were flash frozen in liquichiNd stored at -80 °C.

2.1.2.7 Transformations

5 pL of freshly thawed commercial chemically competentoliXL10 cells, or 20 pL of cells
prepared as described above, were addedpte-cooled micrecentrifuge tubes and held
onice. 1 pL of plasmid DNA or 2 pL of ligation mix was added to the cells and ifiireed.
cells were incubated on ice for0dImin before being exposed to 42 °C for 45 s in a water
bath. The samples wer&én returned to ice fora further 10 min. 99 pL of LBmediawas
addedto the samplesand the culture was incudted at 37 °C for 1 h. 100 pL of the culture

was applied tcand spread on an L&yarpetri dishesof appropriate anibiotic resistance.
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The remainingulture was centrifuged at 130@dor 4 min and decanted to leave 1pQ of
media,the pellet was then resuspended and the cells wspeead on LEgar platesusing

sterile glass beads.

2.1.2.8 Glycerol Celtocks

Sock solutions of cellsvere prepared fronmini-cultures, 500> [of the culture was added
to 500 > [of 80% glycerglmixed and flash frozen in liquidN, before long term storage

at-80°C

2.1.2.9 Agaose Gel (1%)
Small gelg 40 mLof TAE buffe was added to 250 mL conical flaskcontaining400 mgof

agarosewhich was then heated in microwave untilthe agarose wafully dissolved. The

molten agarosewvas decantd into a 50 mL falcontube and maé up to 40mL with TAE

buffer. This was held ab0 °Cwhile the gel cast and comhbwere prepared. 1®dp > | 2 ¥
ethidium bromide was added to the agarose, which was tlgemtly agitated andhe

agarose wapoured into the cast. The agarose gel was fully set witt#0 min. AIDNA
sampleswere preparedto give final loadinduffer corcentration of 1x. 10 pyL of smple

was loaded as default onto the gel. Gels where run at 100 V for 20 min as standard.

Large gek 200 mLof TAE buffe was added to &00 mLconical flaskcontaining 2g of

agarosewhich was then heated in microwave untilthe agarose wasully dissdved. This

was held a0 °Cwhile thegel cast and compp S NB  LINS LJ- Néghiidm bromidep >[ 2 1
was added directly to the gel cast and the agarose poured on top enswginglete mixing

of the ethidium bromide. The agarose gel was fully set withi@ #in. AlIDNAsamples

were preparedto give final loadindpuffer corcentration of 1x.10 pyL of sample was loaded

as default onto the gel. Gels where run at 100 V for 40 min as standard.

2.1.2.10 Plasmid Gend&xpression

Starter cultures were prepared from glyoé cell stocks. 3 mL of a starter culture was

added per 1 L of autoclaved LB media containing 100 pg/mL of an appropriate antibiotic.
Incubation was conducted &7 °Cand 200 rpm for 22 hours. The optical density was then
measured to reach 0:8.8at<c nn y Y ® LYRdzOUGA2Y 6l & AYAOGALF G
concentration of 300 uM IPTGncubation was then conducted 80 °Cand 200 rpm for 16

hours.
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2.1.2.11 Fractionation

Overnight inductions were centrifuged at 10@pfor 10 min, the pellet was discded and

the media supernatant was poured into a 2 L beaker per 1 L culture. 570 g of ammonium
sulfate was added per 1 L initial culture. The ammonium sulfate was added slowly to
stirred media and then incubated at room temperature for at least 2 houndenstirred.

The resultant precipitated media was then centrifuged at 1¢bfa® 30 min to collect the
pelleted protein. The supernatant was discarded. This pellet was resuspended in 75 mL
suspension buffer per 1 L of initial culture. Thessuspengns were transferred into 50

mL falcon tubes and centrifuged at 6@)fr 5 minutes, the supernatant was passed

through a 0.5 um vacuum filter and then stored at 4 °C

2.1.2.12 Purification

Gravity drip columns were assembled with an appropriatinity resin and allowed to

form abed. A syphon was assembled from a reservoir to the colunmeolnn volumes of
water was washed through the column, then 5 column volumes of suspension .bitfer
precipitant fraction was then applied to the column and the flow thygbuvas collected.

The column was then washed with 5 column volumes of suspension buffer. Elution was
commenced with 5 column volumes of the appropriate elution buffer and fractionsbof 1
mL were collected, dependent on the experiment. This protocolrepsated with further
samples or the column was washed with 5 column volumes of water, then 5 column
volumes of20% ethanol and stored i80% ethanol at 4 °C. The fractions collected had
EDTA free protease inhibitor cocktails added and were stored @ta@¥ incubated at room

temperature as part of an assembly experiment.

2.1.2.13 SDSPAGE (12%).

GelPreparation - Clean glass slidegere setup to castthe gel A15mL, 12% resolving gel
mix was constructed with 6.385 noif dHO, 380 mLof 1.5M TrisHCI pH8.84.5 mLof 40%
acrylamide, 150 pL of 20% SDS, 150 pL of 20% APS anof THMED.This mixture was
agitated and pured into the gel casta layer ofisopropanolwas appliedand the gel was
allowed to set for 10 min. Excess isopropanol was removed and e wasthoroughly
washed by applying ateeam of water to the top of the glass slideé& 5 ml, 4% stacking gel
mix was constructed with 3.325 ndf dH0O, 0.945 mLof 0.5M TrisHCI pH6.8, 0&b mLof
40% Acrylamide50 pLof 20% SDS0 pLof 20% AP&nd5 pLof TEMED This mixture was
agitated and applied to thgel casta comb was added and the gel was allowed to set for

20 min Gels were used immediately.
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Gel Running; A 12% SDBAGE gel was assembled in the running assembly. This assembly
was filed with SDEAGE running buffer. The protein samples were mixed 1:1 with sample
buffer and heated to 95 °C for 10 min. A protein molecular weighkaraand each protein
sample was applied to the gel. As standard -BBSE gels weresubjected to
electrophoresisat 180 V for 47 min. Ran gels were saturated in Instant Blue for over one
hour and destained overnight in water. CTB is known to run as a pentamer eRAREES

gels if the sample, when mixed with SBAGE sample buffer, is nodiled. For norboiled

CTB samples, mix with SBAGE sample buffer at the last possible opportunity before

running.

2.1.3 Plasmid Construction

A wide range of plasmid constructs for the expression of cholera toxin and its mutants were
generated during this qpject. Plasmid pSAB2.1 was used for the production HBP
complexes and plasmid pSAB2.2 was used for all other CTB mutants including thase with
terminal extensions. These two plasmids were derived from the plasmid pSAB2.0 which
contains the pMAIp5x backbone and contains a synthetic gene construct, bought from

Genscript, named SAB2.0. The process is described below.

2.1.3.1 Plasmids
pPMAL-p5x and pMALc5x¢ These plasmids were obtained from New England Bicdalols

contain the MalE gene which expresses maltbs®ling protein, MBP, with &terminal
polyasparagine linker region. MCS follows this linker allowing splicing of an additional
gene which will translate as an MBP fusion protein. A FactorX protease site sits just before
the fusion, allowing cleavage the product Figure2-2). pMalp5x contains a periplasmic

leading sequence which targets translation into the periplasmic space via the SEC pathway.
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pMal-p5x

5752 bp

“830w0ad 2@

Figure2-2: TheMAL-p5xplasmid. This plasmid contains the ampicillin resistance gene, AmpR (pale green), the
maltose binding protein (MBP) gene, MalE (blue) and is under the control of the lac repressor gystele).
A multiple cloning site sits downstream from the MalE gene, which allows the splicing of genes for expressing

fusion proteins of MBP. This version of the pMAL plasmid translocated MBP expression to the periplasm.
Figure produced with SnapGene.

2.1.3.2 SAB2.0 Gene Construct in puUC57

The SAB2.0 gene construct encoding CTA2 and CTB was purchased from Genscript in a
pUC57 plasmidHigure2-3). This construct was spifically designed to be spliced into the
pMal-p5x vector to create the plasmid pSAB2rizoding MBRagged CTA2 and CTB. This
981nt section of DNA contains, from 5' to 3', a TEV cleavage domain, the CTA2 gene, the
rrb termination sequence, an additionsc promoter, ribosome binding site and finally

the CTB gene primed with the LTIIb periplasmic leader sequence. The CTB gene was
designed to house a number of unique restriction sites throughout the gene to aid
modification by restriction enzymes. Thgene was also designed to allow facile

derivatisationinto two additional plasmids, pSAB2.1 and pSAB2.2
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(812) SexAI*
(746) Nhel
(735 Accl |
(724) BgIII | | KpnI (13
(683) Fspl | | Bsu36I (s70)
654) SphI | Acul (910
(7 BamHI (s62) Mfel | Pvul (943)
(2 NdeI | (551) EcoRI I PStT (s00)
(0) Start._\| TatI (20 ‘XhoI (203) 543 Xhol | || | "End’ 51
1L 1 1 | |
2007 4007 E00T To0T
cTaz B
TEV site | | RBS ORF #6

rrnB T2 terminator tac promoter

SAB2.0
981 bp

Figure2-3: The SAB2.0 gene constrydigested from pUC57) This gene contains a TEV cleavdgmain

(orange), the CTA2 gene (light blue), the rrnb termination sequence (red), an additional tac promoter (dark
green) and RBS (light green) and finally the CTB gene (deep purple) primed with the LTllb periplasmic leader

sequence (light purple)Figureproduced with SnapGene.

2.1.3.3 pSAB2.0

pSAB2.0 should yield two products via individual mRNA, an MBP @itéraninal fusion of

the CTA2 protein and CTB. Both gene products are targeted to the periplasm to facilitate

the assembly of CTB pentamers around k@RCTA2 fusion to create a MB¥B; complex.

pSAB2.0 was generated via subcloning of the BaPsHIfragment from pUC53AB2.0 into

PMAL-p5x as shown ifrigure2-4.
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BamHI Pstl
(] WIN ce 2
CTA2 ORF #6
rmB T1 terminator tac promoter
SAB2.0
Pstl  BamHI sLbe
pMal-p5x
5752 bp
Replace Insert
INSERT BamHI (2803) — Ppst] (2820) BamHI (7) — PstI (980)
FRAGMENTl

\acld Promote,.

Figure2-4: The pSAB2.0 plasmid. This plasmid is created from splicing the SAB2.0 gene construct into the
pMAL:=p5x vector after digesting both parts with BamHI and P®tlhen induced thelasmidshould express the
MBRCTAZusion protein(dark blue to light bluerontaining a TEV cleavage site and CTB penta(parple),

each on separate mRNAFigure produced with SnapGene.

2.1.3.4 pSAB2.1

pSAB2.1 encodes a polycistronic mRNA for the expression oMBBCTAZ2 and for CTB
generated by the digestion of pSAB2.0 with Xhol followed Higation Figure2-5). This
digestion removes the additional terminator and proter sequences between the MBP

CTA2 and the CTB genes.
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\acld Promoge .

DELETE
RESTRICTION
FRAGMENT
Remove
Xhol (2999) — Xhol (3339)

PSAB2.1

BamHI

Pstl Xhol
Xhol

pSAB2.0

6708 bp

Figure2-5: The pSAB2.1 plasmid. This plasmid is derived from the pSAB2.0 plasmid via digestion with Xhol.
When induced this plasmid should promat@nscription of a polycistronic mMRNA containing the MBFA2
(dark blue to light bluefusion as well as CT{Burple) Figure produced with SnapGene.

2.1.3.5 pSAB2.2

Alternatively, pSAB2.2 encoding CTB alone was generated in a digest of pSAB2.0 with Mfel
and religation Figure2-6). This digestion removes the MBP gene (MalE), the CTA2 fusion
protein as well as the additional terminator and promoter regions leaving the CTB gene
downstream of the native tac promoter ram of the pMALEpS5x plasmid. On expression,

this plasmid yields a single mRNA containing the CTB gene.

romoter
1a P
\o©

DELETE
Mfel RESTRICTION
FRAGMENT

Remove
Mfel (1502) — Mfe] (3358) PSAB2.2

Pstl BamHI
Mfel

pSAB2.0

6708 bp

Figure2-6: The pSAB2.2 plasmid. This plasmid is derived from the pSAB2.0 plasmid via digestifelwith
When induced this plasmid should promote transcription of a mRNA containing the CTBoggple) Figure
produced with SnapGene.

