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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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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.

37



Chapter 1- Introduction

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.
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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



Chapter 2; Materials and Methods

TMS1 ay{hj

CS{hj o&tlihmg blia2hjpbmamnh

by { hj @11 i h 2/ ti ®climnn Y3
/ df hj ®pl i h ' f {1 NI LJdzNBo di hY 3

To make E34liquid medium
F134 main broth 8@5 m Antifoam 100 (L

ad{hj o6ma ad2010 Autoclave sterilised. At the time of use 80 H Y
mL of glucose (50 % wi/v stock, filter

sterilised) and 5.6 i of TMS1 (filter
{aa nom a thj0dnkdzF T S Nlgerilised) was added.

SMM TE L 8m

To make F134gar
F134 man broth 864.m Agar 15¢

ad{hj oma aiz20LrLv Autoclave sterilised. At the time of use 80 H Y
mL of glucose (50 % w/v stock, filter

sterilised) and 5.6 i of TMS1 (filter
{aa noém a thja0dnkdzF T S Nlgerilised) was added.

SMM TE L8m

To make F134oft agar
F134 main broth 8a5 m Agar 59

ad{hj oma ailz22oo Autoclave sterilised. At the time of use 80
mL of glucose (50 % whstock, filter

sterilised) and 5.6 i of TMS1 (filter
{aa noém a thja0dnkdzF T S Nlgerilised) was added.

SMM TE L8m
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ForS. coelicologenomic DNA isolation
CTAB/NaCI solution (10 % w/v CTAB, 0.7 M Né&Gd8ser et al. 2000

4.1gofNaClwas addedto80th¥ RRI i hd® mn 3 2F OSGeft iNAYSGKES
was slowly added whilst gently heating and mixing. The solution was made up td_i@thm
RRIih YR Fdzi2z0tF @S aGdSNAftAaSR®

TE25S buffe(Kieser et al. 2000 TEbuffer

TrisHCI pH.0 25 mM TrisHCI, pH 8 10 mM

EDTA 25 mM EDTA, pH 8 1mM
Sucrose 0.3M Dissolved in ddHD and filter steriked.

Dissolved in ddHD and autoclave

sterilised.

For Southern blotting

20 X SSC 100 5SYyKFNRGQa azfdziazy
Sodium chloride 3M Bovineserum albumin (BSA) 1lg

Trisodium citrate 0.3 M Ficoll 400 1g

Dissolved in ddHOD and the pH was Polyvinylpyrrolidone (PVP) 1lg

djusted to 7.0.
adjusted to Dissolved in 50 mof ddHO. The solution

was filter sterilised and stored gt20 °C.

Pre-hybridisation solution For agarose gel electrophoresis

20 X SSC L 15m 10 X TBE buffgiSandbrook et al. 1989
Man - 5S8SYyKEFNRGQA &2f dzsbade/ 10899 ®p Y
10 % (w/v) SDS R.5m Boris acid 85.7¢
Deionized formamide 25m EDTA (0.5 M, pH 8) 4@m

Made up to 50 mawith ddH O. Made up to 1000 rawith ddH O.
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ForWesternblotting
10 X Transfer buffer
Glycine 144 g
Trisbase 30.29g

Made up to 1000 mg A K
of the 10 X Transfer buffer stock was
added to 100 ra of methanol and the
solution was made up to 1000Lnfior 1 X

Transfer buffer solution.

Chemiluminescent detection

Solution A(cover in foil to protect from

the light)
TrisHCI (pHB.5) 51

Coumaric acid 90 mM stock (0.15 g into 10
mLDMSO, stored a0 °C) 110 u

Luminol 250 mM stock (0.44 g in 1AL m
DMSO, stored a0 °C) 250 |

52
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10 X TBS buffer
Tris base 60.6 g
NaCl 8769

Dissolued ivi 800 brof ddHO. The pH was
adjusted to 7.5 and made up to 1000Lm
with ddHO

Solution B
Hydrogen peroxide 30 % v/v stock 1Q0 p
Distilledl i h L

np Y

For use, 15 lof solution Bwas added to
5 mLof solution A in d&alcon tube covered

with foil to protect from the light.
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Table 2.1 List of bacterial strains

Strain Description Source
S. coelicolod1929 | pglY Bedford et al. (1995)
S. coelicoloDT1025 | pmt Cowlishaw and Smith (2001)
S. coelicoloDT3017 | ppm1 Cowlishaw and Smith (2002)
S. coelicolofK005 | sco5204 This work
S. coelicoloTKO06 | sco4847 This work
S. coelicolofK008 | sco4934 This work
S. coelicoloTK009 | TKO05: pTAK28 This work
S. coelicolofTK010 | TKO08: pTAK32 This work
S. coelicoloTK012 | TKO05: pTAK29 This work
S. coelicolofK013 | TK006: pTAK30 This work
S.coelicolorTKO15 | TK008: plJ10257 This work
S. coelicolofK016 | TKOO06: plJ10257 This work
S. coelicolofK017 | TKOO5: plJ10257 This work
S. coelicolofK018 | TKOO05: pMS82 This work
S. coelicolofK020 | TK008: pTAK48.b This work
S. coelicoloTK021 | TKO08: pTAK49 This work
S. coelicolofK022 | TK008: pTAKS0 This work
S. coelicoloTK023 | TK0O08: pTAkS5h This work
S. coelicolofK024 | TKOO08: pTAKS2 This work
S. coelicolofK025 | TKO08: pTAKS3 This work
Streptomycephage |5/ omOpH p Sinclair and Bibb (1988)

E.coli51 ph

Fcsynfl O%pawmp
argF) U169 recAl endAl
hsdR17 (ri mK+) phoA

a dzLJ9qthm1 gwrA96 relA

Invitrogen

E.coliET12567
[pUZ8002] (ETZ)

ET12567 dam-13::Tn9, dcm
6, hsdM, hsdS; puz80Q2ra,
neo, RP4

Paget et al. (1999)
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Table 2.2 List of cosmid¥he Tn5062ransposon contains an Apramycin resistance marker.
Cosmid Description Tr5062position
25t3B6.1.G02 sc05177schb206 Trb062in schb204 5661778
25t3B6.1.G06 sc05177scb206 Trb062in scdb204 5662683
2SCK31.2.F11 $c04909sca1945 Trb062in scal934 5369107
5G8.1.Al11 sc048206sca1860, Trb062in scal934 5279744

Table 2.3 List of constructs

Name Construct description Source
attP-int-derived integration vector for the
conjugal transfer of DNA’froE. colio
Streptomycesspp. 2y Ul Aya | &3
plJ10257 ermE*ppromoter. Hong et al. (2005)
It 2yAy3 ®§OGZNJT -'F{‘
pGEM7 L2t @YSNIAS LINRBY2USN,
I Y LJ&tZfor blue/white screening Promega
attP-int-derived integration vector for the
pMS82 conjugal transfer of DNA froa. colio
Streptomycesspp. 2 Y i F Ay & | & 3 Gregory et al. (2003)
pTAK28 scb204 + 251 bp upstreann pMS82 This work
pTAK29 scdh204in plJ10257 This work
pTAK30 scal847in plJ10257 This work
pTAK32 scat934in plJ10257 This work
pTAK47 scal934in pGEM7 This work
pTAKA48 scat934 T(40)An pGEM7 This work
pTAK49 scal934 S(41)An pGEM7 This work
pTAK50 scat934 T(40)A, S(41)is pGEM7 This work
pTAKS51 scat934 T(40)vn pGEM7 This work
pTAK52 scal934 S(41)\in pGEM7 This work
pTAKS3 scal934 T(40)V, S(41)v pGEM7 This work
pTAK4& scat934 T(40)An plJ10257 Thiswork
pTAK4D scat934 S(41)An plJ10257 This work
pTAK5M scal934 T(40)A, S(41)ik plJ10257 This work
pTAK51b scat934 T(40)Mn plJ10257 This work
pTAK5Z scat934 S(41)\n plJ10257 This work
pTAK5d scat934 T(40)V, S(41)v plJ10257 Thiswork
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Table 2.4Selective antibiotics and concentrations used in this work

Antibiotic Working Concentration (p/mL)
Hygromycin B (HmB) 75100
Ampicillin (Amp) 100
Kanamycin (Kan) 50
Chloramphenicol (Cml) 25
Nalidixic Acid (Nx) 25
Apramycin (Apr) 50

Table 2.5 Antibiotics used in the disc diffusion assays

Stock
concentration

Antibiotic Solvent (mg/mL)
Ampiclin - |2 0 SNA £ S 20
Penicillin A0SNATES 10
Imipenem |& G SNAf S 4
Meropenem| & G SNA £ S 4
Vancomycin| & G SNRA £ S 4
Bacitracin |& 0 SNA f S 4
Rifampicin | DMSO 4
Gentomycin| & 4 SNA £ S 4
Teicoplanin | & G SNA S 4

55




Chapter 2; Materials and Methods

2.2Molecular procedures

2.2.1 Growth ofE. coli

E.coldiNIAya 6SNB OdzZ (A DI (SR cofisyfaing were leultdredJorr G o T
12-mc K G ot x/ omyn NLIYUO Ay [. o@uMBaGsKe 2 KS
supplemented withantibiotics (Table 2.4Yo maintain selection.E. coli strains were

maintained in 20 % (v/v) glycerolgtn  x / @

2.2.2 Plasmid DNA Isolation, gel extramtiand DNA sequencing.

Plasmidand cosmidDNA was isolatefrom overnightE. colicultures (2¢ 5 mL) using the

QIALINB LI { LAY aAYALINBLI YAG o6vL!D9bo I OO2NRAY3
extraction of DNA from agarose gels, the band of interest was excised using a sterile scalpel

and the DNA was extracted using the QIAquick Gel Extraction Kit (QIASREN)
YIydzZFl OGdzZNBENDa AyadNHzOGA 2y apér (WS a GWNRYOdaTAI 231 dABI§

instructions. For DNA sequencing, samples were sent to GMI€h https://www.gatc-

biotech.com/en/index.html. Sequencing primers are indicated in Table A.1.

2.2.3 PCR conditions

PCR to amplify DNA was carried peatthe instructions provided by the manufacturer of the
DNA polymerase. The DNA polymerases used in this work are PHumig@ymp®&aqg, Taq
and Q5 DA polymerase; all purchased from NEB. PCR primers are listed in Table A.1.

2.2.4 Preparation of chemically competent cells

CompetentE. colicells were prepared by the rubidium chloride meth¢@andbrook et al.
1989. Overnightultures were diluted 1/100 into 50 bof fresh LBiquid medumand grown
to an OBoonmof 0.4 ¢ 0.5. Cells were placed on ice for 5 min. Cells wellieteel by
centrifugation (10min, 4000rpm, 4 XC). Pelles were resuspended in TFB1 ¥€,30 m/100

mL culture) and kept on ice for 90 min. The cells were pelletgdin by centrifugation (10
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min, 4000rpm, 4 xC). The pellet was +suspended in TFRB 0 ™ mk/J0&E mL culture).

Competent cells were snafrozen in liquid nitrogen, and storedat n x / @

2.2.5 Transformation oE. coli

50Mmnn y3 2F LI I AYAR 5 bLbf canpeent keyfis@adioctQinB)Rites A G K p 7
NBI OGA2ya 6SNB KSIGi aK201SR 6énwH x/eactionsp aov |-
werel £t t 29 SR (G2 NBO2 J$iNG additionafr500xubf LEF &athl The c&llE | TG S
were plated onto LB agar plates, treated with appropriate selective antibiotics and incubated

at 37°C overnight.

2.2.6 Agarose gel electrophoresis

Agarose gel electrophoresis was carried out as previously describ&hrybrook et al.
(1989) 0.8 ¢ 1% agarose was dissolved into 1 X TBE buffer. Ethidium bromide (18)pg/m
was added directly to the molten agarose. Electrophoresis was carried outcat @3V in 1

X TBBbuffer. Gels were visualised under UV fluorescence and the images were recorded by
a Biorad gel documentation system. Samples were run alongside suital#leniaixkers
(Figure 2.1).

2.2.7 InFusion Cloning

Infusion cloning was carried operi KS Y I ydzF I OG0 dzZNBENRA&A Ay ad NHzOG A
reaction required 5Q; 100 ng of both vector DNA and PCR productL®fuHD Infusion
enzyme andR R | fo make the eaction up tol0 pL Reactions were incubated for 15 min

(50x0), after which HuLof the cloning product was transformed inEo colcompetent cells.
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" kDa
5 Kilobases Mass (ng) 250 —
38 100 - - 00 42
. ii- N, 150 —
% 10- N _ ) 50
-50 42 100 —
38 20- -40 33 80 — | we—
28 15
-3 128 60 — | v
108 1.0 -
43 766 - 0~
20 48
40_
40 500 -
-15 36
30—
33 300 -
25 — |—
-1.0 42
41 150 -
20 — | —
61 0.050 -
15 — | —
-05 42

10—

Figure 2.1 DIA and protein molecular weightharkersused in this work A. Fast DNA ladder
O0b9. 0 alaa @FftdzsSa INBE FT2N nop >3IAkflySo . o |
>3kt | y&280 kDamnstaimed protein ladder (NEB).
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2.3 Streptomycesvork

2.3.1Streptomycesculture conditions

Streptomycesculture conditionsand genetic proceduresised in this study have been

previously described bifieser et al. (200Q)r (for F134 medium) biieselt et al. (2010)
Streptomycestrains were grown o mannitol soya flour agar (MSA) for 7 days at@0If

sporulation was not requiredstreptomycestrainswere grown on Difco nutrient agar at 30

°C for 48 h. For liquid cultureS, coelicolod LJ2 NS & LG8 @ n g $ N& 400y, NA T dz3a S|
4 xC 5min) and resuspended in 5UTES Buffer. The spores were heat shocked aC56r

10 min and then 5 mof 2 xgermination medim was added. The spore suspension was
transferred to a sterile conical flask with glass beads and incubated-fb?2 & at 3QxCwith
AKF1{AY3 omyn NLYOD® ¢KS INRPSGK YSRONOSzENd gl & Ay
incubated at 3«Cwith shaking (180 rpm) for up to 60 h.

2.3.2 Isolation of genomic DNA fro. coelicolor

S. coelicologenomic DNA was isolated according to @BAB method as describedKigser

et al. (2000) The mycelium from a 30Inculture grown i Difco nutrient broth was pelleted

by centrifugation4000rpm, 4xC, 5 min) and resuspended in ME25S buffer (25 mM Txis

l/f LI yX Hp Ya 95¢! LI y> ndo a adpNPEBO D
RRIih0o 61a& FRRSR | yibateltSACF &NLISYiaNAYy Pglpa »y 2
Ksoluton(20mgimuu AY RRIi h0O 6Fa FRRSR IyR (KS &dza LIS
>t 2F wmMn 2 06k@0 {5{ azfdziAzy 61 &a IRRSRx
incubated at 55Cfor 60 min. 1 nhof 5 M NaCl solution was added and the suspension was
YAESR o0& AYy@OSNBA2Y® cpn >f 2F /¢! . kbl/f &2t dz
the suspension mixed by inversion and then incubated at@&®wr 10 min. The suspension

was cooled to 37xC, 5 mL of chloroform/isoamyl alcohol (24:1) was added and the
suspension was mixed by inversion for 30 min. Samples were centrifuged (12,000 rpm, 20

xC 15 min), the supernatant transferred to a separate tube and 0.6 volume isopropanol was

added. Sampleseve mixed by inversion. After 3 min the samples were centrifuged (14,000

rpm, 2«C 5 min). The DNA pellet was rinsed in 5ah70 % ethanol, air dried and dissolved

in TE Buffer at 5%Cfor 5 min.
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2.3.3 Preparation ofs. coelicolospores.

Approximately 5@ 100uLof S. coelicolod LJ2 NS & Lagg@wn g8NBY A LINSIF R 2y (2
and incubated for % days at 3&Cuntil sporulation ensued. 4irsterile 20 % (v/v) glycerol

in ddHO was added to each plate and the spores were gently remosied @& sterile cotton

bud. The spore stocks were storat-30 xC.Spore stocks were titred by diluting spores in

sterile ddH O and performing an appropriate dilution seriesulbaliquots of each dilution

were plated onto Difco nutrient agar plates ancethesulting colonies were counted after

incubating the plates at 3%C for 48 h.

2.3.4.Growth assays on agar in sterile Microwell plates

Hpn >f 2F al0SNRARES 5 A BoR1 %W (dn) bigarSvsipipditddBnio ke 2 NJ Cwm
wells of a sterile Microwell plate. ApproximatelynS. coelicolospores were added to the

surface of the agar and the plates were dried under a lamina flow cabinet for 15 min. The

LX F 6Sa ¢ SNB A grQumm 47t S the albsorbamce xt/492 Fm was measured

at regular intervals.

2.3.5 Phage sensitivity tests

Nutrient agar (Difco nutrient agar or F134 agar) plates supplemented QvEh% (w/v)

3t dz02aSz mn Ya a3a{hj I yR vy n¥ax16 mnopethdishds. ¢ S NB
I GSYT2fR ASNAIgiHRALIKAIAZ YO PNR VI KSA . digmi 2 mn q
ONRPOK® mnn />dvHdT LRAS&I SRA | RRSR (2 GKS &adzNF I
I LILINR E A Y I &.8dekcolgsporeswanensuspended in 1 bof soft agar (soft nutrient

agar or F134 soft agar). The nutrient agar plate was overlaid with the soft top agar seeded

GAGK aLI2NBa® ¢KS LI I G§SZ20MSNB AyOdzml G6SR G on

2.3.6 Antibiotic production on SMMS

25 mLof SMMS agar was poured into a sterile petri dish.coelicolospores were adjusted

to 10espores in a total volume 30pudiluted inMilliQ HO where necessary. The B0spore
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preparation was pipetted into the SMMS agar plate, and streaked out. The plaes w
incubated at 30 °C for 5 days.

2.3.7 Antibiotic sensitivity disc diffusion assays

20 nmLDifco nutrient agar or F134 agar plates were prepared in 94 mm x 16 mm petri dishes.
Approximately 10S. coelicolospores were suspended in 2.9.0f soft nutrient agar or F134

soft agar, respectively. The nutrient agar plates were overlaid with the soft agar containing
the spores. Antibiotics were prepared on the day of the assay to the concentrations indicated
in Table 2.5. A tenfold serial dilution of the ialtantibiotic stock was prepared to obtain
MagquX mnqum AFRO1 A& Ay AGSNRES 41 GSN®P mn >f
was added to 5 mm Whatman Grade 17 CHROMA filter paper discs (GE Healthcare Life
Sciences). The filter paper discsrevéransferred onto the surface of the soft agar and the
plates were incubated at 3gCfor 48 ¢ 60 h. Zones of inhibition (measured in mm) were

recorded.

2.3.8 Lysozyme sensitivity assays

A stock solution of lysozyme (Thermo Fisher Scientificvegmred to a final concentration

of 100 mg/nmLin ddHO. 125pL of lysozyme solution was added to 5Qof Difco nutrient

agar to give a final lysozyme concentration of (v@FmLand the agar was poured into a 10

x 10 cm petri dish. A 50lnDifco nutrient agar plate without lysozyme was prepared for the
negative controlS. coelicolospores were adjusted to B8pores/nLin ddHO. The adjusted
spore stocks were diluted tefold in ddHO to prepare stocks from L&pores/nito 10uy
spores/mlL. 5 pL of each spore stock was added to the agar plates and allowed to dry. The

plates were incubated at 3T for 60 h.

2.3.9 Conjugation fronk. colinto Streptomyces

The method of intergeneric conjugation used in this work was previously describ@ddty
et al. (2003) E. coliETL2567 [pUZ8002tompetent cels were preparedafter growth
overnight in LB broth 37 xC, 180 rpm) containing akamycin (50 pg/m) and
chloramphenicd (25 pg/ni) to select forpUZ8002and thedam mutation respectivelyThe
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E. coliET12567 [pUZ8002] competecells were transformed with ~ 100 ng of plasmid or
cosmid DNA. The transformants were selected on LB agar plates containing the appropriate
antibiotic for the incomingolasmid (Table 2.3), or apramydiO pg/mL) and carbenidiin
(200pg/mL) to select for the incoming B@62transposon insertion cosmid. Colonies were
inoculated in10 mL of LB brothcontaining kanamycin (50 pg/m), chloranphenicd (25
pug/mbL) and the appropriate antibiotic to select for the plasmid or cosmid, gnolwn
overnight at37 xC with shaking (180 rpmJ)he overnight culture was diluted 1/100 into 10
mL of fresh LB broth pluantibiotics and growno anODsoonmof ~ 0.4 a37 xC for ~ 6 h. The
cells were pelleted, washed twice will® m_of LB brothandre-suspended in InL of fresh

LB broth. Approximately 16cfu nL 1S. coelicolospores were heat shocked at 50 °C for 10
min. 500 |Lof the heat shocked spores were added to 5QMfithe E. colicells in LB broth.
The mixture was centrifuged briefly, theigernatant was removed and the pellet was
resuspended in 1004LB broth. A dilutiorseries from 10%to 10q wias prepared in sterile
MilliQ HO, with each stepim n n > f duL alidu&s ofremah dilution were plated onto
MSA + 10mM MgCand incubatecht 30°C for 16¢ 20 h. The plates were overlayed with 1
mL of sterile MilliQ HO containing 0.5 mg dalidixic acicand the appropriate antibiotic for
the selection of the plasmid or cosmid. The plates were further incubated for 5 days@t 30

until antibiotic resistant colonies were observed.

For plasmid conjugation, the colonies were picked and crushed injd_®0 sterile MilliQ

HiO. The crushed colonies were streaked for single colonies onto fresh MSA plates and
incubated at 30C for 5¢ 7 days until sporulation ensued. Single colonies were picked again,
crushed into 5QuL of sterile MilliQ HO and the crushed colony was spread onto a fresh MSA
plate. The plates were incubated at 30 for 5¢ 7 days and the spores were harvested.

Exconjigates were screened by PCR.

