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Η φύση δεν κάνει τίποτα άχρηστο. 
Nature does nothing uselessly. 

Aristotle 
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Summary 

Tannerella  forsythia  is a keystone pathogen critically  implicated  in the onset and progression of 

periodontal diseases in humans. Thus, its occurrence, virulence mechanisms and the role(s) of its 

recently demonstrated protein O‐glycosylation potential are of particular  interest. This  thesis  is 

divided  into  two  main  projects,  both  dealing  with  novel  aspects  of  the  general  protein 

O‐glycosylation system of this human oral pathogen, exemplified with two distinct clinical isolates 

Tannerella forsythia ATCC 43037 and Tannerella forsythia UB4. 

 In  the  first project,  the basic principle  governing  glycoprotein biosynthesis was  investigated 

focusing on  the strain‐specific  transfer of a nonulosonic acid derivative as a terminal residue 

onto the preformed T. forsythia oligosaccharide. 

 In  the  second  project,  the  translocation  of  (glyco)proteins  across  the  bacterium´s  outer 

membrane via a novel secretion system (termed type IX secretion system) and the interplay of 

this secretion system with protein O‐glycosylation were studied. 

Project 1   

The  occurrence  of  nonulosonic  acids  in  bacteria  is  wide‐spread  and  increasingly  linked  to 

pathogenicity.  In  the periodontopathogen T.  forsythia,  several proposed virulence  factors  carry 

strain‐specifically a derivative of either a pseudaminic acid (exemplified with strain ATCC 43037) 

or of a  legionaminic acid  (exemplified with  strain UB4) as  terminal  residue on a protein‐bound 

oligosaccharide  that  is  synthesized  by  the  bacterium´s  general  protein O‐glycosylation  system. 

Comprehensive molecular,  biochemical  and  bioinformatic  analyses  performed  in  the  course  of 

this  PhD  thesis  added  genes  encoding  further  glycosyltransferases,  methyltransferases  and 

carbohydrate modifying enzymes  to  the already described general protein O‐glycosylation gene 

cluster of the bacterium.   

 

A specific aim of the work was to shed light on the transfer of either nonulosonic acid derivative 

on a proximal N‐acetyl mannosaminuronic acid residue within the O‐glycan structure, exemplified 

with  the  bacterium’s  abundant  S‐layer  glycoproteins.  Bioinformatic  analyses  provided  the 

candidate  genes  Tanf_01245  (strain  ATCC  43037)  and  TFUB4_00887  (strain  UB4),  encoding  a 

putative  pseudaminic  and  a  legionaminic  acid  derivative  transferase,  respectively.  These 

transferases  are  identical  in  their  C‐termini  and  contain motifs  typical  of  glycosyltransferases 

(DXD) and bacterial sialyltransferases (D/E‐D/E‐G and HP motif). They share homology with type B 

glycosyltransferases and TagB, an enzyme catalysing glycerol transfer to an N‐acetylmannosamine 

residue  in  teichoic  acid  biosynthesis.  Analysis  of  a  cellular  pool  of  nucleotide‐activated  sugars 
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confirmed the presence of the CMP‐activated nonulosonic acid derivatives, which are most likely 

serving as substrates for the corresponding transferase. Single gene knock‐out mutants targeted 

at either  transferase were analysed  for S‐layer O‐glycan composition by ESI‐MS, confirming  the 

loss  of  the  nonulosonic  acid  derivative.  Cross‐complementation  of  the mutants with  the  non‐

native nonulosonic acid transferase was not successful, indicating high stringency of the enzymes.  

 

Results  from  this  study  identified  plausible  candidates  for  so  far  unknown  pseudaminic  and 

legionaminic acid transferases.   

 

Project 2   

Protein translocation across the cell envelope of Gram‐negative bacteria is a central event in the 

overall  lifestyle of an organism and has been  intensively  studied  for decades. Recently, a novel 

protein  secretion  system  (type  IX  secretion  system,  T9SS)  has  been  identified  in  the  crucial 

periodontopathogen Porphyromonas gingivalis. The second part of this thesis was to  investigate 

the presence and functionality of the T9SS in the phylogenetically related bacterium T. forsythia. 

Conserved C‐terminal domains (CTD) have been shown to act as a signal for the translocation of 

proteins across the outer membrane of Bacteroidetes via the multi‐component T9SS.   

 

The  genome  sequence  of  T.  forsythia  predicts  the  presence  of  the  components  for  a  T9SS  in 

conjunction with a suite of CTD proteins. T. forsythia cells are characteristically covered with a 2D 

cell surface  (S‐)  layer composed of the two glycosylated proteins TfsA and TfsB. The S‐layer  is a 

proven  virulence  factor of  the bacterium  and both  glycoproteins  are  among  the  group of CTD 

proteins.  To  investigate,  if  a  T9SS  is  functional  in  T.  forsythia,  T9SS‐deficient  mutants  were 

generated by  targeting either Tanf_02580  (putative C‐terminal  signal peptidase) or Tanf_02360 

(PorK ortholog).  Subsequently,  the mutants were  analysed with  respect  to  secretion,  assembly 

and glycosylation of the S‐layer proteins as well as proteolytic processing of the CTD and biofilm 

formation.  In  either  mutant,  TfsA  and  TfsB  were  incapable  of  cell  surface  translocation,  as 

evidenced  by  the  absence  of  the  S‐layer  in  transmission  electron  microscopy  of 

ultrathin‐sectioned  bacterial  cells.  Despite  being  entrapped  within  the  periplasm,  mass 

spectrometry analysis  revealed  that  the S‐layer proteins were modified with  the mature glycan 

found on  the  secreted proteins,  indicating  that protein  translocation and glycosylation are  two 

independent  processes.  Further,  the  T9SS  mutants  showed  a  denser  biofilm  with  less  voids 

compared to the wild‐type.   
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As a result, the presence and the functionality of the T9SS as well as the requirement of a CTD for 

the outer membrane passage of extracellular proteins  in T.  forsythia, exemplified with  the  two 

S‐layer proteins, were demonstrated.    

 

Novel data presented within the frame of this PhD thesis may serve as a basis for the design of 

tailored glycoconjugates containing nonulosonic acids and suggest the T9SS as novel target for 

treatment strategies against periodontal diseases.   
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Zusammenfassung 

Tannerella  forsythia  ist  ein  oralpathogenes  Bakterium  und  ein  entscheidender  Erreger  von 

Parodontitis.  Daher  ist  es  wichtig  die  Verbreitung,  das  Virulenzpotenzial  sowie  die  Rolle  der 

kürzlich  beschriebenen  Proteinglykosylierung  zu  untersuchen.  Die  vorliegende  Dissertation 

gliedert  sich  in  zwei  Hauptprojekte,  die  sich  mit  neuartigen  Aspekten  der  allgemeinen 

Proteinglykosylierung  dieses  oralen  humanen  Pathogens  beschäftigen.  Anhand  von  zwei 

verschiedenen klinischen Isolaten, Tannerella forsythia ATCC 43037 und Tannerella forsythia UB4, 

werden diese Aspekte veranschaulicht. 

 Das  erste  Projekt  befasste  sich  mit  dem  Mechanismus  der  Glykoproteinbiosynthese  in 

T. forsythia, mit Fokus auf dem stammspezifischen Transfer von Nonulosonsäurederivaten als 

terminale Zuckereinheit auf ein T. forsythia Oligosaccharid. 

 Im  zweiten  Projekt  wurde  die  Translokation  von  (Glyko)proteinen  durch  die  äußere 

Zellmembran  des  Bakteriums  anhand  eines  neuartigen  Sekretionssystems  (Typ‐IX‐

Sekretionssystem,  T9SS)  und  das  Zusammenspiel  dieses  Sekretionssystems  mit  der 

Proteinglykosylierung untersucht. 

Projekt 1   

Das Auftreten von Nonulosonsäuren ist weit verbreitet und steht in direktem Zusammenhang mit 

bakterieller  Pathogenität.  Virulenzfaktoren  des  mit  Parodontitiserkrankungen  assoziierten 

Pathogens  T. forsythia  tragen  stammspezifisch  entweder  ein  Derivat  einer  Pseudaminsäure 

(veranschaulicht mit dem Stamm ATCC 43037) oder einer Legionaminsäure  (veranschaulicht mit 

dem Stamm UB4) am nicht‐reduzierenden Ende eines Protein‐gebundenen Glykans. Umfassende 

molekulare,  biochemische  und  bioinformatische  Analysen,  die  im  Zuge  dieser  Dissertation 

durchgeführt  wurden,  identifizierten  zu  dem  bereits  beschriebenen  allgemeinen 

Proteinglykosylierungscluster  des  Bakteriums  weitere  Gene  für  Glykosyltransferasen, 

Methyltransferasen und kohlenhydratmodifizierende Enzyme.   

 

Ziel  dieser  Arbeit  war  es,  den  Transfer  der  Nonulosonsäurederivate  auf  die  proximale 

N‐Acetylmannosaminsäure  in  der  Glykanstruktur  anhand  der  S‐Schicht  Glykoproteine  zu 

untersuchen und erstmals  zu beschreiben. Bioinformatische Analysen  zeigten Gene auf, die  für 

den Transfer einer Pseudaminsäure oder Legionaminsäure verantwortlich sein könnten, nämlich 

Tanf_01245  (Stamm  ATCC  43037)  beziehungsweise  TFUB4_00887  (Stamm UB4). Die  C‐Termini 

beider Transferasen sind ident und beinhalten ein typisches Glykosyltransferasemotiv (DXD) sowie 

Motive, die Signaturen bakterieller Sialinsäuretransferasen darstellen  (D/E‐D/E‐G und HP). Beide 
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Transferasen haben Aminosäuresequenzhomologien zu Glykosyltransferasen vom Typ B sowie zu 

TagB, einem Enzym das Glycerol an N‐Acetylmannosamin  im Zuge der Teichonsäurebiosynthese 

transferiert. Weiters wurden nukleotidaktivierte Zucker untersucht, wobei das Vorhandensein von 

CMP‐aktivierten  Nonulosonsäurederivaten, welche  die  natürlichen  Substrate  der  untersuchten 

Transferasen darstellen, bestätigt werden  konnte. Knock‐out Mutanten beider Transferasegene 

zeigten den Verlust der terminalen Nonulosonsäurederivate am Beispiel des S‐Schicht O‐Glykans 

was mit Hilfe von ESI‐MS experimentell bewiesen werden konnte. Kreuzkomplementierungen der 

Transferasemutanten mit der  jeweiligen nicht‐nativen Transferase waren nicht erfolgreich, was 

auf eine hohe Spezifität der Enzyme schließen läßt.   

 

Im  Rahmen  dieser  Arbeit  konnten  zum  ersten  Mal  Transferasen  für  Pseudaminsäure‐  und 

Legionaminsäurederivate erfolgreich identifiziert und untersucht werden.   

 

Projekt 2   

Die Translokation von Proteinen durch die Zellwand von Gram‐negativen Bakterien  ist essenziell 

für die Lebensweise der Bakterien und wurde  in den  letzten  Jahrzehnten  intensiv beforscht. Ein 

bis vor kurzem unbekanntes Proteinsekretionssystem (Typ‐IX‐Sekretionssystem, T9SS) wurde nun 

im Parodontitis‐assoziierten Stamm Porphyromonas gingivalis  identifiziert. Ziel der vorliegenden 

Arbeit  war  es  zu  untersuchen,  ob  dieses  Sekretionssystem  auch  in  dem  phylogenetisch 

verwandten  Bakterium  T.  forsythia  vorhanden  und  funktionell  ist.  Eine  Voraussetzung  die  das 

Sekretionssystem  an  Proteine  stellt,  ist  das  Vorhandensein  einer  konservierten  C‐terminalen 

Domäne (CTD), die als Signalsequenz für die Translokation durch die äußere Zellmembran dient. 

 

Erste Untersuchungen des Genoms von T. forsythia zeigten sowohl das Vorhandensein von CTD 

Proteinen,  als  auch  von  Komponenten  für  den  Aufbau  des  Sekretionssystems  selbst.  Die 

Zelloberfläche von T. forsythia besteht aus einer zweidimensional kristallinen Schicht, welche aus 

den beiden glykosylierten CTD Proteinen TfsA und TfsB aufgebaut  ist. Um die Funktionalität des 

T9SS zu untersuchen, wurden T9SS defiziente Mutanten hergestellt, wobei entweder Tanf_02580 

(mutmaßliche C‐terminale Signalpeptidase) oder Tanf_02360 (PorK Ortholog) ausgeknockt wurde. 

Darauf folgte eine Untersuchung beider Mutanten hinsichtlich der Sekretion, des Zusammenbaus 

der  S‐Schicht  und  der  Glykosylierung  der  S‐Schicht  Proteine  sowie  einer  zu  erwartenden 

proteolytischen  Abspaltung  der  CTD  sowie  der  Biofilmbildung.  In  beiden  Mutanten  konnten 

weder TfsA noch TfsB erfolgreich über die äußere Zellmembran transportiert werden und bildeten 

als  Konsequenz  keine  S‐Schicht  aus. Dies wurde  bei  einer  Transmissionselektronenmikroskopie 

von  Ultradünnschnitten  bakterieller  Zellen  klar  sichtbar.  Obwohl  beide  S‐Schicht  Proteine  im 
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periplasmatischen  Raum  zurückgehalten wurden,  konnte mittels Massenspektrometrie  gezeigt 

werden,  dass  die  Proteine  entsprechend  der  nativen  Situation  vollständig  glykosyliert  waren. 

Demnach  sind  die  Proteintranslokation  und  die  Proteinglykosylierung  voneinander  entkoppelte 

Prozesse. Außerdem konnte ein dichterer Biofilm mit vergleichsweise wenigen Hohlräumen bei 

beiden Sekretionssystem‐defizienten Mutanten festgestellt werden.    

 

Zusammenfassend  konnte  mit  dieser  Arbeit  bewiesen  werden,  dass  das  T9SS  in  T.  forsythia 

vorhanden und  funktionell  ist  sowie die CTD einen essenziellen Bestandteil  für die erfolgreiche 

(Glyko)proteintranslokation durch die äußere Zellmembran darstellt.   

 

Neue  Erkenntnisse,  die  im  Rahmen  dieser  Doktoratsarbeit  gewonnen  wurden,  sind  für  das 

Design von neuen Glykokonjugaten, die Nonulosonsäuren beinhalten, wertvoll und präsentieren 

das  T9SS  als  mögliches  neuartiges  Target  für  Behandlungsstrategien  gegen 

Parodontitis‐Erkrankungen.   
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Abbreviations 
Ac  N‐acetyl or acetamido 

Am  N‐acetimidoyl or acetamidino 

BspA  Bacteroides surface protein A 

CMP  cytidine‐5'‐monophosphate 

CTD  C‐terminal domain 

Dig  digitoxose 

ESI‐IT MS  electrospray ionization ion‐trap mass spectrometry 

ESI‐TOF MS  electrospray ionization time‐of‐flight mass spectrometry 

Fuc  fucose 

Gc  N‐glycolyl 

GDP  guanosine‐5'‐diphosphate 

Gra  N‐glyceroyl or N‐2,3‐dihydroxypropionyl or glycerate group 

GT  glycosyltransferase 

IL  interleukin 

LC  liquid chromatography 

Leg  legionaminic acid, (Leg5,7Ac2), 5,7‐diacetamido‐3,5,7,9‐

tetradeoxy‐D‐glycero‐D‐galacto‐nonulosonic acid 

ManNAcA  N‐acetyl mannosaminuronic acid  

ManNAcCONH2  N‐acetyl mannosaminuronamide  

MT    methyltransferase 

NeuAc  N‐acetylneuraminic acid 

OTase  oligosaccharyltransferase 

Pse  pseudaminic acid, (Pse5,7Ac2), 5,7‐diacetamido‐3,5,7,9‐

tetradeoxy‐L‐glycero‐L‐manno‐nonulosonic acid 

Sia  sialic acid, (Neu5Ac), 5‐acetamido‐3,5‐dideoxy‐D‐glycero‐D‐

galacto‐nonulosonic acid 

S‐layer  surface layer 

T9SS  type ix secretion system 

TfsA  Tannerella forsythia surface layer protein A 

TfsB  Tannerella forsythia surface layer protein B 

Th17  T‐helper 17 cells 

UDP  uridine 5’‐diphosphate 

Xyl  xylose 
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Glycobiology is the study of the structure, biosynthesis, biology and evolution of saccharides that 

are widely distributed in nature, and the proteins that recognize them (Varki et al. 2009). As this 

definition implicates, carbohydrates are an inherent part of living cells from all domains of life, the 

Archaea,  Bacteria  and  Eukarya.  Focusing  on  archaeal  glycosylation,  first  discoveries  were 

presented  in the 1970s when Mescher and Strominger purified and characterized a glycoprotein 

from  the  cell  envelope  of  Halobacterium  salinarum  (Mescher  and  Strominger  1976).  An  early 

example of a bacterial glycoprotein was reported by Sleytr and Thorne in describing glycosylated 

surface  (S‐)  layers  in  the  bacteria  Clostridium  thermosaccharolyticum  and  Clostridium 

thermohydrosulfuricum  (Sleytr  and  Thorne  1976).  Since  then, many more  cases  showed  that 

bacterial  glycosylation  is  not  a  lusus  naturae,  but  the  most  prevalent  post‐translational 

modification  of  proteins  across  the  whole  domains  of  Archaea  and  Bacteria  (Messner  1997; 

Nothaft and Szymanski 2010; Messner et al. 2013; Tytgat and Lebeer 2014).    

 

In  Bacteria,  protein  glycosylation  is  a  common  modification  of  secreted  and  cell‐surface 

associated proteins, such as flagella and pili as well as S‐layers  (Moens and Vanderleyden 1997; 

Schäffer and Messner 2001; Upreti et al. 2003;  Logan 2006; Messner et al. 2008; Schäffer and 

Messner  2017).  Besides  glycosylated  proteins,  additional  glycoconjugates  such  as 

lipopolysaccharides  (LPS),  lipooligosaccharides  (LOS),  peptidoglycan  (PG),  capsular 

polysaccharides and secondary cell‐wall polymers  (SCWP) can be found  in bacteria, especially  in 

bacterial  cell  envelopes  (Messner  et  al.  2013).  The  finding of  glycosylated  proteins on  the  cell 

surface  of  pathogenic  bacteria,  such  as  Campylobacter  spp.,  Pseudomonas  aeruginosa, 

Helicobacter  pylori  and  Streptococcus  spp.  (Schmidt  et  al.  2003;  Valguarnera  et  al.  2016), 

strengthened previous  research  results.  In particular,  to one  class of  sugars, nonulosonic acids, 

high relevance for bacterial pathogenicity and human physiology is attributed (Varki 2008).    

 

Potential biological  roles of  glycosylated proteins  and  glycoconjugates  can be  very diverse  and 

cannot be predicted a priori. Mediation of specific recognition events or modulations of biological 

processes  seem  to  be  common  features  of  oligosaccharides,  affecting  the  development  and 

differentiation of complex organisms as well as  inter‐ and  intraspecific  interactions  (Varki 1993, 

2016;  Tytgat  and  de  Vos  in  press).  Likewise,  adhesion  processes  can  be  regulated  by 

carbohydrate‐carbohydrate interactions, which is an essential step in the colonization of a specific 

target host region by (pathogenic) bacteria. The employment of molecular mimics of host glycans 

is an evolutionary  successful  strategy of pathogenic bacteria  to evade host  immune  responses, 

again  demonstrating  the  vast  influence  of  carbohydrates  on  the  bacterial  lifestyle  and  disease 

progression  (Comstock  and  Kasper  2006; Varki  2008; Woolard  and  Frelinger  2008; Varki  et  al. 
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2009).  Understanding  these  bacterial  mechanisms  is  crucial,  both  for  understanding  the 

glycobiology of pathogenic bacteria and for applying this knowledge to the development of new 

drugs and treatment strategies.    

 

Work presented  in  this PhD  thesis  intends  to unravel essential  steps  in  the  lifestyle of  the oral 

pathogen  Tannerella  forsythia.  Investigations  into  the  glycoprotein  biosynthesis  and  the 

translocation  of  glycoproteins  across  the  cell wall  are  the  focuses  of  this  thesis.  The  obtained 

insights may  lead to the  identification of novel drug targets for  interfering with the  lifestyle and 

disease progression of this worldwide appearing human pathogen. This thesis is divided into three 

main  chapters  and  is  finalized  by  general  conclusions.  The  chapter  “Tannerella  forsythia  –  a 

keystone  periodontal  pathogen”  introduces  the  organism  and  focuses  on  its  prevalence, 

virulence potential and the potential roles of its protein O‐glycosylation.   

 

The  chapter  “Glycoprotein  biosynthesis  in  Tannerella forsythia”  provides  an  overview  of 

proposed  mechanisms  of  protein  O‐glycosylation  in  bacteria,  highlighting  the  roles  of 

glycosyltransferases. One particular glycosyltransferase present within the general O‐glycosylation 

gene  cluster  of  T. forsythia,  a  nonulosonic  acid  transferase,  was  investigated  in  detail  and  is 

subject of the first publication.  

Tomek, M.B., Janesch, B., Maresch, D., Windwarder, M., Altmann, F., Messner, P. and 

Schäffer, C. A pseudaminic acid or a legionaminic acid derivative transferase is strain‐

specifically  implicated  in  the  general  protein  O‐glycosylation  system  of  the 

periodontal  pathogen  Tannerella  forsythia.  Glycobiology,  in  press. 

doi: 10.1093/glycob/cwx019 

 

The  chapter  “Cell  surface  glycoprotein  translocation  in  Tannerella  forsythia”  is  introduced by 

describing  known  bacterial  protein  translocation  systems  and  giving  examples  thereof.  Special 

emphasis  is  on  the  only  recently  described  type  IX  secretion  system  (T9SS)  and  its  relation  to 

proteins with conserved C‐terminal domains  (CTD).  In the second publication, the presence and 

functionality of the T9SS  in T. forsythia and the  involvement of conserved C‐terminal domains  in 

this context was  investigated.  Interplay of protein O‐glycosylation and protein translocation was 

an additional question addressed.  

Tomek, M.B., Neumann, L., Nimeth,  I., Koerdt, A., Andesner, P., Mach, L., Messner, 

P., Potempa, J.S., Schäffer, C. (2014) S‐layer glycoproteins of Tannerella forsythia are 

secreted  via  a  type  IX  secretion  system  that  is  decoupled  from  protein 

O‐glycosylation. Mol Oral Microbiol, 29:307‐320. doi: 10.1111/omi.12062 
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2.1 Occurrence of Tannerella forsythia 

Tannerella  forsythia was  Isolated  from  patients with  advanced  periodontitis  in  the mid‐1970s  and 

initially described in 1986 by Anne Tanner as Bacteroides forsythus (Tanner et al. 1979; 1986b). A 16S 

rRNA  phylogenetic  analysis  groups  this  Gram‐negative  bacterium within  the  phylum  Bacteroidetes, 

which  is a member of  the Cytophaga‐Flavobacterium‐Bacteroides  family of bacteria. Phylogenetically 

closely related to T. forsythia are Porphyromonas, Prevotella and Bacteroides species (Tanner and Izard 

2006).  In addition to  isolates  from periodontitis patients, of which only  few have been sequenced  to 

date (Tanner and Izard 2006; Friedrich et al. 2015c; Stafford et al. 2016), T. forsythia strains were also 

isolated from the subgingival plaque of monkeys and from cat and dog bite wounds of humans (Tanner 

and Izard 2006).    

 

Interestingly, despite the general association of T. forsythia with periodontal diseases, another human 

Tannerella sp. phylotype, named BU063, was  isolated  from periodontally healthy sites of  the human 

oral  cavity.  This  isolate  is  particularly  interesting  for  comparative  genomics  and  transcriptomics 

analyses  in  relation  to  the  periodontitis‐associated  isolates  (Fodor  et  al.  2012;  Beall  et  al.  2014). 

However,  cultivation  of  Tannerella  BU063  is  laborious  and was  only  recently  successful  on  culture 

plates when  cross‐streaked with  helper  strains  (Propionibacterium  acnes  and  Prevotella  intermedia) 

(Vartoukian et al. 2016).  

2.2 Cellular integrity of Tannerella forsythia 

Tannerella  forsythia  is a non‐motile anaerobic bacterium with a  typical Gram‐negative  cell envelope 

profile,  including an  inner and an outer membrane.  In addition, the cell  is covered by a characteristic 

2D crystalline cell surface layer (S‐layer) (Kerosuo 1988; Sekot et al. 2012) that is formed by an entropy‐

driven self‐assembly event of constituting subunits (Sleytr and Messner 1983; Messner et al. 2010). To 

bacterial S‐layers different biological functions have been attributed, including acting as a permeability 

barrier or  as  a protective  coat,  as  adhesion  and  surface  receptor  recognition mechanism  as well  as 

involvement in mediation of virulence (Beveridge et al. 1997; Fagan and Fairweather 2014). The S‐layer 

of  T.  forsythia  is  so  far  unique,  since  it  is  composed  of  two  intercalating  high  molecular‐weight 

glycoproteins,  TfsA  (Tanf_03370;  TF2661‐26621)  and  TfsB  (Tanf_03375;  TF2663).  This  circumstance 

makes T. forsythia an exciting model organism, being the first Gram‐negative prokaryote known so far, 

to  possess  a  glycosylated  S‐layer which  is  in  addition  structurally  unique  due  to  the  simultaneous 

                                                            

1 The draft genome sequence of  the T.  forsythia strain ATCC 43037  includes a “Tanf”  locus  tag. The previously 
available genome of this designation (NCBI reference sequence NC_016610.1) was discovered to be derived from 
a different strain, FDC 92A2 (=ATCC BAA‐2717) including a “TF” locus tag (Friedrich et al. 2015c). For traceability, 
within publications before 2015, both annotations are given, if applicable. 
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presence of two S‐layer proteins (Lee et al. 2006; Sekot et al. 2012). The lattice constant of the square 

S‐layer  lattice was determined  to be 10.1 ± 0.7 nm,  the  thickness of  the  layer was measured  to be 

approximately 22 nm  (Sekot et al. 2012). Both S‐layer proteins possess a so‐called C‐terminal domain 

(CTD) sequence putatively  involved  in a CTD‐dependent novel secretion system  in addition  to known 

S‐layer domains such as the self‐assembly (SA) and the cell‐wall anchoring domain (Nguyen et al. 2007; 

Veith et al. 2009).   

 

In its native environment, T. forsythia is present in a complex and dynamic multispecies biofilm of the 

oral  cavity.  In  general,  oral  biofilm  formation  is  a  complex  process  involving multiple  adhesion  and 

dispersion  events  which  takes  place  from  initial  surface  contact  to  tridimensional  maturation 

(Kolenbrander et al. 2010). It is important to note that the biofilm lifestyle of the organism is crucial for 

conferring  its  virulence  potential  (Socransky  et  al.  1998;  Hajishengallis  and  Lamont  2012).  A 

monospecies biofilm of T. forsythia ATCC 43037 is shown in Figure 1. 

 

 

Figure 1 Scanning electron micrograph of a monospecies T. forsythia biofilm showing the typical rod shaped appearance of 

non‐motile cells forming a biofilm with several voids. The biofilm was grown anaerobically on a glass slide for two days before 

analysis. [Taken from and modified after (Tomek et al. 2014)]. 
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2.3 Virulence potential of Tannerella forsythia 

Virulence defines the ability of an organism to cause disease or to interfere with its host metabolic or 

physiologic functions. Virulence factors contribute to the pathogenicity of the organism  including the 

ability to  induce microbe‐host  interactions, to  invade and to grow  in a niche of the host as well as to 

evade or interfere with host defence mechanisms (Holt and Bramanti 1991; Holt and Ebersole 2005).   

 

Due to fastidious growth requirements and the difficulty to genetically modify the organism, only a few 

virulence factors have been identified  in T. forsythia, so far. Several studies deal with the virulence of 

both S‐layer glycoproteins TfsA and TfsB. They are  strongly antigenic and mediate hemagglutination 

(Sabet et al. 2003; Lee et al. 2006). Adherence to and invasion of oral epithelial (KB) and human gingival 

epithelial cells was demonstrated in different studies (Sabet et al. 2003; Lee et al. 2006; Sakakibara et 

al. 2007). Immune responses of human macrophages and gingival fibroblasts upon stimulation with T. 

forsythia cells suggest that the S‐layer attenuates the host immune response by evading its recognition 

by the  innate  immune system of the host, at  least  in the early phase of  infection  (Sekot et al. 2011). 

