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Summary

Anaerobic ammonium-oxidizing (anammox) bacteria are versatile chemolithoautotrophs
that are ubiquitously present in nature and contribute substantially to the global release
of fixed nitrogen to the atmosphere. Due to its advantages over conventional nitrogen
removal strategies, the anammox process finds application in the wastewater treatment
technology. Anammox bacteria make a living by oxidizing ammonium with nitrite as the
terminal electron acceptor under anoxic conditions. The anammox pathway proceeds via
three enzymatic steps with nitric oxide and hydrazine as intermediates. These processes
take place within the anammoxosome, a subcellular organelle, and heavily rely on c-type
cytochrome proteins. The research presented in this thesis focuses on the biochemistry
of anaerobic ammonium oxidation in general and, more specifically, the enzymology of

the main catabolic pathway of the anammox bacterium Kuenenia stuttgartiensis.

The first chapter of this thesis presents the microbial nitrogen cycle in a nutshell and
offers an overview of the phylogeny, cell biology, biochemistry, and bioenergetics of
anammox bacteria as we conceive it thus far. In the second chapter, the importance of
iron as a central protein cofactor within anammox cells is highlighted. Existing concepts
of iron uptake, utilization, and metabolism are combined with genomic and, still limited,
biochemical and physiological data on anammox bacteria to propose pathways these
bacteria may employ. In the third chapter, comparative computational methods were
applied to determine the maturation pathway catalyzing the assembly of functional c-type
cytochromes in four anammox genera. One complete set of cytochrome ¢ maturation
system Il machinery was identified in each anammox genome, presumably residing on the
anammoxosome membrane. The fourth chapter describes the elucidation of the crystal
structure of hydrazine synthase, the enzyme catalyzing the second step of the catabolic
anammox pathway. Based on our current understanding, a molecular mechanism for
biological hydrazine synthesis is proposed: first, a three-electron reduction of nitric
oxide to hydroxylamine occurs at the active site of the y-subunit, and its subsequent
condensation with ammonia yields hydrazine at the active site of the a-subunit. The
fifth chapter describes the purification and characterization of a soluble cytochrome
that is postulated to be the redox partner of hydrazine synthase. The spectroscopic and
redox properties of the purified protein were studied and its interaction with hydrazine
synthase was probed. Interestingly, a compressed heme-binding motif that had not
been reported before for native cytochromes was identified in this study for the first
time. The sixth chapter describes the purification and characterization of a multiheme
enzyme belonging to the hydroxylamine oxidoreductase protein family. This protein

exhibits reductive catalytic properties and is suggested to act as a nitrite reductase in



the anammox cell. In the seventh chapter, the main findings of this thesis are integrated
and some of the open questions within anammox research are discussed.

Samenvatting

Anaérobe ammonium oxiderende (anammox) bacterién zijn veelzijdige chemo-litho-
autotrofe micro-organismen die algemeen voorkomen in de natuur en een aanzienlijke
bijdrageleverenaanhetretournerenvanvastgelegdevormenvanstikstofaandeatmosfeer.
Door de voordelen ten opzichte van conventionele vormen van stikstof verwijdering,
vindt de anammox bacterie ook toepassing in afvalwaterzuiveringsinstallaties. Anammox
bacterién leven van het oxideren van ammonium, met nitriet als uiteindelijke electron
acceptor, onder zuurstofvrije omstandigheden. Stikstofmonoxide en hydrazine zijn
intermediairen van het anammox proces, dat plaatsvindt in het anammoxosoom (een
prokaryotisch organel) en sterk afhankelijk is van cytochroom c-bevattende eiwitten.
Het onderzoek dat in dit proefschrift wordt gepresenteerd belicht de biochemie van
anaerobe ammoniumoxidatie en de enzymologie van het voornaamste katabolisme van

de anammox bacterie Kuenenia stuttgartiensis.

Hoofdstuk 1 van dit proefschrift bevat een beknopte beschrijving van de bacteriéle
stikstofcyclus, en een overzicht van het begrip van de fylogenie, celbiologie, biochemie
en bio-energetica van de anammox bacterie. In hoofdstuk 3 wordt de rol van ijzer als
essentieel element in de anammox eiwitten toegelicht. Het bestaande begrip van hoe
organismen ijzer opnemen, benutten en omzetten wordt gecombineerd met genomische
gegevens en, op dit moment beperkte, fysiologische en biochemische data over deze
processen in anammox bacterién. Deze analyse schetst een beeld van hoe anammox
bacterién ijzer verwerken. Hoofdstuk 2 omschrijft een bio-informatica analyse, in vier
verschillende anammox bacterién, van de cellulaire systemen die verantwoordelijk zijn
voor het incorporeren van heem in cytochroom c eiwitten. Deze organismen blijken de
genomische informatie te bevatten voor een volledig ‘Systeem II’ voor het produceren
van deze cytochromen, en naar alle waarschijnlijkheid bevinden zich de componenten
van dit systeem in het anammoxosoom membraan. In hoofdstuk 4 wordt de kristal
structuur van hydrazine synthase, het enzym dat de tweede stap van het anammox
proces katalyseert, beschreven. In dit hoofdstuk wordt een moleculair mechanisme voor
de synthese van hydrazine voorgesteld. Om te beginnen worden drie elektronen gebruikt
om stikstofmonoxide te reduceren tot hydroxylamine, wat gebeurt op de ‘y-subunit’
van dit eiwit. Vervolgens wordt hydroxylamine op de ‘a-subunit’ gecondenseerd met

ammonium, waarbij hydrazine gevormd wordt. Hoofdstuk 5 beschrijft de zuivering en
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karakterisering van een klein oplosbaar cytochroom eiwit, waarvan vermoed wordt dat
deze de redox partner van hydrazine synthase is. Middels verschillende spectroscopische
technieken zijn de redox eigenschappen en de interactie met hydrazine synthase, van
het gezuiverde eiwit, onderzocht. Voorts blijkt dat dit eiwit een tot nu toe onbekend
heem bindingsmotief bevat. Hoofdstuk 6 beschrijft de zuivering en karakterisatie van
een multiheem enzym uit de hydroxilamine oxidoreductase familie. Dit eiwit heeft een
reducerende functie, en speelt in de anammox cel vermoedelijk een rol in de reductie
van nitriet tot stikstofmonoxide. Hoofdstuk 7 omvat de integratie van de voornaamste
bevindingen uit dit proefschrift en bediscussieerd verschillende resterende vraagstukken
met betrekking tot anammox onderzoek.

NepiAnyn

Ta Baktipla, Ta omoia KAtaAUouv TNV avoepoPla ofeldwon OUHWVIOKWY LOVIWV
(anammox), eival gumpoodppootol, XnUeloABoauToTPodOL ULKPOOPYAVIoHOL Ttou
QTAVTWVTOL EUPEWG 0TN PUOoN Kal CUMBAAAOUV OUCLACTIKA OTNV amneAeubeépwon
agplov alwtou otnv atpoodalpa. H Stadikacio anammox Bplokel eupeia ebapuoyn
oTnV BLOAOYLKN KOTEPYAOIQ LYPWYV, AOTLKWY KOL BLOMNXAVIKWY, armoBARTwY Adyw Twv
TIAEOVEKTNUATWY TNG €VAVTL TWV CUUPATIKWY OTPATNYLKWY adaipeons VITPIKWVY Kal
VITpWlwy WOVTwy. Ta anammox Baktriplo MPOCAAUBAVOUV TNV QTapaiTtnTn XNKLKA
EVEPYELA YLOL TOV KUTTAPLKO LETABOALOUO TOUG 0&elbwvovTag, UTto avaepOPLe CUVONKEG,
OLUWVLOKA LOVTA E TEALKO amoSEKTN NAEKTPOVIiWY Ta VITpwdn Lovta. Autd TO XNHLKO
LovoTtaTt oAOKANPWVETOL O€ TPLa EVIUULKA 0TASLA, HE TO LOVOEE(SL0 TOU alWToU KaL TNV
vdpalivn wg evdlapeoa mpoidvta. Ol mapandvw avildpacel; AapuBdavouy xwpa pEoa
OTO QVOHPOEOCWHA, £VO UTTOKUTTOPLKO 0pyavidlo, kal eE0pTWVTOL Ao MPWTEIVEG UE

TIOAAQTAEG QLLIEG WG TIPOCOETIKEG OUASEG (KUTOXPWHOTA TUTIOU C).

H mapovoa SUTAWMOTIKY €pyacia €MIKEVIpWVETOL oTn Ploxnueio g avaepoflag
ofelbwong TWV OUUWVIAKWY OVTWY, OMWE OUTH CUVTEAElTAL Ao TOUC anammox
MULKPOOPYQVIOHOUG, KOL TILO CUYKEKPLUEVA OTNV eviupoAoyia TNG KUPLAG KATOROALKNG
0600 Tou anammox Baktnpiov Kuenenia stuttgartiensis.

310 TpWTo KepAlalo TNG epyaciog mapoudtdletol n cuvodn tou PBloyewynutkol
KUKAOU Tou alwtou, evw MAPAAAnAa TpoohEPETAL N EMLOKOMNGN TNG PUAOYEVEDNC,
KUTTAPLKAC Blohoyiag, Bloxnueiag, kat BLoevepynTIKAC TwV anammox Baktnpiwv, omwg

™V avTAapuBavOUaoTE EwG CHUEPQ.

To 6eUTepo Kedpalalo TG mapoloag epyaciag emonuaivel Tn onuacia Tou olérpou wg

KEVTPLKOU TIPWTEIVIKOU CUUITOpAYOVTA yla Ta Baktipla anammox. El6lkotepa, yWwoTEC



SlEpYAOLEG TIPOKOPUWTLKWY OPYOAVIOUWY yla TV ev8oKUTTApPLKN TipocAnyn owdnpou,
TNV EVOWHATWON TOU O MPWTEIVIKOUG CUMMAPAYOVTES, KOBWG KOl TOo UETABOALOUO
Tou, ouvbualovtal PE TA, TTPOC TO TAPOV TIEPLOPLOUEVA, YOVISIWUATIKA, BLOXNULKA,
Kal Guolohoylkd Sedopéva yla ta anammox Boktripla. Q¢ AmMOTEAECUA, OTO MAPOV
KebAAaLo, SLaTuTWVOVTaL UTIODECELG OXETLKA LE Ta TILOAVA BLOXN LKA LOVOTIATLAL Lo TNV
MPOcANYn, EVOWUATWON KoL LETABOALOUO TWV LOVIWV GL8POU OTOUG CUYKEKPLLEVOUG
ULKPOOPYQVIOUOUG. 3To Tpito KedpdAalo mopouclaletal N €Ppappoy GUYKPLTIKWY
UTTOAOYLOTIKWY HEBOSWV yla Tov mpoabloplopd NG Bloxnpknig odol wplpavong twv
KUTOXPWUATWY TUTIOU ¢, 0 TEOOEPA YEvn anammox Boktnpiwv. TouAdylotov €va
TIANPEC OUVOAO TPWTEIVWY TOU CUOTAMATOG wpipavong Tumou Il avixvelBnke oe OAa
TA yoviSLwpata ou e€eTdotnkay, Kabwg Kat éva emnpocbeto o€t tou (Slou TUMou oe

KaroLa arod auTd.

To tétapto kepdalalo MepLypAPEL TOV TPOCSLOPLOUO TNG KPUOTOAAOYpadIKAG SOUNG
™¢ ouvBdaong tg udpadivng, Tou evilOU TOU eival UTIELOUVO yla TV KATAAUGN TOU
Seutepou otadiou tng dadikaciag anammox. Me Bdaon tnv mapovoa avtiAnPn pag,
OTO TAPOV KEDAAALO TIPOTEIVOULE £VOV HOPLAKO UNXAVIOUO YLa TNV BLloAoyikn cuvBeon
™G uvdpalivng. Katd TO CUYKEKPLUEVO UNXAVIOUO, apPXIKA TO povoEeiblo tou alwtou
avayetal og uSpofulaypivn pe ThV T pAAANAN TTapAYWYH] TPLWY NAEKTPOVIWY OTO EVEPYO
KEVTPO TNG Y-UTIOHOVASOC TOU €VIULKOU CUUTIAOKOU. 2TNV CUVEXELQ, N CUMTTUKVWON TNG
uvdpoulapivng pe appwvia KataAfyeL oty apaywyr udpadivng oto evepyo KEVTPO

NG a-umopovadag Tou eviupou.

To méumrto kedpdAalo TG epyaciag MapouoLAleL TNV AMOUOVWON KAl TOV XOPOKTNPLOUO
€VO¢ SLHAUTOU KUTOXPWHATOG TUTIOU €, TO OTO(0 MPOTEIVETOL WG 0 0&ELSoavayWYLKOC
dopéag nAektpoviwv Tng cuvBacong tng uSpalivng. ITo CUYKEKPLUEVO KEDAAALO, TOCO OL
OCUATOOKOTIKEG 000 KAl OL OEELE0OVAYWYLKEC LBLOTNTEG TNG OMOUOVWUEVNC TIPWTEIVNC
peAetnBOnkav, evw SlepeuvnBnke emiong kat n aAAnAemidpacr] tng Ke TNV cuvBacon tng
vdpadivng. MNapdAAnia, afloonueiwto elpnUa TNG Epyaciag amoteAsl Kal To yeyovog
oTL, pia mpwTeivikn akoAouBia avayvwplong kot SEGUEVCNG EVOG Loplou ailpung, n omola
Sev gixe avadepBei mponyolpeva otn BLBAloypadia yia puokd Kutoxpwpata TUTOU C,

QVayVWPLOTNKE 0TO CUYKEKPLUEVO KUTOXPWHA C yLa TpWwTn dhopa.

3T0 £KT0 KeDAAALO TTEPLYPADETAL N ATIOUOVWON KAL O XOPOKTNPLOUOG L0 ALUOTIPWTEIVNG
TIOU QVINKELOTNV OLKOYEVELX TV 0&gLdoavaywyaowy TnG udpofulapivng. H GUYKeKPLUEVN
TPWTEVN gpdavilel avaywyLKEG KATAAUTIKEG LOLOTNTEG KAl EVOOKUTTAPLKA TTPOTEiveTaL

WE AVAYWYAoH TwV VITPWOWV LOVIWV.

To €Béouo keddAalo meplapfavel pia clvoPn Twv KUPLOTEPWV EUPNUATWV TNG
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GUYKEKPLUEVNG SUTAWUOTIKAG epyaciog, Kabwg Kal tn Aemtopuepn oultnor Toug ota
mAaiola TG €UPUTEPNG YVWONG HOG OXETIKA UE TN Ploxnueia Kot PLoevepynTikn Twv
anammox Baktnpiwv. Zuvoyilovtag, oto mMAaiclo Tou OuyKekpluévou Kedalaiou,
Tipooeyyllovtal LEPLKA Ao TA TILO KAPLOL KAl AKOWN QVATIAVTNTA EPWTAATA, TA OTola

adopolv ata anammox Baktipla.
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The microbial nitrogen cycle

The presence of bioavailable nitrogen in nature plays an essential role in survival and
growth of all organisms, as nitrogen is a key element for all life. Approximately 4-10%
grams of total nitrogen is present on earth (Galloway et al., 2003) and about 78 percent
of the atmosphere consists of dinitrogen gas (N,). However, this large nitrogen pool
is only accessible to a relatively small number of microorganisms that can fix N, and
convert it into ammonium (Robertson & Vitousek, 2009). All other organisms depend
on the availability of either ammonium or nitrate for assimilation and incorporation into
biomolecules. The global nitrogen cycle describes the biogeochemical processes through
which nitrogen is converted between its various redox states, from the most reduced
species ammonium to the most oxidized nitrate. These conversions represent redox
reactions that are predominately carried out by microorganisms and involve nitrogen
compounds with a range of oxidation states (Figure 1.1).

The biological process of utilizing N, is termed nitrogen fixation and is exclusively carried
out by specialized microorganisms called diazotrophs or nitrogen fixers (Postgate, 1998).
Diazotrophs are either free—living or mutualistic symbionts (LaRoche & Breitbarth, 2005)
and belong to either the Bacteria or the Archaea. They all possess the nitrogenase
protein complex (Nif) that reduces dinitrogen gas to ammonium, a process with high
energy requirements (Emerich & Burris, 1978).

Besides its role in anabolic processes, ammonium is also used as an electron donor for
both anaerobic and aerobic respiration (Winogradsky, 1890; Mulder et al., 1995). Under
anaerobic conditions, ammonium oxidation proceeds with nitrite as the terminal electron
acceptor, in a process termed anammox (anaerobic ammonium oxidation) (Strous et al.,
1999). The anammox process is the focus of the current thesis and will be, therefore,
discussed later in detail. Under aerobic conditions, dioxygen is the terminal electron
acceptor of ammonia oxidation that involves two obligate intermediates, hydroxylamine
(NH,OH) and nitric oxide (NO) (Caranto & Lancaster, 2017), and is carried out by both
aerobic ammonium oxidizing bacteria (AOB) and archaea (AOA) (Hooper et al., 1997;
Francis et al., 2007; Kozlowski et al., 2016). Ammonia monooxygenase (AMO) catalyzes
the oxygen—dependent oxidation of ammonium to hydroxylamine, which is further
oxidized to NO by hydroxylamine oxidoreductase (HAO) in AOB (Kostera et al., 2010;
Caranto & Lancaster, 2017) or an as yet unidentified enzyme in AOA. It is suggested that
NO is subsequently oxidized to nitrite, possibly by a copper—dependent nitrite reductase
(NirK) that would work in reverse (Caranto & Lancaster, 2017). Further oxidation of
nitrite to nitrate is catalyzed by the nitrite oxidoreductase (NXR) protein complex that
exhibits broad phylogenetic distribution (Lucker et al., 2013). For years, nitrification,



the complete conversion of ammonium to nitrate, was thought to be carried out by
two distinct groups of microorganisms, namely the AOB or AOA that would produce
nitrite, and the nitrite oxidizing bacteria (NOB). However, the recent identification of the
complete ammonium—oxidizing (comammox) bacteria expanded this notion (Daims et
al., 2015; van Kessel et al., 2015).

+V NO, nitrogen
3
/ . fixation
ammonium
o oxidation
NO, \ -

Hil

al [l ammonification
4 denitrification

Il anammox

1 NH,0H

LN

Figure 1.1| Microbial nitrogen cycle

Schematic overview of nitrogen interconversions that are mediated by microbial activities. Latin
numbers refer to the oxidation state of nitrogen.

Nitrate is the most abundant nitrogen species in oxic environments and can be either
reduced for assimilative purposes or be used as terminal electron acceptor during
anaerobic respiration (Moreno—Vivian et al., 1999). During assimilatory ammonification
nitrate is first reduced to nitrite by an assimilatory nitrate reductase (Nas), and then a
siroheme nitrite reductase (NirBD) produces ammonium at the expense of six electrons
(Lin & Stewart, 1998). Another biological conversion route of nitrate is the respiratory
process of dissimilatory reduction to ammonium, whereby first a periplasmic nitrate
reductase (Nap) yields nitrite (Sparacino—Watkins et al., 2014) and then a pentaheme
nitrite reductase (NrfA) produces ammonium (Simon, 2002). Alternatively, nitrate can
be reduced to dinitrogen gas through a four—step process with nitrite, nitric oxide, and
nitrous oxide as intermediates. This overall process is called denitrification (Zumft, 1997)
and comprises the sequential catalytic action of a molybdopterin nitrate reductase
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(Nar), a copper— or iron—dependent nitrite reductase (NirK or NirS, respectively), an NO
reductase (Nor), and eventually an N,—forming nitrous oxide reductase (Nos). A modified
denitrification pathway, is performed by the bacterial NC10 Phylum and is known as
nitrite—dependent anaerobic methane oxidation (Ettwig et al., 2010). This pathway
diverges at the level of nitric oxide, which is hypothesized to be dismutated to molecular
oxygen and nitrogen, bypassing the intermediate nitrous oxide (Ettwig et al., 2012).

Summarizing this brief description of the biogeochemical nitrogen cycle, it becomes
apparent that we are dealing more with a web of biological processes than a simple cycle
aswas believed in the past. Different redox transformations of nitrogen species are carried
out by either generalists or specialists, and there is significant overlap among them.
Whether microorganisms serve assimilation, respiration, or detoxification purposes,

they contribute to the global nitrogen cycle to, in many cases an unknown extent.

The anaerobic ammonium oxidation process

Until about 20 years ago, ammonium was postulated to be inert under anaerobic
conditions due to the high dissociation energy of the N-H bond (400 kJ-mol™), and
denitrification was the only known biological process capable of returning fixed nitrogen
to the atmosphere in the form of dinitrogen gas. Although E. Broda predicted the
existence of chemolithoautotrophic bacteria capable of oxidizing ammonium with nitrite
or nitrate as electron acceptors based on thermodynamic calculations in 1977 (Broda,
1977), this process was overlooked for decades. Despite two earlier reports postulating
biological anaerobic ammonium oxidation in the Northeast Pacific (Hamm & Thompson,
1941) and in anoxic fjords (Richards, 1965), it was only in 1995 that a similar observation
triggered scientific interest (Mulder et al.,, 1995). In a pilot anaerobic denitrifying
wastewater treatment plant in the Netherlands, the disappearance of ammonium was
observed (Mulder et al., 1995). Through enrichment cultures and inhibition experiments
it was shown that anaerobic ammonium oxidation is a biological process (van de Graaf
etal., 1995; van de Graaf et al., 1997). In 1999, electron microscopy, physical purification
of cells and molecular techniques finally led to the identification of a deep—branching
Planctomycete capable of anaerobic oxidation of ammonium and CO, fixation (Strous
et al., 1999). In 2006, based on the in silico analysis of the genome assembly of the
anammox bacterium Kuenenia stuttgartiensis, an updated biochemical model for
the anammox metabolism was described (Strous et al., 2006). Since then, numerous
scientific reports have contributed to our current understanding of biological anaerobic
ammonium oxidation.



Phylogeny and occurrence of anammox bacteria

All microorganisms known to perform the anammox process belong to the family
Brocadiacaea within the monophyletic order Brocadiales. The latter branches deeply
in the phylum Planctomycetes (Fuerst & Sagulenko, 2011), which together with
the Verrucomicrobia and Chlamydiae, comprise the PVC superphylum (Wagner &
Horn, 2006). Five anammox genera have been described so far (Anammoxoglobus,
Brocadia, Kuenenia, Jettenia, and Scalindua) comprising 21 species. Some of these are
also available in laboratory enrichment cultures and their draft genomes have been
assembled. All anammox species have the Candidatus taxonomic status since attempts
to grow them in pure cultures have not yet succeeded. However, anammox bacteria can
be highly enriched from environmental samples, using sequencing batch reactors (SBR)
and membrane bioreactors (MBR), allowing for relatively fast growing cultures (Kartal et
al., 2012).

