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Abstract

For many years the Gram positive bacteriunBacillus subtilishas been a model
organism for prokaryotic cell and molecular biology. The asymmetric cell
division which B. subtilisundergoes during sporulation is a simple system by
which to study the process of cell differentiation. Sporulation is governed by a
series of genetic temporal and spatial controls. Gene regulation brought about
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complex genetic control which eventually produces a resilient endospore.

4EA AAOE OA & Tirkt compartméntspecific sigma fator, in the
forespore and its regulation through interaction between three proteins;
SpollAA, SpollAB and SpollE, is of particular interest. SpollE, a protein
phosphatase which binds to the asymmetric division septum, is a crucial factor
in the selectiveA A OE O A & I Tthk forbsbreOf three putative domains in
SpollE only the @&erminal PP2C phosphatase domain has been structurally
characterised. The central domain, domain Il, of SpollE has been assigned a role
in interaction with the cell division machinery; however mutational studies
have shown that, in addition, this domain is also responsible for the regulation

of phosphatase activity.

This work describes the isolation and characterisation of three new fragments
of SpollE containing elements othe central cytoplasmic domain of SpollE.
These include a fragment found to accurately represent the -términal
solubility limit of domain Il which shows a high degree of oligomeric character.
The fragments isolated show specific phosphatase activity aget SpollAA~P,
albeit at reduced rates compared to the free phosphatase domain which
indicates an inhibitory role for SpollE domain llagainst the PP2C domairThree
ultimately unsuccessful approaches were attempted to isolata cocomplex of
SpollE and $ollAA~P for structural characterisation. A tendency for domain H
containing SpollE fragments to precipitate n the presence of MA* is also
identified. Anin vivoinvestigation into the sporulation efficiendes of amino acid
substitutions in a potential regulatory interface between domains Il and Il of

SpollE indicated no strong sporulation defects.
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Chapter 1:Introduction

1.1 Spore formation inProkaryotes.

The vegetative growth cycle in prokaryotes, ivolving reproduction by binary
fission, is well understood and alsowell conserved in genera of bothGram-
positive and Gram-negative bacteria.Binary fission is a process in which a
single mother cll undergoes symmetric cell division, producing two identical
daughter cells. This cell cycle involves repeated iterations of cell elongation,
chromosomal replication and cell division.While for most speciesof bacteria,
cell division always occurs using this pathway, certain Gam-positive bacteria
are able to undergo cell differentiation which results in the formation of spores.
In contrast to the daughter cells produced by binary fissiorduring vegetative
growth, spores are desiccated and metabolicallynactive on release. This
endows them with increased resistance to adverse environmental conditions

and extended periods of dormancy.

The Streptomycesgenus of Gam-positive bacteria, belonging to the phylum
Actinobacteria, commonly found in soi[1] undergoes sporulation asa means of
reproduction. The use of spores in reproduction is commonly seen in species of
fungi; however this behaviour is not the only peculiarity in theStreptomyces
lifecycle. The vegetative growth ofStreptomycesspp. occurs in repeatedly
branching filaments, called vegetative hyphae, forming mycelia rather than in
proliferation by iterative cell division [2]. Spores are developed by extension of
so-called aerial hyphae, coated in a hydrophobic sheath, out of the liquid media
(e.g. at the surface of a soil particle). After éansion, multiple, simultaneous
cell-divisions occur along the length of the hyphae resulting in separation into

up to 50 asexual reproductive spores, or conidiospored, 2].

Cornidiospores are released into the environment and each can germinasand
form a new colony if in contact with a suitable substrate. Metabolically inactive
the spores can survive for long periods before germination. They aresistant
to harmful conditions but far less so than the endospores produced by other

Gram-positive bacteria[2]. Actinomycetes arebiotechnologically and medically
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important as they produce antibiotics such agrythromycin, streptomycin and

chloramphenicol [1].

Genera of endospordorming bacteria are karge in number includingBacilli and
Clostridia In nutrient-depleted media, the formation of endospores allows
preservation of the genetic information within an extremely resistant particle.
Germination takes place whennutrient -rich conditions are restored. Dbrmant
spores have beersuccessfully revived after extraction from Dominican amber
over 24 million years old [3]. The resistance of endospores tghysical
challengessuch as heat, antibiotics and extremesf pH far surpasses that of

non-extremophile vegetative cells.

1.2 Bacilus in industry and medicine

Strains of Bacillus are commonly used in biotechnological applicationsBacilli
are naturally found in environments as diverse as soithe guts ofinsects and
hydrothermal vents. The variety of habitats isnatched by diversty of metabolic
capabilities [4]. This results in a diversity of applications oBacillusspp.; Bacilli
are used in the industrial production of key enzymes, vitamindiosurfactants,

pigments and biopolymers.

Spores formed byBacillus thuringensigproduce proteinaceous inclusions called
Y-endotoxins. In certainB. thuringensisstrains, these crystal (or Cry) proteins
have specific insecticidal activities and are hence used as environmentally
friendly insecticides. In addition the Cry genes have been produced some
plant species after genetic engineering to give inherent insécidal properties
[5,6].

The concept of a probiotic has been in existence since the start of thet20
century, the I T AAOT A A ABiVeErlidEobidl Meed Osupplement which
beneficially affects the host animal by improving its intestinal microbial baladce
was suggested in 1989 [7, 8]. Species of theBacilli and Bifidobacteria (a
reclassification first applied to aLactobacillusstrain) genera represent a large
portion of those microorganisms being used and studied as probiotic§9].

There is evidence that suggests that populations of probiotics in the gut
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maintain the activity of the immune system allowing rapid response to new
infections [10]. The therapeutic effects of Lactobacillus strains include
prevention of antibiotic-associated diahorrea, colon cancer and irritable bowel
syndrome [11-13]. Lactobacillus reuteri CRL1098 strain andBifidobacterium
adolescentisand pseudocatenulatunspecies havebeen studied as probiotis for
long term treatment and prevention of vitamin B12 and folic acid deficiencies,
respectively [14, 15]. In each case, the bacterium in question is capable of

synthesising and excreting these valuable molecules directly into the gut.

The ease of production and especially storage of spores Bécillus subtilisand
other endospore forming bacteria may have applications in the dissemination of
vaccines to poorer areasDosing of mice with recombinantB. subtilisspores
designed to present the tetanus toxin fragment C (TTFC) antigen on the outer
coat enabledanimalsto survive a usually lethal challenge of tetanus toxin (50 x
LDso) [16]. Similar methods have been used to induce immunity against
Qostridium difficile, necrotic enteritis caused byC. perfringens and rotavirus
[17-19].

X

Biotinylated
Antibodies

N -
Biotinylated
Drug Molecules

Killed B. subtilis spore presenting

CotB-Streptavidin fusion protein Streptavidin bound mixture of drug molecules

and targeting antibodies on spore surface

% o- %"

Spores with antibodies Target cell presenting
and drug molecules antigens

Antibodies bind to antigens — high drug concentration
in immediate proximity to the target cell.

Figure 1-1: Spores as a vehicle for targeted drug delivery.

Expression of CotBstreptavidin fusion proteins which are assembled on the surface of spores
allows association of biotinylated moieties such as drugs arahtibodies. Adapted from Nguyen
et al., 2013[20]
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A similar technique usingB. subtilisspores employs a killed form as a carrier of
anti-cancer chemotherapy agents to cancer cells, specifically to target the
epidermal growth factor receptar on HT 29 colon cancer cell§20]. Streptavidin

is localised to the spore coat following its expression as a recombinant fusion
protein with CotB. Any biotinylated moiety (i.e. drug molecules and antibodies)

can then be attached totie spore surface allowing the system to potentially be
OO0AA A0 A OAIOCEADAGAIA O QRgud A1).EOAOU OUOOAI

1.2.1Risksposed byendospore-forming bacteria.

The increased resilience of endospores makes spoferming species a potential
hazard to human health Common disinfectant techniquesare often completely

ineffective against them.

SomeBacillus cereusendosporesare commonly presentin foodstuffs and will
survive temperatures of 100°C [21, 22]. Thorough cooking is required to
disrupt the spores which will otherwise germinate in the gut. Enterotoxins
produced during B. cereusproliferation may be responsible for up to 5% of
foodborne iliness[23, 24]. Endospore forming bacteriaare also responsible for
a number of serious and potentidly fatal diseases. Toxins produced by the
Clostridium speciesC. botulinumand C. tetan are harmful to humans and are the
causes of botulism and tetanus respectively25, 26]. C difficile is a major
concern in hospitals, affecting recovering patients. Resistant to most cleaning
methods, C.difficile spores can quickly be ingested by multiple patients whose
gut bacteria have been wiped out by the use of broaspectrum antibiotics and
causesevere diarrhoeapotentially resulting in death [27]. Bacillus anthracis the
cause of anthrax, is the only obligate pathogen of the gendgacillus [28].
Virulence is mediated by genes on two extrgenomic plasmids pXO1 and pXO2,
allowing the bacteria to produce lethal toxins and evade the host immune

system, respectively{29].
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1.3 Bacillus subtilis

Bacillus sibtilis is the modd organism for Gramipositive bacteria. It is a rod-
shaped, Grampositive, bacterium of the genusBacillus Also known as grass
bacillus and hay bacillus, B. subtilishas been consideredas a soitdwelling
organism, howeverit has been argued persuasively thabtuman gut populations

are at levelssuggesting that itcanbe anormal gut commensal30].

Of ~4100 Genes:

Other
Systems

Information
Pathways

Similar to Other
Unknown Proteins

Intermediary
Metabolism

No Detected
Homology

Cell Envelope
and
Cellular Processes

Figure 1-2: Distribution of Gene Functions in B. subtilis.

4EA O/ OEAO 3UOOAI 686 AAOACI OU AT 1 O0EOOO 1T &£ CATAC
production, detoxification, phagerelated functions and some other miscellaneous systems.

From Kunst et al., 199731].

The B. subtilis 168 genome consists of 4.214 megabase pairs of DNA comprising
around 4,100 protein-coding genes with an average GC content of 43.9%i].
Much of the genomgFigure 1-2) is devoted to the maintenance of the cell and
the uptake and metabolism of carbon sources, especially those derivéem
plants. 42% of the genes are of unknown function and of these, more than half
are not similar to any previously identified coding seqgences. In 2003, 192
genes were shown to be essential, with another 79 predicted to be essential to
the viability of B. subtilison LB medium at 37°d32]. As of February 2013, 26
genes encoding 259 proteins and two functional RNAs are regarded as essential

after the elimination of some genes, due to their dispensability in other
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conditions, and the addition of some gegs previously unidentified [33]. These
AOGOAT OEAI CAT AG6 &EO1T ACETTO AOA & AOOAA
quality control, metabolism, the cell envelope and division, DNA maintenance

and replication, cell protedion and RNA synthesis and degradation. The

functions of six essential genes remain unknown.

A factor influencing the use ofB. subtilisas the model organism for Gram
positive bacteria is the ease with which genetic manipulation can be carried out.
It is thought that natural genetic competence irB. subtilisconfers advantages on
the organism in nutrient limited conditions. The uptake and chromosomal
inclusion of high molecular weight DNA fragments by recombination may
provide an advantage to a strugglingB. subtilis strain, perhaps exploiting
previously unavailable metabolic pathways or conferring antibiotic resistance.
The conditions which induce competence irB. subtilisare well characterised
and in a laboratory environment are readily exploited to abbw the development

of mutant strains for further experimentation.

Industrially, B. subtilis is widely utilised and the pathway for secretion of se
AAT T AA OEAAAET c6 DOI OAAOGAOG EAO AAAT OOAA
commercially valuable heteologous enzymes. While secreted proteins native to
B. subtilis and some heterologous proteins can be collected from growth media
in gram-per-litre quantities, the production of many proteins in this fashion is
significantly less efficient [34]. The Sealependent secretion pathway inB.
subtilis involves numerous checkpointsincluding signal peptide recognition,
chaperones, transloation, propeptide- and enzymemediated folding and
quality control proteases [35]. In order to achieve heterologous protein
secretion in large quantities, the efficiency of each of these stages must be
maintained. While the presence of biological mgulatory elements currently
complicates the application ofB. subtilis secretion as a means of production of a
wide range of proteins, strains with protease and chaperoneepression
knockouts have been engineered. However, problems caused by incorrect
translocation and extracellular protein folding are still present. In spite of the
problems preventing the industrial production of many heterologous proteins

via secretion in B. subtilis, the system is used widely and to great effect in the
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production of proteases and h-amylases as well as numerous other

commercially useful enzymes.

Upon encountering nutrient limitation, B. subtilis attempts to re-establish a food
source through the development of motility (via flagella development and
chemotaxis), genetic corpetence as well as production of extracellular
hydrolases and antibiotics. The development of competencenay allow B.
subtilis to acquire and incorporate genetic material found in its environment
potentially conferring advantage in challenging conditions.Should these
systems fail to redress the lack of nutrients, either through relocation to

z A o~ N

OCOAAT AO PAOODOOAOGE 1O OEA AOAAEAT x1

/e

y

and digested byBacillusd AT OEAET OEAO AT A 1T AAOIi11AAO

the bactaium embarks on a complex developmental process involving huge
changes in morphology and genetic regulation in order to produce heat,
chemical and irradiation resistantendospores. Over 500 genes are involved in
the conversion of the vegetative cell into He dormant endospore via

asymmetric cell division and the establishment of compartment specific gene
expression[36]. Tight regulation of the processes involved in sporulation is key

to its success.
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1.4 Sporulation

1.4.1Entry into the spore formation pathway

During growth, B. subtilis cells undergo binary fissiom which results in an
exponential increase in cell density although this is dependent on sufficient
nutrients being available. Asnutrients are consumed the cell cycle slows down
and fewer cell division events occur(Figure 1-3). It is at this stage thaB. subitilis
utilises a number of adaptation strategies for reestablishing cell growth. At the
same time, a process is initiated which will result irspore formation if the lack
of nutrients persists.

Sporulation stage
0 I m oV vovEvI

L ; » Competence
P Antibiotics
Motility

ODE’SOO

Secretion

ﬁ

Lag
Exponential
Transition
Early
Sporulation
Late
Sporulation

Figure 1-3: Example of a B. subtilis growth profile.

The various phases of growth are shown on the-axis. The adaptation strategies and their
temporal utilisation are shown using grey bracketed arrows. The stages of sporulation are also
shown indicating when sporulation becomes the sole survival strategyAdapted from Phillips
and Strauch 2002[37].

The formation of a resistant spore is energy and material intensive, involving
the expression of scores of specific genes; furthermore it takes several hours to
complete and once Stage Ill is reached is irreversible. To ensure that
sporulation occurs only when all othersurvival strategies have been exhausted,
sporulation-related B. subtilis gene expression is under tight transcriptional

regulation, as described in section 1.4.2Throughout nature, transcriptional
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control can be enforced by global transcriptional regulatos, a group of DNA
binding proteins present throughout prokaryotic and eukaryotic biology. When
these proteins are produced by the cell, they allow repression or activation of
sub-sets of genes. It is by this mechanism that gene expression is directed
throughout the stationary phase and towards the potential initiation of

sporulation.

On transition into stationary phase, the transcriptional profile ofBacillussubtilis
changes dramatically. During exponential phase of growth and division, genes
encoding sug@r utilisation and biosynthesis systems, are actively transcribed,
whereas genes associated with motility, antibiotic production and nutrient
scavenging are heavily repressefi37]. The opposite is itue in stationary phase
as the cell attempts to maintain resource levels; preserving rather than
propagating its genetic material. The transition between these two states is
mediated by global transcription regulators, specifically in the deactivation of
certain repressors and the subsequent activation of genes related to stationary

phase survival and sporulation.

1.4.1.1 AbrB

AbrB, named for its originally identified role in repressing antibiotic resistance,
is a 10.4 kDa protein responsible for regulatig transcription of over 40
different genes[37]. A number of these genes are themselves transcriptional
regulators, while the remainder are involved in the majority of the adaptive
responsesthat occur in stationary phaseB. subtilispopulations. This includes
sporulation, with AbrB exerting repression of a number of sporulation related
genes(Figure 1-4). abrB expression is autoregulated so as to maintain a stable
intracellular concentration of the transcription factor throughout exponential
phase. At the onset of stationary phase, the signal which interruptexpression
of AbrB, and henceaepression of stationary phase genes, is delivered by another
global transcription regulator, SpoOA, in its phosphorylated form. SpoOA~P
repressesabrB transcription, causing intracellular concentrations of AbrB to be
lowered AT A OAT EAOET C !sirD bf stationdink phased dy&iemmA O

development In addition SpoOA~P activates the transcription ofabbA The
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protein, AbbA has been shown to bind directly to AbrB and prevent DNA
binding. This constitutes a second, parallel, mode of AbrB inhibition by
SpoOA~P[38].

| » SpolA

1
1
1
—_— S|gH Phosphorelay |
1
1

Sl N I Stationary phase responses:
Extracellular macromolecular
scavenging

Amino acid metabolism
Motility
Antibiotic synthesis/resistance v
- Competence etc. Sporulation genes:
: I spollA
Sin R | spollE
4 spollG etc.

Figure 1-4: Schematic representation of key parts of the AbrB regulon

A build-up of SpoOA~P causes a setéinforcing cascade to deactivate repression by AbrB.
Activation is depicted as black arrows; Repression is depicted as barred black lines. The dashed
red arrow indicates the SpoOA phosphorelay which, via kinases and phusoryl transferases,
focuses nutrient deficiency signals towards the phosphorylation of SpoOA. AbrB is audto
regulated during the exponential phase. Inhibition of AbrB activity is carried out by SpoOA~P by
two parallel pathways, by direct genetic repressionand by production of AbbA, an AbrB
inhibitor. Adapted from Philips and Strauch 2002[37].

It has been reported that AbrB is capable of differentially regulating multiple
promoters. This results n different repressed systems being activated at
distinct intracellular concentrations of the transcription regulator. Structural
analyses of the protein have revealed a previously unidentified DNA binding
motif which has been termed the loopeehinge helix fold [39]. It is thought that
OEEO A&l 1 A -hali@iandddjacer® lBop supstructures involved in DNA
binding a degree of flexibility in optimising DNAprotein interactions. The actiwe
DNA binding unit is a tetrameric species. In addition, a close homologue of
AbrB, Abh, allows formation of AbrB:Abh heterodimers. As such, it is possible

that differential transcriptional regulation of promoters affected by AbrB is
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achieved by a complexsystem involving homoe and hetero- dimers and
tetramers of AbrB and Abh, able to interact with a large number of promoters
with a large range of affinities[40]. Over 40 chromosomal AbrB binding sites
have been studied with no robust consensus sequence havibgen determined
[41]. It is therefore thought that AbrBDNA binding might also be dependent on

specific three-dimensional DNA conformation.

1.4.1.2 SigH

4EA 1T AOA OOAOQEI T AOU, i® ke @Athe GréngitiofromEA A OT OF
vegetative growth to sporulation. The transcription ofspoOHh x EEAE HAT AT A A«
rises sharply at the onset of sporulation due to a positive feedback loop caused

by generation of the activated master sporulation regulator, SpoOA~P. The

OA C Ol TH condiste ofA87 or more genes under the control of up to 49

promoters [42]. This includes operons controlling genetic regulation gpollA

and the promotion of asymmetric cell division {tsA2 as well as genes encoding

key components of the sporulation phosphorelay KinA and spoOF, and racA,

AT AT AET ¢ OEA AEOIIT T OT 1 AI OAT anedlate OAOET 1
regulation is subject to catabolite repression and this regulation is abolished in

the presence of a combination of 1% glucose and 0.1% glutamine.

1.4.1.3 CodY

Transition into the stationary growth phase is heralded by a drop in nutrient
levels such that the bacteria can no longer maintain the rate of replication
sustained throughout the exyonential phase. Changes in intracellular energy
levels and amino acid pool concentrations are stimulvhich the cell responds to
using a system of repressor.corepressor interactions. In prokaryotes, a
corepressor is often a small molecule which binds to aepressor protein
capable of inhibiting DNA transcription. Binding of the corepressor to the
repressor increases the affinity of the latter for DNA leading to operator site
binding and inhibition of transcription. Through this mechanism the depletion

of aspecific molecule, causing dissociation of the complex, can be redressed by
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activation of genes capable of its synthesis or some orthologous method of

cellular uptake.

Figure 1-5: Overlay of the CodY GAF domainin unliganded and ligand bound states .

The Isoleucine bound structure (green) shows a significant change in the conformation of

EAI EARAO 10 Al A1, OART Al OEAEAL AT i PAOAA OEA O11EC
Taken from Levdikov et al., 200943].

The CodY regulon comprisesover 100 genes mainly related to nutrient
deprivation stress responses and stationary phase. In addition, CodY represses
production of an enzyme, KinB, and its counterpart, KapB, which promote
sporulation. CodY is a major element of sporulation inhibitionCodY mutants
sporulate at high efficiency even in nutrient rich medig44]. It is possible that
other elements responsible for inhibition of sporulation are inactive inthe
YcodY strain (lacking any starvation stimuli), allowing unchecled SpoOA

activity to bypass the usually stringent control of sporulation onset.

CodY is a 259 residue protein with an Nerminal GAF domain (a fold found in
cGMP stimulated phosphodiesterasesadenylate cyclases andchalA) and a €
terminal winged helix-tur n-helix DNAbinding domain. It is responsible for the
repression, during growth, of stationary phase and sporulation genes. CodY
binds to GTP and the branched chain amino acids (BCAAS) isoleucine, leucine

and valine, whose concentrations signal the energetand metabolic status of
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the cell. The BCAAs and GTP act as corepressors increasing the affinity of CodY
for its binding sites situated at its target promoters[45]. As the intracellular
concentrations of the corepressors fall (when the cells enter the transition
phase) GTP and BCAAs dissociate from CodY leading toegeession of the
CodY regulon. The corepressors of CodY are involved in pratesynthesis: the
branched chain amino acids being building blocks while GTP hydrolysis is
responsible for providing the energy required for the initiation, elongation and
translocation steps during RNA to protein translation[46]. They are hence a

vital resource in the continuation of the cell cycle

The Gterminal DNA-binding domain has a winged helixturn -helix (HTH) motif,

a recurring element in DNA binding proteins. The GAkke N-terminal
corepressor binding domain is assumed to bind BCAAs and GTP molecules in
the same channel. Structures of # cofactorbinding domain of CodY in the
unliganded form and in complex with isoleucine and valine have been
determined [47].4 EAA L ET T -darboXylate groupsof the amino acid are
stabilised by polar interactions with the Arcgf!l side chain guanidinium group
and the amide-NH and carbonyl groups of Va0 and Thr%, respectively; A
hydrophobic pocket is formed by the side chains of M&t Phéel, Tyr’> and
Pro%. Comparison of these structureg43] reveals how ligand binding brings
about drastic changes in the GAF daoam (Figure 1-5). In the intact CodY
molecule, these structural changes are expected to be propagated through the
molecule to change the juxtaposition of the wHTH donias in the dimer. The

details of the deepression mechanism remain to be elucidated.

1.4.2Spo0A

If stationary phase survival systems fail to reverse the falling intracellular
nutrient concentration levels, the continued confluence of nutrient deprivatio
signals will cause sporulation to be triggered. These signals are integrated by a
complex phosphorelay culminating in the phosphorylation of the protein
SpoOA. The phosphorylated form of SpoOA, SpoOA~P, a global transcription

regulator, is capable of DNAinding and, as its concentration increases, effects
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the activation of stationary phase nutrient deprivation responses. Ultimately,
attainment of a threshold level of SpoOA~P, will cause the irrevocable initiation

of sporulation [48].

SpoOA is a 29kDa protein which has been termed the master regulator of
sporulation. A key route of early inquiry into the regulation of sporulation was
into the spoOgroup of Bacillus subtilismutants identified in the following loci:
SpAA, spdB, spdE, spdF, and spdH [49]. These mutants were unable to
initiate sporulation. SpoOA was identified as a key regulator; being either an
activator or a repressor, depending on the regulatory target, of a large number
of geneg[50].

A

5- TGTCGAA TAA TGACGAA -3

Figure 1-6: DNA binding mode of SpoOA~P.