Furthermore, there are  indications that the surface glycosylation  is crucial for the modulation of host 

immunity.  In contrast  to  the wild‐type strain,  infection with a mutant strain with a  truncated S‐layer 

glycan,  induced  robust  T‐helper  (Th)17‐linked mobilization  of  neutrophils  and  reduced  periodontal 

bone loss in mice (Settem et al. 2014).    

 

Other virulent surface components of T. forsythia include the Bacteroides surface protein A (BspA) and 

surface lipoproteins. BspA is glycosylated and belongs to the leucine‐rich repeat family often associated 

with protein‐protein interactions (Sharma et al. 1998; Kobe and Kajava 2001). A BspA deficient mutant 

was  significantly  less potent  in  inducing alveolar bone  loss  in mice when  compared  to  the wild‐type 

strain  (Sharma  et  al.  2005).  Tannerella  forsythia  surface  lipoproteins  are  able  to  release 

proinflammatory cytokines (interleukin‐6) and tumor necrosis factor alpha (TNFα) upon stimulation of 

human gingival  fibroblasts and monocytic cells  (Hasebe et al. 2004). Thus,  lipoproteins have virulent 

potential by induction of host cell activity and apoptosis.   

 

Proteases  contribute  to  bacterial  virulence  in  various  ways,  including  the  degradation  of  host 

periodontal  tissues  and  the  activation  of  host  degradative  enzymes,  the modification  of  host  cell 

proteins and the cleavage of components involved in innate and adaptive immunity (Holt and Bramanti 

1991; Potempa and Pike 2009). Tannerella forsythia employs multiple proteases which may contribute 

to its virulence. A group of proteases, termed KLIKK proteases, appears to be a potent virulence factor 

(Ksiazek et al. 2015b). Karilysin, mirolysin and mirolase are most comprehensively  studied proteases 
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from  this  group  which  belong  to  CTD‐containing  proteins.  Karilysin,  related  to  human  matrix 

metalloproteases, can inhibit all pathways of the complement system and sheds fully active TNFα from 

macrophage surfaces (Jusko et al. 2012; Bryzek et al. 2014). Mirolysin, a metalloprotease, can degrade 

an array of host proteins, including human fibronectin, fibrinogen, the complement proteins C3, C4 and 

C5 and the antimicrobial peptide LL‐37 (Koneru et al. in press). Mirolase is a calcium‐dependent serine 

protease involved in the hydrolysis of human fibrinogen, haemoglobin and LL‐37 (Ksiazek et al. 2015a). 

Other KLIKK‐proteases, forsilysin, miropsin‐1 and miropsin‐2, were able to degrade protein substrates, 

but need further research to identify their exact biological functions (Ksiazek et al. 2015b). Levels of the 

cysteine protease PrtH correlate with  the  loss of periodontal attachment and PrtH  is able  to detach 

adherent  cells  from  the  substratum  including  the  stimulation  of  interleukin‐8  (IL‐8)  expression 

(Nakajima et al. 2006; Hamlet et al. 2007).   

 

Further  putative  virulence  factors  identified  in  T.  forsythia  include  outer membrane  vesicles  (OMV) 

(Friedrich et al. 2015a; Veith et al. 2015), the sialidases NanH and SiaH (Honma et al. 2011; Roy et al. 

2011), an α‐L‐fucosidase  (Megson et al. 2015), the pathogenic mediator methylglyoxal  (Maiden et al. 

2004) and  the molecular  chaperon GroEL which  is homologous  to  the human heat  shock protein 60 

(Jung et al. in press).   

2.4 Glycobiology aspects of Tannerella forsythia 

Tannerella forsythia employs a glycosylation system to modify several proteins with an O‐linked glycan. 

The first and best studied glycoproteins are the S‐layer proteins TfsA and TfsB. Further experimentally 

identified  glycoproteins  include  BspA  and  the  predicted  outer  membrane  proteins  Tanf_02425 

(TF2339)  and  its  paralog  Tanf_08965  (TF1259)  as  well  as  the  predicted  lipoproteins  Tanf_08330 

(TF1056) and Tanf_13485 (TF0091) (Posch et al. 2011). The 1179‐amino acid S‐layer protein TfsA carries 

four  glycosylation  sites  (Ser197,  Thr819,  Ser943,  Thr979)  and  five  sites  of  the  1364‐amino  acid  S‐layer 

protein TfsB are glycosylated (Ser473, Thr493, Thr752, Thr786, Thr1069). The glycan  is O‐glycosidically  linked 

to  distinct  threonine  or  serine  residues  within  a  three‐amino  acid  motif  Asp‐(Ser/Thr)‐

(Ala/Ile/Leu/Met/Thr/Val) (Posch et al. 2011). This unique glycosylation sequon is predicted to be valid 

phylum‐wide  and  has  been  experimentally  proven  to  be  targeted  by  the  protein  O‐glycosylation 

systems of T. forsythia and Bacteroides fragilis, where a protein non‐native to the other organism could 

be successfully cross‐glycosylated (Posch et al. 2013b). It seems that not only the glycosylation sequon 

but  also  the  principal  operation mode  of  the  protein  glycosylation machinery  is  conserved  within 

Bacteroidetes  species,  since  predicted  protein  O‐glycosylation  gene  loci  were  found  in  the  above 

mentioned  B.  fragilis  NCTC  9343  as well  as  in  Bacteroides  thetaiotaomicron  VPI  5492,  Bacteroides 
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uniformis ATCC 8492, Porphyromonas gingivalis ATCC 33277 and Parabacteroides distasonis ATCC 8503 

(Posch et al. 2011). The proposed phylum‐wide general protein O‐glycosylation system comprises the 

formation of a conserved Bacteroidetes core glycan and a species‐specific outer glycan, which might be 

exported separately prior to final assembly of the mature glycoprotein (Fletcher et al. 2009; Coyne et 

al.  2013).  An  elaborate  description  of  the  general  protein  O‐glycosylation  gene  cluster  present  in 

T. forsythia is given in chapter 3.6, where genes and their predicted biological functions are discussed.   

 

 

Figure  2  Schematic drawing of  the  abundant protein O‐glycan  in  T.  forsythia ATCC  43037.  [Modified  after  (Posch  et al. 

2011)]. 

The composition and structure of  the T.  forsythia O‐glycan was elucidated by a combination of mass 

spectrometric and nuclear magnetic resonance (NMR) spectroscopic analyses to be an oligosaccharide 

with  the  structure  4‐Me‐β‐ManpNAcCONH2‐(13)‐[Pse5Am7Gra‐(24)‐]‐β‐ManpNAcA‐(14)‐[4‐Me‐

α‐Galp‐(12)‐]‐α‐Fucp‐(14)‐[‐α‐Xylp‐(13)‐]‐β‐GlcpA‐(13)‐[‐β‐Digp‐(12)‐]‐α‐Galp  (Posch  et  al. 

2011)  (Figure  2).  Until  that  finding,  bacterial  S‐layer  glycans  had  been  described  as  long‐chain 

heteropolysaccharides  composed  of  individual  repeating  units  being  reminiscent  to  archaeal  S‐layer 

glycans (Ristl et al. 2011; Messner et al. 2013). With the T. forsythia S‐layer O‐glycan, the uncommon 

sugar  residues  digitoxose  (Dig),  xylose  (Xyl),  N‐acetyl mannosaminuronic  acid  (ManNAcA),  N‐acetyl 

mannosaminuronamide (ManNAcCONH2) and a modified pseudaminic acid (Pse5Am7Gra)2, have been 

reported for the first time in a bacterial S‐layer glycan.    

 

The defined biological functions of the individual carbohydrate residues and their modifications remain 

elusive. However  it  is tempting to assume that the modified pseudaminic acid residue participates  in 

the  bacterium‐host  cross‐talk.  Pseudaminic  acids  belong  to  the  chemical  class  of  nonulosonic  acids 

(sialic  acids),  with  the  N‐acetylated  form  being  the  most  common  member  of  this  group  (N‐

acetylneuraminic acid, Neu5Ac)  (Varki 1992; Angata and Varki 2002; Knirel et al. 2003). Many  cases 

                                                            

2 The modification at carbon position 7 was initially described as a glycolyl (Gc) group. However, it turned out to 
be a glyceroyl (Gra) group instead (Friedrich et al. 2017). 
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demonstrate  the  importance  of  sialic  acids  to  bacterial  pathogenicity  in mediating  adhesion  to  and 

invasion  of  specific  host  cells  as  well  as  evading  the  host  immune  system  (Varki  2008;  Varki  and 

Gagneux 2012; Zunk and Kiefel 2014). Few experiments were performed  in order  to understand  the 

biological  roles  of  the  T.  forsythia  protein O‐glycan. A  T. forsythia mutant  possessing  an  insertional 

inactivation  in  the WecC  (UDP‐N‐acetylmannosaminuronic acid dehydrogenase; Tanf_01280, TF2055) 

gene  (ΔwecC),  resulting  in  the  production  of  a  truncated  protein  O‐glycan,  has  increased  biofilm 

formation capacity (Honma et al. 2007). In addition, the gene was found to be located within a putative 

exopolysaccharide  operon.  Further  investigations  detect  that  the  three  sugar  branch,  including  the 

terminal pseudaminic acid and both mannosaminuronic acids, was missing on the glycan of this mutant 

(Posch  et  al.  2011).  Besides  of  increased  biofilm  formation,  the  absence  of  the  three  sugar  branch 

resulted in a robust Th17 induction and lead to a reduced periodontal bone loss in mice, in contrast to 

the wild‐type  strain  (Settem  et al. 2013a). This  finding demonstrates  that  the  terminal motif of  the 

glycan acts in modulating dendritic cell effector functions in suppressing Th17 responses (Honma et al. 

2007; Settem et al. 2013a; 2014). 

2.5 Tannerella forsythia is a periodontal pathogen 

Tannerella forsythia meets all criteria to be classified as an oral pathogen (Socransky 1979), because (i) 

the bacterium  is enriched at  the  site of pathology  (Socransky  et al. 1998; Colombo et al. 2009);  (ii) 

cellular and humoral  immune responses to  its antigens are documented (Gosling et al. 2005; Darveau 

2010; Settem et al. 2013b); (iii) periodontal disease can be initiated in experimental animals (Sharma et 

al. 2005; Settem et al. 2013a; 2014; Jung et al. in press); and (iv) virulence factors for the progression of 

destructive periodontal disease are expressed (see 2.3 Virulence potential of T. forsythia).   

 

Periodontitis is a chronic inflammatory disease leading to the destruction of the periodontium. That is 

the tooth‐supporting structure comprised of the gingiva, the periodontal ligament and the underlining 

alveolar bone. The  tooth‐associated bacterial biofilm  (dental plaque)  is required but not sufficient  to 

induce  the chronic disease, because  it  is  the host  inflammatory  response  to  this microbial challenge 

that  ultimately  can  cause  destruction  of  the  periodontium  (Hajishengallis  2015)  (Figure  3).  Few 

pathogens,  grouped  into  five microbial  complexes,  have  traditionally  been  considered  as  causative 

agents  of  periodontitis.  These  microbial  communities  were  characterized  based  on  a  color‐coded 

system  reflecting  their  time  of  appearance,  association  between  complexes  and  relation  to  disease 

severity.  In particular  the group of  “red  complex” bacteria  (T. forsythia, P. gingivalis and Treponema 

denticola) are strongly associated with each other and with disease progression (Socransky et al. 1998; 

Holt and Ebersole 2005). Recent advances  in understanding the pathogenesis of periodontitis suggest 
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that the disease is not caused by distinct pathogens (periopathogens). The transition from a healthy to 

a  diseased  state  is  associated  with  a  shift  from  a  symbiotic  to  a  dysbiotic  microbial  community 

(Szafranski et al. 2015), termed the polymicrobial synergy and dysbiosis (PSD) model (Hajishengallis and 

Lamont  2012;  Lamont  and Hajishengallis  2015)  (Figure  4).  Low  abundance  keystone  pathogens  are 

crucial as they initially subvert host immune responses, further leading to homeostasis breakdown and 

destructive  inflammation  (Hajishengallis  et  al.  2012;  2014).  Inflammation  and  dysbiosis  positively 

reinforce each other resulting in a continuing periodontal tissue destruction including resorption of the 

supporting alveolar bone.   

 

 

Figure  3  The  progression  from  a  periodontal  healthy  site  to  gingivitis  and  periodontitis  is  depicted.  Keystone pathogens 

initially  subvert  the host  response  leading  to a dysbiotic microbiota which,  together with pathobionts, over‐activates  the 

inflammatory response and causes periodontal tissue destruction. [Taken from and modified after (Hajishengallis 2015)]. 

Periodontitis patients have a higher risk for atherosclerosis, adverse pregnancy outcomes, rheumatoid 

arthritis, aspiration pneumonia and cancer (Teng et al. 2002; Otomo‐Corgel et al. 2012). The disease is 

highly  prevalent  among  adult  populations  in  all  regions  of  the  world  and  

10‐15% are affected by an advanced state of the disease  (severe periodontitis)  (Petersen and Ogawa 

2005; Dye 2012; Kassebaum et al. 2014). Periodontal diseases are classified into eight conditions with 

gingivitis  (periodontal  inflammation  without  bone  loss;  pocket  depth  ≤3mm)  and  periodontitis 

(formation of periodontal pockets ≥4mm and  inflammatory bone  loss) being the most prevalent ones 

(Highfield 2009).   
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Figure 4 The polymicrobial synergy and dysbiosis model of periodontal disease aetiology. The microbial constituents of the 

communities can vary over time and colonization with keystone pathogens elevates the virulence of the whole community. 

Host homeostasis  is disrupted and  the dysbiotic community  increases  in number causing destruction of periodontal  tissue 

while progression of the disease. [Taken from (Lamont and Hajishengallis 2015)]. 
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ince the end of the almost dogmatic belief, stating that only eukaryotes are able to glycosylate 

their proteins, many studies have demonstrated, that several Gram‐negative and Gram‐positive 

bacteria as well as archaea employ protein glycosylation systems. The combination of advances 

in analytical  techniques and  the availability of bioinformatic  tools has  led  to  the  identification of key 

enzymes  of  protein  glycosylation  (such  as  glycosyltransferases  and  oligosaccharyltransferases)  and 

whole  protein  glycosylation  pathways.  Studying  glycosylation  pathways  in  pathogenic  bacteria  is 

essential  for understanding disease progressions and has been partially or completely elucidated  for 

e.g.,  Campylobacter  jejuni,  Mycobacterium  tuberculosis,  Pseudomonas  aeruginosa,  Neisseria 

meningitidis  and  Neisseria  gonorrhoeae  (Benz  and  Schmidt  2002;  Faridmoayer  and  Feldman  2010; 

Nothaft and Szymanski 2010).   

 

Although  structure‐function  relationships  of  glycoproteins  have  been  established  only  for  a  few 

bacterial  glycoproteins,  the  diversity  of  observed  structures  indicates  great  potential  effects  of 

glycoproteins  during  pathogenesis  (Schäffer  et  al.  2001;  Schmidt  et  al.  2003;  Comstock  and  Kasper 

2006;  Tytgat  and  Lebeer  2014;  Schäffer  and Messner  2017).  Subsequently,  the  development  and 

production of therapeutic proteins including tailor‐made glycans is a promising approach in targeting or 

interfering  with  pathogenic  bacteria.  In  understanding  and  manipulating  protein  glycosylation 

processes,  the  engineering  of  customized  glycoproteins  is  technically  feasible  within  bacterial 

expression systems (Baker et al. 2013; Merritt et al. 2013; Anyaogu and Mortensen 2015; Price et al. 

2016; Valguarnera et al. 2016).     

S 
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3.1 Bacterial protein glycosylation in general 

A  categorization  of  protein  glycosylation  is  based  on  glycosidic  linkages  between  amino  acids  and 

carbohydrate  residues  (Spiro 2002). Glycans can be covalently attached  to  the amide nitrogen of an 

asparagine  residue  (N‐glycosylation),  to  the hydroxyl group of a  serine,  threonine, hydroxyproline or 

tyrosine  residue  (O‐glycosylation),  and  in  rare  cases,  to  the  thiol  sulphur  of  cysteine  residues 

(S‐glycosylation) (Upreti et al. 2003; Hitchen and Dell 2006; Nothaft and Szymanski 2010; Messner et al. 

2013).   

 

The  prokaryotic N‐linked  glycosylation  system  is  best  studied  in  the  food‐borne  pathogen  C.  jejuni 

(Wacker  et  al.  2002;  Szymanski  et  al.  2003).  Here,  a  heptasaccharide  is  built  onto  a  lipid‐linked 

precursor, undecaprenyl phosphate (und‐P), on the inner membrane facing the cytosol. The lipid‐linked 

oligosaccharide  is  then  flipped  across  the  inner  membrane  into  the  periplasm  where  an 

oligosaccharyltransferase  links the carbohydrate onto the asparagine residue of the target protein via 

the en bloc mechanism  (Kelly et al. 2006).  In  comparison  to eukaryotic N‐glycosylation, prokaryotes 

have  an  extended  consensus  sequence motif,  Asp/Glu‐X1‐Asn‐X2‐Ser/Thr  (X  can  be  any  amino  acid 

except  proline).  More  than  65  C.  jejuni  proteins  of  various  functions  have  been  shown  to  be 

N‐glycosylated using  this general glycosylation mechanism  in C.  jejuni  (Nothaft and Szymanski 2013). 

Similar N‐linked protein glycosylation systems and corresponding orthologous gene clusters have been 

found  in other Campylobacter  species as well as  in Desulfovibrio and Wolinella  species  (Nothaft and 

Szymanski 2010).   

 

O‐linked glycosylation  is a post‐translational protein modification prevalent to bacteria. Sugar donors 

are  usually  available  as  nucleotide‐activated  monosaccharides  linked  either  to  UDP  (uridine 

diphosphate), GDP (guanine diphosphate) or CMP (cytosine monophosphate) (Varki et al. 2009). So far, 

no  consensus  sequences  for  protein  O‐glycosylation  could  be  defined.  The  few  investigated 

O‐glycosylation  systems  secrete  mostly  virulence  factors  or  translocate  glycoproteins  to  the  cell 

surface.  General  protein  O‐glycosylation  systems  have  been  described  in  Campylobacter  spp. 

(Szymanski  et  al.  1999;  Szymanski  et  al.  2003),  Neisseria  spp.  (Ku  et  al.  2009;  Vik  et  al.  2009), 

Bacteroides spp. (Fletcher et al. 2009), Acinetobacter spp. (Iwashkiw et al. 2012; Harding et al. 2015), 

Francisella tularensis (Egge‐Jacobsen et al. 2011) and in Actinomycetes (Espitia et al. 2010). 
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3.2 Biological roles of bacterial glycoproteins   

The majority of known bacterial glycoproteins is either secreted or located at the outer membrane or 

cell surface. Thus, the involvement of carbohydrates in interaction processes is a clearly suggested role 

(Benz  and  Schmidt  2002;  Comstock  and  Kasper  2006).  In  analogy  to  eukaryotic  glycoproteins, 

speculative but crucial roles of prokaryotic glycoproteins are for example, conferring protein structure 

and stability, protection against proteolytic digestion  (Herrmann et al. 1996), surface recognition and 

involvement  in attachment processes (Kuo et al. 1996; Lindenthal and Elsinghorst 2001) or mediating 

immune responses (van Sorge et al. 2009; Varki and Gagneux 2012; Varki 2016).    

 

Depending on their function, glycoproteins can be divided into two groups. Carbohydrate modifications 

of glycoproteins belonging to the first group of glycoproteins directly affect protein functions, such as 

subunit  interactions or assembly of  flagellins and  the adherence  to host cells.  In most of  the studied 

cases,  flagellar glycosylation  is also  linked  to bacterial motility and biofilm  formation  (Szymanski and 

Wren  2005).  The modification  of  flagellin  subunits with  Pse5Ac7Ac  is  absolutely  necessary  for  the 

assembly of a  functional  flagellum and consequently bacterial motility as discovered  in  two C.  jejuni 

strains (Goon et al. 2003). The necessity for carbohydrate modification of the major outer membrane 

protein (MOMP) from Chlamydia trachomatis for attachment of the infectious elementary body (EB) to 

HeLa cells was demonstrated  (Kuo et al. 1996). A  further example  for  interaction processes between 

glycoproteins and a host cell is given by Neisseria spp. Here, the carbohydrate modification of the type 

IV pili has been  identified as an  important  feature  for cell adhesion to eukaryotic cells  (Banerjee and 

Ghosh 2003). Glycoproteins from the second group  interact with the  immune system of the host. For 

instance,  the  degree  of  glycosylation  of  the  45/47‐kDa  Apa  (alanine‐  and  proline‐rich  antigenic) 

glycoprotein of Mycobacterium  tuberculosis  influences  the  induction of delayed  type hypersensitivity 

(DTH) responses (Horn et al. 1999).    

 

Some  pathogenic  bacteria  employ  a  different  strategy  for  evading  the  immune  system,  termed 

molecular  mimicry.  Neisseria  meningitidis  capsules  are  decorated  with  sialic  acids,  which  inhibits 

activation of  the complement  system and,  thus, allows  these bacteria  to  survive  in  the bloodstream 

(Kugelberg et al. 2008).  
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3.3 Bacterial glycoprotein biosynthesis 

The  genetic  information  for  a  bacterial  protein  glycosylation  system  is  generally  organized within  a 

protein glycosylation (pgl) gene cluster (Nothaft and Szymanski 2010). Such a gene cluster includes all 

necessary information for glycoprotein biosynthesis, including nucleotide sugar biosynthesis pathways, 

glycosyltransferase  genes,  glycan  processing  genes  and  transporter  genes.  A  classification  of 

biosynthetic pathways depending on the presence or absence of a bacterial oligosaccharyltransferase 

(OTase) is made for N‐ and O‐glycosylated proteins (Nothaft and Szymanski 2010).   

 

3.3.1 Sequential glycosylation   

Simple  glycan  structures,  consisting  of  a  single  or  only  a  few  different  sugar  building  blocks  are 

assembled by sequential glycosylation. Glycosyltransferases transfer sugars from nucleotide‐activated 

sugar donors in a step‐wise manner onto the acceptor protein in the cytoplasm. Once synthesized, the 

glycoconjugate  is  transported across  the  inner membrane  into  the periplasm. OTase‐independent O‐

glycosylation  is  primarily  utilized  to  decorate  flagella  and  adhesin  structures  and  is  best  studied  in 

Campylobacter spp. and Pseudomonas spp. (Logan 2006; Iwashkiw et al. 2013).  

 

3.3.2 En bloc transfer   

The biosynthesis of more  complex  glycoconjugates  is  characterized by  the  en  bloc  transfer  and  the 

involvement of an oligosaccharyltransferase. OTases are enzymes transferring a preassembled glycan 

en bloc onto an acceptor protein. An initiating glycosyltransferase attaches a first nucleotide‐activated 

monosaccharide onto the lipid carrier, und‐P, residing on the inner side of the cytoplasmic membrane. 

Subsequently, monosaccharides are added by glycosyltransferases from the corresponding nucleotide‐

activated monosaccharides onto the growing glycan chain until the complete structure is built up. Upon 

completion  of  the  fully  synthesized  glycan,  the  lipid‐linked  oligosaccharide  is  flipped  across  the 

cytoplasmic  membrane  by  either  a  Wzx‐like  flippase  or  an  adenosine  triphosphate  (ATP)‐binding 

cassette transporter (ABC transporter) (Greenfield and Whitfield 2012) before the OTase transfers and 

ligates  the  glycan  to  selected  serine or  threonine  residues on  the  acceptor protein  (Iwashkiw  et al. 

2013; Tytgat and Lebeer 2014). The presence of an OTase‐dependent mechanism has so far only been 

described  for N‐  and O‐glycosylation  in bacteria, with protein N‐glycosylation  in  C.  jejuni  serving  as 

model organism (Szymanski et al. 2003; Nothaft and Szymanski 2010).  
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3.4 Bacterial glycosyltransferases 

Glycosyltransferases  (GTs)  catalyse  the  formation  of  glycosidic  bonds  between  an  activated  donor 

sugar  and  a  saccharide  or  non‐saccharide  acceptor.  Consequently,  GTs  are  key  enzymes  in  the 

biosynthesis of glycoconjugates. Based on sequence homology, 101 families have been classified in the 

Carbohydrate  Active  Enzyme  database  (CAZy;  http://www.cazy.org/)  to  date  (Coutinho  et  al.  2003; 

Lombard  et  al.  2014). However,  predicting  the  sugar  donor  and  the  acceptor  for  a GT  of  unknown 

function is challenging and, thus, requires experimental verification.   

 

Two  major  structural  folds  have  been  revealed  for  glycosyltransferases  by  protein  X‐ray 

crystallography, GT‐A and GT‐B (Lairson et al. 2008; Gloster 2014). GT‐A enzymes are generally metal‐

dependent with a characteristic DXD motif and consist of two closely  linked α/β/α nucleotide binding 

domains  (Rossmann  fold). GT‐B  enzymes  are metal‐independent  and  consist of  two  α/β/α domains 

separated by a flexible  linker region and an  interdomain cleft. The DXD motif  interacts primarily with 

the phosphate groups of  the nucleotide donor  through  the coordination of a divalent cation  (Breton 

2005).  Additionally,  novel  folds  are  being  uncovered,  as  exemplified,  for  instance,  by  the 

bacteriophage‐lysozyme‐fold reported for the peptidoglycan synthase PBP2 (penicillin‐binding protein 

2)  (Lovering et al. 2007),  the  fold  for the oligosaccharyltransferase STT3  found  in Pyrococcus  furiosus 

(Igura et al. 2008) or a sialyltransferase CstII from C. jejuni (Chiu et al. 2004).   

 

Based  on  the  stereochemical  outcome  of  the  formation  of  a  new  glycosidic  bond,  catalysis  by 

glycosyltransferases  can  be  categorized  into  two  mechanisms.  First,  inverting  glycosyltransferases 

utilize  a  SN2‐like mechanism  where  one  bond  is  broken  and  one  bond  is  formed  simultaneously, 

involving  an enzymatic base  catalyst  and  Lewis  acid  activation of  the  substituted phosphate  leaving 

group.  As  a  result,  the  anomeric  configuration  of  the  reaction  center  from  the  donor  substrate  is 

inverted  (e.g.,  UDP‐glucose    β‐glucoside)  (Lairson  et  al.  2008;  Breton  et  al.  2012).  Retaining 

glycosyltransferases  retain  the  stereochemistry  of  the  donor  glycosidic  linkage  after  transfer  to  an 

acceptor molecule (e.g., UDP‐glucose  α‐glucoside). The mechanism of retaining glycosyltransferases 

is  less  clear.  They  employ  a  proposed  double‐displacement  mechanism  involving  a  short‐lived 

covalently bound glycosyl‐enzyme intermediate (Lairson et al. 2008; Breton et al. 2012). A report based 

on re‐evaluation of structural and kinetic data, however, suggests a single step orthogonal (front‐side) 

displacement reaction  (Schuman et al. 2013).  Interestingly,  there  is no correlation of  the overall  fold 

with  catalytic  mechanism.  Inverting  and  retaining  enzymes  are  known  with  both  GT‐A  and  GT‐B 

topologies.   
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3.5 General protein O‐glycosylation systems 

General O‐linked protein glycosylation systems are encoded in protein glycosylation gene clusters and 

target structurally and functionally diverse groups of proteins for glycosylation (Nothaft and Szymanski 

2010).  In  Neisseria  gonorrhoeae,  11  glycoproteins  have  been  identified  to  carry  a  diNAcBac‐(Gal)2 

trisaccharide  (Vik  et  al.  2009;  Hartley  et  al.  2011). Most  of  these  glycoproteins  have  a  predicted 

localization within  the  cell  and  are  implicated  in  activities  such  as  protein  folding,  disulphide  bond 

formation as well as aerobic and anaerobic respiration processes (Vik et al. 2009). Key enzymes of the 

glycosylation system are responsible for the biosynthesis of the nucleotide‐activated carbohydrate unit 

UDP‐diNAcBac  (including  the enzymes PglD, PglC, PglB‐acetyltransferase domain)  the  transfer of  the 

first unit onto  the und‐P  lipid  carrier  (PglB‐phospho‐glycosyltransferase domain) and  the addition of 

two sequential galactose units (PglA, PglE) to complete the trisaccharide precursor prior to flipping the 

glycan into the periplasmic space (PglF). In the final step, the transfer of the glycan onto serine residues 

of the acceptor protein is performed by the OTase (PglO) in an en bloc transfer reaction (Hartley et al. 

2011).  Neisseria meningitidis  employs  a  highly  homologous  glycosylation  system  adding  either  an 

O‐linked di‐ or trisaccharide onto its pili (Power et al. 2003; Gault et al. 2015).    