2.1.3.6 pSAB2.2, Backbone Plasmid for CTB mutations

All site directed mutagenesis for the generation of alanine scan mutaasscarried out on
this plasmid. The mutants created through site directed mutagenesis Wéfe A10G,
Q16A 117A , T19A, N21A K23A, F25A, S26A, T28A, G33E, T41A, K43A, A46G, K81A,
W88K N89A and H94A, mutagenesis primer pairs are available in the appendix. All
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mutant CTB genes from assembly PCR, including the remaining alanine scan mutants and all
interface design mutants, both with and without coiledil extensions, were spliced into

this vector va Sphl and Pstl digests of the plasmid and PCR product, followed by ligation
(Figure2-7).

Sphl PstI
Mfel
sphi LTIIb
WT-assembly-product
Pstl 350 bp
pSAB2.2
4852 bp
Replace Insert
INSERT Sphl (1594) — PstI (1920) SphlI (15) — PstI (341)

FRAGMENT

Assembled-pSAB2.2
4852 bp

SphI (1594)

PstI (1920)

Figure2-7: Introduction of mutant CTB genes into plasmid pSAB2.1. The pSAB2.1 plasmid and the assembly
PCR product are digested with Sphl and Pstl. These are ligated together to form the pSAB2.1 plasmid
containing the mutated geneFigure produced with SnapGene.

For the addition of theGterminal coiledcoils to CTB, eight parts were used instead of six.
The general assembly PCR protocol used for assembling six parts was also used to assemble

eight parts. The parts required for the extensions are listeétainle2-4.
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Coiledcoil Part7 Part-8

coil2 A A
coik7 E F
DeCrE @) J
DeCtK P K
SynTri N I

Table2-4: Assembly PCR parts required for the addition of cedleits to the CTB-@rminus

2.1.4 General Protein Manipulation

2.1.4.1 Plasmid Gendxpression

Starter cultures containing 100 pg/mL of the appropriate antibiotic in LB media were
inoculated from glycerol cefitocks and incubated at 37 °C overnight. The starter cultures
were used to inoculate 1 L of LB media, with 100 pg/mL of appropriate antibiotic,
contained in 2 L conical flasks (3 mL of starter culture/L of media). The cultures were then
incubated at 37 € with shaking at 200 rpm until the optical density at 600 nm reached a
value of 0.60.8 (typically 3 hours). Protein expression was induced by the addition of IPTG
(final concentration 300 uM) and the cultures were incubated for 16 hours (overnight) at

30 °C and 300 rpm.

2.1.4.2 Fractionation

Cells were isolated by centrifugation at 10@d0r 10 min and the cell pellet was discarded.
Protein was isolated from the media supernatant by ammonium sulfate precipitation;
ammonium sulfate (570 g per 1 L culture, 9Cugation at 0 °C) was added slowly to the
stirred media before incubation with stirring for a further 2 h at room temperature. The
precipitated protein was isolated via centrifugation at 17§0fbr 30 min and the
supernatant was discarded. The pellet wasuspended in 75 mL suspension buffer per 1 L
of initial culture, before clarification via centrifugation at 39d0r 5 min. The supernatant

was filtered (0.5 um vacuum filter) and stored, or immediately purified.

2.1.4.3 Purification
Protein was purified viaffinity chromatography under gravity flow. The affinity resin
(lactoseagarose, NNTA agarose or amylosgarose) was packed under gravity and

equilibrated with five column volumes of water followed by five column volumes of
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suspension buffer The pregitant fraction was applied to the column. The column was
washed with five further column volumes of suspension buffer. Protein was eluted using
five column volumes of the appropriate elution buffer and collected in fractions9ofriL.
Following protén elution, the column was washed with five column volumes of water,
followed by five column volumes of 20% ethanol before and storag@é% ethanol at 4 °C.
The protein containing fractions were pooled and had protease inhibitors added prior to

storageat 4 °C.

2.1.4.4 SDSPAGE

GelPreparation ¢ Protein identity and purity was routinely assed by SDfolyacrylamide
electrophoresis using the trAglycine buffer system. Stacking and resolving gels were
prepared as shown iffable2-5. This mixture was gently agitated and poured into the gel
cast followed by a layer of isopropanol. After polymerisation the isopropanol was removed
using a stream of water. Stacking gel migtwas then applied to the cast with a comb of

choice and allowed to polymerise. Routinely 12 resolving gels were used.

Reagent \ Stacking\ \ Resolving
5% | | 7%  10% 12%  15%
H20 3.325 8.260 | 7.135 | 6.385 | 5.260
0.5M Tris pH6.8 | 0.945
1.5M TrigpH8.8 3.800 | 3.800 | 3.800 | 3.800
40% Acrylamide| 0.625 2.625 | 3.750 | 4.500 | 5.625
10% SDS 0.050 0.150 | 0.150 | 0.150 | 0.150
10% APS 0.050 0.150 | 0.150 | 0.150 | 0.150
TEMED 0.005 0.015 | 0.015 | 0.015 | 0.015
total 5.000 15.000| 15.000| 15.000| 15.000

Table 2-5: Preparation of SBBAGE gels. All values are in pL. Routinely 12% gels were made. TEMED was
added last.

Gel Running; Protein samples were prepared by mixing 1:1 with-BB&E sample buffer
and heatingo 95 °C for 10 min. SBPRGE gels were developed at using-BBGE running
buffer at 180 V for 47 min. After development, protein was visualised using Instant Blue gel
stain. Monomers of CTB were obtained if the protein samples were boiled befatiadoa
If the samples were prepared shortly before gel development and not boiled, pentamers of

CTB were observed on the gel.

2.1.4.5 Assembly of Virud.ike Particles.

Assembly of VLP was conducted at a variety of CTB concentrations (often 2 mg/ml) via

room tempeture incubations over a variety of differing periods of time.



52

2.1.5 Biophysical Characterisation

2.1.5.1 Mass Spectrometry

2.1.5.1.1 Overview

MS allows the measurement of the mass to charge ratio (m/z) for an ionised molecule. The
samples in this project were ionised ®tectrospray ionization which creates quasi
molecular ions by the addition of protons to the sample. As proteins are large molecules
there are often many possible positions for protons to bind. This causes a protein mass

spectrum to give many charged &ta which can be deconvoluted to give the total mass.

2.1.5.1.2 Method

Protein samples were prepared by diluting in water or by mixing 1:1 with 30% methanol,
1% formic acid, or alternatively were used neat. 10 pL samples were directly injected via
the autosamplingsystem and analysed by electrospray ionisation mass spectrometry. Data
processing was conducted by ESI Compass 1.3 DataAnalysis V4.0 software (Bruker

Daltonik).

2.1.5.2 Differential Scanning Fluorimetry

2.1.5.2.1 Overview

Differential scanning Fluorimetry (DSF) was usedlétermine the melting temperature
(T, of protein samples. In this assay the gel stain, Sypro Orange, is used as a fluorophore
to detect the melting of the protein. Binding of the dye to hydrophobic portions of the
LINEGSAY O dza Sa emisSidhiwgva@engtth ProtéirksGmplR2were Beated at
a rate of 0.125 °C/s in a 96 well r¢imhe PCR machine. Each run takes approximately 17
min; making DSF highly suitable to highoughput investigations. Differential scanning
calorimetry, the gold tandard for label free I measurements, measures the change in
heat upon unfolding; but cannot observe more entropically driven protein transitions such
as disassembly of complexes and is not suited to -thgbughput investigations.
Correspondingly DSFamnot be used to observe the unfolding of proteins which lack a

pronounced hydrophobic core, such as calmodulin.
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2.1.5.2.2 Method

CTB Assay Assays mixtures were prepared to a total volume of 25 pL containing up to
22.5 uL purified CTB/mutant CTB and 2.5 pL 10proSyrange (Sypro Orange is a gel stain
supplied as a 5000x concentration, DSF uses a 10x final concentration). These assay
mixtures were prepared directly in a 96 well polystyrene PCR plate and sealed with an

optically transparent adhesive seal.

Thermacycling Pogram¢ Samples in the prepared plates were well mixed and any bubbles
were removed by centrifugation before placing in the riale PCR machine (BRad
CFX96). The following program was run. Starting temperature of 25 °C, 75x cycles of 8 s,
with 1 °C temperature increments per cycle. This takes the temperature from 25 °C to 100
°C over about 9 min. The dyes excitation wavelength is 488 nm and the emission is read at

570 nm.

2.1.5.2.3 Analysis

The data from the DSF experiments was obtained as the flolarescence emission over
each 1 °C increment. The melting temperaturg) (fas calculated as the inflection point in
this signal Figure 2-8). The numerical défentiation of the data yields a simple
visualisation of the Jas the peak maximuni{gure2-8b). InFigure2-8a the fluorescence

of the most concentrated sample becomes saturated, in this instance the steepest point of
the curve has already been reached maintaining theinformation. Those data whic

became saturated before the inflection point is reached were discarded.
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Figure2-8: Data processing from DS&) The raw absorbance at 570 nm for each cytlgThe derivative ofthe
raw data, where tk peak maxima represents the steepest incline of the curve from the raw data, revealing the
protein melting temperature.
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2.1.5.3 Size Exclusion Chromatography

2.1.5.3.1 Overview

SEC was primarily used analytically in this project rather than as a method of purification.
SEC separates proteins by their average hydrodynamic radius and can thus be used to
determine the size of different species of proteins in complex mixtures. The components
of the sample are separated by size and shape by as they flow through a bed of bbads.
beads contain pores of differing sizes which either allow or exclude entry to particular parts
of the beads interior. Samples with a creégstional area which permits entry to a given
channel have a greater volume of diffusible solvent to access tthose which are
excluded from the channel and thus are retained for longer within the matrix; larger
particles suffer exclusion from this greater diffusible volume and thus elute more rapidly.
Particles which are too large to gain access to any ofpttres in the beads all have the

same volume to diffuse through and thus elute together in the void volume of the column.

2.1.5.3.2 Method

Samples across a range of volumes and concentrations were applied to a Superose 6
10/300 column and isocratically eluted at 0.88./min using SEC buffer. After 2 mL of
elution, 300 pL fractions were collected in 96 well plates and their absorbance was

measured at 280 nm. The plates were sealed and stored at 4 °C.

2.1.5.3.3 Analysis

Peak sizes were quantified using Unicorn software (GEhuaat). Peak baselines were
often manually adjusted before numerical integration was performed to yield the peak
area. In the presentation of the data we often use the relative retention volume (rrv)
rather than the retention volume in mL. The rrv wagrmalised about a peak from a
protein ubiquitously purified with CTB preparations. Unlike mutant CTB peaks, this protein

was present at consistent concentrations.
2.1.5.4 Dynamic Light Scattering

2.1.5.4.1 Overview

DLS (or photon correlation spectroscopy) was used taiztthe hydrodynamic diameter

of particles in a given solution. Particles in an aqueous solution diffuse in accordance with

3D Brownian motion and the scattering of monochromatic light (here 633 nm) through this

liquid fluctuates in a timelependentmay’ SNJ 6 aSR 2y GKS LI} NI AOf SQ

governed by Brownian motion. This scattering undergoes constructive or deconstructive
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interference from surrounding particles and this fluctuation in intensity yields information

on the timescale of diffgion of the particles. The nemndomness of the fluctuation can

be quantified using the autocorrelation function which can then be used to determine the
diffusion coefficient for the particles in solution. From this, the StBkestein equation can

bedJLt ASR (2 3IAGBS GKS LI NIAOEt SQa KeRNRReyl YAO
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Equationl: TheStokesEinstein equation.d(H)is the hydrodynamic diametek,is the Boltzmann constant;is
the temperature & is the viscosity an®isthe translational diffusion coefficient.

2.1.5.4.2 Method

DLS experiments were conducted at 20 °C by measurement of the backscatter at 173° at a
wavelength of 633 nm. Protein samples of 100 uL, and of at least 0.5 mg/mL were

prepared after filtration through a 0.4am syringe filter. Each experimental reading was

an average of ten independent 10 s measurements, three readings were taken per sample.
Intensity values were transformed into volume and number percentages using the inbuilt

function in the Malvern datanecessing software.
2.1.5.5 Transmission Electron Microscopy

2.1.5.5.1 Overview

For transmission electron microscopy the sample of interest was applied to UV irradiated
carbon coated grids; this UV irradiation applies a negative charge to the carbon making the
surface hydrphilic. The samples were then washed with a negative stain, here uranyl
acetate, to provide contrast. When visualised under the electron beam, the negative stain
causes scattering of the electrons which are not detected on the CCD detector, thus areas
heavy in stain appear dark. As proteins stand pronounced from the surface of the carbon,
the stain only collects around the edge of the protein. Thus the protein scatters less

electrons and appear light on a dark background.

