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Abstract

Previously, a protein @annosyl transferase (Pmt, SC0O3154) and a polyprenol phosphate
mannose synthase (Ppm1, SC01423) were found to be required for the glycosylation of PstS,
a phosphate binding protein, in the bacteriltreptomyces coelicoldacteria in this genus

are prolific producers of antibiotics and are often phenotypically resistant to multiple
antibiotics.S. coelicolopmt and ppmZ1deficient mutants were hypersuspgble to celtwall

active antibiotics, suggesting that the protein modification could be required for cell wall and
membrane homeostasis. The aim of this project was to investigate Sheoelicolor
glycoproteome in order to better understand the physigical role of protein ©
glycosylation in this model actinobacterium. Glycoproteins were detected in, and enriched
from the membrane and culture filtrate proteomes of tise coelicoloparent strain, J1929

and these were absent from the glycosylation deftipmt (DT1025) angppm1 (DT3017)
mutants. Liquid chromatography coupled to mass spectrometry was used to characterise the
membrane glycoproteome fronthe S. coelicolorparent strain, J1929 and 37 new
glycoproteins were identified. Glycopeptides were nfizdi on Ser/Thr residues with up to

3 hexosesgonsistent with previous observations that the glycoprotein PstS is modified with
a trihexose. Thé&. coelicologlycoprotein glycans werghownto consist of Heixand Hek
oligosaccharidesA carbohydrate likage analysis led to the observation ef@bstituted 4-
substituted and terminal mannose residues, suggesting presence of2Jland (1>4)
linkages inS. coelicologlycoprotein glycans. Th®. coelicologlycoproteome comprises
glycoproteins with various biological roles including solute binding, transport and cell wall
biosynthesis. The genes encoding t&ocoelicologlycoproteins with putative roles in cell

wall biosynthesis, an L, D transpeptidas€@d934) and a-Bla-D-Ala, carboxypeptidase
0{/hnynt0 6SNB RA&NYzZLII SRP . 2 (4Hactanidzritibiofids,a ¢ S NB
while the sco4847mutant was hypersusceptible to lysozyme. These findings suggest that
both proteins could be required for devall biosynthesisis the phenotypes of the knockout
mutants are reminiscent of the glycosylation deficient strains, we propose that glycosylation

might be required for enzyme function.
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Chapter 1¢ Introduction

1.1 Protein glycosylation is present in all domains of life.

Protein glycosylation, which is defined as the oo posttranslational modification of a
protein by the addition of a glycan, is one of the most complex and diverse protein
modifications in nature(Spiro 1973 A variety of carbohydratesas well as a range of
anomeric configurations have been identified in glycoproteins in all domains dBlifieo
2002. Protein glycosylation is considered to be one of the most ubiquitous protein
modifications in eukaryotes, with at least two thirds of all eukaryotic proteins estimated to
be glycosylatedDell et al. 2011 Most commonly, protein glycosylation occurs through the
attachment of glycans to polypeptide chains through amide linkagesspawagine (Asn)
residues K-glycosylation), glycosidic linkages to serine(Ser)/threonine(Thr) residues (O
glycosylation) or € linkages totryptophan (Trp) residues {@annosylation). N-
glycosylation pathways have been characterised in all domains of lifelespite some
variations between species, involve the synthesis of the lipid linked oligosaccharide (LLO) and
the en bloctransfer of the oligosaccharide onto acceptor polypeptides; a process mediated
by an oligosaccharyltransferase (O@@ll et al. 2011 In contrast, protein &lycosylation
pathways tend to be processive, involvingthequential addition of monosaccharides to
acceptor peptides. However, OST mediatedjl{zosylation of bacterial pilinkas been
identified (discussed in 1.3.2). This introduction will focus on protengly©osylation
pathways; mainly protein @hannosylaion and the role of the pathway in maintaining cell

wall homeostasis.

1.2 Protein Gglycosylation in eukaryotes.

1.2.1Mammalian proteinO-glycosylation

The most well studied examples of mammalian glycoproteins are mudimsins are high
molecular mas proteins that are characteristically heavily glycosylated in tandem repeats of
Ser/Thr/Pro residues, found as cell surface exposed glycoproteins and in mucous secretions
(Varki et al. 200p Encoded by the MUC genes, mucins have roles in the lubrication of

epithelial cells, serving as cell receptors, in fertilisation and in the immune response. In
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humans, many diseases have been associated with abnormal mucin glycosylation. For
example, themucin polypeptide encoded by the MUC1 gene in humans is abnormally
glycosylated in breast and other carcinomé@rockhausen et al. 1995Aberrant O
glycosylation of cancer cells has been implicated in their attachment and invasion, as well as

in their ability to survive in the blood streaBrockhausen 1999

In contrast to theen blod\-glycosylation of eukaryotjeroteins in the endoplasmic reticulum

(ER), @ylycosylation occurs mostly in the Golgi apparatus and is thought to involve the
sequential addition of glycans to amino acids with a hydroxyl group (Ser, Thr, Tyr, Hyp
[hydroxyproline] and Hylhlydroxylysine]XSpiro 2002 Varki et al. 2009 Mucins can be O

glycosylated with a variety ahonosaccharideincludingN-acetylgalactosaminéGalNAc),

fucose (Fuc), mannosklén), glucose (Glc), galactose (Gal), arabinose (Ara), xylose (Xyl), and
N-acetylglucosamined Df Ob! O0 X Ay ©o620GK h |yR | O2y TA3d
Jted2aeftrdAz2y 27F YdzOA y-inkdgefoRan)&Calkisc R@ealy toithie (G KS
hydroxylgroup of Ser/Thr, carried out by a polypeptideabetylgalactosaminyltransferase
(ppGalNAcTVarki et al. 2000 The sequential addition of othemonosaccharidesan result

in the synthesis of a range of muatructures (Figure 1.1). In contrastthe assembly of an
oligosaccharide on a lipid linked carrieNrglycosylation pathways, no lipid linked carrier is

required in the synthesis of{inked glycoproteins. Additionally, further processing of the O

GalNac glycans by glycosidases in thégiGas is observed in the processing oliriked

glycans, does not occur.