 

To  date  a  general  protein O‐glycosylation  system  has  likewise  been  described  to  be  present  in  the 

opportunistic human pathogen Acinetobacter baumanii  (Lees‐Miller et al. 2013; Harding et al. 2015), 

the human and plant pathogen Burkholderia cepacia complex (Bcc) common to cystic fibrosis patients 

(Lithgow et al. 2014) and in one of the most lethal plant pathogens, Ralstonia solanacearum (Elhenawy 

et al. 2016).   

3.6 The protein O‐glycosylation gene cluster in Tannerella forsythia 

The  protein  O‐glycosylation  gene  cluster  of  T.  forsythia  ATCC  43037  spans  an  area  of  27‐kb  and 

comprises  five  glycosyltransferases,  three  putative  glycan modifying methyltransferases  and  all  six 

genes  responsible  for  the biosynthesis of  the CMP‐activated pseudaminic acid. The  first gene of  the 

cluster  is  a wzx  flippase‐like  gene  (Tanf_01180;  TF2076) which  is  followed  by  genes  encoding  the 

synthesis  of  CMP‐pseudaminic  acid  (pseB,  pseC,  pseF,  pseH,  pseG,  pseI).  Downstream, 

glycosyltransferases (named GtfS, GtfM, GtfI, GtfL, GtfE), methyltransferases (named MtfJ, MtfO, MtfY) 

and  further carbohydrate‐modifying enzymes  (AsnB, WecC, WecB) are encoded  (Figure 5).  Individual 

single  gene  knock‐outs  targeted  at  all  five  glycosyltransferase  genes  within  the  gene  cluster, 

experienced  step‐wise  truncations of  the glycan  (Figure 6), as SDS‐PAGE, Western  immunoblots and 

mass spectrometry analyses revealed (Figure 7). 
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Figure 5 The 27‐kb protein O‐glycosylation gene cluster of T. forsythia ATCC 43037. wzx (black), flippase; pseBCFHGI (green), 

pseudaminic acid biosynthesis genes; gtfSMILE  (blue), glycosyltransferase genes; mtfJOY  (yellow), methyltransferase genes; 

asnB  (put.  asparagine  synthetase  B),  wecC  (UDP‐N‐acetyl‐D‐mannosamine  dehydrogenase)  and  wecB  (UDP‐N‐

acetylglucosamine 2‐epimerase) (purple); hypothetical proteins, HP (grey) (M.B. Tomek, unpublished data). 

 

Western  immunoblots  probed  with  anti‐TfsA  anti‐serum  and  anti‐TfsB  antiserum  confirmed  the 

identity of  the  S‐layer  glycoproteins  and  showed  a  clear down‐shift of both  S‐layer  glycoproteins  in 

glycosyltransferase deficient strains, while reconstituted strains regained their native migration profile 

when  compared  to  the  wild‐type  strain  (Figure  7B).  In  a  gtfS  (ΔTanf_01245;  ΔTF2062)  knock‐out 

mutant,  the  terminal  pseudaminic  acid  unit  of  the  O‐glycan  (compare  with  Figure  2)  is  absent, 

suggesting  that  the encoded protein  is an α‐2,4 pseudaminic acid  transferase  (Tomek et al. 2017). A 

mutant  strain  deficient  in  gtfM  (ΔTanf_01260;  ΔTF2060),  lacks  a  mannosaminuronic  acid  unit  in 

addition  to  the  terminal  pseudaminic  acid,  suggesting  a  β‐1,3  N‐acetylmannosaminuronic  acid 

transferase activity. The glycan  is  further  truncated when knocking‐out gtfI  (ΔTanf_01290; ΔTF2053). 

Here,  the  three‐sugar  containing  branch  composed  of  pseudaminic  acid  and  two  N‐acetyl 

mannosaminuronic  acid  residues,  is  absent.  Results  from  a  gtfL  (ΔTanf_01300;  ΔTF2050)  deficient 

strain  are  ambiguous,  as  a  146.0 m/z  cannot  be  assigned  to  the  known O‐glycan  structure.  A  gtfE 

(ΔTanf_01305; ΔTF2049) knock‐out mutant results in a glycan comprised of the five carbohydrate core 

glycan structure. Therefore,  the protein putatively  transfers  the branching α‐1,2 galactose unit  (M.B. 

Tomek, unpublished data) (Figure 7C). Pseudaminic acid  is generated from UDP‐N‐acetylglucosamine 

in  a  five‐step  biosynthetic  pathway.  Deletion  of  the  essential  aminotransferase  PseC  (ΔpseC, 

ΔTanf_01190; ΔTF2074) results  in an  incomplete synthesis of pseudaminic acid, which  is, thus, absent 

on the O‐glycan (Friedrich et al. 2017).   

 

To  date,  a  T.  forsythia  O‐OTase  transferring  the  glycan  onto  the  acceptor  proteins  could  not  be 

identified and genes responsible for the assembly of the five‐carbohydrate core glycan remain elusive, 

too.   
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Figure 6 Schematic drawing of the protein O‐glycan in T. forsythia ATCC 43037 wild‐type and the truncated glycan form from 

glycosyltransferase deficient mutants (ΔgtfSMILE) (M.B. Tomek, unpublished data). 
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Figure  7  (A)  Coomassie  Brilliant  Blue  staining  of  crude  cell  extracts  from  T. forsythia  ATCC 43037  wild‐type  and 

glycosyltransferase deficient mutants (ΔgtfSMILE) after separation on a 7.5% SDS‐PA gel. The S‐layer glycoproteins (labelled 

TfsA and TfsB) are indicated and the down‐shift resulting from the truncated glycan can be observed in the mutants. The S‐

layer glycoprotein bands were further processed for MS analyses. PageRuler Plus Prestained Protein Ladder (Thermo Fisher 

Scientific) was used as a protein molecular weight marker. (B) Western immunoblots probed with anti‐TfsA anti‐serum and 

anti‐TfsB  antiserum  confirmed  the  identity  of  the  S‐layer  glycoproteins  in  all  analysed  T. forsythia  species.  All 

glycosyltransferase deficient mutants (ΔgtfSMILE) experienced down‐shifts resulting from the truncated glycan, whereas the 

reconstituted  strains  (denoted with a plus  sign) migrated at  the  same height compared  to  the wild‐type  strain on a 7.5% 

SDS‐PA gel. The migration profiles of the reconstituted strains indicate the full mature glycan form, thus, proving successful 

recombinations.  (C)  Deconvoluted  ESI‐IT MS  sum  spectra  of  β‐eliminated  TfsB O‐glycans  from  T. forsythia wild‐type  and 

mutant  strains. The glycan  structures of  the highest mass peaks  (written  in bold) are  shown as  symbolic  representations. 

Mass  peaks  from  the  subsequent  fragmentation  pattern were  assigned  according  to  the  loss  of  carbohydrate  units  and 

modifications. Relative peak intensities of occurring peaks are given on the y axis (M.B. Tomek, unpublished data). 
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Methylation of bacterial glycans  is a rarely reported event. Although  it has been discussed as a stop‐

signal  for  glycan  chain  elongation,  clear  determination  of  its  biological  function  is  still  missing, 

especially when occurring at multiple sites of the glycan. Only a few data can be found in the literature 

concerning  bacterial  glycoproteins. Mycobacterium tuberculosis  synthesizes O‐methylated  rhamnose 

units which  can be di‐ or  trimethylated.  Further,  a methylated  glucuronic  acid was described  to be 

present  in Mycobacterium  habana  TMC5135.  Some  Rhizobium  strains  have  O‐methylated  fucoses, 

O‐methylated  rhamnose  and  N‐acetylglucosamine  residues  have  been  identified,  too  (Staudacher 

2012).   

 

Knowledge of corresponding methyltransferases acting on sugar residues is scarce. Methyltransferases 

are  known  in Mycobacterium  smegmatis  where  they  sequentially methylate  rhamnose  at  the  C‐3 

(Mtf1), C‐4  (Rmt4) and C‐2 position  (Rmt2)  (Jeevarajah et al. 2002). Methylation of a galacturonosyl 

residue of a  teichuronic‐type polysaccharide at  the C‐2 position was  identified  in Rhizobium meliloti 

(Ruiz  and  Ugalde  1998).  It  remains  to  be  investigated,  if  methylation  is  performed  as  a  final 

modification of the synthesized glycan utilizing S‐adenosylmethionine or if glycosyltransferases are able 

to transfer a methyl sugar from its nucleotide‐activated form onto a growing oligosaccharide.   

 

Three putative methyltransferases  (MtfJ, MtfO, MtfY) are encoded within the protein O‐glycosylation 

gene  cluster  of  T.  forsythia, while  only  two methyl  groups  are  present  on  the  bacterium´s  protein 

O‐glycan (compare with Figure 2). Single gene knock‐outs were generated to further investigate these 

methyltransferases. Both mutant strains, deficient of the methyltransferase genes mtfJ (ΔTanf_01250) 

or mtfO  (ΔTanf_01255),  respectively,  experienced  the  loss  of  the  4‐O‐methyl  group  at  the  terminal 

N‐acetylmannosaminuronic  acid  residue,  as  MS  analyses  revealed.  A  mtfY  knock‐out  mutant 

(ΔTanf_01295)  however,  lacked  the  4‐O‐methyl  group  on  the  proximal  galactose  residue  (Figure  8) 

(M.B. Tomek, unpublished data).  
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Figure  8  Deconvoluted  ESI‐IT  MS  sum  spectra  of  β‐eliminated  TfsB  O‐glycans  from  three  T.  forsythia  ATCC  43037 

methyltransferase knock‐out mutants. The glycan structure of the highest mass peak (written in bold) is shown as symbolic 

representation. Mass peaks from the subsequent fragmentation pattern were assigned according to the loss of carbohydrate 

units and modifications. Relative peak intensities of occurring peaks are given on the y axis (M.B. Tomek, unpublished data). 
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3.7  Publication  1:  A  pseudaminic  acid  or  a  legionaminic  acid  derivative  transferase  is 

strain‐specifically  implicated  in  the  general  protein  O‐glycosylation  system  of  the  periodontal 

pathogen Tannerella forsythia 

 

M.B.  Tomek,  B.  Janesch,  D.  Maresch,  M.  Windwarder,  F.  Altmann,  P.  Messner  and  C.  Schäffer. 

Glycobiology, in press, doi: 10.1093/glycob/cwx019   
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Abstract 
 
 
 
 
The occurrence of nonulosonic acids in bacteria is wide-spread and linked to pathogenicity. 

However, knowledge of cognate nonulosonic acid transferases is scarce. In the 

periodontopathogen Tannerella forsythia, several proposed virulence factors carry strain- 

specifically either a pseudaminic or a legionaminic acid derivative as terminal sugar on an 

otherwise structurally identical, protein-bound oligosaccharide. This study aims to shed light 

on  the  transfer  of  either  nonulosonic  acid  derivative  on  a  proximal  N-acetyl 

mannosaminuronic acid residue within the O-glycan structure, exemplified with the 

bacterium’s abundant S-layer glycoproteins. Bioinformatic analyses provided the candidate 

genes Tanf_01245 (strain ATCC 43037) and TFUB4_00887 (strain UB4), encoding a putative 

pseudaminic and a legionaminic acid derivative transferase, respectively. These transferases 

have identical C-termini and contain motifs typical of glycosyltransferases (DXD) and 

bacterial   sialyltransferases   (D/E-D/E-G   and   HP).   They   share   homology   to   type B 

glycosyltransferases    and    TagB,    an    enzyme    catalyzing    glycerol    transfer    to    an 

N-acetylmannosamine residue in teichoic acid biosynthesis. Analysis of a cellular pool of 

nucleotide-activated sugars confirmed the presence of the CMP-activated nonulosonic acid 

derivatives, which are most likely serving as substrates for the corresponding transferase. 

Single  gene  knock-out  mutants  targeted  at  either  transferase  were  analyzed  for  S-layer 

O-glycan composition by ESI-MS, confirming the loss of the nonulosonic acid derivative. 

Cross-complementation of the mutants with the non-native nonulosonic acid transferase was 

not successful indicating high stringency of the enzymes. This study identified plausible 

candidates for a pseudaminic and a legionaminic acid derivative transferase; these may serve 

as valuable tools for engineering of novel sialoglycoconjugates. 
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Introduction 
 
 

 

Glycosylation  as  the  most  frequent  modification  of  proteins  (Faridmoayer  and 

Feldman 2010, Messner 1997, Messner et al. 2013, Nothaft and Szymanski 2010, Ohtsubo 

and Marth 2006, Schäffer and Messner 2017, Tytgat and Lebeer 2014, Varki 2006) is well 

known  to  modify  protein  properties,  endowing  them  with  a  wide  repertoire  of  glycan- 

mediated functions. These can be as diverse as enabling site-directed delivery of 

glycoconjugates as well as mediating signaling events and modulating cell adhesion processes 

(Taylor  and  Drickamer  2003,  Varki  1993).  In  the  context  of  bacterial  physiology, 

glycosylation can trigger the colonization of a specific host (region). Due to the increasing 

discovery  of  glycoconjugates  in  pathogenic  bacteria,  their  investigation  in  a  biomedical 

context is of great relevance. Especially bacterial cell surface glycans which represent the 

immediate contact zone of bacteria with the environment/host, seem to be prone to act as 

specific ligands for cell-cell or cell-bacterium interactions, or to serve as virulence factors 

based on molecular mimicry of host glycans (Varki et al. 2009). 

Nonulosonic acids are particularly important at the interface of bacterial pathogenicity 

and human physiology (Morrison and Imperiali 2014, Varki 2008). They share a nine-carbon 

carbohydrate  monomer  as  a  common  core  structure,  with  additional  structural variations 

mostly occurring at the C-5 and C-7 leading to over 50 derivatives identified so far across 

archaea, bacteria and eukaryotes (Angata and Varki 2002, Knirel et al. 2003). Sialic acids 

(Sia; neuraminic acid) carrying an N-acetyl group at the C-5 are the most abundant naturally 

occurring and best studied nonulosonic acids. Two exclusively bacterial derivatives, present 

in pathogens, are pseudaminic acid (5,7-bis(acetylamino)-3,5,7,9-tetradeoxy-L-glycero-α-L- 

manno-non-2-ulopyranosonic acid; Pse) and legionaminic acid (5,7-diacetamido-3,5,7,9- 

tetradeoxy-D-glycero-D-galacto-non-2-ulopyranosonic acid; Leg) (Zunk and Kiefel 2014). 
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The exact biological roles of pseudaminic acid and legionaminic acid and their derivatives are 

not yet fully understood. The modification of flagellins with these nonulosonic acids in 

Campylobacter and Helicobacter species confers bacterial virulence in facilitating bacterial 

host interactions (Schirm et al. 2003, Thibault et al. 2001). In two Campylobacter jejuni 

strains, the modification of flagellin subunits with Pse5Ac7Ac was found to be necessary for 

the assembly of a functional flagellum and, consequently, bacterial motility (Goon et al. 

2003). Further, the structural similarity of pseudaminic acid and legionaminic acid to 

eukaryotic sialic acid indicates molecular mimicry as a basic strategy these pathogens may 

employ to evade the host immune response (Knirel et al. 2003, Vimr et al. 2004). However, it 

should be noted here that that Pse and Leg have different stereochemistry, making Leg a 

potentially better mimic of host neuraminic acids than Pse. 

The complete five-step biosynthesis pathway of cytidine monophosphate-activated 

pseudaminic acid (CMP-Pse) representing the biologically active form of pseudaminic acid 

for its incorporation into glycoconjugates has been characterized in detail in Helicobacter 

pylori (Schoenhofen et al. 2006), the pathway leading to CMP-Leg has been elucidated in 

C. jejuni (Schoenhofen et al. 2009). However, the subsequent and necessary transfer step of 

the nonulosonic acid from its nucleotide activator onto the acceptor - which might be the 

glycosylation site on a target polypeptide or a sugar residue within an oligosaccharide - by a 

dedicated nonulosonic acid transferase remains elusive. So far, the only report of a candidate 

pseudaminic acid transferase found in the literature concerns the motility-associated factor 

Maf1 predicted to be involved in the transfer of pseudaminic acid onto the flagellin of 

Aeromonas caviae (Parker et al. 2012). This was concluded from pull-down experiments 

between Maf1 and the flagellin, without provision of direct evidence of enzymatic function 

(Parker et al. 2014). With regards to legionaminic acid transferases, no predictions of such 

enzymes  are  presently  available  neither  in  the  literature  nor  in  databases.  Interestingly, 
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selected sialyltransferases, i.e., porcine ST3Gal1, Pasteurella multocida sialyltransferase, 

Photobacterium α2,6-sialyltransferase, and Neisseria meningitidis MC58 α2,3- 

sialyltransferase, were shown to accept CMP-Leg5Ac7Ac as a donor substrate to replace Sia 

as terminal sugar (Watson et al. 2011, 2015). 

Tannerella forsythia provides the unique situation of a bacterium that strain- 

specifically displays either a pseudaminic or a legionaminic acid derivative as terminal sugar 

on an otherwise structurally very similar, protein-bound oligosaccharide (Friedrich et al. 

2016, Posch et al. 2011). Tannerella forsythia is a Gram-negative bacterium that is recognized 

as a key periodontal pathogen (Holt and Ebersole 2005, Socransky et al. 1998) following the 

polymicrobial synergy and dysbiosis model of periodontal disease etiology (Hajishengallis 

2014, Hajishengallis and Lamont 2012). The molecular basis of its pathogenicity is only 

slowly unravelling. Among several identified virulence factors (Sharma 2010, Veith et al. 

2009), such as the outer membrane protein BspA (Onishi et al. 2008), KLIKK-proteases 

(Ksiazek et al. 2015) and outer membrane vesicles (Friedrich et al. 2015a, Veith et al. 2015), 

are the two glycosylated cell surface (S-) layer proteins TfsA and TfsB which self-assemble 

into a 2D crystalline array on the bacterial cell surface, completely covering the outer 

membrane (Posch et al. 2012, Sabet et al. 2003, Sekot et al. 2011). We have shown for the 

T. forsythia ATCC 43037 type strain that the S-layer proteins as well as several other cell 

surface and outer membrane proteins of T. forsythia are modified at multiple sites at the 

conserved D(S/T)(A/I/L/V/M/T) motif with the same O-linked dekasaccharide (Fletcher et al. 

2009, Posch et al. 2011) which displays a pseudaminic acid with an acetamidino (Am) group 

at C-5 and a glyceric acid at C-7 (Gra) - Pse5Am7Gra - as terminal, non-reducing end residue. 

The biosynthesis of CMP-Pse in T. forsythia ATCC 43037 was only recently shown to 

be encoded by a dedicated gene locus (Friedrich et al. 2016) present in immediate vicinity to 

the general protein O-glycosylation gene cluster of T. forsythia ATCC 43037 (Posch et al. 
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2011). In fact, we expressed and confirmed the activity of all five necessary enzymes from the 

CMP-Pse  biosynthetic  pathway  in  that  strain  (Friedrich  et  al.  2016),  which  proceeds  in 

analogy to what has been described for H. pylori (Schoenhofen et al. 2006). Since candidates 

for the enzymes modifying the pseudaminic acid in T. forsythia ATCC 43037 have not been 

identified so far, a crucial point still to be answered concerns the biosynthetic stage at which 

the modifications are transferred onto the nonulosonic acid. 

On the genome of T. forsythia UB4 (Genbank accession number FMMN00000000; 

(Stafford  et  al.  2016))  the  genes  encoding  the  biosynthetic  enzymes  for  CMP-Leg  are 

replacing those for CMP-Pse in strain ATCC 43037. This was confirmed in step-wise in vitro 

assays using the recombinant enzymes (Friedrich et al. 2016), based on the knowledge of the 

CMP-Leg biosynthetic pathway in C. jejuni (Schoenhofen et al. 2009). In terms of basic sugar 

composition and glycan structure, the O-glycan of strain UB4 was found to be identical to that 

of strain ATCC 43037 (Posch et al. 2011) apart from a mass defect of 29 Da on the terminal 

Leg residue, likely reflecting different non-carbohydrate substituents as compared to the Gra 

and Am modifications of the ATCC 43037 pseudaminic acid residue, as well as a missing 

methyl group on the proximal N-acetyl mannosaminuronic acid residue (-14 Da) (Friedrich et 

al. 2016). 

Considering that the T. forsythia S-layer is classified as a virulence factor (Sharma 
 
2010), it might well be that the involvement of the S-layer in the cell adhesion and invasion 

capability of the bacterium (Sakakibara et al. 2007) as well as in the delay of the host immune 

response against the bacterium (Honma et al. 2007, Sekot et al. 2011) is impacted by the 

bacterium’s nonulosonic acids. 

In this study, we investigated a putative pseudaminic acid derivative transferase 

(Tanf_01245) from the oral pathogen T. forsythia ATCC 43037 and a putative legionaminic 

acid derivative transferase (TFUB4_00887) from the clinical isolate T. forsythia UB4, using 
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the abundant T. forsythia S-layer glycoproteins as a model system (Posch et al. 2011). 

Specifically, this included (i) construction of T. forsythia deletion mutants targeted at the 

candidate nonulosonic acid derivative transferases and subsequent determination of the effect 

of the gene deletion on S-layer O-glycan composition by mass spectrometry; (ii) analysis of 

the mutants for their cellular pool of nucleotide-activated sugars in order to exclude 

interference of the candidate transferases with the biosynthetic pathways of the nonulosonic 

acid precursor and to unravel if the nonulosonic acid modifications are present already at the 

CMP-bound state; and (iii) a cross-complementation experiment of the nonulosonic acid 

derivative transferase mutants with the non-native T. forsythia enzyme to learn about the 

specificity of the enzymes, considering that the core structures of pseudaminic acid and 

legionaminic acid are stereoisomers and that these residues would be transferred onto the 

same sugar acceptor residue within the S-layer O-glycan structure. 

This  is  the  first  report  on  plausible  enzyme  candidates  for  the  transfer  of  a 

pseudaminic acid (Pse5Am7Gra) and a legionaminic acid derivative as a terminal residue 

onto a glycoprotein glycan. 

 

 
 
 
 
 

Results 
 
 
 

 
Bioinformatic analyses of candidate genes for the transfer of nonulosonic acids in 
 
T. forsythia 
 
Recent  findings  from  our  laboratory  revealed  the  presence  of  a  functional  biosynthetic 

pathway for either CMP-Pse or CMP-Leg in different T. forsythia strains (ATCC 43037, UB4 

and 92A2, respectively) (Friedrich et al. 2016), elaborated in the course of the general 

T. forsythia  protein  O-glycosylation  system  (Markus  Tomek,  Valentin  Friedrich,  
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Christina Schäffer, unpublished data). To investigate the subsequent transfer step of the 

activated nonulosonic acid derivative on a proximal N-acetyl mannosaminuronic acid residue 

as present in T. forsythia protein O-glycans, we were focusing here on two genes encoding 

putative nonulosonic   acid   derivative   transferases.   The   candidate   pseudaminic   acid   

derivative transferase   gene   Tanf_01245   is   located   immediately   down-stream   of   the   

CMP-Pse biosynthesis locus on the T. forsythia ATCC 43037 genome and the candidate Leg-

derivative transferase gene TFUB4_00887 is found on the T. forsythia UB4 genome down-

stream of the CMP-Leg biosynthesis gene locus, separated only by a putative 

methyltransferase (Friedrich et al. 2016). The predicted transferases Tanf_01245 (445 amino 

acids; calculated molecular weight,  51.9 kDa)  and  TFUB4_00887  (442  amino  acids;  

calculated  molecular  weight, 51.3 kDa) share 81% amino acid sequence identity. Precisely, 

the sequences of the 241-amino acid  long  C-terminal  domains  are  identical  in  both  

proteins  (Figure 1A).  A  DXD  motif starting  at  position  D205  (strain  ATCC 43037)  and  

D202  (strain  UB4),  respectively,  is present at the beginning of the conserved C-terminal 

domain (Figure 1A). This short motif is found in many families of glycosyltransferases, which 

add a range of different sugars to other sugars, phosphates and proteins. All DXD-containing 

glycosyltransferases use nucleoside diphosphate sugars as donors and require divalent cations, 

typically manganese (Breton et al. 2005). Usually, however, DXD-motifs are absent in 

sialyltransferases (Brockhausen 2014), which do not require divalent metal ions for enzymatic 

activity. Two recently identified functional motifs (D/E-D/E-G and HP) found in Neisseria 

meningitidis (NmB-polyST) and Pasteurella multocida (PmST1), are highly conserved in 

bacterial sialyltransferases and important to enzyme catalysis and CMP-Neu5Ac binding 

(Freiberger et al. 2007). Both motifs are present in the putative nonulosonic acid transferases 

studied here (Figure 1A). Further bioinformatic analyses (Basic Local Alignment Search Tool 

- BLAST at http://blast.ncbi.nlm.nih.gov/Blast.cgi)  suggested  a  glycosyltransferase  B-type  



 
46 

superfamily domain using NCBI´s conserved domain database (CDD) 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, version CDD v3.15) or a putative 

conserved TagB superfamily domain (version CDD v3.14) (Marchler-Bauer et al. 2015), 

spanning the same amino acid residues, to be present in both proteins (Figure 1B). The TagB 

protein has been implicated in the priming step of poly(glycerol phosphate) wall teichoic acid 

synthesis in Bacillus subtilis (Swoboda et al. 2010). There, TagB adds a single glycerol 

phosphate residue to the non-reducing end of undekaprenyl-phosphate-linked 

N-acetylmannosamine-β(1,4)-N-acetylglucosamine-1-phosphate, which reveals analogy in 

basic sugar structure with the N-acetylmannosaminuronic acid residue present as acceptor 

in the T. forsythia        O-glycan.        Secondary        structure        predictions        performed        

at http://bioinf.sce.carleton.ca/PCISS/start.php    indicate    for    T. forsythia    ATCC    

43037 

Tanf_01245 and T. forsythia UB4 TFUB4_00887, an α-helix content of 34.38% and 32.58%, 

a β-sheet content of 20.90% and 22.40%, respectively, and 45% turns, each. No 

transmembrane regions are predicted for the nonulosonic acid derivative transferases using 

the prediction server TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM/). 

To obtain insight in the prevalence of the predicted nonulosonic acid derivative 

transferases in T. forsythia strains, we included in the multiple sequence alignment further 

sequences of homologous proteins from other publically available genomes of T. forsythia 

strains,   including   Tanf_01245   (strain   ATCC 43037),   TFUB4_00887   (strain   UB4), 

TFUB20_01003 (strain UB20), BFO_1060 (strain FDC 92A2), TFKS16_1100 (KS16), 

TFUB22_00887 (strain UB22), and TF3313_0988 (strain 3313), revealing 246 identical C- 

terminal amino acid residues in all compared sequences. Based on differences at the amino 

acid level in the N-terminal regions, all aligned proteins except TF3313_0988 matched either 

the Tanf_01245 sequence from strain ATCC 43037 or the TFUB4_00887 sequence from 
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strain  UB4  (Figure 1A).  This  result  is  also  reflected  by  analyzing  the  phylogenetic 

relationship  of  nonulosonic  acid  transferases  (Jones  et  al.  1992,  Kumar  et  al.  2016) 

(Figure 1C). 

 

 

The migration behavior of S-layer glycoproteins on SDS-PAGE is affected by 

knocking-out the putative Pse and Leg transferases 

The  glycosylated  S-layer  proteins  TfsA  and  TfsB  are  the  most  abundant  and  best 

characterized glycoproteins in T. forsythia strains (Posch et al. 2011, Sekot et al. 2012) and, 

thus, were chosen as model glycoproteins for investigating the putative nonulosonic acid 

derivative transferases. 

To assess an overall involvement of Tanf_01245 (candidate Pse derivative transferase) 

and TFUB4_00887 (candidate Leg derivative transferase) in S-layer protein glycosylation, the 

SDS-PAGE  pattern  of  the  respective  gene  deletion  mutants  T. forsythia  ATCC 43037 

∆Tanf_01245   and   T. forsythia   UB4   ∆TFUB4_00887   was   compared   to   that   of   the 

corresponding   parent   strains   and   the   reconstituted   strains   (T. forsythia   ATCC 43037 

ΔTanf_01245+  and T. forsythia UB4 TFUB4_00887+). Upon protein staining of crude cell 

extracts with CBB (Figure 2A), the S-layer glycoproteins of both strain ATCC 43037 and 

UB4 appeared as prominent high-molecular mass bands, with TfsA migrating at ~230 kDa 

(calculated MW, 135 kDa) and TfsB at ~270 kDa (calculated MW, 152 kDa), as expected 

(Posch et al. 2011). A clear down-shift of both S-layer glycoproteins (~20 kDa, each) was 

visible in ATCC 43037 ΔTanf_01245, and the native migration behavior could be restored in 

the  reconstituted  strain  ATCC 43037  ΔTanf_01245+   (Figure 2A).  The  same  result  was 

obtained in an analogous experiment performed with T. forsythia UB4, where the parent 

strain, UB4 ΔTFUB4_00887 and the reconstituted strain were compared (Figure 2A). Western 
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immunoblots  using  polyclonal  antibodies  directed  against  the  S-layer  proteins  TfsA 

(Figure 2B)  and  TfsB  (Figure 2C)  confirmed  the  identity  of  the  said  proteins  in  either 

T. forsythia strain, and simultaneously pinpointed a role of Tanf_01245 and TFUB4_00887 in 

the general protein O-glycosylation pathway of ATCC 43037 and UB4, respectively. 

