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Summary

Anammox bacteria perform anaerobic ammonium oxidation and play an important role in
the biological nitrogen cycle. They are applied to efficiently remove ammonium and nitrite
from wastewater via a biochemically highly interesting mechanism involving hydrazine as
intermediate and dinitrogen gas as end product. Anammox bacteria are also of particular
interest to cell biologists. They belong to the Planctomycetes, a phylum characterized by a
unique cell organization. Most Planctomycetes have two compartments, of which the
innermost was interpreted as an intracytoplasmic compartment. Anammox bacteria have a
third compartment that acts as a prokaryotic organelle in which the anammox reaction takes
place. The anammox cell thus consists of the following compartments (from the outside
inwards): the paryphoplasm, the riboplasm and the anammoxosome. An interesting aspect
of all Planctomycetes is the cell envelope, which was proposed to lack peptidoglycan and an
outer membrane. This is striking since almost all bacteria contain peptidoglycan in their cell
envelope. Furthermore all bacteria classified as Gram-negative additionally contain an outer
membrane surrounding the peptidoglycan layer. Especially for anammox bacteria, many
qguestions about the cell envelope remain, such as: Which components does the cell
envelope contain? What are the characteristics of the outermost membrane (previously
defined as a cytoplasmic membrane)? The research presented in this part of the thesis
therefore aims to elucidate which components constitute the cell envelope of the model
anammox species Kuenenia stuttgartiensis. With the new results we were able to answer the
question if, as was postulated, this organism truly forms an exception to the Gram-negative
cell plan.

Chapter 1 provides an introduction into bacterial cell (envelope) organization, (anammox)
Planctomycetes and their cell biology. The results of chapter 2 show that a new layer was
discovered as the outermost structure of the K. stuttgartiensis cell. This so-called surface
layer (S-layer) consists of proteins and forms a symmetrical pattern. The S-layer was
characterized via freeze-etching followed by transmission electron microscopy (TEM).
Enrichment of this S-layer led to the identification of the glycoprotein that builds this
structure: Kustd1514. Two main glycan components were retrieved from Kustd1514 and
their composition was elucidated via mass spectrometry coupled to liquid chromatography in
combination with monosaccharide analysis. Immunogold localization using an antibody
generated against Kustd1514 verified that this protein indeed forms the observed S-layer.

To investigate if the outermost membrane has characteristics of an outer membrane, most
notably lipopolysaccharide (LPS) as specific lipids and outer membrane proteins (OMPs) as
specific proteins, chapter 3 and chapter 4 describe in-depth investigations of this membrane.
The purification and characterization of a specific OMP, Kustd1878, are described in chapter
3. The structure of Kustd1878 was investigated via bioinformatics, suggesting the protein has
an OMP-specific R-barrel structure. Pore-forming function, a typical characteristic of OMPs,
was verified by membrane bilayer assays. Immunogold localization using an antibody
generated against the purified protein furthermore suggested the presence of this protein in
the outermost membrane of K. stuttgartiensis that can best be described as an outer
membrane.
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Chapter 4 aims at elucidating if LPS, the main component of the outer leaflet of outer
membranes, is present in K. stuttgartiensis and the two non-anammox Planctomycetes
Planctopirus limnophila and Rhodopirellula baltica. Genes necessary for the synthesis of lipid
A, the part of the LPS that is anchored in the membrane, were identified in the genome of all
three species and in the transcriptome of K. stuttgartiensis. Gel electrophoresis indicated the
presence of LPS in all three species and polymyxin B, an antibiotic that disrupts the outer
membrane upon binding to LPS, caused disruption of the membranes of R. baltica and to a
lesser extent of K. stuttgartiensis and P. limnophila. However, the LPS components KDO and
lipid A were not detected in K. stuttgartiensis via mass spectrometry methods. Therefore, the
presence of LPS in the three Planctomycetes species seems plausible, but additional
experiments are needed for further verification.

In chapter 5 the proposed absence of peptidoglycan in anammox bacteria was revisited.
Cryo-TEM of vitreous sections identified a layer in between the cytoplasmic and outermost
membrane in K. stuttgartiensis. When using a peptidoglycan isolation protocol, characteristic
sacculi were observed. These sacculi disintegrated upon treatment with lysozyme, an agent
that cleaves the sugar backbone of peptidoglycan. In addition, the presence of peptidoglycan
was demonstrated in growing cultures by fluorescent probes that are built in during
peptidoglycan synthesis. The presence of peptidoglycan in K. stuttgartiensis was ultimately
proven when muropeptide analysis showed the composition of the sacculi to be typical for
Gram-negative peptidoglycan.

Based on the results of the previous chapters, chapter 6 reaches the conclusion that
(anammox) Planctomycetes can best be interpreted as Gram-negative bacteria. This chapter
furthermore gives an overview of the cell envelope of anammox bacteria, and describes key
guestions and associated hypotheses and experiments in order to come to a thorough
understanding of the cell biology of (anammox) Planctomycetes.
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Samenvatting

Anammoxbacterién voeren anaérobe ammonium-oxidatie uit en spelen een belangrijke rol in
de biologische stikstofcyclus. Ze worden toegepast om op efficiénte wijze ammonium en
nitriet uit afvalwater te verwijderen via een biochemisch zeer interessant mechanisme met
hydrazine als tussenproduct en stikstofgas als eindproduct. Anammoxbacterién zijn
daarnaast bijzonder interessant voor celbiologen. Ze behoren tot de Planctomyceten, een
phylum dat door een unieke celorganisatie gekarakteriseerd wordt. De meeste
Planctomyceten hebben twee compartimenten waarvan de binnenste werd beschouwd als
een intracytoplasmatisch compartiment. Anammoxbacterién hebben daarnaast een derde
compartiment dat functioneert als prokaryoot organel waarin de anammoxreactie
plaatsvindt. Anammoxbacterién bestaan dus uit de volgende compartimenten (van buiten
naar binnen): het paryphoplasma, het riboplasma en het anammoxosoom. Een interessant
aspect van alle Planctomyceten is de celenvelop, waarvan men aannam dat hierin zowel
peptidoglycaan als een buitenmembraan ontbrak. Dit is opvallend aangezien bijna alle
bacterién peptidoglycaan bevatten in hun celenvelop. Daarnaast hebben alle bacterién die
als Gram-negatief worden geklassificeerd een peptidoglycaan omringende buitenmembraan.
In het bijzonder voor anammoxbacterién zijn er nog veel open vragen over de celenvelop,
zoals: Uit welke componenten bestaat de celenvelop? Wat zijn de karakteristieken van de
buitenste membraan (dat voorheen als cytoplasmatisch membraan gedefinieerd was)? Het
onderzoek beschreven in dit deel van het proefschrift beoogt daarom op te helderen welke
componenten aanwezig zijn in de celenvelop van het anammoxmodelorganisme Kuenenia
stuttgartiensis. Met de behaalde resultaten konden we de vraag beantwoorden of dit
organisme inderdaad, zoals gedacht werd, een uitzondering vormt op het Gram-negatieve
celplan.

Hoofdstuk 1 geeft een introductie in de organisatie van de bacteriéle cel(envelop),
Planctomyceten inclusief anammoxbacterién en hun celbiologie. De resultaten uit hoofdstuk
2 laten zien dat er een nieuwe laag ontdekt werd als buitenste structuur van de K.
stuttgartiensis cel. Deze zogeheten S-laag bestaat uit eiwitten en vormt een symmetrisch
patroon. De S-laag werd gekarakteriseerd via vriesetsen gevolgd door transmissie
elektronenmicroscopie (TEM). Verrijking van deze S-laag leidde tot de identificatie van het
glyco-eiwit waaruit deze structuur is opgebouwd: Kustd1514. De compositie van twee
belangrijke glycanen afkomstig van Kustd1514 werd opgehelderd met behulp van
massaspectrometrie  gekoppeld aan vloeistofchromatografie in combinatie met
monosaccharidenanalyse. Immunogoudlokalisatie met een antilichaam gegenereerd tegen
Kustd1514 bevestigde dat dit eiwit inderdaad de geobserveerde structuur vormt.

Om te onderzoeken of het buitenste membraan karakteristieken vertoont van een
buitenmembraan, in het bijzonder lipopolysacchariden (LPS) als specifieke lipiden en
buitenmembraaneiwitten (BME) als specifieke eiwitten, gaan hoofdstuk 3 en hoofdstuk 4
dieper in op dit membraan. De opzuivering en karakterisatie van een specifiek BME,
Kustd1878, worden beschreven in hoofdstuk 3. De structuur van Kustd1878 werd
bestudeerd met behulp van bioinformatica, waaruit bleek dat dit eiwit een BME-
karakteristieke B-ton structuur heeft. Membraanbilaagexperimenten bevestigden dat dit
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eiwit net als andere BMEs porién in een membraan kan vormen. Immunogoudlokalisatie met
een antilichaam gegenereerd tegen het opgezuiverde eiwit suggereert dat dit eiwit zich in
het buitenste membraan bevindt en dat dit membraan het beste als buitenmembraan kan
worden beschouwd.

Hoofdstuk 4 beoogt de vraag te beantwoorden of LPS, de hoofdcomponent van de buitenste
laag van de buitenmembraan, aanwezig is in K. stuttgartiensis en de twee niet-anammox
Planctomyceten Planctopirus limnophila en Rhodopirellula baltica. Genen benodigd voor de
synthese van lipide A, het deel van LPS wat in het membraan is verankerd, werden
geidentificeerd in het genoom van alle drie de organismen en in het transcriptoom van K.
stuttgartiensis. Gelelektroforese toonde de aanwezigheid van LPS aan in de drie soorten en
polymyxin B, een antibioticum wat LPS bindt en vervolgens de buitenmembraan verstoort,
leidde tot verstoring van de membranen van R. baltica en in mindere mate van die van K.
stuttgartiensis en P. limnophila. Daarentegen werden de LPS componenten KDO en lipide A
niet gedetecteerd in K. stuttgartiensis met massaspectrometrische methoden. Samenvattend
lijkt het waarschijnlijk dat LPS aanwezig is in de drie Planctomyceten, hoewel aanvullende
experimenten noodzakelijk zijn ter bevestiging.

In hoofdstuk 5 wordt de gesuggereerde afwezigheid van peptidoglycaan opnieuw bekeken.
Cryo-TEM op secties van bevroren cellen liet een laag zien tussen het cytoplasmatische en
buitenmembraan in K. stuttgartiensis. Na een peptidoglycaan isolatie konden karakteristieke
sacculi worden gedetecteerd. Deze sacculi vielen uiteen na behandeling met lysozym, een
enzym dat de suikerverbindingen in peptidoglycaan openbreekt. Daarnaast werd
peptidoglycaan aangetoond in groeiende culturen via specifieke fluorescente verbindingen
die kunnen worden ingebouwd tijdens de synthese van peptidoglycaan. De ontdekking via
muropeptidenanalyse dat de sacculi bestonden uit typische bouwstenen van Gram-negatief
peptidoglycaan was het ultieme bewijs van de aanwezigheid van peptidoglycaan in K.
stuttgartiensis.

Op basis van de resultaten van de voorgaande hoofdstukken, komt hoofdstuk 6 tot de
conclusie dat (anammox) Planctomyceten het best beschouwd kunnen worden als Gram-
negatieve bacterién. Bovendien geeft dit hoofdstuk een overzicht van de celenvelop van
anammoxbacterién en beschrijft het de belangrijke vragen en bijbehorende hypothesen en
experimenten om te komen tot een goed begrip van de celbiologie van (anammox)
Planctomyceten.
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Chapter 1

General introduction



Life cannot exist without chemical reactions and chemical reactions cannot take place
without local gradients and concentrations of macromolecules that surpass a certain
threshold. To achieve these concentrations of macromolecules and create the possibility of
gradients that can be used to conserve energy, life takes place in confined structures called
cells. All known living beings consist of cells and two types of cells can be distinguished based
on their architecture. The eukaryotic cell is characterized by the presence of a membrane-
bound nucleus and in general has a more complex internal organization with (multiple)
organelles, whereas the prokaryotic cell (either archaeal or bacterial) lacks a nucleus and (as
was thought for a long time) organelles and thus has a more simple organization. Each cell,
being prokaryotic or eukaryotic, is surrounded by at least one membrane, of which the
omnipresent cytoplasmic or plasma membrane is most crucial in cell confinement. In some
cells, additional structures such as cell walls are present on the outside of the cytoplasmic
membrane. The cell wall can best be defined as “all structures outside the cytoplasmic
membrane whose main function is to provide cells with rigidity”. The cell wall is particularly
crucial for single-celled organisms, since in their case the cell is exposed to the environment
and thus needs an especially stable structure as confinement. The cell confinement as a
whole, thus consisting of the cytoplasmic membrane, the cell wall and additional membranes
if present, is called the cell envelope. Some researchers, however, see the cytoplasmic
membrane as an entity not belonging to the cell envelope.

Two types of bacterial cell envelopes: Gram-positive and Gram-negative

Two types of cell envelope organization are recognized in bacteria: Gram-positive and Gram-
negative. These types were introduced based on the reaction to the so-called Gram-stain
procedure (Gram, 1884), which was later discovered to reflect a different organization of the
cell envelope (Popescu & Doyle, 1996; Beveridge, 2001). Whereas the cell envelope of Gram-
positive bacteria (Fig. 1A) consists of a cytoplasmic membrane covered by a thick layer of
peptidoglycan, Gram-negative bacteria (Fig. 1B) possess a thin layer of peptidoglycan and an
additional membrane, called the outer membrane. Of course, as with almost all classification
efforts in biology, several variations are present within each cell envelope type.

Gram-positive bacteria

In Gram-positive bacteria the cytoplasmic membrane is covered by a relatively thick layer of
peptidoglycan, which is the attachment site of polysaccharide components termed secondary
cell wall polymers (SCWPs) (Ward, 1981; Schaffer & Messner, 2005). These SCWPs can
account for up to 60% of the weight of the bacterial cell wall (Schaffer & Messner, 2005).
Multiple groups of chemically diverse SCWPs exist, for instance teichoic (Brown et al, 2013)
and teichuronic acids (Lazarevic et al, 2005) (both negatively charged polysaccharides) and
several components classified as non-classical SCWPs (Schaffer & Messner, 2005). Most
SCWPs have repeating units of sugar components connected via phosphodiester linkages in
the case of teichoic acids and via uronic acids in the case of teichuronic acids (Lazarevic et al,
2005). Multiple roles for SCWPs have been described, such as binding of divalent cations
(Beveridge & Murray, 1980) and mediating the attachment of proteins, notably surface (S-)
layer proteins (llk et al, 1999; Mesnage et al, 2000), to the cell wall. If present, S-layer
proteins non-covalently bind SCWPs via a specific motif: the SLH (S-layer homology) domain
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(Lupas et al, 1994) or the CWB2 (cell wall binding 2) (Fagan et al, 2011) motif. Both motifs can
also be used by non-S-layer proteins that attach to the cell wall (Fagan & Fairweather, 2014).

In Gram-positive bacteria with S-layers, the S-layer protein has to be transported through the
cytoplasmic membrane and peptidoglycan layer before it can anchor to the cell wall. This
process has only been studied in two organisms, which both use the accessory Sec secretion
system, including two copies of the ATPase SecA (Braunstein et al, 2001) and the membrane
channel SecYEG, for S-layer secretion (Fagan & Fairweather, 2011; Nguyen-Mau et al, 2012).

Gram-negative bacteria

Gram-negative bacteria lack secondary cell wall polymers but do have an additional
membrane —the outer membrane- surrounding a relatively thin peptidoglycan layer (Silhavy
et al, 2010). The space that is bordered by the cytoplasmic membrane on one side and the
outer membrane on the other side is called the periplasm. The outer membrane is supposed
to have a higher permeability than the cytoplasmic membrane as a consequence of pores
formed by outer membrane proteins (OMPs). Each OMP has a B-barrel structure that forms a
channel lined by 8-24 B-strands (Fairman et al, 2011) through which specific molecules can
diffuse through the outer membrane. Many OMPs insert into the membrane as trimers
forming three channels (Schulz, 2002). The residues of the OMP that are facing the
membrane are often hydrophobic, thereby ensuring that the protein is well anchored into
the membrane. The diameter and especially the characteristics of the residues facing the
channel dictate which substrates can diffuse through the OMP and with which specificity.
Multiple molecules pass over the outer membrane via OMPs, for instance sugars such as
sucrose (Schmid et al, 1991; Forst et al, 1998) and small molecules under 600 Da that can
passively diffuse to more or less general porins such as OmpF and PhoE (Cowan et al, 1992;
Dhakshnamoorthy et al, 2013). Proteins can be exported via multiple systems involving OMPs
(Kostakioti et al, 2005) and OMPs that are inserted into the outer membrane by the OMP
BamA (Voulhoux et al, 2003; Noinaj et al, 2013).

Not only the membrane permeability and protein composition (presence of OMPs) are
specific to the outer membrane, also the lipid composition differs between the cytoplasmic
membrane and the outer membrane. The cytoplasmic membrane consists of phospholipids
and the asymmetric outer membrane has a phospholipid-containing inner leaflet and an
outer leaflet composed of mainly lipopolysaccharides (LPS) (Kamio & Nikaido, 1976). It is
estimated that LPS makes up about 75% of the surface of this outer leaflet (Gronow & Brade,
2001). The exact composition and length of LPS molecules can differ between different
strains (Weckesser et al, 1973; Skultéty et al, 1998) as well as within strains dependent on
the culture conditions (McDonald & Adams, 1971; Kawahara et al, 2002). Even within cells of
a strain grown under the same conditions, heterogeneity of LPS molecules can occur
(Darveau et al, 2004). Each LPS molecule consists of a lipid A domain, a non-repeating core
oligosaccharide and a distal polysaccharide, called the O-antigen. The lipid A, which is the
component that induces an immune response via Toll-like receptors 2 and 4 (Netea et al,
2002), has a variable amount of acyl-chains with a variable length that anchors it in the
membrane (Erridge et al, 2002). Attached to the lipid A is the core oligosaccharide that
consists of an inner (often including the unusual sugar 3-deoxy-D-manno-octulosonic acid
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(Kdo)) and an outer core (Erridge et al, 2002). The O-antigen is made out of repeating units of
one to eight sugar components and the composition and length of the polysaccharide varies
considerably, making this the most variable part of the LPS molecule. Some organisms
entirely lack the O-antigen, while others display a range of lengths, constructing a chain of up
to 50 repeating units (Erridge et al, 2002). The main function of LPS is to prevent hydrophobic
substances from entering the cell by serving as a barrier (Gronow & Brade, 2001). In addition,
LPS is proposed to facilitate proper folding of outer membrane proteins (de Cock et al, 1999)
and act as an anchor to which proteins (notably S-layer proteins (Fagan & Fairweather,
2014)) or other molecules can attach.

A. Gram-positive bacterium B. Gram-negative bacterium

outer membrane
peptidoglycan
cytoplasmic membrane

nucleoid

periplasm

cytoplasm

e S e T e

b membrane
membrane § § § § § § § integral membrane protein
peptisoaran —| 580 S0 0don0

outer membrane protein g% gg g; gggg
lipopolysaccharide ; ;; ;
SCwWP E g

Figure 1. Schematic representation of (A) a Gram-positive cell and a zoom-in of a Gram-positive cell envelope and (B)
a Gram-negative cell and cell envelope.

outer
membrane

Prokaryotic cell wall structures

Both Gram-negative and Gram-positive cell envelopes contain rigid cell wall structures that
aid in maintaining cell shape and integrity. Two common cell wall structures, which were
already briefly mentioned in the description of the Gram-positive and Gram-negative cell
envelopes, are discussed below.
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Peptidoglycan

Almost all bacteria synthesize a cell wall with as a main component peptidoglycan, which is
also known as murein (after the Latin word for wall, murus). Peptidoglycan is a gigantic
mesh-like heteropolymer consisting of a sugar backbone of alternating B-1,4-linked N-
acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc) residues that are cross-
linked by short D-amino acid rich peptide stems (Vollmer et al, 2008). Some of the five amino
acids of the peptide stem are omnipresent, while others can vary depending on the species
and growth conditions (Vollmer et al, 2008; Lam et al, 2009). The third amino acid of the
peptide stem usually differs between Gram-positive and Gram-negative bacteria: in most
Gram-negative bacteria a meso-diaminopimelic acid can be found in this position, whereas in
most Gram-positive bacteria L-lysine is present (Vollmer et al, 2008). The ubiquity and
importance of peptidoglycan are reflected by the fact that it is a target of many (naturally
occurring) antibiotics (Lovering et al, 2012). Bacteria can alter the structure and composition
of their peptidoglycan throughout their life cycle and can also adapt their peptidoglycan to
changes in the environment (Cava & de Pedro, 2014). In addition, some bacteria have
evolved their peptidoglycan biosynthesis pathway to become insensitive to certain
peptidoglycan-targeting antibiotics (Mainardi et al., 2008). The plasticity of peptidoglycan
again underlines the importance of this cell wall structure to bacteria.

Archaea do not contain a peptidoglycan cell wall, although some species (Albers & Meyer,
2011) possess a similar structure called pseudomurein. Pseudomurein is also composed of a
sugar backbone, formed by B-1,3-linked GIcNAc and L-N-acetyltalosaminuronic acid (TalNAc)
subunits, cross-linked by short peptides made up of L-amino acids (Kandler & Kénig, 1998;
Albers & Meyer, 2011). Despite the similarity in structure of pseudomurein and
peptidoglycan, they appear to have evolved separately since the biosynthetic pathways
involve different types of intermediates (Hartmann & Konig, 1990) and presumably non-
homologous proteins (Steenbakkers et al, 2006). Some archaeal species synthesize other
rigid polymers that function as a cell wall. Examples of these cell wall polymers are
methanochondroitin  in  (aggregates of)  Methanosarcina, (highly  sulphated)
heterosaccharides in Halococcus and glutaminylglycan in Natronococcus (Kandler & Konig,
1998; Albers & Meyer, 2011).

S-layers

Some bacterial cells have a proteinaceous surface- or S-layer as an additional cell wall
component (Sleytr & Beveridge, 1999; Sara & Sleytr, 2000; Fagan & Fairwater, 2014). This
structure is also widely present within the Archaea (Albers & Meyer, 2011). S-layers form the
outermost layer of the cell envelope by enclosing the cell as a crystalline symmetrical layer
consisting of self-assembled protein monomers that are often identical (Messner & Sleytr,
1992; Fagan & Fairwater, 2014). S-layer proteins are often attached to cell envelope
structures underneath via non-covalent interactions (Fagan & Fairweather, 2014). In Gram-
positive bacteria, the S-layer is often attached to SCWPs and in Gram-negative bacteria the S-
layer proteins can attach to LPS. Since S-layers cover the entire cell, the synthesis and
transport of the S-layer proteins requires an extensive energy investment thus indicating that
S-layers probably have an important function for the organism. In different organisms, S-
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layers have been found to have different functions such as attachment of pathogenic
bacteria to host tissue (Schneitz et al, 1993; Sillanpaa et al, 2000; Grogono-Thomas et al,
2000; Sakakibara et al, 2007), maintaining cell shape (Klingl et al, 2011), attachment of
enzymes such as proteases (Mayr et al, 1996) or amylases (Egelseer et al, 1995) and
protection against predation (Koval & Hynes, 1991). Not only the function of the S-layer, but
also the sequence of the protein monomers, are found to be quite divergent and in some
cases different S-layer proteins can be expressed in the same organism (Fagan & Fairwater,
2014). In many S-layers, the protein monomers are modified by glycosylation at specific
amino acids, resulting in covalently bound glycans that face the extracellular environment
(Messner et al, 2008). These carbohydrates can be structurally quite complicated and,
particularly in the case of bacteria, can form long chains (Messner et al, 2008).

Planctomycetes

Occurrence and phylogeny

Almost all bacteria can be classified as either Gram-positive or Gram-negative, but the
phylum of the Planctomycetes seems to be an exception to this rule, as will be discussed in
detail below. The Planctomycetes belong to the Planctomycetes, Verrucomicrobia and
Chlamydiae (PVC) superphylum (Wagner & Horn, 2006) and three orders can be
distinguished within the phylum: Planctomycetales (Ward, 2010), Phycisphaerales (Fukunaga
et al, 2009) and Brocadiales (Jetten et al, 2010). Planctomycetes are found in a wide range of
ecosystems, including various types of soil (Borneman & Triplett, 1997; Derakshani et al,
2001; Buckley et al, 2006), marine environments (Kuypers et al, 2003; Kirkpatrick et al, 2006;
Woebken et al, 2007) including marine snow (Delong et al 1993; Fuchsman et al, 2012) and
various freshwater environments (Fuerst, 1995; Strous et al, 1999; Pollet et al, 2010).
Furthermore, they have been proposed to live in association with (often aquatic) eukaryotes,
such as macroalgae (Fukunaga et al, 2009; Bengtsson & @vreas, 2010; Lage & Bondoso, 2011;
Bondoso et al, 2014; Yoon et al, 2014; Bondoso et al, 2015), sponges (Webster et al, 2001;
Sipkema et al, 2009; Izumi et al, 2013), termite guts (Kohler et al, 2008), a protist (Lage, 2013)
and a giant tiger prawn (Fuerst et al, 1991; Fuerst et al, 1997). These associations might be
facilitated by appendages such as stalks and holdfasts that have been described for multiple
Planctomycetes (Ward, 2010).

Physiology

With the exception of the anammox bacteria belonging to the order of the Brocadiales,
Planctomycetes that have been cultivated are typically chemoheterotrophs. Many of these
are able to grow on N-acetylglucosamine (a common ingredient in Planctomycete-selective
media (Lage & Bondoso, 2012)) or degrade carbon-rich biopolymers (Schlesner et al, 2004;
lzumi et al, 2013). It has been hypothesized that Planctomycetes might play an important
role in the carbon cycle by degrading heteropolysaccharides and other polymers, especially
in marine environments (Woebken et al, 2007; Izumi et al, 2013). The high amount of
sulfatases encoded in several genomes of marine Planctomycetes probably makes sulfated
heteropolysaccharides, which are present in large quantities in marine environments,
suitable substrates for these Planctomycetes (Glockner et al, 2003; Woebken et al, 2007).
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Heteropolysaccharides are also proposed to be an important substrate for Planctomycetes
found in marine snow, in which these compounds can be trapped (Woebken et al, 2007). The
few known species of the Phycisphaerales can also use multiple polysaccharides, for instance
agar, as substrates (Fukunaga et al, 2009; Yoon et al, 2014; Kovaleva et al, 2015).

Cell biology of Planctomycetes

Cell division

A shared characteristic of the three orders of Planctomycetes is that, unlike in most other
bacteria (Angert, 2005), the cell division takes place without the common cell division protein
FtsZ. The Planctomycetales divide by polar budding (Fuerst, 1995; Jogler et al, 2012). The
molecular mechanism of division by budding in Planctomycetales (as well as in other budding
bacteria) is not understood. The known species of the Brocadiales (all belonging to the
anammox bacteria) divide by binary fission (van Niftrik et al, 2009). Binary fission is normally
initiated by a cell division ring and such a ring was observed in multiple Brocadiales species.
However, where in canonical binary fission the ring is formed by the protein FtsZ, this protein
is absent from the Brocadiales. Instead another protein was identified to associate with or
more probably be part of this ring in K. stuttgartiensis (van Niftrik et al, 2009). This protein,
Kustd1438, seems to be specific to K. stuttgartiensis and possibly for other anammox
bacteria as no homologs were detected in genomes of other Planctomycetes (van Niftrik et
al, 2009; Jogler et al, 2012). It has not been investigated which proteins collaborate with
Kustd1438 to coordinate cell division in the Brocadiales and many questions concerning their
division mechanism remain open. All three species of Phycisphaerales known to date are
described to divide via binary fission (Fukunaga et al, 2009; Yoon et al, 2014; Kovaleva et al,
2015). No details are known concerning the molecular mechanism of their cell division,
although a protein BLAST (Altschul et al, 1990) search shows that the common cell division
ring-forming protein FtsZ (Dai & Lutkenhaus, 1991) and the Kuenenia-specific cell division
protein Kustd1438 (van Niftrik et al, 2009) are both absent from the genome of Phycisphaera
mikurensis.

Cell plan

The Planctomycetes share a complicated cell plan, which is characterized by an unusual
membrane organization (Fig. 2). Most Planctomycetes contain two membrane-bound
compartments and some species have an additional, third, membrane-bound compartment.
In many of the species with two compartments (for instance Isosphaera pallida (Lindsay et al,
2001), Planctopirus limnophila (Jogler et al, 2011; Scheuner et al, 2014), Rhodopirellula rubra
(Bondoso et al, 2014) and Roseimaritima ulvae (Bondoso et al, 2015)) the membrane
surrounding the inner compartment is highly curved, leaving a variable, often large, space in
between the two membranes. A third membrane-bound compartment is present in the
Brocadiaceae family (Jetten et al, 2010; Lindsay et al, 2001; van Niftrik et al, 2004) and,
although this is currently under debate, the Gemmata genus (Fuerst & Webb, 1991; Lindsay
et al, 2001; Santarella-Mellwig et al, 2013; Sagulenko et al, 2014; Acehan et al, 2014).
Whether or not a third separate compartment exists in Gemmata, it is undebated that
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extensive endomembrane systems (Acehan et al, 2014), are present that divide the
cytoplasm in, also functionally (Gottshall et al, 2014), separate regions.

A. Planctomycetales B. Brocadiales

cytoplasmic membrane

paryphoplasm

intracytoplasmic membrane

nucleoid

riboplasm
anammoxosome
anammoxosome membrane

Figure 2. Schematic overview of the cell plan of (A) Planctomycetales and (B) Brocadiales showing the different
membranes and compartments. The actual size and number of invaginations varies largely within and between
Planctomycetales species. No scheme of the Phycisphaerales is included, because a very limited amount of published
electron micrographs exist of this order.

Cell envelope

The planctomycetal cell envelope is a structure of which the composition is hotly debated
(Lindsay et al, 2001; Fuerst & Sagulenko, 2011; Speth et al, 2012; Devos, 2014a; Devos,
2014b; Sagulenko et al, 2014). As stated before, most Planctomycetes have two membranes,
as is the case for Gram-negative bacteria. Historically, the outermost membrane was defined
as a cytoplasmic membrane (Lindsay et al, 1997; Lindsay et al, 2001). This definition was
based mainly on the presence of RNA in the compartment between the two membranes and
the assumption that RNA is not expected to be present in the periplasm (Lindsay et al, 1997;
Lindsay et al, 2001). The cytoplasm was thus proposed to be separated into two
compartments, the paryphoplasm and the pirellulosome, which are divided by the
intracytoplasmic membrane (Lindsay et al, 1997; Lindsay et al, 2001). More recently,
however, the outermost membrane has been proposed to be an outer membrane based on
the presence of marker genes for OMP and LPS biosynthesis (Speth et al, 2012). In that
scenario the paryphoplasm should be interpreted as a periplasm, the intracytoplasmic
membrane as a cytoplasmic membrane and the pirellulosome as the cytoplasm. Some of the
research presented in this part of the thesis aims to contribute new knowledge in order to
resolve this topic.

Lack of peptidoglycan

Another remarkable feature of the planctomycetal cell envelope is the proposed lack of a
peptidoglycan cell wall. Already early in Planctomycetes research, the peptidoglycan
components meso-DAP (part of the peptide stem in most Gram-negative bacteria) and
MurNAc (one of the two sugar components forming the glycan backbone) were not detected
during an in-depth analysis of eight strains (Konig et al, 1984). The same peptidoglycan
components appeared missing from eight additional strains and in addition it was found that
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these organisms have proteinaceous cell walls rich in proline and cysteine (Liesack et al,
1986). Following these initial studies, multiple novel species were shown to also lack
muramic acid and/or diaminopimelic acid as markers for peptidoglycan (Giovannoni et al,
1987; Fukunaga et al, 2009; Yoon et al, 2014). Another indication for the absence of
peptidoglycan came from the finding that all Planctomycetes tested were insensitive to
antibiotics that target peptidoglycan biosynthesis (Fuerst et al, 1991; Schlesner et al, 2004;
Fukunaga et al, 2009; Kulichevskaya et al, 2009; Cayrou et al, 2010). In addition, the genome
sequences of multiple Planctomycetes apparently lacked a varying amount of genes
necessary for the biosynthesis of peptidoglycan (Glockner et al, 2003; Strous et al, 2006;
Jogler et al, 2012; Guo et al, 2014). Furthermore, peptidoglycan seemed absent from
ultrathin sections studied with transmission electron microscopy (Fuerst et al, 1991;
Giovannoni et al, 1987; Lindsay et al, 2001; Bondoso et al, 2011). All in all, it was concluded
that Planctomycetes lack peptidoglycan and that they have an unusual cell envelope that
does not comply to the standard Gram-negative or Gram-positive cell envelopes.

