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Abstract

Bacterial microcompartments are isohedral structures composed entirely of protein and contain a
2-4 nm thick proteinaceous sheThis shell encases enzymes which act in a sequential manner to
carry ou a specific metabolic reaction. There are seven essential shell proteins encoded on the
propanediol utilization microcompartment (Pdu) operon, RiicB¢. QJ¢cK¢N and¢ U, each
having a critical role in the formation of the compartment. Other gendisérPdu operon interact

to form enzynes in the metabolic pathway with sonteving unknown functions such as PduV
which has been shown to form filamelike structures These filamentsnly appear in the presence

of microcompartments and often elocalisewith them andit is thought that PduV plays a role in

the spatial distribution of microcompartments. This study has explored the interaction between
PduV and the microcompartment shell. The shell protein involved in this interaction is thought to
be PduKand to characterise the mechanism of this interaction PduK truncations were generated
and novel microcompartments containing these truncations were engineered. The ability of these
microcompartments to form was examined, as well as the ineraction betwelery Rindthese
truncated forms of PduKFilament formation of the small GTPase, PduV, was studied by site
directed mutayenesis of the GTP binding site, which was then examined by microscopic and
biochemical approachedn addition, to further characterisedw microcompartments form each
individud shell protein was tagged with mCherMicroscopy techniques such as live cell imaging
and transfer electron microscopy were used in order to determine if these novel compartments
were able to form correctly, if R/ filament formation was affected in any way and whether this
subsequently had an effect on the distribution of microcompartments within the bacterialltel.

work presented has given insight into the formation of the microcompartment shell, higligheng
sensitivity of individual shell proteins to minor modifications such as fluorescent tagging and the
effect this can have on the formation of the shell. It has also revealed possible previously
undiscovered regulatory mechanisms of shell proteins asMfdament formation and length, with

the modification of shell proteins affecting PduV filaments. Finally, it has given greater evidence to

previous suggestions that PduV may be a GTPase.
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1.1. An Introduction to BacteriaMicrocompartments

Organelles are structures that can be used to segregate metabolic processes or compartmentalise
genetic material. They are often used to define the difference between eukaryotes and prokaryotes
as it is commonly thought that prokaryotells lack any membrarsound structures. Although it

is widely known that the interior of prokaryotic cells are far less organised than that of eukaryotic
cells, emerging evidence has shown that the interior of prokaryotic cells are more organised than
initially believed. The recognition of prokaryotic internal cell organisation stems from the discovery
of cytoplasmic, subcellular inclusions, most of which remain uncharacterised. Some of these
inclusions act as storage granules for compounds or polynii@ezylinsk & Frankel 2004;
Steinbuchel et al. 199%thers are more complex and can generally be categorised into two groups.
The first are the inclusions that are membrameund, including compartments such as
magnetosomegMurat et al. 2010) However some prokaryotes, spfically bacteria, are able to
segregate specific processes from the cellular environment by encasing them in a proteinaceous
shell; these protein bound inclusions constitute the second group that form a diverse family of

organelles known as bacterial mocompartments, or BMCs.

BMCs are polyhedral inclusions, located within the cell cytoplasm and vary between 100 and 200
nm in cross section; a simplified model is shown in FiguréKerfeld et al. 2005; Cheng et al. 2008)
They are composed entiseof protein, with no associated lipids and, based on sequence analysis
are thought to be present in approximately 20% of all sequenced bagtehiang et al. 2008 hey

are encoded by genes that are clustered into operons that group together genes required to form
a thin, 3¢ 4 nm protein shell, as well as the enzynassl auxiliary proteins necessary for the
enclosed pathway(G C Cannon et al. 2001BMCs primarily function to optimise metabolic
pathways; the protein shell typically encases enzymes of a single metabolic pathway, which act in
a sequential manner to carry out a specific metabolic react{bluseby & Roth 2013)
Compartmentalisation of metabolic processes has allowed bacteria to occupy niatesther

organisms cannot, as BMCs can be the main source of carbon, nitrogen and @udity2006)
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It is thought that BMCs may function in 23 or more different metabolic ggees and are used by
a wide variety of heterotrophic bacteria which express multiple compartments per(Bebik
2006) BMCs are capable of meeting the functional definition obaganelle, despite not being

bound by a membrane through the complexity of their metabolic activifiekively et al. 1973)

BMCs have several distinctive features; they all contain a thin protein shell, which encapsulates
functionally related enzymes while allowing the transport of substrates and products across the
compartment, while he reaction contained within the BMS includes a toxic or volatile
intermediate, shown in Figure 1.Therefore there are a number of advantages for the evolutionary
emergence of BMCs. With the presence of BMCs, bacteria are able to concentrate and confine
enzymes together with their substrates to enhance the efficiency of reactions. In addition the
protein shell not only acts as a barrier to the loss of metabolites, but also acts as a barrier to prevent
the leakage of any toxic intermediate into the celioptasm, thus preventing DNA damage and cell

death (Kerfeld, Heinhorst & Cannon 2010)

Substrate

Intermediate (1)
(volatile or toxic)

l Enzyme 2

Intermediate (2)

Fgure 1.1¢ Simplified model of the BMC structure and pathway. BMCs optimise pathways containing a

volatile or toxic intermediate. The protein shell functions as a barrier to channel this intermediate to the
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next reaction step and preventing its release into the cytoplasm where it can cause cellular toxicity or
volatility. In addition the shell concentras enzymes, substrates and cofactors together, improving the

efficiency of reactionsAdaptedfrom (Chowdhury et al. 2014)

1.1.1 An Overview of Studied Bacterial Microcompartments

To date, only a few BMCs have been characterised. Polyhedral organelles in bacteria were first
described in 195@nd were isolated and visualised by electron microscopy in {8i3owitz &
Drews 1956; Shiveley, Ball & Kline 1973)e inclusions were initially thought to be viruses, but
after isolation, these structures were named carboxysomes due to the\disg®f the carbon
dioxide fixing enzyme fbulose 1,5 bisphosphate carboxylase, commonly known as RuBisCO,
contained within the compartment lume(Shiveley, Ball & Kline 1973}arboxysomes are now
recognised a the first of three main characterised microcompartments found within bacterial cells,
followed by the discovery of propadiol utilization (Pdu) and ethanolamine utilisation (Eut)
microcompartments in 1999 which function to catabolise 1,2 propanediol dedrade
ethanolamine respectivel¢T. A. Bobik et al. 1999; Kofoid et al. 199Mlike carboxysomes, Pdu

and Eut BMCs are involved with a specific metabolic activity, so arevaldatlinto a category of
compartments known as metabalosomes. These metabolosomes both involve metabolic activities
that require adenosylcobalamin, or vitaminBas a cofactofBrinsmade et al. 2005; T. A. Bobik et

al. 1999)and were both identified in heterotrophic bacteria found in the mammalian (GutC

Cannon et al. 2001)

There are three main families of BMC that have been characterised to date; these include
carboxysomes, 1;@ropanediol utilisation (Pdu) and ethanolamine utilisation (Eut) BMCs. These
three BMCs have three main unifying features. The first is the presence of a compartment shell
composed exclusively of protein, with no known associated ligksn et al., 2010)This
proteinaceous shell encases the second unifying featuemzymes which act in a sequential
manner b carry out a specific metabolic process;-fit@panediol, carbon dioxide or ethanolamine

are fixed or broken down to generate energy. Lastly these metabolic processes always involve a
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toxic or volatile intermediate, in the form of an aldehyde or in theecaf carboxysomes, an oxygen
sensitive enzyméKerfeld, Heinhorst & Cannon 2010; Yeates et al. 2008)

There are consequently two suggested primary functions of compartmentalising metabolic
pathways; (1) to sequester toxic intermediates, preventing the cell from damage and (ll) to increase
the efficiency of metabolic reactions. By the compartmentalisation of pathways, enzymes and
substrates are concentrated in the same locality, in addition theCB$¥iell acts as a barrier to
prevent the loss of metabolites by diffusifierfeld, Heinhorst & Cannon 201This phenomenon

then creates a paradox, how is the compartment shell able to confine intdates] enzymes and

substrates, while allowing products and cofactors to pass throy@heng et al. 2008)

1.1.2 The Bacterial Microcompartment Shell

BMCs are organised into a polyhedral structure from the assembly of phylogenetically related shell
proteins. Open reading frames (ORFs) of bacteria containing BMCs hexwddomd to encode
proteins that contain BMC domains, associated with the formation of the compartment shell.
Genomic studies have identified two shell protein families, distinguished by the presence of two
distinct BMC domains, PFAM 00936 and PFAM 088é8eld, Heinhorst & Cannon 2010hese

BMC domaircontaining proteins form the building blocks of the BMC shell.

Typically, the conventional BMC domain consists of 90 amino acids and adopts an etiplialth
(Kerfeld et al. 2005)Currently there are approximately 1700 proteins that have been identified to
contain BMC domains, throughout 10 different bacterial plfyleates, Thompson & Bobik 2011)
Each shell protein contains one or two copies ash highly conserved BMC domains and each
domain determines the overall structure of the protein, comprising of either hexamers (upto 2 per
protein: PFAM 00936) or pentamers (1 per protein: PFAM 03@@nk et al. 2013)Structural
studies haveshown that BMC shells usually consist of single layers of protein hexamers; these
hexamers can also be arranged into pseudo hexameric trimers, and function to form the planar
facets of the compartment shglKerfeld et al 2005; Sargent, F. a Davidson, et al. 2013; Yeates,

Thompson & Bobik 2011%tudies have also suggested that pentameric proteins form the vertices

5|Page



Z A z

2T UK AKStfX fAYlAYy3d GKS KSEIFIYSNRO FI OSia G
structure, allowing for the curvature and helping it to fold, as shown in FiguréTh2aka et al.

2008; Wheatley et al. 2013)

BMC shell proteins

}(-

EutN/PduN/CcmL/CsoS4

Figure 1.2 Simplified model of BK& shell assembly. Main shell proteins assemble as hexamers which
further assemble into molecular sheets that form the facets of the BMC shell structure, shown in blue.
Specialised pentameric proteins, shown in pink, are thought to form the vertices 8M&and help to

close the structureAdaptedfrom (Yeates, Thompson & BobiRD1)

1.1.3.Protein Pores, Molecular Transport and Selective Permeability;
Properties of the Protein Shell

Interestingly, each shell protein hexamer contains a pore through the centre, along the axis of
symmetry. This pore is thought to facilitate theowement of substrates, products and cofactors

through the shell, although the mechanism for this is unc{Earfeld et al. 2005; Yeates, Thompson

6| Page



& Bobik 2011) Several features of the pores have been identified as potentially important in
allowing only certan small molecules to be transported,; this includes size, electrostatic forces and
hydrogen bondindYeates, Thompson & Bobik 201) some cases, these pores are thought to
have an overall positive charge, allowing opposite charged cofactors to pass, whilst restricting the
transport of other molecules through the shé¥eates et al. 2007)n this vay the shell can be

thought of as a serqpermeable barrier.

Similarly, metabolosomes are able to sequester intermediates containing a toxic aldehyde group,
preventing the cell from damage. To achieve this, the properties of the protein shell woulddave t
allow the diffusion of cofactors into the compartment whilst restricting the transport of these toxic
intermediates into the cellular environment. Therefore the BMC shell would need to be selectively
permeable. Previous studies have supported this hypsitt &Salmonella entericenutant, lacking

the BMC shell but retaining the Pdu pathway, was found to have an increasedipuwltthe toxic
intermediate propionaldehyde. This led to an increased frequency of DNA mutations and the
inhibition of respiratoy processegSampson & Bobik 20Q8)his suggests that the primary function

of the Pdu BMC is the mitigation of toxicity and consequent DNA damage by propionaldehyde.
Although the mechanism for selective permeability of BiC shell remains largely elusive, there
have been several suggestions to explain how molecules are both sequestered and transported
across the shell. The first is the association of lumen enzymes with the shell protein pores which
could cause moleculebat move into the BMC from the cytoplasm to be channelled to active sites,
AY I LINRPOSaa NBTSNNERNgERal. 2088An6tHe? foSiDilityf is-thad thede dzi A
substratespecific pores somehow mediate the transportation of small molecules across the shell
(Cheng et al. 2008t has also been shown that one of the Pdu shell proteins, PduB consists of three
pores withina trimeric structure that function to channel glycerol, and potentiallydr@panediol,

into the metabolosome. In addition to glycerol channelling, glycerol was also found to occupy a
central binding pocket, with flexible loops above and below it. Whgoegbl was bound, the loops

were locked closed. This suggests a role in closing the central pore and providing the possibility of
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a ligandgated channel, preventing aldehyde efflux while allowing glycerol, and possibly other
substrates, to enter the shglPang et al. 20125imilarly the Eut microcompartment shell protein,
EutL has also been shown to contain a central channel that can adopt an open or closed state

(Takenoya, Nikolakakis & Sagermann 2010)

The ability to understand the mechanism of transport across the BMC shell isrkigye fose of
microcompartments in synthetic biology. To be able to utilise efficiently BMCs as nanobioreactors,
for large scale production of biofuels, drugs and other products, we need to be able to understand
how substrates and cofactors enter the comjmaent and also how intermediates are confined to

the lumen. Consequently, the study of the BMC shell is key to our understanding of how these

compartments can be used in synthetic biology.

1.1.4.A Synthetic Approach to BMCs

The ability to compartmentade reactions, and possibly whole pathways, is highly desirable, with
many applications in metabolic engineering, nanotechnology and bioengineering.
Microcompartments are an ideal method of introducing compartmentalisation into bacterial cells.
Instead of faving to rewrite or revise the genetic code to manipulate the metabolic activities of the
host organism, the microcompartment is a preolved system which already primarily functions

as a metabolically active powerhouse of the cell. BMCs represent a cibivgdg simple solution

to enhance cellular production of designer chemicals, vitamins, antibiotics, biofuels afthtioa
metabolites(Parsons et al. 201070 engineer a separate vehicle for the compartmentalisation of

a complex pathway, many factors need to be considered and the bioreactor must comprise specific
chemical and physical properties. Firstly, the boundaries of the reactor should allow for selective
diffusion, to permit substrates and products to pass whilst retaining the catalytic components and
protecting them against degradation. The exterior of thiereactor should be able to withstand
changes to the cellular environment, such as pH and temperature and must be able to be used in a

living system without stimulating an adverse cellular response. In addition the functional bioreactor
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size must not ex@ed the nanometers range to allow the pathway to be subjected to a single
microenvironment(Monnard 2003) This gives BMCs the leading edigethe potential use as a
bioreactor; it meets all the specifications required and does not reqd@enovobiochemically
engineering as it exists in nature, with only minordesigning needed to tailor the BMC to the
desired use. It also has the addbdnefit of potentially allowing any reaction involving a toxic
intermediate to be produced quickly, efficiently and inexpensively, in living organisms. It could
therefore be used to improve the yield of chemical reactions and to lower the toxicity todbie h

cell(Bonacci et al. 2012)

Currently it is possible to producengty, recombinant BMC shells in lab straind€eatoli This has
allowed a further understanding of BMCs and how they can potentially be utilised in industry. In
addition, the recent discovery of a target sequence has allowed the targeting efatore prdeins

to the BM((Fan et al., 201G3ee section 1.5 RecombinantiP8tudies. This provides the potential

to use these organelles to produce rroative metabolites in an environment where substrates,
enzymes and cofactors are confined. The advantages of BMC use in industry are therefore
substantial; the targeting of spdit proteins to the compartment interior increases local
concentrations of substrates and enzymes, this confinement has the potential to increase the yield
of the end product while mitigating any toxic or volatile intermediates. This mitigation would allow

a pathway, which would otherwise not be viable, to be executed by bacteria.

1.2. Carboxysomes

Carboxysomes were the first microcompartments to be discovered. They were initially visualised
by electron microscopy in theyanobacteriaPhormidium uncinatmin 1956(Niklowitz & Drews
1956), and subsequently identified and isolatdtom the chemoautotrophHalothiobacillus
neapolitanusas polyhedral bodies in 197Shiveley, Ball & Kline 197®)itially they were mistaken

for viruses, but furtheresearch by Shiveley et al. indicated a role in carbon fixation via the Calvin

cycle. It was found that these polyhedral inclusions contained the carbon difixidg enzyme
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RubisCO; they were subsequently named carboxysomes due to their suggestediraralireCQ
fixation. It has now been shown that carboxysomes do in fact play an integral role in enhancing
autotrophic CQ fixation via the Calvin cycle and are widely distributed amongst both

chemoautotrophs and cyanobacteriBrice et al. 2008)

Even though carboxysomes are fairly sophisticated in that they are large;pratkin complexes,

shown in Figure 1.3, they are the simplest of all characterised BMCs. The size of carboxysomes rang
between 80 and 150 nm in cross section and they are bounded by a-thim8protein shell. They

are composed of several thousand polypeptidesssisting of 1@ 15 different types, totalling an

overall mass of approximately 300 MDéedes et al. 2007; Cheng et al. 2008)

Figure 1.3¢ TEM images of carboxysomes fréin neapolitanush) Negatively stainechin sections of
cells containing carbozysomes, highlighted by the arrd®)s Purified negatively stained intact
carboxysomes. Thetirior of the carboxysomes are packed with RuBisCO. Scale bars 18@apted

from (Tsai et al. 2007)

1.2.1.The Carboxysom®@athway

The carboxysome shell encases two distinct enzymes; carbonic anhydrase (CA) and ribulose bis
phosphate carboxylase monooxygenase (RuBigShiyely et al. 1973; Fukuzawa et al. 1992)
Within the confines of the microcompartment lumen, it was hypothesised that CA converts
bicarbonate (HCOB to carbon dioxide (CO2RuBisCO then converts CO2 and RuBP to two

molecules of Phosphoglycerate (PGA) which then leaves the interior of the compartment,
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through the selectively permeable shell, into the cell cytoplasm. This is the first step of the Calvin
BensonBassham cye. It was suggested that CA would ensure that cytosolic bicarbonate was
converted to CO2 at a concentration that would maintain optimum RuBisCO a¢Reiyhold,
Kosloff & Kaplan 1991)it has been shown that partially purified carboxysomes from two
cyanobacterial strains are associated with CA acti8ty et al. 2004)Although it is commonly
recognised that CA is an essential component of a cellular carbon dioxide concentrating mechanism
(CCM), the localisation of this enzyme or if many carboxysomes even comprise it wdlg initia

unclear(So et al. 2004)

Some early conclusions were drawn in 298/ Price and Badger when the cytosolic levels of CA
activity were raised, to test if CA needed to be localised within the carboxysome. It was found that
firstly inorganic carbon must be present as bicarbonate rather than carbon dioxide, for the
carboxysme to function. In addition, in carboxysorgentaining cells, CA is absent from the
cytosol but located with the carboxysonferice & Badger 1989%urther research has shown that
G§KSNE FINB GKNBS OftlaasSa 2F /!'3x hy | ndwiR + T
carboxysomes. CcaA, is a carboxysome d 2 OAF 6 SR YSY0oSNJ 2F GKS i
among Bacterig Archaeaand Eucaryadomains. However, recently, Sa al. have shown the
SEA&GSYOS 2F | y2iKSNI f A ASeaplifanad Ewas demanstratéifthiatd & 0
this new CA, Cs0S3, is a catalytically functional component of the carboxysome shell. It is predicted
that carboxysomes from other species may contain this new lineage, as they contain homologues
of the carbonic anhydras€ésoS3So et al. 2004)This may help to explain why, for so many gear

the involvement of CA and its localisation in relation to the carboxysome has been so elusive.

The carboxysome is an essential part of the bacterial CCM. It is now recognised that when CO2
concentrations are low, carboxysomes are formed. The pathvegynls with an active transport
process that concentrates bicarbonate (HEQ@thin the cell cytoplasm. In the cytoplasm, HEO3

is maintained at a chemical naquilibrium against carbon dioxide (CO2) through the absence of
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CA activity in the cytos@Price & Badger 1989; Price et al. 20@8yarbonate is the preferred form

of inorganic carbon (Ci)sacompared to uncharged CO?2, it is 180d less permeable to lipid
membranes(Piice et al. 2008) This would prevent CO2 leakage out of cells. Subsequently, a
carboxysomeassociated CA converts the accumulated HGOI 02 and releases it within the
carboxysomes. The carboxysome shell acts as a diffusion barrier to prevent tlodé ©@92. CO2

then accumulates within the carboxysome lumen, in the location of RuBiSB€hg et al. 2008)
RuBisCO subsequently catalyses the carboxylation of ribulose bisphosphate to form two molecules

of 3-phosphoglycerate; this is the first step of the CaBansonBassham cycl@Price et al. 2008)

1.2.2 Alpha and BetaCarboxysomes

Currently two classes of carboxysome, which vary slightly fimposition, have been identified.

¢tKSaS KIS 0SSy GSNX¥YSR FfLKI o6h0o FyR oSGl o
Of FaaSa KIFI@S S@2f @SR Ay LI NI¥fftSt @gdadidkysdmesRA T
are associated with 1A RuBisCo dndNBS F2dzy R gA G KAY CfaBovaterdgzi 2 |
FKSNEIIEND2E@a2YSa NB aaz20OAl SR 4 A-dyshobacteriaw dz. A

(Badger & Price 2003)

It is difficult to distinguish the difference between forms 1A and 1B of RuBis@endmal form |
enzymes are considerably diverse and are divided into four clades. Form IA and IB are typically
known as the green forms as they are found in cyanobacteria and green algae whereas IC and IC
are associated with red and nagreen algagBadger & Bek 2008Both IA and IB enzymes are
composed of a large catalytic subunit and a smaller subunit to form a hexadecameric structure
consistingof eight copies of each protein3, or specifically &a(S). with a total M of 550,000

(Tabita 1999) Of forms IA and IB, the enzymes that are associated with carboxysomes are
ddz0 ANRdzLISR Ayid2 L!O YR L.O® L! O wdz Aalr2 A
carboxysome genes and are thought to both be inherited by lateral gene transfer evemtsvét

C2NXY L. Aa Tl N f-§andbackehadfe Mk Gnly baterid to tontair férm 1B of
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RuBisCO and the enzyme genes may or may not be associated with the carboxysome gene cluste
and could be located elsewhere in the genofBadger & Bek 2008)  h @ S Ndcdrboxysomds y R
are thought to have similar architectural and mechanical properties but differ in the associated

form of RBIsCO.

a-carboxysome B-carboxysome  ghel proteins:
CcmK

Shell proteins:
CsoS1a,b,c
CsoS2,
CsoS3
CsoS4

HCO,:

Form 1B
Rubisco

Loose central
Rubisco packing

Form 1A
Rubisco

213 Ordered Y/ Para-crystalline
~150 nm dia. Rubisco layer? ~200 - 400 nm Rubisco packing

Figure 145 A ANJ Ya &dK26Ay3d (KS R A gabhéBnyes, poSsibie didgrigufiofiti a 2

of Rubisco within the carboxysomes and their comparative sixéapted from(Rae et al. 2013)

1.2.3 Carboxysome Function
It is clear that the primary function of the carboxysome centres on the enzyme RuBisCO as it

constitutes approximately 60% of the totzrboxysome protein content, with the shell accounting

for 17%(Cannon & Shively 1983ljherefore the key question is what metabgliarpose is there by
packaging this carbon assimilation enzyme into the BMC? It is thought that the carboxysome either
acts as a storage vessel to contain excess RuBisCO, or functions to enhance the kinetic ability of the
enzyme(Gordon C Cannon et al. 200$}udies have shown that when CO2 is limited, total cellular
RuBisCO activitevels and the copy number of carboxysomes per cell incréd@sedeker et al.

1980) This gives some evidence that carboxysomes serve to increase the metabolic activity of the

cell. They do this through several proposed methods:

() RuBisCO is commonly known as an inefficient enzyme, with a 9.6 fold higher specificity for O2

than CO2 ifRuBisCO form I, the type present in all carboxysoffiabita 1999) This phenomenon
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is known as photorespiration; an energetically wasteful process that involves the fixation of 02,
instead of CO2, to RuBP by RuBisCO. Consequently it is thought that encasing this enzyme in
proteinaceousshell would differentially block oxygen from being catalysed to increase the

efficiency of the enzyme by enhancing the carboxylase activity and excluding the competing

substrate(Gordon C Cannon et al. 2001)

(i) Bicarbonate accumulates in the cell cytoplasm, is converted to CO2 and released in the
carboxysome lumen. Through thisethod the local concentrations are increased to generate a
microenvironment of high CO2 levels in the carboxys¢Rree et al. 2008YC02 is prevented from
diffusion through lipid membranes by releasing it directly into the selectively permeable
carboxysome shell. By encasing RuBisCO in the same vicinity as CO2, the efficiencynof carbo

fixation by RuBisCO is increased and photorespiration is supréShkedg et al. 2008)

(iif) Similarly, the carboxysome shell is capable of differentiating between oxygen and carbon
dioxide. It does this through charged pores which allow the passage of negatively charged
molecules such as bicarbonate, a precursorcafbon dioxide, or FGA, the end product of
catabolism in the carboxysome, to enter the BMC whilst excluding molecules such as oxygen. These
pores serve two purposes; to allow increased localised concentrations of CO2, increasing the
efficiency of RuBisCut also to prevent the loss of energy during photorespiration by the
exclusion of O2Gordon C Cannon et al. 2001)

Therefore, it could be considered that the carboxysome acts to improve the efficiency of the carbon

assimilation enzyme, RuBisCO by providing a carbon dioxide concentrating mechanism (CCM)
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Carboxysome

HCO; — HCO;
3-PGA

3-PGA

RuBisCO

RuBP

Figure 1.5 Model of the metabolic pathway of the Carboxysome: The carboxysome shell confines the
enzymes required to convert bicarbonate (HG@ CQ. RuBisCO then catalyses the carboxylation of
ribulose 1,5bisphosphate (RuBP) . The proposed function is to sequ€sd@ and enhance its fixation

Adapted from(Yeates, Crowley & Tanaka 2010)

1.2.4. The Carboxysome Operon

It may appear that different proteins asssociated with each form of carboxysome, however many
protein components are conserved but the gene names can differ. The exceptions to this are the
/| a2{H YR [/ &a2{ o0 LINEZUGSA ydarbosykom&skvhereBsS8CcndvK CchiN &nd S N

/ OF ! | NB -dalidgsanies, filesiridedin Table 1.1 below.
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h -Carboxysomes Role
CbbL Form 1A RuBisCO large subunit
CbbS Form 1A RuBisCO small subunit
Cso0S2A Associated with the shell, encoded by the same gene but differer
CsoS2B level of glycosylation
CsoS3 Forms a novel type of CA andightly associated with the shell
CsoS1A
CsoSiE Closely related in sequence, forms the bulk of the shell. Contains
BMC domains
CsoS1C
c Cs0S4A (OrfA)
Q Found to be a pentamer, may form vertices of the shell
° Cs0S4B (OrfB)
i -Cnf;lrboxysomes Role
RrcL Form 1B RuBisCO large subunit
RrbcS Form 1B RuBisCO small subunit
CcmK BMGCdomain proteins with homology to CsoS1, a major shell prote
CcmO i K Scarboxysome
oL wStIFGSR Ay &SI dzSy OS -cartdxydorde2apdima
also form the shell verticies
CcmM w S & i NI @art®Rsoies. May function as organizing factors g
enzyme regulation. CcmM may act as a scaffolding protein to esta
CcmN interactions between the protein shell and encapsulated enzyi
c (Yeates, Thompson & Bobik 2011)
§ CcaA (IcfA) Carboxysomessociated carbonic antyase
Table 1.1-¢ KS LINB GSAYya | & AaridkysoinéRnd ghk iol& they play yhRarboxysome

formation and function.