 
 
 

O-Glycans of T. forsythia Pse and Leg glycosyltransferase knock-out mutants are 

devoid of the terminal nonulosonic acid 

Knocking-out Tanf_01245 resulted in a loss of the terminal Pse5Am7Gra residue on the 

O-glycans   of   T. forsythia   ATCC 43037   as   revealed   by   electrospray-ion   trap-mass 

spectrometry (ESI-IT-MS) analyses of β-eliminated S-layer glycans. Deconvoluted mass 

spectra showed the highest mass peak at m/z=1523.4 [M+H]+, which conforms with the m/z 

value  of  the  T. forsythia  O-glycan  lacking  the  Pse5Am7Gra  residue  (361.2 Da)  and, 

additionally, one methyl group (14.0 Da); the latter was determined to be missing at the 

branching  N-acetylmannosaminuronic  acid  residue  (Figure 3A).  Additional  peaks,  with  a 

typical fragmentation pattern of a glycan moiety were assigned and showed the subsequent 

loss of sugar residues and side chain modifications of the mutant O-glycan. The doubly 

charged complete wild-type O-glycan exhibited an m/z signal of 949.9 [M+2H]2+, which 

corresponds  to  m/z=1898.8  when  calculating  a  singly  charged  form  thereof.  In  the 

reconstituted  strain  ATCC 43037  ΔTanf_01245+,  Pse5Am7Gra  transfer  could  be  fully 

restored,  as  evidenced  by  the  detection  of  a  glycan  with  m/z=949.7  [M+2H]2+,  which  

corresponds to the mass of the wild-type glycan (Figure 3A). 
 

The wild-type O–glycan of T. forsythia UB4, where the Pse derivative is replaced by a 
 
Leg residue with calculated acetyl (Ac) and glycolyl (Gc) modifications (Friedrich et al. 

 

2016), exhibits m/z=936.8 [M+2H]2+, which corresponds to an m/z=1872.6 of the [M+H]+ ion. 

In the UB4 ΔTFUB4_00887 mutant, the Leg derivative (350.2 Da) as well as one methyl 
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group  (-14.0 Da)  modifying  the  N-acetylmannosaminuronic  acid  residue,  was  no  longer 

present  as  evidenced  by  the  prominent  peak  with  m/z=1523.4  [M+H]+   (Figure 3B).  As 

reported recently (Friedrich et al. 2016), also in this analysis, O-glycans of both the UB4 

wild-type  and  the  UB4  ΔTFUB4_00887  mutant  another  glycan  species  with  additional 

+16 Da at the position of the digitoxose could be observed, indicating the presence of a 

deoxyhexose  instead  of  a  dideoxyhexose  in  some  forms  of  the  glycan.  Still,  in  the 

reconstituted strain T. forsythia UB4 ΔTFUB4_00887+, the production of the Leg derivative 

was  fully  restored,  resulting  in  m/z=936.8  [M+2H]2+,  which  conforms  with  that  of  the  

T. forsythia UB4 wild-type glycan (Figure 3B). 
 

These data corroborated the involvement of Tanf_01245 and TFUB4_00887 in the 

transfer of the Pse and Leg derivative, respectively, during T. forsythia O-glycan assembly. 

Furthermore it is indicated that methylation of the branching N-acetylmannosaminuronic acid 

residue occurs only after transfer of the respective nonulosonic acid derivative to the other, 

terminal N-acetylmannosaminuronic acid residue of T. forsythia ATCC 43037 O-glycan. 

 
 
 
 

CMP activation and modification of nonulosonic acids occur prior to their transfer 

onto the O-glycan 

Considering   that   the   nonulosonic   acids   present   in   the   T. forsythia   O-glycans   carry 

modifications, i.e., the proven Am (at C-5) and Gra (at C-7) modifications of the Pse residue 

in ATCC 43037 and the calculated Ac and Gc modifications (based on MS data) of the Leg 

residue in UB4 (Friedrich et al. 2016, Posch et al. 2011) and that the modifying enzymes are 

still unknown, we wanted to rule out that the candidate transferases (Tanf_01245 and 

TFUB4_00887)  would  be  involved  in  the  modification  instead  of  the  predicted  transfer 

process – which would also result in a loss of the nonulosonic acid on the O-glycans if the 

modifications were a prerequisite for the transfer to occur. Thus, the cellular pool of 
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nucleotide-activated sugars was analyzed for the T. forsythia ATCC 43037 ΔTanf_01245 and 

T. forsythia UB4 ΔTFUB4_00887 mutants and compared to that of the parent strains. Besides 

known UDP- and GDP-activated sugars, CMP-Pse5Am7Gra with m/z=683.2 (Posch et al. 

2011) representing the fully modified Pse precursor, was clearly visible in the pool of 

nucleotide-activated sugars prepared from cell extracts of both the ATCC 43037 wild-type 

and  the  ATCC 43037  ΔTanf_01245  mutant  (Figure 4A).  As  a  negative  control,  the 

ATCC 43037 ΔpseC mutant available from a recent study (Friedrich et al. 2016) where the 

m/z=683.2  compound  is  missing  as  a  result  of  abolishing  Pse  biosynthesis,  was  used 

(Figure 4A), confirming the validity of the analysis. 

Legionaminic acid modification prior to transfer to the O-glycan was confirmed for 

T. forsythia UB4 as well, where a unique peak at m/z=654.3 could be detected in the cellular 

pool of nucleotide-activated sugars of both the T. forsythia UB4 wild-type and the UB4 

ΔTFUB4_00887 mutant (Figure 4B). This compound eluted just after CMP-Pse5Am7Gra on 

a porous graphitic carbon (PGC) column and showed the typical m/z=322.0 fragment peak of 

CMP upon collision induced decay (Supplementary Figure S1), supporting its identity as a 

CMP-activated Leg derivative. In analogy to the data presented for T. forsythia ATCC 43037 

(Figure 4A), the said m/z=654.3 peak was absent in a UB4 ΔlegC mutant which is deficient in 

CMP-Leg biosynthesis (Friedrich et al. 2016). 

 
 
 

Tannerella forsythia strains cross-complemented with the non-native putative 

nonulosonic acid derivative transferase remain without nonulosonic acid derivative 

attachment to the protein O-glycan 

Considering the high amino acid sequence similarity (81%) of the two candidate transferases 

under investigation and the stereoisomeric character of the Pse and Leg backbones, cross- 

complementation  experiments  of  the  T. forsythia  mutants  with  proven  deficiency  in  the 
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respective nonulosonic acid derivative in the O-glycan structure (Figures 3A and 3B) with the 

non-native   putative   nonulosonic   acid   transferase   were   performed.   Specifically,   the 

T. forsythia ATCC 43037 ΔTanf_01245 mutant was complemented with the TFUB4_00887 

gene, and vice versa, i.e., the UB4 ΔTFUB4_00887 mutant was complemented with the 

ATCC derived Tanf_01245 gene (Supplementary Figures S 2A and S 3A). 

The cross-complemented strains T. forsythia ATCC 43037 ΔTanf_01245+TFUB4_00887
 

 

and T. forsythia UB4 ΔTFUB4_00887+Tanf_01245  were first analyzed on CBB-stained SDS- 

PAGE gels and Western immunoblots targeted at the TfsA and TfsB S-layer glycoproteins. 

However, neither of the cross-complemented strains showed the up-shift of the S-layer 

glycoproteins  to  the  wild-type  level  (Figure 2).  This  result  was  confirmed  by  mass 

spectrometric analyses, in which both cross-complemented strains exhibited an m/z signal of 

1523.3 [M+H]+ as maximum glycan mass. This mass was clearly indicative of the presence of 

T. forsythia O-glycans without the terminal nonulosonic acid and without a methyl group 

(Figure 3). 
 

In  conclusion,  these  data  suggest  that  the  candidate  transferases  Tanf_01245  and 
 
TFUB4_00887 have high stringency for their CMP-substrate. 

 
 
 
 

Discussion 
 
 
 

 
Pathogenic bacteria frequently decorate their cell envelope with nonulosonic acids (Lewis et 

al. 2009, Morrison and Imperiali 2014). Major roles have been attributed to these sugar acids 

in biology and disease, including involvement in bacterial biofilm formation and motility. For 

instance, Leg glycan modification in C. jejuni was shown to be important for colonization of 

chickens (Howard et al. 2009), nonulosonic acid modification of the LPS of Vibrio vulnificus 

was shown to promote survival in the host bloodstream (Lubin et al. 2015), and there are 
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various reports on the requirement of Pse modification for flagellar filament assembly in 

Campylobacter strains (Goon et al. 2003) and in Treponema denticola (Kurniyati et al. 2017). 

Further, it is speculated that pathogens may use nonulosonic acids other than sialic acids in 

molecular mimicry (Varki and Gagneux 2012), with a direct interaction between Pse on 

C. jejuni flagella and Siglec-10 receptor having been experimentally demonstrated 

(Stephenson et al. 2014). 

Biosynthetic pathways for Sia, Pse and Leg can be predicted with a wide distribution 

among  archaea  and  bacteria,  including  the  bacterial  phylum  Bacteroidetes  to  which 

T. forsythia is affiliated (Lewis et al. 2009). While the biosynthetic pathways leading from 

UDP-GlcNAc to CMP-Pse and that from GDP-GlcNAc to CMP-Leg have been elucidated in 

detail in different bacteria (Schoenhofen et al. 2006, 2009), and, recently, also in T. forsythia 

(Friedrich et al. 2016), it is still unknown how the indispensable subsequent transfer step of 

Pse and Leg or derivatives thereof from the activated state onto an acceptor saccharide or 

polypeptide is elaborated. Considering the increasing documentation of the occurrence of Pse 

and Leg in pathogens, it is surprising that reports on putative Pse- or Leg-transferases in the 

literature are scarce (Parker et al. 2012, Watson et al. 2015). 

This study was designed to shed light on putative nonulosonic acid derivative 

transferases encoded in the genome of different strains of T. forsythia, a periodontal pathogen 

which was shown to decorate its cell surface with either a Pse or a Leg derivative present as a 

terminal  residue  on  otherwise  structurally  identical  and  abundant  S-layer  glycoprotein 

O-glycans  (Friedrich  et  al.  2016,  Posch  et  al.  2011).  Specifically,  we  investigated  the 

candidate    CMP-Pse5Am7Gra:ManNAcA    transferase    Tanf_01245    from    T. forsythia 

ATCC 43037 and the candidate CMP-Leg derivative:ManNAcA transferase TFUB4_00887 

from T. forsythia UB4 (which is also present in T. forsythia FDC 92A2) (for glycan structure 

see (Friedrich et al. 2016)). The identification of biosynthetic pathway genes for either CMP- 
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Pse or CMP-Leg in conjunction with a gene encoding a putative nonulosonic acid transferase 

in immediate vicinity on the genome of different strains of the same bacterium is interesting 

from an evolutionary point of view, since it raises the question about what has shaped the 

genome  content  of  different  T. forsythia  strains  and  how  this  may  contribute  to  the 

pathogenesis of periodontal diseases. 

The high similarity of the two candidate transferases at primary sequence level was 

not unexpected, since their nonulosonic acid substrates are stereoisomers, albeit with different 

non-carbohydrate modifications (5Am7Gra in Pse versus calculated AcGc in Leg). A multiple 

sequence alignment revealed an identical, 245-amino acid comprising, C-terminal protein 

region of Tanf_01245 and TFUB4_00887, and a GT-B or TagB superfamily domain (vide 

infra) is predicted (Figure 1). The prediction of two domains on the amino acid sequence level 

is in agreement with the two-domain presentation of known 3-D structures from crystallized 

glycosyltransferases with both GT-A and GT-B folds (Breton et al. 2005, Lairson et al. 2008). 

A membrane associated third-fold family has been identified based on the crystal structure 

and kinetic data from an α-2,3/2,8-sialyltransferase (CstII) in C. jejuni (Chiu et al. 2004). In 

agreement  with  the  experimental  evidence  provided  in  the  present  study,  bioinformatic 

analysis  predicts  a  GT-fold  for  the  putative  T. forsythia  nonulosonic  acid  transferases. 

However, it cannot be ruled out that a novel GT-fold might be involved in nonulosonic acid 

transfer, which makes these enzymes exciting objects to study. 

Interestingly,  a  DXD  motif  as  well  as  a  D/E-D/E-G  and  HP  motif,  common  to 

bacterial sialyltransferases, were identified in all investigated nonulosonic acid transferases 

(Figure 1A). Glycosyltransferases from the A-type family share this common DXD motif, 

which interacts primarily with the phosphate group of the respective nucleotide donor (Breton 

et al. 2005, Lairson et al. 2008). Yet, a DXD motif is only a decent indication of a 

glycosyltransferase, since it is not necessarily present in this class of enzymes as exemplified 
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by a CMP-Sia utilizing enzyme from C. jejuni (Chiu et al. 2004). A significant support for a 

transferase function of both enzymes, Tanf_01245 and TFUB4_00887, is derived from 

homology searches predicting a TagB superfamily domain or a glycosyltransferase B-type 

superfamily domain located at the rather N-terminal part of the proteins (Figure 1B). TagB is 

a glycerophosphate transferase from the wall teichoic acid biosynthesis in Bacillus subtilis 

168 where it catalyzes the transfer of a single phosphoglycerol unit from CDP-glycerol onto 

the C-4 hydroxyl of a ManNAc residue (Swoboda et al. 2010). Even though glycerol and 

nonulosonic acids are clearly different substrates, two remarkable analogies are evident; first, 

the ManNAc residue from the teichoic acid backbone has the same basic structure as the 

ManNAcA residue, which is the acceptor saccharide for the nonulosonic acids in T. forsythia 

O-glycan biosynthesis, and secondly, an 1,4-linkage as formed upon TagB catalysis is also 

implemented in the terminal transfer of the Pse and Leg derivative onto the ManNAcA 

residue within the known O-glycan structure (for glycan structure see (Friedrich et al. 2016)). 

Thus, it is conceivable to assume that the conserved C-terminal protein region of 

Tanf_01245 and TFUB4_00887, encompassing the DXD, the D/E-D/E-G and HP motifs, is 

involved in the binding of the CMP activator of both the Pse and Leg derivative, while the 

TagB domain might specifically bind the nonulosonic acid portion of CMP-Pse5Am7Gra and 

the CMP-Leg derivative, respectively (Figure 1A). 

Experimentally, we have successfully proven the requirement of Tanf_01245 from 

T. forsythia ATCC 43037 and TFUB4_00887 from T. forsythia UB4 for the full saccharide 

assembly of the T. forsythia protein O-glycans. Deletion of Tanf_01245 and TFUB4_00887, 

respectively, resulted in a Pse5Am7Gra and Leg derivative deficient phenotype as revealed by 

LC-ESI-MS  of β-eliminated  O-glycans  from TfsB (Figure 3)  and  TfsA  (not  shown).  To 

exclude that polar effects would cause the loss of the respective nonulosonic acid, we showed 
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that reconstituted strains regained the Pse5Am7Gra and Leg derivative transfer activity 

yielding the native dekasaccharide form of the glycan (Figure 3). 

Since  the  biosynthetic  enzymes  for  the  non-carbohydrate  modifications  on  the 

T. forsythia nonulosonic acids are currently unknown, it was important to demonstrate that 

these have not been unintentionally targeted in the deletion mutants and that, consequently, 

indeed the fully modified sugar acid would be available in CMP-activated form. For instance, 

deletion of genes involved in the biosynthesis of the acetamidino group in Methanococcus 

maripaludis resulted in flagellins with a truncated glycan that did not only miss the 

acetamidino group present on an inner sugar (a modified ManNAc residue) but also the 

terminal sugar of the flagellin glycan (Jones et al. 2012). This indicates that the loss of non- 

carbohydrate substituents within a glycan might influence downstream enzymes. ESI-IT MS 

analyses of the cellular pools of nucleotide activated sugars from the ΔTanf_01245 and 

ΔTFUB4_00887 mutant strains in comparison to the ATCC 43037 and UB4 parent strains 

demonstrated the presence of the mature Pse and Leg derivative, respectively, at m/z=683.2 in 

both ATCC 43037 samples and m/z=654.3 in both UB4 samples (Figure 4). Further, the 

presence of CMP was proven by the appearance of a typical m/z=322.0 fragment in the 

MS/MS spectrum (Supplementary data, Figure 4B), which was especially important for the 

T. forsythia UB4 strain, as the structure of whose Leg derivative has not been fully elucidated 

so far. 

To learn about the substrate specificity of the predicted T. forsythia Pse5Am7Gra and 

Leg derivative transferase, cross-complementation experiments were performed. 

Complementation   of   T. forsythia   ATCC   43037   ΔTanf_01245   and   T. forsythia   UB4 

ΔTFUB4_00887 with the non-native enzyme could not restore the native O-glycan phenotype 

(Figure 3), despite identity of the underlying O-glycan structure. Considering that even cross- 

glycosylation experiments between different species of the Bacteroidetes, namely between 
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T. forsythia ATCC 43037 and Bacteroides fragilis have been successful (Posch et al. 2013), it 

is conceivable to assume that Tanf_01245 from T. forsythia ATCC 43037 and TFUB4_00887 

from  T. forsythia  UB4  possess  high  stringency  for  the  CMP-activated  nonulosonic  acid 

substrate. Whether stringency relates to the stereoisomery or the modifications of the 

nonulosonic acids or both remains to be investigated. 

While we have provided strong evidence of the discovery of two new nonulosonic 

acid transferases in different strains of the periodontal pathogen T. forsythia, the development 

of a dedicated in vitro assay to unequivocally prove the enzymatic activity of the investigated 

T. forsythia enzymes is currently under way. Given the power of current glycoengineering 

approaches the present study may contribute to the design of novel nonulosonic acid-based 

glycoconjugates of potential therapeutic relevance in the future. 

 

 

Materials and Methods 
 
 
 

 
Bacterial strains and growth conditions 
 
Tannerella forsythia ATCC 43037 type-strain (American Type Culture Collection - ATCC, 

Manassas, VA) (Friedrich et al. 2015b) and T. forsythia UB4 (clinical isolate kindly provided 

by Dr. Ashu Sharma, State University of New York at Buffalo, NY) and defined mutants 

(Table I) were grown anaerobically as described previously (Tomek et al. 2014). Briefly, 

Brain-Heart-Infusion (BHI) liquid medium (Oxoid, Basingstoke, UK) with a concentration of 

37.0 g/l was supplemented with 10.0 g/l of yeast extract (Oxoid), 1.0 g/l L-cysteine (Sigma, 

Vienna,  Austria),  5.0 µg/ml  hemin  (Sigma),  2.0 µg/ml  menadione  (Sigma),  20 µg/ml 

N-acetylmuramic acid (Carbosynth, Compton, UK) and 5% (v/v) horse serum (Thermo Fisher 

Scientific, Vienna, Austria). For cultivation of T. forsythia wild-type and mutant strains on 
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BHI agar plates (0.8% w/v), incubation was performed in anaerobic jars (AnaeroJar; Oxoid) 

at 37°C. Media were supplemented with 50 µg/ml gentamycin, 5 µg/ml erythromycin or 

10 µg/ml chloramphenicol, when appropriate. 

Escherichia coli strains (Table I) were grown under standard conditions in lysogeny 

broth (LB) medium supplemented with 100 µg/ml ampicillin, when appropriate. 

 
 
 
 

Construction of knock-out strains deficient in pseudaminic or legionaminic acid 

transferase activity 

Vectors were constructed to knock-out candidate genes for a Pse5Am7Gra transferase in 

T. forsythia ATCC 43037 (gene Tanf_01245) and for a Leg derivative in T. forsythia UB4 

(gene TFUB4_00887) (Table I). A detailed description of the cloning procedure and the 

transformation of knock-out cassettes into T. forsythia is published elsewhere (Tomek et al. 

2014). For PCR amplifications, Phusion High-Fidelity DNA polymerase (Thermo Fisher 

Scientific) was used according to the manufacturer’s instructions. Oligonucleotides (Thermo 

Fisher Scientific) used in this study are listed in Table II. Extraction of genomic DNA was 

performed according to a published protocol (Cheng and Jiang 2006). 

The knock-out vectors for the construction of a T. forsythia ATCC 43037 
 
ΔTanf_01245 and a T. forsythia UB4 ΔTFUB4_00887 mutant consisted of approximately 
 
1-kbp up- and down-stream homology regions and an erythromycin resistance marker (ermF) 

cloned in between. Primer pairs 474/475 and 476/477, respectively, were used to amplify the 

up- and down-stream homology regions from genomic DNA of T. forsythia ATCC 43037, 

and primer pairs 120/121 and 122/123 were used to amplify those from genomic DNA of 

T. forsythia  UB4.  The  antibiotic  resistance  gene  ermF  (805 bp)  was  amplified  from 

pJET/TF0955ko (Tomek et al. 2014), either without the promotor region using primers 460 

and 461 or including the native promotor using primers 1 and 2. Subsequently, each knock- 
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out cassette was blunt-end cloned into the cloning vector pJET1.2, creating the final knock- 

out vectors pJET1.2/ΔTanf_01245  and  pJET1.2/ΔTFUB4_00887.  Transformed  and  viable 

clones on selective plates containing erythromycin were further tested for correct integration 

of the knock-out cassette by screening PCR (Supplementary Figures S2 and S3). 

To reconstitute the transferase function in the T. forsythia ATCC 43037 ΔTanf_01245 

and T. forsythia UB4 ΔTFUB4_00887mutants, the genes of interest were re-integrated by 

homologous recombination including chloramphenicol (cat) as an alternate resistance gene 

for selection purposes (Supplementary Figures S2 and S3). The up-stream region, including 

the approximately 1-kbp up-stream homology region and the 1338-bp Tanf_01245 gene, was 

amplified with primer pair 540/130 from genomic DNA of T. forsythia ATCC 43037. The 

650-bp cat gene (without the native promotor) was amplified using pEXALV as a template 

(Zarschler, K., Janesch, B., et al. 2009) and primers 126/77 prior to addition to the up-stream 

region by way of overlap-extension PCR. The construct was blunt-end ligated into the cloning 

vector pJET1.2. The approximately 1-kbp down-stream homology region (541/542) was 

cloned into the above mentioned pJET1.2 construct using the restriction sites KpnI and SphI, 

assembling the final construct pJET1.2/ΔTanf_01245+. After control digestion (not shown), 

electrocompetent T. forsythia ΔTanf_01245 cells were transformed with the final construct. 

Analogously,  up-stream  and  TFUB4_00887  gene  primers  120/130,  cat  primers 
 
126/127 and down-stream primers 128/140 (with KpnI and NdeI restriction sites) were used to 

construct the reconstitution cassette pJET1.2/ΔTFUB4_00887+. Subsequent steps were 

performed as described for the Tanf_01245-based construct, yielding the final construct 

pJET1.2/ΔTFUB4_00887+. 
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Cross-complementation of nonulosonic acid transferase deficient mutants 
 

Based  on  the  reconstitution  cassette  pJET1.2/ΔTanf_01245+,  a  cross-complementation 

cassette was constructed by replacing the native gene Tanf_01245 with TFUB4_00887. The 

native up-stream region was amplified with primers 543 (including an XhoI restriction site) 

and 575. The UB4 TFUB4_00887 gene was amplified using primer pair 576/133(BsrGI) and 

cloned to the up-stream region by overlap-extension-PCR. Via the restriction sites XhoI and 

BsrGI, the native gene was replaced by the non-native gene, assembling the final cross- 

complementation cassette pJET1.2/ΔTanf_01245+TFUB4_00887. 

Analogously, the cross-complementation cassette pJET1.2/ΔTFUB4_00887+Tanf_01245
 

 
for the UB4 strain, was constructed. Briefly, primers 134(XhoI)/153 were used for the 

amplification of the up-stream homology region and 152/133(BsrGI) for the amplification of 

the Tanf_01245 gene. Clones were tested for correct integration on genomic level after 

transformation and selection (Supplementary Figures S2 and S3). 

 
 
 

SDS-PAGE and Western immunoblotting 
 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (7.5%) were prepared 

according  to  a  standard  protocol  (Laemmli  1970).  Crude  cell  extracts  of  T. forsythia 

ATCC 43037, UB4 and defined mutants thereof were run in a Mini Protean electrophoresis 

apparatus (Bio-Rad, Vienna, Austria) and proteins were visualized with colloidal Coomassie 

Brilliant Blue R-250 (CBB). For Western immunoblot analyses, proteins were transferred 

onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) using a Mini Trans-Blot Cell 

(Bio-Rad). Polyclonal antisera raised in rabbits against the recombinant S-layer proteins TfsA 

(α-TfsA) and TfsB (α-TfsB) (Sekot et al. 2012) were used as primary antibodies followed by 

a monoclonal goat anti-rabbit secondary antibody labelled with IRDye 800CW (LI-COR 
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Biosciences, Lincoln, NE). S-layer protein bands were visualized at 800 nm using an Odyssey 

Infrared Imaging System (LI-COR Biosciences). 

 
 
 

S-layer O-glycan preparation and liquid chromatography ESI-IT MS 
 

The preparation and release of O-glycans from the glycosylated S-layer proteins TfsA and 
 
TfsB by in-gel reductive β-elimination was performed as described previously (Posch et al.  
 
2011,  Tomek  et  al.  2014).  Removal  of  excess  salt  via  PGC  cartridges  was  performed 

according to published protocols (Pabst and Altmann 2008, Stadlmann et al. 2008) and the 

final purification of borohydride reduced O-glycans prior to ESI-IT-MS analyses was 

completed  using  preparative  PGC-HPLC  (Posch  et  al.  2011).  The  glycan  mixture  was 

analyzed using a Dionex Ultimate 3000 system directly linked to an ion trap instrument 

(amaZon speed EDT, Bruker, Germany) equipped with the standard ESI source in the positive 

ion, DDA mode (=switching to MSMS mode for eluting peaks). MS-scans were recorded 

(range, 450-1650 m/z; icc target was set to 100,000; maximum accumulation time, 200 ms) 

and the highest peaks were selected for fragmentation. Instrument calibration was performed 

using ESIcalibration mixture (Agilent, Vienna, Austria). For separation of the glycans, a 

Thermo Hypercarb separation column (5 µm particle size; 100 x 0.360 mm) was used. A 

gradient from 99% solvent A and 1% solvent B (solvent A, 65 mM ammonium formate buffer 

(pH 3.0); B, 100% acetonitrile) to 21% B in 20 min was applied, followed by a 10-min 

gradient from 21% B to 50% B, at a flow rate of 6 µl/min. Data were evaluated using the 

DataAnalysis 4.0 software (Bruker). 