2.1.5.5.2 Method

Carbon TEM grids were Uivadiated for 30 minutes and left to rest for 10 minutes. 8 pL of
protein sample was applied to the grid which was incubated for 30 s before the droplet was
blotted off. The sample was left to air dry for 30 seconds before 8 pL of 1% uranyl acetate
in H,O was added to the grid and blotted after 7 s. This sample was left to air dry for 30
seconds. Grids were inserted in to the G2 Spirit and visualised under a number of

magnifications.
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2.1.5.5.3 Analysis

¢t9a YAONRIANI LKA ¢SNB |y lfuhcioa SfRhe pragiaf Image Wt f 2
(Figure2-9). This function displays the average pixel intensity along a selected section of

the image. The total width of the selémh within the profile plot gives the total pixels of

this new selection. By using this function with the scale bar a pixel per nanometre ratio is

calculated with is then applied to measurements of particles within the micrograph.
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Figure2-9: Analysis of micrographs by ImageJ. First the pixel per nm ration is determined, then this is applied
to measurements of particles.
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2.2 Computational

2.2.1 Materials

All computational work was carried out on a 64 bitlRekcision WorkStation T75@dth 2
x 6 core Intel&Xeor®CPU X569@2 GB RAM, Nvidia GeForce GTX 680 and 4 TB MegaRAID
SAS 1078unning Ubuntu 12.04.3

2.2.2 Methods

2.2.2.1 Molecular Dynamic Simulation

az2fSOdz I NJ 58yl YAO&a 6a50 A& | &AYdZ A2y G§SOFf
solved numerically for a set of atoms, interacting through a given potential under specific
conditions over time. While in principle all the thermodynamic and kinetipgrties of

the system can be obtained from a trajectory (i.e., coordinates and velocitia$uagtion

of time) in practice this is only possible for simple, rapidly converging systems (e.g., small
molecules in gas or liquid phase). Macromolecules ololgical relevance cannot be fully
characterised (e.g., folding and binding rates and equilibrium constants) by MD simulation.

To reduce the complexityof dll 1 2 Y &aAYdzZ F GA2ya 61 G4SN Oy oS C
its effect on the protein, such agreening charges, are included by modifying the protein

protein interaction potential. Coarsgraining of atomistic degrees of freedom is another

strategy often used to reduce the complexity of the system. These simplifications allow

long time course simations to be run, which are required to sample large scale
movements. However with simplification come inaccuracies. The best results still come

from allatom models in explicitly represented solvent under accurate electrostatic
representations, this isowever, infeasible for larger molecular systems, without the use of

state-of-the-art machine8*2.

2.2.2.1.1 Basic Algorithms

The Chemistry at HARvard Molecular Mechanics package (CHARMMas used to
conduct all molecular dynamic (MD) simulations. Through the numerical solution of
bSeid2yQa Sldanisp 2§+ 2 Tuo ¥ 2 WD Bimulations calculate the
trajectory of a set of atoms (i.e., coordinates,and velocitiesy; for each atom, i) at each
time t. Integration of the equations of motion can only be performed by discretising time.
Many finite difference integrators are available; the Ldapg Verlet algorithm chosen

here is accurate and stable with an integration timegtef 2 fs when bondsat hydrogen
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atoms are constrained The Leafrog Verlet, unlike some Verlet schemes, require
velocities to be calculated, for biomolecular simulations velocities are useful for calculating
kinetic energies as well as for temperature control. Howeverhasname suggests, this

algorithm leapfrogs position and velocity calculations, which are thsgnchronous
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2.2.2.1.2 The Empirical Energy Function
For a force,F, and accelerationsa, to be calculated on the atomic positions, using
bSgilizyQa aSO2yR I ¢ (KSw ., J2equbes (dafiniion. STyieS NH &
potential energy function is defined by the sumtloé bonded and no#bonded terms.

18 w» O (0]

The bonded term is described by the sum of bond stretching, angle bending and bond

rotation (dihedrals and impropers) terms.

L8 O O O O O
@ O 0 ® ® 0o — —
0 p AT® 01
The'O term describes covalent bond stohing, where b is the bond lengtk, is the
bond force constant andgbs the equilibrium bond length. THe term describes the

bendingof angle‘ between three bonded atoms, withthe angle force constank and
equilibriumbondangle’ o. TheO term describegorsionalsteric clashes, wherke is
the dihedral force constant is a coefficient of symmetry, tReadihedral angle and A &
the phase shift. The findD term describesout of plane bendingor improper
torsion which helps to maintain chirality, wheie is the force constant and and.  are

the improper torsion and equilibrium improper torsi@amgles respectively
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The nonbonded termof equation 4 includesander Waals and electrostatienergy terms.
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The Lennardlones 612 potential was used to estimate the vamler Waals interaction
energy governing both short range repulsive electadectron interaction forces and
longer range attractive forces from dipole fluctuations which give rise to the classic energy
minima. The constants;Aand B; are determined by the chemical types of the atoms. The
Coulomb potential determines the electrostatic interaction energy wheiethe effective

dielectric function for a given medium between two atoms witled g charges

2.2.2.1.3 Langevin Thermostat

Most experiments are carried out at a constant temperature, whereas the Verlet described
o2@Ss o6laSR 2y bSgili2yQa flga 2F Y2UA2Yy>
the number of particles (N), the volume (V) and total energy (E) are kept constarihenot
temperature. All simulations run use Langevin dynamics to maintain the temperature (T),
so called constant NVT ensemble rather than constant NVE with the addition of a friction
coefficientg Two additional forces are used to supplement the forcevee from the
force-field, "O 0, which mimic the effect of a heat bath. These & 0,

which is directly proportional to the particle velocity, and tke 0, which introduces

solvent effects.

uB 00 O o O 0 O 0
p B "00 ne IO T AlO Y o gecl,
The O 0 term is uncorrelated with the velocity of particles and the forces acting

upon them, obeying a Guassian distribution about zero.

2.2.2.1.4 The EEF1 Implicit Solvent Model

All atom simulations are time consuming due to simulation of the water molecules, MD
performance is roughly proportional to the number of atoms in the system squared, thus
removal of water atoms allows an improvement in efficiency of simulations. The Effective
Energy Function EEF1 is an implicit solvent nfdealvhich reduces the solvent to a

continuum representation inaporating its dielectric constant and surface tension. EEF1
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assumes the total freenergy of solvationy’O , is given by the sum of the solvation
energies of external chemical groups such as amino acid side chains or carbonyl carbons

etc..

The termY'O  can be further broken down, equation 12, whe¥80  describes the
solvation free energy of a fully solvent exposed chemical groujs the distance between
the two groupsj andj, w gives the volume of the chemical grojim proximity withi and

"Q describes a Gaussian function thatigsites the solvation free energy density around

groupi.

2.2.2.2 CHARMMMD runs
We used the CHARMM19 forield with the EEF1 implicit solvent. Minimisations were

conducted for 500 steps with the steepest descent to a local energy minima at 0 K. The
system waghen heated to 300 K over 100 ps and simulations were routinely run for 40 ps
with 2 fs time steps. Coordinates and velocities were saved at intervals of 108teps

200 fs. The program VMD was used to extract PD8ffden the trajectory. Scriptsre

available on the accompanying DVD.

2.2.2.3 FoldX

FoldXis an algorithm whichwas originally proposed to estimathe free energy ofolding

of aprotein given its native conformation. FoldX contains a library of amino acid rotamers
which it uses to sample $1 &Ry (Equation 12) of different conformations and choose
the most energy minimised protein structures. Therefore FoldX can be used to suggest
conformations and mutationghat increase the stability of a protein or a compleXhese
computed ener@ggs have beenweighted to and validated from empirical protein
engineeringdata. FoldXhas been used to rapidly compute tifiee energy of proteir&*?

and used to make quantitative assessments of the energetic impact of mutations on
protein and comple stability**3. There is an onlin€oldXwebserver which can be used
without downloading the softwar€‘4. A benefit ofthe FoldXprogram is theability to use

a batch file which allows not only simultaneous running of a number of commands but also
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for these commands to be used on a number of starting mgae&king the assessment of

ensembles trivial

YO ® YO ® YO YO
0 YO YO ® WY o WY

p 8Y0

& c-

Where YO is the sum of all van der Waals interactions with respect to the same
interactions @ainst the solventyY"O and Y'O are changes upon unfolding of the
solvation energy differences for apolar and polar groups respective. is the intra
molecular hydrogen bond free energy difference compared to imdecubr hydrogen
bond formation to the solvent.Y'O is an additional stabilising free energy for water
molecules making more than one hydrogen bond to the protein that is not estimated with
non-explicit solvent approximationsY"O is the charged grqu electrostatic contribution.
Y'Y accounts for the entropy penalty for the fixed backbone in the folded stafey
accounts for the entropic penalty for fixing sidbains in a particular conformatio/’O
accounts for the effect of eleatstatic interaction on association constang, kor subunit

binding energies in complexes.

The values fov’'O ,Y0O ,YO andY'O which are attributed to each atom
are derived from experimental dataY'Y and Y'Y are theoretical estimates and all
weighting factors (W) are 1 except for the vdw weighting factor which is OT3@& FoldX
default conditions are 28C pH 7,with a 50 mM ionic strength. The components of the

program used mostly here are described hvelo

Stability ¢ a S| & dzNB a U &y (equatior 12) ofpudfolding of the molecule
compared with a hypothetical unfolded protein of the same sequenaed gives a

breakdown of various energetic properties.

AnalyseComple ¢ Measures thek Geraction DEIWEEN two Mmolecule® ¢3[§bi$/ of kh®
gK2t S O2YLX SE A& T ALK of théddorhpOrazits-ofitti Rompléx K e G K S
difference in the free energy of unfolding between the entire complex and the sum of its

components is given alé N Gyeraction N kcal/mol (Equation 13)

v v v

pB y¥0 Y0 Y0 Y0
Where Cis the whole complexAis one component of the complex als the rest of the

complex.
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Alascang The FoldX alanine scan replaces each residue of a target structure sequentially
GAGK FEFYAYS LRThiNEd@eidNFea comfadd ta the wighe residue

to assess the change in structural intiég given the alanine mutation. It should be noted

GKFG FEFYyAYS Aa dzaSR (G2 &AYdZ kclia®, thérkh { NXzy C
assessing the impact that particular residue has on the rest of the structure. The alanine

scan applied by FoldXvsry fast, and is achieved through the simple removal of the side

chain. There is no attempt made by FoldX to refine the structure based on the removal of

the side chain. This method was used on the initial tyifge structure of CTB and the

results carbe seen in Chaptes.

PositionScang Performs a saturation mutagenesis investigation on selected positions in

0KS LINRPGSAY aSljdsSyoSo C A NXtyipe résidue arldiedithel A 2 Y A 3
surrounding residues sample rotamers to find the léwé <.kiPDthis is used as the wid

type reference. He selectedposition is then mutated toeach of the 20 amino acids
sequentially by the same process and the proteins unfolding energy is calculated and
compared to the wild type reference. Thefdience is given ag fGsapiiy in kcal/mol

(Equation 14)

v v

p B \246) Y0 Y0

BuildModel ¢ Given a template sequence and structure, FoldX builds new structures
containing mutatims present on additional sequences. During the construction process
NEGFYSNBE FNB &aF YLXSR (02 FAYR GKS t2¢Sad kD

2.2.2.4 Pymol
Used to build, view and manddzf G S LIRO6 T A& OA®ILYIR yid@¥ dzinH A SASE
functions were used extensively inebuilding the mutant pentamers from monomeand

applying new mutations.
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3.1 Wild -Type CTB Expression and

Characterisation

3.1.1 Overview

CT is expressed naturally in the Grapgative bacteriumVibrio cholerae Expression of

CTB in the Turnbull/Webb lab was originally performed with the plasmid pATAL3, obtained
from Prof Tim Hirst at the Australia National University, for expressidfikito sp. 60, a
marine fish pathogen commonly used for expression of CTB aftd’L. TWbriosp. 60 does

not express a CT homologue; however it does possess the secretory mechanisms required
for secretion of the toxin Whilst Vibrio sp.60 with the pATAL13 plasmid expressed large
guantities of CTB, the transformation of thébrio requires tripartite mating andhe
pPATA13 plasmidwas low copy number and quite large, 9kb, for site directed
mutagenesi$*®*d, |t was decided that transferring the gene into standardised laboratory
strains ofE coliin commercially available plasds would lead to a more efficient cloning

methodology.