1.2.5 The Carboxysome Shell Structure

The outer casing, or shell, is the most identifiable feature of the BMC.

proteins of around 100 amino acids and these shell forming proteins contain a BMC domain that

are thought to form either the facets of the shell, or the pentameric vert{@&sC. Cannon & Shively,

1983; Kerfeld et al., 2005Driginally mistken for virions, carboxysomes share many similarities

with icosahedral viral capsids. They both contain multiple homologues of a small protein, either the
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[ a2{m 2NJ / OYY LWN&0Jsonfes redpectidlyr MahyycBpies of this small but
distinctprotein constitutes the shell of the carboxysorf¥eeates et al. 2007However several other
aKStf LINPGSAYya KI @S o0SOYNF2HFRIYIY OF IARAY DY h
carboxysomes (refs). To date, six carboxysome shell proteins have been crystallised. Tudese inc

I OYYMZI [ OYYH | ¥droxysonve¥Kerfel &LRI.Y2005; Tanaka et al. 2008; Crowley
etal.2008F yR / a2{ L! X [/ a2 {-carboxysomBKl¢ireeral. 2089; TEa\a af. 2007)
These structures have revealed that the protein monomers aggregate into hexameric tiles, giving
the protein a convex and concave sittavas found that these hexamers formed a tdimentional

layer and that CcmK2 hexamers faced the same direction whereas CcmK4 hemamers alternated
between convex and concave orientatiofi§inney, Axen & Kerfeld 20f1) t N2 G SAya TN
carboxysome display the same convex/concave hexamer structure with uniform directionality. In
addition CsoS4A and CcmL have been found to form pentameric stru¢ilaraka et al. 2@).

They also have concave/convex sidedness but unlike the hexameric proteins, they have a positive
electrostatic potential. This is thought to be influenced by the presence ofldhanino acid loop

on the concave face of the pentamer, which is lackinghe hexamergKinney, Axen & Kerfeld

2011)

Structural studies, which have led to schematic modelling of the carboxysome shaéfpaght to

apply to other BMCs too. The shell domains are highly conserved, as well as the presence of
hexameric and pentameric proteins. The hexamers contain a central por& 8f @nd are thought

to tile together to form the facets of the shell whexg the pentamers cap the verticéSai et al.

2014)

1.2.6 The Asserhly of Carboxysomes

The individual carboxysome shell proteins have been shown tassfimble into cyclic dishaped
hexamers(Kerfeld et al. 2005)These hexamers are then ablo fold together and form the

icosahedral structure of the carboxysome shell. This shell assembly must somehow coincide with
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the assembly of the cargo within. Until recently, the nature of shell protein assembly was largely
unknown. It was suggested thhoth the shell proteins and cargo have the ability to-ss$emble

(Orus et al. 199%)ut the mechanism for this was undetermined. There is evidence to suggest that
the carboxysome shell proteins and its cargo are able to assemble together; partially assembled
carboxysomes have been found to always contain both RuBisCO and shell pfiatecuset al.

2010) The data also suggests that the cargo must be able tasséimble as RuBisCO is observed

in the inner layers of the assembling compartment.

Studies carried out on isolated carboxysomes f@ynechococcusvealed that there were several
distinct stages to carboxysome formation visible by EM. These include the initial formation-of ring
shaped structures, followed by electrdranslucent inclusions that have the carboxysome shape
and internal organisation of RuBisCQ@ dawstly carboxysomes with an internal electrsanslucent

area. It was suggested that the electmotranslucent inclusions are grouped molecules of RuBisCO
and these were present at very early stages of carboxysome biogenesis. It was found that unfixed
caboxysomes had a tendency to collapse, leaving the RuBisCO to be visualised by EM. This RuBis!
O2dzft R 6S ARSYGATASR o0& Ala GR2dAKydzi¢eé aKl LIS
was possible to show that RuBisCO molecules tended tassdnble, forming structures distinct

to mature carboxysomes, without the presence of a carboxysome Eelk et al. 1995)

To support this, Cameron et al have shown that carboxysome biogenesis begins with the
aggregation of RuBisCO; this initiation is dependent on CcmM, a protein thought to act as a scaffold
between the carboxysome shell and the apsulated enzymefameron et al. 2013; Long et al.
2011) During this process, RuBisCO aggregates into a distinct foci, usually localised to a cell pole
The resulting nascent carboxysome is therefore comprised of disatdeuBisCO molecules that
have not yet been enveloped by shell proteins. This gives further evidence that the carboxysome

cargo seHassembles first, preceding its complete encapsulation by the carboxysome shell.
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Furthermore it has been shown that partiaflormed carboxysomes can be visualised. Suggesting

that RuBisCO is simultaneously aggregated and encaps\{@sederon etl. 2013)

Overall, through live cell fluorescence microscopy and transmission electron microscopy (TEM), it
has been shown that carboxysomes do in fact originate as small foci @fsselinbling RuBisCO.

This small aggregate of carboxysome cargo thewgrover a timespan of hours, into a larger
RuBisCO inclusion which is then encased abruptly by the colocalisation of shell proteins to the foci,
establishing a protected internal environmgi@ameron et al., 2013; A. H. Chen, Robiridosher,

Savage, Silver, & Polka, 2013)

The assembly process of BMCs are important to our understanding of how shell proteins and cargo
interact to form the structure ad package proteins inside. This can then be applied to engineered
BMCs, allowing the biosynthesis of designer chemicals, drugs, biofuels and other products. So far
the assembly of both Pdu and Eut BMCs remain completely unknown, however insights into the
assembly of carboxysomes can help to advance research into the formation of BMCs as a whole

due to possible similarities between these bacterial organelles.

Figure 1.6.A proposed model for the sefssembly of carboxysomes: A) Aggregation iRCO to

F2NY | aydzOf Sdza¢ 200dzZNEX . 0 !'a GUKS wdz A&/ h aydz
assemble around the RuBisCO, C) Shell assembly completes and the RuBisCO is sealed off from the
cytosol, creating an oxidising environment, DNBGI G A2y 2F | yS¢é wdz Aad2 ay

completion of the previous carboxysome assembly. Adapted {i©hen et al2013)
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1.3. Ethanolamine Utilisation Microcompartments

Ethanolamine is a product of the degradation of the bacterial and mammalian membrane
component phosphatidylethanolamine and is produced in the gastrointestinal tract of mammals.
Utilisation of ethaolamine allows a variety of bacteria, including the basidied casé&almonella

as well asEscherichia, Klebsiella, Pseudomonas, Actinobacteria, Clostridium, Mycobaetedum
Enterococcugp inhabit diverse environments, such as the mammalian gute ltte ethanolamine

is derived from intestinal epitheial and bacterial cells as well as the host diet, as the catabolism of
this amino alcohol can provide their sole source of carbon and nitr¢Besdbeer 1965; Tsoy,
Ravcheev & Mushegian 2009his catabolic process involves a Cobalaheipendent pathwaynd

the necessary genes involved are clustered in the ethanolamine utilisaignaperon, including
enzymes for ethanolamine degradation and carboxysome shell protein hom@bgsig & Chang
1975; Stojilikovic, Baumler & Heffron 199Bhe initial evidence for the existence of Eut BMCs
stemmed from the discovery of genes encoding shell proteiSaimonella enterigahis led to the
finding of genes for ethanolamine degradation clustered insdume operor(Stojiljkovic, Baumler

& Heffron 1995; Kofoid et al. 19995ubsequent studies have shown that, during growth on

ethanolamine S. entericdorms BMCgShively et al. 1998)

Both the Eut and Pdu BMCs form less regular structures and do not resemble a regular icosahedron
as closely as the carboxysome does (Figurg¥®ates, Thompson & Bobik 201lt) has been
suggested that this is due to the differences in the vertex protein properties between the various
BMCs(Yeates, Thompson & Bobik 201Nevertheless, the approximate size of the Eut BMC is
similar to that of the carboxysome at 100 r{iMeld, Quin& SchmidiDannert 2013) The Eut BMC

is also considered to be more complex than that of the carboxysome, housing more enzymes for a

degradation pathway that involves a volatile intermediate, as shown in Figure 1.7.
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1.3.1 The Eut Pathway
Initially the et pathway begins with the conversion of ethanolamine to ammonia and

acetaldehyde; the enzyme involved is the Cobalad@pendent ethanolamine ammonia lyase
(EutBC)Bradbeer 1965)Acetaldehyde can then be converted to acetaldehyahich in turn is
converted to acetylCoA, acetyphosphate and lastly to acetate. Acetaldehyde can alternatively be
converted to ethanol. The conversion to acetate produces one molecule of ATP by sulestehte
phosphorylation and involves the enzymesacetaldehyde dehydrogenase (EUutE),
phosphotransacetylase (EutD) and acetate kinase, whose gene is outsideeaft ihygeron. The
conversion of acetaldehyde to ethanol is catalysed by an alcohol dehydrogenase (EutG) which

maintains the NADH/NADalance(Kofoid et al. 1999; Roof & Roth 1988)
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Figure 1.7The Eut BMC: A) The irregular icosahedron structure of the Eut BMC is shown to be around

100 nm in diameter B) The degradation pathway ofasiblamine initiates with the conversion to
acetaldehyde, a volatile intermediate that is confined in the BMC lumen. The products of this
internalised pathway are ethanol and the acetggeducing intermediates acetylhosphate and acetyl

CoA Adaptedfrom (Tanaka, Sawaya & Yeates 2010)

S. entericaises ethanolamine as a sole carbon and nitrogen source under aerobic conditions. In the
presence of oxygen, the TCA cycle and glyoxylate shunt metabolise@oé&fRoof & Roth 1988)
However under fermentative conditionS. entericas only able to use ethanolamine as a sole
nitrogen source bunot as a sole carbon and energy source. This is because oxygen is required to

divert pathway intermediates into biosynthetic reactio(BriceCarter, Tingey, Bobik, & Roth,
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2001) Despite this, the degdation of ethanolamine provides additional ATP under anaerobic
conditions when yeast extract is present to provide biosynthetic intermediates. In addition, when
tetrathionate is accessible as a terminal electron acceptor, ethanolamine also provides a sole

carbon and energy source during anaerobic respirafieniceCarter et al., 2001)

1.3.2 Theeut Operon

The Eut metabolosome fro®. entericandE.coliare encoded by an operon consisting of 17 genes.
This includes Structural shell proteins; EutS, EutM, EutN, EutL and EutK, as well as enzymes of the
ethanolamine degradation pathway mentioned above EutBC, EutE, EutD andKedn@ et al.

1999; TanakaSawaya & Yeates 2010; Roof & Roth 198Bg operon also contains the germgA

and eutT which encode the regulatory proteins, ethanolamine ammonia lyase reactivase and a
corrinoid cobalamin adenosyltransferase that converts cob(l)alamin to AdenosstoinalAdeB;?)

A positive regulatory protein encoded leyitRis required for transcription induction of theut

operon (Roof & Roth 1992)The operon also includes the geeetH, which encodes transport
protein for ethanolamine that is important at a low @Renrod, Mace & Roth 2004} has been
suggested thaeutJencodes a chaperone protein, but the exact function is unknfwafoid et al.

1999) The functions of EutP and EutQ are also unknown, although EutP has shown to have

sequence similarity to known GTPag¢ksefoid et al. 1999)

1.3.3 The Eut Shell

There are at least five Eut structural shell proteins; these include EutS, EutM, EutN, EutL and Eutk
(Kofoid et al. 1999)Of theseeutK eutl, eutM and eutN are essential to the formation of the
metabalosome.Genetic studies have revealed that mutations in any of these essential genes
disrupt the growth ofS. entericaon ethanolamine; it results in the metabolosome shell being
malformed, permitting acetaldehyde leakage that ultimately prevents growth due tddse of

carbon(Penrod & Roth 2006)
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EutM is a 96amino acid hexameric BMC domain shell protein. It forms flat, cyclic hexamers that
fold into extended sheets. The crystal structure has revealed a central pore occupied by a sulphate
ion (from the crystalation buffer), which indicates that the pore may be used for the transport of
small molecule§Tanaka, Sawaya & Yeates 2010} thought that due to its similarity to the major
structural shell protein PduA; EutM is likely to be the major ngjdlock of the Eut metabolosome.

In contrast, other Eut shell proteins were found to have unusual structural features, suggesting

specialised functional rolg§anaka, Sawaya & Yeates 2010)

EutLis the largest Eut BMC domain protein and fornpsaudohexameric trimer and is thought to
have similarity to PduB. Each monomer is formed from a combination of two tandem, circularly
permuted BMC domaing&Sagermann, Ohtaki & Nilkedkakis 2009; Tanaka, Sawaya & Yeates 2010)
Interestingly, as previously mentioned, EutL presumably features a gated pore, located at the
centre of the trimer, for metabolite transpoffTanaka, Sawaya & Yeates 2010)is idea is based

on crystd structures that reveal both an open and closed pore conformation. These two different
conformations arise from large movements (15 A) in the loop residues when the pore is opening or
closing. The open pore is large enough (between 8 and 11 A) to trarspymatic cofactors. It is
thought that a cofactor binds to the closed pore which subsequently opens and allows the molecule
to enter the BMC; the pore then closes. In addition to EutM, EutL crystallises in molecular layers,
suggesting its role as a majstructural component of the shelBagermann, Ohtaki & Nikolakakis

2009; Tanaka et al. 2008)

EutSis a 111 amino acid shell proteivith an unusual structure. Unlike the typical BMC domain
LINEGSAYya GKFEG F2NY FEl G KSEFYSNBRZ 9dzi{ O2yaai
to form the edges of the shell that help the facets to join together, with a similar role to frirdaJ
(Tanaka, Sawaya & Yeates 2010}s thought that a single amino acid (G39), which is conserved

amongst all EutS proteins, is responsible for the unusually bent structure. The crystal structure of a
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G39V mutant was found to have a flat henexic structure, giving evidence that this amino acid is

important for the functional diversification of Eu(Ganaka, Sawaya & Yeates 2010)

A EutM EutS wild-type

Figure 1.8.The structure of EutM and EutS. A) Side by side images of EutM and EutS etructur
highlighting the 40° bend in the middle of EutS hexamer, in comparison to the flat EutM hexamer. B) A
proposed model of how EutS (orange) may bring about curvature in a flat shell of hexamers, creating

the vertices of the Eut BMC shell. Adapted fr@ranaka, Sawaya & Yeates 2010)

EutKis a unique protein in the Eut BMC system. Unlike the other shell proteins, which have been
reported to be either trimeric or hexameric, EutK was found to be monomeric in solution. In
addition to the conserved®C domain, it has also been found to include a 60 amino at2ch@nal
extension, which contains a helirn-helix nucleic acid binding motif. Additionally this structure
has a high positive charge, supporting its function in DNA/RNA binding, althcugkaitt role is

unknown(Tanaka, Sawaya & Yeates 2010)
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EutN has a pentameric structure. Although it does not contain a BMC domain, it has sequence
similarity to CcmL and CsoS4A, which are pentameric proteins in carboxysomes that are predicted

toform the vertices of the BM@-orouhar et al. 2007)

1.3.4 Eut Metabolosome Function

Eut BMCs are thought to play an essential role in the mitigation of the volatile ethanolamine
degradation intermediate,acetaldehyde. By the encapsulation of this metabolic pathway,
acetaldehyde is prevented from leaking into the cytoplasm where it could potentially cause damage
to cellular components. Genetic tests have shown thatA (DNA repair polymerase) argsh
(glutathione biosynthesis) mutants are unable to grow on ethanolamine; it was proposed that this
was due to the toxic buildp of acetaldehydgRondon, Horswill & EscalarBemerena 1995;
Rondon, Kazmierczak & Escalas¢égnerena 1995)n addition, due to the structural and functional
similarities between the Ewand Pdu BMC systems, the proposed aldehyde toxicity of acetaldehyde
and a role for the Eut BMC in encapsulating this intermediate has been suggested based on the
toxicity of propionaldehyde and the Pdu BMCs primary function to mitigatg@tiswdhury et al.,

2014)

Moreover, it has been suggested that the primary function of Eut BMCs is to prevent the loss of
acetaldehyde as an essential carbon source. The vapour pressure of acetaldehyde is much highe
than that of propionaldehyde and consequbmn carbon loss due to volatility is likely to be more

significant(Chowdhury et al. 2014)
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1.4. Propanediol Utilisation Microcompartments

The research described later in this thesis focuses on the characterisation of Pdu BMCs. For many
years, carboxysomes were considered to be the onbpkmbacterial organelles. However, in 1994,

a protein was found that had high sequence similarity to the carboxysome shell protein, GcmK
Chen, Andersson &oth 1994; T. A. Bobik et al. 1999he homologous shell protein was
subsequently named PduA and was found to be a major component of the Pdu shell. Bobik et al
found thatS. entericdorms BMCs similar in size and shape to carboxysomes when growa in th
presence of 1,ropanediol (1,2°D), however when grown on other carbon sources these
compartments do not form(T. A. Bobik et al. 1999)This led to the discovery of Pdu

microcompartments, shown in Figure 1.9.

Figure 1.9Pdu BMCs: TEM image of a thin sectiorSoentericaserovar Typhimurium LT2 grown on
propanediol undemerobic conditions. BMCs can be seen throughout the cytoplasm; they are less regular
in size and shape than carboxysomes and generally smaller. Scale bar Kfapted from(G C Cannon

et al. 2001)

The Pdu BMCs are polyhedral structures aboutl80 nm in diameter and were found to
encapsulate enzymeasecessary for the catabolism of IPD. Although they are a similar size and
shape, Pdu BMCs are more complex than carboxysomes. They are estimated to comprise 18,00(
polypeptides consisting of 1-20 different types. The overall mass is projected to biedwhat of

carboxysomes at 600 MQ&heng et al. 2008)
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Interestingly some bacterial strains, such leectobacillus reuterare able to utilise Pdu BMCs for
the metabolism of glycerol as well as -BP due to the similarity between these threarbon

moleculegPang et al. 2012)

1.4.1 Ecology of 1,2°D degradation

The degradation of common plant cell wall sugars such as rhamnose and fucose, prodiRigs 1,2
under anaerobic conditions. In aquatic sediments and the large intestines of higher animals, th
breakdown of these sugars leads to the release ofPDRas a major product of the fermentation
process(Obradors et al. 1988; Toraya, Honda & Fukui 19B)teric bacteria and bacteria in soil
and aquaic environments are then able to use 1D as a carbon and energy source. Therefore
through the production of BMCs, bacteria are able to usePL2for their metabolism, enabling
them to occupy niches other bacteria can not, allowing them to live in @bitign-free

microenvironments.

Genes associated with the formation of Pdu microcompartments have been found in various
enteric and soilnhabiting bacterial genera such &almonella, Citrobacter, Klebsiella, Shigella,
Yersinia, Listeria, LactobasdlluLactococcus, Clostridiuand a species oEscherichia coli
(E24377A}Jorda et al. 2013; Bobik 2006; Cheng et al. 2008pdugene clusters in these genera

are highly conserved, suggesting that-PR degradation is dependent on the BMtheng et al.
2008) It has been shown that the catabolism of-pfdpanediol and ethanolamais closely linked

to intestinal proliferation and to bacterial virulendélarvey et al. 2011)whilst more recently,
studies have shown that 12D degradation is involved in enteric pathogenesis and is essential to

0KS oF OGSNAIF Q& I 0 AefStaib& Fughd 20342 ¢ Ay GKS AydaSai

1.4.2 Thepdu Operon

The genetic analysis of the catabolism of-B[2 byS. entericadentified a specific gene cluster

involved in the Pdu pathwafdeter 1990) This gene cluster, gdu operon, was found to contain
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23 genespocR, pduF, pduABCDEGHJKLMNOPQST®BVRhén, Andersson & Roth 1994; T. A.
Bobik et al. 1999)These genes encode proteins necessary to form a functional BMC, including (1)
structural proteins, (II) enzymes and (1) regulatory proteins. This comprises gfyuctural shell
proteins, PAUABJKNUT, (I)-PR degradative enzymes PduCDELPQW,(tgdgcling proteins,
PduGHOSX as well as other Pdu BMC related proteins, PduM an{PPdb&h, Andersson & Roth

1994; T. a Bobik et al. 1999)

Both thepdu andcob (cobalamin, B, biosynthesis) operons are found on the same regulon. This
regulon is induced by 12D and controlled by the expression of two g&pocRandpduF, located
between the two operongChen et al. 1995pocRencodes a positive transcriptional regulatory
protein which mediates the induction of the regulon by P andpduF; encoding a diffusion
facilitator which enables the transport of IRD(T. A. Bobik et al. 1999)PduF also comprises
motifs that are associated with lipid membrabéding and transmembrane channel proteins

(Bobik et al. 1997; T. A. Bobik et al. 1999)

Coenzyme B is an essential cofactor for the first enzyme in the pathway, the diol dehydratase
(PduCDHYeter 1990nnd therefore, growth on 1;PD is dependent on its availabiliy. enterica

is able to synthesise Cobalamin de novo, but only under anaerobic condilitias, Olivera & Roth
1984) This however, creates a parad®X;entericaneeds oxygen to catabolise 32D but cannot
synthesise @balamin under aerobic conditior(Roth, Lawrence & Bobik 1996However, it has
now been established that tetrathionate can be used as an alternative terminal eleataptor

for both ethanolamine and 1;PD utilisation under anaerobic conditions, supporting the

endogenous synthesis of Cobalar(itriceCarter et al. 2001)

1.4.3 The Pdu Pathway

The catabolism of 1;PD involves a complex coenzyme BlEpendent pathway. It ultimagly

provides the cell with energy in the form of ATP and propi@gA, an electron sink.
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Following the uptake of 1;2PD by the bacterial cell, 22D is transported into the BMC through the
Pdu shell, presumably through a pore in the shell of the BM{Ehin the confines of the BMC, 1,2

PD is converted to propionaldehyde by the coenzyme Cobaldependent enzyme, diol
dehydratasdTaaya, Honda & Fukui 19739rmed of three protein subunits; PduC, PduD and PduE
(Bobik et al. 1997) Propionaldehyde can found in both a reduced or oxidised form.
Propionaldehyde dehydrogenase, PduP, catalyses an reduction reaction to convert
propionaldehyde to propionyCoA where NADacts as a oxidising agemtaccept the free electron,
converting it to NADHT. a Bobik et al. 1999 ropionylCoA leaves the BMC and is subsequently
converted to propionyphosphate by a phosphotransacylase, PduL, and then to propionate by a
reversible propionate kinase, PduW, producing one molecule of Fdriaya, Honda & Fukui 1979;
Obradors et al. 1988; Jeter 199®ropionylCoA can also enter the methgitrate pathway to
release pyruvate as a carbon soerand succinate, but only in aerobic conditiqiorswill &
Escalantesemerena 1997) Alternatively, propionaldehyde can bexidised by 3propanol
dehydrogenase, PduQ, to formptopanol; this reaction requires the coenzyme NADH to act as a
reducing agent and donate an electron, forming NgADbraya, Honda & Fukui 1979; Obradors et

al. 1988)
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Figure 1.10 The pathway of 1;D degradation. 1;PD enters the Pdu BMC through a selectively
permeable protein shell and is degraded to propiomdigde, a toxic intermediate that is sequestered
in the BMC lumen. It is then catabolised tgprbpanol and propionyCoA, which leave the BMC and

feed into central metabolism pathways in the cytosol.

Overall, the catabolism of 1-RD produces one mole@uibf ATP per propanediol molecule, as well

as Ipropanol, propionffCoA and propionate. These products feed into central metabolism via
other metabolic pathways. Even though the Pdu pathway can operate under aerobic or anaerobic
conditions, 12-PD cannot ppduce a source of carbon (such as pyruvate) for biosynthetic reactions
anaerobically. This is because the Metbytrate pathway (see Figure 1.11 below) involves beta
oxidases that generate NADH *thht require an electron transfer cha{RriceCarter et al. 2001)
Therefore under anaerobic conditions;2PD cannot be used as a solitary carbon and energy

source.

propionate

!

propionyl-CoA

oxaloacetate  2-methylcitrate

oH j°
2-methylisocitrate
malate
\ pyruvate

succinate

fumarate ‘{

2H
Figure 1.11.The MethyiCitrate pathway, a key pathway for the métadism for propionate under

aerobic conditionsAdapted from(Salomons et al. 2000)
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1.4.4. The kinction of Pdu Microcompartments

Initially 1,2PD catabolism may seem uncomplicated, but compartmentalisation of this pathway is
essential for its viability due to the toxicity of the intermediate propionaldehyde. It has been
suggested that the Pdu sheltta as a differential diffusion barrier to prevent the leakage of
propionaldehde into the cell cytoplasm. Due to the high reactivity of this intermediate,
compartmentalisation prevents damage to other cellular componé€htsa Bobik et al. 1999y his

is supported by the study of mutants unable to form the Pdu shell; it was foumd th
propionaldehyde accumulated to toxic levels when grown onPDZ{Sampson & Bobik 2008;

Havemann, Sampson & Bobik 2002)

Another proposed function of the Pdu BMC is that conpantalisation increases the local
concentration of key enzymes, substrates and cofactors involved in the pathway to increase the
efficiency of metabolic reactions. The Pdu BMC is more complex than that of the carboxysome as it
contains linked metabolic esymes and regulatory proteins to recycle the Adenddybalamin.

Therefore the need for concentrating the pathway at a molecular level is even greater.

1.4.5 Enzymology and Composition of the Pdu BMC

Of the 23 genes associated with thdu operon, seva are known to encode proteins that are
associated with the compartment shell; PAuUABJKNTU. Recently, Sinah et al have shown, througt
the use of PduM deletion mutants $ entericahat PduM also localises with the BMC shell. Further
evidence showed that hen BMCs were purified and compared to the crude extract, PduM was
enriched in the purified fraction, indicating that it is a component of the shell, however it is not
required for the production of empty BM(Sinha et al. 2012)There is also evidence to suggest

that PduV, a currently uncharacterised protein, is associated with therosurface of the

compartment shell; this is discussed later in chapter 1.6.

Other proteins encoded by theduoperon form encapsulated enzymes, or enzyme subunits, which

contribute to the catabolism of 1;PD. PduCDE forms the Cobalatépendent dioldehydratase
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enzyme complex which catalyses the first step in the degradation pathway-8fl,Zhree further
enzymes and enzyme complexes to support the role of PduCDE; diol dehydratase reactivase
(PduGH), adenosyltransferase (PduO) and cobalamin redu¢RduS). These further enzymes
function to recycle the Adenos@obalamin, the metabolically active form of Cobalamin associated
with BMCgRoth, Lawrence & Bobik 199®)uring this recycling process, the central cobalt ion of
cobalamin is reduced to Co(l), shown agIBin Figure 1.1y cobalamin reductase, PduS. The
Co(l) is a suparucleophile that, along with the adenosyltransferase enzyme, PduO, facilitates the
attachment of the adenosyl group from ATWalker, Murphy & Huennekens 1969his reaction

is unusual in that it releases triphosphaterir the ATP molecule.

PduP, a propionaldehyde dehydrogenase, converts the toxic propionaldehyde to pre@imfiyh

the second metabolic stage of the pathway. PduP is adcghkating enzyme and requires NA3

a cofactor(Leal, Havemann & Bobik 2003interestingly, recent studiem L. reuterj a bacteria that
ferments glycerol to dwdroxypropionic acid (81P) also contains the enzyme PduP. This reaction
involves the conversion ofBP to 3hydroxypropionaldehyde (BIPA), which is converted tek3R

CoA by PduP. This starts an enayic cascade involving PduL and PduW to produce(8adibet

Azad et al. 2013)ndicating a secondary role for some enzymes encoded bgaheperon.

