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Summary

Anaerobic ammonium oxidizing (anammox) bacteria
oxidize ammonium with nitrite to nitrogen gas in the
absence of oxygen. These microorganisms form a
significant sink for fixed nitrogen in the oceans and the
anammox process is applied as a cost-effective and
environment-friendly nitrogen removal system from
wastewater. Anammox bacteria have a compartmen-
talized cell plan that consists of three separate com-
partments. Here we report the fractionation of the
anammox bacterium Kuenenia stuttgartiensis in order
to isolate and analyze the innermost cell compartment
called the anammoxosome. The subcellular fractions
were microscopically characterized and all mem-
branes in the anammox cell were shown to contain
ladderane lipids which are unique for anammox bac-
teria. Proteome analyses and activity assays with the
isolated anammoxosomes showed that these orga-
nelles harbor the energy metabolism in anammox
cells. Together the experimental data provide the first
thorough characterization of a respiratory cell orga-
nelle from a bacterium and demonstrate the essential

role of the anammoxosome in the production of a
major portion of the nitrogen gas in our atmosphere.

Introduction

Anaerobic ammonium oxidizing (anammox) bacteria
convert ammonium and nitrite to nitrogen gas in the
absence of oxygen. They play an important role in the
global nitrogen cycle (Kuypers et al., 2005) and are applied
for the sustainable removal of nitrogen compounds
from wastewater (Kartal et al., 2010). In the laboratory,
anammox bacteria are grown either as cell aggregates in
so-called sequencing batch reactors (Strous et al., 1998)
or as planktonic cells in membrane bioreactors in which
they have been enriched up to 98% (van der Star et al.,
2008). Since they are not yet available in pure culture, all
anammox species have the status of Candidatus, which
will be omitted in this article for the sake of clarity. The
ultrastructure of anammox cells differs from that of other
bacteria. The cell wall is hypothesized to lack both pepti-
doglycan and an outer membrane typical of Gram-negative
bacteria. It instead consists of an S-layer on top of
the outermost membrane (van Teeseling et al., 2013).
Anammox cells are divided into three compartments. The
outermost (ribosome-free) compartment is called the par-
yphoplasm, which completely surrounds the middle com-
partment, the riboplasm, containing the DNA and the
ribosomes. The majority of the volume of an anammox cell
is taken up by a central cell organelle called the anam-
moxosome (Lindsay et al., 2001; van Niftrik et al., 2004)
(Fig. 1). Transmission electron microscopy (TEM) on
anammox bacteria showed that the anammoxosome
membrane is highly curved and appears to form no links
with the other membranes of the cell (van Niftrik et al.,
2008a,b). In addition, the anammoxosome has been
shown to contain tubule-like structures (Lindsay et al.,
2001) of unknown identity and iron-containing particles
(van Niftrik et al., 2008b). The anammoxosome is unique
for anammox bacteria (see van Niftrik and Jetten, 2012 for
a review) and thought to be dedicated to the energy
metabolism of the anammox cell, i.e. it harbors the
anammox reaction. This hypothesis is based on observa-
tions made by TEM: a stain for cytochrome c proteins which
are believed to include most enzymes involved in the
anammox reaction, indicated that all cytochrome c proteins
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of the cell reside inside of the anammoxosome (van Niftrik
et al., 2008a). Additionally, the final enzyme from the
anammox reaction, i.e. a hydroxylamine oxidoreductase
(HAO)-like octaheme enzyme, was localized exclusively to
the matrix of the anammoxosome using immunogold
localization (Lindsay et al., 2001). By the same technique
an ATPase was shown to be present on the anammoxo-
some membrane (van Niftrik et al., 2010; Karlsson et al.,
2014).