For cosmid conjugation, colonies were picked and crushed inpd_50 sterile MilliQ HO. 5

pL of the crushed colony was plated onto Difco nutrient agar plates containing the
transposon specific antibiotic apramycin, with anithout kanamycin to identify colonies

that had undergone double crossover events to lose the cosmid backbone. Kanamycin
sensitive colonies were picked, crushed into80of sterile MilliQand streaked for single
colonies onto fresh MSA plates and inctdzhat 30°C for & 7 days until sporulation ensued.
Single colonies were picked into f0of sterile MilliQ, spread onto a fresh MSA plate and
the plates were incubated at 3@ for 5¢ 7 days. Exconjugates were screened by PCR and

southern blotting.
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2.3.10 Generation of complementation plasmids

pTAK29 and pTAK32

Thesco5204and sca1934coding sequences were amplified by PCR f&rmoelicolod1929

genomic DNA using primers TK93 and TK94, and TK101 and TK102 respectively (Table A.1).
The PCR products ene separated by agarose gel electrophoresis and the bands
corresponding to the sizes &fco5204and scal934 respectively, were excised and gel
extracted. plJ10257 vector DNA was restricted with Ndel, separated by agarose gel
electrophoresis, exised and gl extracted. Thesco5204and scat934 coding sequences
respectively, were cloned into Ndel digested plJ10257 using tiiesion Cloning. The

resulting plasmids, pTAK29 and pTAK32 respectively were confirmed by sequencing.

pTAK28

Thesc®204coding sequene + ~ 250 bp upstream was amplified by PCR Bowrpelicolor

J1929 genomic DNA using primers TK85 and TK86 (Table A.1l). The PCR products were
separated by agarose gel electrophoresis and the lwamesponding to the size aE®204

+ ~ 250 bp was exciseohd gel extracted. pMS82 vector DNA was restricted with Hindlll,
separated by agarose gel electrophoresissigaxd and gel extracted. Tledk204 coding
sequence was cloned into Hindlll digested pMS82 using thesion Cloning. The resulting

plasmid, pTAK28 was confirmed by sequencing.

pTAK30

Due to seeral repetitive sequences incat847, the gene could not be amplified by PCR
directly fromS. oelicolorJ1929 genomic DNAosimplify the templaé for PCR, the cosmid
St5G8 $c04826scat860) from theS. coelicologenome library (kindly provided by Meirwyn
Evans, University of Swansea) was used. The St5G8 cosmid DNA was restricted with BamHI.
Thedigest was separated by agarose gel electrophoresis and@@ 22 product containing

the scal847coding sequence was excised and gel extracted. The purified DNA was used as
a template for PCR with primers TK97 and TK98 (Tabletd\ ajplify the scai847 coding
sequence. The PCR products were separated by agarose gel electrophoresis and the band
correspondingo the size ofsca1847was excised and gel extractgulJ10257 vector DNA

was restricted with Ndel, separated by agarose gel electrophoresisseskand gel
extracted. Thesca1847 coding sequence was cloned into Ndel digested plJ10257 using In

fusion Cloning. The resulting plasmid, pTAK30 was confirmed by sequencing.
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2.3.11 Generation of mutatedco4934complementation plasmids

Using pTAK32 as a terge, the scat934 coding sequence was amplified by PCR using
primers TK16Gnd TK161 (Table A.1). The PCR products were separated by agarose gel
electrophoresis and the bandorresponding to the size &fca1934 was excised and gel
extracted. pGEM7 vector NDA was restricted with Smal, separated by agarose gel
electrophoresis, excised and gel extracted. $he1934 coding sequence was cloned into

Smal digested pGEM7 usingflision Cloning. The resulting plasmid, pTAK47 was confirmed

by sequencing. Site direxl mutagenesis, using the Q5 Sitieected Mutagenesis kit (NEB)

peri KS YI ydzFI OG dzNBNR & A yucdiphibiz@uitakichs/idtothsexto® dza S R
coding sequence by PCR. pTAK47 was used as the template for the PCR reactions and the
mutagenic primers indicateth Table A.1. The mutations are (T(40)A, S(41)A, T(40)A and
S(41)A, T(40)V, S(41)V, ard0) and S(41)V respectivebpummarisedn Chapter6, Table

6.5. The resulting plasmids, pTAK4®TAKS3 respectively were sequenced to confirm the
correct mutations. Using each respective plasmid as a template, the mstad®34coding
sequences were amplified by PCR using primers TK101 and TK&0R® products were
separated by agarose gel electrophoresis and the lwamesponding to the size s£a1934

was excised and gel extracted. plJ10257 vector DNA was restricted with Ndel, separated by
agarose gel electrophoresis, excised and gel extracted. mhant sco4934 coding
sequences were cloned into Ndel digested plJ10257 usiigsion Cloning. The resulting
plasmids, pTAK48¢$pTAKS53.b respectively were confirmed by sequencing.

2.4 Southern blotting

2.4.1 Alkaline transfer

Approximately 12 pg of genomic DNA was digested overnight with the appropriate
restriction enzyme and separated in a 1 % agarose gel at 50 mV for ~ 4 h. The DNA was
depurinated by soaking the gel in 0.25 M HCI for 10 min on an orbital shaker and then rinsed
in ddHO. The memiane (Zetaprobe GT membranes, BIORAD) was cut to the size of the
gel and equilibrated in ddi® for 5 min. The transfer was set up by placing a gel tray upside
down in a deep dish. Four sheets of blotting paper were cut to the length of the gel tray + 5

cm at each end, and placed on the inverted gel tray. The blotting paper was saturated with
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0.4 M NaOH and the bubbles were removed. The dish was filled with 0.4 M NaOH so that the
ends of the blotting paper were immersed in NaOH. The blotting paper wéeflgaturated

with 0.4 M NaOH and the gel was placed carefully on top. A small amount of 0.4 M NaOH
was poured on top of the gel. Plastic wrap was placed over the gel and a window was cut
with a razor blade, allowing only the gel to be exposed. The ertidih membrane was
placed onto the gel surface whilst avoiding bubbles and then flooded with 0.4 M NaOH. Two
pieces of blotting paper cut to the exact size of the gel, were soaked inQddRd placed

onto the gel/membrane stack; one at a time, whilst rermaythe bubbles. Precut paper
towels (~ 8 cm high) were place on the gel/membrane stack. The stack was covered with a
plastic plate, with a weight and left overnight for DNA to transfer to the membrane. After
transfer, the paper towels were removed, the mbrane was washed briefly in 2x SSC and

the excess buffer was allowed to drip off.

2.4.2Preparation of the probe

The probe was generated by PCR, uSingoelicolod1929 genomic DNA as a template and

the primers listed in Table A.1 The PCR productseaarated in a 1 % agarose gel and the

band corresponding to the size of the prol@as excised and gel extracted. Probe DNA was

labelled per G KS Y I y dzF I O dzZNB NIXDAGHighy RritheNBXA (LAL2INAG and Y § K
Detection Starter Kit || (Rochéfe Sciencggsco5204 mutantsor the Biotin DecalLabel DNA

Labdling Kit (Thermo Fisher Scientifist¢4934nutants).

2.4.2 Southern blot hybridisation and detection

To confirm the generation 06c05204 mutants, the Suthern blot hybridisation and

detection procedure was carried out using tB#GHigh Prime DNA Labelling and Detection

Starter Kit Il (Roché&ife Sciencgsper i KS Y I ydzF I Ol dzZNBNRA& Ay a i NHzO(
generation osco4934nmutants,salmon sperm DNA (0.5 mgljnwas denatured at00°C for

5 min and cooled on ice. The denatured DNAK&ONL) was added to préybridisation

solution (0.2 n/cm2 membrane) and incubated with the membrane for 2 h at°@2 The

biotin labelled probe was denatureat 100 °C for 5 min cooled on ice. Therdgured probe

(100 ng/nL pre-hybridisation solution) was added to the phgbridisation solution (60

pL/cm? membrane) and the solution was incubated overnight with the membrane &C42
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with shaking. The membrane was washed at room temperature for 2 xii@n2x SSC, 0.1

% SDS (50 Ihand then at 65C for 2 x 20 min in 0.1x SSC, 0.1 % SDSLBOoth with

shaking. The excess liquid was removed from the membrane by briefly placing it on blotting

paper. The southern blot detection procedure was carriatusing theBiotin Chromogenic

Detection Kit (Thermo Fisher Scientifieyit KS Y I y dzF I Ol dzZNBENR & Ay & (i NYzO

2.5 Protein methods

2.5.1Ammonium sufate precipitationof S. coelicoloculture filtrate proteins.

S. coelicolospores weregerminated (aglescribed in 2.3.1) and inoculated into 2 x 500 m

of F134 liquid medim in 2 | baffled flasks. The cultures were cultivatedifoo K G on x
with shaking at 180 rpm. The cultures were centrifuged at 4000 rpm for 10 min and the
culture filtrate was sepated from the pelleted cell mass. The culture filtrate was filtered
through a0.5 uM glass fibr&vhatmanfilter (GE Healthcare Life Sciengaisled by a vacuum
pumpsystemat 4xC. Per 450 inof culture filtrate, 167.94 g of ammonium $ate was added

(to prepare a 60 % saturated solution) and the mixture was stirred continuously for 4 h at
xC. The mixture was centrifuged at 20 008t @ xC for 20 min. The pellet was solubilised in
20 mM TrisHCI buffer, pH 7.5. The culture filtrate protein was desaltsidga HiPrep 26/10
Desalting columGE Healthcare Life Sciengea the AKTA Pure chromatography system.
The column was washed with ddB®i and then equilibrated 20 mM T+#4Cl, pH 7.Buffer

with 0.4 M NacCl, two column volumes (CV) each at a flow rai®afl/min. The culture
filtrate protein was loaded onto the column and eluted then in 1.5 x CV of 20 mNHTlis

pH 7.5buffer with 0.4 M NaCl at a flow rate of 1QLfmin.

2.5.2 Preparation of membrane proteins froi. coelicolor

The myceligdrom S. celicolor cultures that were cultivated in F134 liquid medium were
harvested by centrifugation (5 miB500g, 4°C) and washed in 20 mM THE! buffer (pH 8,
4°C). Thenycelial pellets were rsuspended in twice the pellet volume of lysis buffer at 4°C
[20mM TrisHCI pH 8, 4 mM MgiCprotease inhibitor tableper volume (Roche) and 1 unit
mLg Benzonase (Sigmajlhe mycelia werf/sed using amanualfrenchpress(Thermo Fisher

Scientificlat 25 kPsiThe ell debris was removed by centrifugation (3055259 followed
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by 30 min at 12 00§15 000g, 4 °C). Membranes in the supernatant were pelletey
ultracentrifugation (1 h100 000g, 4°Q in a Beckman LG5 Ultracentrifuge. The membrane
pellets were solubilised overnight on iceli¥o (w/\) dodecyd -D maltoside (Sigmajissolved

in 20 mM TrisHCI buffer (pH 8). Any insoluble matter was separated by centrifugation (5
min, 5525¢, 4 °Q. The solubilised membranes were stored in 50 % (v/v) glycer8DaC

2.5.3 Sodium dodecyl stdte polyacrylamide gel electrophoresis (SBFRAGE)

SDg ! D9 41 & OF NNASR 2dzii dzaGely Hlectibphresis ByStént  { dzNJ
(ThermoFisher Scientific). Protein samples were prepared by adding 1 part of 4 x RunBlue

LDS Sample Buffer (Expedeon) to 3 paftsrotein samplei -mercaptoethanol was added

to a final concentration of 5 % (v/v) and the samples were boiled &C8for 10 min. The

samples were loaded onto precaRunBlue SDS Protein Gels 42% (Expedeon) and

separated using RunBlue SDS Run B(Egpedeon) at 160 V for approximately 1 h. The 10

¢ 250 kDa protein laddeMNEB) (Figure 2.1) wasgn alongside the samples as a molecular

mass standard. The gels were either preparediesternblotting (section 2.5.49r stained

in InstantBlue Proteistain (Expedeon) for ~ 2 h. Gels were destained in@dét ~ 1 h.

2.5.4 Glycoprotein detectiomsingCon A

Semidry western transfer, as described Kyrien and Scofield (2006usedin combination

with chemiluminescent detection was performed following sang@#paration by SDBAGE.

An Amersham Hybond P (P2/DFmembrane (GE Healthcare L8eiences) cub the size of

the gel was prepared by soaking in methanol for 30 s and then rinsing ioddHePVDF
membraneand 3MM blottingpaperswere equilibratedn Transfer buffer for 15 miprior to

blotting. Blotting was performed using thEransBlot® SD Serdry Transfer Celllf V, 45

min). The membranes were blocked for 30 min in A0aihTBS + 2 % (v/v) Tween 20. The
membranes were washed for 2 x 5 min in TBS. The membranes were incubated for 2 h in

12.5 m_of TBS + 0.05 % (v/v) Tween 20, 1 mM MdCimMMnCi FYR M Ya [ F/ ti
Concanavalin A peroxidase conjugate (CétR® added to a final concentration of 5 puglm

For the inhibition of glycoprotein binding, membranes were incubdted® h in 12.5 rhof

TBS + 0.05 % (v/iv) Tween 20, 1 mM MdgOMM MiCI YR ™M Ya /-HRP(B 6AGK
ug/mb) andi nn Ya YEgludopytanoside. The membranes were washed for 2 x 10
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min in TBS + 0.05 % (v/v) Tween 20 and 1 x 5 min in TBS. Under dark room conditions the
membranes were incubated in chemiluminescenttedion solution for 1 min. After
exposure to the blot, Xay film (GE Healthcare Life Sciences) was incubateddérr8in in
Developer solution (Kodak) and 3 min in Fixer solution (Kodak). The film was rinsed in water

and allowed to dry.

2.5.5 Glycopreein enrichment using Con A affinity chromatography

Con A affinity chromatography was carried out on the on M€TA Pure chromatography
system All steps were carried out at a flow rate of 3/min. Approximately 10 nof
agarose bound Con A (Vector baditories) was packed into an empty XK 16/20 Column tube
(GE Healthcare Life Sciences).). The column was washed with 20 rHWCITnigd 7.5 buffer

with 0.4 M NaCl, 5mM MgCb mM Mndl | Y R p unfildhe Adsarbirice at 280 nm
was zero. The column wahen equilibrated in 5 x CV of binding buffer (20 mM-F@3, pH
7.5,0.4 M NaCl and 0.1 % (wh4i2 R S GRrhaltosidd. The sample was loaded onto the
column and the column was washed with 16 CV of binding buffer. Glycoproteins were eluted
from the @lumn in 4 x CV dilycoprotein Eluting Solution fonannose or glucosebinding
lectins (Vector Laboratories, B8mMn n 0 2 NJ H n n-D-giieopyrédrside. eElutior

fractions were stored in 50 % (v/v) glycerolad °C.

2.6 Proteomics and Glycomics

2.6.1 Protein identification

Thestainedbandwasexcised from a SDSPAGE gel using a scalpel. The protein containing
gel slice wasut into approximately inm piecesand placed in a LoBind Eppendamitrofuge
tube. The sample was sent to tfeoteomicd_aboratory of the York Bioscience Technology

Facility to be identified by mass spectrometry.

2.6.2In-gel digestion ofS. coelicologlycoproteins.

This method was praded by theRachel Bates (Bioscience Technology Fadilitiversity of
YorK. S. coetiolorglycoproteins (quantities varying from £@®0 mg) were prepared in LDS

sample buffer aslescribed in section 2.5.3. Teamples were separateéd ab dzt ! D9 w™mn
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% BisTrisprecastgel (1 mm x 10 well) (Therntosher Scientific) for 7 min at 200 V ciamd.

The gel was stained in InstantBlue Protein Stain for 2 h, and destained i@ ddH1 h.

Stained regions of the gefere cut into approximately Inm piecedor processingGel pieces

were destained by washinépr 2 x 20 min with 20QL of 50 % (W) aqueous acetonitrile
containing 25 mM ammonium bicarbonatNH)HCQ@), then once with 200 uL of
acetonitrile for 5 minand dried in a vacuum concentrator for 20 mirhe samples were

reduced by adding 200L of 10 mM dithioeythritol (DTE) in 100 mMMNH)HC® | |j @ | Yy R
incubating 56 °C for 1 h. The supernatant was discarded and the gel pieces were allowed to
return to room temperature. The samples were alkylated by adding 200f 60 mM
iodoacetamide inl00 MM(NH)HC® F lj ® Yy R Ay Odzo [0iminyvaGroohy (i K S
temperature. The supernatant was discarded and the gel pieces were washed i 200 p
100mMM(NH)HCO lj® F2NI mp YAYyd ! FGSNIJ GKS &dzLISNY + Q|
washed in50 % (W) aqueous acetonitrileontaining 25 MMNH)HCG F2 NJ mp YA Y ®
supernatant was discarded and the gel pieces were dehydrated in R6Dacetonitrile for

5 min. The supernatant was removed and the gel pieces were dréeddouum concentrator

for 20 min.For the removal of @nked glycans, the deieces were subjected to aon-

reductive | -elimination as describedin Section 2.6.3.Following dehydration with
acetonitrile 0.2 ug of sequencinegrade, modified porcine trypsin (Promega) 25 mM

ammonium bicarbonate (enough to cover gel pieces) was added to the gel pieces, and the
digest was incubatedt 37 C overnight The supernatantontainingdigested peptides was

retained. The peptides from the residual gel were extracted by addingiR0® 50 % (W)

aqueous acetonitrildor 15 min. The extracts were added to the retained supernatant and

the extraction was repeated twice. The combined supernatant was dried vacaum
concentrator(at a medium setting) and the peptides were reconstituted?O L of 0.1 %
trifluoroacetic acid (TFA) in dd@.

For theglycosylation site analysis 81CO4471, 1QL of the tryptic peptides (in 0.1 % TFA)
were furtherdried ina vacuum concentrator and reconstituted in A050 mM ammonium
bicarbonate. Endopratinase AsgN fromPseudomonas fragnutant strain (Sigm&ldrich)
was dissolved in water to give a concentration offag/mL A 2uL aliquot of AspN solution
was added to the peptide mixture aradlowedto incubate at 37C overnightThe digested

peptides werethen acidified to 0.1 % TFA.

2.6.3In-gel nonreductivei -elimination release of Ainked glycans
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This method was supplied by Rachel Bg@®science Technology Facilityniversity of
YorK. S coelicologlycoproteins (quantities varying from §@20 mg) were preparegderthe
procedure for an irgeltrypic digestto the point where the gel pieces were dried in a vaccum
concentrator after reduction and alkylatio(Bection 2.6.2). Fathe removal of Ginked
glycansas described byaylor et al (2006) 300uL of 25 % (w/v) ammonium hydroxide was
added to the dried gel pieces and they were incubated at@®vernight. The supernatant
(containing the glycans) was removed and retained, and the gel pieces were washed with
200pLof 100MM(NHHCO | lj®@ F2NI mp YAYy d ¢KS &adzLISNYF Gy
were washed witl200uL of 25 mMM(NH)HCQ® 58 96 (W) aqueous acetonitriléor 15 min.

The supernatant was retained, and the gel pieces were washed in28€etonitrile for 5

min. The supernatant was retained and the gel pieces were driadzacuum concentrator

for 20 min.The supernatants (containing the glycans) from each step were paalkdtored

at ¢ 80 °C. For the analysis of the deglycosylatedtein, the ingel digestion procedure

(section 2.6.2) wasontinued.

2.6.4 Permethylatiorof S. coelicologlycoprotein glycans

This method was supplied by Rachel Ba®®science Technology Facilityniversity of
YorK. Clean roundottom, screwcappedglass tubes were flamagsinga Bunsen burner to
removeanyresidual organic contaminatioMaltose and cellobiose disaccharide standards
were supplied in ddHD by theProteomics Laboratory of the York Bioscience Technology
Facility.S. coelicologlycoprdein glycans isolated by nemeductivei -elimination (section
2.6.3),and the maltose and cellobiose standards were dried in separate rooitkbm,
screwcapped glass tubeism a vacuum concentratoat a medium heat setting. The dried
glycans were dissolveid 0.5¢ 1 mL of dimethyl sulfoxide (DMSO) and 2 microspatulas of
ground NaOH were added. Using a glass pipette, ~ 5 dropdl ofvdre added, the tubes
were recapped and swirled to mix, and then allowed to stand for 10 mih at10 drops of

/ | wdre added, the tubes were recapped and swirled to mix, and then allowed to stand for
10 min atrt. ~ 20 drops of | Wwdre added, the tubes were recapped and swirled to mix,
and then allowed to stand for 1 h gt 1 m_of 100 mg/nLNa$Oi in ddH O was dded and

then ~ 1 nbof CHCI was addedThe tubes were mixed by shaking to form an emulsion and
the caps were loosened to release gas build up. The upper (agueous) phase was removed.
The lower (CHCI) phase was washed with ~ 0.9.f MilliQ HO three tmes. The Cili

was then dried under a stream of dry.NFor analysis by MALBIFICRMS or MALDITOF
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MS, the glycans were resuspended in #0of 50 % (W) aqueous acetonitrileFor the
carbohydrate linkage analysis, tle coelicologlycoprotein glycas were further processed

per section 2.6.5.

2.6.5 Carbohydrate linkage analysis

This method was supplied by Rachel Ba®®science Technology Facilityniversity of

YorR. S. coelicologlycans were isolated by neeductivei -eliminationand permethylated.

For hydrolysis, 500 u2 ¥ Ha ¢C! gl & FRRSR G2 G4KS bi RNAR
incubated at 120 °C for 1 h. After cooling, the sample was driadvatuum concentratcat

a medium heat setting. 10QL of propan2-ol was added andne sample was rdried in a

vacuum concentratoat a medium heat setting. The hydrolysis procedure was repeated

once. For reduction, 100L of 1M NHOH was added to the sample and mixed. fQ0@f 20

mg/mLNaB[ in DMSO was added, the tube was capped lboaad incubated at 46C for

90 min. The reaction was quenched after the addition of R®f glacial acetic acid and

contents wasmixed until fizzing stopped. For acetylation, 1pQ of anhydrous 1
methylimidazole was added to the sample. 51000f Ad O was then added, the tube was

capped and mixed, and allowed to stand for 10 min. To destroy unreaci€s A& nh of

ddH O was added and the sample was codiedt. 1 mM_of CHCI ¢l & | RRSRX (KS
was vortexed and phases were allowed to separate~fat min. The upper phase was

removed and the lower phase was washed with 50@# aAft Av | i hTa GKA& ¢
further 9 times. The CHCI was then dried under a stream of dryi.NThe sample was

dissolved in 2QuLof CHCI @ Lwfidissolved sample was transferred to a scieap vial

and analysed by GK2S. Partially methylated alditol acetates of mannose and glucose
(provided by the Proteomics Laboratory of the York Bioscience Technology Facility) were

analysed as standards ala@ide theS. coelicologlycans.

2.6.6 Analysis of difi saccharidess permethylated di/tri saccharide alditols

S. coelicolorglycans were isolated by neeductive i -elimination Maltose and B-
mannobiose (SigmaAldrich) standards were provided in ddB by the Proteomics
Laboratory of the York Bioscience Technology Facility and were prepared alongsile the

coelicolorglycans. The samples were dried in rodoadtom, screwcapped glass tubes a
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vacuum concentratoat a medium heat setting. For reduati, 250pLof 10mg/m_LNaBD) A Y
ndp a bljhl ¢la FRRSR (2 (GKS al YL Sad ¢KS
for 1 h.The reaction was quenched after the dropwise addition of glacial acetic acid until
fizzing had stoppedlhe samples were drieth ia vacuum concentrator at a medium heat
setting. Afer the addition of 1 rhof 10 % (v/v) glacial acetic acid in methanol (MeOH), the
samples were mixed ardtied in a vacuum concentrator at a medium heat setting; this step
was repeated three times. 1 loof MeOH was added to the samples with mixing and they
were dried in a vacuum concentrator at a medium heat setting; gtdp was also repeated
three times.The samples were then methylated exactly as described in sectionfioé4

the pointwherethe glycanswere dissolvedn 0.5¢ 1 mL DMSQto the point of drying the
CHCI  dzy RSNJ | & (iThNeSshmples2were @a¥dvedtin gof CHCI @  lwh

dissolved sample was transferred to a scieap and analysed by &\d@S.

2.6.7 GEQVIS analysis

This methodwas provided byRachel Bates (Bioscience Technology Fadilitywersity of

York. GEMS analysis was carried out on an Agilent Technologies 7890A GC system fitted
with a DB5 fused silica capillary colunf®0 mx 0.25 mm internal diameter)lhecarrier gas

was helium. For the carbohydrate linkage analysis, the instrument settings were:
temperature program: 56C (2 min), ramp to 13 at 4CC/min, ramp to 230C at 4C/min;
ionisation methodelectronionisation, +ve ion; electron energy: 70 eV; scanning: linear from
m/z 50 ¢ 800 over 2 s. For the analysis of partially methylated di/tri saccharide alditols the
instrument settings were: temperature program: 180 (2 min), ramp to 32% at 20°C/min

(7 min); ionisation methodelectronionisation, +ve ion; electron energy: 70 eV; scanning:

linear fromm/z 50¢ 800 over 2 s.