Dimeric Gterminal DNA-binding domains of SpoOA in complex with two aligned synthetic DNA
duplexes (PDB: 1LQ1]51]. Figure created using CCP4M{5%2]. The upstream and downstream
binding monomers of SpoOA are shown as ribbons with colourslénded through the model
from N- to G termini; blue to magenta and green to blue, respectively. Atoms in the side chains
of key nucleotide recognition residues Glutamatd3, arginine?4 and arginine?l” are picked out

as circles coloured by atom. Two dupbes form a long helix by associating in a head-tail

i ATTAon OEA 1T OEAT OAOCEI 1T OEiI xO uvd OI 68 11 OEA O.
shown as ribbons highlighted in green and light green at the upstream site and red and coral at
the downstream site. The remaining base pairs are shown as partially transparent worms in
grey. DNA base pairs are represented as nucleic acid blocks (same colours as phosphate
backbone). (B) The two SpoOA boxes at the AbrB promoter site. The upstream site is shown i
green and the downstream site in red. The interstitial 3 bases are shawn grey. This spacing is

in evidence in the structure above.
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Deletion of spoOAcauses changes in the transcript levels of over 500 genfg5].
The 121 directly affected genes are arrayed across 54 genetic loci. Transcription
of 80 genes expressed duringvegetative growth is repressed by SpoOA.
Conversely, the remaining 41 genes, involved in sporulation, are activated. 25 of
the regulated genes, both positive and negative, are involved in further
regulation of transcription. The direct and indirect transciiptional regulation
effected by SpoOA is absolutely essential to both the initiation of sporulation
and its successful progress and conclusion. SpoOA binds to a DNA binding site
xEOE A AT 1T OAT-TGTCGAGASN GORT AAO QABAT @F]. These A Om!
are present in two or more copies at most SpoGfegulated promoters. The
DNA-binding species of SpoOA is a dimer of SpoOA&; as such SpoOA boxes

appear in pairs with around 3 base pair sparations[51] (Figure 1-6).

Expression of SpoOA is under transcriptional control of two promoters; one

OAAT CT EGAA AU 2. ! DHhihe bteOid réchgnidetl byGRAL T ET C
Pl 1 Ul AOAOA A Furtt®@ArEgul&ionQs afplied by theformation of

SpoOA~P, creating an autocatalytic feedback loop. A low level spoOA s
transcribed during vegetative phase and the transition phase, under regulation

| /2. Phosphorylation of SpoOA then causes upregulation of production sigH,
previouslU OADOAOOA AH idA thpableAdD "a 8highdr level ofspoOA

OOAT OA OE bAalioivihg a@apid Spo0A build up once a small amount of
SpoOA~P is created [48]. In addition to indirectly regulating its own
transcription, via abrB-sigH, SpoOA~P also effects transcription okinA and

spoOF, whose protein products are integral parts of the SpoOA phosphorelay.
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1.4.3The sporulation phosphorelay

Spo0A is phosphorjated by an expanded two component system called a multi

component phosphorelay This complexity enables the necessary tight

OACcOiI AGET T 1 AFiguell-m)! 60 AAOEOEOQOU

Cellular stimuli:
Nutrition, Metabolism, Cell Density, Cell

:A ’ Cycle, DNA status. —l
KIE Kiol K%P\' Spo0J
ip
IKinX KinX~P J_ Polar sept. %
Y | SpollA =
: SpollE == =}
HETITITIILD > o g~ RS > D
RapA, B, E E SpollG o
SpOOF"'P _— SpoOF - A 8
¥ P &
: SinR :
SpQ0B Spo0B~P . i ISTI
o E pune inl < :
Spo0A SPOOA~P:ssserensd | ADIB «eeseeseed ['GH weeee ;
SpoOE Spo0A
- SpoOF

Stationary Phase genes

Figure 1-7: The sporulation phosphorelay.

Lines with arrow heads indicate activation interactions, barred lines indicate inhibitory
interactions. Solid lines indicate biochemical effects, dotted lines indicateffects on gene
transcription. Red lines indicate interactions which inhibit the initiation of sporulation, black
lines indicate interactions promoting the initiation of sporulation. Black text defines proteins.
Blue text defines regulated genetic loci owider groups of genes. KinX has been used to denote
any of the five autokinases capable of phosphorylating SpoOF. Kipl is an inhibitor only against
KinA. As indicated, ATP is required for autophosphoylation of each kinase. Adapted from Philips
and Strauch 2002[37].

The positive impetus for phosphorylation originates from five sensor kinases;
KinA, KinB, KinC, KinD and KinE. The activities of these kinases are dependent
on a variety of sigrals which serve to monitor the DNA replication status and
metabolic and nutritional states, although the stimuli relevant to each kinase
and their mode of transduction are unknown. Upon receipt of the appropriate
stimulus, each kinase uses ATP to autophadsprylate a conserved histidine. The

phosphoryl group then can then be transferred first to a conserved aspartate
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residue of the response regulator, SpoOBubsequentlyto a histidine residue on

SpoOB and finally onto an aspartate on SpoOA.

Recent work indcates that KinA and KinB, which are under the transcriptional
control of sigH and sigA respectively, are capable of more extensive SpoOF
phosphorylation compared to KinC, KinD and KinE and are responsible for
driving the initiation of sporulation under laboratory conditions. Production of
both kinases is affected by the stringent responsesignalling nutrient
deprivation, in which production of ppGpp is triggered. This molecule is capable
of stalling the ribosome, preventing protein synthesis. There is sb repression
of kinB transcription by CodY [54]. Conversely,kinC and kinD, under the
transcriptional control of the vegetative and early stationay phase
transcription controller, AA, have slower kinetics and have been identified as
maintaining low levels of SpoOA~P in the late exponential phase as well as
being important for controlling biofilm formation [55, 56]. KinC and KinD have
been reported to directly phosphorylate SpoOA with low activityin vitro [57].
The role of KinE is not known but its rate of phosphorylation is closer to those
of KinC and KinD rather than those of KinA and KinB. KinA, among the five
kinases, appears to be the only awith a coexpressed repression system in
the form of the two proteins KipA and Kipl, an antinhibitor and inhibitor,
respectively. KinA and KinB are inhibited by the small protein, Sda, which is

produced during DNA replication[58].

The response regulator, SpoOF, iphosphorylated by the above kinases at a
conserved aspartate residue (Asp 54) [48]. Negative regulation of
phosphorylation is exerted by the phosphatases; RapA, RapB and RapE. These
enzymesare produced with a cognate Phr protein. The Phr proteins are pfo
inhibitors of the Rap phosphatases. Pentapeptides derived from the Phr
proteins form the active inhibition unit, however, development of these species
requires sequential cleavage of the Rhprotein on secretion from and,
subsequently, reuptake into the cell. It is likely that this mechanism either
allows stationary phaseB. subtilisto measure local cell density (based on Phr
derivative concentration) or that the process of secretion and upake provides a

timing mechanism for delaying inhibition of the Rap phosphatased37].
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SpoOF~P is acted on by the phosphotransferase, SpoOB which is under the
transcriptional control of AA. No dired negative regulation of the phosphorelay
has been identified acting on this factor, although it is considered likely that
appropriate factors exist. Such a factor might be Obg, which is-egpressed
with Spo0B, however, this has been found to bind to thebosome in a guanine
nucleotide-dependent manner[59]8 3 DT m" 80 AAOEOEOU EC
the phosphate acquired from SpoOF to the conserved aspartate residue (Asp

56) of SpoOA. Phosphorylation induces dimerization of SpoOA.

Once produced, SpoOAP is able to influence transcription, although further
negative regulation is effected by the phosphatase SpoOE, and its two
paralogues, Yisl and YnzD, and the Spo0J/soj system. SpoOE, which is repressed
by AbrB in exponential and early transition phaseis a 9 kDaphosphatase of
which SpoOA~P is a substrate. SpoOE activity is able tatalyse the hydrolysis

of the phosphate group from SpoOA~P to prevent SpoGA& dependent
regulation of transcription. Yisl and YnzD are highly homologous to SpoOE and
exhibit the same function in SpoOA~P dephosphorylatio60]. This is the last
element of biochemical regulation of the phosphorelay. Spo0J and Soj mediate
communication between transcriptional regulation and DNA replication and
chromosomal segregation near the onset of sporulation. Soj binds to DNA as an
ATP-bound dimer at a number of promoters regulated by SpoOA~P, causing
inhibition and potentially capable of displacement of SpoOA directed
transcription al regulation [37, 61]. Soj also binds to a large number of sites
around the origin of replication or to DnaA to promote and inhibit DNA
replication, respectively [62]. Spo0J disrupts the DNA binding activity of Soj,

allowing SpoOAdirected transcription to proceed.
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1.5 Sigma factors

RNA polymerase (RNAP) is the enzyme responsible for the transcription of DNA
into RNA, allowing the delivery of genetic iformation to the ribosome where
proteins are produced. The templatedirected phosphodiester bond formation
OAAAOCETTO T &£ 2.10 AOA AAOOEAA 100 AU
OOAOT EOOGY 4)h 1))h 1th 6 AT A 58 &I O
appropriate open reading frame, and initiation of transcription, a sixth,
AEOOT AEAAT A EAAOT Oh AAITTAA A £ EAAOT Oh E

determinants required for promoter recognition. When formed, the2 . ! 0 CA

- O

complex, or holoenzyme (Figure 1-8), is capable of initiating transcription

OA1 A A O E &pkdifit prdmbters by lowering the affinity of RNAP for non
OPAAEAZLZEA $.! 8 £ AAAOQINGQOO sAfkniiliés] Theséaie AE OE A
mechanistically different and possess no sequence homology. Within a single

I OCATEOIi h OEAOA xEI 1 OOOAS fhcthr; dodversely 1 1 OA
OEAOA AAT A R fadtdrs) AhroGgh theEconditional expression of

Al OAOT AOA K expfedsidd bf énies irOtEeA cell can be efficiently

controlled at the transcriptional level.

Figurg 1-8: Structures of the Thermus fiquaticu§ (Taq) RNAP polognzymg yvi}h (B~) and
xEOET OO0 j!'qQ A OEOEAdqBouskkeBPEDOOK RADEODT Oh AL

4EA AT A 6 QGA()TEOO Al O A Al Ax T EEA Al AEO OE«
AAAOCT O ET OAOAAOO AgOAT OEOGAI U xEOE OEA  ATA 16
sequence at the-10 and -35 promoter elements is medi® AA AU OEA 2AT A9 IKAET Oh

respectively, indicated in red PDB ID: 1L9U.

K EAAOT OO0 OAAT CT EOA OxT1  she Istart GhReNOXAT AAO

transcription. These sequences are referred to as th&€0 and -35 consensus
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sequences reflecting theirupstream location. Association of the holoenzyme

withthe -10and-c v OANOAT AAO 1T AP OOA KOEAH TGXE A ERE A
factor, respectively [63]. With a correctly positioned holoenzyme, the
transcription start site of the target gene is placed in close proximity to the

active site of RNAP in a so called closed promoter complg&4]. The DNA is

then melted by RNAP to form the transcription bubble, allowing RNAP access to

the nucleotide bases of the DNA. Numerous short abortive transcripts are

produced before RNAPforms a stablefunctional interaction with both the DNA

and nascent RNA chaist this forms the active elongation complex. Once

synthesis of the RNA stranthascommd AAAh OEA A AAAOI O AEOOI

Table 1-1q, 3BT OOI AOET 1T O Bdciludsuitiiss AAAOT O

Promoter sequence

Co
—_

ac Regulon function

-35 element Spacer -10 element
(bp)

o A .

u Housekeepln.g/ early TTGACA 17 TATAAT
sporulation

o E

u Early mother cell gene ZHATAXX 14 CATACAHT
expression

i Early forespore gene

. GCATR 15 GGHRARHTX

expression

° G

u Late forespore gene GHATR 18 CATXHTA
expression

a- Post exponential gene

expression i competence RWAGGAXXT 14 HGAAT
and early sporulation

o K

u Late mother gell gene AC 17 CATANNNTA
expression

Table adapted from Haldenwang, 1995. Nucleotide bases at the -10 site are
underlined. H = A/C; N = A/G/CIT; R = AIG; W = AIG/C; X =AIT; Y =CIT; Z=TIG.
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A EAAOT OO0 PI AU A EAU Ol IBAsubilils G@EMR OAD IA@AI A
factors encodedin the genome of this organisn{65]8 3 E@ 1T £ OEAOA (K
key roles in the initiation and completion of endospore formation(Table 1-1).

AA is the B. subtiis ET OOAEAAPEI ¢ A EAAOI Oh OAOPDI
OOAT OAOEDOEIT AOQOOET C CcOl xOE AT A &FA AAOI
Aeh H AT AX difect transcription of stage and/or compartment specific

sporulation genes and are activated in a sequential and temporal order referred

O0i A0 A K EAAOTI O AAOAAAA AOOET ¢ ODPI OA AA
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1.6 Morphological stages of sporulation

Stages VII Stages V-VI

xay\

Stage|l  Stagell Stagelll

Figure 1-9: The morphological stages of sporulation.

Chromosomes are shown in dark blue. The cell membrane and peptidoglycan are represented
by a thin black line. Asymmetric septation is shown by a black dotted line in stage IDNA
translocation and cell membrane migratiorin stage Il are represented by solid blue and dashed
purple arrows, respectively. The spore cortex is shown in stage IV as a thick black line. The
cortex and spore coat combination is shown as two thick black lines. Transparent elements with
dashed linesundergo autolysis in stage VII.

Endospore formation, in B. subtilis, is an intricate process which progresses
through seven morphologically defined stages, taking 7 to 8 houts complete
at 37°C(Figure 1-9). These stages were first categorised by electron microscopy
studies of genetic mutants[66]. Stage 0 is represented by a cell not involved in
sporulation or binary fission. In stage IDNAreplication has beencompleted and
the chromosomes have assumed an elongated form called theaial filament
with their respective origins of replication at each of the cell poles. Stage Il is
defined by the development of the sporulation septumat a polarsite creating a

small compartment; the forespore, and larger compartment; the mother cell.
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The polar septum intersects with the extended forespore chromosome so that
this chromosome is partitioned into both compartments with 70% of the
chromosome initially occupying the motler cell compartment[67]. This distal
portion of the chromosome is next translocated to the forespore through the
action of the septumlocated DNA translocase SpoH. In stage Il there is
thinning of the peptidoglycan layer between the two daughter cells and
migration of the mother cell membrane around the forespore in an engulfment
process reminiscent of phagocytosis. Engulfment is completed when the
migrating membranes meet on the distal side of the forespore where membrane
fission takes place and the forespore is released into the mother cell cytoplasm
as a celwithin -a-cell. Stages IV and V are characterised by the deposition of
layers on the outer surface of te forespore; first a peptidoglycan cortex,
followed by a proteinaceous spore coat. Spore maturation is stage VI, this stage
exhibits no evident morphological alteration, however, spores which do not
undergo maturation are less environmentally resistant tha those which have
been allowed to mature. In Stage VII, autolysis of the mother cell occurs; the

now mature and resistant spore is released into the environment.

1.6.1Coupling cell cycle to sporulation

Successful sporulation requires that following theasymmetric cell division, the
mother cell and the forespore acquire a single complete chromosome. For this
purpose, mechanisms are in place to ensure that cells undergoing chromosome
replication do not initiate sporulation. DNA replication is initiated by DnaA,
which assembles at the origin of replication,oriC, where it recruits the
components of the replisome. DnaA is also a transcription factor that stimulates
transcription of sdawhich encodes the 52 residue protein Sdavhich has been
shown to interact with, and inhibit, the sensor kinases, KinA and King8, 69].
This inhibition effectively blocks the development of threshold cooentrations

of phosphorylated SpoOA thus preventing initiation of sporulation while DNA
replication is taking place. Sda inhibition is thought to be relieved by two
mechanisms. Transcriptional activation ofsda by DnaA is ATP dependent.

DnaAATP is capablef initiating replication and activating sdatranscription. As
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replication continues the concentrations of DnaAATP are lowered by ATP
hydrolysis to yield DnaAADP which is not capable of activatingda Relief of
KinA/KinB inhibition then occursbecauseSda is an unstable protein which is
susceptible to intracellular proteolysis by the ClpXP systenf70, 71]. Once

replication is complete, the diploid cell is free to pursue spore development.
1.6.2Sporulation stage |

Stage | is the first stage in which a deviation from vegetative growth and
symmetric cell division can be detected. Medial cell division occurring during
growth is accompanied by markedly different chromosomal organisation in the

pre-divisional cell to that in the pre-divisional sporangium (Figure 1-10).

Figure 1-10: Chromosomal organisation in pre -divisional vegetative and sporulating

cells.

(A) Vegetative chromosomal segregation with barbell pattern of DNA. @mosomes are
represented by tangled lines in two shades of greemriC regions are represented by green
hexagons. Spo0J is shown as purple circles. DivIVA is shown as a light blue crescent outlined in
dark blue. SMC is localised to Spo0J and representey & yellow translucent circle outlined in
grey. (B) Axial filamentation in a predivisional sporangium. RacA (red diamonds) associates
DNA close tooriC and binds DivIVA at the cell poles. Adapted from Rudner, 2009; Pavlendova,
2007; and Errington, 2003.

Vegetative chromosomal segregation is hypothesised to occur throughout, and
as a product of, replication in which theoriC regions of the nascent daughter
chromosomes are driven or pulled away from the centre of the cell and
reorganised by the structural maintenance of chromosomes complex (SMC).
The exact mechanism by which this is achieved is unknown; however the
deletion of either the spo0J/sojlocus or the genes encoding the actin
homologues, MreB and Mbl, results in segregation defects. It is thoughtath
Spo0J protectsoriC from asynchronous replication initiation by forming an
organised nucleoprotein structure in its vicinity [72], while also recruiting the

SMC to compact the nascent chromosom&3]. DivIVA, a protein capable of
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recognising cell membrane curvaturg 74], which localises in dlisters at the cell
poles, is implicated in the organisation of Spo0J and regulating its interactions
with Soj, which directs the Spo0JriC complexes towards the cell pole§75].
The product of this chromosomal reorganisation is a barbell like strcture with
the greater proportion of each chromosome occupying its own half of the pre

divisional cell.

Conversely, chromosomal reorganisation before asymmetric division in spore
development results in a secalled axial filament. This reorganisation is
dependent on two proteins, RacA and DivIVA. Production of RacA, named for its
role in Reorganisation and chromosomal Al AET OET Ch E . Thda OAAOA.
inhibitory effects on SpoOA phosphorylation by both the Spo0J/Soj and
DnaA/Sda systems ensure that RacA isactive until it can perform its role on
the completely replicated chromosomes. The role of RacA is to collapse the
amorphous nucleoid into a filament aligned with the long axis of the cell, a key
feature of which is the anchoring obriCto the cell polke. RacA binds to a number
of sites on the chromosome close toriC and also concomitantly to DivIVA 76].
This anchoring is also mediated by Soj and Spo0J, which are also required for

oriC delocalisation from mid-cell.

1.6.3Sporulation stage Il

Asymmetric cell division (Figure 1-11) results in the formation of a smaller

forespore andalarger mother cell whichare divided by the sporulation septum,

consisting of two membranes. This process requires a relocalisation of the cell

division apparatus used in medial cell division. The cell division machinery,

which is assembled following the formation of a structurecalled the Zring, is a

complex conglomeration of proteins involved in maintaining localisation,

gaining purchase on the cell membrane and driving contraction of the cell at the

point of division. Up-regulation of FtsZ production and the presence of the
sporulaton-OPAAEZAZEA DOT OAEI] 3D1 ) ) %hdirecketl OE OA
transcription, causes the cell division machinery to assemble around

repositioned ring-like structures of FtsZ formed near to the two cell poles via a
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helical intermediate state[77]. The cell division machinery consists of a large
number of protein elements including FtsZ, FtsA, ZapA, EzrA, DiviB and
peptidoglycan remodelling enzymes. Only one of the-Znhgs will go on to form a
site of cell division, dividing the mother cell and smaller forespore. The axial
filament chromosomal arrangement means that the developing septum

encloses ~30% of the forespore chromosome within that cell compartment.

Mother Cell { Forespore

Figure 1-11: Sporulation stage II.

(A) The medial Zring is formed at the vegetative division site. (B) A helical intermediate allows

relocation of the Zring. (C) Two Zrings form, one at each pole. Asymmetric cell division occurs

as one of the two Zings contracts and forms a septum. (DPnly 30% of the chromosome is
ETECEATT U AAPOOOAA ET OEA A& OA 6mahstriptiond dcliiveislOO1 AT O
IT1T U ET OEA &£ OAODI OZAim the BgHericell OAdaptEdirond Be@YENOAROET 1T T
2002.

Stage Il is also chardd AOE OAA AU OER thehfilsOdoiopartrient T 1T A
OPAAEEAEA K EAAOT Oh ET OEA &I OAODPTI OA8 41
component regulatory system consisting of SpollAA, SpollAB and SpollE.

SpollAB is an aniOECi A AAAOT O x E El Bn irkdive canplé&kOA OO A C
[78]. SpollAA is an antanti-sigma factor which can break the inhibitory

complex, but only in its dephosphorylated form [79-81]. SpollAA is
phosphorylated and inactivated by SpollAB. This inactivation is overcome by

the PP2C serine phosphatase, SpollE which dephosphorylates SpollAA8R2-

84]8 3 ECIT Al 1l ET C Fieguiod dommudicaté lacro€sBEhk seftum to
AAOEGAGA OEA 11 O0EAO AAI 1 8 4EdtvatiohAsEAT EOI
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restricted to the forespore is unknown but hypotheses include transient gene
asymmetry between mother celland forespore, the differential volume of the
two compartments and compartment specific deactivation of SpollE67, 85,
86].

1.6.4Sporulation stage Il

Engulfment of the forespore by the mother cell occurs duringhe third stage of
sporulation (Figure 1-12). Before this can occur, the trailing portion of the
forespore chromosome must be translocatedrom the mother cell. This is
accamplished through the activity of the ATRdependent DNA translocase,
SpolllE. This protein is produced before cell division occurs, under the control

| A, ahd the protein assembles as a complex at the annulus of the contracted
sporulation septum. It has keen shown recently that SpolllE multimers actively
search for DNA sequences called SRSs (SpolllE Recognition Sequences) which
dictate the polarity of translocation which is towardsoriC in the forespore [87,

88]. In addition, SpolllE translocation strips RNAP and transcriptional
regulators from the chromosome, effectively excluding them fronthe forespore
[89]. This activity may have a role in theestablishment of developmental gene
ADOAOGOETT AO 1 AOGAT O OACAOAOEOA K EAAOI O
The membrane of the mother cell next migrates towards the distal cell pole
engulfing the forespore as it does so. Engulfment is complete whenettmother

cell membranes meet and undergo fission releasing the forespore as a cell
within the mother cell. Membrane migration relies on proteins produced in

AT OE AAI1T AT i DBDAOOI A1 6Hh OEAA & ORARRAOAIDOA
mother cell. SpollB SpollD, SpollM and SpollP are produced in the ther cell

and form a peptidoglycan remodelling complex. Null mutant studies show their
role is in destabilising the sporulation septum to promote membrane migration

to the cell pole[90].
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A B s

Figure 1-12: Sporulation stage lll.

(A) A SpolllEcomplex &l O © AO OEA OAPOOBI 56 AT T Ol 6O AT A OOAT «
into the forespore. (B) Migration of the cell membrane towards the pole begins at the outer

edges of the septum, the SpolllE locus remains and is carried towards the pole. (C) The

separation of the membranes converges at the cell pole. (D) Membranesfon occurs

completing engulfment of the forespore by the mother cell.

A molecular zipper complex formed by SpollQ and SpolllIAM1, 92], produced

in the forespore and mother cell, respectively, promotes membrane migration.
The synthesis of rigid peptidoglycan along the leading edge of the engulfing
membrane is also thought to play an important rolgf93]. Membrane fission
leads to separation of the two cells requiring SpolllE, the DNA translocase,
SpollQ and FisB94].

4AEA ATiIDBPIAOGETT 1T & Al cOl A Adintthe Aotegpbr€;, O AAT (¢
allowing expression of a new profile of genes. Similarly, signalling by
£G-OACOI AGAA CAT AO ARiAOvbiBer el OEOAOQET T 1T £ £

1.6.5 Sprulation stage IV

During stage IV (Figure 1-13A), the peptidoglycan (PG) spore cortex is
produced [95]. The enzymes required for synthesis of this layer of the
developing spore;SpoVB,SpoVDSpoVE, CwiD and PBR%re produced in the

iTOEAO AAI 1T O1 AAand I6caliBe tdthd edddlfing mémBzané.
Development of the spore cortex is, however, delayed until engulfment is

complete. The enzymesegulated A U E, &re unable to proced due to limited
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availability of the required substrates, peptidoglycan precursors; UDIRIAM and
UDR. ! ' 8 4EEO OEI OOACA Eontraleh yendsnGiferur x E AT (
locus are expressed. The produced enzymes synthesise the PG precursors

required for construction of the spore cortex.