The current model for the anammox reaction within the
anammoxosome involves three coupled reactions, which
are interconnected by a cyclic electron flow, and the two
intermediates hydrazine (N2H4) and nitric oxide (NO)
(Kartal et al., 2011b). First, nitrite is reduced to NO via a
nitrite-reducing enzyme which is hypothesized to be NirS in
Kuenenia stuttgartiensis. This is followed by the conden-
sation of NO and ammonium into hydrazine. The formation
of hydrazine and the enzyme HZS are thought to be unique
for anammox bacteria. The oxidation of hydrazine to N2 by
hydrazine dehydrogenase (HDH) yields four electrons.
These electrons then enter the electron transport chain
after which three electrons are used for hydrazine synthe-
sis and one for nitrite reduction to NO (Kartal et al., 2011b).
The electron transport chain is proposed to lead to the
establishment of a proton motive force (pmf) across
the anammoxosome membrane. The pmf is then used to
synthesize ATP by the ATP synthases located inside
the anammoxosome membrane (van Niftrik et al., 2010;
Kartal et al., 2011b; Karlsson et al., 2014). The activity of
anammox bacteria is usually demonstrated by incubation
with substrates labeled with the heavier stable isotope of
nitrogen (15N). When 15N-ammonium and 14N-nitrite are
supplied in the absence of oxygen, N2 with an atomic mass
of 29 (15N-14N) is produced. To date, anammox bacteria are

the only known organisms capable of this reaction and the
production of 29N2 from nitrite and ammonium is therefore
characteristic for anammox bacteria (van de Graaf et al.,
1995; Kartal et al., 2011a).

The membrane of the anammoxosome is thought to be
enriched in specialized lipids called ladderanes, which
have not been found in other organisms besides
anammox bacteria (Sinninghe Damsté et al., 2002). The
linearly concatenated cyclobutane moieties in the fatty
acids have a ladder-like arrangement that is thought to
decrease the permeability in comparison with conven-
tional biomembranes. Their function might be to form a
diffusion barrier in order to limit the energy loss from
passive diffusion of the pmf and reaction intermediates
over the anammoxosome membrane (van Niftrik et al.,
2004). Previously, anammoxosomes were enriched from
the anammox bacterium Brocadia anammoxidans grown
in a sequencing batch reactor as aggregated cells
(Sinninghe Damsté et al., 2002). However, the yield of
isolated anammoxosomes was low and their separation
from intact anammox cells was problematic. For this
reason activity assays and proteome analyses could not
be performed on these isolated anammoxosomes.

In the present study we developed a method to produce
and separate subcellular fractions of the anammox bacte-
rium K. stuttgartiensis with a very high yield. With this
method we obtained isolated anammoxosomes and
anammox cells lacking the paryphoplasm and cell wall, i.e.
consisting of the anammoxosome and the riboplasm. We
characterized these subcellular fractions using (immuno-)
fluorescence microscopy and TEM as well as lipid
and proteome analyses. In addition, we tested whether
isolated anammoxosomes were capable of performing the
anammox reaction. The results strongly support the role of
the anammoxosome in energy conservation of anammox
bacteria and provide one of the first in-depth characteriza-
tions of a prokaryotic cell organelle.

Results and discussion

Enrichment, separation, and imaging of
subcellular fractions

Cells of an enrichment culture of K. stuttgartiensis (van der
Star et al., 2008; Kartal et al., 2011a) were partially frac-
tionated by treatment with EDTA and glass bead milling,
followed by a separation by Percoll density gradient cen-
trifugation. This resulted in three separate fractions
(Fig. S1). The presence of anammoxosomes and DNA in
the fractions obtained by the Percoll gradient centrifugation
was investigated by (immuno)fluorescence microscopy
(Fig. S2) and TEM (Fig. 2). This revealed that the majority
of cellular material in the lowest band from the Percoll
density gradient consisted of intact anammox cells. In

Fig. 1. Schematic representation of the cell plan of anammox
bacteria. OM, outermost membrane; ICM, intracytoplasmic
membrane; AM, anammoxosome membrane.