Anammox bacteria

Phylogeny, cultivation and occurrence

Within the Brocadiales order of the Planctomycetes phylum five genera have been described
up to now: Brocadia (Strous et al, 1999), Kuenenia (Schmid et al, 2000), Scalindua (Kuypers et
al, 2003; Schmid et al, 2003), Anammoxoglobus (Kartal et al, 2007) and Jettenia (Quan et al,
2008). The type genus is Brocadia (Jetten et al, 2010), but the model organism for most
studies is Kuenenia stuttgartiensis. All five genera have a Candidatus status because attempts
to grow these organisms in pure culture have not yet succeeded. Instead, these bacteria are
grown in bioreactor set-ups in enrichment cultures (Strous et al, 1998; van der Star et al,
2008). Whereas the genus Scalindua is mostly present in marine environments (Schmid et al,
2007) or other environments with an enhanced salt concentration, the other genera are
mostly present in freshwater systems and soils (Dale et al, 2009; Humbert et al, 2010;
Sonthiphand et al, 2014). Wastewater treatment facilities form a specific habitat where many
Brocadiales species occur, and where multiple species have been enriched from (Strous et al,
1999; Schmid et al, 2000; Schmid et al, 2003; Kartal et al, 2007). All representatives of the
Brocadiales are so-called anammox bacteria that are named after the chemical reaction they
perform: anaerobic ammonium oxidation. Since this reaction is, up to now at least, exclusive
for the Brocadiales species, these organisms are often referred to as anammox bacteria.

Importance of anammox bacteria in the environment and application

As the anammox reaction combines two nitrogen-containing compounds (nitrite and
ammonium) to form dinitrogen gas, it is clear that anammox bacteria play a role in the global
nitrogen cycle. This role is more significant than originally thought (Francis et al, 2007),
especially since anammox bacteria are present at many sites worldwide (Sonthiphand et al,
2014). Recent reports estimate that anammox bacteria are responsible for a significant
percentage of the nitrogen loss from marine environments, most notably oxygen minimum
zones (OMZs) (Arrigo, 2005; Francis et al, 2007; Babbin et al, 2014). When measured as a
percentage of dinitrogen produced by anammox bacteria it becomes clear that they also play
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a significant role in groundwater (Moore et al, 2011), lakes (Schubert et al, 2006), estuaries
(Trimmer et al, 2003) and paddy soils (Zhu et al, 2011). In addition to their importance in the
global nitrogen cycle, anammox bacteria are also used in wastewater treatment for removal
of ammonium in an energy efficient, environmentally friendly and cost efective way (Abma et
al, 2007; Kartal et al, 2010).

Biochemistry of the anammox reaction

The anaerobic oxidation of ammonium by anammox bacteria is not only significant from an
environmental and applied perspective, but is also very interesting from a biochemical
viewpoint. The anammox reaction uses nitrite as terminal electron acceptor and generates
dinitrogen gas and this is a reaction so far found to be unique to anammox bacteria. The
anammox reaction proceeds in three consecutive steps: (1) nitrite (NO,) is reduced to nitric
oxide (NO), (2) nitric oxide is combined with ammonium (NH,") to form hydrazine (N,H,) and
(3) hydrazine (N,H,) is oxidized to dinitrogen (N,) gas (Kartal et al, 2011) (Fig. 3). The identity
of the enzyme that catalyzes nitrite reduction is still under debate (Strous et al, 2006; Hira et
al, 2012; Kartal et al, 2013). Although multiple candidates have been proposed, none of these
is present in all investigated anammox species and it is therefore probable that different
enzymes are responsible for this reaction in different anammox species (Kartal et al, 2013).
Hydrazine, a highly energetic intermediate that is unique for anammox bacteria, is generated
by the heterotrimeric enzyme hydrazine synthase (HZS) (Strous et al, 2006; Kartal et al, 2011;
Kartal et al, 2013; Dietl et al, in press). The growth rate of anammox bacteria (the doubling
time is typically in the order of 15-30 days, but can be sped up to ca. 2.8 days (Lotti et al,
2015)) is thought to be limited by the supposedly very slow HZS enzyme (Kartal et al, 2011;
Kartal et al, 2013). Oxidation of hydrazine is catalyzed by hydrazine dehydrogenase (HDH)
(Kartal et al, 2011). Hydrazine is a very powerful reductant and the electrons generated by its
oxidation are proposed to give rise to a proton motive force (pmf) that is used to produce
ATP by a membrane-bound ATP synthase (van Niftrik et al, 2010; Kartal et al, 2013). This pmf
is generated over the so-called anammoxosome membrane (introduced below) using an
electron transport chain, featuring a bc; complex, coupled to the anammox reaction (Kartal
et al, 2013) (Fig. 3). The electron transport chain is proposed to shuttle electrons to or from
the quinone/quinol (Q) pool, but the proteins involved in this process, as well as the proteins
that shuttle the electrons between the membrane proteins and the enzymes involved in the
anammox reaction remain to be characterized (Kartal et al, 2013).

(1) NO, + 2H" + € -> NO + H,0
(2) NO+NH; +2H" +3 ¢ -> N,H, + H,0
(3) NyH, -> N, +4H +4 ¢

In addition, anammox bacteria oxidize a significant amount of nitrite to nitrate (NO;3’) and it
has been proposed that this reaction generates electrons that are used as reducing
equivalents in the fixation of carbon dioxide (CO,) by the acetyl-CoA pathway (Schouten et al,
2004; Strous et al, 2006; Kartal et al, 2011; Kartal et al, 2013). The carbon fixation, however,
includes several low-redox potential reactions and the redox potential of the electrons
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supplied by nitrite oxidation is apparently too high (Kartal et al, 2013). It was recently shown
that anammox bacteria can also grow without oxidizing nitrite, when they are grown in the
presence of nitric oxide (Hu, 2014). This suggests that the electrons generated by the
oxidation of nitrite are not used for carbon fixation, but alternatively for nitrite reduction to
nitric oxide (Kartal et al, 2013; Hu, 2014).
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Figure 3. Schematic overview of the anammox process coupled to an electron transport chain in the anammoxosome
membrane. Dinitrogen gas (N,) is produced from the substrates nitrite (NO,) and ammonium (NH,") via the
intermediates nitric oxide (NO) and hydrazine (N,H,;) using subsequently the nitrite reductase (Nir), hydrazine
synthase (HZS) and hydrazine dehydrogenase (HDH) enzymes. The anammox reaction results in a proton motive
force, which is used by a membrane-bound ATPase to synthesize ATP in the riboplasm. Figure adapted from Kartal et
al, 2013.

Ladderane lipids

A unique feature of anammox bacteria is the presence of so-called ladderane lipids, the first
natural molecules discovered to have cyclobutane rings (Sinninghe Damsté et al, 2002).
Different variants of these ladderane lipids occur in anammox cells, differing for instance in
the amount of cyclobutane rings and the type of linkage between the lipid and the glycerol
backbone (Sinninghe Damsté et al, 2002; Sinninghe Damsté et al, 2005). Another striking
feature of the ladderane lipids is that some have ether linkages, a type of linkage that is
present mainly in Archaea (Sinninghe Damsté et al, 2002). Ladderane lipids are among the
most abundant lipids in the anammox membranes (Sinninghe Damsté et al, 2002). Originally
it was found that the ladderane lipids were enriched specifically in one of the anammox
membranes (the anammoxosome membrane, see below) (Sinninghe Damsté et al, 2002),
although later on it was discovered that the ladderanes are present in all membranes in
equal amounts (Neumann et al, 2014).

19 (i)



The proposed function of the ladderane lipids is to make the membranes more densely
packed and this proposal was supported by modeling and investigation of isolated ladderane
lipids that were reconstituted into membrane vesicles (Sinninghe Damsté et al, 2002;
Boumann et al, 2009). This would be very useful for anammox bacteria, since the anammox
process is slow and is hindered by passive diffusion of both protons and intermediates such
as hydrazine (Sinninghe Damsté et al, 2002). Recent computer simulations, however, suggest
that membranes containing ladderane lipids might be more permeable to hydrazine than
membranes without ladderane lipids (Chaban et al, 2014). Indeed hydrazine is also detected
outside anammox cells, suggesting it does diffuse out to some extent (Kartal et al, 2011). All
in all, the evidence for the role of ladderane lipids in membrane permeability is conflicting
and the role of ladderane lipids should be studied in further detail. Since ladderane lipids are
-as far as we know- specific for anammox bacteria, they can act as biomarkers for present
(Kuypers et al, 2003) and past (Rush et al, 2012) presence of anammox bacteria. Since
anammox bacteria were found to synthesize ladderane lipids with a longer fatty acid chain
when they were grown at a higher temperature, the ladderanes used as biomarkers can also
give information about which temperature prevailed when the organisms were alive (Rattray
et al, 2010).

The anammox cell

Anammoxosome

As briefly mentioned earlier in the introduction, all anammox bacteria contain three
membrane-bound compartments in their cell (Fig. 2B). The inner compartment, called the
anammoxosome is specific for anammox bacteria and takes up approximately 61% of the
volume of the cell (Neumann et al, 2013). Electron tomography suggested the
anammoxosome to be a separate compartment (van Niftrik et al, 2008b) and the isolation of
intact anammoxosomes from anammox cells verified this finding (Sinninghe Damsté et al,
2002; Neumann et al, 2014). The proteins involved in the anammox process are exclusively
located in the anammoxosome, as was shown by immunogold localization on cells (Lindsay et
al, 2001; van Niftrik et al, 2008a; van Niftrik et al, 2010; de Almeida et al, 2015) and
proteomics on isolated anammoxosomes (Neumann et al, 2014). Activity assays on isolated
anammoxosomes verified that the anammox reaction is performed inside this compartment
(Neumann et al, 2014). In addition to proteins involved in the anammox reaction, the
anammoxosome also harbors iron-containing particles (van Niftrik et al, 2008b) and tubule-
like structures. These tubule-like structures have recently been shown to consist of the NXR
enzyme-complex (de Almeida et al, 2015) that is proposed to perform the oxidation of nitrite
to nitrate (de Almeida et al, 2011). The highly curved anammoxosome membrane surrounds
the anammoxosome and is proposed to be the location of many enzymes involved in the
electron transport chain, generation of proton motive force and the subsequent synthesis of
ATP (van Niftrik et al, 2010; de Almeida et al, 2015).

Riboplasm

In close proximity to the outside of the anammoxosome, located in the riboplasm (called
pirellulosome in other Planctomycetes (Lindsay et al, 1997)), is the condensed DNA nucleoid
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(Neumann et al, 2014). The riboplasm also contains ribosomes (Lindsay et al, 2001) and
vesicles that store glycogen (van Niftrik et al, 2008a)). The function of the riboplasm is thus
probably analogous to that of the cytoplasm of other bacteria. The riboplasm is surrounded
by a membrane, which has been defined as the intracytoplasmic membrane (Lindsay et al,
2001). It is still unknown how proteins are targeted towards the other compartments of the
anammox cell after being synthesized in the riboplasm. Both the Sec (secretory) pathway and
TAT (twin arginine translocation) system, which are involved in transport of proteins in many
bacteria, are encoded in the genome of the anammox bacterium K. stuttgartiensis (Strous et
al, 2006). It was suggested that the TAT system might be specifically located in the
anammoxosome membrane and the Sec pathway would assist in protein transport towards
all compartments (Medema et al, 2010). This would imply that signal peptides that are
included in the protein sequence, physicochemical characteristics of the proteins themselves
or chaperones are necessary to steer the protein towards the correct compartment
(Medema et al, 2010).

Paryphoplasm

The outer compartment of the anammox cell is called the paryphoplasm. Even though the
paryphoplasm is relatively thin it makes up on average 21% of the total volume of the cell
(Neumann et al, 2013). No ribosomes and DNA have been found inside the paryphoplasm
(Lindsay et al, 2001). RNA, however, seems to be present in the paryphoplasm and it was
therefore interpreted as a cytoplasmic compartment (Lindsay et al, 2001). The most
apparent structure in the paryphoplasm is the non-FtsZ-based cell division ring (van Niftrik et
al, 2009). The location of the cell division ring is striking since the anammoxosome also
divides during cell division and no membrane links have been observed between the
anammoxosome and the other anammox membranes (van Niftrik et al, 2009). It is unknown
which mechanism drives the division of the anammoxosome. Another interesting point
concerning the location of the anammox cell division ring is that in all other (non-anammox)
species investigated up to now the cell division ring is located in the cytoplasm and never in
the periplasm. This might be an indication that either the paryphoplasm should be
interpreted as a cytoplasmic compartment or that the cell division in anammox bacteria is
more unique than previously assumed since it takes place in a different compartment
compared to other bacteria.

Outermost membrane

The membrane lining the paryphoplasm has often been called the cytoplasmic membrane, or
when avoiding a functional interpretation, the outermost membrane. No details about the
components of this specific membrane are known, except for the fact that immunogold
labeling against an F-ATPase showed this ATPase to be present on this membrane (van Niftrik
et al, 2010). Since it is generally believed that the Gram-negative outer membrane is not
energized, because of its relative permeability and hence the inability to establish an
electrochemical gradient over this membrane, the presence of this ATPase has often been
seen as a clear indication that this membrane is in fact a cytoplasmic membrane. It would,
however, be necessary to investigate the composition of this membrane further to
determine if LPS and OMPs are present in this membrane, as has been suggested by genomic
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analysis (Strous et al, 2006; Speth et al, 2012). This is one of the objectives of the research
described in this thesis.

Cell envelope

The composition of the cell envelope of anammox bacteria has not yet been investigated.
Analogous with the proposed absence of peptidoglycan in other Planctomycetes, it was
thought that anammox bacteria also have a peptidoglycan-less cell wall. The apparent
absence of peptidoglycan in ultrathin sections strengthened this viewpoint (see TEM images
in: Lindsay et al, 2001; Kartal et al, 2007; Kartal et al, 2008; van Niftrik et al, 2008a). And even
though initial studies suggested anammox bacteria to be resistant to peptidoglycan-targeting
antibiotics (van de Graaf et al, 1995; Giiven et al, 2005), a recent in-depth study used long-
term continuous culturing in bioreactors showed that anammox bacteria are actually
inhibited by penicillin and lysozyme (Hu et al, 2013). This suggests that a previously
undetected peptidoglycan-like molecule might be present in anammox bacteria. This
suggestion is strengthened by the finding that the genome of the anammox bacterium K.
stuttgartiensis encodes for almost all genes necessary for peptidoglycan biosynthesis, except
for pbpla and pbp1lb. It was generally accepted that the proteins encoded by these genes are
necessary for polymerization of the peptidoglycan backbone, until it was recently shown that
multiple Chlamydiae species that lack these genes can still form a full peptidoglycan cell wall
(Pilhofer et al, 2013; Liechti et al, 2014). One of the goals of the research presented in this
thesis is to elucidate if a peptidoglycan-like cell wall is present in anammox bacteria. In
addition, it would be interesting to study if other cell wall components, such as S-layers, are
present in anammox bacteria. Other Planctomycetes were found to contain a proteinaceous
cell wall (Liesack et al, 1986) and it is possible that proteins have a role in the cell wall of
anammox bacteria as well.

Outline and aim of the study

In this part of the thesis, the cell envelope of the anammox Planctomycete Kuenenia
stuttgartiensis was investigated. Bacterial cell envelopes consist of multiple structures that
either provide the cell with its shape and structural integrity or facilitate interaction of
bacteria with their environment. Combining transmission electron microscopy (TEM) with
isolation, purification and structural characterization of various macromolecules, multiple
previously unnoticed structures were identified in the cell envelope. This thesis presents the
different structures of the cell envelope of Kuenenia stuttgartiensis from the outside
inwards.

In chapter 2, a hitherto undiscovered proteinaceous surface layer was identified and
characterized. In addition to describing the appearance of this S-layer using freeze-etching
and TEM, an S-layer protein enrichment procedure was developed. The protein content of
this fraction was analyzed and specific antibodies were generated and used for immunogold
localization. Furthermore, the composition of glycans stemming from the S-layer protein
were enriched and elucidated.
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Chapter 3 and chapter 4 focus on the membrane that is located underneath the S-layer, the
outermost membrane. The investigations described in chapter 3 aimed at elucidating the
presence of outer membrane proteins (OMPs) in this membrane. Therefore, the purification,
characterization and immunogold localization are described of a putative OMP that is highly
abundant in the anammox bacterium K. stuttgartiensis.

Another hallmark characteristic of the Gram-negative outer membrane is the presence of
lipopolysaccharide (LPS). This was investigated in chapter 4 by studying cells that were
treated with LPS targeting antibiotics with TEM and by employing different protocols to
isolate and analyze LPS from whole cells. Next to the anammox bacterium K. stuttgartiensis,
two other Planctomycetes were included in part of the study.

In Gram-negative bacteria a peptidoglycan layer is usually present underneath the outer
membrane. Peptidoglycan was always proposed to be absent from the cell envelope of
Planctomycetes. Chapter 5, however revisits this hypothesized absence of peptidoglycan
making use of cryoTEM, specific peptidoglycan labeling techniques and UPLC analysis.

Chapter 6 gives an overview and discussion of the results obtained in the previous chapters.
An integrative view on the anammox cell envelope is given and implications on the anammox
and planctomycetal cell plan, as well as possible directions for future research are discussed.
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Chapter 2

A new addition to the cell plan of anammox bacteria: Kuenenia
stuttgartiensis has a protein surface layer (S-layer) as outermost
layer of the cell
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Muriel C.F. van Teeselingl, Naomi M. de Almeidal, Andreas KIingIZ’S, Daan R. Spethl, Huub
J.M. Op den Camp', Reinhard Rachel’, Mike S.M. Jetten’, Laura van Niftrik' (2014) A new
addition to the cell plan of anammox bacteria: Kuenenia stuttgartiensis has a protein surface
layer (S-layer) as outermost layer of the cell. J. Bacteriol 196: 80-89.

'Department of Microbiology, Institute for Water and Wetland Research, Faculty of Science, Radboud University,
Nijmegen, the Netherlands.

*Centre for Electron Microscopy, Institute for Anatomy, University of Regensburg, Regensburg, Germany.
3present address: Plant Development, Biocenter of the LMU Munich, Planegg-Martinsried, Germany.

Additional information concerning the S-layer glycans is included in this chapter. The authors
involved in this part of the study are:

Muriel C.F. van Teeselingl, Daniel Mareschz, Cornelia Rath3, Hans J.C.T. Wessels", Andreas
Hofinger-HorvathS, Friedrich Altmannz, Paul Kosmas, Christina Schéffera, Paul Messner3, Mike
S.M. Jettenl, Laura van Niftrik

'Department of Microbiology, Institute for Water and Wetland Research, Faculty of Science, Radboud University,
Nijmegen, the Netherlands.

? Division of Biochemistry, Department of Chemistry, Universitat fir Bodenkultur Wien, Vienna, Austria.

* NanoGlycobiology Unit, Department of NanoBiotechnology, Universitit fiir Bodenkultur Wien, Vienna, Austria.
4Nijmegen Centre for Mitochondrial Disorders, Centre for Proteomics, Glycomics and Metabolomics, Laboratory of
Genetic, Endocrine, and Metabolic Disease, Department of Laboratory Medicine, Radboud University Medical
Centre, Nijmegen, the Netherlands.

*Division of Organic Chemistry, Department of Chemistry, Universitat fir Bodenkultur Wien, Vienna, Austria.

25 (i)



Abstract

Anammox bacteria perform anaerobic ammonium oxidation (anammox) and have a unique
compartmentalized cell consisting of three membrane-bound compartments (from inside
outwards): anammoxosome, riboplasm and paryphoplasm. The cell envelope of anammox
bacteria has been proposed to deviate from typical bacterial cell envelopes by lacking both
peptidoglycan and a typical outer membrane. However, the composition of the anammox
cell envelope is presently unknown. Here, we investigated the outermost layer of the
anammox cell and identified a proteinaceous surface (S-) layer (a crystalline array of protein
subunits) as the outermost component of the cell envelope of the anammox bacterium
Kuenenia stuttgartiensis. This is the first description of an S-layer in the phylum of the
Planctomycetes and a new addition to the cell plan of anammox bacteria. This S-layer
showed hexagonal symmetry with a unit cell consisting of six protein subunits. The
enrichment of the S-layer from the cell led to a 160 kDa candidate protein, Kustd1514, which
has no homology to any known protein. This protein is present in glycosylated form and (at
least) two different O-linked glycans, present in multiple variants, are attached to the
protein. Antibodies were generated against the glycoprotein and used for immunogold
localization. The antiserum localized Kustd1514 to the S-layer and thus verified that this
protein forms the K. stuttgartiensis S-layer.

Introduction

Anammox bacteria are able to perform anaerobic ammonium oxidation, thereby converting
ammonium and nitrite to dinitrogen gas (van de Graaf et al, 1995; Strous et al, 1999).
Anammox bacteria are applied in wastewater treatment to remove ammonium from
wastewater (Kartal et al, 2010) and play an important role in the biological nitrogen cycle
(Jetten et al, 2009; Lam & Kuypers, 2011). They comprise five genera (which all have a
“Candidatus” status, since they are described from phylotypes that are not in pure culture)
that belong to the phylum of Planctomycetes in the order of Brocadiales (Jetten et al, 2010).
The species Kuenenia stuttgartiensis is the most extensively studied anammox bacterium and
its genome (Strous et al, 2006), proteome and metabolism (Kartal et al, 2011b) have been
described previously. Functional gene analysis remains difficult since no genetic system is
available for anammox bacteria.

The phylum of the Planctomycetes is known for encompassing strikingly complex cell plans
involving multiple cellular compartments and extensive membrane invaginations (Lindsay et
al, 2001). Currently, the cell organization of Planctomycetes is under debate (Lieber et al,
2009; Yee et al, 2012; Speth et al, 2012; Santarella-Mellwig et al, 2013). Even within this
phylum, the cell biology of anammox bacteria is remarkable, since the anammox cells are
divided in no less than three compartments, separated by bilayer membranes (Fig. 1). The
inner compartment, the anammoxosome, is a so-called "prokaryotic organelle" (van Niftrik et
al, 2004; van Teeseling et al, 2013) in which the anammox reaction is assumed to take place.
During the anammox reaction (Strous et al, 2006; Kartal et al, 2011b; Kartal et al, 2013), a
proton motive force (pmf) is established over the anammoxosome membrane. Membrane-
bound ATPases could utilize this pmf for ATP production in the riboplasm. The riboplasm
(which is topologically equivalent to the 'pirellulosome' compartment in non-anammox
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planctomycete species) is the compartment that surrounds the anammoxosome and it
contains ribosomes and the nucleoid, thereby resembling the classical bacterial cytoplasm.
The function of the outermost, apparently ribosome-free compartment, the paryphoplasm,
has not yet been elucidated.

cell wall

cytoplasmic membrane
paryphoplasm
intracytoplasmic membrane
anammoxosome
anammoxosome membrane
riboplasm

nucleoid

Figure 1. Proposed cell plan of the anammox cell showing the three different compartments and their surrounding
membranes. The riboplasm compartment has been defined pirellulosome in Planctomycetes.

The composition of the cell envelope which encloses the paryphoplasm is unknown but has
been proposed to deviate from both the typical Gram-positive and Gram-negative bacterial
cell envelope type because it is proposed to lack both peptidoglycan (Jetten et al, 2003) and
a typical outer membrane. The proposed lack of peptidoglycan is based on (a) the close
relationship of anammox bacteria to other Planctomycetes where the cell wall composition
has been chemically analyzed (Konig et al, 1984; Liesack et al, 1986) and (b) on the fact that
not all genes necessary for the biosynthesis of peptidoglycan are present in the genome.
Interestingly, most peptidoglycan biosynthesis genes are encoded in the genome, except
those encoding the penicillin binding proteins (PBP) 1a and 1b (Strous et al, 2006; Neumann
et al, 2013) that are required for polymerization of peptidoglycan precursors into polymeric
peptidoglycan. Although in the transcriptome a small number of reads is found for all
peptidoglycan genes, none of their respective proteins, besides the protein D-alanine-D-
alanine ligase (Ddl), could be detected in the K. stuttgartiensis proteome (Kartal et al, 2011b).
Peptidoglycan is proposed to contribute to the integrity of the cell and, in some cases, to the
maintenance of cell shape (van Heijenoort, 2001). This raises the question whether the cell
envelope of anammox bacteria contains another structure that helps maintaining the
integrity of the cell. It is therefore of high interest to investigate the cell envelope of
anammox bacteria in more detail.

Another interesting feature of the anammox cell plan is the outermost membrane, which
surrounds the paryphoplasm. This membrane has been defined as a cytoplasmic membrane,
which is also consistent with the immunogold localization of an ATPase to this membrane
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(van Niftrik et al, 2010). However, several outer membrane proteins and key proteins in the
outer membrane biosynthesis have been detected in both the genome and proteome of two
anammox species (Strous et al, 2006; van Niftrik et al, 2010; Kartal et al, 2011b; Speth et al,
2012), although none of these have yet been localized to any particular cell structure. At the
moment, the identity of the cytoplasmic membrane of anammox bacteria remains under
debate and needs further investigation.

In Gram-negative and Gram-positive bacteria as well as Archaea, a proteinaceous S-layer can
be present as the outermost component of the cell envelope (Sleytr, 1978; Beveridge, 1981;
Kandler & Konig, 1985; Klingl et al, 2013). S-layers constitute a 2D crystalline array of
(usually) identical protein subunits covering the entire cell surface. The regular pattern as
formed by the S-layer can exist in oblique (pl, p2), square (p4) or hexagonal (p3, p6)
symmetry, which is dictated by the arrangement and number of protein subunits (indicated
by the number behind the p) that form the single morphological unit. The (self-)assembly of
the proteins into the regular pattern is thought to be driven by entropical forces (Sleytr &
Messner, 1983). S-layer proteins have a broad molecular mass range between 40 and 200
kDa and isoelectric points between pH 3 and 6. These proteins typically consist of 40-60%
hydrophobic amino acids (Sleytr & Messner, 1983), although S-layer proteins with a
predominant amount of hydrophilic amino acids have also been described (Sumper et al,
1990). Many S-layer proteins are glycosylated (i.e. glycoproteins) by either N- or O-
glycosylation (Messner & Sleytr, 1991; Sumper & Wieland, 1995; Messner & Schaffer, 2000;
Eichler & Adams, 2005; Eichler, 2013). In some rare cases, both glycosylation types can be
found on the same protein (Kandler & Konig, 1985; Schéaffer et al, 2001). One clear distinction
between the various S-layers on different prokaryotic cells is the anchor to the underlying
cell envelope component. In Gram-positive bacteria, S-layers are linked to the underlying cell
wall components including peptidoglycan and so-called secondary cell wall polymers (SCWP)
(Mesnage et al, 2000; Sara, 2001; Schaffer & Messner, 2005; Messner et al, 2009; Messner et
al, 2010; Messner et al, 2013). In Gram-negative bacteria, S-layers are anchored in the outer
membrane (Sleytr & Messner, 1983), while in Archaea, S-layers are always found anchored in
the cytoplasmic membrane (Lechner & Wieland, 1989; Engelhardt & Peters, 1998; Haft et al,
2012; Halim et al, 2013).

In the present study we investigated the cell envelope of the anammox bacterium K.
stuttgartiensis. We found a proteinaceous S-layer as the outermost component of the cell
(envelope) using transmission electron microscopy on freeze-etched cells as well as in thin
sections of cryofixed, freeze-substituted and Epon-embedded cells. The S-layer was found to
have a hexagonal (p6) symmetry, in which each S-layer motif is formed by six identical
proteins. Enrichment of the S-layer led to the identification of a candidate S-layer
glycoprotein, which was used to generate specific antibodies. In addition, S-layer
glycopeptides were enriched and the composition of two different glycans was elucidated via
(liquid chromatography-mass spectrometry/mass spectrometry) LC-MS/MS analysis.
Immunogold localization showed the antibody to bind to the outermost rim of the cell,
where the S-layer is located, and thus verified that this protein forms the S-layer.
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Materials & Methods

Freeze-etching. Freeze-etching was performed as described previously (Rachel et al, 2010;
Wu et al, 2012) on concentrated Kuenenia stuttgartiensis cells, taken from the single cell
membrane bioreactor and centrifuged for 4 min at 12900 x g. The freeze-etched replicas
were cleaned on 70% H,SO, for 2-16 h, then twice on MilliQ water for 10 min each, picked up
on copper grids and investigated via TEM (as described above).

Freeze-drying. Samples obtained after S-layer enrichment were visualized by freeze-drying,
in order to investigate the presence of S-layers. After the application of 5 pl of sample to a
piece of freshly cleaved mica (Baltic preparation, Niesgrau, Germany), the mica was blotted
briefly on filter paper (Whatman, Dassel, Germany) and plunge frozen in liquid nitrogen. The
sample was then inserted in a Cressington CFE-50 freeze-etch machine at < -170°C and a
pressure of below 10°° bar. The sample was heated up to -80°C and held at that temperature
for 60-120 min in order to sublimate the water from the samples after which the samples
were shadowed with approximately 2 nm Pt-C (angle 45°) and approximately 15 nm C (angle
90°). The replicas were floated off the mica on 70% H,SO, and incubated on the acid for 1 h,
then twice on MilliQ water for 10 min each, picked up on copper grids and investigated using
TEM (as described above).

Cryofixation, freeze-substitution, Epon-embedding and sectioning. Cryofixation, freeze-
substitution, Epon-embedding, sectioning and imaging via TEM were performed as described
previously (Wu et al, 2012).

Image processing. Fast Fourier Transform (FFT) power spectra of freeze-etched K.
stuttgartiensis cells displaying S-layers were acquired using the real-time FFT option in EM-
MENU (Version 4, Tietz Video & Image Processing Systems GmbH, Gauting, Germany).
Correlation averaging images, showing the noise-reduced S-layer lattice, and relief
reconstruction images, representing the height distribution of a small piece of S-layer lattice,
were made using the SEMPER software package (Saxton, 1996) according to the previously
described methods (Engelhardt, 1988) or using the Animetra Crystals software (Fuchs et al,
1995).

Library preparation, sequencing and data analysis. Sequencing of the K. stuttgartiensis
continuous culture was performed on occasion, in order to check for changes after the initial
genome sequencing (Strous et al, 2006). All kits mentioned in this paragraph were obtained
from Life technologies (Life technologies, Carlsbad, CA, USA). Genomic DNA was sheared for
5 minutes using the lon Xpress™ Plus Fragment Library Kit following the manufacturer’s
instructions. Further library preparation was performed using the lon Plus Fragment Library
Kit following manufacturer’s instructions. Size selection of the library was performed using an
E-gel 2% agarose gel, resulting in @ median fragment size of 331 bp. Emulsion PCR was
performed using the Onetouch 200 bp kit and sequencing was performed on an lonTorrent
PGM using the lon PGM 200 bp sequencing kit and an lon 316 chip. The resulting 2.33 million
reads with an average length of 187 bp were quality trimmed and assembled using default
settings of the CLC genomics workbench (v6.04, CLCbio, Aarhus, Denmark). Contigs were
assigned to K. stuttgartiensis based on coverage. Comparison with the reference draft
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genome (NCBI PRINA16685) was performed using the read mapper and BLASTn as
implemented in the CLC genomics workbench (v6.04, CLCbio, Aarhus, Denmark).