PG PRECURSORS
SpoVB
SpoVD
0F — SpoVE —— gHe—s me
CwiD
PBP5
B
Cuit Further
OF — Layer —— —.Spore____
scaffolds coat
proteins

Figure 1-13: Late sporulation morphological developments.

i'q 30ACA )Yeh AADORKOGEl OO AIOCEAOBDAEEI 1T foauseh OOAD
transcription of the mur locus of peptidoglycan precursor synthesising enzymes, enabling

Al OOA@ DPOI AGAOGEIT T 8 | " q 3t@ireqsirangdipticd Bfilodefisedispoled £l O1 A
AT AO O Avcamdgek fraAsbriptiork of spore coat proteins, enabling envelopment of the spore

by the spore coat layers: basement layer; orange, inner coat; green, outer coat; blue, crust; red.

Adapted from McKenney, 2013.

1.6.6 Sporulation stage V

Regulation of the construction of the multilayered, proteinaceous spore coat,
consisting of the basement layer, inner coat, outer coat and crust, occurs
similarly to that of the cortex [96]. Clustered hubs of scaffold proteins for all
four spore coat layers are developed at the mother cell proximal edge of the
forespore under the transcriptional control of EAE (RNA polymerag containing
AE). Transcription control by E-AX leads to the production of coaproteins which

allow assembly to occur, thus enclosing #forespore(Figure 1-13B).
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1.6.7 Sporulation stage VI

The processes contributing to spore maturation are unknown. However,
investigations into the properties of mature and immature spores have
suggested that during this stage, chemical modification of the spore cortex or
coat takes place[97]. Some candidates for the enzymes involved includbe
spore coat proteing Tgl and YabG. Spores which are not allowed to mature

exhibit decreased wet heat and hypochlorite resistances.

1.6.8Sporulation stage VII

Mother cell lysis is the laststage in endospore formation. The production ofhe
peptidoglycan hydrolases, or autolysins, CwIB, CwIC and CwIH is upregulated at
the point of mother cell lysis[98, 99]. These enzymes break down the mother
cell wall as part of mother cellapoptosis. The mature spore is releagskand can

remain dormant until germinant nutrients are encountered.
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1.7 TheCompartment SpecificA Factor Cascade

Sporulation is directed temporally and morphologically by four compartment
OPAAEELZEA (K AEAAOT OOBI ! GEOMR OAIAGLOEBIAMAEN 1T A A ME
factor relies ontranscription and activation by its predecessors. Thisesults in a
£ AEAAOT QFighdlOABAAEA AAOEOEOQOU 1T £ AAAE K [EA

transcriptional control and each must be activated by intercompartmental

signals.
loja) Spo0A~P —— o
>< Polar Septum>< l
Pro-ot oF:SpollAB

GerR Soolch & [T SpollR <—cF—>O
0
«— ¢of 4 X
/ * SpolllA 0%:Gin
N~
i - b spolia |
GpoIIID ~

v /O‘G\
_+ SpolvB

Pro-oX et lT
VIV /SpoIVFB SpovT 1T
O o
VI D_Gle-rl_E
MOTHER CELL FORESPORE
Figure 1-14d, 4EA AAOAAAA T £ ObiI 001 AGET T OPAAEEEA L EAA
4EA AAOEOAOGEIT AT A AiT106011 1T &£ £ EAAOI OO AT A EAU

septum is in the centre with the mother cell on the left and forespore on theght, as indicated.
Green dashed arrows indicate an interaction across the intercellular membranes. Black arrows
indicate activation, black barred lines indicate repression. Purple circles indicate the
approximate gene numbers in a regulon. The stages sporulation are shown at both edges;
arrows from regulons to a stage indicate that genes in that regulon make a major contribution
01 OEA OOA c AAdapted kot Kiiods Btial A20A7800]

AFis the first sporulaOET 1T OBPAAEAZEA OECI AisfRsk®inO O 7/
the pre-divisional cell and in both compartments following the asymmetric cell

division but its activation is delayed pending the completion of the septum and

restricted to the forespore. The prdein product of spoliIGB pro-AE, is similarly

distributed before the sporulation cell division. The Nterminal 27 residues of
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OPAAEAEA K AEAAOT 08 SpdlGA @ ArQdase] whiehQrledves AE A O A
the inhibitory propeptide of pro-AE. For proteolysis to take place, SpollGA

requires a signal from the forespore in the form of SpollRL01, 102]. SpolIR is

PDOol AOCAAA ET OEA A OAxbdreltAs indllyvdp@ssddbyO A A QET |
RsfA. Its signal peptide directs it to the intemembrane space, where, by
mechanisms which are not well understood, it is able to activate SpollGA, and

EAT BEA £

4EA OACGAT K oAsisvbaf afound 48 and 270 genes, respectively, each
controlling morphogenic proteins and further factors required for
developmental regulation[100]8 5 1 Adbriirol Are the genessigGand csfB

(ginQh xET OA ®anil &i6 Adnd hn inhibitory complex preventing

formation of E-AG. SpollQ, which is required for foresporeengulfment, and

3Dl )) 2 AOA Féohtdliand @layikdyQdoles in intercellular signalling.

AEA 1 OAE 1 A O ChrodésAact@rs required féE largely mother cell

dependent processes, such as spore cortex and coat formation, occurring in late

Obi 001 AGET T8 4EA DO Aublindlud® @d-A& &l Avd OT AAC
transcription regulators, GerR and SpollID, as wed#ls thespolllA operon, which

codes for the eight proteins involved in engulfment and intercompartmental

secretion and signalling.

PostAT COI £ AT O CAT A AgpOAGOKEIT OE A OFLIT GRAERIODA
ET OEA 11T O0EAO AAiciagivatb k th® @EDPGARA© theEl O £
completion of spore engulfment. A multicomponent secretion system is

assembled between the two cells consisting of products of the-A= controlled

spolllA locus in the mother cell and the product of the HF regulated spollQin

the forespore [103]. It is thought that this apparatus plays a key role as a food

channel in the nurturing of the engulfed forespore by the mother cell as well as

transport might be activated by septal thinning caused by peptidoglycan

hydrolysis which occurs during engulfment[105].

I OEAA EOT I OEA AOOGAT AT U 1T &£ OEA ORAOAOE
AAOEOAOQGETT EO 110 ETT x1 8 4%pecifkintidadr,Ag A O
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Gin [106, 107]h A & i4 disfupted allowing E-AG to form. Auto regulation of

spolllG causes a rapid rise ik¢61 AOAT O AT A EAT AA Eic¢ OEA A
regulon consisting of around 95 genesSome of these genes encode proteins

required to protect the DNA in the dormant spore from UV radiation, heat and
desiccaton, such as the small acid soluble proteins (SASPE)08], or the

proteases necessary to degrade them upon germination. The transcriptional

regulator, SpoVT, is also under #&¢ control. It inhibits the positive feedback
ITTDCEDDPBEAOOETI T h OAOOIChiEttay gdhd explessianOl OA 1
followed by a plateau as SpoVT repressasggGexpression[109].

4EA OACOlI AOI OU I AAEAT EOI DOAOAT Oikthe ET AT |
mother cell is more elaborate. Expression osigkh OEA CAT A iAT AT AE
directed by EAE. Remarkably, thesigK open reading frame is interrupted by a

42 kbp segment of DNA, termed thekin (SgK Intervening element which is

now known to be a cryptic prophage)spolVCBencodes the Nterminal portion

| /X, &nd SpolVCits Gterminal portion [110]. spolVCAis located in the

intervening DNA sequence and under HE transcriptional direction, with

further regulation exerted by SpollID. spolVCA encodes a sitespecific
recombinase, SpolVCA whose funon is to excise the cryptic prophage DNA.

The post excision chromosomal sequencsjgkh AT AT AAO OEA ET AAO

precursor, pro-AK,

The processing of the prefX involves the removal of 20 residues from the N
terminus, catalysed by the AE directed gene product, SpolVFB, an
intramembrane metalloprotease SpolVFBis regulated by a three component
inhibition system comprising SpolVFB, BofA and SpolVHA11]. This complex
assembles in the outer forespore membrane and is disrupted by SpolVB, an
intramembrane serine protease produced in the fagspore under direction of
AG. SpolVB selectively degrades SpolVFA and relieves inhibition of SpolVFB
[112]. Recent work has shown thatpro-AK is membrane associated and
proteolysis is accompanied by release ddctive AX into the cytoplasm[113]. The
ppp CHrégdlon &ncodes proteins required for cortex precursor synthesis
(mur genes), spore coat formation ot genes) and factors inolved in apoptosis

of the mother cell. The transcriptional regulator, GerE, regulatesK directed
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transcription in the mother cell playing a role analogous to that of SpoVT ke

regulation in the forespore.

It has been suggested that activation of¢ or AK is insufficient to account for the
high rates of AF and AE activity attenuation, respectively{114]. It is therefore
bi OEOAA OEAO T ACAOEOA AEAAAAAAE AupinbO AOA

RNAP[116]. The mechanism by whichAE is inactivated uponAX activation is, as

yet, not known.
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p8yY ! AOEOAOEIT 1T &£ OEA &EOGO #1 |
The gene expression programme followed Y the two cells during spore

Al Of AGETT OATEAO 11 OEA Al OOAADNn tkeAl BT OA
forespore. The activaion and control of sporulation-specific transcription

factors downstream of AF takes place in a cascade. TtspollAoperon (spollAC
encodesAF) is transcribed by RNA polymerase containing® and activated by
SpoO0A~P. AF is present therefore in the predivisional cell but inhibited in

directing transcription. Upon asymmetric septation, this inhibition is relieved

selectively in the forespore but maintained in the mother cell. As a result,
AF-directed gene transcription is able to occur in a compartmenspecific

manner. Although it remains unknown how this inhibition is selectively

overcome, the components okF regulation are increasingly well understood.

1.8.1 Effectors ofAF regulation

oh Py
e
SpOOA~P P, -=2 SpollE SpollAA po (0]
[ (“spoliaa |[ spoliAB | spoliAC |
o

Figure 1-15¢4, 4 OAT OAOEDOET 1 Arégulddryls@@em.i 1T £ OEA (

Solid black arrows show transcriptional activation. The black arrow indicates transcription and
translation resulting in the four component protein system. The curved grey arrows indicate
activation, whereas curved grey barred lines indicate inhibitionAdapted from Margolis, 1991.

Early geneticstudies of this system identified a simple scheme foKF regulation
[117] (Figure 1-15). ThespollAoperon consists of three genesspollAA, spollAB
and spollAC(sigh [118]. SpollAA and SpollAB are an aréinti-sigma factor and
an anti-sigma factor, respectively. A third protein encoded by the remote
monocistronic spollE gene, SpollE, plays an important role in promoting
SpollAA activity. Both the spollA and spollE operons are under the
transcriptional regulation of SpoOA~P, thoughspollE is transcribed by EAA,
rather than E-AH,
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1.8.1.1 SpollAB

SpollAB, a homodimeric protein kinase with 16.2 kDa protomers, has been

shown to inhibit AF directed transcription in vitro in an ATRdependent manner

[78]. This indicates a direct inhibition ofAF by SpollABATP. Furtherin vitro
investigations of the SpollABAF binding stoichiometry indicate a ratio of one
SpollABdimer to one molecule ofAF in their complex [119]. This stoichiometry

is observed in the cecrystal structure obtained of SpollABAF from B.
stearothermophilus[120] (Figure 1-16). The structure showsthat SpollABis a

member of the GHKL superfamily (namedfter its members, Gyrase, HSP9O0,

histidine kinase and MubL [121]) of phosphoryl transferases, all of with

transfer the r-phosphate of ATP to their substrate molecules. Structurally, the

"(+, AZATEIU EO I AOEAA 100 Au OEA " AOCAOA
Al 00 AT OBtaAdd AndiZEA 10 Gglicgs, which is important for ATP

AET AET C8 $EI AOEOGAOGETT 1T £ 3bi ) yttaids 0AAO0O0
OEAO A AT 1 OET Okhéddspanming & didet id\fdried. The small

10 ATA 1t EAI EAAO A& O A ndiAgksikeOThedd A O AT |
AATTAA 140 1 EA -EIO 141100 AAE RAAE OEAD G cOEA DI 7
thought to cause open and closed states which mediate nucleotide binding and

cause a barrier to rapid nucleotide exchanggs6].

AF is largely disordered in the SpollABAF crystal structure such that <20% of

the sigma factor, constituting theAs region, is defined in the electron density

i ADO8 4EEO OACEIT T -helicd, hin@skadd@3&thegnteifade oxiieO A A
SpollAB dimer. TheAs OA C E | 4wad sHowik to be an integral component of

the interface with the core enzyme in the structure bthe RNAP holoenzyme

from T. aquaticug(Figure 1-8). Therefore SpollAB appears to prevent formation

of the holoenzyme, EAF. The active site of SpollAB consists oATP and Mg+

binding residues andis remote from the AF binding site. Rather than acting on

AF, the kinase activity of SpollAB has a different substrate, SpollAA, the anti

anti-sigma factor.
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ATP Lid

ATP Lid

Figure 1-16: The SpollAB;q, Acrystal structure from B. stearothermophilus , PDB: 1L0O.

The two SpollABprotomers making up the dimerare coloured separately in green and blue.
The ATP Lid loops are labelled for each monomer. The active site Mipns are shown in grey

and bound moleales of ADP are shown as cylinders coloured by atom. The visible portion /st

is shown in red, the rest ofAFis disordered in the crystal

Figure 1-17d, #)1 OOAAA OOPAODI| OH $phaéricus in BBth3pBosphgrylated AEOT |

and unphosphorylated forms.

0$" )$0d p(t8 AT A p(t198 4EA #, Otdeddphosghorylaed AT 1 T O
and unphosphorylated molecules, respectively. The phosphorylatable residue, Ser57, is shown

in cylinder format coloured by atom with and without the phosphate group. The phosphoserine

has been modelled in two, halbccupancy, conformations.
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1.8.1.2 SpollAA

SpollAA is a small, monomeric protein of 12.9 kDa. It binds to the protein kinase
and anti-sigma factor, SpollAB, in th@aresence of ATP and ADP and is also its
substrate [80, 81]. Inhibition of AF directed transcription in vitro, effected by
SpollAB in an ATP dependent fashion, was shown to be relieved on addition of
SpollAA[79]. In addition, it was observed that this reliefis temporary, asAF
inhibition was restored after a few minutes. SpollAA induces the release &f
from SpollAB. Accompanying this release is the phosphorylation of SpollAA by

SpollAB on a conserved residue, Ser3&22].

Figure 1-18: The SpollAAz:SpollAB, complex from B. stearothermophilus .

PDB Code: 1TH8The two SpollAB molecules are shown as ribbons in shades of blue, the two
SpollAA molecules are shown as ribbons in red and coral. The two ADP molecules bound by the
SpollAB monomers are shown as spheres coloured by atom. The Ser57 residues are also shown
as cylinders coloured by atom.

Comparison of crystal structures oB. sphaericusSpollAA in its phosphorylated
and unphosphorylated forms shows very little conformational change which
might bring about dissociation from SpollAB [123] (Figure 1-17). The
SpollAA:SpollAB interaction, however, must be shoit EOAA ET F OAAO

inhibition to be reinstated after only a short time. The cecrystal structure of
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SpollAA and SpollAB:ADP, obtained using proteins froB. stearothermophilus

offers some explanation as to how th&pollAA:SpollAB complexs destabilised

upon phosphorylation of SpollAA[124] (Figure 1-18). The structure shows two

molecules each of SpollAA itomplex with SpollAB. SpollAB hasthe same
conformaOET 1T AO xEAT EI Al i Pl A@ xEOE X

SpollAA molecules interactwith SpollAB using a surface with is adjacent to

and overlapping with that used inAF binding with Ser57 (analogousto Ser58 in

B. subtilisSpollAA) positioned near to theb-phosphate groups of ADP in the

kinase active site. It is thought that the phosphorylation of SpollAA would result

in the transferred phosphate group adopting a sterically and electrostatically

O1 £ZAOT OOAAIT A Pl OEOEIT 1 -phogphate a@ihesid dhdn OT OE
of glutamate-46 on SpollAB.

SpollAAis thought to induce OA T A A & AomlitgEnhibitory complex with
SpollAB[124-126] (Figure 1-19). The asymmety of the3 BT ) ) ! " A & ET OAO
results in a larger SpollAA binding surface being available on one molecule of

SpollAB than the other. Complete association of SpollAkith this SpollAB

subunit cannot occur without dissocA O E T F. Ad S@olIXA docks with SpollAB

in a zipper-like fashion, electrostatic and steric repulsiondevelops between

3Dl ))! 1R AABEA& ET AOAAO OEA OAI AAOGA T &£ (&
molecule of SpollAA carthen bind to the secondSpollAB subunit. At this point

phosphorylation of SpollAA can occur.

Figure 1-194, 3 AEAT AGEA | £ OE Afrdn SpoDABAPRRbYCSAdIIANA OA T £ £
The stages involved are discussed in the text.
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1.8.1.3 SpollE

The activation of AF requires the sustained regeneration of SpollAA from
SpollAA~P. SpollAA~P is the substrate of the protein serine phosphatase,
SpollE [83]. This protein possesses a PP2(protein phosphatase type 2C)
phosphatase domain which catalyses the dephosphorylation of SpollAA~P.
Mutational studies of SpollE have shown it plays a key role in both activation of
AF and in the formation of the asymnmetric division septum, both of whichare
hallmark features of sporulation stage two This suggestsSpollE hasa role in
co-ordinating the completion of asymmetric septum formation with activation

of AF; this is discussed further in section 1.10.
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1.9 TheZ-ring and Asymmetric Cell Division

Cell division has been intensively studied, as a key reproductive phenomenon in
all living systems. InB. subtilis, for cell division during growth and sporulation,
the cell division machinery is assembled at the sitef formation of a ring-like
structure by the key cell division protein, FtsZ filamentation temperature
sensitive Z)[127] (Figure 1-11A). While the machinery used is the same in both
modes of cell division, the site of assembly is different and @tation must take

place.

1.9.1 FtsZ

FtsZ is a protein of 40 kDa with 12% sequencelentity to tubulin, a protein
which forms microtubules during eukaryotic cell division. The level of sequence
conservation is highest in regions of tubulin which mediate GTP binding. A
glycine rich motif in FtsZ, GGGTGTG is a close match to the tubulin signature
motif, (G/A)JGGTGST which is part of the GTP binding sequende8]. FtsZ is
able to bind and hydrolyse GTP. FtsZ and tubuliike proteins form a distinct

family of GTPases with two domains connected by a central he]ik29].

When the chromosomal copy oftsZis deleted and replaced with a copy under
the control of an IPTG inducible promoter, it ispossible to control FtsZ
production through variation of the IPTG concentration[130]. When such cells
were grown in the presence of IPTG, normal division was seen to occur,
however, in the absence of IPTGhe cells were unable to divide and long
filaments were observed. Sporulation of these cells was also impaired and

asymmetric division septa were not formed.

Upon GTP bindingFtsZ forms long straight structures called protefilaments,
which have the diaméer of a single FtsZ moleculg¢131, 132]. Under the same
circumstances, tubulin forms hollow microtub ules [133]. Hydrolysis of GTP
induces curvature in the proto-flament. The formation of curved protc
filaments can also be induced on addition of GDP. No filament formation is

induced in the presence of GMP, suggesting that formation of prefilaments is
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a product of nucleotide binding, ratler than of nucleotide hydrolysis itself
[134].

The FtsZ crystal structure (Figure 1-20) has been solved from multiple
organisms, the first being Methanococcus jannaschii a thermophilic
methanogen[135]. The structure shows a highly conserved core consisting of
two domains entitled Nt and Ct and a boundmolecule of GDPHexible peptide
regions at both the N and G termini are not observed in the crystal structure.
Truncations of FtsZ without the Ct domain are blocked in both polymerisation
and GTP hydrolysis[136]. The GTP binding motif is present in the Nt domain
while the key cataltic residue for GTP hydrolysis, Asp238 is in the Ct domain,

these loci are conspicuously at opposite ends of the molecule.

Figure 1-20: Structure of FtsZ from Methanococcus jannaschii.

PDB ID: 1FSZThe Ntand Ct domains are coloured in cyan and purple, respectively. A bound
GDP molecule is shown as cylinders coloured by atom in the nucleotide binding site. The side
chain of Asp212 E. colinumbering; Asp238 in M. jannaschi is also shown as cylinders
coloured by atom. Association of Asp212 with the nucleotide binding site completes the GTPase
active siteLowe and Amos, 1998135].

The binding of GTP allows the Ct and Nt domains of separate monomers to
associate about the GTPase active site resulting the formation of a linear

filament (Figure 1-21A). GTP hydrolysideads tocurvature of the filament asthe

55



GDP occupancyncreases Depletion of GTP destabilises the filament causings
dissociation [137]. The nucleotide binding site of monomeric FtsZ is solvent
accessible allowing efficient nucleotide exchange of GDP for GTP so that
filaments can bereformed (Figure 1-21B). Recent work has indicated that a
hinge opening mechanism operates in response to GTP hydrolygis38]. The
scAAT T AA 40 111D |1 AAE ApbGSphatelbl dddpkng € teriseE OE A
state which supports hydrophobic interactions with the T7 loop of the
Il AECEAT OOET ¢ &00: OOAOI EO8 /1 -pHogplate EUA OT 1
allows T3 to relax disrupting the interaction with T7. A nest of hydrophobic
interactions on the opposite side of the GTP bding pocket, based around
Leu296 on one protomer and Phel35, Leul67, Vall74 and Leul76 on the other,
forms a hinge which is pushed open by the disruption of the F87 interface.
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Figure 1-21: Functional behaviour of FtsZ proto -fil aments.

The assembly of protofilaments by binding of GTP by the Nt subdomain, cyan, and active site
completion by the Ct subdomain, purple, of another FtsZ monomer. (B) The GTP hydrolysis
cycle of FtsZ features filamentation, hydrolysis, curvature, diss@tion, nucleotide exchange and
reassembly (C) Ftsz drlves constriction of the cell membrane towards cell dIVISIOn by

It has been shown that the assembly, curvature, dissociation and reassiely of

FtsZ proto-filaments provide all of the force necessary to drive membrane
constriction at the cell division site through a process termed iterative pinching
[139, 140] (Figure 1-21C). Akhough wild-type FtsZ alone is not capable of
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interaction with the cell membrane, the addition of a @erminal amphipathic
helix and an Nterminal YFP (yellow fluorescent protein) domain caused the
manifestation of indentations in liposomes in the presenceof GTP. The
indentations formed in locations with FtsZrings, as visualised by YFP
fluorescence. The natural anchoring of FtsZ to the cell membrane is enabled by
interaction with FtsA and numerous other proteins involved in a complex cell

division machinery assembly.

1.9.2 TheB. subtilisdivisome

Figure 1-22: The B. subtilis divisome.

Protein label abbreviations are as follows: Z; FtsZ, A; FtsA, L; FtsL, W; FtsW, IB; DivIB, IC; DivIC,
IVA, DivIVA.The first proteins to assemble are FtsZ, FtsA, ZapA and EzrA. The remaining
proteins assemble some time latefTaken from Gamba, 2009141].

A complex cell division apparatus, called the divisome, assembles subsequent to
Z-ring formation. Assembly takes place in twesteps[141]. Initially, FtsA, ZapA
and EzrA localise with FtsZ. FtsA anchors therihg to the cell membrane, ZapA
is a promoter of Zring formation and EzrA is required for subsequent
localization of cellwall synthesis enzymes. A second wavof proteins is ce
opted some time later and includes Pbp2B, FtsL, DivIB and DivIVA the roles of
which are in cellwall synthesis, regulation of cell division, coupling to cell cycle

and division site regulation, respectively{ 142, 143]. The assembly of the second
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set of divisome proteins seems highly concerted, suggestive of a complex web of
interactions [141]. A full schematic of proteins comprising theB. subtilis
divisome, originally presented by Gamba et al., 200fL41], is shown in Figure
1-22.