K. stuttgartiensis anammoxosome characterization 795

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 94, 794–802



intact anammox cells (Fig. 2A) all three cell compartments
were distinguishable and the S-layer of the cell wall was
often visible on the outside of the cell. Approximately 10%
of the anammox cells in the lowest band exhibited an
enlarged paryphoplasm or had lost this outermost cell
compartment (Table 1). The middle band from the Percoll
density gradient contained no intact anammox cells. It
consisted mainly of anammoxosomes surrounded by the
riboplasm (86%) (Fig. 2B). The anammoxosome was
greatly enlarged resulting in a decreased curvature of the
anammoxosome membrane. A considerable portion of the
contents of this fraction appeared to be damaged as was
evident from ruptured membranes (Table 1). This fraction
also contained a minority (12%) of presumably isolated
anammoxosomes. These entities were bound by a single
bilayer membrane that was slightly curved. In the upmost
band from the Percoll density gradient, isolated anammox-
osomes comprised 88% of the contents of the sample. The
remaining contents of the upmost Percoll fraction either

were bacteria that did not belong to the anammox bacteria
(8%), as evident from their cell shape and ultrastructure, or
were anammoxosomes surrounded by a damaged ribo-
plasm (4%) (Table 1).

The isolated anammoxosomes were often completely
round with a single, intact bilayer membrane (Fig. 2C and
Fig. S3). The function of the curvature of the anammoxo-
some membrane is thought to be similar to the one of the
inner mitochondrial membrane, which is also highly
curved, or of membrane stacks in other bacterial species
(van Niftrik et al., 2004). Membrane curvature increases
the surface that can harbor catabolic enzymes and thereby
increase metabolic rates. The mechanism by which the
anammoxosome membrane is bent is unknown. It has
been hypothesized that the anammoxosome membrane is
actively bent either by a cytoskeleton, membrane proteins,
specialized lipids, or by a passive mechanism such as
osmotic pressure (Fuerst, 2005; van Niftrik et al., 2008b).
The observation that the curvature is lost in both isolated

Fig. 2. Transmission electron microscopy on ultra-thin sections of high-pressure frozen, freeze-substituted, epon-embedded, and ultra-thin
sectioned (A) intact K. stuttgartiensis cells, (B) anammoxosomes surrounded by the riboplasm, and (C) isolated anammoxosomes. Note the
presence of tubule-like structures and iron-containing particles typical of anammoxosomes. Scale bars: 200 nm.

Table 1. Contents of the upmost and middle band from the Percoll density gradient after separation of the subcellular fractionation products.

Upmost
Percoll band

Middle
Percoll band

Intact
K. stuttgartiensis
cells

Isolated anammoxosome 85.8% 12.3% 0%
Damaged isolated anammoxosome 2.3% 0% 0%
Anammoxosome surrounded by a damaged riboplasm 4.0% 0% 0%
Anammoxosome surrounded by an intact riboplasm 0% 55.1% 0%
Damaged anammoxosome surrounded by riboplasm 0% 31.3% 0%
Intact anammox cell with enlarged paryphoplasm 0% 0.5% 9.9%
Intact anammox cell 0% 0% 88.8%
Non-anammox bacterium 7.9% 0.9% 1.3%

Control cells from the enrichment culture of K. stuttgartiensis used as starting material were analyzed as well. Samples were evaluated by TEM
after chemical fixation, epon-embedding and ultra-thin sectioning (n = appr. 600).
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anammoxosomes and anammoxosomes surrounded by
the riboplasm does not support the involvement of mem-
brane proteins or specialized lipids, because neither lipid
nor the protein composition of the anammoxosome mem-
brane is altered by the removal of the cell wall and the
paryphoplasm. A cytoskeleton present on either the inside
or the outside of the anammoxosome membrane might be
disturbed by the isolation procedure. The osmotic pressure
could be a key factor influencing the loss of curvature,
because the osmotic value of the medium surrounding the
anammoxosome is likely to have been changed upon
isolation from the cell. It is noteworthy that the anammoxo-
some membrane was already seen to lose its curvature
after the removal of the cell wall and the paryphoplasm.
This indicates either that the paryphoplasm, as the outer-
most cell compartment, plays an important role in the
osmotic regulation of the cell, or that the cell wall has a
function in constraining the hyperosmotic contents of the
anammox cell.