All of the metabolic enzymes discussed so far; PAuCDE, PduS, PduO, and PduP have been shown
be encapsulated in the lumen of the BMC. Howetlee, terminal enzymes of the Pdu pathway,
PduL and PduW are located outside of the compartment and do rptudéy with it (Havemanr&

Bobik 2003)

Although it had previously been found that a phosphotransacylase (PTAC) was involveBIn 1,2
degradation, the enzyme involved had not been identifi€draya, Honda & Fukui 1979; Obraglor
et al. 1988) However, it has been established that fhduLgene encodes an evolutionarily distinct

PTAC, which is conserved and functions to convert propiGo to propionyl phosphate in the
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Pdu pathway(Liu et al. 2007) Likewise, PduW is a terminal enzyme associated with the BMC, but
located outside the confines of the luméHavemann & Bobik 2003pobik et al foundrat pduwW
had 87% similarity to the acetate kinase geaek found inS. entericaidnetifying PduW as a

propionate kinase that converts propionyl phosphate to propion@tea Bobik et al. 1999)

PduQ was found to be related to alcohol dehydrogenases in 1999 by &abnd has since been
found to catalyse the conversion of priopaldehyde to Ipropanol(T. a Bobik et al. 1999\ ore
recently, studies haw shown that PduQ fron$.entericas irorntdependent and is located in the
BMC, unlike two other terminal enzymes PduL and PduW. Through a seinegitod andin vivo
studies, Cheng et al have also identified that the main function of PduQ is to réb&DiE to its
oxidised form, NADwithin the confines of the BMC. This allows PduP to be supplied with its
cofactor, NAD+ internally within the Pdu BMC. However, studies also indicated the regeneration of
NAD+ can occur via the electron transport chain. Tégsires the movement of NADH and NAD+
across the sempermeable Pdu shefCheng et al. 2012as shown in Figure 1.10.

Bioinformatic studies have shown thaduX the last gene in thepdu operon, enc® S & -1y
Threonine kinasg¢Rodionov et al. 2003Fan et al s SR G KI i t RUK NBR2YWAGSNI
threonine-phosphate inS. entericaa precursor for the nucleotide loop of Ad@obalaminFan &

Bobik 2008) This means it is directly involvedda novosynthesis of Ad&obalamin. In addition

t Rdz ¢l a GKS FTANBRG Syl eyYS -thBdiye{Rodiohds & aliPB0B)i  LIK

Overall, the Pdu BMC encases at least 6 enzymawprising 9 different proteins; PAuCDE, PduGH,
PduO, PduP, PduQ and PdusS. A further three enzymes have been found to associate with the BM(

but are not located within the lumen, these are PduL, PduW and PduX.

1.4.6. Formation of the Pdu BMC

The way in with Pdu shell proteins assemble to form the icosahedral structure of the BMC remains

unresolved. Further study into BMC formation needs to take place to understand fully the potential
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of BMCs in synthetic biology and biotechnology. However, a recent sttalthe formation of the
recombinant carboxysome shell has led to the finding that the internal cargo, RuBisCO, is capable
of selfassembly; this initiates carboxysome formation and results in the carboxysome shell proteins
constructing around the cargfCameron, Wilson, Bernstein, & Kerfeld, 2013; A. H. Chen, Robinson
Mosher, Savage, Silver, & Polka, 20E)wever, the Pdu BMiS a more complex system, with

more proteins involved and a larger number of internalised enzymes, substrates and cofactors. Due
to the striking similarities between the two BMCs, it is feasible to conceive that Pdu BMC formation
could use a similar modeéhvolving the seHaggregation of internalised components which is
subsequently enveloped by the Pdu shell proteifisis remains unclear as the Pdu BMC has been
shown to encapsulate enzymes that contain a specific targeting sequence. This sequence can be
recombinantly used to target other enzymes and proteins to the BMC (see section 1.5.1). The need
for a targeting sequence could indicate that the Pdu BMC shell structure may&ioresome of

the enzymes are encapsulated, although it could be possimeiritiation of compartment
formation to begin with the seldggregation and assembly of several specific encapsulated

proteins.

1.4.7. The Pdu Shell

BMCs shells are typically composed of 50 proteins that contain a specific BMC domain (see
chapter 11.1). Recent crystallography studies have given insights into how Pdu BMC proteins
assemble to form the organelle shell and also the function of these prof€rmwley et al. 2008;
Kerfeld et al. 2005; Tanaka et al. 2pBRwvemann, Sampson & Bobik 2002; Pang et al. 28&4¢ral
features of the BMC shell make it specialised to its function. At least three properties of shell
proteins are important for the function of the bacterial organelle; the proteins must interdttt w
each other to form a layer which surrounds the BMC, they must form essential interactions with
internal components of the organelle and also allow the movement of molecules across the shell

(Crowley et al. 2008)
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The curret model of the Pdu BMC suggests that it is composed of at least seven different proteins;
PduA, PduB, PduJ, PduK, PduN, PduT and (€ihedg et al. 2011}t is al® thought that the shell

could contain another protein, PduM, as it was found that a deletion mutant lackinggding gene
produced BMCs with irregular size and shape, although its exact role is ufRilgze et al. 2012)

In addition, due to two translation start sitgsduBis translated into two separate proteins of varied
lengthst Rdz. 6HyYy 1 5F0 YR I &aK2NISNJ Aaz2T2@HdaEmanRdz. C
& Bobik, 2003) These shell proteins were initially identified by their DNguence similarity to
proteins required for carboxysome formation, in particular PduA, PduJ, PduK and PduT proteins

that have similarity to shell proteins of the carboxysoffieA. Bobik et al. 1999; Shively et1#198)

t RdzZ2 & tRdz X tRdz Q YR tRdzWw I NB O2yaAiARSNBR
constituting 7.5, 12.8, 12.1 and 11% of purified Pdu organelles &oentericaas determined by
densitometry of 2D electrophores{glavemann & Bobik 2003yhe minor shell components were
determined to be PduK, PduN, PduT and PduU, with protein percentages of 1.6, not determined,
1.6 and 1.5% respectivefilavemann & Bobik, 2003parsons et el demonstrated that organelle
formation was dependent on the concentration of the shell proteins; if these proteins were
overproduced in ark. colistrain containing thepdu operon, the resulting BMCs were abnormal

(Parsons et al. 2008)

Studies have also been carried out to determine which of these-ahsticiated proteins are
essential to the structure of the BMQG. Has been shown that deletion of shell protein genes
generally have two main phenotypes when grown onR[2 propionaldehyde toxicity and faster
growth when cobalamin is limitinfHavemann, Sampson & Bobik 2002; Sampson & Bobik 2008)
This is characteristic of the ndanctional BMCs whepduBand LIJR dzpd@lor pduN are deleted
indicating that they are essential structural proteins required for complete and intact organelle
formation. In addition, when theC. freundi pdwperon is expressed iRk. coli a pduAdeletion

mutant is unable to form BMCs in this system, indicating that it could be essential to the formation
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of the BMC(Parsons et al. 2008However, later studies using the endogendusenterica pdu
operon suggest then whepduAis deleted, the resulting strains appear to have intermediate
phenotypes; they form larger organelles and produce an intermedlatel of toxicity by
propionaldehydgCheng et al. 2011WhenpduK pduTor pduUwere deleted, the BMC structure

was not impaired and growth on 2P2D was not sevely influencedCheng et al. 2011Previous
g2N] 2y NBO2YoAylyids SyYLiié tRdz O2YLJI NI YSy
showed that not all of thess proteins are necessary to form the BMC&Iiooli The minimum shell
O2YLRYySyiGa NBIdANBR (2 F2N¥ G(GKS SyLlie 2NHIYS

and PduNParsons et al. 2010)

Xray crystal structures of Pdu shell proteins have revealed fildldbhexamers that package in a
tile-like formationand form layers, as shown in Figure (C2owley et al. 2008; Pang et al. 2014)
Most of these crystallised hexamers, with thecegtion of PduU, have distinct openings along the
central axis. These openings are thought function in molecular transport and act as pores. These
pores have been found to differ in size and charge, depending on the residues surrounding the

opening(Kerfeld et al. 2005; Crowley et 2010)

As with the Eut BMC it is proposed that the BMC protects the cell from propionaldehyde, the toxic
intermediate formed from the conversion of 12D by PAuCDE, a diol dehydrase. This is thought to
be the main function of the Pdu BMC; to mitigathe toxicity by acting as a barrier to prevent

diffusion and subsequent DNA damgde A. Bobik et al. 1999)

1.4.7.1 PduA

PduA is a 94 amino acid residue shell protein of the Pdu organelle that has been estimated to
comprise 16% of the total shélavemann & Bobik 2003)endering ita major component. It was
originally identified due to its similarity to CcmK, a carboxysome shell prffeiA. Bolk et al.

1999; P. Chen, Andersson & Roth 198uA was first shown to be part of the Pdu shell in 2002

by Havemann, Sampson and Bofitavemann et al., 2002They did this through immunogold
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labelling ofS. entericacells using arPduA antibodies and subsequent visualisation by electon
microscopy. It was found that the majority of gold particles localised to the periphery of the Pdu
organelles, indicating @t PduA is a shell component. They also showed thatl@A deletion
mutant was unable to form intact BMCs, characterising PduA as an essential protein for the
formation of compartment§Havemann, Sampson &Bik 2002) However this strain was actually

a double deletion mutant lacking botduA and pduBand further studies showed that a single
pduAmutant forms enlarged BMCs with similar appearance to that of the wild (gbeng et al.
2011) Interestingly it was later found that in recombinant, empty Pdu BMCs expressing the
minimum number of shell proteins required, wheduAis deleted the resulting BMCs formed are
elongated and filamentous and no longer resembled intact microcompartm@®assons et al.
2010) In addition, when PduA was overexpressedticolj without the other Pdu proteins, the
structures formed were ordered nanotuHike arrangements in the cell cytoplasm unlike the

structure of intact whole BMQ#arsons et al. 2010; Pang et al. 2014)

PduA has a single BMC domain and the crystal structure reveals that monomers package into a
symmetrical hexamer on the sigld axis of symmetry. It is shaped like a hexagonal disc, stmilar

shell protein hexamers from other BM@3rowley et al. 2010)The hexamer has an opening in the
centre of the disc which is a defining feature of BMC shell proteins and is thought to serve as a
central pore to facilitate the selective movement of molecules across the(§hrelvley et al. 2010;
Kerfeld et al. 2005)These hexamers have been shown to group tightly into higidar structures,
namely uniform molecular sheets, with edgdge interactions between hexameric un{@rowley

et al. 2010)

Through these findings, it was suggested that PduA potentially functions as a shell protein
transporter for 1,2PD(Havemann & Bobik 2003; Havemann, Sampson & Bobik 2002; Crowley et al.
2010) This proposed function is consistent with therhapundance of PduA, from isolated BMCs,

compared with the other shell proteingdavemann & Bobik 2003; Havemann, Sampson & Bobik
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2002) In addition, the properties dhe central PduA pore gives further evidence for its function in
1,2-PD transport. The exposed atoms forming the pore during crystallography show many hydrogen
bond donors and acceptors. This could favour the transport of the relatively hydrophifRDbyzer
propionaldehyde, which presents only one hydrogen bond acceptor and no donors, subsequently
limiting its loss from the BM(Crowley et al. 2010Also, it has been reported thaduAdeletion
mutants are still able to form enlarged functional BMCs, but when cultured eR,2here was a
period of interrupted growti{Havemann, Sampson & Bobik 2002; Cheng et al. 2014 yeinforces

its role as a 12D transporter as opposed to a shell support protein. Furth@femce stems from

a crystallisation study that has captured a substrate analog, glycerol (similar-RD},2ound to

the central pore of a PduA mutaiiPang et al. 2014)This supports the view that substrates, in

particular 1,2PD, can enter the organelle via the central pore of PduA.

Alternatively, PduA interacts with many of the other shell proteins and could therefore potentially
act as a scaffoltbr BMC biogenesis. It has been shown to interact with PduB, PduJ,PduK, PduN and

PduU(Parsons et al. 2010)

1.4.7.2 PduB

PduB is synthesised in two forms due to the presence of two translation start sites on the
polysistronic mMRNAParsons et al.@8). EssentiallypduBis two overlapping genes expressed in
GKS &aFYS NBFIRAY3I FTNIYSP ¢KAA LINRPRdzOSa (G662 R

respectively(Havemann & Bobik 2003Jhe significancef the two different forms of PduB have

not yet been established.

¢23SGKSNE tRdz FYyR tRdz Q YI1S dzLJ 290SN) prE: 27
respectively(Chowdhury et al. 2014)lhis indicates that it has an important role in the structure
and integrity of the compartmenshell. Studies have provided evidence for thidR dz.delefion

mutants produced a strain with no visible BMCs from several hundred examined cells, indicating
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GKIFId tRdz FTYR tRdz Q NP SaaSydialt FT2NJ 6KS ¥
was observed in ~20% of cells, consisting of aggregated BMC comp@@éetsg et al. 2011)
LYGSNBalAy3adftes RSALIAGS (KS KAddkly dtherdyelRgroeid s 2 F
was found to interact with, by nickel affinity chromatography fldivn assays, was Pd{Rarsons

et al. 2010)

The crystal structure of PduB frdm reuterihas been solved. Three PduB subunits assemble into a
trimer with pseudehexameric symmetry, as a result of each subunit contaiaingndem BMC
repeat. In total 18 ligands have been found to bind to the trimeric PduB structure; of these 17 were
glycerol and one was an acetate ion. One of these glycerol ions was found to bind to the central
pore of the trimeric structure and three glgrol molecules occupy each of the subunit channels

with the others binding at the chairfPang et al. 2012)

The PduB trimer subsequently forms higher order structures by packagmgniform molecular
sheets, similar to that of PduA and PduT and are thought to form the facets of the BMC. However,
unlike other Pdu shell protein, PduB contains subunit pores with the ability to bind glycerol. The
abundance of glycerol bound to sites arm the concave face of PduB suggests that it is involved
in glycerol transport; the crystal structure shows that residues lining the pore have affinity for
glycerol molecules and could act as a substrate channel. It is thought that due to the structural
similarity, size and hydrogen bonding potential between glycerol andPD2the subunit channels

are likely to be a transport mechanism for BD. It has also been suggested that propionaldehyde
may nhot pass through the pores due to the different hydrogpemding potential of the aldyhyde
group compared with that of the hydroxyl group; aldehydes accept two hydrogen bonds in planar
arrangement whereas alcohols can donate one and accept two hydrogen bonds with tetrahedral
geometry. There are at least two &#f located in the PduB structure which display these

characteristics, providing evidence that it is able to act as a-pemneable barrier to prevent the
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loss of the toxic aldehyde from the BMC but permit the transport ofPLRacross the shgPang

et al. 2012)

In addition, the glycerol molecule bound to the central pore contains flexible loops above and below
it. When glycerol is bound, the loops are locked closed. This suggastsdbuld be a ligandated
channel that could prevent aldehyde efflux but allow the transport of glycerol and possibBDL,2

into the BM((Pang et al. 2012)

1.4.7.3 Pdud

The crystastructure of PduJ has not yet been solved, however PduJ shares 86% sequence similarity
to PduA, indicating a similar structure and role in the BMC ghsdwley et al. 2010)nterestingly,

PduA and PduJ share 100% similarity over the 4inieg residues, 340, suggesting that their
function in the shell is identical. In contrast to PduApduJdeletion mutant forms elongated
compartments, suggesting improper closure of the Bafieng et al. 2011; Chowdhury et al. 2014)

This may infer that PduJ forms the edges that join the BMC facets togethemfiptete closure of

the organelle. This is supported by the relatively high abundance of PduJ, comprising 11% of the
total BMC protein. In addition, gduJdeletion mutant was shown to prevent the formation of BMCs

in 57% of cells; where no BMike structues we seen. In 22% of cells of cells, elongated structures
were observed, supporting the role of PduJ as an essential structural component of the Pdu shell

(Cheng etl. 2011)

1.4.7.4 PduK
Although the structure of PduK has not been solved, it is clear that the sequence contains a

predicted ironsulphur (FeS) cluster binding maotif in the carboxyl terminal domain of the protein,
namely [CNLCLDPKCPRQKGEP&rb®ley et al. 2010)This C terminal extension makes PduK

larger than most of the other shell protelis ¢ A G K i K EOSLIiA2Y 2F tF

length. The function of this F8& cluster is unclear; it was proposed that the C terminus could be
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involved with a specific targeting sequence that enables enzymes to be targeted to the interior of
the BMC, however, it has since been shown, through the use of PduK C terminal truncations, that
the N terminus of PduK is involved with targeting peptides to the organelle l{oamrence et al.

2014)

Interestingly, PduK sens to interact with many proteins in thuoperon, including PduA, PduT,

t RdzaX t Rdzx | YR tRdzt = | f dK2dZAK Al QaPakens €@éal. ¥ dz
2010; Lawrence et al. 2014A recent study has shown that through the use of Pdu&r@inal
truncations, the Nerminus of PduK mediates protein encapsulation into the BMC through an
interaction with the targeting peptide P18 (see section 1.5 Bwrence et al. 2014However the

role of the Gterminal extension is currently unclear, ladtugh it is thought to facilitate the binding

of other Pdu proteins, cofactors or enzymes.

It was found that gpduKdeletion resulted in the formation of aggregates of BMCheng et al.

2011) These aggregates occurred in ~52% of the cells studied. However they differed from the
LI2fFN 62RASa 20aSNWSR Ay tRdz . Q RSEtSGA2Y Ydz
to be composed of BMCs with shell stru@ui. LINBaSydo t 2fF N 62RASa 2
seemed to lack any defined structures. Further studies also showed that these PduK deletion
aggregates were fully functional demonstrating that PduK is not essential to the function of the
BMC, but doedave an effect on its localisation and perhaps its solubiiyeng et al. 2011)n
addition thepduKdeletion had no effect on propionaldehyde toxicity or grovaim 1,2PD. It has

been suggested that PduK has a role in the spatial organisation of BMCs in the cell, or a role in BMC

segregation during cell divisig€heng et al2011)

1.4.7.53 PduN
Currently, it is understood that bacterial organelles are comprised of sheets of hexameric shell

proteins that are subsequently folded into polyhedral facets, forming the faces of the(Baffeld

et al. 2005) These facets are thought to be joined by a pentameric protein present at the vertices
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of the polyhedral shel[Tanaka et al. 2008)These pentaeric proteins are smaller than the other
hexamers and belong to family of similar presumed vertex proteins with a distinct sequence and
structure. However, although crystal structures of hexameric proteins support this model, studies

of vertex proteins rerain inconclusivéWheatley et al. 2013)

Proteins associated with vertex family include; EutN, PduN, CcmL and CsoS4. Of these proteins
CcmL and CsoS4 (carboxysome proteins) have been found to be pentameric, however EutN ha:
revealed a hexameric quaternary structure that is almost hexagonal in fiamaka, Sawaya &
Yeates 2010)However a recent study has found that EutN does have a pentameric assembly

(Wheatley et al. 2013)

This proviles evidence that PduN is very likely to form a pentameric arrangement that helps the
BMC to close by establishing the vertices of the structure, although it has not yet crystallised. A
study using a pduN deletion mutant found that in ~90% of cells, BM&s iwegular and had
abnormal shapes, they were also subject to propionaldehyde toxicity during growth epDi,2
indicating that PduN is essential for the proper formation and closure of the @¥éng et al.

2011)

1.4.7.6 PduT

PduT accounts for approximately 3% of the total content of the Pdu BMC shell, constituting it as a
minor component of the shel(Cheng et al. 2011)t is a unique shell protein in that it contains
tandem BMC domains with a novel fold variation; it is known to assemble as a pseudohexomeric
homotrimer (Crowley et al. 2010)The crystal structure reveals that PduT does not form extended
two-dimensional layers that other shell proteins do. Instegdriactions formed between the edges

of the hexamers bury half the surface area that PduA does. This may be a control mechanism to
limit the incorporation of PduT in the shell, allowing it to interact with other Pdu protfgnswley

et al. 2010)
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The crystal structure of PduT has also revealed a site at the central pore for-49fiEkister to

bind (Crowley et al. 2010)nterestingly, this cluster is accessible from both sides hinting at a role
in electron transfer across the BMC shell, or for the regeneration-& €enters in the BMC lumen
(Crowley et al. 2010; Chowdhury et al. 2ZDZEach subunit of the trimer provides a cysteine residue
which are included in the ligands for the metal cluster, however the fourth ligand to the iron
molecule was not identifiable. Furthermore, two additional cysteine residues (C108 and C136)
locatedin close proximity in domain Il may form a disulphide bond. It is thought that the formation
of this disulphide link may alter the conformation of PduT. This could cause asedsitive change

to the central pore. Considering the putative function of Pdi electron transport; the role of this
shell protein could be to support PduS, which mediates the reductiom0b¥Bproviding one

electron to the central cobalt atorfCheng & Bobik 2010)

1.4.7.7. PduU
PduU is a minor Pdu shell praeit is not abundant and is neessential for the formation and

function of the Pdu metabolosonélavemann & Bobik 2003; Chgeet al. 2011)As expected, PduU
has a hexameric form but unusually, the permuted BMC fold is circular. Instead of forming well

packaged hexagonal layers, PduU tends to form strips of hexamers.

A unique feature of PduU in comparison to the other shedtgins is the presence of a sskranded,

LJ- NJ -baird@ frodiiced by the amino terminus on the other side of the disk forming an extended
tail (Crowley et al. 2008; Tanaka, Sawaya & Yeates @01®) 4akrdl allows theentral PduU pore
region to be cappe(@Crowley et al. 2008) ¢ KS | Liaireldid tsar@SemBrane proteins
usually consist of at least 12 strands and function to create pores for molecular trar§Spbrilz
2002F K26 SOSN) (KS anelisv&ludedanditiie@fore ihiizely to have a role in
transport. There is some speculation that this occludedfermation could open under certain
conditions to allow the transport of small molecules, however due to an unusual deep cavity with
ASOSNIf KERNRBLIK20AO NBa&ARdzSoarkl, ithgs béekKstigg@stediat 2 F

PduU could form sevekacurrently unknown, molecular interactions and/or present a specific
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enzyme binding sité€Crowley et al. 2008; Chowdhury et al. 2Q14Jecent study has demonstrated,
through proteinLINB G SA Y Ay G SNI O A 2 y -bafrél R Skely td igtedact withkhe i
N-terminus of PduV. Experimental data has confirmed, using a bait and prey method, that PduV
and PduU do interacfJorda et al. 2015)This interaction suggests that PduU plays a role in the

possible spatial organisation of Pdu organelles in the cell.

Studies have been carried out using a recombinant system involving the expression of shell proteins
aloneto form empty Pdu organelle shells. WhpduUwas deleted from this system, there was no
effect on the BMC shel{®arsons et al. 2010%tudies using the complepeluoperon also confirm

that pduUdeletion mutants produce BMCs with normal formation and the majority of cells (~90%)
contained BMCs similar to that ofdlwild type(Cheng et al. 2011)n addition, whempduUdeletion
mutants were grown on 1;PD with limiting B, the growth rate of cells was similar to that of the

wild type in limiting B2. This demonstrates that PduU is nonessential for the formation of Pdu
BMCs and does not affect the mitigation of propionaldehyde toxicity as growth was not impaired
(Cheng et al. 2011)his suggests a specialised functional role for PduU in the BMC shell, such as

facilitating molecular transport.

1.4.7.8 PduM

The role of PduM is completely unknown. There is no distinguishable BMC doma#simg it to be
overlooked as a shell protein and there are no other identifiable motifs. Sequence analysis shows
that it is unrelated to proteins of a known function, but a GenBank search reveals that there are
over 200 PduM homologs among many genemaluding those currently known to produce Pdu

BMCs.

Studies have indicated that PduM could possibly be a structural componerBASBES and Western
Blot analysis of BMCs from wild tyfe entericaversus gpduM deletion strain shows that PduM
from the wid type is present in the fraction containing purified BMCs; the band is not present in

the purified fraction from the deletion strain. In addition overproduction of PduM caused the
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formation of BMCs to be impaired. EM of the deletion mutant indicated BtiM is required for

the formation and assembly of Pdu BMCs, however growth rates of the mutant indicated that there
was no effect on 12D metabolism. It has therefore been suggested that PAduM may be a structural
component of the Pdu BMC, but has noatgtic function(Sinha et al. 2012Pespite these findings,
more research needtbe undertaken to determine the exact location and function of PduM in

the Pdu BMC.

1.5. Recombinant Pdu studies

The potential uses of BMCs in synthetic biology, metabolic engineering, nanotechnology and
bioengineering are vast, with many possible aggtibns. (see section 1.1.4). That being said, the

capability to engineer recombinant BMCs can not only advance our understanding of these unique
bacterial organelles, but also help us to realistically apply BMCs to a system that can produce them

easily,cheaply and quickly, in order for them to be used in an industrial setting.

In order to do this, BMCs have been designed in a recombinant system whereby empty
compartment shells can be expressed in lab strairs.obli These empty shells can then beeds
in various ways to further our knowledge of how the system works and also how BMCs can be

applied.

Thus far, the Pdu compartmentalisation system is thought to be promising for further use as a
recombinant vessel for biosynthetic pathways. This is beedt contains the most diverse range of
shell proteins, to allow many different enzymes and metabolites to be encapsulated. In comparison,
carboxysomes are formed from fewer shell proteins and generally pack the interior with RuBISCo.
This means the targing of diverse pathways to the interior of the BMC may prove to be difficult

due to the limitations of the shell and also the specialised luminal environment.
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Currently it is possible to express empty Pdu shellg.goli This allows further study on ¢h
formation of the Pdu BMC and shell proteins, but also allows the exploration of protein targeting

to the BMC.

Parsonset al have shown that empty Pdu BMCs, containing the BMC domain shell proteins
PduABJKNUT, are capable of forming complete, delinctegpartments (Figure 1.12B), although
PduU and PduT were found to be ressential to the formation of intact BMCs. Analysis of the
crude extract of E.coli cells expressing the empty shells revealed protein bands corresponding to
that of the shell proteirsizes by SDBAGE. In addition this protein complex could be separated
from other cytoplasmic protein by ultracentrifugation on a sucrose gradient (Figure 1.12A).
Furthermore, this study showed that immunogold labelling of these delimiting compartments usi

an antitPduA primary antibody clearly demonstrates that these structures are that of the Pdu shells,

see Figure 1.12(arsons et al. 2010)

A i B
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24kDa W . PduB’
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Figure 1.12The synthesis of empty Pdu BMCs containing the shell proteins PAUABJKNUIPAGEDS

of the protein extract of cells expressing empty BMCs after sucrose gtadiacentrifugation (lane 2)
against a protein standard (lane 1) PduN cannot be seen, but is thought to have low expression,
consistent with its role as a vertex protein. B) TEM thin sectioris.adlicells expressing Pdu Shells,
individual comparmentsan be seen C) Immunogold labelling of thin sections of E.coli expressing
pduABJKNUT, cressacted with antiPduA antibodies and a secondary antobidy conjugated to 15 nm
gold particles. The particles can be seen to localise at the boundaries ofthe BMCS & & G Sy G (1 2

role as a major structural shell proteiBourced fron{Parsons et al. 201®ith permissions.
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1.5.1, Targeting Proteins to the Compartment

Further to the production of empty organelles, Parsethsl have also show that proteins can be
targeted to the shell, in a step forward to our understandisighow BMCs can be utilised in
synthetic biology. By the use of PAuC, PduD and PduV as delivery vehicles, GFP was localised to tl
empty BMC. Moreover, depending on the targeting protein, GFP could be differentially targeted to
the outside of the BMC sHebr to the compartment interior; live cell imaging revealed that proteins

can be directed to the BMC lumen with PduC or PduD, or to the outer surface with PduV. It was
also shown that the first 42 amino acids of PduV were capable of protein targetingugi the

exact sequence is still unknowRarsons et al. 2008)

Moreover, research on the use of luminal enzymes to target proteins to the BMC has identified ~20
amino acid Nerminal extensions containing specific targeting sequences. The first to be identified
was that of PduP fron$. entericait was found that the first 18 amino acids were sufficient for
encapsulating GFP inside the Bifan et al., 2010)Subsequently, further studies revealed that

the first 18 amino acids of PduD also acted targeting sequence and was able to direct protein

to the interior of the BM@Fan & Bobik 2011)Although interactions thdacilitate transport across

the proteinaceous shell remain largely unknown, specific amino acids have been identified as
important for shell binding. E7, 110 and L14 of PduP is required for the initial binding to PduA and
subsequent encapsulation. It hagen suggested that E5, L8 and 112 are the analogous targeting
residues in the N terminus of Pd@®argent, F. a Davidson, et al. 2018)as been found that these
PduP targeting sequence residues, which aré [6cSR 2 y  { K Shelif, bifdSo tBe¥tC | v
terminal helix of PduA and PdgBan et al. 2012 Recentin vitro studies of Pdu BMCs from
Citrobacter freundinave found that the PduP targeting sequence mediated encapsulation through
an interaction with PduklLawrence et al. 2014 he variance in identified sheitotein for PduP
interaction could highlight the differences between Citrobacter and Salmonella systems, or could

indicate that PduP interacts with several shell proteins.
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However, targeting sequences must only count for one method of directing an enoythe BMC
as other BM@ssociated proteins lack extensions that could contain targeting sequences, and no

obvious sequences have been detected in these protgmowdhury et al. 2014)

1.5.2 Targeting Pathways to the Pdu BMC

As a relatively new area of research, there is a lot of@dein how targeting peptides can be used

to direct protein to the BMC. In particular, synthetic 18 amino acid long peptides, from the N
terminus of PduP or PduD have been have been used to target protein into the lumen of purified,
empty BMC shelld_awrence et al. 2014This gives vast potential for the use of targeting peptides
and recombinant BMCs for the biosynthesis of entire pathways. Indeed, it has already been shown
that the use of these targeting sequences tqthoth pyruvate decarboxylase and an alcohol
dehydrogenase in aim vivoempty BMC system, can create an ethanol bioreactor in the interior of
the Pdu BMC. Moreover, results showed that strains containing these modified BMCs produced
elevated levels of etnol compared with strains that did not contain bacterial organéllesvrence

et al. 2014)

1.6. The Spatial Organisation of Pdu BMCs

Microcompartment dynamics in a growing and dividing cell remains largely elusiveveiothere

must be a mechanism to ensure daughter cells obtain BMCs when a cell divides. Live cell imaginc
using time lapse microscopy has demonstrated that fluorescédaliglled Pdu BMCs associate with
filamentous structures in the cell and, through amknown mechanism, are able to move across
these filaments. It has been shown that these filaments are comprised of or at least associated with

PduV by live cell imagir{farsons et al. 2010)
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1.6.1 An introduction to PduV, Structure and Function

PduV is one of the few Pdelated proteins whose function is compédy unknown. It is a relatively
small protein, 150 amino acids in length and approximately 16 kDa. The structure is currently
unknown but is predicted to contain four helices as well as a beta sheet (Figure 1.13). To form
filaments, it would be necessarprf PduV to polymerise, although the orientation and specific
interactions during protein polymerisation is completely unknown. However it is uncertain if PduV

is able to freely form filaments, or if it attaches to other protein in the cytosol.