1.9.3 Regulating Zing assembly during growth

Vegetative cell division requires the assembly of the cell division machinery at
the middle of the cell. While FtsZ filaments can form only in the presence of
GTP, which will be abundant in the cytoplasm, for much of the cell cycleridgs
are not observed[144, 145]. This suggests the existence of one or more systems
negatively regulating Zring formation. Two primary regulatory systems, MinCD

and nucleoid occlusion(Figure 1-23) have been identified inB. subtilis

@)
&

Figure 1-23: Direction of Z -ring formation to mid -cell in vegetative cell division by MinCD

and Noc.

The medial division site is indicated by the grey dashed line. Red transparent areas indicate
regions where Z-ring formation is inhibited. (A) The MinCD system. MinC (red circles) and MinD
(green hexagons) cdocalise with DivIVA (light blue crescent) at he cell poles where MinC
inhibits Z-ring formation. (B) The Nucleoid Occlusion (Noc) protein non-specifically binds to the
chromosome and prevents cell division machinery assembly in its proximityAdapted from
Jamroskovic et al., 2012146] and Wu et al., 2004147].

The Min system was first characterised irE. coliand is so called becausein

mutants are associated with the formation of anucleateninicells [148, 149].
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The three component system, encoded by th&inB locus, prevents asymmetric
cell division by localization of the Zring formation inhibitor, MinC, to the cell
poles through interaction with a membrane bound ATPase, MinD, and a cell

pole localising protein MinE[150-152].

In B. subtilis there is an analogous system consisting of MinC and MinD.
However the MInE is absent and its role appears to be played by DivIY246].
Interestingly for a protein which anchas proteins to the cell membrane, DivIVA
does not possess an amphipathic membrane binding regiprhowever, the
crystal structure of B. subtilisDivIVA reveals a tetrameric assembly containing a
coiled coil with distinct curvature [153]. The distribution of hydrophilic and
hydrophobic residues around the [elices suggests a directed interaction with
the polar head groups and surface proximal lipids in the cell membrane,
allowing recognition of concave cell membrane curvature. DivIVA has also been
shown to exist as hexamers and octamergl54]. Through interaction with
DivIVA, MinC and MinD areanchored to the cell poleswhere they prevent the

formation of Z-rings (Figure 1-23A).

The Nocprotein, named for nucleoid occlusion, has been observetb bind non-
specifically throughout the chromosome and to prevent the assembly of the cell
division apparatus (Figure 1-23B) [147]. This association directs cell division to
the area with the lowest occupancy of chromosome. PoEtNA-replication, this
uninhibited area is the medial division site. Additionally, Noc has a role in
concentration of the divisome components by preventing their even
distribution around the cell. In the absence of both MinCD and Noc, cells do not
divide at all. In this case there is no preference for any cell division site and cell

division machinery is too diffuse to allow assemiyl of a functional divisome.

1.9.4 Relocation of the division site during sporulation

The relocation of the divisome to a polar site for the asymmetric cell division
characteristic of sporulation requires the upregulation of transcription of the
ftsAZ operon encoding FtsZ and FtsA and the expression &pollE Three

promoters govern transcription of ftsAZ one of which, P, is under the control
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of AH, and hence activated during the initial stages of sporulatiof155].
Asymmetric cell division is not severely affected by disruption of this promoter.
However, when P! disruption is coupled with deletion of spollE the second
effector of polar cell division,cells are severely deficient in asymmetric septum
formation [77]. Deletion ofspollEcauses a delay in the formation of polar septa
in comparison to wild-type. Upregulation of ftsSAZ and activation of spollE is
sufficient to force the formation of polar division septaduring vegetative
growth, suggesting that the upregulation of both is a major driving force for

divisome relocation.

In addition to the up-regulation of SpollE and FtsZ production, RacA hasrale

in promoting polar division [76]. RacA causes the formation of the axial filament
in which chromosomal DNA is distributed evenly along the axis of the cell. RacA
also anchors the chromosomes to opposite cell ped, through an interaction
with sites around oriC, and DivIVA. This interaction could outcompete MinC and
MinD resulting in non-specific localisation of the MinCD inhibitory complex

throughout the cell and preventing Zring inhibition at the polar sites.

As occurs during binary fission, the Zing is initially formed at the mid-cell. The
medial Zring disassembles and FtsZ relocates to the polar division sites on a
helical trajectory. This trajectory is thought to be governed by lipid spirals in
the cell manbrane, to which FtsZ and FtsA are associated. One site develops
into an asymmetric division septum while the other is abandoned and
disassembles soon after compartment specific gene expression is established
[77,156].

It is not known how the cell selects a single -Fing with which to complete
division while abandoning the other. It seems that the formation of two Zings
provides a safety net should the firstdivision event be abortive. For example,
RacA mutants fail to sequester DNA in the newly formed forespore. In this
circumstance the second division site is activated, presumably in the hope of
capturing a chromosome at the opposite cell pole. Additionallyga number of
spoll mutant alleles show a phenotype in which two asymmetric septa form
[157]. These cells are unable to complete sporulation, but the formatiasf two

septa proves that both Zrings are capable of supporting cell division.
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1.10 SpollE, a Key Cell Fate Determinant

SpollE is a 92 kDa, 827 residue protein encoded by the gerspollE Its
transcription is directed by E-AA, activated by the master sporulation initiator,

SpoOA~P [158]. SpollE is bifunctional, being required for both correct

formation of the asymmetric division septum during sporulation, as described

AAT OAnh AT A ET OEA ET AEOAAO AAOEGAOETT 1 &

1.10.1 Developmental behaviouof SpollE

The subcellular localisation of SpollE and various mutants has been studied
using GFPfusion constructs and microscopic visualisation technique§67, 159,
160]. SpollE, produced prior to the sporulation cell division, promotes the
formation of a pair of polar Zrings to which it co-localises[159, 161]. SpollE
remains at the sporulation septum but dissociates from the abortive -ding. On
completion of the asymmetric division septum, activation ofAF is observed in
the forespore. This indicates the release of some block on the phosphatase
activity of SpollE. After activation, SpollE delocalises from the division septum

becoming diffuse in the forespore merbranes[162].

1.10.2 Three Domain structure

SpollE is thought to consist of threedomains [163] (Figure 1-24). At the N
terminus, a 32 residuesequence precedes transmembranedomain of around
300 residues. Tls region is highly hydrophobic and sequence analysiand
topology studies of SpollE predicted the presence of 10 putative
transmembrane helices[163]. The Nterminal peptide is predicted to lie on the
cytoplasmic side of the membrane, as are thet€rminal domains Il and Ill. This

domain accounts for around two fifths of the protein.

The central portion of SpollE, from residues ~330 to ~590, is of unknown
function, its primary sequence shows low homology tmon-SpollEproteins and
has the lowest level of conservation of the SpollE domains (17% betwedh

subtilisand C.acetobutylicum). There is evidence that SpollE interacts with FtsZ
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from both yeast two-hybrid assays and size exclusion chromatography aneis.
Both experiments indicate that domain Il is required for this interaction which

is not formed between FtsZ and the phosphatase domain (domain 1[1)64].

The Gterminal region of the protein is more highly conserved and sequence
analysis indicates a PP2C phosphatase domain constituted of residues 590 to
810, with a number of highly conserved clusters of residues forming the
signature ofthe PP2C family. The PP2C family of phosphatases are part of the
broader PPM superfamily of serine/threonine phosphatases, found in both
eukaryotes and prokaryotes. PPM phosphatases are metal dependent and in the
case of PP2C domains two or three mangaresons are bound by aspartate or
glutamate residues in the active site. Mechanistically, it is proposed that the
metal cations activate water molecules for nucleophilic attack at the
phosphorus of the Ser/ThrO-PG group during dephosphorylation [165, 166].
This domain of SpollE catalyses the dephosphorylation of the phosphoserine
(PSer58) of the antianti-sigma factor, SpollAA~P.

REGION Il REGION llI
PUTATIVE FTSZ BINDING DOMAIN PP2C PHOSPHATASE
~330- 590 590 - 810

A . A . C
~330

CYTOPLASMIC
33

~320 REGION |
ASYMMETRIC SEPTUM } TRANSMEMBRANE DOMAIN

32 -~320

EXTRACELLULAR

Figure 1-24: The three domain structure of the sporulation cell fate determinant, SpollE.
Shown ar the three putative domains of SpollE. The central region (II) and PP2C binding
domain are show as purple and green rectangles, respectively. The transmembrane domain is
shown as a schematic of its membrane association pattern and orientation of the términal
peptide and Gterminal cytoplasmic domains is shown as in the cytoplasm rather than
extracellular. The N and Gtermini and the domain boundaries, as well as they are understood,
are also indicated.
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1.10.3How compartment specific activation ofAFis achieved

The mechanism by which activation ofAF is confined to the forespore is
Ol ETIT x18 7EEIA EO EO xEAAI U OEiI OCEO

inhibited pending the completion of the sporulation septum, this does not

O
ml

explain the directionality of the activation. However, a number of hypotheses

suggest how this may be achieved.

A B
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Figure 1-259q, 4 EA O 6vkdgbldtionl eduilibfia in the sporangium before and after

asymmetric septation.
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preeminent in the predivisional cell and post divisional mother cell and forespore, respectively

i1t q "AZE OA AOUIFis held hachve By SEbEAB Fal blileuk of SmIIAA~P occurs.

(B) After asymmetric septation, the mother cell equilibrium remains unchanged. In the

forespore turnover of SpollAA~P by SpollE results in release @f. SpollAA exists in both free

and SpollAB associated forms. (C) Diagram of the cyclecoimplexes involved inAF regulation.

Prior to asymmetric septation, equilibrium is established betweem(F, SpollAB
and SpollAA. SpollAA is phosphorylated and inactive, SpollAKF is stable so
that AF is sequestered by SpollAB and unable to form the-& holoenzyme

(Figure 1-25A).
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Following asymmetric cell division (Figure 1-25B), dephosphorylation of
SpollAA~P in the forespore by SpollE allows the dissociation of SpollABF by
SpollAA Although SpollAB can phosphorylate SpollAA, the rate of this reaction
is limited by slow exchange of ADP for ATP. Thus in the forespore, SpollAA~P is
converted to SpollAA by SpollE, SpollAB is unable to sequesigr, and the
latter is free to combine with core RNAP and direct transcription(Figure 1-
25C). The inhibitory equilibrium in the mother cell remains in place, although

the process by which ths is achieved is unknown.

A

>
7

B3
[o=]

Directional Transient Compartment
SpollE Gene Volume
Localisation Asymmetry Disparity

Figure 1-26: Possible mechanisms for the establishment of compartment specific gene
ADOAOGOGEI T KAEOAAOAA AU (

Each model is described in the text. (A) Localisation of SpollE to only the forespore sifethe
asymmetric division septum.No turnover of SpollAA~P occurs in the mother cell. The forespore
inhibitory equilibrium is disrupted by production of SpollAA by SpollE.(B) Enrichment of a
putative SpollE inhibitor, X, in the mother cell caused by transient gene asymmetry before
forespore chromosome translocation. (C) Degradation of SpollAB by the CIpCP protease system.
Transient gene asymmetry causes the presence of tvepollA operons in the mother cell allows
replenishment of degraded SpollAB. The SpollAB in the forespore is not replenished,
DOAOAT OET ¢ ATl A mAE Gharigé in éebrél SpollAA concentration caused by
SpollE activity is much lower in the motler cell than the forespore due to the difference in
compartment volume.

An early study in which mother cell and forspore compartments were
converted into protoplasts by lysa@yme treatment led to the proposal that
SpollE is confined to the forespore side of the polar septuf@4] (Figure 1-26A).
While this would lead to selective SpollAA~P dephosphorylation in the

forespore, and therefore specific activation ofAF in this compartment, later
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observations indicate that SpollBs in fact present on both sides of the septum
[159].

Another hypothesis for how SpollE might be activated selectively in the
forespore is based on transient gene asymmetry between the newly formed
forespore and the mother cell[85]. The asymmetric septum initially traps only
30% of the chromosome in the forespord67]. The remaining 70% remains in
the larger compartment and is pumped into the forespore by the septum
localising DNA translocase SpolllE over a period of 20 minutes. During this
period the forespore is deficient in genes on the distal porin of the
chromosome, while the mother cell possesses two copies of these genes. It was
proposed that an unidentified inhibitor of SpollE may be encoded on this region
of the chromosome(Figure 1-26B). The production of the inhibitor would be
confined initially to the mother cell allowing SpollE athe forespore side of the

division septum to be activated selectively.

Another proposal relying on transent gene asymmetry is based on the
sensitivity of SpollAB to proteolysis. ThespollA operon encoding SpollAA,
SpollAB andAF, is in theoriC distal region of the chromosome and will initially

be present as two copies in the mother cell but absent in thermspore. SpollAB
has been shown to be a target of the CIpCP protease system. It can be therefore
be envisaged that SpollAB would be depleted in the forespore by ClpCP
degradation leading toAF activation. This would be a selective action as SpollAB
levelsin the mother cell would be replenished byspollAgene expression167]
(Figure 1-260).

The volume of the forespore is around oneighth of that ofthe mother cell, a
large disparity [86]. If the number of molecules of SpollE is the same on both
sides of the septum, the concentration of SpollE in the motherll would be
eight times lower (Figure 1-26D). In vitro experiments have shown that alO-
fold increase in SpollEactivity is sufficient to switch sF from being fully
inhibited to being fully activated. The magnitude of this increase is similar to
the volume disparity between the mother cell and forespore[168]. This
hypothesis seems to be aery credible explanation of how compartment

specific gene expression is initiated during sporulation oB. subtilis.
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1.11 Aims

SpollE has been rigorously studied through genetic investigatiorf169].
However, to dateonly the Gterminal phosphatase domain has been structurally
characterised [170]. Domain Il of SpollE is required for localisation of the
protein to the asymmetric division septum, but mutations within domain Il
have also been shown d have strong influences on phosphatase domain
activity. This implies autoregulation of SpollE activity. The mutations identified
require a structural context to be fully explained. Of particular interest is how
domain Il and the phosphatase domain (domainlll) interact to inhibit
phosphatase activity until asymmetric cell division has occurred, this being of
DAOAI T 61 O Ei pT OOAT AA &£ O OEA Al OOKAO
in the forespore.

The principal aim of my studies has been the cloningyverexpression and
purification of soluble B. subtilisSpollEdomain Il constructsto allow structural
characterisation and definition of the interaction between the two cytoplasmic
domains. This involved the development of a fragment previously identified
using a library-based fragment solubility screen. An investigation into the
domain boundary between the transmembrane and cytoplasmic regions of the
protein yielded a fragment containing the entirety of domain Il. An additional
fragment was developed, pagntially isolating a subdomain in SpollE domain II.
Orthologues of SpollE fragments fromG. stearothermophiluswere also

produced. This work is detailed inChapter 3.

I'TT OEAO ET OAOAAOQEI T EIFis & Aetwoch GdIIEADE T 1

SpollAA~P. While structures of complexes have been solved to show the
ET OAOAAOET F énd 8pAlIdB Andl ISpolfAB and SpollAA, the mode of
interaction between SpollE and its specific substrate remains uncharacterised.
The development of a ceexpression system toproduce large quantities of

SpollAA~P and some attempts at isolating a SpollE:SpollAA~P complex for

structural characterisation are detailed inChapter 4.
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Chapter 5 describes anin vivo mutagenesis study carried out using some
suppressor mutationsidentified in SpollE domain Ill,in order to provide insight

into how domains Il and Il nteract to regulate phosphatasectivity.
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Chapter 2: Materials and Methods

This chapter covers core cloning, proteimproduction and protein purification
techniques underpinning the experimental programme of this thesis. The
results chapters in this work contain additional methods sections specific to the

investigations described.

2.1 Agarose gel electrophoresis

Experiments involving the manipulation and modification of DNA, such as
molecular cloning and mutagenesis, require analysis of DNA fragment size and
purity. The electrophoretic migration of DNA through a low percentage agarose
gel matrix is very commonly used forthis purpose. At neutral pH each
phosphate group on DNA carries a negative charge so that DNA fragments of all
sizes have a constant mass to charge ratio. As a result many of the most effective
separation techniques for DNA use electrophoresis. As the ratyely charged
DNA migrates towards the positively charged cathode the larger fragments are
hindered by the agarose matrix more regularly than the smaller fragments. This
causes a separation of fragment sizes as the smallest fragments migrate
furthest. Linear and circular DNA fragments of similar sizes also have different
migration characteristics. Supercoiled, relaxed circular and linear DNA forms
are readily resolved owing to their different levels of compactness. Resolved
DNA species form distinct bandshat can be visualised by the inclusion of
SYBRsafe (Invitrogen), which intercalates the DNA bases leading to enhanced
fluorescence emission in the visual region of the spectrum on absorbance of UV
light. A DNA ladder, consisting of DNA fragments of knowsizes, which
encompass those expected of the analyte(s), is typically used to allow

estimation of unknown DNA fragment sizes.

A 1% agarose gel is prepared by dissolving 1 g of agarose (a polysaccharide
extracted from seaweed) in 100 ml of Trisacetate EDTA (TAE) buffer (40 mM

Tris-acetate pH 7.6, 1 mM EDTA) by heating. SYBRsafe DNA stain is added to the
ATTTEITC O1T1OO0EIT AO A pnhmnmnmn AT A AEIT (
instructions) before it is poured into a casting mould appropriate to the
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electrophoresis apparatus. A comb is added to form wells for sample
application. The solidified gel is placed in the electrophoresis apparatus
containing TAE buffer. Sample preparation involves the addition of 1 pl of a
sample loading buffer, such as Blue Orangedding dye (Promega), to every 5 pl
of DNA sample. The sample loading buffer contains glycerol (to lend the
samples viscosity to keep them in the wells) and visible dyes, indicating the
progress of species through the gel through a visible dye front. A 100
potential difference is applied across the gel for approximately 60 minutes,
although this may vary depending on the size of the fragments being resolved
and the extert of resolution required. DNA bads can be observed using a

302 nm UV transilluminato r, as the DNAbound SYBRsafe dye fluoresces.

2.2 Small Scale DNA Preparation

The isolation of plasmid DNA from transformed cell cultures is fundamental to
the molecular cloning process. It is commonly used for screening of
transformant colonies, in whichDNA from 5 to 10 separate colonies is extracted
for analysis, or for preparation of a plasmid from a previously transformed

source when DNA from a single culture is isolated.

For each clone, 10ml of LB media supplemented with 30ug/ml kanamycin is
inoculated with cells from a colony using a sterile pipette tip. After overnight
growth, the cultures are centrifuged for 10 minutes at 5,00 gin a benchtop
centrifuge and the supernatant discarded. The plasmid DNA from each cell
pellet is then extracted and purified using a QIAprep miniprep kit (Qiagen). The
concentration of DNA is determined by measuring the absorbance at a

wavelength of 260 nm.
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2.3 Construct preparation

2.3.1 Ligation Independent Cloning

Ligation Independent Clonng (LIC) is a method of incorporation of one DNA
fragment (the insert) into a suitable linearised plasmid (the vector) resulting in
a larger circular plasmid without the requirement of aDNA ligase(Figure 2-1).
The modified pET28a vector, pEFYSBLIC3(171], is designed so the final
construct encodes a Hisx6 affinity tag and arHRV3C protease (Human
Rhinovirus 3C protease) cleavage site fused to the-tdrminus of the target

protein.

5-CCAGGGACCAGCAAT ———  — ACGCGCCTTCTCCTC -3
3-GGTCCCTGGTCGTTA ————  — TGCGCGGAAGAGGAG -5'

LIC insert PCR product

J T4 DNA Polymerase treatment with dATP

5-CCAGGGACCAGCAAT ——M8M8M M A -3
3-A——— TGCGCGGAAGAGGAG-5’
Prepared LIC insert

J Annealing with LIC Vector

TCCAGGGACCAGCAAT—— ACGCGCCTTCTCCTCA
AGGTCCCTGGTCGTTA— TGCGCGGAAGAGGAGT

Transformable construct

‘ Annealing with prepared insert

T-3 5-CGCGCCTTCTCCTCA
AGGTCCCTGGTCGTT -5’ 9

T4 Prepared pET-YSBLIC3C Vector

l T4 DNA Polymerase treatment with dTTP

ACGCGCCTTCTCCTC -3 5-CGCGCCTTCTCCTCA
TGCGCGGAAGAGGAG -5 3-GCGCGGAAGAGGAGT-

Linearised pET-YSBLIC3C Vector

Figure 2-1: Ligation Independent Cloning.

A PCR amplified insert (top) and a linearised LIC vector, pEMSBLIC3(bottom), are separately
prepared by exonuclease treatment with T4 DNA polymerase. When mixed, the two reagents
anneal forming a stable species which can be taken up by cells.
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The insert is produced by amplification of the target sequence from a DNA
template by Polymerase Chain Reaction (PCR). By suitable design of the
oligonucleotide primers used in the PCR, the amplified target DNA sequence is
bracketed by regions homologous to those in the plasmid. The treatment of
both the linearised plasmid and the PCRroduct with T4 DNA polymerase in
the presence of a single nucleotide, resulting in exonuclease activity, yields
complementary single stranded overhangs at the strand termini. These
overhangs are designed to be sufficiently long that the insert and vectanneal
when incubated together at room temperature. The base pair interactions in the
annealed plasmid are stable enough to allow direct transformatiorof E. coli

cells, after whichin vivoligation is carried out by the host cell.

2.3.2 Polymerase chaimeaction

The amplification of a specific DNA sequence, like a gene of interest, from
template DNA, such as a chromosome, plasmid or even a previous PCR product,
can be performed using a Polymerase Chain Reaction (PCR)72]. This
technique is capable of biosynthetically producing relatively large quantities of
the target DNA product, or amplicon, with higHidelity. Two short single-
stranded oligonucleotide primers are required to define the target region and
these are extenled by DNA polymerase during the reaction. The sequences of
the primers are designed to match the nucleotide sequences at the extremes of
the region of interest on opposing DNA strandsNumerous commercial DNA
polymerases, such as KOD Hot Start Polymeragklerck) are available, with
various extension rates, fidelities and temperature optima.These DNA
polymerases are from thermophilic sources and are active only at high
temperatures, 72°C in the case of KOD polymerase fromihermococcus

kodakaraensis

The components of a typicalPCR reactionare shown inTable 2-1. The forward
and reverse primers are added in a 10fold molar excess to the template DNA
(calculated for the 4.12 MbpB. subtilischromosome). This excess ensures that

the template-primer interaction is favoured over a templatetemplate
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interaction and that the amount of primer does not limit the yield of the
experiment. The DNA polymerase substrates dGTP, dATdTTP and dCTP, are
added in equimolar concentrations. DNA polymerase is a magnesium dependent
enzyme and the concentration of MgS(added to a PCR experiment is varied to
optimise enzyme fidelity, facilitate the production of long amplicons or to
minimi se nonspecific primer annealing, incomplete DNA melting and primer
dimer formation [173-175].

Table 2-1: Required PCR components

Component Concséﬁ(t:rkation Volume (pl)

dNTP mix 2 mM 5
KOD DNA polymerase reaction buffer ~ 10x concentrate 5
MgSO, 25 mM 2

DNA template >50 ng/ul 0.5
Forward Primer 20 pmol/ul 1
Reverse Primer 20 pmol/ul 1
KOD DNA polymerase 1 U/ul* 1

milliQ Deionised Water - 34.5

** The enzyme unit (U) is the amount of an enzyme which increases the rate

reaction in a system by 1 umol/minute[176].

The PCR reaction consists of 3 main stepdable 2-2) that take place at

different temperatures. Firstly, the dsDNA (double stranded DNA) template is
melted at 94°C to produce ssDNA (single stranded DNA). Cooling allows
annealing of primers to the target regions on the template ssDNA. The

annealing temperature may be varied according to the primer o (melting
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temperature) values. After the annealing of primers to the template, the

reaction is heated to theoptimal temperature of KOD DNA polymerse, 72°C,

AT A AgOAT OEIT 1T &£ OEA POEIi AOO T AAOOO EI C
the template DNA and is continued for sufficient time to cover the whole region

of interest at a rate of around 2 kb/min. Thermal cycling of these stages causes
amplification of the target fragment and an exponential increase in the

concentration of product.

Table 2-2: Typical PCR thermocycling parameters

Step Temperature (°C) Duration (s) No. of Cycles
Initial Denaturation 94 120 1
Denaturation 94 30
Annealling 45 30 35
Extension 72 40
Final Extension 72 180 1
Hold 4 b 1

These parameters are based on a PCR reaction to generate a 1 kb ampli

using KOD hotstart DNA polymerase.