The isolated anammoxosomes also frequently exhib-
ited tubule-like protein structures and round, electron-
dense particles which resembled the iron-rich particles
that were previously observed in anammoxosomes (van
Niftrik et al., 2004; 2008b). In addition, the DNA of the cell
was seen by fluorescence microscopy to remain attached
to the outside of the isolated anammoxosomes, but to
lose its characteristic crescent shape (Fig. S2). In previ-
ous TEM observations of anammox bacteria, the DNA
always appeared in close association to the outside of the
anammoxosome membrane and retained this close asso-
ciation during cell division (van Niftrik et al., 2004; Fuerst,
2005). A possible function for this attachment could be a
coordinated partitioning of the DNA and the central cell
organelle during the division of the anammox cell.

Lipid analysis

Anammox cell fractions were hydrolyzed and lipids were
analyzed by gas chromatography-mass spectrometry
(GC/MS). The lipid composition, expressed as the per-
centage of total lipids detected, showed only small differ-
ences between the three cell fractions (Table 2). Several
saturated and ladderane fatty acids, mixed n-alkyl/
ladderane diethers, and bacteriohopanetetrol, the bacte-
rial equivalent of sterols thought to play a role in the
regulation of membrane fluidity, were detected in all cell
fractions (Sinninghe Damsté et al., 2004; Rattray et al.,
2008). The analysis of the intact polar lipids (IPLs) by
high-performance liquid chromatography-electrospray
ionization- ion trap mass spectrometry (HPLC-ESI-MSn)
led to the equal detection of ladderane IPLs with phos-
phocholine (PC), phosphoethanolamine (PE) and phos-
phoglycerol (PG) head groups, previously identified in
anammox enrichment cultures (Boumann et al., 2006) in

all three cell fractions (Fig. S4).The anammoxosome
membrane of the anammox bacterium B. anammoxidans
has been reported to be enriched in ladderane lipids
(Sinninghe Damsté et al., 2002). In contrast, our experi-
ments with K. stuttgartiensis indicated that the lipid com-
position did not differ strongly between the three
membranes of the cell. The major difference between the
two studies was that from the K. stuttgartiensis cells
anammoxosomes could be isolated in higher quantities
and purity. The equal distribution of ladderanes across the
three membranes does not exclude that their function in
K. stuttgartiensis is to restrict passive diffusion. The pres-
ence of these specialized lipids, found only in bacteria
capable of the anammox reaction, strongly suggests that
they play a vital role in this process. However, the results
indicate that there is no sorting mechanism for ladderane
lipids in K. stuttgartiensis cells.

Proteome analysis

Extracted proteins from three independent preparations of
the subcellular fractions and intact cells of K. stuttgartien-
sis were separated by SDS-PAGE and analyzed by
shotgun proteomics using reversed phase nano flow
liquid chromatography and online tandem mass spec-
trometry (nLC-MS/MS). The acquired data were used to
identify proteins and to determine the relative abundance
of each protein in all subcellular fractions. Only proteins
that were quantified using at least three unique peptides
and with a significant abundance difference between
either of the subcellular fractions (ANOVA, P < 0.05) were
selected for further analysis. By one dimensional hierar-
chical clustering of all selected proteins (Pearson’s corre-
lation metric and average linkage distance), a proteome

Table 2. Relative abundance (% of total) of the lipids of the subcel-
lular fractions or intact cells of K. stuttgartiensis after base hydrolysis.

Lipids after base hydrolysis
Intact
cells

amxs with
riboplasm

Isolated
amxs

isoC14 FA 1.7 1.8 1.8
C14:0 FA 7.4 7.8 7.6
isoC16 FA 3.2 2.9 3.2
C16:0 FA 12.3 10.0 12.8
10MeC16 FA 10.3 11.2 11.6
C18 lad. FAs 6.4 7.3 7.7
C20 lad. FAs 15.8 17,9 17.6
Squalene 2.3 2.3 2.6
Lad. glycerol mE 29.0 29.3 27.4
Diplopterol 0.5 0.3 0.4
isoC14/C20 lad. glycerol diE 2.4 2.0 1.5
C14/C20 lad. glycerol diE 5.2 4.5 3.3
C16/C20 lad. glycerol diE 2.0 2.0 1.4
Bacteriohopanetetrol 1.5 0.7 2.1

FA, fatty acid; mE, monoether; diE, diether; Lad., ladderane; amxs,
anammoxosomes.
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for the anammoxosome and the riboplasm could be gen-
erated (Table S1). In the analysis 269 proteins were
detected, of which 113 were unambiguously assigned to a
cell compartment. For the remaining proteins the assign-
ment was not significant (P > 0.05).