In addition to the Gglycosylation of secreted and membrane bound proteins in eukaryotes,
the modification of nuclear and cytoplasmic proteins with simpl@loNac residues has been
reported (Torres and Hart 1984Wells et al. 2001Hart 1997. Despite no consensus
sequence having been identified, singleGxNac residues have been shown to modify
Ser/Thr residues in cytoplasmic and nuclear protein&lENAcylation is thought to have a
role in the cellular signalling and regulation, T lymphe@ctivation and the protection of
proteins against cellular degradatigiearse and Hart 199Han and Kudlow 199Bwain et

al. 2002.
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@ N-acetylneuramic acid
A Fucose
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B N-acetylglucosamine acid
] N-acetylgalactosamine acid

Figure 1.1 Representative examples ofGaINAc glycans from human respiratory mucins
composed of different cores, whicban be further extended and branchetmage adapted
from Varki et al. (2009)
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1.2.2 Protein Gmannosylation in yeast.

Protein Omannosylation was discovered in the eghll isolated proteins db. cerevisiaand

was long thought to be restrictea@tfungi(Sentandreu and Northcote 19%8Nhile it is now

clear that the modification is present inany eukaryotes and has also been identified in
prokaryotes (discussed in section 1.3.3 and 1.5.2), no&nlye fundamental characteristics

of the pathway have been elucidated in yea&ioibl and Strahl 2033 Protein QO
mannosylation involves the sequential attachment of mannose (Man) to the hydroxyl of
Ser/Thr residues in polypeptide chains, via a gighodinkage(Spiro 2002 O-mannosyl
glycan synthesis is initiated in ER and is catalysed by a conserved family of
glycosytransfaaises, PMTgHaselbeck and Tanner 1983The protein @mannosylation
pathway involves two main stepthe synthesis of the mannosyl donor and the transfer of

mannose onto target polypeptidehains (Figure 1.2).

The eukargtic mannosyl donor, dolichol phosphate-D-mannose (DeP-Man) is
synthesised on the cytoplasmic face of the ER membrane where a glycosyltransferase GDP
h-D-Man:DotP ZD-mannosyltransferase (Dpm1l) catalyses the transfer of mannose from
GDPh-D-mannose (BRMan) to DolP (Lommel and Strahl 200® ¢ KS ol 1 SNn&a &St
(Dpm1p) was first identified bylaselbeck (198¥nd its catalytic activity demonstrated after

the heterologous expression ttie enzyme inE. coliOrlean et al. 1988 DotP-Man serves

as the primary mannosyl donor for the proteinrn@annosylation pathway in eukaryotes,
however it is also required for the extension of the LLO in the ER in the priNtein
glycosylation pathway (Figure 1.2), as well as in GPI anchor HiesygKornfeld and
Kornfeld 1985Doering et al. 1990 DolP-Man was shown to be essential in yeast attpm1
knockout mutants were found to be leth@rlean 199) This is not surprising consitdng

the general requirement of the D&Man glycosyl donor for the syhesis of mannans in
yeast.DPM1homologues have been identified in other fungi, as well as in many other higher
eukaryotes, including mice and huma@smmerman et al. 199€&olussi et al. 197; Tomita

et al. 1998 Maeda and Kinoshita 2008 n humans, defects iBPM1leading to changes in
protein Oglycosylation patterns, are known to cause metabolic disorders that often result

in mental and psychomotor retardation, termed congenital disorders of glycosylation
(CDGs).
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Figure 1.2 The protein ©annosylation pathway in yeast shares dolichol phosphate

mannose with theN-glycosylation pathway and GPI anchor biosynthedimages adapted
from Loibl and Strahl (2013)
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Following the synthesis of DB{Man by Dpm1, the DeP-Man is flipped into the ER lumen,
most likely via the action of a flippas@ommel and Strahl 2009 A second
glycosyltransferase, D&-Man:pratein Omannosyltransferases (Pinthen catalyses the
transfer of Man from DeP-Man onto Ser/Thr residues of target proteins (Figure 1.2). Early
work on protein Gmannosylation in yeast led to the suggestion that protein O
mannosylation was coupled toanslocation into the EFElorza et al. 1977However, some
studies have reported Pmt mediatedr@annosylation of proteins after translocation into
the ER when they are misfolded, suggesting that the modification increasesrpsotability

and reduces the need for chaperongtarty et al. 200lNakatsukaa et al. 2004

After the transfer of mannose onto target proteins in the ER, the glycoproteins can be further
modified in the Golgi apparatus. B. cerevisiador example, extension of the glycan is

carried out by mannosyltransferases of the KIRIMNNLF | YAt & G KIF 6@,y 3ISy
|y R(1,33) InkagegLussier et al. 1999

Pmts belong to the GT family of glycosyltransferases, that are integral membrane proteins
with between 7 and.3 transmembrane helicgkairson et al. 200 ommel and Strahl 2009

S. cerevisiadas at least six PMT family members (Praiptép) { G NI Kf m. 2f aAy 3S
Tanner 1991StrahiBolsinger etl. 1993 Gentzsch and Tanner 199&trahiBolsinger and
Scheinost (1999proposed thatS. cerevisiaémtlp consisted of seven transmérane
helices and that the Xerminus was localised in the cytoplasm, while théefninus was
localised in the&ERlumen (Figure 1.3). Further characterisatmiPmtlp demonstrated that
the Niterminus interacts with Pmtp2 and that the central hydropHidicp (loop 5)srequired

for mannosyltransferase activity of the enzyif@&rrbach et al. 2000 AdditionallyGirrbach

et al. (2000demonstrated that the amino ads Arg64, Glu78, Argl38, and Le#l08 are
required for Pmtlp activity (Figure 1.3).