S-layer enrichment. Cells were harvested from a K. stuttgartiensis single cell membrane
bioreactor at an ODggy of 1.1 and were centrifuged for 10 min at 4000 x g to concentrate
them 40-fold in their original growth medium (Kartal et al, 2011a). Cells were then stored at -
80°C and thawed just before the S-layer enrichment procedure. The procedure of freezing
and thawing already partially disrupts the cells. The concentrated cells were resuspended in
20 mM HEPES buffer pH 7.5 (including 15 mM NaHCO3, 2 mM CaCl, and 0.8 mM MgSQ,),
after which the protease inhibitor PMSF and DNAse Il were added to final concentrations of
24 mg/l and 6.0 10° mg/ml, respectively. The cells were then further disrupted using a Potter
homogenizer (50 strokes) and the disrupted cells were left at RT for 20 min (DNAse
incubation time). After this incubation, the detergent Triton-X100 was added to a final
concentration of 0.5% (v/v) and the disrupted cells were incubated for 30 min at RT. The
enriched S-layers were then pelleted by centrifugation at 31000 x g for 20 min. The pellet
was resuspended in the HEPES buffer described above and washed three times by
centrifuging at 20800 x g for 15 min and resuspending in HEPES buffer each time. The final
pellets were resuspended in a small amount of buffer. This sample was analyzed by SDS-
PAGE as well as TEM after freeze-etching using a Philips CM 12 (FEl, Eindhoven, the
Netherlands) operated at 120 kV. Dominant bands in the SDS-PAGE were cut out of the SDS
gel to be analyzed by matrix-assisted laser desorption/ionization time of floght (MALDI-TOF)
MS and LC-MS/MS.

SDS-PAGE. Samples obtained by S-layer enrichment were denatured by incubation of the
proteins for 7 min at 100°C with 158 mM Tris-HCl buffer pH 7 containing 5% B-
mercaptoethanol, 2.6% sodium dodecyl sulfate (SDS) and 16% glycerol. SDS polyacrylamide
gel electrophoresis (SDS-PAGE) was performed on 8% slab gels in the running buffer
described previously (Laemmli, 1970). After separation of the proteins, gels were either
stained with Coomassie Brilliant Blue (G250) to visualize the proteins or with Periodic Acid
Schiff’s (PAS) reagent to visualize glycoproteins (Segrest & Jackson, 1972). Gels for PAS were
first fixed in 40% ethanol and 5% acetic acid for 30 min, followed by an oxidation step in 0.7%
periodic acid in 5% acetic acid for 120 min and a reduction step in 0.2% sodium metabisulfite
in 5% acetic acid for 30 min. Staining was performed for 18 h in Schiff’s reagent (Carl Roth,
Karlsruhe, Germany) and rendered the possible glycoproteins a magenta colour.

MALDI-TOF MS and LC-MS/MS of protein bands. Bands cut out of the SDS-PAGE gels were
prepared for MS analysis by alternately washing the gel pieces in acetonitrile and then in 50
mM ammonium bicarbonate buffer, followed by reduction in a 10 mM dithiothreitol (DTT)
solution and alkylation in 50 mM 2-chloroacetamide (Nielsen et al, 2008) in 50 mM
ammonium bicarbonate buffer. Trypsin digestion was performed overnight using 12.5 ng/ul
trypsin in 50 mM ammonium bicarbonate buffer. The peptides were extracted from the gel
pieces using a mix of 0.05% trifluoroacetic acid and 50% acetonitrile. For MALDI-TOF MS, the
samples were applied to a MALDI plate and analyzed using a Bruker Biflex Il MALDI-TOF MS
(Farhoud et al, 2005). For LC-MS/MS, the gel pieces were analyzed as described previously
(Wessels et al, 2009). Proteins were identified using the MASCOT search tool (Matrix Science,
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London, United Kingdom) and a database of the K. stuttgartiensis predicted proteome
available at Genoscope (https://www.genoscope.cns.fr/agc/microscope/export/export.php?
format=Prot&S_id=260).

Enrichment and analysis of glycopeptides from enriched S-layer proteins. S-layers were
enriched from cells concentrated in their original growth medium (van de Graaf et al, 1995)
that were then frozen at -20°C. These cells were thawed and resuspended in 20 mM
phosphate buffer pH 7 with 750 mM 6-amino caproic acid. After breaking the cells by a
French press (three passages at 138 MPa) and removing the unbroken cells by centrifugation
((4500 g, 15 min), the membrane fraction (including the S-layer protein), was collected after
ultracentrifugation (184000 g, 60 min). The membrane fraction was washed three times and
lyophilized until further use. The lyophilized membrane fraction was resuspended in 50 mM
Tris HCl pH 7.5 and dialysed for 36 h at 25°C and 12 h at 4°C in a 12-14 kDa dialysis tube
against 50 mM Tris HCl pH 7.5 to get rid of the extensive amounts of 6-amino caproic acid.
After ultracentrifugation and washing with Tris HCl pH 7.5, the pellet was resuspended in 125
mM Tris HCl pH 6.8 including 0.5% SDS and incubated at 37°C for 75 min in order to solubilize
the membranes.

Glycopeptides were obtained from the material after S-layer enrichment by digesting with
pronase E (Sigma, St. Louis, MO, USA) (0.2 mg per mg pellet) at 37°C for 16 h. Additional
pronase E was added (in total ca 0.21 mg pronase per mg pellet) and the sample was
incubated at 45°C for 24 h. After pronase treatment, the sample was spun down and the
volume of the supernatant was reduced on a Rotavapor and then loaded onto a gel
permeation chromatography column (P-4; Bio-Rad, Hercules, CA, USA), using 0.1 mM NaCl as
an eluent. Glycopeptides were further purified by another gel permeation chromatography
column (P-30, Bio-Rad) using 0.1 mM NaCl as eluent, followed by a cation exchange
chromatography column (Dowex 50W-X8, H" form, Bio-rad) using MilliQ water as an eluent
(Schaffer et al, 2000).

At this stage the composition of the glycopeptides was evaluated via monosaccharide
analysis performed after hydrolysis of the sample with 25% TFA at 110°C for 4 h. Released
monosaccharides were analyzed on a ICS3000 lon Chromatograph (Dionex, Sunnyvale, CA,
USA) equipped with a PA1 column (Dionex). The monosaccharides were eluted using the
following program: 18 min 16 mM NaOH, in 2 min from 16 to 50 mM NaOH, 10 min at 50
mM NaOH, in 2 min from 50 mM to 200 mM NaOH and 3 min at 200 mM NaOH. In a parallel
run with the same conditions, a mixture of monosaccharides was run to act as standards. The
following monosaccharides were included in this run: digitoxose, fucose, 2-deoxygalactose,
rhamnose, galactosamine, mannosamine, glucosamine, galactose, glucose, mannose,
fructose and ribose.

As a final step of the purification, the glycopeptides were applied to a reversed phase HPLC
(Ultimate 3000, Dionex) using a nucleosil 120-3C;5 column. Elution was performed by a
gradient from 0-15% acetonitrile (in 100-85% MilliQ water) in 45 min, afterwards the
acetonitrile concentration was increased to 100% in 5 min, stayed at 100% for 2 min and was
then gradually decreased to 0% in 6 min. After each column, elution of glycopeptides was
followed by detection of carbohydrates that coloured pink after incubating a TLC plate on
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which 3 pl per fraction was spotted, in a thymol solution (0.5% thymol, 95% (v/v) ethanol, 5%
(v/v) sulphuric acid) for 30 sec, air drying it and incubating it at 110°C for 10 min.

NMR spectra were recorded of the enriched glycopeptides after reversed phase HPLC using a
Bruker Avance Ill 600 instrument (600.22 MHz for 'H, 150.93 MHz for *C) at 300 K using
standard Bruker NMR software. "H NMR spectra were referenced to & 0.00 (D,0, external
calibration to 2,2-dimethyl-2-silapentane-5-sulfonic acid) ppm. C NMR spectra were
referenced to & 67.40 (D,0, external calibration to 1,4-dioxane) ppm. COSY experiments
were recorded using the program cosygpqf, respectively, with 2048 x 256 data points and 16
and 8 scans, respectively per tl-increment. The multiplicity edited heteronuclear single
guantum coherence spectrum (HSQC) was measured using the program hsqcedetgp with
1024 x 128 data points and 1024 scans per tl-increment.

Release of enriched N-linked glycans from S-layer proteins. S-layers were enriched as
described above. To release N-linked glycans, the enriched S-layer protein sample was
incubated with peptide-N-glycosidase F (PNGaseF) (0.25 pl per ul S-layer enrichment) at 37°C
for 10 h. As a negative control enriched S-layer protein was incubated without PNGaseF for
10 h at 37°C. After the incubation, the samples were analyzed via SDS-PAGE as described
above.

Release and analysis of O-linked glycans from S-layer protein. O-linked glycans were
released from the S-layer protein after gel electrophoresis via B-elimination (Strecker, 1995;
Schéffer et al, 2002). This was performed on SDS-PAGE gel bands with S-layer protein at an
apparent molecular mass of 250 kDa. Gel bands were washed in 0.5 M sodium hydroxide by
vortexing and subsequent centrifugation (short pulse). After removing the supernatant, the
gel pieces were incubated overnight at 50°C in 1 M sodium borohydride in 0.5 M sodium
hydroxide. The samples were loaded on a hypercarb hypersep column (25 mg bed weight;
Thermo Scientific, Rockwood, TN, USA) that was cleaned with 60% acetonitrile (once) and
MilliQ (twice). For cleaning, the columns were loaded and centrifuged at 155 g for 30 sec.
After loading the sample on the column, the column was washed with MilliQ (in both steps
centrifugation was performed at 68 g, 30 sec). The glycans were eluted by washing with 60%
acetonitrile (155 g, 30 sec) and dried in the speed vac.

The glycan mixture was analyzed using an Ultimate 3000 liquid chromatography system
(Dionex) directly linked to an amaZon seed ETD iontrap (Bruker, Billerica, MA, USA) equipped
with the standard ESI source in the positive ion, DDA mode (= switching to MSMS mode for
eluting peaks), ICC 100000, 200 msec, enhanced resolution. MS-scans were recorded (range:
400-1650 Da) and the 10 highest peaks were selected for fragmentation. Instrument
calibration was performed using ESlcalibration mixture (Agilent, Santa Clara, CA, USA). For
separation of the glycans a Hypercarb column (0.32 x 150 mm) (Thermo Scientific) was used.
A gradient from 99% solvent A (65 mM ammonium formiate buffer) and 1% solvent B (100%
ACCN) to 21% B in 45 min was applied, followed by a 15 min gradient from 21% B to 50% B,
at a flow rate of 6 ul/min.

Antibody generation. The antiserum containing the antibodies against the putative S-layer
protein Kustd1514 were generated against protein bands cut out of an SDS-PAGE gel. For this
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purpose, a sample obtained after S-layer enrichment was loaded on an 8% SDS-PAGE gel that
was stained and destained with solutions that included EtOH instead of MetOH. The band
corresponding to a protein of approximately 250 kDa (Kustd1514) was cut out and sent in to
Davids Biotechnology (Regensburg, Germany) for immunization of rabbits. To verify the
contents of this protein band, one band from the same gel was analyzed by LC-MS/MS.

Immunoblotting. Blots were made from 8% SDS-PAGE gels containing cell-free extract of K.
stuttgartiensis cells. These were prepared by harvesting K. stuttgartiensis by centrifugation,
after which the cell pellet was resuspended in one volume of 20 mM potassium phosphate
buffer (pH 7.0). The cells were passed through a French press at 138 MPa in three passages
and centrifuged at 4°C for 15 min at 2200 x g. The resulting supernatant was the cell-free
extract containing K. stuttgartiensis proteins. This cell-free extract was boiled for 7 min in
sample buffer (as described above) and an amount of 20 ug protein per lane was loaded onto
8% SDS-PAGE gels. After separation, the proteins were transferred from the gel to a Protran
nitrocellulose transfer membrane with pore size 0.45 um (Whatman, Dassel, Germany) with
the semi-dry transfer cell blotting system (Bio-Rad, Veenendaal, the Netherlands). Two
different blotting buffers were used, both consisting of 48 mM Tris and 39 mM glycine. The
buffer in which the gel was incubated had an additional 0.05% SDS, the one that was used for
the membrane contained 20% methanol. The blotting was performed at 50 mA for 60 min at
room temperature and afterwards, dried blots were stored at 4°C.

Immunoblotting was performed on blots that were incubated in deionized water (dH,0) for
30 min and afterwards for 30 min in protein-free (TBS) blocking buffer (Thermo Scientific,
Rockford, USA). The blots were then incubated 60 min in antiserum diluted 1000-fold in
blocking buffer. Two negative controls were performed; instead of antiserum, one was
incubated in blocking buffer and the other was incubated in pre-immune serum diluted
1000-fold in blocking buffer. The blots were then washed three times 10 min in TBS
containing 0.05% Tween and incubated for 60 min in monoclonal mouse anti-rabbit IgG
alkaline posphatase conjugate (Sigma, Zwijndrecht, The Netherlands) diluted 150000-fold in
blocking buffer. The blots were then washed two times 10 min in TBS containing 0.05%
Tween and two times 10 min in 10 mM TBS containing 8% NaCl and 0.2% KCI and finally
incubated in BCIP/NBT liquid substrate system (Sigma, Zwijndrecht, The Netherlands) for 9
min and rinsed 10 min in dH,0. All lanes were imaged with the same settings.

Immunogold localization. Samples for immunogold localization were prepared using the
rehydration method (van Donselaar et al, 2007) as described previously (van Niftrik et al,
2010). In short, high-pressure frozen cells were freeze-substituted in acetone containing
0.5% glutaraldehyde, 0.1% uranyl acetate and 1% H,0, rehydrated in a graded acetone series
on ice, embedded in gelatin, cut into small cubes, infiltrated with sucrose and frozen in liquid
nitrogen. Ultrathin cryosections (65 nm) were cut using a UC7/FC7 cryo-ultramicrotome
(Leica Microsystems, Vienna, Austria) and picked up with a drop of 1% methylcellulose and
1.15 M sucrose in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH
6.9) and transferred to carbon-formvar-coated grids.
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Grids containing ultrathin cryosections of K. stuttgartiensis cells were washed for 30 min at
37°C on PHEM and for 10 min at room temperature in drops of PHEM containing 20 mM
glycine. Blocking was achieved by incubation on drops of PHEM containing 1% BSA for 15
min, after which the grids were incubated for 60 min with antiserum diluted 100-fold in
PHEM containing 1% BSA. Negative controls were incubated in PHEM containing 1% BSA
without antiserum for 60 min. In an additional control, grids were incubated with pre-
immune serum instead of antiserum. After this incubation, the grids were washed for 11 min
on drops of PHEM with 1% BSA and incubated for 20 min with the secondary antibody,
protein A coupled to 10 nm gold (PAG-10, CMC UMC Utrecht), diluted 70-fold in PHEM with
1% BSA. The grids were then washed 5 min on drops of PHEM with 1% BSA and 10 min on
drops of PHEM. The cryosections on the grids were fixed by incubating for 5 min on drops of
1% glutaraldehyde in PHEM and were consequently washed for 10 min on drops of MilliQ
water. Post-staining was performed by incubating 5 min in 2% uranyl acetate in 0.15 M oxalic
acid set to pH 7.0 with 30% ammonium hydroxide, after which the grids were quickly washed
on two drops of water. The grids were then immediately washed on two drops of 1.8%
methylcellulose containing 0.4% aqueous uranyl acetate on ice. The sections were embedded
by incubating 5 min on ice on a drop of methylcellulose containing uranyl acetate. After air
drying the sections, the grids containing labeled cryosections were investigated at 100 kV in a
JEOL (Tokyo, Japan) JEM-1010 TEM. Images were recorded using the SIS Mega View llI
camera (Olympus, Minster, Germany).

Results

An S-layer with hexagonal symmetry is present on K. stuttgartiensis cells. K. stuttgartiensis
single cells were freeze-etched and visualized via transmission electron microscopy (TEM) to
investigate the outermost layer of the cell. The freeze-etched K. stuttgartiensis cells clearly
showed S-layers with a hexagonal symmetry (Fig. 2A,C) on top of the cytoplasmic membrane
(Fig. 2D). The Fast Fourier Transform (FFT) power spectra confirmed the regular structure of
the S-layer (Fig. 2B) and the hexagonal symmetry. Analysis of the FFT power spectra showed
a center-to-center spacing between the S-layer unit cells of about 20 nm, which fits in the
range of 2.5-35 nm that is typical for S-layers (Sleytr & Messner, 1983). With the use of
correlation averaging, the S-layer fine structure and lattice can be visualized with a higher
signal-to-noise ratio (Engelhardt, 1988). Through these analyses (Fig. 3A) it became apparent
that each S-layer unit cell consisted of six protein densities surrounding a central pore. This
was further visualized by a relief reconstruction (Guckenberger, 1985) resulting in a three-
dimensional model of the surface of the S-layer (Fig. 3B). The relief reconstruction showed
that the protein densities appear cylindrical. Both the correlation averaging and the relief
reconstruction are consistent with hexagonal p6 symmetry, although p3 symmetry cannot be
excluded at the present level of resolution.
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Figure 2. K. stuttgartiensis cells display S-layers as observed by TEM after multiple types of sample preparation. A. K.
stuttgartiensis cells are covered by a hexagonal S-layer as observed after freeze-etching. B. The FFT power spectrum
of a part of the S-layer seen in panel A reflects the regular pattern of the S-layer. The p6 symmetry and center-to-
center spacing of 20 nm for the S-layer of K. stuttgartiensis are reflected by the FFT power spectrum. C. A freeze-
fracture through the S-layer gives an inside into the K. stuttgartiensis cell underneath. D. The S-layer (indicated by the
arrow) forms a zigzag layer on top of the outermost membrane in K. stuttgartiensis cells that were cryofixed, freeze-
substituted in acetone containing 2% osmium tetroxide, 0.2% uranyl acetate and 1% water, Epon-embedded and thin
sectioned. Scale bars: 200 nm.
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Figure 3. The S-layer of K. stuttgartiensis visualized by image processing. A. Correlation averaging shows that the S-
layer of K. stuttgartiensis has hexagonal symmetry with a unit cell consisting of six protein densities surrounding a
central pore. Scale bar: 20 nm. B. Relief reconstruction gives an impression of the surface of the S-layer in three
dimensions. White represents high and black represents low areas. Scale bar: 10 nm.

Identification of Kustd1514 as the protein that forms the S-layer. To investigate which
protein forms the observed S-layer of K. stuttgartiensis, the S-layer was enriched from whole
cells. After treating the cells with a Potter homogenizer and the detergent Triton-X100,
(patches of) S-layers were present as visualized by TEM of freeze-dried samples (Fig. 4). In
addition to the S-layers, membrane patches were also present as seen with negative staining
(data not shown). The protein composition of the sample obtained by S-layer enrichment
was analyzed by SDS-PAGE and subsequent MALDI-TOF MS and LC-MS/MS analysis. When
comparing the crude extract (Fig. 5A) to the S-layer enrichment (Fig. 5B), only two major
proteins and two less abundant proteins were detected (next to some minor bands) in the S-
layer enrichment (Fig. 5B). MALDI-TOF MS and LC-MS/MS analysis and subsequent searches
(Mascot, Matrix science) resulted in significant matches. The protein at about apparent 250
kDa was identified as Kustd1514 (Kustd stands for: contig d from Kuenenia stuttgartiensis)
and the protein at about 55 kDa as the putative outer membrane protein (OMP) Kustd1878
which has a predicted B-barrel structure, which is characteristic for OMPs (Speth et al, 2012;
also see chapter 3 of this thesis). The protein bands at approximately 160 and 210 kDa were
both found to contain significant amounts of Kustd1514 as well.
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Figure 4. S-layer patches were present after S-layer enrichment of K. stuttgartiensis. A. S-layer patch with typical
hexagonal symmetry observed by freeze-drying. B. A three-dimensional model of the isolated S-layer shows the same
relief as observed for the S-layers present on K. stuttgartiensis cells. Inset: correlation averaging used to come to the
three-dimensional representation. Scale bar: 70 nm.

Sequencing of the K. stuttgartiensis enrichment culture (that was continuously run in
bioreactor systems over the period described) used for all experiments described here has
been performed at two time points, namely in 2002 (accession number: NCBI Bioproject
16685) (Strous et al, 2006) and in 2012 (NCBI Bioproject PRIJEB4259, which is the sequence
obtained as described in the Materials and Methods and is thus first published with this
publication). There are indications that during cultivation, the Kustd1514 protein sequence
has undergone a sequence change at the amino acid level in part of the K. stuttgartiensis
population since the initial metagenome analysis. Compared to the original sequence (Strous
et al, 2006), the 43 amino acids at the N-terminus and 759 amino acids at the C-terminus of
the new sequence are identical. For the remaining 672 amino acids between N- and C-
terminus and for the 116 amino acids that are at the end of the C-terminus identities of
respectively 43% and 77% have been determined. Currently, proteins with both Kustd1514
sequences (74% protein sequence identity for the total sequence as determined by the PIR
pairwise alignment tool: http://pir.georgetown.edu/pirwww/search/pairwise.shtml) are
present in the K. stuttgartiensis membrane bioreactor and detected in all three Kustd1514
protein bands from the S-layer enrichment as determined by LC-MS/MS analysis. Both
proteins are similar concerning their characteristics (as listed below) and therefore the
protein encoded by the original sequence (Strous et al, 2006) was used for further
(bioinformatics) analysis.

Kustd1514 is glycosylated. The detection of Kustd1514 at different apparent molecular
masses in the SDS-PAGE gel suggested that this protein might be present in multiple post-
translationally modified states. This is supported by the predicted molecular mass for
Kustd1514 (using the ExPASy compute pl/Mw tool: http://web.expasy.org/compute_pi/).
Kustd1514 is predicted to consist of 1591 aa (Uniprot) for the total protein and the predicted
molecular mass is 160 kDa for the protein after processing of the predicted 35 aa long signal
peptide (predicted by SignalP 4.1 (Petersen et al, 2011)). This predicted molecular mass of
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160 kDa matches the lowest of the three Kustd1514-containing bands observed in the SDS-
PAGE gel. Glycosylation is the most common post-translational modification for S-layer
proteins (Ristl et al, 2010). Therefore, a glycan detecting Periodic Acid Schiff’s (PAS) stain
(Segrest & Jackson, 1972) was performed on an SDS-PAGE gel containing enriched S-layers,
which confirmed glycosylation of Kustd1514 (Fig. 5C).
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Figure 5. Analysis of crude extract and enriched S-layers of K. stuttgartiensis with SDS-PAGE. A. SDS-PAGE gel stained
with Coomassie G shows all proteins present in the K. stuttgartiensis crude extract. B. SDS-PAGE gel stained with
Coomassie G shows the proteins present after S-layer enrichment. C. SDS-PAGE gel stained with Periodic Acid Schiff’s
reagent shows glycoproteins present after S-layer enrichment. Arrows indicate protein bands in which Kustd1514
was detected via LC-MS/MS analysis.

Glycopeptides from enriched S-layer proteins. As the glycosensitive PAS stain after S-layer
protein enrichment (Fig. 5C) showed that the S-layer band (at an apparent mass of about 250
kDa) was by far the most abundant glycoprotein, this sample was used as starting material
for enrichment of S-layer glycopeptides. For this purpose the protein content of this sample
was degraded by pronase E and glycans with small peptides attached were enriched via size
exclusion and ion exchange column chromatography. The monosaccharide analysis showed
these enriched glycopeptides contained glucose, mannose, galactosamine (GalN) and
galactose in the ratio 5.4: 3: 1.6: 1 and revealed small amounts of fucose and glucosamine
(GIcN). Furthermore, also some smaller peaks were observed but specific sugars could not be
assigned to these peaks. NMR analysis of the glycopeptide sample further purified by an
additional (reversed phase) chromatography step showed that the glycopeptide sample was
quite heterogeneous. However, the presence of 6-deoxy-protons (which could belong to
fucose) and acetyl signals probably originating from O- or N-acetylated hexoses (e.g. N-
acetylgalactosamine (GalNAc) or N-acetylglucosamine (GIcNAc)) could be observed.

S-layer glycoproteins are probably not N-linked. To test if the S-layer glycans were N-linked
to the protein, the enriched S-layer glycoprotein was treated with PNGaseF, an enzyme that
specifically cleaves N-linked glycans from the protein. SDS-PAGE demonstrated that
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incubation with PNGaseF did not cleave the glycoprotein, since the pattern on an SDS gel was
quite identical to that for a sample that was not incubated with PNGaseF (Fig. 6).
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Figure 6. SDS-PAGE analysis of K. stuttgartiensis S-layer protein enrichment incubated 10 h at 37°C with (lane 2) and
without (lane 3) PNGaseF showed that no N-linked glycans were cleaved off the S-layer glycoprotein (indicated with
the arrow).

LC-MS/MS analysis shows O-linked S-layer glycans. O-linked glycans were chemically
cleaved via R-elimination from the S-layer glycoprotein (at apparent mass of 250 kDa, cut out
of an SDS gel). The glycans released with this protocol were analyzed via LC-MS/MS. This
analysis showed two main glycans, both present in multiple variants (Fig. 7). The most
abundant glycan was found in two variants of which one (Fig. 7; peak cluster 2) contained an
additional N-acetlyhexosamine (HexNAc) compared to the other, most abundant, variant
(Fig. 7; peak cluster 1). The second glycan was present in three variants and the difference
between the variants was the presence of one or two additional HexNAc residues (Fig. 7;
peak cluster 3-5). It was concluded that each of these variants was present in multiple
methylated states, since multiple peaks with a difference of 14 Da were observed (Fig. 7). In
addition, several chains of multiple hexoses were observed. It is not clear if these stem from
the protein or if these are an artifact of the sample preparation.

The glycan assigned as 2 had a total mass of 1027.6 Da and was either composed of two
HexNAcs, one hexose (Hex) and three deoxyhexoses (dHexs) or of two HexNAcs, two Hexs,
one dHex and one dideoxyhexose (ddHex). The fragmentation of this peak showed the
presence of one dHex, one Hex and from the pattern it can be concluded that this glycan is
attached to the protein with a HexNAc to which a Hex is coupled (Fig. 8). From the fragments
of the peak at 1041.6 Da, which is the same structure as the peak at 1027.6 Da with a methyl
group in addition, it became clear that the Hex is the residue that is methylated (spectrum
not shown).

The structure resulting in the peak assigned with 3 had a mass of 573.5 Da and probably
contains two HexNAcs and one dHex. MS” fragmentation spectra were not of high enough
quality to confirm this composition. The variants of this glycan have been observed to
contain up to four methyl groups.
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Figure 7. MS spectrum of glycans obtained after f3-elimination of K. stuttgartiensis Kustd1514 gel pieces eluted after
5.5-9.9 min from the LC showed five main peaks: peak 1 and 2 are related (peak 2 contains an additional HexNAc)
and peak 3, 4 and 5 are also related (again an additional HexNac between peak 3 and 4, and between peak 4 and 5).
For each peak multiple methylation states were observed; each additional methyl group that is coupled adds a mass
of 14 Da.
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Figure 8. MS’ spectrum showing fragments of the unmethylated glycan shown in peak 2 of Fig. 7 that was obtained
after 3-elimination of K. stuttgartiensis Kustd1514 gel pieces. A fragment consisting of a HexNAc and an Hex with the
reducing end (m/z 386.1), meaning that this fragment was attached to the protein, was observed. In addition, a
fragment of the entire molecule without a dHex (m/z 881.3) was observed. Another fragment containing either a

HexNAc and two dHex residues, or a HexNac, a Hex and a ddHex was found (m/z 496.2); this fragment was also
observed with an additional Hex and/or an additional dHex.
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Secondary structure of Kustd1514. The Kustd1514 protein shows no primary sequence
similarity to other known (S-layer) proteins, as indicated by the lack of significant hits using
BLAST (McGinnis & Madden, 2004) and PSI-BLAST (Altschul et al, 1997) searches: all hits with
an e-value of < 10™° are from K. stuttgartiensis and have a maximum query coverage of 25%.
The amino acid composition of Kustd1514 is in many aspects different from the typical S-
layer protein: 49.5% of the amino acids is hydrophilic (due to the abundance in serine
(12.4%) and threonine (14.5%)) and only 29.7% is hydrophobic (typical value for S-layer
proteins would be 40-60%). The predicted pl of Kustd1514 of 4.39 (using the ExPASy
compute pl/Mw tool) fits with the typical values for S-layer proteins (pl between 3 and 6)
(Sleytr & Séra, 1997). When comparing the predicted secondary structure of Kustd1514 to
other proteins via HHpred (S6ding, 2005; Hildebrand et al, 2009), the only hits that are found
target the last 300 amino acids of the protein. When looking at the full length secondary
structure prediction of Kustd1514 using PSIPRED (Buchan et al, 2010), it is noteworthy that
only 2.1% of the structure is predicted to consist of a-helices, which is clearly lower than the
average 20% that is reported for S-layer proteins (Sleytr, 1997). The percentage of predicted
B-sheets is 44.8%, which is close to the average S-layer value of 40%. No transmembrane
regions were predicted using TMHMM (Krogh et al, 2001; Sonnhammer et al, 1998). It thus
becomes apparent that the S-layer protein of K. stuttgartiensis shows some of the global
characteristics of a typical S-layer protein, but is not similar to any known protein in primary
or secondary structure.

Immunogold localization verifies Kustd1514 as S-layer forming protein. The glycoprotein
band at around 250 kDa obtained from the S-layer enrichment was used to immunize a
rabbit in order to generate antibodies against the putative S-layer glycoprotein Kustd1514.
The affinity and specificity of the antibody for the glycoprotein Kustd1514 were confirmed by
immunoblotting on a blot containing K. stuttgartiensis cell-free extract. As expected, a
specific band at approximately 250 kDa was observed after immunoblotting with the
Kustd1514 antiserum (Fig. 9). This band was absent when incubations were performed with
pre-immune serum or with secondary antibody only. Immunogold localization was
performed using the Kustd1514 antiserum on K. stuttgartiensis cryosections of cells prepared
via the rehydration method (van Donselaar et al, 2007). This immunogold labeling localized
the Kustd1514 protein to the electron dense S-layer that forms the outermost rim of cells of
K. stuttgartiensis (Fig. 10).
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Figure 9. Inmunoblot analysis of the antiserum directed against the K. stuttgartiensis S-layer glycoprotein Kustd1514
tested against K. stuttgartiensis cell-free extract. Lane 1: Marker; lane 2: incubation with pre-immune serum; lane 3:
incubation with anti-Kustd1514. Arrow: expected target size (about 250 kDa).

Discussion

Here we have identified a glycoprotein S-layer as outermost layer of the anammox bacterium
K. stuttgartiensis, which forms a new addition to the cell plan of anammox bacteria. The S-
layer has six protein subunits per unit cell, which means that the symmetry is hexagonal (p6).
The S-layer was enriched from the K. stuttgartiensis cells leading to the identification of a
putative S-layer protein. This protein was found to be glycosylated and two O-linked glycans
have been identified. Antibodies against this Kustd1514 protein were raised and used to
localize the Kustd1514 glycoprotein to the S-layer via immunogold localization. This verified
that Kustd1514 indeed forms the S-layer in K. stuttgartiensis.