The proteins hypothesized to be responsible for the
anammox reaction, i.e. NirS, HZS, several HAO-like pro-
teins, among which the dedicated HDH (Kartal et al.,
2011b), as well as all classified heme proteins, were all
assigned to the anammoxosome. This is in agreement
with the evidence gathered from previous localization
studies using TEM (Lindsay et al., 2001; van Niftrik et al.,
2008a; 2010). Subunits of a bc1-complex and an F-type
ATPase, and a nitrite oxidoreductase (NXR), were also
assigned to this central cell compartment. The genome of
K. stuttgartiensis contains several different operons
encoding for bc1-complexes and ATPases (Strous et al.,
2006). The subunits detected in the present analysis
belong to the bc1-complex (kuste4569–4574) and the
F-type ATPase (kuste3787–3796) that have previously
been shown to be the most highly expressed ones (Kartal
et al., 2011b). The protein complex NXR is thought to be
responsible for the production of nitrate that always
accompanies anammox activity (van de Graaf et al.,
1997; Strous et al., 1998). NXR probably generates elec-
trons that replenish the ones invested in carbon fixation
derived from the oxidation of hydrazine (van de Graaf
et al., 1997; Strous et al., 2006). Moreover, a few DNA-
associated proteins were assigned to the anammoxo-
some as expected because DNA was observed to remain
attached to the outside of isolated anammoxosomes and
was not removed before proteome analysis.

The proteins assigned to the riboplasm consisted for a
great part of enzymes involved in protein biosynthesis
(50%) and in the metabolism of carbon compounds (11%).
This is in agreement with previous TEM observations,
which localized the DNA and ribosomes to this compart-
ment (Lindsay et al., 2001) and showed the presence of
glycogen granules (van Niftrik et al., 2008a).

Anammox activity assays

The cells from the K. stuttgartiensis enrichment culture
were purified before anammoxosome isolation in order to
remove non-anammox species that could disturb activity
measurements. The isolated anammoxosomes produced
29N2 from 15N-ammonium and 14N-nitrite at very low rates
(0.09 ± 0.04 μmol 29N2 min−1 g protein−1). However, in the
presence of hydrazine, the conversion of 15N-ammonium,
and 14N-nitrite to 29N2 by the isolated anammoxosomes was
observed at much higher, albeit variable, rates (Fig. 3). In
this case, the average and maximum conversion rates
were 13 ± 7.5 μmol 29N2 min−1 g protein−1 and 29 μmol 29N2

min−1 g protein−1 respectively. The addition of hydrazine is

not required for the activity of intact anammox cells. These
have been shown to convert 15N-ammonium and 14N-nitrite
to 29N2 under anoxic conditions with a rate of approximately
30 μmol N2 min−1 g protein−1 (Kartal et al., 2011b). In the
present assay, purified intact anammox cells converted
15N-ammonium and 14N-nitrite to 29N2 in the absence of
hydrazine with a maximum conversion rate of 36 μmol 29N2

min−1 g protein−1 (Fig. S5).
Hydrazine was previously shown to restore anammox

activity in intact anammox cells inhibited by high nitrite
concentrations (Strous et al., 1999). In isolated anammox-
osomes, the need for hydrazine as an external electron
source is likely due to the absence of the surrounding cell
compartment, i.e. the riboplasm, which will have a multi-
tude of effects: electron acceptors inside the riboplasm,
such as NAD+ and ferredoxins, and the entire carbon
fixation pathway presumed to take up electrons from the
hydrazine oxidation, are not available and for this reason
the electron flow in the electron transport chain is likely to
be impaired. The high fluctuation in the rate of anaerobic
ammonium oxidation by the isolated anammoxosomes
was probably dependent on the state of the isolated orga-
nelles. The latter might be subject to change due to varia-
tions in the enrichment culture of K. stuttgartiensis and the
stress conditions the cells undergo through the isolation
protocol.