The structure of CTBCHBpdb ) contains an intranonomer disuiide bond between the
only two cysteine residue$;9 and C86. Additionally two of the three prolinef253 and
P92 occur in thecisconformer opposed to the more commotrans-conformef**?  The
proteins responsible focontrollingthese modificationsdisubhide bond isomerase (DsbC)
and peptidyiprolyl cistransisomerase (PPlase), function in the periplasmic spaée ofli
(150151 - Therefoe, periplasmic targeting was deemed essential for our expression system
As a result of thiglecision two fractionation regimes are possible, isolation of secreted
protein from the culture media or recovery of the periplasmic fraction of cells, dependent

on the secretion or retention of the protejmespectively.

CTB is known to bind to nickel NTA columns due to the pentavalency of saxrjaosed
histadine residue$i13 and to a degred1941**3,  has been shown that purification by this
technique yields intact pentamers as the monomeric species lack the appropriate affinity
CTB can also be purified by lactose affioityomatographycolumns by way of he GM1-

ganglioside binding site.
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3.1.2 Expression Construct for E. coli

In order to provide a platform for reliable mutagenesis it was decided to move CTB
expression fronVibriosp.60 intoE coli. Transformation irE coli, in comparison td/ibrio
sp.60, isobust and efficient, also the plethora of available strains and collected knowledge

makeE coliideal for most routine protein expression

pMal-p5x is a plasmid vector which allows the fusion afprotein of choice to maltose
binding protein (MBR) MBP is frequently used to improve the solubility of recombinant
proteins, however it is used here as a pseddsubunitas MBP has the same approximate
size and globular nature as the toxies@bunit. Additionally the MBP molecule provides an
additional high specificity purification tag for isolation of thelBRAB; complex. The
multiple cloning site(MCS)is located to theGproximal side of a polgsparagine linker
section and a FacteX cleavage site A 981nt section of DNA was designed (SAB2.0,
obtainedfrom GSy a ONJA LJi v  O2 y (i | ATYhagtd Etch ¥iN® pfoteasBEY i 2 0 QX
cleavage domain, the CTA2 geméhich links the Absubunit to the Bsubunit pentamer)

the rrnb termination sequence, an additional tac promoter aitmbsome binding site (RBS)

and finally the CTB gene primed with the LTIlb periplasmic leader sedtidnc@his
SAB2.0 section of DNA was cloned into pMAL [t5adso contained a number of restriction

sites to allow future manipulation of this parent plasmid, pSAB@.Qjive the truncated
variatons pSAB2.1 and pSAB2a2 described in the methods)he annotated sequences

of each are available in the appendi®0.1.1 and 10.1.2) Expression of pSAB2.0 should
yield two products Firstly an MBP with &terminal fusion of the CTA2 protein, and
secondly, CTB pentamer8oth gene products are targeted to the periplaswith CTA2

being present in the periplasm at the same time as CTB is expressed into the periplasm, it
was hoped that CTB pentamers would associate with the IBR2 fusion t@reate the

non-toxic complexviBRAB™4.

CTB expressed without éhMBP complex can be affinity purified via two techniques.
Firstly, by the pentameric nature of the protein and two surface histidines, CTB pentamers
bind nickel NTA columns to a similar affinity astagged proteins allowing nickel affinity
purification. Furthermore the native GM1 binding site which lies across the monomeric

interfaces of the pentamer allow purification by lactose affinity.
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3.1.2.1 Construction and Expression of pSAB2.0

pSAB2.0 waprepared byligation of the synthetic gene construct SAB2.0 into pp@t

after digests of both parts with BamHI and Pstlhis placed a TEV cleavage site directly
FFGSN) GKS CIFOG2N} Of SI @gF IS & Mihé IAboratghOThelzR S R
plasmidwas designed texpresstwo mRNAsproducingthe MBRCTA2 fusion and CTB
respectively The rrnb terminator followed by the tac promoteras positioned between

the MBRCTAZ fusion anthe CTB gene; howevexpression of this plasmid did not yield
protein. It is possible that by duplicating the promoting and termination sequences in the

plasmid, homologous recombination could have occufréd

3.1.2.2 Constructionand Expression in pSAB2.1

Digesion of pSAB2.0 with Xhol allowed the removal of the additional terminator and
promoter sequences between the MBFTA2 and the CTB genes, but maintained the
second RBSThisconstruct was designed to produeepolycistronianRNA containing both
genes which would allowvthe coexpression of an MBERTAZ2 fusion protein with CTBoth
proteins were directed to fold in the periplasm under control of the SEC translocon via the
innate MalE periplasmic tag and the LTIlb periplastaic preceding the CTB gétfé.
E>pression of this plasmid followed by SDS PAGE analysis ailthe2 mediumconfirmed

the presence of both MBETA2 and CTBThese proteins were extracted, purified and

characterised.

Initial screens for optimal expression conditions, cell type and eswa time were
performed revealing qualitatively higher yields for this construct in C43 cells expressed at
30 °Cfor 16 hours The cells were pelleted by centrifugation and the clarified media was
passed over an amylose columiktlution with 10 mM maltose gave MBP and MBXB;
complex Figure 3-1). These elutions were furthempurified by nickel affinity
chromatographyto isolate pure MBFAB; complex Figure3-1). The MBFAB complex
migrates on SDS PAGE as the whole complex if the sample is not boiled prior to loading the
gel, however if boiled forl0 minutes bebre running SDS PAGERe proteins run as their
constituent parts After amylose purificationthere were few contaminating species of
other proteins however theredid appearto be at least two distinct sizes of MBH his

could be due to proteolysis ¢fie CTA2 fusion from the MBRZETB monomers can be seen

in the boiled samples; however CTB pentamers, as seen in the positive control, run at an
analogous size to MBP and are indistinguishable inbwled samples Rurification by

amyloseaffinity chromatographyretrieves only CTB pentamers which are associated with
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the CTAZ2 fusion, thus in ndwiled samplesnost CTB pentamers run as the high weight
MBRAB; complex. In order remove the MBP molecules which are not bound to CTB, a
nickel affinity columrwas run CTB pentamers readily bind nickel columns without a his
tag, thus this technique was used to remove MBP molecules which were not associated
with CTB.From the flow through it is noticeable that both sizes of MBP bands aectedl
suggesting tht the ratioof MBP to CTB is not optimal foomplexformation and the MBP

CTAZ2 fusion is in great excesBlowever after elution from nickel purification whidh
selectve for CTB only, the primary band in the nbailed sample is that of th&1BRAB;
complex and two minor bands which correspond to MBRCTA2 and CTPRentamer,
respectively Another important observation is the presence of a weak smudge in the
nickel elution running from the MBRB; complexdown to the MBP and CTB pentamer
bands Thissmudge is suggestive of disassembly during the course of SDS HAGE
disassembly may be due the presence of SDS in the gel and buffers, the increase in
temperature of the gel during the ryror a combination of both In the boiled lane from

the nickelelution there are only two bands seen, the MBFA2 and CTB monomers.
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Figure3-1: SDSPAGE of the yrifiedMIBRAB; complexstained with coomassie blueThe positive control (+)
shows migration of W-CTB bth non-boiled (N) and boiled (B) prior to SDS PAGIBP was targeted for
purification with an amylose columthe wash (W) shows the majority of contaminants were washed from the
column; eluent E1 is shown ndimiled and boiled The nonboiled lane showghe presence of a band at
approximately 8680 kDa which is not present in the boiled samplée boiled sample shows a band running at
the same size as the WOTB monomersIn both nonrboiled and boiled samples two MBP variants are seen,
presumably MBRand MBPCTA2 These eluents were combined and CTB was then targeted for purification
with a nickel columnthe flow-through (F) from this purification reveals large amounts of MBRe elutions
from the nickel column (E) in the boiled lane show just thands corresponding to MBEBTA2and CTB
monomers, however in the nehoiled sample these can be seen complexed in the MBRomplex as well as
products ofdn gefromplexdisassembly at the sizes corresponding to MBP and CTB pentamers.
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3.1.2.3 Expression in p&B2.2
Digestion of plasmid pSAB2.0 with Mfel removed a section of &#prising everything

from the MalE geneo the additional promoter and terminator regions Theresulting
plasmid (pSAB2.2) encoded orilge CTB gene with the LTIIb periplasmic targgtin
sequence, sited directly after the original pMal promoter and RBS sequplasnid map
available in the appendi§d0.1.1.7) During purification trials on pSAB2.1 it was found that
application of the clarified media directly to nickel affinity colunsasised stripping of the
column by agents within the mediarhis presented a problem for the purification of CTB
uncomplexed with MBRCTAZ2 In order to overcome this problem, the protein component
of the clarified media was precipitated with ammoniwsulfate™® over 2hours at room
temperature @ntrifugation yielded a protein precipitate which, when fsuspended in
PBS and purified by nickel affinithromatography gave CTB pentamers Further
purificationon a lactose affinity colummmaking use of the CTB GMihding site removed
impurities remaining aftenickel purification It is worth noting the faint high weight band
in the nonboiled lanes highlighted by the red arrowd his is thought to be a dimeric

interaction of two CTB pentamers as etlatied by typtic MS in chapter 6
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Figure3-2: Purification of CTBEIution of the ammoniunsulfate precipitation fraction after binding to a nickel
column reveals purified CTB in both the HAoziled (N) and boiledB) lanes, which migrate a similar manner
as the control WACTB (+)When these elutionsvere appliedto and eluted from a lactose affinity column, pure
CTBwas obtained. Other minor impurities are highlighted with black arrows and the dimer of CTd&nees
with red arrows

Despite the greater purity achieved though lactose purificatibrwas found that the
process was rather inefficient, requiring three passes of the nickel eluent over the column
to retrieve the same yields as fromickel affinitychromatography. This step was not

routinely used in the purification of further mutants as the ratio of contaminants to CTB
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was minimal. Towards the end ofChapter6 a tryptic digest of these contaminants is

performed.

3.1.3 Assessment of CTB Thermostability

In order to assess the stability of CTB and its mutants in a high throughput manner we
turned to differential scanning fluorimetry (DSF)n tis technique 1 °Cincrements in
temperatureare madeevery 8 secondever a25 °Cto 100 °Ctemperature rangeand the
emission from a fluorophorées measured.Sypro Orange changes its emission wavelength
upon binding hydrophobic moieties to 570 nniThus upon protein unfolding, and the
resultant exposure of the hydrophobic core, an increase in the 570 nm emission is
detected Earlier experimentation by differential scanning calorimetry (DSC) identified CTB
to have a J, of 76.5°Cat pH 7.5°". It is worth noting that [3C measures only the heat
required to equilibrate the sample cell to the reference cell, and thus measures enthalpic
changes but does not measure entropically based unfoldirgpwever DSHKetects the
exposureof hydrophobic residues, thus a slight disaiapy between the techniques is

expected

3.1.3.1 Differential Scanning Fluorimetry of MBP, the MB¥B; complex

and CTB
The construct pSAB2uas used to express and purify the MBB; complex. The protein
analysed by DSF at a concentrat@fo n ®o0 Y 3 k YFigure343ap As theaMBFCTA2
and CTBwere likely to melt at different temperatures, two distinct melting events were
expected However, as seen iRigure3-3a, only a melting peakat 58 °C is observedhis
was attributed to the melting of MBP at 5&€ (discussed below)Unusually a trough was
observed with a minimum at 80C which is not often seen in DSF exrpeents This
experiment was conducted in parallel with CTB albné | &aA YA T I NJ O2y OSy (i NJ
(0.3 mg/ml) seen ifrigure3-3b. This trace did not contairhe melting curve observed with
the MBRAB; complexbut it did contain a small peak followed by a distinct trough as
observedpreviously. Thus the 58 °Cmelting peak is attributable to MBP and the troygh
attributable to CTB This trough is suggestive afreduction in the fluorescence emission of
Sypro Orangewhich could arise fronthe dissociation of Sypro Orange from hydrophobic
moieties Thisobservationis counter intuitive as the peak at 6& seems insufficient to
signal full denaturation of the proteiat the concentrationassayed In order to find an

accurate CTB melting temperature a more rigorous &QEriment wasequired.
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Figure3-3: Differential Scanning Fluorimetry (DSF) of M&E®5 and CTBa) shows the first differential of the
570 nm emission of the MBRB5 DSF analysi¥he features of this trace are a peak at®8and trough at 80
°C. Most proteins present a peak upon meltinagd thus the presence of the troughuaexpected.b) The trace
for CTB alone; displays only a trough at’@8suggesting that the 58 peak is attributable to MBP, and -B®
°Ctrough to CTB A small peak is also present at approximately°6&vhich gpears to extend beyond the
noise of the system.