2.3.3 Oligonucleotide primers

The addition of non-AT | D1 Al AT OAOU 1 OA1 AT OEAA OARNOAI
primer leads to the incorporation of these sequences at the termini of the final

PCR product.These flanking sequences are used in molecular cloning as a

means of generating compatible ends for liglon of PCR products into
appropriate vectors. In both LIC and ligation dependent cloning, the addition of

a specific sequence at the PCR product termini is key to the cloning process.
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LIC requires that the ends of both the vector and insert possess parilar
sequences. T4 DNA polymerase treatment in the presence of dATP produces
complementary ends (Figure 221).! 11 OEAO EO OANOEOAA EO
overhang sequences are added to the forward and reverse oligonucleotide

primers. The reverse primer extension includes a stop codon.

Forward extension C LU @ CCAGGGACCAGLE#A 6

Reverse extension C L @ GAGGGSAAGGCGJGAZ o 6

This method greatly simplifies primer design as cloning using restriction
endonucleases requires consideration of open reading frames when positioning
cleavage sites in primer overhangs. In contrast, LIC allows a much more
formulaic approach to primer design making it an appealing strategy for high
throughput cloning experiments[177]. One consideration is that the first codon
of the gene of interest must be ATX (where X is any base). This form is required
to ensure generation of the correct overhangs by T4 DNA polymerase. When the
sequence in the gene of interest does not allow for this form, a common
modification is the addition a methionine (Met; M) residue (codon = ATG) to the

N-terminus of the fragment via further addition to the primer extension.

Primers for PCR require a length of nucleotide bases complementary in
sequence to the DNA template. This complementary sequencabrects the
primer to bind specifically to the desired site on the template. The length and
base composition of the complementary sequence determines thenTof the
primer z template DNA duplex. | can be calculated using the Wallaekkakura
rule, where G+ C is the total number of G and C bases and L is the total length of

the primer:

41(G + C — 16.4)
L

Tp(C) = 64.9 +

74



Both forward and reverse primers must be able to anneal to the template DNA
simultaneously, so primer pairs should have & values within 5°C of one
another. The annealingtemperature used during thermocycling may also
require modification to accommodate this requirement without allowing non
specific annealing (low temp.) or preventing annealing (high temp.). Ensuring
OEAO OEA OAOI ET Al AAOA AGis@soAdvigable. Ahie A
GC base pair forms three hydrogen bonds rather than two and the additionat H
bond makes a more stable interaction and gives more stable annealing at the

site of DNA polymease engagement with the primeitemplate.

Primer pairs canbe designed to userdefined parameters using web based tools
such as the NCBI hosted PrimeBLAST tool. These tools are capable of selecting
priming sequence pairs from a given template sequence with matchingmT
values and are also designed to identify pmer pairs with the risk of forming

primer dimers and DNA hairpins.

2.3.4 LIC Vector preparation

The pYSBLIC3C vector, is a kanamycin resistancenferring, pET-28a plasmid
derivative (Appendix I) with a modified multiple cloning site (MCS)(Figure 2-2).
pYSBLIC3C contains an engineered BseRI restriction site which alloplasmid
linearisation. The DNA sequence encoding the Hisx6 affinityag has been
modified to encode a downstream HRV3C protease recognitiormotif
(LEVLFQ/GP). This inclusion and further modificationsbeyond the BseRI
restriction site provides the sequences necessary for T4 DNA polymerase
truncation and vector - insert annealing. Growth and recovery of the pET
YSBLIC3C vector is achieved by transformatiasf a cloning strain ofE. colj such
as X110 Gold (Agilent), followed by plasmid isolation by DNA miniprep, section
2.2. Linearised vector is then prepared either by BseRligestion of 50 ug of
circular plasmid or by vector PCR using specially designed vector primers. The
linearised vector is analysed by agarose gel electrophoresis and the appropriate

band is purified by gel extraction.
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2.3.4.1 pET-YSBLIC3C Preparation by BseRI digest

A large scale BseRI (New England Biosciences) digest of 50 pug of plasmid was
carried out. The reaction mixture contained 50 pg pE¥SBLIC3C plasmid DNA,
50 U of BseRl restriction enzyme, 100 pl of 10x concentrated reaction buffer 2
(NEB) and mlliQ H20O to a total volume of 1 ml. Bactions were incubated at
37°C for110 minutes.

The reaction products were mixed with 200 pl 6x DNA loading dye and run on a
1% agarose gel for between 90 and 120 minutes at 110 V to achieve adequate
separation of cutfrom uncut vector. The carefully excised band representing the
linearised plasmid was then purified using Qiagen GenElute gel purification kit

with elution of the final product in 30 ul of water.

2.3.4.2 pET-YSBLIC3C Preparation by vector PCR

The linearised vector can also be amplifiethy PCRThis method is favourable as
a smaller quantity of template can be used and purification by agarose gel
electrophoresis is not necessaryThe reaction mixture andthe thermocycling

parameters are shown inTable 2-3.

After PCR the reaction products are analysed by agarose gel electrophoresis and
treated with Dpnl (discussed further in section 2.4.3 to digest the circular
template DNA. This digest is aqaied out by direct addition of 2 ul of Dpnl (NEB)
and incubation at 37°C for 120 minutes. The use of Dpnl reduces the risk of
false positives but is not possible when plasmid linearisation is carried out by
BseRlI digest. After Dpnl treatment the reactioproducts can be purified using a
QIAquick PCR purification kit (QIAGEN).
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pET-YSBLIC3C

HRV 3C cleavage site BSERI
5-... GCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGAAGTTCTGTTCCAGGGACCAGCAAGG/ICGCGCCTTCTCCTCA R
3-... CGTCGTCGGTAGTAGTAGTAGTAGTGTCGTCGCCGGACCTTCAAGACAAGGTCCCTGGTCGTT/ICCGCGCGGAAGAGGAGT =D

M G 8§ 8§ HH H HHH 8§ S G L E V L F Q G P A

Linearised pET-YSBLIC3C

BseRlI digest:
HRV 3C cleavage site BsERI
5-... GCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGAAGTTCTGTTCCAGGGACCAGCAAGG-3 5-CGCGCCTTCTCCTCA By
3-... CGTCGTCGGTAGTAGTAGTAGTAGTGTCGTCGCCGGACCTTCAAGACAAGGTCCCTGGTCGTT-5 3-CCGCGCCGAAGAGGAGT .-y

M GG §$ §$ HH H HHH S S G L E V L F @ G P A
PCR amplification:

HRV 3C cleavage site BSERI
5-... GCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGAAGTTCTGTTCCAGGGACCAGCAA-3 5-CGCGCCTTCTCCTCA Ch
3-... CGTCGTCGGTAGTAGTAGTAGTAGTGTCGTCGCCGGACCTTCAAGACAAGGTCCCTGGTCGTT-5 3-GCGCGGAAGAGGAGT .-y

MG S$ $ HH H HHMH &S S G L E V L F Q@ G P A

T4 DNA polymerase treated pET-YSBLIC3C (+dTTP)

HRV 3C cleavage site BSERI
5-... GCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGAAGTTCTGTT-3 5-CGCGCCTTCTCCTCA 3
3-... CGTCGTCGGTAGTAGTAGTAGTAGTGTCGTCGCCGGACCTTCAAGACAAGGTCCCTGGTCGTT-5 3-T =Y

M G $ §$ HH H HHMH & S G L E V L F @ G P A

Figure 2-2: The pET- YSBLIC3C LIC cloning site.

The cloning site of pETYSBLIC3C is shown in three states; complete, linearised aaiter T4 DNA polymerase treatment. The BseRl restriction enzyme recognition
sequence and cleavage site for plasmid linearisation is shown in blue. Beneath the DNA duplex sequences the translated aaeting frame sequence is shown.
The sequence encodinghe Human Rhinovirus 3C protease cleavage site is shown in red. The regions to be truncated by T4 DNA polymerase are undgiiine
purple. Ndel and Ncol restriction sites are indicated in grey.
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Table 2-3: pET-YSBLIC3dinearisation by PCR

Reaction Mixture:

Component Concentration ~ Volume (pl)
dNTP mix 2 mM 5
KOD DNA polymerase reaction buffer  10x concentrate 5
MgSQ 25 mM 2
pET-YSBLIC3C >50 ng/pll 0.5
Forward Primer 20 pmol/ul 1
Reverse Primer 20 pmol/ul 1
KODDNA polymerase 1 U/ul* 1
milliQ Deionised Water - 345

Thermocycling parameters:

Step Temperature (°C) Duration (s) No. of Cycles
Initial Denature 94 120 1
Denature 94 30
Anneal 45 30 30
Extension 72 120
Final Extension 72 300 1
Hold 4 H 1
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2.3.5 T4 DNA Polymerase Treatment

T4 DNA polymerase possesses pro@dAAAEI & A@GT 1T OA1l AAGA AAOQE
AAOCGATAA T &£ A. 400 41 $.! -Brinihalhmudeotile€3A xE| |
DOl AAOOEOGAT U &EOI i $.!' EOACIi AT OO CAd AOAOE’
presence of single dNTP the exonuclease cleavage reaction proceeds until the

enzyme encounters a base on the overhanging strand where its polymerase can
incorporate the added complementary nucleotide. This is exploited in LIC by

the absence of the thyni A AAOAO 11 06 OAOYSBILIEGC T £ 1 E
which can be digested in this fashion as shown ifigure 2-2. The insert is

treated with T4 DNA polymerase in the presence of dATP while the linearised

vector is treated with T4 DNA polymerase in the presence of dTTP. This leads to

OEA CATAOAOEITT 1T 4&£ vd 1T OAOEAT CO 11 OEA EI
on the vector. This complementarity also enswes that the insert is incorporated

into the plasmid in the correct orientation.

Table 2-4: T4 DNA Polymerase Treatment Reactions for LIC

Component Insert Reaction Vector Reaction
Linearised pETFYSBLIC3C - 4 pmol
Purified LICInsert 0.2 pmol -
2.5U/ul T4 DNA Polymerase 0.4 ul 8 ul
25 mM dTTP - 40 pl
25 mM dATP 2 ul -
100 mM DTT 1l 20 pl
10x T4 DNA Polymerase Buffer 2 ul 40 pl
milliQ deionised water To 20 ul To 400 pl

A large scale T4 DNA polymerase (NEB) treatment was carried out on the
vector before purification using a PCR purification kit. The prepared vector was

then stored at -20°C and thawed for use in multiple cloning experiments.
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Treatment of the LIC insert wasarried out for each sample immediately before
annealing. The reaction mixtures for both reactionsre givenin Table 2-4. Both
reactions are incubaed at 22°C for 30 minutedollowed by thermal inactivation

of T4 DNA polymerase at 75°C for 20 minutes.

2.3.6 Annealing and transformation

Annealing of the T4 DNA polymerase treated insert and vector components is
carried out at room temperature for 20 mnutes. During this time the ssDNA
overhangs on the vector hybridise with those on the insert to form a nicked, yet
stable, circular DNA complex. qul of T4 DNA polymerase prepared vector ta
around 15 ng/pl is added to 1 pl of the above T4 DNA polymerasd@. insert
reaction, now at 0.01 pmol/pl, and the mixture is incubated at room
temperature. After 10 minutes, a further 1ul of millQ deionised water is added
before a further 10 minute incubation. The mixture is next used to transform
competent cells ofE.coli. A control reaction is set up with water in place of the
insert DNA. This control demonstrates the background of false positives given

by the vector DNA alone.

Transformation refers to the uptake of foreign genetic material by a celkE. coli

cells can be made competent through chemical treatment and commercially
available competent cells can have very high transformation efficiencies.
Competent XI-10 gold cells (Agilent) were prepared using the TSS competent

cell generation protocol as described irsection 2.3.6.1[178].

1 pl of the annealing reaction (or control reaction) above is added to a 2l
aliquot of XL-10 gold competent cells preincubated on ice. Incubation on ice is
continued for a further 10 minutes. T enhance the transformation frequency
the cells are heatshocked for 30 seconds at 42°C followed by a further 5 minute
incubation on ice. Competent cells are allowed to recover in 500l of a rich
media, such as SOC, LB (Luria Bertani) or GS96 (QBiogeate37°C for 1 hour.
This step allows the cells to recover metabolically and to express newly
acquired antibiotic resistance geneskan®R in the case of pETYSBLIC3ehased

constructs.
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After recovery, 100pl of the culture is spread onto an LBagar plate cortaining
30 pg/ml kanamycin. The plate is incubated overnight at 37°C. Colony

containing plates can be stored at 4°C for several days.

2.3.6.1 Generation of TSS competent E. colicells

The TSS (Transformation and Storage Solution) competent cell protocd a
one-step method for generating competence and cryprotection of E. colicells.
Commonly, competent cells are generated by the addition of Ca@l a process
requiring multiple resuspension steps in MgCGl and CaG containing buffers
[172], however, for the TSS method transformatiorfficiencies of >10 colony
forming units per pg of DNA can be achieved using a single step metHdd8g].
This efficiency is only an order of magnitude lower than the efficiencies quoted

for high transformation efficiency commercial competent cells.

0.2 ml of an overnight culture of theE. colistrain grown in 10 ml LB media at
37°C, is diluted into 20 ml fresh LB media and the culture is grown at 37°C for 2
hours (or 3 hours for XL strains i.e. X110 gold), followed by incubation on ice
for 15 minutes. The culture is then centrifuged at 350% g for 10 minutes in a
temperature controlled centrifuge at 4°C. The supernatant is discarded and the
pellet resuspended in 950 pl ice cold TSS solution (10% PEG 3.35K and 50 mM
MgCh in LB media at pH 6.5) and 6 pl DMSO. The now competent cells are
aliquoted in volumes of 25 pl and 100 pl and snap frozen in liquid2Nor storage
at-80°C.

2.3.7 Assessing Cloning Success

Colonies of bacteria which grow on the LB agar plates have been transformed to
kanamycin regstance by uptake of the pETYSBLIC3C vector DNA. Plasmid DNA
is extracted from the colonies by miniprep as described isection 2.2. Inmany
cases, transformant colonies may be false positives, having acquired a plasmid
not containing the target insert. There are three main methods for analysing the

success of a cloning experiment.
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A plasmid PCR consists of a PCR analogous to that carried out earlier in the
cloning process to amplify the insert. In this PCR, the template DNA is the
plasmid DNA derived fran the colonies. The primers used can be the insert
specific primers from the original PCR or vector specific primers, which bracket
the intended cloning site. The PCR reaction products are analysed by agarose
gel electrophoresis as described insection 2.1 The observation of an

appropriately sized fragment is evidence for cloning success.

Cloning success can also be analysed by restriction endonulcease digestion of
product plasmids. Restriction endonucleases cleave dsDNA at specific
recognition sequences.Computational analysis of the desired product DNA
sequence using Serial Cloner (SerialBasics) generates a map of restriction
enzyme cleavage sites and predicts the sizes of DNA fragments generated
digestion by specific restriction endonucleases. The pEYSBLIC3C plasmid has
an Ncol restriction site upstream of the cloning site and an Ndel restriction site
downstream of the cloning site (Figure 2-2) meaning that Ncol/Ndel co
digestion would generate a fragment of very similar length to the insert. An
exception would be if the insert contains recognition sequences for these
enzymes 100 ng of plasmid DNA is mixed with 1 pl afach of Ndel and Ncol
(NEB) ard 2 pl of NEB buffer 4 (or new CutSmart buffer) in a total volume of 20
pl. The digestion reaction is incubated at 37°C for 30 minutes. The reaction

products are analysed by agarose gel electrophoresis.

The most powerful technique for assessing clones is DNA sequencing, which
when coupled with vector specific primers which prime outside the cloning site
provides confirmation that the gene of interest lies within the plasmid. This
technique is carried outby GATC biotech, a company allowing postal sample
delivery and result delivery by email. The sample requirements are 20 pl of
plasmid DNA at 30100 ng/ul (sufficient for up to 8 reactions). An array of
common primers is available and the T7 and T7_rev prers recognise the T7
promoter region and bracket the cloning sites of most pET expression system
vectors, like pEFYSBLIC3C. The results give accurate DNA sequences as long as

1 kb if the template is abundant and pure.
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2.4 Site directed mutagenesis

The QiikChange method of sitedirected mutagenesis (SDM) is a powerful
technique for the study of protein function and structure. The technique uses
mutagenic oligonucleotide primers in which a small number of base
mismatches, which direct the desired mutations are flanked by regions
matching the DNA templatd179]. This technique can be used to emge a single
codon, multiple adjacent codons or it can be used to effect insertions and
deletions. The QuikChange site directed mutagenesis kit (Agilent) was used to

generate mutants in this work.

2.4.1 Oligonucleotide Mutagenesis Primers

Appropriate base exchanges are devised to implement the desired mutation.
Mutagenic primers are designed in pairs consisting of-B mismatched bases

flanked by 10 to 15 bases complementary to the target template. According to

OEA 1T AT OEZAAOOOAOG O dhduldBEeRB4B baek ldng,binding DOE T A

to complementary sequences on opposite strands of the template. It is also
suggested that the T value for the primer pair should be greater than or equal
to 78C°.

2.4.2 The Mutagenesis Reaction

The site directed mutagenesis reaction (Figure 2-3) is similar to a PCR,
however, rather than amplification of a small portionof the template DNA the
nascent DNA strand isextended around the entire plasmid stopping only when

Z, A 2 s oA oA
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Table 2-5: Reaction Parameters for Site Directed Mutagenesis

Reaction Mixture:

Component Concentration  Volume (ul)
dNTP mix 2 mM 5
polymerase reaction buffer 10x concentrate 5
Template Construct Plasmid >50 ng/pul 1
Forward Primer 125 ng/pl 1
Reverse Primer 125 ng/pl 1
PfuTurboDNA polymerase 2.5 U/ul* 1
milliQ Deionised Water - 36

Thermocycling parameters:

Step Temperature (°C) Duration (s) No. of Cycles
Initial Denature 95 30 1
Denature 95 30
Anneal 55 60 12-18
Extension 68 60/kb*
Hold 4 H 1

* This parameter must be adjusted according to the size of the template
plasmid.

The extension times are typically modified to allow extension round the entire
template. PfuTurbo DNA polymerase used with the SDM kit extends at 1
kb/minute, allowing calculation of the appropriate extension time parameter.
The number of reaction cyclsis also modifiedaccording tothe extent to which
the mutant primers are mismatched to thetemplate. Extended mismatching, as

in primers used to introduce deletions or inserticns of multiple codons, is more
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effectively achieved using 18 cycles while a single base mismatch for a point
mutation requires only 12 cycles. Thermocycling results in amplification of the
synthesised mutant DNA strand, but the amount of product does nongrease
exponentially as the product strands cannot serve as a template in future
polymerisation steps. Once the reaction is complete a 10 ul sample is analysed

by agarose gel electrophoresis to confirm successful amplification of the mutant

© WILD TYPE PLASMID

product.

2.4.3 Dpnl Treatment

A
ANNEALED
PRIMERS
PFUTURBO DNA POLYMERASE
EXTENSION

NICKED MUTANT PLASMID

Figure 2-3: Site Directed Mutagenesis procedure.

The methylated wild type plasmid DNA isolated from alam* E. colistrain is represented in
black. The mutation site is indicated by triangles which are coloured black for unmutated and
blue for mutated. DNA synthesised during the mutagenesis reaction is unmethylated and shown
in green. Digestion of DNA by Dpnl is inditad by the use of dashed lines.
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A key step in the SDM procedure is the digestion of the original template DNA
by Dpnl. The transformation efficiency of nicked DNA is much lower than that of
closed circular DNA and the presence of template DNA could givee to a large
number of wild type clones after transformation and growth. Isolation of the
template plasmid from a DNA adenine methylatiorjdamt) E.coli strain, such as
XL-10 gold, produces DNA in which the adenine base is methylated at the N6
position in each GATC base sequence. Dpnl is a restriction enzyme which
recognises and catalyses cleavage of a methylated GA{OK sequencebut not

an unmethylated GATC sequence. As the dATP molecules used in the reaction
are unmethylated, the DNA synthesised durig the in vitro reaction is also
unmethylated. As a result Dpnl treatment causes selective digestion of DNA
strands synthesisedin vivo by E. colj leaving the newly synthesised DNA
unaffected. 1 pl of Dpnl at 10 U/ul is added to the SDM reaction productada
the mixture is incubated for 1 hour at 37°C. 1 pl of the reaction products are
then used to directly transform E. coliXL-10 gold competent cells, which are
plated and grown on LB agar plates supplemented with kanamycin, as
described in section 2.3.6. Assessment of the success of the mutagenesis
reaction is achieved by chain terminating inhibitorbased DNA sequencing of

plasmids isolated from single colonies.
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2.5 Protein Expression

The pET derivative plasmid is introduced into an expression strain, comomly

E.coli", ¢cp j$%ocQ8 4EEO OOOAET EAOAT 60O OEA
which harbours the gene encoding T7 RNA polymerase under the control of a
lacUV5promoter. T7 RNA polymerase drives transcription of coding sequences
downstream of the pT7 pronoter on pETYSBLIC3C. Production of protein

AT AT AAA AU A DPwas A1 O0OO00AO EO HIIAOAEAI .

thiogalactopyranoside(IPTG) to a growing bacterial culture.

2.5.1 Culture Growth

The appropriate pET construct is used to transform competentE. coliBL21
(DE3) cells.The transformed cells are plated onto LB agar supplemented with
kanamycin and grown overnight at 37°CA single colony is used to inoculate 10
ml of LB liquid media supplemented with kanarngcin at a final concentration of
30 pg/ml; this culture is grown to high cell density overnight at 37°C with
shaking at 180 rpm. This culture is diluted 10&fold into either 10 ml or 500 ml
of fresh media for expression testing and large scale over expréss,
respectively. These cultures are similarly grown at 37°C with shaking at 180

rpm.

2.5.2 Induction of Protein Expression by IPTG

The pET expression system is based around the induced relief of transcriptional
repression on a tightly controlled T7 RNApolymerase specific promoter(Figure
2-4). The T7 promoter is selectively recognised by T7 RNA polymerase encoded
by bacteriophage T4 gene 1 carried Yo the DE3 element. The T7 RNA
polymerase gene and the target gene on the pET vector are under lac operator
control. Chromosomal and vector copies of thiacl gene ensure production of
sufficient Lac repressor to repress transcription. The repression is @come by
addition of the non-hydrolysable allolactose mimic, IPTG. This leads to

transcription of genel and production of T7 RNA polymerase which then
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transcribes the target gene. As the pET T7 promoter is unique within the cell

the T7 RNA polymerase prodced is devoted to the expression of the plasmid

borne target gene. This generally leads to high level production of the

recombinant protein which can constitute up to 50% of the total cell protein

after a few hours of induction[180].

IPTG Induction
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Figure 2-4: The pET expression system.

The host cell shown is harbouringa pET vector. During cell growth the pET vector T7 promoter
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ks peamoter are repressed bylac repressor atlacQ IPTG induction causes the relief
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lysogen and its expression allows transcription of the target gene from the pET T7 promoter.
The available pLyS and pLysE strains of BL21 (DE3) harbour an additional plasmid which
encodes T7 lysozyme, an inhibitor of T7 RNA polymerase, which further prevents uninduced
expression of the target geneAs presented in the Novagen pET System Manual, 2003.

Protein production was induced when the cell culture reached an Qg of 0.6. 1

M IPTG was added directly to the growing culture to give a final concentration

of 1 mM. On occasions, the final inducer concentration was varied in the range

of 0.1 to 1.5 mM IPTG to combl the rate of induction. After induction the

culture was incubated at 16°C for 16 to 18 hours with shaking at 180 rpm.

Protein production can also be carried out at up to 37°C for shorter periods

down to 4 hours as the solubility and yield of overexpresd protein can vary

greatly with the expression conditions.
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2.5.3 Harvesting Cells and Lysis by Sonication

Cells from large cultures were harvested by centrifugation a4,225 x gfor 20
minutes in a Sorvall centrifuge. The pelleted cells were resuspendéd 20 ml of
lysis buffer by shaking and vortexing with periodic incubation on ice. A typal
lysis buffer was 50 mM TrisHCI, and 150 mM to 500 mM NaCl at a pH between
7.5 and 8.5. The resuspended cells were lysed by sonication at 15 Amplitude
Microns for eight cycles of 30 seconds separated by 30 second intervals on ice.
The contents of the disrupted cells, including proteins, membranes and DNA,
become suspended in the lysis buffer. The insoluble elements are removed from

the suspension by centrifugation £35,000 x gfor 25 minutes.