Figue 1.13.Predicted model for the structure of a PduV monomer. Based on a téeggilate

sequence similarity alignment of 22%, using the Protein Model Portal.

Studies have given insights into the role PduV may have; by the use of live cell imagirnGAPduV
was seen to localise to filaments in the cell cytoplasm, which were often associated with mCherry
tagged Pdu BMC¢Parsons et al. 2010)This indicates that PduV either forms filamentous
structures, or localises to prexisting filaments in the cell. These filaments have been shown to
associate with BMCs and thigenaction is thought to play a crucial role in the dynamics of the

organelle.

It has also been shown that PduV can direct protein to the BMC; a-8&#\fusion was found to
largely associate with the empty BMC shells by immunogold labéRiaggons et al. 20100t was
subsequently found, through the use of PdGMerminal truncations, that the N terminal region
was responsible for targeting to the BMRBarsons et al. 2010)n addition, further experiments

showed that, while enzymes seemed to localise to the interior of the BMC, PduV was seen to
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localise to cugike structures on the outer surface of the shitarsons et al. 20107 his indicates
that PduV is likely to interact on theuter surface of the compartment, as opposed to being

internalised.

Furthermore, dynamic movement observed during titapse microscopy clearly shows interaction
between Pdu BMC shells and Pdinéd filaments; results indicated that PduV may be invoived

the regulation of the spatial distribution of BMCs in growing ¢@l&sons et al. 2010)

1.6.2 PduV interactions

An initial study carried out by Parsoeisalidentified possible interactions between PduV and other
proteins, in particular the Pdu shell. It was found, through-gdolvn assays, that PduV did tho
appear to ceelute with any of the major shell proteins, PduA, PduB, PduJ or fRarkons et al.
2010) Subsequent data however, revealed that PduV may possibly interact with PduK (unpublished

data).

A recent study identified, through proteiprotein interaction modelling, that PduV is likely to
interact with theshell component PduU. This was also shown experimentally using target and bait
fusions(Jada et al. 2015)It was also predicted that the-tdrminal region of PduV binds to the
t R dzibarrel directly, this is consistent with previous data, revealing that the N terminus of PduV

is responsible for targeting to the BM@rda et al. 2015; Parsons et al. 2010)

1.6.3 Putative GTPase activity

Interestingly PduV has been found have some sequence similarity to members of the-lkas
GTPase superfamily. Parsons et al have also revealed that preliminary data have shown that purified
pduV has weak GTPase activity (Parsons et al., 20@@j)ever tle exact nucleotide bindg site has

not been identified.This putative GTPase activity gives some similarity to other cytoplasmic,
filament-forming proteins such as MreB and FtsZ, the bacterial homologs of actin and tubulin which

are known to require nuctgide binding for their polymerisation.
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1.7. Aims

In comparison to carboxysomes and other BMCs the Pdu system is a fairly new discovery, and ac
such there are still many key questions that need to be addressed. Through adiscifiinary
approach the wrk described in this thesis aims to provide further information regarding some off
these questionsThe first question to be investigated was the possible interaction between PduV
and PduK. The aim of theis work was to use fluorescence microscopy tbitseas possible to
visualise the interaction between the two, with the potential to quantify this interaction through
the use of FRET or FLIM FRET. Following this, truncated forms of PduK were to be used to try an
determine which region of the proteirs irequired for the interaction with PduV. The seoncd, and
largestportion of the work has focussed on advancing the techniques used to visualise Pdu BMCs
by fluorescence microscopgind using this to try and gain further insights into the formation of the
shell and investigate if any other shell proteins interact with PduV. The first part of this work aimed
to determine which shell proteins can be tagged with fluorophores whilst still appearing to retain
functionality. In doing sothis work also revealed fther information about the role each shell
protein plays in the formation and stablitiy of the BMC shedl well as possible regulation of PduV
filament formation and length. It was hoped that these interractions could be further investigated
using FREFLIM FRET but sadly this was not possilife. third and final question was to further
understand the function of PduV. This work centred on investigating the conditions in which Pduv
forms filament like structureand providing further evidence for Pdudgsessing GTPase activity

through the use of mutations in the predicted GTP binding region.
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Chapter 2:Materials and Methods
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2.1. Materials
2.1.1 Chemicals

Unless otherwise stated, chemicals were purchased from SAjdréch. Other products were
purchased fom manufacturers as follows; IPTG and ampicillin from Melford Laboratories Ltd,
chelating sepharose from Amersham Biosciences, QIAprep Spin Miniprep Kit, QIAquick Gel
Extraction Kit and 50 x TAE buffer from QIAGEN GmbH, T4 DNA ligassrécttbreenzymes from
Promega and New England Biolabs Inc (NEB). Tryptone, yeast and bacterial agar were purchase
from Oxoid Ltd, FastStart HF PCR System from Roche Diagnostics GmbH, Yeast Protein Extracti
Reagent (YPER Plus) from Pierce, 30% acddaanid bisacrylamide solution and 5 X sample

loading buffer and HyperLadder 1 kb from Bioline.

2.1.2 Bacterial Strains
. OGSNALE AaGNIAyad dzaASR F2NJ SAGKSNI 5b! Of 2yAy

(DE3)/ BL21 (DE3) pLysS) were purchased from Novagen, Invitrogen or Promega.

Strain Description Source

JM109 endAl, recAl, gyrA96, thi, hsdR17,(nkk:), relAl, supE44, | Promega

no -LONRQ . 0 wCO G(N}50c3 LINEP

BL21 (DE3) FompT galdcm lon hsdSB(miBOU <6590 <1 | ( Novagen

gene 1 ind1 sam7 nin5])

Bl21 (DE3) pLysS| FompT gal dcm lon hsdSB(mBB0U <0659 00 LJ g Novagen

51 phn F$80laczAM15A(BllacZYA-argF)U169 recAl endAl Invitrogen

hsdR17(rk mk) phoA supE44tn 3 & NI dpc  NEB

Table2.1.List of bacterial strains used in this study.
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2.1.3 Plasmids

Plasmid Description Source
pET14b Overexpression Nerminal Hstag Novagen
fusion proteinvector with T7 promoter,
AmpR
pET23b Overexpression €erminal Histag Novagen
fusion proteinvector with T7 promoter,
AmpR
pET3a Overexpression vector with T7 Novagen
promoter, AmgR
pLysS contains T7 lysozyme gene, Brased in | Novagen
IDE3lysogenic hosts to suppress basal
expression from the T7
promoter
pPET14kpduVv pduVis an Ndel/Spel fragment Warren Lab
pPET23kpdu\-gfp pduVis an Xbal/Sacl fragment, GFP is { Warren Lab
Sacl/EcoRlI fragment
pPET3apduV-cerulean pduVis an Ndel/Spel fragmenterulean | This Study
is a Sacl/Spel fragment
PET3ApduV(G8ALerulean pduV(G8AJs an Ndel/Spel fragment, This Study
Cerulean is a Sacl/Spel fragment
PET3ApduV(G13Aterulean pduV (G13Ak an Ndel/Spel fragment, | This Study
ceruleanis a Sal/Spel fragment
PET3ApduV(K14Aterulean pduV(K14A)s an Ndel/Spel fragment, | This Study
ceruleanis a Sacl/Spel fragment
PET3ApduV(T43Arerulean pduV(T43Ais an Ndel/Spel fragment, | This Study
ceruleanis a Sacl/Spel fragment
pLysSnChery-pduA-BJKNU mcherryis an Xbal/Ndel fragment, Warren Lab
subsequenpdugenes cloned as
Xballl/HindIll fragments using link and
lock
pLysSnCherrypduABJKNUT mcherryis an Xbal/Ndel fragment, Warren Lab
subsequenpdugenes cloned as
Xballl/Hindlll fragments ugirlink and
lock
pLysSpdu\tcerulean pdu\tceruleanis a Hindlll/Xbal fragment This Study
PET3apdukY pet pduKis an Ndel/Spel fragmentpgtis an | This Study
Spel/BamHI fragment.
pPET3aYpetpduK ypetis an Asel/Spel fragmemduKis an | This Study
Ndel/Spel fragment.
pPET3ApduABJINU pdugenes cloned as Xballl/Hindlll Warren Lab
fragments using link and lock
PET3ApduABJINpdukYpet pdukypetis an Xbal/Hindlll fragment. | This Study
pPET3g0duABJINLY petpduK ypetpduKis an Xbal/Hindlll fragemt This Study
pPET3gpduA pduAis an Xballl/Hindlll fragment Warren Lab
pET3gduAB pdugenes closed as Xballl/Hindlll Warren Lab
fragment
pPET3apduABJ pdugenes closed as Xballl/Hindlll Warren Lab

fragments using link and lock
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pPET3apduABJIK pdugenes closed as Xballl/Hindlll Warren Lab
fragments using link and lock
pPET3apduABJKN pdugenes closed as Xballl/Hindlll Warren Lab
fragments using link and lock
pPET3apduABJKNU pdugenes closed as Xballl/Hindlll WarrenLab
fragments using link and lock
pPET3apduABdHdukYpet pdukypetis an Xbal/Hindlll fragment | This Study
PET3apduABJY petpduK ypetpduKis an Xbal/Hindlll fragment | This Study
pPET3apduABdhdukYpetpduN pduNis an Xbal/Hindlll fragment This Study
pET3apduABddukYpetNpduU pduUis an Xbal/Hindlll fragment This Study
PET3apduABJY petpdukpduN pduNis an Xbal/Hindlll fragment This Study
PET3apduABJY petpduKNpduU pduUis an Xbal/Hindlll fragment This Study
pET3apduN pduNis an Ndel/Spel fragment Warren Lab
PET3apduK % pduK96 is an Xbal/Hindlll fragment This Study
pET3apduK119 pduK119 is an Xbal/Hindlll fragment | This Study
pPET3apduK133 pduK133 is an Xbal/Hindlll fragment | This Study
pPET3apduK96pduN pduK96 is an Xbal/Hindlll fragment This Study
pPET3apduK119pduN pduK119 is an Xbal/Hindlll fragment | This Study
pPET3apduK133pduN pduK133 is an Xbal/Hindlll fragment | This Study
pPET3apduK96NpduU pduU is an Xbal/Hindlll fragment This Study
PET3g0duK119NpduU pduU is an Xbal/Hindlll fragment This Study
PET3gduKB3N-pdulU pduU is an Xbal/Hindlll fragment This Study
pLysSnCherryPduABJK mcherryis an Xbal/Ndel fragment, Warren Lab
subsequenpdugenes cloned as
Xballl/Hindlll fragments using link and
lock
pLysSnCherryPduABhduK96NU | pduK96NUs an Aatll/HindIfragment This study
pLysSnCherryPduABbduK119NU | pduK119NUs an Aatll/Hindlll fragment | This study
pLysSnCherryPduABpduK133NU | pduK133NUs an Aatll/Hindlll fragment | This study
pET3amCherry (Nerminal) mcherryis an Asel/Spel fragment This Stug
pET3amCherry (Germinal) mcherryis an Ndel/Spel fragment This Study
pET3amCherrypduA pduAis an Ndel/Spel fragment This Study
pET3amCherrypduApduB pduBis an Xbal/Hindlll fragment This Study
Pet3AmCherrypduABpduJKNU pduJKNUs an Ascl/Hidlll fragment This Study
pLys$pduApduBmCherry pduBmcherryis an Ndel/Sacl fragment | This Study
pLysSpduABmCherrypdul pdudis an Xbal/Hindlll fragment This Study
pLysSpduABmMCherrydpduKNU pduKNUs an Stul/Hindlll fragment This Study
pLysSduA-mCherryPduB mcherrypduBis an Ndel/Spel fragment | This Study
pLysSpduAmCherryPduBPduJKNU| pduJKNUs an Ascl/Hindlll fragment This Study
pET3gdudmCherry pdudmcherryis an Ndel/Sacl fragment | This Study
pET3gduABpdudmCherry pdudis an Xbal/Hidlll fragment This Study
pET3gduABpdudmCherrypduKNU | pduKNUSs an Stul/Hindlll fragment This Study
pET3amCherrypdud mcherrypduldis an Ndel/Spel fragment | This Study
pPET3aPduABmCherryPduJ mcherrypdudis an Xbal/Hindlll fragmen] This Study
PET&-PduABmCherryPdupduN pduNis an Xbal/Hindlll fragment This Study
pPET3aPduABmCherryPduJigpduU pduUis an Xbal/Hindlll fragment This Study
pET3apduN-mCherry pduNmcherryis an Ndel/Sacll fragment| This Study
pET3aPduABJduNmCherry pduNmcherryis an Ndel/Sacl fragment | This Study
pET3aPduABJiReduNmCherryPduU | pduUis an Xbal/Hindlll fragment This Study
pET3amCherrypduN mcherrypduNis an Ndel/Spel fragment| This Study
pPET3aPduABJnCherryPduN mcherrypduNis an Xball/Hindlll ThisStudy
fragment
pET3aPduABJCherryPduNPduU | pduuis an Xball/Hindlll fragment This Study
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pET3apduUmCherry pduUmcherryis an Ndel/Sacll fragment| This Study
pPET3aPduABKHRduUmCherry pduUmcherryis an Xbal/Hindlll This Study
fragment
pET3amCherryPduU mcherrypduUis an Ndel/Spel fragment| This Study
pPET3aPduABJKMhCherryPduU mcherrypdul is an Xbal/HindllI This Study
fragment
Table2.2. List of plasmids used in this study.
2.1.4 Primers
All primers were supplied from Invitrogen Life Technologies.
Primer Name | Sequence Restriction
Enzyme Site
PduA Forward | GGC CAT ATG CAA CAA GAA GCG TTA GG Ndel
PduVv G8V ATA ATG CTAATT GTC CCC AGC CAG TGC N/A
Forward
PduVv G8V GCA CTG GCT GGG GAC AAT TAG CAT TAT N/A
Reverse
PduV Forward | GGC ATT AAMAA CGC ATA ATGA ATT GGC CCC | Asel
PduV Stop GCC ACT AGT TCA CAT ATG TTT TGT GAG ACA | Spel/Ndel
Reverse
PduB Reverse | GGCACT AGTCA GAT GTA GGA CGG AC Spel
Ypet Forward | CG ATT AAT ATG GTG AGC AAA GGC GAA GAG C Asel
Ypet Reverse | Tgatcaaaagtatac gaatatctcgagcaagggagccc Spel/Ndel
mCherry GCATTAATATGGTGAGCAAGGGCGAGGAGGAT | Asel
Forward 1
mCherry GCACTAGTTTTCATATGCTTGTACAGCTCGTCCAT| Ndel/Spel
Reverse 1
mCherry GCCATATGTTTGAGCTC ATGGTGAGCAAGGGCG/ Ndel/sacl
Forward 2
mCherry GCACTAGT TCAGTACAGCTCGTCCATGCCGCC | Spel
Reverse 2
Cerulean GCATTAATTTTCCAABGGGTGAGCAAGGGCGAGGA| Asel/Ncol
Forward
Cerulean GCCATATGCTTGTACAGCTCGTCCATGCCGAGAG| Ndel
Reverse
PduJ Reverse | GCGAGCTCTGCGGATTTAGGTAAAATGGCTTCAA( Sacl
PduU Reverse | TAGAGCTCTGTCCGGGTARAGEGGCGGTAAAA Sacl
PduA Forward | GGCCATATGCAACAAGAAGCGTTAGGA Ndel
PduA Reverse | GGCGAGCTCGCTAATTCCCTTCGGTAAGA Sacl
PduB Forward | GGCCATATGAGCAGCAATGAGCTG Ndel
PduB Reverse | GGCGAGCTCGATGTAGGACGGACGATCGTTT Sacl
PduJ Forward | GGCCATATGAATAACGCAGAGTG Ndel

56| Page




PduJ Reverse | GCGGAGCTCTGCGGATTTAGGTAAAATGGCTTCA Sacl
PduN Forward | GGCCATATGCATCTGGCACGGGTT Ndel
PduV N Reversi GGCGAGCTCACGAGAAAGCGTGTCGACAAT Sacl
PduU Forward | GGCCATATGGAAAGACAACCCACC Ndel
PduU Reverse | TTTGAGCTCTGTCCGGGTGATGGG Sacl
GFP Forward 1| CCG GAG CTG ATG AGC AAA GGA GAA GAA CTT| Sacl
GFP (His) CCG CCG ACT AGT AAAGAATTC TTA GTG ATG ( Spel/EcoRl
Reverse GTG

GFP Forward 2| GCG AGC TCA TGA GCA AAG GAG AAG AAC Sacl
G Stop GCG CGC GAA TTC AAA ACT AGRTUJAG TAC AG( Spel/EcoRl
Reverse TCA

PduV G13A C AGC CAG TGC GCT AAAACGTCAC N/A
Forward

PduV G13A GTGACGTTTT AGCGCACTGGCTG N/A
Reverse

PduV K14A C CAG TGC GGTGCAACGTCACTCA N/A
Forward

PduV K14A T GAG TGACGT TGC ACC GCACTG G N/A
Reverse

PduVv T43A ACA ACG ATA GAC GCA CCG GGT GAA TAT N/A
Forward

PduV T43A ATATTC ACC CGG TGC GTC TAT CGT TGT N/A
Reverse

Table 2.3Listof primers used in this study.
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2.1.5 Media and solutions for bacterial work
LuriaBertani (LB) broth:

Tryptone 10g
Yeastextract 5g
NacCl 5¢

The broth was made up to 1 L with ffiHand autoclaved

LuriaBertani (LB) agar:

159 of Bacterial agar were added to 1 L of LB broth and then autoclaved

Super optimal broth (SOB) Medium:

Tryptone 29
Yeast extract 0.5¢
NacCl 0.05¢

Made up to 90 ml with dD

1 ml of 250 mM KCI solution was then added to SOB medium and adjusted to pH 7.0. This was
consequently made up to 100 ml with gBiand then autoclaved. 0.5 ml of 2 M Mg&ilution

was added after cooling.

Antibiotics

Ampicllin: 50mg/ml stocks were made by dissolving ampicillin inGjldnd was used at a working
concentration of 5qug/ml.

Chloramphenicol: 3dhg/ml stocks were made by dissolving chloramphenicol in ethanol, and was

used at a working concentration of 3g/ml.
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2.1.6 Media and solutions for DNA work

TAE Buffer

Tris 40mM
Acetic Acid 20mM
EDTA 1mM

2.1.6.1. Solutions for immobilized metal ion affinity chromatography (IMAC)
Charge Buffer

NiSQ 0.1%

Binding Buffer

TrisHCI, pH 8.0 20 mM
NacCl 100 mM
Imidazole 5mM

Wash Buffer 1

TrisHCI, pH 8.0 20 mM
NacCl 100 mM
Imidazole 50 mM

Wash Buffer 2

TrisHCI, pH 8.0 20 mM
NacCl 100 mM
Imidazole 100 mM
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ElutionBuffer

TrisHCI, pH 8.0 20 mM
NacCl 100 mM
Imidazole 400 mM
Strip Bufer

EDTA 100 mM
NaCl 100 mM
TrisHCI, pH 8.0 20 mM

2.1.6.2. Solutions for BMC isolation
No Salt Solution

20 mM TrisHCL pH 8.0

Normal Salt Solution

20 mM TrisHCL pH 8.0

20mM NacCl

High Salt Solution

20 mM TrisHCL pH 80.0

80 mM NacCl

2.16.3. Solutions for protein SDSPAGE

1x Running Buffer:

TrisHCI 25 mM
Glycine 250 mM
SDS 0.1%
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Coomassie Blue (500ml)

Glacial acetic acid 250 ml

Coomassie blue 0.6¢g
SDS 0.1g
TrisHCI 0.25¢
Glycine 0.15¢

Made up to 500 ml with diD.

SDS8 oding Buffer (5x)

TrisHCI pH 6.8
SDS

Glycerol,

I -Mercaptoethanol
EDTA

Bromophenol Blue
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2.1.64. Composition of SDS gels
Protein samples were analysed by gel electrophoresis, using 15%/AEESacrylamide gels, as

shown in table 2.4 below.

15% Resolving Gel 5% Stackig Gel
Water 1.75 mi Water 7ml
1.5 M Tris pH 8.7 3.75ml 1M Tris pH 6.8 1.25 ml
10% SDS 0.1 ml 10% SDS pn >¢
30% Acrylamide 4 mi 30% Acrylamide 1.7 ml
APS 0.1ml APS pn >f¢
TEMED Mp >f TEMED mp >f

Table 2.4 Composition of SDS gels.
Protein samp#s were mixed with 5x protein loading buffer and boiled at'@5for 5 minutes.
Samples were then run at 200 Volts for 1 hour in SDS running buffer alongside Kaleidoscope
Prestained Standards (Bio Rad) or SeeBluestareed Protein Standard (Invitroge®rotein band

were visualised by Coomassiki®staining.

2.1.65. Solutions for Western Blot

PBST Buffer

NacCl 137mM
KCI 2.7mM
NaHPQ 100mM
KHPO 2mM
Tween 0.25%

Alkaline Phosphatase Phecubation Buffer

NaCl 100mM
Tris pH 9.6 100mM
MgCh 5mM
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Blotting

SDSPAGE gels were run as described above and a protein transfer was then undertaken onto to
Immun-Blot PVDF membrane (Bio Rad) using a TBdoisSD Serddry Transfer Cell (Bio Rad)
T2t 2Ay3 GKS YI ydzF | Gai 2zNBUES The bidhEbiark @#s than bloaked m p
by PBST + 3% milk at room temperature for 1 hour. The membrane was then incubated in PBST -
3% milk including the primary antibody (amiCherry-Roche) at a 1 in 1000 dilution for 1 hour. The
membrane was the washed 4 times in PBST at room temperature with 10 minutes for each wash
step. The membrane was then incubated in PBST + 3% milk including the secondary antibody (Anti
mouse alkaline phosphatas8igma) at a 1 in 5000 dilution for 1 hour. The membrans again
washed 4 times in PBST. The membrane was then washed in the alkaline phosphatase pre
incubation buffer and subsequently developed using 2 ml of BCIP/NBT substrate until bands were

visible. The reaction was then stopped by washing with water togmesverdevelopment.

2.2. Microbiological methods
2.2.1 Sterilisation

All media and buffers were sterilized for 15 minutes at 121° C /1 bar pressure in an autoclave,
unless they contaied temperature sensitive compents. In this case buffers were filtsterilised

usingan ®H >Y LR NB &A1 S aAyAal NI aeNAy3aS FAf dSNJ

2.2.2 Bacterial Growth
2.2.2.1 Plate cultures

Baceterial cells were either spread or streaked onto agar plates supplemented with appropriate

antibiotics which were incubated at 37 °C overnight.

2.2.22. Liquid Cultures

Liquid cultures were either inoculated with a single colony from an agar plate or inoculated with a
sample from an overnight starter culture (at 1:100 dilution factor). These cultures were then
incubated ata temperature of 25 °C, 30 &€ 37 °Cshaking at 180 rpm.
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2.2.3 Preparation of competent cells
51 ph ¥ Wawmn gz -DE3E.naliwere2siidaked autnonto LB agar plates and incubated at

37'C overnight. 5 ml of LB medium was then inoculated with a single colony and grown shaking at
37 'C at220 rpm overnight. 50 ndf fresh LB medium was thénoculated with (6 ml of the

starter culture and grown at 37C shaking at 180 rpm until the culture had an optical density of
0.6-0.8 at 600 nm. The cells were then cooled on ice for 10 minutes, before being centrifuged at
2700 rpm at4 'C for 10 mintes. The pelleted cells were then resuspended in 10 ml of ice
cold 0.1 M Ca&l10% glycerol solution and incubated on ice for 15 minutes. Cells were again
centrifuged at 2700 rpm at 4C for 10 minutes and the pelleted cells wereuspended in 1

m of 0.IMCagd m/E: It BOSNRE az2fdziAzyod /Stta 6SNB G

at-80'C.

2.2.4 Transformation of competent cells

pn >f 2F 02YLISGSyil tédodideandinobctlated Sifaf & INASTHSEBIRS T N
were then incubated on ice for 20 minutes before being heat shocked 5 4@ 60 seconds. Cells
were then incubated on ice for 2inul Sa & A 0 K H n nsubséquedthy adfidd fo thacBIR,A |

followed by incubation at 37C shaking a220 rpm for 30 minutes. The cells were then spread LB

agar plates supplemented with appropriate antibiotics.

2.2.5 Production of recombinant protein

BL21DE3 competent cells were transformed with the plasmid containing the gene(s) for the
protein to be pirified. 34 colonies wrethen inoculated into 5 ml of LB media with the appropriate
antibiotic and grown shaking &7 °Cat 220 rpmovernight. This 5 ml starter culture was then
diluted down into 500 ml of fresh LB. The cells were grown shaking la¢ aéquired temperature

at 220 rpm until the optical density at 60n was between 0-4.5. IPTG was then added (100
mg/litre) in order to activate transcription from the T7 promoter located on the plasmid. Cells were
grown for between overnight after indtion at 18 °C and then harvested by centrifugation at 4000

rpm at 4 'C for 30 minutes.
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2.2.6. Lysis of Bacteria

2.2.6.1 Sonication of cells

Harvested cells were lysed by sonication using a Sonics Vibracell Ultrasonic processotr3®ith 6
sec bursts at@% power with 30 second breaks between each burst. The sonicated cells were then

centrifuged at 17,500 rpm for 15 min at 4 °C and the supernatant was retained.