Lyzed anammox cells could not convert ammonium and
nitrite to N2, as previously reported (Kartal et al., 2011b).
The addition of hydrazine to these incubations led to the
production of only small amounts of 29N2 with an average
rate of 0.4 ± 0.3 μmol 29N2 min−1 g protein−1 and a
maximum conversion rate of 0.8 μmol 29N2 min−1 g

Fig. 3. The production of 29N2 (nmol) over time (min) by isolated
anammoxosomes (squares) or cell lysate (triangles) of K.
stuttgartiensis cells. Incubations were performed in the presence of
15N-ammonium, 14N-nitrite, and 14N14N-hydrazine (filled markers) or
only 14N14N-hydrazine (open markers). When only 14N14N-hydrazine
is present, no 29N2 is produced by both cell lysate and isolated
anammoxosomes. In the presence of 15N-ammonium, 14N-nitrite,
and 14N14N-hydrazine only the isolated anammoxosomes (filled
squares) are capable of producing 29N2. Error bars indicate
standard deviations (n = 2).
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protein−1. Hydrazine itself was oxidized to dinitrogen gas by
the isolated anammoxosomes and cell lysate, as evident
from the production of 30N2 when 15N15N-hydrazine was
supplied (Fig. 4).

Although cell lysate should contain all necessary
enzymes to perform the anammox reaction, it is thought
that the metabolic enzymes inside the anammoxosome
need to form tight associations in order to be active (Kartal
et al., 2011b). These associations were probably lost
during cell lysis, but appear to remain intact in isolated
anammoxosomes.

Concluding remarks

Here we report the first characterization of a respiratory cell
organelle from a prokaryotic organism. The isolation of the
anammoxosome from the compartmentalized anammox
bacterium K. stuttgartiensis was consistent with the anam-
moxosome being a truly independent cell organelle without
permanent membrane connections to the other cell com-
partments, as was suggested earlier based on transmis-
sion electron tomography of anammox bacteria (van Niftrik
et al., 2008b). Future research will be focused on demon-
strating the presence of a pmf over the anammoxosome
membrane and the capacity of isolated anammoxosomes
to synthesize ATP. Furthermore, the existence of ladder-
ane lipids in anammox cells is expected to be essential for
the anammox process, but the nature of their function
inside the membranes of the cell is still speculative and the
pathway used for ladderane synthesis is unknown (Rattray
et al., 2009). Owing to its multitude of unique features, the
anammox cell is also highly interesting from an evolution-
ary point of view. Based on the present and past findings,

it is highly likely that the anammoxosome is an independ-
ent cell organelle dedicated to energy conservation, analo-
gous to mitochondria in eukaryotic organisms. However,
unlike mitochondria, the anammoxosome is more likely to
have evolved by invagination of the intracytoplasmic mem-
brane rather than an endosymbiotic event. This is sup-
ported by the observations that the anammoxosome
membrane is a single lipid bilayer membrane and is alike in
lipid composition to the other two membranes of the
anammox cell. Further research regarding the origin of the
anammoxosome might thus provide valuable insights into
the evolution of cell compartmentalization and metabolic
specialization in bacteria.

Experimental procedures

Subcellular fractionation of K. stuttgartiensis

Biomass from a planktonic enrichment culture of K. stutt-
gartiensis (van der Star et al., 2008; Kartal et al., 2011a)
(approximately 98.5% enrichment) was collected by centrifu-
gation at 2200 g for 15 min at 4°C. The collected biomass
was washed in phosphate-buffered saline (PBS; 0.8 g l−1

NaCl, 0.02 g l−1 KCl, 0.144 g l−1 K2HPO4 and 0.024 g l−1

KH2PO4, pH 7.4), and suspended in isolation buffer (0.2 mM
EDTA, 20 mM Tris-Cl pH 6.6, 250 mM sucrose). Glass bead
milling was performed at 20 Hz for 45 s after the addition of
approximately 300 mg glass beads (Ø 0.5 mm). Samples
were then transferred on top of a 1:1 mixture of Percoll (GE
Healthcare) and 0.1 M HEPES buffer (pH 6.8) with a final
concentration of 0.25 M sucrose and centrifuged at 48 000 g
for 25 min at 10°C. The separate bands from the gradient
were collected and washed with 0.1 M HEPES (pH 6.8) con-
taining 0.25 M sucrose.