 
 
 

Extraction, purification and analysis of nucleotide-activated sugars 
 
Cellular pools of nucleotide-activated sugars were extracted and purified as described before 

(Posch et al. 2011). Briefly, two ml of bacterial solution were harvested by centrifugation, 
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washed in PBS (phosphate-buffered saline) and lysed by ultrasonication in 62 mM sodium 

fluoride buffer before loading onto a Hypersep Hypercarb 10 mg column (Thermo Scientific, 

Vienna, Austria). Elution of GDP-, UDP- and CMP-activated sugars was done with 50% 

acetonitrile in 50 mM ammoniumformate buffer pH 9.0. The glycan mixture was analyzed 

using a Dionex Ultimate 3000 system directly linked to an ion trap instrument (amaZon speed 

EDT) equipped with the standard ESI source in the negative ion, DDA mode (=switching to 

MSMS mode for eluting peaks). MS-scans were recorded (range, 200-900; m/z; icc target was 

set to 15000; maximum accumulation time, 200 ms; target mass was set to 600 m/z) and the 

five highest peaks were selected for fragmentation. Instrument calibration was performed 

using ESIcalibration mixture (Agilent). For separation of the analytes, a Thermo Hypercarb 

separation column (5 µm particle size, 100 x 0.360 mm) was used. A gradient from 99% 

solvent A and 1% solvent B (solvent A, 0.3 % formic acid adjusted to pH 9.0 with ammonia 

solution, B, 100% acetonitrile) to 25% B in 20 min was applied, followed by a 10-min 

gradient from 25% B to 50% B, at a flow rate of 6 µl/min. Data were evaluated using the 

DataAnalysis 4.0 software (Bruker). 
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Abbreviations 

 

Ac, N-acetyl or acetamido; Am, N-acetimidoyl or acetamidino; Amp, ampicillin; BHI, brain 

heart infusion; Cat, chloramphenicol; CBB, Coomassie Brilliant Blue G250; CMP, 

cytidine-5'-monophosphate; Erm, erythromycin; ESI-IT MS, electrospray ionization ion-trap 

mass spectrometry; ESI-TOF MS, electrospray ionization time-of-flight mass spectrometry; 

Gc, N-glycolyl; GDP, guanosine-5'-diphosphate; GT, glycosyltransferase; Gra, 

N-glyceroyl or N-2,3-dihydroxypropionyl or glycerate group; LB, lysogeny broth; LC, liquid 

chromatography; Leg, legionaminic acid (Leg5,7Ac2 ),5,7-diacetamido-3,5,7,9-tetradeoxy-D-

glycero-D-galacto- nonulosonic acid; ManNAc, N-acetylmannosamine; ManNAcA, 

N-acetylmannosaminuronic acid; ManNAcCONH2, N-acetylmannosaminuronamide; MS, 

mass spectrometry; NeuAc, N- acetylneuraminic acid; PBS, phosphate-buffered-saline; PGC, 

porous graphitized carbon; Pse, pseudaminic    acid    (Pse5,7Ac2 ),    5,7-diacetamido-

3,5,7,9-tetradeoxy-L-glycero-L-manno- nonulosonic acid; PVDF, polyvinylidene difluoride; 

SDS-PAGE, sodium dodecyl sulfate- polyacrylamide gel electrophoresis; Sia, sialic acid 

(Neu5Ac), 5-acetamido-3,5-dideoxy-D- glycero-D-galacto-nonulosonic acid; UDP, uridine 5’-

diphosphate. 
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Figures 
 

Fig. 1. Bioinformatic and molecular phylogenetic analyses of putative nonulosonic acid 

derivative  transferases  from  different  T. forsythia  strains.  (A)  Amino  acid  sequence 

alignment    of    Tanf_01245    (strain    ATCC 43037),    TFUB4_00887    (strain    UB4), 

TFUB20_01003 (strain UB20), BFO_1060 (strain FDC 92A2), TFKS16_1100 (KS16), 

TFUB22_00887 (strain UB22), and TF3313_0988 (strain 3313) illustrates a high sequence 
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identity (81%) for all compared sequences except for that from strain 3313, and conservation 

of the C-terminal domain. Conserved motifs (DXD, D/E-D/E-G and HP) are indicated within 

black boxes. (Alignment was done with the software Multalin at 

http://multalin.toulouse.inra.fr). (B) A conserved TagB superfamily domain (version CDD 

v3.14)  or  a  glycosyltransferase  B-type  (version  CDD  v3.15)  superfamily  domain  was 

identified in all candidate nonulosonic acid transferases using the NCBI´s conserved domain 

database  (CDD,  https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)  (Marchler-Bauer  et 

al. 2015). (C) The evolutionary history of nonulosonic acid transferases from different 

T. forsythia strains was inferred by using the Maximum Likelihood method based on the 

JTT matrix-based model (Jones et al. 1992). Four investigated strains (FDC 92A2, KS16, 

UB22 and UB4) have identical amino acid sequences and group together in the phylogenetic 

tree, thus representing strains with legionaminic acid transferases, while two strains, including 

the ATCC type strain (ATCC 43037) and strain UB20 are representing strains with 

pseudaminic acid transferases. Interestingly, strain 3313 does not group in neither of the 

nonulosonic acid transferases and thus has an unknown glycosyltransferase activity. The tree is 

drawn to scale, with branch lengths measured in the number of substitutions per site. 

Evolutionary analyses were conducted in MEGA7 (Kumar et al. 2016). 
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Fig. 2. SDS-PAGE and Western immunoblot analyses of T. forsythia ATCC 43037 

and T. forsythia UB4 wild-type and mutants. (A) CBB staining of crude cell 

extracts from T. forsythia ATCC 43037 wild-type, ΔTanf_01245 mutant, reconstituted 

mutant ΔTanf_01245+ and cross-complemented mutant ΔTanf_01245+TFUB4_00887 after 

separation on a 7.5% SDS-PA gel. The S-layer glycoproteins (labelled TfsA and TfsB) are 

indicated and the down-shift resulting from the loss of the Pse5Am7Gra residue can be 

observed in the deletion mutant and in the cross-complemented mutant, while in the 

reconstituted strain the bands are up-shifted  again  to  wild-type  level.  The  same  
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migration  profiles  could  be  observed  for T. forsythia UB4 wild-type, ΔTFUB4_00887 

mutant, reconstituted mutant ΔTFUB4_00887+ and cross-complemented mutant 

ΔTFUB4_00887+Tanf_01245. PageRuler Plus Prestained Protein Ladder (Thermo Fisher 

Scientific) was used as a protein molecular weight marker. The S- layer glycoprotein 

bands were further processed for MS analyses. Western immunoblots probed with anti-

TfsA antiserum (B) and anti-TfsB antiserum (C) confirmed the identity of the S-layer 

glycoproteins in all analyzed T. forsythia species. PageRuler Prestained Protein Ladder 

(Thermo Fisher Scientific) was used as a molecular weight marker. 
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Fig. 3.  Deconvoluted  ESI-IT  MS  sum  spectra  of  β-eliminated  TfsB  O-glycans  

from T. forsythia parent and mutant strains. (A) Comparison of the spectra from 

T. forsythia ATCC 43037 wild-type, ΔTanf_01245 mutant, reconstituted mutant 

ΔTanf_01245+ and cross-complemented mutant ΔTanf_01245+TFUB4_00887. (B)  Comparison  

of the spectra from T. forsythia UB4 wild-type, ΔTFUB4_00887 mutant, reconstituted 

mutant ΔTFUB4_00887+ and cross-complemented mutant ΔTFUB4_00887+Tanf_01245. 

Another glycan species with additional +16 Da at the position of the digitoxose was 

observed, indicative of the presence of a deoxyhexose instead of a dideoxyhexose in some 

forms of the glycan. 

The   glycan   structures   of   the   highest   mass   peaks   are   shown   as   symbolic 

representations. Mass peaks from the subsequent fragmentation pattern were assigned 

according to the loss of carbohydrate units and modifications. Relative peak intensities of 

occurring peaks are given on the y axis. 
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Fig. 4. ESI-IT MS analysis of cellular nucleotide sugar pools from T. forsythia 

strains. (A) CMP-activated Pse5Am7Gra (m/z 683.3) was detected in the T. forsythia 

ATCC 43037 wild-type and in the ΔTanf_01245 mutant, whereas this mass was absent in a 
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Pse biosynthesis deficient strain (ΔpseC) which served as a negative control. (B) In 

T. forsythia UB4 wild-type and in the ΔTFUB4_00887 mutant, a m/z 654.3 peak was 

identified, which was attributed to a CMP-activated Leg derivative (CMP-Leg*). This mass 

is consistent with having Ac and Gc modifications on Leg, based on calculation. Notably, 

this peak was absent in the Leg- biosynthesis deficient strain (ΔlegC) which served as a 

negative control. Relative peak intensities are given on the y axis. 
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Table I. Bacterial strains and plasmids used in this study 

Strain or plasmid Genotype and use or description Source or reference 

Escherichia coli strain 

DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, 
mK+) phoA supE44 λ– thi-1 gyrA96 relA1; cloning strain 

Invitrogen, Austria 

Tannerella forsythia strains 

ATCC 43037 type strain, wild-type ATCC; (Friedrich et al. 2015b) 

ATCC 43037 ΔTanf_01245 ΔTanf_01245::ermF; knock-out strain of Tanf_01245 This work 

ATCC 43037 ΔTanf_01245+ ΔTanf_01245::Tanf_01245 cat; reconstituted knock-out strain This work 

ATCC 43037 ΔTanf_01245+TFUB4_00887 ΔTanf_01245:: TFUB4_00887cat; cross-complemented knock-out strain This work 

ATCC 43037 ΔpseC ΔpseC::ermF; knock-out strain of Tanf_01190 (Friedrich et al. 2016) 

UB4 clinical isolate; wild-type strain (Stafford et al. 2016) 

UB4 ΔTFUB4_00887 ΔTFUB4_00887::ermF; knock-out strain of TFUB4_00887  This work 

UB4 ΔTFUB4_00887+ ΔTFUB4_00887::cat; reconstituted knock-out strain This work 

UB4 ΔTFUB4_00887+Tanf_01245 ΔTFUB4_00887::Tanf_01245 cat; cross-complemented knock-out strain This work 

UB4 ΔlegC ΔlegC::ermF; knock-out strain of TFUB4_00900 (Friedrich et al. 2016) 

FDC 92A2 wild-type strain ATCC; (Tanner et al. 1986a) 

Plasmids 

pJET1.2/blunt cloning vector; ampR Thermo Scientific, Austria 

pJET/ΔTF0955ko vector for amplification of the erythromycin resistance gene  (Tomek et al. 2014) 

pEXALV vector for amplification of the chloramphenicol resistance gene  (Zarschler et al. 2009) 

pJET1.2/ΔTanf_01245 Tanf_01245 knock-out cassette; ampR ermFR This work 

pJET1.2/ΔTanf_01245+ cassette for reconstitution of ΔTanf_01245; ampR catR This work 

pJET1.2/ΔTanf_01245+TFUB4_00887 cassette for cross-complementation of ΔTanf_01245 with TFUB4_00887; ampR catR This work 

pJET1.2/ΔTFUB4_00887 TFUB4_00887 knock-out cassette; ampR ermFR This work 

pJET1.2/ΔTFUB4_00887+ cassette for reconstitution of ΔTFUB4_00887; ampR catR This work 

pJET1.2/ΔTFUB4_00887+Tanf_01245 cassette for cross-complementation of ΔTFUB4_00887 with Tanf_01245; ampR catR This work 
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Table II. Oligonucleotide primers used for PCR amplification reactions. Nucleotides used for 

overlap extension PCRs are written in bold, artificial restriction sites are underscored. 

Lowercase letters indicate artificially introduced bases to improve restriction enzyme 

digestion 

Primers Sequence (5´-3´) 

1a GGTACCCCCGATAGCTTCCGCTATTGC 

2 CTACGAAGGATGAAATTTTTCAGGG 

3a GCAATAGCGGAAGCTATCGGGGGTACC 

4 CCCTGAAAAATTTCATCCTTCGTAG 

48 GTCAGATAGGCCTAATGACTGGC 

76 TTATAAAAGCCAGTCATTAGGCCTATCTGAC 

77b aatcaGCATGC GGTACCTTATAAAAGCCAGTCATTAGGCCTATCTGAC 

118 ATGGCTACAATGGTCTGTAATTATCTTC  

119 TTATATTACTGTTATTGTTCGTAGATCC 

120 CCATGATAATCTCGACTTCGG 

121 GCAATAGCGGAAGCTATCGGGGGTACCATTCCTATCTCTTGAAGGATAGG 

122 CCCTGAAAAATTTCATCCTTCGTAGGTATAGAGGTACAATGGATATAGGGC 

123 GCACCCATTTATCTAAATAATCTTC 

124 GGCCCTCAACCTTTTCTGGC 

125 CCTATCCTTTAGGTATCTATATG 

126b CGAACAATAACAGTAATATAATGTACAATGAACTTTAATAAAATTGATTTAGAC 

127 aatcaCATATGGGTACCTTATAAAAGCCAGTCATTAGGCCTATCTGAC 

128 aatcaGGTACCGTATAGAGGTACAATGGATATAGGGC 

130 CCAATTGTCTAAATCAATTTTATTAAAGTTCATTGTACATTATATTACTGTTATTGTTCGTAGATCC 

133 aatcaTGTACATTATATTACTGTTATTGTTCGTAGATCCTC 

134 aatcaCTCGAGCCATGATAATCTCGACTTCGG 

140 aatcaCATATGGCACCCATTTATCTAAATAATCTTC 

152 CTAAATTTCTTTCATAATAATTCTTTGTATAATGATTGATGTTTTAAATTTAGAATGGACC 

153 GGTCCATTCTAAATTTAAAACATCAATCATTATACAAAGAATTATTATGAAAGAAATTTAG 

460c ATGACAAAAAAGAAATTGCCCGTTCGTTTTAC 

461c CTACGAAGGATGAAATTTTTCAGGGACAAC 

474d CGGGCAATTTCTTTTTTGTCATTTCTTAATGTAATCTAAGTCCAACCG 

475d TTGTAGCAGAACTATCAGCCAATCAC 

476d GTTGTCCCTGAAAAATTTCATCCTTCGTAGGTATAGAGGTACAATGGATATAG 

477d CCCAGACTCTTCTTTAACAAGAAACC 

512 TGCAGGCTGCAATTGATTCC 

513 GATCCCACGTGAAAGCAAATA 

524 GTAAAACGAACGGGCAATTTCTTTTTTGTCAT 

525 CCCTGAAAAATTTCATCCTTCGTAG 

530 CGTATGATATTTGCAGTCTTG 

531 GTAATAACCATATCTGCCTCTGGAAC 

540 CAACAATTGTAGCAGAACTATCAGCC 

541 aatcaGGTACCTATAAGTATAGAGGTACAATGGATATAGG 

542 aatcaGCATGCGGTATCTATATGAAGTACGCACC 

543 ctgaCTCGAGCAACAATTGTAGCAGAACTATC 

565 CTAAATCAATTTTATTAAAGTTCAT 

575 TCTAAATTAAGAATATCCATTTCTTAATGTAATCTAAGTCCAACCGCATTCC 

576 GACTTAGATTACATTAAGAAATGGATATTCTTAATTTAGAATGGACTTCC 
a(Friedrich et al. 2016), b(Zarschler et al. 2009), c(Tomek et al. 2014); d Sequence (3´-5´) 
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Supp. Fig. 1. ESI-MS analyses of CMP-activated sugars from T. forsythia 

ATCC 43037 and T. forsythia UB4. (A) Overlay of the PGC column elution profile of 

CMP-Neu5Ac serving as standard (m/z 613.2; red) and the known CMP-Pse5Am7Gra unit 
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from ATCC 43037 (m/z 683.3; dark blue) and the ΔTanf_01245 mutant (m/z 683.2; light 

blue) in comparison to the uniquely found UB4 mass of m/z=654.3, present in the parent 

strain (dark green) and the ΔTFUB4_00887 mutant (light green), shown in a base peak 

chromatogram (BPC). (B) Confirmation of the presence of the CMP-activator in all of the 

analyzed samples by CID-fragmentation, where all CMP-activated sugars show the typical 

m/z=322.0 peak originating from CMP. The sugar part did not ionize well and, therefore, 

could not be detected. Relative intensities of occurring peaks are given on the y axis. 
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Supp. Fig. 2. Strategy for the generation of T. forsythia ATCC 43037 mutants at the 

Tanf_01245 locus and confirmation by PCR. (A) The genomic organization of the 

Tanf_01245 locus is shown for the parent strain T. forsythia ATCC 43037, the 

ΔTanf_01245 mutant, the reconstituted mutant ΔTanf_01245+ and the cross-complemented 

mutant ΔTanf_01245+TFUB4_00887. Black colored arrows represent primers used for PCR 
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amplification of genes and homologous regions, red colored primers represent those used 

to screen for correct integration of the knock-out, reconstitution and cross-

complementation cassettes; restriction sites used for cloning are indicated (not drawn to 

scale). (B) Agarose gel electrophoresis (left) confirms the deletion of Tanf_01245 using the 

up-stream primers 530/524 (1105 bp) and down-stream primers 525/531 (1314 bp) on 

genomic DNA of T. forsythia ATCC 43037 ΔTanf_01245 mutant with integrated ermF 

cassette. Primers 512/513 yield in a 239-bp PCR fragment when using T. forsythia wild-

type genomic DNA, whereas this fragment is absent on genomic DNA of the ΔTanf_01245 

mutant confirming the loss of the gene (log). The agarose gel electrophoresis (middle) 

confirms the reconstitution of the deleted Tanf_01245 gene using up-stream primers 

530/565 (2442 bp) and down-stream primers 48/531 (1337 bp). Screening primers 530/531 

yield in a 4374-bp PCR product on genomic DNA of the reconstituted mutant 

ΔTanf_01245+ with integrated cat resistance gene, whereas the same primer pair results in 

a 3700-bp product on genomic DNA of the T. forsythia wild-type. Agarose gel 

electrophoresis (right) confirms the cross-complementation with TFUB4_00887 using up-

stream primers 530/565 (2433 bp) and down-stream primers 48/531 (1337 bp) on genomic 

DNA of ΔTanf_01245+TFUB4_00887. Screening primers 530/531 yield in a 4365-bp PCR 

product on genomic DNA of the cross-complemented mutant ΔTanf_01245+TFUB4_00887, 

whereas the same primer pair results in a 3700-bp product on genomic DNA of the T. 

forsythia wild-type. O´Gene Ruler 1 kb Plus DNA Ladder (Thermo Fisher Scientific) was 

used as a gene ladder. 
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Supp. Fig. 3. Strategy for the generation of T. forsythia UB4 mutants at the 

TFUB4_00887 locus and confirmation by PCR. (A) The genomic organization of the 

TFUB4_00887 locus is shown for the parent strain, the UB4 ΔTFUB4_00887 mutant, the 

reconstituted UB4 ΔTFUB4_00887+ mutant and the cross-complemented UB4 

ΔTFUB4_00887+Tanf_01245 strain. Black colored arrows represent primers used for PCR 

amplification of genes and homologous regions, red colored represent those used to screen 

for correct integration of the knock-out, reconstitution and cross-complementation 

cassettes; restriction sites used for cloning are indicated (not drawn to scale). (B) Agarose 

gel electrophoresis (left) confirms the deletion of TFUB4_00887 using the up-stream 
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primers 124/3 (1079 bp) and down-stream primers 4/125 (1090 bp) on genomic DNA of T. 

forsythia UB4 ΔTFUB4_00887mutant with integrated ermF cassette and on UB4 wild-type 

genomic DNA. Primers 118/119 yield in a 1278-bp PCR fragment when using T. forsythia 

UB4 wild-type genomic DNA, whereas this fragment is absent on genomic DNA of the 

ΔTFUB4_00887 mutant (mut), confirming the loss of the gene. The agarose gel 

electrophoresis (middle) confirms the reconstitution of the deleted TFUB4_00887 gene 

using up-stream primers 124/76 (2987 bp) and down-stream primers 48/125 (1102 bp). 

Screening primers 124/125 yield in a 4048-bp PCR product on genomic DNA of the 

reconstituted mutant ΔTFUB4_00887+ with integrated cat resistance gene, whereas the 

same primer pair results in a 3395-bp product on genomic DNA of the T. forsythia UB4 

wild-type. Agarose gel electrophoresis (right) confirms the cross-complementation with 

Tanf_01245 using up-stream primers 124/76 (3047 bp) and down-stream primers 48/125 

(1102 bp) on genomic DNA of ΔTFUB4_00887+Tanf_01245. Screening primers 124/125 yield 

in a 4118-bp PCR product on genomic DNA of the cross-complemented mutant 

ΔTFUB4_00887+Tanf_01245, whereas the same primer pair results in a 3395-bp product on 

genomic DNA of the T. forsythia UB4 wild-type. O´Gene Ruler 1 kb Plus DNA Ladder 

(Thermo Fisher Scientific) was used as a gene ladder.  
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rotein secretion plays a central role in modulating the interactions of bacteria with their 

environment and, thus, affects the development, proliferation and the overall lifestyle of 

an  organism  (Wickner  and  Schekman  2005).  While  exoproteins  of  Gram‐positive 

(monoderm) bacteria have to translocate only across the cytoplasmic (inner) membrane (Desvaux 

et  al.  2006;  Schneewind  and  Missiakas  2012),  Gram‐negative  (diderm)  bacteria  have  to 

translocate  across  the  cytoplasmic membrane  as well  as  the  outer membrane  (Pugsley  1993; 

Costa et al. 2015). Once translocated across the outermost membrane, the final destination of a 

secreted  protein  can  vary.  The  release  into  the  extracellular  milieu  or  the  covalent  or  non‐

covalent  association  to  cell‐wall  or  outer  membrane  components  can  occur.  Assembly  into 

macromolecular structures on the cell surface such as flagella, pili or S‐layers are key purposes of 

secreted  proteins  (Desvaux  et  al.  2009;  Chagnot  et  al.  2013).  The  terminology  of  protein 

trafficking  in bacteria  is depicted  in Figure 9. Focusing on Gram‐negative bacteria, to which also 

T. forsythia belongs, known translocation systems are briefly described in this chapter (Figure 10). 

 

 

Figure  9  Protein  translocation,  export  and  secretion  in  Gram‐positive  (a)  and  Gram‐negative  (b)  bacteria.  Ext, 

extracellular milieu;  CW,  cell wall;  IWZ,  inner wall  zone;  CM,  cytoplasmic membrane;  Cyto,  cytoplasm; OM,  outer 

membrane; Peri, periplasm; IM, inner membrane. [Taken from (Desvaux et al. 2009)]. 

   

P
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4.1 Protein secretion systems in Gram‐negative bacteria 

A general discrimination of secretion systems can be made based upon their structural features, 

either  spanning a  single or a double membrane  (Pugsley 1993; Costa et al. 2015). Five double‐

membrane‐spanning systems are known to date, classified as type I secretion system (T1SS), T2SS, 

T3SS, T4SS and T6SS  (Desvaux et al. 2009; Chagnot et al. 2013). The T5SS only  spans  the outer 

membrane and the T7SS belongs to mycobacteria, having a Gram‐negative‐like cell envelope, and 

has not been observed  in Gram‐negative bacteria, so far. The outer membrane‐localized T8SS  is 

proposed  to  be  involved  in  the  secretion  and  assembly  of  curli,  which  are  extracellular 

amyloid‐like  protein  fibres  (Barnhart  and  Chapman  2006).  Systems  only  spanning  the  outer 

membrane  (T5SS,  T7SS,  T8SS),  require  a  separate  export  across  the  inner  membrane.  The 

evolutionary conserved and universally distributed Sec  (secretion)  translocation system,  the Tat 

(twin‐arginine  translocation)  and  holin  (hole  forming)  translocation  systems  can mediate  the 

export of proteins  into the periplasm, thereby discriminating about the status of protein folding 

(Natale  et  al.  2008;  Fröbel  et  al.  2012;  Lycklama  á Nijeholt  and Driessen  2012). Underlying  all 

exported proteins are signal peptides  targeting  the protein  to  the desired  translocation system. 

However, exceptions to this general rule may also arise.   

 

 

Figure 10 Schematic presentation of translocation systems in Gram‐negative (diderm) bacteria. (a) Protein is released 

into the periplasm; (b) lipoproteins are anchored onto CM or OM; (c) proteins undergo a second translocation event. 

Cyto,  cytoplasm;  CM,  cytoplasmic membrane;  Peri,  periplasm; OM,  outer membrane;  Ext,  extracellular milieu;  SP, 

signal peptide. [Taken from (Desvaux et al. 2009)]. 
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The  double‐membrane‐spanning  T1SS  mediates  the  secretion  of  a  wide  variety  of  protein 

substrates  comprised  of  between  78  and  8682  amino  acids  from  the  cytoplasm  into  the 

extracellular  milieu.  These  include,  for  instance,  hemolysin  A  (HlyA)  from  Escherichia  coli, 

metalloproteases (PrtA, PrtB, PrtC, PrtG) from the plant pathogen Erwinia chrysanthemi (initially 

described  as  Dickeya  dadantii)  and  the  S‐layer  protein  RsaA  from  Caulobacter  crescentus. 

Targeting  the  T1SS  is  mediated  by  a  C‐terminal  signal  sequence  which  is  not  cleaved  upon 

translocation (Delepelaire 2004).   

 

Colonization factors and pilus proteins are translocated via a T2SS. Initial bacterial attachment and 

adherence processes  are  important  in  the  early  stages of biofilm development  (Conrad  2012). 

Type  4  pili  are  associated  with  bacterial  motility  and  are  best  studied  in  the  opportunistic 

pathogen  Pseudomonas  aeruginosa  (Burrows  2012).  Vibrio  cholerae  secretes  its  cholera  toxin 

(AB5)  and  the  colonization  factor  GbpA  (N‐acetylglucosamine‐binding  protein  A)  into  the 

extracellular milieu via a T2SS mechanism. GbpA promotes efficient colonization due to chitin and 

mucin binding of human epithelial cells (Kirn et al. 2005). Components of the T2SS are located in 

the  inner and outer membrane and enable  folding of multimeric proteins  in  the periplasm. The 

exact  secretion motif  on  the  proteins  recognized  by  the  T2SS  is  still  a  biological  puzzle.  Some 

studies  point  towards  a  conformational  signal  gathering  from  several  residues  from  different 

locations in the polypeptide chain (Sandkvist 2001).   

 

The  T3SS  was  initially  discovered  in  pathogenic  bacteria,  although  plant,  fly  or  nematode 

mutualists also employ this secretion system. The delivery of protein effectors across eukaryotic 

cellular membranes  is  the  principal  function  of  this  protein  secretion  system.  Hypersensitive 

response and pathogenicity pilus (Hrp) and flagellum formation may also be exerted via the T3SS, 

mediating bacterial adhesion and colonization of cells. The injectisome of the T3SS is composed of 

several rings, spanning the bacterial inner and outer membrane, which are connected to a needle 

(Yersinia pestis), a filament (Salmonella typhimurium) or a pilus (Pseudomonas syringe) (Mota and 

Cornelis  2005;  Cornelis  2006).  Two  hypotheses,  resulting  from  experimental  studies  of  Yop 

(Yersinia outer membrane) proteins  in Yersinia enterocolitica, are under debate, explaining  the 

recognition mechanism for T3SS substrates. First, a non‐cleavable N‐terminal signal peptide was 

observed (Michiels et al. 1990), and second, a secretion signal present on the mRNA was detected 

(Anderson and Schneewind 1997).   
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Transport of nucleic  acids  and proteins  into prokaryotic  and  eukaryotic  cells  is  allowed by  the 

T4SS,  and  ,thus,  it  is  ancestrally  related  to  bacterial  conjugation  systems  transporting DNA.  A 

secretion channel and an extracellular T‐pilus form the T4SS (Christie and Cascales 2005; Low et 

al. 2014), transporting a wide variety of virulence factors of human pathogens, e.g., Helicobacter 

pylori, Bordetella pertussis, P. aeruginosa and  Legionella pneumophila  (Wallden et al. 2010).  In 

the context of bacterial antibiotic resistances, horizontal gene transfer  is often mediated by the 

T4SS.  Substrate  recognition  and  recruitment  is  generally  conferred  by  means  of  C‐terminal 

located  translocation  signals, which,  however,  show  little  sequence  conservation  (Christie  and 

Cascales 2005).  

 

The  outer membrane  spanning  T5SS  (five  subclasses  are  denoted  type  Va‐e)  requires  the  Sec 

translocon  to  transfer  an  unfolded  polypeptide  across  the  inner  membrane.  Uniquely,  the 

substrate and  its secretion pore are fused together forming a single peptide, which can drive  its 

own  secretion  across  the  outer membrane.  This  exclusive  feature  explains  the  common  term 

autotransporter system (Leo et al. 2012). Mainly virulence factors are secreted by the T5SS, but 

also participation of the T5SS in cell‐cell adhesion processes and biofilm formations are reported 

(Henderson  et  al.  2004;  Benz  and  Schmidt  2011).  Upon  translocation,  the  substrate may  be 

cleaved by  its peptidase domain and  is  released  into  the extracellular environment, or  remains 

anchored to the outer membrane.   

 

In about a quarter of all Proteobacteria, genes coding for the T6SS are present. The T6SS consists 

of a membrane complex with homologous components to the T4SS, and a tail complex, which  is 

evolutionary related to contractible bacteriophage tails. The tail complex is anchored to the inner 

membrane  and  contains  a  tail  sheath,  an  inner  tube  and  a  baseplate  including  a  sharp  spike. 