2.6.8 LEESICIDMS/MS analysis

Thistext was provided by Adam Dowle (Bioscience Technology Facility, University of York).
Sampleswere loaded onto ananoAcquity UPLGystem {Waterg equipped with a
nanoAcquity Symmetryg 5 umtrap (180 pum x 20 mm Wateysand ananoAcquity HSS T3

1.8 umGg capillary column (7%m x 250 nm, Waters). The trap wash solvent was 04l

(v/v) aqueousformic acid and the trapping flow rate was 10/min. Thetrap was washed
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for 5 min before switching flow to the capillary column. Heparation used a gradient
elution of two solvents (solvent A: 0% (v/v) formic acid; solvent B: acetonitrile containing
0.1%(v/v) formic acid) The flow rate for the capillary columwas 300 &/min. @lumn
temperaturewas ® °C and thegradientprofile was liner 2; 30% B over 125 mins then linear
30-50%B over 5 mins. All runs then proceededviashwith 95% solvent B fo2.5 min.The
column was returned tanitial conditions ande-equilibrated for 25 min before subsequent
injections Thenand_Csystemwas interfaced with a maXidD LCMS/MSsystem (Bruker
Daltonics) with aCaptiveSpray ionisation sourceriBer Daltonics) Positive ESIMS &
MS/MS spectra were acquired using AutoMSMS mode. Instrument control, data acquisition
and processingvere performed using Compass software (microTOF control, Hystar and
DataAnalysis, Bruker Daltonict)strument ®ttings were: ion spray voltagd:;,4% V, dry
gas:3 L/min, dry gas temperaturd50 °C ion acquisition rangen/z 150-2,000,quadrupole

low mass: 300n/z, transfer time: 120 ms, collision RF: 1,400 M@, spectra rate: 5 Hz,
cycle time: 3 s, and MS/MS gqia rate: 5 Hz at 2,500 cts to 20 Hz at 250,000 hizcdllision
energy and isolation width settings were automatically calculated using the AutoMSMS
fragmentationtable, absolute threshol@00 counts, preferred charge states¢2, singly
charged ionsexcluded. A single MS/MS spectrum was acquired for each precursor and
former target ions were excluded fd3.8 min unless the precursor intensity increased
fourfold. Tandem mass spectral data were searched against a subset NfXB&énidatabase
containingonly Streptomyces coelicolentries 8,578 sequences; 2,791,553 residuesing

a locallyrunning copy of the Mascot prograrivatrix Science Ltd., version 2,.%hrough the
Bruker ProteinScape interface (version 2.1). Search criteria specified: Enrypsé) or
trypsin andAsp-N; Peptide tolerance, 10 ppm; MS/MS tolerance, 0.1 Da; Instrument, ESI
QUADTOE Fixed modificationszarbamidomethyl (C); Variddmodificationspxidation (M)
anddeamidated (NQ). Samples without glycan removal included thaehta modifications

Hex to Hex (ST). Deglycosylated samples included the variable modificatiSes>Dha

(S), SepDiaminepropanoate (S), TkeDAb (T), TheDiaminoebutyrate (T) Results were

filtered to accept only peptides with an expect scor®df5 or lower.

2.6.9 LEMS/MS analysis on the Orbitrap Fusidrybrid mass spectrometer

Thistext was provided by Adam Dowle (Bioscience Technology Facility, University of York).
Samplesvere loaded onto a UltiMate 3000 RSLCnaRtPLGystem Thermg equpped with
aPepMap 100 G, 5 pmtrap column (300 pm % mm Thermd and a AcclaimPepMap
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RSLC, 2 um, 189Cis RSLC nanocapillary column (@8 x 150 nm, Thermo). The trap wash
solvent was 0.0% (v/v) aqueoustrifluoroacetic acid and the trapping flomate was 15
uL/min. The trap was washed for 3 min before switching flow to the capillary coluhine.
separation usedyradient elution of two solvents (solvent Aqueous % (v/v) formic acid,;
solvent B: agueous 80% (v/v) acetonitrile containig(/v) formic acid) The flow rate for
the capillary colummvas 300 h/minand the olumn temperaturevas $°C Thelinear multt
step gradientprofile was: 310% B oveB mins, 1035% B ovell25mins, 3565% B over 6
mins 6599% B over 7 mins arden proceededo wash with 99% solvent B for 4 min. The
column was returned to initial conditions and-egjuilibrated for 15 min before subsequent
injections. The nand.C system was interfaced with a Orbitrap Fusionhybrid mass
spectrometer (Thermo) with &lanospray Elx ionisation source (Thermo). Positive 8
and MS spectra were acquired usingcalibur software (version 4.0, Thermb)strument
source settings were: ion spray voltagg200 V; sweep gad) Arb; ion transfer tube
temperature; 278C MS spectra were acquireth the Orbitrap with:120,000 resolution,
scan rangem/z 375-1,500; AGC target, Zemax fill time, 100 msdata type, profile

Four distinct M3strategies were employed as detailed below:
ETD_IT

MS spectra were acquired in thenkar ion trapspecifying quadrupole isolationisolation
window, m/z 1.6; activation type, ETD; reaction time, 50 ms; reagent target, 1e6; maximum
ETD reagent inject time, 200 ms; scan range, normal; scan rate, rapid; firstmiad4,0;

AGC target, 5emax injection time, 100 ms; data type, centrdithta depenént acquisition

was performed in top speed mode using a 1 s cycle, selecting the most intense precursors
with charge states-8. Dynamic exclusion was performed for 50 s post precursor selection

and a minimum threshold for fragmentation was set af.5e

EDT OT

MS spectra were acquired in th@®rbitrap specifying quadrupole isolation,solation
window, m/z 1.6; activation type, ETD; reaction time, 50 ms; reagent target, 1e6; maximum
ETD reagent jact time, 200 ms; scan range, normal; Orbitrap resolution, 30,000; first mass,
m/z 110; AGC target, Semax injection time, 100 ms; data type, centrdiXata depeneént
acquisition was performed in top speed mode using a 3 s cycle, selecting most theeinte
precursors. Dynamic exclusion was performed for 50 s post precursor selection and a

minimum threshold for fragmentation was set at‘se
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HCD_IC

M spectra were acquired in the linear ion trapecifying quadrupole isolationisolation
window, m/z 1.6; activation type, HCD; collision energy, 32%; scan range, normal; scan rate,
rapid; first massm/z 110; AGC target, Semax injection time, 100 ms; data type, centroid.
Data depenént acquisition was performed in top speed mode using a 3 s cydle mast
intense precursors selected. Dynamic exclusion was performed for 50 s post precursor

selection and a minimum threshold for fragmentation was set &t 5e
HCD/ETD_IC

Precursors were sequentially selectadd fragmented byboth HCD and ETD. HGPectra

were acquired in the linear ion trap specifyiggadrupole isolationisolation window,m/z

1.6; activation type, HCD; collision energy, 30%; scan range, normal; scan rate, rapid; first
massm/z 110; AGC target, femax injection time, 60 ms; datype, centroid. ETEpectra

were acquired in therbitrap specifying quadrupole isolationisolation window,m/z 1.6;
activation type, ETD; EThdD SA collision energy (15%), maximum ETD reagent inject time,
120 ms; scan range, normal; Orbitrap resolati®0,000; first massn/z 120; AGC target,

5e*; max injection time, 200 ms; data type, centroid. Data degmmdacquisition was
performed in top N mode using a 20 precursor cycle for charge staBestlighest charge

state then most intense were set aslaction priorities. Dynamic exclusion was performed

for 50 s post precursor selection and a minimum threshold for fragmentation was set at 5e

Peak lists were generated in MGF format using Mascot Distiller (version 5, Badnice),
stipulating a minimam signal to noise ratio of 2 and correlation (Rho) of 0.6. MGF files were
searched against theStreptomyces coelicolosubset of the NCBIndatabase (8,578
sequences; 2,791,553 residuesing a locallyunning copy of the Mascot search program
(Matrix Seéence Ltd., version 2.5.1). Search criteria specifiedzyme, trypsin; Fixed
modifications,carbamidomethyl (C); Variable modifications, Hex (S,T); (%X), HexS,T)
andoxidation (M) Peptide tolerance, 10 ppnrMS/MS tolerance was set 5 Da forlinear

ion trap data and 0.05 Da for Orbitrap data. Instrument type was sEGAIRAP, EFDRAP

or CID #ETD as appropriate. Resulterefiltered to accept only peptides with expect scere

of 0.05 or lower.

2.6.10 Assignment of @lycosylation sites
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All glycopeptide spectra with MASCOT expect scores of 0.05 or lower were manually

validated. For glycopeptide spectra generated by CID and HCD fragmentation, glycosylation
sites were only assigned in cases where only a single glycosylated residue wale pogn

the glycopeptide. For the site localisations of glycopeptides identified in the ETD_IT and

ETD_OT acquisitions, an MbBore cut off of 10 was applied. In matches were the-84Bre

was greater than 10, the spectra were manually validated to ooritie site localisation.

2.6.11 MALDI analysis

This method was supplied by Rachel Bg®imscience Technology Fac)litflALDI mass
spectra were obtained on the Bruker solarixIERMS or theBrukerultraflexIll MALDI
TOF/TOmnstrument. 2,5-Dihydroxybenzoic acigGigma) made up in 50 % (v/v) acetonitrile,

0.1 % TFA was used as arxa20 mg/m). The permethylated glycawolutionswere diluted

1:1, 1:2, 1:5 and 1:10 in the matmolutionand 1pL of each dilution was spotted onto a
ground steel MALDI target plate and air dridthe Bruker solariX HCRMS instrument was
operated n positive mode with a smartbedifiaser operating at 35 nm. Each individual
spectrum was acquired using 30 laser shots and an average spectra setting of 20.
solariXcontrol software was used to obtain spectra. MS spectra were acquired over a mass
range ofm/z 154-3500. Precusor ions were selected manually stitjg the collision energy
manually to generate fragmentatiofositiveion MALDI mass spectra were obtained using

a Bruker ultraflex 1l in reflectron mode, equipped with Md:YAGmartbeant, 1aser. MS
spectra were acquired over a mass rangenoz 100-3000. Spectrawere externally
calibrated against an adjacent spot containing 6 peptides-AtgsBradykininm/z 904.681;
Angiotensin 1m/z 1296.685; GltFibrinopeptide Bm/z 1750.677; ACTH {Ii7 clip),m/z
2093.086; ACTH (13 CLIF, m/z 2465.198; £TH (B8 CLIP, m/z 3657.929.).
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Chapter 3¢ Enrichment and detection of glycoproteins f&treptomyces

coelicolor

The most commonly employed technique for glycoprotein characterisation is high
performance liquid chromatography (HPLC) coupled to mass spectrometry(Qvi§ay et

al. 2013. Although recent technological advances in mass spectrometry enable the analysis
of complex biological samples, the analysis of glycoproteins in complex mixtures remains
challenging. This is often because glycopeptides are less abundant and the seyrsitias

are often lower, tharthose ofnon-glycosylated peptidegeyer and Geyer 206l herefore,
glycoprotein enrichment and detection strategies are often required prior to their analysis
using highthroughput proteomics. Lectins are a diverse group of proteins that interact with
carbohydrate moieties attached to glycoconjugates anel most commonly exploited in
glycoprotein enrichment strategig€ummings 1994 The carbohydrate binding specificities

of many lectins are well characterised and they are commercially available as conjugates to
a range of matrices. The mannose binding lectin concanavalin A (Con A) has been used
successfully to detect glycoproteins in mycobacteria, as well as a glycoprotein enrichment
strategy (Espitiaand Mancilla 1989Garbe et al. 1993GonzaleZamorano et al. 20Q9
Wehmeier et al. 2009

S. coelicolohas a wé characterisegrotein O-glycosylation pathwaghat is highly similar to
the pathway in mycobacteri@iscussed in Chapter 1) yet the glycoproteomeggificantly
lesswell-studied Wehmeier et al. (2009haracterised a single glycoproteinSncoelicolgr
a periplasmic phosphate binding protein (SC0O4142; Psiffr the enrichment of
membranes using Con A sepharose. They suggéstdther glycoproteins existed i8.
coelicolorbased on preliminary findings that alluded to the presence of ProQ Emerald
staining of glycoproteins in the soluble and membrane associated protein fractions

(Wehmeier unpublished

The aim of this chapter was to develop and validate reproducible methods of enriching and
detecting glycoproteins in th&. coelicoloculture filtrate and membrane. These methods
would form the first stps of a glycoproteomics workflow to enable an-depth

characterisation of thé. coelicologlycoproteome(discussed in Chapter 4).
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3.1Phenotypes of glycosylation deficier8. coelicolostrains in F134 medim

A glutamate based phosphatenited mediun (referred to as F134 medium) was selected
for the cultivation of theS. coelicolostrains in this study. F134 medwas selected because
phosphate depletion was previously shown to induce the expression oftheoelicolor
glycoprotein SC0O4142 (Pst®)ieselt et al. 2010Thomas et al. 20)2 SCO4142 could

therefore serve as positive control for the glycoprotein enrichment in this study.

The glycosylation deficient DT1028n{t) and DT3017ppm1) S. coelicolostrains were
previously shown to have a small colony phenotype, and increased antibiotic susceptibility
compared to he S. coelicoloM145 derivative J1929, when grown on Difco nutrient agar
(DNA)Howlett et al. 201% Additionally, both glycosylation deficient strains wetentified

as being resistant to infection by the phag€31qm H puggesting that the receptor is a
glycoprotein(Cowlishaw and Smith 200Cowlishaw and Smith 20R2Prior to attempting
glycoprotein enrichment from these strains, | tested the phenotypes associated wiinthe

andppmlmutants on F134nedium.

S.coelicolorstrains J1929DT1025 gmt) and DT3017pppm1) were grown on both DNB + 1

% (w/v) agar and F134 + 1 % (w/v) agar in microwell plates for 47 h. On DNB + 1 % (w/v) agar
a modest reduction in growth rate was observed for DT3q#¥(1) when compared to

J1929 anddT1025¢mt) (Figure 3.1.a). All three strains appeared to have entered stationary
phase after 35 h. In contrast, all three strains grew more slowly on F134 medium and
appeared to be still growing after 47 h (Figure 3.1J4¥29 andDT1025gmt) grew similarly

while DT3017gpm1) displayed a reduced growth phenotype after 30rbinvestigate the

colony morphology J1929, DT1025 and DT3017 spores were plated onto DNA (Figure 3.2.a)
and F134 agar plates (Figure 3.2.b) and grawr2{3 days. Colonies appeared on DNA after

2 days, while it took 3 days for colonies to reach the same size on F134 agar. DT3017
displayed a distinct small colony phenotype when compared to J1929 and DT1025 on both
DNA and F134 agar. Sensitivity of theethstrains to the C31@ v p LK 3S gl a GSa
DNA (Figure 3.3.a) and F134 agar (Figure 3.3.b). Large clear plaques were observed on J1929
on both DNA and F134. Some plagues were obtained on the glycosylation deficient mutants
on both DNA and F134 with very low efficiency compared to J1929, and the plaque
morphologies were small and turbid. These were seen previougyrdmand ppmlmutants

and have been linked to compensatory host range mutants of .t@81g Hp LIKI 3S

(Cowlishaw and Smith 2001
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Figure 3.1 The effect of medlin on the growth ofS. coelicolod1929 ad the glycosylation
deficient mutant strains DT1025 gmt) and DT3017ppm31). J1929 (black circle), DT1025
(white circle) and DT3017 (blatikangle) were cultivated on DNB + 1 % (w/v) agar (a) and
F134 + 1 % (W/V) agar) (tespectively. The strains were cultivated in microwell plates

47 h and the absorbance at 492 nm was measured on a microplate reader. Error bars

50

Cultivation time (h)

represent the standare@rror of the mean of three biological replicates.
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Difco nutrient
agar

(2 days)

DT1025 (pmt") DT3017 (ppm17)

F134 agar
(3 days)

J1929 DT1025 (pmt") DT3017 (ppm1 )

Figure 3.2 The effect of meglin on the colony morphology of. coelicolold1929 ad the
glycosylation deficient mutant®©T1025 gmt) and DT3017ppm1). Spores were grown on
DNA (a) for 2 days and F134 agar (b) for 3 dmeges representative of two biologicaid
two technical replicates

Difco nutrient
agar

DT1025 (pmt") DT3017 (ppm1 )

F134 agar

DT1025 (pmt") DT3017 (ppm1°)

Figure 3.3 Plaque formation b$. coelicolod1929 and the glycosylation deficient mutants
DT1025¢mt) andDT3017gpm1l0 A G K GKS ./ omOnpup LKFIAS 2y 5]
./ omOpnHp 69 M E mMnw LIFdzw 61 & Ay20dzZ SR 6AGK
inoculated with DT1025 and DT3017. Images representative of at least two biological
replicates ard two technical replicates.
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The antibiotic sensitivity 0. coelicolod1929, DT1025Mt) and DT3017ppm1) on F134

agar compared to DNA was measured using disc diffusion a$3gyse(3.4; Table A.2 and
Table A.3). Three biological replicates were @dsht least once againdour different
concentrations of each antibiotic. On DNA both DT1@#25t( and DT3017ppm1) mutants

had increased susceptibilities to ampicillin, imipenem, meropenem and vancomycin
compared to the parent strain J192BT3017 fpm1) mutants also displayed increased
sensitivity to teicoplanin, rifampicin, bacitracin and penicillin. F134 suppresses the antibiotic
sensitivity phenotype seen with DT10281(t) and DT3017ppm1) grown on DNA, with the
exception of vancomycin and penicilkusceptibilities. lsummary the overall growth and
phage resistance phenotypes are maintained on F134 mmedHowever, the antibiotic
susceptibilities are remarkably different on F134 compared to DNA, possibly reflecting the
defined nature of F134.

3.2 Detection and enrichment of glycoproteiria S. coelicolord1929 that are absent from

the glycosylation deficient strains

S. coelicolad1929, DT102piht) and DT3017ppmI) strains were cultivated in F134 madi

for 25 h after @2 h spore germination. The membrane proteinsre isolated, analysed by
SDSPAGE, blotted ontpolyvinylidene difluoride (PVDF) membraared probed with Con A
conjugated to horseradish peroxidase (CoiHRP)(Figure 3.5). Strong bands of Con A
reactivitywere observed at ~ 100 kDa and ~ 55 kDa and fainter bands at ~ 90 kDa, ~ 50 kDa
and ~ 45 kDa in J1929, which were absent from the glycosylation defiXidf@25 gmt) and
DT3017 gpm1) (Figure 3.5.b). The Con A reactivity was lost in the present of netDyl
glucopyranoside, a competitive inhibitor of mannose and glucose binding. The results
suggest the presence of glycoproteins in the membrane of J1929, which are absent from the
glycosylation deficient DT102pr(it) and DT3017ppm3). In order to identifyglycoproteins

in S. coelicolotectin affinity chromatography was used enrich for glycoproteins from the
membrane and culture filtratef J1929. The glycosylation deficient DT1(Q#5t) served as

a negative control for the glycoprotein enrichment. J1988 BT102%pmt) were cultivated

in F134 medim (2 x 500 m cultures) for 43 h after a 6 h spore germinatidrhe culture
filtrate protein was isolated after ammonium $ale precipitation and subjected to lectin

affinity chromatography using agarose bou@dn A (Figure 3.6).
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[ Ampicillin (200 ug)

40 ~
I Teicoplanin (0.04 ug)
. I Rifampicin (0.4 pg)
[ Bacitracin (4 pg)
’g %01 [ Imipenem (0.4 ug)
g H I Meropenem (4 ug)
c
-8 I Penicillin (100 pg)
2
b= 20 [ Vancomycin (40 pg)
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©
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¥ | | |
DNA F134 DNA F134 DNA F134
J1929 DT1025 (pmt ™) DT3017 (ppm1°)

Figure 3.4 Antibiotic susceptibility of glycosylation deficie8t coelicoloistrains on DNA

and F134 agarShown are the diameters of the growth inhibition zones (mm) from disc
diffusuion assays. Bars represent the mean of three biological replicates with error bars
indicating SEM. * indicates p < 0.05 that the observed difference between the mutant strains
andJ1929 has occurred by chance. Only a single antibiotic concentration shown; the full data
set isin Table A.2 and Table A.3.
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Figure 3.5 Detection of glycosylated proteins in the membraneSofcoelicolod1929 using

Con AHRP.Protein loadingwas 17ug for gels stained with protein stain (a) asdug for
western blots probed with Con-ARP (b and c). a). Total membrane protegm J1929,
DT1025 and DT3017 (laneg 2 respectively) was analysed by SEXS5E and stained with
InstantBlue proteirstain. The protein marker was the Broad range; %0 kDa Mw marker

(NEB) (lane 1). Bovine serum albumin was a negative control (lane 5) and Avidin was a
positive control for the Con-MRP reactivityb) and c). Membrane proteiwas transferred

to PVDF amh probed with Con AHRP, a 2 min (b) and 8 min (c) exposure to the membrane
shown. Lanes indicate J1929 (lane 1 and 6), DT1025 (lane 2 and 7), DT3017 (lane 3 and 8),
BSA (lanes 4 and 9) amdidin (lanes 5 and 10) in panel (b) and (c) respectivEys
experiment was repeated at least 3 times with the same results.
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Figure 3.6 Overlayed chromatograms indicating the Con A agarose enrichment of the
culture filtrates from J1929 (b) and DT102pn(t) (a). The grey shading indicates where
elution with Y S (i K-®-flucdpyranosideelution buffer was carried out- 5 mg of total

culture filtrate was loaded onto the column.
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Figure 3.7 Analysis of J1929 and DT10@&t) culture filtrate proteins after enrichment
using Con A affinity chromatographgnd separatedoy SDSPAGESstained with Coomassie
(a) and Con AIRP (b).A single Gomassie stained protein was observed in the J1929
retainedfraction (red circle). Lanes indicate: 4 @50 kD&broad range protein ladder (NEB)
(lane 1, 8), J1929 totaltfihte (lanes 2, 9), 11929 unbound filtrate (lanes 3, 10), JdQamed
fraction (lanes 4, 11), DT1025 total filtrafanes 5, 12)DT1025unbound filtrate (lanes 6,

13) and DT102Eetained fraction(lanes 7, 14).
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After the elution of the glycoproteindf2 ¥ (1 KS 02 f dzY-P-glumpyrandsideys G K & f
small change in absorbane 280 nmwas observed in the J1929 sample. No change in
absorbanceat 280 nmwas observed in the DT1025 samplde retained fractions were
subsequently pooled and concentrated. The total culture filtrate, unbound ratained

fractions were fractionated by SBFN\GEDblotted onto a PVDF membrane and probed with

Con AHRP (Figure 3.7). A single protein of ~ 45 kDa was obsengdtbin staining in the

retained fraction of J1929 (Figure 3.7.ahich displayed significant CorHRP reactivity

(Figure 3.7.b)Three additional bandat ~ 30 kDa, 40 kDa and 60 kibere observed by Con

A-HRP reactivity onlin the J192%etainedfraction. There was no apparent enrichment of
protein in the DT1025ample Some background CorHRP reactivity was observed in the

DT1025 total and unbound fractions.

The glycoprotein enrichment wadso carried oubn the total membrane protein isolated

from J1929 and DT10Zpmt) cultures. Approximately 2 mg of total membrane protein was
subjected to Con A affinity chromatograph¥igure 3.8).After the elution of the

Jt @ 02LINRPGSAYEa TNRY -Déusop@ahdsideYpeaksizhriegpanding3oiak & f
change in absorbance at 280 nm were observdabith J1929 and DT1025 samples. The total
soluble protein, total membrane protein, unbound membrane protein egtdinedfractions

were fractionated by SDBAGEbIotted ontoa PVDF membrane and probed with @eHRP
(Figure 3.9). As observed in the culture filtrate enrichment of J1929, a single protein of ~ 45
kDa was observed by Coomassie staining in the J1929 memigtaireedfraction. No single
protein appeared to be enriched in the DT10@%ained fraction, despite the change in
absorbanceat 280 nmobserved on the chromatogram of the DT1025 enriched membrane.
This could suggest that other glycoconjugates are present in the DT1025 membrane. Multiple
Con AHRP reactive bands were observed in the J1929 koautd total membrane fractions.
Several Con -AIRP reactive bands were observed in the elution fraction of the J1929
membrane, including a highly reactive band observed at ~ 45 kDa. Taken together these data
demonstratethe presence of a glycoproteome in tl& coelicolomembrane and culture

filtrate, the synthesis of which requires Pmt.