The disruption oPMT1alone inS. cerevisiademonstrated that there could be functional
redundancy in Pmt activity and that PMT1 alone was not essential for gr{®ithht
Bolsinger et al. 1993However, knockout mutants in certain combioas of threePMTsn

S. cerevisiagere lethal, suggesting that the modification is essential in y&eshtzsch and
Tanner 1995 Additionally, using several combinations of doytnet mutants it was shown
that protein Omannosylation was required to maintain cell wall rigidity and integrity.
Similarly, inS. pombedouble mutants ilPMTland PMT4,as well as a single knockout of
PMT2were lethal(Willer et al. 2005 Additionally pmt1 and pmt4 single mutants displayed

abnormal cell wall and septuformation, further suggesting that protein-@annosylation
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Figure 1.3 A schematic representation 8f cerevisia¢®>mtlp, based on the work carried

out by Girrbach et al. (2000)Pmtlp has seven transmembrahelices. Loop 5 was shown

to be required for catalytic activity of the enzyme and three conserved motifs (MIR) were
identified in as signatures of the PMT family proteins. The positions of the arginine (R),
glutamic acid (D) and aspartic acid (E) resideegiired for activity enzyme activity are
shown.
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in yeast is required for stable cell wall formation. Since the identification of Pmts in yeast,
PMT family proteins (termed POMTSs) have been found in many higher eukaflyotemel

and Strahl 200 The best studied @annosylated protein in higher eukaryotes his
dystroglycan (-DG), a fundamental component of the dystroptmiycoprotein complex
(DGC) in skeletal muscl@®arresi and Campbell 20p6Several studies in flies have
demonstrated that POMTs were required for correct muscle development, while a POMT1
deficiency in mice was found to Bethal to embryonic developmeniMartin-Blanco and
GarciaBellido 1996 Ichimiya et al. 2004Willer et al. 2004 In humans, the disiption of
POMTSs have been linked to changes-IDG glycosylation, leading to congenital disorders of

glycosylationMuntoni and Voit 204).

1.3 Protein glycosylation in prokaryotes

Prior to the mid-1970s protein glycosylation was considered to occur exclusively in
eukaryotes. The discovery of the first prokaryotic glycoprotein in the halophile
Halobacterium salinariurfH. salinarum) byMescher and Strominger (197é)allenged this

idea. It is now clear that prokaryotes can modify proteins with botarid Glinked glycans,

and that these pathways have roles in pathogenesis, host invasion, maintaining cell wall

integrity andsurvival in extreme environmengdlothaft and Szymanski 201Bichler 2013

1.3.1 ProteinN-glycosylation in bacteria

The fist proteinN-glycosylation pathway in bacteria was discovere@ampylobacter jejuni
(C. jejuni more than a decade ago and is arguably the most well characterised bacterial
glycosylation system to da&zymanski et al. 1999ProteinN-glycosylation takes place on
the cytoplasmic face of the plasma membrane and is encoded bypdhgene cluster
(Szymanski et al. 1998Qinton et al.2005. Thepgl genes include five glycosyltransferases
(pglH, pgld, pgll, pglA, pglC an oligosaccharyltransferasepg(B, a (UDRN-
acetylglucosamine: glucosamineepimerase gne), a LLO flippas@glK) and genes involved
in the synthesis of the rare amino sugar URBdiacetamido bacillosamine (UBMAcBac)
(pglD, pglE, pg)HNothaft and Szymanski 201L0The pathway starts with the sequential
assembly of a heptasaccharide on a lipid linked camiedecapreny! pyrophosphatéJad
PP) on the cytoplasmi@ace of the inner membranéLinton et al. 200p The lipid linked
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heptasaccharide is translocated across the inner membrane into the periplasm, mediated by
an AB@ype transportemwith ATPase activity (Pgiglaimo et al. 2006 The heptasaccharide

is transferreden bloconto specific Asn residues on target proteins; a process mediated by
PgIB, a bacterial OSWacker et al. 2002 Bacteria have am-glycosylation consensus
sequence that is extended at thi-terminus, where a negatively charged amino acid
(aspartic acid (D)/glutamic acid (E)) is present at-hposition relative to the glycosylated
Asn (N) residue (D/EN-X-S/T, where X can be any amino acid except for pro(ikeyvarik

et al. 2006. Despite the full characterisation of the pathway, little is known about the role
of the glycan. Glycosylation has been shown to be required for attachment to human
epithelialcells, as well as for the colonisation in chickglmes et al. 200&Karlyshev et al.
2004). One study found that finked glycans irC. jejunibind to humanmacrophage
galactose likdectins and suggested thad-glycosylation may serve to modulate the host
immune responsgVan Sorge et al. 200Recently however, work carried out Bjemka et

al. (2013)demonstrated thatN-glycosylation of cell surface proteins @ jejunimay be

required for protection against proteolytic cleavage by proteinases in the chicken gut.

1.3.2 Pilin and flgellar Gglycosylation

Flagellar @lycosylation has been widely reported in Gram negative bactértae
moadification in Gram positive genera is so far limitecCtostridiumand Listeria spgSchirm

et al. 2004 Twine et al. 2008 While no consensus sequence has been identified, the
modification occurs on Ser/Thr residu@sogan 2006 The Gglycosylation of flagella .
jejuniis probably the best described example, where the flagellin A (FlaA) and flagellin B
(FlaB) subunits are modified with pseudaminic acid (Pse) and legionaminic (Leg) acid
derivatives, at up to 19 different sitd$hibault et al. 2001Zebian et al. 2016 The genes
required for flagellar glycosylation €. jejuniare known, and the pathway for Leg
biosynthesis has been reconstituted i coli(Schoenhofen et al. 2009Glycosylation of
flagella inCampylobactespp. is required for flagellar assembly and motilaynd mutants
defective in Pse biosynthesis have been shown to lack flagella and cesequently
immobile (Goon et al. 2008 Similar observations have been made in the human pathogen
Helicobacter pylo(H. pylor), that glycosylates flagella in a similar waytgejun(Schirm et

al. 2003. However, irH. pylorithe glycans display less heterogeneity thai€Cirjejuni

Pilin glycosylation has been observed in some bacteria, and has been suggested to be

involved in virulence. IRseudomonas aeruginofar example, the loss of pilin glycosylation
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due to a deletion in thg@ilO gene led to reduced persistence in the lungsrm¢e (Smedley

et al. 2005. Structural charactésation of the pilin glycans has demonstrated that they are
composed of trisaccharides that are identical to the lipopolysaccharidati@en repeating
unit in the strain(Castric et al. 200)L In contrast, the pilin glycans bleisseria meningitidis
(N. meningitidiy are modified with trisaccharidesomposed ofD | f-0 U B | -3)24h ™
diacetamide2,4,6trideoxyhexosgStimson et al. 1995

In contrast, the pilinglycansof Neisseria gonorrhoea@N. gonorrhoeagare thought to be
disaccharidexomposed ofan O-acetylatedhexoseresidue linked to a 2dliacetamido