Effectors are  loaded  into  the  inner  tube  followed by a  contraction of  the  sheath. The  released 

energy  can  thrust  the  sharp  spike  and  the  loaded  tube  across membranes  into  the  target  cell 

(Filloux et al. 2008; Basler 2015). Proteins secreted by the T6SS belong to the Hcp (haemolysin A 

co‐regulated  protein)  family,  which  are  best  studied  in  Vibrio cholerae  and  Pseudomonas 

aeruginosa,  as well  as  the VgrG  (valine‐glycine  repeat protein G)  family present  in V.  cholerae 

(Filloux et al. 2008; Chen et al. 2015). However,  it  is under debate,  if  these protein  families are 

part  of  the  translocation  system.  Cytotoxic  non‐VgrG  effectors  can  attack  glycan  bonds  and 

bacterial peptidoglycan, other activities  include muramidases and peptidases,  lipases as well as 

actin modifications (Ho et al. 2014).   
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The T7SS  is  involved  in  the outer membrane  secretion and assembly of pili  (type 1 pili, P pili), 

fimbriae  or  capsules  (F1).  The  secretion  system  belongs  to  the  chaperon‐usher  pathway  in 

diderm‐LPS  bacteria  (Desvaux  et  al.  2009;  Zav'yalov  et  al.  2010).  Secretion  across  the  inner 

membrane  is mediated by the Sec translocon, before subunits polymerize and assemble  into pili 

structures  using  a  dedicated  periplasmic  chaperone  and  an  assembly  platform  located  at  the 

outer membrane  termed  “the  usher”  (Thanassi  et  al.  2012). Mono‐  or  polyadhesive  pili  are 

involved in bacterial adhesion processes and interbacterial interactions, studied in uropathogenic 

E.  coli  (P and  type 1 pili) and Y. pestis  (F1  capsule)  (Thanassi et al. 2012). The T7SS, present  in 

M. tuberculosis  and  in  Gram‐positive  bacteria  (Bacillus  subtilis,  Staphylococcus  aureus,  Listeria 

monocytogenes),  has  a  different  structure  and  function  than  the  T7SS  from  diderm  bacteria 

(Abdallah et al. 2007; Houben et al. 2014)   

 

The extracellular nucleation‐precipitation pathway involved in the secretion and assembly of curli 

is  proposed  as  the  T8SS.  Containing  a  Sec  translocon  signal  sequence,  protein  export  into  the 

periplasm  is achieved via  this  route. After attachment  to  the cell wall and  secretion across  the 

outer  membrane,  nucleation  performed  by  the  nucleator  protein  CsgB  (minor  curli  subunit 

protein B) and polymerization of  the major  curli  subunit CsgA  into  functional  curli  fibres occur 

(Van Gerven et al. 2015). Curli are amyloid fibres involved in bacterial adhesion processes and the 

formation of protective biofilms.  Involvement  in host  cell‐bacteria  interactions during  infection 

has also been  reported  (Barnhart and Chapman 2006; Epstein and Chapman 2008; Goyal et al. 

2014).   

4.2 The type IX secretion system in Bacteroidetes 

The most recent addition to the list of protein secretion systems in Gram‐negative bacteria is the 

Por  (porphyrin accumulation on the cell surface) secretion system  (PorSS), now classified as the 

T9SS  (Chagnot  et  al.  2013;  McBride  and  Zhu  2013).  First  studied  in  P.  gingivalis  and 

Flavobacterium  johnsoniae,  the  secretion  system  seems  to  be  restricted  to  members  of  the 

phylum  Bacteroidetes  (McBride  and  Zhu  2013;  Veith  et  al.  2013;  Nakayama  2015).  Deletion 

mutations  in  P. gingivalis  initially  identified  13  genes  (i.e.  porK,  porL,  porM,  porN,  porP,  porQ, 

porT,  porU,  porV,  porW,  porX,  porY  and  sov)  to  be  involved  in  the  secretion  of  gingipains 

(Potempa  et  al.  2003;  Sato  et  al.  2010).  The  exact  biological  roles  of  these  genes  remain  still 

unclear porU, however, could be  identified as the gene encoding the essential C‐terminal signal 

peptidase,  PorU  (Glew  et  al.  2012).  Interactions  between  the  signal  peptidase  and  PorV 

(LptO/PG27) as well as Sov were also reported (Saiki and Konishi 2010; Glew et al. 2014; Saiki and 

Konishi 2014). Currently, crystallographic data are only available for the membrane protein PorM, 
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however,  only  the  periplasmic  part  of  this  protein  could  be  solved  to  a  resolution  of  2.85 Å 

(Stathopulos et al. 2015). The formation of a 50‐nm ring‐shaped structure was observed between 

the  two  lipoproteins PorK and PorN. The  interaction consists of 32‐36  subunits of each protein 

and may  form  a part of  the  secretion  channel  (Gorasia  et al. 2016). PorT was predicted  as  an 

integral outer‐membrane spanning protein channel involved in gingipain secretion (Nguyen et al. 

2009). Components of the T9SS sharing high sequence identity (>30%) between P. gingivalis and 

T. forsythia are listed in Table 1. 

 

 

 

Central to substrates secreted via the T9SS are C‐terminal signal sequences present on the target 

proteins. Putative C‐terminal domain  (CTD) proteins have been found  in 87 organisms so far, all 

belonging to the phylum Bacteroidetes. The CTD shows conservation over a  length of ~60 amino 

acids and contains three sequence motifs (B, D and E) resulting  in the formation of a conserved 

C‐terminal β‐sandwich domain (Nguyen et al. 2007; Veith et al. 2009; 2013; de Diego et al. 2016). 

In T. forsythia, 37 proteins are predicted  to possess a CTD, out of which 19 have been verified 

experimentally  (Veith et al. 2013; Tomek et al. 2014). The C‐terminal domains of selected CTD‐

proteins present in T. forsythia are shown in Figure 11. The importance of the CTD as recognition 

signal for the T9SS was elucidated in earlier studies, as well as the necessity of CTD‐cleavage prior 

Table 1 Predicted or experimentally verified T9SS components (M.B. Tomek, unpublished data). 

Locus Tag  Protein ID  Description 
Sequence 
identity [%] 

T. forsythia 
ATCC 43037 

T. forsythia 
(prev.) 

P. gingivalis 
ATCC 33277 

  
     

Tanf_00060  TF1742  PGN_1877  PorW  T9SS protein W  38 

Tanf_02260  TF2304  PGN_1296  ‐  Lipoprotein  48 

Tanf_02355  TF2326  PGN_1677  PorP  T9SS protein P  37 

Tanf_02360  TF2327  PGN_1676  PorK  T9SS protein K  62 

Tanf_02365  TF2328  PGN_1675  PorL  T9SS protein L  41 

Tanf_02370  TF2329  PGN_1674  PorM  T9SS protein M  46 

Tanf_02375  TF2330  PGN_1673  PorN  T9SS protein N  40 

Tanf_02580  TF0955  PGN_0026  PorU  C‐terminal signal peptidase  36 

Tanf_04220  TF2852  PGN_0023  PorV/LptO  T9SS protein V  54 

Tanf_04410  TF2901  PGN_0832  Sov  Gliding motility protein  51 

Tanf_10520  TF0188  PGN_0778  PorT  T9SS protein T  52 

Tanf_12330  TF1930  PGN_1019  PorX  Chemotaxis protein CheY  67 

Tanf_12435  TF1952  PGN_0509  PorZ  T9SS protein Z  31 

Tanf_12465  TF1959  PGN_0645  PorQ  T9SS protein Q  41 

Tanf_13050  TF0671  PGN_2001  PorY  Sensor histidine kinase  48 
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to attachment of the protein onto the outer membrane or LPS‐structures (Chen et al. 2011; Shoji 

et al. 2011; Glew et al. 2012). Latest research suggests a sortase‐like mechanism for cleavage and 

subsequent modification or attachment processes (Gorasia et al. 2015).   

 

Extracellular  and  surface  proteins  are  secreted  across  the  T9SS,  many  of  which  have  been 

characterized as virulence factors (Sharma 2010; Nakayama 2015). CTD proteins from T. forsythia 

include both S‐layer proteins TfsA and TfsB  (Sabet et al. 2003;  Sekot et al. 2011; Tomek et al. 

2014), and  the  leucine‐rich  repeat BspA, which activates  the Toll‐like  receptor 2  in cooperation 

with Toll‐like receptor 1 (Onishi et al. 2008). The first proteins found to be secreted using the T9SS 

were the gingipains‐group proteins, Kgp (lysine gingipain), RgpA  (arginine gingipain A) and RgpB 

(arginine  gingipain  B)  from  the  oral  pathogen  P.  gingivalis.  Additionally,  a  peptidylarginine 

deiminase  (PPAD)  associated  with  rheumatoid  arthritis  (Maresz  et  al.  2013)  and  the  hemin 

binding  protein  35  (hbp35)  (McGraw  et  al.  1999;  Shoji  et  al.  2011)  have  been  experimentally 

verified as  important virulence  factors, belonging  to  the CTD containing protein  family. Cells of 

Flavobacterium johnsoniae neither possess  flagella nor pili, but  can  crawl  rapidly over  surfaces 

using a novel motility machine. This process  is  called gliding motility and  involves  two motility 

adhesion proteins, called SprB (surface protein B) and RemA (redundant motility gene A). Both are 

secreted via the T9SS to the cell surface and promote forward movement and rotation of the cell 

(Kharade and McBride 2015; McBride and Nakane 2015). 

Figure 11 The C‐terminal domains of CTD‐containing proteins of T. forsythia are aligned and the conserved motifs are 

indicated  (Veith  et  al.  2013).  The  alignment  was  prepared  using  Clustal  Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/);  the  figure  was  prepared  using  Jalview  (http://www.jalview.org/)  (M.B. 

Tomek, unpublished data). 
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Genes  involved  in  the  assembly  of  the  T9SS  are  a  subset  of  gliding motility  genes,  indicating 

interplay between protein secretion and gliding motility. Comparative genome analyses between 

37 members of the phylum Bacteroidetes revealed a widespread occurrence of predicted gliding 

motility  genes  (McBride  and  Zhu  2013).  Recently,  interplay  between  protein  secretion,  gliding 

motility and biofilm formation was investigated in Capnocytophaga ochracea. Strains deficient in 

T9SS had an altered biofilm  formation  resulting  in a  lower biomass and  thickness as compared 

with the wild‐type biofilm (Kita et al. 2016). Altered biofilm formation  in T9SS deficient mutants 

has also been observed in T. forsythia (Tomek et al. 2014). A further species with experimentally 

proven functional T9SS is the soil inhabiting cellulolytic bacterium Cytophaga hutchinsonii. Defects 

in  cellulose degradation  and protein  secretion have been observed  in  a  T9SS deficient mutant 

(porU) (Wang et al. 2014). 

 

Due  to  lack of structural and  functional knowledge of  individual components of  the T9SS, a  full 

functional  comparison  of  the  T9SS  to  other  Gram‐negative  protein  translocation  systems  is 

currently not possible. However, novel experimental data  contributing  to  the determination of 

the biological  functions of  the T9SS are steadily arriving. On a genomic  level,  the T9SS  is  found 

exclusively within members  of  the  phylum  Bacteroidetes.  Unique  to  the  secretion  system  are 

conserved CTDs acting as cleavable signal sequences for the translocation of the proteins across 

the  outer membrane.  The  individual  contributions  of  T9SS  associated  proteins  are  still  poorly 

defined  and  further  research  is needed  to  clarify  the  exact mode of protein  translocation  and 

post‐secretory processes. A proposed model  for T9SS  secretion and maturation, exemplified by 

the S‐layer protein TfsB from T. forsythia, is shown in Figure 12.  
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Figure 12 Schematic model of  the proposed mechanism of  the T9SS exemplified with  the T.  forsythia S‐layer protein 

TfsB. The N‐terminal signal sequence targets the translated TfsB protein via the Sec system across the inner membrane, 

upon cleaving off the signal sequence. Subsequently, the S‐layer protein is glycosylated in the periplasm before the CTD 

is  recognized by  the T9SS. Upon  translocation  across  the outer membrane  the CTD  is  cleaved off by  the C‐terminal 

signal peptidase  (PorU). Subsequently,  involving PorV and Sov,  the S‐layer protein  is presumably anchored onto  the 

R‐type LPS present  in the outer membrane  (Posch et al. 2013a). PorY  is a histidine kinase and can regulate, together 

with  the  response  regulator  PorX,  transcription  of  components  of  the  T9SS  via  the  extracytoplasmic  function  (ECF) 

sigma factor (SigP). In addition, PorX can also bind to the cytoplasmic domain of PorL (not shown) (Kadowaki et al. 2016; 

Vincent  et  al.  2016).  E,  extracellular  milieu;  OM,  outer  membrane;  P,  periplasm;  CM,  cytoplasmic  membrane;  C, 

cytoplasm; R‐LPS, rough‐type lipopolysaccharide; N, N‐terminal signal sequence; CTD, C‐terminal domain (M.B. Tomek, 

unpublished data). 
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4.3  Publication  2:  S‐layer  glycoproteins  of  Tannerella  forsythia  are  secreted  via  a  type  IX 

secretion system that is decoupled from protein O‐glycosylation. 

 

Tomek, M.B., Neumann, L., Nimeth, I., Koerdt, A., Andesner, P., Mach, L., Messner, P., Potempa, 

J.S., Schäffer, C. (2014) Mol. Oral Microbiol., 29:307‐320. doi: 10.1111/omi.12062 



 
104 



The S-layer proteins of Tannerella forsythia are
secreted via a type IX secretion system that is
decoupled from protein O-glycosylation
M.B. Tomek1, L. Neumann2, I. Nimeth1, A. Koerdt1, P. Andesner1, P. Messner1, L. Mach3,
J.S. Potempa4,5 and C. Sch€affer1

1 Department of NanoBiotechnology, NanoGlycobiology Unit, Universit€at f€ur Bodenkultur Wien, Vienna, Austria
2 Department of Chemistry, Universit€at f€ur Bodenkultur Wien, Vienna, Austria
3 Department of Applied Genetics and Cell Biology, Universit€at f€ur Bodenkultur Wien, Vienna, Austria

4 Oral Health and Systemic Disease Group, University of Louisville, Louisville, KY, USA
5 Department of Microbiology, Jagiellonian University, Krakow, Poland

Correspondence: Christina Sch€affer, Department of NanoBiotechnology, NanoGlycobiology Unit, Universit€at f€ur Bodenkultur Wien,
Muthgasse 11, 1190 Vienna, Austria Tel.: +43 1 47654 2203; fax: +43 1 4789112; E-mail: christina.schaeffer@boku.ac.at

Keywords: C-terminal domain; C-terminal signal peptidase; protein secretion; S-layer glycosylation; T9SS

Accepted 7 June 2014
DOI: 10.1111/omi.12062

SUMMARY

Conserved C-terminal domains (CTD) have been
shown to act as a signal for the translocation of
certain proteins across the outer membrane of
Bacteroidetes via a type IX secretion system
(T9SS). The genome sequence of the periodontal
pathogen Tannerella forsythia predicts the pres-
ence of the components for a T9SS in conjunction
with a suite of CTD proteins. T. forsythia is cov-
ered with a two-dimensional crystalline surface
(S-) layer composed of the glycosylated CTD pro-
teins TfsA and TfsB. To investigate, if T9SS is
functional in T. forsythia, T9SS-deficient mutants
were generated by targeting either TF0955 (puta-
tive C-terminal signal peptidase) or TF2327 (PorK
ortholog), and the mutants were analyzed with
respect to secretion, assembly and glycosylation
of the S-layer proteins as well as proteolytic pro-
cessing of the CTD and biofilm formation. In
either mutant, TfsA and TfsB were incapable of
translocation, as evidenced by the absence of the
S-layer in transmission electron microscopy of
ultrathin-sectioned bacterial cells. Despite being
entrapped within the periplasm, mass spectrome-
try analysis revealed that the S-layer proteins

were modified with the complete, mature glycan
found on the secreted proteins, indicating that
protein translocation and glycosylation are two
independent processes. Further, the T9SS mutants
showed a denser biofilm with fewer voids com-
pared with the wild-type. This study demonstrates
the functionality of T9SS and the requirement of
CTD for the outer membrane passage of extracel-
lular proteins in T. forsythia, exemplified by the
two S-layer proteins. In addition, T9SS protein
translocation is decoupled from O-glycan attach-
ment in T. forsythia.

INTRODUCTION

Protein translocation across the cell envelope of
Gram-negative bacteria has been intensively studied
for decades and eight types of protein secretion sys-
tems (T1SS–T8SS) have been described (Desvaux
et al., 2009). In different species of Proteobacteria,
these systems are employed to secrete proteins into
the extracellular environment (T1SS, T2SS, T5SS),
inject them into the cytoplasm of eukaryotic cells
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(T3SS, T4SS) or bacteria (T6SS), and build up cell
surface appendages (T7SS, T8SS) (Desvaux et al.,
2009). Perplexingly, very little is known of how pro-
teins are secreted by bacteria belonging to other
phyla of Gram-negative prokaryotes (Pugsley, 1993;
Desvaux et al., 2009; Tseng et al., 2009). Recently, a
novel protein secretion system was identified in the
crucial periodontopathogen Porphyromonas gingivalis,
which is referred to as T9SS (Glew et al., 2012).
T9SS is composed of several unique components

essential for translocation of proteins with a con-
served C-terminal domain (CTD), comprised of 40–70
amino acid residues, across the Gram-negative outer
membrane (OM) (Nguyen et al., 2007; Veith et al.,
2009; Sato et al., 2013). In total, 31 cargo proteins of
T9SS have been identified in P. gingivalis, several of
which are important virulence factors, including
gingipains (RgpA, RgpB and Kgp), peptidylarginine
deiminase PPAD, and surface protein hemagglutinin
HagA (Veith et al., 2014). All these proteins possess
a typical N-terminal signal peptide and traverse the
cytoplasmic membrane into the periplasm using the
general secretion (Sec) system. Subsequent translo-
cation of these P. gingivalis proteins across the OM
is enabled by T9SS. T9SS is associated with the
cleavage of the CTD before carbohydrate modifica-
tion of the mature protein, probably with anionic
lipopolysaccharide (A-LPS) of P. gingivalis, which,
subsequently, enables anchoring of the protein to the
cell surface (Seers et al., 2006; Chen et al., 2011;
Shoji et al., 2011; Sato et al., 2013). The modification
of P. gingivalis CTD proteins with A-LPS was infer-
red from reactivity with a Mana1-2Mana1-phosphate
A-LPS antibody; however, the mode of attachment is
not yet fully understood (Saiki & Konishi, 2014), and
neither is the interplay of outer membrane transloca-
tion and posttranslational modification of CTD pro-
teins in general. Recent studies revealed that CTD
cleavage is catalyzed by a C-terminal signal pepti-
dase PG0022 (PorU), an essential component of the
T9SS secretion machinery, the activity of which is
required for cell surface display of certain proteins or
their release into the extracellular environment. Inacti-
vation of PG0022 as well as any other T9SS compo-
nent resulted in accumulation of the otherwise
secreted proteins in unprocessed form in the peri-
plasm of P. gingivalis (Glew et al., 2012). In total,
T9SS has been shown to involve 13 components.
PorT is a predicted integral OM protein with a b-barrel

fold possibly involved in the formation of a channel
for protein translocation (Nguyen et al., 2007). To the
remaining OM components – PorK, PorL, PorM,
PorN, PorP, PorQ, PorV and PorW – no specific
functions have yet been assigned (Sato, 2011). LptO
of the P. gingivalis T9SS conceivably coordinates the
secretion of A-LPS and CTD proteins as well as LPS
deacylation (Ishiguro et al., 2009; Chen et al., 2011;
Saiki & Konishi, 2014). Sov was found in the OM
fraction of P. gingivalis and was shown to be involved
in the secretion of gingipains (Saiki & Konishi, 2014),
with PorX and PorY being regulatory proteins addi-
tionally involved in secretion (Sato et al., 2010).
Bioinformatics analysis of sequenced bacterial

genomes revealed the presence of genes encoding
the T9SS machinery as well as CTD proteins exclu-
sively among members of the Bacteroidetes phylum,
with a total of 663 such proteins predicted in 21 fully
sequenced species (Nguyen et al., 2007; Veith et al.,
2013). These also include Tannerella forsythia and
Prevotella intermedia, which together with P. gingiva-
lis are recognized as important pathogens implicated
in the development and progression of periodontal
diseases (Socransky & Haffajee, 1992; Socransky
et al., 1998; Holt & Ebersole, 2005). Similar to P. gin-
givalis, these periodontopathogens secrete large
amounts of CTD proteins, many of which have been
identified as virulence factors (Veith et al., 2009;
Sharma, 2010; Dashper et al., 2011). In the case of
T. forsythia, the major proteins carrying CTD are
BspA and the S-layer proteins TfsA and TfsB (Lee
et al., 2006). BspA belongs to the leucine-rich repeat
and bacterial immunoglobulin-like protein families.
BspA is associated with the cell surface of T. for-
sythia and functions as an important modulator of
host innate immune responses through activation of
Toll-like receptor 2 in cooperation with Toll-like recep-
tor 1 (Onishi et al., 2008). The S-layer proteins TfsA
(TF2661-2) and TfsB (TF2663) are intercalated on
the bacterial cell surface forming a so far unique
two-dimensional crystalline monolayer (S-layer) of
22-nm thickness (Sekot et al., 2012). The T. forsythia
S-layer was shown to mediate adhesion to and inva-
sion of carcinoma cells of the mouth (Sabet et al.,
2003) and to delay the bacterium’s recognition by
the innate immune system of the host, at least at the
early stage of infection (Sekot et al., 2011). The
S-layer proteins are targeted by the general protein
O-glycosylation system of T. forsythia for display of

2 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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multiple copies of a complex oligosaccharide (Posch
et al., 2011). A trisaccharide branch of that oligosac-
charide, composed of two N-acetylmannosaminuronic
acid residues and one modified nonulosonic acid,
was shown to act in modulating dendritic cell effector
functions to suppress T helper type 17 responses,
thereby ensuring the persistence of the pathogen in
the host (Settem et al., 2013).
The identification of proteins that are equipped with

typical Bacteroidetes CTDs together with the pres-
ence of a complete set of genes predicted to encode
orthologs of the T9SS apparatus of P. gingivalis
strongly suggests that T. forsythia employs a T9SS.
To verify this hypothesis, we have deleted either
TF2327 or TF0955 in the T. forsythia genome, which
are orthologs of PorK and PG0022, respectively
(Glew et al., 2012), essential for secretion of proteins
via T9SS in P. gingivalis. The phenotype of isogenic
mutants was analyzed with respect to secretion,
glycosylation, proteolytic processing and assembly of
the S-layer as well as biofilm formation. Inactivation of
TF2327 and TF0955 blocked secretion of the S-layer
proteins TfsA and TfsB, cleavage of CTD, and
assembly of the composite S-layer on the bacterial
cell surface. On the other hand, the retained S-layer
proteins were modified with the mature O-glycan,
indicative of protein glycosylation and protein secre-
tion proceeding independently of each other.

METHODS

Bacterial strains and growth conditions

Tannerella forsythia ATCC 43037 (American Type
Culture Collection, Manassas, VA) and defined T9SS
mutants (see below) were grown in 37 g l�1 of
brain–heart infusion (BHI) liquid media (Oxoid,
Basingstoke, UK), containing 5 g l�1 yeast extract
(Oxoid), 0.5 g l�1

L-cysteine (Sigma, Vienna, Austria),
2.5 lg ml�1 hemin (Sigma), 2.0 lg ml�1 menadione
(Sigma), 10 lg ml�1 N-acetylmuramic acid (Carbo-
synth, Compton, UK) and 5% (volume/volume) horse
serum (Life Technologies, Vienna, Austria), under
anaerobic conditions at 37°C for 4–7 days. For culti-
vation of T. forsythia wild-type and mutants on BHI
agar plates [0.8% weight/volume (w/v)], the amounts
of L-cysteine, hemin and N-acetylmuramic acid were
doubled and plates were incubated under anaerobic
conditions in an anaerobic jar (AnaeroJar; Oxoid) at

37°C. Media were supplemented with gentamycin
and erythromycin at a concentration of 200 and
5 lg ml�1, respectively, when appropriate.
Escherichia coli strains were grown under standard

conditions in Luria–Bertani medium supplemented
with 100 lg ml�1 ampicillin, when appropriate.
Porphyromonas gingivalis W83 is used as a refer-

ence strain for comparison with predicted compo-
nents of the T9SS in T. forsythia ATCC 43037.

DNA isolation and polymerase chain reaction
amplification

Genomic DNA was isolated from 2 ml of bacterial
suspension as described previously (Cheng & Jiang,
2006). Plasmid DNA was purified using the GeneJET
Plasmid MiniPrep Kit (Thermo Scientific, Vienna, Aus-
tria). Polymerase chain reaction (PCR) fragments
were amplified either by Phusion High-Fidelity DNA
Polymerase (Thermo Scientific) or by Herculase II
Phusion Polymerase (Agilent Technologies, Wald-
bronn, Germany) according to the manufacturers’ pro-
tocols. PCR fragments were purified with the
GeneJET PCR Purification Kit (Thermo Scientific).
Oligonucleotide primers (Life Technologies) used in
the course of this study are listed in Table 1.

Table 1 Oligonucleotides used in this study

# Sequence (50 ? 30)

413 TCCACGGAGTAATTCCTCAGAGCGATTG
414 GAAGCTATGGGGGTACCTCCCCCGGGAG

TTGATTTTTCCAACTGCCGTAGGCCGGGGTC

415a CCCGGGGGAGGTACCCCCGATAGCTTC
416a CCCGGGGGCTAGAGGATCCCCGAAGC
417 GCTTCGGGGATCCTCTAGCCCCCGGG

CTGCTTTATTGCCGATGATGGAAGCAGCAG
418 AGCCGTTCGCTTCAAGAGCATTCGTCTCGTC
426 GTGTCGGACGCCTTGGGGCTGCTCTG

429 CAGACATTATCAGGCCTTTC
436 TAGCTTCTGCTTGGGCGCAGGTTGAC
437 GAAGCTATGGGGGTACCTCCCCCGGGCTT

CCTGATTGTCTATTGTCTGTTCTTATC

438 GCTTCGGGGATCCTCTAGCCCCCGGGACT
CCAACGACAACAATACATCAG

439 GCAGCAGACGTCCGTAAACCTGATTC

448 CTTTCGAATGACGATCAAACGATTCTG
449 GAGGCTGCTGAGGCGGATACATC

Oligonucleotides used for overlap extension polymerase chain

reaction are written in italics.
aHonma et al. (2007).
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Construction of T9SS-deficient mutants (TFD0955,
TFD2327)

Gene knockouts were based on the homologous
recombination of a gene knockout cassette deleting
or disrupting the selected gene of the T. forsythia
T9SS. Positive clones were selected based on trans-
ferred erythromycin resistance.
The gene knockout cassette for constructing the

TFD0955 mutant consisted of a 2188-base-pair (bp)
erythromycin resistance gene ermF-ermAM (primer
pair 415/416) flanked by homologous upstream and
downstream regions (Fig. 1A). Genomic DNA from
T. forsythia DwecC (obtained from A. Sharma, State
University of New York at Buffalo, NY) was used as a
template. The 1035-bp upstream and 1027-bp
downstream homology regions were amplified from
genomic DNA of T. forsythia wild-type cells using the
primer pairs 413/414 and 417/418, respectively. The

three fragments were joined by overlap extension
(OE-) PCR and sub-cloned into the blunt-end cloning
vector pJET1.2 (Thermo Scientific) resulting in
pJET1.2/TF0955ko. Approximately 5 lg of the circular
gene knockout construct was transferred by electro-
poration into 100 ll of T. forsythia culture grown to
the early stationary phase. Cells were regenerated in
BHI medium for 24 h before plating on BHI agar
plates containing erythromycin as selection marker.
Single colonies were picked and used for inoculation
of liquid BHI medium. Once bacterial growth was visi-
ble, genomic DNA was isolated to confirm the integra-
tion of the knockout cassette via PCR amplification
using the primer pair 426/429.
The construction of the TFD2327 mutant was done

essentially the same way as described for TFD0955
(Fig. 1B). Genomic integration of the gene knockout
cassette was verified using the primer pair 448/449.

A

B

C

Figure 1 Strategy for TF0955 gene disruption and TF2327 gene deletion at the Tannerella forsythia wild-type locus and confirmation by poly-

merase chain reaction (PCR) (not drawn to scale). (A) Genomic organization of the TF0955 gene showing the upstream and downstream
homology regions used for homologous recombination and insertion of the selectable ermF-AM cassette disrupting TF0955. Primers (compare
with Table 1) are indicated with arrows. (B) TF2327 gene deletion and insertion of the selectable ermF-AM cassette is shown in the context

of its genomic region. The area of homologous recombination is indicated, the positions of the primers are marked with arrows. (C) Agarose
gel electrophoresis of PCR products from genomic DNA of T. forsythia wild-type and mutants with integrated ermF-AM cassette. GeneRuler
1 kb Plus DNA Ladder, Thermo Scientific (lane 1), T. forsythia wild-type (primer pair 426/429) yielding a 5490-bp PCR product (lane 2) and

with integrated ermF-AM cassette, yielding a 7678-bp PCR product (lane 3); T. forsythia wild-type (primer pair 448/449) yielding a 3529-bp
PCR product (lane 4) and with integrated ermF-AM cassette, yielding a 4277-bp PCR product (lane 5).
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Growth of the T9SS mutants was measured over a
period of 5 days and the obtained growth curves
were compared to that of T. forsythia wild-type.

Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and Western immunoblotting

Crude cell extracts of T. forsythia wild-type and
mutant cells (TFD0955, TFD2327) were run on 10%
sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE) gels in a Mini Protean
electrophoresis apparatus (Bio-Rad, Vienna, Austria)
according to a standard protocol and visualized with
colloidal Coomassie Brilliant Blue R-250 (Laemmli,
1970).
For Western immunoblotting, proteins were trans-

ferred onto a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad) using a Mini Trans-Blot Cell
(Bio-Rad). Polyclonal rabbit antiserum raised against
the recombinant S-layer proteins TfsA (a-TfsA) and
TfsB (a-TfsB) was used in combination with goat anti-
rabbit secondary antibody labeled with IRDye 800CW
(LI-COR Biosciences, Lincoln, NE). Visualization of
the S-layer proteins was done at 800 nm using the
Odyssey Infrared Imaging System (LI-COR Bioscienc-
es). Staining of carbohydrates was done with the peri-
odic acid-Schiff reagent following a standard protocol
(Doerner & White, 1990). For semi-quantification of
S-layer proteins present in T. forsythia wild-type and
TFD0955 and TFD2327 mutant cells, equal amounts
of total cell protein were loaded on the SDS–PAGE
gels in two different dilutions, each, followed by
Western immunoblotting. The integrated intensity of
the detected bands was determined using the LI-COR
ODYSSEY APPLICATION software 3.0.21.

S-layer O-glycan preparation and liquid
chromatography ESI-MS/MS

S-layer O-glycans were isolated from T. forsythia
mutant cells following a published protocol (Posch
et al., 2011). Briefly, S-layer glycoproteins were
excised from Coomassie Brilliant Blue R-250-stained
SDS–PAGE gels and O-glycans were released from
the protein backbone by in-gel reductive b-elimination
followed by removal of excess salt using a
25-mg HyperSep Hypercarb SPE cartridge (Thermo
Scientific). Borohydride-reduced O-glycans were
analyzed by porous graphitic carbon-electrospray ion-

ization-tandem mass spectrometry (ESI-MS/MS) as
described recently (Hypercarb, 0.32 9 150 mm, parti-
cle size 5 lm) (Stadlmann et al., 2008). Detection
was performed using an ESI-Q-TOF Global Ultima
from Micromass (Waters, Milford, MA). Data were
evaluated using MassLynx 4.0 software (Waters).
The MS/MS experiments were performed at 30% col-
lision energy using collision-induced dissociation with
argon gas. Slices from the SDS–PAGE gel without
sample application were treated in the same way as
described for the O-glycan samples and the MS
spectra acquired were used as a negative control.

Proteomics analysis

S-layer proteins as present in T. forsythia wild-type
and mutant cells were identified as follows. After in-
gel tryptic digestion of the respective high molecular-
mass bands on SDS–PAGE gels, generated peptides
were extracted and subjected to reverse-phase
ESI-MS/MS peptide mapping using a Bruker IonTrap
AmaZon speed ETD and a Bruker Maxis4G. Protein
database search of tandem MS data was carried out
using the PROTEINSCAPE 3 software tool (Bruker-Dalto-
nik, Leipzig, Germany) with MASCOT 2.3.02 algorithm
for peptide identification or the X!tandem algorithm
(The Global Proteome Machine Organization; www.the
gpm.org).

Scanning electron microscopy

Tannerella forsythia cells with an initial optical density
of OD600 0.07 were grown anaerobically on sterile
glass slides at 37°C for 3 days. After fixation with
2.5% glutaraldehyde in phosphate-buffered saline
(PBS) at 4°C for 2–4 h, the cells were dehydrated
with increasing concentrations of ethanol (20–100%
ethanol in increments of 10%) for 7 min, each.
Subsequently, the cells were treated with 33 and
66% bis(trimethylsilyl)amine (HMDS) in methanol and,
eventually, with 100% HMDS for 30 min, each. Glass
slides were air-dried and mounted onto 12.5-mm
aluminum stubs covered with double-sided carbon
tabs (Gr€opl, Tulln, Austria). At one side of the glass
slide, one drop of silver solution was applied before
sputter-coating with gold (EM SDC005; Leica, Wetz-
lar, Germany). Biofilms were imaged using an Inspect
S50 scanning electron microscope (FEI, Eindhoven,
the Netherlands).
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Ultra-thin sectioning and transmission electron
microscopy

Ultrathin-sectioning of T. forsythia wild-type and
TFD0955 and TFD2327 cells was carried out as
described previously (Messner et al., 1984). Briefly,
the room-temperature processing included fixation of
samples with 2.5% (w/v) paraformaldehyde/2.5%
(w/v) glutaraldehyde/0.5% (w/v) tannin in cacodylate
buffer and osmium tetroxide fixation without ruthe-
nium red. Dehydration was performed in an increas-
ing alcohol series before samples were embedded in
Epon resin (Gr€opl).
Ultrathin-sectioned samples were investigated in a

Tecnai G2 20 Twin transmission electron microscope
(FEI), operating at 80 kV. Pictures were taken with an
FEI Eagle 4k CCD camera (4096 9 4096 pixels) and
images were processed using software developed
in-house based on Fourier domain techniques (Amos
et al., 1982; Crowther et al., 1996).

Confocal laser scanning microscopy

Tannerella forsythia cells were grown under standard
conditions as described above until an OD600 of 0.5
was reached (~2 days). Subsequently, the bacterial
culture was inoculated into fresh growth medium.
After 4 days of incubation, 3 ml of that culture was
transferred into micro dishes (35-mm height; Ibidi,
Munich, Germany) and biofilm cells were grown
anaerobically at 37°C for 3 days. The liquid superna-
tant containing planktonic cells was removed and the
biofilm was stained with Hoechst 33258 (Sigma) at a
final concentration of 10 lg ml�1 in PBS (stock solu-
tion, 10 mg ml�1 in distilled water) for 35 min in the
dark. The supernatant was discarded and the biofilm
was washed with PBS. Images were taken using an
inverted TCS-SP5 confocal microscope (Leica Micro-
systems) and images were processed with the
software IMAGEJ (Schneider et al., 2012).

RESULTS

Construction of T9SS-deficient T. forsythia

The Gram-negative periodontopathogen T. forsythia
encodes a full set of proteins that are orthologs of the
P. gingivalis components constituting the recently
described type IX secretory machinery (T9SS). To

investigate, if T9SS is functional in T. forsythia, we
constructed deletion mutants affecting either TF0955
or TF2327, which are predicted orthologs of the C-ter-
minal signal peptidase (sortase; PG0022) and the
PorK component (PG1676), both of which have been
shown to be essential for CTD-protein secretion via
T9SS in P. gingivalis (Chen et al., 2011). The T. for-
sythia T9SS orthologs were identified using the Basic
Local Alignment Search Tool BLAST (at http://blast.
ncbi.nlm.nih.gov/Blast.cgi). They are scattered across
the bacterial genome and include, besides the genes
targeted in the course of this study, TF0188 (PorT),
TF0671 (PorY), TF1742 (PorW), TF1930 (PorX),
TF1959 (PorQ), TF2326 (PorP), TF2328 (PorL),
TF2329 (PorM), TF2330 (PorN), TF2852 (LptO) and
TF2901 (Sov) (McBride & Zhu, 2013). In the case of
the DTF0955 mutant, no polar effects were expected,
because the downstream gene TF0957 is separated
by 106 non-coding nucleotides (Fig. 1A). In contrast,
the other targeted gene, TF2327, is predicted to con-
stitute an operon (BioCyc) (Caspi et al., 2012)
together with the immediate downstream genes
TF2328, TF2329 and TF2330, implicating potential
polar effects causing the inactivation of the said
genes in the mutant (Fig. 1B). However, as these lat-
ter genes code for predicted components of the
T9SS, their inactivation would not have adversely
affected the usability of the DTF2327 mutant for the
purpose of this study. For both T9SS mutants, geno-
mic integration of the ermF-AM cassette was con-
firmed by PCR, with the amplicons obtained for
DTF0955 (primer pair 426/429) and DTF2327 (primer
pair 448/449) conforming with the calculated size of
7678 bp (Fig. 1C, lane 3) and 4277 bp (Fig. 1C,
lane 5), respectively. As a control, the same primer
pairs were used with wild-type genomic DNA as a
template (Fig. 1C, lanes 2 and 4).
The T. forsythia T9SS mutants had similar growth

characteristics, revealing a slightly decreased growth
rate in comparison with the wild-type (data not shown).

S-layer protein expression in T9SS mutants

Among several proteins of T. forsythia bearing a
conserved CTD and, therefore, predicted to be
translocated across the OM via a T9SS comparable
to that established for P. gingivalis (Glew et al.,
2012), are the S-layer proteins TfsA and TfsB. Both
are equipped with a typical CTD containing a possible
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C-terminal signal peptidase cleavage site. The
S-layer proteins are modified with O-glycans of
known structure (Posch et al., 2011) and assemble in
equimolar ratio into a two-dimensional crystalline
S-layer completely covering T. forsythia cells through-
out the whole life-cycle. This translates into a high
cellular protein biosynthesis effort being devoted to
S-layer protein biosynthesis (Sleytr et al., 1993).
Hence, these abundant cell surface proteins are ideal
candidates to investigate, if indeed a T9SS is
employed in T. forsythia. SDS–PAGE analysis of
crude cell extracts of T. forsythia wild-type shows the
two prominent high molecular-mass S-layer protein
bands with apparent molecular masses in the range
of 250 kDa (Fig. 2A, lane 2). These correspond to
TfsA with ~230 kDa and TfsB with ~270 kDa (Posch
et al., 2011), the respective protein portions of which
have a calculated molecular mass of 135 and
152 kDa, respectively. The observed apparent molec-
ular masses are in agreement with the migration
behavior of the mature and glycosylated forms of
TfsA and TfsB on SDS–PAGE gels as reported previ-
ously (Posch et al., 2011). Conforming with the glyco-
protein nature of TfsA and TfsB, both bands strongly
stained for carbohydrates with the periodic acid-Schiff
reagent (Fig. 2B, lane 2). In addition, in both the
DTF0955 (Fig. 2B, lane 3) and the DTF2327 (Fig. 2B,
lane 4) mutants two prominent protein bands that
were carbohydrate-positive were detected; however,
these bands were clearly downshifted compared with
the wild-type (Fig. 2A,B, lanes 3 and 4). For T. for-
sythia wild-type as well as the T9SS mutants, the cor-
responding bands were unambiguously identified as
S-layer proteins by Western-immunoblotting using

polyclonal a-TfsA (Fig. 2C) and a-TfsB antibodies
(Fig. 2D), respectively. Note that the a-TfsA antibody
recognized a second protein band that co-migrates
with the TfsA wild-type protein (Fig. 2C) In addition,
proteomics analysis revealed tryptic peptides originat-
ing from either of the S–layer proteins (TfsA and
TfsB; see Table 2 below).
Semi-quantification of the S-layer glycoprotein

bands as visualized on Western immunoblots upon
separation of equal amounts of cellular protein con-
firmed that TfsA and TfsB are expressed in equal
amounts in the T. forsythia wild-type as well as in the
DTF0955 and the DTF2327 mutants. However, the
integrated intensity of either S-layer protein expressed
in the mutant cells was only about one-third com-
pared with that of the wild-type cells, possibly as the
result of feedback inhibition, as the protein secretion
was blocked. Integrated intensity values were 34.5
and 35.5 for TfsB from DTF0955 and DTF2327,
respectively, as opposed to 94.7 from wild-type, and
21.3 and 22.0 for TfsA from DTF0955 and DTF2327,
respectively, as opposed to 61.2 from wild-type.

C-terminal domains are not cleaved off S-layer
proteins in T9SS-deficient strains

The identification of glycosylated forms of the S-layer
proteins TfsA and TfsB in the DTF0955 and DTF2327
mutants – albeit with decreased apparent molecular
mass as compared to the T. forsythia wild-type
glycoproteins (Fig. 2B) – contrasted the situation
known from T9SS-deficient mutants of P. gingivalis,
where CTD proteins were shown to be retained in the
periplasm in non-glycosylated form (Chen et al.,

(A) (B)

(D)

(C)

Figure 2 (A) Coomassie Brilliant Blue R-250 stained SDS gel (10%) of crude cell extracts from Tannerella forsythia wild-type (lane 2),
DTF2327 (lane 3) and DTF0955 (lane 4). The prominent S-layer proteins (identity confirmed by proteomics analyses) are significantly down-
shifted in both T9SS-deficient mutants, which is also evident from the periodic acid-Schiff staining (B) and from Western immunoblots probing

for TfsA (C) and TfsB (D). Note that the a-TfsA antibody recognizes a second protein band that co-migrates with the TfsA wild-type protein.
PageRuler Plus PreStained Protein Ladder (lane 1). Asterisks indicate S-layer glycoprotein bands that were subsequently processed for mass
spectrometric analysis (Table 2, Fig. 3).
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2011). To investigate this finding in more detail, the
S-layer proteins from the wild-type and the T9SS-defi-
cient mutants were analyzed for the presence of the
CTD. For this purpose, the S-layer glycoprotein bands
of T. forsythia wild-type and DTF0955 and DTF2327
mutants as revealed upon SDS–PAGE (marked with
an asterisk in Fig. 2A) were digested with trypsin and
subjected to MS peptide mapping (Table 2). This
clearly confirmed the identity of the investigated
bands as TfsA and TfsB S-layer proteins; sequence
coverage for TfsA and TfsB, respectively, was 51 and
48% for T. forsythia wild-type, 20 and 32% for
DTF2327, and 16 and 36% for DTF0955. For the
mutants, several peptides mapping to the CTD were
detected both for TfsA and TfsB, whereas no single
peptide from this region was derived from the S-layer
proteins of T. forsythia wild-type (Table 2). These
data imply that no cleavage of the CTD occurs from
the periplasmically localized S-layer proteins in the
T. forsythia secretion mutants, whereas the wild-type
proteins are C-terminally fully processed.

T9SS is not coupled with O-glycan assembly and
glycan transfer onto proteins

According to our data, in either T9SS-deficient T. for-
sythia mutant, essentially the same TfsA and TfsB
glycoproteins were produced. These were already
N-terminally processed for Sec-mediated transloca-
tion across the cytoplasmic membrane as evident
from the MS data obtained in the course of the pep-
tide mapping (data not shown). Inactivation of either
the signal peptidase (TF0955) or PorK (TF2327)
prevented CTD cleavage, causing entrapment of the
S-layer proteins in the periplasm. While glycosylation
of TfsA and TfsB from the mutants is in line with the
general knowledge of protein glycosylation in Gram-
negative bacteria to be elaborated in the periplasm
(Wacker et al., 2002), a clear downshift in molecular
mass of these glycoproteins in comparison to the
wild-type glycoproteins (Fig. 2B) was initially assumed
to be due to incomplete protein glycosylation. To
shed more light on the glycosylation status of the

Table 2 Tryptic peptides derived from the C-terminus of TfsA and TfsB as detected in Tannerella forsythia wild-type and T9SS mutants

The CTD predicted for TfsA and TfsB according to Veith et al. (2013) is typed in boldface. Peptides derived from the S-layer proteins of
T. forsythia wild-type are written in red, those derived exclusively from the TfsA and TfsB proteins of the T9SS deficient mutants are written in
green.
1log(e): the base-10 log of the expectation that any particular peptide assignment was made at random (E-value). If more than one peptide is
found average values are shown.
2Mascot Score.
3Sequence: the sequence of the assigned peptide sequence. The immediate N- and C-terminal sequences of the identified peptides are also
shown.
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S-layer proteins from the T. forsythia secretion
mutants, their glycans were analyzed in detail. To this
end, in-gel reductive b-elimination was applied to
release O-glycans from the protein backbones of
TfsA and TfsB from DTF2327, DTF0955 as well as
from the wild-type that served as a reference. Mass
analyses presented the wild-type O-glycan with the
highest mass peak at 1898, which is in agreement
with the known structure of the T. forsythia decasac-
charide (Fig. 3) (Posch et al., 2011). Additional gly-
can fragments at mass to charge ratios of 1752 and
1622, corresponding to the O-glycan devoid of a
branching fucose and a digitoxose residue, respec-
tively, were also resolved; this structure was due to

previously described O-glycan microheterogeneity
(Coyne et al., 2013). Significantly, S-layer glycans
from the T9SS-deficient T. forsythia mutants showed
the same pattern and masses on deconvoluted
ESI-time-of-flight-MS spectra as the wild-type
O-glycan, proving the complete glycan to be attached
to the S-layer proteins. In negative controls, per-
formed with SDS–PAGE gel slices without sample
application and Coomassie Brilliant Blue R-250
staining, no glycans were detected. Full assembly of
the T. forsythia O-glycan and its transfer onto the pro-
teins occur before T9SS-mediated translocation
across the OM and, therefore CTD protein glycosyla-
tion and CTD protein secretion are independent pro-

(A) (B)

Figure 3 (A) Deconvoluted electrospray ionization-time of flight-mass spectrometry spectrum of TfsA and TfsB O-glycans in Tannerella
forsythia wild-type and mutant strains. Identical spectra were recorded for the O-glycan derived from the DTF0955 and DTF2327 mutants and
the wild-type. (B) For clarification, the complete S-layer glycan structure is shown. Ser, serine; Thr, threonine.
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cesses. With respect to the still missing explanation
of the downshifted S-layer glycoprotein bands from
the DTF2327 and DTF0955 mutants on SDS–PAGE
gels (Fig. 2), it is tempting to speculate that either
fewer glycosylation sites might be occupied in the
mutant S-layer proteins or that the mature, secreted
S-layer glycoproteins are complexed with a still to be
identified compound, possibly involved in the anchor-
ing of the S-layer to the cell surface (Posch et al.,
2013).

C-terminal domain proteins of T. forsythia are
translocated across the T9SS

The intercalating high-molecular-mass glycoproteins
TfsA and TfsB self-assemble into a two-dimensional
crystalline monolayer on the cell surface of T. for-
sythia (Sekot et al., 2012). The square S-layer
lattice has a lattice spacing of approximately
10 9 10 nm and a thickness of about 22 nm (Sekot
et al., 2012). To visualize, if inactivation of T9SS
blocks TfsA and TfsB secretion and, consequently,
gives rise to an S-layer-deficient cell envelope
architecture, ultra-thin cross-sections of whole cell

preparations from the DTF2327 and DTF0955
mutants were investigated in comparison to T. for-
sythia wild-type cells (Fig. 4). Transmission electron
micrographs clearly confirmed the absence of the
S-layer on either of the T9SS-deficient mutants,
while the wild-type cells are fully covered with a
serrated S-layer typical of T. forsythia (Sekot et al.,
2012).

Phenotype of biofilm is largely affected in T9SS-
deficient T. forsythia

Following up the previous finding of the T. forsythia
S-layer playing a role in biofilm formation (Honma
et al., 2007), the capacity of the T9SS-deficient
mutants to form a monospecies-biofilm as well as
the architecture of the biofilm was investigated.
Scanning electron microscopy of 3-day-old biofilms
grown on a glass surface revealed that the T. for-
sythia wild-type strain formed a meshwork of well-
connected individual rod-shaped cells of comparable
size. The biofilm contained many voids and tunnel-
like structures that are known to enable nutrition deliv-
ery to the base of the biofilm (Fig. 5A). The biofilm of

Figure 4 Transmission electron micrographs showing ultra-thin cross-sectioned cells of Tannerella forsythia and T9SS mutants. The T. for-

sythia wild-type displays a serrated S-layer, whereas no S-layer is present on T. forsythia DTF0955 and DTF2327 cells. SL, S-layer; OM,
outer membrane; PP, periplasm; CM, cytoplasmic membrane; C, cytoplasm.
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the DTF0955 and DTF2327 mutant, in contrast,
revealed an entirely different architecture. The rods
were elongated and stuck together, forming fibers
and bundles of cells. The matrix was denser com-
pared with the wild-type biofilm with fewer voids and
tunnel-like structures. Individual cells appeared to
have a smoother surface indicating the lack of sev-
eral proteins at the outermost layer of the bacterium
(Fig. 5A).
The formation of a much denser biofilm by the

mutants compared with the wild-type was confirmed
by confocal laser scanning microscopy analysis
(Fig. 5B). Although the overall height of the biofilm
was comparable between all analyzed strains, the
mutant cells were more densely packed and
often stuck together forming lateral string-like struc-
tures, most clearly visible in the DTF2327 mutant
biofilm.

DISCUSSION

Putative CTD proteins have been found in 87 organ-
isms so far, all belonging to the Bacteroidetes
phylum, and their presence coincides with the occur-
rence of orthologous genes of essential components
encoding the T9SS machinery. Of note, not all spe-
cies of this phylum have the genetic information for a
T9SS and for CTD-bearing proteins, such as, for
instance, the human intestinal symbionts Bacteroides
fragilis and Bacteroides thataiotaomicron. In T. for-
sythia, 37 proteins are predicted to possess a CTD,
out of which 19 have been verified experimentally
(Veith et al., 2013). Here, we have shown for the first
time that secretion of these proteins indeed occurs
via T9SS.
To this end, we have studied the effect of the inac-

tivation of two T. forsythia orthologs of the genes

A

B

Figure 5 (A) Scanning electron micrographs showing altered biofilm and cell morphology in T9SS-deficient mutants in comparison to

the wild-type. Biofilm was grown anaerobically on glass for 3 days; (B) Confocal laser scanning micrographs of Tannerella forsythia
wild-type and mutant biofilms. Mutant biofilms revealed denser growth and a height comparable to that of the wild-type biofilm. Scale
bar, 20 lm.
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porK (TF2327) and porU (TF0955) that are essential
for T9SS function in P. gingivalis, on the secretion of
the two CTD-bearing S-layer proteins TfsA and TfsB
and their posttranslational modification [glycosylation
(Posch et al., 2011)] as well as on the assembly of
the two-dimensional crystalline S-layer on the bacte-
rial cell surface.
In analogy to the T9SS of P. gingivalis, TF0955

would be located at the cell surface and is predicted
to function as the C-terminal signal peptidase
required for cleaving the CTD from proteins destined
for secretion (Glew et al., 2012). TF2327 is a pre-
dicted integral OM protein of unknown function with a
b-barrel structure. Despite differences in subcellular
location and function of the targeted proteins, both
mutants – DTF0955 and DTF2327 – showed the
same phenotype. At the cellular level, the most pro-
found difference in comparison to the T. forsythia
wild-type was the loss of the extracellular S-layer
(Fig. 2). A similar effect was seen for a P. gingivalis
lptO (PG0027) knock-out mutant missing its electron-
dense surface layer (Saiki & Konishi, 2014). How-
ever, this effect is most probably not attributable to
the disruption of LptO alone (Glew et al., 2012), but
must be associated with inactivation of any other
essential component of T9SS. Apart from the lack of
the S-layer, T9SS mutants of T. forsythia show
abnormalities with respect to the shape of individual
cells and the architecture of monospecies biofilms as
shown by scanning electron microscopy and confocal
laser scanning microscopy analysis (Fig. 5). These
abnormalities are most likely a combined effect of the
blocked secretion of CTD proteins in the T. forsythia
DTF0955 and DTF2327 mutants.
Inactivation of T9SS in P. gingivalis resulted in the

retention of otherwise secreted proteins in the peri-
plasm in non-glycosylated and unprocessed form still
bearing the CTD (Chen et al., 2011). Consequently,
also the TfsA and TfsB S-layer proteins from the
T. forsythia secretion mutants were found with intact
CTDs (Table 2). In contrast, the CTDs from the
S-layer proteins of the wild-type bacterium are
cleaved at the KSPL#ANAE (TfsA) and the EDPV#
ANEI (TfsB) motifs (Veith et al., 2013) during or
immediately after translocation across the OM. On
the other hand, no difference was found in O-glyco-
sylation of S-layer proteins derived from the wild-type
and T9SS-deficient mutants. Clearly, fully assembled
O-glycans were attached to both proteins regardless

of T9SS functionality, even with glycan
microheterogeneity equaling that of the wild-type
S-layer glycoproteins (Fig. 3). This finding indicates
that glycan assembly and transfer of the glycan to
multiple three-amino-acid motifs D(S/T)(A/I/L/M/T/V)
within the CTD-containing S-layer proteins is com-
pleted while proteins reside in the periplasm, which is
in accordance with the general O-glycosylation path-
way in Bacteroidetes (Coyne et al., 2013).
The same O-glycosylation of the S-layer proteins

together with the lack of their C-terminal processing
indicates that another type of posttranslational modifi-
cation might be responsible for the accounted molec-
ular mass difference of about 50-kDa between the
S-layer glycoproteins derived from the T. forsythia
wild-type strain and the T9SS-deficient mutants
(Fig. 2). In analogy to P. gingivalis, we hypothesize
that in T. forsythia, proteolysis of CTD is coupled with
or succeeded by the attachment of a glycan moiety to
the protein in a manner different from O-glycosylation.
Such a glycan would have escaped the MS analysis
performed in the course of the present study because
of the protocol used for sample preparation and,
consequently, could have remained undetected. It is
conceivable that, as in P. gingivalis, the attached
glycan moiety could be a variant of the LPS. This
might be involved in anchoring of the TfsA and TfsB
S-layer glycoproteins to the OM of T. forsythia. This
is in line with our assumption of the rough-type LPS
of T. forsythia being ideally suited for the mediation of
protein cell surface attachment because of its defined
length and high abundance in the cell envelope (Pos-
ch et al., 2013). This hypothesis is currently under
investigation in our laboratories.
Yet we have provided the first evidence of the pres-

ence of a functional T9SS in T. forsythia and confirm
the importance of CTDs for successful secretion of
two abundant T. forsythia proteins. The S-layer glyco-
proteins TfsA and TfsB were prevented from crossing
the OM in T9SS-deficient mutants (TFD0955,
TFD2327), which, consequently, also lacked the
S-layer. Further, we could show that protein translo-
cation and O-glycosylation are decoupled from each
other.
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The modification of proteins with complex glycans is pivotal to the successful lifestyle of bacterial 

pathogens.  The  investigation  of  glycoprotein  glycan  biosynthesis  and  the  translocation  of 

glycoproteins across the cell membranes in the oral pathogen T. forsythia were the main focuses 

of the work presented in this thesis.   

 

Research  into  the predicted protein O‐glycosylation gene  cluster  (Posch et al. 2011)  led  to  the 

identification  of  a  27‐kb  gene  cluster  consisting  of  five  glycosyltransferases,  three  glycan 

modifying  methyltransferases,  necessary  genes  coding  for  the  six‐step  biosynthesis  of  the 

CMP‐activated pseudaminic acid as well as a putative Wzx‐like  flippase  located at  the 3´‐end of 

the  gene  cluster. Although  the  identified  glycosylation  gene  cluster does not  encode  all  genes 

required for the synthesis of the complete O‐glycan present on various T. forsythia proteins, single 

gene  knock‐out  mutants  allowed  to  elucidate  the  step‐wise  assembly  of  the  glycan  by  five 

glycosyltransferases and the modification of the glycan by three methyltransferases using a mass 

spectrometric  approach.  Further,  a  novel  α‐2,4  glycosyltransferase  (Tanf_01245)  transferring  a 

modified pseudaminic acid (Pse5Am7Gra) could be identified in the type strain (ATCC 43037) and 

analysed  in  detail.  Likewise  a  legionaminic  acid  transferase  (TFUB4_00887) was  identified  and 

analysed in another T. forsythia strain, UB4 (Tomek et al. 2017).    

 

Glycosyltransferase  deficient  mutants  generated  in  the  frame  of  this  thesis  also  identified 

transferases linking either the terminal β‐1,3 N‐acetylmannosaminuronic acid (Tanf_01260) or the 

internal  β‐1,4 N‐acetylmannosaminuronic acid  (Tanf_01290) onto  the  growing glycan  chain. An 

α‐1,2  galactosyl  transferase  (Tanf_01305)  was  identified  adding  the  branching  galactose  unit. 