2.5.4 Optimisation of Expression and Lysis Conditions

The yield and solubility of recombinant proteins often varies with expression
temperature, cell strain, expression media and lysis buffer. In order to
determine the most appropriate expression conditions multiple 10 ml LB
cultures with appropriate antibiotic were inoculated with 100 pl of a dense
culture grown overnight from a single colony (section 2.5.1). These cultures are
incubated at 37°C and their OB monitored until it reaches 0.6.1 ml of each
sample was removed as an uninduced control. The remaining 9 ml of each
culture was induced by addition of IPTG to dinal concentration of 1 mM.
Cultures were allowed to express protein with shaking at 180 rpm at different
temperatures, most commonly only 16°C and 37°C for 16 and 4 hours,
respectively. From each culture multiple 1 ml aliquots were taken and the cells
harvested by centrifugation at 16,000 x g for 10 minutes in a SigmaM
microcentrifuge. Both uninduced and inducedaliquots were resuspended in
150 pl of varying buffers and lysed by sonication for #otal of 1 minute in 10
second burstsof 15 Amplitude Microns. A 10 pl aliquot was withdrawn to
represent the total protein fraction (including both soluble and insoluble
species). The remaining lysate was clarified by centrifugation in a
microcentrifuge at 16,000 x gfor 7 minutes after which a further 10 pl aliquot

was taken to represent he soluble fraction. All aliquots were analysed by SDS
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PAGE (section 2.7.3.1) alongside similarly treated total and soluble fractions
from the uninduced cell samples. Under ideal conditions there will be a roughly
equal ratio of target protein in both totd and soluble aliquots, indicating a

negligible loss of protein due to insolubility. The insoluble fraction can also be
analysed by resuspension of the lysate pellet in fresh buffer followed by a

similar SDSPAGE experiment.
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2.6 Protein Purification

Structural and biophysical studies often require large amounts of pure protein.
It is therefore necessary to resolve the target protein from the contaminating.
coli cell background. Separation techniques exist that separate proteins based
on size, charge, hyphobicity and the presence of engineered affinity tags. A
two-step purification protocol was routinely used for the protein fragments

presented in this work.

2.6.1 Immobilised Metal Affinity Chromatography

The pETFYSBLIC3C vector encodes an-tdrminal 6xHis affinity tag which is
fused to the target protein. This small peptide tag has a high affinity for divalent
cations such as Ni. This affinity is conferred by the multiple imidazole moieties
of the tandem histidine side chains[181]. Immobilised metal affinity
chromatography (IMAC) utilises a resin which binds divalent cations via
chelating groups, commonly nitrilotriacetic acid (NTA), packed into a sealed
column to separate tagged target protein from untagged impurities. These
HiTrap columns (GE Healthcare) are produced in volumes of 1 and 5 ml. The
column resin is loaded with N#+ by incubation with 100 mM NiSQ. When
clarified cell lysate (Figure 2-5) is passed over the column, 6xHis tagged
proteins are sequestered by the resin while impurities pass through without
binding. After washing with multiple column volumes of buffer the bound
protein(s) is eluted with an increasing concentration gradient of midazole,
which competes for the nickel with the protein histidine residues. The lysis
buffer is supplemented with 20 mM imidazole which serves to reduce nen
specific binding to the column [182] and the imidazole elution gradient

increases to a final conentration of 500 mM.

The clarified cell lysate, generated in section 2.5.3, is loaded onto the column
(pre-equilibrated in lysis buffer) at a flow rate of 2 ml/minute using a peristaltic
pump. The material that does not bind to the column during loadingsicollected
and is referred to as the flowthrough. An 8 column volume washing step and a

16 column volume gradient elution are carried out at flow rate of 2 ml/minute
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on an AKTA purifier system(GE Healthcare Life SciencesYhe Aso and the Aeo
are continuously monitored to detect the presence of eluting protein and other
absorbing species such as nucleic acids. The low imidazole concentration in the
lysis buffer is used to wash the column until a stable baseline is observed,
indicating that unbound proteins have been eluted from the column. A gradient
elution of increasing imidazole concentration is achieved by pumping a mixture
of low imidazole (20 mM) buffer with increasing proportions of high imidazole
buffer (500 mM) through the column. As the imidaale concentration on the
column increases, the bound histidine residues are displaced causing elution of
the 6xHis tagged protein. Elution of the protein can be observed as a peak in the
Acgo trace. Fractionation is also carried out by the AKTA purifier ah peak
fractions are analysed by SDEAGE (section 2.7.3.1Yhose fractions containing

the target protein are pooled.

Column Sample Column Imidazole
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Figure 2-5: Purification by Nickel IMAC.

(A) A resin (grey arc) with attached chelating groups such as NTAl&ck) is charged with N#*, a
divalent cation (blue). (B) The mixture of proteins in the cell lysate is pumped through the
column. 6xHistagged proteins (green) bind to the NiINTA and are immobilised, untagged
proteins (brown, purple and grey shapes) remm in the mobile phase and are eluted in the flow
through. (C) Unbound proteins are washed away thoroughly to ensure only sample bound to the
stationary phase remains. (D) A linear imidazole concentration gradient is applied. As the
imidazole concentrationincreases, Ni bound histidine residues are outcompeted and the tagged
protein re-enters the mobile phase to be eluted.
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2.6.2 HRV3C Protease Cleavage and Removal of 6xHis Affinity Tag

After IMAC, the 6xHis affinity tag is cleaved from the target proteinybHuman
Rhinovirus 3C protease (HRV3C), a cysteine protease which recognises and

cleaves the peptide sequence:

, %6, &138 " 0

The coding sequence for this peptide in pEYSBLIC3GFigure 2-2) is flanked

AU uvd OARNOAT AA AT AI AETC OEA @@(EO OAC
recombinant protein. ThusHRV3Ctreatment of the recombinant fusion protein

results in selective removal of thebxHis tag, leaving the target proteirwith a 3

residue N-terminal addition of the sequence GPA. The HRV3C used in this work

is produced with its own non-cleavable Nterminal 6xHis affinity tag. A second

IMAC purification step removes any remaining 6xHis @ged protein including

HRV3C, the 6xHis tags produced by HRV3C cleavage and any-smecifically

binding contaminants.

Pooled peak fractions from the initial IMAC purification are mixed with a
purified stock of 6xHisHRV3C protease at 10 mg/ml. The HRV3&ided is at a
1:50 mass ratio of enzyme to substrate. The cleavage reaction takes place
during dialysis overnight against lysis buffer containing no imidazole. 10 pl
samples of the pooled fractions before and after HRV3C treatment are analysed
by SDSPAGE(section 2.7.3.1) to assess the progress of the cleavage reaction
which is evidenced by a decrease in molecular weight of the post cleavage
sample. The dialysate is then loaded onto a 5 ml HiTrap column equilibrated
with lysis buffer on an AKTA purifier. Wash and imidazole gradient steps are
then carried out as before. The cleaved target protein should elute in the flow
through or early in the imidazole gradient, while contaminants and the 3C
protease elute at higher concentrations of eluent. Fractions ctaining target

protein are pooled.
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2.6.3 Size Exclusion Chromatography

Size exclusion chromatography, also known as gel filtration, is a technique for
separation of protein species based on size and shag€igure 2-6). A size
exclusion column is packed with crosdinked beads made from materials such
as sepharose or superdex. The beads are porous each possessing multiple
cavities of various sizes. As mixture of proteins flows through the bead matrix
or column bed, smaller proteins have lower mobility as they are retarded by
frequent diffusion out of the mobile phase and into the pores. Meanwhile larger
proteins are too bulky to enter many of the poresand thus achieve higher
mobility. Therefore, elution occurs in the order from large species to small. The
assorted column bed materials possess distinct pore size distributions and thus
have capacities to resolve proteins in different size ranggd83]. Each column
has a void volume, which is th elution volume of large materials that have not
interacted with the pores. The remainder of the eluted bed volume of the
column consists of species which have undergone resolution to some extent
through pore interaction. An S200 HiLoad 16/60 column (GE dalthcare),
routinely used in this work, contains a superdex matrix optimised for
separation of proteins between 1 x 1®and around 6 x 10 Da in a column bed
16 mm in diameter and 60 cm long. The total volume,Ms 120 ml, and the void
volume, \b, is 40ml. To avoid solvent front effects on separation, gel filtration
columns must be completely equilibrated in running buffer before the sample is
applied. Diffusion effects reduce peak resolution, therefore, the sample should
be injected onto the column inas small a volume as is practicable. In the case of

16/60 columns, the injection volume should be less than 3 ml.

Protein samples are concentrated to 2 ml and injected onto an S200 HiLoad
16/60 column pre-equilibrated in 0.22 um filtered and degassedunning buffer

at a flow rate of 1 ml/minute using an AKTA purifier. The £so of the eluate is
continuously monitored. 1.5 ml fractions are collected after 35 mls, and
fractions with significant Axgo readings are analysed using SDBAGE, section
2.7.3.1. Target protein containing fractions are pooled and concentrated for

shap freezing and storage ai80°C.
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Figure 2-6: The Principle of Size Exclusion Chromatography.

(A) Separation of a mixture of differently sized protein species and multimeric states. (i) A mixture of proteins is resolved ®tention of smaller species in pores of
various sizes. The matrix beads (light blue) contain pores of various &g. Larger species are less frequently retained. (ii) An examplesé trace for the

demonstrated proteins, the largest species are eluted first with sequential elution of species of decreasing size. A monoarat dimer of the same protein (blue
circles) can also be resolved. (B) Molecular Weight ranges for Gel Filtration Media. Resolution molecular weight ranges as presentedsByHealthcare[183].
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2.6.4 lon Exchange Chromatography

lon exchange chromatography is a technique which can be used to separate
molecules such as proteins based on their siace charge. The stationary phase

is embedded with ionic functional groups which are positively or negatively
charged in the case of anion and cation exchange, respectively. Molecules of an
opposite charge will therefore bind to the column. The affinity ban analyte for

the column matrix is determined by the density and distribution of its charged
residues. Increasing ionic strength of the mobile phase, effected by a gradient
increase in NaCl concentration, disrupts the electrostatic interactions between
the protein and the resin and causes elution of the bound analytes in ascending

order of affinity for the column.

The net charge on a protein is pH deperatht. The isoelectric point, pl, of a
protein represents the pH at which the protein has no net charg&herefore, at
pHs above the pl the protein is negatively charged and below the pl it is

positively charged.

A 5 ml MonoQ (anion exchange) column (GE Hidacare) was equilibrated in
50 mM Tris-HCl buffer at pH 8.0. The protein sample was also dialysed intbis
salt-free buffer and loaded onto the column. An 8 column volume wash with
salt-free buffer was used to elute unbound material before the column was
developed with a 21 column volume 61 M NaCl linear gradient with 4 ml
fractions being collected. Theabsorbance of elate was continuously monitored
at 280 nm and 254 nm. Peak fractions were analysed by SP8GE,section
2.7.3.1.
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2.7 Protein Analysis

2.7.1 Manipulation of Protein Concentration

Controlling protein concentration is important. Reduction of protein
concentration simply requires dilution in a suitable buffer. Increases in protein
concentration were achieved using an Amicon Ultra concentrator (Millipore). In
these concentrators, a 15 ml sample reservoir is suspended in a 50 ml
centrifuge tube. The base of the reservoir is constructed from semi permeable
membrane panels. Concentrators are produced with various membrane
permeabilities and are graded by Molecular Weight Cudff (MWCO), which
describes the molecular weight above which a protein doesot traverse the
membrane. Centrifugation of the concentrator at 5,000x g in a Harrier
centrifuge forces the sample against the membrane which allows passage of
water and small molecules but not species above the MWCO. The sample is
retained in the sampk reservoir, thus reducing the volume and increasing the
concentration of the protein. Centrifugation is repeated at 10 minute intervals
until the sample reaches the desired volume. The required time for
concentration depends on the sample protein, buffeand concentrator MWCO.
Between centrifugation steps it is important to check for protein precipitation
and to resuspend any protein deposits that may build up at the membrane. The
concentration of a 15 ml sample of protein can be increased +bld by
concentration to 200 ul in a short time without changing the buffer

composition.

2.7.2 Determination of Protein Concentration

The UV absorbance of a protein solution at 280 nm can be used to estimate

protein concentration. Each protein has a molar extinctiol | A £A£ZEAEAT O j rRQ
AAT AA AAI AOI AGAA AAOGAA 11 OEA DOl OAET &
OuoOi OETA AT A AUOOET A OAOEAOAO AT 1 OOEAOC
individual molar extinction coefficients are 5500, 1490 and 125 M cml,
OAOPAAOEOAT U8 4EA r A O A DPOT OAET &EOACI A
Protparam (ExPASy)[184], which determines the relative concentrations of
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each contributing residue in each mole P protein. The BeerLambert law

(Equation 2-1) can be used to calculate protein concentration; c, based on

AAOT OAATAA AO ¢quym Tin 'h T1TT1TAO A@OET AC
pathlength; |. Ago readings are t&en using an Eppendorf biophotometer, a

buffer blank is also measured to provide a baseline reading.

! E Equation 2-1

2.7.3 Polyacrylamide Gel Electrophoresis

Polyacrylamide Gel Electrophoresis (PAGE) is a heavily used tool for analysis of
proteins throughout expression optimisation, purification and subsequent
studies. Polyacrylamide gels are produced by polymerisation of a mixture of
acrylamide and bisacrylamide initiated by ammonium persulphate and
tetramethylethylenediamine (TEMED) which forms a matrix of pores of various
sizes. When a potential difference is applied across the gel protein analytes
undergo a size filtering effect as with agarose gel electrbpresis of DNA. The
percentage concentration of acrylamide and biscrylamide in the
polymerisation mixture can be adjusted to give higher or lower crosslinking
density, thus changing the resolution properties of a polyacrylamide gel. Lower
percentage gels allow resolution of larger macromoleculaes, while high
percentage gels are able to separate smaller species more efficiently. Negatively
charged proteins migrate towards the positively charged cathode at a migration
velocity based on both the applied pott OEAT AEZAFAOAT AA AT A T
electrophoretic mobility. Gels andsample loading buffers are prepared using

the components detailed inTable 2-6.

2.7.3.1 Sodium Dodecyl Sulphate (SDS) PAGE

Polyacrylamide gel electrophoresis is most commonly used to analyse proteins
in a denatured state where protein mobility is molecular weight dependent. The
detergent, sodium dodecyl sulphate (SDS), possesses a 12 carbon hydrophobic

chain that binds strongly to polypeptide chains. When protein is heat denatured
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unfolded protein is uniformly coated with SDS. SDS has a negatively charged
sulphate head group which masks the intrinsic chargef each protein and
provides a constant mass to charge ratio amongst all analyte proteins. In SDS

PAGE, the gels, running buffer and sample loading dye all contain SDS.

Mini gel kits (Hoeffer) were used for this work to cast 1 mm thickness vertical
polyacrylamide gels. A discontinuous gel systerfil85] is constructed by initial
polymerisation of a resolving gel at pHB.8, typically at a concentration of 10
17.5% acrylamide. Subsequentlya stacking gel is cast with 3% acrylamide at
pH 6.8 and a comb to form sample loading wells. The low percentage stacking
gel serves to concentrate samples into narrow bands before emtronto the
resolving gel where the components are resolved, increasing the band
resolution properties of the gel. Samples are prepared by mixing with 2 x SBS
PAGE Loading Dye and are boiled at 95°C for 5 minutes alongside a mixture of
low molecular weight markers (Biorad), consisting of proteins of 14.4 kDa, 21.5
kDa, 31 kDa, 45 kDa, 66.2 kDa and 97.4 kDa. The marker and samples are
loaded into the sample wells and a 200 V potential difference is applied for 52
minutes. On completion gels are stained with ddmassie Brilliant Blue, a
colloidal dye that binds to protein but not to the gel. The gel is destained using a
solution of propanol and acetic acid, leaving blue protein bands on the

colourless and transparent gel.

2.7.3.2 Native PAGE

Native PAGE is usedto analyse proteins in their native state and the
electrophoretic mobility of a sample depends on both charge and shape. Each
protein has a pl (the pH at which it has no net charge), which is known as the
isoelectric point. In the context of native PAGEhe pl of a protein determines its
direction of migration. At a pH above the pl of a protein there is a net negative
charge and migration occurs in the direction of the cathode. Conversely,
migration of a protein towards the anode occurs below its pl. Thisneans
successful analysis may require variation of experimental pH or inversion of the

anode and cathode. The larger the net charge, the faster migration will occur,
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however, the size of each protein serves as a retarding factor on migration as it

is inhibited by the polyacrylamide matrix. As native proteins are much bulkier

than their denatured counterparts, native gels are cast at lower percentage

concentrations of acrylamide, namely 510%.

Table 2-6: Components for Polyacrylamide Gel Electrophoresis

Solution Component Concentration
Tris-HCI pH 8.8 0.38 M
Acrylamide Stock* 10z217.5%
Resolving Gel Water To 8.2 ml
SDS 0.1%
Ammonium Persulphate 0.025 %
TEMED 8 ul
Tris-HCI pH 6.8 0.13M
Acrylamide Stock* 3%
Stacking Gel Water To 5 mil
SDS 0.1%
Ammonium Persulphate 0.025 %
TEMED 8 ul
Tris-HCI pH 6.8 30 mM
Glycerol 5%
Loading Dye [x2] Bromophenol blue 0.01%
b-mercaptoethanol 5%
SDS 1%
Tris-HCI pH 8.8 25 mM
Running Buffer Glycine 200 mM
SDS 0.1%

Components inbold red text are not used when carrying out Native PAGE.

*The acrylamide stock used contains 30% (w/v) Acrylamide and 0.8%{w/v)

bis-Acrylamide.
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A Native PAGE gel is cast with no stacking gel and its components contain no

SDS. No protein markers are used buwvhen analysing a mixture of species

single pure proteins are used as referential controls. Native sample loading dye

Al 01T AT TOAET O 11 3%$3 AT A OAIBPIAO AOA 11
states are retained. The gel is run at 100 V at 4°C for 2 heuthe reduced
temperature and voltage serves to prevent the temperature rising in the gel that

would cause sample denaturation. Native gels are also visualised using

Coomassie Brilliant Blue dye.

2.7.4 Circular Dichroism

8e+4 | 1 — a-helix
2 — antiparallel
6e+4d F 3 — disordered
4 — collagen (triple helix)
5 collagen (denatured
de+d gen )
©
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Figure 2-7: Example CD spectra of protein secondary structure.

Spectra shown are recorded for pol-l UOET A AEEAAT j p QFsheeh (20an® AOAT 1 Al
extended (disordered) (3) conformations and for collagen in native (triple helical)(4) and

denatured (5) forms. Taken fromby Greenfield, 2006 186].

Circular Dichroism (CD) measures the difference in the absorption of righand

left-handed circularly polarised light. Asymmetry in protein molecules results

in a differential absorbance of each polarisation of light by the peptide bond
chromophore that asorbs in the far UV spectral region (19250 nm). This
AEEZEZAOAT AA EO DIl OOAA AO 111 A0 All EDPOEA
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incident light. Various secondary structure elements are defined by different
alignments of contiguous peptide bonds relatie to one another, which causes
variation in both absorbed wavelength and molar ellipticity(Figure 2-7). Even a
denatured protein exhibits a CD spectrm due to conformational preferences

between adjacent residues.

CD spectra were measured with a Jasco J810 CD Spectrophotometer (JASCO
Inc.). A xenon lamp and prism monochromatomwere used to select different
wavelengths. To avoid interference from the short wavelength UV absorbance

of & the chamber was continually swept with N during the experiment.
Temperature control to avoid variations in protein folding was achieved using a
Peltier temperature control unit. CD spectra were measured at a protein
concentration of 0.2 mg/ml in 1 mm pathlength quartz cuvettes with a sample
volume of 400 pl. Data were collected over the wavelengths range 18260 nm.

A buffer scan was subtractedrom the protein spectra as a baseline correction.

2.7.5 SEEMALLS

Size Exclusion Chromatography- Multi-Angle Laser Light Scattering (SEC
MALLS) is a technique which allows molecular weight (MW) estimation of the
component species of a solution. Parties, such as proteins, which have a
different polarisability from the solvent they are suspended in will scatter light
from a beam passed through the solution. The amount of light scattered
depends on concentration but is also proportional to molecular weidf.
Scattered light is measured by multiple detectors set at various angles to the
incident light. Concentration is measured by differential refractive index.
Linking the detection of both concentration and light scattering to gel filtration

chromatography can be used to estimate molecular weight.

Experiments were conducted on a system comprising a Wyatt HELEO®nulti -
angle light scattering detector and a Wyatt rEX refractive index detector linked
to a Shimadzu HPLC system (SPIDA UV detector, LC2AD isocratic pump
system, DGLROA3 degasser and SH20A autosampler). Work was conducted at
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room temperature (20 £2°C). The column used was a Superdex S200 10/300 GL
column (G.E. Healthcare) unless otherwise stated. The column was equilibrated
with solvent before use and flow was continued at the working flow rate of 0.5
ml/min until baselines for UV, light scattering and refractive index detectors

were all stable.

The sample injection volume was 100 pl. Shimadzu LC Solutions software was
used to control the HR.C and Astra V software for the HELEGS and rEX
detectors. The Astra data collection was 1 minute shorter than the LC solutions
run to maintain synchronisation. Blank buffer injections were used as
appropriate to check for carry-over between sample runsData were analysed
using the Astra V software. MWs were estimated using the Zimm fit method
with degree 1. A value of 0.19 was used for protein refractive index increment
(dn/dc).
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2.8 Protein Crystallisation

The formation of well-ordered protein crystals can occur when an agueous
solution transitions from under-saturation to super-saturation due to a change
in protein or precipitant concentration, pH or temperature. Several states of
saturation define the process of crystal formation and are dependeninarelative
protein and precipitant concentration (Figure 2-8). In the precipitation zone
protein is not stable in solution and precipitates in an amorphous mass. The
nucleation zone, existing at slightly lower supessaturation levels, results in a
slower precipitation that can give rise to small ordered crystal nuclie The meta
stable zone exists at low levels of supesaturation. In this zone protein is

unable to form nuclei but can extend crystal nuclei, causing crystal growth.

Protein Concentration

Precipitant Concentration

Figure 2-8: The crystallisation phase diagram.

The diagram ndicates the various levels of supesaturation. Crystal nuclei are formed in the
nucleation zone and crystal growth occurs in the metastable zone. Amorphous precipitate is
formed in the precipitation zone.

In a successful crystallisation experiment theprecipitant causes the protein
solution to enter the nucleation zone where a small number of nuclei will form,
leading to a reduction in the protein concentration. This concentration
reduction in favourable cases will cause the solution to enter the metaable
zone at which point the nuclei will slowly grow into large and weHordered

crystals suitable for Xray crystallographic structure determination.
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The crystallisation experiments in this work are based on vapour diffusion in
either sitting or hanging drops (Figure 2-9). Both experiments consist of a
sealed well containing aeservoir of precipitant solution and a separate drop of
much smaller volume of protein mixed in a 1:1 ratio with the precipitant

solution. An osmotic gradient is formed between the low precipitant
concentration drop and the high precipitant concentration reservoir. As a result
water evaporates from the drop increasing both precigant and protein

concentration.

PRECIPITANT PRECIPITANT
RESERVOIR RESERVOIR

Figure 2-9: Sitting and hanging drop vapour diffusion experiments.

Schematic diagrams of sitting drop (A) and hanging drop (B) vapour diffusion experiments.
Purple arrows indicate diffusion of waer from the low precipitant concentration drop towards
the high precipitant concentration reservoir.

2.8.1 Crystallisation Screening

In order to find conditions in which protein crystals are formed it is necessary
to test a variety of types and concentrations of precipitants, pHs and additives
usually requiring 10s of milligrams of protein. Broad ranges of conditions can
be sampled usig commercially available screens. 9@ondition screens
commonly aim to either cover a wide range of precipitants, such as the Index
and Hampton | & Il screens (Hampton Research) or focus on a particular

chemical subset like PEGs in the PACT premier scre@fholecular Dimensions).