2,4 ,6trideoxyhexosgHexDATDHHegge et al. 2004as et al. 2007 Several studies have
identified genes that encode proteins required for pilin glycosylatmmh) (n N. meningitides
(Jenningset al. 1998 Poweret al. 2000. Theseinclude an O-oligosaccharyltransferas@®-
OTase) PglL, which attaches thdirfied glycan to pili and was found to be part of a general
O-glycosylation pathway iNeisseriaspp.(Power et al. 2008Ku et al. 2009 The general ©
glycosylation pathway iN. gonorrhoeadias beershown glycosylate at least 11 membrane
proteins and lipoproteins including solute binding proteins of ABC transporters and protein
chaperonegqVik et al. 2009 The proteins were shown to be modified on Ser/Thr residues
with O-acetylatedHexDATDHlycans, in amino acid sequence regions abundant in proline,
alanine and serine. Similarly iN. meningitides,the general Gglycosylation pathway
responsible for pilin glycosylation has also been shown to glycosylate the surface exposed
glycoprotein, Ar (Ku et al. 2009

1.3.3 Protein Gmannosylation in mycobacteria

While protein Gmannosylation has been described in several actinobacteria, including
Corynebacteriunspp. andStreptomycespp. (described in section 1.5.2),i# particularly

well studied iimycobacterigdLommel and Strahl 2009T he earliest reports of mannosylated

proteins in nycobacteriawere describedafter the binding of culture filtrate proteins to the

mannose biding lectin concanavalin A (Con(E}ppitia and Mancilla 198€ifis et al. 19911

The first direct evidence for glycosylated residues on a mycobacterial protein was presented

by Dobos et al. (1995who demonstrated that a 45/47 kDa culture filtrate protein from
Mycobacterium tuberculosigM. tuberculosiy was modified with hexose Further
characterisation of the 45/47 kDa glycoprotaievealed that the modifyig hexosewas
YIyy2aS FTyR (KIFIG GKS 3te02LSLIiARSEMag SNE Y2

mannobiose, or mannotriosbobos et al. 1996 Additionally, the glycosylation sites were
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found to be localised near the-lnd Gtermini of the glycoprotein, in proline rich seences.

A carbohydrate linkage analysis revealed that the mannobiose and mannotriose glycans
were composed of 1,2 linkages. In contrast, the characterisation of MPB83, a secreted
glycoprotein fromMycobacterium bovisevealed that the glycoprotein was mified on
threonine residues with mannose ardl,3-linked mannobiosgMichell et al. 2003 In
Mycobacterium aviumthe 32 kDa glycoprotein SmT was shown to be glycosylated with a
dihexose glycarfTaylor et al. 2006 A recent study of theM. tuberculosisculture fitrate
glycoproteome revealed that glycosylation could occur on both serine and threonine
residues(Smith et al. 201y Smith et al. (2014)evealed that glycosylation sites were often
localised near the @rminus of the glycoprotein, and that sequences surrounding the

glycosylation sites had a higher propensity for hydrophobic amino acids (Pro, Ala).

The protein Gglycosylatiom pathway inM. tuberculosigs distinctly similar to the protein-O
mannosylation pathway iB.cerevisiadFigure 1.4.A). Mannose is thought to be transferred
from GDPMan onto polyprenol phosphate, a functional analogue of dolichol phosphate by
a polypranol phosphate mannos@Ppm synthase. IM. tuberculosisthe catalytic activity of

the PpmsynthaseMt-Ppm1 was shown in a cell free assay, whareljla® was transferred
from GDPMan onto various lipid monophosphate accept¢@urcha et al. 2002 Mt-Ppm1

has a two domain arétecture (D1 and D2), where D2 is responsible for the catalytic activity
of the enzyme and D1 contained several transmembrane domains (Figure THeByt
Ppml1l homologues in other mycobacteria, suel Mycobacterium smegmatis M.
smegmati$ and Mycobacteium. leprae (M. leprad, exist as two separate proteins, Ppm1
and Ppm2(Gurcha et al. 2002 In M. smegmatis Ms-Ppm2 was shown to be an integral
membrane protein that interacts with, and enhances the catalytic activitMiefPpm1
(Baulard et al. 2003 These findings suggested thaetiwo-domainarchitecture oMt-Ppm1

had a role in anchoring the protein to the membrane.

Using a bioinformatics approach, RMT homologue Rv1002¢ was identified inM.
tuberculosisand shown to catalyse the first step of proteirglycosylation of protms that
were translocated via the SEC pathwg@yanderVen et al. 2005 An addiional
glycosyltransferase, a PpRS LIS Y R Syiainnosyluansferase (PimE) that was identified
in M. smegmatisis thought to berequired forthe elongation of the glycan cha{Morita et

al. 2006 Liu et al. 2013a Sincé ™m-linkedmannobiose and mannotriose glycans have been
observed inM. tuberculosigylycoproteins, it is likely that a similar mechanism is present in

other Mycobacterium sppDobos et al. 1996
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Figure 1.4 Protein @nannosylation inM. tuberculosis A. The D2 domain ofMt-Ppm1
catalyses the transfer of mannose fro@DPMan onto polyprenol phosphate (1Mt-Pmt
catalyses the first step of protein-@ycosylation by transferring mannose from polyprenol
phosphate mannose onto target proteins, as they emerge from the SEC machinery (2). PimE
further elongates the glycaohain by the addition of mannose withl,2 linkages (3). B. A
schematic representation of thepm2llocus inM. tubercudosis comparedto M. lepraeand

M. smegmatisFigure adapted frongGurcha et al. 2002
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In pathogenic mgcobacteria protein Oglycosylation is thought to have a role in
pathogenicity. The glycosylation of secreted glycoproteins has been shown to be required
for antigenicity and the stimulation of the T lymphocyte respoftéern et al. 1999Romain

et al. 1999. The altered glycosylation pattern of the 45/47 kDa glycoprotein (Apa) after its
heterologous expressh in M. smegmatisresulted in a reduced capacity to stimulate a T
lymphocyte responsdn vitro, while unglycosylated Apa was unable to stimulate this
response altogethefHorn et al. 1999 The glycosylation of Apa has been shown to be
required to enable its interaction with-tgpe lectins of the host immune system, further
suggesting that the protein is important for immune recogniti(Ragas et al. 2007
Additionally, a secreted glycoprotein frolh. tuberculosis SodC was recognized byman
antibodies and was shown to contribute towards the persistence of the bacterium in
macrophages¢Piddindon et al. 2001 Sartain et al. 20065artain and Belisle 20pM. leprae

was shown to bindni a carbohydrate specific manner tdangerin, suggesting its role in
langerin ligand binding and host immune response stimulafiim et al. 201p These
studies suggest that the immunogenicity of secreted antigens in pathogenic mycobacteria is
linked to their correct glycosylation, alluding to the idea thatlisruption of glycosylation
could significarly affect pathogeneis. Indeed, the inactivation opmt (Rv1002¢ in M.
tuberculosisand the subsequent loss of proteindlycosylation was shown to significantly
impair growth and reduce itgathogenicity in immunocompromised mi¢eiu et al. 2013a

M. smegmatigpmt mutants display no changes in growth however, were hypersensitive to

SDSreatment, suggesting that a loss of Pmt may result in changes in the cell wall.