2.2.6.2 YPER treatment of cells
1 g of cell pellet was rsuspended in 10 ml YPER Péupplemented with 1 tablet of Cmplete

t NPGSHAS LYKAOGAG2NI /2010GFAt FyR . Sylz2ylast

on a mechanical rocker at room temperature for 3 hours.

2.2.7. Protein Purification

2.2.7.1.Nickel Column
Proteins tagged with#listidine residuesvere purified by immobilized metal ion chromatography

using Chelating Sephraose Fast Flow resin loaded with Nickel. All protein purifigagi@carried

out at room temparture, however all protein samples were kept on ice and all buffers (as described
in Section 2.15.1) had been stored at 4 °C and subsequently kept on ice. A colasmprepared

by adding5 ml of Chelating Sephraose Fast FIGBE Life Sciencei) a syringe witha valve
attached. The column was then prepared allowing 30nater to flow through the columrand

then charged witl80 ml ofCharge buffer containing 0.1% NiSThe column was then equilibrated
with with 50 mlof Binding buffer The protein extractafter sonicationwas passed through the
column and the flow through collectedny uinbound proteins were washed offf the columnby
passing throughb0 ml of Binding buffer followed B85 ml of Wash buffer | anthen followed by

25 ml of Wash buffer IThe flowthroughwas collected for each of these wash&ke protein was
then extracted from the columrwith 30ml of Elution Buffer, with this elution collectéad 1 mi
fractions and stored at 4 °Che column was then cleaned for subsequent purfications by washing

with 50 ml of Strip Buffer.
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2.2.7.2. Microcompartment purification usinyPer Plus

BL21(DE3) strainsontaining plasmid DNA for Pdu microcopmartment shell expressiere
cultured in 200 ml LB (at 37 °C, shaking at 160 rpm) to an OD600 of 0.8 and protein production was
induced with 400 uM IPTG at 18 °C overnight (shaking atrfpf). The cells were harvested by
centrifugation for 10 minutes at 4 °C at 2683 x g. 1 g wet cell pellet wasspended in 10 ml YPER

Plus (Pierce) supplemented with 1 tablet of Complete Protease Inhibitor Cocktail (Roche) and 1250
units Benzonase® Nease (5 ul per 10 ml YPer). The lysate was incubated for 3 hours at room

temperature and gently agitateasing a shaking platform

The lysate was pleted for 5 min at 11,300 x g, 4°Supernatant 1 and pellet 1 were collected.
Pellet 1 contained the miocompartments and was fsuspended in 2 ml 20 mM T4t4ClI, pH 8.0,

20 mM NacCl. The suspension was centrifuged at 4 °C for 5 min at 11,000 x g and supernatant 2 an
pellet 2 were collected. Supernatant 2 contained the microcompartments. The NaCl conicentrat

of supernatant 2 was raised to 80 mM by addition of 5 M NaCl (24 pl of 5M NaCl in 2 ml supernatant
2). Supernatant 2 was then centrifuged at 4 °C for 5 min at 11,000 x g and supernatant 3 and pellet
3 were collected. Pellet 3 (contaiy the microcompaments) was resuspended in 1 ml of 20 mM
TrisHCI, pH 8.0 and clarified by centrifugation (4 °C for 5 min at 11,000 x g). The final supernatant
should contain the purest microcompartments. 10 pl of total lysate, S1, P1, S2, P2, S3 and 5ul of P3
final supernatant and final pellet were loaded onto 15 % SDS ghis method has been published

by Lawrence et al. 2014.
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Y-Per Plus lysate '

spin

~

Pellet (P1)
Supernatant {51} Resuspend in low salt buffe|
(20 mM Tris-HCl, pH=8.0, 2

mbd Macl)

}

/ spin \.\\‘
Pellet (P2) Supernatant (52)
Add 5 M NaCl to obtain final

concentration 80 mh NaCl

— spin—__
Supernatant (S3) G Pellet (P3)
Resuspend in NO salt buffer
{20 mm Tris-HCl, pH=8.0,)

}

spin

Final supernatant '

Figure 2.1Diagram summarising the microcompartment purification process.

2.3. Molecular Biological Methods

2.3.1 PCR reactions
All PCR reactions were performed in an Eppendorf AG 22331 PCR machine. The basic PCR reacti

and the cycles used are outlined as follows:

With DMSO Without DMSO
ddH+O OH®p >{ oT ®p >
10 x PCR Buffer (Roche with ] p >t p >t
mM MgCt
DMSO p >f -
5 mMMdNTPs H >f H >f
Mn >a pQ tl H >f H >f
Mna >a 0Q t] H >f H >f
DNA Template Mo > f Mo > f
Taqpolymerase Mo > Mo >

Table 2.5Composition of typical PCR reactions
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Step Temperature Time Cycles Process
1 95 °C 2 mins 1 Initial denaturation
of template DNA
2 95 °C 30 secs Denaturation of
DNA
3 50-60 °C 30 secs 35 Annealing of
primers
4 72 °C 1 min per 1000 bp Elongation
5 72 °C 5 mins 1 Final Elongation

Table 2.6 Typical PCR conditions

Once the PCR reaction was completed the product whgested to agarose gel electrophoresis.

2.3.1.2 Overlap Mutagenesis PCR
In order to generate PduV mutations described in section 6.2.2.2, overlap mutagenesis PCR was

used, as described HyHoa et al. 1989)This method uses 2 sets of primers and 2 rounds of PCR
reactions b generate the target gene with the desired mutation. In the first round of PCR reactions
the gene is amplified from the template DNA using two flanking primers master primers (1 and 2)
thatamplifyFf NBY GKS p S viridl tw® ifiteridalpiinfers LM Bdd gMR that introduce

the desired mutation. The two flanking primers are also used to introduce restriction sites to allow
the insertion of the mutated gene into an expression vector. Durirgdbcond PCR when the
d0NIYRa&a 2F LINRPRdzOG&A ™M FYR H YR ma YR Ha |
generated using primers 1M and 2M will anneal. Primers 1 and 2 will then amplify this to generate

the full length target gene containing the desd mutation.This is shown in Figure Zo2low.
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Figure 2.2 Schematic to show the process for overlap mutagenesis PiGire adapted from

(Mccullum et al. 2010)

2.3.2 Electrophoresis of DNA
DNA was visualised for cloning purposes by mmagarose gels. 1% agarose gels were made using

1x TAE and 1 pl of ethidium bromide (10 pg/ml) was added per 1 ml of gel. The DNA sample was
then run alongside 5 pl of Bioline Hyperladder at 70 volts for 1 hour and DNA bands were visualised

by exposurea ultraviolet light on a transilluminator.

2.3.3 Isolation and purification of a DNA fragment

The DNA band of interest was excised from an agarose gel using a scalpel blade. Purification wa:
carried out using Qiagen QIAquick® gel extraction kit followifgS Y I y dzF I Ol dzZNB NI 3

their reagents.

2.3.4 Isolation of plasmid DNA

5 ml of LB media with appropriate antibiotics was inoculated with a single colony from a
transformation plate and grown shaking at 32 at 220pm overnight. Plasmid DNA isolation was
then carried out using a Qiagen Qiaprep Spin Miniprégp KF 2t t 2 Ay 3 GKS YI ydz

with their reagents.
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2.3.5 Ligation of DNA

Vector and inserDNAwere digested with the relevant restriction enzymes as described

in Section 2.3.6. The ligation of DNA fragments into the vector was carried 43Cat

Typical ligationreaction:

Insert 5pl

Vector 3yl

10x Rapid Ligation buffer (Promegg)l1

T4 DNA Ligase (Promegg)l 1= 1 U/10ul)

2.3.6. Restriction digest of DNA

Plasmid DNA was digested using the relevant enzymes. The optimal buffer waa eleosrding
to either the Promega or New England Biolabs information provided. The reactions were incubated
for 2 hours at the temperature required by the restriction enzyme before being subjected to

electrophoresis

Single Digest Double Digest
ddHO 6 ul 5u
10 x Buffer 1y 1u
Restriction Enzyme 1| 1 1y
Restriction Enzyme 2 1y
Plasmid DNA 2 2

Table 2.7 Composition of a typical restriction digest.

2.3.7. Cloning into vectors
2.3.7.1 Link and Lock method

Many of the constructd SY SN} 6§ SR Ay

KA &

aidzRe

6 SNB

LINE R ¢

cloning methodMcgoldrick et al. 2005)his method of cloning allows multiple genes ¢odioned

consecutively into the same construct through the use of the same restriction sites. This was

70| Page



achieved using using Spel/Xbal, which have compatible cohesive ends, and Hindlll. In this proces
the Spel/Xbal sites are destroyed leaving only one &hBpel site in the newly formed constructs

to allow insertion of the next gene.

2.4. Biochemical methods
2.4.1. Bradford assays

The Bradford assag dependanbn coomassie blue G250 binding to proteiaspeciallyto arginyl

and lysyl residuedn the presence of proteinthe absorbanceéhe dye moves fro the red cationic
form (470 to %0 nm) to the ble anionic form (590 to 620 nm). As a reghke quantity of the
protein can be estimated by measuring the amountcobmassiein the blue form at 595 m
(Bradford, 1976). Theoomassie blue dyfom BioRad was added to diluted protein solution. The
reaction was left at room temperature and the OD595 was measured. A standard curve was
generated with bovine serum albumin (5, 10, 15, 20 and 25ang) thiswas used to determine

the protein conetration of the purified sample.

2.42. GTPase Assay

Two different assays were used to try and measure the GTPase activity of PduV. The first was a a
photometric ATP/NADH coupled assay, as describ@ddss & Wurster 1970)ater, a more
recently described assay using Anitmony was used, as desanif®drtolommei, Moncelli &

TadiniBuoninsegni 2013)

2.5. Imaging analysis

2.5.1 Livecell imaging
Samples were visualised using an Olympus IX81 microscope with PlanApo 150x-SF IRES NA

lens mounted on a PIFO@xs focus drive (Physikinstrumente, Karlsruhe, Germany), and
illuminated using LED light sources (Cairn Rebdaidt; Faversham, UK) with appropriate filters
(Chroma, Bellows Falls, VT). An Optisplit def@airn Research Ltd) was usedllow simultaneous

acquisition of multiple wavelengths. Samples were visualised using a ProEM CCD (Princetor
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Intruments) camea, and the system was controlled with Metamorph software (Molecular Devices).
Each 3Bmaximum projection of volume data was calculated from 20z yS A Yl 3Saz S
apart, using Metamorph software. During hgell imaging, cells were mounted toragar pads

on glass slides and fitted onto an ASI motorised stage (ASI, Eugene, OR) on the above system. £
live-cell imaging was undertaken using LB media supplemented with appropriate antitabtics
room temperature.Once acquired, deconvolution afnages was carried out using Autoquant
software and figures prepared using Microsoft Powenpoivhere adjustments to contrasor
brightness were applied uniformly to the entire imagdél filters used were supplied by Chroma,

Vermont,USA and detail of etation andemission filters are in Table 2b&low.

Fluorophore Excitation Filter Emission filter
Cerulean ET436/20x ET480/40m
GFP ET480/20x ET3.0/20m
Ypet ET500/20x EB35/30m
mCherry ET58025x ET625/30m

Table 2.8.Excitation and emission filters used tswalise €rulean, GFP, Ypet amdCherryfusion

proteins.

2.5.1.1Design of FRET Experiments to Explore literaction Between PduV and PduK

Initially, to determine if tlere is an interaction between PduV and PduK, the common FRET pairs
Ypet (a derivative of YFP) and Cerulean (a derivative of CFP) were chosen as fluorescent tags
Cerulean has an excitation peak at 433 nm and emits light at 4Abhila Ypethas excitatiorand
emission peaks at 517and 530 respectively, shown in Figure 3.1. This makes the use of these
proteins highly advantageous in fluorescent live cell imaging. If the localisation of Cerulean and Ypet
are within a distance of 10 nm, the excitation of Ceanlevill cause an emission of Ypet signal. This

is due to the overlap of the two spectra. Cerulean acts as a donor fluorophore, when excited to a
higher energy state, instead of returning to the ground state by energy emission, energy is
transferred to Ypetthe acceptor molecule and consequently Ypet signal is emitted as it returns to

the ground state. In theory the best FRET pairs are the ones that have higher spectral overlap.
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However, this causes problems with background fluorescence and spectratthieegh (SBT),
where even if FRET is not occurring, the donor signal may still be seen on excitation of the acceptor.
For this reason Cerulean and Ypet make good FRET pairs with a Forster distance overlap of 4.9 nr
as opposed to GFP and Ypet, for examplach have a larger oveipaf 5.6 nm as shown in Figure

2.3 (Kaminski, Rees & Schierle 2014)

Cerulean and Ypet Spectra Profiles

m Cerulean Excitation
Cerulean Emission

w—pet Excitation

Absorption/Emission

Ypet Emission

Figure 23. Cerulean and Ypet Spectra Profiles. The excitation and emissiorgifiCerulean and Ypet

are shown, with peaks for absorbance and emission at 517 and 530 for Cerulean and 433 and 475 for
Ypet respectively. The area of overlap between Cerulean emission and Ypet excitation is shown in grey
and is known as the spectral alegp, or Forster distancdr). The Forster distance is used to determine

the FRET efficiency, i.e. the fraction of energy that is transferred to the acceptor, for each donor
excitation event. It is therefore used to decide on the best fluorophore paiosécfor FRET. An overlap
between the two spectra is necessary to ensure that energy can transfer between two fluorophores if
within a distance of 10 nm from each other, however if the overlap is too small the FRET efficiency would

be too low. If the ovedp is too high, background fluorescence or spectral bibedigh (SBT) can occur

2.5.2 TEM conventional

2.5.2.1 Preparation of samples
A 5 ml culture oft. coli(JM109 or BL21(DE3)pLysS) producing proteins of interest was grown

overnight at 37°C. Thecells were harvested by centrifugation at 4,000 x g at 4 °C for 10 minutes,

re-suspended in 2 ml of 2 % paraformaldehyde, 0.5 % glutaraldehyde in PBS and fixed for 1 hour at
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room temperature. Traces of the fixing solution were then removed by twice washécells with
1 ml of PBS. The samples were then resuspended in the primary stain, 1 % osmium tetroxide, and
incubated at room temperature for 1 hour. The samples were twice washed with PBS prior to

dehydration.Dehydration was accomplished by subjegtithe sample to a solvent gradieritable

2.9).
Composition Solvent Time (minutes)
70% Ethanol 20
100% Ethanol 20
100% Ethanol 30
100% Propylene Oxide 30
100% Propylene Oxide 30
50:50 Propylene Oxide:Embedding mediu 60
100% Embedding medium 180

Table 2.9The solvent gradient used for the dehydration of samples for electron microscopy.

The embedding medium used was Agar Low Viscosity Resin and the constituents for a block of
medium hardness is shown Trable 2.10The samples were placed itbOnl embedding tubes and
centrifuged for 10 minutes at 4000 x g to concentrate the cells to the tip and incubated at 60 °C

overnight to polymerise.

Component Mass
LV Resin 48 g
VH1 Hardener 16 g
VH2 Hardener 369
LV Accelerator 25¢g

Table 2.10Low \scosity resin constituents used to produce a block of medium hardness

2.5.2.2 Sectioning and visualisation of samples

Specimens were thin sectioned a thickenss of ~80nmvith a glass knife on an RMC MU00-XL
ultramicrotome. Sections were collecteth copper grids and postained with 5 % uranyl acetate
for 30 minutes at 60 °C and 0.1 % lead citrate for 10 minutes at room temperature. Sections were

then observed and photographed with a JEX2B0 transmission electron microscope.
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2.5.3 TEM immunalabelling
For immunogoldabelling of PAUNGFR BL21(DE3) cells expressing P&RP and the associated

BMC shell were embedded in Agar Low Viscocity Resin. A 5 ml cultige aoli(JM109 or
BL21(DE3)pLysS) producing proteins of interest was grown okemtig37°C. The cells were
harvested by centrifugation at 4,000 x g at 4 °C for 10 minutesuspended in 2 ml of 2 %
paraformaldehyde, 0.5 % glutaraldehyde in PBS and fixed for 15 minutes at room temperature.
Fixed cells were then washed three timeslirml of PBS. Dehydration of the cells was again

accomplished by subjecting the cells to a solvent gradient, (Takle 2.1

Composition Solvent Time (minutes)
30% IMS 120
60% IMS 120
90% IMS Overnight
100% Dried Ethanol 60
100% Dried Ethanol 60
100% Dried Ethanol 60

1:1 Ethanol:Resin 60

1:2 Ethanol Resin 60
100% Resin 60
100% Resin Overnight

Table 2.11The solvent gradient used for the dehydration of samples for imrrabelled electron

microscopy.
The samples were then plag in embedding tubeand centrifug@d for 10 minutes at 4000 xtg
concentratethe cells to the tip and incubated at 60 °C overnight to polymerise. Sections were then
cut as described in section 2.5.2.2 and, placed on copper grids. Immunolabelling was achieved by
the followingmethod; The grids were washed in TBST (20 mM Tris, 500 mM NaCl, 0.05% Tween
20, 0.1 % BSA, pH 7.4), blocked in 2 % fish gelatine in TBST for 30 minutes and incubated for 1 ho
with the primary antibody (1:10@nti-GFPrabbit IgG (Gullick Lab, Universitf Kent). The grids
were washed in TBST and incubated with goat-eatibit IgG immunogold conjugate, 15 nm gold
particles (British Biocell) 1:50 for 30 minutes. Finally the samples were washed in TBST, then
millipore water and were then dried. Samplesredhen stained and visualised as described in

Section 2.5.2.2.
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2.5.4 AFM

Samples were visualised using a Bruker Multimode 8 scanning probe microscope. Purified BMCs
were mounted on hydrophobic MICA by incubating 20 pl of purified BMCs on the surféce for
minutes. 2.5 % (v/v) glutaraldehyde in PBS buffer was then used to fix the sample, and this was
then dried using nitrogen gas. Images were collected in air using the peakforce tapping mode with
peakasyst air cantilever probe (Bruker) with a nominalisgprconstant of 0.4 N/m. Images were

then processed using the supplied Nanoscope software.

2.5.5. Experiment Design

When microscopy analysis was used for investigative purposes at least 3 slides were examined
all experiementdo ensure any findings werboth accurate and repeatable, and not simply as a
result of biological variation. In addition to this, when drawing conclusions from microscopy

analysis it was ensured that at least 50 cells were imaged.
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Chapter 3 Exploring possible interactions
between the PduK and PduV
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3.1. Introduction

The potential ability to utilise recombinant shells to produce designer chemicals, drugs and biofuels
relies on our understanding of the structure of the shell, as well as the properties of the shell
proteins that form it. The Pdu shell is the second bsttdied of all known BMCs, after the
carboxysome. However, very little is known about the assembly of proteins to form the Pdu BMC
structure or how small molecules are transported across the shell. Curremgikiiown that the
essential proteins involved in recombinant Pdu shell formation are PduA, PduB (expressed as two
Ada2YSNAERZ tRdz YR tRdz Q03X tRdzWZ t RdzY FyR t R
PduABJKN resulted in the formation of slightly lagstCs. However the functional role of these

shell proteins within the BMC still remains largely unknown, see section 1.4.7.

Previous studies have given insights into the phylogenetic relationship between shell proteins and
identified which other shell pteins interact with other shell proteins. Interestingly PduA appears

to interact with all of the essential shell proteins. The other proteins were shown to interact only
with PduA, with the exception of PduK whichmarified with PduT by IMA(Parsons et al. 2008)
Further studies carried out by Dr S. Frank revealed that PduK afaarified with PduV, a protein
thought to be involved in the spatial organisation of the Pdu BMC (unpeblidhata). Furthermore,
overexpression of PduK i colicells housing PduX, displayed a single large aggregate complex
that still contained the delimiting structure of the BMC,; this indicates that overexpression
prevented the spatial separation of therganelles, but did not affect the BMC structyfarsons

et al. 2008) This leads to the question: what is the role of PduK in the BMC shell?

One potential role for PduK is for the prateto help facilitate the transport of molecules into the
BMC through an interaction with the P18 targeting sequdhesvrence et al. 2014The @erminus

of PduK is unique to shell proteins in that it contains an extenghat harbours an aminacid
sequence containing 3 cysteine residues, reminiscent of a motif associated with the presence of an

iron-sulphur centre. However no evidence has been shown that this region of the protein does
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indeed house such a redox centre.recent study found that a BMC shell that lacks PduK has a
similar phenotype to that of PduK overexpression described algopmtein aggregates can be
seen, but these contained defined shell structures. It was also found thdti€deletion had no

effect on propionaldehyde toxicity or growth on 12D (Cheng et al. 2011)Although PduK is
considered to be an essential shell protein, its exact function is currenkgown. It is likely that

PduK is involved in several processes, such as mediating the internalisation of molecules and
facilitating the distribution of BMCs throughout the cell cytoplasm, through an interaction with

PduV.

This investigation aims to ahacterise further the role of PduK in the recombinant Pdu shell. To do
this, fluorescence live cell imaging was used to identify possible interactions between PduK and
PduV and to determine if PduK is involved in the distribution of BMCs in the celyvésus studies

have suggested. In addition, through the use d@k@ninal PduK truncations, the role of the C
terminal extension in the spatial organisation of BMCs was investigated. In order to identify protein
protein interactions by live cell imagingatas necessary to engineer protein fusions whereby PduK
and PduV were tagged with fluorophores to allow visualisation by microscopy. However in so doing,
it was also necessary to determine if the resulting protein fusions were functional, i.e. if
compartments containing tagged PduK could still form, and if tagged PduV still associated with
filaments. Any loss of function due to fluorescent tags could generate artefactual results that may

be difficult to interpret.

3.2. Results
3.2.1. Cloning of fluoresce tag-fusions

Initially, to determine if there is an interaction between PduV and PduK, the common FRET pairs
Ypet (a derivative of YFP) and Cerulean (a derivative of @Pghosen as fluorescent tags. Genes
for expression of these flurophores whereméd into expression plasmids with eithatuVor pduk

as described below.
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3.2.1.1. Cloningpdu\V-cerulean

pduVwas originally sourced from thedu operon ofCitrobacter freundiby Dr J Parson®arsons

et al. 2008) For this studypduVwas subcloned intopET3adza A Y3 G KS NB &G NR O A
0Q { I GruleanISKYSS Bl & &ddzaSljdsSyiafe FdzaSR -yhing §KS
of PduV , as it has previously been shawat tagging PduV on the N terminus inhibits function
(Parsons tal. 2010) Thecerulearwas sourced fronfRizzo et al. 2004nd primers were designed

O2y Gl AyAy3a GKS NBaGNAROGA2Y ubsaqichtaligest® refnbvOéxtral y R
basesceruleanwas ligated withpduV,as outlined in Section 2.3.5. The resulting plasmid is shown

in Figure 3.1Pdu\Ceruleanvas also later subloned into the chloramphenicol resistant plasmid
pLysSin order to ceexpress with ampicillirresistant plasmids containing oth@du genes.This

was subcloned by restriction digests giLysSpduN)and pET3apdu\tceruleanwith Xbal and
Hindll. Thepdu\tceruleanfragment was then ligated witlplysSand transformed into JM109
competent cells as outlined in Section 2.2.4. JM109 cells were then cultured from the
transformation plate and grown overnight at 37 °C, as describ&kation 2.2.2.1. To harvest the
plasmid, Qiagen Minipreps were carried out and the DNA was test digastealsure the genes

had been inserted correctly into the plasmid, as outlined in Section 2.3.6. This cloning method was

unaltered throughout the cloning process.

HindIII (74)

Spel (5370)

Ampicillin

Sacl (4651) Cerulean

Ndel (4195)
Xbal (4155)

Figure 3.1Plasmid map opET3apdu\tcerulean Length is 5786 bp and plasmid contaan ampicillin

resistance gene.
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3.2.1.2. CloningpduKfusion tags
It was not known if tagging PduK on thedd G termini had any effect on the formation of Pdu

BMCs. Consequently, two separate constructs were engineered in order to tag PduK sgmeratel
both the N and C terminus with Ypet. For theddminal tag,ypet was amplified by PCR using
LINAYSNB O2ylGlFAyAy3a I pQ | &S The HigefedpefPCR hdRilict I y |
gl a Of 2ySR Ay(2 pERSlocking the gasin the paginid iti$hke cothatible

sites Asel and Ndel, which are subsequently destroyed when ligated togptha¢was then sub

cloned afterypetdza A y3 G KS p Q b Rtrinind tygBed BdK fas #gineeted yhe ®
PCR ofpetwiththered G NRA OG A 2y & A (ypeétwap tien fightidl behingolu®in apETB4 L @
plasmid.pduKwas recloned by PCR in order to remove the stop codon and ligated withEi&a

plasmid using thé&ldel and Spel sites, (Figure)3.2

HindIII (85)

Spel (5402)

BamHI (5285)

Ndel (4929)
Sacl (4920)

\ Ampicillin
PdukK

Spel (4559)

Xbal (4166)
Ndel (4089)
Xbal (4049)

Figure 3.2Plasmid mapsf engineered constructs containiygpetand pduK A)pET3aypet-pduK Total

plasmid length is 5807 bp BET3apdukypet. Total plasmid length: 5798

3.2.1.3. CloningpduKfusions at the end of the Pdu BMC construct

It was necessary to engineer a constrgontaining a fluorophor¢éagged PduK as well as genes

required for recombinant Pdu shell formation. This is because initial results revealed that when
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PdukYpet and YpePduK were cgroduced with PduMCerulean, the function of PduV was
impaired as filenents were no longer visible. In addition taggeduK alone appeared to aggregate
at the cell poles, (data not shown). Therefore the expression of BMCs are necessary to determine

possible interactions between PduV and PduK.

Previously it has been showhat changing the order of the shell protein genes, by inverting the
minimal shell protein assembly to giyluN-K-JB-A resulted in the appearance of aberrant
structures. However due to ease of clonipguKfusion genes were added to the end of the BMC
construct pET3apduABJNUoutlined in Table 2.2. To do thipdukypet and ypetpduK were
restricted with Xbal and Hindlll, to cut the fragment from the plasmid. These fragments were ligated
with pET3apduABJINUestricted with Spel and Hindlll as shownFgure 3.3.The compatible
cohesive ends of Spel and Xbal allows the fusion gene to be inserted into the construct after the

genes corresponding to other shell proteins.

NdeI (7972)
Xbal (7932)

Spel (202)

Ndel (293)
Ndel (7741)

HindIII (692)

Ndel (1148)

Ndel (6625) Ndel (1465)

Ampicillin

Ndel (1781)
Ndel (6309)

Ndel (5992) Ndel (2174)

Spel (2644)
Ndel (5137)

Ndel (4813)
Xbal (4773)

HindIII (3851)

Figure 3.3Plasmid map opET3apduABINYpetpduKand pET3apduABINpdukypet This construct
contains thepduKfusion tagspdukypet and ypetpduKintegrated after the other genes required to

form the BMC shelllotal plasmid length: 8091
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3.2.1.4. Integration opduk-ypet with genes for the BMC shell.