Anammox bacteria have been detected in various natural and manmade anoxic
environments. Freshwater, terrestrial and marine ecosystems can be suitable niches
for these microorganisms; from deep sea sediments and hydrothermal vents to tropical
mangroves and permafrost soils (Meyer et al., 2005; Penton et al., 2006; Byrne et al.,
2009; Dale et al., 2009). The presence of anammox in the Benguela (Kuypers et al.,
2005), Arabian Sea (Jensen et al., 2011), Chilean (Galan et al., 2009), and Peruvian (Lam
et al., 2009) oxygen minimum zones (OMZs), which are the largest primary production
sites in the oceans, is in agreement with studies estimating the anammox contribution
to the total dinitrogen gas production up to 50 percent (Arrigo, 2004). Scalindua mostly
dominates marine environments, while all anammox genera are found in terrestrial
ecosystems (Schmid et al., 2003; Schubert et al., 2006; Hamersley et al., 2007).
Wastewater treatment plants present another favorable habitat for anammox bacteria
and several identified species have been enriched from such sampling areas (Strous et al.,
1999; Schmid et al., 2000; Schmid et al., 2003; Kartal et al., 2007). The anammox process
has already been successfully employed in sewage treatment in more than 100 full-scale
wastewater treatment plants worldwide (Lackner et al., 2014), offering a cost—effective

and environmental friendly alternative to conventional denitrification (Kartal et al., 2010).

The anammox cell plan

Anammox bacteria are Gram—negative microorganisms that feature a typical cell
envelope (Figure 1.2). The outermost component of the anammox cell is a proteinaceous
highly glycosylated surface layer (S-layer) (van Teeseling et al., 2014). The outmost cell
membrane that resides beneath the S—layer is a typical outer membrane that harbors

21



22

porins (Speth et al., 2012) and contains a thin peptidoglycan layer underneath it
(van Teeseling et al., 2015). The anammox cell contains two intracellular membranes
that lead to a compartmentalized interior. The cytoplasmic membrane separates the
periplasm from the cytoplasm, which contains, among others, the nucleoid, ribosomes,
and glycogen vesicles (van Niftrik et al., 2008). The innermost membrane has a highly
invaginated structure and defines the anammoxosome (van Niftrik et al., 2009). This
intracellular compartment occupies roughly 60 percent of the cell volume and presents
a separate bacterial organelle (Neumann et al., 2014). Tubule—like structures and iron—
rich nanoparticles have also been identified within the anammoxosome (van Niftrik et
al., 2008; de Almeida et al., 2015). An exceptional feature of anammox membranes
is the presence of ladderane lipids. These glycerolipids contain linearly concatenated
cyclobutane and cyclohexane ring structures and are interlinked by both ester (typical
for Bacteria and Eukarya) and ether bonds (typical for Archaea) (Sinninghe Damste et al.,
2002; Sinninghe Damste et al., 2005). Ladderane—containing membranes are densely
packed and have been hypothesized to reduce passive diffusion of hydrophilic molecules

and ions (Boumann et al., 2009).

S-layer

outer membrane

periplasm

cytoplasmic membrane
cytoplasm

anammoxosome membrane
anammoxosome

Fgure 1.2| Schematic overview of a Kuenenia stuttgartiensis cell.

The cell planis divided into three compartments (purple), separated by three bilayer membranes
(black). White arrowhead indicates tubule-like structures; black arrowhead indicates electron-
dense, iron-rich particles. Modified after de Almeida et al., 2015.

Based on several independent studies conducted over the years, it has been concluded
that the anammoxosome is the site of the central anammox catabolism. Nearly all heme
c cell complement was localized in the anammoxosome interior (van Niftrik et al., 2008)
and this was also the case for essential catabolic enzymes (de Almeida et al., 2015).

Moreover, an intracytoplasmic pH gradient, seemingly across the anammoxosome



membrane, suggested the presence of a proton motive force (van der Star et al., 2010)
which was further supported by the immunogold localization of a canonical F—type ATP
synthase on the anammoxosome membrane (van Niftrik et al., 2010). Taken together,
these findings led to the hypothesis that the anammoxosome is the main site of energy
conversion in anammox bacteria.

Central anammox catabolism

Anammox bacteria are anaerobic chemolithotrophs that make a living by oxidizing
ammonium with nitrite as the terminal electron acceptor (Reaction 1). The cyclic
anammox pathway proceeds via three consecutive redox reactions with nitric oxide (NO)
and hydrazine (N,H,) as free intermediates (Reactions 2-4) (Kartal et al., 2011).

NH,"+NO,” > N, + 2H,0 AG”=-357 kJ-mol™* [1]
NO, +2H*+e > NO+H,0 EY=+380 mV [2]
NO+NH,*+2H"+3e > N H,+H.0 E°= +60 mV 3]
NH,> N, +4H" + 4e” EY=~750 mV (4]

The first step entails the reduction of nitrite to NO at the expense of one electron
(Reaction 2). Despite the essential role of nitrite reduction for the anammox metabolism,
different anammox genera seem to have acquired different enzymatic machineries to
carry out this reaction. Inspection of the available anammox genomes with respect to
putative nitrite reductases revealed a striking lack of conservation. While the genomes of
Kuenenia stuttgartiensis and all Scalindua species code for putative iron—dependent cd,
nitrite reductases (NirS), Jettenia caeni and Brocadia fulgida contain a copper—dependent
nitrite reductase (NirK). Brocadia sinica, on the other hand, seems to be lacking a typical
bacterial nitrite reductase. Moreover, transcriptomic and proteomic studies on the
model anammox organism Kuenenia stuttgartiensis indicated low abundance of the
putative NirS homolog, suggesting that a yet unidentified protein might catalyze the
reduction of nitrite to NO (Strous et al., 2006; Kartal et al., 2011).

The second step of the anammox pathway is the condensation of NO and ammonium
for the formation of hydrazine (Reaction 3). Hydrazine (N,H,) is a very strong chemical
reductant that has found considerable industrial use as a rocket fuel, but had not been
identified as a biological intermediate before. A novel homotrimeric protein complex

catalyzing biological hydrazine synthesis has been isolated from K. stuttgartiensis and has
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been termed hydrazine synthase (HZS) (Kartal et al., 2011). Hydrazine synthesis proceeds
in two half-reactions, namely NO reduction to hydroxylamine and hydroxylamine and
ammonia comproportionation to hydrazine (see Chapter 4). Hydrazine, being a highly
reactive intermediate of the anammox process, is oxidized to dinitrogen gas during the
third step of the anammox pathway, yielding four low potential electrons (E®= —750
mV; Reaction 4). The dedicated enzyme catalyzing this reaction is a member of the
hydroxylamine/ hydrazine oxidoreductase (HAO/HZO) protein family (Klotz et al., 2008)
and is termed hydrazine dehydrogenase (HDH). HDH exhibits high catalytic efficiency
for hydrazine oxidation but is inhibited by NO and hydroxylamine (Maalcke et al., 2016).
Hydroxylamine is not a free intermediate according to the molecular mechanism of
anaerobic ammonium oxidation as has been theorized for K. stuttgartiensis. In the
event that hydroxylamine leaks out of HZS, detrimental effects for growth such as HDH
inhibition would occur. It has been suggested that by a highly expressed HAO homolog
that oxidizes hydroxylamine to NO (HOX; (Maalcke et al., 2014) could be used to prevent
HDH inhibition, and at the same time provide HZS with both reducing equivalents and
NO as substrate.

The genomes of anammox bacteria encode for about 60 c-type cytochromes, and
contain the key catabolic enzymes discussed before that constitute at least 50 percent
of the total protein mass. Together with putative electron transfer cytochromes, an
unexpected pool of ten HAO-like octaheme paralogs has also been identified in the
genome and proteome of Kuenenia stuttgartiensis (Kartal et al., 2013). Although two of
these have already been characterized (i.e. HDH and HOX), the exact physiological role

of the remaining paralogs and the determining factor of their specificity remain unclear.

Energy conservation

Our perception of the anammox metabolism and respiration involves electron transfer
among soluble c-type cytochromes and menaquinone derivatives present in the
membranes (Figure 1.3). The low potential electrons derived from hydrazine oxidation
are fed into the quinone (Q) pool and are, subsequently, shuttled towards the first two
steps of the anammox pathway— nitrite reduction and hydrazine synthesis— completing
a cyclic electron flow. Essentially, the collective work of putative respiratory complexes
residing onthe anammoxosome membrane maintains an electrochemical proton gradient
that drives ATP synthesis. The annotation of more than 200 genes involved in catabolism
and respiration in the K. stuttgartiensis genome exceeds the number possessed by
most other bacteria and resembles the case of the versatile microorganisms Geobacter
sulfurreducens and Shewanella oneidensis (Strous et al., 2006). The abundance of



cytochromes together with the presence of multiple paralogs of respiratory complexes
reflects the complexity of the anammox metabolism and implies the presence of a

branched respiratory chain.

Anammoxosome

Cytoplasm

Figure 1.3| Current model of the anammox core catabolism and respiration

Anaerobic oxidation of ammonium (NH,*) to dinitrogen gas (N,) with nitrite (NO,") as terminal
electron acceptor proceeds via nitric oxide (NO) and hydrazine (N,H,) as free intermediates.
The available free energy of the anammox process is utilized to maintain an electrochemical
potential gradient across the anammoxosome membrane (drawn in purple), which drives ATP
synthesis. Electron withdrawal from the cyclic anammox pathway for assimilatory purposes is
compensated by nitrite oxidation to nitrate (NO,") catalyzed by nitrite oxidoreductase (NXR).
Diamonds represent putative electron carriers and indicate the number of electrons that are
transferred in each reaction. Question marks represent hypothetical cytochrome:quinone
oxidoreductases that feed the quinone pool (Q/QHZ) with electrons yielded from the oxidation
of hydrazine and nitrite. Nir: putative nitrite reductase; HZS: hydrazine synthase; HDH:
hydrazine dehydrogenase; R/b: Rieske/cytochrome b complex; ETM: electron transfer module
for hydrazine synthesis; W*, W™ positive and negative sides of the membrane, respectively.
Adapted from Ferousi et al., 2017.

The first prerequisite for energy conservation within the anammox cell would be the
orchestrated shuttling of reducing equivalents from the soluble catabolic pathway
towards the Q pool. Neither sequence analyses, nor membrane complexome studies
have identified a dedicated respiratory complex coupled to hydrazine oxidation. However,
the intriguing redundancy of three Rieske/cytochrome b complexes (R/b-1, R/b-2, and
R/b-3, respectively) and their unusual composition has led to new speculations. Two of
these complexes (R/b—2 and R/b—3) each contain a subunit with high sequence similarity
to the NAD(P)- and FMN-binding subunits of NAD(P) oxidoreductases. A Rieske/
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cytochrome b complex that would work in reverse and couple hydrazine oxidation to
NAD(P)H production and quinone reduction, therefore conserving the liberated energy,
has been hypothesized (Kartal et al., 2013; de Almeida et al., 2016).

Regarding nitrite reduction to NO by the putative soluble nitrite reductase, the typical
R/b—1 complex is the most likely candidate to be the necessary membrane—bound
energy—conserving electron donor. Interestingly though, R/b—3 was shown to form a
super—complex with an HAO paralog that is speculated to catalyze reductive reactions.
Based on this, a mechanismincluding an electron bifurcation process has been suggested.
The oxidation of quinol could be coupled to the reduction of both nitrite, by the HAO
subunit, and NAD(P)*, by the NAD(P) oxidoreductase subunit (Kartal et al., 2013).

Inspection of the gene cluster of HZS together with the membrane proteome study of
Kuenenia have led to the identification of a putative electron transfer module (ETM)
that would shuttle the necessary electrons from the Q pool towards hydrazine synthesis,
albeit without contributing to energy conservation. The membrane—bound part of the
ETM consists of a multiheme c—type cytochrome harboring one transmembrane helix
and an integral membrane protein with high sequence similarity to the gamma subunit
of menaquinone—dependent formate dehydrogenase. The latter would work in reverse
and receive electrons from quinol oxidation (Kartal et al., 2013). A putative soluble
electron carrier would then shuttle electrons from the membrane—bound ETM to HZS

for NO reduction to hydroxylamine.

Anabolism

Anammox bacteria lead an autotrophic lifestyle, relying on CO, fixation by the Wood—
Ljungdahl pathway (Strous et al., 2006). The requirements of cell carbon synthesis for
NADH and reduced ferredoxin are presumably met by putative membrane—bound
complexes (Kartal et al., 2013; de Almeida et al., 2016) that will have to withdraw
electrons from the Q pool. Due to the cyclic nature of the main catabolic pathway
of anammox bacteria, the electron pool cannot be replenished via these reactions.
Instead, this is achieved by nitrite oxidation to nitrate, which is catalyzed by a soluble
nitrite:nitrate oxidoreductase (NXR) (de Almeida et al., 2011; de Almeida et al., 2015).
However, the mechanism of reverse electron flow that in necessary for the coupling of

nitrite oxidation to carbon fixation remains unclear.

Unexpectedly, an assembled sodium—dependent NAD*:ferredoxin oxidoreductase
(RNF) was detected in the membrane proteome of Kuenenia, suggesting that anammox

bacteria might utilize a sodium motive force (smf) to drive carbonylation reactions. In



this case, the sodium—pumping NADH:quinone oxidoreductase (NQR) and, possibly the
two N—ATPases, could maintain this smf (de Almeida et al., 2016).

Thesis overview

The research project presented in this thesis was focused on the biochemistry of
anaerobic ammonium oxidation and, more specifically, the enzymology of the main
catabolic pathway of the anammox bacterium Kuenenia stuttgartiensis. In Chapter
2, the importance of elemental iron as a central protein cofactor in anammox cells is
highlighted. A literature survey in combination with comparative genomics was used
to predict essential molecular pathways related to iron assimilation and utilization.
In Chapter 3, comparative computational methods were applied to determine the
maturation pathway catalyzing the assembly of functional c—type cytochromes in four
anammox genera. Chapter 4 describes the elucidation of the crystal structure of hydrazine
synthase, the enzyme catalyzing the second step of the catabolic anammox pathway.
Based on biochemical, spectroscopic, and structural data, a molecular mechanism for
biological hydrazine synthesis is proposed. In Chapter 5, the putative redox partner of
hydrazine synthase was purified and characterized, focusing on its heme cofactor content
and spectroscopic features. In this study, a novel compressed heme—binding site was
identified. Chapter 6 describes the purification and characterization of a putative nitrite
reductase that belongs to the hydroxylamine oxidoreductase protein family and exhibits
reductive catalytic properties. Chapter 7 integrates the main findings of this thesis, and

concludes with related open questions within anammox research.
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Abstract

The most abundant transition metal in biological systems is iron. It is incorporated into
protein cofactors and serves either catalytic, redox or regulatory purposes. Anaerobic
ammonium oxidizing (anammox) bacteria rely heavily on iron—containing proteins
,especially cytochromes, for their energy conservation, which occurs within a unique
organelle, the anammoxosome. Both their anaerobic lifestyle and the presence of an
additional cellular compartment challenge our understanding on iron processing. Here,
we combine existing concepts of iron uptake, utilization and metabolism, and cellular
fate with genomic and still limited biochemical and physiological data on anammox
bacteria to propose pathways these bacteria may employ.

Introduction

Iron is the most abundant transition metal in biological systems, where it is employed
as an essential cofactor in redox chemistry, electron transfer reactions and regulatory
processes. The capacity of iron to form complexes with carbon, oxygen, sulfur, and
nitrogen, and the impressively wide range of redox potentials iron metalloproteins
exhibit (—700 mV to +350 mV) (Liu et al., 2014) contributes to its involvement in all
biogeochemical cycles.

The majority of iron—dependent redox proteins harbor iron within hemes and in the
form of iron—sulfur (Fe-S) clusters (Liu et al., 2014). Whereas eukaryotes have a relatively
limited repertoire of iron—sulfur and heme—containing proteins (e.g. cytochromes),
bacteria and archaea show an enormous diversity and abundance of such proteins,
which reflects their broad metabolic capacities. Some of these organisms feature large
amounts of iron—containing proteins. This is the case foranammox bacteria, which oxidize
ammonium with nitrite as the terminal electron acceptor in the absence of oxygen (Kartal
et al., 2013; Kartal & Keltjens, 2016). The genomes of these microorganisms encode for
about 60 c—type cytochromes (Strous et al., 2006; Hira et al., 2012; van de Vossenberg et
al., 2013; Oshiki et al., 2015; Speth et al., 2015), among which are key catabolic enzymes
that constitute at least 50% of the total protein mass. Compared to an Escherichia coli
cell that contains 10° — 10° atoms of protein—bound iron (Posey & Gherardini, 2000;
Outten & O’Halloran, 2001), each anammox cell can be estimated to manage a pool of
about 107 iron atoms. The bright red color of anammox enrichment cultures reflects this

high iron content (Figure 2.1.A).

Anammox bacteria are anaerobic Gram—negative microorganisms within the phylum of
Planctomycetes, and have acompartmentalized cell plan.Inadditiontothe peptidoglycan—



containing cell wall (van Teeseling et al., 2015) and the cytoplasmic membrane, they
possess a third and innermost membrane that defines the anammoxosome, a unique
energy—converting organelle that occupies a large volume of the cell (~70%) (Figure
2.1.B) (van Niftrik et al., 2008; Neumann et al., 2014). This additional compartment adds
a layer of complexity to intracellular trafficking of nutrients and co—substrates, as well
as protein sorting.

S-Layer

Outer membrane

Periplasm

Cytoplasm

Cytoplasmic membrane
Anammoxosome
Anammoxosome membrane

Figure 2.1] Anammox enrichment culture and cell plan

A: laboratory—scale membrane bioreactor enriched with 95 percent of the anammox bacterium
Kuenenia stuttgartiensis. B: cell plan of an anammox bacterium, illustrated with a transmission
electron micrograph of K. stuttgartiensis. Cell compartments and membranes are indicated.
Arrows indicate iron—rich nanoparticles. Courtesy, L. van Niftrik.

The anammoxosome contains the vast majority of cellular iron in the form of cofactors
within Fe=S proteins and multi-heme cytochromes (Kartal & Keltjens, 2016), which are
involved in the oxidation of ammonium to dinitrogen gas. In the current model (Figure
2.2) (Kartal et al., 2013; Kartal & Keltjens, 2016), nitrite is reduced to nitric oxide, and
subsequently hydrazine synthase (HZS) catalyzes the condensation of nitric oxide and
ammonium to produce hydrazine (Kartal et al., 2011; Dietl et al., 2015), the most
powerful chemical reductant in nature (E’, = =700 mV). This is followed by the oxidation
of hydrazine to dinitrogen gas by hydrazine dehydrogenase (Maalcke et al., 2016). The
four low—potential electrons released in this reaction should pass through electrogenic
respiratory complexes within the anammoxosome membrane via a sequence of electron
transfer events to build up the membrane potential. Then, the electrons return to the
anammoxosome to fuel the first two steps of the anammox reaction, thus closing the
electron transfer cycle. Electron withdrawal from the cyclic anammox pathway during
CO, fixation is compensated through nitrite oxidation to nitrate catalyzed by nitrite
oxidoreductase (NXR).

Despite the central role of iron in the anammox process, most aspects of iron in anammox
bacteria have remained unexplored to date. In this review we will briefly discuss iron
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metabolism and protein systems that these microorganisms may use to assimilate and
utilize iron. We thereby follow the ions from outside the cell through the cytoplasm to
the anammoxosome interior (Figure 2.3) with a special emphasis on the peculiar cell

plan and a final discussion of iron—rich nanoparticles inside the anammoxosome.

Anammoxosome

Cytoplasm
Figure 2.2| Current model of the anammox pathway

Anaerobic oxidation of ammonium (NH,") to dinitrogen gas (N,) with nitrite (NO,) as terminal
electron acceptor proceeds via nitric oxide (NO) and hydrazine (N,H,) as free intermediates.
The available free energy of the anammox process is utilized to maintain an electrochemical
potential gradient across the anammoxosome membrane, which drives ATP synthesis. Electron
withdrawal from the cyclic anammox pathway during carbon dioxide (CO,) fixation (not shown)
is compensated by nitrite oxidation to nitrate (NO,") catalyzed by nitrite oxidoreductase (NXR).
Diamonds represent putative electron carriers and indicate the number of electrons that are
transferred in each reaction. Question marks represent the hypothetical cytochrome:quinone
oxidoreductases that feed the quinone pool (Q/QH2) with electrons yielded from the oxidation
of hydrazine and nitrite. Nir: putative nitrite reductase; HZS: hydrazine synthase; HDH:
hydrazine dehydrogenase; R/b: Rieske/cytochrome b complex, ETM: electron transfer module
for hydrazine synthesis; W*, W=: positive and negative sides of the membrane, respectively.

Iron metabolism

The natural abundance of iron combined with its redox properties renders it a
prevalent substrate for both heterotrophic respiration and autotrophic growth. In the
former case, oxidation of organic compounds is coupled to reduction of extracellular
ferric iron, whereas in the latter case oxidation of iron donates electrons to oxygen,
bicarbonate or nitrate. These processes involve c—type cytochromes and are performed
by phylogenetically diverse microorganisms. Anammox bacteria have been observed to
couple formate oxidation to iron reduction (Strous et al., 2006; van de Vossenberg et al.,



2008; Zhao et al., 2014) and perform nitrate—dependent iron oxidation (Strous et al.,
2006; Oshiki et al., 2013).