3.3 Identification and glycosylation site analysis of SC0O4471

The ~ 45 kDa proteins enriched from the J1929 culture filtrate and meemebwere excised
and identified by mass spectrometry (MALBDF/TOF carried out by the Proteomics

Department of the York Technology Facility). The protein identification summary of both
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Figure 3.80verlayed chromatograms indicating the Con A agaras@ichment of the
membrane proteinsfrom J1929 (b) and DT102prtit) (a). The elution volume is shaded in

grey. ~2 mg of totalmembranewas loaded onto the column.
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Fgure 3.9Analysis of J1929 and DT103%r({t) membrane proteinsby SDSPAGE (lanes-1
10) and Con AIRP (lanes 1118) after enrichment using Con A affinity chromatography.

Lanes indicate: 1@ 250 kDa Broad range protein ladder (NEB) (lan&Q}, J1929 total
soluble(lanes 211), J19290tal membrane(lanes 312),J192unbound (lanes 4, 1311929
elution (lanes 5, 14pT1025 totakoluble (lanes 6, ) T1024 total membrane (lanes 7, 16),

DT1025 unbound (lanes 8, laf)d DT102®Iution (lanes 9, 18
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bands isshown in Table A.10. Bobands were identified as S@4y1, a putative lipoprotein
with a predicted Mw of 47 kDalhe MALDTOF/TOF data generated from the protein
identifications was searched via MASCOT for glycopeptides modified with Heandéiex

; however,none were identifiedThe protein sequencef(cC04471 was searched through

the Conserved Domain Databadq€DD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/

wrpsb.cgj. The only hit was the CE4_SF superfamilyafae:5.06e120) which describes the
Catalytic NodB homology domain of the carbohydrate esterase 4 superfarhily family
includes chitin deacetylases and bacterial peptidoglycatétyglucosamine deacetylases.
The CDD search results suggested that SCO44ild ltave a role in the cell wall, making it
an interesting target for characterisation. SC0O4471 orthologues were folBtdptomyces
venezuelae(S. venezuelag Streptomyces scabielS. scabies)Streptomyces griseugS.
griseus) Streptomyces avermitdi (S. avermitilisand Streptomyces lividangS. lividans)
(Figure 3.10).

Previous work has shown that the NetOGlyc algorithm could successfully predict possible
glycosylated peptides iN. tuberculosifHerrmann et al. 2000 NetOGlyc 4.0 was used to
scanS. coelicolo6C0O4471 for amino acids predicted to bglyrosylated. 15 Putative-O
glycosylation sites were predicted whilixof the sites appeared to be on residues conserved

in more thanthree S. coelicoloorthologues(Figure 3.10).

To identify the predicted @lycosylation sitesSC04471 was deglycosylated using-non
NB R dzOdiimigaton.NonNB R dzOdlirhigagondf Olinked glycans from peptidassing

b | j kwas previously shown to result in modified serine (Shoeonine (T) residues having

a distinct masgRademaker et al. 1998The modified masses can be used as indicators of a
previously glycosylated residue. The release dihked glycan is a twetep process. First
the glycanis released from the S/T residue to yield dehydroalanine (Dha)/dehyrobutyric acid
(Dhb), observedsaa mass decreasd 18 Da. Subsequently an amine group can be added to
Dha/Dhb resulting imiamino-propanoate (S) odiamino-butyrate (T), observedsa mass

decreaseof 1 Da.

No single enzyme could generate peptides amenable to ionisation covering all of the
predicted glycosylation sites in SCO4471. Therefore, the deglycosylated SCO4471 was
digested with trypsin and then half tie tryptic digest was fither digested with AsfN. The

two digests were pooled and analysed byBEIMS/MS. This analysis wearried out by the
Proteomics Department of the Bioscience Technology Facility. The MASCOT search results

are summarised in Table A.11.
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Figure 3.0 ClustalOmega alignment of SCO4471 andg@®cosylation sites predicted by
NetOGlyc 4.0.S. coelicolorSC0O4471 (scod4471) was aligned with orthologues f&m
venezuelae(SVEN_3144)S. scabie{SCAB38671)5 .griseugSGR_4195)S. avermitilis
(SAV_4797andS. lividangSLI_4749). Resids in red are predicted to be-@lycosylated by
NetOGlyc. 4.0. Black and grey shading indicate 100 % amino acid identity and > 50 % amino
acid similarity respectivelylhe lipid attachment site predicted by the LipoP hfiveare is
indicated by a yellow arrow.
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Table 3.1 Peptideencompassing predicted glycosylation sites in SC0O4471, observed-Md_&fter digestiorwith trypsin and AspN. Residues predicted
to be Oglycosylatedby NetOGlyc 4.are highlighted in red.

Amino acid range | Peptide monoisotopic mass Peptide sequence Modified S/T observed
57-69 1262.6156 K.APAKPIGG ST none
57-72 1548.778 K. APAKPIGIG STGK.Q none
59-72 1380.6915 P.AKPIGD& STGK.Q none
61-72 1181.5569 K.PIGDG&TSTGK.Q none
148-161 1517.7374 R.GADIGYLTDEHIK.A none
150-161 1389.6783 ADIGYLTDEHIK.A none
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Peptides encompassing five of theedicted Gglycosylation sites were observed by-MS,
however these were unmodifiedTéble 3.1 These results could not demonstrate

glycosylation of the predicted-@lycosylation sites in SCO4471.

3.4 Large scale glycoprotein enrichment

Con A affinity chromatography used in combination with western blotting using a-EPA
probe, appeared to be successful in the enrichment and detection of glycoproteins from the
S. coelicolod1929 membrane and culture filtrate proteomes in the sraadle trials Section
3.2).The Con A enrichment was subsequently scaled up to increase the amount of material
for downstream glycoproteomics analyses. The membrane proteome was selected for the
large scale Con A enrichment because it was easier and mdreféadive to isolate large
amounts membrane protein, than to isolate the equivalent amount of protein from the
culture filtrate. There also appeared to be matigferent Con A reactive proteins enriched
from the J1929 membrane (Figure 3.9, lane 14) tenculture filtrate (Figure 3.7, lane 11)
suggesting that an enrichment of the membrane proteome could result in greater

glycoproteome coverage.

S. coelicolod1929 was cultivated in F134 meh (4 x 500 rh cultures) for 43 h after a 6 h
germination. Thdotal membrane protein was isolated yielding 50 mg of protein. After the
enrichment of the membranes using Con A affinity chromatography the total membrane
protein, unbound membrane protein anetained fractionswere separated by SEFAGE,
blotted onto a PVDF membrane and probed with CotHRP (Figure 3.11At least eight
protein bands were clearly visible by protein staining in the elution fraction (Figure 3.11.a,
lane 4) including a single band of ~ 45 kDa; mostly likely SCO4471. Of these, six band
appeared to be Con AIRP reactive (Figure 3.11.b, lane 3) corresponding to the molecular
masses of approximately 110 kDa, 65 kDa, 45 kDa, 40 kDa, 35 kDa and 30 kDa respectively.
Con A reactivity was lost when the membranes were incubatéiteipresence of még K & £ h
D glucopyranosidéndicating that the Con AlRPwas binding specifically to mannosyl or

glucosyresidues.

The six proteins corresponding to the bands of Cd#Rfreactivity (Figure 3.11.a, labelled
1¢ 6) were excised and identified by mass spactetry (MALDITOF/TOF carried out by the
Proteomics Department of the York Bioscience Technology Facility). The MASCOT search

results are summarised in Table 345 expected the ~ 45 kDa protein (band 3) was the
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Figure 311 Large scalenrichment ofS. coelicolod1929 membrangroteins using Con A
affinity chromaography. The samples weranalysed by SBRAGE (a) and western blotting
h

using Con AIRP as a probe (b and €on AHRP reactivity was lost in the presence of a
competitive inh 6 A G2 NJ 2 T Y I vy 2-B @ucapyrayidRidley(cl The y0SQikRa f

broad range protein ladder (NEB) was used as a Mw standard (panel a, lane 1). Agréws 1
indicate protein bands excised and identified by mass spectrometry.

92



Chapter X, Enrichment and detection of glycoproteins

Table 3.2MASCOT search results summary of the protein identifications of Con A enriched proteins excised in Figure 3.11 and analysass b
spectrometry.Proteins were classified based on the bioinformatics database searches sunminarisdle A.12.

Number
Predicted of

Band Mw peptides

no. | Gene ldentifier Genome annotation (kDa) Protein classification| matched | Score (coverage)
1 SCO05204 Putative integral membrane protein 109.5 membrane protein 1 40 (1 %)
2 SC04856 Putativesuccinate dehydrogenase flavoprotein subui  64.7 cytoplasmic protein 4 202 (10 %)
3 SC04471 Putative secreted protein 46 lipoprotein 3 153 (7 %)
4 SC04142 Periplasmic phosphatbinding protein 38.3 lipoprotein 1 68 (4 %)
4 SC06009 Solutebindingprotein 39.3 lipoprotein 2 136 (8 %)
5 SCO1796 Putative secreted protein 34.6 membrane protein 1 53 (5 %)
6 SCO5776 Glutamate binding protein 29.5 lipoprotein 2 114 (11 %)
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previously identified SCO4471. Band 4 was a mixture of two proteins, the previously
characteriseb. coelicologlycoprotein SCO4142 (Psf@)ehmeier et al. 209) and SCO6009.

The protein sequences were searched through various bioinformatics software to predict the
presence of transmembrane domains, signal peptides and whether the proteins are
lipoproteins (Table A.12). Four of the proteins identified aredictedto be lipoproteins
(SC0O6009, SCO5776, SCO4142 and SC0O4471). All proteins identified are predicted to be
localised in the membrane or the periplasm, with the exception of SCO4856. TheHRIA A
reactivity of band 2 (SC04856) did not appeantoéase in intensity in the Con A enriched
fraction compared to the total membrane fraction (Figure 3.11.b). This might suggest that
SCO04856 was not enriched by the Con A but is merely an abundant protein that bound non

specifically to the column.

3.5 Digussion

S. coelicolohas a well characterised protein-gycosylation pathwaybut little is known
about the constitution of the glycoproteome. To better understand thleysiological
processes affected by protein-@dycosylation irs. coelicolowe decided that an irdepth
characterisation of the glycoproteome was requirdthe first step towards glycoproteome
characterisation was the optimisation of methods for glycoprotein detection and
enrichment. Previous work has shown that a disruption of piat€-glycosylation inS.
coelicolorresults in changes in growth, colony morphologZ31q H ghage sensitivity and
sensitivity to antibioticswhen grown on DNACowlishaw and Smith 20pCowlishaw and
Smith 2002 Howlett et al. 201% F134 medium was chosen for the cultivation of strains in
this study as the timing for the expression of tBecoelicologlycoproein SC04142 (PstS)
was well known(Nieselt et al. 2010Thomas et al. 2092I'his protein could therefore serve

as a positive control for the glycoprotein enrichment in this study. We also hoped to further
the characterisation of SCO4142 using glycoproteomics approaches, since glycopeptides

mapping this glycoproteiwere not previously observed Wyehmeier et al. (2009)

The phenotypes associated with defective glycosylatid icoelicolowere studied on F134

agar to investigate whether these effects were growth numdi dependent. We
hypothesised that similar phenotypes on both growth media could suggest that
glycoproteins associated with these phenotypes on DNA, are also expressed on F134 agar.
The overall growth rates of all strains test@ére reduced on F134 agar compared to DNA.

However, the slow growth phenotype of DT30pprhl) previously observed on DNA was
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still visible on F134 agar, albeit with altered overall growth kinetics. The swlalhy
phenotype of DT3017ppm1) compared to J1929 and DT102%mt) was evident on F134

agar suggesting that this phenotype is not medidepencent. S. coelicolod1929 was
sensitive to infection by the phageC31q H pn both media, suggesting that thehage
receptor glycoprotein is expressed when grown on DNA and F134 agar. Similarly, the
glycosylation deficient strains were consistently resistant to infection by pghage

» C31q H gn both media, suggesting that the phage receptor is not glycosylatéaNs or

F134 agar. The greatest phenotypic difference between the strains on F134 agar and DNA
was observed in the differences in their antibiotic susceptibilities. The overall reduced
sensitivity of the glycosylation deficient strains to ampicillin, imgran meropenem,
bacitracin and vancomycin on F134 agar compared to DNA could be explained by the slow
IANRGGK NI GS -&tam antibiotics (B.g anypidillinj, imipenem and meropenem)
target proteins required for peptidoglycan crosslinking, whileitoacin inhibits steps in
peptidoglycan biosynthesigtone and Strominger 197 Waxman and Strominger 1983
Vancomycin acts by binding to the terminak@nytD-alanine dipeptide of peptidoglycan
precursors and inhibiting their incorporatidBarna and Williams 1984While a defective
glycosylation system might alter the activity of eglll biosynthetic enzymes or limit cell

wall precursors leading to greater antibiotic sensitivity under rapid growth cimomdit under

slow growth conditions such as those observed on F134 unetlese effects could be
reduced. It is however unclear why J1929 &iL025 gmt) displayed increased sensitivity

to penicillin, teicoplanin and rifampicin on F134 agar compared to.DNA

The analysis of the membranasing Con AIRP after western blottinguggests that
glycoproteins are present i®. coelicolord1929, and are absent from the glycosylation
deficient DT1025gmt) and DT3017ppm1). The concomitant loss of ConrtARP reactiw in
IKS LINBaSyOS 2F (KS O2YLISGAGA eBgludogykamoside i 2 NJ 2 ¥
suggests that Con A is binding to the glycan on glycoproteins in the membrane ofT1i829.
observation is further supported bihe fact that glycoproteins werenriched from theS.
coelicolorJ1929 membrane and culture filtrate, but not from DT10@mt) after Con A
affinity chromatography Thepeakeluted from the Con A column after the enrichment of
DT1025g¢mt) membranes proteins (Figure 3.8gspitethe apparentabsence oCoomassie
stained proteincould be explained by the presence of other glycoconjugat&s goelicolor
membrane such as teichoic acidBhis is supported by the observation that it is also retained

longer than the glycoprotein peak in tl3¢929 sample.
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The Con A agarose (Vector Laboratories) used in this study was far more effective for
glycoprotein enrichment thathe Con A sepharosased previously byVehmeier et al.
(2009) The use of the Ia¢r resulted in a larger amount of nespecific binding, which was

not observed with Con A agaroda.this work, the lack of neapecific binding to the Con A
agarosewas demonstrated in th€on A enrichmestof the membrane and culture filtrate
proteomes ofDT1025 gmt). The use of Con A agarose for glycoprotein enrichment was
highly reproducible; all of the ConARP reactive bands observed during #mallscale
enrichments corresponded to the molecular masses of pratabserved by Coomassie

staining and Con-ARPreactivityafter the largescaleenrichment.

Five candtate glycoproteins were succgsilly enriched during this studyncluded in these
was the previously characteris&lcoelicolorglycoprotein SCO41424fS)(Wehmeier et al.
2009. Fourof the proteins aregpredictedto belipoproteing which arewell known targets of
O-glycosylation irM. tuberculosigDobos et al. 19955utcliffe and Harrington 200&artain
and Belisle 2009 The homologue 08CO5776 iM. tuberculosiqgRv0411c) was previously
identified by LEESI MS/MS aftethe enrichment of the culture filtrate by Con A affinity
chromatography (GonzaleZamorano et al. 2009 SCO4856 a putative succinate
dehydrogenase flavoprotein subitris part of a membrandocated complex facing the
cytoplasm. This protein is homologous to tBe coliprotein RIhA which has a role in the
tricarboxylic acid (TCA) cy¢¥ankovskaya et al. 2003t is probable that the enrichment of
this protein was norspecific due to its high abundance in the ddibwever,the possibility

that this protein is glycsylated cannot be excluded.

The identification of SCO4471 is exciting because of its possible role in cell wall biosynthesis.
The characterisation of the glycosylated amino acids in SCO4471 usidg®dhdzO-U A @S
elimination and mass spectrometry was unsessful but glycosylation of SCO4471 cannot

be ruled out. The @lycosylation target site prediction algorithm NetOGlyc 4.0 identified
seven putative glycosylated residues near thetédminus, as well aghree putative
glycosylated residues near thet@minus of SC0O4471. It is possible that th&ehinal
peptide ETPASSAPANARAhad difficulty ionising, because unlikest tryptic peptides the
Gterminal amino acid is not basic-gbycosylation sites iNl. tuberculosiglycoproteins have

been shown to occur more frequently at tha&@minal end of the proteirfSmith et al. 2014

These results provide fther evidence of a glycoproteome # coelicolorThe combination

of glycoprotein enrichment using Con A and CadR¥P as a glycoprotein detection strategy
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provide promising first steps towards characterising 8iecoelicologlycoproteome. The

next stg was to validate the glycoproteins using glycoproteomics approaches.
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Chapter 4 Glycoproteomics

Chapter 4¢ A glycoproteomics characterisation of the membrane

glycoproteome inStreptomyces coelicolor

Glycoproteomics is the study of the modification of proteins with glycan moieties which can
alter their activity and physicohemical propertiegTissot et al. 2009 Mass spectrometry,
because of its high sensitivity and selectivity, is arguably the most powerful and relevant
analytical technology applied in glycoproteomics strategies. Glycoprotein characterisation by
mass spectmmetry most frequently involves the analysis of glycopeptides obtained after the
proteolytic digestion of the glycoproteirf§/uhrer et al. 200Y. Glycopeptide analysis can be
complicated because of the combined information generated by the fragmentation of the
peptide backbone, the glycan moieties and a combination of both. In order the gain
information on the glycan, agell as being able to allocate the glycosylation site within a
peptide it is often necessary to combine different mass spectrometry fragmentation

techniques.

Collision induced dissociation (CID) fragmentation is the most widely used fragmentation
technique for proteome identification. CID fragmentation of peptides occur when they
undergo collisions with a neutral target gas and the vibrational energy produced results in
ion dissociation, occurringnost frequentlyat the amide bonds along the peptide backigo
(Wells and McLuckey 20D his fragmentatiomesultspredominantlyin y- andb-ion series,

as well as ions that have undergone a neutral loss ammonia or watarr¢F4.1). CID
fragmentation can be used to identify glycopeptiddsowever the localisation of
glycosylation sites using CID spectra is often difficult due to the preferential cleavage of the
glycan moiety(Huddleston et al. 1993 This is because the glycan represetite lower
energy fragmentation pathway and competes with the fragmentation of the peptide
backbone. Higher energy collision dissociation (HCD) fragmentatiohiggher energy form

of the CID availablen the Orbitrap mass spectrometer, that uses highetivation energy

and a shorter activation timéDlsen et al. 200). The fragmentation pattern is similar to that
which is produced by CID fragmentation (iye.and b-ions), but b-ions can be more
frequently fragmented intaa-ions and smaller species (Figure 4.1). The collision energies
used byboth HCD and CID on any instrument, are typically low engegg than 100 eV)
(Wells andVicLuckey 20050Isen et al. 2007

Complementary techniques to CID and HCD fragmentation, that are often more successful

in the localisation of glycosylation sites, are electron based methods sedbcaon capture
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dissociation (ECD) and electron transfer dissociation (ETD) fragmentation. ETD
fragmentation of a peptide occurs when an electron is transferred from a radical ion to a
multiply charged peptide cation, resulting in fragmentation atth&N 62y R& Ay (KS
backbone. This fragmentation favours cleavage of the peptide backbone, leaving the glycan
structure intact and results in the generation of and ztype product ions(Huang and
McLuckey 201(Figure 4.1).

In Chapter 3 | presented further evidence of a glycoproteome irsSthebelicolomembrane

and validated methods for glycoproteenrichment and detection. The aim of this chapter
was to use the methods developed in Chapter 3 as part of a glycoproteomics workflow to
carry out an irdepth characterisation of th&. coelicolomembrane glycoproteome using
mass spectrometry with CIDOBD and ETD fragmentation techniques. We hypothesised that
some glycoproteins iB. coelicolocould be required for cell wall biosynthesis or maintaining
membrane integrity, and could be of relevance to the antibiotic hypersensitivity phenotypes

observedm the pmt and ppm1strains ¢liscussed in Chapter 1).
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Figure 4.1Peptide fragmentation as described byRoepstorff and Fohlman (1984 he
fragment ions generated by peptide fragmentatiohserved in MS/MS spectra after using
CID, HCD and ETD fragmentation techniguesand b-type ions, as well ag and x-type
ions, are generated after CID and HCD fragmentatmand z-type ions are observed after
ETD fragmentation.
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4.1 Time course enrichment of th®. coelicolomembrane glycoproteome

In order to maximise our characterisation of the membrane glycoproteon$ awoelicolarl
investigated whether the membrane glycoprotein profile changes during the different stages
of S. coelicologrowth. This would ensure that we focussed on the grostdge where the
most glycoproteins wer@roduced S. coelicolod1929 spores were germinated for 6 h and
then cultivated in defined phosphate limited (F134) liquid noedi The cultures were
harvested after 20 h, 35 h, 43 h and 60 h of growth with shalingb00 nhculturesfor each
time-point). These timeoints corresponded approximately to the transition from
logarithmic growth into linear growth (20 h), mithear growth (35 h), the transition into
stationary phase (43 h) and stationary phase (6@-fgure 4.2)After 60h, the cultures were

producing antibiotics, indicated by blue/red pigmentation.

The total membrane protein was isolated from the cultures harvested at each time point,
yielding 52 mg (20 h), 140 mg (35 h), 106 mg (43 h) and 80 niy @Qrotein After the
enrichment of the solubilised membrane proteins using Con A affinity chromatography the
total, unbound and elution fractions were separated by $I2&E, blotted onto a PVDF

membrane and probed witl@on AHRP (Figure 4.3).

Over thefour time points, changes in the abundance and numbers of proteins enriched by
Con A affinity chromatography were observed by Coomassie staining. This could suggest that
the expression of some glycoproteins3ncoelicolois growth stage deperaht. TheCon A

HRP reactivity profiles of the elution fractions, which appeared to change over the time
course,are consistentvith this observationOnly a single Con-ARP reactive band of ~ 30
kDa was observed in the 20 h elution fraction, while numerous GBHRR reactive bands
were observed in the 35 h and 43 h elution fractions. Afteh6Many of the Con AIRP
reactive bands observed after 35 h and 43 h were absent. For example, aHRRB reactive
protein with a Mw of ~ 110 kDa was enriched from the 35t 43 h membranes, but was
absent from the enrichment of the 20 h and 60 h membranes. This might suggest that the
protein has a role in the linear growth stageSncoelicolorSimilarly, a Con-MRP reactive
protein of ~ 40 kDa appeared to be most higaiyiched after 60 h. This protein could be
PstS (SC04142) which was previously shown to increase in expresSiccoalicolomM145
cultures approached stationary phase, when grown in F134 mnmedhomas et al. 2012
Some Con AIRP reactive bands were observed in the unbound fractions and their relative
abundances did not appear to change over the time course. It is possible that due to the

proteinCiertiary structures, the glycans on these glycoproteins were not exposed to enable
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efficient binding to the Con A agarose column. However, after denaturatiorseparation
of the proteins by SDBAGE, the glycans could be exposed to enable binding by the-Con A
HRP.