After the S-layer enrichment, membrane patches were observed together with the S-layer. In
the LC-MS/MS analysis one particular protein, the putative OMP Kustd1878 (Speth et al,
2012), was shown to be highly abundant in the S-layer enrichment. This suggests that the K.
stuttgartiensis S-layer is relatively strongly anchored in the outermost membrane of the
anammox cell. In this respect, it would be an interesting future experiment to see if the S-
layer can self-assemble from isolated Kustd1514 monomers (as in (Pum et al, 1989)) without
a membrane(-like) lattice underneath. The presence of Kustd1878 in the S-layer enrichment
also suggests that Kustd1878 is located in the outermost membrane of K. stuttgartiensis but
the location and function of this putative OMP need further investigation. Another
interesting question to investigate is whether the S-layer proteins interact directly with
Kustd1878 or instead with other proteins or molecules associated with the outermost
membrane.
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Figure 10. A-C. Immunogold localization of the antiserum directed at Kustd1514 localizes the protein to the S-layer
surrounding the cells in K. stuttgartiensis rehydrated cryosections. A. For clarification, white circles indicate gold
labels that are localized inside of the outermost membrane (so not directly on the S-layer). Considering the length of
the antibody-proteinA-gold complex (25 nm), these gold labels most likely also correspond to S-layer labeling (except
for the one in the anammoxosome). D. Negative control incubated with pre-immune serum instead of antiserum.
Scale bars: 500 nm.

The intense signal in the PAS staining indicated that the Kustd1514 protein is highly
glycosylated, which is a common feature for several S-layer proteins (Messner et al, 2008). In
bacteria O-glycosylation seems most abundant, although some N-glycosylated (S-layer)
proteins are also described (Schéaffer et al, 2001; Klingl et al, 2011). The Kustd1514 protein
contains both potential O- and N-glycosylation sites as found by a manual search of the
protein sequence for strict “consensus” sequences and using the prediction server GlycoPP
(Chauhan et al, 2012). Consensus sequences used were D/E-Y-NY-S/T (where Y can be all
amino acids except P) for N-glycosylation (Kowarik et al, 2006) and D-S/T-A/I/L/V/M/T for O-
glycosylation (Fletcher et al, 2009) of proteins from the phylum Bacteroidetes. For other
prokaryotic O-glycosylation systems, so far no specific consensus sequences have been
identified (Messner & Schaffer, 2003; Eichler & Adams, 2005). The fact that the migration of
the glycoprotein was not affected by PNGaseF and glycans were detected after 3-elimination
showed that the protein is O-glycosylated. It can, however, not be excluded that additional
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N-glycosylation is present since it has been shown that PNGaseF is unable to cleave some
bacterial N-glycoproteins in case of an unusual linking sugar (Scott et al, 2011). A possible
experiment to elucidate if additional, N-glycans, are present would be to do a tryptic digest
on a SDS-gel band of Kustd1514. This sample would include all glycopeptides irrespective of
the linkage type. Such an experiment could also show at which sites of the protein the
glycans are attached. Since the glycan caused an apparent mass shift from 160 to 250 kDa on
an SDS gel it is expected that multiple, potentially charged, glycans are attached, especially
since LC-MS/MS showed the glycans to be relatively small (mass of approximately 1 kDa).

LC-MS/MS analysis suggested the probable composition of the two main (O-linked) glycans
attached to the S-layer protein. Since the mass of different sugars within the same class (e.g.
the hexoses glucose and galactose) is the same, MS cannot distinguish between these. When
combining the results from the monosaccharide analysis with the LC-MS/MS data, it seems
most probable that the HexNAcs in peak 1 and 2 are GalNAc and the Hex residues might be
glucose, mannose or galactose. It seems most probable that the GalN and GIcN that were
observed in the monosaccharide analysis stem from GalNAc and GlcNac from which the N-
acetyl groups were cleaved during the pretreatment with TFA. The only dHex that was
observed in the monosaccharide analysis was fucose. It would be, however, very important
to repeat a monosaccharide analysis on the exact same sample as was used for LC-MS/MS.
Furthermore, some of the peaks observed in the monosaccharide analysis could not be
assigned to specific sugars based on a comparison with the sugars that were used as
standards in a separate run. Therefore it would be important to include a wider range of
sugars (including more ddHex sugars) in follow-up monosaccharide analysis.

Analysis of fragmentation after LC-MS can often be used for deduction of the structure of
molecules. In the case of peak 2, the fucose seems to break off from multiple fragments
independently of other residues (Fig. 8). This could mean that fucose is present as the
terminal group (of one of the branches) and can therefore break off independent of other
residues. However, it has been previously observed that fucose can be transferred to other
fragments upon fragmentation (Wuhrer et al, 2006) and therefore it is not possible to draw
the conclusion that fucose is located at the end of the glycan. More information about the
structure of the glycan might be obtained by further fragmentation of the fragments, by MS
analysis of glycans treated with specific glycosidases (Mulloy et al, 2009) or via NMR. In the
latter case the heterogeneity of the sample might pose problems and it might therefore be
necessary to separate the different O-glycans via for instance HPLC (Gohlke & Blanchard,
2008) or lectin affinity chromatography (Qiu & Regnier, 2005). These samples containing,
hopefully, single glycans would also be very suitable for monosaccharide analysis that could
thereby determine the components present in each glycan.

To get a better understanding about the S-layer in relation to the underlying cell wall
components of K. stuttgartiensis, it would be of interest to identify to which structure the S-
layer attaches and via which mechanism. The genome organization around kustd1514 gives
no clues about possible glycosylation, secretion and attachment mechanisms. In the case of
Gram-negative bacteria, much research is still required to find out common processes
involved in attachment of the S-layer to the cell surface. In Caulobacter crescentus and
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Campylobacter fetus the S-layer specifically attaches to lipopolysaccharides (LPS) (the O-
antigens are crucial in the case of C. crescentus) via an N-terminal stretch (Awram & Smit,
2001; Dworkin et al, 1995). A bit more is known about attachment mechanisms of S-layers in
Gram-positive bacteria, where the S-layer attaches to secondary cell wall polymers or the
peptidoglycan itself (Engelhardt, 2007a). Many Gram-positive S-layer proteins contain a so-
called S-layer homology (SLH) motif at their N-terminus that is involved in anchoring the S-
layer to the secondary cell wall polymers (Sara & Sleytr, 2000; Schaffer & Messner, 2005;
Messner et al, 2009; Messner et al, 2013). In Gram-positive S-layer proteins without SLH
domains, an N-terminal motif (having for instance a net positive charge) or in some cases C-
terminal motif seems to play a role in attachment (Dworkin et al, 1995; Engelhardt, 20073;
Messner et al, 2010; Sun et al, 2013). When a BLAST search with Kustd1514 was performed
against the S-layer SLH consensus motif as proposed by Engelhardt and Peters (Engelhardt &
Peters, 1998), no significant hits were found. Since peptidoglycan is proposed to be absent
from K. stuttgartiensis (Neumann et al, 2013), the attachment mechanism of the S-layer
might more resemble the attachment mechanisms for Gram-negative organisms. However,
the identity (in terms of structure and function) of the outermost membrane of anammox
bacteria as either an outer membrane typical of Gram-negative bacteria or a cytoplasmic
membrane remains under investigation. If the outermost membrane of the cell is indeed a
typical cytoplasmic membrane and the S-layer would anchor into this membrane, then this
would be a unique case for Bacteria (Sleytr & Messner, 1989). Anchoring of the S-layer into
the cytoplasmic membrane has thus far only been described for Archaea (Sumper & Wieland,
1995). It is thus clear that much more research is needed, focusing on possible N- or C-
terminal modifications of the Kustd1514, or for instance lipid modifications which might be
involved in membrane anchoring. In addition, it would be important to further investigate
the composition of the entire cell envelope of anammox bacteria.

To our knowledge, the S-layer of K. stuttgartiensis is the first S-layer described in a cultured
Planctomycete. However, this finding fits to previous reports (Koénig et al, 1984; Liesack et al,
1986), showing that several Planctomycetes have cell walls that consist predominantly of
protein. If the proteinaceous cell walls in the described Planctomycetes (Konig et al, 1984;
Liesack et al, 1986) might be S-layers, they are probably quite different from the K.
stuttgartiensis S-layer. While cell walls of the described Planctomycetes were enriched by
incubation in 10% SDS at 100°C, no S-layers have been observed by EM investigations
(Liesack et al, 1986, Stackebrandt et al, 1986). In addition, boiling K. stuttgartiensis cells in
10% SDS yields a sample without cell walls or S-layers (van Teeseling, unpublished results).
Furthermore, the reported proteinaceous cell walls were enriched in proline and cysteine
(Liesack et al, 1986) and the K. stuttgartiensis S-layer did not contain high amounts of these
amino acids, but was enriched in serine and threonine instead. It would therefore be very
interesting to investigate by rigorous electron microscopy studies if S-layers are present in
other Planctomycetes as well.

As is often seen for S-layer proteins, that of course have to cover the complete cell surface,
Kustd1514 is very abundant. In the proteome of membrane preparations from K.
stuttgartiensis, Kustd1514 is the third most abundant protein (de Almeida et al, in
preparation). A significant effort of the K. stuttgartiensis cells is thus invested in synthesizing
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S-layer proteins and it is therefore obvious to raise the question which function the S-layer
has for this anammox bacterium. Multiple functions for S-layers in prokaryotes have been
proposed (Sara & Sleytr, 2000), including protection against predation (Tarao et al, 2009;
Chanyi et al, 2013), adhesion of cell-associated exoenzymes (Egelseer et al, 1995),
osmoprotection (Engelhardt, 2007b) and maintaining cell shape and integrity (Sleytr &
Messner, 1989; Pum et al, 1991; Engelhardt, 2007a; Klingl et al, 2011). The latter function
seems especially interesting in the case of anammox bacteria, since they are proposed to lack
peptidoglycan and might therefore be in need of a structure that maintains cell shape and
integrity. In the case of Archaea, which also lack peptidoglycan (Albers & Meyer, 2011; Klingl
et al, 2013), S-layers are indeed often assumed to have a function in maintaining cellular
integrity, which is also substantiated by the fact that S-layer-deficient mutants in Archaea
have not been found (Engelhardt, 2007a). Loss of S-layers in lab strains is a common feature
in Bacteria, which probably occurs when the cells do not need their S-layers under culturing
conditions in which case the S-layer deficient mutants might outgrow S-layer containing cells
(Sleytr & Messner, 1983; Baldermann et al, 1998; Klingl et al, 2011). If the S-layer indeed
plays a role in maintaining the integrity of the cell, this could also explain why the S-layers
have not been lost in our K. stuttgartiensis culture even though it has been continuously
cultivated in the lab for over 10 years (taking an average generation time of two weeks this
would mean over 260 generations).

Future research will have to show if, as hypothesized, cellular integrity really is the (only)
function of the S-layer for K. stuttgartiensis. Since no genetic system is available for K.
stuttgartiensis, it is unfortunately not possible to make a knockout mutant of the S-layer to
assess the function of the S-layer. A first test of this hypothesis, however would be to assess
if S-layers are present on other anammox bacteria as well. It has been proposed that all
anammox bacteria lack peptidoglycan and therefore, following the aforementioned
hypothesis, all anammox bacteria would need an S-layer or other type of (proteinaceous) cell
wall component. Further experiments thus have to show whether the S-layer that is
described here is indeed the component of the cell envelope that gives these highly
interesting compartmentalized cells their structural integrity.
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Abstract

The Planctomycetes are a bacterial phylum known for their complex intracellular
compartmentalization. Whereas most Planctomycetes have two compartments, the
anaerobic ammonium oxidizing (anammox) bacteria even have a third compartment in their
cell. Many aspects of the planctomycetal cell plan, especially regarding the cell envelope,
need to be explored in more detail. The outermost membrane has originally been defined as
a cytoplasmic membrane, but recent insights suggest it might be more similar to a Gram-
negative outer membrane. A specific characteristic that differentiates outer membranes
from cytoplasmic membranes is the presence of specific lipids and outer membrane proteins
(OMPs). The latter have a R-barrel shape that facilitates passage of molecules through the
outer membrane. This study focuses on a highly abundant putative OMP (Kustd1878) from
the anammox bacterium Kuenenia stuttgartiensis and describes the purification, location and
potential function of this protein. Bioinformatic analysis of the protein structure, as well as
membrane bilayer assays made the pore-forming structure and function of this protein
plausible. In addition, immunogold localization suggested the Kustd1878 protein to be
present in the outermost membrane. Together with the recently described presence of
peptidoglycan, this work firmly adds to the emerging cell plan of anammox bacteria as Gram-
negative bacteria.

Introduction

Based on differences in the structure of the cell envelope, two types of bacterial cell plans
have been defined. The cell plan of Gram-positive bacteria consists of one compartment
surrounded by the cytoplasmic membrane covered by a thick layer of peptidoglycan (Vollmer
et al, 2008). The cells of Gram-negative bacteria consist of an additional compartment
outside the cytoplasmic membrane. This so-called periplasm is the location of a thin layer of
peptidoglycan (Vollmer et al, 2008) and is surrounded by the outer membrane. Whereas the
cytoplasmic membrane consists of mainly phospholipids, the outer membrane has an inner
leaflet composed of phospholipids and an outer leaflet including specific outer membrane
lipopolysaccharides (LPS). The outer membrane also harbours a specific type of channel-
forming proteins, called outer membrane proteins (OMPs). The presence of these OMPs
facilitates passage of several types of molecules over the membrane (Nikaido, 2003) and
thereby makes the outer membrane more permeable than the cytoplasmic membrane.
These OMPs are characterized by their B-barrel conformation in which antiparallel
amphipathic B-sheets surround a membrane spanning pore. Many OMPs occur in the outer
membrane as trimers consisting of a total of three B-barrels (Nikaido, 2003). The maximum
diameter of the pore is in the order of 5 nm (Buchanan et al, 1999) and is dictated by the
amount of membrane spanning B-strands, which usually lies between 8 and 24 (Fairman et
al, 2011). The specificity of OMPs is defined by their diameter and the functional groups of
the amino acids that face the inside of the pore (Nikaido, 2003). In addition, OMPs often
include loops that are located either in the extracellular or the periplasmic space (Wimley,
2003). These loops can be involved in stabilization of the R-barrel (trimer) (Cowan et al,
1992), in substrate binding (Zachariae et al, 2006) or they can decrease the effective
diameter of the pore and thereby increase the selectivity (Cowan et al, 1992; Ulmke et al,
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1999; van den Berg et al, 2015). OMPs, together with the specific LPS molecules, form
distinct markers for the bacterial outer membrane.

The cell envelope of species belonging to the Planctomycetes phylum was described to have
a different structure than the two types of cell envelopes introduced above. This is best
appreciated when taking into account their unique cell plan, consistsing of (a minimum of)
two compartments bound by membranes of which the inner is often unusually curved. The
cell plan was described to consist of (from the outside inwards) a cytoplasmic membrane, the
paryphoplasm compartment, an intracytoplasmic membrane and the pirellulosome
compartment (Lindsay et al, 1997; Lindsay et al, 2001). The DNA is present in the
pirellulosome compartment and RNA has been detected in the paryphoplasm, leading to the
conclusion that this is a cytoplasmic compartment (Lindsay et al, 1997; Lindsay et al, 2001).
Therefore the membrane surrounding the paryphoplasm was interpreted as a cytoplasmic
membrane and since no additional membrane was observed, it was postulated that no outer
membrane was present in these bacteria (Lindsay et al, 2001; Fuerst & Sagulenko, 2011). In
addition, peptidoglycan had never been detected (Konig et al, 1984; Liesack et al, 1986),
thereby giving rise to the view that Planctomycetes were deviant from the normal Gram
types and had a unique cell plan.

Within the Planctomycetes, the anammox bacteria form a phylogenetically distinct group
(Jogler et al, 2012). The anammox bacteria consist of multiple genera (Jetten et al, 2010) that
all conserve their energy by anaerobic ammonium oxidation (anammox)(Kartal et al, 2011b;
Kartal et al, 2013) and have an intricate cell plan which comprises a third membrane-bound
compartment (Lindsay et al, 2001). The anammox process takes place inside this third
compartment, the anammoxosome, located within the pirellulosome (van Niftrik et al, 2004;
van Niftrik et al, 2008b; Neumann et al, 2014). In the anammox process, the substrates
nitrite and ammonium are converted to dinitrogen gas via the intermediates nitric oxide and
hydrazine (Kartal et al, 2011b). Anammox bacteria thereby play a significant role in the
biological nitrogen cycle by the production of approximately 50% of the dinitrogen gas
present in the atmosphere (Francis et al, 2007). In addition, anammox bacteria are applied
worldwide in sustainable wastewater treatment for the removal of ammonium (Kartal et al,
2010).

The view that Planctomycetes, including anammox bacteria, lack an outer membrane has
recently been challenged. A bioinformatic analysis identified marker genes for insertion of
both OMPs and LPS into the outer membrane in the genomes of multiple Planctomycetes,
including anammox bacteria (Speth et al, 2012). The same study also identified multiple
predicted OMPs in the anammox bacteria Kuenenia stuttgartiensis and Scalindua profunda
and established that many of them were abundantly detected in the transcriptome and
proteome of these bacteria. These findings suggest that these bacteria do have an outer
membrane and the most plausible candidate to harbour the OMPs and LPS would be the
membrane that had so far been interpreted as a cytoplasmic membrane. This has led us to
use (until this suggestion has been verified experimentally) an unbiased terminology based
on the location of this membrane: the outermost membrane. The recent detection of
peptidoglycan underneath this outermost membrane in multiple Planctomycetes (van
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Teeseling et al, 2015 (chapter 5); Jeske et al, 2015) provides the first experimental evidence
towards the viewpoint that the outermost membrane might better be interpreted as an
outer membrane. For a proper redefinition of the membranes, however, it is important to
investigate the composition of the outermost membrane, in order to discover if functional
outer membrane specific OMPs are present. Therefore, we have selected the putative OMP
with the highest expression in K. stuttgartiensis from the previous bioinformatic study (Speth
et al, 2012) and decided to study this protein, Kustd1878, in further detail.

Materials and Methods

Bioinformatic characterization of Kustd1878. To find homologs, the amino acid sequence of
Kustd1878 was subjected to a protein-protein BLAST search (Altschul et al, 1990). For
secondary structure prediction of Kustd1878, PSIPRED v3.3 was used via the server (Jones,
1999; Buchan et al, 2013). The prediction by PRED-TMMB was obtained using the ‘posterior
probability’ method using the standard settings (Bagos et al, 2004). Kustd1878 was also
investigated using the OMPdb (Tsirigos et al, 2011) via the BLAST search function. A structure
prediction of Kustd1878 was run via HHpred (Séding et al, 2005) using the pdb70-9jul2015
and the HHblits (Remmert et al, 2012) method with three iterations and local alignment. In
addition, PHYRE” (Kelley et al, 2015) was used for a protein prediction of Kustd1878, using
the normal modeling mode. Images of the model were prepared using the UCSF Chimera
package (Pettersen et al, 2004). The signal peptide of Kustd1878 was predicted by SignalP
v4.1 using the standard settings for Gram-negative bacteria (Petersen et al, 2011). The
molecular mass of Kustd1878 (without predicted signal peptide) was predicted by using the
ExPASy compute pl/Mw tool (Gasteiger et al, 2005).

Purification of Kustd1878. Planktonic K. stuttgartiensis cells were harvested from a
membrane bioreactor containing an enrichment culture that consisted of approximately 95%
K. stuttgartiensis (Kartal et al, 2011a). Cells were concentrated (4500 g, 15 min) and the
pellet was resuspended in sample buffer containing 20 mM potassium phosphate (KP;) pH 7,
0.75 M 6-aminocaproic acid, 10 % (w/v) glycerol. The cells were broken by a French press
(three passages at 138 MPa). Unbroken cells were removed by centrifugation (4500 g, 15
min) and the membranes were separated from the cytosolic fraction via ultracentrifugation
(184000 g, 60 min). The membrane fraction (pellet) was washed three times in the
ultracentrifuge and membrane proteins were dissolved via an rotating incubation with a 6:1
(w/w) ratio laurylmaltoside:protein for 60 minutes at 4°C. The undissolved membranes were
pelleted and the supernatant that contained most membrane proteins was used for further
purification. The putative OMP Kustd1878 was purified from the membrane proteins via fast
protein liquid chromatography (FPLC) on an AKTA purifier system (GE Healthcare, Sweden)
running all columns at 2 ml/min. Protein elution was followed by the absorbance at 280 nm
and 2 ml fractions were collected. For desalting, concentrating and washing, spinfilters with a
cut-off of 30 kDa (Vivaspin 20 or 500, Sartorius Stedim Biotech, Gottingen, Germany) were
used. All buffers included 0.05% (w/v) laurylmaltoside in order to keep the protein as close as
possible to its native conformation. The membrane fraction was applied to a 35 ml
hydroxyapatite column (buffer A: 0.2 M KP; pH 7, buffer B: 1 M KP; pH 7, linear gradient 0-
50% B in 10 min, 50-100% B in 30 min). Kustd1878 started eluting around 0.55 M KP;. After
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washing the fractions containing Kustd1878 in DEAE buffer A (20 mM Tris HCl, pH 8) the
sample was applied to a 36 ml DEAE column (buffer B: 20 mM Tris HCI, pH 8 including 1 M
NaCl, gradient: 0-100% B in 30 min) and Kustd1878 started eluting around 0.3 M NaCl. The
sample was washed in QSepharose buffer A (10 mM Tris HCl pH 8) and applied to a 36 ml
QSepharose column (buffer B: 10 mM Tris HCI pH 8 including 1 M NaCl, gradient: 0-100% B in
30 min), from which Kustd1878 elution started around 0.15 M NaCl. After each purification
step, the presence and degree of purity of Kustd1878 was checked by SDS-PAGE, by running
representative fractions on 10% SDS gels (described below). Representative protein bands
were digested using trypsin and analyzed via MALDI-TOF MS as described before (van
Teeseling et al, 2014 (chapter 2)). The protein concentration of the purified Kustd1878
samples was measured using the 2-D Quant kit (GE Healthcare, Little Chalfont, United
Kingdom) using the manufacturer’s instructions.

Protein gel electrophoresis. Protein samples for SDS gel electrophoresis were denatured by
incubation of the proteins in sample buffer (158 mM Tris-HCl buffer, pH 7 containing 5% B-
mercaptoethanol, 2.6% SDS, and 16% glycerol) for 10 min at 100°C. SDS-PAGE was performed
on 8% or 10% slab gels in running buffer as described previously (Laemmli, 1970) using 7 ul of
the PageRuler Plus Prestained Protein Ladder (Life technologies, Carlsbad, CA, USA) in one
lane to estimate apparent molecular masses for the proteins. For native gels, the samples
were mixed with native sample buffer (same ingredients as above, except the SDS) on 10%
slab gels without SDS, using running buffer without SDS. As a marker for the native gels, 7 pl
of the NativeMark unstained protein standard (Life technologies, Carlsbad, CA, USA) was
used in one lane. Gels were stained with Coomassie brilliant blue (G250) after separation of
the proteins.

Antibody generation. Antiserum containing antibodies against the putative OMP Kustd1878
was generated against protein that was purified as described above. Antibodies were
generated by Eurogentec (Seraing, Belgium) by immunization of a guinea pig in a 3 months
programme.

Immunoblot. The affinity and specificity of the generated antiserum for Kustd1878 was
tested using immunoblots containing both purified Kustd1878 and crude extracts of K.
stuttgartiensis. The purified Kustd1878 was prepared as described above. The crude sera
were prepared as describe previously (van Teeseling et al, 2014 (chapter 2)). In short, K.
stuttgartiensis cells were harvested from a membrane bioreactor, concentrated (2200 g, 15
min) and disrupted by three passages through a French Press. The unbroken cells were
pelleted (2200 g, 15 min) and the remaining supernatant was the crude extract. Both the
purified Kustd1878 and the crude extracts were boiled in SDS sample buffer and run on 8%
SDS gels as described above. The proteins were transferred onto a nitrocellulose membrane
as described previously (van Teeseling et al, 2014 (chapter 2)), with the exception that the
blotting was performed at 50 mV for 45 min.

Immunoblotting was performed on blots that were incubated in MilliQ water for 30 min. All
steps were performed at room temperature. Blocking was performed by incubating the blots
for 60 min in blocking buffer consisting of 2% skim milk powder (Frema Reform, Liineburg,
Germany) diluted in Tris-buffered saline (TBS). The blots were incubated with antiserum
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generated against Kustd1878 (SAB) and pre-immune serum (control) diluted 1000-fold in
blocking buffer for 60 min and subsequently washed three times 10 min each in TBS
containing 0.05% Tween 20. The 60 min incubation with secondary antibody (anti-guinea pig
alkaline phosphatase (Sigma, Zwijndrecht, The Netherlands); diluted 30000-fold) was
followed by washing twice (10 min each) with TBS containing 0.05% Tween 20 and twice 10
min with TBS. The blots were incubated with a 5-bromo-4-chloro-3-indolylphosphate
(BCIP)/nitroblue tetrazolium (NBT) liquid substrate system (Sigma, Zwijndrecht, the
Netherlands) for 2%-2% min and rinsed for 10 min in MQ water. All lanes were imaged with
the same settings.

Immunogold localization. For immunogold localization, cells (4 ml) were harvested from a
membrane bioreactor and concentrated by centrifugation (800 g, 4 min, 30°C). The pellet
was resuspended in 15 pl supernatant and 1.2 ul of the cell suspension was loaded in a gold-
plated platelet (2 mm inner diameter, 100 um depth) (Leica Microsystems, Vienna, Austria).
Subsequently, the sample was high-pressure frozen in a HPM-100 (Leica Microsystems).
Freeze-substitution was performed in an AFS2 (Leica Microsystems) in Seccosolv anhydrous
acetone (Merck Millipore, Darmstadt, Germany) with 0.2% Uranyl Acetate (UAc) (Merck,
Darmstadt, Germany). The substitution started at -90°C for 48 h, followed by a 2°C/h slope to
-70°C, where the sample remained for 12 h. Afterwards, the temperature was raised with 2°C
/h to -50°C, where the sample remained for 12 h. Next, the sample was washed with
anhydrous acetone (2 changes) to remove UAc at -50°C and infiltrated with Lowicryl HM20
(Electron Microscopy Sciences, Hatfield PA, USA) in anhydrous acetone at -50°C. Infiltration
was started with 12.5% HM20 for 2 h, than 2 h in 25% HM20, 2 h in 50% HM?20, 2 h in 75%
HM20 and 1 x 2 h in 100% HM20, 12 h in 100% HM20 and 1x 3 h in 100% HM?20. After the
final change of 100% HM20, the lowicryl was polymerized by UV irradiation at -50°C for 96 h
and 2°C/h to 0°C, 10 h at 0°C. Ultrathin sections (ca. 50 nm) were cut using an UCT
microtome (Leica Microsystems, Vienna, Austria) and applied to 100 mesh copper grids
(Stork-Vesco, Eerbeek, Netherlands) containing a carbon-coated formvar film.

Immunogold labeling was performed on grids containing ultrathin sections of K.
stuttgartiensis cells. The grids were first washed for 2 min each on 5 subsequent drops of 0.1
M PHEM buffer (60 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES), 25 mM HEPES, 10
mM EGTA, 2 mM MgCl, (pH 6.9)) and subsequently blocked by incubating 15 min on 0.1 M
PHEM containing 2% skim milk powder (Frema Reform, Liineburg, Germany). Primary
antibody incubation was performed for 60 min on 333-fold diluted antiserum (SAB) or pre-
immune serum (control) in 0.1 M PHEM containing 2% skim milk powder. Washing was
performed for 2 min each on 5 subsequent drops of 0.1 M PHEM containing 0.2% skim milk
powder. The grids were subsequently incubated 45 min on protein A coupled to 10 nm gold
(PAG-10; CMC UMC Utrecht), diluted 60-fold in 0.1 M PHEM containing 2% skim milk
powder. Washing was performed 45 sec each on 5 drops of 0.1 M PHEM containing 2% skim
milk powder and afterwards for 2 min each on 5 drops of 0.1 M PHEM. Fixation took place by
incubation on 1% glutaraldehyde in 0.1 M PHEM for 5 min, after which grids were washed on
10 drops of MilliQ water (1 min incubation per drop). The grids were stained by a 20 min
incubation on 2% uranyl acetate in MQ, after which the grids were washed on 5 drops of
MilliQ water (1 min incubation per drop) and air-dried. The grids containing the ultrathin
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sections were investigated in a JEOL JEM-1010 (Tokyo, Japan) transmission electron
microscope (TEM) at 60kV. Images were recorded via an Olympus SIS Mega View Ill camera
(Minster, Germany).

Lipid bilayer assays. Black lipid bilayer experiments have been performed using the methods
described previously (Benz et al, 1978). The set-up for the black lipid bilayer experiments
consisted of a Teflon chamber with two compartments with a volume of 5 ml both. The two
compartments were separated by a thin wall with a circular hole with an area of about 0.4
mm’. The hole was covered with a membrane made of 1% 1,2-diphytanoyl-sn-glycerol-3-
phosphocholine (Avanti Polar Lipids Inc, Alabaster, AL, USA) in n-decane. Kustd1878 was
diluted 1:10 in 1% Genapol (Roth, Karlsruhe, Germany) and was added to the front
compartment of the membrane cell after the membrane had turned black at a concentration
of 0.2-0.5 pg/ml. The membrane current was followed using a pair of Ag/AgCl electrodes
with salt bridges connected (in series) to a voltage source and a home-built highly sensitive
current amplifier (connected in series). This amplified signal was recorded on a strip chart
recorder. Single-channel measurements were performed using the following solutions: 1 M
KCl, 1 M LiCl, 1 M KCH;COOQO’, 1 M NH,Cl and 0.1 M KCI. All solutions were buffered with 10
mM HEPES and the pH was set to pH 7.0. For each salt, 20 independent insertions were
analyzed.

Results

Bioinformatic characterization of Kustd1878. The K. stuttgartiensis protein Kustd1878
consisted of 556 amino acids of which the first 28 were predicted to belong to a signal
peptide. The proximal amino acid at the C-terminus was a phenylalanine. This is highly
common for OMPs, in which this phenylaline is crucial for recognition by OmpA, the protein
that inserts OMPs into the outer membrane (Struyvé et al, 1991). A BLASTp search gave no
significant hits for Kustd1878 to characterized proteins, but showed that this protein is also
highly preserved in the anammox species Jettenia caeni KSU-1 (Hira et al, 2012), Brocadia
sinica JPN1 (Oshiki et al, 2015), Brocadia fulgida (Ferousi et al, 2013) and Scalindua brodae
(Speth et al, 2015). Using the PSIPRED server, Kustd1878 was predicted to consist for 35% of
R-sheets and 5% of a-helices, when considering the protein without the predicted signal
peptide (Fig. 1). It became evident from the structure prediction that there might be a long
flexible polypeptide at the N-terminus since the first B-sheet only starts at amino acid 116.
The prediction by PRED-TMBB confirmed that Kustd1878 forms a R-barrel OMP and
suggested 20 transmembrane domains. Also the OMPdb listed Kustd1878 as a R-barrel
protein belonging to the Alginate export protein porin (AIg) family with AIgE from
Pseudomonas aeruginosa (Tan et al, 2014) as the most homologous crystal structure. The
high homology of Kustd1878 (amino acids 118-556) to P. aeruginosa AIgE was verified by
HHpred, pBLAST conserved domain detection and PHYRE’. The latter made a model of the
Kustd1878 as an OMP (Fig. 2), based on AIgE as the most homologous structure present in
the protein data bank (wwPDB, Berman et al, 2003). The model made by PHYRE’ comprised
68% of the sequence of Kustd1878 and no structure could be predicted for the first 118
amino acids of Kustd1878. The model showed Kustd1878 as an OMP with 18 R-sheets and
multiple loops at the turns of these R-sheets. The model showed the channel as constricted
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by several of these loops, as well as by a part of a B-sheet located inside the lumen of the
channel (Fig. 2). Furthermore, the absence of the first 118 amino acids in the model
suggested that an N-terminal flexible region might be present that was found to be specific
for Kustd1878 and the homologous proteins in anammox bacteria, with the exception of the
protein in S. brodae which lacks such a region.