Fe(lll) reduction

Shewanella and Geobacter are the best—studied iron-reducing organisms and provide
us with general templates for the identification and understanding of extracellular
electron transfer (Lovley et al., 2004; Richardson et al., 2012; Shi et al., 2016). They
employ different, but functionally similar systems to enable electron transfer from the
quinone (Q) pool at the cytoplasmic membrane through the outer membrane to the iron
mineral outside the cell. The first component is a membrane quinol (QH,) dehydrogenase
that is located on the cytoplasmic membrane and extends into the periplasm with its
cytochrome-rich domain (CymA in Shewanella and ImcH or CbcL in Geobacter) (Shi et
al., 2016). Electron transfer towards a multiheme protein that is channeled through
an outer membrane beta barrel occurs either via soluble periplasmic cytochromes
(Sturm et al., 2015) or direct interaction (Shi et al., 2014). Ultimately electrons reach
the insoluble extracellular mineral either via soluble shuttles such as flavins (Kotloski &
Gralnick, 2013), appendages like nanowires (Lovley & Malvankar, 2015) or direct contact
(Shi et al., 2016).

Reduction of Fe(lll) coupled to formate oxidation has been reported for anammox
bacteria (Strous et al., 2006; van de Vossenberg et al., 2008), and seem to adhere to
the same design for electron transfer to extracellular iron. Anammox bacteria express
a membrane QH, dehydrogenase homologous to CymA but with eleven instead of four
heme binding sites, two periplasmic multiheme proteins homologous to Shewanella—
MtrA and at least one outer membrane beta barrel porin—like protein (de Almeida et
al., 2016). Although the electron transfer through the periplasm could occur via direct
contact between anammox—CymA and anammox—MtrA, electron transfer via soluble
c—type cytochromes cannot be excluded. Once outside the cell, it is unclear how the
reduction of particulate iron proceeds. Furthermore, how the oxidation of organic
acids inside the cell and the reduction of iron outside the cell are coupled to energy
conservation remains elusive.

Fe(ll) oxidation

In contrast to iron reduction, the molecular mechanism of biotic iron oxidation is less well
understood. In addition to oxygen in microaerophilic and bicarbonate in phototrophic
iron oxidation, nitrate is identified as another possible terminal electron acceptor of iron
oxidation (Straub et al., 1996; Klueglein & Kappler, 2013). Formation of insoluble ferric
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oxides in the cell and possible interference of abiotic and biotic iron redox transitions are
potential complications (Melton et al., 2014).

Anammox bacteria were shown to perform nitrate—dependent iron oxidation (Strous
et al., 2006; Oshiki et al., 2013). The only candidate for catalyzing nitrate reduction, i.e.
NXR, is exclusively localized in the anammoxosome (de Almeida et al., 2015), which
requires either Fe(ll) to be imported into the anammoxosome or electrons from Fe(ll) to
cross the cytoplasmic membrane, the cytoplasm and the anammoxosome membrane. In
the first case, export of Fe(lll) might be problematic (see Degradation of iron-containing
proteins), whereas in the second case the free energy available from the reaction seems
insufficient to drive electron transfer over two membranes.




Figure 2.3| Proposed pathways for iron assimilation and utilization in anammox bacteria

Soluble ferrous iron (Fe(ll)) freely diffuses into the periplasm through pores in the S—Layer
(SL) and pores in the outer membrane (OM) (green). Transport across the cytoplasmic
membrane (CM) occurs via the Fe(ll)-specific FeoB system. The alternative heme biosynthesis
(ahb) pathway synthesizes b—type hemes. Both a Sec—translocon (Sec) and cytochrome ¢
maturation systems S—IIA and S—IIP are required for maturation of c-type cytochromes in the
anammoxosome and periplasm, respectively. The NifSU machinery assembles mature Fe-S
proteins, which are translocated into the periplasm and anammoxosome via the TAT pathway.
The yellow box inside the anammoxosome denotes unknown pathways for the disassembly of
iron—sulfur proteins and cytochromes and release of iron ions. FeoB at the anammoxosome
membrane (AM) represents a possible route for free iron back into the cytoplasm for recycling.
Iron—rich nanoparticles (IP) were hypothesized to be iron storage sites, but may alternatively
be cytochrome—containing encapsulin nanocompartments. Red spheres represent iron ions.
Dotted lines represent uncertain pathways. R: ribosome; SL: S—layer; PG: peptidoglycan; W*, W~:
positive and negative sides of the membrane, respectively.

Iron uptake

Utilization of iron as metal cofactor of redox enzymes requires translocation of iron across
membranes into the cell interior/cytoplasm, where cofactor assembly occurs. Because
the availability of reduced and oxidized iron differs dramatically between ecosystems,
microorganisms employ different strategies to assimilate iron in their respective
habitats. Prokaryotes that thrive in pH—neutral aerobic environments where iron mainly
exists in the poorly soluble ferric form use a wide range of mechanisms to assimilate
iron from minerals (Miethke, 2013). A prominent example is secretion of siderophores,
organic iron—chelators that solubilize iron and facilitate its uptake (Barry & Challis, 2009;
Miethke, 2013).

Anammox bacteria live in oxygen—limited and anoxic habitats where soluble ferrous iron
is the predominant iron species, and do not possess genes required for siderophore
synthesis (Strous et al., 2006; Hira et al., 2012; van de Vossenberg et al., 2013; Oshiki
et al., 2015; Speth et al., 2015). Soluble ferrous iron is believed to freely diffuse into the
periplasm through outer membrane porins (de Almeida et al., 2016). Several non—specific
divalent metal ion and two specialized machineries are known for Fe(ll) transport into the
cytoplasm (i.e. EfeUOB and FeoABC) (Lau et al., 2016; Roy & Griffith, 2016). The FeoABC
system exhibits broad phylogenetic distribution and it is also the only system for iron
uptake that is found in anammox genomes (Figure 2.3). Although FeoA and FeoC have
been speculated to enhance iron uptake (Lau et al., 2016), anammox bacteria only carry
the gene for the iron transporter FeoB. The universal transcriptional regulator related
to anaerobic metabolism Fnr (Carpenter & Payne, 2014), as well as the metal—specific
regulator Fur (ferric uptake regulator) (Fillat, 2014) can be assumed to control iron uptake

and homeostasis in anammox bacteria, but a detailed analysis is currently missing.
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Biosynthesis of iron cofactors

The most common way for biological systems to exploit the redox properties of iron is
its assembly into metalloprosthetic groups that are incorporated into protein complexes,
which serve either catalytic, redox or regulatory purposes. Among iron—containing
cofactors, c—type hemes and Fe-S clusters are omnipresent throughout all domains of
life, and anammox bacteria rely heavily on these two classes of cofactors for their energy
metabolism (Kartal et al., 2013). Below we discuss heme b biosynthesis, cytochrome ¢

maturation and Fe-S cluster biogenesis in anammox bacteria.

Heme b biosynthesis

Hemes belong to a broad class of organic cofactors that use a tetrapyrrole macrocyclic
template to accommodate the chelation of a metal center. Tetrapyrrole formation
proceeds via four or six universally conserved steps, the C—4 or C-5 pathway, respectively,
and leads to formation of uroporphyrinogen Il (Frankenberg et al., 2003). From this
intermediate on, three different pathways for heme b biosynthesis have been described.
The ‘classic pathway’ is conserved among Eukaryotes and Proteobacteria (Layer et al.,
2010) and the ‘HemQ-based route’ is only present in Gram—positive bacteria (Dailey et
al., 2015). Remarkably, unlike the other known members of the phylum Planctomycetes,
which employ the classic pathway, anammox genomes encode for the complete
machinery of the so—called ‘alternative heme biosynthesis’ (ahb) pathway (Ishida et al.,

1998; Bali et al., 2011) that is possibly phylogenetically older than its classic counterpart
(Bali et al., 2014; Ducluzeau & Nitschke, 2016).

Cytochrome c maturation

Enzymatic modification of heme b yields chemically distinct heme cofactors (a, b, c,
d and o-type). In c-type cytochromes, which are the most abundant heme proteins
in anammox, heme b molecules are covalently attached via thioether bonds of their
vinyl groups to the sulfhydryls of two, or in rare cases one, cysteine residue(s) (de Vitry,
2011). Regardless of the heme b biosynthesis pathway, Sec—based protein translocation
machinery and cytochrome c maturation systems are required for the production of c—
type cytochromes (Kranz et al., 2009). All three studied cytochrome ¢ maturation systems
(I-111) comprise membrane complexes that transport b heme across the membrane and
catalyze its covalent attachment to the apoprotein at the extra—cytoplasmic side (Kranz
et al., 2009). Although, c—type cytochromes are likely to be present in the periplasm
(see Iron metabolism), the main site for cytochromes is the anammoxosome (van Niftrik

et al., 2008). Since, anammox bacteria express two highly similar copies of maturation



system |l (Ferousi et al., 2013), we propose that both cytoplasmic and anammoxosome
membranes possess their individual maturation machinery (Figure 2.3). How proteins
destined for the periplasm oranammoxosome are targeted to the respective translocation
and maturation systems remains an intriguing open question.

Iron—sulfur cluster biosynthesis

Iron—sulfur clusters in anammox bacteria are found not only in ferredoxins, Rieske/
cytochrome b complexes, complex |, and hydrogenases, but also as electron—
transferring cofactors of the highly abundant NXR protein complex residing inside the
anammoxosome (Kartal et al., 2013; de Almeida et al., 2015). Biosynthesis of iron—sulfur
clusters in prokaryotes is catalyzed by cytoplasmic proteins and involves donation of
iron and sulfur to the assembly scaffold, maturation of the cluster, and delivery to the
apoprotein (Roche et al., 2013). Three iron—sulfur synthesis systems are known: isc, suf
and nif (Bandyopadhyay et al., 2008). The isc system appears to be the generic pathway
for Fe-S cluster assembly whereas the suf pathway has been associated with iron
limitation and oxygen stress. The nif system, on the contrary, was initially associated
exclusively with the assembly of the nitrogenase enzyme in nitrogen—fixing bacteria
(Frazzon & Dean, 2003). However, its recent identification as the sole Fe—S maturation
system in two diverse non—nitrogen fixing organisms has changed this view (Olson et
al., 2000, Nyvltova et al., 2013). Interestingly, also in anammox bacteria the nif system is
seemingly the only Fe—S assembly machinery, supporting the notion that the nif system
is more versatile than previously assumed. Matured iron—sulfur proteins destined for
either the anammoxosome or the periplasm are transported across the membranes via

the twin—arginine translocation (TAT) system (Figure 2.3).

Degradation of iron-containing proteins

Controlled degradation of anammoxosomal iron—containing proteins as a mechanism of
metabolic regulation or in the context of protein quality control has not been studied,
but is likely to occur. While the anammox genomes provide candidate proteases that
could cleave the protein backbone, the processing of iron cofactors, and especially
heme moieties, is intriguingly more elusive. Heme degradation, for example, requires
the oxidative cleavage of the porphyrin ring by the action of heme oxygenases (Wilks,
2002); a process that is oxygen—dependent and not compatible with the anaerobic
lifestyle of anammox bacteria. An alternative oxygen—independent system, similar to the
recently discovered radical S—adenosyl-L—-methionine (SAM) based pathway (LaMattina
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et al., 2016), is conceivable but difficult to identify on the genomic level and requires
dedicated genetic and biochemical studies. Furthermore, the fate of iron released
from disassembled iron—sulfur proteins and cytochromes is unknown. Whether the
anammoxosome membrane provides a route for iron into the cytoplasm is unclear, but
we might hypothesize that, if present in the anammoxosome membrane, FeoB could
play this role (Figure 2.3). However, in the absence of such a mechanism iron would
accumulate and could only be diluted through cell —and anammoxosome-— division.

Iron-rich nanoparticles in anammox

Anammox bacteria cultured under laboratory conditions possess nanosized (diameter
16-25 nm) iron-rich particles inside the anammoxosome (Figure 2.1.B) (van Niftrik et
al., 2008). These particles were speculated to be iron storage sites, possibly formed
by bacterioferritins; spherical, hollow protein complexes that contain large amounts
of iron oxides (~ 2000 Fe atoms per complex) (Andrews, 1998). However, anammox
bacterioferritins lack signal peptides that would target them into the anammoxosome.
The recently discovered encapsulins (Sutter et al., 2008; McHugh et al., 2014) may
provide an alternative explanation for the observed particles. Encapsulins form
nanocompartments that store cargo proteins with different functions (Giessen, 2016).
Indeed, one encapsulin homologue that is potentially targeted to the anammoxosome
via a signal sequence, and its heme-rich cargo protein were hypothesized for anammox
bacteria (Giessen & Silver, 2016). The nature of the iron—rich particles in anammox
bacteria and the proposed existence of functional encapsulins should be the focus of
future investigations.

Concluding remarks

Although we have gained considerable insights into the physiology, cell architecture
and energy metabolism of anammox bacteria, our knowledge on their iron uptake
and incorporation is rather limited. In this review we present our current views on the
various protein systems that anammox bacteria likely employ to support their iron—
based lifestyle.

In addition to nitrite—dependent ammonium oxidation, a limited number of studies
show that anammox bacteria utilize extracellular iron (Fe(ll) or Fe(lll)) as respiratory
substrates. The pathways and bioenergetics involved in iron reduction and oxidation
are poorly understood, and this interesting topic clearly deserves more attention and



experimental efforts.

Even though substantial amounts of iron are present in c—type cytochromes and Fe-S
proteins, anammox bacteria rely on common assimilation systems. Interestingly,
they seem to be dependent on the presence of Fe(ll), which is taken up by the core
component of the feo system (FeoB). Assembly of Fe-S clusters is performed by the
compact NifSU system, and the alternative heme biosynthesis (ahb) pathway produces
b—type hemes. Maturation system Il completes the assembly of c—type cytochromes in
the anammoxosome, and we propose that a copy of this maturation system also provides

the periplasm with c-type cytochromes.

The overview presented in this review is based on annotated systems and inferred
genetic homology. We identified pathways for iron, as part of metalloproteins, into
the anammoxosome, but mechanisms of heme degradation and iron export from
anammoxosome remain elusive. In this context, the origin and role of the observed iron—
rich particles are particularly intriguing. Slow growth and the lack of molecular tools make
biochemical studies on these fascinating organisms very challenging, but investigation of
iron—related effects on anammox proteomes and transcriptomes certainly promises to
yield valuable insights.
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Abstract

Anaerobic ammonium oxidizing (anammox) bacteria may contribute up to 50 percent to
the global nitrogen production, and are, thus, key players of the global nitrogen cycle.
The molecular mechanism of anammox was recently elucidated and is suggested to
proceed through a branched respiratory chain. This chain involves an exceptionally high
number of c—type cytochrome proteins which are localized within the anammoxosome,
a unique subcellular organelle. During transport into the organelle the c-type
cytochrome apoproteins need to be post—translationally processed so that heme
group(s) becomes covalently attached to them, resulting in mature c-type cytochrome
proteins. In this study, a comparative genome analysis was performed to identify the
cytochrome ¢ maturation system employed by anammox bacteria. Our results show
that all available anammox genome assemblies contain a complete type Il cytochrome ¢
maturation system. Our working model suggests that this machinery is localized at the
anammoxosome membrane which is assumed to be the locus of anammox catabolism.
These findings will stimulate further studies in dissecting the molecular and cellular basis

of cytochrome c biogenesis in anammox bacteria.

Introduction

One of the most recent additions to the microbial nitrogen cycle is the anaerobic
oxidation of ammonium (anammox), which utilizes nitrite as the electron acceptor
and forms dinitrogen gas under anaerobic conditions. Anammox bacteria possess
intracellular membrane systems, leading to a remarkable cell compartmentalization
(Lindsay et al., 2001). Two membranes on the inner side of the protein—rich cell wall
form a ribosome—free peripheral compartment, the periplasm (Jetten et al., 2009). A
third and innermost bilayer membrane exhibits a highly curved configuration and further
separates the cell into two distinct regions, the cytoplasm and the anammoxosome
(Figure 3.1.A). Detailed electron microscopic and labelling studies strongly support
the hypothesis of the anammoxosome being a separate organelle, where the central
anammox catabolism resides (Lindsay et al., 2001; van Niftrik et al., 2008; van Niftrik
et al.,, 2010). The annotation of more than 200 genes involved in catabolism and
respiration in the genome of the anammox bacterium Kuenenia stuttgartiensis, together
with the abundance of 61 genes encoding c-type cytochrome proteins, reflects the
complexity of the anammox metabolism and implies the presence of a branched and
versatile respiratory chain (Strous et al., 2006). This complexity is further confirmed by

the genome assemblies of three more anammox species that were recently reported



(Scalindua profunda (van de Vossenberg et al., 2012); strain KSU-1 (Hira et al., 2012));
Brocadia fulgida (Gori et al., 2011)). Although c—type cytochrome proteins seem to play
a key role in the unique anammox metabolism, the maturation pathway of functional c—
type cytochrome holoforms has not been explored. Cytochrome ¢ maturation describes
the post—translational process by which b—type hemes (Fe—protoporphyrin IX) are
covalently attached to the apoproteins resulting in functional c—type cytochromes. After
synthesis, apocytochrome c and heme molecules are independently translocated across
the energy-transducing membrane into the bacterial periplasm, the mitochondrial
intermembrane space or the thylakoid lumen. Ferriciron of heme(s) and cysteine residues
of apocytochrome ¢ are reduced and subsequent thioether linkage formation occurs
between the heme vinyl groups and the CX,_,CH sulfhydryls of apocytochrome c, leading
to the functional holoform (Hamel et al., 2009). Three distinct cytochrome ¢ maturation
pathways (Systems I, Il, and IlI) have been described, each comprising system—specific
assembly protein complexes; these biogenesis systems each occur in a wide variety of

organisms with acomplex and unpredictable phylogenetic distribution (Allen et al., 2005).

Considering the remarkable anammox cell plan together with the high abundance of
cytochrome c—type proteins, determination of the cytochrome ¢ maturation system that
thesebacteriaemployisof particularimportance. Inthis study, comparative computational
methods were applied to determine the maturation pathway regulating the assembly of
functional c—type cytochrome holoforms in four genera of anammox bacteria, using key
protein constituents of maturation Systems I-lll as biomarkers. Our analysis showed that

all anammox genome assemblies contain at least one full set of System Il (Ccs) genes.

Results and discussion

Assignment of cytochrome ¢ maturation System Il in anammox bacteria

In this study, we applied comparative genomics to predict the maturation pathway
of c—type cytochrome proteins in four anammox genera, using key protein
components of maturation Systems I-lll as biomarkers. Using our approach,
none of the marker genes for System | or Il could be identified in the anammox
draft genomes. On the contrary, our overall results evinced System Il to be the

dedicated c—type cytochrome biogenesis pathway that anammox bacteria employ.

System|l (cytochrome csynthesis; ‘ccs’) comprisesthree system—specific proteins (CcsABX)
together with a thiol—disulfide membrane transporter (DsbD or CcdA). According to the

bacterial working model, two transmembrane proteins (CcsAB), forming a channel entry,
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Figure 3.1| Maturation System Il of c-type cytochrome proteins in anammox bacteria

A: Schematic drawing of the anammox cell and the maturation system machinery depicted on
it. The dotted trapezoid is zoomed—in in Figure 3.2.B. 1: cell wall; 2: cytoplasmic membrane;
3: intracytoplasmic membrane; 4: anammoxosome membrane; i: periplasm; ii: cytoplasm; iii:
anammoxosome; iv: nucleoid; v: ribosome. B: 3D illustration of cytochrome ¢ maturation System
Il localized within the anammoxosome membrane. Apocytochrome c is translocated to the p—
side of the membrane via the Sec pathway. CcsA—CcsB complex, forming the heme channel
entry, is tethered within the anammoxosome membrane. Heme is, thus, translocated within
the anammoxosome. Concurrently, reducing equivalents from the n—side of the cell are fed to
a disulfide bond cascade that proceeds from DsbD to CcsX. The latter, being a dedicated thiol—
disulfide oxidoreductase, reduces the cysteine residues of apocytochrome ¢, and eventually
spontaneous ligation for the thioether linkages formation between the apoprotein and its
cofactor takes place. Green pie depicts apocytochrome c. Red triangle depicts heme molecule.



facilitate the heme transport and the maintenance of it in a reduced state at the p—
side of the membrane (Frawley & Kranz, 2009). A dedicated membrane—anchored
thiol-disulfide oxidoreductase (CcsX) reduces the apocytochrome c cysteines while
reducing equivalents are transferred from a non—specific cytoplasmic thioredoxin to the
thiol-disulfide membrane transporter (DsbD or CcdA) (Beckett et al., 2000). Eventually,
spontaneous ligation for the thioether linkages formation takes place (Frawley & Kranz,
2009).

Following the experimental approach described above, homologs of CcsA (sometimes
referred to as ResC) were successfully identified in all anammox genera; three putative
CcsA proteins were found in Kuenenia, strain KSU-1 and Scalindua and two in Brocadia
(Appendix 3C). For a functional type Il cytochrome ¢ maturation system, complexation
of CcsA and CcsB is required (Frawley & Kranz, 2009). CcsB (sometimes called ResB)
exhibits weak sequence conservation although structural homology is observed (Kranz
et al., 2009). Our results further support this argument, since only one isoform for each
Kuenenia, Scalindua, Brocadia and strain KSU-1 was found by reference database search.
Nevertheless, when intra— and intergenome examination with the significant CcsB hit of
Kuenenia as query was performed, one more CcsB isoform was retrieved for each of
the four anammox genera (Appendix 3C). Results from HHpred and HMMER annotation
were strikingly in agreement with those generated by BlastP (Appendices 3C and 3D). It
is surprising that anammox genera contain multiple CcsB homologs; to the best of our
knowledge, only one CcsB homolog has been found in any other organism to date.

Functional assignment of CcsA and CcsB is based on sequence homology (Kranz et al.,
2009), a minimum number of transmembrane helices and the presence of conserved
motifs and essential residues (Appendix 3A). The combined results indicate that Kuenenia,
KSU-1 and Scalindua share a common protein pattern regarding their cytochrome ¢
maturation system, all coding for two distinct CcsA—CcsB complexes; Brocadia seems to
code only for one (Table 3.1).