Live cell imaging re@aled that BMCs do not form correctly when expressed from a construct that
has apduKfusion cloned after the genes eonding the other shell proteins, howevanages
revealed that PduABJINIKJYpet contained BMCs that were more similar to the contian
PduABINUWYpetK (Figure 3.§. To investigate further the effect of gene order on the formation of
BMCs and the effect this has on Pdp¥ukypetwas integrated in the normal gene order; PduABJ

KYpetb! o6& GKS W[AYy]l YR [201Q LNROSaao®

Initially pET3aduABJ (See Table 2.2) was restriction digested with Spel and HiEdI8apduk

ypet was also digested, with the restriction enzymes Xbal and Hindlll. The fragment ends were
joined by ligation, with Xbal and Spel forming a new site as they have compatielgive ends. As

a result, the previous Xbal/Spel site is destroyed, locking the genes with the plasmid and allowing
further genes to be subloned into the plasmid using the same restriction sites. JEE3aPduABJ

K-Ypet plasmid was restricted with Spahd Hindlll, ancpduN was cut from pET3a with the
restriction enzymes Xbal and Hindlll. Once again the fragments were ligated, resulting in the
formation of a new restriction site and the destruction of Xbal/Spel. Fipddly3aPduUwas
restricted with Xbaand Hindlll and ligated intpET3aPduABK-YpetN that had been digested

with Spel and Hindlll. This process resulted in the construct shokigtine 3.4.
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Figure 3.4 Plasmid map opET3apduABdpdukypetNU. This construct contains theduKfusion tag,
pdukypetintegrated in the correct order of genes required to form the BMC shethl plasmid length:

8091

3.2.2 Microscopy analysis to characterise a proposed interaction between
PduK and PaVv

The recombinant shell protein constructs, egpsed inE. coliand used in this study consists of
genes that encode the proteins necessary to form the BMC shell. These genes were derived from
the pdu operon of Citrobacter freundiand includeLlJR dz! = LIJRdz. . Q3 drRpdw> LJIR
Expression of thse genes produced empty BMCs that were similar in size and shape to the wild
type compartments produced 8. entericgParsons et al. 2008 addition, studies have also been
carried ou using empty, recombinant Pdu BMC shells containing mClieoglled PduA. These
mCherryPduABJKNU compartment shells were also very similar to thetypédPdu shells and

formed intact structures of approximately 100 nm in diamgfearsons et al. 2010)

As well as the shell proteins required to form an empty BRIA@UT is associated with the BMC but
its role within the BMC is not known. It is considered to be aessential component of the shell
as described in Section 1.4.7Therefore, an investigation was initiated to determine whether or
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not the addition ofPduT had any effect on the localisation or formation of filaments. In addition,
the effect of tagging PduV with a fluorophore was investigated. Previously, studies had been carried
out to give insights into the function of PduV. From this it was knowhPdaV/ can be tagged on

the Gterminus with GFP however, no other PduV fusion tags have been exPagsbns et al.

2010)

In order to examine the functionality of PdwSérulean, the presence of filaments and the
distribution of mCherntagged empty microcompartment shells were examined by fluorescence
microscopylt is necessary to express Pd@¥rulean in conjunction with BMC shells for filamentous
structures to be observed. In the absence of Pdu BMC shells;®@eluNean can be seen to localise

only at the cell poles in inclusidike foci(Parsons et al. 2010)

3.2.2.1. Visualisation of the Pduerulean fusion tag witiPdu BMC shells

Pdu\Cerulean was expressed with empty Pdu shells in order to investigate the effect-of a C
terminal Cerulean tag. Two separdiecolBL21 (DES3) strains were engineered. The first contained
the plasmidpLysSnCherryPduABJKNUANd pET3apduV-ceruleanand the second contained the
plasmids pLysSnCherryPduABJKNUand pET3apdu\tcerulean. For the purpose of live cell
imaging, cultures (25 mL) were inoculated from a starter culture containing one colony from a
double transformation. The cultas were then grown at 37°C to ridg (OB of between 0.4 and

0.6), see Section 2.2.2.2, and mounted on an agarose pad and were then visualised by microscopy

see Section 2.5.1.
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mCherry-PduABJKNUT

PduV-Cerulean

mCherry-PduABJKNU

PduV-Cerulean

Figure 3.5Comparison whedu\fCerulea is co-expressed with BMC shetlsat either contain or lack

PduT. Live cell images acquired show the Phase, mCherry, Cerulean and Composite sigBaisli The
strains visualised includ&-D ¢ mCherryPduABJKNUT, Pd@érulean and=H ¢ mCherryPduABJKNU
Pdu\fCeruleanColocalisation between empty BMC shells and PduV can be seen in both semfites
arrows) however the level of colcalisation appeared reduced when PduT was present in the empty BMC

shell (TopImage]. O £ S . I N¥Y p >Y

Elongated cells havpreviously been visualised when recombinant Pdu BMCs are expredsSed in
coli (Parsons et al. 2010; Sargent, F. A. Davidson, et al. pBd8)mably as they exert a stress
response. Figure 3.6 is consistent with this aldadon and shows that the cells were elongated in
strains ceproducing PduMCerulean in conjunction with either mChefAduABJKNU or mCherry
PduABJKNUT. Pd@érulean was observed in filamentous structures in both of these strains and
was also seen in disete foci throughout the cytoplasm, often docalised with the empty BMC
shells (as shown by arrows). The distribution of the microcompartments also appeared unaffected

when PduV was labelled with Cerulean. mCh#¢sigged Pdu BMCs were distributed thrdwogit
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the cytoplasm of the cell in discrete foci, corresponding to previous results observed by Parsons et

al (Parsons et al. 2010)

Interestingly, the level of ctocalisationappearedvisibly reduced in the presence of PduT at the
end of the empty microcompartment construct. This is shown by the white foci indimpasite
image of Figure 3.6, which representslooalisation between the Cerulean and mCherry signal. As
a result of the reduction in ctocalisation, all future experiments were carried out with empty

microcompartments lacking PduT.

3.2.2.2. The effecof fusing Ypet to PduK on BMC formation and interaction with PduV
Cerulean by live cell imaging

In order to examine the possible interaction between PduK and PduV, fluorescence microscopy was
initially carried out with BL21 (DE3) strains contaimibgsSPdu\{Cerulearand eitherpET3apduk

ypetor pET3aypetpduK(images not shown). Microscopy images showed that both Fdeivilean

and the Ypetabelled PduK localised to the cell poles. The Cerulean and Ypet signal seemed to co
localise but this may be asult of insolubleprotein aggregation and the formation of packed
inclusions. To explore the possible interaction between PduK and PduV, it was therefore necessary
to include genes for Pdu shell protein expression to prevent protein aggregation andsésual
individual foci. As a result, due to ease of clonpdykypetandypetpduKwere subcloned at the

end of the shell construct, see Section 3.2.1.3.

BL21 (DE3) strains-pooducing PduMCerulean and either PduABJKLY pet or PAdUABJINYpetK
were grown at 37°C by inoculation of a culture (25 mL) from an overnight starter culture containing
cells from one colony of a double transformation agar plate. The cells were grown4ogni@® oo

0.4-0.6) and visualised by microscopy as outlined in Sectiot.2.5.

Results, from the images in Figure 3.7, showed that when fkrvlean was cexpressed with
empty BMC shells containing a Peldet or YpefduK fusion, there were no obvious elongated
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filamentous structures. Short linear structures were observedines of the cells (as indicated by

the white arrow heads), although these shorter filaments were not as prevalent as filaments seen
in the mCherryPduABJKNU control. To quantify this, strains were imaged by microscopy and the
number of filaments in 200 cslifrom each strain were counted in MetaMorph (Section 2.5.1). A
moderate number of filaments, at 53 per 200 cells were observed in images of the strain expressing
PduABJIN-Ypet and PduCerulean, whereas only 24 filaments were seen when PduABpiEt)

PduK and PduXCerulean were cexpressed. However both of these were markedly reduced when
compared to the control where 241 filaments were counted in 200 cells; with many cells containing

multiple filaments.

Interestingly, the fluorescent foci of BMCataining PduK fusions were much larger compared to
that of mCherryPduABJKNU shells. Compartments of PAuUAEJMtPduK were not distributed

as evenly throughout the cytoplasm as the control and individual compartments, represented by
discrete foci of Ypédtuorescence signal, were not observed (Figu6.3n comparison, PAduABJNU
K-Ypet BMCs appeared to be more evenly distributed compared with ttegminal PduK tag and

discrete foci were visible, as indicated by the circled cdligare 3.6.

Overall as seen in Figure 3.7, PduV and PduK appeareditialise, as suggested by the green
tint in the composite images. However it is difficult to assess whether the BMCs had formed
correctly, incorrect folding could lead to the exposure of residues thailev not normally be
revealed and may cause interactions that would not normally occur. The higher number of
filaments observed with PAuABJMWY pet and visualisation of discrete foci suggests that shell
protein may be folded correctly to form intact commpaent structures when the C terminus of

PduK is tagged as opposed to the N terminus.

The method of Pdu BMC shell protein assembly is currently unknown and the effect of reordering

the genes encoding shell proteins was largely also unknown. The resighaigpduKat the end
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of the shell construct may have inhibited possible assembly processes. For this reaseipetduk
was incorporated in the recombinant Pdu shell construct in the same gene order pgutbperon

from C. freundii
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Phase Cerulean Ypet/mCherry Composite

1 mCherry-PduABJKNU
PduV-Cerulean

2 PduABJNU-Ypet-PduK
PduV-Cerulean
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3 PduABJNU-K-Ypet
PduV-Cerulean

Figure 3.6Effect of tagging PduK on BMC formation and PduV function. Live cell images acquired show
the Phase, Ypet or mCherry, Cerulean and Composite signalg. bkstrains visualised include PduV
cerulean ceexpressed with 1) mChgrPduABJKNU 2) PduABJIXhetPduK 3) PAuABJINGY pet. Two
corresponding images are shown for strains 2 and 3, with the bottom images zoomed in to visualise

structuresmore clearly The expression of BMC shells containing PduK with Ypet fused to eithdr the
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or C terminus appeared to greatly reduce the presence of filamentous -BéuMean filaments.
Occassionally short filamentous structures were observed (white arr@®¥¥C shells containingpet
PduK were not distributed as evenly throughout the cytoplasrthe cotrol and discrete foci of Ypet
fluorescence signal, were not observétbwever BMC shells containing Peipetappeared to be more
evenly distributed discrete foci were visible iadicated by the circled celh both cases PduK and PduV

did eppear to colacalis¢ OF £ S . I NX¥Y p >Y

3.2.2.3. Exploring possible interactions between PduK and PduV by live cell imaging

To explore the possible interaction between PduV and Poidilkcypetwas cloned in the functional
BMC shell gene order. A BL21 (DER®plistrain was engieered to contain the plasmidsET3a
PduABK-YpetNU and pLysShdu\tcerulean Cells were then grown for microscopy at 37°C in 25
ml cultures by inoculation from an overnight starter culture as described in Section 2.2.2.2 and

visualised by live cell imamgj at an OB00of between 0.4 and 0.6 (milbg).

Fluorescent images in Figure 3.8 showed that the incorporatiggdokYpetwith the rest of the

shell genes resulted in the appearance of elongated filaments containing-CeluNean. These
filaments werenot visible when strains expressing taggetlK reordered to the end of the shell
construct, were studied (see Section 3.2.2.2). This suggests the need for shell proteins to be
expressed in a particular order for PduV to function. Despite the presdralengated filaments,
similar to that observed with the mCherBduABJKNU BMC control, the BMCs present in the
PduABXK-YpetNU strain in some cases appeared to aggregate and amassed in large, bright foci

indicating that the shells did not form correcthyjth the fluorophoretagged PduK.
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Phase Cerulean mCherry/Ypet Composite

mCherry-PduA-BJKNU

PduV-Cerulean

PduABJ-K-Ypet-NU
PduV-Cerulean

PduABJNU-K-Ypet
PduV-Cerulean

Figure 3.7Exploring the interaction between PduK and PduV. Live cell images acquired show the Phase,
Ypet or mCherry, Cerulean and Composite signalsETlelistrains visualised include Pdwérulean
co-expressed wh 1) mChernPduABJINU 2) PduABdpetNU 3) PduABJINRBRduKYpet The cloning of
PdukYpet into the correct positon in the Pdu operon resulted in the formation of FdeNlean
filament similar ot that in the control sample, howevidte BMC shells accumulated into large foci,

suggesting they shells were not forming correctly (White Arrovp. £ S . I NY p >Y

3.2.2.4. The formation of the BMC shell with tagged PduK

To investigate the structure of BMCs formed when PduK is labelledYypi#h, cells were thin
sectioned and visualised by TEM. BL21 (DE3) cells were transformed with the engineered BMC
constructs. Starter cultures were then grown overnight at 37°C by inoculation using several colonies
from the transformation plate. Larger 108l cultures were then grown by inoculation from the

starter culture (1:100), at 37°C until an &d»f 0.8 was reached. The cultures were subsequently
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induced, as outlined in Section 2.2.5, and grown overnight at 19°C. Cells were spun down and

prepared forthin sectioning and visualisation by TEM as described in Secfdh 2

A « ¥

Figure 3.8.Examining the effect of tagging PduK n BM formation. TEM nalysis of whole cell thin
sections of cells expressingCherryPduABJKNU (A & B), a négatcontrol of BL21 (DE3) pLysS cells (C)
and cells expressing PduARYpetNU (D)BMC shells were observed in control cells as expected (white
squares in panes A and B) and were not observed in then negative control. However wheYigeduK
was incorporged into the Pdu operon BMC shells were not observed (Pane D). However elongated tube
like arrangements we observed near the cell wall in apprxoximately 10% of cells, as shown by the white

arrow.
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Results showed that compartments from the control straipressing mCherfPduABJKNU BMCs,
Figure 38 (A & B), are able to form intact structures that vary in size betweerg 700 nm,
measured using ImageJ software. These compartments appear less regular thaypeitl
entericaPdu BMCs, however, this may aeaesult of the angle of sectioning. Cells were densely
packed with BMCs and as a result were enlarged in both width and length. The shells of the BMC
can be seen as electron dense strands that close to form the intact, empty, compartment. Cellular
componets such as ribosomes and DNA can be seen around the edges of the cell, or packed in
discrete areas, separate from that of the densely packaged BMCs. A negative control strain, Bl21
(DE3)pLysSwas grown at the same time and subjected to the same growth BEM sectioning

conditions. No compartmenrike structures were observed in thisntrol, as shown in Figure 3.8

(©).

Interestingly, TEM of thin sections of cells containing PdégABIetNU showed very similar results

to that of the negative control, [B21 (DE3pLysSshown in Figure 8.(D) BMdike compartments

were not present in any of the cells visualised (n=200), although some cells (~10%) contained
unusual patterned structures. These structures were highly uniform, consisting of elongated,
narrow tube-like arrangements that comprised outer, delimitated walls with a segmented interior.

In addition many cells contained inclusion bodies. These structures were not present in the negative
control and are likely to be due to the expression of Pdu&BpetNU. This experiment was carried

out twice and the same result was observed on both occasions.

3.2.3 Analysis of the role of PduK in the BMC shell
It was found that Pduusions prevented the formation of the BMC shell. The role that PduK has

on a ecombinant Pdu system was then explored. Tevoolistrains were created that harboured
the genes necessary for shell formation but lackddK (1)pET3amCherrypduABINWith pLysS
pdu\tceruleanand (2)pET3amCherrypduABJNUWlone. These strains weresualised by live cell

imaging and TEM to determine: the localisation of PduV in relation to the BMC, the presence of
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Pdu\fCerulean associated filaments and also the effect on BMC formation in the absence of PduK

in a recombinant system.

7 A

3231.Cdocad Aal GA2y 0SisSSy (GKS akKStf |yR tRd
this interaction
Strains were grown for fluorescent live cell imaging including; mCireaABIKNU PdiGerulean

as a positive control for BMC formation and PduV function as weliGserryABJNU and PduV
Cerulean. These were grown in the same conditions as previous cultures, at 37°C in a 180 rpm
shaking incubator until a cell density of §&d1.4-0.6 was reached. Cells were then mounted and

visualised as described in Section 2.5.1.
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Figure 3.9Exploring the necessity of PduK in the interaction between PduV and.BMEsell images
acquired show the Phase, mCherry, Cerulean and Composite signaliscolisrains visualised include
Top Row mCherryPduABJKNU and Pd@érulean andBottom Row ¢ mCherryPduABJINU, PduV
CeruleanThe absence of PduK resulted in the BMC shells accumulating into large foci (white arrows),
however there was ctocalisation between PduZerulean and these BMC skselt is unclear if this was

due to the two interacting or was a result of protein aggregatiorOF €t S . I N¥ p >Y®
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Compared to the control strain, images showed that celtexqressing mChersyBINU and PduV
Cerulean produced large BMCs, as indicatedheybiright mCherry foci. Each cell appears to have
only a few spots of compartment localisation, and the signal intensity indicates that the BMCs may
be clumped together. This suggests that the BMC shells did not form correctly and are likely to be

aggregaed.

Cerulean signal shows that PduV accumulated into large foci compared with the control (Figure
3.9). These foci had a high signal intensity and P@extlean filaments were barely visible.
However, the filaments that are observed are similar to thiosthe control and indicate that PduV

is still able to either polymerise to form filaments, or attach to-psésting filaments in the cell. The
Cerulean signal appeared to be more cytoplasmic than the control. The results also revealed that
recombinant BNCs lacking PduK were still able teloocalise with PduV. Thican be seen in Figure

3.9, where mCherry signal and Cerulean signal overlap in the composite image. This indicates that
either PduK is not essential for the interaction between the Pdu shdllRduV or that the proteins

have aggregated together.

3.2.3.2. BMC shell formation in BMCs lacking PduK

Live cell imaging results suggests that PduV is able to associate with Pdu BMC shells that lack
PduK. However it was unclear if the resulting compariits were able to form correctly. To
investigate this further, mCherpduABJINU BMCs were expressed in BL21 (DE3) cells. Cultures
were grown at 37 °C to an @pof 0.8, induced and grown overnight at 19°C. Cell were then

harvested and prepared for thin sgoning as outlined in Section 2.5.2.

A control strain, mCherryPduABJKNU, grown on the same day and in the same conditions revealec
intact compartments from TEM imaging. The BMC shells were ~100 nm in diameter and identical
to previous TEM images of ghstrain Figure 3.10lnterestingly, cells expressing PAuABJNU formed

a variety of structures. Larger compartments can been seen, demonstrated hiteesquarein

image B, ranging in diameter from-860 nm. Some of these structures did not appear ¢hizs
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the shell border was not entirely delimited, with gaps visible. In addition to these large malformed
BMCs, strands of protein filaments could be seen wrapped around the periphery of the cell, on the
cytosolic side of the cell membranas shown by th white arrow This suggests that the larger
mCherry foci seen in this strain by fluorescence microscopy could either be large disconnected

BMCs, aggregated shell protein, or a combination of both.

ot R AN, : - s '-g;"."r‘

Figure 3.10 Examining the role of PduK in thiermation of BMCSTEM analysis of whole cell thin
sections of cells expressimgCherryPduABJKNU (A) or PAuUABINUT(B]. absnce of PduK resulted in
the formation of larger, incomplete BMC shells (white squdreaddition bundles of protein filaments

were observed around the cytosolic side of the cell membrane.

3.2.5. Recombinant BMCs with Pduktézminal truncation variants
PduK is known to contain até€minal extension of approximately 70 amino acids. The role of this

extension is unknown, althougih has been proposed to house an irsalphur centre. Like all
characterised shefproteins, PduK contains a BMC domain, located in tHeridinus of the
protein. The BMC domain identifies the protein as a shell component and mediates the interaction

with other shell constituents to form the structure of the compartment.

By the use of @erminal PduK truncations, the role of this extended region can be characterised.
Little is currently known about the-teérminal extension of PduK however previous stgdising
PduK truncations have demonstrated that the P18 targeting peptide directs protein to the BMC

through an interaction with the N terminus of Pd(ikawrence et al. 2014Although this does not
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provide any clues abouhe function of the extended region, it does show how the use of such

truncations can provide insights into the role that PduK may have in the BMC shell.

To identify any possible interaction between PduK and PduV, BMC shells containing-PduK C
terminal fruncations were engineered; this involved integrating the PduK truncated variants into
the shell construct. Three novel constructs were generating by integrating a stop codon after amino
acid residues 133,119 and 96 giving rise to the variants PduK*188*P1B and PduK*96. Full
length PduK is 160 amino acids in length, with thier@inal extension spanning from 260

amino acidgCrowley et al. 2010)

In this study, BMCs were engineered to contain an mChagnallowing compartment visualisation
by fluorescent microscopy. Strains containing the BMC variants wepgocluced with PduV
Cerulean to dtermine if the Germinal extension of PduK has any effect on the localisation or

function of PduV.

3.2.5.1. CloningpduKtruncations with the genes necessary for shell formation in a
recombinant system

Three PduK truncations of total amino acid lerggtt 133,119 and 96 were provided by Dr Andrew
Lawrence. To further characterise thelogalisation between PduV and Pduk, it was necessary for
the pduKtruncations to be integrated in the correct order with the other structural shell genes.

In order todo this, the following restriction digests were set up: pEP8aK*with Spel, Hindlll and
pPET3gpduNwith Xbal and Hindlll. Due to the compatible nature of Xbal and Spel, when ligated
together, pduK and pduN fragment ends were joined in a manner that ¢bunot be further
NEAGNAOGSR i GKS &aAiasS 2F 22AyAy3-pdulNplagmid § K S
was further digested with restriction enzymes Spel, Hindlll; pfp@i@blwas also restricted with
Xbal and HindlpduUwas then ligatedvith pET3gpduK*Nto link and lock the genes together.
Subsequently, pET3aduK*NUwas restricted with Aatll, which cuts pduK and Hindlll. The
pduK*NUfragment was ligated with pLys8CherrypduABJkhat had been digested with the same
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restriction enymes. Consequentlydukwas patrtially replaced with the appropriate truncated form

of the gene.

3.2.5.2. Fluorescence microscopy of BMCs containing truncated variants of PduK co
expressed with PduMCerulean

BL21 (DES3) strains pooducing PduMCerulean \ith either BMCs with full length PduK (control
strain) or with BMCs containing the truncated PduK variants were grown in 25 ml cultures from
inoculation by an overnight starter culture. Initially cells were grown at 37°C to asn @iD.60.8

and visualied by microscopy. This experiment was repeated twice. In addition, cells were also
grown at 28 °C to assess if results were due to the rate of cell growth, although for stains containing
BMC shells with @rminal truncations, growth temperature did notfatt the outcome and the

results were found to be identical.

Compared with a strain expressing BMCs with full length PduK, m&PaunABIK*NU BMC shells
appeared aggregated, as demonstrated by the larger, brighter mCherr{ifgeie 3.11They were

not distributed throughout the cell as evenly as the control strain. Visually, mCherry
PduABJK*96NU BMCs appeared to more similar to the control compartments than either mcherry
PduABJK*119NU or mChe#frduABJK*133NU. The distribution of the shells were rapread out

and the foci of mCherry signal did not appear as enlarged. In strains expressing mcherry
PduABJK*119NU and mCheRguABJK*133NU BMC shells, the mCherry foci were large, with
fewer per cell than the other strains. In addition the foci can bensieeat the poles of the cell,
indicating that the shell proteins are likely forming inclusion bodies; this suggests that the BMCs

may not be folding correctlygigure 3.11.

The presence of PduV differed in strains containing the various BMC PduKiboneatants. PduV
filaments and foci were present in the control strakigure 3.11PduV foci in the control strain
were distributed throughout the cell, with a similar size to the BMC foci and appeared largely
associated with the mCherry signal of tBMCs. PduV foci in the PAuK*96 truncation variant strain
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were similar to that of the control. In comparison, PduV foci in the PduK*119 and 133 BMC variants
were much larger, a similar size and shape to the enlarged BMCs and often localised to the poles of
the cell. Despite the enlarged BMCs and Rdakilean foci in some strains, Pd@érulean foci still
co-localised with the BMCs, as is shown by the white overlap signal in the composite images of

Figure 3.11.

Phase Cerulean mCherry Composite

mCherry-PduABJKNU

PduV Cerulean

PduV Cerulean

mCherry-PduABJK*119NU  mCherry-PduABJK*96NU

PduV Cerulean

mCherry-PduABJK*133NU

PduV Cerulean

Figure 3.11Exploringthe effect of truncating PduK on the distribution of BMCs and their interaction
with PduV Live cell images acquired show the Phase, mCherry, Cerulean and Composite signals. The
E.colistrains visualised includéop RowmCherryPduABJKNLEecond RovmChery-PduABJK*96NU,

Third row mCherryPduABJK*119Nldnd Bottom Row ¢ mCherryPduABJK*133NU, all with PduV
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CeruleanThe truncation of PduK resulted in the BMC shells aggregating into larger, brighter foci, which
were not distrubted throughout the cell as evgrds in the control (white arrows), however this effect
appeared more severe in cells expressing PduK*119 or PduK*133. In addition, a similar effect was
ovserved with PduV, with the expression of PduK*119 or PduK133 resulting in large accumulations of

PduV(white arrows). Pdu V filaments also appeared longer in these two stiGgade Baf p > Y

Unexpectedly, Pduwessociated filaments appeared to vary in length. The control and also mEherry
PduABJK*96NU strains contained both shorter filaments and longer ones. However, strains with
the PduK truncated variants, mCherryPduABJK*119NU and myEdeABJK*133NU, contained
filaments that seemed considerably longer (FigurelB.To evaluate this difference, images were
analysed in MetaMorph in order to measure accurately and compare the filament length for each

strain.

3.2.5.3. Filament length malysis
BL21 (DE3) strains-expressing Pdu€erulean with A) mCheryduABJKNU (full length PduK as a

control sample), B) mCherBduABJK*96NU, C) mCheRguABJK*119NU and D) mCherry
PduABJK*133NU were grown for microscopy. Starter cultures were sebmpone colony of a
double transformation plate and grown as outlined in Section 2.2.2.2. Subsequent cultures (25 mL)
were set up and grown at both 37°C and 28 °C to agdobbetween 0.4 and 0.6. Results shown

are of the analysis of images frdcoligrowth at 37°C from >200 cells.

Cells were mounted on an agarose pad, and visualised by live cell imaging outlined in Section 2.5.1
Images were then processed in MetaMorph software to calibrate distance per pixel and allow the
accurate measurement ofidiment length. Data for filament length was collected in Microsoft Excel
and grouped to be able to plot a histogram. OriginLab was subsequently used to plot the data to a

LogNormal fit.
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Results show that when fitted to a LogNormal distribution, the pBdk\/Cerulearassociated
filament length with BMCs containing fl#ingth PduK is 2.365 pm. The histogram demonstrates
that filament length ranges from approximately 0.5 pum to 14 um. The shape of the histogram for
Pdu\/Cerulearassociated filaments withRduK*96 BMC variant is very similar to the control, as is
the range of filament length. The peak length for PduK*96 is also very similar to full length PduK, at

2.429 um, a difference that does not appear to be significant, (Figug.3.1

Peak filament Iagths with BMCs containing PduK*119 and 133 variants were higher than both the
control and PduK*96 BMC strains, at 3.519 and 4.341 um respectively. This amounts to filament
length increases from the control sample of 48.8 and 83.6% for PdukK*119 and Hi3s str
respectively. This shows that filament length is nearly 1.5 x and 2 x longer in these strains compared
to the control. The shape of the LogNormal distribution also differs with these samples compared
to PduK*96 and the control. The fit had a shouldarthe right of the distribution curve, indicating

that a higher number of filaments were longer in length. This is also shown by the range of filament
length which is as high as 22 pm for PdukK3BMCs. -Testing was also carried out which showed
that the difference in filament length between cells expressing PduK*96 and the control cells was
not statistically significant, whilst the difference in filament length between cells expressing
PduK*119 or PduK*133 and the control cells was statistically samifi€Table 3.1). Raw data can

be found in Appendix 1.
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Figure 3.12Exploring the effect of truncating PduK on the length of PduV filaments. Graphs showing
the distribution of PduV filaments lengths in cells expressing (A) mGRAmpBIKNU, (B) mChe
PduABJK*96NU, (GhCherryPduABJK*119NUand (D) mCherrPduABJIK*133NUPdu\fCerulean
filaments were on average longer when shells containing PduK*119 or PduK*133 were expressed. There

was also a much larger range of filament lengths in cells expgeBsinK*133.

BMC Variant PeakFilament Length T-Test
Length of PduK (amino acids) (um)
A) Full length PduK (160) 2.365 +0.05
B) PduK*96 (96) 2.429 + 0.06 0.137976361
C) PduK*119 (119) 3.519+0.10 9.92263*1013
D) PduK*133 (133) 4.341 +0.12 3.08972 *16%

Table 3.1.Exploring the effect of truncating PduK on the length of PduV filaments. Table showing the
peak length of PduV filaments lengths in cells expressing (A) m&@PduABIKNUB) mCherry
PduABJK*96NU, (8)CherryPduABJK*119NWnd (D) mCherAdPduABJK*133NU andTEst results to

analyse the significance of the difference from the control samptiu\Cerulean filaments were on
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average longer when shells containing PduK*119aukP?133 were expressed andTEsting showed

the difference to from the control strain to be statistically significant.