1T MRNKFLKTCFSGVAAAVFCFAAAPFAHGAGSSSLEDMERELNALRASVSN 50
51 LTEQIETVRGGQAVSSAPLGESEKGELEALRSEVNFLKGEFQTAAQAEEL 100
101 KAEDIAGNVYSEFAKKVILGGSIRTRAEYANGYYSFPGDVTLPGFNPPTI 150
151 PVGGAATGTRPKSSIDDDYVLNQTRLWADADVNEHLRIFIQLQDSRAFGV 200
201 EGTTVGFATDGANNRIDIHOGYFDLKNLFDLPLTVRVGRQEIIWGDHRVI 250
251 GNLVWSNQGRVFDGGRVMWDTDAIHAEAFAMRVDEDGYLSYAVDGSGNSD 300
301 ENVYAGMLSFKKLLPGALIELMYIQKNNQDETAAVSAHTGAGKGNTIIHD 350
351 FGVRIDGKLPNMDAVDYTLESHGQTGDVGDLDHEAWAFAGRVGYTFKDVA 400
401 WTPRIGFEYAFASGDDDPTDGDHETFDNLYPTNHMQGNYGFIDLVSWQNM 450
451 HDFRPSLKVNPTDKLMMQVDYHYFLLAEEEDGWYNAAAGLVAARPAGGYS 500
501 NDDNLAQEVDFTVSYQLYKNVGILAGYSWFGAEDWIEKNAGDFDTHWGYL 550
551 QTTVTF

Figure 1. The secondary structure of the K. stuttgartiensis putative OMP Kustd1878. The predicted signal peptide
cleavage site is indicated with an arrow, residues predicted (by PSIPRED) to be in an a-helix are indicated in blue and
those predicted to be in a f3-sheet in red. The predicted secondary structure of Kustd1878 is typical for an OMP
protein, with multiple 3-sheets and, in this case, an exceptionally long N-terminal polypeptide which is not part of the
barrel itself. The residues that are underlined are present in the model showed in Fig. 2.
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Figure 2. Model generated by PHYRE of a major part (68%) of K. stuttgartiensis Kustd1878 based on the crystal
structure of P. aeruginosa AlgE predicts that Kustd1878 is a 3-barrel OMP. The first 118 amino acids of the Kustd1878
N-terminus are not present in the predicted structure. The N-terminus is indicated in blue and the C-terminus in red. If
the orientation of Kustd1878 is the same as of AlgE, the bottom in A is the periplasmic side and B shows a look into
the protein from the extracellular space.
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Purification of Kustd1878. The Kustd1878 protein was purified by FPLC and analysis with
SDS-PAGE identified a main band at about 55 kDa, one band around 40 kDa and minor bands
around 65, 50 and 30 kDa (Fig. 3). The molecular mass of Kustd1878 (without the predicted
signal peptide) was predicted to be 58 kDa and MALDI-TOF MS verified that the band at
about 55 kDa consisted of Kustd1878. Also the bands at 50, 40 and 30 kDa were identified as
(partial) Kustd1878. No peptides were detected for the minor band at 65 kDa. Native-PAGE
showed that the protein was present in an oligomeric state after purification (Fig. 3).

kDa 1 2 kDa 3 4

Figure 3. SDS (1-2) and native (3-4) gel electrophoresis showed that the K. stuttgartiensis putative OMP Kustd1878
was highly pure and present in an oligomeric state after purification. Arrows indicate bands consisting of Kustd1878
as verified by MALDI-TOF MS analysis.

Location of Kustd1878. The subcellular location of Kustd1878 in K. stuttgartiensis was
investigated via immunogold localization using antibodies that were generated against the
purified protein. The affinity of the antiserum against Kustd1878 was verified by an
immunoblot using purified Kustd1878 showing that the antibody indeed binds Kustd1878, as
seen by the signal at the expected molecular mass around 55 kDa (Fig. 4, lane 1 and 2). The
specificity of the antibody was tested via an immunoblot with K. stuttgartiensis crude cell
extract. In that case not only the expected signal around 55 kDa was apparent, but signal was
also present at other molecular masses (Fig. 4, lane 3 and 4). One clear band was present
above 250 kDa and a smear occurred between 250 kDa and 55 kDa. In both the crude extract
and purified Kustd1878 blots, a signal was also present at the running front (around 15 kDa)
(Fig. 4). The pre-immune serum showed no reaction in the immunoblot of the crude extract
(Fig. 4, lane 5).

58 (i)



kDa 1 2 kDa 3 4 5

250=— 250=—

130— 130—

100— 100=—
70— 70—

55— 55—
35—

25—

35—
25—

15—

Figure 4. Immunoblot analysis using purified Kustd1878 (2) and K. stuttgartiensis crude extract (4) showed that the
antiserum reacts with a protein at the expected mass of Kustd1878 (indicated by arrows), but also to other protein
bands in the crude extract. The pre-immune serum (5) does not react to proteins in the K. stuttgartiensis crude
extract.

Immunogold localization was performed on sections with high-pressure frozen, cryofixed K.
stuttgartiensis cells embedded in lowicryl. The antibody clearly targeted the outer membrane
of the K. stuttgartiensis cells, especially when taking into account that labels within 25 nm of
the outer membrane can still be bound to an epitope in the outer membrane, since the
length of an antibody-protein-A-gold complex is approximately 25 nm (Fig. 5, A-C). The
amount of labeling in the negative control incubated with pre-immune serum was very low
(Fig. 5, D).
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Figure 5. Immunogold localization of the antiserum against Kustd1878 (A-C) localizes the putative OMP to the
outermost membrane of K. stuttgartiensis cells embedded in lowicryl. Negative control incubated with pre-immune
serum instead of antiserum (D) shows only a very limited amount of background labeling. Scale bars 200 nm.

Pore formation by Kustd1878. Lipid bilayer experiments were performed to study if
Kustd1878 is able to form membrane pores. In these experiments, purified Kustd1878 was
applied to a Teflon cell with two compartments with an electrode in each and an artificial
membrane in between the compartments. Possible pores that reconstituted into the
membranes were identified by measuring the current between the two compartments in the
membrane cell. The current measured indicated ion movement through these pores. With
this set-up, insertion of channels into the membrane was observed only in the presence of
purified Kustd1878. Since the single channels showed a rather noisy current signal (Fig. 6), it
was difficult to identify the exact attribution of each additional channel to the total signal in
the presence of multiple channels (Fig. 6, A&C). Nonetheless it was possible to obtain the
average single-channel conductance by only taking events into account where up to two
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channels at the same time were inserted in the membrane. The single-channel conductance
in different salt solutions is shown in Table 1 and gives a measure for the way ions move
through the channels. In 1 M potassium chloride (KCI) the average single-channel
conductance was 173 pS, but the signal fluctuated between an average conductance of 66 pS
and 304 pS. The single-channel conductance values were, especially taking into account the
high noise level, not highly dependent on the tested salt solutions. As expected, the
conductance decreased in the presence of less mobile ions (Li*, compared to K* and CH;COO,
compared to CI') (Table 1).

Table 1. Single-channel conductance for purified K. stuttgartiensis Kustd1878 in different salt solutions. All single-
channel conductance values were calculated from 20 independent events.

Single-channel conductance G (pS)
Salt Concentration (M) Minimum Average Maximum
KClI 1 66 173 304
KCl 0,1 44 83 131
LiCl 1 34 120 255
NH,CI 1 81 184 308
KCH3COO 1 53 130 248
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Figure 6. Three single channel recordings in the presence of purified K. stuttgartiensis Kustd1878 showed an increase
in current upon insertion of protein into the membrane. Single channels (black arrows) displayed a noisy behavior
and upon insertion of additional proteins (grey arrows) the contribution of each protein to the total signal became
difficult to determine because of this noise. Channels showed opening and closing events (e.g. B).

Discussion

Here we describe the purification, localization and characterization of the outer membrane
protein Kustd1878 from the anammox bacterium Kuenenia stuttgartiensis. Structure
prediction and comparison with the 3D-structure of known OMPs indicated that Kustd1878
has an OMP-typical B-barrel structure with 18 R-sheets and multiple, probably external,
loops. The protein was purified and used for lipid bilayer assays, which showed that the
protein indeed formed channels in a membrane. Immunogold localization using an antibody
generated against the purified protein suggested its localization at the outermost membrane.
Taken together these results clearly demonstrated that Kustd1878 is an OMP and thereby
showed that the outermost membrane of anammox bacteria has characteristics typical of
the outer membrane of Gram-negative bacteria.

Bioinformatics analysis showed that Kustd1878 has a R-barrel conformation and indicated its
similarity with the OMP AIgE from P. aeruginosa. Alg forms a channel through which the
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exopolysaccharide alginate is excreted (Tan et al, 2014). Alginate acts as a protection
mechanism against the immune system of the human host (Leid et al, 2005). A ring-like
portal with predominantly positively charged groups decreases the diameter of the pore and
is proposed to contribute to the substrate specificity of AlgE (Tan et al, 2014). In Kustd1878,
even though a constriction is predicted, the sequence differs considerably at the residues
that form this ring in AIgE (Tan et al, 2014). Out of nine identified crucial residues (K47, R74,
N164, R152, D162, R362, R353, R459, D485), only one is present at the same position in K.
stuttgartiensis (R74 aligns with R175 in Kustd1878). From the other eight specific residues,
one is missing in K. stuttgartiensis altogether (R459), four are replaced by similar amino acids
(K47, R152, R353, D485, align with respectively R124, E241, H423 and Q551) and three are
replaced by a different amino acid (D162, N164 and R362 align with respectively G251, V253
and T432 in Kustd1878). This suggests that Kustd1878 will probably have a different
specificity than AlgE and it will be a topic for further research to identify molecules that pass
through the channel made by Kustd1878. If, however, Kustd1878 is (like AlgE) involved in
exporting rather than importing substrates, a plausible candidate would be the previously
described S-layer protein Kustd1514 (van Teeseling et al, 2014 (chapter 2)). This is probably
the most abundant protein outside the outermost membrane and has an extensive
polysaccharide coupled to it, possibly making it slightly similar to the substrate of AlgE.
Indeed it was shown before that S-layer proteins can traverse the outer membrane via OMPs
involved in secretion systems (Fagan & Fairweather, 2014). Alternatively, kustd1878 might
form pores through which important substrates can enter the cells.

In addition to the R-barrel part of the structure that is similar to AlgE, Kustd1878 also
includes 88 N-terminal amino acids in the predicted mature protein that have no homology
to AIgE. It would be interesting to elucidate the function of these amino acids. In many
bacteria this could be performed by creating a deletion mutant without these amino acids
and investigating how this mutant behaves. Unfortunately this is not yet an option in the
case of K. stuttgartiensis since creating targeted mutants is impeded by the lack of a genetic
system. Of course the complete protein and the truncated protein might be heterologously
expressed in another organism. This would allow for some characterization of both proteins,
for instance via lipid bilayer assays. This could for instance show if this part of the protein is
responsible for (part of) the noise that was observed in the lipid bilayer assays. However, it
might be better to first elucidate which molecules move through the Kustd1878 channels,
before investigating the function of a specific part of the protein. More information about
both the R-barrel and the N-terminal part would be obtained when a crystal structure of
Kustd1878 would be present. This would allow a more thorough comparison between AlgE
and Kustd1878 and might give hints about the specificity of the channel. Co-crystallization of
Kustd1878 with putative substrates might show potential interactions of parts of the protein
with such a substance.

Crystallization of the protein could also show a multimeric state for Kustd1878 (as in (Kefala
et al, 2010)). Indeed it is common for OMPs to be inserted in the membrane in an oligomeric
configuration (Meng et al, 2009). Some oligomeric OMPs form a single R-barrel channel
together, but in most oligomers, the amount of channels equals the number of proteins
present, since each protein forms an entire B-barrel by itself. The structure predictions
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showed that Kustd1878 forms one channel per monomer. Native gel electrophoresis showed
the purified Kustd1878 to exist in multiple oligomeric states with apparent masses ranging
from around 220 kDa to well above 480 kDa, with a clear band at around 460 kDa (Fig. 3).
Since the monomer has an apparent molecular mass of 58 kDa, this could mean that the
protein is present in complexes consisting of four to maybe ten proteins, with the octamer
(predicted mass: 464 kDa) as the most prominent variant. This would be an interesting
finding, since trimers represent by far the most abundant oligomeric state in which
oligomeric OMPs occur (Meng et al, 2009). However, it is possible that lipids and detergent
associated with the protein influence the migration of the protein through the gel. Indeed
such an effect has been observed for blue native gel electrophoresis on membrane proteins,
causing an altered migration behavior that could be mistaken for an additional mass of
around 60 kDa (Crichton et al, 2013). Therefore it is difficult to conclude the exact oligomeric
configuration that Kustd1878 naturally occurs in and future research will be necessary to
resolve this question.

As suggested by the predicted R-barrel configuration, lipid bilayer experiments showed that
Kustd1878 is able to form channels in a membrane, albeit rather noisy. It has been shown
before that noise in lipid bilayer experiments can be caused by flexible parts of OMPs that
might affect the flow of ions (Killmann et al, 1996; Braun et al, 2002). In the case of the R-
barrel protein FhuA of Escherichia coli the removal of such flexible structures led to a
remarkable decrease in the amount of noise (Braun et al, 2002). Another possible
explanation for the high noise levels in single channel measurements is that a stabilizing
element might be missing which leads to an increased channel breathing (Srikumar et al,
1997).

In future experiments multiple channels could be inserted in the membrane in lipid bilayer
experiments. In such a set-up, the specificity of the pore for cations vs. anions could be
determined. The single channel measurements suggested that the channel formed by
Kustd1878 might be cation selective. This can be concluded from the observation that
replacing the K* ion by the less mobile Li* ion led to a slightly lower conductance than
replacing the CI ion by the less mobile CH3;COO™ ion. The influence of cations of different
mobility on the conductance was thus slightly larger than that of anions. Another possible
application of multichannel measurements is to add putative substrates, such as the
previously identified S-layer protein, and observe if partial blocking of the channel by such
substrates occurs. Other putative substrates for Kustd1878 might be identified by protein-
protein interaction studies (in case a protein passes through the pore and interacts strongly
enough to be detected after crosslinking experiments) or by observing K. stuttgartiensis cells
incubated with antibodies that target and possibly block the channels formed by Kustd1878.

If Kustd1878 is indeed a true OMP, it is necessary that it is inserted in the outer membrane.
In the case of K. stuttgartiensis it is hypothesized that the so-called outermost membrane
would be the most logical location for OMPs. Immunogold localization indeed suggested
Kustd1878 to be located in the outermost membrane. The fact that most labels were present
on the periplasmic side of the membrane suggested that the antibody might target parts of
the protein that are located in the periplasmic space, possibly the N-terminal loop which is
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indeed predicted to be located in the periplasm. From the immunogold localization it seems
that the antibody only targeted epitopes in the outermost membrane. The immunoblot,
however, suggested a suboptimal specificity of the antibody. Further experiments are
needed to elucidate to which proteins on the blot the antibody reacts. In addition, other
techniques should be used for validating the specificity of the antibody, such as
immunoprecipitation.

All in all, it has become clear that Kustd1878 has the characteristics of an OMP. The most
intriguing question that remains for further research, especially when realizing this protein is
the most abundant OMP in K. stuttgartiensis (Kustd1878), is which molecules are transported
through this OMP. Experiments such as proposed in the discussion are expected to elucidate
this question and thereby lead to a more thorough understanding of the cell envelope of the
intriguing anammox bacteria.
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Abstract

The bacteria of the Planctomycetes phylum have a unique compartmentalized cell structure.
A few years ago, the presence of marker genes for the insertion of the Gram-negative outer
membrane specific lipopolysaccharide (LPS) and outer membrane proteins (OMPs) were
detected in the genomes of many Planctomycetes, contradicting the previous viewpoint that
they lack an outer membrane. This study aims at elucidating if LPS, consisting of lipid A, a
core and, possibly, an O antigen, is indeed present in three Planctomycetes: Planctopirus
limnophila, Rhodopirellula baltica and the anammox Planctomycete Kuenenia stuttgartiensis.
Genome analysis indicated that all three species have the potential to form lipid A and gel
electrophoresis of enriched LPS suggested the presence of LPS in all three investigated
species. Treatment with the LPS-binding cationic antimicrobial peptide polymyxin B showed
membrane disruption in R. baltica, to a lesser extent in K. stuttgartiensis and P. limnophila. In
a more in-depth investigation into K. stuttgartiensis using high performance liquid
chromatography electrospray ionization/mass spectrometry (HPLC-ESI/MS), however, no
lipid A related peaks were detected after lipid A extraction. In addition, gas chromatography
coupled to mass spectrometry did not detect the highly conserved Kdo core component in K.
stuttgartiensis. From the combined results, the presence of LPS in the three analyzed
Planctomycetes seems plausible, but more research is clearly necessary. We therefore
propose experiments in order to clarify whether or not LPS is present in Planctomycetes.

Introduction

The phylum of the Planctomycetes is characterized by a complex compartmentalized cell plan
of its members (Lindsay et al, 1997; Lindsay et al, 2001; Fuerst & Sagulenko, 2011). The cell
plan of these organisms was defined to consist of (from outside to inside) a cytoplasmic
membrane, a compartment called the paryphoplasm and an intracytoplasmic membrane
enclosing the pirellulosome. In many species, such as Planctopirus limnophila (Scheuner et al,
2014) (before named Planctomyces limnophilus (Jogler et al, 2011)) or several Pirellula
species (Lindsay et al, 1997), the distance between the intracytoplasmic and cytoplasmic
membrane is unusually variable. Some Planctomycetes contain an additional compartment
inside their pirellulosome. The anammox bacteria, which perform anaerobic ammonium
oxidation and play an important role in the biological nitrogen cycle (Kartal et al, 2011b),
have an additional compartment: the anammoxosome. This prokaryotic organelle is
proposed to be the location of the anammox reaction whereby the bacteria conserve the
energy needed for their growth (Lindsay et al, 2001; van Niftrik et al 2004; Neumann et al,
2014; de Almeida et al, 2015). Another interesting feature of anammox bacteria is the
presence of a multitude of unique ladderane lipids (Sinninghe Damsté et al, 2002; Sinninghe
Damsté et al, 2005).

New findings have intensified the discussion on the identity of the planctomycetal
cytoplasmic membrane (Lindsay et al, 1997; Lindsay et al, 2001; Fuerst & Sagulenko, 2011;
Speth et al, 2012; Devos, 2014a; Devos, 2014b). Historically, this membrane has been defined
as a cytoplasmic membrane, mostly because the paryphoplasm was interpreted as a
cytoplasmic compartment due to the detection of RNA inside (Lindsay et al, 1997; Lindsay et
al, 2001). In 2012, however, genes necessary for the insertion of the typical Gram-negative
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outer membrane components lipopolysaccharide (LPS) and outer membrane proteins
(OMPs) were identified in the genomes of all analyzed Planctomycetes (Speth et al, 2012). A
previous bioinformatics analysis had already detected three additional genes involved in LPS
biosynthesis in the genomes of five Planctomycetes, including P. limnophila and
Rhodopirellula baltica (Sutcliffe, 2010). In a more in-depth study, focused on the genome of
R. baltica, multiple genes necessary for the biosynthesis of LPS were found (Glockner et al,
2003). In addition, the genome of the anammox bacterium Kuenenia stuttgartiensis was
found to also contain genes that are associated with a Gram-negative cell plan (Strous et al,
2006). These studies, especially the one by Speth et al, have led to the hypothesis that this
‘cytoplasmic membrane’ in fact harbours the outer membrane components LPS and OMPs,
and might therefore be better interpreted as an outer membrane (Speth et al, 2012; Devos,
2014a; Devos, 2014b). This hypothesis awaits further verification by experimental data such
as the direct detection of OMPs (see chapter 3) or LPS in Planctomycetes.

O-antigen

Outer
core

Inner
core

Lipid A

Figure 1. Schematic overview of an LPS molecule consisting of a lipid A fraction, an inner core (Kdo in green, L,D-Hep
in orange), outer core and O-antigen. The O-antigen can be much longer than the chain depicted in the scheme.

As opposed to the symmetric cytoplasmic membrane, the outer membrane of Gram-negative
bacteria is an asymmetric lipid bilayer which consists of an inner leaflet of phospholipids and
an outer leaflet with LPS as a main component (Gronow & Brade, 2001; Silhavy et al, 2010).
LPS has never been observed in cytoplasmic membranes and, together with the
characteristic B-barrel structured OMPs, acts as a specific marker for the Gram-negative
outer membrane (Silhavy et al, 2010). The structure of LPS (Fig. 1) is quite different to that of
phospholipids. Phospholipids have a relatively small head group coupled to a glycerol-3-
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phosphate to which two fatty acids are attached (Cronan, 2003). LPS, however, consists of
the membrane-embedded lipid A part, in most cases linked via a core oligosaccharide to a
short or long polysaccharide called the O-antigen (Raetz & Whitfield, 2002). The presence of
LPS in the outer leaflet of the outer membrane makes this membrane difficult to permeate
for hydrophobic substances, explaining the fact that Gram-negative bacteria are often more
resistant to antibiotics than Gram-positive bacteria (which only have a cytoplasmic
membrane surrounded by peptidoglycan).

The lipid A molecule is the hydrophobic anchor of LPS and typically consists of a glucosamine
disaccharide, to which a variable amount of four to seven acyl-chains of variable length is
coupled (Trent et al, 2006). In almost all cases, these acyl-chains are LPS-specific, 12-20 C-
atoms long chains with a 3’-hydroxyl group, which have therefore been used as LPS markers
(Saddler & Wardlaw, 1980; Parker et al, 1982). The core region has a length of roughly 8-12
sugar units and comprises an inner and an outer core (Caroff & Karibian, 2003). The inner
core often contains one or multiple 3-deoxy-manno-octulosonic acid (Kdo) residues coupled
to the glucosamine that carries four acyl-chains (Raetz & Whitfield, 2002; Caroff & Karibian,
2003). In some cases, one of these Kdo residues can be replaced by the similar D-glycero-D-
talo-oct-2-ulosonic acid (Ko) residue (Holst, 2007). A common constituent of the inner core is
a chain of L-glycero-D-manno-heptopyranose (L,D-Hep) residues, which is coupled to the first
Kdo, and often undergoes modifications (Caroff & Karibian, 2003). The outer core is more
variable, but often consists of an oligosaccharide. The O-antigen is highly variable and
species-specific and contains a varying number of repetitive sugar-containing subunits
(Greenfield & Whitfield, 2012). In addition to the full, so-called smooth (S-) type of LPS, a
rough (R-) type of LPS exists which lacks the O-antigen and sometimes pieces of the core
(Caroff & Karibian, 2003).

The lipid A moiety is the most conserved part of LPS, and with the rare exception of a lipid A-
deficient mutant of Neisseria meningitides (Steeghs et al, 1998; Steeghs et al, 2001) and a
specialized group of Gram-negative bacteria containing sphingolipids instead of LPS
(Kawahara et al, 1991; Kawasaki et al, 1994), all Gram-negatives are proposed to contain this
structure. The biosynthesis pathway of lipid A is well conserved within Gram-negatives and
variation within the lipid A structure occurs by modification afterwards (Raetz & Whitfield,
2002; Trent et al, 2006; Raetz et al, 2009; Needham & Trent, 2013). The biosynthesis of lipid
A begins with the attachment of an acyl-chain to the 3-OH group of UDP-N-
acetylglucosamine (UDP-GIcNAc) via the cytosolic enzyme LpxA (Crowell et al, 1986;
Anderson & Raetz, 1987). LpxC removes the acetyl group of the glucosamine (Young et al,
1995), creating an amine group to which LpxD couples an additional acyl-chain (Kelly et al,
1993). The enzyme LpxH, which is not present in all Gram-negatives, exchanges the UDP on
the 1’-position of a part of the glucosamines by a phosphate (Babinski et al, 2002). LpxB
creates a disaccharide with a total of four acyl-chains by linking a diacylglucosamine with a
phosphate to a diacylglucosamine which still has an UDP moiety instead (Crowell et al, 1986).
The lipid A precursor inserts into the cytoplasmic membrane at this point (Trent et al, 2006).
Subsequently a phosphate is coupled to the 4-hydroxyl group of the unphosphorylated
glucosamine by the enzyme LpxK (Ray & Raetz, 1987; Garrett et al, 1997). LpxL and LpxM
(Brozek & Raetz, 1990; Clementz et al, 1997; Vorachek-Warren et al, 2002) both couple an
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additional acyl-chain to a 3-hydroxyl group of the acyl-chains that are connected to the
glucosamine moiety containing the 4’-phosphate group. Some organisms encode for only
one of these two enzymes in their genome (Raetz & Whitfield, 2002). Escherichia coli
mutants synthesizing a lipid A with only four acyl-chains (because of the lack of both LpxL and
LpxM) can still grow under certain conditions, although the stability of the cells is
compromised (Vorachek-Warren et al, 2002). It is important to note that the fifth and sixth
acyl-chains can only be coupled to the LPS precursor after the first synthesis step of the inner
core, the addition of one or more Kdo sugars, has been performed by the enzyme WaaA
(Clementz & Raetz, 1991; Trent et al, 2006).

Subsequently, a plethora of enzymes can modify the lipid A-Kdo, and for instance remove or
add acyl-chains or modify or remove groups such as phosphate coupled to the glucosamines
(Trent et al, 2006). The less conserved waa region, containing approximately 15 genes, is
responsible for the biosynthesis of the core oligosaccharide (Heinrichs et al, 1998). After the
core is attached to the lipid A, the LPS precursor is flipped by MsbA so it resides in the
periplasmic face of the cytoplasmic membrane (Polissi & Georgopoulos, 1996; Zhou et al,
1998). In organisms with smooth LPS, the polysaccharide is synthesized on a Css-
undecaprenol phosphate via one of three known routes (Greenfield & Whitfield, 2012) and is
coupled to the outer sugar moiety of the core region by Waal (Raetz & Whitfield, 2002).
Afterwards, the mature LPS is transported to the outer leaflet of the outer membrane by the
proteins LptA-G (Silhavy et al, 2010).

The omnipresence of LPS in Gram-negative bacteria and its surface exposed location make it
a perfect target for the immune system of a multitude of hosts to detect an infection by
Gram-negative bacteria. Lipid A, as the most conserved part of LPS, is indeed recognized by
the mammalian immune system via multiple pathways including binding of positively
charged cationic antimicrobial peptides (CAMPs) or activation of the Toll-like receptor 4
(TLR4) after binding of the lipid A part by the LPS-binding protein (LBP) (Needham & Trent,
2013). CAMPs are not only produced by mammals, but can even be synthesized by Gram-
positive bacteria in attempt to win the competition with Gram-negative bacteria in the same
niche (Martin et al, 2003). The TLR4 pathway produces inflammatory cytokines which can, in
case of high amounts of lipid A, lead to sepsis and potentially to death (Opal, 2007). Multiple
pathogenic Gram-negative bacteria modify their lipid A structure in order to evade the
immune system (Needham & Trent, 2013).

Here we investigated the ability of the Planctomycetes K. stuttgartiensis, P. limnophila and R.
baltica to synthesize LPS. The genes involved in lipid A biosynthesis were studied and LPS was
enriched and visualized via gel electrophoresis and analyzed for the presence of Kdo. The
reaction of the cells upon incubation with the CAMP polymyxin B was observed via electron
microscopy. In addition, experiments to obtain a more in-depth characterization of K.
stuttgartiensis LPS were performed: the presence Kdo was studied by GC-MS on untreated
biomass and a lipid A isolation procedure followed by HPLC-ESI/MS was performed.
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Materials & Methods

Growth conditions. Planktonic K. stuttgartiensis cells were grown in an enrichment culture
(~95% K. stuttgartiensis) in a membrane bioreactor operated as described before (Kartal et
al, 2011a). Escherichia coli K12 cells for LPS extraction were grown in LB broth. E. coli and
Bacillus megaterium used for polymyxin tests were grown on M3 agar plates (0.8% nutrient
broth (Oxoid, Wesel, Germany) and 2% agar (VWR Chemicals, Radnor, PA, USA)). Tannerella
forsythia was grown as described before (Posch et al, 2013). Planctopirus limnophila and
Rhodopirrelula baltica were ordered from the DSMZ (Braunschweig, Germany) and grown in,
respectively, PYGV and M13a liquid media (Schlesner, 1994).

Bioinformatic identifciation of genes necessary for lipid A biosynthesis. The following amino
acid sequences were retrieved from Uniprot and used for BLASTp searches (McGinnis &
Madden, 2004) against K. stuttgartiensis (taxid: 174633), R. baltica (taxid: 265606) and P.
limnophila (taxid: 521674): LpxA (UniProtkKB-084536 (LPXA_CHLTR)), LpxC (UniProtKB-
084538 (LPXC_CHLTR)), LpxD (UniProtKB-POCD76 (LPXD_CHLTR), LpxB (UniProtkB-084416
(LPXB_CHLTR)), LpxK (UniProtKB-084407 (LPXK_CHLTR)), WaaA (UniProtkB-POCE14
(KDTA_CHLTR)) and LpxL, annotated under its previous name HtrB (UniProtKB-084013
(084013 _CHLTR)) from Chlamydia trachomatis (strain D/UW-3/Cx), LpxL (UniProtKB-
POACVO(LPXL_ECOLI)), LpxM (UniProtkB-P24205(LPXM_ECOLI)) and ArnT (UniProtkB-P76473
(ARNT_ECOLI)) from E. coli K12 and KdkA (UniprotKB-Q7MPR5 (KDKA_VIBVY)) from Vibrio
vulnificus. An e-value cut-off of 10™° was used for the C. trachomatis searches and an e-value
cut-off of 10° was used for searches against the less related E. coli and V. vulnificus.

C. trachomatis was used in the BLAST search since this organism is known to possess LPS and
is closer related to the Planctomycetes than for instance E. coli. However, the LpxL from C.
trachomatis has a deviant substrate specificity and LpxK is absent from this organism
altogether. Therefore, a BLASTp search for these proteins from E. coli was performed in
addition. The expression and translation of the identified genes in K. stuttgartiensis were
investigated by comparison to a previously published transcriptome (Hu et al, 2013) and
proteome (Kartal et al, 2011b). The Lipid A structure displayed in figure 2 was based on a
structure downloaded from the Lipidomics Gateway (Sud et al, 2006).

LPS enrichment. LPS was extracted as described before (Hitchock & Brown, 1983). In short,
K. stuttgartiensis cells at an ODgyq of 1.4 were harvested from a single cell membrane
bioreactor and pelleted by centrifugation for 5 min at 20830 g. The cells were resuspended in
1 M Tris HCI pH 6.8 including 2% SDS, 4% B-mercaptoethanol, 10% glycerol and 0.002%
Orange G, and were boiled for 10 min in this buffer. After cooling the treated cells on ice,
proteinase K was added to a concentration of 0.45 mg/ml and the samples were incubated
for 16 h at 55°C while shaking at 300 rpm. These samples were used for gel electrophoresis
and colorimetric detection of KDO.

Gel electrophoresis. The extracted LPS was analyzed by separation on a 15% Tris/Tricin gel
run in 0.1 M Tris, 0.1 M Tricin and 0.1% SDS and stained with a LPS specific silver stain as
described before (Tsai & Frasch, 1982). To analyze if proteins were still present after the LPS
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extraction procedure, the samples were also analyzed with the use of normal SDS-PAGE
(Laemmli, 1970) using 15% slab gels and staining with Coomassie G250.

Colorimetric detection of Kdo. The samples after LPS enrichment using the Hitchcock &
Brown-protocol were tested for the presence of Kdo. Kdo was detected by the thiobarbituric
acid assay as described before (Warren, 1959) using volumes of 10-30 ul of a 1 nM stock of
Kdo (Sigma Aldrich, St. Louis, MO, USA) as standard. As samples, three different amounts of
lysis buffer containing LPS were measured and the same amounts of lysis buffer without LPS
were included as a control.

Polymyxin B incubation. Colonies (in the case of E. coli and B. megaterium) or pelleted cells
grown in liquid culture (for K. stuttgartiensis, R. baltica and P. limnophila) were resuspended
in 20 mM HEPES buffer including 1 g/l sodium bicarbonate pH 7.5. Polymyxin B was added up
to a final concentration of 5 mg/ml and the cells were incubated for 30 min at 30°C. As a
negative control, HEPES buffer was added instead of the polymyxin solution. After the
incubation the cells were washed twice and applied to hydrophilized carbon coated grids on
which they were incubated for 20 min, then washed 1 min on 0.5% uranyl acetate in MilliQ
water and washed three times in MilliQ water. The binding of polymyxin B to LPS was
observed as blebbing of the outer membrane (Wiegel & Quandt, 1982) and was visualized
with a JEOL (Tokyo, Japan) JEM1010 TEM.