AllCcsAand CcsBhomologs of Kueneniaand Scalindua were also detectedin transcriptome
and proteome analyses (Kartal et al., 2011; van de Vossenberg et al., 2012). In detail, in
the genomes of Kuenenia, strain KSU-1 and Scalindua a CcsA homolog, possessing the
CcsA-specific tryptophan-rich heme—binding motif (WAXX(A/S)WGX(F/Y)WXWDXKEXX)
and 8 transmembrane helices, is found adjacent to a CcsB homolog possessing four
transmembrane helices and a large soluble domain. Notably, the CcsB sequence motif
(VNX__,P) is found in duplicate in the canonical CcsB from strain KSU-1, whereas in
Scalindua only a truncated CcsB motif is retrieved (VN) albeit three times. Intriguingly,
the second CcsA—CcsB cytochrome ¢ maturation complex encoded by all four anammox
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genera displays alterations from the canonical complex (Kranz et al., 2009) regarding a
modified CcsA heme—binding motif:

Published: WAXX(A/S)WGX(F/Y)WXWDXK E X X

Modified: WGXX A WGX Y FLWDAK(V/L) (V/L)W

Table 3.1] CcsA and CcsB homologs identified in four anammox genera

Initial BlastP search of whole anammox genomes against a reference database (for details
see Appendix 3B), comprising UNIPROT entries for CcsA and CcsB, together with intra— and
intergenome searches with the significant hits from Kuenenia as queries were performed
(Appendix 3C). Retrieved results were further analyzed with HHpred and HMMER (Appendix
3D), transmembrane helices were predicted with TMHMM, protein family matches were
identified via Pfam, and conserved motifs together with critical residues were identified
manually. Regarding the motif search, symbol (v) denotes identification of the canonical motif
as known from the literature (CcsA: WAXX(A/8)WGX(F/Y)WXWDXKEXX and CcsB: VNX1-
4P). Letter (M) denotes presence of the CcsA modified heme-binding motif as found in the
anammox genera tested (WGXXAWGXYFLWDAK(V/L)(V/L)W) and letter (T) denotes presence
of the truncated CcsB motif (VN). ORF: open reading frame; Length: ORF length in amino acids;
H: histidine residues; TMH: transmembrane helices; *: E-value cut off set at 107, **: E-value
cut off set at 1073; v: significant annotation and/or identification; ¥: absence of significant hits
and/or protein matches and/or motif.

Genus  Homolog ORF Length BLAST HHPRED HMMER \oiif 4 TMH  Pfam
CcsA kustd1760 283 v v v v v 8 PF01578
CcsB kustd1761 629 v X v v v 4 PF05140
Kuenenia
CcsA kuste3100 257 % X % M % 8 PF01578
CcsB kuste3101 322 X v v T v 4 X
CcsA GAB62001.1 282 \% v v \% \% 8 PF01578
CcsB GAB62000.1 621 X v v v v 4 PF05140
KSU-1
CcsA GAB64165.1 255 v v v M v 8 PF01578
CcsB GAB64166.1 335 X \% \% T \% 4 X
CcsA scal00629¢ 291 % \% % \% % 8 PF01578
CcsB scal00630c 625 v v v T v 3 PF05140
Scalindua
CcsA scal00436 258 v v v M v 8 PF01578
CcsB scal00437 322 X % v X v 4 X
CcsA BFUL_01704 281 \ v v v v 8 PF01578
CcsB BFUL_01703 499 v v v v v 2 PF05140
Brocadia
CcsA BFUL_02788 255 v v v M v 8 PF01578

CcsB BFUL_02789 319 v \% v T v 4 PF05140



In the latter, the observed amino acid substitutions may suggest a structurally different
heme-binding configuration and/or implications for protein functionality. Nonetheless,
the identified CcsA and CcsB homologs are coded adjacent to each other in all anammox
genomes. Remarkably, Brocadia seems to lack the canonical CcsA—CcsB complex and
only code for the modified one, albeit with an incomplete ccsA gene (about 1/3 of the
standard ccsA length and only three transmembrane helices). Phylogenetic relationships
among the anammox CcsA and CcsB homologs are illustrated in Figure 3.2.A and 3.2.B,

respectively.

A 100 Kuenenia stuttgartiensis kustd1760
498|:Estrain KSU1 GAB62001.1
68 Scalindua profunda scal00629¢c
08 £DesuIMbacula toluolica strain Tol2 (YP 006760755)
99 Syntrophobacter fumaroxidans MPOB (YP 844829.1)

Anaeromyxobacter dehalogenans strain 2CP-C (YP 464025.1)

 — Geobacter sp. M18 (YP 004201115.1)
100 L— Geobacter sulfurreducens PCA (NP 954356.1)

Scalindua profunda scal00436
100 Brocadia fulgida 2228662141
4841_?? Kuenenia stuttgartiensis kuste3100
35 strain KSU1 GAB64165.1

B 99 Kuenenia stutgartiensis kustd1761
100 strain KSU1 GAB62000.1

Scalindua profunda scal00630c
Anaeromyxobacter dehalogenans 2CP-1 (YP 002491284.1)
Methylacidiphilum fumariolicum SolV (ZP 10016203.1)
Ammonifex degensii KC4 (YP 003240002.1)
Scalindua profunda scal00437

700 Kuenenia stuttgartiensis kuste3101
ﬁain KSU1 GAB64166.1
91 Brocadia fulgida 2228662142

Figure 3.2| Neighbor-Joining trees indicating the phylogenetic relationships of the CcsA (A)
and CcsB (B) homologs among four anammox genera

0.2

55

73

0.5

Anammox CcsA homologs were used as queries for BlastP annotation and five significant hits
were included in the construction of the tree. NCBI accession number of reference sequences
is shown in brackets. The optimal tree with the sum of branch length = 11.93865246 is shown.
The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed using
the Poisson correction method and are in the units of the number of amino acid substitutions
per site. The analysis involved 12 amino acid sequences. All positions containing gaps and
missing data were eliminated. There were a total of 97 positions in the final dataset. Evolutionary
analyses were conducted in MEGA 5.0 (Tamura et al., 2013).
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Along with a functional CcsA—CcsB complex, cytochrome ¢ maturation System Il further
requires an efficient thiol-reduction pathway through which reducing equivalents
are shuttled across the energy—transducing membrane towards the p—side, and are
subsequently used for reduction of apocytochrome c cysteines (Beckett et al., 2000).
In three of the anammox species we studied, DsbD, a thiol-disulfide membrane
transporter involved in the aforementioned pathway;, is annotated successfully and with
high confidence by a similar comparative methodology adopted for CcsA and CcsB (Table
3.2 and Appendix 3E). In detail, two DsbD homologs are identified in both Kuenenia
and Brocadia, whereas a single copy is retrieved for strain KSU-1. All DsbD homologs
share similar structural features, including 8-11 transmembrane helices and conserved

cysteine residues

Table 3.2| CcsX and DsbD homologs identified in four anammox genera

Initial BlastP search of whole anammox genomes against a reference database, comprising
UNIPROT entries for CcsX and DsbD was performed. Retrieved results were further analyzed
with HHpred and HMMER (Appendix 3E), transmembrane helices were predicted with TMHMM,
potential signal peptides were annotated using SignalP 4.1, and conserved motifs together with
critical residues were identified manually. ORF: open reading frame; Length: ORF length in
amino acids; C: cysteine residues; TMH: transmembrane helices; SP: signal peptide; *: E-value
cut off set at 1075; **: E—value cut off set at 1073; (v): significant annotation and/or identification;
(%): absence of significant hits and/or transmembrane helix and/or signal peptides; NA: not

applicable.

Homolog Genus ORF Length | BLAST | HHPRED | HMMER | Motif | C | TMH | SP
kuste0860 161 v v v CX,C 1 v X
Kuenenia kuste0967 166 v v v CX,C 1 \% X
kuste3827 164 v v v CXC | 3 v v
scal02124 172 v v v cX,C | 0 v v
scal00014c 173 v v v cXC | 3 v v
scal02421c 255 v v v CX,C 1 v v

Scalindua
scal02845 125 v v v cXC | 0 X X
scal00012c 185 v X v cXC | 1 X v
CesX scal04176 164 v v v cXC | 1 X X
GAB64172.1 312 v v v cXC | 1 v X
GAB61322.1 165 v v v CXC | 2 v v
GAB62714.1 162 v v v CXC | 1 v v

KSU-1

GAB64222.1 163 v v v CXC | 1 v v
GAB64221.1 163 v v v CX,C | 0 v v
GAB62039.1 669 v v v CXC | 8 v X
BFUL_03119 163 v v v CXC | 0 v v

Brocadia
BFUL_00886 173 v v v cXC | 2 X v
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Homolog Genus ORF Length | BLAST | HHPRED | HMMER | Motif | C | TMH | SP
kuste2732 601 \% \% v NA 7 8 NA

Kuenenia
kustc0946 608 \% \% v NA 8 9 NA

DsbD

KSU-1 GAB61320.1 610 v v v NA 5 11 NA
Brocadia | BFUL_00929 610 \% \% v NA 5 9 NA
CcdA Scalindua scal01537 234 v v v NA 2 6 NA

(Stewart et al., 1999). Scalindua contains a homolog of CcdA, related to but shorter than
DsbD and possessing only 6 transmembrane helices along with two cysteine residues
(Porat et al., 2004). DsbD is a housekeeping thiol-disulphide electron shuttle (Ilto &
Inaba, 2008) and as such it is not an indispensable cytochrome ¢ maturation System
Il component. In contrast, CcsX (often referred to as ResA) that fulfils the essential
role of apocytochrome ¢ reduction in this disulfide bond cascade is a dedicated
membrane—anchored thiol-disulfide oxidoreductase of maturation System Il. Apart
from the conserved thioredoxin cytochrome ¢ recognition motif (CXXC), CcsX also
possesses additional cysteine residues and a single transmembrane helix through which
it is anchored to the membrane. Our comparative computational approach identified
multiple potential CcsX homologs for each anammox genus. Particularly, three CcsX-like
homologs for Kuenenia and Scalindua, six for strain KSU-1 and two for Brocadia were
identified with high confidence (Appendix 2E). However, homologs possessing no signal
peptide sequences were ruled out from our final collective table (Table 3.2). Although
distinction between the dedicated CcsX proteins and other thioredoxins that might
possess similar features cannot be made, the presence of so many CcsX—like homologs is

sufficient for a complete c-type cytochrome maturation System II.

Overall, these results indicate that the assembly of cytochrome c holoforms is achieved
by the maturation System Il in all anammox bacteria tested herein. All genera code for
at least one CcsA—CcsB complex, one DsbD (or CcdA), and one CcsX homolog, all being
essential components of a functional cytochrome ¢ maturation System II.

Working model

Having analyzed the cytochrome ¢ maturation system in anammox bacteria, it would
be stimulating to comprehend how such machinery is localized within the intricate
anammox cell plan. A hypothetical cellular pathway for cytochrome c biogenesis is
illustrated in Figure 3.1.B. According to our view, the CcsA—CcsB complex, forming the

heme channel entry, must be tethered within the anammoxosome membrane. Heme is,
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thus, translocated into the anammoxosome, with the latter representing the p—side of the
anammox cell (van Niftrik et al., 2010). This translocation is mediated by selective CcsA
heme—binding motifs (Table 3.1). Concurrently, housekeeping riboplasmic thioredoxins
provide DsbD with the necessary reductants that are shuttled towards the dedicated
CcsX thiol-disulfide oxidoreductase. Both DsbD and CcsX possess transmembrane
helices spanning the anammoxosome membrane, with the CcsX globular domain facing
the inside of the anammoxosome, where apocytochrome c cysteine reduction occurs.
Eventually, spontaneous formation of the thioether linkages between the apoprotein
and its cofactor takes place, leading to functional cytochrome c holoforms inside the
anammoxosome (Frawley & Kranz, 2009).

Concluding remarks

These findings suggest that anammox bacteria possess at least one complete
machinery for type Il cytochrome ¢ biogenesis (Kranz et al., 2009), adapting it to their
complicated cell plan; the anammoxosome membrane is proposed to be the main site
of cytochrome ¢ maturation. Our results provide a working model that will be used to
guide experimental studies, including protein purification and immunogold electron
microscopy, in elucidating both the localization and the function of maturation System Il
in anammox bacteria.

Materials and methods

All anammox bacteria belong to the order Brocadiales that branches deeply into the
phylum Planctomycetes and includes five genera (Kuenenia, Scalindua, Brocadia,
Jettenia, and Anammoxoglobus) (Jetten et al., 2010). In this study draft genomes
representative of four anammox genera were analyzed. Kuenenia stuttgartiensis [NCBI
bioproject: PRINA16685 (Strous et al., 2006)], Scalindua profunda [JGI: 2017108002 and
2022004002 (van de Vossenberg et al., 2013)], and strain KSU-1 (representing Jettenia
genus) [NCBI bioprojects: PRIDA163683 and PRIDB68 (Hira et al., 2012)] obtained as
described elsewhere. Genomic data for Brocadia fulgida were obtained as described
here below.

Brocadia fulgida genomic data

Library preparation and sequencing

All kits used in this section were obtained from Life technologies (Life technologies,



Carlsbad, CA, USA). Genomic DNA, isolated using a CTAB phenol/chloroform based
method, 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. 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 318 chip, resulting
in 5.25 million reads with an average length of 179 bp.

Assembly and annotation

The obtained 5.25 million reads were quality trimmed and all reads below 200 bp were
discarded. The remaining 2.22 million reads were assembled using the CLC genomics
workbench (v6.5.1, CLCbio, Aarhus, Denmark) with word size 35 and bubble size 5000.
Brocadia fulgida accounted for 91% of the assembled reads. Contigs were assigned
to Brocadia fulgida based on coverage (>30 fold). The obtained 411 contigs were
annotated using Prokka 1.7.2 (Prokka: Prokaryotic Genome Annotation System — http://
vicbioinformatics.com/). After annotation, a round of manual curation was performed to
correct detected frame shifts. Raw reads and assembled data are available under NCBI
bioproject PRJIEB4876.

Cytochrome ¢ maturation pathway

Reference protein datasets for each of the three cytochrome ¢ maturation Systems (I—
IIl) were compiled, each comprising all protein and polypeptide sequences available at
UNIPROT, annotated as any of the defining system—specific components (Appendices 3A
and 3B). A thioredoxin dataset for maturation System Il was also constructed comprising
UNIPRQOT entries for CcsX, DsbD and CcdA. All abovementioned datasets were limited to

peer—reviewed entries.

Allanammox gene products were compared to the datasets using BlastP (asimplemented
in the CLC Genomics Workbench, v6.0, CLCBio) with an E-value cut off of 107°. Significant
hits were further analyzed by HHpred against all available HMM databases with HHBIits
as the MSA generation method (Soding et al., 2005). The web server implementation of
HMMER (default settings) was also utilized (Finn et al., 2011). Protein family matches
were identified via Pfam (default settings) (Finn et al., 2006). For structure— or sequence—
specific feature recognition, transmembrane helical domains were predicted using the

TMHMM web server (Sonnhammer et al., 1998) and potential signal peptides were
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annotated using SignalP 4.1 (Petersen et al., 2011). Conserved motifs and critical residues
were procured from the literature (Appendix 3A) and probed in each gene product
directly. Multiple alignments of CcsA and CcsB anammox homologs were performed
using ClustalW and phylogenetic trees were constructed based on the Neighbor—Joining
algorithm, both as implemented in MEGA 5.0 (default settings) (Tamura et al., 2011).

BlastP was also utilized to search for related outgroup sequences in GenBank.
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Appendix 3B| Selection criteria for cytochrome ¢ maturation System biomarkers

System |

As thoroughly explained elsewhere (Kranz et al., 2009), the cytochrome ¢ maturation
System | apparatus comprises a variety of proteins which are finely orchestrated to
perform the seemingly simple task of cytochrome cassembly. Nonetheless, not all protein
components can be used as reliable computation biomarkers towards the identification
of this maturation system. CcmA and CcmB both belong to the ATP—Binding Cassette
(ABC) transporters superfamily, which exhibits high sequence conservation within its
members. Most notably, their ATP—binding domains include two short motifs (Walker
motifs) associated with many nucleotide—binding proteins (Higgins, 1992) and, thus, any
annotation attempt would result in several non—specific hits. CcmG is a specific thiol—
oxidoreductase but, as such, it adopts a trx—like fold which classifies it as a thioredoxin
(Matteo et al., 2010) and makes it completely inappropriate as a signature gene,
considering the ubiquitous nature of these proteins in all living cells. CcmH from E.coli
is, in most organisms, divided into two proteins, CcmH and Ccml, with the former being
a thiol-oxidoreductase albeit with an unusual structural fold (Di Matteo et al., 2007).
Identification of CcmH can offer supportive indications, although inability to detect
CcmH during an annotation project does not necessarily exclude System | from being
the dedicated cytochrome ¢ maturation pathway of the organism (Allen et al., 2006).
Ccml, on the other hand, contains TPR repeat domains and, therefore cannot be used as
a biomarker (Kranz et al., 2009). Detection of the system—specific heme—handling genes
in the genome of an organism can offer strong evidence for the presence of cytochrome
¢ maturation System |. CcmE, a heme chaperone, represents a novel class of covalently
heme—bound proteins (Thony—Meyer, 2003) and contains a highly conserved motif (C/
HXXXY). CcmC and CcmpF, like CcsA in System |, contain a typical tryptophan—rich WWD
domain, flanked by conserved histidine residues (Lee et al., 2007). CcmD, at last, is not the
most suitable biomarker due to its small size and poor sequence conservation, although
it can further validate the possible presence of CcmC, since it is always downstream of
the latter and adopts a well preserved domain structure (Ahuja & Thény—Meyer, 2005).

System Il

In silico identification of cytochrome ¢ maturation System Il proceeds in a heuristic
manner that is based on two indispensable Ccs proteins (CcsA and CcsB) that form a
tight complex and perform most of the tasks required for cytochrome ¢ holoform
assembly. Although in some organisms a fused CcsBA is the dedicated cytochrome ¢



synthetase (Simon et al., 2011), in most cases two separate gene products are identified.
CcsA exhibits high sequence conservation and, in resemblance with CcmC and CcmF
from System [, contains a WWD domain and flanking histidines (Kranz et al., 2009).
CcsB, which usually proceeds or follows CcsA in the genome, is poorly conserved at the
sequence level, even though its conserved secondary structure could be of help. The
fused CcsBA also exhibits highly conserved features (Beckett et al., 2000).

System Ill

Cytochrome ¢ maturation System IIl has so far been detected only in eukaryotes and
seems to have the simplest protein composition of all. The prototypical cytochrome ¢
heme lyase (CCHL) together with a related type of it (CC,HL; responsible for cytochrome
¢, maturation in some organisms) (Zollner et al., 1992) are the only defining components
of this system described up to now (Hamel et al., 2009). Together with these, a dedicated
flavoprotein (Cyc2p), suggested to be involved in the redox pathway of System |l
cytochrome ¢ assembly in fungi (Bernard et al., 2005) and the human cytochrome ¢

heme lyase (HCCS) were also included in our dataset.
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Appendix 3E| CcsX and DsbD homologs identified in four anammox genera using
BlastP, HHpred, and HMMER

Homology identification was performed with BlastP as implemented in CLC Main
Workbench platform (V4.5, CLC Bio). Whole anammox genomes are used as queries
against a reference database that comprises all reviewed entries for CcsX and DsbD
available at UNIPROT. Retrieved results were further analyzed with HHpred and HMMER.
*: E—value cut off set at 1075, **: E-value cut off set at 1073.

BLAST* HMMER** HHPRED**
Genus Homolog ORF
1D E-value ID E-value ID E-value
kustc0860 | Q63DQ8-1  8,95626E-22  RESA_BACHD  3.5E-18 d1st9a_ 7E-29
CesX kustc0967 Q65HX8-1  8,471176-21  RESA_GEOKA  5.9E-15 d1st9a_ 2.56-27
Kuenenia kuste3827 Q63DQ8-1 4,86944E-16  RESA_BACC1 1.1E-11 3erw_A 2.96-27

kuste2732 Q2Qyo7 1,04697E-16  DSBD_PSEA6  7.8E-76 ~ PRK00293  2.1E-86

DsbD
: kustc0946 Q2QYo7 4,84819E-13 DSBD_COLP3 3.5e-81  PRK00293  5.6E-85
scal02124 Q73B22-1  1,217086-25  RESA_BACC1  3.56-23 dist9a_  1.3E-29
scal00014c Q6HL81-1  1,94638E-18 RESA_BACHK 1.9e-20 d1st9a_ 5.7e-32
scal02421c | A4IQF5-1  1,99748E-12  RESA_GEOKA  6.4E-08 dist9a_  1.4E-24
CesX
Scalindua scal02845 Q81S79-1  2,22983t-16 ~ RESA_BACC1  9.0E-09 d1st9a_ 2.3E-26
scal04176 Q81S79-1 4,31191E-09 RESA_BACC1 6.2E-06 d1st9a_ 1.6E-31
scal00012¢ Q73B22-1  6,05582E-08 d1st9a_ X X X
DsbD scal01537 Q2RAR6 3,26E-21 DSBD_COLP3  4.1E-35  PRK00293  1.5E-34
GAB64172.1 | Q63DQ8-1 6,47057E-25  RESA_BACLD  2.6E-21 dlst9a_  4.5E-28
GAB61322.1 | Q73B22-1  7,10168-24  RESA_BACC1  1.9E-21 3erw_A  3.5E-28
CesX GAB62714.1 | Q9KCJ4-1  3,3159E-23  RESA_BACHD  1.9E-20 3erw_A  2.86-28
KSU-1 GAB64222.1 | Q8CXF3—-1  3,48189E-17  RESA_OCEIH 1.4E-14 dist9a_  1.3E-26

GAB64221.1 | Q8CXF3-1  8,89536E-15 RESA_OCEIH 2.6E-09 3erw_A 7.4E-30

GAB62039.1 | Q9KCJ4-1  2,83785E-11  RESA_BACHD  4.3E-08 3erw_A 2.3E-21

DsbD GAB61320.1 Q2Qyo7 4,75698E-16  DSBD_CROS8  5.0E-77  PRK00293  9.5E-88
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BLAST* HMMER** HHPRED**
Genus Homolog ORF

ID E-value ID E-value ID E-value
2228656611 | Q5KXL9-1 1,8534E-20 RESA_GEOKA 9.9E-15 d1st9a_ 4E-29
2228663268 | A4IQF5-1  2,56326E-19  RESA_GEOTN  7.4E-21 d1st9a_ 8.76-31
2228659570 | Q63DQ8-1  1,61625E-19 RESA_BACC1 2.6E-14 d1st9a_ 1.1E-29

CesX
2228660244 | Q65HX8-1  2,96662E-18 RESA_BACLD 1.5e-14 d1st9a_ 4.1E-30

Brocadia

2228657357 | Q65HX8-1  2,08037E-15 RESA_BACLD 4.6E-13 dist9a_ 8.7E-31
2228661544 | Q6HL81-1  2,53632E-10 RESA_BACC1 4.1E-06 d1st9a_ 3.66-31
2228657547 023166 1,63947e-09 DSBD_HAEDU  7.8e-52  PRK00293  8.1E-56

DsbD
2228661865 Q9M5P3 6,00E-09 DSBD_RALSO  7.3E-152 PRK00293  1.8E-89
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Abstract

Anaerobic ammonium oxidation (anammox) plays a major role in the earth’s nitrogen
cycle and is used in energy—efficient wastewater treatment. This bacterial process
combines nitrite and ammonium forming dinitrogen gas, and has been estimated to
synthesize up to 50 percent of the dinitrogen gas emitted into our atmosphere from the
oceans. Strikingly, the anammox process relies on the highly unusual, extremely reactive
intermediate hydrazine, a compound also used as a rocket fuel because of its high
reducing power. So far, the enzymatic mechanism by which hydrazine is synthesized is
unknown. Here we report the 2.7 A resolution crystal structure as well as biophysical and
spectroscopic studies of a hydrazine synthase multiprotein complex isolated from the
anammox organism Kuenenia stuttgartiensis. The structure shows an elongated dimer
of heterotrimers, each of which has two unique c—type heme—containing active sites, as
well an interaction point for a redox partner. Furthermore, a system of tunnels connects
these active sites. The crystal structure implies a two—step mechanism for hydrazine
synthesis: a three—electron reduction of nitric oxide to hydroxylamine at the y—subunit’s
active site and its subsequent condensation with ammonia yielding hydrazine in the
active center of the a—subunit. Our results provide the first, to our knowledge, detailed
structural insights into the mechanism of biological hydrazine synthesis, which will be of
major significance for our understanding of the conversion of nitrogenous compounds
in nature.