1.4 Bacerial cell walls and antibiotics

1.4.1Peptidoglycarbiosynthesis in bacteria

Peptidoglycan is the major polymer found in the cell walls of Gram positive and Gram
negative bacteria. It has a crucial role in maintaining cell shape and counteracting turgor
pressure(Typas et al. 20)2While variations exist, the basic peptglpcan architecture in
conserved in nearly all cell wall containing bacteria. In Gram positive bacteria, the cell wall is
thick and multilayered, where peptidoglycan is incorporated near the surface of the
periplasmic membrane. Peptidoglycan biosynthesiarts in the cytoplasm with the
biosynthesis otUDRN-acetylmuramydpentapeptide(UDRPMurNAcpentapeptide) and UDP
N-acetylglucosamine(UDRGIcNAc)Figure 1.5)(Barreteau et al. 2008
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Figure 1.5A general overview of peptidoglycan biosynthesis in Gram positive bactéried
text indicates antibiotics that inhibit different aspects of cell wall biosynthdsigges
adapted fromTypas et al. (2012)
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The UDMMurNAcpentapeptide is synthesised through a series of enzymatic reactions that
sequentiallyaddamino aciddo UDRPMurNAc The most common muropeptide is seen as L
alanineD-glutamic acidmeso diaminopimelic acid (or L-lysine}D-alanineD-alanine
However variations in the peptidare widely reported in many bacterial spec(®®llmer et

al. 2009. At the cytoplasmic membrane, the MurNAc pentapeptide moiety is transferred
from the nucleotide precursor onto anembrane lipidinked acceptor, undecaprenyl
phosphate, yielding undecaprengyrophosphoryMurNAcpentapeptide (Bouhss et al.
2008. In Gram positive bacteria, the GIcNAc moiety is added to the undecaprenyl
pyrophosphordMurNAcpentapeptide and the lipidinked stem pentapeptide is then
flipped into the periplasm. Once facing the pdaigm, the stem pentapeptide is incorporated

into nascent peptidoglycan by penicillin binding proteins.

Penicillin binding proteins (PBPs) are a class of cell wall biosynthetic enzymes in bacteria that
are required to catalyse various reactions, such aspiblgmerisation of the glycan strand
(transglycosylation) and peptidoglycan crosslinking (transpeptidafen)vage et al. 2008
Some PBPs recognise the terminahlBnyt D-alanine (BDAla-D-Ala) of stem pentapeptides

as part of their catalytic mechanism. The structural resemblance between-thaD-Ala of
peptide stems and the -lactam antibiotic penicillin, means that PBPs can bind penicillin
irreversibly by forming an acginzyme that inhibits further activity of the PBP in cell wall
biosynthesigTipper and Strominger 19%5There are two main types of PBPs in bacteria
high molecular mass (HMM) PBPs and low molecular mass (LMM(S2BRage et al. 2008
HMM PBPs are often multifunctional enzymes with transpeptidase activity and the ability to
elongate glycan chairtkat are uncrosdinked (trangllycosylation). LMM PBPs are generally
monofunctional enzymesStreptomycetesproduce large numbers of PBPs, most likely due
to their complex life cycle and challenging environmegt. coelicoloffor example, is
predicted to make at least 20 PBIPewever, the functional roles of very few of these have

been characterisg (Sauvage et al. 2008

1.4.2 Peptidoglgan crosslinking

There are two main types of peptidoglycan crosslinking in bacte#i®, drosslinking and-3

>3 crosslinking. Most commonly, peptidoglycan crosslinking occurs between the carboxyl
group of DAla at position 4 and the amine group of the amiacid at position 3 (43
crosslinking), between two stem pentapeptides and is catalysed by D,D transpeptidases

(Vollmer et al. 2008 (Figure 1.6)Alternatively, peptidoglycan crosslinking is catalysed
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between the third position amino acids of two tetrapeptide stems>@ crosslinking).
Peptidoglycan with 33 crosslinking was first identified M. smegmatis However the
enzyme resposible for this catalytic activity, an L, D transpeptidase, was not identified until
decades later iEnterococcus faeciu(k. faeciuhwhere 3>3 crosslinking is thought to have

a role in antibiotic resistanc@NVietzerbin et al. 1974Mainardi & al. 2003. Peptidoglycan

with 3->3 crosslinks has been identified in other Actinobacteria, inclu@ingoelicolor
(Hugonnet et al. 2014 InM. tuberculosisthe majority of peptidoglycan is thought to be 3

>3 crosslinked and the chromosome encodes five L, D transpeptiflasieée et al. 2012b
Mutants defective in L, D transpeptidase activity were shown to have increased susceptibility
to antibiotics, some of which target the cell walb well as displaying an increase in lysozyme
sensitivity and altered colony morpha)g (Sanders et al. 20146choonmaker et al. 20)4
However, sensitivity to the antibiotics was mostly observed in the triple mutants, suggesting
that there could be some overlap in function betweerblLtranspeptidases in mycobacteria.
As inM. tuberculosis there are five putative L, D transpeptidases annotated in $he

coelicolorgenome (StrepDB).