(Immuno)fluorescence microscopy

Percoll-derived fractions from the subcellular fractionation
and untreated biomass were fixed in 3% paraformaldehyde/
0.25 M sucrose for 2 h. Immunofluorescence was essentially
performed as described previously (van Niftrik et al., 2010),
using a 100 × diluted antibody against an HAO-like protein
(Lindsay et al., 2001) as primary antibody. Fluorescence
microscopy was performed on a Zeiss Axioplan 2 epifluores-
cence microscope. DNase treatment was performed after
fixation of Percoll-derived fractions in 3% paraformaldehyde
with 0.25 M sucrose for 2 h. Samples were washed with
50 mM HEPES pH 6.8 and incubated in 1 × DNase reaction
buffer (Fermentas) for 1 h at room temperature with 10 u
DNase I (Fermentas). Samples were then washed with
50 mM HEPES pH 6.8 and prepared for immunofluorescence
microscopy.

Transmission electron microscopy

The samples from the Percoll density gradient and untreated
biomass were pelleted by centrifugation at 3000 g. High-
pressure freezing, freeze-substitution, epon-embedding,

Fig. 4. The production of 30N2 (nmol) over time (min) by isolated
anammoxosomes (filled markers) or cell lysate (open markers) of
K. stuttgartiensis cells. Incubations were performed in the presence
of 15N-ammonium and 14N-nitrite (diamonds), only 15N15N-hydrazine
(squares), or 15N-ammonium, 14N-nitrite and 15N15N-hydrazine
(triangles). Both isolated anammoxosomes and cell lysate produce
30N2 from the oxidation of 15N15N-hydrazine (squares and triangles).
The rate of hydrazine oxidation appears to be increased when
ammonium and nitrite are present in the assay (triangles). Error
bars indicate standard deviation (n = 2).
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sectioning, and post-staining were performed as described
previously (van Niftrik et al., 2008b). Sections were investi-
gated with a Jeol Jem1010 transmission electron microscope.

Lipid analysis

The subcellular fractions were prepared as described
above. Untreated biomass was pelleted by centrifugation at
2200 g for 15 min at 4°C. The samples were washed five
times in 0.1 M HEPES pH 6.8/0.25 M sucrose, frozen to
−80°C for 1 h, and subsequently freeze-dried. Lyophilized
cells and subcellular fractions were hydrolyzed with 1 N
KOH in methanol (MeOH) (96%) by reflux for 1 h. The pH of
the hydrolysate was adjusted to 4 with 2N HCl (H2O-MeOH
1:1) and water was added to a final 1:1 ratio of H2O-MeOH.
The hydrolysate was subsequently extracted three times
with dichloromethane (DCM). The obtained DCM-extract
was dried over sodium sulfate and methylated with
diazomethane. An aliquot of the extract was silylated with
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and ana-
lyzed by gas chromatography (GC) and GC/mass spectrom-
etry (MS) as described elsewhere (Sinninghe Damsté et al.,
2011).

Intact polar lipid analysis

Intact polar lipids (IPLs) were extracted by a modified Bligh
and Dyer method (Rutters et al., 2002). The freeze-dried cells
and subcellular fractions were extracted three times with a
DCM/MeOH/phosphate buffer (pH 7) (1:2:0.8 v/v/v) solvent
mixture and subsequently DCM and phosphate buffer were
added to obtain a DCM layer. After centrifugation the DCM
layer was pipetted off and the MeOH/phosphate buffer-layer
was washed twice more with DCM. The DCM extract was
dried under nitrogen and the residue was dissolved in a
mixture of hexane/2-propanol/H2O (718:271:10, v/v/v) and
filtered through a 0.45 μm regenerated cellulose filter and
analyzed by high-performance liquid chromatography-
electronspray ionization- ion trap mass spectrometry (HPLC-
ESI/IT/MS) according to the method of Sturt et al. (2004) with
some modifications (Sinninghe Damsté et al., 2011).