Introduction

Most nitrogen on earth occurs as gaseous N, (nitrogen oxidation number 0). To make
nitrogen available for biochemical reactions, the inert N, has to be converted to
ammonia (oxidation number —IIl), which can then be assimilated to produce organic
nitrogen compounds, or be oxidized to nitrite (oxidation number +l1I) or nitrate (+V). The
reduction of nitrite in turn results in the regeneration of N, thus closing the biological
nitrogen cycle. To produce N, from nitrite, a nitrogen—nitrogen bond must be formed
by the addition of another nitrogen—containing molecule. At present, two biological
processes are known that can achieve this. In denitrification, nitrite is first reduced to
nitric oxide (NO, +II). Then, two molecules of NO are combined to produce nitrous oxide
(N, O, +1), which is subsequently reduced to N,. The other process, anaerobic ammonium
oxidation or anammox (Lam & Kuypers, 2011; Devol, 2015) was discovered only relatively
recently, and relies on the combination of two compounds with different nitrogen
oxidation states, nitrite and ammonium, to generate N,. Our current understanding of



the anammox reaction (Reaction 1) is based on genomic, physiological and biochemical
studies on the anammox bacterium K. stuttgartiensis (Strous et al., 2006; Kartal et al.,
2011). First, nitrite is reduced to nitric oxide (Reaction 2), which is then condensed with

ammonium-— derived ammonia (NH,) to yield hydrazine (N,H,;

. Reaction 3). Hydrazine

itself is a highly unusual metabolic intermediate, as it is extremely reactive and
therefore toxic, and has a very low redox potential (E° = =750 mV). In the final step
in the anammox process, it is oxidized to N, yielding four electrons (Reaction 4) that
replenish those needed for nitrite reduction and hydrazine synthesis and are used to
establish a proton—motive force (pmf) across the membrane of the anammox organelle,
the anammoxosome, driving ATP synthesis (Kartal et al., 2013).

NH,"+NO, > N_+2H0 AGY=-357 kJ-mol. [1]
NO, +2H*+e > NO+H,0 E%= +380 mV [2]
NO+NH,"+ 2H*+3e"> N,H,+ H,0 E%= +60 mV [3]
NH, > N, +4H" + de” E'=-750 mV (4]

The enzyme producing hydrazine from NO and ammonium—hydrazine synthase (HZS)—
is biochemically unique. A complex of three proteins, HZS a, —f and —y, encoded by
the genes kuste2861, —2859 and —2860, respectively, was put forward as the probable
hydrazine synthase enzyme (Strous et al., 2006). This complex was isolated from K.
stuttgartiensis cells and shown to be catalytically active in a coupled assay with the
octaheme c—type cytochrome kustc1061 (Maalcke et al., 2014) to convert hydrazine into
N, and return electrons to HZS (Kartal et al., 2011). Isolated HZS is a comparatively slow
enzyme with an activity of 20 nmol-h™*-mg™ protein, about 1 percent of in vivo turnover.
This striking loss of activity occurs immediately upon cell lysis and might be explained
by the disruption of a tightly coupled multicomponent system, as well as by the use of
bovine cytochrome c as an artificial electron carrier in the in vitro assay (Kartal et al.,
2011).
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Results and discussion

Hydrazine synthase is a dimer of heterotrimers

Using a custom—designed crystal cooling method, we prepared well diffracting crystals
of the HZS aPBy multienzyme complex from K. stuttgartiensis and determined its crystal
structure at 2.7 A resolution in the absence of substrates (Figure 4.1.A and Appendix
4A). The structure reveals a crescent—shaped dimer of heterotrimers with an (aBy),
stoichiometry. The overall size and shape of the complex were confirmed by analytical
ultracentrifugation and solution small-angle X-ray scattering (Appendix 4C). Each
heterotrimer contains four hemes and one zinc ion, as well as several calcium ions
(Figure 4.1.B and Appendix 4B).

A
C-term. /
heme all heme all
B D
oy 40Thr571 .0Met556 Thr571 »aMet556
o g vy ola oG iy oAla S
site p 29 569 ‘“? R 569
' 54 S y
heme 7l © pome il
. 71 Cg heme il P
- ca
h oo,

Figure 4.1| Crystal structure of HZS

A: HZS complex structure. a—subunits are colored green, B—subunits blue and y—subunits grey.
B: Surface representation. The contact area between two heterotrimers in the complex (~1350
R2) is made up of contributions from the a— and B-subunits only. Considerable solvent—filled
space remains between the heterotrimers. Calcium ions are labelled Ca, zinc as Zn. Edge—to—
edge distances between the hemes within a subunit are indicated in Angstréms. C: Stereofigure
of the a—subunit. The N-terminal domain (residues a28— a420), middle domain (a421- a670)
and C—terminal domain (a671—- a808) are indicated in different shades of green. The two heme
groups are shown as sticks. D: Stereofigure of the heme al site, overlaid with the simulated
annealing composite omit map, contoured at 1.0 o. The zinc ion and its coordinating water are
shown as grey and red spheres, respectively. The heme propionates are labelled Prp.



The a subunit (Figure 4.1.C) consists of three domains: an N—terminal domain which
includes a six—bladed B—propeller, a middle domain binding a pentacoordinated
c-type heme (heme al) and a C—terminal domain which harbours a bis—histidine—
coordinated c-type heme (heme all). The structure around heme al (Figure 4.1.D)
deviates substantially from a typical heme c site, as the canonical histidine of the heme
¢ binding motif, aHis587, is rotated away from the heme iron, and coordinates a zinc
ion. Instead, the hydroxyl group of aTyr591 serves as the proximal ligand to the heme
iron, as in the active site of many catalases (Putnam et al., 2000). Importantly, this
tyrosine is conserved in HZS—a sequences (Appendix 4D). The zinc bound to aHis587
is further coordinated by one of the heme al propionate groups, as well as aCys303
and probably a watermolecule, in a structure reminiscent of the active sites of alcohol
dehydrogenase and various metalloproteases (Auld, 2001). The zinc ion could play a
structural role, assisting in rotating aHis587 away from the iron, allowing aTyr591 to
bind, or could directly modulate the chemistry of the heme group, with which it interacts
via a propionate group. aThr571, aAla569 and aMet556 (which is partially oxidized, see
Appendix 4G) are in close proximity to the distal side of heme al, which does not seem
to coordinate a solvent molecule in the crystal structure. In contrast, heme all is bound
by a canonical heme ¢ binding motif and is coordinated by aHis772 distally and aHis689
proximally. The edge—to—edge distance (Moser et al., 2008) between hemes al and all is
31 A (Figure 4.1.B), which is too long for single—step electron transfer between the heme
groups of the a—subunit. The edge—-to—edge distances between the heme groups in the
two different a—subunits in the complex are larger than 38 A, which excludes electron

transfer between the two a—subunits on the timescale of catalysis.

The non—heme B-subunit (Figure 4.2.A) is a seven—bladed B—propeller with a short
helical insertion in the sixth propeller blade. The outer strand of the C—terminal blade
consists of the N terminus (residues y40—y52) of the y—subunit of the same heterotrimer.
Notably, the HZS B—and y—subunits are fused into a single polypeptide in the anammox
bacteria Scalindua profunda and Scalindua brodae (Appendix 4F) (van de Vossenberg
et al., 2013). The structure of the y—subunit (Figure 4.2.B) is reminiscent of the fold of
the homologous diheme cytochrome c peroxidases (CCPs) (Fulop et al., 1995; Shimizu
et al., 2001; Echalier et al., 2008) and Paracoccus denitrificans methylamine utilization
protein G (MauG) (Jensen et al., 2010) and consists of two a—helical lobes, each of which
contains one c-type heme. Heme yl in the N—terminal lobe (Figure 4.2.C) is coordinated
proximally by yHis106 and distally by a water molecule, and is covalently bound to
yCys102 and yCys105 on a typical heme ¢ binding motif.
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N-term. y

Figure 4.2| Structure of HZS-B and HZS-y

A: Structure of the B—subunit. The 245-260 insertion is shown in purple. The N terminus of
the y—subunit, which engages in B—completion with the first blade of the B—propeller is shown
in grey. B: Structure of the y—subunit. C: Stereofigure of heme yl and its surroundings, overlaid
with the simulated annealing composite omit map (blue, 1.0 o). The water molecule bound
to the heme iron is shown as a red sphere. The green mesh is the difference electron density
calculated before inclusion of the water molecule in the model (5.0 o).

Intriguingly, the electron density maps clearly show a unique third covalent bond with
the protein, between the C1 porphyrin methyl group and the Sy sulfur atom of yCys165
(Figure 4.3.A), which possibly serves to modulate heme chemistry. At the distal side,
the iron binds a water molecule, which is hydrogen bonded to yAsp168. This conserved
residue (Appendix 4F) is perfectly positioned to transfer protons to a ligand molecule

coordinated to the heme. A structural superposition (Figure 4.3.B) reveals that heme



vl is located at the position of the high—spin heme of the homologous Nitrosomonas
europaea CCP (Shimizu et al., 2001) and P. denitrificans MauG (Jensen et al., 2010). The
bis—His—coordinated heme yll in the C—terminal lobe is located at the equivalent position
as the electron transfer heme in CCPs and MauG (Figure 4.3.B), at an edge—to—edge
distance of 15 A from heme yI (Figure 4.1.B), which would allow direct electron transfer
between the hemes in the y—subunit. In CCPs and MauG, a conserved Trp residue is

believed to be involved in catalytic redox chemistry.
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Figure 4.3 Details of HZS structure

A: Covalent attachment of heme vyl via three cysteine sulfur atoms. The simulated annealing
2mFo-DFc composite omit map is shown contoured at 1o, overlaid on the final, refined structure.
yCys102 and yCys105 are part of the canonical CXXCH motif (grey cartoon). In addition, there
is a covalent bond between the Sy atom of yCys165 and the C, porphyrin methyl group of
heme yl. B: Overlay of HZS—y (grey) with N. europaea CCP (PDB entry 11QC, light brown) and P.
denitrificans MauG (PDB entry 3L4M, dark brown). The positions of hemes yl and ylI correspond
to those of the hemes in CCP and MauG (sticks), as does the position of a calcium ion (spheres).
The conserved tryptophan residue proposed to be involved in redox catalysis in MauG and CCP
corresponds to His144 in HZS—y (sticks). C: Xenon binding shows that heme al is accessible from
the solvent. The Xe atom is shown as a sphere. Green mesh: mFo-DFc map calculated before
inclusion of Xe in the model, (10 ¢). aMet556 has assumed a new conformation.
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In HZS—y, the position of this tryptophan is taken up by yHis144. The y—subunit binds
three calcium ions, one of them at the same position as the Ca—binding site in CCP that is
essential for its activation. Moreover, heme yll is located on the surface of the complex,
exposed to the solvent, surrounded by a negatively charged patch, as in a cytochrome ¢
binding site (Figure 4.4). Therefore, heme yll probably functions in electron transfer. Thus,
it appears that the a— and the y—subunit each contain an active site (hemes al and yl)
and the y—subunit contains an electron—transfer site (heme yll). Electron paramagnetic
resonance (EPR) spectroscopy (Appendix 4H) is consistent with a stoichiometry of two
bis—His—coordinated hemes and two hemes for which a population of ligation states

exist.

Figure 4.4| Electrostatic surface properties of the HZS complex

Heme moieties are shown as sticks. A: Overview of the whole HZS structure. The bis—His—
coordinated heme vl is indicated with a black circle. Heme all is obscured in this view but its
position is indicated by a black arrow. B: Magnified view of the electrostatic properties of the
surface surrounding heme yll. A prominent negatively charged patch surrounds the heme as
in cytochrome c binding sites. C: Magnified view of the vacuum electrostatic properties of the
surface surrounding heme all. No significant differences with the rest of the protein surface are
observed. The figure was prepared using UCSF Chimera (Pettersen et al., 2004).

Intriguingly, our crystal structure revealed a tunnel connecting the heme al and vyl sites

(Figure 4.5.A). This tunnel branches off towards the surface of the protein approximately



halfway between the heme sites, making them accessible to substrates from the
solvent. Indeed, binding studies show that heme al is accessible to xenon (Figure 4.3.C).
Interestingly, in—between the a— and y—subunits, the tunnel is approached by a 15—
amino—acid—long loop of the B—subunit (3245-B260), placing the conserved BGlu253,
which binds a magnesium ion, into the tunnel. These observations allow a mechanism
for biological hydrazine synthesis to be proposed (Figure 4.5.B).

Proposed catalytic mechanism for biological hydrazine synthesis

The presence of two active sites, connected by a tunnel, strongly suggests a mechanism
with two half-reactions. HZS combines NO (nitrogen oxidation number +Il) and NH,*
(N oxidation number —Ill). To reach the —Il oxidation number of the nitrogen atoms in
hydrazine, nitric oxide must be reduced. As proposed earlier (Kartal et al., 2013), this
could happen in the y—subunit, resulting in the production of hydroxylamine (NH20H;
nitrogen oxidation number —I) according to Reaction 5.

NO + 3H" + 3e"-> NH,OH [5]

This three—electron reduction is consistent with the proposal that HZS obtains electrons
from the triheme cytochrome c kuste2854 (Kartal et al., 2013). In this scheme, the
electrons would enter HZS through heme yll and be transferred to the active site heme
vl, possibly via yHis144. yAsp168 could assist in adding the protons. A cluster of buried,
polar residues (yAsp112, yArg143 and yArgl67) is positioned between yAsp168 and the
surface of the complex and could serve to transfer protons to the active center of the y—
subunit. In the proposed mechanism, hydroxylamine then diffuses through the tunnel to
the a—subunit’s active site. Given the position of the f245-260 loop, the B—subunit could
play a role in modulating transport through the tunnel. Hydroxylamine is isoelectronic
with hydrogen peroxide, and is a competitive catalase inhibitor (Blaschko, 1935). Thus,
it would bind to the distal coordination site of the catalase—like heme al, which would
polarize the N—O bond. As crystal soaking with NH,OH was unsuccessful, we constructed
a model of this complex (Figure 4.5.C) which shows that hydroxylamine would be bound
in a tight, very hydrophobic pocket, so that there is little electrostatic shielding of the
partial positive charge on the nitrogen. Ammonia produced from ammonium (the
predominant form at pH=6.3 in the anammoxosome (van der Star et al., 2010)) could
then perform a nucleophilic attack on the nitrogen of hydroxylamine, yielding hydrazine

through comproportionation (Reaction 6).
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Figure 4.5| Proposed mechanism of biological hydrazine synthesis

A: Tunnel between the active site hemes (orange, major tunnel) with the branch to the protein
surface. The $245-260 loop is shown in purple, as well as BGlu253 which binds a magnesium ion
(light—green sphere) and yHis144. A minor tunnel (lower right) leads to the zinc ion, and could
allow ammonium to enter. B: Details of the proposed mechanism. NO travels to heme yl through
the tunnel (orange) via the branch leading to the surface. On the left, three electrons enter the
complex at heme yll and are conducted to heme yl via yHis144. Together with three protons
reaching heme yl from the solvent via the buried polar cluster, the electrons reduce NO to
NH,OH (grey box). NH20H then diffuses through the tunnel, which is regulated by the B-subunit
through the $245-260 loop, and binds to heme al. There, it undergoes comproportionation
with NH, to yield hydrazine (green box). C: Stereofigure, showing a model of hydroxylamine (HA)
bound to heme al in a very hydrophobic environment.

NH,OH + NH, > N H,+ H.,0 (6]

Hydrazine could leave the enzyme via the tunnel branch leading to the surface.
Interestingly, the proposed scheme is analogous to the Raschig process used in industrial
hydrazine synthesis. There, ammonia is oxidized to chloramine (NH2CI; nitrogen
oxidation number —I like in hydroxylamine), which then undergoes comproportionation

with another molecule of ammonia to yield hydrazine.

Materials and methods

Protein purification

The kuste2859-2860-2861 hydrazine synthase (HZS) complex was purified from
a planktonic K. stuttgartiensis culture as described previously (Kartal et al., 2011).
Briefly, cell-free extracts prepared from a ~95% single—cell enrichment culture of
K. stuttgartiensis were subjected to ultracentrifugation (180,000 g at 4°C, for 1 h) to
pellet cell membranes. HZS present in the bright-red supernatant was brought to
homogeneity by a two—step column purification procedure consisting of subsequent Q
Sepharose XL (GE Healthcare) and CHT Ceramic Hydroxyapatite (Bio—Rad, USA) column
chromatography steps. UV-Vis spectra of as—isolated HZS showed a Soret absorption
peak at 406 nm and a broad band in the 530 nm region, which are typical for fully
oxidized (ferric) heme c proteins. Reduction of the protein under anoxic conditions using
sodium dithionite resulted in a shift of the Soret maximum to 420 nm as well as heme a
and B bands at 553 nm and 523 nm, respectively. Protein concentrations used for ICP—
MS and EPR measurements were determined using the Bradford assay (Bio—Rad, USA)

with bovine serum albumin as standard.
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Analyses by MALDI-TOF and ESI-TOF mass spectrometry

The subunits of the HZS complex were separated by 15% sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS—PAGE). To identify the individual subunits
of the HZS complex, Coomassie—stained SDS gel slices were digested with trypsin
or chymotrypsin, followed by reduction with dithiothreitol and alkylation with
iodoacetamide. The resulting peptides were purified and concentrated using a
Millipore ZipTip C—18 column, spotted onto solid targets with a—cyanocinnamic acid,
and analysed by matrix—assisted laser desorption/ionization time—of—flight mass
spectrometry (MALDI-TOF MS) on an Axima TOF (Lam & Kuypers, 2011). Performance
mass spectrometer (Shimadzu Biotech, Duisburg, Germany). Signal peptide cleavage
sites were predicted using the SignalP 3.0 Server (Bendtsen et al., 2004) applying
Hidden—Markov models for Gram—negative bacteria. Liquid HZS samples were analysed
by electrospray ionization time—of—flight mass spectrometry (ESI-TOF MS) on a maXis
spectrometer (Bruker Daltonics) under denaturing conditions after diluting in 50% (v/v)
acetonitrile/ 0.1% formic acid and separation by reversed—phase high—performance
liquid chromatography (RP—HPLC) using a Discovery BIO Wide Pore C5 column (20 x 2.1

mm, 5 um particle size, Supelco) at a flow rate of 50 pL-min™.

Metal analysis by inductively—coupled plasma mass spectrometry (ICP—MS)
Metals were analysed by ICP-MS on a Series | ICP MS (Thermo Scientific, Breda, the

Netherlands). Height point calibration was performed with a dilution series of (multi—)
element standards (1,000 p.p.b. in 1% nitric acid; Merck, Darmstadt, Germany) using
the Plasmalab software (Thermo Scientific, Breda, the Netherlands). To determine the
metal content of HZS, 70-300 L of purified HZS (26 mg-mL™ protein) was washed with
water using a Vivaspin 500 filter (Sartorius, Gottingen, Germany), destructed with 10%
nitric acid at 90°C for 90 min and diluted to 10 mL with water.

Analytical ultracentrifugation (AUC)

Protein samples were concentrated in 25 mM Hepes/KOH, pH 7.5, 25 mM KCl to A, "=
0.3 and A, "= 0.45, corresponding to 0.3 mgmL™, as determined using the Bradford
protein assay from Bio—Rad. Sedimentation velocity analytical ultracentrifugation was
performed in a Beckman Proteomelab XL-I (Beckmann Coulter, Krefeld, Germany)
analytical ultracentrifuge equipped with an An60Ti rotor at 30,000 rpm and 20°C in a
two—sector cell with a 1.2 cm optical path length. Absorption scan data were collected
at 280 nm and 406 nm and evaluated using SEDFIT (Brown & Schuck, 2006).



Protein crystallization and crystal treatment

Hydrazine synthase was concentrated to 45 mg.mL-1 in 25 mM HEPES/KOH pH 7.5,
25 mM KCI by ultrafiltration, divided into 50—puL aliquots, frozen in liquid nitrogen and
stored at -80°C. Prior to crystallization, the protein stock was diluted to 30 mg.mL-1
with 25 mM HEPES/KOH pH 7.5, 25 mM KCI. Crystallization was performed in 1 puL + 1
uL sitting drop vapour—diffusion setups at 8°C, equilibrating against 500 pL 36% (v/v)
1,4—dioxane. Dark red, rhombohedral crystals with dimensions up to 400 x 400 x 100 um
grew within three days. Using PEG 400 or other conventional cryoprotectants, diffraction
of these crystals suffered from diffuse scattering, limiting resolution to approx. 4 A and
precluding SAD phasing. Successful cryoprotection was carried out by soaking the crystals
for 10-30s in 4 M betaine (N,N,N—trimethylglycine) in 50% (v/v) methanol at 8°C, before
flash—cooling in liquid nitrogen. These crystals showed sharp Bragg spots, were used for
phasing and to build the initial model. However, as the crystals dissolved in the soaking
solution at 8°C, crystals were slowly cooled to -20°C on a custom—designed Peltier—
cooled microscope stage, which will be described in detail elsewhere. After incubation
in the soaking solution at this temperature for up to 30 min, crystals were flash—cooled
in liquid propane at a temperature of approximately 150 K. These crystals diffracted up
to 2.7 A resolution. Xenon treatment was performed in a —=20°C room by transferring
the crystals cooled to -20°C into a Xe—pressure cell (Xcell, Oxford Cryosystems Ltd, Long
Hanborough, UK) and incubating for 5 min at -20°C and a xenon pressure of 20 bar

before freezing in liquid propane.