Overall the variability of Pdus/ssociated filament length suggests that thte@ninus of PduK may
interact with PduV. BMCs with PduKe@minal truncations appear to be related to the increase of
Pdu\Cerulearassociated filament length. The length of filaments are similar withdnfith PduK
BMCs and a PduK truncated variant of 96 amino acids (total length). This is surprisingeas long
length PduK truncated variants, PduK*119 and PduK*133 are associated with longer filaments,

even though a higher proportion of the protein remains.

3.2.5.4 TEM analysis to determine if truncatePduK BMC variants form intact
compartments

Fluorescencéive cell microscopy images revealed that BMCs containing PduK truncations did not
appear to form correctly. Compared to the control strain, which contained BMC shells with full
length PdukK, the truncated variants appeared aggregated, with larger mCGbermhat localised

to the cell poles rather than distributed throughout the cell (Figuredl3.To explore the formation

of Pdu compartment shells containing truncated PduK, BL21 (DES3) strains were grown and prepared
for TEM thin sectioning as outlined Bection 2.5.2These strains expressed only the BMCs
containing either full length PduK, mCheRguABJKNU (control strain) or truncated PduK variants;
mCherryPduABJK*96NU, mChefPgduABIK*119NU or mChefPgduABJK*133NU. None of the
strains ceexpressedPdu\fCerulean. Cell sections were then stained and visualised by electron

microscopy, as described $ection 2.5.2.2.

TEM images revealed that the control strain, expressing Pdu BMC shells with full length PduK
formed complete, intact structures rangirigppm ~80100 nm in diameter. These compartments
were identical to the Pdu BMCs visualised previously in Section 3.2.4. In comparison, BMCs
containing truncated PduK varied in size and shape and tended to form shells that were not

completely intact. mCherrPduABJK*96NU BMCs were much larger than that of the control (Figure
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3.13), ranging from ~10@00 nm in diameter. The majority of these shells appeared to be broken,
containing an opening where the two ends of the shell failed to meet, this is shown hyhike
arrows in Figure 33(B). mChernPduABJK*119NU shells appeared malformed, with several layers
of shell protein wrapped around, in a spH#éle structure, where the BMC was unable to close. The
size of the shells varied from ~860 nm with the vat majority of the shells remaining fractured.
Similarly, mCherdPduABJK*133NU BMCs appear completely malformed. Shell protein strands can
be seen to form spiral structures that fail to close to form completed compartments. These

structures are ~8@00 nmin diameter and do not have a consistent or defined shape.

Overall TEM results show that BMCs containing truncated PduK variants form broken, malformed
structures that tend to be larger than control Pdu shells. Interestingly, despite the increase, in siz
compartments formed with the PduK*96 truncation are most similar to the control in shape and
structure. In comparison the other BMC variants form incomplete, spiralled structures that mostly

fail to close.
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Figure 3.13Examining the effect of tmcating PduK on BMC formation. TEM analysis of whole cell thin
sections of cells expressing (A) mMmChétduABIJKNU, (B) mCheRguABJK*96NU, (CinCherry
PduABJK*119Nldnd (D) mCherAPduABJK*133NIBMCs containing truncated PduK varied in size and
shape ad tended to form shells that were not completely intact. The expression of truncated PduK variants
resulted in much larger BMC shells being formed. In the case of PduK*96 the majority of the shells appeared
to be broken, containing an opening where theotends of the shell failed to meet, as seen in cells highlighted
by white squares. The sells varied in size from-200 nm. PduK*119 shells appeared malformed, with
several layers of shell protein wrapped around, in a sglikelstructure, where the BM@as unable to close
(white square). The size of the shells varied from-3B0 nm with the vast majority of the shells remaining
fractured. Similarly, mCheryduK*133 shells appear completely malformed. Shell protein strands can be
seen to form spiral strctures that fail to close to form completed compartments (white square). These

structures are ~8@00 nm in diameter and do not have a consistent or defined shape.
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3.3. Discussion

The aim of the research described in this chapter was to develop thedadlseagents that were
required to be able to monitor physiological vivointeractions between PduK and PduV. Does
PduV specifically interact with one region of PduK to allow the regpagific localisation of BMCs
within the bacterial cell? In aimintp address this key fundamental question a large array of
plasmids has to be constructed to reflect the various permutations and combinations of shell
proteins to allow this interaction to be probed fully. In so doing a humber of further essential

discoveres were made about the requirements for BMC function.

Key to the success of being able to draw meaningful conclusions form this research is the ability to
detect BMCs by either live cell imaging or by TEM of sectioned cells. There is a clear requirement
for PduK within the normal formation of BMCs. The absence of this protein gives rise to aberrant
structures that are not fully formed. More surprising is the observation that PduK has to be present
in the natural order of shelkncoding proteins for the BC to take shape correctliPrevious work

has shown that the reversal of the full set of genes for empty shell synthesis resulted in the
formation of aberrant structures similar to those observed in the absence of Fearsons et al.

2010) However it was thought this affect was mainly due to the importance of Pduwhell
formation, making contacts with the other shell proteins. However the finding that the
translocation of just one shell protein gene to the end of the opesoggess that the protein, as

it is being made has to interact under the appropriate coiodit with the correct shell proteins to

allow completion of the structuréviore recently it has been shown that the positionRafudwithin

the operon directly affects its functiofChowdhury et al. 2016] dzOK 'y a2 NRSNB R
underline some of the higher order quatermyarstructure organisation of this remarkable

macromolecular complex.

From bigcinformatics we know that PduK represents a B&k€ll protein domain of about 110

FYAYy2 FOARE GKIFG A& -ténbilakeSensor. Thehatdraythodgtryiduid Bes v &
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that the Gterminal region would be associated with biding either internalized protein cargo,
binding external facing proteins (such as PduV) or the uptake/control of external substrates. The N
terminal region would therefore be involved in forming theusttural hexameric tile that forms a

key component of the facet of the overall structure. It was surprising therefore to discover that
none of the @erminal truncations of PduK were able to replace PduK within the minimal shell
gene repertoire for empty BK formation pduABJKN)Moreover the truncated variants revealed
structures, upon thin sectioning, suggesting that the BMC was unable to close properly. The
LINE&ESyO0S 2F (KS&asS a2LSyé .al a adzaasSada GKIFG
the structure, perhaps by generating a bend or fold along one of the edges of the BMS, in a similar
way to the envisaged role for Pduthis finding has the potential to signiciantly change the way in
which the structure of Pdu proteins is interpreted iaiad previopusly been thought that it was

the BMGCshell protein domain that was key for the structural role of Pdu proteins. Now we can see

that other regions within the protein can also bekey to them carrying out their structural roles.

Although the research was successful in generating the required variety of tools and reagents for
this study, the research was ultimately unsuccessful in attaining its original goal of detecting specific
PduV‘PduK interactions. This was caused by the fact that additiaitloer N- or G extensions to

PduK resulted in forms of PduK that could not replace wild type PduK. Any tagged form of PduK was
found to prevent proper formation of BMCs and thus would not reflect the normal situation. Such
an effect could not have beepredicted from the outset of this research, especially given the
observation that wild type BMCs are easily observed with a tagged version of the more abundant
PduA. However as will be seen in subsequent chapters, many shell proteins are sensitive to

modification.
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Chapter 4 Effect of mCherry fusions on
BMC brmation and the interaction with
PduV
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4.1. Introduction

The function of the bacterial microcompartment is completely dependent on its outer shell.
Salmonella entericaxpressing mutant Pdshell proteinswhich prevent proper formation of the
Pducompartment shell, were found to accumulate propionaldehyde to levels that induce3D20
hours of growth arrest and resulted in DNA damd@heng et al. 2011)This highlights the
importance of the shell to the role of the BMC in sequestering toxic intermediates. Although it is
evident that BMC shell mutants, lacking any one of the essential gedes,B,J,KraNwere unable

to form intact, delineated compartments, the exact roles of these shell proteins are largely
unknown(Cheng et al. 2011ptudies have provided insig into roles that these proteins may have

in the formation of the organelle, or specific roles in protein localisation, see section 1.4.7
(Lawrence et al. 2014; Wheatley et al. 2013; Havemann, Sampson & Bobik 2002; Sargent, F. A

Davidson, et al. 2013)

The formation of the Pdu shell remains largely elusi@ighough it isbeleivedthat the shell
undergoes a selissembly processRecombinant empty BMCs, consisting of PduABJKNU(T)
expressed irE.coliare able to form in the absence of any other Pdu protéfParsons et al. 2008)

This differs from thearboxysome assembly proceskichinvolves the simultaneous aggregation

of cargo(RuBisCojvhich is subsequently encapsulated by the shell prat€elimerefore despite
structural and functional imilarities it appears the process of shell formation differs greatly
0S06SSy G(KS (622 6AGK GKS OFNb2E&&az2YSa RSLIS
replicated in the case of the Pdu MicrocopmartmeAithough little is understood about th

formation procesof the Pdu shell, the proteins that form it have been investigated.

a4 LINBQGA2dzat e RSAONAOSRXE Ay &aSOGA2Yy monodrT I t
found within fully formed BMCs, with PduK, PduN, PduT and PduU constéwgimgller proportion
of the shell (Havemann & Bobik 2003)Altering the expression levels of any of the shell proteins,

including those that are major and even minor components of the compartment, can cagise th
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BMC to misfold, forming unusual, broken structu(@arsons et al. 2008Yhis is integral to the
function of the BMC, as the shell not only allows substrates, cofactors, coenzymesdndtpito

enter or exit the organelle, it also acts to confine intermediates within the lumen to increase the
efficiency of reactions and prevent toxicity to the cell. Therefore, understanding the role of each of
these proteins, how they interact with otheomponents to assemble the compartment structure
and how they are distributed in the cell, especially during cell division, is important for their use as

metabolosomes for specific pathways.

Previous research have investigated the effect of taggingusishell proteins with fluorophores.

An Nterminal PduA fusion expressed with the other genes necessary for recombinant empty BMC
shell formation, mCherfPduABJKNU, results in the formation of intact shell structures and BMC
formation with this modifiel version of PduA was not impairé@arsons et al. 2010 adlition a
Gterminal GFP fusion with PduN was able to rescue the formation of intact BMCs when co
expressed with PAuABJKU, suggesting that FEER does not hinder the integration of PduN in
the shell. Conversely, antdrminal GFP fusion did not rescue tfeemation of BMCs suggesting

that PduN function was impairg@arsons et al. 2010)Similarly, results shown in chapter 3 of this
thesis have shown that when PduK was tagged on either the N or C terminus, compartments were
no longer able to form, as described in section 3.2.2.2. Aside from PduA, PduN, and nowdPduK,
other Pdu shell proteins have been tagged with fluorophores or analysed by fluorescence

microscopy.

In order to provide insights into each of the shell components, proteins were tagged on #mel N

G termini with mCherry, creating two separate congits in each case, with the exception of PduK
which does not form intact BMC shells when tagged. These tags were integrated into the gene order
from the C. freundioperon and expressed . coli The expression and formation of compartments

in each casaimed to give structural information on how the shell component is integrated into the

compartmentc if tagging either end of the protein disrupts the formation of the shell clues could
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be provided into the importance of the terminus in the interactiorthwdther components to
assemble the compartment structure. Limited experiments were carried out with P&uABJ

mCherryN-U as studies had shown that this fusion tag is-fiorctional.

This study also aims to investigate the interaction between shell pretaimd PduMCerulean
through livecell imaging. By tagging each shell protein with mCherry, the localisation between red
and blue signal can be visualised and consequently, interactions between each shell component

and PduV can be investigated.
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4.2. Resllts

4.2.1 Cloning of individual fluorescently tagged shell proteins

Genes encoding shell proteins were tagged with mCherry. This involved production of nine novel

constructs (numbers-20), listed in Table 4.1 below.

Construct ID| Shell protein tag Competed construct

1 mCherryPduA pLysSnCherryPduABJKNU *
2 PduAmCherry pET3aPduA-mCherryBJKNU
3 mCherryPduB pLysSPduAmCherryB-JKNU
4 PduBmCherry pLysSPduAB-mCherryJKNU
5 mCherryPdud pPET3aPduABmMCherryJKNU
6 PdudmCherry pPET3aPduA-JmCherryKNU
7 mCherryPduN pET3aPduABJCherryN-U
8 PduN mCherry pET3aPduABIW-mCherryU
9 mCherryPduU pET3aPduABJIKICherryU
10 PduUmCherry pET3aPduABJKMN-mCherry

Table 4.1Engineered constructs that encode BMCs containing a mGhregged shell protein.
* This construct has been shown to form intact BMCs when expressed and has therefore been used as a

control in this study.

Initially mCherrywas amplified by PCR fropLysSnCherryPduABJKNWith the addition of the
following restrction sites: Nerminal-p Q ! aSL I o Q-tetmm&dp>Q {bLBSSL 3 VR Jl
The presence of the extra restriction sites is to allow gene insertion between Ndel and Spel for the
N-terminalmCherrytag and between Ndel and Sacl for th&e@ninalmCherrytag. After restriction
digestion (Asel, Spel forterminalmCherryand Ndel, Spel for-terminalmCherry to remove extra
oFrasSa IyR ONXBI OGS { Kk&hemN and ¢ RrmindPCR g iNddats wesedigatedi K
into pET3a which had ben restricted with Ndel and Spel. Ligation of théehkninal mCherry
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of Asel and Ndel. This allows the insertion of genes that encode shell proteins betvecRidel

and Spel sites behinthCherry Once ligated with pET3a, both Bnd C terminal tags were
sequenced to ensure that no mutations had been introduced.

91 OK 2F GKS 3ISySa SyO2RAy3 GKS akKStf LINRGISA
sulkcloned frompET3aThe genes had been originally cloned after PCR @ofreundiby Dr Josh

t I NE2ya 6AGK GKS NBaildNRK O lpEmBspdusohsingi wepeQestbce® L |
with Ndel and Spel, to cut out thedu gene which was subsequi ligated with the compatible

Ndel and Spel ends of tiET3amCherryfragment. This createdET3amCherrypdu* constructs

where the asterisk represents the gene for the shell constituent.

Genes encoding Pdu shell proteins to be ligated at ther@inus ofmCherrywere amplified by

PCR from the corresponding pET3R dzF O2y a4 NWzOG & | GSYLX I GS3
NBaiGNAOGlGA2Y aAlGS AyadSIR 2F {LISL i GKS SyR
primers used are listed in Tal®e3. PCR fragments, restricted with Ndel and Sacl were ligated into
the Gterminal mCherryconstruct;pET3amCherrywhich had also been restriction digested with

the same enzymes, to create the plasnp&.,T3apdu*-mCherry The mCherry and Pdu fusions tags
were then cloned with the other genes necessary for recombinant shell formation. The Link and

Lock method of cloning was used to subclone genes into the same plasmid, see Section 2.3.7.1.

4.2.1.1 PduA
An Nterminal PduA mCherry tagLysSPduAmCherrBJKNU engineered by Dr Josh Parsons, was

used in this study, see Table 2.2.

The Germinal PduA tag was engineered as above, to cregpEa3apduA mCherrygonstruct.
SubsequentlypduBwas subcloned frompET3aby restriction with Xbal and HindiBET3amCherry

pduAwas also restriction digested with Spel and Xbal and the fragments were ligated. Due to the
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compatible cohesive ends of Xbal and Spel, these sites can join to create the c@isTr8apduA

mCherryPduBby the Link and Lock method.

pduBcontains the restriction site Ascl, which is only present in that gene once and is not present in
pET3a By the restriction digest of Ascl and Hindlll sites of lpdh3apduAmCherryPduBand
pET3amCherrypduABJKNUhe plasmids can be cut in the middlepfuBallowing the rest of the

Pdu shelencoding genes to be cloned behind it. This forms the shell protein conspHE3a

pduAmCherryPduBJKNU.

4.2.1.2 PduB
A Gterminal PduBmCherry tag was constructed as described in Section H8uBmCherrywas

subcloned withplysSpduAby the Link and Lock method to produce the constrptlysSpduAB
mCherry To subclone the shell constituerpduJKNUt the end of the construct, firstlypduJhad

to be added to the plasmid. To do thpgjudwas cloned at thend of the construct by Link and Lock
using Xbal and Spel as well as HindlI. A restriction site Stul, unipdedo both constructspLysS
mCherryPduABJKNlANnd pLysSduABmCherrypduJwas used, along with Hindlll, to cut in the
middle ofpduJand irtroduce the remaining shell genes to engineer the constrptisS pduAB

mCherryJKNU

The Nterminal PduB tag was created as described in Section smeHerrypduBwas subcloned
with pLysSduA by the Link and Lock method. SubsequenilyysSpduAmChery-pduB was
restriction digested with Ascl, which cuts the plasmid once within PduB as well as IginyH8.
mCherryPduABJKNWas restricted with the same enzymes and the fragments were ligated to form

the completed constructpLysSpduAmCherrypduBJKNU.

4.2.1.3 PduJ
pET3amCherrypdudwas engineered as described in Section 4i2CherrypduJwas subcloned by

the Link and Lock method, wipET3apduAB(Table 2.2)pET3apduABmMCherrypduJand pLysS
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mCherryPduABJKNWere then restricted with Stul andlindlll and ligated to construct the
plasmid:pET3apduABmMCherryJKNU

To engineepET3apduABImCherryKNU pdudmCherry was subcloned wifET3aPduABoy the

Link and Lock method. Each consecutive gene was then cloned after the last by Link drahiock
pET3aplasmids containing each gene, as described in Table 2.2. The Link and Lock method is

described in Section 2.3.7.1.

4.2.1.4 PduN
pET3amCherrypduN and pET3apduN-mCherrywere cloned as described in Section 4.2.1. The

pduNtags were restrictedising Xbal and Hindlll and subsequently ligated Wi 3apduABJK
which had been restriction digested with Spel and Hindlll (Link and Lock method, Section 2.3.7.1).
For both engineered constructpduUwas subcloned by the Link and Lock method resuiting

PET3apduABJIKNCherryN-U and pET3apdu-ABJKN-mCherryU.

4.2.1.5 PduU
As with all shell protein fusionpET3amCherrypduU and pET3apduUmCherrywere cloned as

described in Section 4.2.1. The fusion tags were subcloned by a restriction digestbait and
Hindlll and then ligation witpET3apduABJKNwhich had been restricted with Spel and Hindlll
(Link and Lock method). This resulted in the following constrp&$3aPduABJKhCherryU and

pPET3aPduABJIKIMN-mCherry

4.2.2 Optimisation of prdein production

This investigation aimed to analyse the protein content of strains expressing the genes for the BMC

taggedshell protein variants by SDS PAGE and Western Blot analysis. However, growth of each
strain under identical growth conditions reMed that protein production may differ depending on

the plasmid used to engineer the BMC constructs. The colour of the cells within the various cultures

appeared to vary depending on the plasmid uggldys®r pET3a
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4.2.2.1 Effect of plasmids on proteiproduction

When strains containing each construct were grown for expression studies, the colour of cells were
observed. The production of fluorescent proteins is known to cause the colour of cells to change,
depending on the properties of the fluorophorBor example, when cells expressing Yigged

PduK were grown for live cell imaging, Section 3.2.2.2, the cell pellet had a dark yellow appearance.
In this case, cells expressing mCherry were expected to have a magenta colouration, however only

certain ¢rains seemed to generate the expected appearance.

Cultures of BL21(DE3) cells (200 mL) containing each of the tByfed listed in Figure 4.1 (C)
were grown at 37°C. This experiment was initially carried out to investigate the protein content of
purified BMCs containing taggesthell proteins. The cultures were inoculated from an overnight
starter culture to an OB of 0.05. The starter cultures were in turn inoculated with ~4 colonies
from a fresh transformation plate. The 200 mL cultures were indwdgéd IPTG when an QE of

0.8 was reached and the cultures were transferred to a shaking platform at 19°C overnight.

The following day, the colour of the cultures were observed; 2 mLs of culture were transferred to a

2 mL Eppendorf and an image was takEigure 4.1 (A).
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PduK (16 kDa)
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18 higher MW
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PduU (13kDa)
6
Pdu APduJ &
PduN (9 kDa)
C Construct ID Plasmid Tagged-BMC
1 pLysS mCherry-PduA-BJKNU
2 pET3a Pdu-A-mCherry-BJKNU
3 pLysS PduA-mCherry-B-JKNU
4 pLysS PduA-B-mCherry-JKNU
5 pET3a PduAB-mCherry-J-KNU
6 pET3a PduAB-J-mCherry-KNU
7 pET3a PduABJK-mCherry-N-U
8 %*
9 pET3a PduABJKN-mCherry-U
10 pET3a PduABJKN-U-mCherry

Figure 4.1.The colour of cells expressing constructs from either pET3a or pLysS compared to the
observed protein profile. Cell samples were taken from a culture grown at 19 °C overnight after induction
for the imaging of cell colouration. Cells from the cultures were then pelleted, resuspended in Ypet
solution and incubated for 3 hours. Samples of the cell lysate were then taken for SDS PAGE analysis A)
The difference in the colour of cells expressingheaonstruct was imaged. Cells expressing mCherry
tagged BMC variants from a pLysS plasmid (constructs 1,3 and 4) appear magenta compared to cells
expressing tagge8MCs from pET3A. B) 15% SDS PAGE of cell lysates after exposure to Yper detergent

C) Table @playing each of the corresponding construct ID numbers from A and B, note Construct 8 is
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not present in either A or B as it was cloned at the end of the study for a complete data set. Previous

studies had already identified that tagging PduN on the @iteus was unsuccessful, see Section 4.1.

Interestingly only three of the nine samples were magenta and these three strains contained a
pLysSconstruct with the others involving shell genes cloned witiT3a Even though the
colouration of cells differedvhen mCherntagged shell proteins were expressed from the two
varying plasmids, earlier studies in Section 4.2sh@ved that all of the mChertagged proteins

were still produced from both plasmids. However the effect of the two different plasmidben

amount of protein expressed, causing a change in cell colour, was unclear.

The cells were pelleted and exposed to a protein extraction reagent solution for 3 hours as
described in the BMC purificationethod, outlined in Section 2.22 Samples werehten taken for
SDS PAGE analysis after treatment with YPet. of cells were spun down and resuspended in 50

>S[ 2F m - t.{ 0dFFSNIIYR G(GKSYy LINBLI NBR TF2NJ {

Figure 4.1 (B) shows that shell proteins were a lot more visible in lanes 1, and 4 and slightly clearer
in lane 3 compared tthe other lanes which appeared to contain many more proteins. These lanes
contained cell lysates of proteins expressed fioloys®onstructs. The band pattern for constructs:
2,5,6,7,9and 10, all cloned imiBT3aappeared identical. Although alhles contained samples

of a crude cell lysate, the band patterngiET3aconstructs were very different to that observed in
Figure 4.3. This could be due to several factors such as protein extraction treatment or growth
conditions due to a larger cultureNevertheless, the results demonstrate that the production of
shell proteins was higher, with less background protein productioplygSonstructs compared

with pET3a

To ensure that the results are comparable, it was necessary to maintain consistetvoyen
constructs and minimise differences in expression patterns because of the plasmid used.

Differences in expression due to the design of the constructs were not anticipated due to the same
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promotor, T7, being present in both plasmids. To exploredifference in cell colouratiorppET3a
pdu-A-mCherryBJKNUwvas recloned into apLysSrector. This involved restriction of sequenced
pET3apduAmCherryconstruct with Xbal and Hindlll and the subsequent ligation plitysSoduU

which had been restricted witthe same enzymes, removing the gene already cloned in the
plasmid. The succeeding gene encoding PduB was then cloned after the fusion by Link and Lock
see Section 2.3.7.1pLysS$pdu-A-mCherryB and pET3apdun-A-mCherryBJKNUwere restriction
digested wih Ascl and Hindlll to cut in the middlepmfuBand replace the fragment with the rest

of the shell genes, formingLysSdu-A-mCherryBJKNU

Three BL21(DE3) strains containing the construptsisSnCherryPduABJKNU pLysSpdu-A-
mCherryBJKNW@NdpET3gpdu-A-mCherryBJKNWvere grown in 25 mL cultures at 37°C to anéD

of ~0.6. Cells were then induced with IPTG and grown at 19 °C for 2 hours as described in Sectiol
2.2.5. A1 mL cell culture sample was taken for each strain, cells were centrifuga@Datpsn for

M YAY YR NBadaALISYRSR Ay pn >[ 2F m - t.{ 0d:

Section 2.1.7.4 and run on a 15% SDS gel, as shown in Figure 4.2.

A B

KDa
mCherry-tagged PduA
38

PduB

28 Pdup’

Pduk

1 mCherry-PduA-BJKNU (plysS) -

2 PduA-mCherry-BJKNU (pLysS) -

3 PduA-mCherry-BJKNU (pET3a) 8 N \ PduN and PduJ

Figure 4.2 Comparison of cells expressing BMCs withtar@inal mCherrytagged PduA cloned with
pLysS or pET3&xpected molecular weights of the Pdu proteins expressed had previously been

identified (Parsons et al. 2010A) Cell pellets from a 25 mL cell culture demonstrate the colour of cells
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expressing an mChertgg. Interestingly cells expressing mChdPduABIJKNU and PduACherry
BJWU cloned with pLysS were magenta compared to cells expressingr®@hérryBJKNU from a
pET3a plasmid. B) 15% SDS PAGE gel of cell samples taken from the corresponding cell pellets in image

A.

Figure 4.2 (A) shows that taggB#MCs expressed from pLysSplasmid are associated with a
magenta colouration of cells. In comparison, the same genes expressed fp&n3avector did

not cause cells to become coloured. This is consistent with previous results that showed strains
expressingpLysSconstructs were ragenta compared to strains expressing genes fiueT 3a

Figure 4.1. SDS PAGE, image B Figure 4.1, revealed that shell proteins were visible in the contre
strain expressingLysSnCherryPduABJKNUBands appeared darker, indicating a higher protein
concentration, in lanes 2 and 3 for PdeACherry BMCs, however this could be due to differences

in cell density of the cultures. In addition, lanes 2 and 3 appear to contain many more bands.

The results of the SDS gel analysis are largely inconclusive; tressigp of shell proteins when
bacterial cells are examined by SDS are not clearer depending on plasmid. Lanes 2 and &G
representingoLysSpduAmCherryBJKN@ndpET3aPduAmCherryBJKN@ppeared to have many
contaminating bands making individual shell @ios difficult to determine, but again this could be

due to the higher density of the cell culture. This result differs from that of previous expression
studies in Section 4.2.2ghd may be due to overloading of protein on the gel. The band pattern is
identical in both gels, and darker bands corresponding to those visualised previously in Figure 4.1

can still be seen.

Overall it is clear that bacterial strains containing BMC genes cloned with pLysS appear magenta ir
colour when cultured. This differs fio strains containing BMC variants expressed from a pET3a
plasmid which appear normal in colouirwas difficult to draw definitive conclusions on how the
plasmid affected BMC protein expression when alalysis protein content by SGBvhen whole

cell lyateswere analysed due to the amount of protein bands visualised by SDS.
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4.2.2.2 Protein expression after induction

Results have shown that the plasmid used may affect the expression of protein, causing colouration
in cell cultures. To investigaterther protein expression of each strain, cells were cultured and
samples taken at specific tim@ints after induction. The protein content of the cells were analysed

by SDS PAGE and Western Blots to determine if firstly, all shell proteins were vigiblmdidced,

and secondly, if protein expression increased over time.

BL21(DE3) competent cells were transformed with the completed constructs listed in Table 4.1.
Several colonies from the same transformation plate were used to inoculate a 5 ml stdtteecu

The starter culture was grown overnight as described in Section 2.22d2ger LB culture (250

mL) was inoculated with the starter culture (1:100 dilution) and grown at 37 °C until @adDD.8

was reached. The cultures were then induced MRMG, as outlined in Section 2.2a8d grown at

19°C overnight.