Taken together this data suggests that the membrane glycoproteome does cha®e in
coelicolorcultures as they grow. Therefore, to increase the coverage of the glycoproteome

in the proteomics analyses, all four samples were selected for analysis.

4.2 A glycoproteomics characterisation of ti#& coelicolomembraneglycoproteome.

4.2.1 Analysisf glycoproteins using mass spectrometry with CID fragmentation.

In order todemonstratethe presence of glycoproteins in the Con A enriclkedoelicolor
membrane protein fractions that were isolated in the time course experiment, the proteins
were subjcted to ingel tryptic digesbn and analysed by mass spectrometry with CID
fragmentation (LEESICIDMS/MS carried out on the Bruker maXis HD system by the
Proteomics Laboratory of the York Bioscience Technology Facility). Since the previously
charactersed S. coelicologlycoprotein PstS was shown to be modified with a trihexose
(Wehmeier et al. 2008and numerous glycoproteins with short mannose nficdtions have

been previously described in the closely relatdtuberculosifDobos et al. 1998Miichell

et al. 2003 Sartain and Belisle 2019l focussed on short hexose modificas in my

analyses.

Peak lists were submitted to two independent Mascot searches. One search allowed for the
variable modification of Hex, Heand Hex addition at S and T residue¥he other search
considered the variable Hpxand Hexunodification d the same residues.The searches
were split because Mascot limits the number of variable modifications to six meaning that
when oxidation (M) and deamidation (N/Q) are added a maximum of four Hex modifications
can be includedAlthough it was anticipat that the modification of peptides would be
limited to a maximum othree Hex per residue, the Heand Hexumodifications were
incorporated to help aid identification of multiply glycosylated peptides where loss of the

glycan is observed upon CID fragrtaion.
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Figure 4.2Growth curve ofS. coelicolod1929 in liquid F134 meudiin. S. coelicolod1929
spores were germinated for 6 h and the cultures were grown for 56 h in F134imedi
Measurements of cell dry weight (CDW) were taken to morgtomwth at regular intervals.

The time points selected to harvest the cultures for glycoprotein isolation are indicated by
red arrows. Error bars represent the standard error of the mean of three biological replicates.
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Figure 4.3A time course glycoprotein enrichment &. coelicolod1929 membrane proteingsing Con A affinity chromatographirthe membrane fractions
were analysed by SEFAGE (lanes-114) and western blottig using Con-ARP as a probe (lanes 426). The protein mw marker (lane 1 and 11) was the
Broad range protein ladder (NEB).
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For example, if a peptide has two glycosylated amino acids each atheexhe precursor
massisisobaric with a single Hgaddition. The Mascot algorithm does not account for the
loss of glycosylation in the product ion spectrum, meaning that there are situations where
incorrect assignment of a single Hexodification can generate a higher scorthan the
correct assignment of Heat two positions. All glycopeptide identifications were manually

validated toensurecorrect site identification.

As summarised ifable 4.124 S. coelicologlycopeptides were identified. The full list of
individual dycopeptides identified is shown iifable A.13. Annotated spectra of the
glycopeptides where site allocations were made are shown in FiguresAA2 Thebest
matching spectum corresponding to each identification is includeddppendix A7 (Digital
appendix) Approximately 40 % of the glycopeptides identified were observed at multiple
time points. Additionally, 60 % of the assignments were supported by more than one

spectrum.

The most frequently observed glycopeptideas TEQSASAGGAEESAPLHaKA2 ¢ 59)
belonging to SCO4734 putative lipoproteinThis glycopeptide was observed after 20 h, 35

h and 60 h of growth. There was heterogeneity in the numbehefosesmodifying this
glycopeptide, which was observed with upnme hexosesThespectra generated by CID
fragmentation were mostly dominated by product ions formeetause othe preferential
cleavage of glycosidic bonds associated with a glycopeptide. In these cases, the glycopeptide
was identified after the mass difference between {heptide backbonedentified fromthe

MS/MS spectra, and the precursor ion mass was equivalent to a hexose (162 Da) or multiples
thereof. Since the unambiguous assignment of glycosylation sites relies on the observation
of peptide product ionscontaining atleast one hexose residuén many cases it was not
possible to map the glycosylation sites in the glycopeptides identified using CID

fragmentation.

For exampleligure 4.4hows the spectrum of the glycopeptid&EQSASAGGAEESARA&SK

42 ¢ 59) modified wih 3 hexose residues. This glycopeptide is detected as the doubly
charged precursor iom/z 1067.459 corresponding t@a mass 02132.918Da. The predicted
mass ofthe unmodified peptide TEQSASAGGAEESAPAGK is 1646.738hiDh, is a
difference of 3 hexoseesidues (486.18Da) from the mass of the glycosylated precursor. A
product ioncorresponding to the mass of the precursor that has undergone a neutral loss of
Hex was observed ([M+ld Hex® at m/z 1647.7495)The spectrum is dominated by tlye

ion seres without the glycajwhichgivethe sequence of the peptide
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Table 4.1 High confidence glycopeptides identified over the four different time points, using mass spectrometry with Ctbefngagion. The full list of
glycopeptides identiéd is includedn Table A.13Thebest matching spectra for each glycopeptide is includeigpendix A.7.

Mascotexpectvalue
SCO of the best matching Siteassignment

Number Time point(h) Peptide spectrum # Hext | # MS/MS2 in peptide
SCO0472 35 GGGSTPSATPAASVQDPLVATFDGGLYIL| 2.10E04 9 2 -
SCO0996 20 ATAPSAEGFPVTIDNCGVK 3.00E05 3 1 -
SCO1714 35 TVTEPAADR 1.90E02 3 1 -
SCO3357 43 DEGPAHADAVGGAGSASPAPAAK 1.30E02 6 1 -
SCO03540 35, 43 ATPAELSPYYEQK 5.50E05 2 2 -
SC04141 60 TPQPPATEDTRPGR 4.00E02 1 1 -
SC04739 20 TEQSASAGGAEESAPAGK 1.10E08 3 1 -
SC04739 20 TEQSASAGGAEESAPAGK 4.10E06 4 1 -
SC04739 20 TEQSASAGGAEESAPAGK 2.50E03 5 1 -
SC04739 20 TEQSASAGGAEESAPAGK 2.50E04 6 1 -
SC04739 20 TEQSASAGGAEESAPAGK 1.20E02 7 2 -
SC04739 20, 35, 60 TEQSASAGGAEESAPAGK 1.10E03 8 7 -
SC04739 20, 35 TEQSASAGGAEESAPAGK 3.40E04 9 2 -
SC04847 20, 35 SATAASPSAEASGEAGGTGK 3.00E04 9 2 -
SC04905 60 ATEVPTDYGPAPSR 9.10E03 3 1 -
SC04905 20 ATPGLPAQVFLLCGSSLVAVDR 1.90E04 2 1 -
SC04905 20 ATPGLPAQVFLLCGSSLVAVDR 1.60E08 3 1 -
SC04934 35, 60 TSQAEVDEAAAK 1.90E04 2 2 -
SC04934 | 20, 35, 43, 60 TSQAEVDEAAAK 2.40E04 3 4 -
SCO5115 60 AVDGLSFDLER 8.90E03 1 1 S6
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Mascotexpectvalue
SCO of the best matching Siteassignment
Number | Time point(h) Peptide spectrum # Hext | # MS/MS2 in peptide
SC05204 43 QVQSQFNSEQDIAESIR 1.20E02 1 1 -
SCO5736 20 EGDTGSPEVQVALLSR 5.00E04 1 1 -
SCO05818 60 SPHAARLAALVTK 4.10E02 5 1 S1, T12
SCO06558 43 IPDITLER 1.20E02 1 2 T5

LIndicates the number of hexosesidueson the peptide

2 Indicates the number of high confidence MS/MS spectra confirming the identification.
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Thebs + HeX and bo(*) + HeX ions suggest that the Héxs inthe TEQSASAQSart of the
glycopeptide, in whiclthree potential glycosylation sites reside (Thr42, Thr45, Ser47).
However, it is unclear from this spectrum which residue/s are modified and how many
hexosesreside on each residue. Thoes + Hex ion is indicative of groduct ion resulting
from the neutral loss of a single Hex, since the iHmx the peptide must reside in the
TEQSASAGGAEESp&Aof the glycopeptide.

In cases where only a single glycosylated residue was possible within the glycopeptade (
single S/T) the glycosylation sitas assigned by defaulhs demonstrateéh Figure 4.5, the
SCO5115 glycopeptideVDGLSFDLER 38¢ 48) modified with a single Hex has only one
possible modified residue (Ser43). The doubly charged precors&o892.336 corresponds

to aglycopeptidemass of 1382.672 Da, which is one hexd€(052Da) higher than the
mass of thaunmodified peptide 1220603 Da). In this case the assignment is supported by
the presence o¥s + Hexys + Hexys + Hexys + Hex andby + Hex product ionds + Hex was
observed in low abundance. There were three higher intensity product ions in the spectrum
that could not be assigned to the glycopeptida/z 781.381;m/z 710.348;m/z 595.325).
This could indicate a chimierspectrum, which arises when peptides with simitak ratios
co-elute and are simultaneously fragmentédouel et al. 201 Despite this observation,
most of the high intensity product ions were assignedWDGLSFDLERIex and therefore

confidence in the assignment is maintained.

4.2.2 Analysis of glycoproteins using mass spectrometry with HCD and ETD fragmentation.

The mass spectrometry analysisngsCID fragmentation was successful in the identification
of numerousS. coelicologlycopeptides. However, localisation of the glycosylation sites was
not possible in many of the glycopeptideas expectedTo increase the number of
glycosylation site lalisations made, complementary experiments were carried out using
both ETD and HCD fragmentation techniques. Forahaysis,only membranes isolated
after 43 h of growth wereprepared andanalysed. This time point was selected as a
compromise between actively growing cultures and sufficient biomass generaon.
coelicolorJ1929 was cultivated for 43 h in F134 liquid roedi after the spores were
germinated for e (3 x 300 raculturespooled). Glycoproteins were enriched from the total

membrane protein using lectin affinity chromatography.
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Figure 4.4CID spectrum of the tryptic peptide TEQSASAGGAEESARA@RC 59) + Hex of the predicted lipoprdein SCO4738bserved at 20 h
Precursom/z 1067.459 charge = 2+; retention tinve 25.7 min; evalue =1.10E08. The underlined section indicates that the Hexlocated within the
TEQSASAGHart of the glycopeptide. Possible glycosylated residues are indicated with a blue d@&tedwct ions that contain hexose residues are indicted
+ Hex(n), where n = number of hexose residlié& precursor ion is indicated by ® . Productionsexhibifid | y SdziN} f t2aa 27
by (0) and (*) respectively.
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Figure 4.5CID spectrum of the SCO5115 tryptic peptide AVDGLSFDLERd@&38dicates monohexosylation on Ser4shserved at 60 hPrecursom/z
= 692336 charge = 2+, retention time = 103.6 miry&ue =8.90E03. Product ions that contain the hexose are indicated by + Hex(n), where n = number

of hexose residues. The precursor ion is indicated ®, a
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Analysis of the elution fraction by SBBGEonfirmed the presence of enriched proteins in

the elution fraction that approximated to the molecular masses of proteins enriched
previously in the time course glycoprotein enrichment. The elution fraction was subjected to
in-gel tryptic digesbn after ®SPAGEnNd analysed by mass spectrometry, using both HCD
and ETD fragmentation techniques (carried out on the Thermo Orbitrap Fusion Tribrid mass
spectrometer by Adam Dowle in the Proteomics Laboratory, in the York Bioscience

Technology Facility).

As inthe analysis of the data acquired using the maXis HD with CID fragmentation, we
focussed on short hexose maodifications (Hex, iHmd HeX). Multiple data acquisition
techniques are available on the Orbitrap Fusion mass spectrometer.SThmoelicolor
glyaopeptides in this experiment were analysed using both HCD and ETD fragmeratation,
using both theion trap (low rewolution, high speed- mass accuracy <€©.5 Da)

and Orbitrap (high reslution, lower speed mass accuracy 3 ppm)mass analysersFour

different data acquisitions were performed to include these options:

1) MS inOrbitrap, HCD measurediion trap (HCD_IT)
2) MS inOrbitrap, ETD measuredn trap (ETD_IT)
3) MS inOrbitrap, ETD measured @rbitrap (ETD_OT)

4) MS inOrbitrap, HCD measured ilon trap and ETD measured @rbitrap (HCD_IT;
ETD_OT)

The combined efforts of the four data acquisitions resulted in the identification 0%.44
coelicolorglycopeptides (Table 4.2). These includedenglycopeptides belonging to the
previously characterise8. coelicologlycoprotein PstS (SCO414Zhe full list of individual
glycopeptides identified by all techniques is shawTable A.14Annotated spectra of the
glycopeptides where site allocatisrwere made are showim Figures A.4 A.15. Thebest
matching spectra (i.e. the match with the lowestvalue) corresponding to each

identification is included idppendix A.{Digital appendix)

Approximately 30 % of the glycopeptide assignments weppasrtied by multiple spectra.
More than half of the glycopeptides identified (~60 %) were observed after HCD
fragmentation only Glycosylation sites were automatically assigned in peptides where only

one possible site was present within the glycopeptide.
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Table 4.2 High confidence glycopeptides identified using HCD_IT, ETD_OT and ETD_IT mass spechtuarfethjist of glycopeptides identified is included
in Table A.14The best matching spectra for each glycopeptide is includégypendix A.7.

Mascotexpect
SCO score of the best # Delta Mascot Site assignmenin
Number Method Peptide matching spectrum| # Hext| MS/MS2 Score? peptide
SCO099¢ HCD_IT ATAPSAEGFPVTIDNCGVK 8.20E04 2 1 - -
SCO099¢ HCD_IT ATAPSAEGFPVTIDNCGVK 2.10E02 3 1 - -
SC02034 HCD_IT DDGSESAGPVVAPSGAQG 6.60E03 2 1 - -
SC0O209¢ HCD_IT KLDACPNESAVAVPVTGDDG 5.90E03 3 1 - -
SCO0215¢ HCD_IT EGTFLGKCAELCGVDHSR 1.50E03 1 1 - -
SC0283¢ ETD_IT AAGAGITQQPK 2.00E03 2 1 Only possible site T7
SC0O2964 ETD_IT GRGSSDADR 6.50E03 1 1 0 -
SCO03044 HCD_IT GDAGQPSDEPAADSEIGVLVQ 3.20E05 3 2 - -
SCO0304¢ HCD_IT, ETD_O] VAKPTPNAAGQTPLNILVIGSL 3.10E06 2 2 32 T5
SCO03184 ETD _IT, ETD_O] ATVETAAPDRGDGYGVALF 1.10E05 1 3 4.1 -
SC03184 HCD_IT KATVETAAPDRGDGYGVAL 1.40E03 1 2 - -
HCT_IT, ETD_IT]
SCO3354 ETD_OT KPSAPECGTPPAGSAK 1.60E05 2 3 35.2 T9
HCT_IT, ETD_IT]
SCO3354 ETD_OT KPSAPECGTPPAGSAK 7.10E04 3 3 155 T9
SCO3357 ETD_IT ASPSKAPDRVDAVR 2.90E02 6 1 0 -
SCO3357 ETD_OT DEGPAHADAVGGAGSASPAP 7.60E04 6 1 Manualassignment S15, S17
SCO3357 HCD_IT QVYDKGDPVSSPSGENVIT 2.30E03 3 1 - -
SCO354( HCD_IT AAGATEAATATLTPLPK 2.20E05 3 2 - -
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Mascotexpect score

SCO of the best matching # Delta Mascot Siteassignmentn
Number Method Peptide spectrum # Hext| MS/MS2 Score? peptide
SCO354( HCD_IT AAGATEAATATLTPLPK 2.00E04 2 1 - -
SCO354( HCD_IT ATPAELSPYYEQK 3.90E04 2 1 - -
SC0384§ HCD_IT QGTDVDKESTVNLVVSTGAI 4.70E04 1 1 - -
SC0384§ HCD_IT QGTDVDKESTVNLVVSTGAI 5.30E04 2 2 - -
SC0389] HCD_IT EQQTAIADTFSEGR 9.10E04 2 1 - -
SCO04013 HCD_IT TDAVSPYPLPQSTNK 2.30E02 1 1 - -

TSATAPSGTRPVQSGFAHDA
SC0413( HCD_IT QSAAANYAVALGSDGMFDH 6.50E05 2 3 - -
HCD_IT, ETD_O|
SC04141 ETD_IT TPQPPATEDTRPGR 2.10E04 1 4 13 T1
ADTLPATKSFLNYMASEDG(
SC04147 HCD_IT LLADAGYAPMPTEIITK 7.80E04 1 1 -
SC04147 HCD_IT CDDAKGQLQASGSSAQK 4.80E02 1 1 -
SC041472 ETD_OT DGIKTVDVK 8.10E03 1 1 Only possible site T5
GGQSAQGSSGLAGQVKQT]
SC041472 HCD_IT GAISYFELSYAK 3.60E05 1 1 -
SC04147 ETD_IT QTPGAISYFELSYAKDGIK 2.80E03 1 1 24.8 S12
SC04142 ETD_IT,HCD_I] TAAAEPVKATVENATAAIGAA 1.90E03 1 2 0.8 -
VCKDGQAIDLPMVGGPIAV(
SC041472 HCD_IT FNVTGVDSLVLDAPTMAK 1.40E02 1 1 - -
SCO425¢ ETD_OT GGGGGGGGESKKPKPPVF 1.80E02 3 1 Only possible site S10
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Mascotexpect score

SCO of the best matching| # # Delta Mascot Siteassignmentn
Number Method Peptide spectrum Hext | MS/MS2 Score? peptide
SC04301 ETD_IT LIYAGAGTAGR 6.00E03 1 1 Only possible site T8
SCO454§ HCD_IT TTSSSSSTAPSAPSAPR 4.20E04 1 1 - -
SC0488" HCD_IT SDQAPEPGFADSPYITVTF 8.10E07 1 1 - -
SCO4904 HCD_IT ATPGLPAQVFLLCGSSLVAV 7.20E05 2 1 - -
SC04904 HCD_IT ATPGLPAQVFLLCGSSLVAV 2.40E02 3 1 - -
SCO496§ ETD_OT VDFKEPAEQDASAGPEAKP( 9.10E06 1 2 Only possible site S12
SCO564¢ HCD_IT AILTKDNPQGDVFFGVDNTLL 5.90E03 1 1 - -
SCO575] ETD_OT KPADPKPEPSDSAIAAAPADK 4.40E04 6 2 31.8 S10, S12
SCO577¢ HCD_IT SEKVDFAGPYLLAHQDVLIF 1.30E03 1 1 Only possible site S1
SCO721§ ETD_OT ASSGGHYPVTVENCGEK 6.60E04 3 2 7.8 -
SCO721§ ETD_IT ASSGGHYPVTVENCGEKLTH 4.70E03 3 1 6.1 -

1 Number of hexose residues on the peptide

2 Number of high confidence MS/MS spectra confirming the match

3 The difference between the Mascot ion scores for the two best alternative modification sites in thepsgtide, assigned by the database search.

MD-score for HCD was not considered to be reliable and therefore is not reported.
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For the localisation of sites in glycopeptide spectra generated by HCD fragmentation, a
similar approactio the analysis of data acquired by CID fragmentation was taken. HCD yields
a similar fragmentation pattern to that which is produced as a result of CID fragmentation
on the maXis HD, namely the generationbefand y-type product iongOlsen et al. 2007
Spectra generated by HCD fragmentation were generally donmdriateoroduct ions formed

as a result of the preferential cleavage of glycosidic bonds associated with a glycopeptide.
Glycopeptide identifications were therefore manually validated to assure correct site
identification. However, in most cases it was notgible to allocate the glycosylation sites

in glycopeptides that were observed by HCD fragmentation only. Five glycopeptides
previously identified aftelCID fragmentation on the maXis HDable 4.1)wvere observed

after HCD fragmentation on th@rbitrap (Tale 4.2).

For example, the glycopeptid®fTPGLPAQVFLLCGSSLVA®DRYying to SCO4905 (aa 63
74) modified with two hexoseesidueswas observed by both HCD and CID fragmentation
(Figure 4.6 A an® respectively). The triply charged precursor iomg 865.778 andm/z
865.783 (HCD (A) and CID (B) spectra respectagyjonsistent with a glycopeptidaass

of 2594.3 DaThe predicted mass of unmodififdrPGLPAQVFLLCGSSLVADRysteine
carbamidomethylations 2270.1879 Da, which is a difference digkose residues (324.105
Da)from the mass othe glycosylatedbeptide. Both spectra are dominated by theion
series,althoughnone were observed with the glycan attached. In the HCD speuntee b-
series ions are observeth, bi1, bi2) in comparisorto the CID spectrabg, bio), yet again
none were observed witla hexose attachedDue to the absence of product ions with the

hexoseattached the glycosylation site could not be assigned.

4.2.3The identification of glycosylation sites

Savitski et al. (201 Dreviously validated the use of the Mascot Defieore (MD-score) as a
method of localising phosphorylation sites within 180 synthetic phosphopeptides, in which
the modification sites were known. The Midore measures the difference between the
Mascot ion scores for the two best alternative modification siteghia same peptide,
assigned by the database searcfhey suggested using a false localisation rate (FLR)
threshold of 1 %, hich equated to an MBcore cutoff of 10. Due to the lack of similar
validation studies carried out on synthetic glycopeptides wittown glycosylation site
localisations to date, the study 8avitski et al. (2011yas used as a guide for the analysis

of site localisation in the spectra generated by ETD fragmentation in this study.
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Figure 4.6A. HCD spectim of the SC0O4905 glycopeptideTRGLPAQVFLLCGSSLVAVDR (@@%3modified with two hexosesPrecursom/z 865.778
charge = 3+; retention time = 133.2 matan = 4335¢-value =7.20E05. Product ionsbearinghexose were not observed. The precursor ion is indicated by
a® .
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Figure4.6 B. CID spectm of the glycopeptide ATPGLPAQVFLLCGSSLVAVDR {aadpb®odified with two hexoses observed at 20 Rrecursom/z

865.783 charge = 3+; retention time = 122.5 misvalue =1.90E04. Product ionsearinghexose were not observed. Theggursor ion is indicated by #
. (++) Indicates the doubly chargpdbduction series.
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For the site localisations of glycopeptides identified in the ETD_IT and EEHeqdisitions,
an MDscore cutoff of 10 was applied. In matches wearee MD-score was greater than 10,

the spectra were manually validated to confirm the site localisatissignment.

For example, Figure 4.shows the ETD spectrum of the triply charget 750.71150f the
SCO04142 (PstS) glycopepti@@PGAISYFELSYAKDHaIR40¢ 258) which is modified with
asingle hexose. The Mgxore for this glycopeptide is 24.8. The- Hexzio+ Hexzi1 + Hex,
Z12 + Hex andus + Hex product ions, as well @s + Hex andtis + Hex iorshowthat Ser251

is modified with a singléexose.Thus,ETD enabled the confident characterisation of the

glycosylation site within this glycopeptide.

Despite the previous characterisation of PstS (SC0O4142) as a glycoprof@ehieier et

al. (2009) this is the first direct evidence 8f coelicoloPstS glycopeptide¥Vehmeéer et al.
(2009)previously demonstrated that two synthetic peptides belonging to PstS (SC04142),
PS2¢ GQLQASGSSAQKNA and-AB3PTEIITKVRETISGLS were glycosylated idraecell
peptide glycosylation assabut not PS1¢ GSDDTGGNSGSDSSSAAANSNHata in this
study is consistent with their findings as glycopeptides were identified that map within the
regions covered by PS2 and PS3, butR#i (Figure 4.8). Glycopeptiteverage of PS3 was
only partial However,two potentially glycosylated threonine residues reside in the region
covered by the glycopeptide. Neither of the glycosylation sdentifiedin this work resided
within PS2 or PS3.