X-ray data collection, structure solution and analysis

Diffraction data were collected at beam line X10SA of the Swiss Light Source (Paul
Scherrer Institute, Villigen, Switzerland) at 100 K and processed with XDS (Kabsch,
2010). A highly redundant single-wavelength anomalous dispersion (SAD) data set at
a resolution of 3.7 A was collected just above the iron K—edge at a wavelength of 1.735
A (Appendix 4A) which was used for phase determination with AutoSHARP (Vonrhein
et al., 2007). SHELXD (Schneider & Sheldrick, 2002) identified 5 heavy atom sites (CC(E)
= 0.24), which were used by SHARP for phasing, resulting in a figure—of-merit of 0.22.
Density modification with SOLOMON (Abrahams & Leslie, 1996) resulted in a readily
interpretable map, into which the structures of all three subunits could be built using
COOT (Emsley & Cowtan, 2004). Phase extension using a data set of 3.1 A collected
at 0.9763 A wavelength was carried out with DM (Cowtan & Zhang, 1999). Further
refinement against a 2.7 A data set collected at 1.0000 A wavelength using PHENIX
(Adams et al., 2010) and REFMAC (Murshudov et al., 1997) resulted in a model with good
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geometry and R—factors (96.4% of residues in favoured regions of the Ramachandran
plot, 0.07% Ramachandran outliers, Appendix 4A) and revealed that two loop regions in
the a—subunit (a175-177 and a643—650) were no longer ordered, despite the increase
in overall resolution. In order to confirm the identity of the metal sites, data sets above
and below the K—edges of iron, copper and zinc were collected (Appendix 4B). All other
data—processing procedures were performed with programs of the CCP4 suite (4, 1994).
Tunnels were identified using MOLE 2.0 (Petrek et al., 2007) using standard parameter
settings starting from aThr571, aTyr591 and yAsp168. Structural figures were prepared
using Pymol (Schrodinger, 2015). The model of the hydroxylamine complex was
prepared by manual docking in COOT (Emsley & Cowtan, 2004), using an iron—nitrogen
bond length between heme al and hydroxylamine as observed in crystal structures of
catalase—hydroxylamine complexes.

Small-angle X-ray scattering (SAXS)

Hydrazine synthase was concentrated to 45 mg-mL™ in 25 mM HEPES/KOH pH 7.5, 25
mM KCI. SAX data were measured in 1-mm diameter quartz capillaries at the X12SA
beam line (cSAXS) of the Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland)
at 283 K. The X-ray photon energy was 12.4 keV, and 200 measurements of 0.5 s each
were recorded over 10 positions along the length of the capillary, which was mounted
at a detector distance of 2.138 m. Background measurements with the buffer only were
taken using the identical capillaries, positions and measurement protocol. Data were
used to a maximum momentum transfer of 0.4 A1, Data analysis and three—dimensional
reconstruction were performed using the GNOM (Svergun, 1992) and GASBOR (Svergun
et al., 2001) programs from the ATSAS suite.

EPR spectroscopy

EPR spectroscopy was performed with a Varian E-9 spectrometer operating at X—
band (microwave frequency 9.188 GHz; modulation amplitude, 1.0 mT) equipped
with a home—made He—flow cryostat at 12 K. HZS samples were used as isolated at a
concentration of 205 uM, filled into quartz tubes and shock frozen in liquid nitrogen
before the measurements. Samples in the presence of 200 uM NH20OH or 200 uM NO

plus 200 uM NH,* were prepared and analysed in the same way.
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Appendix 4A| Data collection and refinement statistics

SAD

Initial Model

Native Structure
(pdb 5C2V)

Xenon Complex
(pdb 5C2W)

Data Collection *
Space group
Cell dimensions
a, b, c(A)
a, B,y (°)
Resolution (A)
merge
//o/
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections

Rwork / R(ree

No. atoms
Protein

Ligand/ion

Water

B—factors (A2)
Protein
Ligand/ion
Water

R.m.s deviations
Bond lengths (A)

Bond angles (°)

R32

461.8,461.8, 145.1
90, 90, 120

40-3.4 (3.5-3.4) 1
0.103 (0.530)
17.8(3.2)

99.9 (100)

11.7 (8.1)

R32

464.0, 464.0, 145.0
90, 90, 120

40-3.1 (3.2-3.1)
0.100 (0.498)
16.4(3.7)

99.8 (99.8)

5.7 (5.6)

*Each data set was collected from a single crystal.

THighest resolution shell is shown in parentheses.

R32

464.5,464.5, 145.8
90, 90, 120

40-2.7 (2.8-2.7)
0.096 (0.738)

18.5 (3.5)

99.8 (100)

8.8(9.1)

40-2.7
162, 788

0.235/0.271

22,420

344 (8 heme)

18 (12 Ca, 2 Zn, 2 Mg, 2 Cl)
56 (7 betaines)

500

56.9
58.3

53.4

0.009

1.2

R32

464.1,464.1, 145.1
90, 90, 120
48.5-3.2 (3.3-3.2)
0.138 (0.641)

16.6 (4.6)

100.0 (100.0)

10.6 (10.8)

48.5-3.2
97,821

0.231/0.267

22,420

344 (8 heme)

18 (12 Ca, 2 Zn, 2 Mg, 2 Cl)
56 (7 betaines), 4 Xe

498

71.0
61.4

57.4

0.009

1.3



Appendix 4B| Identification of metal ions in HZS

During the course of the refinement of the structure, several large peaks were observed
in the electron density maps, which were likely due to metal ions. To ascertain the
identity of these metals, several datasets were collected at the PXIl beamline of the SLS
in Villingen, CH, both above and below the absorption edge of various transition metals.
Several of the sites were modeled as calcium ions based on the coordination chemistry
as well as a lack of significant changes in anomalous difference density maps (the
calcium edge is not accessible at most PX beam lines). After normalizing the remaining
peak heights to the peak height of one of the calcium ions (Ca al), the differences in
normalized peak height above and below an X-ray absorption edge can be used to
identify the metals by looking for large differences in anomalous difference Fourier maps
between data collected above and below the respective absorption edges. In this way,
the ion bound to the propionate group of heme al was identified unambiguously as zinc,
which is consistent with the coordination chemistry observed in the structure. Moreover,
inductively coupled plasma mass spectrometry (ICP-MS) confirmed the presence of iron,
zinc and calcium in a stoichiometry of Fe:Ca:Zn = 4:8:2 per afy heterotrimer, which is
comparable to the 4:6:1 stoichiometry observed in the crystal structure. In addition, the
conserved BGlu253 residue coordinates a metal ion which was modeled as a magnesium
ion because of its typical octahedral coordination sphere and the absence of a peak in
the anomalous maps at this position indicative for calcium. Furthermore, the waters
around the Mg?* ion are held in place by the side chains of the conserved aAsn290,
BGlu255 and the backbone carbonyl of BCys252.
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Appendix Table 4B

A: Data collection statistics for the anomalous diffraction data sets used to identify metal

sites in the HZS crystal structure, calculated while considering Friedel mates as individual

reflections. *Each data set was collected from a single crystal. THighest resolution shell

is shown in parentheses. B: Heights of peaks in anomalous difference density maps used

to identify metal ions. The first number is the observed peak height in o, the second is

the peak height normalized by the height of the anomalous peak at calcium al for each

data set. Those sites that show a significant difference in normalized peak height below

and above an absorption edge are underlined. The data confirm the identity of the zinc

ion bound to heme al.

A

Above Below Above Below Above Below
Data set

Fe-edge Fe-edge Cu-edge Cu-edge Zn-edge Zn-edge
Space group R32 R32 R32 R32 R32 R32

467.2, 465.3, 465.3, 466.0, 465.0, 465.9,
a,b,c (I:\) 467.2, 465.3, 465.3, 466.0, 465.0, 465.9,

146.0 145.5 145.5 146.4 144.6 145.0
a, B, y(°) 90,90,120 90,90,120 90,90,120 90, 90, 120 90, 90, 120 90, 90, 120
Wavelength (A) 1.73400 1.74600 1.37800 1.38500 1.28100 1.29433

30.0-3.80 30.0-3.50 30.0-3.20 30.0-3.40 40.0-3.50 40.0-3.80
Resolution range (A) *

(3.9-3.8) (3.6-3.5) (3.3-3.2) (3.5-3.4) (3.6-3.5) (3.9-3.8)

1,165,022 1,469,568 1,995, 467 1,669,421 1, 465, 592 1,134,042
Reflections measured

(88, 940) (107, 411) (172, 227) (143, 426) (111, 737) (79, 076)

116, 983 147, 985 193, 705 162, 603 147, 007 115, 562
Reflections unique

(8, 703) (12, 027) (17, 117) (13, 535) (11, 917) (8, 699)
Completeness (%) 99.9(99.8) 99.9(100) 100 (100) 100 (100) 99.9 (100)  99.9 (100)
Redundancy N 10.0(10.2) 9.9 (8.9) 10.3(10.1)  10.3(10.6)  10.0(9.4) 9.8(9.1)
//o/ 14.4 (4.7) 18.6 (5.2) 22.5(6.5) 17.6 (5.6) 15.4 (3.8) 16.2 (4.6)
R merge (%) 15.5(59.7) 12.6(50.1) 9.5 (43.6) 13.1(55.4) 13.3(68.3)  13.2(64.1)



Element/position

wrt. Absorption edge Fe/below Fe/above Cu/below Cu/above Zn/below Zn/above
Wavelength (A) 1.746 1.734 1.385 1.378 1.29433 1.281
Energy (eV) 7101 7150 8952 8997 9579 9679
Energy difference

from K-edge (eV) -11 38 -27 18 -80 20

HZS a

Caal 8.1/1.0 6.5/1.0 6.7/1.0 8.8/1.0 6.0/1.0 4.7/1.0
Caall 8.7/1.0 4.2/0.6 5.6/0.8 7.7/0.8 4.7/0.8 3.4/0.7
Zn 8.5/1.0 5.7/0.9 4.2/0.6 7.2/0.8 4.5/0.8 24.3/5.2
Fe Heme al 4.4/0.5 20.3/3.1 20.5/3.1 27.4/3.1 17.4/2.9 16.3/3.5
Fe Heme all 3.8/0.5 18.8/2.9 18.5/2.8 23.5/2.7 15.3/2.6 12.6/2.7
HZS B

Ca Bl 8.9/1.1 6.6/1.0 5.8/0.9 7.9/0.9 4.5/0.8 4.3/0.9
HZSy

CAyl 9.9/1.2 6.0/0.90 8.4/1.3 11.2/1.3 6.5/1.1 4.6/1.0
CAyll 8.5/1.0 8.7/1.3 6.8/1.0 8.1/0.9 5.5/0.9 4.6/1.0
CAylll 12.2/1.5 8.3/1.3 6.8/1.0 11.2/1.3 7.1/1.2 4.6/1.0
Fe Heme yl 5.9/0.7 17.5/2.7 20.4/3.0 27.0/3.1 14.0/2.3 13.8/2.9
Fe Heme ylI 5.5/0.7 16.2/2.5 17.6/2.6 23.0/2.6 13.3/2.2 12.9/2.7
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Appendix 4C| Small-angle X-ray Scattering (SAXS) results

A: Semi-logarithmic plot of scattered intensity | versus g, which was defined as q = (4nt
sin 9)/A. The curve is an average over 200 measurements. Features are observed up
to q = 0.4 A-1. B: Guinier plot (plot of log | versus g2) showing that the protein is not
aggregated. C: Kratky plot (plot of g2I versus q) showing that the protein is folded. D:
Average of 18 (out of 20) dummy—atom reconstructions (beige) overlaid on the crystal
structure (black).
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Appendix 4D | HZS-a sequences

The HZS—a sequences from Kuenenia stuttgartiensis (kuste2861, gi 91200564), Jettenia
caeni (Planctomycete KSU-1, ksu1d0439, tr A9ZRZ5), Brocadia sinica JPN1 (brosiA2676,
gi 762182098) and Scalindua brodae (scabro01598, gi 726045835, re—confirmed by
Sanger sequencing) were aligned in ClustalW and secondary structure elements were
manually assigned based on the structure of Kuenenia HZS—a. Kuste2861 shares 81%
sequence identity with its Jettenia and Brocadia orthologues and 61% with Scalindua.
Fully conserved peptide sequences are marked black. The predicted signal peptides
are highlighted in grey. The following residues are marked (numbering according to
kuste2861): Cys303 coordinating Zn?* (blue triangle), Tyr591 coordinating heme al (pink
asterisk), distal His772 of heme all (green circle). The c—-type heme binding motifs are
highlighted in red. The figure was prepared using ESPript (Robert & Gouet, 2014).
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Appendix 4E| Sequence alignments of HZS-B and HZS-y

The HZS—By fusion protein from Scalindua brodae (scabro01046, gi 726046454, re—
confirmed by Sanger sequencing) was aligned using ClustalW to the fused sequences of
K. stuttgartiensis HZS—( (kuste2859, gi 91200562) and HZS—y (kuste2860, gi 91200563,
lacking its predicted signal peptide) as well as to the fused sequences of Jettenia caeni
(Planctomycete KSU-1) HZS—{ (ksu1d0441, tr I3IPV5) and HZS—y (ksu1d0440, tr A9ZRZ4,
lacking its predicted signal peptide) and the fused sequences of Brocadia sinica JPN1
HZS—B (brosiA2674, gi 762182096) and HZS—y (brosiA2675, gi 762182097, lacking its
predicted signal peptide). Secondary structure elements were manually assigned based
on the structures of K. stuttgartiensis HZS—p and HZS—y. The first residue of HZS-y in
the HZS By fusions is indicated by a pink asterisk (starting at residue number 40 of K.
stuttgartiensis HZS—y, the numbers under the Scalindua sequence indicate the numbering
in kuste2860). The Kuste2859-60 fusion shares 83% sequence identity with its J. caeni
and B. sinica orthologues and 72% with S. brodae. Fully conserved peptide sequences are
marked in black. The predicted signal peptides of the B—subunits are highlighted in grey.
The following residues are marked (numbering according to kuste2859 and kuste2860):
Glu253 in HZS—B (pink triangle), Cys165 covalently bound to heme yl, Asp168 near the
heme yl catalytic site (blue triangle) and the distal His332 of heme vyll (green circle).
The c-type heme binding motifs are highlighted in red. The figure was prepared using
ESPript. The predicted signal peptides of the y—subunits not included in the alignment

are:

Kuste2860: MAREMRLGGKERMKTGVVKIGLVAALGVVGLISAGGVYA—GQP
Ksu1d0440: MRNGMIKIGLVAALGIAGVVTAGEIMA—GTP

BrosiA2675: MKSSLKIGLIAALGIAGVMTTGELMA—GTP.

85



Heme Domain 2

£52 L SwieH 81z
> a HO@ND o Alla GRSty iox dglva s 150 Qg 34551 a2 Ty sepozq enpurreos
{ilo aoavDo Aflaalsghibl €5 worurs wrpvsozg
BEbl> a3 5 Al aafl sglsBouslvasTs ool sas o ey Tuoeserueazer
auszoaan1dvasvllaBERblo ano@Td o Allaaitlafs@lox sllvas 15 > alfllaa s o 1 ax SRCEIEEELEEECORCR e
e TETETTETTEOT
Ed »

Heme Domain 2

891a $9L0
vy v

0 e eo
fE¥ LA Qa8 a5 ANE5 ¥ 448D 04 ODA KOS SYDAIGAdHO L A9 EHE add 1A xR orporq_enpurrEos
1R T XB T g Talas anas ¥ ansoaauonavagssHyoATIasHD L a0 RHY 244 TR us oxMEIRY eoTuTs eTpRoOIN
18 <8 ABa 1 aMas anassanzoaquonaxallssByoaraaanol aozHusaaTaus oxliENg Tuseo—etueIIer
18 8 ¥ 1 ullas anasuananaauonaualls sMeoaraaanos aoznuaaaraus o ECHEEEL SR CIRCER RN

N SR A0D A9ATE S a5 1] swporq enpuTTYRs
naffadsxuaTasflask eotutsetpesoT
NI 105 19AT S

3 Tumno—wrumaaen
nalladoiusTas =rsuerazebignas wrusueny

4SZH J0 vers
o o5 o x

mﬁy—.bum?uqmuxwﬂmuxmamsﬂnpm\>n .,. A)me»ztu mmn vnnounlnni_;ilum

>zx-_bumbhumuwumﬂmukmamsan\ybcm ..m&&n?wiﬁthi- ﬁmn uua:.mn\nmvuunun

,,5;_,,.2,.,.‘.:@;#2E:SS:.:Zn.;,:.:.224; N: E%uwﬂ.aﬁ#

iflaBli e s aBhuly aaufBo 501 1B AN o BRI\ RS ; Ao 32 nvils ¢ sTsueraIehaInae TNy
TreTees — e —— <

&

o
8
bl

Ria7 12 Aunngio e < sorureerpssora
1134 Razsll zez A —"-

HrZihl tor stsuerazeBanaserueueny

BigaT12Aunnguorey (L] seporqenpurress
it B N o B 2.

cez sepozgenpuTreos
167 eotuts erpEscag
zz tuowo erusgier
Trz sTsuerazebianas erueveny

A
5 X O A NNEQ'T AREIV A DO = 1 AN NE) S AN = VEO A d TH N X AES
ax a7t affffe ool a AU M.« O e o n a1 a8
A AN axNNEEEa T iy Ax oo 1 glAB B PSR e v o A 1o ol
15 a % NNEEa°T JgRI A5 5 1 SRR ufd s il = v E o

— — —

g 614/ dooy (jszH ad
5 epela-l

e=pozqenpurress
=oture—erpEoezm
TuseswTUSIIer
sTsuTaITehIINIE STUSUSNY

sig

seporqenpurTeos

sysUDTITREIINIE S TSI

52
[T 5[ERIc AT QI TBIO[REITE 5 O M O SR ARG 1 18 159 swpoaq wnputTEss soporq EnpuTTeeg
v sslls A7 o TYIopR e s 1 o B o SRR AR 188 eoTurs_eTpEoCaT eoTuTs—eTpEsoIg
ool | TusessTus3zen
& sysusrsrebiznsa—srususny

1w silm a7l e < a0 xghd A Rl  B) TuseomrumIIen
1o 32088 11l TEIORE T 5 2o s el A B8 1 1V 199 srswersebinys wrueueny

ae w6z oz

o QM X195 ¥ATANT4dLQITNATATOI L 19 1 2 QO YEIT VEINEAARD d 1t
oaraxTos¥ATauTIazaaENATaTO T L allaklo x aaffo v viEaNEIAlo a1k
o0E 3105 VATONTIAL0AENATATOT I SpRaaklo £ a alovEl TuiIgNGAED a1l

B, Bl a1

Inl
oan 33105 vATauT1a103E9ATa 1011 ARG Ilo 5 s afilo vl T vigENE D a1

worurswrpwsosa
Tuseserueader
=rusueny

ju asff eoturs-erpwocam
o8] tuars etuerzep
B8 109 eveueraaehaanasTeruousny

B ot e B vaDooaRAY “DIATYD IMORENM -
i of I PESE 2 AASADTATYDITOND
Pl o s PO

fuzw 168 sepoaq snpuTTeRS mmmmamiauﬁmu ¢ |sOVIVTS TROVSTADTIMGENER ~~~° T srpozq wnpurreos
2 g

feRio c a sl s af
o o s K - o
B30 o s HERE s o
FEo o o < TEE s o

- - apndad [eubis

4 o
E| eo
=2 T
g
3
g
EH 8
i Tbladed Bepropeller ] Heme Domain 1
Py | . ;
=4 = C
~ o
Py
& 3
b s
GRE <
o ES
5 : B
2| 5% B
S 5
: 3 g
: : =
: : i
B 2 B
e EEEH ERER]
a8
28
i3
LK
| Jy |
k|
i3
b8
i
kT

86



Appendix 4F| Mass spectrometry and analytical ultracentrifugation of the hydrazine
synthase complex

The following signal peptide cleavage sites were predicted by SignalP:

Kuste2861: MGKRKLGVIASAFVAGALVCGSTLVNA—E28PV
Kuste2859: MVIRRKMNKMIRKGMIGAVMLGAAVAISGGVATA—G35YI

Kuste2860: MAREMRLGGKERMKTGVVKIGLVAALGVVGLISAGGVYA—G40QP.

Exact mass determination of the individual subunits by ESI-TOF mass spectrometry
confirmed these cleavage sites. The observed mass of the a subunit including bound
c—type hemes was 88861.07 Da (the calculated mass of kuste2861, starting from residue
Glu28 is 88856.1 Da). The observed mass of the B subunit was 38422.50 Da (calculated
mass of kuste2859, starting from residue Gly35 is 38420.3 Da), and the observed mass
of HZS y including hemes was 36215.97 Da (calculated mass of kuste2860, starting from
residue Gly40, is 36209.9 Da). Assuming an ofy heterotrimer with a molecular mass
(M) of 163.5 kDa as calculated from the sequences of the individual subunits without
signal peptides and including hemes, a maximum possible sedimentation coefficients
Smax ~0.00361xM2/3 of 10.8, 17.1 and 27.2 can be estimated for aBy, a,B,v,and o By,
stoichiometries, respectively (Erickson, 2009) . As the maximum in the c(S) distribution
of HZS was at 11.0 Svedberg (S) corresponding to a Sw,20 of 11.3 S, these values
correspond to Smax/Sw,20 values of 0.96, 1.52 and 2.41, respectively, indicating that
HZS most probably occurs as an elongated (ay), complex in solution. The experimental
sedimentation coefficient corroborated the theoretical value of 13 calculated with
HYDROPRO (Garcia de la Torre et al., 2000) for the HZS (aBy), complex found in the
crystal structure.