After induction with IPTG, 1 mL of cell culture was taken for SDS PAGE and Western Blot analysis ¢
varying timepoints: straight after induction (0 hours), 1 hour after induction, 2 hoafter
induction and overnight. An QB3 of the cultures were taken and then the cells were harvested by
centrifugation at 4000 rpm for 1 min. Each cell sample was diluted by addition of 1 x PBS according
to the ORwoto ensure that each cell sample was ga@me density allowing for any change in protein
production after induction to be visualised. Samples were run orcpst SDS gels, as described in
Section 2.1.7.4 and were also analysed by Western Blotting as described in Section 2.1.7.5, using
anti-mClerry to identify the tagged shell protein. The SBSGE gels and western blots were
produced using cell samples taken at the same times on the same days to ensure consistency. The

corresponding molecular mass of tagged shell proteins are listed in T2dbelbw.
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Molecular mass, KDa
Untagged Shell mCherryTagged
Protein Shell protein
PduA 9.5 36.5
PduB 24 51
PduB' 28 55
Pdud 9 36
PduK 16 * 43
PduN 9 36
PduU 13 40

Table 4.2.The molecular weights of untagged shell protein canga with mCherrstagged shell
proteins.

* PduK usually runs at ~20KDa on an SDS PAGE gel

Figure 4.3 shows SDS gels and Western blots from cells expressing BMCs containing a mCherry sh
protein fusion. Each lane consists of whole cell extracts froairstrexpressing the BMC mCherry
tagged variants. Empty BMC shells containing PduA with-tamnNnal mCherry tag, (Image A)
appeared tsshow an increase in protein production which can be seen from las@®@vith bands

for the shell proteins visible, dabelled, howevePduN is not detectable by SDS PAGE due to its
low abundance. In addition it is not easy to determine which band PduJ may be due to the lowest
detectable marker band being 15 KDa. The corresponding western blot, image E, clearly shows the
presence of mCherd#?duA expression, whigdgain appeared toncrease over time after induction

with IPTG.
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In comparison, expression of the other constructs do not appear to involve an increase in shell
protein production as seen with mChefaduA BMCawith the exception of image B which she

BMCs formed with mChenfyduB

Image B, Pdd-mCherryBJKNUappeared to showan increased expression of predominately
mCherryPduA, with no noticeable increase in the expression of other shell proteins. The
corresponding western blot, image F, confirms fhresence of mCherd?duA and the apparent
increase in expression over time. The SDS gel of BMCs with mHaByimage C, provides no
noticeable band of tagged shell protein, however the western blot vagl#ttat mCherrPduB is
expressed, image G. Interestingly there is only one band when PduB is tagged on the N terminus,
compared with the two bands visualised in the western blot for the PdidBrfiinal tag, image H

Both mCherryPduB and mChersty R dz. @s aéelvigible by SDS PAGE, image D. PduK appears to
run higher, between 20 and 25 KDa but this may be due to the samples not running as far on the
gradient gel. Likewise when all SDS gels were examined, the position of PduK was variable, below

20KDa wherfrduNmCherry was analysed and higher than 20 KDa with mCGReiuj3.

Expression of tagged PduJ, bothaNd G terminus did not appear to increase over time, although

the bands for other shell proteireppeared to increaserigure 4.3 (A) and (B). Thisapeatedby

the western blots, images D and E, which show faint bands that appear not to increase in density
over time for mChernPdud and have only a slight increase over time with expression of PduJ

mCherry.

Expression studies were not carried ouittwBMCs containing mCherBduN as it had been

previously found that an ferminal PduN tag did not producéully formed, functional

microcompartment shells.
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Protein productionappeared to increase slightly over timénen PduU was tagged on the & G
terminus, Fgure 4.3imagesO and P. All shell proteins were visible amdatching western blots,
images andRalso showed that tagged PduU was expressed and that expression oihRdboétry
appeared tancrease over time. Although bands were visiblen@@herryPduU at all timepoints, it

was difficult to see a correlation of band density. The bands did not get darker ovesuggesting

that protein productionhad not increased, witthe sampe taken overnight (O/N) appearirig be

a lot fainter than theother bands, despite the SDS gel indicatingt there may have been an
increase in proteimproduction

Overall, expression studies revealed that all bands representing shell proteins were visible.
However, arapparentincrease in protein expression owme, after induction, was only observed

with some of the strains, most noticeably in Figure 4.3 (A), (B) and (D), corresponding to BMC tagged
variants expressed from constructs; pLysSherrypduABJIKNU, pLyg®RluAmCherryBJKNU and
pLysSduAB-mCherryJKNU. Interestingly all of these BMC variants are expressed from a pLysS
plasmid and appear to show larger increases in protein production after induction compared with
the pET3a plasmids, with the exception of (pLysS) PdGhAerryB-JKNU which does not ppar to

show a protein increase over time.
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Figure 4.3SDS PAGE and Western blot analysis of protein expression directly after induction (O hours),
1 and 2 hours after induction and also overnight (O/N). SDS samples were equally lgadedduring

the ODRo, pelleting the cells and resuspending in 1 x PBS buffer and lamelli buffer. Samples were then
run on 15% gels. For each of the following, SDS gels and western blotsGiiry) of BL21(DE3) cells

a construct for the expression dfall proteintagged BMC variants in eithpET3aor pLysSre shown:

A) and B) (plysS) mCheirgduABJIKNU, C) and D) (pLysS) Pu@herryBJKNU, E) and F) (pLysS) PduA
mCherryPduBJKNU, G) and H) (pLysS) RBuACherryJKNU [) and J) (pET3a) PduiEBhery-JKNU

K) and L) (pET3a) PdudBCherryKNU M) and N) (pET3a) PduABIIMKCherryU O) and P) (pET3a)

PduABJKMhCherryU Q) and R) (pET3a) PAuABIKMNCherry
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4.2.2.3 Effect of expressing BMCs in strains also containing an empty pLysS plasmid

Results hve suggested that constructs cloned wiphysSshow a larger increase in protein
expression after induction. In addition strains expressing proteins encoded by genes from a pLysS

plasmid involve a magenta colouration©f colicells.

To explore the ra of pLysSn protein production, two strains were produced consistinggBfl 3a
pduABmMCherryJ}KNUand pLys&s well apET3apduABImCherryKNUand pLysSThese strains
were cultured alongside strains containipg T3aBMC constructs alone to compare th#ect of

addingpLysSo the cells.

Strains were produced by the transformation of BL21(D#3kScells with each of the pET3a
constructs. In addition BL21(DES3) cells were transformed with the same constructs for comparison
of expression without pLysSeveral colonies from the transformation plate were used to inoculate

a 5 mL starter culture. The starter culture was grown overnight as described in Section 242.2.2.
larger LB culture (250 mL) was inoculated with the starter culture (1:100 dilutimhy@wn at 37

°C until an O of 0.8 was reached. The cultures were then induced with IPTG, as outlined in
Section 2.2.5, and grown at 19°C overnight. 1 mL cell samples were taken for western blotting at O
hours, 1 hour, 2 hours after induction and al@eernight (O/N). An OD600 was taken for each
sample and cells were pelleted at 4000 rpm in a microcentrifuge. The cell pellets were then diluted
with 1 x PBS according to the optical density to ensure gels were equally loaded, Any differences in
protein wncentration was therefore due to expression and not cell density, see Section 2.1.7.4.
Samples were then run on a 15% SDS PAGE gel and western blots were carried out using ant

mCherry, as outlined in Section 2.1.7.5.
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Figure 4.4 Difference in proteinexpression between cells containing a pET3a mChagyged BMC
construct with and without pLysS. A) Western Blot analysis usingre@hierry of mCherrjiagged PduJ
BMCs expressed with and without pLysS. Samples were taken aptimes after induction wh IPTG.

B) The colour of the cells overnight were also recordedduABmCherryJKNU with pLysS; PduAB
JmCherryKNU with pLysS,-3 PduABmCherryJKNU without pLysS and #duABImCherryKNU
without pLysS. Cells expressing BMC variants in theepee of empty pLysS were pink or magenta

indicating higher mCherry expression.

Figure 4.4 (A3hows western blots of mCherry taggeduJ BMCs grown in both the presence and
absence of pLysS. Without pLysS it is difficult to establish an increaseaénya@hged PduJ over

time, although from 0 to 1 hours after induction for mChelRgiuJ, an increase in band density is
seen (Figure 4.4). There is no apparent increase in protein synthesis withm@dhesry in the
absence of pLysS and the bands for e@dle-point appear similar in density. In comparison, strains
containing tagged BMCs as well as the empty pLysS vector show an increase in protein expressiot
over time after induction for both mChentagged PduJ BMCs, with far more protein present in
overnight samples compared to samples taken at the time of induction. This suggests that the

addition of empty pLysS plasmids to strains containing BMC variants increases the production of
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shell proteins after induction. This shows a similar pattern to taggedl plotein constructs that

were cloned with pLysS directly.

Similarly, the colour of cell pellets were recorded, shown in Figure 4.4 (B). Strains containing pLysS
were either pink or purple compared to strains lacking plysS. In addition to the welsketn
findings, this demonstrates that the addition of an empty pLysS plasmid effected protein synthesis.
Results therefore indicate that the addition of pLysS to bacterial strains containing t8d¢ed

variants cloned with pET3a, increase protein productidien induced.

4.2.2.4 Effect of plasmids on BMC purification
Results have shown that although there appears to be a difference in the expression of mCherry

tagged shell proteins encoded by pET3a and pLysS constructs, shown by the colour of @ls, SDS
are not as cleacut. It is difficult to conclude, by SDS PAGE of whole cell extracts, if the plasmid had

any effect on overall protein expression.

Previous western blot analysis demonstrated that BMC tagged shell constructs cloned with pLysS
generdly showed a greater increase in protein after induction compared with pET3a constructs.
Furthermore, the addition of empty pLysS plasmid to strains containing pET3a BMC constructs
rescued the expression of shell protein after induction with a higher as&an expression over

time compared to strains lacking pLysS.

To investigate further protein expression levels, strains containing mGragged shell protein

BMC variants cloned with pET3a, in the presence and absence of pLysS were grown for BMC
purifications. SDS PAGE gels were carried out to compare the amount of purified protein with each
strain and to determine if pLysS addition had any effect. In this way, the purification method could

therefore be optimised.
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BL21 (DE3) pLysS and BL21 (DE3)etemipcells were transformed with pET3a constructs: 5,6,8,9
and 10 listed in Table 4.1. Several colonies were picked from each transformation plate and used
to inoculate 5 mL starter cultures. The starter cultures were grown overnight and subsequently
usedto inoculate 250 mL cultures (1:100). These cultures were then grown at 37°C and induced
when an Okyoof 0.8 was reached. The cultures were then transferred to a shaking platform at 19°C
and grown overnight. This process is outlined in Section 2.2.6.following morning, cells were
harvested and BMCs were purified according to the original, unaltered Yper reagent method which
involves purification with varying concentrations @fits as described in Section Z2 Samples

were taken for each step ohe purification protocol, prepared for SDS PAGE analysis and run on a

15% gel as outlined in Section 2.1.7.4. Results are shown in Figure 4.5.

Figure 4.5lemonstrates each step of the BMC purification process for strains containing mCherry
tagged BMC catructs cloned witlpET3ain the absence and presencepifysSinterestingly, all
purifications carried out from strains containing empty pLysS have visible shell protein in the final
clarified supernatant fraction. In comparison, purifications carrigtieith only the BMC construct
expressed have far less protein present in the final fraction. In addition the number of shell proteins
visible are lower without pLysS present. For example, only mCPReluy is visible Figure 4.5 (A),
compared with mChersy RdzZW> t Rdz. £ t Rdz Q I yR t Rdzy Of SI NJI ¢
in Figure 4.5 (B). This is the case for all gels, with the exception of m&ueidyBMCs, image G.

In the absence of pLysS, the final fraction clearly contains shell proteinsenedaipears to be no

large difference between purifications of this BMC variant with or without pLysS.

The reason why purifications seem to differ so dramatically between proteins expressed with and
without pLysS is unclear. Some of the strains diffgarotein content after a 3 hours exposure to
Yper, depending on whether pLysS was present or not, as can be seen when cell lysate fractions o
the SDS gels are compared. Shell protein bands do not appear to be visible in the cell lysate fraction

in the abgnce of pLysS, images A and C, with mCHagged PduJ BMCs. In comparison, when
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pLysS is present, bands corresponding to each shell protein can be seen, and the shell protein banc
intensities are higher. Individual bands can be seen in cell lysateomaatiith and without pLysS

for PAduNmCherry BMCs, however the band intensities are higher in image F, indicating that there
was higher protein synthesis with pLysS. It is difficult to compare the cell lysate fractions of
mCherrytagged PduU gels, due toenoading, nonetheless bands corresponding to shell proteins

can be seen in images H and J, with pLysS, and are less noticeable in images G and I.

When the protein fractions are compared, pellets 2 seemed to contain a large amount of protein
that is lostin the purification method. After the addition of low salt buffer and subsequent
centrifugation, see Sectich2.7.2 BMCs should have remained in the supernatant. However, a lot

of shell protein, for all strains, appear to pellet when centrifuged. Initad in the absence of
pLysS, more protein is present in the clarification pellet compared to the clarification pellets when
pLysS is present. Overall the final BMC purification fraction contains less contaminating bands and

more shell proteins with higér band intensities when pLysS was present in the bacterial strains.
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Figure 4.5 SDS PAGE analysis of tagg®tC shell purification with and without pLysS. Each strain was
grown in identical conditions and strains expressing the same taglelll protein with and without
pLysS were cultured on the same day to minimise variation in protein expression due to growth
conditions. BMCs were purified according to the Yper method (Se2tibii.2 and samples were taken

for SDS PAGE analysis at estage. Only constructs cloned with pET3a were studied. An N terminal
PduN tag was not investigated at this construct was cloned later A) and B) fdDid&ryJKNU with

and without pLysS C) and D) PduABCherryKNU E) and F) PduABMCherryU G) and H)

PduABJKMhCherryU and 1) and J) PAuABJKINnCherry
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As a result of the effect of pLysS on protein expression, future studies were carried out with both
pLysS and pET3a constructs in each strain, with BMC shell proteins expressed from one of the
plasmids Adding pET3a to strains containing BMC constructs cloned with pLysS was to ensure that

the cellular environment as well as the expression levels would be similar in each strain.

4.2.3 Optimisation of the purification protocol
It is evident that the adition of pLysS to cells expressing BMCs with tagted proteins leads to

a higher BMC yield when purified. However, wiagtempting the purification process witBMC

shells containing either PdufCherry, mCherrfPduB or PduBnCherrythe process failedAll of

these BMC variants were expressed from a pLysS plasmid. Therefore, further optimisation of the
purification protocol was necessary. It is uncertain why some mChagged BMCs were able to
purify better than others and may indicate that the skelbrm incorrectly with some tags as

opposed to others.

In addition purification repeats led to variable results; it was often difficult to purify mChagyed
BMC shells, which made subsequent visualisation by TEM inconsistent. To limit the waribbilit

cell growth conditions and purification protocol were optimised for mChémgged BMCs.

4.2.3.1 Effect of growth temperature

To determine if temperature affects the expression of BMC shells and subsequent protein
purification, cultures of BL21HE3) cells containingLysSduAmCherryBJKNUAs well as empty
pET3aplasmid were grown at 18°C and, 28°C. This strain was chosen for optimisation as previous
BMC purifications from this strain were unsuccessful, with little or no purified shell protesept

in the final fraction (data not shown). Live cell imaging results showed that the size and location of
BMC foci were similar to that of the mChefPguABJKNU BMCs, which are known to form
correctly, therefore, BMC purification would give furtherigigs in to the formation and structure

of this mCherntagged BMC variant.
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Cell cultures (250 mL) were inoculated from the same 5 mL starter culture. The starter culture was
inoculated from several colonies of a single transformation plate. Cultures then grown to an

OD of 0.8 and induced with IPTG. All cultures were then grown overnight at 19°C. BMCs were then
purified according to Section 2722 and samples were taken for SDS PAGE analysis. SDS gels of
BMCs purified after initial growth at 18°CcaB8°C were then compared to SDS gels of growth at
37°C, which had previously resulted in no purified BMCs visualised by TEM from the final purified

fraction.

Purifications show that cells grown at a lower temperature result in a higher amount ofiprote
expression (Images A and B, Figure 4.6), however, the resulting purified BMC fraction is not pure
with many unknown contaminating bands. In comparison, cells grown at 37°C, Image C, express
more shell protein and the final fraction is considerably puesrshown in Figure 4.6. As a result of
temperature studies, it was decided to continue growth at 37°C for subsequent purification

experiments.
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Figure 4.6.The purification of PdufCherryBJKNU BMCs after growth at varyirgmperatures.
BL21(DE3) pET3a cells expressing BMCs sathmihally tagged PduA from a pLysS vector, were grown

at 18°C and 28°C from the same starter culture. BMCs were purified by the Yper method, with samples
from each stage of the purification retaiddor SDS analysis. This was compared to a previous SDS gel
of PduAmCherry BMCs grown at 37°C. 15% SDS gels are as follows: A) Cells expressimghedyA

BMCs grown at 18°C B) 28°C C) 37°C
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4.2.3.2 Minimisation of protein loss in Pellet 2

The efficieng of BMC purifications were variable depending on the mChaugged shell protein
expressed. However, it was commonly observed that a large amount of shell proteins were present
in pellet 2 of the purification process leading to lower levels of shellgiman the final fraction.
This is shown in Figure 4.5, which demonstrates that purification of all mClagged BMC

variants included a large loss of protein at the pellet 2 stage.

Although the reason why shell proteins pelleted at that stage offjgation is unclear, the speed

of centrifugation as well as expression levels of the shell proteins were identified as factors that
may have contributed to the loss of shell protein in the BMC purification. In order to reduce the
amount of protein lost ipellet 2, centrifugation speed after low salt buffer was added was reduced
to 4000 rpm, however this did not affect the amount of protein in the pellet (data not shown). In
addition the level of protein production was reduced by culturing cells at 37°@ndnding with

one quarter of the normal IPTG used (t0@ 0 ® | 26 SOSNJ GKAa Ffaz2 KIR

Having shown that the BMC purification process could not be easily optimised to reduce the
amount of shell protein in pellet 2 without the need for changing buffer composition, it was decided

to continue usingtie BMC purification method as described in Sec#dh7.2 The aim of tagged

BMC purification was to analyse the formation, morphology and stability of isolated BMC shells

outside of the cellular environment by TEM.

4.2.3.3. Optimisation of BMC visuaditon by TEM

Previously, recombinant BMCs expresse#.ircolicells have been isolated and visualised by TEM.
In addition, native Pdu BMCs produced Salmonella entericdhave been purified using an
alternative method to the protocol used in this studydthe resulting purified compartments have
been visualised. This study aims to analyse recombinant mCGtagyged Pdu BMCs by TEM, to

determine the effect of the mCherry tag on the formation of microcompartment shells.

140l Page



Initially BL21(DE3) strains comtiig empty pET3as well as tagged shell protein construgtsysS
mCherryPduABJKNUor pLysSPduAmCherryPduBJKNUvere cultured for BMC purification
according to Sections 2.2.2 and 2.2.5, with growth at 37°C and induction with IPTG to a final
concentrah 2y 2 ¥ ThenBMCs>werd then isolated following the Yper purification method
outlined in Sectior2.2.7.2 and samples were taken for SDS PAGE analysis at each stage of the
purification process. The final clarified supernatant was subsequently driem awcopper grid,

fixed and negative stained for TEM, according to Section 2.5.2.2.

Results of SDS PAGE showed that purified shell proteins were present in the final clarified
supernatant. However, when analysed by TEM, BMC shells were not visualisedbrdieus
material as well as negatively stained proteins were seen for both mCRemBIKNU and PduA
mCherryBJKNU samples, but BMC shells were not observed. This could be due to an impure
fraction used for TEM analysis, with contaminating proteins nwlshells difficult to visualise.
However the SDS gels show that shell proteins are the most abundant in that fraction. The lack of
BMC shells could also be due to the method of preparation of visualisation by TEM, involving
fixation with glutaraldehyde ahnumerous wash steps which could either prevent the adhesion of

BMC shells to the surface of the grid, or subsequently cause them to be washed off.

As previously described in Section 4.2.3.2, a large amount of shell protein is found at the pellet 2
stage of the purification process, and results in decreased shell protein in successive fractions. To
try and improve shell protein observation by TEM, pellet 2 from the same purification was prepared
for thin sectioning according to the same protocol usedWbple cell thin sectioning, as described

in Section 2.5.2. This resulted in a vast improvement in the visualisation of BMC shells. As shown ir
Figure 4.7, clear BMIike structures can be seen with shells containing mCHedyA or PduA
mCherry. HoweverPduAmCherryBJKNU shells appeared malformed and broken; the size and
shape of shells were varied, in contrast to mChé&dpuABJKNU shells which were fairly uniform.

There were more shells present with the mChePguA tag whereas there appeared to be @th
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proteins in the PduAnCherry sample. The difference between the TEM results of the two mCherry
tagged BMCs is likely to be a result of the placement of the mCherry tag and its effect on the

formation of the BMC.

Overall this method has been appliedtteo shell protein tags, one of which, mCheRduABJKNU
is known to form intact BMC shells. The method was shown to be successful in visualising the
structure of tagged shells and was therefore applied to all further mChagyed BMC

purifications.
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Figure 4.70ptimisation of TEM visualisation of mChetagged BMCs. BL21(DE3) pET3a cells expressing

mCherrytagged PduA BMCs were grown overnight as described in section xxx and purified according to

the Yper nethod. 15% SDS PAGE gels of the BMC purifications are shown for rf@hedIKNU and

PduAmCherryBJKNU taggeshell variants, shown in the first column. The purified fraction of BMCs

were then dried onto a copper grid for TEM analysis, depicted in gol@mhowever, no shelike

structures were visualised. Pellet 2 of the purification method was then fixed and prepared for thin

sectioning and then observed by TEM, shown in column 3.
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4.2.4. The formation of mCheryTagged PduB BMCs

4.2.4.1 BMC purifi@tion as an indication of correct formation

Previously, BMC purifications of compartments with mChagged shell proteins expressed from
pET3a plasmids were carried out in the presence and absence of pLysS. Results showed tha
purifications were more dicient, with a higher level of shell proteins in the final fraction in the
presence of and empty pLysS plasmid in the bacterial strain. Further purifications of mCherry
tagged PduA BMC variants were carried out for optimisation studies and TEM anallydespiie

protein being lost in pellet 2, the final purification fraction contained predominately shell proteins.
The purification of mCherfagged PduB was repeatedly unsuccessful. BL21(DE3) cells were
transformed withpET3aand eitherpLysSduAmChery-B-JKNUWor pLysSduAB-mCherryJKNU
Several colonies were used to inoculate overnight starter cultures, which were subsequently used
to inoculate 250 mL cultures of LB, containing ampicillin and chloramphenicol, as described in
Sections 2.2.2.2. Celleere grown at 37°C. When an @gof 0.8 was reached, protein synthesis

gl a AYyRddzOSR ¢gAGK Lt¢D 6mnn >al0 YR GKSyYy 3INRGJ
harvested the following morning and purified according to the Yper method in Sezon?2

Samples of purification fractions were taken for SDS PAGE analysis, as shown in Figure 4.8.
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Figure 4.8 Purification of mCherryjagged PduB BMCs. BL21(DE3) pET3a cells expressing either PduA
mCherryB-JKNU or PduB-mCherryJKNU were grown overnight and purified using the Yper method.
Samples were collected for SDS PAGE analysis and 2 pl of each fraction in 2 x sample buffer were run on

a 15% SDS gel. A) Purification of RchZherryPduBJKNU B) Purification of PdBAMChery-JKNU

SDS PAGE analysis of mChtagged PduB purifications revealed that proteins were lost at each
stage of the purification process. For the mChd?PduB purification, proteins were predominantly
lost in supernatant 1, pellet 3 and the clarified peliShell proteins were mainly lost in pellet 1 and
pellet 2 for PduA-mCherryKNU BMCs. This difference in protein loss in each fraction could
highlight differences between the formation of BMCs depending on thar iI& terminal PduB tag.
Overall therewas an absence of shell proteins in the final purified fraction. This was very different
to all of the other shell protein tags, where protein was visible to the end of the purification, despite

some being lost in fractions. In this way, it was hypothesteat PduB fusions with mCherry failed
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to form BMCs when the other shell proteins were also expressed. Therefore the purification process

acted as an indicator for the formation of intact BMC shells.

4.2.4.2 Insights into the morphology of tagge@duBBMCs by TEM and live cell imaging
To explore the formation of mChertggged PduB shells further, live cell imaging and TEM thin

sectioning was carried out.

BL21(DE3) strains containing pET3a and either; ph@®rryPduABIKNU, pLysXiuAmCherry
PduBJKNU or pLysSduAB-mCherryJKNU were grown in 250 mL cultures at 37 °C until apgoOD

of ~0.6 was reached. Cells (1 mL) were then taken from the culture and pelleted by centrifugation
for live cell imaging as outlined in Section 2.5.1. IPTG (100 uMhemsdded to the cell culture

to induce the expression of BMCs and cell samples were taken 2 hours after induction for live cell
imaging and also thin sectioning and subsequent visualisation by TEM. Results are shown in Figure

4.9.

Live cell imaging dhe control strain expressing mCheiPduABIKNU, known to form complete,
intact BMC shells demonstrated individual foci spread throughout the cytoplasm in cell before
induction. Some cells were elongated, but there were also shorter cells present tepirifiction,

cells were elongated and many foci of mCherry signal were present in each cell. This corresponds
to the TEM thin sections observed 2 hours after induction which show intact BMC shells

approximately 100 nm in diameter.

Interestingly, cells xpressing PduMCherryB-JKNU were associated with one inclusion body at
one pole of the cell; there did not appear to be more than one inclusion per cell, with the exception
of cells that were dividing, as observed by live cell imaging. There wasifittledce between cells
visualised at the two different time points, except that cells appeared longer after induction. Thin
sectioning of whole cells fixed 2 hours after induction revealed identical results to that of live cell

imaging; cells contained dnnclusion body at the pole; no BMike structures were visualised. This
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indicated that an Nerminal PduB tag did not form any structures that resembled BMC shells when

expressed with the other Pdu shell proteins.

In comparison, a-@&rminal PduB tagvas very different to the Nerminal tag when expressed with

the shell proteins necessary to form BMCs. R&mRACherryJKNU localised throughout the cell
cytoplasm before induction, as can be seen by live cell imaging in Figure 4.9. The mCherry signa
was completely cytoplasmic with no distinct foci visible. There appeared to be a variety of cell
lengths with some elongated cells and some shorter cells. Live cell imaging 2 hours after induction
showed similar results. The mCherry signal was completelyplagmic. This indicated that the
formation of BMC shells containing Pdo®herry was impaired. TEM analysis of thin sections of
cells taken 2 hours after induction confirmed that there were no obvious intact BMC shells present.
Throughout the cell cytoplas, distinctive areas of low electron density can be seen. These areas
are commonly observed with BMC shells, as can be seen in the m&turrABIKNkEXpressing

cells, however in this case, definite shell outlines cannot be distinguished easily. Strahad of
proteins can be observed, as indicated by the white arrows in Figure 4.9, although these strands
did not fold into completed shell structures. These data indicate that tagging PduB with m®herry
either the N or G termini results in a lack of BMGvhen expressed with the other shell proteins.

Consequently, further studies with-therry tagged PduB were not carried out.
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Figure 4.9.Analysis of the formation of mChertsigged BMCs. BL21(DEBT3a pLysgduAmCherry
B-JKNUand BL21(DE3)ET3a pysSduAB-mCherryJKNUwvere analysed by live cell imaging directly
before induction and also 2 hours after induction and TEM thin sectioning of whole cells 2 hours after

AYyRdzOGA2y o { Ol t 8 flvdedddndeBnicibBop\Snfages andBr2nTYEM images.
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