The mass spectrometry analysis using ETD fragmentation greathaged the number of
glycosylation site allocations in ti& coelicologlycopeptides, when compared to the HCD
and CID fragmentation technigues. However, HCD fragmentation performed better than ETD
in the number of glycopeptide identifications made. Eidgmentation is more efficient for
higher multiply charged precursor ions (3+, 4+, 5+, etc.) and it is probable that some of the
precursor ions with lower charged states that were observed after HCD fragmentation, were

not selected for ETD fragmentati¢Brodbelt 201%.
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Figure 4.7ETD spectim of the SC0O4142 glycopeptide QTPGAISYFELSYAKDGIK ¢@bg8%tnodified with a hexose on Ser25Rrecursom/z 750.7115;
charge = 3+; retention time $1.5min; scan = 24203%-value =2.80E03. The precursor ion is indicated b, ®. . (++) indicates the doubly charged ion series.
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>SC04142 P51 PS2
MNRRALALGALAVSGALALTACGSDDTGGNSGSDS SSAAANSNIKCDDAKGOLOASGSSA

OKNAIDAWVKQYVAACNGVQINYNPTGSGAGITAFTQGQTAFAGSDSALKPDEIEASKKV

CKDGQAIDLPMVGGPIAVGFNVTGVDSLVLDAPTMAKIFDSKITNWNDEATKKLNPDAKTL

PDLKIQAFHRSDESGTTDNFTKYLKAAAPDDWKYEGGKSWEAKGGQSAQGSSGLAGQVKQ

TPGAISYFELSYAKDGIKTVDVKTAAAEPVKATVENATAAIGAAKVVGTGKDLALELDYT

PDAAGAYPLVLVIYEIACDKGNKADTLPATKSFLNYMASEDGQGLLADAGYAPMPTEILIT

KVRETISGLS*

Ps3

Figure 4.8The amino acid sequence of PstS (SC04142) indicating protein coverage by
glycopeptides (underlined) in this studyGlycosylated residuasentified in this study are
highlighted inred. The blue boxes highlighie synthetic peptides (PS1, PS2 and PS3) that
were used in the cefree glycosylation assay Byehmeier et al. (2009)

121



Chapter 4 Glycoproteomics

4.2.4 The identification of 37 new glycoproteins i8. coelicolor

As a result of the combined approaches of using mass spectrometry with CID, HCD and ETD
fragmentation techniques, 37 nef. coelicologlycoproteins were identifiecas well as the
previouslycharacteriseds. coelicologlycoprotein Pst$§5C04142). Database searches were
carried out in order to classify the proteins as lipoproteins (Table 4.3), membrane proteins
(Table 4.4) and secreted proteins (Table 4.5). Proteins that did not contain edigtpd
transmembrane domains or secretory signals were also grouped together (Table 4.6).
Predicted transmembrane domains wereeidified using TMHMM server 2(&rogh et al.
2001). Predicted lipoproteins were identified using thaoP 1.0 servdduncker et al. 2003
Signal peptides were predicted using SignalP 4.1 Server and the TadPveiBendtsen et

al. 2005 Petersen et al. 2001 Proteins were functionally annotated using the combined
efforts of the Streptomycegenome database (StrepD&repdb.streptomyces.org.uk/and

the Conserved Domain DatabaseCOD) littp://www.ncbi.nim.nih.gov/Structure

/cdd/wrpsb.cq) (MarchlerBauer et al. 2014 In some cases, thigerature was contradictory

to the results observed after the database searches. For example, SCO7218 is annotated as
a putative iron trarsport lipoprotein in the StrepDBlowever,the LipoP 1.0 server did not
predict a lipoprotein signal peptide (Spll) in this protein. SCO7218 is upstream of an ABC
transporter (SCO7216/SCO7217) which is consistent with the known gearohiectureof

solute binding lipoproteins 5. coelicolo(Thompsonet al. 2010. In these cases, the
literature searches were considered to be more reliable in assigning a category to the

proteins.

Three of the glycoproteins identified in this study (SC0O5204, SCO5776, SC0O4142) were
identified previously as enriched pgeins after the large scale Con A enrichment of $ie
coelicolormembranedescribedin Chapter 3 (Table 3.2). More than a third of the newly
identified glycoproteins are predicted lipoproteins and other secreted protdinsong these

are a numbe of substate binding proteingredicted to interact with ABC transporter®r
example SCO0472, SCO5776, SCO7218, SCO4885 and SC0O4142 (PstS).

Nearly 50 % of the glycoproteins identified in this study are predicted membrane proteins,
while a few had no predictedransmembrane domains or secretory signals at all. For
example, the predicted ribosomal protein S15 is a homologue dEtloelribosomal protein
RpsO (also known ae&) that is a known component of the Sfibosomal subunit
(Zzimmermann et al. 1972 Additionally,severalthe predicted lipoproteins and secreted

proteins identified in this study are predicted to contain TAT pathway secretory signals.
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Taken together, these results directigmonstratethe presence of a glycoproteome in the
S. coelicolomembrane that includs membrane, secreted, lipoproteins and possibly some

intracellular proteins.

4.3 Glycosylation site positional analysis

Severalthe glycoproteins identified in this work were predicted to contain numerous
transmembranehelices (Table 4.4). Taemonstrae that the glycosylation sites were not

situated within transmembrane helices, the positions of the giytated peptides were

mapped relative to the predicted transmembrane domains of each respective membrane
glycoprotein (Figure 4.9). None of the glgdated peptides mapped within a predicted
transmembrane helix. A small number of glycopeptides mapped within regions predicted to

be cytoplasmic facing (SC02963, SC04141, SCO4256, SCO4968 and SC0O4548), however most
were predicted on periplasmic facing padsthe glycoproteins. These results suggest that

glycosylation may be possible on the cytoplasmic face of the membraecielicolor.

O-glycosylation sites iM. tuberculosihave been observed at a higher frequency nearer the
N- or Gterminal parts @ the glycoproteinDobos et al. 1996artain and Belisle 200Smith

et al. 2014. To investigate whether this was true r coelicologlycoproteins, the positions

of the Oglycosylation siteglentifiedin this study wee analysed relative to the total number
of amino acids in therotein (Figure 4.10). Glycosylation sites were not found to be more

frequently located nearer to the Nor Gterminalends of the glycoproteins.

The amino acid sequence composition of the glycosylation motif was determined by
submitting the sequences that contained the confidently allocated glycosylation sites to
Weblogo(Crooks et al. 2004The Weblogo software generates graphical representations of
patterns observed within a multiple sequence alignment. The sequence logo resulting from
the analysis of eighteen individu8l coetolor glycosylation sites ishown in Figure 4.11,
where the height of each amino acid indicates its relative frequeratythat position.
Glycosylation was observed more frequently on serine than threonine residues. There was a
higher propensity for alane, proline and glycine near the glycosylation site. This is
consistent with what has been observed previoush¥intuberculosiglycopeptidegSmith

et al. 2014. However, it is unclear from this data whether peptides rich in these amino acids

are more likely to produce product ions resulting in confident site localisations.
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Table 4.3 Predicted lipoproteins identified & coelicologlycoproteins in this study

Genome
SCO Number|  annotation Top hit in Conserved Domain Databas{ Accession| EValu¢ | #TMHMM 2 | SignalP 4.13| ¢ I (it [ ALR2t
putative
SCO0472 | secreted protein none - - - Y-0.548 Y-0.381 | Spll-22.2623
TroA_a: predicted to function as initial
putative receptors in ABC transport of metal ion;
SCO00996 lipoprotein in eubacteria cd01148 | 4.09E133 - Y-0.526 N Spl-11.5964
putative
SCO1714 | secreted protein none - - 1 Y-0.498 N Spll-12.878
putative
secreted
SC02838 endoglucanase. Glycosyl hydrolases family 6 pfam01341| 7.32E99 - Y-0.639 Y-0.377 | Spll-32.6736
hypothetical
SCO3357 protein none - - - N Y-0.492 | Spll-17.3077
phosphate
binding protein | PBP2_PstS: substrate binding domain
SC04142 precursor ABCtype phosphate transporter cd13565 | 4.57E80 - Y-0.595 N Spll- 26.7983
putative
SCO04739 lipoprotein none - - - Y-0.579 N Spll- 20.7928
PBP1 BmpA PnrA_like: the PnrA
lipoprotein (also known as Tp0319 or
TmpC) represents a novel family of
bacterial purine nucleoside receptor
putative encoded within an ATFBinding cassette
SC04885 lipoprotein (ABC) transport system (pnrABCDE),| ¢d06354 | 2.40E107 - N N Spll- 23.8395
putative
SC04905 lipoprotein none - - - Y-0.574 N Spll- 13.7291
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Genome
SCO Number, annotation Top hit in Conserved Domain Databas| Accession| EValu¢ | #TMHMM 2 | SignalP 4.13] ¢ | (i t [ ALI2t
putative LDT_IgD_like_2IgDlike repeat domain
SC04934 lipoprotein of mycobacterial L ,firanspeptidases €d13432 | 2.81E39 - Y-0.571 Y-0.483 | Spll-24.1553
PBP2_TbpA: substrate binding domai
of thiamin transporter, a member of the
putative solute type 2 periplasmic binding fold 2.50E
SCO05646 | binding lipoprotein superfamily. cd13545 115 - N Y-0.468 | Spll-13.5061
putative iron TroA_a: predicted to function as initial
transport receptors inABC transport of metal ion 3.57E
SCO7218 lipoprotein in eubacteria cd01148 137 - Y-0.632 N Spl-14.1761

1 Evalue of the top hit in the CDD database
2 The number of transmembrane helices predicted by the TMHMM 2.0 s@tipr//www.cbs.dtu.dk/services/TMHMM).

3 SignalP 4.1 software predicts the presence of a sighal peptitie/(www.cbs.dtu.dk/services/SignallP/ Dscore is a score used to discriminate signal
peptides from norsignal peptides. Scores > 0.450 indicate a signal peptide.

w ¢Fadt modn  LINB Rvn@gidine (TKTS signiiN e ptieysoré > @36 predicts the presence of a TAT pathway signal.
bLipoP 1.0 software produces predictions of lipoprotehtsp//www.cbs.dtu.dk/services/LipoB/ Spl énotesSEGignal peptide; Spll denotes lipoprotein
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Table 4.4 Predicted membrane proteins identified @scoelicologlycoproteins in this study

Top hit in Conserved Domain

SCO Number Genome annotation Database Accession | EValug | #TMHMM 2 | SignalP 4.13] ¢ | (it [ ALI2t
Transglutaminaséke
superfamily: family includes
animal transglutaminases and
other bacterial proteins of Spll-
SC02096 putative membrane protein unknown function pfam01841| 7.25E26 6 Y-0.529 N 8.2333
Thioredoxin_like Superfamily:
protein disulfide
oxidoreductasesnd other
SC02035 putative membrane protein | proteins with a Thioredoxin folg¢ cl00388 2.10E17 1 N N N
CyoA: Heme/coppetype
putative cytochrome c cytochrome/quinol oxidase,
SC02156 oxidase subunit I| subunit2 COG1622| 4.29e53 3 N N N
PHA03249 Superfamily: DNA
packaging tegument protein
SCO02963 putative membrane protein uL25 cl19799 9.21E05 1 N N N
LytR_cpsA_psrcell envelope
conserved hypothetical related transcriptional
SC03044 protein attenuator domain pfam03816| 2.04E53 1 N N N
LytR_cpsA_psr Superfamily: ¢
enveloperelated
conserved hypothetical transcriptional attenuator
SCO03046 protein domain cl00581 3.79E47 1 N N N
Ntn_PGA _like: Penicillin G
acylase belongs to a family of
beta-lactam acylases that
putative penicillin acylase (E{ includes cephalosporin acylas
SC03184 3.5.1.11). and aculeacin A acylase. cd03747 | 2.81E118 1 N Y-0.366 | N
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Top hit in Conserved Domair|

SCO Number Genome annotation Database Accession | EValug | #TMHMM 2 | SignalP 4.13] ¢ | (i t [ ALI2t
STKc_PknB_like: catalytic
domain of bacterial
Serine/Threonine kinases,
putative serine/threonine PknB and similar proteins
SC03848 protein kinase (PASTA Domain containing] ¢d14014 | 3.26E128 N N N
SC03891 putative membrane protein none - - N N N
Ftsl: cell division protein Ftsl
penicillinbinding protein 2
[Cell cycle control; cell
division; chromosome
partitioning; Cell wall,
putative secreted penicillin membrane and envelope
SC04013 bindingprotein biogenesis] COGO0768 | 1.74E89 1 N N N
putative integral membrane
SC04130 protein none - - 1 N N N
Phosphate_pstC: phosphate
phosphate ABC transport ABC transporter permease
SC04141 system permease protein protein PstC TIGR02138| 1.48E91 5 N N N
ChWw: Clostridial hydrophobic
with a conserved W residue,
SC04256 putative hydrolytic protein domain. smart00728| 3.04E12 1 N N N
BTAD: Bacterial
putative integral membrane transcriptional activator
SC04548 protein domain smart01043| 8.46el4 3 N Y-0.479 | N
SC0O4968 putative membrane protein none - - 1 N N N
UPF0182: uncharacterized
SCO05204 integral membrane protein protein family pfam03699 | 0.00E+00 7 N N N
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SCO Number

Genome annotation

Top hit in Conserved Domair|

Database

Accession

EValue

#TMHMM 1

SignalP 4.1 2

TatP 1.03

[ ALRt

SCO5751

putative membrane protein

HTH_25: Heliurn-helix
domain

pfam13413

1.21E20

1

N

N

N

SCO5818

putative ABC transporter

NatA: AB@ype Na+ transport

system, ATPase componen|

NatA [Energy production anc
conversion, Inorganic ion
transport and metabolism]

COG4555

3.92e35

1 Evalue of the top hit in the CDD database

2 The number of transmembrane helices predicted by the TMHMMs@rver(http://www.cbs.dtu.dk/services/ TMHMM).

3 SignalP 4.1 software predicts the presence of a sighal peptitie/(www.cbs.dtu.dk/services/SignallP/ Dscore is a score used to discriminate signal
peptides from norsignal peptides. Scores > Blindicate a signal peptide.
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mdn LINBRAOGA
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LINE & S ysor& > ®36 pretistd tie plededitd of & TAS pathway sighal. a A Iy |- £

LISLIGARS

bLipoP 1.0 software produces predictions of lipoprotehtsp//www.cbs.dtu.dk/services/LipoB/ Spl denotes SE@nal peptide; Spll denotes lipoprotein
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Table 4.5Predicted secreted proteins identified &. coelicologlycoproteins in this study

Genome
SCO Nmber annotation Top hit in Conserved Domain Databasg Accession| EValue #TMHMM t | SignalP 4.12| TatP 1.03| [ A LJ2t
Abhydrolase_4: family of putative
bacterial peptidases and hydrolases thg
proteinase bear similarity to a tripeptidyl
(putative secreted aminopeptidase isolated from
SCO03540 protein) Streptomyces lividans. pfam08386| 5.21E40 1 Y-0.627 Y-0.700 | Spl-18.2099
putative Dalanyt
D-alanine DacC: EalanylD-alanine
SC04847 carboxypeptidase carboxypeptidase COG1686| 3.80E49 1 Y-0.711 Y-0.427 | Spl-27.3476
PBP2_GIuB: substrate binding domain
glutamate binding ABC glutamate transporter; the type 2
SCO5776 protein periplasmic binding protein fold ¢cd13690 1.79E93 - Y-0.618 N Spl-21.8509

! Evalue of the top hit in the CDD database

2 The number of transmembrane helices predictedhsy TMHMM 2.0 servefhttp://www.cbs.dtu.dk/services/ TMHMM).

3 SignalP 4.1 software predicts the presence of a signal peptitie/(www.cbs.dtu.dk/services/SignalP/ Dscore is a score used to discriminate signal
peptides from norsignal peptides. Scores > 0.450 indicate a signal peptide.

w ¢k at

MPn

LINBRA O a

iKS

LINE & S ysor&> ®36 pretistd tie plededbiayl ATypS&hwaytsignily

AAIYI§

bLipoP 1.0 software produces predictions of lipoprotemtspl//www.cbs.dtu.dk/services/LipoB/ Spl denotes SEC sigpaptide; Spll denotes lipoprotein
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Table 4.65.coelicolorglycoproteins identified in this study with no predicted transmembrane domains or secretory signals.

Genome
SCO Number annotation Top hit in Conserved Domain Database Accession| EValue | #TMHMM?® | SignalP 4.12| TatP1.03| [ A LJ2 t
hypothetical
SCO3353 protein none - - - N N N
conserved
hypothetical murQ: Nacetylmuramic acié-phosphate
SCO04307 | protein SCD95A.40 etherase (cell wall recycling) PRK05441| 4.41E159 - N N N
BIdKD, putative
ABC transporter ABC_NIikE_OppD_transporters: ATP
intracellular ATPas¢ binding cassettelomain of
SCO5115 subunit nickel/oligopeptides specific transportery c¢d03257 | 4.48E122 - N N N
30S ribosomal
SCO5736 protein S15 rpsO: 30S ribosomal protein S15 PRK05626| 1.36E53 - N N N
putative protein
associated with
oxidoreductase PRKO00724: formate dehydrogenase
SCO06558 activity accessory protein PRKO00724| 9.29E128 - N N N

1 Evalue of the top hit in the CDD database

2 The number of transmembrane helices predicted by the TMHMM 2.0 s@htipr//www.cbs.dtu.dk/services/TMHMM).

3 SignalP 4.1 software predicts the presence of a sighal peptitie/(www.cbs.dtu.dk/services/SignallP/ Dscore is a score used to discriminate signal
peptides from norsignal peptides. Scores > 0.450 indicate a signal peptide.

w ¢k Gt

bLipoP 1.0 software produces predictions of lipoprotemtso//www.cbs.dtu.dk/services/LipoB/ Spl denotes SEC sigpeptide; Spll denotes lipoproite
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Figure4.9 Thepositions of glycaylatedpeptidesrelative to transmembrane domains predicted usirtpe TMHMM server v 2.0 itS. coelicolomembrane
glycoproteins.Transmembrane domains indicated in red. The positions of the glatedpeptides are indicated with yelwarrowheadsThe yaxis indicates
the probability localisation of the transmembrane domain. Pink indicates outside and blue indicates inside.
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Figure 4.9 continued. The positions of ghsytated peptides relative to transmembrane domains predicted usitte TMHMM server v 2.0 i%. coelicolor
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TMHMM posterior probabilities for SC05204 . TMHMM posterior probabilities for SCO5751 TMHMM posterior probabilities for SCO5818
12
A | A i A =
> 797-813 é- - 183-207 e 228-240
= S =
2 FE < as
E-1 ] E-1
° 5 o+ 2
o A =3
0.2 02
’ o 1‘00 200 a0n ﬂ;'.IU

400 600 00 700 ann aan 10m 0 .

50 100 150 200 280
brare insid putell s — Tran ST nbrar s— Inzide e—— putzide  e——
transmembran: — INSIHE — CUISIHE  —

Figure 4.9 continued. The positions of ghgytatedpeptides relative to transmembrane domains predicted using the TMHMM server v 28.iooelicolor
membrane glycoproteinsTransmembrane domairiadicated in red. The positions of the glggtatedpeptides are indicated with yellow arrowheadshe
y-axis indicates the probability localisation of the transmembrane domain. Pink indicates outside and blue indicates inside.
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Figure4.10 Oglycosylation site positional analysis if. coelicologlycoproteins.The O
glycosylation site localisation ratioglycosylated amino agmbsition/total number of amino
acids in the proteinA localisation rati@loser to O indicates a position closer thad¥minus,
while a ratio closer to 1 indicates a position closer thei@inus.
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Figure 4.11 Oglycosylation site motif generated from the confiden§. coelicolorO-
glycosylation sites confirmed in this studghown are fifteen amino acid®th before and
after the glycosylated serine or threonine residue.

134



Chapter 4 Glycoproteomics

4 .4 Discussion

Using a glycoproteomics strategy, the-depth characterisation of theS. coelicolor
membraneglycoproteome in this study resulted in the identification of 37 rieéwcoelicolor
glycoproteins. In addition, this study enabled the further characterisation of the previously
identified S. coelicologlycoprotein PstS (SCO4142) by the observation obpdptides,

which were not seen previously in the work carried ouMdghmeier et al. (2009)

The timecourse glycoprotein enrichment armhalysis using mass spectrometry with CID
fragmentation on the maXis HD resulted in the identification of glycopeptides belonging to
15 S. coelicolomglycoproteins. However, the localisation of glycosylation sites in these
glycopeptides was not possibla imany cases. Glycosylation sites could be assigned in
glycopeptides where only a single glycosylated residue was padsdMever,n some cases

the assignments were supported by product ions with the glycan attached. In ozeg,
there was ambiguity wer the localisation of the glycan in the glycopeptide, especially in
multiply glycosylated glycopeptide8s expectedspectra generated by CID fragmentation
were often dominated by product ions formed as a result of the preferential cleavage of
glycosidic bonds associated with a glycopepfidaddleston et al. 1993When the hexose
moadifications fragment more easily than the peptide backbone, glycosylation site positional

information is often lost.

The glycopeptide analysis by mass spectrometry on the OpbErssion with ETD and HCD
fragmentation, using the lon trap and Orbitrap mass analysers, demonstrated the merit of
performing complementary peptide fragmentation techniques in glycoproteomics
strategies. The glycopeptide analyses carried out using ETiddragtion greatly increased

the number of glycosylation sites localised, over the acquisitions carried out using HCD
fragmentation. The confidence in the glycosylation site assignments made in this study are
supported by the MBscores and assignments ofetlrespective product ion series. The
increasednumber of glycopeptide identifications maadter HCD fragmentatiocompared

to ETD fragmentationould be explained by the fact that ETD fragmentation is more efficient

for precursor ions with higher chargastates(Brodbelt 2015.

The localisation of glycosylation sites in the glycoproteins identified in this study enabled the
analysis of a glycosylation sequence motifSn coelicolor While no disinct consensus
sequence was identified, a high propensity for hydrophobic amino acid (e.g. Ala, Pro, Gly)

signatures was observed. This feature is reminiscent of sequences surrounding O
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glycosylation sites in other Actinobactefl@obos et al. 199FHerrmann et al. 1998Michell

et al. 2003 Smith et al. 2014

In some cases, there was heterogeneity in thember of glycans attached to the
glycopeptide. For example, the SCO3353 glycopeptideKRSAPECBPAGSAKR was
observed with both Haxand Hex modifications on the same threonine residue (Thr9).
Glycosylation heterogeneity has been described previousiyé M. tuberculosisA5 kDa
glycoprotein characterised Hyobos et al. (1996)Sequential protein @lycosylation irM.
tuberculosidhas been suggested to ocdara similar fashion to the eukaryotic PMiediated
process, with Pmt catalysing the first step of proteimm@nnosylation(VanderVen et al.
2005. Liu et al. (2013ajemonstrated that a second glycosyltransferase, PIimE was required
for the elongation of oligomannosyl residues on the glycoprotein FasC. It is possible that
glycoproteins are modified by a similar process Sn coelicolorand that the glycan
heterogeneity observed in this study is a result thereof. However, this idypsipeculative

and remains to be experimentally validated.