I O2yOSYyGNYGA2Y ANFRASYG 2F a.t FNBY H >a
DSF to determine its melting temperatureMBP has been analysed by DSC and a melting
temperature of 63 °C was determineat pH 7.4°3. As seen irFigure3-4a, a melting
temperature of 62°Cis consistatly achieved across all concentrationss the total protein
content increasesan increase in total fluorescent emissiam observed in line with DSF
theory. This melting temperature iwithin 4 °Cof the melting temperature attributed to

MBP from the MBRAB; complex DSF experimentF{gure 3-3a); the difference may be

associated with a decrease in stability due to the addition of the CTAZ2 fusion.

a) »® DSF MBP Concentration Gradient b)** DSF CTB Concentration Gradient
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Figure3-4: Further DSF of MBP and CT@8 DSF was conducted on increasing concentrations of MBP from 2 to
50 uM. A T, of 62 °Cwas consistently achieved independent of concentratids) DSF was conducted on
increasing concentrations of CTB from 10 to 250. i melting peakat 79 °Cemerges given increasing
concentrationsof CTBfrom approximately 82C. This emerging peak also makes a left hand shift (reduction) in
T given increasing concentrations of CTB.
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In order to address the CTB DSF troiggueseen inFigure3-3b, a CTB concentration
gradientwas also assessed by DSHgire3-4b). With an increase in concentian of CTB

FTNRBY wmn (G2 wpn >a ondc G2 wmnodp YIkYEO | YSH
the right hand side of the trough As the peak intensity increases in a concentration
dependent manner, there is @oncomitantreduction inthe apparent mdting temperature
Thisobservationis intriguing as it is unlikely that the melting temperature of the protein
decreases with increasing concentratioA possible explanation for thishenomenon

would bethat the emergence of the melting peakiis competition with the unexplained

trough; thus, as the intensity of the meltingpeak increases the trough minimum is
eventually outcompeted An additional point of interest is the small peak at®&which is

barely noticeable above the noise of the origiRaIB DSHigure3-3b); however this peak

is a consistenteature of the DSF data at all CTB concentratiofnally, it is worth noting

that the trough peak minima & p ®m 1 °Cana peakdmaxinya for CTB at 200 and 250

>a AL. | progpose that by some obfuscated biophysical process, presumably based on

the pentameric, doughnut shaped structure of CUi8 dissociation and subsequent
association with Sypro Ongez G Kl & GKS GNRdzZAK Fd poemt >a N
temperature However, all further CTB DSF melesre performed at concentrations which

achieve standard melting curves.
3.2 Choosing Mutable Surface Residues

3.2.1 Overview

In order to increase the rate of particle assembly, deleterious side chains may need to be
removed and replaced with side chains with no net repulsion to the new interface, or with
residues which promote the association of the putative PPI. CreatingeaiisPPI through

mutations may allow the future removal the coiled coil scaffolding extensioBsfore

rationally designing surface mutations to CTB it was necessary to determine the a#ffect

arbitrary surfacemutations at appropriate position®n the CTBentameric structure A

simple method for achieving thismA & G2 LJS NJF 2 NXY. Duniig aHlaldning A y S &
scan, each mutably desirable position is substituted for an alanine resi@lbe result is to

truncate eactsideOK I Ay o6 O1 @GI2a3 i2 B NI At di&SYy S NB A A RdZS
The removal of the specific interactions of thiglechainOl y KSf LJ adzZa23Sad (KS
disruptive forces likely from mutating such a positio®f course this method does not

allow prediction of amWIRR 0 A @S Q RA&ANHzZLIGA DS F2NODSE Ay OdzNN
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sidechain. Figure3-5 shows a selection of views of CTB withcBdsenpotential mutable
positions higlighted in red These positions can be seen to encircle the circumference of
the protein Additionally in Figure 3-5c green positions are highlighted for just one
monomer. These positions were chosen as they fall on the proposed tapered interaction
surface, yet leave the GM1 binding site free from mutatioAlanine scanning can be
performed both computationally and experimentallyHere we utilise both of these

approaches and use the alanine scan as an opportunity to compare the computational

methods to experimental results.

Figure 3-5: Highlighted alanine scan positions of CTBlutated residuesare highlighted inred, for one
monomer in greennonmutated residuesre highlighted in blue GM1 oligosaccharides in pink) A top down

view of CTB, GM1 binding on the fresitle of CTBb) A bottom up view of CTB, GM1 binding sites on the back

side of CTBc) A sideon view of CTB revealing the bottom face of CTB, mutable residues of a mondheer
tapering of the CTB molecule is easily discernible in this figures as in a) there are few visible mutable residues
however in b) all residues are visibleroduced from gb 3CHB.

3.2.2 Computational Alanine Scanning

Computational methods were used to deduce the change in free engrggunfoldingfor

the series of alanine mutantsThe pdb 3CHBdb was used as the starting model for the
computational analysis The structurevas subjected to a CHARMM minimisation and a 40

ps molecular dynamics simulatior trajectory of this simulation was used to acquire 200
conformations of the CTB molecul&@hese 200 structures were fed into the FoldX program

YR GKS WIfIliKRYS 6& @l yd& SRz R &dalBnlvuhiS (1 K S
measures the change in free energy between the folded structure and a hypothetical
unfolded protein of the same sequenc& K A GaninkwWs then compared to thevt-CTB

energy value to give & k fyiry in kcal/mol which predictsi KS  OK I YugSupok y & D

mutation. This process is discussed thoroughly in the methods sectiagure3-6 shows
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the wild-type residueposition along with the FoldR S NR @ S, ufiok &ubstitution to

alanine These positions arealso highlighted on one monomer of the CTB pentamer
Figure3-6a displays a number of interesting valubisrA , G45Aand T47A show relatively

large destabilisations compared with the wilgbe. 117 , despite being on the surface of

0KS LINRPGSAYY O2y(iNAROGdziSa /1 (&2 {12 SKEIRNERLIK 2 ovA G
which could explain the large destabilisation upon removal of these atoms and exposure of

this hydrophobic patch G45A requires the addition of @idechain/ i | G62Y X GKA& ¢
introduce a methyl group directly into the bulk solveats well as create torsional

constraints to the residue not experienced as glyciid7 O2 y i NA o dzi Sa AdGa /:
toaninterd dzo dzy AG AYUGSNFIF OS KeRNRLK206AO LI 80K | yR
subunit water bridges Some surprising valuesge the relatively weak destabilising effect

of the E83A substitution, which removedn inter-subunit salt bridge Figure3-6b & c

shows a¥€hainbowbf the relativelocations of the mutable positions on a monomer of the

CTB structure These two figures also demonstrate that these residues span the breadth of

the interaction surface and are also confined to only that surface

a) # Residue Position Average AAG  b)

1 o B 3 0.55

2 N B 4 19

3 1 B s -0.35

s o B - 0.61

s A B .

6 a [ 1 0.52

7 1+ B v 2.38

g H | 1 0.42

9 1 W 1 0.99

10 N [l 22 0.58

1 o W 22 0.52

2 Kk [l 2 0.29

13 F 25 -0.01

14 s W 2 0

15 T 28 0.95

16 17 @ 2 0.87 c)
17 k [l 4 0.57

18 N B 4 0.77

19 ¢ MW s 3.03

20 A 46 -

71 T 47 1.78

2 K 81 0.64

23 E 83 0.69

24 K 84 0.56

s N [ 8 0.22 e
26 17 [l 92 0.8 g
27 R W o4 0.19

22 s [ 100 ?

29 A B 102 -

30 N J 103 -0.24

Figure 3-6: Computational alanine scan analysig) displays the residue substituted, the position on the
aSljdzSyO0S I R inkdalfinol fupo alanine substitution The colours are comparable to those
displayed in b) and c)p) shows that the residues selected span the breadth of the interaction site with residues
matching the colours in a)c) shows an angle aligned to the proposed interface, which shows that the selected
residues are clustered to the interfaceAlso presentin the pink surface is the GM1 oligosaccharide binding
pocket, which has bdeliberately excluded from the list of potential mutationStructures produced from pdb
3CHB.
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3.2.3 Experimental Alanine Scanning

The alanine scan mutationsvere applied to the pSAB2.plasmid Each mutant was
created eithe by sitedirected mutagenesis or by assembly P@&chof the 30 mutant
construcs were expressed anthe CTB wapurified by nickel affinity andomeby lactose
affinity alsoas described earlier SDEPAGE wasonducted on boiled and nchoiled
samples to verify the pentameric stability and finally a DSF thermostability asaay
conducted on concentrated samples to find the changejrcdmpared to the wildype

protein.

3.2.3.1 Expression and Purification of Alanirfgcan Mutants

The majority of the alanine scan mutants expressed to produce viable pentaasers
indicated by SDS PAGEof-boiled samplegFigure3-7). An interesting observation is the
comparative gel retardation dD22A and E83A due to the removal of a negative charge
and the counter gel acceleration of th€22A due to the removal of gositively charged
residue 147T isnaturally occurring variant of the El Tor biotype of CTB, thagptessed

to ayield comparable to the wildype (classical)CTB, in this figure this can be used to
assess the resultant decreaseexpression due tohte alanine substitution Two positions,
117A and G45Adid not produce pentamers which endure SBSGE However, at the dye
front of the 117A there is an indication that the monomer is present. As discussed
previously, it ighought that nickel affinitypurification is only able to purify pentamers of
CTB as the monomers lack the mutilency required for strong bindingrhus, the lack of
pentamers on the gel hints to reduced overall pentameric stability for the mutant, rather
than these actually condieg of monomers in solution A band for monomers is absent
from the G45A mutant, suggesting that this mutariorm CTB pentamers Reassuringly
these two mutants,I17A and G45A were highlighted to have large destabilising
k G g1 o Dyithe FoldX alane scan.Where the native residue is an alanine, a substitution

to glycine is performed.
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A10G Ql6A T19A N21A

Figure3-7: SDSPAGE of thalanine scan mtants stained with coomassie blueEach alanine scan mutant was
run non-boiled on SDLAGE Electrophoretic migration deviationsere observed in mutants which remove
either positively or negatively charged residuea) shows a selection of mutants after nickel purification,
various contaminants are observableOf interest is G33D, not technically an alanisean mutant, but a
mutation whichpreventsGM1 bindingat the associatedite. This mutant appears to preferentially form the
dimer of pentamers discussed earlier. Additionally of interest are 117A and G45A which seem to produce
guantities of CTB pentamers discernible on the dBIShows a selection of mutants purified lagtose affinity

after the nickel affinity purification The samples appear clean with the major band as pentamers, some
monomers presenin each sample and some mutants maintaining the dimer of pentamers, while some mutants
lose this complex.

3.2.3.2 Thermostability Characterisation by DSF of Alanine Scan Mutants
Each protein was concentrated from a 15 ml elution to 1 M the totalexpression of
each protein was variable it was sometimes not possible to reach the standard protein
concentration, thus protein concentrations submitted to DSF ranged from 1.2 mg/ml to 3.8
mg/ml. Aconcentration gradienbf each mutant was analysed as&ss any changes in the
total signal ¢f/ qt) from the DSF output A selection of DSF traces are showkrigure3-8

as representations of theesultsobtained allDSF curves are available in the appendis.
seen above irFigure3-7a, an unboiled sample dfL7A does not mintain its pentameric
structureon SDFAGEhowever, a monomer band was seen at the dye frof@SF of this
mutant, Figure3-8a, revealed a J of 61 °Cconfirming the presence of proteiand that it

had been destabilised.However DSF of theG45A mutant, Figure 3-8d, revealed no
melting curve This trace is useful to shothe levels of underlying signal cause by
contaminantsremaining fromthe nickel affinity purificationat ~25 kDa and 66 kDa in the
Figure3-7a. These contaminantsaare not at concentrations required to compete with
signals attributable to CTBrhe DSF of mutari#25A seen inFigure3-8c shows a left hand
shift in T,, as the concentration of CTB increasebijchis in line with theDSF datahown

for the wild-type CTB.
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DSF of 117A Concentration Gradient b) 1500 DSF of F25A Concentration Gradient
61°C
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Figure3-8: Example DSF traces of alanine scan mutaa)shows DSF diL.7A which hasa relativey low T,
and weak signal intensityesulting froma low level of protein expressiorb) a DSF trace df25A shows a i,
that deceaseswith increasing concentration, as discussad the main textthis is presumably due to
competition with the trough typicafor low concentrations of CTBc) shows a representative trace from the
majority of the other DSF traces) this caseT28A. d) shows the DSF trace fdB45A no melting peak is
observable suggesting a lack of a major protein species in the sample.