The solutions from the chosen screen are transferred to an MR&ilden 96-well
crystallisation plate in 54 ul aliquots using a HydraB6 pipetting robot (Robbins

scientific). A 300 nl sitting drop experiment is aliquoted using a Mosgto
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nanolitre pipetting robot (TTP LabTech). 150 nl each of precipitant solution and
150 nl protein solution are pipetted into raised wells. The plate is sealed using
an optical grade selfadhesive plastic lid. Plates are stored at 20°C and checked

for crystal formation at 2 or 3 day intervals.

2.8.2 Crystallisation Optimisation

#1 1 AEOET 1O xEEAE OOAAAOOAOI T U DOT AGAA
to increase the size, quality and reproducibility of the crystals. The
optimisations in this work were carried out in a 24well plate (Falcon) with
hanging drops of 2 ul over a 1 ml precipitant solution reservoir. The precipitant
solutions in the optimisation plate generally mimic the initial hit with
modification of one or two variables, such as mcipitant concentration and pH.
Each well can accommodate up to three drops which might be used to optimise
protein concentration. Drops consisting of a 1:1 ratio of protein and precipitant
solutions are placed onto the surface of siliconised glass covdips, prepared
with Aquasil (Pierce). The covesslips are sealed over the wells using vacuum

grease. Plates are incubated at 20°C.
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Chapter 3: Investigations into SpollE fragments

containing elements of the FtsZ binding domain.

3.1 Introduction

The multi-domain protein, SpollE, possesses two putative cytoplasmic domains

in addition to a multiple helix membrane spanning domain. The -@rminal

Audil bl AOGIi EA ATT AET EO AAOEI U EAAT OEEEAA
domain. However, the remaining 290 residues show little sequence homology

to proteins of known structure or identified function beyond SpollE
orthologues. This central domain, termed the FtsZ binding domain, is a target of
COAAO ET OAOCAOGO A1 O EI x 3b1)) %StriGcturbsE | OPE A
have been obtained by Xay crystallography of every element of the sigF

regulation system excepting the transmembrane and FtsZ binding domains of

SpollE. This chapter describes the cloning, isolation and characterisation of a

number of fragments d SpollE encompassing the FtsZ binding domain. The goal

of these studies is the elucidation of the structure of the FtsZ binding domain so

OEAO EOO ET OAOAAOET T O xEOE OEA o00c¢#4 DET

3.1.1 Previous approaches to soluble SQ&

An enduring obstacle to structural studies of SpollE has been obtaining enough
soluble protein to support a programme of protein crystallisation experiments.
Elucidation of the domain boundaries within a protein chain is often an
important step on the pathway to the expression of soluble fragments of a
larger recalcitrant protein. Domain boundaries can sometimes be inferred from
a bioinformatics analysis by searching for segmestof disorder, which may
constitute inter-domain loops. Previously, analysi®f SpollE using the RONN
disorder predictor, carried out in this lab, yielded 16 possible targets. From
these the SpollBesic £FOACI AT Oh AT AT i PAOOGETI ¢ OEA 00¢+
proved to be soluble. Thiconstruct was modifiedto include the 17 truncaed G
terminal residues, was successfully crystallised and the structure solved as a

domain-swapped dimer, discussed furthein Chapter 4[170].
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Figure 3-1: Soluble SpollE constructs identified by ESPRIT.

A truncation library based solubility screen, ESPRIT (Expression of Soluble
Protein by Random Incremental Truncation)[187], was carried out using a
cloned spollE fragment encompassing base pairs 9010 2481 in order to
determine solubility windows across the cytosolic SpollElomains [188]. After
screening and following up hits by recloning and DNA sequencing, the 12 sto
soluble fragments spanning the entire region were studied furthe(Figure 3-1).
While these fragments had shown solubility in the library screen, further study
involving larger scale expression demonstrated that only two of the 6 fragments
which spanned the FtsZ domain could be overexpressed i coli in a soluble
form; SpollEs7s.g27 and Spoll&i2-827, named B2 and H1 respectively according to
their ESPRIT screen designations. These fragments showed a tendency to
oligomerise and when examined by Size Exclusion Chromatography formed
oligomers of molecular mass>600 kDa as well as nurarous smaller species.

Neither the oligomeric fractions of B2, nor the isolatable dimer fractions of H1
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yielded any protein crystals in crystallisation screens(Andrea Rawlings,
unpublished).

Six constructs, derived by taking the Mermini of ESPRIT hitsand coupling

them with the NNOA OT ET A1 AT O1 AAoOU T &# OEA o0o0c#, Al
tested for expression and solubility. Of these only one showed adequate
solubility for study. This construct comprised SpollE residues 37590 and was

termed B2-B1 accading to the ESPRIT hits it best represented.
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3.2 Results

3.2.1 Isolation and Analysis of the B:B1 fragment: Spollk7s.s90

The B2B1 (Spollg7sse) fragment had previously been identified in high
throughput screening as soluble following overexpressin in the E. coli BL21
pLysS expression strain. The construct consisted of the kanamycin resistant
PET-YSBLIC3C plasmid (pYSBLIC3c_SpatHss) bearing nucleotides 1126
1770 of spollE from the B. subtilis coding sequence downstream of sequence
encoding a1 N-terminal 6xHis affinity tag and a Human Rhinovirus 3C protease
cleavage site. The encoded protein has a molecular mass of 28.6 kDa with a
calculated isoelectric point (pl) of 5.52. The solubility screen was carried out in
high throughput lysis buffer o 20 mM TrisHCl 150 mM NaCl at pH 7.4.
Expression tests were carried out to discover optimum solubility conditions for

the SpollE&7s.s90 fragment.

Table 3-1: Buffers used in solubility screening of SpollE 375-590.

Buffer Insert Reaction pH
A 50 mM Tris-HCI, 500 mM NacCl, 30 mM Imidazole 8.0
B 20 mM NaH,PO,, 150 mM KCI, 30 mM Imidazole 7.6
C 60 mM HEPES, 150 mM KCI 7.5
D 100 mM BTP, 150 mM KCI 7.5
E 20 mM K,;HPO,4, 150 mM KCl, 7.5
F 20 mM Na,HPO,, 150 mM KCI, 20 mM Imidazole 7.6

G 20 mM Na,HPO, mM, 500 mM KCI, 20 mM Imidazole 7.6
H 50 mM Tris-HCI, 150 mM KCI 8.0

I 20 mM Tris-HCI, 150 mM NacCl 7.4

E. coli BL21 pLysS cells harbouring thgpYSBLIC3c_SpolHzs00 plasmid were

cultured in 50 ml falcon tubes containing 10 mis of LB with 30 pg/ml
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kanamycin. Expression was carried out at 16°C overnight after induction at an

optical density of 600 nm (ODsoo) of 0.6 with IPTG to a final concentration of

1 mM as describel in section 2.5.2.1 ml aliquots of cells were spun down for 1

min at 16,000 x g in a bench top microcentrifuge. Cell aliquots were then
resuspended in an array ofbuffers (Table 3-1) before lysis by sonication. A

001 OA1 8 DPOT OAET AEOAAOGEITT AT A A OO11 OAT A
of the lysate, were analysed by SDS polyacrylamide gel electrophoresis (SDS
PAGE)on a 15% polyacrylamidegel.

The expression tests indicated that lysis in all the buffers tested led to
production of soluble Spollk7s.s90 (Figure 3-2). It was decided that buffer B
(20 mM NaHPQy, 150 mM KCI at pH 7.6) showed the most equal ratio of soluble
to total Spoll&7ss00 and shows better solubility than the HITEL (High
Throughput Expression Laboratory) buffer used initially.

(a) ! A B !'cCc ! D ! . E L F 0 G L H
M TS TSTS TS TS M TS TSTS TS TS

97kDa
66kDa

45kDa

31kDa

' HITEL(U) ! HIiTEL !
T S T S

(b)
97kDa
66kDa

45kDa

(C) 97kDa
66kDa

45kDa

1] 1Cy

31kDa 31kDa

21.5kDa M.

Wity
14.4kDa ‘ -
L :

Figure 3-2: SDSPAGE gel images showing total and soluble cell extracts from E. coliBL21
pLysS cultures harbouring the pYSBLIC3c_SpollEz7s.590 plasmid.

Blue shaped boxes indicate théband associated with SpollE375%90 (a) Cells lysedin the
buffers shown in Table 3-1. (U) indicates an uninduced sample. T and S indicate total and
soluble cell samples, respectively. The letters A to | indicate the buffers used which can be
referenced inTable3-1. M indicates Biorad Low Molecular weight markers. (b) Cells lysed in the
original screening buffer. (c) Cells lysed in the optimised buffeg B.

21.5kDa

14.4kDa
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The Spollk7s500 fragment expression tests were scaled up in order to produce
the quantities of protein required for crystallisation experiments. Four 2 | flasks
containing 500 ml of LB media were inoculated withE. coliBL21(DE3) pLysS
cells harbouring the pYSBLIC3c_Sp&37s.500 plasmid and cultured at 37°C as
described in section 2.5.1Production of Spollk7s.s00 was induced with 1mM
IPTG when the OBy reached 0.6 with cultures subsequently being incubated at
16°C overnight.

Cultured cells were harvested by centrifgation for 15 minutes at4,255 x g
before resuspension in lysis buffer B with the addition of 3GnM imidazole,
henceforth Buffer A. This modification is to prevent norspecific binding of
proteins to a Nickel Immobilised Metal Affinity Chromatography (IMAL
column, describedin section 2.6.1. Resuspendedells were then lysed by
sonication as describedin section 2.5.3. Insolublefactors in the lysate were

cleared by centrifugation at30,600 x gfor 30 minutes.

8 9 10 11 12 13 14

e
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21.5kDa

14.4kDa

Figure 3-3: SDSPAGE gel image showingIMAC purification of the SpollE 375.590.

M indicates Bicrad broad range Molecular weight markers. Lane 1; Total Cell extract, lane 2;
Soluble cell extract [Load], lane 3; unbound flow through, lanes-&; fractions from Peak A
eluting at around 60 mM imidazole, lanes 944; fractions from Peak B eluting at around 120 mM
imidazole.

The clarified lysate was applied to a Bl HisTrap nickelcharged column (GE
Biosciences) and washed with Buffer A until to remove unbound proteins. A
linear gradient 30500 mM imidazole in buffer A was then used to develop the
column. The Ago chromatogram revealed protein eluting in two peaksa small

peak (Peak A) at around 60 mM imidazole with a second peak (Peak B) at an
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imidazole concentration of araind 120 mM. When analysed by SDBAGE, the
peak fractions were each shown to contain a strong band at around the
expected mass of 27.6 kDa(Figure 3-3). The peakfractions were separately
pooled and concentrated to a volume of < 4 mis for further purification by size

exclusion chromatography.
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Figure 3-4: Size Exclusion purification of SpollE 375.590 peaks A (blue trace) and B (green
trace) .

Concentrated fractions were loaded onto a Sephacryt40 16/60 gel filtration
column (GE Biosciences) in two separate size exclusion chromatography
experiments (Figure 3-4), as described insection 2.6.3.The running buffer used

in this step was 20mM NakPQ, 150mM KCI at pH 7.6. Peak A resolved into
five species; two small broad peaks with retention volumes of 59 and 751
one major peak at 90 mls and finally two shoulder peaks at 108 and 115 mls.
SDSpage analysis of these peaks indicated that only the major peak at 90 mis
contained an appreciable concentration of Spollzs.s90. In contrast, B resolved
into four specied] T T A 1 AOCA DPAAE ET OEA Ai10i1860
peak at 59 mls, a major peak at 90 mis and a moderately sized shoulder peak at
105 mls. SDSPAGE analysis showed that all of these peaks contained the
SpollE7s.500 fragment in a largely pureform, with the exception of the shoulder

peak (105 mls) which had a number of contaminants including a major band at
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around 25 kDa. The major peaks, eluting at 90 mis, from each gel filtration
experiment, were isolated and concentrated to 13.6 and 16.9 mal,
respectively. The concentrated protein stocks were analysed by SIPAGE, both

showing minor contaminants at lower molecular masseg¢Figure 3-5).

1 2
IMAC Peak A

3 4

M IMAC Peak B

1
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Figure 3-5: SDSPAGE gelimage of purified aliquots of SpollEszs.se0.

M represents Biorad LMW protein markers. Lanes 1 and 2; post gel filtration aliquots of protein
from Peak Aat one tenth and one fifth concentration respectively. Lanes and 4; post gel
filtration aliquots of protein from Peak Bat one tenth and one fifth concentration, respectively.

Both of these samples of Spollz.s90 Were put into crystallisation screens, as
describedin section 2.8.1.The proteins were screened inandem using an MRC
Wilden 96-well plate with two sample wells per condition against the Hampton

I/l (Hampton research), PACT (molecular dimensions), Index (Hampton
research) and CSS I/ll (molecular dimensions) screens. The CSS I/ll screen uses
48 conditions modified by two base buffers giving 96 conditions in total, the
buffers used were; 1 M TrisHClat pH 8 and 1 M TrisHClat pH 5.6. Analysis of
the screens showed a number of seemingly promising conditionsiowever,
when tested for XRay diffraction, the crystals proved to be salt. Optimisation of
promising conditions varying precipitant and buffer concentrations and pH

were unable to reproduce the results shown in the original screens.

The formation of salt crystals in protein crystallisation screens DSpollE7s.s90
prompted the removal of a NaHPQ; based buffer from the later stages of
purification. Further purification of the fragment following buffer exchange into
50 mM Tris-HCI, 150 mM NacCl at pH 8.0, a buffer similar to that previously used
succesfully in the purification of the SpollEeo-g27 fragment representing the

PP2C phosphatase domain.
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Nickel IMAC purification of cell lysate from 2 | ofE. coli BL21 pLysS cells
induced to produce Spolllz7s.s90 was carried out as above. SBDBAGE analysis
showed a large portion of Spollks.se0 eluting in a peak at around 120 mM
imidazole. The peak fractions were isolated and buffer exchanged, using a
12,000-14,000 MW cut off membrane, into the above buffer with the addition of
20 mM imidazole. A 1:50 ratio ® Human Rhinovirus 3C (HRV 3C) protease with
a 6xHis affinity tag was added to the dialysis in order to effect cleavage of the

Hisx6 tag from Spollk7s-500, as described in section 2.6.2.

The IMAC purified Spollkrss00 bears an eight residue protease reagnition
sequence sandwiched between the firminal 6xHis tag and the beginning of

the SpollE sequence:
¢ MGSSHHHHHHIEYLFGM-SpollE

The underlined sequence is the recognition site for HRV 3C protease. It uses a
catalytic cysteine residue to cleave to substrate polypeptide between the
glutamine and glycine residues of the recognition site. The remaining SpollE
fragment is represented inbold with a glycine, proline, alanine sequence of

residues remaining at the Nterminus.

M
97kDa —
66kDa —

45kDa

31kDa | . .

21.5kDa “
14.4kDa -

Figure 3-6: SDSPAGE gel image of HRV 3C cleavage of the 6xHis affinity tag of
SpollEs7s-s90.

M represents Biorad LMW protein markers. Laa 1 shows theSpollEs7s.s90 fragment before
addition of HRV 3C protease, lane 2 shows Spobsg after buffer exchange and HRV 3C
protease cleavage. The cleavefipollEs7s.s90 fragment shows a lower molecular mass, the HRV
3C protease isalsovisible asa band at around 6(kDa.
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The success of the cleavage of 6xH8pollE was analysed by SDSBAGE,
showing cleavage had occurred efficiengl (Figure 3-6). The cleaved Spollks.
s00 was applied to a 5 ml Nickel charged HisTrap column and the column
washed before a linear gradient to a concentration 500 mM imidazole was
applied. The Aso chromatogram showed a large peak in the low imidazole wash
with three overlapping peaks eluting from the column at imidazole
concentrations between 60 and 150 mM. Analysis by SBFRAGE shows that the
peaks in the imidazole gradient contained very low congc#rations of SpollEs7s.
s90 With the large wash peak showing a high concentration of the SpollE
fragment. The high concentration peak was isolated, concentrated and applied
to a Superdex 200 (S200) 16/60 gel filtration column (GE Biosciencesligure
3-7). The Aso chromatogram and SDSPAGE analysis revealed a major
SpollE7s500 peak eluting at 90 mis with a much less intense SpoHfz-se0
containing peak at 78 mis. Themajor peak, having very minor contaminants,
was concentrated to 13.6 mg/ml in 400 pl and stored at80°C, a total yield of

around 5.5 mg of purified Spollk7s-s90.
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Figure 3-7: Size Exclusion purification of SpollE 375.590 after 6 xHis affinity tag cleavage .
The Azgo chromatogramis shown asa blue trace

The purified SpollEg7ss00 fragment was placed in crystallisation trials against

the Wizard (emerald biosystems), Natrix (hampton research) and Hampton I/II
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screens at protein concentrations of 14 and 10 mg/ml (this second
concentration with added 5mM TCEP, a reducing agent). Analysis of the screens
showed no promising hits with around 50% of conditions yielding amorphous

precipitate.

Along with the previously isolated SpollEfragment H1 (412-827) and the
00¢g#, AT I AE), Spoliewiso was analysed by Size Exclusion
Chromatography with Multi-Angle Laser Light Scattering, descrdal in section
2.7.5.This method allows molecular weight calculation of species as they elute
from a size exclusion columnThis calculation is based on the relationship
between the refractive index of a protein solution and the extent to which larger
molecules in the solution scatter light. The fragments were injectecat a
concentration of 1 mg/ml onto an S200 10/300 gel filtration column (GE
Biosciences) equilibrated at 0.5 ml/min with a mobile phase consisting of
50 mM Tris-HCI and 150 mM NaCl at pH 8.0. The theoretically calculated
(71 AAOI AO xAEGEOO | s#Esefame A7 kDa) 285*Da ahd B4 3 DI ) )
kDa, respectively. The SEGBIALLS results show that each fragment elutes as a
single major peak with an experimentally calculated molecular weight close to
that calculated from their primary sequencesall fragments gpear therefore to

be moromeric (Figure 3-8).
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Figure 3-8: SEGMALLS traces of SpollE fragments.

The molecular mass (left vertical axis) andifferential refractive index (dRI) (right vertical axis)
are shown. Experiments carried out using a uperdex S200 column. The bold lines give
molecular mass of the eluting spdes calculated from measurements of the refractivéndex and
the multi-angle laserlight scatering. Three traces for the (i) H1 (red), (ii)PP2C(green) and (iii)
B2z B1 (blue) fragments are overlaid.
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3.3.3ldentification of the TM:FtsZ binding domairboundary

The domain boundaries within SpollE are not well defined. Bioinformatics and
library screen based methods have failed to identify a soluble SpollE construct
containing the whole cytoplasmic domain. The Nerminal membrane-spanning
domain extends to somewhere between the amino acid residues 300 and 340.
This section describes multiple bioinbrmatics analyses which were used to
guide the design and testing fragments of SpollE with the goal of isolating the

largest possible soluble domain Il and Ill construct.

The sequence of SpollE was analysed using three web based bioinformatics
tools; GlobPlot 2.3[189], TMHMM predictor[190] and PSIPRED191]. GlobPIot
2.3 predicts the likely domain distribution in a given amino acid sequence,
accompanyng literature states that GlobPlot excels in identifying linear motifs
of residues which often constitute domain boundaries. The GlobPlot analysis
did not predict any disordered regions in the Nterminal 575 residues of the
SpollE sequence. GlobPlot iderited nine transmembrane helices at the N
OAOI ET OO0 AT A OEA 00 @4) at Ak iGieninus. j TAeA O
programme further described residues 322802 as a PP2Cc domain. A search
for known PP2Cc domains yields no sequences of around 480 residues in
length, the average being around 240 residues. Numerous BLAST (Basic Local
Alignment Search Tool) searches have also failed to find any homology for the
sequence between 322 and 590 of SpollE. It is possible that the algorithm has
recognized a linear motif andassigned a long domain containing homology to a
PP2Cc domain, another isoform of PP2C. Thet&minal end of the final

predicted transmembrane helix is at residue 302.

TMHMM predictor is designed to recognise sequences of around 20 residues
likelytofold ET O E U A chelibeB Whick ake stabilised in and traverse cell
membranes. This tool was chosen in order to identify the-@rminal limit of the
three-hundred plus residue region of SpollE consisting of these helices, the
transmembrane domain. TMHMM pedicted nine transmembrane helices, with

a probability of around 1, ending very close to residue 310. A further 20 residue
section of the sequence was assigned a low probability of forming a

transmembrane helix.
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PSIPRED is a web server which aggregatesethresults from a number of
secondary structure prediction algorithms to give a more accurate single
consensus output. The output predicts 12 helices of varying size in the2b5
region of the SpollE sequence. While this is at odds with the outputs of GldttP
and TMHMM predictor, PSIPRED would not have taken the architecture of
transmembrane helices into account. A further three helices are predicted
between residues 300319, 322-328 and 340-375.

The three aralyses when considered togethe(Figure 3-9) offer a better picture

of the region of interest. Six MNerminal truncations were chosen for
experimental follow-up based on the calculated positions of he final
transmembrane helices avoiding disruption of secondary structure elements.
The Nterminal truncations chosen begin at residues 300, 316, 321, 326, 334
and 339 and the tested constructs had-@rmini at 827. Primers, sequences in
Appendix |, were cesigned to amplify the appropriatespollE gene fragments by
Polymerase Chain Reaction (PCR), as described saction 2.3.2,for ligation

independent cloning into the pYSBLIC3C expression vector.

o S (s Q O (8] S S Q (s &) QS o
%)
NN N S A A I
! 1 | 1 1 | | | | J
AA: TVGVWIGLILGLANIGNLYOMELLAFSG LLGGLLKEGKKAGAA IGLIVGSLLI SLYGEGSAGLMTTLYESLIAVCLFLLT PQS ITREVARYVIPGTVEH LOEQQQYARK IRDVTAQKVDQF
Prad: —€] ) — —t) )+l >
a Pred: CCCHHHHHHH HHHHH HHHHH ccececce CCC C CCCCCCCCC CHHHH HHHHH HHHHH HHHHH HH
(b) ™ ™ ™ PP2Cc
Domain Domain Domain 322-802
Low

(c)

1.0 probability
section
0.

Figure 3-9: Predictions of prope rties of SpollE in the 240 to 360 region with primary

amino acid sequence.

i AQ 03)02%$ OAAT T AAOU-hehdDabeAshavd By tHe @HadieA B Bridi O N
schematically in pink cylinders, loops are shown by the character C and schematically aschla

line. (b) GlobPlot 2.3 domain predictions; transmembrane helices are shown in dark blue, the
predicted PP2Cc domain is shown in green and residues not assigned to any domain are shown

as a light blue line. (c) TMHMM predictor transmembrane helix predians; probability of
transmembrane helix presence is plotted as a red histogram.
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(b)

Figure 3-10: PCR products of spollE amplification separated by electrophoresis on 1%
agarose gels.

SybrSafe, a DNA binding UV fluorescent dye wased for visualisation. The DNA ladder used is
the Bioline Hyperladder I. (a) Raw PCR reaction products. (b) Products after purification by Gel
Extraction.

PCR amplification of the SpollE gene fragments was initially carried out with
the following program: (5 min; 94°C, 35x[40 s; 94°C, 30 s; 40°C, 25 s; 72°C], 3
min; 72°C, HOLD; 4°C). However, these PCRs failed and fragments of the
expected length, (~ 1.6 kbp, were absent in some cases. As changing the g
concentration can affect template binding by PCR primers and increase product
specificity, the PCRs were repeated with the Mg®Q@oncentration doubled
[192]. The high Mg* concentration PCR produced fragments of the expected
size asthe major product in each case(Figure 3-10). The target bands were

excised and purified using a QiaQuik Gel Extraction Kit.

After treatment with T4 DNA polymerase, as described in sectin2.3.5, the
amplified gene fragments were annealed to the pEYSBLIC3C vectgrand the
products were used to transform competent E. coli XL-10 Gold cells as
described in section 2.3.6The sequences of the recombinant plasmids obtained
were determined to confirm that the expected fragments had been cloned in the
correct reading frame. Nextthe plasmids were introduced into E. coli strains
BL21 (DE3) and BL21 (Gold) for expression of the target protein fragments.
Small scale cultures, grown at 16°C overnight and at 37°C for four hours, were
used to test for expression of soluble protein byYsDSPAGEanalysis (Figure 3
11).
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Figure 3-11: SDSPAGE images of SpollE fragment expression tests.