1.4.3 Antibiotics that target cell wall biosynthesis.

Cell wall biosynthesis is an essenti@mlogical process in bacteria, andhg target of many
antibiotics (Figure 1.5)he primary antibiotic targets in the cell wall are the enzymes that
catalyse peptidoglycan biosynthesis-lactam antibiotics target multiple cell wall
biosynthetic enzyme by mimidcking the terminal DAla-D-Ala of stem pentapeptides
(Sauvage et al. 2008 While peptidoglycan crosslinking -¥3) catalysed by L, D
transpeptidases was initially thought to contribute to antibiotic resistance by bypassing
classical PBP peptidoglycan crosslinking, L, D transpeptidasesreeently shown to be
inactivated by carbapenem antibioticskn faeciunandM. tuberculosigDubée et al. 2012b
Dubée et al. 2012aGlycopeptide antibiotics, such as vancomycin and teicoplanin act by a
different mechanism to -lactams, by targeting the peptidoglycan peptide sterfbese
antibiotics bind the terminal Na-D-Ala of stem pentapeptides, preventing crosslinking of
the peptidoglycan(Reynolds 1989 Some bacteria, such as the glycopeptide antibiotic
producers Streptomycesencode a vancomycin resistance pathway that results in the
synthesis of pentapeptides ending idd&xtate,for which glycopeptie antibiotics have much

lower affinity(Hong et al. 2004
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tetrapeptide

DD TPase

Figure 1.6 An overview of -#3 and 3>3 peptidoglycan crosslinking in bacterid->3
crosslinking of stem pentapeptides is catalysed by Damspeptidases (DD TPasehile 3
>3 crosslinking of tetrapeptide stems is catalysed by L, D TranspeptidaBe3Rase).L-

A2pm: 2,6 diaminopimelic acid.
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Other celwall targets of antibiotics include the transglycosylation of peptide stems
(ramoplanin), the dephosphorylation of the lipid carrier molecule involved in tpidier
recycling Kacitracin) and the UDRGIcNAc:dolichybhosphate GIcNAg-phosphate
transferase that is involved to the addition of GIcNAc to the lifiickked MurNAG
pentapeptide (tunicamycin)(Heifetz et al. 1979Stone and Strominger 197Fang et al.
2006).

1.5 Streptomyces

1.5.1 A general introduction t&treptomycetes

Streptomycetesre a genus diigh GC, am positive bacterighat belong to the phylum of
Actinobacteria (Flardh and Buttner 20Q9 Streptomycetesare mostly soil dwelling
organisms, although they are known to occupy aeniahge of niche@Hopwood 2007. They

can metabolise a variety of carbon souraeduding sugars, organic acids, sugar alcohols and
amino acidgPridham and Gottlieb 1948Romano and Nickerson 196&treptomycetes
have a complex lifecycle for a bacteritand aremorphologicallysimilar to filamentous
fungi. The Streptomyceslifecycle begins under favourable conditions, when a spore
germinates and germ tubes emerge to form filamentdygphae (Figure 1.7Flardh and
Buttner 2009. Vegetative growth results in the formation of a network of hyphae called the
substrate myelium. The hyphaeare often multinucleated since septation occurs only
occasionally. When nutrients become depleted, aerial hyphae are generated and sporulation
ensues. Due to their complex secondary metaboligrepsomycetessynthesise a multitude

of natural products including immunosuppressants, insecticidestanmbour agents and
around two thirds of clinically useful antibioti¢slopwood 199% Secondary metabolite
production is initiated by nutrient depletion,nd often coincides with morphological

differentiation.

S. coelicolois a model organism of thetreptomycegienus and was the firstreptomycete

to have its genome sequenc@entley et al. 2002 S. coelicolonas a single ~ 8,6&Db linear
chromaosome that contains 7,825 predicted genes. More than 20 gene clusters are thought
to contain genes necessary for secondary metabolite biosynthesis. Among these are the well
characterised clusters for the pigmented antibioticgctinorhodin (ACT) and

undecyprodigiosins (RED@)iu et al. 2013p
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Figure 1.7 The life cycle &treptomycesUnder favourable conditions, spore germination
ensues and the growth of filamentous hyphae results in a network called the substrate
mycelium. Nutrient limitation triggers differentiation, resulting in therrhation of aerial
hyphae and sporulatiorimage adapted fronseipke et al. (2012)
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ACT is apolyketidederived benzoisehromanequinone that has a red/blue colour,
depending on the environmental pH. REDs are py#aleed compounds that are

synthesised by a pathway that overlaps with fatty acid biosynthesis

1.5.2 Protein Gmannosylation inStreptomyces

The earliest reports of glycosylation$treptomyces sppwere made after both native and
heterologously expressed glycoproteins were characterisedSireptomyces lividans
(Kluegel et al. 19900ng et al. 1991 The first evidence of a protein@lycosylation pathway

was reported after an investigation into the nature of the phiC31 phage recept&. in
coelicolor(Cowlishaw and Smith 200Cowlishaw and Smith 20DZCowlishaw and Smith
(2001)isolated a collection of phiC31 phagesistant mutants that were deficient in the
phage receptor. Several of the mutants were complemented by a homologue of fungal PMTs,
a putative protein @Gmannosyltransferasep(mt; scd3154) (Cowlishaw and r8ith 2001).
Additionally, glycoproteis were detected in the wild type strain J1929 by the presence of
Con A reactivity and these were absent from hrat strain. The phage receptor mutants
that were not complemented by wildtypgemtwere complemented by a gene with homology

to DPM1 fromS.cerevisiagencoding a putative polyprenol phosphate mannose synthase
(ppm1; scol423 (Cowlishaw and r8ith 2002. These studies suggested the presence of a
protein Gglycosylation pathway irS. coelicolorthat was similar to the protein O
mannosylation pathway in fungi, and that the phiC31 phage receptor was a glycoprotein. The
fact that homologues ofomt (sco3154 and ppm1 (scol423 in severalStreptomyces spp,

hawe been annotated in the StrepDB, suggests that the pathway is highly conserved in

streptomycetes

The only glycoprotein to be characterisedSncoelicolors PstS, a periplasmic phosphate
binding protein that was shown to be glycosylated with a trihexose in the wild type strain
but not in thepmt strain (Wehmeier et al. 2000 Additionally, two out of three serinach
synthetic peptides designed using the PstS amino acid sequence were shown to be
glycosylated by an extract containing wild type J1%9coelicolomembranes. These
findings suggest that protein -@lycosyléion in S. coelicolooccurs on specific serine or
threonine residues, and is not a random process. Using a cell free &gsheier et al.
(2009)demonstrated that Ppm1 was required for the transfer of mannose from a nucleotide

activated sugar (GDRannose) onto polyprenol phosphate . coelicolomembrane
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fractions. This study presented the first evidence thaglgrosylation irs. celicolorrequired

a lipidlinked carrier and that the modifyingarbohydratecould be mannose.