LPS extraction. Extraction of R-type LPS for HPLC-ESI/MS analysis was performed on K.
stuttgartiensis and E. coli K12 biomass using the phenol-chloroform-petroleum ether (PCP)
solution, as described before (Galanos et al, 1969). K. stuttgartiensis biomass was harvested
from a membrane bioreactor and pelleted by centrifugation (15 min, 4500 g) and the pellets
were frozen at -20°C and subsequently lyophilized. This lyophilized biomass was washed in
ethanol (concentration 51.6 mg/ml) by stirring for 2 h after which it was pelleted (2 min,
4000 g). Thereafter, the biomass was washed twice with acetone and twice with
diethylether. Dried biomass (103.2 mg/ml) was extracted while stirring for 1 h in a mixture of
phenol: chloroform: petroleum ether (boiling point 40-60°C) (2:5:8, v:v:v) to which additional
solid phenol was added until the solution became clear.The supernatant, containing LPS, was
collected and the extraction was repeated twice on the remaining biomass. The petroleum
ether and chloroform were removed from the pooled supernatants by rotary evaporation. To
the remaining sample, three times the volume of acetone was added and left 16 h at 4°C to
induce LPS precipitation. The precipitated LPS was pelleted (30 min, 4000 g), resuspended in
water by incubation in an ultrasonic bath for 1 h followed by ultracentrifugation (5 h,
170000g). The resulting pellet was resuspended in water, frozen at -20°C and lyophilized.
Subsequently, in order to obtain lipid A, an aliquot of the LPS was resuspended in 1% acetic
acid in water by sonication for 10 min and refluxed while stirring at 100°C for 4 or 8 h. Lipid A
was pelleted by ultracentrifugation (1 h, 100000g), resuspended in water, frozen at -20°C and
lyophilized. The dried Lipid A was resuspended (concentration 0.95 mg/ml) in
dichloromethane:methanol (9:1, v:v) filtered through a 0.45 um regenerated cellulose (RC)
filter (Alltech Associates Inc., Deerfield, IL, USA) prior to analysis by HPLC-ESI/MS. As a
control, the same method was performed on E. coli K12 biomass.
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HPLC-ESI/MS. Lipid A, isolated from K. stuttgartiensis and E. coli K12 as well as a
monophosphorylated lipid A standard (MPLA, Avanti polar lipids, Alabaster, AL, USA), was
analyzed as described previously (Sturt et al, 2004) with some modifications (Sinninghe
Damsté et al, 2011). An Agilent 1200 series LC (Agilent, San Jose, CA), equipped with
thermostatted auto-injector and column oven, coupled to a Thermo LTQ XL linear ion trap
with lon Max source with electrospray ionization (ESI) probe (Thermo Scientific, Waltham,
MA, USA) was used. Separation was achieved on a Lichrosphere diol column (250 x 2.1 um, 5
um particles; Alltech Associates Inc., Deerfield, IL, USA) maintained at 30°C. The following
elution program was used with a flow rate of 0.2 ml/min: 100% A for 1 min, followed by a
linear gradient to 66% A: 34% B in 17 min, maintained for 12 min, followed by a linear
gradient to 35% A: 65% B in 15 min, where A = hexane:2-propanol:formic acid:14.8 M NHs,,
(79:20:0.12:0.04, wv:v:viv) and B = 2-propanol:water:formic acid: 14.8 M NHa,,
(88:10:0.12:0.04, v:v:v:v). Total run time was 60 min with a re-equilibration period of 20 min
in between runs. The lipid extract was analyzed by an MS routine where a positive ion scan
(m/z 400-2000) was followed by a data dependent MS’ experiment where the base peak of
the mass spectrum was fragmented (normalized collision energy (NCE) 25, isolation width
5.0, activation Q 0.175). This was followed by a data dependent ms? experiment where the
base peak of the MS’ spectrum was fragmented under identical fragmentation conditions.
This process was repeated on the 2nd to 4th most abundant ions of the initial mass
spectrum. In addition, samples were reanalyzed as described above but with an extended
run time up to 120 min to observe compounds that would possibly elute later and/or with an
extended mass range up to m/z 3000, and in negative ionmode to potentially observe larger
lipid A type molecules.

Methanolysis. K. stuttgartiensis biomass was harvested from a membrane bioreactor and
pelleted by centrifugation (15 min, 4500 g) and the pellets were frozen at -20°C and
subsequently lyophilized. The dried biomass was resuspended in 0.5 M menthanolic
hydrochloric acid (HCI) to a final concentration of 1 mg/ml and weak methanolysis was
performed by hydrolyzing the sample for 45 min at 85°C. The acid was evaporated under N,
gas and the sample was washed three times with methanol. The sample was then
peracetylated two times with pyridine in acetic anhydride (1:1) for 10 min and then for 20
min at 85°C before being dried under N, gas again.

An aliquot of the sample after weak methanolysis was subjected to strong methanolysis by
hydrolyzing it in 2 M methanolic HCI (concentration 0.25 mg/ml) by incubation for 16 h at
85°C. The sample was then treated (washed, peracetylated) as described above. Aliquots of
both the weak and strong methanolyzed sample were dissolved in chloroform and injected
on a GC column (GC 7890 A (Agilent Technologies, Santa Clara, CA, USA) fused with a HP-5MS
capillary column (30m x 0.25mm, film thickness 0.25 um). The temperature was set to 150°C
for 3 min, then increased to 250°C at 3°C/min and finally to 320°C at 25°C/min. LPS from
Salmonella minnesota R345 was treated in the same way and used as a control. A blank was
performed in exactly the same way omitting the addition of sample.
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Results

Identification of genes involved in lipid A biosynthesis. BLASTp searches against selected
genes involved in the lipid A biosynthesis of C. trachomatis were performed to identify if the
genes necessary for LPS biosynthesis were present. In all three analyzed Planctomycetes
species all genes necessary for the synthesis of a lipid A precursor consisting of a glucosamine
disaccharide with five acyl-chains (Fig. 2) were present. In addition, the waaA genes for the
attachment of one or more Kdo moieties to the disaccharide were identified (Table 1). No
hits for the C. trachomatis LpxL were found in the Planctomycetes, but all three organisms
had a protein that was homologous to the E. coli LpxL. Furthermore, LpxM, responsible for
coupling the sixth acyl-chain to lipid A in E. coli was absent from C. trachomatis and therefore
the E. coli LpxM was used in the BLAST search. No hits were found for the E. coli LpxM.

Table 1. Presence of genes involved in lipid A biosynthesis in K. stuttgartiensis, R. baltica and P. limnophila. Identifier,
e-value and percentage of identity are only given for the best hit. Proteins from C. trachomatis were used as a
template, with the exception of the two last proteins for which E. coli K12 (Ec) was used.

Gene K. stuttgartiensis R. baltica P. limnophila

Gene name/ identifier | Kusta0037 WP_007328498 | Plim_0918
LpxA | e-value 3™ 2" 7

Identity 37% 33% 29%

Gene name/ identifier | Kusta0035 WP_007328499 | Plim_0919
LpxC | e-value 4™ 17 7%

Identity 33% 30% 31%

Gene name/ identifier | Kuste4516 Q7UEV1.2 Plim_2360
LpxD | e-value 1™ 2e>° 1e™

Identity 38% 34% 36%

Gene name/ identifier | Kuste4276 WP_007328098 | Plim_0943
LpxB | e-value 4e>* 4 2e”

Identity 27% 25% 24%

Gene name/ identifier | Kuste4016 WP_007337624 | Plim_0158
LpxK | e-value 4e™ 4e”’ 1

Identity 28% 29% 30%

Gene name/ identifier | Kustb0171 WP_007330822 | Plim_2366
WaaA | e-value 2e” 9e™ 3e™

Identity 25% 25% 26%
LpxL | Gene name/ identifier | No hit No hit No hit
LoxL Gene name/ identifier | Kuste3366 WP_007329114 | Plim_1862
( Ec) e-value 1e™ 6e” 2e®

Identity 26% 23% 30%
:'E:)M Gene name/ identifier | No hit No hit No hit
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Compared to the predicted Planctomycetes lipid A (Fig. 2), the lipid A from E. coli might
contain one additional phosphate coupled to each glucosamine residue, one additional acyl-
chain, 3-hydroxyl groups on two of the acyl-chains that might be absent if the planctomycetal
lipid A resembles the lipid A of C. trachomatis, and probably has a different length for some
of the acyl-chains (Fig. 2 in grey). All lipid A biosynthesis genes detected in the
planctomycetal genomes were also detected in the transcriptome of K. stuttgartiensis (Table
2) (Hu et al, 2013), but not in the proteome (Kartal et al, 2011b).

o
OH
HO\P\
/ o : o
HO
(6]
[e)
(0] NH HO
(0]
°© [¢]
/O NH
o) o
HO
HO
CH,
CH, CcH,
CH,
CH;
14 14/14 12/18 14/20 14/14 14/20

Figure 2. An overview of the structure (in black) of the lipid A precursor for which the biosynthetic genes are present
in the genomes of K. stuttgartiensis, R. baltica and P. limnophila. Additional moieties attached to the standard E. coli
lipid A are indicated in grey. Moieties in red are absent in C. trachomatis. Lengths of the acyl chains in E. coli and C.
trachomatis are given in black and red respectively.
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Characterization of enriched LPS. An LPS enrichment protocol was performed on K.
stuttgartiensis, R. baltica and P. limnophila by treating the cells with lysis buffer followed
by the degradation of proteins. After this enrichment, LPS can be visualized on Tris-Tricin
acrylamide gels using an LPS-specific silver stain. The gels showed the presence of multiple
bands (Fig. 3). In the case of T. forsythia, which is known to possess R-type LPS, a clear
band was seen at a low apparent molecular mass (arrow in Fig. 3A, lane 1) after LPS
specific silver staining. No significant bands were seen at higher apparent molecular
masses, as is characteristic for R-type LPS. A similar pattern was observed for the enriched
LPS samples from K. stuttgartiensis (Fig. 3A lane 2) and R. baltica (Fig. 3A lane 4), although
some signals were present at higher apparent molecular masses. In the case of P.
limnophila, multiple bands were observed in a ladder-like orientation, as is typical for S-
type LPS. The absence of bands after Coomassie staining of a gel with enriched LPS from T.
forsythia and K. stuttgartiensis (Fig. 3B) suggested that no protein background was present
after the treatment and protein thus could not cause the signals observed on the silver
stained gel. The enriched LPS samples were analyzed for the presence of Kdo, part of the
inner core directly coupled to lipid A in many species. The colorimetric assay did not
detect Kdo in R. baltica and P. limnophila enriched LPS. In the K. stuttgartiensis samples,
Kdo was found at a concentration of approximately 30 x 10 g Kdo per gram wet weight
of cells.
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Figure 3. (A) Gel electrophoresis followed by an LPS-specific silver stain on enriched LPS showed that K. stuttgartiensis
(lane 2), P. limnophila (lane 3) and R. baltica (lane 4) have a band at a similar height as the positive control (indicated
by arrows); LPS enriched from T. forsythia (lane 1). Several other (faint) bands at higher apparent molecular masses
are present in all four species. (B) Gel electrophoresis followed by the protein stain Coomassie on the enriched LPS
from T. forsythia (lane 1) and K. stuttgartiensis (lane 2) indicated that no protein was present after the LPS

enrichment protocol.

77 (i)



Microscopical analysis of cells treated with LPS-binding agent. The putative presence of LPS
was investigated in intact K. stuttgartiensis, R. baltica and P. limnophila cells by observing
negative stained cells incubated with the CAMP polymyxin B, which causes membrane
blebbing upon binding to lipid A (Wiegel & Quandt, 1982). E. coli and B. megaterium were
also visualized after incubation with polymyxin B, as respectively positive and negative
control. As expected, the Gram-positive B. megaterium was unaffected by the polymyxin
treatment (Fig. 4, I-J). The appearance of the membrane of E. coli was clearly disrupted in the
cells incubated with polymyxin B compared to the negative control and treated cells seemed
to accumulate more stain inside the cells (Fig. 4, G-H). For R. baltica, the membrane showed
a strong disruption after treatment (Fig. 4, E-F). K. stuttgartiensis cells showed membrane
blebs and a stronger staining inside the cells after incubation with polymyxin B (Fig. 4, A-B).
The membrane and staining pattern of P. limnophila cells seemed only slightly affected by
polymyxin B treatment (Fig. 4, C-D).

Figure 4 (right page). Negatively stained cells treated with 5 mg/ml polymyxin B for 30 min. Planctomycetes showed
very mild (P. limnophila; D, compared to C (negative control)), moderate (K. stuttgartiensis; B compared to A
(negative control)) or strong (R. baltica; F compared to E (negative control)) membrane blebbing in reaction to
polymyxin B treatment. The Gram-negative E. coli showed clear membrane blebbing (H compared to G (negative
control)) and the Gram-positive B. megaterium was unaffected by polymyxin B (J compared to | (negative control).
Arrows indicate (putative) membrane blebs. Scale bars 200 nm.
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HPLC-ESI/MS analysis of isolated Lipid A. LPS was extracted from lyophilized biomass of K.
stuttgartiensis and E. coli K12 using a mixture of phenol, chloroform and petroleum ether.
LPS was precipitated from the extracts with acetone, which led to clearly visible white
precipitates for both K. stuttgartiensis and E.coli K12 with yields of approximately 1% (g LPS
per g dry weight of cells). This putative LPS was hydrolyzed in order to obtain the lipid A
fraction and the yield for this step was about 40% for both species. This putative lipid A was
analyzed using HPLC-ESI/MS to identify the presence and structure of the lipid A. A
monophosphorylated lipid A standard generated one main peak at a retention time of 26
min, as well as several smaller peaks (Fig. 5A). The main peak represented the
monophosphorylated lipid A, as verified by the presence of molecular ions in the mass
spectrum (MS') and several diagnostic fragments and losses after MS” (data not shown). The
chromatogram of the isolated lipid A from E. coli showed several peaks (labeled with I, Fig.
5B) that after fragmentation revealed the same diagnostic fragments and losses as observed
in the MLPA standard. The most dominant peak eluted at 26 min and was identified as
biphosphorylated lipid A (Fig. 5B). The other eluting lipid A related compounds were most
likely lipid A with varying numbers of sugar moieties and/or fatty acids attached. The K.
stuttgartiensis isolated lipid A fraction showed three main peak clusters, eluting around 25,
31 and 35 min (Fig. 5C). In this case the MS spectra of the entire molecules and their
fragments revealed the presence of several anammox-specific phospholipids (Boumann et al,
2006) and a bacteriohopanepolyol (Rush et al, 2014) instead of lipid A. Additional runs with
extended run time, mass range or polarity switching to negative ion mode also did not reveal
the presence of lipid A containing structures in the K. stuttgartiensis extract (data not
shown).

Figure 5 (right page). HPLC-ESI/MS chromatogram (basepeak) of lipid A extracts showing the amount of MS signal
per time point of elution. The eluted lipids are annotated based on MS and MS’ spectra (not shown). (A)
Monophosphorylated lipid A standard. (B) Extracted LPS from E. coli K12. (C) Extracted LPS from K. stuttgartiensis.
MS-spectra were measured at a mass range of 400-2000 Da. Annotations of the peaks: 1: lipid A, 2:
phosphoethanolamine (PE), 3: cardiolipins, 4: overlapping cluster of ladderane ether/ester lipids with PE or
phosphatidylglycerol (PG) headgroups, 5: PG-ether/ester & PG-diether ladderanes, 6: BMT cyclitolether, 7: PC-
monoether.
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GC-MS analysis. K. stuttgartiensis biomass was analyzed for Kdo using GC-MS after
methanolysis. Biomass from S. minnesota R345 was used as a positive control. A blank GC
chromatogram, in the absence of sample, was used as negative control (data not shown) and
showed no peaks before a retention time of 36 min, and the same peaks after 36 min as seen
in all samples (Fig. 6). Although peaks were present after methanolysis of the K.
stuttgartiensis biomass, these could be identified as hexoses and possibly heptoses (Fig. 6, B
& D). No peaks were seen at the retention time (around 21 min) typical for Kdo.
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Figure 6. GC chromatograms of S. minnesota R345 (A, C) and K. stuttgartiensis (B, D) biomass after weak (A-B) and
strong (C-D) methanolysis indicated the presence of Kdo in S. minnesota (used as a positive control), but not in K.
stuttgartiensis (position of Kdo in the spectra is indicated by a grey arrow). Annotation of the peaks is as follows 1:
Hexose, 2: L,D-Hep, 3: Kdo, 4: possible heptose.
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Discussion

This study aimed at elucidating whether LPS is present or absent in Planctomycetes by
studying K. stuttgartiensis, P. limnophila and R. baltica. Of the multiple analyses that were
performed, several suggested the presence of LPS, although other, more in-depth,
investigations did not detect components of LPS in K. stuttgartiensis. To elucidate this
matter, the different methods will be discussed below also taking into account how these
methods could lead to false positive or false negative results.

The genetic analysis focused on the biosynthesis of lipid A and the addition of Kdo moieties,
since this is the most conserved pathway in Gram-negative LPS biosynthesis. This analysis
showed that all three Planctomycetes contain genes that would allow them to synthesize a
lipid A with five acyl-chains, one phosphate and Kdo. LpxH, responsible for coupling one of
the two phosphates to lipid A, was not detected in the genomes of the Planctomycetes, but it
is hypothesized that yet unidentified isoforms might exist that phosphorylate lipid A of
organisms that lack LpxH (Raetz & Whitfield, 2002). The structure of lipid A of C. trachomatis,
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used for most BLAST searches because of its limited phylogenetic distance to the
Plancyomycetes, differs at some points to the E. coli lipid A structure (Fig. 2). In C
trachomatis, for instance, the length of some acyl-chains is longer than in E. coli and some
acyl-chains lack 3-hydroxyl groups. For instance LpxL, responsible for adding the fifth acyl-
chain to lipid A, of E. coli couples acyl-chains with a length of 12 carbon atoms instead of the
18 seen in C. trachomatis (Rund et al, 1999; Sweet et al, 2001). Since the LpxL from the
Planctomycetes resembles the LpxL from E. coli rather than from C. trachomatis (although
most other genes are homologous to those of C. trachomatis) it needs to be determined to
which extent the structure of a lipid A synthesized by the Planctomycetes gene products
resembles that of C. trachomatis. Previous findings of long 3-hydroxyl acyl-chains (Cys, Cys
and Cy) in Planctomycetes suggest that some similarity might be present to C. trachomatis
lipid A (Kerger et al, 1988). It has to be remarked, however, that the 3-hydroxyl acyl-chains
could alternatively stem from ornithine lipids, which have been found in Planctomycetes
(Moore et al, 2013). To resolve the structure of the putative planctomycetal lipid A, genes
from each of the Planctomycetes could be expressed in, for instance, E. coli (knockouts) and
the lipid A structure could be determined. All genes involved in lipid A biosynthesis were
found in the previously published K. stuttgartiensis transcriptome (Table 2) (Hu et al, 2013).
This fits with the prior detection of LptD, the OMP involved in inserting the mature LPS in the
outer leaflet of the outer membrane (Speth et al, 2012). The absence of the lipid A
biosynthesis proteins in the previously published proteome might be explained by a too low
resolution (Kartal et al, 2011b). This suggestion is verified by a recent (membrane) proteome
that has detected LpxA, LpxD, LpxB, LpxK, LpxL and WaaA (de Almeida et al, in prep). An
interesting possible experiment for further research is to use specific inhibitors to inhibit LPS
biosynthesis in several Planctomycetes and see if the cells are still viable or if such treatment
is lethal. The latter would suggest the presence and importance of LPS for these species. Lipid
A biosynthesis can efficiently be inhibited at the stage of LpxC via multiple classes of specific
inhibitors and it would be worthwhile to test some of these (Tomaras et al, 2014).

Table 2. Expression of genes involved in lipid A biosynthesis and modification detected in a K. stuttgartiensis
transcriptome. Expression values taken from Hu et al 2013.

Gene ORF Reads | RPKM'
Lipid A biosynthesis

LpxA Kusta0037 17 128.16
LpxC Kusta0035 44 312.27
LpxD Kuste4516 8 60.66
LpxB Kuste4276 3 14.03
LpxK Kuste4016 20 116.94
LpxL Kuste3366 3 21.44
WaaA Kustb0171 16 112.66
Lipid A modification

KdkA Kuste2721 5 34.42
ArnT Kuste2285 1 3.83

'RPKM, Reads Per Kilobase of exon model per Million mapped reads
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Gel electrophoresis of LPS enrichments of the three Planctomycetes suggested that LPS was
present in these organisms (Fig. 3A). The Hitchcock & Brown protocol used to enrich the LPS
is a quite crude protocol: the sample loaded on the gel contains the entire cell content. The
proteinase K treatment should degrade the proteins to small peptides (as was verified by the
Coomassie stained gel (Fig. 3B)), but nucleic acids, which have not been degraded or
eliminated from the sample in this protocol, are common contaminants of LPS (Rezania et al,
2011). To decrease the chance that nucleic acids show a signal on the gel that could be
mistaken for LPS, the sample can be treated with DNAse and RNAse. Another possibility for a
false positive result would be that the LPS sample of K. stuttgartiensis visualized on the gel
was caused by the small amount of cells from other species which are also present in the
enrichment culture. This could, however, not have caused a signal for P. limnophila and R.
baltica, since pure cultures were used for these species. To further investigate if the signal
seen on the gel (Fig. 3) stems from LPS, the band(s) (of a non-silver stained lane) could be
excised from the gel and the potential presence of both the lipid A part (potentially after acid
hydrolysis) and the oligosaccharide fraction could be analyzed via MS analysis (Gulin et al,
2003). Alternatively, a blot could be made from an unstained gel. In this method, the
putative LPS on the gel is hydrolyzed and the lipid A fraction that resides on this blot can be
recognized with specific monoclonal antibodies that recognize the mono- (MAb S1) or
biphosphorylated (Mab A6) disaccharide regardless of the length of the acyl-chains
(Pantophlet et al, 1997). If these antibodies would be able to bind to the planctomycetal lipid
A, it might be an elegant idea to perform a pulldown experiment on hydrolyzed membrane
fractions or hydrolyzed enriched LPS (Hitchcock & Brown protocol). If this would succeed in
capturing lipid A, this would be a good way to circumvent chemical extraction procedures to
prepare sample for structural analysis. Another possible experiment that could be performed
using these antibodies, together with an antibody recognizing lipid A with two Kdo residues
(Mab A20), is immunogold labeling of cells embedded in sections or of freeze-etched cells (as
performed on human cells before (Richter et al, 2013)).

The sample obtained via the Hitchcock & Brown protocol was analyzed for the presence of
Kdo. The colorimetric assay did not detect Kdo in P. imnophila and R. baltica. The amount of
Kdo detected in K. stuttgartiensis is 30 x 10 g Kdo per g wet weight of cells and this is
extremely little in comparison to other organisms, where the Kdo content is in the order of
10°-10 g per g wet weight of cells (Luchi & Morrison, 2000). Since the thiobarbituric assay is
not absolutely specific and can also detect other sialic acids (Warren, 1959), it is an option
that the signal of K. stuttgartiensis is caused by another component than by Kdo. Another
option would be that the measured signal was caused by Kdo from other organisms present
in the K. stuttgartiensis enrichment culture. Still these results were unexpected since WaaA,
the protein that couples Kdo to lipid A was identified in the genomes of all three organisms
(Table 1) and was found in the K. stuttgartiensis transcriptome (Table 2). It is a possibility that
Kdo was modified after its initial attachment to LPS and hence (almost entirely) escaped
detection of the thiobarbituric assay. Indeed this assay was shown to be unable to detect
phosphorylated Kdo (Han & Chai, 1991). A BLASTp search against the Kdo kinase of V.
vulnificus indicated the presence of such a protein encoded in the genome of K.
stuttgartiensis (Kuste2721, e-value 1e°, identity 30%) and the transcriptome verified
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expression of this gene (Table 2). No such enzymes were identified in the genomes of P.
limnophila and R. baltica, although it could still be possible that alternative modifications of
Kdo occur in these organisms.

In another experiment, the three Planctomycetes were incubated with the CAMP polymyxin
B. This peptide binds best to a biphosphorylated lipid A molecule, although binding also
occurred to lipid A with an attached inner core of three Kdo residues (Kellogg et al, 2001).
Binding was almost absent when only one phosphate group was bound to lipid A. Upon
binding to a membrane containing LPS, polymyxin B causes formation of membrane blebs
(Wiegel & Quandt, 1982). Interestingly it was reported that a mutant that lacks the outer
core and O-antigen displays less blebs than organisms which have more extensive molecules.
Bleb formation was observed in R. baltica (Fig. 4F), and also the membrane of K.
stuttgartiensis seemed affected, although to a lower degree (Fig. 4B). The effect on P.
limnophila seemed very mild (Fig. 4D). During an investigation of 35 species, of which 13
were Gram-positive, blebs were seen in all Gram-negatives (although not always to the same
extent) and never in Gram-positives (Wiegel & Quandt, 1982) and therefore it seems that the
results could be best interpreted as a clear indication of LPS in the three Planctomycetes. The
difference in the extent of membrane blebbing between the three species might be
explained by the possibility that the lipid A or LPS of the three species has a different
conformation which affects the binding of polymyxin B. This could be for instance caused by
the absence of one of the phosphates or another modification so that polymyxin B has a
lower binding affinity to (a part of) the LPS. The most prominent mechanism of polymyxin B
resistance is the attachment of a 4-amino-4-deoxy-L-arabinose (L-Ara4N) to the phosphate
linked to the glucosamine with three or four acyl-chains by the enzyme ArnT (Olaitan et al,
2014). A BLAST search indicates the presence of ArnT in K. stuttgartiensis (Kuste2285, e-value
5e'24, identity 25%), P. limnophila (Plim_0432, e-value 8e'18, identity 24%) and R. baltica
(WP007337933, e-value 2™, identity 33%). Judging from the amount of blebbing, it seems
plausible that ArnT is not highly expressed in R. baltica and K. stuttgartiensis, but that the
expression in P. limnophila is substantial. The transcriptome indicated that ArnT expression
was very low in K. stuttgartiensis (Table 2). Future research, using for instance quantification
of mRNA by reverse transcription polymerase chain reaction, could show if ArnT is expressed
in P. limnophila and if the amount of expression differs between the three organisms. To
further investigate the effect of polymyxin B on Planctomycetes growing cultures could be
incubated in the presence of polymyxin B. If growth inhibition or lysis occurs after a
prolonged incubation this gives additional evidence of the presence and importance of LPS in
these species (Krupovic et al, 2007).

To gain more information about the structure of the putative lipid A of K. stuttgartiensis,
HPLC-ESI/MS was performed on lipid A extracted via a PCP extraction. Characteristic white
precipitates appeared after overnight incubation with acetone and the weight of these
precipitates was in the same range as that of the E. coli precipitates stemming from a PCP
extraction with the same amount of biomass. However, no peaks belonging to lipid A were
detected in the HPLC-ESI/MS run after hydrolysis of the K. stuttgartiensis extract (Fig. 5C).
This could mean that lipid A is not present in K. stuttgartiensis, even though some of the
analyses discussed above suggest otherwise. It could, however, also be the case that the PCP
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protocol did not succeed in extracting the LPS from the membrane. This is indeed a known
phenomenon and also the reason why several different LPS extraction protocols exist (De
Castro et al, 2010). Preliminary experiments visualizing the sample after PCP extraction via
gel electrophoresis indeed suggested that no LPS was present after the extraction (data not
shown). Further experiments could therefore focus on using multiple extraction protocols in
an attempt to isolate the K. stuttgartiensis LPS fraction.

In addition, GC-MS was performed on K. stuttgartiensis methanolyzed biomass in order to
detect Kdo. No Kdo was detected via this method (Fig. 6, B&D). Previously, however, it was
shown that phosphorylated Kdo (as discussed above) escaped detection by GC-MS (Han &
Chai, 1991). GC-MS can also be used for the detection of the lipid A specific 3-hydroxy fatty
acids. In our experiments no peaks could be assigned to A2-fatty acid artifacts that arise from
3-hydroxy fatty acids during methanolysis followed by GC, neither in the control nor in K.
stuttgartiensis. Since the control LPS from S. minnesota R345 does contain 3-hydroxy fatty
acids, the lack of signals attributable to 3-hydroxy fatty acids was not taken as evidence that
these structures are absent from K. stuttgartiensis. Indeed 3-hydroxy fatty acids have been
detected in several Planctomycetes, including P. limnophila, in the past (Kerger et al, 1988;
Giovannoni et al, 1987; Sittig & Schlesner, 1993). It would however be possible that K.
stuttgartiensis is exceptional in not incorporating 3-hydroxy acyl-chains in its lipid A because
the lipid composition of anammox bacteria is unique and unprecedented. Their lipids
comprise a large amount of different ladderane lipids and even though lipids without
ladderane moieties have been found, these are always branched (Sinninghe Damsté et al,
2002; Sinninghe Damsté et al, 2005). Therefore it might be possible that lipid A contains
ladderane lipids instead of 3-hydroxy acyl-chains. If anammox bacteria were to include
typical unbranched acyl-chains in their putative lipid A, they would probably synthesize these
acyl-chains specifically for the lipid A biosynthesis, since lipids containing such acyl-chains are
not observed in anammox bacteria (Sinninghe Damsté et al, 2005). If anammox bacteria were
to have ladderane lipids in their lipid A, this might also explain why K. stuttgartiensis LPS
behaves differently during PCP extraction. The finding that the biosynthesis genes necessary
for acylation (LpxA, LpxD and LpxL) seem to be quite homologous to the variants in C
trachomatis or E. coli would argue against the incorporation of very unusual acyl-chains by K.
stuttgartiensis. However, it might be interesting to test in vitro if a set of ladderane lipids
(Sinninghe Damsté et al, 2005) can act as a substrate of these (heterologously expressed)
enzymes and what the specificity of these enzymes is using the in vivo acylation assay as was
described before (Brozek & Raetz, 1990).

The detection of LPS is an important task of the immune system performed by specific LPS-
recognition molecules. Using these molecules as sensors is an elegant strategy. The most
commonly used technique is the limulus amebocyte lysate (LAL) assay. This assay makes use
of proteins of the horseshoe crab that induce clotting of the blood upon recognition of Gram-
negative bacteria via their LPS (Bang, 1956). Nowadays, the LAL assay is available in different
forms, some of them facilitating quantification, for instance using chromogenic reactions
(Lindsay et al, 1989). A more recent test uses only the first enzyme in this cascade, factor C,
and thereby overcomes the side reaction with (1,3)-B-D-glucan that occurs in other LAL
assays (Ding & Ho, 2010). Another possibility is to incubate the (lysed) cells with for instance
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murine bone-marrow derived macrophages or other immune cell lines and follow the
expression of the LPS specific receptor TLR4 and/or targets that are downstream of TLR4,
such as MyD88 or IL-8 (He et al, 2013). All these targets are upregulated if LPS is present.
Another possible method would be to use for instance LPS-binding protein (LBP) or
bactericidal/permeability-increasing protein (BPI) (Tobias et al, 1997) and allow binding with
putative LPS by incubating with lysed planctomycetal cells. The LPS can then be degraded to
lipid A via acid hydrolysis and lipid A-protein complexes can be detected via co-
immunoprecipitation using lipid A antibodies (EI-Samalouti et al, 1997). The latter method is
rather cumbersome and introduces a bias at the step of the lipid A antibodies, if the
structure of the plantomycetal lipid A were to be modified, the antibodies would fail to pull
down the lipid A-protein complexes.