The majority of the DSF traces do not show this left hand movement of theith
increasing concentrationsSome traces show an initiklwering of the T, with increasing
protein concentrations, however, the T, then becomes constant at higher protein
concentrations  Additionally, this phenomenon seems to be independent of a
concentration threshold as both fixed, &nd shifting |, are doserved among preparations

of both, comparatively, high and low protein concentratior®f interest, the locations of
mutations which do cause this left hand shift are clustered to a specific location on the CTB
pentamer shown in purple ifigure3-9. This observation shall not be expanded on here,
but perhaps points to the occurrence of an interesting kinetic event in that area of the

protein.
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Figure3-9: Location of mutations which cause a reduction jwiith increasing concentrations, by DSManine
scan mutations are highlighted in red against the blue of thenuniated protein Green residas highlight the
mutable resides present in a single monom@&ie purple residues show the location of residues which present
a reduction in , by DSF upon increasing protein concentrati@oduced from pdb 3CHB.

Figure3-10 shows the combined DSF data across the alanine caai®d out in replicates

of eight As can be seen, the majority of the alanine scan mutants do not perturb.toé T
CTB by more than®. Howevethe yield ofsomemutantsallowed noreliable T, could be
determined e.g. T41A (low signal)and G45A Othersmutants showed concerning levels

of thermostability suciN4A 117A and K84A, which suggests these positions may not be
suitable formutation. This screen makes suggestions as to the structural significance of

each residue and will inform future mutational propositions.
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Figure3-10: The total DSF derived, Bcross alanine scan mutant® I OK | f | YAy S, dss@dsafl byy dzii I y (i Q2
DSF is presented herdt should be noted that data foE83A is not available Most alanine scan mutants

reduce the T, of the pentamer to approximately 78Cand others seem to cause more drastic reduction%in

This suggests that making mutations at position 17, 41, 45 and 84 would produce structurally deleterious

effects to the protein.

3.2.4 Comparison of Computational and Experimental

Alanine Scanning
¢tKS C2tR- WLl yAyS preditty RG.Figmdd indtaigh campaied dza SR
to the wildtype CTB The predictions werecompared directly to the ;Jdeterminedfrom
the DSF experimentslt should be noted that this comparison is rather superficial as the
thermostability of protein and the free energy change from folded to unfolded protein
have a convoluteghysicalrelationship However there does seem to be a degree of
correlation between the computational and experimental value$igure3-11 shows a
a0F G4 SNI I NI L comparedit® e Jkdered from DSF and a bahart
presenting tle same datay(2 0 S G KF G { K Sunigival@yhas Deén inv&rtSd far k D
ease of comparisgn The scatter graph{gure3-11a) suggests a degree of trendingthe
data Figure3-11b shows a bar chart of the D8Erived T, compared to the FoldX derived
K Gsaiiyin kcal/mol ¢ KS | EA & sadyvalubkwireskt kolthat 0 kcal/mokligns
with a T, of 80 °Cto represent the relative wildype data Thisdepiction of the data

emphasises whicimutations have aT,, that is reduced in accordance with the predicted
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f 2 aa sdiypredicizd by FoldX Obviouslythese data do not correlate exactly but it

aK2dZA R 0SS SELISOGSR (KId KAIK &LISSR O2YLI]zil G
A0y Q TFdzyOlA2y ¢gAff KIFIGS RATFTTAOdebvartheledsl § OKA Y
the majorityof the data agrees welllt should be noted thaprotein was not obtained from

the G45AmutantandG45Ahasti K S f 2 g.Si@ainonk thd3e assesseddditionally

T, data for EB3A was not available The destabilisation of19A and 147A substitutions

were overestimated byFoldX and the estimations far6A, Y18A, F25A, S26A, K81A,

K84A and H94A were underestimated
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Figure3-11: Comparison of computational and experimental stability assessmemi#\ scatter graph of the

DSF derived.Jl 3+ Ay &t GKS C2f R-  Whfih ktalyiob b) aHe Isam@ date Sdxibage8 By k k D
way of a bar chart¢ K S kK, @f 0 kcal/mol is aligned to a,of 80°C to represent the wiletype data; the

k G axis was then manipulated to best agree with the DSF\White space and overlaps represent areas of
disagreement between the data sets, however, most of the data between the sets agrees well.

3.3 Concluding Remarks

A synthetic gene construct was obtaindm Genscript and spliced into the plasmid pMAL
p5x This new plasmid pSABZalowedthe production of two derivative plasmids pSAB2.1
and pSAB2.2, which allowed the expression of the MBfcomplexor CTB respectively
Expression and purification geedures for both of these products were developed to yield
a pure protein product The MBPAB; complexand CTB were assayed by DSF in order to
determine melting temperatures for the proteinAlthough this process required a large
degree of refinement fo CTB, reliable melting temperatures were achieved when

concentrations of CT&bove 100 pMvere assessed.
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Residues were chosen which lay on the side of the CTB pentamer, where we propose our
interaction to take place These residues were chosen to cover the breadth of the side face
of the protein and used amino acids whoside-chairs interacted with the solventThese
chosen residues were substituted for alanine residues by eitherdgiéeted mutagenesis

or through assembly PCR of a new CTB geriéhe alanine scan mutants were then
expressed, purified andnboiled samples were visualised by SDS PAGE majority of the
mutants maintained pentameric stability on the gel, howevesme were found not to
expressge.g.G45A and others dissociated into monomers on the gef).117A . Each of

the mutants was then assessed by DSF and theivab elucidated.

A computational alanine scan was performed on a group of CTB conformation retrieved

from a CHARMM molecular dyn&sa simulation on the3CHBpdb structure. These
O2y¥2NX¥IA2ya ¢6SNB [adaSiaaSR oe (GKS Cc2ftR- ¥Fdz
to the wildi & LIS T 3 k. &hSin Kcal/mok f@ the mutant protein compared to the

stability of the wildtype. Oncomparison of the experimentally derived, Tor the alanine

a0l y Ydzil y i &uigpkodued ByKFSIdXK ekr&asonable correlation in the data

was observed It should be considered that FoldX has no resource for determining the
likelihood of the squence to fold into the correct conformation and caonsideronly the

stability of the structure submitted to .t Based on these constraint® the direct

comparison of computational data to experimental data, we concluded that the observed

agreement isatisfactory for future use.
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4.1 CTB with C-terminal Coiled -Colil Peptides

4.1.1 Overview

As described in the project summary, tkdermini of the CTB pentamers are extended
with coiled-coil fusions. The display of these oligomerisation sites at the correct geometry
should allow construction of an enclosed particle. A number of design considerations are
highlighted here. Due to the tapering of the CTB pentanagrd the locationof the G
terminal coiledcoils Figure4-1), it should be more energetically favourable for the coiled
coils to be housed on the interior of the capsid. Therefore &ML binding sites should be
displayed on the exterior of the particle. A particle scaffolded on its interior requires that
the total crosssectional area of the scaffold is less than the total surface areesphere

with a diameter corresponding to ¢hdistal end of the coiledoil projectionto ensure that

steric clashes do not occur between the coilmils Thus, using coilecbils of three
heptads or more precludes the formation of a dodecahedron and forces the geometry of
the particle into a moreexpanded structure. In order to create a more geometrically
complex, expanded particle, the association between pentamers must be somewhat
promiscuous as the interfaces cannot bind to one another in only one conformation as
seen with a dodecahedron. Bhpoint requires consideration for both the scaffold and for
the CTB interface. Finally, the association of the particle by way of homomeric scaffolding
NE|j dzA NBIBS yWAYSES8RI AyiSNI OilAazya G2 o06S Y2NB Sy
LISy G I Y Sabtins Bepvées dalledoils.

4.1.2 GM1 binding site presentation.

The location of theGterminus of the CTB monomer is on the face opposite to the GM1
binding site Figure4-1a). The edge length of the GM1 binding face measures 37.5 A,
measuring betweetd13-G, whereas the edge length of tl&terminus face measures 31.9

A, measuring betweem44-G. This makes th@roposed interaction faceéapered with
respect to the topand bottom face of the pentameF{gure4-1b). This tapering, given the
orientation shown in Figure4-1c/e, brings theGtermini into close proximity such that
protruding coiledcoils can be designed to interagt an inter-pentamer arrangement
amongthe entire length of the coiledoil. In cantrast, the CTBorientation shownin Figure
4-1d/f would require either a flexible linker region or a portion of unbound coited to

bridge the distance between the>termini of the interacting pentamers. As any
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homomeric scaffolded assembly would be required to compefieh intra-pentamer
associations of the extensions; the former orientation providestharmodynamic
advantage to assembly compared to the latterhu3, the orientation of the assembly

formed shouldbe controlledthermodynamicallyusing coileecoils of a reduced length.

Figure4-1: TheGterminus and CTB tapering. The location of Germinus of CTBhould makecoiled-coil
fusionsfavourablefor constructing enclosed particlesa) The side profile of CTB with the GM1 binding site
located at the top and th&terminal residue highlighted in redb) The CTB pentamer with native tapayi of
the molecule highlighted by a wire frame) ande) The proximity of the @ermini given an orientation of CTB
pentamers thatwould lead to an enclosed particle presenting the GM1 binding face on the extedfjaand f)
The proximity of the @ermini given an orientation of CTB pentamers thaduld lead to an enclosed particle
presenting the GM1 binding face on the interid?roduced from pdb 3CHB.

4.1.3 An Expanded Dodecahedron

The addition of coilegoils with lengths of three or more heptadshould preclude the
formation of the dodecahedron platonic sol{igure4-2a) as the internal space of this
dodecahedron is insufficient to contain the volume occupied by the 60 extenfigisre
4-2b). Howeverincreasing the diameter of theapsid will in turn increase the internal
volume relative to thevolumeoccupied bythe coiledcoils. A more precise interpretation
of this theory is that the dihedral angle between pentagons in a dodecahadrbl6.56°,
by expanding the capsid this @itiral angle increasesSteric clashes between neighbouring

coiled-coils isdependent onboth the extension€length and the particl® dihedral angle
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increasing this angle towards 180° (where infinite extension lemgthld resul) eases the
likelihood br a clash to occur. Larger capsids will have a greater number of extensions but
also a greater dihedral angl@ order to accommodatethe extensions where smaller

capsids would not.

Figure4-2: Pentagon tiling and virus subunit assembdy A proposed dodecahedron of CTB pentamdysThe

interior of a CTB dodecahedron scaffolded with coeiteds of three heptads in length: only 2/5 of the coils are

present in this image, which exemplifidgetsteric clashes of the particle interioa) and b) produced from pdb

3CHB.c) A pentagon.d) Tiling arrangement of six pentagofsgive one large pentagdh Wa dzLJS N@ithJS y i I 32 y ¢
triangular gaps. e) The super pentagon arranged ia distorted dodecabdron with T=7d symmetrygiving a

super dodecahedranf) A biological example, Polyomaviridae, which assembles 360 sulfdRifzentamer$y

into to a capsidwith T=7d symmetry Image modified from viralzof&?, by permission of Oxford University

Press g) A dodecahedron, an intermediatectahedralbased symmetrical particle and the T=7d expanded

capsid Reprinted frort®?. Copyright 1989with permissin from Elsevierh) A schematic representing tHeve

different interactions required between subunits in the’@ expanded capsithased on a figurérom %%,
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What optionsare available for larger capsitts be made fom pentagonal subunitsFigure
4-2c-e showssteps in the assembly of a pentagonal building block by arranijeg
pentagons around a central pentagonsaperpentagon This super pentagon semilar to

a flattened hemidodecahedronFigure4-2d, where the dihedral angle of this association is
greater than 116.56° and gapme formed between the peripheral pentagons. The
dihedral angle is increased to the point where the external interaction faces of the
peripheral pentamers become parallél a hyperbolic planeyith the external faceof the
neighbouring peripheral peamers, creating a single largget curved,pentagon made
from six smaller pentagons. This can then assemble into an expanded dodecahedron
(Figure4-2e) which posses3=7d symmetry.An intermediate sized particle of octahedral
symmetry is alsoaccessiblefor construction from pentagonal subunitéigure 4-29).
Interesting biologial examples afiruses withT=7d symmetry are thpolyomaviridaeand
papillomaviridaefamilies, which areboth dsDNA viruses with capsidf 45 and ~54 nm
diameter, respectively. As discussed in the introduction, these viral families have been
observed b have a dynamic nature of proteprotein interactionsin capsid assembly

more so when manipulated in the laboratory.