Protein Oglycosylation by Pmt was shown to be coupled to protein secretion via the SEC
pathway inM. tuberculosis suggeting that protein Gmannosylation should only affect
extracellular proteingVanderVen et al. 2005Glycoproteomis studies to date on th#.
tuberculosis glycoproteome have therefore focussed on characterisation of the culture
filtrate (GonzalezZamorano et al. 20Q9Smith et al. 2014 Many of the glycoproteins
identified here (Tables 4.8 4.6) werepredictedto belipoproteins, membrane proteins and
secreted proteins, which would agree with the dogma that proteO-glycosylation in
Actinobacteria is coupled to protein secretigia the SEC pathwallowever, a small number

of the glycoproteins identified had no predicted transmembrane domains or secretory
signals suggesting that they could be intracellular preteSimilarly, some glycoproteins
ARSYGATASR KSNB 6SNB LINBRAOGSR G2 o6S SELRN
glycoproteins thato do not conform with the existing dognwéill be discussed further in the

generaldiscussion (Chapter 7).

Upon charactesing the membrane glycoproteome B. coelicolgrwe were particularly
interested in proteins that could help to explain the antibiotic hypersensitivity phenotypes
observed previously in themt and ppm1S. coelicolostrains(Howlett et al. 201% It was
hypothesised that thé. coelicologlycoproteome could contain proteins that are important
in cell wall biosynthesis or for maintaining membrane integritythis study, at leastseven

glycoproteins have been identified that have predicted functions in the cell wall (SC04934,
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SCO04847, SCO3044, SCO3046, SCO3184, SCO4013, SCO4307). SCO4847, for example is a
putative DAla-D-Ala carboxypeptidase and low moleauleight penicillin binding protein.
These proteins are thought catalyse the hydrolysis of the terminatalanine from the
peptidoglycan stem peptidéPratt 200§. SC0O4013 is another predicted penicillin binding
protein, while SC0O4934 is a predicted L, D transpeptidgde.transpeptidasesatalyse an
alternative type of peptidoglycan crosslinking between the third position amino acids of
tetrapeptide stems, termed-33 crosslinking. L, D transpeptidases have been identified in
M. tuberculosisand were shown to be important for maintainimgll shape, virulence and
NB a A a { HactanBantibidtics{Schoonmaker et al. 2014SC03044 and SC0O3046 both
belong to the LytRCpsAPsr(LCPfamily of proteingthat were firstshown to catalyse the
ligation of wall teichoic acsl(WTA) to the MNacetylmuramic acid (MurNAc) units of
peptidoglycan irBacillus subtiligkawai et al. 2011 Other studies have demonstrated that
LCP proteins are required to attach the capsular polysaccharide to peptidoglycarhin bot
Staphylococcus aurewsnd Streptococcus pneumonig&berhardt et al. 2012Chan et al.
2014). Recently however, an LCP proteifvintuberculosigLcpl) was shown to be required
for cell viability and to attach arabinolg&tan to peptidoglycan in a cell free asgBarrison

et al. 2016.

Theseresultsdemonstratethe presence of a glycoproteome in ti$e coelicolomembrane

that is composed of many proteins that have predicted functions in cell wall biosynthesis.
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Chapter & Characterisation 0. coelicologlycans

Chapter 5- Structural characterisation of the glycans modifyir®) coelicolor

glycoproteins.

Wehmeier et al. (2009)reviously demonstrated that th8. coelicologlycoprotein PstS was
glycosylated with a trihexose by analysing tderivatised glycan usinglectrospray
ionisation (ESI) mass spectrometry (MS). Pmt (SC0O3154) was shown to be required for the
glycosylation of PstS, whiRpm1(SCO1423)asshown to benecessary for the transfer of
[uGlmannose from GDHuGimannoseonto polyprenol phosphate irthe S. coelicolor
membrane. Although themonosaccharide compositiomf the PstS glycarwas not
determined,the work byWehmeier et al. (200%9uggests that mannose is a key constituent

thereof.

In the closely relatet!. tuberculosisthe 45/47 kDa secreted antigen MPT 32 was previously
aK2gy (2 0S Y2RAFASR ¢AGK Ylyyz2alSs | a oStf
mannotriose(Dobos et al. 1996 These linkages are also observethemannose branches

of the lipomannan (LM) and lipoarabinomannan (LAM) core, as well as phtisphatidyl

inositol mannoside(PIM) family of phospholipids in mycobactefidunter and Brennan

199(Q Chatterjee et al. 1992In M. aviumthe capsular glycoprotein SmT was shown to be
glycosylated with dihexos@aylor et al. 2006 Additionally, the secreted antigen MPB83 in
M.bovisg & aK2gy (G2 0S Y2RAFASR GAGK YIyy2aSsz |
and mannotriose(Michell et al. 2008p LG A& Odz2NNBy(if & dzyOf SI NJ ¢
linkages exist iM. tuberculosisalthough they have been described in the mannan core of

Mycobacterium chelonaeAM and LMGuérardel €al. 2002.

The S. coelicolomembrane glycoproteome has been shown to consist of glycoproteins
modified with Hex, Héxand Hex glycan moieties (discussed in ChapterHywever, the

nature of the monosaccharide and the linkages involved have ybettully investigated.

The aim of the worklescribedin this chapter was to structurally characterise the glycans
modifying the S. coelicologlycoproteins that were identified ithe work described in
Chapter 4. The work in this chapter was carried outallaboration with Dr Jerry Thomas

and Rachel Bates, from the University of York Bioscience Technology Facility. All spectra

shown in sections 5.1 and 5.2 were generated by Rachel Bates.
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5.1 Mass spectrometri@analysisof O-linked glycans frons.coelicolorglycoproteins

The samples used in these experiments were obtained after the Con A enrichm8nt of
coelicolormembrane proteins, isolated after 20 h, 35 h, 43 h and 60 h of grasdlescribed

in Chapter 4, section 4.1. Previous attempts to characterise the glycans from a single
glycoprotein by another researcher in the Smith laboratory, were unsuccessful due to
difficulties encounteredbecauseof limited sampleamounts Therefore, aalyses were
carried out on the glycans from the tot&l coelicologlycoproteomeA preliminary analysis

of the collective glycans from the individual time poimtas carried outusing MALDTOF

MS The masspectrafrom each of the four time points wermsearly identical, suggesting

that there was little difference in the sample compositormherefore, the membrane
preparations from the four time points were pooled to increase the amount of sample

material.

TheS. coelicologlycoprotein fractions wereun into an SDEAGE gel for 10 mifThiswas
carried out in order toseparatethe glycqroteins from the detergent(n-dodecyt -D-
maltoside used to solubilisthem. Thetotal O-linked glycans were removed bygel, nor
NB R dzO &lkniti&ion i(asdescribed in Chapter 2)permethylated and subsequently
analysed bymatrix-assisted laser desorption/ionization Fourier transform ion cyclotron
resonance mass spectrometMALDIFFICRMS carried out on the solariX XRMS 9.4T).
Two disaccharide standaidx OSff 26A24S 6i mXn fAYy]1SR 3f dzOs
glucose) were permethylated dranalysed alongside thglycars from the pooledsample.
The high resolutio and excellent mass accuracy the solariX XRTMS 9.4T instrument
enablesaccuratemassdetermination for the identification of small molecules, suclsamll
carbohydrates.The massspectrum of theS. coelicolor -eliminated and permethylated
glycans showed signalsmtz 477.23104 and 68133104. These signalare consistent with
[M+Nafispecies for permethylated He¢gd Hi GsNac calculatedm/z 477.231DB) and Hek

(G HEPsNa - calculated m/z 681.33099 respectively (Figure 5.1.A).Intense fynals
consistent with thepresence of Haxandweaker signals fddex werealsoobserved in both
the cellobiose and maltose standards (Figure 5.1.B and 5.1.C respectvédy.intensity
ion at m/z 631.403@ was observed in th&. coelicologlycan sample (Figure 5.1)AThis
signal is consistent witthe m/z for sodiated permethylated n-dodecy} -D-maltoside

(O HB@sNa ¢ calculatedm/z 631.403335).This finding suggests that despite efforts to
remove the detergent by running th®. coelicologlycoprotein fractions into an SEFRAGE

gel for 10 minsomeof the glycosideletergent was still present in the sample.
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A high intensity signal at/z 1247.58772vasalsoobserved in thes. coelicologlycan sample
(Figure 5.1.A)n order to investigate the origiof this signalin-3 S {elimination was carried
out on a proteinfree section of an SBRAGE gel and permetlayed alongside a fresh
preparation ofS. coelicologlycans. After the analysis of both samples by matsisisted
laser desorption/ionization time of flight mass spectrometry (MALDFMS) it was found
that the signal atn/z 1247wasalso presentn the reagentcontrol, submitted to conditions
for in-3 S telimination of the proteirfree SDSPAGE gepiece (Figure A.16)Product ion
analysisof the contaminantion atm/z 1247in the S. coelicologlycansample was carried
out usingMALDITOFMS/MS The product ion spectrum was dominatedibys differingby
204 m/z units, suggesting the pesenceof an oligssaccharide that was made up loéxoses
(Figure 5.2) Them/z value of 1247, anthe absence ofignals indicating a loss 221 m/z

units is conistent with a cyclic glucagbell et al. 198 in this case containing six residues.

It is well established that the signal intensitiespafrmethylatedcarbohydratesn MALDI
mass spectra are directly related to the concentration of those carbohydrataséample
(Wada et al. 2007 The ion am/z 1247.58772 in th&TFICR spectrum from th8. coelicolor
glycan sampleHigure 5.1.Awas more than double the intensity of the next most intense ion
in the spectrum(m/z 477.23100), suggesting that the contaminant was the most abundant
carbohydrate in the sample. The ion @tz 1247.58772 is consistent with tha/z for a
sodiated permetlglated Hex cyclc glucan(CHjin G Ma ¢ calculatedm/z 1247.588420)" -
Cyclodextrin ismexample of @&yclicoligosaccharide consisting of six glucose units linked via
h-1, 4 linkageslt is likely that theHex cyclc glucan in theS. coelicologlycan samplésh -
cyclodextrinthat originated fromthe SafeBlue protein stain (NBS Biologicals Ltd) used to
stain the SD®AGE gelsprior to carrying out the ifH S f-elimination. While the
manufacturer would not confirm this due tdcontractual obligionst = (G KSh-dzd S
cyclodextrin in Coomassie blue based protein assays has been showneadtroakipatible

with detergents(Rabilloud 2016

The presence in the sample of a large amount of what is prothabjglodextrinraises the
concern that the Haxand Hek species could have arisen from this by hydrolydmwyever,
there is no evidence, even at very low abundance, of linear{ealculated m/z
1293.63028) Hexb(calculated m/z 1089.53050}), Hex¥ (calculated m/z 885.43072768)
(Figure5.3 AC)or indeed a hgose monosaccharidgalculatedn/z 273.13141}hat would
also be expected products of such hydrolysis, making it very unlikely that thexki¥ex

species derive from the contaminant in this way.
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Figure 5.2The production spectrum of thecontaminantion at m/z 1247from the S. coelicologlycan ample, analysed by MALETOFMSMS.
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In order to further investigad the ions corresponding tdex (m/z477.23119) and Hex (m/z
681.33®6) in the S. coelicologlycans and the standards, CID of the ions was carried out.
Tandem mass spectrometric analysis of the iormét 477.23119 from the S. coelicolor
glycansample yielded product ioms/z 259.11%19 and 241.1049gFigure 5.4A). These ions
are consistent with then/z for the diagnostic sodiatedsYG Hi @bla ¢ calculatedm/z
259.115760)ragment ion andYs exhibiting a neutral loss ofiB® (or a sodiated Bion:
GsHs k h gbalculatedm/z 241.105195), respectivel\Bimilarly, sodiatedrsand YHI O
fragment ions were observed in th@oduct ionspectra ofthe ions atm/z 477.231 inthe
cellobiose ad maltose standards (Figure 5.4.B and.G.4espectively). Tandem mass
spectrometric analysis of the ion at/z 681.33®6 from the S. coelicologlycan sample
yielded product ionsn/z 463.2108 and 259.1184 (Figure 5.54). These ions are consistent
with the m/z for the diagnostic sodiated YG3HI @GsN&¢ calculatedn/z 463.215535) andsy
(G H @blag calculatedm/z 259.115760) fragment ions, respectively. The sodiaiegind
Ysfragment ions were observed in thproduct ionspectra ofthe ions atm/z 681.330for a
low level Hexcontaminantin both of the standards suggesting the presence of cellotriose
and maltotrioserespectivelyFigure 5.5.B and 56). AdditionallysodiatedBi (m/z 445.205
fragment ionswere observed in th@roduct ionspectra ofthe ions atm/z 681.330in both

of the standards Taken together, these resultemonstratethe presence of disaccharides
and trisaccharides in th&. coelicologlycans.Additionally, the cellobiose and maltose

standardswvere shown to contaimisaccharide as expecteals well as some trisacatide.

5.2 Methylation and linkage analysis d&. coelicologlycans

After determining the presence of disaccharides and trisaccharides fA.tbeelicologlycan
sample, methylation analysis was carried out in order to investigate the linkages present in
the S. coelicologlycans. Methylation is an important step in the analysis of the structure of
a carbohydrate and can be used to determine the linkagesept, as illustrated ifrigure

5.6 (Carpita and Shea 1989During this procedure the glycans are methylated,clwh
modifies all of the free hydroxyls to become methoxy groups. The hydroxyls participating
the linkageand the closure of the monosaccharide ringse protected. The partially
methylated glycans are then subjected to acid hydrolysis, which breakglftoesidic

linkages and reveals the unmodified hydroxyls. The information regarding the anomeric
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Figure 5.AMALDIFFICRMS analysis of the precursor ions at/z 477.231demonstratethe presence oHex. The precursor ions ah/z 477.231in the S.
coelicolorglycans (A), cellobiose (B) and maltose (C) standards are indice. #_. by
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Figure 5.9VALDIFFICRMS analysis of the precursor ions at/z 681330demonstratethe presence of trisaccharide3.heprecursor ims atm/z 681 in the
S. coelicologlycans (Axnd the standardscellatriose (B) and maltotrioséC) are indicated b, # .
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Figure 56 Methylation analysis of maltoseCarbohydrates are methylated, resulting in the modificatioratbfof the free hydroxyl groups. After acid
hydrolysis, the partially methylated monosaccharides are reduced, acetylated and analysedis, GC
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O2y FAAdzNI GA2Yy O6hki 0 A& 230 RdNAy3I (GKAa ai
NBERdzOSR dzaAy3 bl .5)] @gKAOK NBRdzOSa GKS I f R24a¢
the anomeric carbon atom (C1 in this case) with a deuterium atom. Finadlypdttially

methylated alditols are acetylated to increase their volatility 8EMS analysis, which

results in the acetylation of the free hydroxyl groups. The acetylatiomasttiylation direct

the electron ionisation (Eipducedfragmentation of the prtially methylated alditol acetate

(PMAA) which allows the structure of the PMAA and thus the substitution pattern of the

original monosaccharide to be determinedVhen analysed by GES, the partially

methylated alditol acetates(PMAA3 fragment in a prdictable manner and these
fragmentation patterns can be used to deduce the original distribution of methoxylated and
acetoxylated carbonan the carbon backbongarpita and Shea 198%leavage is favoured

between adjacent carbon atoms bearing methoxyl groups, dhkat between adjacent

carbons bearing a methoxyl group and an acetoxyl grdtigue 5.7. Due to the little

electronic influence exhibited by methyl ethers on the alditol carbon, if cleavage occurs
between two adjacent methoxylated carbons, carbonium ions of either fragnasat

produced at an equal frequency (Figure 5.7.A). However, cleawdgedn adjacent carbons

one of which is methoxylated and the other acetoxylated results in a cation formed
exclusively by the methyoxylated carbon (Figure 5.7.B). This is due to the electron
withdrawing function exhibited by the keto group of the acetybstitution. Therefore, only

the fragment incorporating the methoxgtied carbon is observed after-HIS.

An example of the predicted fragmentation of a a@ducing terminal (i.e. bubstituted)

hexoseis illustrated in Figure 5.&leavage of the alditehain usually results in fragments

with two, three, four and five carbor(€arpita and Shea 198%leavage is¥@ured between

C2C3 and C&4 resulting in fragments af/z of 118 and 205, and 162 and 161 respectively.

In the less likely event of a cleavage between a methoxylated and an acetoxylated carbon

such as between @85, the fragment ion amn/z 206 is obsered. In addition to primary

FNI IAYSYidlGAaA2ys aSO2yRINE FTNFX3IYSyda OFy NBadf
of 60m/zdzy A a0 S YSUKI yalzdayAlAWIET FRANXE f RBWBRS 6/ |
dzy AGao FyR 1SOSyi/Bunits)/ | i / hT t2&aa 2F nH

TheS. coelicologlycans were permethylated, hydrolysed, reduced and acetylated, and the
partially methylated alditol acetates (PMAAS) were subsequently analysed-MSGKheS.
coelicologlycan derived PMAAs were analysed alongside PMAAsrofosa and glucose as

standards (provided by the Proteomics Laboratory of the York Bioscience Technology

Facility).
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Figure 57 Primary fragmentation of PMAAs occurs more favourably betweadjacent
methoxylated carbonsA. Fragmentation between two methglated carbons generates
cations of either fragment at an equal frequency. B. After fragmentation between a
methoxylated and an acetoxylated carbon, only cations from the fragment bearing the
methoxylated carbon are produced.
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Figure 58 The predictedprimary fragmentation of a PMAA from a terminal hexos&he

most likely fragment ions are predicted to result from the cleavage between two
methoxylated carbons, such as the fragmentsnét 118, 205, 162 and 161. Fragmentation

is also possible between riwxylated and acetoxylated carbons, such as betweeiC&4
However, only the fragment bearing the methoxylated carbon is observed in this case, the
fragment atm/z 206.
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The mass spectra enabled the assignment of the resulting PMBsidentities of tle
monosaccharides were determined by comparison of the retention times of component
peaks in the sample, with the peaks in the glucose and mannose standard derived PMAAs
that were separated under the same conditioiffie GEMS analysis of the PMAAs derived
from the permethylateds. coelicologlycans gave peaks corresponding to terminal mannose,
2-substitutedmannose, 4substitutedmannosed-substitutedglucose and terminal glucose,

as well as spectra consistent with the respective hexitols (Table 5.1; Figur& 27

As an example, the mass spectrum efubstitutedmannose is shown in Figuse9. A peak
was observed in th&. coelicologlycan sample with a retention time of B85 min, that
corresponded to the retention time (1585 min) of the 2substitutedmannose peak in the
PMAA mannose standar@he mass spectrum of the peak in the mannose standard was
consistent with a Zubstituted hexitol, since diagnostic product iola$ m/z 190 and 161
resulting from the cleavage between €3 were observed (Figure95d). Additionally,
secondary fragment ions were also observedanét 130 and 129, resulting from the loss of
acetic acid and methanol respectively. Similarly, producs diagnostic of the-8ubstituted
hexitol m/z 190, 160, 130 ,129) were observed in the mass spectrum of the peak & the
coelicolorglycan sample (Figure ®B). Therefore, the peak the PMAA data from the

sample wasdentified as 2substitutedmanno®.

The observation of 4$ubstitutedglucosecan be explained bgontamination of the sample
with 1 -cyclodextrinan oligassaccharide composed bf1,4 linked glucosenits. The presence

of n-dodecyl -D-maltoside which is composed of malto$eX,4 linked glucose) with an alkyl
aglyconecould also be a source of thestibstituted glucosgas well as the terminal glucose
After acid hydrolysisthe glycosidic bond linking the two glucose units, as welthas
bondingthe alkyl chain to the disabaridewould be cleaved, resulting terminal and 4
substituted glucosederivatives The chromatogrampeak intensity of the 4ubstituted
glucose in thes. coelicologlycan sample was more than three times that of terminal glucose
and more than forty tinas that of terminal, Zubstituted and 4substituted mannoséFigure
A.21) This is consistent with the observation tthe h -cyclodextrincontaminantwas the

most abundant carbohydrate in th&. coelicologlycan sample (Figure 5.1).

Taken together, these results suggest that $reoelicologlycans are composed of terminal,

2-substitutedand 4substitutedmannose.
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Table 5.1 G@G/S analysis of the PMAAs derived from the permethylated glycans, released
by nonNB R dzO-élilni@efion iof S. coelicologlycoproteins.The GEMS chromatograms
for each peak are shown in Figure A.21.

Monosaccharidé Retention time (min)2 | Fragment ions of the PMAAN)/z)
2-substitutedmannose 15.585 190, 161, 130, 129
4-substitutedmannose 15.751 233,118, 162173

Terminal nannose 13.650 102, 118, 129, 145, 161, 162, 2(

Terminal ¢ucose 13.556 102, 118, 129, 145, 161, 162, 2(

4-substitutedglucose 15.839 233,118, 162173

1 Themonosaccharideesidue was identified by diagnostic fragment ions observed in the
mass spectrum of thBEMAAs (Figures A.44.20) and by celution with mannose or glucose
standards from the colum(Figure A.21).

2 Retention time of the PMAAs separated by GC.
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Figure 59 GC massspectum determining 2-substituted mannose in the partially
methylated mannose standard (A) and th8. coelicologlycans (B)Diagnostic fragment
ions arem/z 190, 161, 130 and 129 are indicated.
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5.3 Analysis of disaccharides and trisaccharides in Shecoelicologlycans

After determining thatthe S. coelicologlycans were composed of terminaks@bstituted

and 4substituted mannose, an analysis of the di/tri saccharide alditols bMIG@as carried

out. This experiment was carried out to investigate the arrangement of the linkages
identified in the analysis of PMAASdble 5.} in the disaccharide and trisaccharide. The
coelicoloraf 8 OF ya ¢ SNB NBwhitOr&dRcesditie Zalyo3e tdform &nj alitol

and simultaneously tags the anomeric carbon atom (C1) with a deuterium(&iguores.10).

The di/trisaccharides were methylated which modifies all of the free hydroxyls to methoxy

groups. The permethylated di/trisaccharide alditols were then analysed byM&C

5Aal OOKI NR R&n Yi X yizSE HthdzO2a S0 >3Man)wee Y I Yy 2 ¢

prepared andanalysedalongside thes. coelicologlycans as standards.

In the case of a disaccharide, the molecular mass of the monosaccharide units and the
position of the glycosidic linkage cdme determined based on the GC massectra
(Karkkainen 1970 The primary fragmentation patterns that are expected from the-2],

(1->3), (>4) and (3>6) linked permethylated disaharide alditols are exemplified igure

5.11 In the case of hexose disaccharides, ionsat 219 (B and 236(Z9 are expected to

form through the cleavage of the hexose unit from the molecule and from the cledawage
generate an ion containinidpe alditol unit respectively. Secondary and tertiary fragments of
these ions atn/z 187 (219 32), 155 (18% 32), 204 (23& 32) and 172 (204 32) resulting

from a loss of one and two molecules of methanol are also expected. Fragmeniidiom

the alditd enables the assignment of the glycosidic linkage.

In the case of a trisaccharide it is possible to determine the molecular mass of the
monosaccharide units and the glycosidic linkage ® alkditol unit, based on the GC mass
spectrum (Karkkdinen 1971 The primary fragmentation patterns expected from
permethylated trisaccharide alditols with -€2), (£>3), (3>4) and (2>6) linkagedo the

alditol are exemplified in Figure 5.12. In the case of unbranched trisaccharides composed of
hexoses, ions formed through the cleavagfehe hexose unit and of the alditol unit from

the molecule (atm/z 219 (Bs, 236 (29, 423 (B and 440(4)) are expected, as well as
secondary and tertiary fragments resulting from loss of methanol. As in the case of the
disaccharide alditols, fragmentation of ttadditol backboneenables the assignment of the

glycosidic linkagto the residie.
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Figure 510 Analysis of methylated di/trisacchade alditols exemplified using altose. Carbohydrates areeduced usindg I . ,3nethylated and analysed
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Figure 511 The predicted primary fragmentation of permethylated ldgéxosealditols with (1->2), (2>3), (£>4) and (3>6) linkages.
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Figure 5.2 The predicted primary fragmentation of permethylated, unbranched trisaccharide alditols witk>@), (£>3), (+>4) and (3>6) linkages
respectively.