An alternative “LPS-sensor” comes from a different background: bacteria belonging to the
genus Bdellovibrio are bacterivores that replicate inside Gram-negative bacterial cells. Some
Bdellovibrio species recognize their prey based on their LPS (and others use OMPs as
recognition sites) (Schelling & Conti, 1986). It might be worthwhile to make a co-culture of
LPS-recognizing Bdellovibrio species with several Planctomycetes and investigate if
Bdellovibrio can recognize and invade these Planctomycetes.

Summarizing, the polymyxin B experiments, the genome and K. stuttgartiensis transcriptome
analysis and the gel electrophoresis after LPS enrichment suggested LPS to be present in
Planctomycetes. The HPLC-ESI/MS and GC-MS analyses performed on K. stuttgartiensis,
however did not detect LPS. Taken all considerations as discussed above in account, the
presence of LPS seems plausible. Clearly, additional experiments are necessary to thoroughly
explain the negative results and to show substantial additional evidence for the presence (or
absence) of LPS.
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Abstract

Planctomycetes are intriguing microorganisms that apparently lack peptidoglycan, a structure
which controls the shape and integrity of almost all bacterial cells. Therefore, the
planctomycetal cell envelope is considered exceptional and their cell plan uniquely
compartmentalized. Anaerobic ammonium-oxidizing (anammox) Planctomycetes play a key
role in the global nitrogen cycle by releasing fixed nitrogen back to the atmosphere as N,.
Here, using a complementary array of state-of-the-art techniques including continuous
culturing, cryo-transmission electron microscopy, peptidoglycan-specific probes and
muropeptide analysis, we show that the anammox bacterium Kuenenia stuttgartiensis
contains peptidoglycan. Based on the thickness, composition and location of peptidoglycan in
K. stuttgartiensis, we propose to redefine Planctomycetes as Gram-negative bacteria. Our
results demonstrate that Planctomycetes are not an exception to the universal presence of
peptidoglycan in bacteria.

Introduction

Maintaining cellular integrity is crucial for life and in particular challenging for small,
unicellular organisms. In bacteria, the virtually universal solution to this problem is the
presence of peptidoglycan, which also determines the cell shape and facilitates cell growth
and division (Vollmer et al, 2008). Peptidoglycan is a mesh-like heteropolymer consisting of a
lysozyme-sensitive sugar backbone of alternating N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc) residues cross-linked by short D-amino acid rich peptide stems
attached to each of the MurNAc residues (Vollmer et al, 2008). Typically, the nascent peptide
stem is a pentapeptide with the sequence of one L-alanine, one D-glutamate, one diamino
acid and two D-alanines.

Traditionally, bacteria are classified into two groups based on their cell envelope properties.
In Gram-positive bacteria the peptidoglycan layer is relatively thick (15-30 nm), typically
contains L-lysine (L-Lys) as the third amino acid and is located outside the cytoplasmic
membrane, which is the outermost membrane of the cell (Vollmer et al, 2008). The Gram-
negative peptidoglycan is relatively thin (1.5-15 nm), typically contains meso-diaminopimelic
acid (meso-DAP) instead of L-Lys and is located between the cytoplasmic and the Gram-
negative specific outer membrane (Vollmer et al, 2008).

Planctomycetes are extraordinary organisms that belong to the evolutionarily deep-
branching bacterial superphylum of Planctomycetes, Verrucomicrobia and Chlamydiae (PVC)
(Wagner & Horn, 2006). Both Planctomycetes (Konig et al, 1984; Liesack et al, 1986; Cayrou
et al, 2010) and Chlamydiae (McCoy & Maurelli, 2006) have been proposed to be among the
few exceptions lacking peptidoglycan, which is one of the most conserved structural
characteristics of bacteria. However, chlamydial species are commonly sensitive to
antibiotics targeting peptidoglycan and have most of the genes involved in its biosynthesis,
and the presence of peptidoglycan has recently been shown in some chlamydial species
(Pilhofer et al, 2013; Liechti et al, 2014). Paradoxically, although the free-living
Planctomycetes are expected to need a peptidoglycan shell more than the intracellular and
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therefore osmotically protected Chlamydiae, they are usually insensitive to antibiotics
targeting peptidoglycan (Konig et al, 1984; Cayrou et al, 2010), are reported to lack a varying
number of genes crucial for its biosynthesis (Jogler et al, 2012; Guo et al, 2014), and
biochemical analyses failed to show the peptidoglycan components meso-DAP and MurNAc
in isolated cell envelopes of all eight previously tested Planctomycete strains (Konig et al,
1984).

Most planctomycete species, like typical Gram-negative bacteria, have two compartments
enclosed by membranes. In Planctomycetes, the innermost membrane is unusually curved
(Lindsay et al, 2001). Historically, the planctomycetal outermost membrane was defined as a
cytoplasmic membrane (Lindsay et al, 2001; Sagulenko et al, 2014). However, based on
bioinformatic analysis (focusing on marker genes for outer membrane protein and
lipopolysaccharide insertion (Speth et al, 2012)) the outermost membrane has recently been
proposed to be an outer membrane typical of Gram-negative bacteria (Speth et al, 2012;
Devos, 2014a; Devos, 2014b). Based on these hypotheses, Planctomycetes can be defined as
either uniquely compartmentalized or Gram-negative bacteria. In the absence of any
apparent peptidoglycan, arguments for the first hypothesis found considerable support
(Fuerst, 1995; Forterre & Gribaldo, 2010; Fuerst & Sagulenko, 2012) and a shared
evolutionary link between Planctomycetes and Eukaryotic cells was suggested (Fuerst, 1995;
Devos & Reynaud, 2010; Forterre & Gribaldo, 2010; Fuerst & Sagulenko, 2012). Therefore,
we argue that showing the presence of peptidoglycan in Planctomycetes and elucidating its
characteristics would resolve the controversy concerning the Planctomycete specific cell
envelope and cell plan (Lindsay et al, 2001; Speth et al, 2012; Santarella-Mellwig et al, 2013;
Sagulenko et al, 2014; Devos, 2014a; Devos, 2014b) and its contentious link to the origins of
Eukaryotic cells (Fuerst, 1995; Devos & Reynaud, 2010; Forterre & Gribaldo, 2010; Fuerst &
Sagulenko, 2012).

Anaerobic ammonium-oxidizing (anammox) bacteria form a distinct, phylogenetically deep-
branching group within the Planctomycetes (Jogler et al, 2012). These microorganisms
convert ammonium and nitrite to dinitrogen gas via nitric oxide and hydrazine as
intermediates (Kartal et al, 2011b). They occur in aquatic and terrestrial environments and
play a crucial role in the biological nitrogen cycle estimated to produce approximately half of
the dinitrogen gas present in the atmosphere (Francis et al, 2007). Furthermore, the
anammox process is widely applied to remove ammonium from wastewater (Kartal et al,
2010).

Compared to most other Planctomycetes, the anammox cell contains an additional, third,
membrane-enclosed compartment (Lindsay et al, 2001; van Niftrik et al, 2008b). This
innermost compartment, the anammoxosome, harbors the catabolic machinery and is
surrounded by the cytoplasm (also known as riboplasm), which contains the ribosomes and
nucleoid (van Niftrik et al, 2008b; Neumann et al, 2014). Depending on the interpretation of
the S-layer-enclosed outermost membrane (van Teeseling et al, 2014 (chapter 2)), the
outermost compartment is either a unique cytoplasmic compartment called the
paryphoplasm (in accordance with the historical definition) or a periplasm typical for a Gram-
negative cell envelope. Unlike other Planctomycetes that divide by budding (Fuerst, 1995;
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Jogler et al, 2012), anammox bacteria divide by binary fission without the canonical cell
division ring protein FtsZ (van Niftrik et al, 2009).

Similar to other Planctomycetes, the cell envelope of anammox bacteria was proposed to
lack peptidoglycan. Since no anammox bacteria were included in the initial peptidoglycan-
targeting biochemical analyses (Konig et al, 1984), the absence of peptidoglycan in anammox
bacteria was based on the absence of a peptidoglycan layer in the outermost anammox
compartment of resin-embedded sections of either high-pressure frozen and freeze-
substituted or chemically fixed anammox cells (Lindsay et al, 2001; Neumann et al, 2013).
However, all genes essential for peptidoglycan biosynthesis are present in the genome of the
anammox bacterium Kuenenia stuttgartiensis, apart from homologs of peptidoglycan-specific
glycosyltransferase (GT) class 51 (CAZy database (Lombard et al, 2014)) necessary to
polymerize the sugar backbone. Despite the apparent lack of these GTs, it was recently
shown (Hu et al, 2013) that K. stuttgartiensis cells lyze with lysozyme in the presence of EDTA
and their growth is inhibited by penicillin G.

Here, we redefine the anammox Planctomycete K. stuttgartiensis as a Gram-negative
bacterium based on the discovery and characterization of a peptidoglycan layer contained
within the cell envelope. To this end, we use a complementary array of state-of-the-art
techniques including continuous culturing, cryo-transmission electron microscopy (cryoTEM),
incorporation of peptidoglycan-specific probes imaged with structured illumination
microscopy (SIM), and ultrasensitive UPLC-based muropeptide analysis.

Materials & Methods

Kuenenia stuttgartiensis enrichment culture. Free-living planktonic Kuenenia stuttgartiensis
cells were grown in an enrichment culture (approximately 95% K. stuttgartiensis) in a
membrane bioreactor as described previously (Kartal et al, 2011a). In short, the reactor
(working volume 11 1) was fed continuously with mineral medium (van de Graaf et al, 1996)
containing 45 mM nitrite and ammonium (each) at a flow rate of 4.2 ml/min (approximately
6 1/d). The pH of the reactor was controlled at 7.3 with a potassium bicarbonate solution (100
g/l). The reactor was operated at 33°C and was stirred at 300 rpm. A gas mixture of Ar/CO,
(95/5%) with a flow of 10 ml/min was supplied to the reactor to maintain anaerobic
conditions. The cells were washed out the reactor continuously (1.1 1/d) to maintain the cell
density of the culture (optical density at 600 nm was 1.1-1.2).

Cryo-transmission electron microscopy. K. stuttgartiensis cells (4 ml) were pelleted (4 min,
600 g, 33°C) and resuspended in a small amount (50 pl) of mineral medium containing 1.25
g/l sodium bicarbonate and trace minerals (van de Graaf et al, 1996) and left to recover for
15 min at 33°C. Cells were gently mixed with an equal volume of 40% dextran (70kD MW) in
K. stuttgartiensis growth medium, loaded in copper tubes and high-pressure frozen [HPM100
(Leica Microsystems, Vienna, Austria)]. For preparing vitreous sections, copper tubes were
loaded in a cryo-ultramicrotome (Leica FC7/UC7, Leica Microsystems) pre-cooled at -145 to -
150°C. Tubes were trimmed to a pyramid with a 50 by 50 um block face using a cryo-trim 20°
diamond knife (Diatome, Biel, Switzerland). Frozen-hydrated sections (45 nm) for CEMOVIS
were sectioned on a 30° cryo-immuno diamond knife (Diatome). Sections were attached to
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carbon-coated 200 mesh copper grids (Stork-Veco, Eerbeek, Netherlands) by electrostatic
force using the Crion system (Leica Microsystems). Grids were transferred to the loading
station of a high-tilt cryotomography holder (914 (Gatan, Munich, Germany)) under liquid
nitrogen. Sections were imaged in a JEOL (Tokyo, Japan) JEM 2100 Transmission Electron
Microscope operated at 200kV in low-dose mode. Images were recorded using the Gatan
F4000 bottom-mount camera.

Isolation of peptidoglycan sacculi. K. stuttgartiensis cells were further enriched from the
other microorganisms in the enrichment culture by density centrifugation (15 min, 1000 g)
on a 15-30% Histodenz gradient in 20 mM HEPES buffer pH 7.5 including 1 g/l sodium
bicarbonate. A distinct red band indicating the presence of K. stuttgartiensis was present
approximately halfway through the gradient. Here, K. stuttgartiensis presence and
abundance was verified by FISH microscopy using the specific Amx820 (Schmid et al, 2000)
and Plad6 (Neef et al, 1998) probes. Cells were boiled in 4% SDS for 60 min at 100°C and
applied to a glow-discharged formvar-carbon-coated copper grid. After 20 min, negative
staining was performed by washing the grids once in 0.5% Uranyl acetate (UAc) in MQ,
staining (60 sec) on 0.5% UAc and washing on 3 drops of MilliQ. Sacculi were visualized in a
JEOL 1010 TEM operating at 60kV.

To investigate if the observed sacculi consisted of peptidoglycan, sacculi (obtained from cells
taken directly from the enrichment reactor) were incubated (5 h, 37°C) with lysozyme (from
chicken egg white) (10 mg/ml; with and without 20 mM EDTA) before visualizing via negative
staining as described above. As a negative control, sacculi were incubated without lysozyme.

Incorporation of peptidoglycan specific probe EDA-DA. Cells (100 ml) harvested from the
membrane bioreactor were concentrated and resuspended in 5 ml 20 mM HEPES buffer pH
7.8 including 1.25 g/l sodium bicarbonate. Afterwards, cells suspensions were made anoxic
by applying under-pressure and flushing with Ar/CO, (95%/5%) ten times. Then the cell
suspensions were transferred to a 100 ml fed-batch reactor inside an anaerobic chamber
with an Ar/H, (95%/5%) atmosphere. O, in the Ar in the anaerobic chamber was removed by
passing Ar over a Pd catalyst (0.2 p.p.m. residual O,). The cells were supplied with the above-
mentioned HEPES buffer containing 7 mM NH," and NO, each and the peptidoglycan-specific
probe EDA-DA (1mM, ethynyl-D-alanyl-D-alanine) with a flow rate of 5ml/h for 12-15 h. The
fed-batch reactors were stirred at 150 rpm and incubated in the dark at 30°C. As a control,
cells were grown under the same conditions in the presence of ELA-LA (1 mM, ethynyl-L-
alanine-L-alanine). Cells were harvested, washed 3 times in the above-mentioned HEPES
buffer (3000 g, 10 min) and resuspended in 4 ml HEPES buffer. The resuspended cells were
put in an equal volume of 4% paraformaldehyde (PFA) in the HEPES buffer and incubated for
20 min at room temperature and subsequently for 90 min at 4°C. The fixed cells were
pelleted by centrifugation (11700 g, 5 min) and resuspended in 0.5 ml 0.1% PFA for
temporary storage. Pelleted cells grown in the presence of EDA-DA and ELA-LA were
permeabilized by incubating them for 5 min in 1.5 ml PBS with 0.25% Triton X-100. The cells
were washed once in PBS, and the fluorophore Alexa 488-azide (20 uM) was attached via a
copper(l) catalyzed click reaction (incubation 60 min in 1.5 ml at room temperature in the
Click-iT Cell Reaction Buffer Kit (ThermoFischer, Waltham, USA). Afterwards cells were
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washed 3 times in PBS (1.5 ml), incubated 20 min at room temperature in the presence of 5
pg/ml Pacific Blue NHS ester (ThermoFischer, Waltham, USA), washed twice in PBS and
visualized via fluorescence microscopy or structured illumination microscopy (SIM) as
described previously (Kuru et al, 2012). In short, images were collected with a DeltaVision
(GE Healthcare, Pittsburgh, USA) OMG Imaging System equipped with a Photometrics
(Tuscon, USA) Cascade Il EMCCD camera (excitation: 405 nm and emission: 419-465 nm).

Analysis of muropeptides obtained from sacculi. Sacculi were prepared from the K.
stuttgartiensis cells (0.8 |, ODggo 1.1) enriched by density centrifugation as described above.
Peptidoglycan was isolated largely as described before (Cava et al, 2011). Briefly, cell pellets
were boiled in 4% SDS for 60 min at 100°C. After boiling for an additional 4 h, sacculi were
further stirred overnight 37°C and then, SDS was washed out by ultracentrifugation. Sacculi
were resuspended in 200 pl of 50 mM sodium phosphate buffer pH 4.5 and digested
overnight with 30 pug/ml muramidase (cellosyl, Hoechst) at 37°C. Muramidase digestion was
stopped by incubation in a boiling water bath (5 min). Coagulated protein was removed by
centrifugation. The supernatants were mixed with 150 pl 0.5 M sodium borate pH 9.5, and
subjected to reduction of muramic acid residues into muramitol by sodium borohydride (10
mg/ml final concentration, 30 min at room temperature) treatment. Samples were adjusted
to pH 3.5 with phosphoric acid. UPLC analyses of muropeptides were performed on an
ACQUITY UPLC BEH C18 Column, 130A, 1.7mm, 2.1 mm 150 mm (Water, USA) and detected
at Abs. 204 nm. Muropeptides were separated using a linear gradient from buffer A
(phosphate buffer 50 mM pH 4.35) to buffer B (phosphate buffer 50 mM pH 4.95 methanol
15% (v/v)) in 20 min. Muropeptide purification was performed by HPLC on an Aeris peptide
column (250 x 4.6 mm; 3.6 um particle size) (Phenomenex, USA). The identity of individual
muropeptides was established by MALDI-TOF (Voyager DE-STR).

Results

CryoTEM shows a previously unobserved layer in the cell envelope. To study the cell
envelope of K. stuttgartiensis, we used a highly enriched (>95%) culture of free-living,
planktonic cells. Cryo-Electron Microscopy of Vitreous Sections (CEMOVIS) (Al-Amoudi et al,
2004), reflecting the near-native hydrated state of the cells, showed a layer in the cell
envelope that was previously unobserved. This electron-dense layer was located underneath
the outermost membrane (Fig. 1). The thickness of the layer varied between 4.5 and 6 nm,
which is in the range reported for peptidoglycan in Gram-negative bacteria (Vollmer et al,
2008). The location of this layer, in the outermost cell compartment, matched the location of
peptidoglycan in Gram-negative bacteria and therefore this layer was a good candidate to
represent the peptidoglycan shell in this bacterium.
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Figure 1. CryoTEM of vitreous sections revealed a previously unobserved layer in the cell envelope of K.
stuttgartiensis. (a-c) Single K. stuttgartiensis cells as observed with CEMOVIS, in which all membranes and cell
envelope layers have been annotated. (b) A dividing K. stuttgartiensis cell, the division site is indicated with an
arrowhead. (d) The intensity profile of the area in the box in (c) encompassing the cell envelope verified the extra
layer to be a separate entity. a: anammoxosome membrane, 1: cytoplasmic membrane, 2: putative peptidoglycan, 3:
outer membrane, 4: S-layer. Scale bars 100 nm.

Peptidoglycan isolation yields lysozyme-sensitive sacculi. After they were harvested from an
enrichment culture (>95%), K. stuttgartiensis cells were further enriched to 99.9% purity
using density centrifugation. When this highly enriched sample was boiled in SDS and
negatively stained with uranyl acetate, cell-shaped structures similar to peptidoglycan sacculi
were recovered (Fig. 2A, Supplementary Fig. 1). In rare instances sacculi with a figure-eight
shape, probably obtained from dividing K. stuttgartiensis cells, were also detected
(Supplementary Fig. 2). When K. stuttgartiensis sacculi were incubated for 5 h with lysozyme,
which cleaves peptidoglycan by hydrolyzing the B-1,4 bonds between the two sugar
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components MurNAc and GIlcNAc (Johnson & Phillips, 1965), the sacculi disintegrated and
only fibrous material was visible (Fig. 2B). This was consistent with the previous observation
of fibrous material upon enzymatically cleaving the sugar backbone of E. coli peptidoglycan
sacculi (de Pedro et al, 1997). The disintegration of the sacculi was solely dependent on the
addition of lysozyme, as sacculi incubated without lysozyme remained intact. This suggested
that the sacculi were indeed composed of a peptidoglycan-like sugar backbone. Interestingly,
this observation also indicated that K. stuttgartiensis must encode and express at least one
polymerizing GT class 51 enzyme or another unknown enzyme that polymerizes the
peptidoglycan sugar backbone. The apparent absence of such a gene from the K.
stuttgartiensis genome could be due to the fact that the genome is currently only >298%
complete (Strous et al, 2006). However, according to the CAZy database (Lombard et al,
2014) other Planctomycetes, as well as Chlamydiae (McCoy & Maurelli, 2006), also lack GT
class 51 enzymes and therefore it seems more likely that the enzyme is a member of a new,
perhaps Planctomycetes- and Chlamydiae-specific, uncharacterized class of GTs.

Figure 2. Lysozyme-sensitive sacculi were obtained by boiling K. stuttgartiensis cells enriched by density
centrifugation, in SDS. (a) TEM of K. stuttgartiensis sacculus using negative staining. (b) After lysozyme treatment the
K. stuttgartiensis sacculi were absent or had a fibrous appearance, as observed by negative staining via TEM. Scale
bars 1 um.

Peptidoglycan peptide stem was verified by specific probes. The peptidoglycan biosynthesis
machinery is promiscuous (Cava et al, 2011) and therefore non-canonical D-amino acid
compounds, such as fluorescent or bio-orthogonal D-amino acids or bio-orthogonal D-amino
acid containing dipeptides, can be incorporated at the C-terminus of the peptide stems. This
has recently been exploited to specifically stain peptidoglycan (Kuru et al, 2012; Siegrist et al,
2013; Liechti et al, 2014). When grown for a part of the cell division cycle (10-14%) in the
presence of the bio-orthogonal D-amino acid dipeptide EDA-DA, K. stuttgartiensis cells
displayed the characteristic fluorescent signal of probe incorporation after coupling with a
fluorophore (Fig. 3B-C). Comparable to peptidoglycan labeling observed in other
microorganisms (Kuru et al, 2012), most of the D-amino acid dipeptide incorporation
occurred at the cell division site as determined by fluorescence and super resolution
structured illumination microscopy (SIM), while experiments with L-amino acid dipeptide
controls only resulted in background fluorescence (Fig. 3A).
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Figure 3. Fluorescence microscopy on K. stuttgartiensis cells grown in the presence of peptidoglycan specific D-
alanine dipeptide probes indicated the presence of peptidoglycan. (a) The negative control probe ELA-LA, which can
not be incorporated, shows only a faint background. (b) Septal incorporation of EDA-DA is present, also in a rod-
shaped non-anammox species present in the bioreactor (arrowhead). (c) Structured illumination microscopy (SIM)
clearly shows that EDA-DA incorporates specifically at the cell division site. Probe incorporation was visualized with a
complimentary fluorophore using click-chemistry (green) and cell surfaces were labeled by amine reactive Pacific
Blue™ NHS ester (blue). ELA-LA: ethynyl-L-alanyl-L-alanine; EDA-DA: ethynyl-D-alanyl-D-alanine. Scale bars 2 um.

Muropeptide analysis confirms that sacculi contain peptidoglycan. The structure of the
peptidoglycan subunits (muropeptides) was determined by ultra performance liquid
chromatography (UPLC) and subsequent mass spectrometry (MS) (Fig. 4A). Muropeptides
were obtained by muramidase degradation of sacculi prepared from Histodenz-purified K.
stuttgartiensis cells (99.9%). Indeed, GIcNAc-MurNAc coupled to 2-4 amino acids (M2-M4) as
well as cross-linked fragments (D43 and presumably D44) were detected in K. stuttgartiensis
sacculi (Fig. 4B,C). The largest monomeric peptidoglycan fragment obtained (M4) was
identified as GlcNac-MurNAc-L-Ala-D-Glu-meso-DAP-D-Ala. Strikingly, the third amino acid
was identified as meso-DAP (Fig. 4), which is typical for Gram-negative peptidoglycan
(Vollmer et al, 2008). In agreement with this observation, all genes necessary for meso-DAP
synthesis are present in the K. stuttgartiensis genome (Supplementary Table 1). Furthermore,
the predicted protein sequence for MurE, which couples the third amino acid to the
peptidoglycan precursors, has the arginine residue (Arg4l6 in E. coli) necessary for
specifically incorporating meso-DAP (instead of L-Lys) into the peptidoglycan precursor
(Gordon et al, 2000).

Peptidoglycan from K. stuttgartiensis had relatively little M4 and D44 compared to E.coli K12.
In K. stuttgartiensis, M3 was the most abundant monomer, which suggested that the enzyme
cleaving between the third (meso-DAP) and fourth (D-Ala) amino acid in the peptide stem
(L,D-endopeptidase) was highly active. Further investigation will be necessary to determine
whether the abundance of M3 over M4 has an impact on the biology of the bacterium. The
presence of D43 cross-linked muropeptides indicated the expression of D,D-transpeptidases,
which was supported by the identification of homologs to Pbp2 and Pbp3 encoded in the
genome of K. stuttgartiensis (Supplementary Table 1).
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Figure 4. Structural characterization by UPLC and mass spectrometry of the peptidoglycan present in K.
stuttgartiensis. (a) UPLC analyses of K. stuttgartiensis peptidoglycan. E. coli K12 PG profile is included as a reference.
Peaks labelled 1-6 correspond to muropeptides of K. stuttgartiensis Histodenz-enriched cultures. R.T: Retention time.
Min: minutes. Azu: Absorbance 204 nm. (b) Mass analysis of the PG subunits isolated in panel A by MALDI-TOF. *:
D44 was formulated based on its coincidence with E. coli D44 R.T. ND: Not determined; %: Relative abundance; theo:
theoretical mass; det: determined mass. (c) Schematic representation of K. stuttgartiensis detected PG species in
their reduced state. M2: N-acetylglucosamine-(GIcNAc)-N-acetylmuramic acid (MurNAc)-L-Ala-D-Glu; M3: GIcNAc-
MurNac-L-Ala-D-Glu-meso-Diaminopimelic acid (meso-DAP); M4: GlcNac-MurNAc-L-Ala-D-Glu-meso-DAP-D-Ala;
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D43: dimer muropeptide of a M4 D,D-crosslinked to a M3. M: MurNAc; G: GIcNAc.
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Discussion

This study presents the first experimental evidence of peptidoglycan in an anammox
Planctomycete. We show that K. stuttgartiensis has a relatively thin, meso-DAP containing
peptidoglycan layer located underneath its outer membrane, which fits to the typical
characteristics of Gram-negative peptidoglycan. The location of the peptidoglycan in
anammox bacteria is striking since the non-FtsZ containing cell division ring (van Niftrik et al,
2009) was observed in the exact same compartment of the cell. To the best of our knowledge
a cell division ring has not been previously observed in the peptidoglycan-containing
compartment of any bacterium and this further substantiates that anammox bacteria divide
via a unique mechanism. Based on our investigations, facilitated by new methodology that
recently became available, and the results of Jeske et al (Jeske et al, 2015) that present
similar findings in other planctomycetal lineages, we propose to redefine the Planctomycetes
as Gram-negative microorganisms and therefore end the longstanding controversy about the
planctomycetal cell plan. Taken together, these findings clearly show that Planctomycetes
are not an exception to the universal rule of peptidoglycan cell walls in bacteria, and
consequently all free-living bacteria possess peptidoglycan. These findings also lead us to
conclude that an evolutionary link between Planctomycetes and Eukaryotes is unlikely.
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Supplements

Supplementary Figure 1. Lysozyme-sensitive sacculi were obtained by boiling K. stuttgartiensis cells, without
enrichment by density centrifugation, in SDS. (a) An overview of a grid after negative staining shows multiple thin
sacculi of K. stuttgartiensis (round) and a thicker sacculus from a long rod shaped cell present in the reactor alongside
K. stuttgartiensis. (b) After lysozyme treatment the K. stuttgartiensis sacculi were absent or had a fibrous
appearance, as observed by negative staining via TEM. Scale bars 1 um.

Supplementary Figure 2. Some lysozyme-sensitive sacculi obtained by boiling K. stuttgartiensis cells, without
enrichment by density centrifugation, in SDS appear to stem from dividing cells. A figure-eight shaped sacculus,
probably obtained from a dividing K. stuttgartiensis cell surrounded by sacculi from non-dividing K. stuttgartiensis
cells, as observed by negative staining via TEM. Scale bar 1 um.
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Supplementary Table 1. Predicted peptidoglycan biosynthesis associated proteins in K. stuttgartiensis. In silico
identification of K. stuttgartiensis peptidoglycan associated proteins based on NCBI protein BLAST tool analysis using
E. coli homologs as source, using a cutoff of 1.10°. Proteins highlighted in white are homologous to E. coli
cytoplasmic synthesis proteins. Proteins in grey and light grey are homologous to E. coli proteins with periplasmic
activities. Highlighted in grey are proteins with D,D- and L,D-transpeptidase activity and in light grey proteins with
peptidoglycan hydrolysis activities. Proteins in dark grey correspond to homologous proteins involved in the
biosynthetic pathways of meso-DAP.

E. coli

peptidoglycan K. stuttgartiensis  Kust Query

related proteins locus (NCBI ID) number cover E value Identity
MurA emb|CAJ74073.1] kuste3313 98% 3.00E-122 48%
MurB emb|CAJ74091.1] kuste3330 96%  9.00E-16 25%
Mure emb|CAJ73131.1] kuste2385 93% 2E-86 36%

emb|CAJ71429.1] kustc0684 90% 1E-57 3%

MurD emb|CAJ74243.1| kuste3480 87%  3.00E-45 30%
MurE emb|CAJ73124.1| kuste2378 94%  4.00E-88 36%
MurF emb|CAJ73125.1] kuste2379 99%  1.00E-69 3%
Ddl emb|CAJ73132.1] kuste2386 99%  4.00E-79 41%
Alr emb|CAJ73156.1] kuste2410 98%  8.00E-56 34%
Murl emb|CAJ72251.1] kustd1506 88%  2.00E-24 30%
MraY emb|CAJ73126.1] kuste2380 93% 5.00E-104 44%
MurG emb|CAJ73129.1] kuste2383 97%  7.00E-43 28%

MreB emb|CAJ72643.1] kustd1898 98% 4.00E-119  54%

Pbp4 emb|CAJ74399.1|

kuste3636 92% 6.00E-40  25%

MItA emb|CAJ70755.1] kusta0010 68% 2.00E-32  33%
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Chapter 6

Integration & Outlook
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Almost all bacterial cells either have a Gram-negative or a Gram-positive cell envelope. These
cell envelopes have a different organization: the Gram-positive envelope has a thick layer of
peptidoglycan surrounding its cytoplasmic membrane whereas the Gram-negative envelope
has a thin layer of peptidoglycan and an outer membrane. Even though biology is not a
science that likes using definitions, the cytoplasmic membrane is often defined as the
boundary of cells (e.g. Silhavy et al, 2010). This implies that everything outside of the
cytoplasmic membrane is often seen as officially not being part of a cell. In that view the
entire cell envelope, except for the cytoplasmic membrane, would be extracellular, even
though about a third of the proteome of Escherichia coli is associated with the cytoplasmic
membrane or the structures located outside of it (Weiner & Li, 2008). | would argue that the
peptidoglycan, outer membrane and potential additional components such as S-layers should
be regarded as part of the cell. In my opinion, the large energy investment they demand from
the cell, the tight attachment to the cytoplasmic membrane and the important functions
they have for the bacteria make this view justified.

It is important to realize that the Gram-negative outer membrane is a fundamentally
different entity than the cytoplasmic membrane. The cytoplasmic membrane is highly
impermeable to hydrophilic molecules, but hydrophobic molecules can easily diffuse over
this membrane. In contrast, the outer membrane is permeable to small water soluble
molecules because of the pores created by outer membrane proteins (OMPs). The
hydrophilic polysaccharide components of the lipopolysaccharide (LPS) form a rather
effective barrier against hydrophobic substances. The outer membrane therefore is an
effective barrier against for instance hydrophobic antibiotics that can readily diffuse through
the cytoplasmic membrane (Nikaido, 1976). However, no electrochemical gradient can exist
over the outer membrane because of the permeability to water soluble substances, including
ions. Therefore bacteria cannot use the outer membrane for energy conservation for which
they depend on the cytoplasmic membrane.

For anammox bacteria it was unclear if the outermost of their three bilayer membranes is a
cytoplasmic or an outer membrane (Fig. 1). For years this membrane was seen as a
cytoplasmic membrane. Even though the genome of K. stuttgartiensis gave some clues
towards a Gram-negative organization, the explanation that these genes were probably
remnants from an ancestral phase was preferred based on experimental evidence suggesting
that these bacteria deviated from the Gram-negative cell plan (Strous et al, 2006; van Niftrik
et al, 2010). In addition to the proposed absence of peptidoglycan, the presence of an F-type
ATPase on the outermost membrane suggested that this membrane is energized (van Niftrik
et al, 2010). Also the location of the cell division ring in the outermost compartment
strengthened the view that this was a cytoplasmic compartment, since cell division rings are
present in the cytoplasm in other bacteria (van Niftrik et al, 2009).