The interfaces of th&=7d capsid do not associate in just aareangement In order to
create a more complex, expanded particle, the association between pentamers must be
somewhat promiscuous, specificafigntagamous (a marriage difve!), wherefive different
conformations of theinterface are possibleF{gure 4-2h). This is exemplified in the
structure of Simian virus 487 (Figure4-3). These interfaces are determined aydonor
strand exchangecaffolding structure positioning the globular units in differing interface
orientations However, the globular subunits must not interact repulgnvacross any of
these interfaces. The 5fold axis pentameinteracts with its periphery pentamers vi3-
way domain swap, and an identical globular interface.he Tntra-superpentagon
interaction of theperipheral pentamersise the same -8vay donor strand exchange, but
the globular interface deviates from thefdld interfacein such a way thaa triangulargap

is formed between them. Peripheral pentamers intergxter-superpentamerin a further
three ways, about the Zold axis the 3-fold axisand an additional interface. agh of these
interactionsare defined by2-way donor strand exchanges and eaehuires a different PPI
for the globular subunit. This diversity in binding conformations is highlightdedgure
4-3b which shows dimers of pentamers representative of the interactions fourktigare
4-3a. Each dimeof pentamers is aligned about the lower pentamer and the upper

pentamer is allowed to sit according to the position of the lower pentamer. As is distinctly
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apparent a range of binding conformations are available between the pentamers, with the
red dimerof pentamers, representing the-fold axis interaction, sitting to the extreme left
and the orange structure, representing thef@dd axis interaction, sitting to the extreme

right.

Figure4-3: Simian virs 40 tiling and pentamer superpositid#?. a) The crystal structure of Simian virus 40
pentamers positioned as highlighted in the schemati€igure4-2h. b) An alignment of dimers of pentamers
from the Simian virus 40 crystal structur&howingthe polydiverse nature of the binding orientations of the
upper pentamers compared to the lowpentamer. Produced from pdb 1SVA

4.1.3.1 Calculating theExpectedCapsidSze

Estimating the size of the capsids formiedm CTB pentamers ke tiling theory above
requires a number of assumptions. The only structural information available are the
dimensionsof the CTB pentamer, these can be compared to the dioassof the other
T=7d forming pentamers such as the S\etat protein In order to standardise the
measurement, adgelenghs of the T=7d capsid varthe centre of masswas usedto

make meaurements. his measurementprovided a rough figure forcomparison with
particle sizes bservedwith TEM and DLS. The Simian virus 40 capsich (PDB1SVA
measures 48.4m across its diameterthe averagalistance between the centref mass of
neighbouring pntamersmeasures 9.7 nm and thgistance between the centref mass of
monomers within pentames measures 3.4 nm. Using these parameters we can scale a
hypothetical capsid size for the CTB particle with T=7d symmetry using the distance
between monomersn the pentamermeasuring2.2 nm whichgivesa scaling ratio of 1.53

Application of this ratio to the sizes observed in S¥diimatesa particle size of 31.6 nm
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4.1.3.2 CoiledCoil Quaternary Structure

The Gterminus of CTB lies between the suggestefbld and 3fold axes, of a putative
dodecahedron It is thus in an ideal positiolo create dimeric and trimeric scaffolding
interactions whichcould in turn produce particles from pentagon shaped subunits.
Trimeric coileecoil extensionscould assemble abouthe 5-fold axis pentamer (Figure
4-43); likewise, dimeric coiledoil extensios couldassemble about the -fold and 3fold

axis (Figure 4-4b). Thisheterovalency creates aegree of proximal binding freedom
allowing experimentation with both types of coils in the assembly mutants. Moreover, to
meet the criteria of expanded particle construction from pentagons, the use of ecdisl
which can form both dimeric and trimeric interactions is the most advantageous.
Additionally, as the assembly will be mediated to some respect by the CTB interface, i.e.
electrostatics, shape complementarity, hydrophobic regions ,etihese coileecoil
interactions might be forced into neitleal binding conformations. Theswlividual coiled

coil motifs once initial nucleation of the assembly has occurred, will be held by the
assembly in the proximity and polarity for further subunit association. erGitwo
homotrimeric coiledcoil motifsheld in proximity, it is rational to assume that it is more
energetically favourable for a dimeric complex to form from these putative trimeric aoils,
the absence of a third binding partnerindeed it is also rationalhbugh possibly less
energetically favourable than abovthat if three homodimeric coiledoil motifsare held

in proximity that they could form trimeric complexes over the more favourable dimeric
complex based on the satiation of theabound coiledcoil m2 { AbiRdhg requirements.
Many coiledcoils indeed have a preferender a particularoligomerisation statebut are
shown experimentally to exist in a dynamic equilibrium between monomer, dimer, trimer
etc. In order to assess the ratio of multimeriga of the coils selected we performed a
number of studies to deduce the quaternary structure of the codeds used, which is

discussed below
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Figure4-4: Trimeric and dimeric coiledoil extensions of CTBa) Gterminal trimeric coilegcoil extensions of
CTB can complex about the putativéddd axis of a dodecahedronb) Gterminal dimeric interactions could
also form around the 3old symmetry axisProduced from pdb 3CHB.

Coiledcoils are ideallysuited to provide aplatform for aninteraction surface capable of
forming both dimeric and trimeric interactionslependent on the predicted oligomeric
state and proximity obinding partners. fAis in tun makes them ideal as scaffolds which
can bridge the gap between structurally supporting platonic soffdsmovalent coiled
coils)as well as more complicated assemblies which contain polymorphic PPI sites between

subunits(heterovalent coileecoils)

4.1.4 Choosing a Starting Point for Design

De Crescenzo et al. (2083)designed a parallel heterodimeric coiledil with the

canonical heptad sequendéSALKEKT 2 NJ (1 KS VWASPEKET 2WQ GIKYSRhiwO2 At 9
sequenceincludedi KS K& RNRLIK26AO NBaARdzSa GFHtAyS | yR
and electrostatic interactions formed between the dimers from glutamate and lysine
NBaARdzSa | (poditighS. THeSriterattighetvweenQliffering heptad lengths was
measured by Surface Plasmon Resonance and the five heptad versions of coil E and coil K
were found to have a 6.3 pM{R!. The high stability made these sequences an attractive

starting point for the design of coilecbil scaffolds for CTB assembly. However, a
homomeric coileeboil would be advantageous to bring about the assembly of a closed

spherical object as it requirepist one protein to be expressed, rather than expressing a
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pair required for heterodimerisation, which in tummay lead to assembly difficulties via

electrostaticclashing between two coils of the same type (i.e. K to K, orE.t

The use of homomeric coilembils presented from the same face tife CTBprotein
potentially provides the complication of intrapentamer seHlassociation. Given large
coiledcoils, such as a five heptad repeat, the mestropically favourable aangement is
for the coiledcoils to associate with additional coiledil extensions emanating from the
same CTB pentamerHdowever, the first heptad emanating from tl&terminus of CTB is
unable to contribute to an intrgpentamer coiledcoil (Figure4-5a) as the distance between
adjacent Gtermini is too large. Howevethe position of theGterminus would allow
length-long association between coilembil extensionsfor inter-pentamer interactions
(Figure 4-5c). Thus, the intepentamer association is always the mastthalpically
favourable from the point of view ofoiled-coil formation. Therefore shorter coiledoil
motifs will form interpentamer interactions in preference over intpgntamer coileecoils.
However, intrapentamer interactions could prove problematic for larger coil$hree
heptads repeats werehosen as a likely candidate to provide an effective hpentamer
scaffold while deterring intrgpentamer associations with neighbouring extensighgure
4-5b). Although de Crescenzo et al. found that three heptad versions of the same -coiled
coil bound too weakly to measure @, Kere the multivalency of the system shoutiow

these weakly binding coilecbils to complex larger assemblies.

Figure4-5: Intra-pentamer coileecoil interactions compared with intggentamer coileecoil interactions a)
Threeheptad coiledcoils associate intraentamer through two of the three heptadsyhile the first heptad
binds with few residues. This model was constructed with f&it b) The interpentamer coileecoil
association however, allows coiledils to interact with one another directly as they protrude from the CGIB
terminus. The white residues highlighted bye red arrows areG104 which is the first residue of the
extension. The intepentamer association should be favoured, enthalpically over the {pértamer
association based on the greater interaction surfaBeoduced from pdb 3CHB.
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4.1.5 Coiled-coil Designs

Twode novaintrinsic scaffoldsvere designed andvaluated for assembly e¥ild-type CTB

which are listed below with a brief description Each sequence follows directly from
residue 103 of CTB. Possible electrostatic interactions are indicated in the respective
colours and changes to hydrophobic residues are green.d@&herescenzdeC) coils are

listed for reference only. Although onlyvo new coiledcoils aredescribed hergseveral

other peptide sequences were investigated and are described in the app€tlix4.1)

The other sequences weless effective than the two describdgre for producing higher

order assemblies.

DeCr- coilK  GGGBVSALKEKVSALKEKVSALKEKVSALKEKVSALKEG
DeCr- coilE  GGGEVSALEKEVSALEKEVSALEKEVSALEKEVSALEKG
JR-coil2 - GVSALEKVSALKEKVSALEF
JR-coil7 - GG SA SEKI SAl ESKI SA ES

DeCrcoilK: The coil K described itle Crescenzo et al. (2063) DeCrcoilE: The coil E

described irde Crescenzo et al.

JRcoil2: In order to allow homodimerisation of the cgihe electrostatic interactions were
mixed from coil E and coil K motifs. TXerminal end of the coiledcoil was truncated to
remove its electrostatic interaction in case this would interfere with the surface of CTB,
which left two heptadsworth of electrostatic interactiors andthree heptadsworth of
hydrophobic core. Originally it was thought thatibyroducinga Gterminal phenylalanine

in to the coiledcoil the assembled coil would have a hydrophobic cap and potentially
induce clustering of the bier assembled coils in proximity. Upon reflection this was
probably unlikely to help in assembly and more likely to create VLPs with a hydrophobic

interior surface.

JRcoil7: This coil was designed to alleviate the potential fweak but potentially

problematic antiparallel interactions by reshuffling the electrostatic interactions.

l RRAGAZ2YIffteds GKS fAGSNI G§dzNBE ada3asSada GKEG A
of the heptadpromotestrimeric interactions over dimeric interactiofi$%? as two coiled

coils are unable to adequately shield the larger hydrophobic centre from the bulk solvent.

This coil implemergd this theory to create a putative homotrimer.
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4.2Expression and Characterisation

4.2.1 MBP Coiled-Coil Fusions

The construction of the plasmid, the coiledil fusions and the expression and
characterisation of the MBPoiledcoil fusions was conducted by Michael Johnson,
University of Leeds, for his Masters project. Plasmid mapsassembly part sequences

can be found in the appendix (10.2.4.2).

In order to determine the oligomeric states of the designed cedeils, JRoil2 and JR

coil7, these were mades Gterminal extensions of MBP. Chapter @scribes the
construction of he pSAB2.1 plasmid which is used to express MBP fusion proteins,
possessing &EV protease sitdo the periplasm.This construct was used to clone the TEV
protease domain into th@Mal-c5x plasmid (which expresses protein in the cytosol), via
digeston with Sacl and Pstl, the pSAB2.1 insert was spliced into the {gbMhplasmid to

give a new vector named pMaCo. This plasmid directed expression to the cytoplasm and
allowed coiledcoil fusions to theGproximal side of the TEV protease site. This altbthe

option of removing the coiledoil from the MBP fusion should it become necessary.