87



88

Appendix 4G| Sequence and mass of the chymotryptic peptide containing
methionine sulfoxide M556 determined by MALDI-MS

The mass of the peptide containing aMet556 was determined in the course of
determining the identity of the individual subunits. The observed mass of the peptide
(M556QILDDKGM564SVQTAL) was 1665.79 Da, whereas the calculated monoisotopic
mass is 1648.82 Da. The additional mass of 16.97 Da indicates an oxidation of one
methionine residue to the corresponding sulfoxide (Met +16 Da). The second methionine
in the peptide (M564) is deeply buried in the structure and does not show additional
electron density at the sulfur that could be indicative of oxidation.



Appendix 4H| EPR spectroscopy of HZS

The X—band EPR spectrum of HZS shows resonances of isolated rhombic high—spin and
low—spin heme centers that can all be simulated as S_. = % or S = % systems, respectively,
and signals at g = 6.95 — 7.50 with an uncertain origin. Quantitative analyses using the
method described in (Devries & Albracht, 1979) indicate that the total amount of high—
spin and low—spin species are equal within experimental accuracy, which would be
consistent with the heme stoichiometry of two bis—His coordinated hemes (all and ylI)
and two differently coordinated hemes (al and yl) per afy heterotrimer that is observed

in the X—ray structure.

Specifically, the EPR spectrum shows two main highly anisotropic low—spin heme centers
(HALS1 and HALS2) in an approximately 1 : 1 stoichiometry as predicted from the X—
ray structure. Three additional low—spin heme signals are observed (LS1, LS2 and LS3),
which, together represent 0.48 heme per afy unit. These latter low—spin signals centers
might be derived from penta—coordinated high—spin heme centers that have become 6—
coordinated low—spin upon binding of e.g. hydroxide. This would be consistent with the
observation of a solvent molecule bound to heme vyl in the crystal structure, and could
also result from a ligated state of heme al not observed in the crystallographic electron

density maps.

The g-value (g, = 3.47) of the most anisotropic low—spin heme (HALS2) suggests that
the two imidazole rings are perpendicular to one another and are both facing a meso
carbon atom of the porphyrin ring (van Lenthe et al., 2000). This is consistent with
the arrangement of the two histidines coordinating heme yll. The g-values of HALS1
suggest that the two imidazole rings make an angle of 70° + 10°, one pointing more
towards a meso carbon atom, the other to a nitrogen atom of the porphyrin ring (van
Lenthe et al., 2000). According to the X-ray structure, one of the histidine imidazoles
coordinating heme all lies over N, the other over the meso position, a structure quite
well in agreement with the g—value for HALS1. Thus, the HALS1 and HALS2 EPR signals
can be assigned to hemes all and yll, respectively. The major rhombic high—spin signal
(HSp1) nearly represents 2 hemes (1.59 per aPy unit) and thus suggests similar EPR
spectra and rhombicity for heme 1 in HZS a and heme 1 in HZS y. The EPR spectrum
of HSp1 is consistent with a penta—coordinated heme iron and thus likely corresponds
to heme al. The nature of the minor high—spin heme fraction (0.41, HSp2) cannot be
directly assessed, but it could represent a population in which heme al is coordinated
distally by a solvent molecule. The nature of the signals at g = 6.95 — 7.50 is uncertain.
Although high—spin heme centers can have one g—value in this range, the signal appears
composed of both an absorbance-like and a derivative—like feature. A signal with such
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a line shape, which suggests two g—values considerably greater than 6, cannot originate
from an isolated high—spin heme center. It is possible that the signal is derived from an S
= 2 system, brought about by an antiferromagnetic coupling between a high—spin heme
and a low—spin heme center, a suggestion that could be confirmed by parallel mode EPR.
Given the long distances between the hemes such a coupling should be mainly dipolar
in nature. The EPR spectra further show that the as—isolated enzyme is completely
oxidized. Addition of NH,OH led to > 80% reduction of HSp2 without effecting HSp1.
Addition of NO plus NH,* led to disappearance of the signals at g = 6.95 — 7.50 and to
selective reduction of LS3.

Appendix Figure 4H

A. EPR spectra of HZS as isolated (black traces) and after addition of 200 mM NH,OH
(blue traces) or 200 mM NO plus 200 mM NH_* (red traces). The left panel shows the
low magnetic field region highlighting the high—spin heme gx and gy resonances. The
right panel shows the complete magnetic field scan where the intensity of the high—
spin heme signals has run off—scale. Arrows indicate the positions of the various species
that are listed in Figure 4H.C. The signal at 1540 Gauss is due to a small amount (0.2%
per afy unit) of adventitious iron. B. Simulation of the EPR spectra of HZS as isolated
using the g values listed in Figure 4H.C. The difference between the simulation of
HSp1 and the experimental spectrum defines the signal of HSp2 and its g value and
suggests an amount of 0.41 per afy unit (see panel c). C. HZS heme content per afy unit
determined by EPR. The total heme content determined by EPR was 0.9260.15 of the
optically determined amount. nd, not detectable; LS, low—spin; HALS, highly anisotropic
low—spin; HSp, rhombic high—spin peak. D. Stereofigure of the coordination of heme ylI
by yHis229 and yHis332. The perpendicular orientation of the histidine imidazole rings,
both oriented towards heme meso atoms, is consistent with the g—values for HALS2. E.
Stereofigure of the coordination of heme all by aHis689 and aHis772. The orientation of
the histidine imidazole groups, one (aHis772) oriented towards a heme nitrogen atom
and the other (aHis689) towards a heme meso atom is consistent with the g values for
HALS1 (see text in Appendix 4H).
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Abstract

C—type cytochromes are metalloproteins that are not only widespread in all domains
of life but also functionally divergent, being involved in an array of catalytic, redox or
regulatory processes. Despite the ubiquitous presence of the CXXCH heme-binding
motif in eukaryotic, bacterial, and archaeal sequences, there have been few reports
on alternative c-type binding motifs, with respect to both the length of the binding
sequence and the number of covalent attachments between the protein backbone
and the porphyrin ring. Anaerobic ammonium—oxidizing (anammox) bacteria are
chemolithoautotrophs that use nitrite as terminal electron acceptor and produce
about half of the dinitrogen gas that is released into the atmosphere. Their metabolic
pathway comprises two intermediates, nitric oxide and hydrazine. The hydrazine
synthase (HZS) complex produces hydrazine by the three—electron reduction of nitric
oxide to hydroxylamine and the subsequent condensation of hydroxylamine with
ammonia. A soluble cytochrome with three conventional CXXCH heme—binding motifs
(ORF: Kuste2854) within the HZS gene cluster was hypothesized to be the electron
donor for hydrazine synthesis. In this study, a purification protocol was established to
obtain the gene product of Kuste2854 (hereinafter referred to as KsTH) from native K.
stuttgartiensis biomass. The spectroscopic and redox properties of the purified protein
were studied using UV-Visible spectroscopy, and the interaction of KsTH with hydrazine
synthase was probed. In contrast to the genomic prediction, our studies revealed the
presence of a fourth heme cofactor, presumably coordinated by a novel, contracted
CXCH heme-binding site. Potentiometric titration revealed two redox transitions at —190
and —400 mV, respectively. Optical spectroscopy and structural homology modelling
pointed towards four hexa—coordinated hemes with different distal ligations. Interaction
experiments with HZS hinted towards complex electronic interactions between the
heme centers of the two proteins that are currently under investigation. The degree of
conservation of THamong anammox genera together with the genomic locus of this gene
suggests an essential function. Furthermore, the identification of the compressed CXCH
heme—binding motif in a native cytochrome for the first time expands our understanding
regarding c—type cytochromes and their capacities.

Introduction

C—type cytochromes are metalloproteins that are not only widespread in all domains
of life but also functionally divergent, being involved in an array of catalytic, redox or
regulatory processes. The post—translational covalent attachment of one or more



heme b cofactors to the apoprotein is facilitated by dedicated membrane—bound
maturation machineries and requires the translocation of both the heme cofactor(s)
and the apoprotein across the energy transducing membrane. As a result, mature
holocytochromes are assembled on the positively charged side of the membrane
(periplasm or mitochondrial intermembrane space) (Kranz et al., 2009). This covalent
attachment offers increased stability to the metalloprotein and, therefore, might allow
for more surface—exposed centers compared to b—type heme proteins (Kleingardner
& Bren, 2015). However, the functional implications of these attachments are not yet
fully understood. The attachments arise from thioether bonds that are formed between
the vinyl groups of heme b molecules and the sulfhydryls of cysteine residues (Kranz et
al., 2009). In most cases, each heme molecule is attached to the polypeptide backbone
via two cysteine residues that are arranged in a widely conserved amino acid sequence
CXXCH, the heme c binding motif. The histidine residue usually serves as the proximal
ligand to the heme iron, whereas the protein distal ligand (whenever there is one)
is frequently a histidine or a methionine at a variable distance from the motif in the
primary sequence (Liu et al., 2014).

Despite the ubiquitous presence of the CXXCH motif in eukaryotic, bacterial, and archaeal
genomes, and its use as target for genomic identification of c—type cytochromes, there
have been several reports of alternative c—type binding motifs. The pentaheme bacterial
dissimilatory nitrite reductase (NrfA) harbors a unique CXXCK motif that exclusively
binds the high—spin heme group of its catalytic center, with the lysine residue of the
motif proximally ligating the heme (Einsle et al., 1999). An exception with regards to
the residues covalently linking the heme cofactor is presented by the single cysteine
ligated c-type cytochromes from the eukaryotic phyla Euglenophyta and Euglenozoa.
Representative mitochondrial cytochromes c,., and c, contain the atypical A(A/G)QCH
and FAPCH binding motifs, respectively, and only form one thioether bond between the
heme and the apoprotein (Allen et al., 2004). A single cysteine bond to the porphyrin
ring has also been reported for the highly atypical heme c, that has been identified in
Rieske/ cytochrome b complexes from chloroplasts, Cyanobacteria, Firmicutes, and
Heliobacteria, while sequence analyses predicted such an atypical heme c, to be present
in more prokaryotes (ten Brink et al., 2013). Heme c, is shown to be covalently attached
to a single cysteine residue of the b subunit of the Rieske/ cytochrome b complex and,
surprisingly, there is no amino acid axially ligating the heme iron but rather a water
or hydroxide ion coordinating the heme instead (Stroebel et al., 2003). Looking at the
sequence between the two cysteine residues forming the thioether bonds with the

heme cofactor, there are a few notable alterations from the typical heme ¢ binding
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motif. Several Desulfovibrio species express tetraheme cytochromes ¢, where one or
two hemes are bound to an extended CX,CH motif, while an exceptional CX,CH motif has
been identified in Desulfovibrio gigas (Aragao et al., 2003). The CX,CH motif is also found
in hydrazine dehydrogenase (HDH), a hydroxylamine oxidoreductase homolog from
anaerobic ammonia—oxidizing (anammox) bacteria (Maalcke et al., 2016). Nevertheless,
the most extended heme—binding motif known thus far has been identified in the
octaheme MccA from Shewanella and several eProteobacteria and contains fifteen
15/17CH) (Hartshorne

et al., 2007). In most of the aforementioned cases, possible functional consequences

or even seventeen residues between the dedicated cysteines (CX

of the alternative binding of the heme cofactor have not been understood. However,
the observed deviations raise awareness with regards to identification of c—type
cytochromes and raise biochemical and biophysical interest towards exploration of

novel heme—binding sites.

Anammox bacteria are chemolithoautotrophs that use nitrite as the terminal electron
acceptor for ammonium oxidation in the absence of molecular oxygen. They utilize redox
transformations of inorganic nitrogen species for energy conservation employing various
metalloenzymes. All anammox key catabolic enzymes characterized up to date belong
to the broad multicytochrome c protein family and reside inside the anammoxosome,
a unique bacterial organelle (van Niftrik et al., 2008; de Almeida et al., 2015). Their
respective redox partners are yet to be identified among the 60 cytochromes these
bacteria encode (Kartal & Keltjens, 2016). The anammox catabolic pathway consists of
three steps, with nitric oxide and hydrazine as free intermediates (Kartal et al., 2011).
Hydrazine is formed through a two—step reaction. First, NO is reduced to hydroxylamine
with a three—electron reaction, and then hydroxylamine and ammonium are condensed
to hydrazine (Dietl et al., 2015). The gene cluster containing the catalytic subunits of
HZS in Kuenenia stuttgartiensis also contains a gene (Kuste2854) that encodes a soluble
cytochrome annotated as a triheme protein, which possesses a leader sequence that
is thought to be necessary for translocation and, therefore, maturation of the protein
(Kartal et al., 2013). Based on these observations, the gene product of the Kuste2854
open reading frame was hypothesized to be the redox partner of hydrazine synthase,
donating the necessary electrons for the first half-reaction, i.e. NO reduction to

hydroxylamine.

In this study, a purification protocol was established to obtain the gene product of
Kuste2854 (hereinafter referred to as KsTH) from K. stuttgartiensis native biomass.
The spectroscopic and redox properties of the purified protein were studied with the

employment of UV-Visible absorption spectroscopy, and its interaction with hydrazine



synthase was investigated. In addition to the three predicted ones, our studies revealed
the presence of a fourth heme cofactor, presumably coordinated by a novel contracted
CXCH heme-binding site. Interaction experiments with HZS hinted towards complex

electronic interactions between the heme centers of the two proteins.

Results and discussion

Gene conservation and genetic context within anammox genomes

Homology searches with the KsTH as query revealed the presence of orthologs in all
examined anammox genomes. TH orthologs show an overall 41% sequence identity
(Figure 5.1 and 5.2) and, next to three typical heme—binding motifs, they also possess
a contracted CXCH sequence with a conserved lysine residue between the cysteines
(CKCH).
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Figure 5.1| Multiple sequence alignment of TH anammox orthologs

A: TH sequences from Kuenenia stuttgartiensis (Ks; CAJ73606.1), Brocadia fulgida (Bf;
KKO18049.1), Jettenia caeni (Jc; GAB63755.1), Brocadia sinica JPN1 (Bs; KXK27878.1), Scalindua
rubra (Sr; 0DS33861.1), and Scalindua brodae (Sb; KHE9051[3/2].1) were aligned using Muscle
(Edgar, 2004). Signal peptides were predicted with SignalP 4.1 (Petersen et al., 2011) and are
omitted from all sequences. Typical c—type heme—binding motifs are highlighted in grey. The
conserved CKCH sequence is highlighted in green. Potential distal heme ligands are highlighted
in orange. The loop region located at the distal site of heme 2 is indicated by the green frame.
Asterisks, colons, and periods indicate different degrees of conservation for specific positions
according to the ClustalW criteria.

97



98
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Figure 5.2| Phylogeny of the TH anammox orthologs

Neighbor—Joining tree of TH homologs from six anammox species: Kuenenia stuttgartiensis
(Ks); Jettenia caeni (Jc); Brocadia sinica JPN1 (Bs); Brocadia fulgida (Bf); Scalindua rubra
(Sr); Scalindua brodae (Sb). NCBI accession numbers of reference sequences are shown in
parentheses. The phylogenetic tree was constructed based on the Neighbor—Joining algorithm
(Saitou & Nei, 1987) utilizing the JTT matrix—based model (Jones et al., 1992) as implemented
in MEGA 6 (Tamura et al., 2013). The evolutionary distances are in the units of the number of
amino acid substitutions per site. The tetraheme c,,, sequence from Nitrosomonas europaea
was used as an outgroup.
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Figure 5.3| Hydrazine synthase gene cluster organization in six anammox species

According to our working hypothesis formulated for Kuenenia stuttgartiensis, the putative
electron transfer module for hydrazine synthesis comprises the products of ORF 2854,
2855, and 2856, respectively. An integral membrane protein harboring two heme b and one
quinone (Q) binding site (2856) would transfer the electrons yielded from quinol oxidation
to a membrane—anchored multiheme cytochrome (2855). Subsequently, the soluble electron
carrier (2854) would donate them to the hydrazine synthase catalytic complex (2859-2861).
Kuenenia stuttgartiensis (Ks); Jettenia caeni (Jc); Brocadia sinica JPN1 (Bs); Brocadia fulgida (Bf);
Scalindua rubra (Sr); Scalindua brodae (Sb). Lengths of the gene products are drawn to scale
(aa: amino acids). Numbers refer to the kuste open reading frame numbers according to the
K. stuttgartiensis genome. Gene names are derived from homology searches except for the
hydrazine synthase (HZS) subunits. TH: tetraheme; 7Heme: heptaheme; Fdol: menaquinone—
dependent formate dehydrogenase; ¢°*: o transcription factor; HzsC: HZS subunit C; HzsB: HZS
subunit B; HzsA: HZS subunit A.



Curiously, there are only few residues throughout the sequences that could serve as
distal ligands to the hemes, and not all of them are positionally conserved. Additionally,
allhomologs are dominated by lysine residues (17-18% sequence composition) that span
the full sequence. The observed conservation is also extended to the genetic context of
the TH homologs. Inspection of the corresponding gene clusters established that TH is
always coded adjacent to the HZS catalytic subunits (Figure 5.3). Notably, the abundance
of the catalytic subunits of hydrazine synthase at the mRNA level is about 6—fold higher
than that of TH (Kartal et al., 2011). Nevertheless, the degree of TH conservation among
anammox genera together with the genomic locus of this gene might suggest an essential
electron transfer role for TH in the context of hydrazine production.

Identification of a novel heme—binding motif

The gene product of Kuste2854 was purified from K. stuttgartiensis biomass by a three—
step purification protocol. Native and SDS—denaturing PAGE showed a single protein
band with an estimated molecular mass of 25—-30 kDa. Trypsin digestion of the excised
gel band followed by MALDI-TOF mass spectrometry analyses verified the identity of
the purified protein as the gene product of Kuste2854. Tandem mass spectrometry
analysis of the purified intact protein revealed a molecular mass of 26,095 Da for the
monoisotopic species, which matched the theoretical value of the apoprotein without
the N-terminal targeting sequence (amino acids: 1-29) containing four heme moieties
(Figure 5.4). In addition, only one dominant fragment ion of 617.18 [M+H]* was
identified with collision—induced dissociation tandem mass spectrometry (CID MS/MS),
which matched the simulated isotope envelope of heme b, indicating the absence of

other cofactors.

To probe the number of covalent attachments formed between the heme moieties and
the protein backbone, the reduced alkaline pyridine hemochrome spectrum of KsTH was
recorded (data not shown). Bis—pyridine heme adducts that are linked to the protein via
two thioether bonds result in an absorbance maximum of the alpha band at 550 nm,
whereas the presence of only a single thioether bond results in a red—shifted maximum
at 553 nm (Ishida et al., 2004). In case of KsTH a clear alpha band maximum at 550
nm was visible without any red—shifted features, indicating that only double—cysteine—
attached hemes were present in the sample. Consequently, we could conclude that KsTH
harbored four c—type hemes each attached to the protein via two thioether bonds formed
between the heme vinyl groups and the cysteine sulfhydryls. Thus, the contracted CKCH
sequence appeared to be the fourth, previously unidentified, heme—binding site. To our
knowledge, this is the first report of a naturally occurring CXCH heme—binding site.

99



100

In a study performed by Kleingardner and Bren, the native CXXCH heme—binding motif
of the monoheme cytochrome ¢, from Hydrogenobacter thermophilus was replaced
with a contracted CGCH sequence (Kleingardner & Bren, 2011). The gene product was
expressed and properly matured by cytochrome ¢ maturation system | (CCM), showing
that a truncated CXCH site can stereochemically accommodate the binding of a heme
moiety and allows correct protein folding therein. With respect to post—translational
modification of TH by anammox bacteria, it could be assumed that maturation system
Il (CCS) fulfilled this task, since it is the only known cytochrome ¢ maturation system
identified in anammox genomes (Ferousi et al., 2013). Nonetheless, the possibility of
a novel, yet to be identified, maturation system explicitly processing cytochromes with
contracted heme-binding sites could not be excluded (Allen et al., 2005).

Intens.

><10“6 ] UHR Q-ToF Deconvoluted Spectrum

measured mass: 26095.2744 Da

0 .
x10* Simulated Spectrum

calculated mass: 26095.4668 Da
57 measured mass: 26095.2744 Da
mass error: 7 ppm

26100 26105 26110 26115 26120 26125 m/z
Figure 5.4| Mass spectrometry analysis of the intact KsTH

A: Tandem mass spectrometry analysis of the intact protein established a molecular mass of
26095.2744 Da for the monoisotopic species. The theoretical value of the apoprotein without
the N-terminal targeting sequence (amino acids 1-29) is 23634.79 Da. The +2460.4844 Da
offset in mass can be explained by the binding of 4 heme groups, resulting in a total theoretical
mass of the holoprotein 26095.46 Da.

Prediction of heme ligations based on protein homology

In order to retrieve more information about KsTH based on its primary structure,
homology searches were performed against non-redundant protein sequences using
BlastP. While there was no significant hit to any characterized homolog, a conserved

domain belonging to the c554 protein superfamily was identified (Sonnhammer et al.,



1997). This domain was found close to the C—terminus and accounts for about one
third of the total KsTH sequence length. Although the overall sequence conservation
between KsTH and any deposited c554 sequence did not exceed 30 percent, the
relevance of c554 to the current study was notable. C554 is a tetraheme c—type
cytochrome that is suggested to be involved in the core metabolism of aerobic ammonia
oxidizer Nitrosomonas europaea ((Hooper et al., 1997; Arp et al., 2007) Its main role
is being the electron accepting redox partner of hydroxylamine oxidoreductase (HAO)
during hydroxylamine oxidation (Yamanaka & Shinra, 1974), although it has also been
reported to perform catalytic reactions via its penta—coordinated high—spin heme
center (Upadhyay et al., 2006). The involvement of c554 in electron transfer reactions
and nitrogen conversions, the presence of four heme cofactors, and the availability of a
highly resolved crystal structure rendered it a suitable template for modeling the KsTH
tertiary structure (Iverson et al., 1998). To this end, a homology model of KsTH was
constructed utilizing the Nitrosomonas europaea c554 structure as template. Inspection
of the resulting model with respect to the heme pockets enabled us to identify possible
heme distal ligands for KsTH. Following a heme numbering in order of appearance in the
sequence, the structural homology around heme 3 and heme 4 was fairly high. Based on
this, we could deduce two histidine residues as likely distal ligands, His30 for heme 4 and
His168 for heme 3. The distal ligand of heme 1 in ¢554 was a histidine, whereas in KsTH
this position was occupied by a fully conserved lysine residue (Lys97). Heme 2 in ¢554 is
penta—coordinated and acted as a catalytic site. Whether KsTH also harbored a penta—
coordinated heme is still under investigation, but the homology model suggested few
putative distal ligands. A flexible loop comprising six amino acids, which were conserved
among all anammox genera, was found at the distal position of heme 2 in KsTH (aa: 147—
152) and contained three lysine and one cysteine residue that could possibly ligate this
heme. Altogether, our working model regarding the heme ligation in KsTH included two
His/His ligated hemes (hemes 3 and 4), one His/Lys (heme 1), and a fourth one that could
be either penta—coordinated or distally ligated by a lysine or a cysteine residue (heme 2).