This controversy, fueled by the finding that some of the genes associated with (the
biosynthesis of) the outer membrane are abundantly translated (Speth et al, 2012), urged a
thorough investigation into the components that make up the cell envelope of anammox
bacteria. This was the objective of the research described in this part of my thesis. The
discovery of peptidoglycan, the characterization of an OMP located in the outermost
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membrane and the indications of LPS in this membrane should, in my opinion, lead to the
conclusion that this membrane is an outer membrane (Fig. 1). This interpretation implies that
anammox bacteria are Gram-negative bacteria and fits with the previous results that
anammox bacteria have only two compartments with a pH independent of the outside pH
(van der Star et al, 2010). In Gram-negative bacteria, the permeability of the outer
membrane results in a periplasmic pH that equals the extracellular pH (Wilks & Slonczewski,
2007).

This discussion chapter integrates the results of the anammox part of my thesis into an
overview of the anammox cell envelope, discusses some topics that are worth studying in
more detail and poses hypotheses that might explain the unexpected location of the F-type
ATPase and the cell division ring.

An overview of the anammox cell envelope

When combining all results obtained in this study, an image of the cell envelope of the
anammox bacterium K. stuttgartiensis emerges (Fig. 2). The first structure belonging to K.
stuttgartiensis cell that is encountered when approaching the cell from the outside is an
extended network of glycans that are attached to the surface layer (S-layer) proteins (chapter
2). Multiple different glycans are linked to the S-layer protein, presumably at multiple sites of
each protein, via O-linkages. The S-layer protein itself, Kustd1514, is present in many copies
that together assemble into a layer with a hexagonal symmetry. Diffusion through the S-layer
seems possible via pores with an estimated diameter of around 4 nm. The distance between
the S-layer and the underlying outer membrane is approximately 10-15 nm.

The next layer is the outer membrane that was shown to probably contain an OMP,
Kustd1878. This OMP was shown to have the expected R-barrel conformation and forms
pores in the membrane (chapter 3). Probably several other OMPs are present in this
membrane as well, since multiple OMPs were predicted in the genome and some of these
were also detected in the proteome (Speth et al, 2012). Another protein that has been
identified in this membrane is an F-ATPase (van Niftrik et al, 2010). This is a rather
unexpected component of an outer membrane, since the ions that build the electrochemical
gradient needed to drive the ATPase can proposedly easily diffuse over the membrane
through OMPs. Again, the hypothesized permeability is strengthened by the previous finding
that two instead of three anammox compartments have a pH independent of the
environment (van der Star et al, 2010). The lipid composition of this membrane is a topic that
needs further exploration. First investigations have shown indications for the presence of
LPS, but further experiments are needed to verify or falsify this (chapter 4). As is the case for
all anammox membranes, unique ladderane lipids are present in the outer membrane
(Neumann et al, 2014).

105 (i)



Figure 1. A schematic anammox cell plan showing the original, unbiased and new interpretation. Structures identified
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Two notable components are present inside the periplasm that is located underneath the
outer membrane. A layer of peptidoglycan with a thickness of 4.5-6 nm is present halfway in
between the outer and cytoplasmic membrane (chapter 5). This peptidoglycan layer has a
composition that is typical for Gram-negative peptidoglycan, consisting of a backbone of
polymeric N-acetylglucosamine and N-acetylmuramic acid cross-linked via peptides made of
L-alanine, D-glutamate, meso-diaminopimelic acid and D-alanine. Another structural element
with great importance for the bacteria is present in the periplasm as well: the cell division
ring. The putative cell division ring-forming protein, Kustd1438, is up to now the only known
protein associated with the cell division ring (van Niftrik et al, 2009). Kustd1438 has an
ATP/GTPase domain and associated synergy loops, suggesting it might use ATP or GTP to
polymerize into the observed division ring. The presence of the cell division ring in the
periplasm is rather unexpected, since the division ring is present in the cytoplasm in all other
Gram-negative bacteria studied thus far. In addition, either the formation or the breakdown
of the polymerized cell division ring requires energy, probably in the form of GTP or ATP,
which are proposedly not present in the periplasm.

This overview of the cell envelope is based on studies in the model anammox bacterium K.
stuttgartiensis. Although less information is present about other anammox species, a
comparison with the K. stuttgartiensis cell envelope is still possible at some points. In some
Scalindua sp. the first structures encountered when approaching the cells from the outside
are pili-like appendages (van Niftrik, 2008a) and, in some circumstances possibly flagella
(Russ, 2015). Neither of these structures have ever been observed in K. stuttgartiensis, but
since the genome encodes (almost) all genes necessary for the synthesis of flagella and some
pili genes, it is very well possible that these cell appendages are expressed under certain
conditions (Neumann et al, 2013). It seems that an S-layer is present in at least Brocadia
sinica, since it encodes a gene (BROSI_A1236) (Oshiki et al, 2015) that is highly similar to
Kustd1514 (e-value: 0, protein identity 44%) and S-layers were observed in this species
(Gambelli et al, unpublished data). Whether the S-layer of this species is also glycosylated is
presently unknown.

No localization of proteins has been performed in anammox bacteria other than K.
stuttgartiensis and therefore no proteins have been unequivocally shown to be present in
the outer membrane of other anammox species. Several OMPs have been detected in the
proteome of Scalindua profunda and they would be expected to be present in the outer
membrane of this species (Speth et al, 2012). Since Jettenia caeni (Hira et al, 2012), B. sinica
(Oshiki et al, 2015), Brocadia fulgida (Ferousi et al, 2013) and Scalindua brodae (Speth et al,
2015) were found to contain a homolog of Kustd1878 (chapter 3), the most abundant OMP in
K. stuttgartiensis, it is expected that these organisms have at least one OMP in their
membrane (chapter 3). Whether ATPases are also present on the outer membrane in other
anammox bacteria remains a topic of further research. In addition, no investigations into the
presence of LPS have been performed in other anammox bacteria. However, the general lipid
composition of species of Scalindua, Brocadia and Anammoxoglobus, prepared with a
method that would probably not extract lipid A, was found to be quite similar to that of K.
stuttgartiensis (Rattray et al, 2008).
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In B. fulgida, the cell division ring is also described to be located in the periplasm (van Niftrik
et al, 2009) and images of Scalindua sp. suggest the same for these species (van Niftrik et al,
2008a). A BLAST search against Kustd1438 only showed two shorter proteins from B. fulgida
that might work together in taking over the function of Kustd1438, but no hits were found
for homologs of Kustd1438 in other anammox bacteria. Further research could show which
proteins are involved in cell division in (the other) anammox bacteria. It seems plausible that
peptidoglycan is also present in the other anammox bacteria, since all genes necessary for its
biosynthesis are identified in the genomes of B. fulgida, B. sinica, J. caeni and S. brodae and
peptidoglycan has been found in multiple Planctomycetes in the meantime (van Teeseling et
al, 2015 (chapter 5); Jeske et al, 2015).

Open questions concerning the anammox cell envelope

After the research presented in this part of the thesis, a clear overview of the anammox cell
envelope has emerged (Fig. 2). Nonetheless, there are still quite some topics that deserve
further elucidation in order to truly understand the cell envelope of these organisms. Some
points related to the results presented in this thesis are mentioned below.

S-layer

The exact structure of the multiple glycans, as well as the pathway via which they are
synthesized, transported and coupled to the protein, remains to be elucidated. Also for the S-
layer protein itself, it is unknown how it is transported through and anchored into the
underlying membrane. In the Gram-negative bacteria studied to date, S-layer proteins are
excreted through the periplasm and outer membrane via either type | or Il secretion systems
(Fagan & Fairweather, 2014). Both secretion systems comprise a protein complex in the
cytoplasmic membrane, a periplasm spanning tube and an outer membrane protein
(complex) (Holland et al, 2005; Costa et al, 2015). A BLAST search against the K.
stuttgartiensis genome using the canonical proteins forming the periplasmic tube, HlyD (type
1) and GspC (type Il) suggests that HIyD is present, but GspC is absent. The cytoplasmic
component of the type | secretion system is an ABC transporter and the outer membrane
protein belongs to the outer membrane factor (OMF) family (of which TolC is the most
notable example). Multiple copies belonging to both protein classes are encoded in the K.
stuttgartiensis genome and these are transcribed and translated (Strous et al, 2006; Kartal et
al, 2011b; Speth et al, 2012). It is therefore possible that Kustd1514 is secreted via a type |
secretion system. Other possible mechanisms of secretion can, however, not be excluded,
especially since Kustd1514 has a predicted Sec signal peptide (via PRED-TAT; Bagos et al,
2010) although the type | secretion system is most often Sec-independent (Holland et al,
2005). Taking into account that many copies of the S-layer protein need to be secreted,
OMPs that are abundant in the membrane are possible candidates to serve as the outer
membrane part of the transport system. Therefore, Kustd1878, the OMP characterized in
chapter 3, is an interesting candidate.
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Figure 2. A schematic cell envelope of a standard Gram-negative bacterium (without S-layer) compared to the cell
envelope of the anammox bacterium K. stuttgartiensis. The presence of structures which name appears in grey has
not yet been fully proven. The orientation and completeness of the ATPase remains to be elucidated.
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The S-layer proteins of Gram-negative bacteria are proposed to non-covalently attach to the
LPS (Fagan & Fairweather, 2014). Since the presence of LPS in K. stuttgartiensis is not yet
unambiguously proven, the structure that anchors the S-layer to the outer membrane
remains to be identified. Maybe the 100 amino acids near the C-terminus of Kustd1514 play
a role in LPS binding, since PHYRE®> models these as an invasion/intimin cell-adhesion
fragment previously reported to be involved in carbohydrate binding (Kelly et al, 1999).
Alternatively this domain might be involved in attachment to carbohydrates of other cells or
to carbohydrate components of the extrapolymeric substance (EPS), in which case the S-layer
would function in attachment to other cells or aggregates. Indeed, anammox cells show a
remarkable tendency to grow in aggregates and EPS, of which carbohydrates are the main
component, is abundantly present in these aggregates (Ali et al, 2013). The glycosylated S-
layer protein was enriched from an anammox culture living as single cells for many years
already and it therefore seems unlikely that the (only) function of the S-layer would be to aid
in aggregation.

As discussed in chapter 2, other possible functions of the S-layer would be protection against
predation, osmoprotection, attachment of enzymes or maintaining cell shape and integrity.
The most plausible function of the S-layer as proposed in chapter 2 was giving cells their
structural integrity in the absence of peptidoglycan. This function has become outdated with
the discovery of peptidoglycan (in chapter 5), although it is still a possibility that the S-layer
aids in structural integrity. More research is necessary to elucidate the function of the S-layer
in anammox bacteria. Also the function of the S-layer glycosylation is unknown and it needs
to be established if it has one or several of the previously mentioned roles such as aiding in
protein folding or maintenance of the structure of the S-layer, protecting against proteolysis
or interaction with other cells (Calo et al, 2010).

Outer membrane

The research presented in this thesis has shown the presence of an OMP in the outermost
membrane and suggests LPS might be present in this membrane as well. This has been
crucial to show that this membrane can best be interpreted as an outer membrane instead of
a cytoplasmic membrane. To fully understand this membrane, however, much more research
will have to be performed. Towards this end, a thorough inventory of the components of the
outer membrane would be very valuable. In many Gram-negative bacteria, separation of the
two membranes proceeds via density centrifugation of a membrane fraction (Weiner & Li,
2008). Although the procedure might be more complicated in anammox bacteria because
they have three membranes, it would be worthwhile to attempt density centrifugation, also
because density centrifugation has been successfully employed to separate anammox
bacterial compartments (Neumann et al, 2014). It would be highly interesting to investigate
the outer membrane proteome, either focusing on proteins or on protein complexes, for
instance using LC-MS/MS after (native, 2D or 1D) gel electrophoresis as performed before for
K. stuttgartiensis membrane complexes (de Almeida et al, in prep). Possibly the
glycoproteome or glycome of the outer membrane could also be investigated, for instance
via lectin microarrays (Ribeiro & Mahal, 2013) or LC-MS/MS. However, additional techniques,
such as NMR, have to complement both techniques in order to identify the glycan structures.
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This hinders a high-throughput analysis on small sample quantities (Hitchen & Dell, 2006).
Since a lipid analysis has already been performed on fractionated anammox cells (Neumann
et al, 2014), it would probably be best to investigate the lipid composition of these
membranes only after a suitable protocol for extraction of anammox LPS has been devised.

ATPase

As already mentioned above, the detection of an F-type ATPase in the outer membrane is a
puzzling result. Additional research is clearly needed to understand the role of this protein
complex, which in its full conformation consists of a soluble F;-domain, forming the so-called
head, and a membrane-associated Fo-domain. For this discussion it will be assumed that the
ATPase is indeed present on the outer membrane, as was shown by previous immunogold
localization, and that this ATPase is of the F-type, since the antibody was generated against a
(partial) typical F-ATPase (van Niftrik et al, 2010). The first question that would need to be
answered is “what is the composition of the (partial) F-ATPase located in the outer
membrane?”. The antibody that identified the ATPase in the outer membrane was generated
against the R-subunit (van Niftrik et al, 2010), which is located in the F;-domain. The
presence of any other proteins belonging to the F-ATPase in this membrane would need
further verification, either via immunogold localization or by analyzing the proteome of
isolated outer membranes as discussed before. Another interesting question is “at which side
of the outer membrane is the (partial) F;-domain located?”. Answering this question could be
an important step in understanding the function of this protein complex. Unfortunately, the
length of the antibody complex combined with the small distance between the cytoplasmic
and outer membranes and the observed labeling on the cytoplasmic membrane (van Niftrik
et al, 2010) make using the previous labeling results to answer this question difficult. A
promising technique to answer this question is freeze-fracture labeling, since this can
differentiate between the outer and inner leaflet of membranes. Another option would be to
use labeling on whole, unpermeabilized, cells visualized by cryoSEM. In such an experiment
only epitopes that are present on the outside of the membrane can be labeled since the
antibodies cannot penetrate intact cells.

Concerning the function of this (partial) F-ATPase, four scenarios can be foreseen (Fig. 3). The
first scenario would require a full F-ATPase with its head located inside the periplasm. The
full F-ATPase would be located on the outside of the outer membrane in the second scenario.
In the third scenario an F;-ATPase would be required, located inside the periplasm. In the
fourth scenario a full or partial F;-ATPase would be located on the extracellular leaflet of the
outer membrane.

In the first scenario, the F-ATPase would produce ATP in the periplasm using a proton motive
force over the outer membrane (de Almeida et al, in prep). If ATP were to be synthesized in
the periplasm, this could be used by Kustd1438 to polymerize into the observed cell division
ring. However, this scenario is rather problematic because of the OMP-caused permeability
of the outer membranes to protons or ions (Nikaido, 2003). This would make the generation
of a proton motive force impossible and therefore make it impossible for the ATPase to
synthesize ATP. It seems improbable that the anammox membrane, in which multiple OMPs
seem present, could hold a proton motive force. Measuring ATP concentrations in
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fractionated K. stuttgartiensis cells and culture supernatant (as in (Mempin et al, 2013))
could provide interesting clues if this hypothesis is nonetheless true by showing if the ATP
content in the periplasm is significantly higher than in the supernatant.

The second scenario would involve the ATPase to use a proton motive force to generate ATP
extracellularly. This has the same problem as the first scenario, the unlikeliness of being able
to maintain an electrochemical gradient over this membrane, and in addition it seems rather
improbable that cells would choose to synthesize their costly ATP molecules outside of the
cells. Unlikely as it might seem, a recent report has shown that multiple bacteria release ATP
to the culture supernatant and that they hydrolyze this ATP without taking any components
up into their cells (Mempin et al, 2013). This extracellular ATP was speculated to either act as
signaling molecule or stimulate bacterial communities. This hypothesis could be tested by
making use of the antibody against the B-subunit. If the ATPase head is located on the
outside of the membrane the antibody could bind the B-subunit and thereby inhibit the
hydrolysis of ATP by the ATPase, as was shown with a eukaryotic ectopic F-ATPase (Wen-Li et
al, 2012). Comparing extracellular ATP concentration before and after inhibition of the F;-
ATP-domain might elucidate if the F-ATPase present on the anammox outer membrane is
involved in generation of extracellular ATP.

Since only the F;-domain of the ATPase is necessary to hydrolyze ATP and it seems
implausible that a electrochemical gradient exists over the outer membrane, it could well be
that only a full or maybe even a partial F;-ATPase domain is present in the anammox outer
membrane. If this F;-ATPase would be present in the periplasm, it could hydrolyze ATP if this
were to be present in the periplasm. What function this ATP hydrolysis would have remains
uncertain. It seems rather difficult to experimentally verify this hypothesis and especially to
elucidate to which process this ATP hydrolysis would be coupled. Maybe in vivo crosslinking
studies followed by co-immunoprecipitation using the existing antibody could provide clues.

Recent findings demonstrated that entire F;-ATPase domains and individual subunits
undergo so-called moonlighting, i.e. they can have several functions, and can be located at
the plasma membrane of multiple mammalian cells instead of only on the mitochondrial
membrane (Vantourout et al, 2010). The (partial) F,-ATPases are shown to be oriented
towards the outside of the cells where they act as receptors for proteins, peptides or ATP
analogs. It seems ATP is hydrolyzed in some pathways. With these results in mind the fourth
possible role of the anammox outer membrane protein would be to act as a receptor. Most
so far identified ligands (for instance apolipoprotein Al and enterostatin (Vantourout et al,
2010)) do not seem to be relevant for environmental bacteria, such as anammox bacteria.
However, the bacterial phosphoantigen-related ATP analog Apppl that can bind to F,-ATPase
might be a substance that anammox bacteria could encounter. Which importance such a
potential moonlighting (partial) F,-ATPase, present in significant amounts at the outer
membrane (van Niftrik et al, 2010), could play in the life of anammox bacteria remains a
mystery. Inhibiting the F;-ATPase with the existing antibody might show if the cells are
affected if this putative receptor were to be blocked. Maybe transcriptomics performed in
parallel could show which pathways could be involved downstream of this receptor. Also in
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vivo cross-linking studies could give clues about which protein or peptide is associated with
the putative receptor.

When comparing all four scenarios for the ATPase on the outer membrane the fourth
scenario, in which a full or partial ATPase acts as an extracellular receptor seems the most
compelling scenario.

Periplasm

As in the case of the outer membrane it would be highly interesting to make an inventory of
the contents of the periplasm. A periplasmic proteome of several Gram-negative bacteria
(e.g. Imperi et al, 2009; Wilmes et al, 2011; Han et al, 2014) was analyzed after releasing the
periplasmic proteins by osmotic shock, for instance using low temperatures, sucrose or MgCl,
with lysozyme. It would be very important to verify (for instance via fluorescence microscopy
using DAPI staining) if such methods indeed leave the rest of the anammox cell intact.

In addition, it is very interesting to discover how these proteins are targeted from the
cytoplasm towards the periplasm. In Gram-negative bacteria the Sec and Tat protein
translocation systems are responsible for delivering respectively unfolded and folded
proteins to the periplasm (Sargent et al, 2006; Driessen & Nouwen, 2008). The only protein
that is up to now proven to be located in the periplasm is Kustd1438 and indeed its sequence
has a predicted Sec leader sequence (using PRED-TAT; Bagos et al, 2010). The protein
transport in anammox bacteria is, however, more complex than in other Gram-negative
bacteria because of the presence of the anammoxosome. Recently it was shown that many
proteins that are located in the anammoxosome also have Sec leader sequences (de Almeida
et al, 2015). This indicates that the protein translocation of anammox bacteria includes
additional cues that steer the proteins towards either the anammoxosome or the periplasm,
maybe via chaperones (Medema et al, 2010), and further research into these mechanisms
would be needed.

Cell division (ring)

The most intriguing structure for further research concerning the periplasm is undoubtedly
the cell division ring. Anammox cell division is a rather unique process in multiple ways: 1)
the ring-forming protein (probably Kustd1438, at least in K. stuttgartiensis) is different than
in most other bacteria (FtsZ), 2) the cell division ring is present in the periplasm whereas all
other bacteria have the cell division ring in the cytoplasm and 3) anammox cell division needs
to divide three compartments instead of two (as in Gram-negative bacteria) or one (Gram-
positive bacteria). The anammox cell division thus clearly deserves further research. A good
starting point would be to elucidate which components are part of or undergo association
with the cell division ring. Since an antibody against Kustd1438 exists (van Niftrik et al, 2009)
co-immunoprecipitation could be performed. Preceding this experiment, in vivo cross-linking
could be performed to also capture proteins that loosely associate with the cell division ring.
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To investigate if Kustd1438 is the only protein necessary for the formation of the ring,
purified (for instance using the antibody) or heterologously expressed Kustd1438 could be
subjected to in vitro polymerization assays in the presence and absence of ATP or GTP.
Alternatively, Kustd1438 could be added to liposomes formed in the presence of GTP and
investigated if constriction of these liposomes takes place (as was the case for FtsZ in
liposomes (Osawa et al, 2008)).

In addition, it would be interesting to find out if the other cell division genes that are
encoded in the genome of K. stuttgartiensis (Ftsg, FtsX and the FtsA-independent divisomal
complex (FtsK, FtsQ, FtsB, FtsL, FtsW and Ftsl) (van Niftrik et al, 2009)) are present in the cells
and at which location. Generating antibodies against some of these proteins and using these
for immunogold localization might answer this question. Since many of these proteins (FtsE,
FtsX, Ftsl and FtsW (Rico et al, 2013)) are proposedly involved in peptidoglycan hydrolysis
and septal peptidoglycan synthesis their possible function was puzzling, until the discovery of
peptidoglycan in anammox bacteria (described in chapter 5). Figure 4 shows a model
proposing a possible location of these proteins in K. stuttgartiensis and shows the E. coli cell
division as a reference. It would be helpful if anammox cells could use the genes encoding
these proteins (i.e. FtsE, FtsX, Ftsl and FtsW) to regulate peptidoglycan hydrolysis and
synthesis during cell division instead of coming up with an entirely new system. Therefore,
FtsE probably needs to be located in the periplasm, since it has to interact with the cell
division ring before activating FtsX. FtsX would therefore need to have its FtsE binding site on
the periplasmic instead of the cytoplasmic part of the protein. Since the homology of both K.
stuttgartiensis proteins to the E. coli proteins are rather low and the binding site of FtsE on
FtsX in E. coli has not yet been resolved, it is at this moment not possible to further verify this
hypothesis via bioinformatics.

Knowing that the cell division ring is located in the periplasm also makes the lack of FtsA and
ZipA in K. stuttgartiensis less problematic, since they link the FtsZ-based ring to the
cytoplasmic membrane (Fig. 4). For anammox cells, there is no real necessity to link the ring
to the cytoplasmic membrane: whereas in the canonical bacterial cell division the ring needs
to drag the cytoplasmic membrane inwards, in the anammox case the ring could push the
cytoplasmic membrane inward without links being present. Maybe this pushing motion could
even lead to the division of the anammoxosome. In E. coli, the outer membrane is
constricted together with the cytoplasmic membrane since both are linked via the Tol-Pal
protein complex (Gerding et al, 2007). In K. stuttgartiensis, the Pal protein seems present
(Kuste3333) as are most of the accessory Tol proteins, but TolA, the protein that is linked to
Pal, seems absent. It seems probable that another protein is present in anammox bacteria
that takes over this function since linking the two membranes together seems crucial for a
proper cell division.

FtsN was recently shown to associate with FtsA (Weiss, 2015) and this might be the reason it
is apparently absent from the K. stuttgartiensis genome. FtsN was shown to activate FtsQBL,
which in turn activates peptidoglycan synthesis, possibly via FtsW and Ftsl (Weiss, 2015). If
activation of FtsQBL would indeed stimulate FtsW and Ftsl, anammox bacteria would need an
FtsN-independent way that integrates a signal from the cell division ring and associates with
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FtsQBL. Such a protein might come up in in vivo cross-linking experiments, if it is bound
tightly enough to Kustd1438.

Another interesting aspect concerning the anammox cell division ring is the way it is
energized. GTP hydrolysis is required for polymerization of FtsZ (Mukherjee & Lutkenhaus,
1998; Lu et al, 1998) and in addition GTP hydrolysis seems to lead to a conformational
change of FtsZ filaments that facilitates constriction (Lu et al, 2000). As Kustd1438 is
predicted to contain an ATP/GTP binding site and was hypothesized to be the ring-forming
protein (van Niftrik et al, 2009), it seems plausible that ATP or GTP is necessary for the
dynamics of the ring formation. An interesting question is how this ATP or GTP enters the
periplasm. As discussed above, it is a possibility that the ATPase on the outer membrane
synthesizes ATP in the periplasm, although the expected permeability of the outer
membrane is problematic. A very interesting finding poses another, more plausible scenario:
an antibody generated against the R-subunit of the ATPase-2 (Kuste4592-4600) of K.
stuttgartiensis showed a very specific localization to the cell division site (van Niftrik, 2008).
Although this antibody did not give a specific signal on an immunoblot and the specificity for
the ATPase therefore needs to be verified in another way, the immunogold localization
suggests this ATPase to be located on the cytoplasmic membrane just beneath the cell
division ring. It was hypothesized that the ATPase-2 uses sodium ions instead of protons
(Dibrova et al, 2010). This ATPase could provide ATP very locally in the periplasm and thereby
make sure that as little as possible ATP leaks away into the rest of the periplasm and maybe
towards the outside of the cell. This hypothesis would fit the low expression values for this
ATPase gene cluster (van Niftrik et al, 2010) and the fact that it was detected in the
proteome at lower amounts than the ATPase-1 (Kuste3787-3796) (de Almeida et al, in prep).

The most intriguing question is which advantage, if any, it has for anammox bacteria to
locate the cell division ring outside of the cytoplasmic membrane. Clearly more research is
needed to answer this question, also concerning the mechanism that couples the cell division
to the division of the anammoxosome. Maybe this anammoxosome division, which sets apart
anammox bacteria from all other Gram-negatives, provides the key towards understanding
the unexpected location of the cell division ring.

Figure 4 (right page). Scheme comparing cell division in E. coli with a proposed model for K. stuttgartiensis cell
division. In E. coli the cell division ring composed of FtsZ is attached to the membrane via FtsA and ZipA. FtsE binds
FtsZ and stimulates FtsX so that EnvC is recruited and in turn recruits AmiB. AmiB is an amidase that cleaves
peptidoglycan in order to make new, septal, peptidoglycan insertion via Ftsl (which is coupled to the membrane
protein FtsW) possible. The Tol-Pal complex links the outer membrane to the cytoplasmic membrane thereby
ensuring that the outer membrane is also constricted during cell division. Since the precise function of the essential
FtsQBL complex (present in E. coli and K. stuttgartiensis) is not yet elucidated, this complex is not included in the
scheme. Proteins surrounded by a red line have a deviant location from the E. coli model. No homologs against
proteins in grey have been found in the K. stuttgartiensis genome, the model would however require such proteins to
function.
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Implications for other Planctomycetes

The finding that anammox bacteria have a Gram-negative cell plan leads to the question if
other Planctomycetes should also be interpreted as Gram-negative bacteria. Indeed this
seems to be the case, since multiple non-anammox Planctomycetes species were shown to
contain peptidoglycan in between two membranes (Jeske et al, 2015) and the results in
chapter 4, together with previous detection of 3-hydroxy fatty acids in several
Planctomycetes (Kerger et al, 1988; Giovannoni et al, 1987; Sittig & Schlesner, 1993) suggest
LPS to be present in these organisms. In addition, analysis of the genomes of several
Planctomycetes showed that these encode multiple predicted OMPs, including LptD and
BamaA, crucial for insertion of LPS and OMPs respectively (Speth et al, 2012).

These Planctomycetes are, however, rather unusual Gram-negative bacteria, since their
cytoplasmic membrane is often unusually curved and thereby leaves sites where the
periplasm is enlarged and the cytoplasmic membrane is probably not linked to the outer
membrane. This cytoplasmic membrane plasticity has been suggested as a feature unique for
Planctomycetes (Speth et al, 2012). At the time this theory was developed, peptidoglycan
was not yet detected in these organisms and it was therefore hypothesized that the
cytoplasmic membrane might be completely uncoupled from the outer membrane. The
presence of peptidoglycan shows this view was probably too simplistic: peptidoglycan
synthesis and polymerization of its backbone are coupled to the cytoplasmic membrane and
the mature peptidoglycan is associated with the outer membrane. This close association of
the peptidoglycan to the outer membrane was indeed observed in cryo-electron tomography
on Planctopirus limnophila (Jeske et al, 2015) but the structures, probably (lipo)proteins, that
are responsible for this anchoring mechanism remain unknown in the Planctomycetes.

The detection of complete peptidoglycan sacculi (Jeske et al, 2015) suggests that this layer is
present in the entire cell and not only at locations where the cytoplasmic membrane is
located in close proximity to the outer membrane. It is an intriguing question how
Planctomycetes that show extensive invaginations of the cytoplasmic membrane manage to
synthesize an entire sacculus. It is conceivable that the cytoplasmic invaginations are so
dynamic that the cytoplasmic membrane spends enough time close to the outer membrane
to synthesize peptidoglycan that is linked to the outer membrane, before the cytoplasmic
membrane bends away from the outer membrane. Indeed the sometimes very complicated
invaginations in for instance P. limnophila (Jogler et al, 2011; Scheuner et al, 2014) and most
notably Gemmata obscuriglobus (Lieber et al, 2009; Santarella-Mellwig et al, 2010; Acehan et
al, 2014; Santarella-Mellwig et al, 2013) are probably dynamic as fluorescent microscopy of
stained membranes also suggests in the case of G. obscuriglobus (Lee et al, 2009).

The membrane coat proteins detected in the genomes of non-anammox Planctomycetes
have been seen in association with membrane vesicles in G. obscuriglobus (Santarella-
Mellwig et al, 2010; Lonhienne et al, 2010; Acehan et al, 2014) and could therefore be
involved in membrane invaginations of other non-anammox Planctomycetes as well. Protein
uptake, possibly via an endocytosis-like mechanism, and degradation have been associated
with the vesicles or the tubulovesicular network in the periplasm of G. obscuriglobus
(Lonhienne et al, 2010; Acehan et al, 2014). How this fascinating system of membrane

118 (i)



vesicles that apparently are interconnected with each other, the outer membrane and the
cytoplasmic membrane is regulated, how their formation is regulated with respect to the
peptidoglycan layer, and why the vesicles are proposedly used for protein uptake are
questions that require further research. In addition, the function of the enlarged periplasm
and/or the enlarged cytoplasmic membrane in other Planctomycetes remains unknown.
Furthermore, it is an interesting question if the potentially dynamic invaginations of the
cytoplasmic membrane and its decreased or absent degree of connection to the outer
membrane have led to an alternative way of cell division in these organisms that divide
through budding.

All in all, the results presented in this thesis together with results in other Planctomycetes
(Jeske et al, 2015) have unveiled (anammox) Planctomycetes as Gram-negative bacteria. The
results show that (anammox) Planctomycetes are still special within the Gram-negative
bacteria, with respect to their cell division mechanisms and, in case of many non-anammox
Planctomycetes, the unusual curvature of their cytoplasmic membrane that seems to be less
closely linked to the outer membrane than in other Gram-negatives. This leaves the floor to
much more in-depth studies into the cell biology of (anammox) Planctomycetes, which will
undoubtedly provide many interesting and unexpected discoveries that enhance the
understanding of these fascinating organisms. Recent and present developments allowing
the use of P. limnophila as both a genetically amendable model organism and a source for
heterologous expression of proteins for other Planctomycetes (Jeske, van Teeseling, Jogler,
van Niftrik, unpublished results) is expected to be of crucial importance in these studies.
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