Proteome analysis

Samples derived from independent triplicates from the sub-
cellular fractionation were collected from the Percoll density
gradient and were washed five times in 0.1 M HEPES pH
6.8/0.25 M sucrose. The collected samples and untreated
biomass were suspended in a solution containing 8 M urea,
100 mM Tris-HCl (pH 8) and a protease inhibitor cocktail
(Roche) and sonicated on ice for three consecutive times for
20 s. After incubation at room temperature and centrifugation,
the protein concentration of the supernatants was determined
using the Bradford protein assay (Bio-Rad). For each sample
an equal amount of total protein was separated by SDS-
PAGE. The individual lanes from the Coomassie blue stained
gel were separated into the highly abundant proteins, low
abundant high-molecular-weight proteins, and low abundant
low-molecular-weight proteins. Gel slices were cut into small

cubes and subjected to tryptic in-gel digestion as described
previously (Wessels et al., 2013).

Liquid chromatography – tandem mass spectrometry (LC-
MS/MS) experiments were performed using a nano flow
liquid chromatograph (EASY nano-LC, Thermo Scientific)
coupled online to a hybrid 7 Tesla linear ion trap quadrupole
Fourier-transform ion cyclotron resonance mass spectrom-
eter (LTQ FT Ultra, Thermo Fisher Scientific). Peptides were
separated on a 0.1 × 150 mm electrospray emitter (New
Objective, PicoTip Emitter, FS360-100-8-N-5-C15) packed
in-house with ReproSil-Pur C18AQ 3 μm 140 Å resin (Dr.
Maisch) using a 7–35% ACN gradient in 0.1% formic acid at
300 nl min−1 in 60 min. Intermittent blank injections were per-
formed to minimize carry-over effects between samples.
Measurements were performed in positive ion mode as
described previously (Wessels et al., 2011).

After peptide and protein identification (1% maximum false
discovery rate), label free quantitation (LFQ) using MaxQuant
(Cox and Mann, 2008) software and an in-house curated
protein sequence database of K. stuttgartiensis (RefSeq)
was performed. Proteins with at least three quantified
unique + razor peptides were analyzed (Saeed et al., 2003)
and normalized for visualization purposes as described previ-
ously (Wessels et al., 2013). A single class, three group analy-
sis of variance (ANOVA; P < 0.05) was used to determine
differences in abundance in any of the three samples (n = 3).
A HCL dendrogram was generated by single dimensional
hierarchical clustering analysis (optimized nodes, Pearson’s
correlation metric, average linkage) and separate clusters
were arbitrarily selected. In addition, signal peptide sequences
(Hiller et al., 2004) and TAT sequences (Bendtsen et al., 2005)
were predicted.

Activity assays

Anammox cells were purified from non-anammox cells in a
Percoll density gradient consisting of 78% Percoll in 12 mM
HEPES buffer pH 6.8 and 0.25 M sucrose. Centrifugation
was performed at 10 000 g for 8 min. The purified anammox
cells were used for subcellular fractionation as described
above and isolated anammoxosomes were suspended in
0.1 M HEPES pH 6.8 containing 0.15 M NaCl. Cell lysate was
prepared by lysis of anammox cells suspended in 0.1M
HEPES/0.15 M NaCl using a French pressure cell. Activity
was measured by incubation of isolated anammoxosomes,
cell lysate or intact purified anammox cells under anoxic
conditions (97.5% Ar/2.5% He) in anammox culture medium
(Kartal et al., 2011a) with 0.15 M NaCl containing 100 μM
15N-ammonium chloride, 100 μM 14N-sodium nitrite and
50 μM 15N15N-hydrazinium sulfate at 1 bar overpressure. The
abundance of 28N2, 29N2 and 30N2 in the gas phase was ana-
lyzed by gas chromatography/mass spectrometry using an
Agilent 6890 gas chromatograph coupled to a 5975C MS
detector. The protein determinations for rate calculations
were performed as described earlier (Strous et al., 1998).
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