Based on the pathway in ynobacteria it was hypothesised tha®. coelicoloPpm1 was
associated with a membrane protein that would serve as an anchor to tioplagmic face

of the membrane(Varghese 2008 Anttonen (2010)resented evidence in support of this
hypothesis by demonstrating that Ppm1 was present in b8thcoelicolocytosolic and
membrane fractionsTheS. coelicolomembrane protein SC0O1014, that was identified as an
orthologue of the transmembrane domain (D1)\-Ppm1 inM. tuberculosigFigure 1.4.B),

was initially thought to be the membrane anchor. However, further studies found there to
be no nteraction between SC0O1014 and PpmiSincoelicolofAnttonen 201Q Cérdova
Déavalos et al. 2034Additionally, SC01014 (Lntl) mutants were sensitive to phiC31 phage
infection and could glycosylate thkl. tuberculosisglycoprotein Apa, suggesting that

SCO01014 is not required for glycosylatio®ircoelicolofCérdovaDavalos et al. 2014

The phage resistars. coelicolopmt and ppm1 mutants previously described l§owlishaw

and Smith (20013lso hada slow growth phenotype andiere hypersusceptible to a range

of antibiotics that target cell wall biosynthegldowlett et al. 201% Although the antibiotic
susceptibility phenotype inhie pmt strains was less extreme than in tppm1 strains, the

pmt strains stildisplayed considerable sensitivityitdactam antibiotics and to vancomycin.
This could suggest that glycosylation Sn coelicolorcould be required for the correct
functioning of periplasmic or membrane enzymes that are required for cell wall biosynthesis.
Additionally, an RNAseq analysis of gmmlstrain compared to the wild type strain J1929
demonstrated that a loss of Ppm1 resulted in an upregulation of fatty acid lilesymgenes
presumably leading to overall changes in the membrane composition. Preliminary evidence
showing changes e membrane lipid®f the S. coelicoloppm1mutant has been gathered
using Raman spectroscofiyowlett et al. 201% Additionally Howlett et al (2016)dentified
GDPmannose pyrophosphorylases (MamGencoded bysco1388 sco3039and sco4238%
required for GDRnannose biosynthesis i8. coelicolorSCO3039 and SC04238 together
were found to have overlapping functions and strains with mutatiaristh genes were not
obtained, suggesting lethality. However, mutants with deple®@03039 and SC0O4238
levels were isolated and were phenotypically similarpmml mutants in antibiotic and
phiC31 phage sensitivity. Additionally, it was shown that aatih in manB (sco3028,
encoding an enzyme with phosphomannomutase and phospleogiutase activity resulted

in altered colony morphology, phiC31 phage resistance and an increase in antibiotic
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sensitivity inS. coelicolorThese findings suggest that thetiaities of ManB and ManC are

part of the protein Gglycosylation pathway i8. coelicolor

The current model for the protein-@lycosylation pathway i6. coelicolois summarised in
Figure 1.8. GDRannose biosynthesis requires the activities of Mgphosphomannose
isomerase, SC0O3025), ManB (phosphomannomutase, SC0O3028) and Maia(@bse
pyrophosphorylases, SC0O3039, SC04238). Ppm1l catalyses the transfer of mannose from
GDPmannose onto polyprenol phosphate (PP) on the cytoplasmic face of the raaebr
Ppm1 is thought to be localised to the membrane by a membrane anbbamever this has
yet to be identified. Pfnannose is flipped from the cytoplasmic face of the membrane onto
the periplasmic face of the membrane by an unknown mechanism. Pmt ighihtmcatalyse
the first step of Gglycosylation by the transfer of mannose from-fdABnnose onto specific
Ser/Thr residues in target proteins. Based on the dogmMirtuberculosigsection 1.3.3)
this is thought to occur on proteins as they emerge frone tSEC secretory pathway, and

protein folding is thought to happen after glycosylation.

There are several unanswered questions regarding the mechanism and role of pretein O
glycosylation irs. coelicolorMainly, what is the physiological role of protékglycosylation

in S. coelicol® The pleiotropic phenotypes observed previously in glycosylation deficient
pmt and ppml mutants suggests that glycosylation could be required for cell wall
biosynthesis or membrane homeostafitowlett et al. 201% A better understanding of the
targets of Gglycosylation irS. coelicolocould help to underpin the role of this modification

in maintaining cell wall homeostasis.

42



Chapter 1- Introduction

Protein folding

( ] \&(gé Target protein

@ glycosylation

SIT

? Polyprenol
P Phosphate
. Mannose

GDP Guanosine diphosphate

\ 2 Periplasm
~ 5 D)
Pmt =
(=
= < D
v v @ Cytoplasm
O ) i
GoP@®
] I Nucleotide donor
D-mannose 1 phosphate synthesis
D-mannose 6 phosphate
Hexokinase /
D-mannose B-D-fructose 6 phosphate

Figure 1.8 A model of protein @lycosylation inS. coelicolor
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1.6 Aims

The aim of this project was to investigate t8ecoelicologlycoproteome in order to better
understand the physiological role of proteingl/cosylation in a model actinomycete. A
further aim was to identify glycoproteins that could be of relevance to the antibiotic
hypersensitivity phenotypes observed previouslyhe S. coelicolopmt and ppm1mutants
(Howlett et al. 201%

Specifically, the objectives were:

1. To characterise th&. coelicologlycoproteome using ba@hemical and proteomics
approaches.

2. To characterise the glycans that mod8y coelicologlycoproteins and investigate
the linkages present.

3. To investigate glycoproteins with a putative role in cell wall biosynthesis, by the

characterisation of knockout utants.
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Chapter 2¢ Materials and methods

2.1 Materials

2.1.1 Chemicals

All chemicals were purchased from SigAddrich, Fisher Scientific, Thermo Fisher Scientific
or VWR Internationalinless otherwise stated. Difco nutrient broth (DNB) and Difco nutrient
agar (Beckton Dickinson and Company) for the growt8.afoelicolowas purchased from
Appleton Woods Ltd. Soya flour for the growthSfcoelicolowas purchased atiolland &
Barratt. Casaminoacids, tryptone and yeast extract (Oxoid) were purchasedrfrermo
Fisher ScientificAll restriction enzymes, DNA polymerases and deoxynucleotides (dNTPs)
were purchased from New England Biolabs (NEB). PCR primers werespdrdham
Integrated DNA Technologies. DNA sequencing was carried out by GATC BIOTECH.