157



Chapter & Characterisation 0. coelicologlycans

A. Standards

¢KS NBfIGAGS NBGSydaAiAz2y GAYSa 27F dderbed YI £ (22
methylated disaccharide alditols were9®0min and 9.875 min respectively, and the partial

mass spectraataare summarisedn Table 5.2. The fragment ion intensities are shown as a
percentage othat of the base peak ah/z 88, for each individal spectrum. The ions at/z

219 and 236 formed as a result of the cleavage of the hexose unit and the alditol unit from

the molecule respectively (Figurel8), were observed irthe spectra ofboth of the

standards. These ions can undergo secondary artidtg fragmentations by the loss of one

and two molecules of methanol, resulting in ionsnafz 187 (219- 32), 155 (18% 32), 204

(236¢ 32) and 172 (204 32) respectively. The secondary and tertiary fragmentation ions

were all observed ispectra ofthe standards. Taken together, these ions are indicative of

hexosecontaining disaccharides.

The absence of ions am/z 177 and 178 irthe spectra ofboth standards rules out the

possibility of (3>2) or (>6) linked disaccharidesespectively The deuterion was

necessary to distinguish between theflo 0 6 h o Y I y y-Up(hdtdsd linked Y R 6 ™
disaccharide. The {24) linked disaccharide identified by the presence ain/z 134 arising

from the cleavage between the C3 and C4 bonds in the alditoltyn@tegure 51L1; Table 5.2),

which is absent from thepectrum of the(1->3) disaccharide. Similarly, the presence of the

ion atm/z 133 in thespectrum ofthe® 0 Y I Yy 20A23&S &GFyYyRINR | 2y 3
the ion atm/z 134 identifiesthe (1->3) linkeddisaccharideDue to the mass ctuff of the

instrument, ions aim/z 45 consistent with the cleavage between C5 and C&Zj1 (1>3)

and (2>4) linked disaccharides) andratz 46 consistent with the cleavage between C1 and

C2 in the alditol moiety ((£2), (:>3), (2>4) and (3>6) linked disaccharides) could not be
observed. The low intensity of the higher molecular mass fragment iam#zat25, 426, 381

and 382 meant that thee ions were not particularly useful as diagnostic fragment ions in the

linkage assignment. The ionsmatz 89 and 90 were not useful in distinguishing between (1

>3) and ($>4) linked disaccharidedue to the presence of the isotope peaks of the
prominent ion at m/z 88. Therefore, the glycosidic linkage assignment is based on the

product ions aimm/z 177, 178, 133 and 134.

B. Sample

A peak in theS. coelicologlycan sample with a retention time of80 min was observed.

The similarity in the retention timef the peak in the sample compared to the peaks in the
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YIEG2a8 YR ho YlIyy2oAa2asS &GFyRINRET &dz3384(

The partial mass speetrdata of the unknown methylated disaccharide alditol in thS.
coelicolorglycan samplés shown in Table 5.2. The fragment ion intensities are shown as a
percentage othat of the base peak ain/z 101. The ions an/z 219 and 236, as well as the
secondary and tertiary fragment ions resulting from a neutral loss of methanmlal87,

155, D4 and 172 respectivelare consistent witthexose residuesThe ion aim/z 134 was
more than double the intensity of the ion at/z 133, suggesting that the disaccharide could
be either (2>4) or (2>6) linked. However, the low abundance of the ionnatz 178
compared to the ion atn/z 177 rules out the possibility of a-646) linked disaccharide. These
results suggest the presence of alidked disaccharidealditol made up of hexose
monosaccharidesA second peak with a retention time of 12.985 min whseayved in thes.
coelicolomglycan sample, where the masgectrum contained product ions that appeared to
be consistent with the fragmentation of a permethylated trisaccharide alditol. The partial
mass spect data fromthe peak is shown in Table 5.2.€Tfragment ion intensities are
shown as a percentage of the base peak&t 88. The later retention time observed (12.985
min) compared to the disaccharide standards (~ 9.9 min) suggests that the peak is not a
disaccharide. The ions at/z 219 and 236, awell as the secondary and tertiary fragment
ions resulting frormeutralloss of methanol an/z 187, 155, 204 and 17&e consistentvith

the presence ofiexoseresidues. The ion observed ah/z 440 is consistent wita Z fragment

ion of apermethylated trisaccharide alditol (Figure 8)1TheBi fragment ion atm/z 423

was observed in very low abundance. The higher abundance of tla otz 133 compared

to the ion atm/z 134 suggests that the linkage is either>d) or (2>3). The highe
abundance of the ion ah/z 177 compared to the ion ah/z 178 suggests that the linkage is
not (1->6) but could be 2). The fragment ion ah/z 89 was more than six times the
intensity of the ion am/z 90, which is consistent with a-12) linkageAdditionally, higher
molecular mass ions consistent with aX2) linkage ain/z 498, 542 and 586 were observed

in low abundance. No ions were observednatz 629 or 630. These results suggest the

presence of a (b2)substitution of the alditol residue ithe trisaccharide.

Taken together, these results provide evidence for &4} linked disaccharide in th®.
coelicolorglycan sample. Additionally, there is preliminary evidence of a trisaccharide with a
(1->2) linkageo the alditol moiety However, wihout an appropriate trisaccharide standard

it was not possible taetermine the expectedntensities of thediagnosticfragment ions of

a permethylated trisaccharide alditol. In addition, a3@) linked di/trisaccharide standard
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Table 5.2Partial mass spectraata from the methylated disaccharide and trisacahde
alditols analysed byGCMS. lonspertinent to the structural interpretations of the glycans
are shown.ntensitiesare shown as a percentage of the base peak.

Sample Maltose oh alyy? Sample

m/z (RT:9.80min) | (RT:9.90min) | (RT:9.88Bmin) | (RT:12.85min)
88 88.1 100.0 100.0 100.0
89 33.5 53.1 26.2 29.6
90 13.3 21.1 13.1 4.7
101 100.0 100.0 94.2 69.0
133 3.1 3.2 5.6 8.8
134 6.6 10.4 0.8 5.0
145 9.0 12.3 5.4 13.9
146 1.8 2.2 2.0 4.4
155 18.0 25.7 7.4 12.2
172 10.3 18.0 15.5 10.1
177 1.7 0.3 0.2 3.1
178 1.2 0.6 0.1 1.2
187 64.3 99.5 33.1 24.2
204 1.6 1.6 0.6 1.2
219 9.5 12.6 19.6 6.4
222 0.8 0.4 0.6 1.3
236 30.6 50.7 28.2 59.4
249 1.4 1.3 0.8 1.1
293 0.7 0.6 0.3 0.4
294 0.5 0.1 0.1 0.4
296 2.7 3.4 3.7 0.7
337 0.1 0.1 - 0.4
338 0.1 0.1 0.1 0.2
359 - - - 0.4
376 - - - 0.3
381 0.2 0.3 0.0 0.4
382 0.2 0.3 0.1 0.4
391 - - - 0.4
408 - - - 0.3
423 - - - 0.4
425 0.2 0.3 0.0 0.3
426 0.2 0.4 0.0 0.3
440 - - - 4.4
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Sample Maltose oh al yyj: Sample
m/z (RT:9.89min) | (RT:9.90min) | (RT:9.83min) | (RT:12.85min)
498 - - - 0.1
541 - - -
542 - - - 0.1
585 - - -
586 - - - 0.2
629 - - - -
630 - - - -
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could help to determine the lower molecular mass fragmentation pattern of tke)llinked

sugar.

5.4 Discussion

In order to characterise the glycansodifying theS. coelicologlycoproteins, the glycans
were analysed by mass spectrometdsing MALDFFICRMS, the S. coelicologlycans were
shown to containHex and Hek There was significant contamination of tise coelicolor
glycan sample witla Hextcyclic glucanprobablyh -cyclodextrinmost likely to have come
from the SafeBlue protein stain used to stain the ¥BSE geldherewas no evidence of
partiallyhydrolysed and permethylated forsof h -cyclodextrin, suggesting that the Hand
Hexi 2 0 a S NJ8.Xérlicaloflycanks&nple were unlikely te h -cyclodextrinderived
Additionally, despite efforts to remove the detergerdodecyt -D-maltoside somelow

levelcontamination was observed in ti& coelicologlycan sample.

Thepresence of Heéxand Hex A 5. ctielcBloglycansis consistent withobservations
made in the glycoproteomics characterisation of t8e coelicolomembrane proteome,
where glycopeptides were shown to be modified with Hex,iHaw Hex glycan moieties
(Chapter 4). Additionally, the previously characteris®d coelicolorglycoprotein PstS
(SC0O4142) was shown to be modified with a trihex@sehmeier et al. 2009 The
carbohydrate methylation and linkage analysfsthe S. coelicologlycansresulted in the
identification of terminal, 4substituted and Zubstituted mannose, as well as terminal and
4-substituted glucoseThemain sourceof the 4substituted glucose is most likely be the
h-cyclodextrin however the rdodecyl -D-maltoside could also have contributed to this.
The most likely source of the terminal glucose is théodecyh -D-maltoside. The
identification of 2substituted mannose in theS. coelicolomglycans was not surprising
considering the similarity to the pathway . tuberculosiswhere the glycoprotein MPT32
gl & LINBDAZdzaAf & aKzgy G-BH®SYINZRAFABREHA VK
mannotrio®e (Dobos et al. 1996 The identification of 4ubstituted mannose in theS.
coelicolorglycans however, was surprising since there is no record in the literature>d) (1
linked mannose in Actinobacterial glycoproteins. T¢@nfiguration (h/i) of the linked
mannose monosaccharides identified in this study was determined since the non
reductive i -elimination removes all @nked glycans nospecifically. Additionally, the
anomeric confgurationof the monosaccharides identified in the linkage analysis is lost after

hydrolysis.
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The methylation analysis of the di/trisaccharides in this study provides preliminary evidence
of a trisaccharide with a ¢22) linkagewhichis consstent with observation of Zubstituted
mannose in theS. coelicologlycanson linkage analysis. Additionally, the observation of a
disaccharide with a (24) linkage woulde consistent with thebservation of 4substituted
mannose in thes. coelicologlycanson linkage analysislaken together these results could
suggest that the glycans modifying tHe. coelicolorglycoproteins are composed of
trisaccharides that contain {22) linked mannose, and disaccharides that contair4)L
mannose.Since onlyhe linkage to the alditol in the permethylated trisaccharide alditol was
characterised, it is possible that the trisaccharides are composed of betB)(and (1>4)
linked mannose chains. However, this remains to be experimentally validatedtdue
contamination of theS. coelicologlycansamplewith "-1, 4 linked glucose containing
carbohydrates(-cyclodextrin and fdodecy} -D-maltoside), the origin of the disaccharide
with a (1:>4) linkage in th&. coelicologlycan sample could not be conclusivégtermined.

To gain more conclusive evidence that ti{@->4) linked disaccharide isS. coelicolor
glycoprotein derived,these experiments should be repeated with measures taken to
eliminate the carbohydrate contaminants. SBAGE gels could be stainedw@oomassie
blue R250 stain without added cyclodextriide 201). Additionally, the solubilisation .
coelicolormembrane proteins could be carried owfith a nonglucoside detergenor its

removal could be monitored mass spectrometrically before kadtaination is carried out.

Due to the experimental approach used in this study, where the glycans eliminated from the
total S. coelicolomembrane glycoproteome fractions were analysed, it was not possible to
determine which glycoproteins the respective di/trishacides originated from. However,

the previous characterisation of th8. coelicolomembrane glycoproteome in this work
(Chapter 4) hasesulted the identification of 37 new glycoproteins, which could serve as
targets for any future validation of the workeported in this chapter, on a single
glycoprotein. The use of commercially availablglycosidases that are specific for certain
3f 202aARA0O fAY(1lFI3Sa o0SdId h m3 Helinihagoy fdrdhe R a4 S0
removal of glycans, whilst enad the determination of the anomeric configuration of the
glycosidic linkagesAdditionally, the Glyconeeroligosaccharide synthesiséasedin the
University of York Deptinent of Chemistrycould be used to synthesise an appropriate

disaccharide and tsaccharide standard.
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Chapter 6¢ Characterisation of knockout mutants igenes encoding

glycoproteins required forcell wall biosynthesis.

Among the diverse physiological roles of proteknglgcosylation in nature, the importance

of glycosylation for maintaining growth and cell wall integrity has been widely reported. In
fungi, the disruption of PMT family proteinasibeen shown to result in changes in growth,
cell morphology, and cell wall rigidity and integr{gentzsch and Tanner 1998rill et al.
2005 Mouyna et al. 2010Guo et al. 2016 In M. smegmatis pmt mutants displayed a
reduced tolerance to cell wall stress induced by SDS treatment, suggesting changes in the
cell wall compositiorLiu et al. 2013g Additionally, Ppm1 iM. tuberculosi®ias been shown

to be required for the synthesis of the cell wall glycoconjugates, lipomannan and
lipoarabinomannan{Gurcha et al. 2002 RecentlyHowlett et al. (2016Jemonstrated that
mutants defective in proteins required for the protein-@ycosylation pathway irS.
coelicolor(discussed in detail in Chapter 1), were hypersusceptible tewedlltargeting
antibiotics. Theyypothesised that protein @lycosylatiorin S. coelicolois required for the
optimal function of membrane and periplasmic proteins, including cell wall biosynthetic

enzymes.

During my characterisation of th8. coelicolomembrane glycoproteome (Chapter 4) a
number of glycoproteins with predicted functions in the cell wall were identified. Included in

these were two putative peptidoglycan biosynthetic enzymes, SCO4847 and SC04934.

SC04847 is a-Ba-D-Ala carboxypeptidasend predicted low moleculamasspenicillin
binding protein (LMM PBPJSauvage et al. 2008 The prediction of a -@rminal
transmembrane domain in SCO4847 (Chapter 4, Figure 4.9) is consistlerprevious
observations that many LMM PBPs are membrane associ@sait 200§. D-Ala-D-Ala
carboxypeptidases recognise the terminala-D-Ala of stem pentapeptides or the already
crosslinked analogudPratt 2008. The reaction of the enzyme with the peptide stem results
in the formation of an acyl enzyme intermediate, whibken undergoes hydrolysis to cleave

the terminal DAla residue and thereby limiting crosslinking (Figure 6.1).

SCO04934 is a putative L, D transpeptidase. L, D transpeptidases were first reported in
Enterococcus faeciufout have since been discovered in other bacteria, includingpli,
Bacillus subtidiand M. tuberculosigMainardi et al. 2002Magnet et al. 2007Bramkamp

201Q Sanders et al. 20)4As discussed in Chapter 1, D transpeptidases catalyse the

crosslinking between the third amino acidfimonly meso diaminopimelic acifimesc

165



Chapter 6&; Characterisation of glycoprotein knockout mutants

DAP) of tetrapeptide stems (knowms 3>3 crosslinking). This is in contrast to the more
widely studied crosslinking between the fourth and third amino acids respectively (normally
mescDAP and Ealanine) of peptidoglycan stem pentapeptides>@ crosslinking) that is
carried out by PAla-D-Ala transpeptidaseg$vollmer et al. 2008 Both 3>3 crosslinking and

4->3 crosslinking hee been observed i5. coelicolofHugonnet et al. 2014

The aim of the work in this chapter was to understand the roles of the cell wall active
glycoproteins SC0O4934 and SCO484. noelicoloBy the characterisation aito4934and
sco484/knockout mutants, | aim to investigate whether loss of these glycoproteins is likely
to contribute to the antibiotic hypersensitivity phenotype observed previously in She
coelicolorglycosylation deficienpmt mutant, such as DT1025 (discussed in Gévapy. The

S. coelicoloparent strain, J1929, will be used for generating the gene knockouts. | expect

the mutations might result in one of several possible phenotypes:

1. A phenotype similar tohat of the parent strain. This phenotype could be indicative
of protein functional redundancy and that loss of this glycoprotein does not
contribute to the antibiotic susceptible phenotype in thent mutant.

2. A phenotype resembling that of DT102&t). Loss of this glycoprotein probably
contributes to theantibiotic hypersensitivity phenotype in themt mutant.

3. A phenotype with increased antibiotic susceptibility to that of DT1025. This
phenotype could indicate that both the glycosylated and the unglycosylated
isoforms of the protein have a role in the intrinsic dniic resistance we observe

in the parent strain.
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Figure 6.1 Sematic summary of the functiorof D-Ala-D-Ala carboxypeptidase$n peptidoglycan crosslinkingD-Ala-D-Ala carboxypeptidases recognise
the terminal DAla-D-Ala of stem pentapeptide&b) or the already crosslinked analogu@g (1). The reaction of the enzyme with the peptide stem results in
the formation of an acyl ezyme intermediate (2), which then undergoes hydrolysis to cleave the termiAi Esidue (3).
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6.1 Transposon insertion mutagenesis of genes encoding glycoproteins SC04847, SC0O4934
and SCO5204.

In order to investigate the functionsf the putative celwall biosynthetic enzymes SC0O4934
and SC0O4847, transposon insertion mutant strains were constructed. A transposon insertion
mutant in sco5204was also constructedsco5204encodes a putative integral membrane
protein of unknown funcbn, previously identified as a glycoprotein after the CID mass

spectrometry analysis of Con A enriched membrprageins(Chapter 4Table 4.1).

The mutants were constructed by taking advantage of$heoelicolotransposon insertion
cosmid library avéable from Dr Paul Dyson (University of Swansea). The positions of the
transposon insertionsn sco5204, sco4934nd sco4847(indicated in Figure 6.2) were

identified using the StrepDBhtfp://strepdb.streptomyces.org.uk Conserved domains in

each of the three protein sequences were predicted using the Conserved Domain Database

(http://www.ncbi.nlm.nih.gov/Structure/cddivrpsb.cgi and transposon insertions

positioned upstream of these were selected for mutant constructiime cosmids witlhe
transposon insertions werisolated from the strains sent by Meirwyn Evans (University of
Swansea). Restriction digestion of thesmids with EcoRI confirmed that the cosmids
contained Tn5062 at the correct site (Figure 6.3, Table BHg.cosmids weratroduced
into E.coliET125674UZ8002 and then intcS. coelicolod1929 as described in Materials and
Methods.

The gramycin resstant, kanamycin sensitive exconjugates from 2#&t3B6.1.G0J1929,
2St3B6.1.G081929transposon insertions sc05204 and 2SCK31.2.F11929 (transposon
insertionin sco4934 conjugations were screened I8outhern blot analysis to verithe

genomic integration of thecosmids (Figure 6.4 6.5). Genomic DNA isolated from the
2St3B6.1.G02192%nd2St3B6.1.G08192%xconjugates was digested with XH®imilarly,

the genomic DNA isolated from tIi#SCK31.2.F111929 exconjugates was douldligested

with Scal and Sacl. The digested DNA was separated in a 1 % agarose gel and blotted onto a
Zeta probe membrane (Bigad) as described in the Materials and Methods. The probes were
prepared by amplifying a region upstream of tlse05204and sco4934genes, and
downstream of theXhol 214 bp) (Figure 6.4.A) and Sadl47 bp) (Figure 6.5.A) restriction

sites respectively, using PCR.
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Unknown protein family
UPF1082 (e = 0e+00)

A
( 3
aa 26 - 815
SCO05204 300200
A A
296 bp 1201 bp
Tn5062 (2st3B86.1.G02_3B6_004_2008-03-19) Tn5062 (2st3B6.1.G06_3B6_036_2008-03-19)

Tn5062 (2scK31.2.F11_0403170650)
430 bp

\ 4
SC04934 .. bp >

(aa 149 - 247)  (aa 254 - 384) ‘
' ‘ r
LDT_IgD_like_2 YukD
cd13432 pfam03734
e=2.81e-39 e=6.23e-15

Transpeptidase super family

cl21491
e= 2.9‘3e-36

(aa 75 - 309)

SCO04847 12471

A
17 bp

Tn5062 (5G8.1.A11_095_2006-11-07)

Figure 6.2 Conserved domains and the positions of the transposon insertioss®204
sco4934and sco4847 SC0O5204 is predicted to belong to an uncharacterised family of
integral membrane proteins (UPF1082). SCO4934 has a predicted IgD domain of
actinobacterial LD transpeptidases (LDT_IgD_like_2) as well as the catalytic YukD domain of
L, D transpeptidases.@04847 has a predicted penicillin binding protein transpeptidase
domain (cl21491)The expect (e) scores of each predicted domain generated by the CDD are
indicated.Positions of the transposon insertions in the cosmids selected for mutagenesis are
indicated by red arrow heads.
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SC04934 SC04847
::Tn5062 :: Tn5062

Figure 6.Restriction digests of the transposansertion cosmids with EcoRThe digested

cosmids were separated in a 1 % agarose gel. Cosmidaining a transposon insertion in

s$c05204(2St3B6.1.G022St3B6.1.G06are indicated in panel A. Cosmidsntaining a

transposon insertionn sco4934(2SCK31.2.F11) asdo4847(5G8.1.A11) respectively are
indicated in panel Brhe genotypes of the cosmids are indicated at the bottom of each panel.

Table 6.1Expectedfragment sizes for theransposon insertion containing cosmidsfter
restriction digestion with EcoRl.

Expected frgments sizes (bp) after
Gene Transposon cosmid EcoRMdigest
sc05204 25t3B6.1.G02 38839, 6792, 6791, 5942, 782, 1
sc05204 25t3B6.1.G06 39744, 6792, 6791, 5037, 782, 1
sc04934 2SCK31.2.F11 24662, 13432, 6791, 3172, 782, 1
sco4847 5G8.1.Al11 16696, 12103, 12058, 6791, 782, 1
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A signal at ~ 2405 bp was observed in all 0f2883B6.1.G02:J1929 exconjugates screened,
while the wild type signal at 3035 bp was absent (Figure 6.4.C). These results indicate the
presence of double crossvers, thus confirming the successful generationsob5204
mutants. None of the 2St3B6.1.G06:d9%xconjugates were confirmed as double cross
overs, as it was difficult to distinguish between the wild type signal at 3035 bp and the

mutant signal at 3310 bp.

A signal at ~ 1901 bp was observed in all of the 2SCK31.PLB29 exconjugates screened,
while the wild type signal at 987 bp was absent (Figure 6.5l@&se results indicate the
presence of double crossvers, thus confirming the successful generationsob4934

mutants.

Attempts to confirm thesco4847mutants using Southern blotting were uncessful,
therefore the genomic DNA from the@eamycin resistant, kanamycin sensitive exconjugates
from the 5G8.1.A1411929conjugation was screened usilRCR (Figure 6.6). PCR primers
were designed upstream and downstream of the transposon insertion (Figure 6.6.A). Two of
the five exconjugates screened contained a PCR product at 4017 bp while the wild type PCR
product at 575 bp was absent. These results @vasistent with the presence of double
crossovers, thus confirming the presenseo484utants (Figure 6.6.Byhe new knockout

strains and genotypes amimmarised in Table 6.2.

171



Chapter & Characterisation of glycoprotein knockout mutants

Figure 6.4Southern blot analysis of the putative &insposonmutants insco5204A. A schematic showing the genomic positions of the Xhol restriction sites
relativein sco5204and the positiorof the transposon insertiong he expected fragment sizes are indicat®dethidium bromide stined ayarose gel shwing

the digested and separated genomic DNA prior to alkaline blotting. C. Southern blot of 2St3B8192®2G02) 2St3B6.1.GIB29(G06) exconjugates
probed with a DIG labelled probesing the DIG High Prime DNA labelling and detection kit (Rdehgdiénce)J1929 genomic DNA served as a negative

control. 2St3B6.1.G0and 25t3B6.1.G06osmid DNA served as the positive controls.
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