Taken  together, all glycosyltransferases  located within  the general protein O‐glycosylation gene 

cluster  are  required  for  the  assembly  of  the  glycan,  but  are  not  sufficient  for  assembling  the 

underlining  five  carbohydrate  core  structure  of  the  glycan  (M.B.  Tomek,  unpublished  data). 

Corresponding  carbohydrate‐active  enzymes  obviously  localize  outside  of  the  gene  cluster 

elsewhere  on  the  genome  and  need  to  be  identified  in  future  research. Mutant  strains with 

truncated glycans, generated in the course of elucidating the biosynthesis pathway of the protein 

O‐glycan,  are  valuable  for  the  investigation  of  the  biological  function  attributed  to  each 

carbohydrate  unit  present  on  the  glycan.  First  insights  resulted  from  a  pseudaminic  acid 

biosynthesis deficient mutant  lacking  the  terminal  carbohydrate  residue. This mutant exhibited 

significantly  reduced biofilm  formation on mucin‐coated  surfaces as compared  to  the wild‐type 

strain, indicating a possible influence of the glycan on diverse biological processes (Friedrich et al. 

2017).   
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The  identification of methyltransferases modifying either the branching galactose residue or the 

terminal  N‐acetylmannosaminuronic  acid  is  a  further  outcome  of  this  thesis,  in  order  to 

characterize the enzymes and implicated biological effects of this rare and largely unknown glycan 

modification in upcoming experiments (M.B. Tomek, unpublished data).    

 

Secretion systems  in Gram‐negative bacteria have been drug  targets  for a  long  time, as protein 

secretion systems fulfil a wide variety of essential functions for pathogens. Specifically designed 

drugs  can block  these machineries and,  thus,  can either attenuate  the  virulence of pathogenic 

bacteria  or  kill  them  (Durand  et  al.  2009;  Baron  2010; Heras  et  al.  2015). Given  the  fact  that 

antibiotic resistances  in human pathogens relentlessly  increase, new antibacterial  targets are of 

great  interest  to  ensure,  in  combination with  regulatory  changes  in  antibiotic use,  therapeutic 

options  against  infectious  diseases  (Ruer  et  al.  2015).  The  proof  of  the  presence  of  a  novel 

secretion  system  (type  IX  secretion  system)  in  T.  forsythia  (Tomek  et  al.  2014) may  be  the 

initiating discovery  in  the development of  a novel  antibacterial  therapy  against  this worldwide 

occurring human pathogen. Further, the fact that this secretion system  is  limited to the phylum 

Bacteroidetes might be of great  interest with  regard  to  treatment  strategies  (McBride and Zhu 

2013;  Veith  et  al.  2013;  Nakayama  2015).  Although  3D  structures  and  biological  functions  of 

components constituting the T9SS are only slowly being discovered in P. gingivalis (Gorasia et al. 

2016; Heath et al. 2016; Lasica et al. 2016; Vincent et al. in press), the prerequisite of C‐terminal 

domains, acting as signal sequence for proteins intended to cross the outer cell membrane, could 

be verified for T. forsythia in course of this thesis (Tomek et al. 2014).    

 

In  summary,  the  thesis  contributes  to  the  understanding  of  the  molecular  basis  of  the 

biosynthesis of a complex bacterial O‐glycan and the translocation of (glyco‐)proteins across the 

outer membrane in the oral pathogen T. forsythia. This included 

 the description of its 27‐kb O‐glycosylation gene cluster. 

 the  identification  and  experimental  verification  of  five  glycosyltransferases  and  three 

methyltransferases involved in assembling and modifying the O‐glycan. 

 the detailed characterization of a so far unknown pseudaminic acid and legionaminic acid 

derivative transferase. 

 the proof of presence of a type IX secretion system and the importance of the C‐terminal 

domain as a signal sequence for protein cell surface translocation. 

 and the independence of protein glycosylation and translocation when employing a T9SS.
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1 Awarded with a poster prize. 
2 do. 
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Glycoprofiling of the oral pathogen Tannerella forsythia 

[12th European Training Course on Carbohydrates, Groningen, Netherlands, June 3‐7, 2012] 

Markus Tomek, Gerald Posch, Valentin Friedrich, Zoë Megson, Andrea Koerdt, Christina Schäffer 
Department of NanoBiotechnology, NanoGlycobiology, Universität für Bodenkultur Wien, 
Muthgasse 11, A‐1190 Vienna, Austria 

 

The anaerobic, biofilm‐forming oral pathogen Tannerella  forsythia  is one of the main etiological 

agents of periodontitis. T. forsythia is the only Gram‐negative bacterium known so far to possess a 

2D  crystalline  glycoprotein  layer  (S‐layer)  as  outermost  cell  envelope  layer.1  This  S‐layer  is 

composed of two  intercalating S‐layer proteins2 that are modified with a unique O‐glycosidically 

linked oligosaccharide with the structure 4‐Me‐β‐ManpNAcCONH(2)‐(1→3)‐[Pse5Am7Gc‐(2→4)‐]‐

β‐ManpNAcA‐(1→4)‐[4‐Me‐α‐Galp‐(1→2)‐]‐α‐Fucp‐(1→4)‐[‐α‐Xylp‐(1→3)‐]‐β‐GlcpA‐(1→3)‐[‐β‐

Digp‐(1→2)‐]‐α‐Galp. 1 The T. forsythia S‐layer is a virulence factor and contributes to delaying the 

host  immune  defence.  The  outer  membrane  of  the  bacterium  is  dominated  by  additional 

antigenic, high molecular‐mass  glycoproteins  that  are  all modified with  the  “S‐layer O‐glycan”. 

Some  of  these  as well  as  the  S‐layer  glycoproteins  are  up‐regulated  in  the  biofilm  lifestyle  of 

T. forsythia.3,4 

Because  of  the  increasing  frequencies with which  bacterial  glycosylation  systems  are  seen  in 

pathogenic  species,  they  have  come  under  enhanced  scrutiny;  especially  the  “sweet”  cell 

envelope of pathogens contributes to their cross‐talk with the hosts. Consequently, for the study 

of virulence mechanisms and the associated development of therapeutic strategies, a molecular 

understanding of the glycans displayed in the cell envelope of pathogens is necessary.  

Assessment of the influence of these glycoproteins on the immune response and investigating the 

“glyco‐impact” on  the  life  style of  T.  forsythia by  analysing biofilm  formation  at  the molecular 

level may  reveal  novel  pathogenic  strategies  in Gram‐negative  organisms.  This may  constitute 

new targets for interfering with the pathogen’s ability to establish infection in periodontal disease 

and for developing of novel diagnostic tools. 

This work  is  supported by  the Austrian Science Fund, projects P20605‐B20 and P24317‐B22  (to 

C.S.), and the doctoral programme BioTop, project W1224. 

1Posch G. et al. (2011) J Biol Chem 286:38714‐24 
2Sekot G. et al. (2012) Arch Microbiol 6:525‐539 
3Pham T.K. et al. (2010) Proteomics 10:3130‐41 
4Veith P.D. et al. (2009) J Proteome Res 8:4279‐92 
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Glycoprotein biosynthesis in the oral pathogen Tannerella forsythia  

[FASEB Science Research Conference on Microbial Glycobiology, Itasca, IL, USA, June 8‐13, 2014] 

Markus Tomek (1), Laura Neumann (2), Jan Potempa (3,4), Paul Messner (1), Christina Schäffer (1) 
(1) Department of NanoBiotechnology, NanoGlycobiology unit, Universität für Bodenkultur Wien, 
Muthgasse 11, 1190 Vienna, Austria 
(2) Department of Chemistry, Division of Glycobiology, Universität für Bodenkultur Wien, 
Muthgasse 18, 1190 Vienna, Austria 
(3) Oral Health and Systemic Diseases Group, School of Dentistry, University of Louisville, 501 
South Preston St., Louisville, KY 40202, USA 
(4) Department of Microbiology, Faculty of Biochemistry, Biophysics and Biotechnology, 
Jagiellonian University, Kraków, Poland 
 

The anaerobic, biofilm‐forming oral pathogen Tannerella  forsythia  is one of the main etiological 
agents of periodontitis. T. forsythia is the only Gram‐negative bacterium known so far to possess a 
2D  crystalline  glycoprotein  surface  layer  (S‐layer)  as  outermost  cell  envelope  layer.  The  two 
S‐layer  proteins  as  well  as  additional  antigenic,  high  molecular‐mass  glycoproteins,  mostly 
residing  in  the  outer  membrane,  are  modified  with  a  unique  O‐glycosidically  linked 
oligosaccharide (1). 

       Bacteroidetes‐specific  C‐terminal  domain  sequences  (2)  are  necessary  for  successful 

translocation across the outer membrane mediated by a recently discovered translocation system 

from  the  phylogenetically  related  bacterium  Porphyromonas  gingivalis  (por  Secretion  System) 

(3,4).  A  porSS‐deficient mutant  strain  still  shows  the  complete  glycan  attached  to  the  S‐layer 

proteins. This  supports  the general assumption  that glycan biosynthesis and  its  transfer  to  the 

Bacteroidetes O‐glycosylation motif take place  in the cytoplasm and the periplasm, respectively. 

Further, the por secretion system itself is not involved in the synthesis of the glycan. 

    Currently,  it is unknown if the oligosaccharides are transferred via a lipid carrier en bloc by an 

oligosaccharyltransferase or  if monosaccharides  are  sequentially  added  via  glycosyltransferases 

onto  the  target  protein.  To  gain  insight  into  the  O‐glycan  biosynthesis  of  T.  forsythia,  three 

independent  knock‐out mutants  of  putative  glycosyltransferases  located within  a  predicted O‐

glycosylation  locus  (1), are currently being generated. The structure of β‐eliminated glycans will 

be analysed by MS to unravel a sequential order of glycosyltransferase activities. 

This  work  was  supported  by  the  Austria  Science  Fund,  project  P24317‐B22  (to  CS)  and  the 

Doctoral Programme BioToP‐W1244. 

 

1. Posch, G., Pabst, M., Brecker, L., Altmann, F., Messner, P., and Schäffer, C. (2011) J Biol Chem 
286, 38714‐38724 
2. Veith, P. D., Nor Muhammad, N. A., Dashper, S. G., Likic, V. A., Gorasia, D. G., Chen, D., Byrne, S. 
J., Catmull, D. V., and Reynolds, E. C. (2013) J Proteome Res 12, 4449‐4461 
3. Glew, M. D., Veith, P. D., Peng, B., Chen, Y. Y., Gorasia, D. G., Yang, Q., Slakeski, N., Chen, D., 
Moore,  C.,  Crawford,  S.,  and  Reynolds,  E.  C.  (2012)  J  Biol  Chem  287,  24605‐17 
4. Zhou, X. Y., Gao, J. L., Hunter, N., Potempa, J., and Nguyen, K. A. (2013) Mol Microbiol 89, 903‐
917 
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Predicted O‐glycosylation locus and glycoprotein biosynthesis in Tannerella forsythia 
 
[6th Baltic Meeting on Microbial Carbohydrates, Gdansk, Poland, September 7‐14, 2014] 
 
Irene Nimeth1, Markus Tomek1, Laura Neumann2, Paul Messner1, Christina Schäffer1  
1. Department of NanoBiotechnology, NanoGlycobiology unit, Universität für Bodenkultur Wien, 
Muthgasse 11, 1190 Vienna, Austria  
2. Department of Chemistry, Division of Glycobiology, Universität für Bodenkultur Wien, 
Muthgasse 18, 1190 Vienna, Austria  
 
Tannerella  forsythia  is  a Gram‐negative,  anaerobic periodontal pathogen  inhabiting  subgingival 

plaque biofilms, which is completely covered by a 2 D crystalline cell surface (S) layer, composed 

of  two  glycoproteins.  There  is  evidence  that  a  unique  oligosaccharide  that  is  O‐glycosidically 

linked  to  either  S‐layer  protein  is  important  for  the  virulence  of  the  bacterium  (1,  2).  The 

elucidation  of  the  S‐layer  glycan  and  the  prediction  of  a  general  protein O‐glycosylation  gene 

locus  in T.  forsythia by our group allowed  the  construction of mutants affecting distinct genes 

encoded in that locus (3). Three independent glycosyltransferases knock‐out mutants predicted to 

be  involved  in  protein  O‐glycosylation  were  constructed  and  initial  analysis  confirmed  the 

synthesis of  truncated O‐glycans  in all  three mutants. Detailed analyses with  respect  to  glycan 

composition,  phenotype,  and  effect  on  biofilm  formation  are  currently  in  progress.  For  some 

proteins from the Bacteroidetes, specific C‐terminal domain sequences (4) are necessary for the 

successful translocation across the outer membrane mediated by a novel type 9 secretion system 

(T9SS).  Recently,  we  have  shown  that  a  T.  forsythia  T9SS‐deficient mutant  has  the  complete 

glycan  attached  to  the  S‐layer  proteins.  This  supports  the  general  assumption  that  glycan 

biosynthesis  and  its  transfer  to  the  Bacteroidetes  O‐glycosylation  motif  take  place  in  the 

cytoplasm and  the periplasm,  respectively, and  that  these processes are decoupled  from outer 

membrane translocation (5). 

This work was supported by the FWF project P24317‐B22 (to CS) and the FWF PhD Programme 

W1224 “Biomolecular Technology of Proteins”. 
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The anaerobic, biofilm‐forming oral pathogen Tannerella forsythia is one of the major etiological 
agents of periodontitis. T. forsythia is the only Gram‐negative bacterium known so far to possess a 
2D crystalline glycoprotein surface layer (S‐layer) as outermost cell envelope decoration. The two 
S‐layer proteins  (TfsA, TfsB)  as well  as  additional  antigenic, high molecular‐mass  glycoproteins, 
mostly  residing  in  the  outer  membrane,  are  modified  with  a  unique  O‐glycosidically  linked 
oligosaccharide (1). 

The  biosynthesis  of  the  oligosaccharide  is  encoded  by  a  putative  glycosylation  gene  cluster 
consisting of  four glycosyltransferases,  several modifying enzymes and hypothetical proteins as 
well as a flippase (1). The individual contributions of the respective carbohydrate‐active enzymes 
to S‐layer glycan biosynthesis are currently under investigation in our laboratory. 

Conserved C‐terminal domains (CTD) have been shown to act as a signal for the translocation of 
certain  proteins  across  the  outer membrane  of  Bacteroidetes  via  a  Type IX  Secretion  System 
(T9SS)  (2,  3).  The  genome  sequence  of  the  periodontal  pathogen  T.  forsythia  predicts  the 
presence of the components for a T9SS in conjunction with a suite of CTD proteins. To investigate, 
if  T9SS  is  functional  in  T.  forsythia,  T9SS‐deficient mutants were  generated by  targeting  either 
TF0955  (putative C‐terminal signal peptidase) or TF2327  (PorK ortholog), and  the mutants were 
analysed with respect to secretion, assembly and glycosylation of the S‐layer proteins as well as 
proteolytic processing of the CTD and biofilm formation (4).  

In either mutant, TfsA and TfsB were  incapable of translocation, as evidenced by the absence of 
the  S‐layer  in  transmission  electron microscopy  of  ultrathin‐sectioned  bacterial  cells.  Despite 
being  entrapped  within  the  periplasm,  mass  spectrometry  analysis  revealed  that  the  S‐layer 
proteins  were  modified  with  the  complete,  mature  glycan  found  on  the  secreted  proteins, 
indicating that protein translocation and glycosylation are two independent processes. This study 
as also that of Narita et al. (5), demonstrates the functionality of the T9SS and the requirement of 
CTD for the outer membrane passage of extracellular proteins  in T. forsythia, exemplified by the 
two  S‐layer  proteins.  In  addition,  T9SS  protein  trans‐location  is  decoupled  from  O‐glycan 
attachment in T. forsythia (4). 

This  work  was  supported  by  the  Austria  Science  Fund,  project  P24317‐B22  (to  CS)  and  the 
Doctoral Programme BioToP‐W1244. 

 

1. Posch, G. et al. (2011) J Biol Chem 286, 38714‐38724  
2. Veith, P. D. et al. (2013) J Proteome Res 12, 4449‐4461 
3. Glew, M. D. et al. (2012) J Biol Chem 287, 24605‐24617 
4. Tomek, M. B. et al. (2014) Mol Oral Microbiol 29, 307‐320 
5. Narita, Y. et al. (2014) Microbiology 160, 2295‐2303   



University of Natural Resources and Life Sciences, Vienna 
Centre for Nanobiotechnology 

Universität für Bodenkultur Wien
University of Natural Resources 
and Life Sciences, Vienna 
 
Department für Nanobiotechnologie (DNBT) 
Department of Nanobiotechnology 

Biosynthesis and translocation of glycoproteins in the  
oral pathogen Tannerella forsythia 

*markus.tomek@boku.ac.at 

*Markus B. Tomek1, Markus Windwarder2, Laura Neumann2, Irene Nimeth1, Friedrich Altmann2, Paul Messner1,  
Jan Potempa3, Christina Schäffer1 

1 Department of NanoBiotechnology, Nanoglycobiology unit, Universität für Bodenkultur Wien, Muthgasse 11, 1190 Vienna, Austria 
2 Department of Chemistry, Division of Glycobiology, Universität für Bodenkultur Wien, Muthgasse 18, 1190 Vienna, Austria 

3 Department of Oral Immunology and Infectious Diseases, University of Louisville, Louisville, KY 40202, USA  and  Department of Microbiology, 

This work is supported by the Austrian Science Fund 

Jagiellonian University, 30-387 Krakow, Poland 

Overview 
The anaerobic, biofilm-forming oral pathogen 
Tannerella forsythia is one of the main 
etiological agents of periodontitis. T. forsythia 
is the only Gram-negative bacterium known so 
far to possess a 2D crystalline glycoprotein 
surface (S-) layer as outermost cell envelope. 
The two S-layer proteins as well as additional 
antigenic, high molecular-mass glycoproteins, 
mostly residing in the outer membrane, are 
modified with a unique O-glycosidically linked 
oligosaccharide (Fig. 1A). (1)  

 
Aim 1 
      Bacteroidetes-specific C-terminal domain 
(CTD) sequences (2) are necessary for 
successful translocation of proteins across the 
outer membrane mediated by a recently 
discovered translocation system in the 
phylogenetically related bacterium 
Porphyromonas gingivalis (Type IX Secretion 
System) (3). In T. forsythia, 37 proteins are 
predicted to possess a CTD, 19 of which have 
been verified experimentally (4), including  
  

major virulence factors of this oral pathogen 
(eg. TfsA, TfsB, BspA). 
 
      To verify the functionality of the T9SS in    
T. forsythia, we have deleted either TF2327 or 
TF0955 in the T. forsythia genome, which are 
orthologs of PorK and PG0022 (C-terminal 
signal peptidase), respectively, essential for 
secretion of proteins via T9SS in P. gingivalis. 
The phenotype of isogenic mutants was 
analyzed with respect to secretion, 
glycosylation, proteolytic processing, and 
assembly of the S-layer. 
 
Aim 2 
     To elucidate the biosynthesis of the               
T. forsythia glycan, five putative 
glycosyltransferases within a predicted O-
glycosylation gene locus (1) were knocked-out 
(Fig. 1B). The resulting effects on the 
structure of the glycan are currently being 
analyzed. 

T9SS deficient strains are lacking the 
crystalline S-layer... 

Figure 2. TEM micrographs showing ultra-thin cross-sectioned cells of T. forsythia and T9SS mutants. T. forsythia wild-type displays a 
serrated S-layer, whereas no S-layer is present on T. forsythia ΔTF0955 and ΔTF2327 cells. SL, S-layer; OM, outer membrane; PP, 
periplasm; CM, cytoplasmic membrane; C, cytoplasm.  

... but S-layer proteins have their native 
glycan attached! 

Intercalating high molecular weight 
glycoproteins TfsA and TfsB form a self-
assembled monolayer on the cell surface of T. 
forsythia. The 22 nm thick S-layer as outermost 
part on the cell surface can be seen in ultra-
thin cross-sections of whole cell preparations 
from T. forsythia wild-type (Fig.2). 
Inactivation of TF2327 and TF0955 blocked 
secretion of the S-layer proteins TfsA and TfsB 
and therefore no assembly of the composite S-
layer on the bacterial cell surface can be seen 
in ultra-thin cross-sections (Fig. 2). 
 
      O-glycans were released from the protein 
backbones of TfsA and TfsB by in-gel reductive 
β-elimination. Mass analyses presented the 
wild-type glycan with the highest mass peak at 
1898 (Fig. 3) which is in agreement with the 
known structure of the T. forsythia 
decasaccharide (1). Significantly, S-layer 
glycans from the T9SS deficient T. forsythia 
mutants showed the same pattern and masses 
on deconvoluted ESI-TOF-MS spectra, 
indicating the complete glycan to be
  

Figure 3. Deconvoluted ESI-TOF-MS spectrum of TfsB O-
glycans in T. forsythia wild-type and mutant strains. Identical 
spectra were recorded for the O-glycan derived from the 
ΔTF0955 and ΔTF2327 mutants and the wild-type. 

Original publication 
Tomek, M., Neumann, L., Nimeth, I., Koerdt, A., Andesner, P., Mach, L., Messner, P., Potempa, J. S., Schäffer, C. (2014) Mol. Oral 
Microbiol., 29, 307-320  
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Conclusions 
• The S-layer glycoproteins TfsA and TfsB, both carrying a CTD, were blocked for successful 

translocation in T9SS deficient strains and therefore could not assemble the crystalline  
S-layer.  
 

• C-terminal domains (CTD) were not processed in T9SS deficient mutants. 
 
• Periplasmic S-layer proteins had their native O-glycan attached. 
 
Taken together we could demonstrate the functionality of the T9SS and the requirement of the 
C-terminal domain for the outer membrane passage of extracellular proteins in T. forsythia, 
exemplified by the two S-layer proteins. In addition, T9SS protein translocation is decoupled 
from O-glycan attachment in T. forsythia.   

Glycosyltransferase knock-out mutants 
     Five carbohydrate-active genes located 
within an O-glycosylation cluster (Fig. 1B) 
were targeted to generate single gene 
knock-out mutants:  
 

TF2049=BFO_1042=Tanf_01305 
TF2050=BFO_1043=Tanf_01300 
TF2053=BFO_1049=Tanf_01290 
TF2060=BFO_1057=Tanf_01260 

TF2062=BFO_1060=part of Tanf_01245 
      
     First results show clear downshifts visible 
on Coomassie-stained SDS-PAGE gels of both 
S-layer proteins TfsA and TfsB in comparison 
to the wild-type strain, indicating a 
truncated version of the glycan (Fig. 5). 
Periodic acid Schiff- (PAS) stainings 
confirmed carbohydrates still being attached 
to both S-layer protein backbones (data not 
shown).  

  Tf2060 Tf2062 

GT,iv Cpbp 

A 

B 

Figure 1. (A) Schematic drawing of the structure of the abundant O-glycan in T. forsythia. Modified from (1). (B) Predicted O-glycosylation 
gene locus in T. forsythia. Wzx (gray), flippase; Cpbp (blue), put. capsule polysaccharide biosynthesis protein; WecC (red), UDP-N-
acetylmannosaminuronic acid dehydrogenase; X (green), UDP-N-acetylglucosamine 2-epimerase; Y (pink), acetyltransferase; GTi, GTii, 
GTiii and GTiv (blue), glycosyltransferases. Modified from (1). 

attached to the S-layer proteins (Fig. 3).  
 
     Proteomics data implicate that no cleavage 
of the CTD occurs from the periplasmically 
localized S-layer proteins in the T. forsythia 
secretion mutants, whereas the wild-type 
proteins are C-terminally fully processed 
(Fig. 4). 

Figure 4. Tryptic peptides derived from the C-terminus of TfsA and TfsB as detected in T. forsythia wild-type and T9SS mutants. The CTD 
predicted for TfsA and TfsB according to Veith et al. (4) is typed in boldface. Peptides derived from the S-layer proteins of T. forsythia wild-
type are written in red, those derived exclusively from the TfsA and TfsB proteins of the T9SS deficient mutants are written in green. 

Figure 5. Coomassie Brilliant Blue R-250 stained SDS-PAGE gel 
(10%) of crude cell extracts from T. forsythia wild-type and 
mutants. Page Ruler Prestained Protein Ladder (Fermentas); wt, 
wild-type 

TfsB wild-type 
TfsA wild-type 

* * 
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The  Gram‐negative  anaerobe  Tannerella  forsythia  is  recognized  as  an  important  pathogen 

implicated  in  the  development  and  progression  of  periodontal  diseases.  It  is  considered  a 

keystone  pathogen  and  follows  the  polymicrobial  synergy  and  dysbiosis model  of  periodontal 

disease aetiology (1). Among described virulence factors such as BspA, KLIKK‐proteases and outer 

membrane vesicles are the two surface  (S‐)  layer proteins TfsA and TfsB  (2). The O‐glycosylated 

surface layer protein TfsA serves as a model protein in this study (3). The glycan carries a complex 

decasaccharide  including a modified pseudaminic acid  (Pse5Am7Gra) as non‐reducing end sugar 

residue, potentially implicated in the delay of the host immune response by molecular mimicry or 

by  cell‐host  interactions  (3,4).  Little  is  known  about  the  biosynthesis  of  the  glycan. Within  a 

predicted O‐glycosylation cluster, glycosyltransferases, modifying enzymes and nucleotide sugar 

biosynthesis genes are encoded. Experimental data, however, are so far only presented for WecC, 

an  UDP‐N‐acetylmannosaminuronic  acid  dehydrogenase.  In  a wecC  knock‐out mutant  (5),  the 

terminal  three‐sugar  branch,  consisting  of  Pse5Am7Gra  and  two modified mannosaminuronic 

acids, is absent. This truncated glycan modulates dendritic cell effector functions in suppression of 

T‐helper 17 cell responses (6).   

This study provides an extended view of the O‐glycosylation gene cluster in T. forsythia, including 

the  genomic  information  of  the  recently  re‐sequenced  genome.  All  five  predicted 

glycosyltransferases  located within the cluster were  individually knocked‐out. The consequences 

for  the  glycan  biosynthesis  within  these  mutant  strains  were  examined,  using  a  mass 

spectrometric approach.   

This  work  was  supported  by  the  Austrian  Science  Fund,  project  P24317‐B22  (to  CS)  and  the 

Doctoral Programme BioToP (W1244). 
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Putative pseudaminic and legionaminic acid transferases from the oral pathogen Tannerella 

forsythia 

[GlycoT16 – 10th International Symposium on Glycosyltransferases, Toronto, Canada, June 19‐21, 

2016] 

MB Tomek, B Janesch, D Maresch, M Windwarder, F Altmann, C Schäffer 
Department of NanoBiotechnology, Universität für Bodenkultur Wien, Vienna, Austria 
 

The occurrence of nonulosonic acids  in bacteria  is more wide‐spread  than originally anticipated 

and frequently linked to bacterial pathogenicity. In the periodontal pathogen Tannerella forsythia, 

several  proposed  virulence  factors  carry  strain‐specifically  either  a  pseudaminic  acid  or  a 

legionaminic acid derivative as a  terminal  sugar on a protein‐bound oligosaccharide. This  study 

aims  to  shed  light  on  the  transfer  of  either  nonulosonic  acid  on  a  proximal  N‐acetyl‐ 

mannosaminuronic  acid  residue  constituting  the  final  step  in  T.  forsythia  O‐glycan  assembly. 

Bioinformatic analyses provided candidate genes Tanf_01245  (ATCC 43037) and BFO_1060  (FDC 

92A2) encoding a putative pseudaminic acid and a legionaminic acid transferase, respectively. The 

transferases  show  a  two‐domain  structure, with  the N‐terminal domain  containing  a predicted 

nucleosidediphosphate binding site and the C‐terminal domain exhibiting homology to the TagB 

enzyme  catalysing  glycerol  transfer  to  an  N‐acetylmannosamine  residue  in  teichoic  acid 

biosynthesis.  Single  gene  knock‐out mutants  targeted  at  either  transferase were  analysed  for 

their  S‐layer  protein  O‐glycan  composition  by  ESI‐MS  confirming  the  absence  of  the  terminal 

nonulosonic  acid.  Analysis  of  a  cellular  pool  of  nucleotide‐activated  sugars  confirmed  the 

presence  of  CMP‐activated  nonulosonic  derivatives  conforming  with  the  mass  of  a  modified 

pseudaminic acid and legionaminic acid, respectively, as found in the mature O‐glycans and, thus, 

likely serving as substrates for the corresponding transferase. Cross‐complementation studies of 

the mutants were not successful  indicating high stringency of the enzymes. This study  identified 

plausible candidates for a pseudaminic acid and a legionaminic acid transferase; these may serve 

as a basis for the engineering of novel sialoglycoconjugates. 
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