2.1.2 Software
Snapgene viewer software (version 3.2) was used for the construction of plasmid maps and
for the analysis of sequencing data. BLAST was used to caggmaind protein sequence

similarity and homology searchebttp://blast.ncbi.nlm.nih.gov/Blast.cyi Clustal Omega

(https://www.ebi.ac.ukTools/msa/ clustalo) was used to perform multiple sequence

alignments. Boxshade (version 3.21) was used to shade multiple sequence alignments

(http://www.ch.embnet.org/software/BOX _form.htnjl Weblogo software was used for the

analysis of theS. coelicologlycosylation motifCrooks et al. 2004 Bruker CompasbBata
Analysis version 4.4 (Bruker), flexAnalysis version 3.0 (Bruker), MassHunter Software
(Agilent) and Xcalibur software version 4 (Thermo Fisher Scientific) was used for the analysis
of the mass spectrometry data. SigmaPlot version 13.0 (Systat seftiway was used to
produce the graphs reported in this study. Agarose gels were imaged using Quantity One
(version 4.6.2; Basic) software. Transmembrane helices in proteins were predicted using the

TMHMM Server v. 2.0 algorithmhtfp://www.cbs.dtu.dk/services/TMHMM). Signal

peptides were predicted using the SignalP 4.0 Server algo(Retersen et al. 20))1LipoP

1.0 and PRED_LIPO software were useth&oprediction of lipoproteingJuncker et al. 2003
Bagos et al. 2008TatP 1.0 Server was used for the predictof twin arginine (TAT) signal
peptides (Bendtsen et al. 2005 Conserved domains in proteins were detected using the

Conserved Domain Database-&&arch too(MarchlerBauer and Bryant@4).
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2.1.3 Media and Buffers

Difco nutrientbroth (DNB

8 g of Difco nutrient brottpowder was dissolved ih000 m_of distif SR | i h 6 RRI i h0
autoclaved.
Difco nutrient agar (DNA) Soft nutrient agar (SNA(Kieser et al.
2000.
4.6 g of Difco nutrient agar solid was 9
dissolved in 200 m2 ¥ RA ad At £ SR g of Difto natyent brotipowderand 5 g
250 mLDURAN bottle and autoclaved. of Difco Bacto agar solid were suspended
iNn1000 MLofRRI i h Yy R | dzi2 Of | @
°, 15 min).
Mannitol soya flouragar (MSA)Kieser et Luria Burtani (LB) broth and agar
al. 20009 (Sandbrook et al. 1989
Soya flour 20 g Tryptone 10g
Mannitol 20 g Sodiumchloride (NaCl) 10g
Agar 20 g Yeast extract 59
£ GNJ LJdzZNB Li h MARIRIT Y h L
Mannitol was dissolved in the Ultrapure The tryptone, NaCl and yeast extract were
| i h Iy R wasnaddedYto DURM dissolved in 1000 m2F¥ RRIi h | YR
bottles (250 nh) each containing 4 g soya autoclaved (115 °, 15 min). For LB agar, 1.5
flour and 4 g agar. The media was ¢ of agar per 100 mof LB broth was
autoclaved twice (115 °, 15 min). added and autoclaved (115 °, 15 min
2 X YT Medium(Sandbrook et al. 1989
Bacto Tryptone 16 g Made up to 1000 nL g A G K RRI i h Yy

Bacto Yeast Extract10 g

Sodiumchloride 59
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2 X Germination medim (Kieser et al. TES buffer

200
9 TES 1.146g

Difco yeast extract 1lg

Made upto 100rhAY RRI i h FyR @K
Difco casamino acids 1g was adjusted to 8.0. The buffer was

. e autoclaved to sterilis¢115 °, 15 min).
Made up to 100 mh g A U K ORaRd i ¢ )

autoclaved to sterilise. 20QlL of sterile
5MCadl F RRSR®

Supplemented minimamedium, solid (SMMS[Kieser et al. 2000

Difco casamino acids 29
TES Buffer 5.73 ¢
' £ G0 NI LJzNB 1 iLh G2 mnnn Y

The solution was made up and the pH was adjusted to 7.2. 20@a% poured into a DURAN
bottle (250 ) containing 3 g of agar. The solution was autoclaved to sterilise and at the

time of use, remelted and the follving was added:

brlithj b Yilthj opn Ya St OKO H Y
ad{hj om a aatz201v L

Glucose (50 % wi/v) 3.6 m

Trace elements* 0.2 m

*Trace ebments solution was prepared by adding 0.fgquy 2F (GKS F2ff2¢6Ay 3
CS{hj o71dCi X! i€y ®Dc!I I h YR bl/fd ¢KS GNIOS St SY

4 °C for up to 2 weeks.
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For the preparation othemicallycompetent cells:

TFB1(Sandbrook et al. 1980

Rubidium chloride 100 mM
Manganese chloride 50 mM
Potassium acetate 30 mM
Calcium chloride 10 mM

TFBZSandbrook et al. 1989

Acid MOPS 10 mM
Rubidium chloride 10 mM
Calcium chloride 70 mM

Glycerol 15 % (v/v)

F134 Medim (Nieselt et al. 201D
F134 Main broth
L-glutamic acid monosodium salt 55.2 g

£ ONJ LJdzZNB | i h 865mL

SMM TE
CS{hj
By { hj 100 mg
ay/ ti

[t
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Glycerol 1506

The solution was made up to 100 nvith
R R ithe BH adjusted to 5.8 and filter

sterilised.

The solution was made up to 100 nvith
RRI,i the pH adjusted to 8.0 and

autoclave sterilised (115 °, 15 min).

{aa ndm a thj odzt¥
blF1ithj
Yitlhj
£ 0N LJdzZNB 1L h 02
NaCl mn n Y 300 mg
P f GNF LJzZNB Li h @2
HCI mnan Y3 30m

mMmnn Y3

S NJ
M NN
bpn Y





















































































































































































































































































































































































































































































































































































































































































