M indicates Biorad protein markers. Lane headings in blue represent expressioarced out at
16°C overnight. Lane headings in red represent expression at 37°C for four hours. Total and
soluble cell fractions are shown for each condition. Lysis buffer used is 50 mM T#Cl, 150 mM
NaCl at pH 8.0. Cell strains are shown by blue oregm banners in the bottom of each image. (a)
Expression tests for fragments beginning at 300, 316, 321, 334 and 339. (b) Expression test for
fragment beginning at 326.

All test expression cultures were found to contain overexpressed proteiaf the
expectad molecular weight; however, all but two of the twelve corstructs
showed the target protein to be insoluble. The only soluble SpollE fragments
were expressed at 16°Cthese being the two shortest fragments Spollzs-s27
and Spollkse.g27. Both of these soluble fragments have their &rmini in an

eleven amino acid residue stretch (329840) that lacks predicted secondary

Z A N N o~ A o~ N

OO0OOOAOO0OA8 4EA PAOOAOT 1T & OI 1 OAIl-RelixEOACIT A

predicted between 321 and 327 is the Ist element of secondarystructure
preventing solubility (Figure 3-12) and suggests the 9 residue putative loop

preceding 340 as the interface between domains 1 anddt SpollE.
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Figure 3-12: The TM domain : Domain Il boundary region.

(a) Schematic representation of the 300z 340 region of SpollE. The PSIPRED secondary
O0OOOAOO0OA DOAAEAOGEIT T EO bdidex The dbidtrucisGibidied &eJ1 ET AA OC
represented by arrowheads at the relevant Nerminal residue. These arrows are colour coded;

red for insoluble and green for soluble. The amino acid sequence in this region is also shown.

(b) SDSPAGE image of soluble expression of the twomnstructs; 334827 and 339-827.

The Spollkssg27 and Spollkse.so7 fragments represent the longest SpollE
soluble fragments identified to date. While the level of solubility seen in the
above expression tests was acceptable, it was thought thaproved solubility
would simplify purification and give stable protein. Therefore the Spollkzs-g27
fragment was screened using the sparse matrix solubility screen, consisting of
30 lysis buffers[193]. This led to a buffer basg on 100 mM triethanolamine,
50 mM LiCl, 5 mM EDTA at pH 8.5 being chosen for future work.

E.coli BL21 (Gold) cellsharbouring the SpollEazs-g27 and Spollksg-g27 fragments
were each cultured in 4 flasks containing 750 ml LB media supplemented with
30 pg/ml kanamycin. Production of Spollkss-g27 was induced, as described in
section 2.5.2, with expression overnight at 18C before harvesting of cells by
centrifugation and their lysis by sonication in 100 mMriethanolamine, 200 mM
NaCl, 30 mM imidazole at pH 8.5. The omission of EDTA from the buffer was in
order to avoid abstraction of N#+ during IMAC column chromatograply; no
adverse effect on solubility was detected. Increasing the salt concentration to
200 mM NaCl improved the extent of purification achieved byMAC. Lysate,
clarified by centrifugation, was applied to a 5 ml HisTrap column for nickel
IMAC purification. After washing unbound protein from the column with low
imidazole buffer, bound protein was eluted using a linear (300 mM)

imidazole gradient. Both fragments eluted in the range 125200 mM imidazole
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as a single broad peak. Cleavage of thetd&¢minal 6xHis affinity tag by HRV 3C
protease led to degradation of the fragments so this step was omitted. One
observation made throughout the purification was that filters in the AKTA FPLC
became rapidly blocked, dueto either SpollEsz4-827 aggregation, to the high
viscosity of the triethanolamine in the buffers orto a combination of both
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Figure 3-13: Size exclusion Assy chromatograms of the SpollE 331-s27 and SpollEssg-g27
fragments with SDS-PAGE gel images.
(a) SpollB3za-g27. (b) SpAlE3s39-827.

The peak fractions from nickel IMAC were concentrated and applied to a 16/60
S200 gel filtration column (GE Biosciences) with a mobile phase of 100 mM
Triethanolamine, 200 mM NaCl, 5 mM DTT at pH 8.5. The separation range of
this column is given as 10z 600 kDa with the highest selectivity between 30
and 250 kDa. The #o chromatograms of each fragmentFigure 3-13) showed

a large portion of protein in the void volume of the column, at 45 mls, which
could consist of species ranging between near the separation limit of 600 kDa to
multi-megadalton aggregates. A broad shoulder peak to the void volume was in
the cases of both fragments centred at 56 mis; ith elution might suggest 6

8mer species of around 400 kDa in size. A further two peaks were seen in each
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chromatogram at 80 and 90 mls, estimated molecular masses for these elution
volumes would be around 50 and 25 kDa, respectively. The peak eluting at 90

mls would represent a molecule smaller than a monomer and, indeed, SDS

PAGE analysis showed no target protein in the peak. The peak at 80 mls is at the
AopAAOCAA A1 OOETT OI1OIA A O A 111171 AOEA
calibration data. All othe peaks showed the presence of target protein with a

small impurity at a very slightly lower molecular weight.

Both the void volume peak and the second peak for each fragment were isolated
and concentrated. In the case of both fragments the void volume pea
precipitated to a large extent during concentration and a large amount of
protein was lost. The final yields were around 5 mg of protein for both
fragments; the void volume peak could be concentrated to around 6 mg/ml and
the high MW peak to around 4 mghl.

The protein concentrations achieved are roughly half that used as a starting
point in protein crystallisation experiments of around 10 mg/ml; however
some proteins will crystallise at much lower concentrations. Another
complication is that the void wlume peak could contain any number of species.
Crystallisation, and more importantly growth of crystals that will diffract,
requires the slow and ordered assembly of homologous subunits. The subunits
in large oligomers or aggregates will generally causergblems in this process.
Regardless, protein from both fractions of each fragment was placed in
crystallisation trials at the concentrations achieved. The screens used were
PACT, Hampton I/ll and JCSG (molecular dimensions). Analysis of the screens
showed no promising hits with a large number of conditions demonstrating

amorphous or sandy precipitate.

The oligomerisation of SpollE has been observed in every fragmewith an N-

terminus between 334 and 418 4 EA 00c¢#J4 AT | Abder, MODACIT AT ¢
not oligomerise. The B2 (Spollks-s27) and H1 (Spoll&iz-s27) fragments both
demonstrated oligomeric behaviour, with much protein eluting in the void

volume of an S200 gel filtration column. These fragments also have a dimer

fraction (estimated by elution volume). The B2B1 (Spollks-590) fragment

eluted in the S200 void volume with what is likely to be a monomeric species
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eluting at 90 mls. It should be noted that the SEMALLS experiments are
carried out at lower protein concentrations. The 1 mg/ml protein smple
loaded will have been diluted by a factor of fifteen if it elutes as a 1.5 ml peak; a
concentration of 0.07 mg/ml. Analysis of the B2 fragment on an S200 gel
filtration column shows that at an injection concentration of 7.4 mg/ml protein
elutes in three species including a putative dimer, whereas at a higher injection
concentration of 20 mg/ml the protein elutes almost entirely in the void
volume. Oligomerisation is of course concentration dependent, however the
SpollEsz4-827 and Spollkag-g27 fragments of SpollE were never observed with a

major species of lower molecular weight than the void volume.

The initial aim of this section was to identify long and soluble fragments of
SpollE in order to extend the very small number of SpollE reagents availelfor
study. This aim was achieved with two constructs being produced which we
believe to represent the greater proportion of the cytoplasmic domain of SpollE.
The constructs behave as high order oligomers in solution and this is likely to
cause problems m crystallisation and potentially in biophysical assays where
precipitation might be a problem. As both constructs seem to behave similarly
the decision was taken to continue study of the Spoltks.go7 fragment, the
longest SpollE fragment yet investigatedwhile delaying work on the Spollkso.
g27 fragment. During purification it was identified that cleavage of the 6xHis
affinity tag caused instability and degradation, in uncleaved samples. Whether
the tag causes misfolding; resulting in instability on cleaage, or the Nterminal
segment, which is exposed on cleavage, is susceptible to degradation is

unknown.

A close collaborator, Niels Bradshaw, from the laboratory of Richard Losick,
Harvard, communicated his observation that long fragments of SpollE form
oligomers and aggregate in a Mt dependent fashion. A SpollE fragment he
purified using a 6xHisSUMO domain solubility tag precipitated when exposed
to millimolar concentrations of MnCbh. Manganese (II) can be chelated by EDTA
and hence the use of this atitive could decrease the fraction of SpollE which
forms oligomers. This assumes, however, that the oligomers seen in size

exclusion chromatography are due to M# sequestered by SpollE during
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expression. The addition of 10 mM EDTA to the solution beforeze exclusion
chromatography did not alter the observed oligomeric state oBsuSpollEzz4-g27

in subsequent isolations.
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3.3.3 Analogue of SpollE fronseobacillus stearothermophilus

In an attempt to increase the stability of the Spollfzs-s27 fragment, we sought
the thermophilic homologue from Geobacillus starothermophilus(Gs), a spore
forming thermophile with an optimum growth temperature of between 50 and
65°C [194]. This strategy has been used successfully in other systerfik95,
196].
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Figure 3-14: Primary sequence alignment of SpollE from B. subtiis and G.
stearothermophilus .

Alignment carried out using ClustalW[197]. Visualisation and structural amotation of PP2G
domain carried out usingESPript (ttp://espript.ibcp.fr ) [198].
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Sequencing and annotation of th& stearothermophilus genome is incomplete.
The greater part of the G stearothermophilus strain 10 genome has been
sequenced in the lab of Bruce Roe, University of Oklahoma, and the results
made available online athttp://www.genome.ou.edu/bstearo.html (Bacillus
(Geobacillus) stearothermophilu&enome Sequencing Project funded by NSF
EPSCoR Program)in order to find the nucleotide sequence afpollE in the un-
nnotated genome sequence, it was necessary to carry out a BLAST search. The
search algorithm used wastblastx. The input, the BsuSpollE amino acid
sequence, is translated into a nucleotide sequence in every possible
permutation of codon usage and reading framesequences showing good
alignment to the query are reported to the user. An Open Reading FrameRB)
encoding an 826 residue protein was highlighted in contig.543 encompassing
bases 109825 to 112275. Theredicted protein has 56% sequen@ identity to
BsuSpollE(Figure 3-14).

Figure 3-15: Gel images of GstSpollEsss-s26 Cloning and expression.

(a) PCR amplification products ofspollEos-24s1 On 1% agarose gel. L represents Bioline

Hyperladder DNA markers. Lane 1 shows PCR productbe expected fragment size is 1.47 kbp.

(b) Expression test of GsSpollEsss.s26. M represents Biorad broad range markers; lane 1,

Uninduced total cell fraction; lane 2, Uninduced soluble cell fraction; lane 3, Induced total cell
fraction; lane 4, Induced stuble cell fraction.
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The GstspollE gene fragment encodingGsEpollEsss2s was amplified from G
stearothermophilus strain 10 genomic DNA by PCR using primers designed to
facilitate cloning into the pYSBLIC3C expression vector. The nucleotide
fragment was readily amplified and after cloning and transformatiorof E. coli
BL21 (Gold) cells, production of the desired 55 kDa proteimas achieved. The
protein was soluble in a lysis buffer of 50 mM TrigHCl 200 mM NaCl apH 8.5
(Figure 3-15).
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Figure 3-16: Size Exclusion purification of GstSpollEsss-s26.

The Azso chromatogramis shown asa blue trace

A large scale preparation othe fragment GsSpollEss.g26 was carried out from 4
flasks each containing 750 ml of LB media. Harvested cells were lysed in 50 mM
Tris-HCl, 200 mM NaCl, 20 mM imidazole at pH 8.5. Lysate, clarified by
centrifugation, was applied to a 5 ml HisTrap nickel IMAC column. The IMAC
column was washed to remove unbound protein before a linear gradient to a
final concentration of 500 mM imidazole wasapplied. A peak eluting at 140 mM
imidazole was found by SD®AGE analysis to contain the target protein
fragment. Some protein was lost in the concentration of the pooled peak
fractions before purification by size exclusion chromatography. After S200 gel
filtration column chromatography (Figure 3-16) in 50 mM Tris-HCI, 200 mM
NaCl, 20 mM EDTA at pH 8.5, SIPAGE analysis showed a large proportion of
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protein in the column void volume with a smaller peak eluting at around 75 mis
the elution volume expected for a monomer. The addition of EDTA did not
reduce the formation of oligomers, as judged by the size of the void volume

peak in a second purification by size exclusiochromatography.

Comparing the sequences of the two fragments reveals high sequence identity.
Conspicuously however, the number of cysteine residues differBsuSpollEzzs-

g27 contains five cysteine residues whileGsSpollEsss-g26 contains eight. Four of
these cysteine residues, in the region between residues 399 and 446 of SpollE
are conserved between specieBsuSpollEss-s27 has a single cysteine residue in
the phosphatase domain. It is possible that additional cysteine residuasay
contribute to the thermal stability of the GstSpollE fragment via the formation

of disulphide bridges.
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3.3.4 Spollkss-g27 fragment oligomerisation.

A parallel purification of BsuSpollEsss-s27 and Gs6pollEsss-s27 was carried out;
the same buffer latches were used over the same time period with the only
variation being in the FPLC machine used. Cells from 4 x 750 ml cultures, were
lysed by sonication in 50 mM TrisHCh ¢ it [ - . dmercdptoethanbl -

{ fME), 20 mM imidazole and the clarified lyates were applied to 5 ml HisTrap
nickel IMAC columns. After washing, bound protein was eluted from the column
using a linear gradient with a final concentration of 500 mM imidazole. Both
fragments eluted at around 140 mM imidazole. The nickel IMAC pealafitions
were pooled, 5 mM (final concentration) EDTA was added the samples were

concentrated to ~ 3ml.
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GstSpollEzss g6

/ \

e e e e TR I e e P e e T e e e T A T T T T T P T A T T P T T P DI P T LT E T T

Figure 3-17: Parallel purification of BsuSpollEszs-g27 and GstSpollEzss.szs fragments on
Superdex 200 gel filtration columns.

A running buffer of 50 mM TrisHCh ¢mnimm . A#1 h v [-ME wash dsédhAeso ¢
chromatograms are show as blue traces. ThsuSpollEsss.g27 elutes almost completely in the
column void volume. TheGsSpollEss.s26 fragment elutes astwo broad species centred at 60ml
and 75 ml\, likely representing dimers and monomers, respectively.
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The concentrated protein samples were each applied to an S200 gel filtration
column equilibrated in 50 MM TrisHCh  ¢mmm | - . A#1 h uoMH - %$4
at pH 8.5. Whencompared to previous purifications, the oligomeric behaviour

of the BauSpollEssss27 fragment was unchanged whereas the behaviour of
GstSpollEksss26 changed markedly; no oligomers were detected in the void
volume instead two overlapping peaks centred ab0 and 75 mlwere observed,
likely representing dimers and monomers, respectively(Figure 3-17). The
observed change in theGst£EOACI AT 08O T1 ECI i AOEA AAEAOE
01 OEA EIT Al OOEIME, aktucigiadentAO££AO 1T £
The void volume fraction from the Bsufragment and the combined monomer
and dimer fractions from the Gstfragment were concentrated to 2.9 mg/ml ad

3.5 mg/ml, respectively. The fragments were next analysed by Analytical
Ultracentrifugation (AUC) a techniqgue which measures the rates of
sedimentation of macromolecular species and gives an accurate estimation of
their size. In order to ensure no variéion in components between the baseline
and sample buffers, dialysis was carried out into freshly prepared 20 mM
Tris-HCI, 100 mM NaCl, 2 mM DTT at pH 8.5. The same batch of buffer was then
used for diluting samples and as a baseline cell buffer. Three aamtrations of
each fragment were run at Ago values of 1, 0.3 and 0.1. The extinction
coefficients of BsuSpollEsss-s27 and GsSpollEss.s26 differ and the calculated
protein concentrations of the samples are 1.16 mg/ml, 0.48 mg/ml and 0.16
mg/ml, respectively, for BsulEsszsg27 and 1.11 mg/ml, 0.33 mg/ml and 0.11
mg/ml, respectively, for GstlEsss.g27. The samples were centrifuged at 20,000
rom in a Beckman Optima XL/l analytical ultracentrifuge, using Beckman cells
with 12 mm path length, double sector clarcoal-filled Epon centrepieces and
sapphire windows, in an ANS5QTi rotor. The collected AUC data were analysed
by Andrew Leech using sedfit AUC analyssoftware [199]. Fitting of the data
was carried outfirst to calculate the distribution of sedimentation coefficients,
representing the rates at which different species travel from the inner to the

outer radii of the cells.
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Figure 3-18: Analytical Ultra -Centrifugation analyses o f the BsuSpollEssss27 and
GstSpollEzss-g26 fragments at A 250 = 1.0, 0.3 and 0.1.

Fitting and calculation carried out to determine sedimentation coefficient (S), left, and
molecular weight (Mw), right. (a) Analyses oBsuSpollE:zs-s27 sShow multiple species with a 330
kDa periodical increase in Mw. (b) Analyses oGsSpollEsss.s2s suggest equilibrium between
monomeric and dimeric species at the studied concentrations.

The AUC data analysigesults (Figure 3-18), in agreement with the size
exclusion chromatography results, show that BsuSpollEss.s27  has
characteristics of a large number of species, whereas tlig&sSpollEsss26 has a
narrower species distribution. Further analysis of calculated sedimentation
coefficients was then used to predict the probable molecular weights of the
species.BsuSpollEssa-827 shows species at multiples of around 330 kDa. The
calculated molecularmass is 55 kDa, hence 330 kDa represents a hexameric
unit. The 660 kDa species might represent two hexameric units stacking
together. As mentioned, very little is known of the mode of action of Spolik
vivo other than the requirement of localisation to te forming septum. The

observed behaviour here could represent functional units of SpollE.
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GsBpollEss-s26 shows a single different species in each concentration.
Molecular weight analysis predicts species at around 55, 80 and 110 kDa,;
monomer, 1.5mer and dimer, respectively. The 1.5mer prediction can be

explained by the monomer and dimer species being in dynamic exchange at this

concentration.
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Figure 3-19: SEGMALLS analyses of BsuSpollE34-g27 and GstSpollEsss.g2s.

(A) Differential Refractive Index chromatograms ofBsuSpollEsss.s27 at 3 mg/ml (blue line), 1
mg/ml (green line) and 0.1 mg/ml (red line) as separated by a Superose 6 10/300 gel filtration
column. Calculated MW data are show as thick dashed lines with antated average peak MWs
in the same colours.(B) Differential Refractive Index chromatograms ofGstSpollEsss.s26 at 3
mg/ml (blue line) and 1 mg/ml (green line) as separated by a Superdex 200 10/300 gel
filtration column. Calculated MW data are show athick lines with annotated average peak
MWs in the same colours.
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BsuSpollEss-827 was analysed by SEMALLS in 20 mM TrisHCl 100 mM NacCl,

2 mM DTT at pH 8.0 using a Superose 6 10/300 gel filtration column (GE
biosciences), capable of resolving proteins ddlow 40,000 kDa(Figure 3-19A).
Injections were made at concentrations of 3, 1 and 0.3 mg/ml. Eachshtrace
showed a single pealeluting after 15 minutes;around the column void volume,
7.5 mls. Molecular mass predictions for these peaks ranged betwe&f and 25
MDa. This supports observations made regarding the tendency of this fragment
to form large oligomers. Analysis of5sSpollEss.s26 by SEEMALLS was carried
out with a running buffer of 20 mM TrissHCI, 100 mM NaCl, 2 mM DTT at pH 8.0
and separation on an S200 10/300 gel filtration column(Figure 3-19B).
Injections were madeat 1 and 3 mg/ml. Both Aso traces show a range of peaks
eluting across the separation volume of the column. Predicted molecular masses
for these species suggest monomer/dimer equilibrium as well as small
populations of tetramers and higher order speciesThese observations are at
odds with those seen by AUC and are unlikely to be explained by the small

change in pH.
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3.3.5 Possible homologyof SpollE to the sporulation stage |l
protein, SpolllAH

A possible homologous relationship between SpolllAHa protein involved in the
engulfment stage (Ill) of sporulation, and residues 45590 of SpollE was
communicated to us by Niels Bradshaw, Harvard (personal communication).
This was a particularly interesting observation because SpdAH andSpollE are
known and proposed binding partners of SpollQ respectively [91, 162].
SpollAH and SpollQassociate to&£l O A -IOFOEAMGBA EIADAEAT EOT AA
intercellular space to assist membrane migration during engulfment and are
also proposed to be integral components of a feeding tube structure allowing
nutrient exchange between the mther cell and engulfed forespore.
Fluorescence microscopy studies have shown that SpollE is released from the
division OAD OO FacH@idnObutAsubsequently relocates to the engulfing

septum in a Spoll@dependent manner.

The sequenceadentity between the SpolllAHs-218 and Spoll&s7-s90 Sequences is
17% with regions of similarity generally clustered in areas of secondary
structure (Figure 3-20). The 457-827 fragment of SpollE was produced with
good solubility in E.coli with a 6xHis-SUMO tag Niels Bradshaw per.comm.). It

therefore represents a good candidate for structural studis.
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Figure 3-20: Primary sequence alignment of SpolllAH 7g.218 and BsuSpollEss7.s90.
Alignment carried out using TCoffee[200]. Visualisation andSpolllAH structural annotation
(PDB ID: 3TUF) carried out using ESPriphftp://espript.ibcp.fr ) [198].

136


http://espript.ibcp.fr/

Fragments encoding Spollgs7-s27 from B. subtilis and Spoll&s7.s26 from G.
stearothermophilus were therefore cloned into the pYSBLIC3C expression
vector. PCR amplification of the target gene fragments frolBu and Gst
genomic DNA produced single products of the expected size; 1.1 kbp. After
ligation independent cloning, the same fragment could be amplified by PCR
from the recovered plasmids indicating the presence of the SpollE fragment

insert (Figure 3-21).

(a)

Figure 3-21: Images of 1% agarose gels of PCR amplifications of the BsuSpollEas7-s27
coding nucleotide sequence visualised using SybrSafe DNA dye.

L represents Bioline Hyperladder | DNA markers (a) PCR amplification frolBsugenomic DNA.
Lane 1; no template (negative control), lane 2; PCR amplification. (b) PCR amplification from
plasmid isolated by miniprep after ligation independent cloning. Lane 1; PCR amplification.

Plasmids harbouring the target nucleotide sequences wereused in
transformation of E. coli BL21 (Gold) competent cells and expression of the
target protein fragments was nduced. The BsuSpollEs7-g27 and GsSpollEs7-g26
fragments havecalculated molecular masses of 41.3 and 41.0 kDa, respectively.
Both fragments were produced at moderate levels but with good solubility
following cell growth overnight at 16°C and lysis in 8 mM Tris-HC|, 100 mM
NaCl at pH 8.0.

The BsuSpollEs7.g27 fragment was overproduced on a larger scale by IPTG
induction overnight at 16°C in 2 flasks each containin§00 ml LB media. Cells

were harvested by centrifugation and resuspended in a lysis buffer consisting of
50 mM Tris-HCl 100 mM NaCl, 20 mM imidazole at pH 8.0 before lysis by

sonication. Lysate clarified by centrifugation was applied to a 5 ml HisTrap
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nickel IMAC column equilibrated in lysis buffer. Unbound protein was washed
from the column before bound protein was eluted using a linear gradient with a

final concentration of 500 mM imidazole.

Figure 3-22: Purification of the BsuSpollEss7.s27 fragment.

(a) Asso and Agsp chromatograms of nickel IMAC purification with SDS page analysiBeak A
contains a 31 kDa contaminant. Peak B contains mainly target protein. (b).sh and Aeeo
chromatograms ofsize exclusion purificationwith SDS page analysis. Only a small concentration
of BsUSpollEss7-g27 is present in peak A with a major concentration of the fragment in peak B.

The IMAC purification Aso chromatogram (Figure 3-22A), showed two peaks
eluting at around 116, and 164 mM imidazole. The first peak exhibited a strong
yellow colour. SDSPAGEanalysis of fractions from these peaks shows that the
peak eluting at 116 mM imidazole contained ahigh concentration of an
unknown 31 kDa protein. Fractions from the peak eluting at 164 mM imidazole
showed a high concentration of protein with a mobility similar to the 45 kDa
protein marker, consistent with the 41.3 kDa molecular mass of the
BsuSpollEs7-s27 fragment. Fractions in the second peak contained only small
amounts of the 31 kDa contaminant and so the two species were easily

separated. Fractions containing the target protein fragment were concentrated
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