The genes for the coilecbils were constructed by assembly PCR from short overlapping
sections of ssDNA, which were subsequently spliced into the pMaCo plasmigithe
BamHI and Pstl restriction site€Expression was induced and the fractionated cell lysate
was purified by amylose affinitghromatography Elutions from the amylose resin were
analysedon SDS PAGE and revealed a high yield of MBP -coiletiision vhich was
adequately purified from the vast majority of the contaminating prote{R&yure 4-6a).

Both JRcoil2 and JRoil7 when expressed, concentrated and incubatat room
temperature for 2 days, revealed no high weight oligomeric states after SEC. Therefore, 4
heptad versions of these coils were constructed and analysed. Thbeptdd versions
gave a concentratiodependent decrease in SEC retention volume dfteabation. Figure

4-6b shows the SEC for thetéptad version of MBBRcoil2. The red and black lines show
MBP and MBP witla known trimeric coileaoil attached®. The traces from orange to
blue show increasing concentrations of the MBP coil fusion.  With increasing
concentrations there was an increase in thsize of the particle which suggssthe
presence oftrimeric, dimeric and monomeric speciesSEC for the -fieptad version of
MBRJRcoil7 Figure 4-6¢) shows a majordimeric speciesand a smallerproportion of

trimeric species. Risresultwas somewhat unexpected as the major predispositions of the
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coiledcoils were the opposite way roundio expected. For example -#8Ril7 which
contained isoleucine at th@ and d heptad positions was expected to favour trimeric
interactions, howeverthe SEC suggests dimeric species are in the majority across the range
of concentrations tested. In contrasf JRcoil2 with valine and leucine at tha and d
positions respectivelywas presumed to favour dimeric interactions, however, given
concentrations above 5 mg/ml these coils favoured trimeric interactions. Despite this
inversion in the predicted behaviour of the coils, the purpose of this exercise was to find
coiled-coils whichcould form both dimeric and trimeric interactions, which both coils do.
Additionally as one coil prefers dimeric interactions and the other prefers trimeric
interactions these coilgprovide a good starting poirfor investigating which coil produces
capsds more efficiently. These investigations were conducted-beptad versions of the
coiledcoils, however when investigating these coilmmlls on CTB it was decided that
reverting to 3heptad coiledcoils was more appropriate. This change in heptadte
would reduce crowding on the capsid interior and would lead to a preference for fully
formed capsids over partially formed capsid intermediates, which would likely have
stability problems with just three heptads. Additionally as future mutation$énGTBCTB
interface will likely increase the assembly rate independent of the heptad length, a low
level of initial assembly with the witiype CTB is an advantageous position for determining

the kinetic effect on capsid assembly of any introduced muretio



93

b) JR-coil2 — 4 heptad SEC C) JR-c0il7 — 4 heptad SEC
1 2\ 1
/ = MBP
:q_’ - 3 mg/ml
£ € 5 mg/ml
E % 10 mg/ml
® 2 = 15 mg/ml
8os 205 == 20 mg/ml
S % == MBP-SynTri
5 E
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z
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Figure4-6: MBP fusions with designed coiledils. a) An example gel of the eluted fractions from the amylose
affinity column the MBP fusion is expressed to a high yield and is well purified értwer contaminants. b)

The SEC trace from thehéptad version of JRoil2. The red line depicts the trace from MBP with no cedleitl
fusions. The black line shows the trace from an MBR1fusith a known trimeric coilegoil, SynTH®¥. This

trace shows that with increasingrotein concentrations of the fusion that the propensity for trimeric
oligomerisation increases, however there is always a portion of monomeric fusions as well as a proportion of
dimers. c¢) The SEC trace from thehéptad version of JRoil7, as described in b)With this coil there is a
greater proportion of dimeric interactions than trimeric interactions, even when reaching concentrations such
as 20 mg/ml, however there is a proportion of trimeric coils seen at all concentrations.

4.2.2 CTB-JRcoIl2

Qoiled-coil JRcoil2 was assembled with witthpe CTB and inserted into plasmid pSAB2.2,
which was expressed and purifieth order to assess the assembly of the capsidsifipd
samples were concentrated to 10 mg/ml and incubated at room temperature for differing
periods of time from two days to four weeks. Sales were then analysed by SERj(re
4-7a). CTB expressed witho@terminal extensionsvas alsoincubated for 4 weeksit
room temperatureand can be seen as the red tracélhe 1 week, 2veek and 4 week
traces produced by the CIHRcoil2 showed a high weight peak thagave higheryields
with longer incubationtime suggesting the accumulation of a high weigipecieswith
time. As seen in thinsetpanel, these high weight peaks occur just after the void volume

of the column (lefthand shoulder of the peak).
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In order to confirm the presence of the GIJBcoil2 proteinin these high weight peaks
fractions were analysedyoth boiled andunboiled, on SDSPAGE Rigure4-7b). This gel
shows that CTB makes up the majority of the high weight peak.gé@lalsosuggests that

the protein in this high weight peak is not the product of aberrant aggregation of unfolded
protein, as pentamers are clearly visible on timboiled fractions. The SEC high weight

peaks were combined and concentrated before being analyyddlls.

a) 1o b) s " ;
SEC of CTB-JR-coil2 High wen/{ht peaks Low wg&ht peaks
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Figure4-7: Characterisation of CTB with-d&l12 a)Size exclusion chromatography of wijghe CTB in red and

of CTB with JRoil2 in grey to black. The darker the lines indicate extended periods of incubation at room
temperature from 14 weeks, long incubationgave higheryields of high weight productb) The high weight
fractions from SEC are seen to contain pure CTB vaubjected to electrophoresishoth boiled (B) and
unboiled (N)and stained with coomassie blue) Dynamic light scattering of the wilype CTB, red, suggests
particle sizes of 5.6m, however the high weight peak from SEC of the-TRd®il2, in black, gives particles of
between 24 and 50 nmd) Transmission electron microscopy of the high wei§BC fraction reveals particlgs

50 nm. Very few particles wie observed.

DLS of CT®ithout coiledcoils gave 5.6 nm for the estimated spherical size of (EijBre

4-7¢) in line with the pentames width of 6.3 nm and height of 3.6 nm. However thEBC
JRcoil2 high weight component from SEC gave a range of particles sizes from 24 nm to 50
nm. The low concentration retrieved from the high weight peak (0.3 mg/ml) was close to
the lower limit of concentrations acceptable for DLS. This could be arrdasthe rang

of particle sizes seen by Dlo;,course another reason could be the production of a range

of particle of differing sizes.
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The high weight peak from the size exclusmmiumnwas then applied to carbon grids,
negatively stained with uramyacetate and analysed by Transsiis Electron Microscopy
(TEM) Particles measuring from 58 nm in diameter with the appearance of spherical
capsidlike structureswere observedFigure4-7d). These particle sizes deviate from the
data obtained through DLS. It is notable that these three cdp@&dstructures were found
after a prolonged search. Given the yield purified from SEC, evident from its visibility on
SDSPAGE, a greater number of capsids wexpectedto have been found by TEM. It is
thought that the low number of particles visible by TEM may be due to the intrinsic
instability of the capsid structures. These capsids are held together solely through the
interactions of the JRoil2, which inturn must outcompete theunfavourable interactions
which native CTB possess to prevent its own aggregation. The negative staining technique
requires the hydrophilic, negative, charging of the carbon grid by exposure to UV light,
application of the sample followed by air drying and then fixing with uranyl acetaferdo
exposure to the TEMndervacuum. This process exposes the capsids to a combination of
potentially destabilising forces and it is possible that the preparation process itself resulted

in the dissociation of a large number of the capsids.

4.2.3CTB-JRcoil 7

This coileecoil was assembled with wiiype CTB, cloned into pSAB2.2, expressed and
purified as described ithe methods Purified samples were concentrated to 10 mg/ml and
incubated at room temperature for one week. Samples were then analysed bifigEe
4-8a). CTB expressed with-d&I12 wasalso incubated for one week at room temperature
can be seen as the black trace andcdiR/ as the blue trace. As évident from the
enlarged panel, after one week GJRBcoil7 produce a larger proportion of high weight
product than CTB with 3®il2. Notably, the high weight peaks of €JR&0il2 makes up
1.8% of the total area of the SEC trasbgereasthe high weght peak of CTBRcoil7 makes

up 3.4% of the total peak area, suggesting greater oligomerisation with theil7R
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Figure4-8: Characterisation of CTB with-&l7. a) Size exclusion chromatography ©TB JRoil2 is in black

and CTB JBil7 is in blue, both after one week incubation. Given the same period of incubation,-tt@ldR
extension seems to produce a larger yield of high weight product, additionally as discernible on the SEC of the
pentamreric peak, there is less overall pentamer, thus the ratio of assembled to unassembled is much greater.
b) The high weight fractions from SEC are seen to contain pure CTB when run both boiled (B)-boitiedaiN)

on SDS PAGE. The concentrated sampleehemshows a number of contaminants) Dynamic light scattering

of the wildtype CTB, red, suggests particle sizes of 5.6 nm, however the high weight peak from SEC of the CTB
JRcaoil7, in blue, gives particles of 28 to 32 nm) Transmission electron microscopy of the high weigh SEC
fraction reveals particles of an agreeable size to the DLS results. These TEM structures were resolved more
clearly than the particles for the CTBCI&®2 TEM and reveal the interior surface of tapsid. This is likely due

to stain penetration of the capsid.

Figure4-8b shows both boiled andnboiled samplesnalysed bYsDSPAGE for CTHERcoil7

with a positve control, (+) wildype CTB. It is evident in the concentrated sample that
despite CTBRcoil7 making up the largest component of the sample, other contaminating
proteins are pulled through the purification procedure. However after SEC and isol&tion o
the high weight peak only CIIRcoil7 is present. DLS of the high weight SEC fractions
revealed particles of 28 to 33 nm, in blugdure4-8c) in contrastto the particle size seen

for wild-type CTB of 5.6nm in red.

Under observation with TEMbarticles were found whichgssessed capsid like structures
(Figure4-8d) measuringrom 29 to 36 nm in size. Dye penetration seems to have occurred
more readily with the capsids produced fromcd7 than with JRoil2 which revead the
appearance of the inside wall of the capsid. Thight suggesthat CTBIRcoil7 may hold

the CB pentamers in a slightly different orientatiooompared toJRcoil2. This potential
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changein rotational orientation may lead to gaps in the capsid which allow leaching of
uranyl acetate into the capsid interior. The capsids produe@tl JRcoil7 were more
convincing examples of capsid like structures than those found wittoill® whichhad

poor contrast. Described blow are a selection of TEM negative.

4.3 Electron Microscopy Controls

4.3.1 Buffer Control

In order to confirm that the particles seen und€EM relate to the CTB mutant protein
found in the high weight peak from SEC, a number of control experiments were conducted.
Firstly buffer taken from the SEC before the appearance of the high weight peak, 4 mi

retention volume, was prepared for TEM assdribed in the methodd-{gure4-9).

Figure4-9: Buffer control from SECa) best attempts were made to find pacles similar to those observed in
the high weight peak. These particles are amorphic and do not appear similar to the CTB chpsids.
particles seen in a) can be seen in the upper right of this micrograph with similar amorphic panticlise
majority of the grid appeared as seen in this micrograph.
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4.3.2 Pentamer Control

The pentamer peak from IGFBA®II7 was prepared for TEM to observe the appearance of
the nonoligomerised CTB mutant particleBigure4-10). The CTB particles appear as

donut shapes with a distinct difference in contrast compared to the buffer only grid.

Figure4-10: TEM of tle CTB pentamer peak from IGFBAc) generic micrographs displaying the appearance

of the surface. Compared to the buffer control there is pronounced contrast to the surface which appears like
small donut shapes reminiscent of CTBan enlarged vievef part of a). e) an enlarged view of the buffer only
control at the same scale as d). Téés a striking difference between these two images suggestive of CTB
bound to the grid.

4.3.3 No-Plasmid Control

C41 cells which were not transformed with pSABR2a&&mid and thus will not express CTB,
were treated with IPTG and processed in an identical fashion to cells containing a pSAB2.2
variant. The resultant nicke@lurified precipitant fraction was concentrated to 2 mg/ml (of
unknown protein) and incubated abom temperature for 2 weeks. No protein was found

in or just after the void volume, where capsid structures are eluted. However there was a
small peak at 12 ml retention volume which was prepared for TEluUfe4-11). These
micrographs revealed the presence of polymorphic aspherical structures of which did not
exceed 15 nm in size. Compared to the CTB capsids the overall shape of these structures

was not spherial and appeared random.









































































































































































































































































































































































