Spectroscopic and redox characterization

The UV/ Vis electronic absorption spectrum of the as—isolated (fully oxidized) KsTH
displayed a dominant Soret peak with a maximum at 409.5 nm, which probably excluded
cysteine as a distal ligand of any of the hemes, as thiolate ligation in the ferric form
exhibits red—shifted Soret bands around 418 nm (Amacher et al., 2015). There was also
no charge transfer band at 695 nm visible that would indicate a methionine heme iron
ligation (Moore & Pettigrew, 1990). Full reduction with dithionite resulted in absorbance
peaks typical of ferrous c-type hemes (Figure 5.5). Three maxima were identified, at

101



102

418, 523, and 553 nm, corresponding to the Soret, beta, and alpha bands, respectively.
In the difference spectrum of fully reduced— minus—oxidized, however, a second Soret

Abs (AU)

350 400 450 500 550 600 650

A (nm)

Figure 5.5| Electronic absorption spectra of KsTH

As—isolated (fully oxidized) KsTH (7.7 uM) is shown in green and dithionite-reduced (fully

reduced) KsTH is shown in red. The inset shows a detailed view of the 500-650 nm region.
maximum at 423 nm became apparent. Spectrophotometric electrochemical redox
titration of KsTH performed in a potential range from 0 mV to — 475 mV versus standard
hydrogen electrode (vs SHE) demonstrated that the complete transition from the fully
oxidized to the fully reduced state occurs over a 200 mV redox span (Figure 5.6.A). Global
fitting of the evolution of absorbance values at several wavelengths in the Soret and
alpha band regions as a function of the applied potential was performed with a the
sum of two Nernst equations that were necessary and sufficient for the given data. This
analysis revealed two distinct midpoint redox potentials, £ =-190 mV and £ = -400
mV (vs SHE), respectively (Figure 5.6.B). These transitions did not contribute equally to
the total amplitude changes of the signal. The transition at £_ =-190 mV was associated
with an absorbance change of ~60 % to ~75 % of the total amplitude, depending on
the wavelength used for the analysis. Hence, we concluded that, probably, three heme
centers equilibrated at £_ =-190 mV and one at £_,=—-400 mV.

Further analysis of spectral changes associated with the low potential redox transition
revealed some interesting features. During the sequential electrochemical reduction
of KsTH, a 423 nm Soret maximum emerged in the =340 to —-460 mV redox difference
spectrum and was accompanied by a blue—shifted alpha maximum at 549 nm (Figure
5.6.C). Once the sample appeared fully reduced without further spectral changes



occurring (at =475 mV applied potential), its stepwise oxidation was performed with 30
mV increments of applied potential.

Curiously, none of the recorded spectra around the potential range of -475 mV to —300
mV contained the above—mentioned features and neither the respective difference
spectra could discern them. A possible explanation for the disappearance of these
spectroscopic signals could involve either conformational changes around the heme
pocket and/or ligand exchange of the respective heme iron that might have occurred
upon electrochemical reduction. An interesting case of redox—dependent ligand
change has been reported for cytochrome ¢” from Methylophilus methylotrophus, in
which the detachment of the distal histidine ligand upon reduction leads to spin state
transition (Brennan et al., 2001). Additionally, in the alkaline conformer of mitochondrial
cytochrome c the native methionine distal ligand of the heme iron is replaced by a lysine
(Amacher et al., 2015). Since KsTH did not appear to be stable during the course of the
electrochemical titration (severe baseline shifts), a second sequential reductive titration
was not attempted and, therefore, it is not clear whether these changes are reversible
or not.

Interestingly, the afore—mentioned ferrous monoheme cytochrome c¢552 with the
compressed CGCH heme—binding motif exhibited a blue—shifted alpha band, compared
to typical ferrous c—type cytochromes, at 550 nm (Kleingardner & Bren, 2011), which
agreed with the observation of the 549 nm feature in KsTH. It could be suggested that
heme 1 from KsTH that is attached to the contracted CKCH motif results in the 549/425
nm spectral components and, therefore, could have an apparent midpoint potential of
Em= —-400 mV. Under neutral pH, which was the condition the electrochemical redox
titration was performed, the lysine residue of the CKCH sequence was expected to be
positively charged. This could have an effect on the electron distribution between the
heme plane and the iron, resulting in decreased electronegativity of the iron atom. The
latter was reported to give rise to red—shifted Soret bands (Moore & Pettigrew, 1990)
that would explain the 425 nm feature. On the other hand, the presence of positive
charges in close proximity to the heme cavity has been associated with relatively high
midpoint potentials of the heme (Hosseinzadeh & Lu, 2016). Also, residues that are
buried in the hydrophobic heme crevice could also be devoid of charges (Wallace &
Clark—Lewis, 1992). All in all, it still remains elusive whether the sequence contraction
of the heme-binding motif would bear any spectroscopic or functional consequences
for the heme center. Combination of structural and extended spectroscopic studies
on KsTH could shed more light on possible implications of this newly discovered heme

coordination.
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Figure 5.6 | Potentiometric redox titration of KsTH

A: electronic absorbance spectra of KsTH during the course of the potentiometric titration in an
optical transparent thin layer electrochemical cell (OTTLE). The titration was performed in the
potential range from —475 mV to +290 mV versus standard hydrogen electrode (vs SHE) in both
reductive and oxidative directions with 30 mV increments. B: difference absorbance values of
418-403 nm and 552-565 nm were used for evaluation of the Soret (left panel) and the alpha
band (right panel), respectively. These values were plotted against the applied potentials and
a sum of two Nernst equations was fitted to the data. Nernst curve is drawn in black. Different
colors correspond to different data series in either oxidizing or reductive directions. C: difference
spectra corresponding to the fully reduced minus oxidized sample (red) and to each individual
redox transition shown in B. Transition 1 (€_,=—190 mV) is shown in orange and transition 2
(E,=—400 mV) in green.

Ligand binding assessed by UV-Visible spectroscopy

The elucidation of the coordination of the heme centers in KsTH was of high interest,
especially with respect to the uncertain ligation of heme 2. Based on structural homology
modelling using cytochrome c,, as a template, candidate distal ligands for three hemes
in KsTH were identified (see Prediction of heme ligations based on protein homology).
Nonetheless, heme 2 from ¢, features only one protein ligand, which renders it capable
of substrate binding and catalytic conversion (Upadhyay et al., 2006). Ligand binding
studies on heme proteins is a common way of converting five—ligated hemes to six—
ligated or even displacing a weak amino acid ligand like methionine, provided that the
heme is accessible to the external ligand (Erman et al., 2015). In this case the external
ligand would replace weakly—bound water molecules or hydroxide ions from the sixth
ligating position of the heme iron which, in turn, could bring about changes in both the
Soret and the alpha band regions of the protein absorption spectrum. Often, the ratio
of the Soret band to the alpha band absorbance value would also decrease due to the
generally lower extinction coefficient of penta—coordinated hemes in the alpha region
(Moore & Pettigrew, 1990). Based on this rationale, ligand—binding experiments were
conducted with purified KsTH in order to investigate the axial ligations and reactivities of

all four hemes with a special emphasis on heme 2.

Addition of 10—fold molar excess of either imidazole or azide to the fully reduced KsTH
only had a minor effect on its absorption spectrum (Figure 5.7). Overall, the spectra
exhibited a minor decrease as a whole, which could possibly be attributed to oxidation
due to trace amounts of oxygen contained in the azide and imidazole solutions. The ratio
between the Soret and alpha band remained unchanged and, overall, there was no sign
of imidazole—bound heme (Sigman et al., 1999).
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Figure 5.7| Effect of exogenous ligands addition on the electronic absorption spectrum of
KsTH

10-fold molar excess of either imidazole (left panel) or azide (right panel) was added to the fully
reduced KsTH. Fully reduced KsTH is shown in red and KsTH after imidazole or azide addition is
shown in green.

Incubation of fully reduced KsTH with the strong ligand carbon monoxide (CO)
substantially affected its visible absorption spectrum (Figure 5.8). A new Soret maximum
emerged at 415 nm with a narrower bandwidth, while the alpha and beta bands
appeared less resolved and of weaker intensity. Two new red—shifted shoulders also
developed at 533 and 568 nm, respectively. The observed spectral changes in the Q
region were highly similar to the ferrous CO-bound cytochrome c, from Desulfovibrio
species, where the weakly bound histidine distal ligand was replaced by CO (O’Connor et
al., 1993; Takayama et al., 2006). Notably, in the CO—bound—minus—reduced difference
spectrum the lowest trough observed at the Soret region had a minimum at 425 nm,
indicating the loss of the 425 nm spectral component that has been associated with the
low potential redox transition (E_=—400 mV). The effect of nitric oxide (NO) addition to
ferrous KsTH was also tested, not only due to its capacity to coordinate to the heme iron
but also due to the intriguing NO reductase activity that the structurally homologous ¢,
cytochrome exhibits (Upadhyay et al., 2006).
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Figure 5.8| Effect of CO addition on the electronic absorption spectrum of KsTH

Fully reduced KsTH was flushed with pure CO and its electronic absorption spectrum was
recorded immediately. Fully reduced KsTH is shown in red and KsTH after CO addition is shown
in green. The CO—-addition minus fully reduced difference spectrum is presented in the inset.

Addition of 10—fold molar excess of NO per heme to the fully reduced TH resulted in a
slight decrease of the Soret peak at 418 nm, complete loss of the 425 nm feature, as it
is clearly shown in the difference spectrum, and a broad Soret tail at lower wavelengths
(Figure 5.9). The alpha and beta bands, on the other hand, appeared smaller and less
structured. These observations bear remarkable similarity to the ferrous NO—bound
cytochrome ¢, and could offer some insights into the possible heme ligations in KsTH
(Upadhyay et al., 2006). In both cases, upon NO addition to the fully reduced protein the
red—shifted Soret shoulder (430 and 425 nm for c,,, and KsTH, respectively) disappeared,
while the typical Soret and both the alpha and beta bands decreased in intensity.
Upadhyay and coworkers also generated a semi-reduced preparation of ¢, where only
the high—spin heme 2 and the low—spin His/His ligated heme 1 were in the ferrous state.
Addition of NO to the semi—reduced protein caused immediate loss of intensity of the
ferrous low—spin heme bands at 420, 554, and 524 nm and complete disappearance of
the high—spin ferrous band at 430 nm. The new Soret maximum shifted to 412 nm, which

was explained as a hexa—coordinated ferrous heme—nitrosyl complex. The observed
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spectral changes of ferrous KsTH upon NO addition could be explained by assuming NO
binding to the low potential (E_=—400 mV) heme that displayed the 425 nm feature and
concomitant oxidation of the other hemes. It is noteworthy here to clarify that in case of
c.., the assignment of spectral features to heme moieties has been achieved based on a
combination of spectroscopic studies (Arciero et al., 1991; Upadhyay et al., 2003), while
in case of KsTH currently we can only formulate hypotheses.
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Figure 5.9| Effect of NO addition on the electronic absorption spectrum of KsTH

200 UM NO (10—fold excess for each heme) was added to the fully reduced KsTH from a saturated
NO stock (0.9 mM). Fully reduced KsTH is shown in red and KsTH after NO addition is shown in
green. The NO—-addition minus fully reduced difference spectrum is presented in the inset.

Combining the predictions based on the structural homology model with the results
from the electrochemical and ligand binding studies, we could revise and summarize our
current working hypothesis regarding the characterization of the hemes in KsTH. Among
the four c—type hemes that are present in the monomeric protein, three reached redox
equilibrium at Em=-190 mV and one at Em = —400 mV. The latter displayed spectral
features that are associated with high—spin hemes or complex spin—paired systems. This
heme center also appeared to bind both CO and NO. CO, in comparison to published data,
appeared to be ligating more than one heme center, presumably by displacing a protein
ligand and NO had an overall oxidizing effect on the ferrous protein. Concerning the



ligand identity of the KsTH hemes, heme 3 and 4 are hypothesized to be His/His ligated,
heme 1 is also six—ligated with a lysine residue being the iron sixth ligand, whereas the
ligation of heme 2 is still unclear. While cysteine could be excluded as a putative ligand,
the flexible loop on the distal side of the heme contains three conserved lysine residues
that could coordinate the iron. However, the possibility of a weak sixth ligand, either a

water molecule, a hydroxide ion, or a weakly bound amino acid, could be conceivable.

Redox interaction with hydrazine synthase

Based on its conservation within the HZS gene cluster across all sequenced anammox
genomes, TH was hypothesized to be the electron donor for hydrazine synthesis, providing
the necessary electrons for the first half—reaction, i.e. NO reduction to hydroxylamine.
To assess this hypothesis, the redox interaction between the two purified proteins was
tested both with UV-visible absorption and electron paramagnetic resonance (EPR)

spectroscopy.

Fully reduced KsTH (without excess of reductant) and fully oxidized HZS (as—purified)
were separately added in a double compartment cell in a 5:1 molar ratio and their
combined static spectra were recorded. Following mixing, three spectra of the merged
samples were recorded with 3 min interval time. The combination of the two oxidized
species, before mixing, gave rise to a Soret maximum at 407 nm and a broad Q band
feature at 530 nm. Reduction of KsTH (while HZS remained oxidized) yielded a red—shifted
Soret peaking at 416 nm, a shoulder around 425 nm, and a typical reduced alpha band
at 553 nm (Figure 5.10.A). The latter was in agreement with the simulated combined
spectrum. Upon mixing of the cell compartments, alteration of the Soret region resulted
in two new maxima at 409 and 417 nm, respectively, and loss of the shoulder at 425 nm
(Figure 5.10.B). Overall, the maximum intensity of the reduced Soret region decreased,
which confirmed the absence of any excess reductant in the cell. Consecutive recordings
after mixing revealed a change of the ratio between the two Soret maxima over time.
The shoulder at 425 nm was characteristic of reduced TH and associated with the low—
potential transition observed in the optical redox titration (see Spectroscopic and redox
characterization). The concomitant appearance of a signal at 409 nm, and later on at
407 nm, probably arose from oxidized TH, which had a blue-shifted Soret maximum
compared to HZS (418 and 420 nm for ferrous TH and ferrous HZS, respectively). Hence,
loss of the 425 nm shoulder in combination with appearance of a blue—shifted Soret
could be explained by TH oxidation. An activity assay that would test multiple catalytic
turnovers of HZS with TH as the electron donor could offer more insights into their redox

interaction, but currently a suitable activity assay for HZS is not available.
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Figure 5.10| Redox interaction between KsTH and hydrazine synthase (HZS)

KsTH and HZS were separately added in a double compartment cell in a 5:1 molar ratio,
respectively, and their combined static spectra were recorded. After mixing of the two
compartments, four consecutive spectra were recorded with 3 min interval time. A: spectra
recorded before mixing include both species oxidized (green) and fully—reduced TH with fully
oxidized HZS (dark red). B: Spectra recorded after mixing. The dark red spectrum of fully—
reduced TH with fully oxidized HZS (before mixing) is also added here for comparison. The color
palette spans from red color for the first spectrum recorded after mixing to green for the fourth
recording. The inset shows a detailed view of the alpha band region.

The same experimental setup described above was also tested by EPR spectroscopy.

Fully reduced KsTH (without excess of reductant) was mixed with oxidized HZS and their
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combined spectra were recorded (Figure 5.11). Comparison with the individual spectra
of each of the two proteins revealed a rather convoluted combined spectrum. New
signals emerged, possibly due to electronic interaction between the hemes, and specific
centers could not be discerned. Currently, our understanding on the electromagnetic
properties of both multiheme proteins is limited and, thus, clear conclusions cannot be
drawn. The theory of HZS and TH being physiological redox partners is still a working
hypothesis.

reduced TH + oxidized HZS n

'_'/\/ oxidized TH

oxidized HZS

g-value

Figure 5.11| X-band EPR spectra

As—isolated (fully oxidized) KsTH and HZS were recorded separately. Fully reduced KsTH (without
excess of reductant) was then mixed with oxidized HZS and their combined spectra were
recorded. Spectra were recorded at 13 K, 2 mW microwave power, and with 20 dB modulation
amplitude.

Concluding remarks

Bydirectpurificationfromnativesource,asolubletetrahemec—typecytochromecontaining
an atypical CXCH heme—binding motif was identified and characterized. It was shown that
KsTH harbored a low midpoint potential heme cofactor, which exhibited spectroscopic
behaviorassociatedwithpenta—coordinated hemes.ThedegreetowhichKsTHisconserved
among anammox genera together with its genomic locus within the HZS gene cluster,

suggests an essential role for this cytochrome in the context of hydrazine production.
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Materials and methods

All chemicals used were purchased from Sigma—Aldrich, unless stated otherwise. High—
performance liquid chromatography (HPLC)—grade chemicals were purchased from
Baker, USA. All purification steps took place in ambient air and at 4°C.

Cell-free extract preparation

Cells from a 10-liter laboratory scale enriched (~ 95% pure) K. stuttgartiensis continuous
membrane bioreactor (Kartal et al., 2011) were harvested and concentrated by
centrifugation at 4,000 x g for 15 min (Allegra X—15R, Swinging Bucket Rotor, Beckman
Coulter). The pellet was resuspended with one volume of 20 mM Tris—HCI, pH 8.0. Cells
were lysed by three subsequent passages through a French Pressure Cell operating at
120 MPa (American Instrument Company). Centrifugation at 4,000 x g for 15 min (Allegra
X—15R, Swinging Bucket Rotor, Beckman Coulter) removed cell debris and the obtained
supernatant was subjected to ultracentrifugation at 126,000 x g for 1 h (Optima XE90,
Fixed angle 90 Ti rotor, Beckman Coulter) to pellet cell membranes. The supernatant
after ultracentrifugation constituted the cell-free extract.

Protein purification

Kuste2854 was brought to homogeneity in a three—step purification procedure. Cell-
free extract was first fractionated with ammonium sulfate at 85% saturation. After
stirring for about 1 h, the sample was let to settle overnight. The supernatant was
collected by centrifugation (4000 x g for 20 min) and diluted to about 5% ammonium
sulfate saturation with 20 mM KPi, pH 7.0. Liquid chromatography was performed on an
Akta Purifier (GE Healthcare). The sample of interest was loaded onto a 30-mL column
packed with Ceramic Hydroxyapatite (Bio—Rad) and equilibrated with 20 mM KPi, pH 7.0.
The column was packed at a flow rate of 10 mL-min~ (XK 26/20 column, GE Healthcare)
and eluted at 5 mL-min™; the eluate was monitored at 280 nm. Kuste2854 eluted as a
near—symmetrical peak during a 30—min linear gradient (20-500 mM KPi, pH 7.0) at a
conductivity of about 40 mS-cm™. This peak was collected and concentrated with 10—
kDa molecular mass cutoff polyethersulfone spin filters (Vivaspin 20; Sartorius Stedim
Biotech). The concentrated sample was subsequently loaded on a 65—mL column packed
with Superdex 200 (GE Healthcare) and equilibrated with 50 mM KPi, 150 mM Nacl, pH
7.0. The column was packed at a flow rate of 3 mL-:min~ (XK 26/20 column, GE Healthcare)
and eluted at 1 mL-min™. Purity was checked throughout purification by SDS—denaturing
polyacrylamide gel electrophoresis (PAGE; (Laemmli, 1970). The identity of the protein
was established by MALDI-TOF mass spectroscopy (Bruker Biflex I, Bruker Daltonik).



Enzyme preparations were either used immediately or rapidly frozen in liquid nitrogen
for storage.

Electronic absorbance spectra

All solutions were prepared freshly in serum bottles sealed with rubber stoppers and
made anoxic by alternately applying vacuum and Argon for seven times. UV-Visible
spectra were recorded at room temperature in 1.4—mL or 0.2—mL quartz cuvettes (path
length 1 cm; Hellma), sealed with rubber stoppers, using a Cary 60 spectrophotometer
(Agilent) that was placed inside an anaerobic glove box (N,/H, atmosphere; O, <2 ppm).
NO—containing (0.9 mM) stock solution was prepared by sparging anoxic MOPS buffer
(20 mM, pH 7.0) with an NO-He gas mixture (1:1, v/v) for 10 min. CO was added by
directly flushing the assay cuvette with pure CO gas for 30 sec. For the redox interaction
experiment between KsTH and HZS a double—chamber quartz cuvette was used (path

length 0.875 cm; Hellma Analytics) under the same conditions described above.

Electrochemical redox titration

Redox titrations of purified KsTH were performed with a home—built optically transparent
thin—layer electrochemical cell (OTTLE) that was designed by the workshop of the
physical chemistry department of the University Freiburg as adapted from Baymann
et al (Baymann et al., 1991). The OTTLE was connected to a potentiostat (PGSTAT204,
Metrohm Autolab) and the spectroscopic changes of the sample upon potentiometric
titration were monitored from 400 to 610 nm using a Cary 60 spectrophotometer
(Agilent). The Ag/AgCl reference electrode was calibrated against a saturated
quinhydrone solution in 1 M MOPS buffer, pH 7.0 at room temperature (E°’= + 280 mV)
(Moffet et al., 2003). The assay mixture contained 1.8 uM as—isolated fully oxidized KsTH
in 50 mM MOPS, pH 7.0, containing 50 mM KCI, 40 mM glucose, 10U glucose oxidase,
and 5U catalase. The following redox mediators were added at 20 uM final concentration
each: ferrocene (E’= +640 mV), ferricyanide (E”’= +430 mV), 1.4-benzoquinone (E”=
+280 mV), 2,5—dimethyl-1,4-benzoquinone (E”= +180 mV), 1,2—naphtoquinone (E°'=
+145 mV), phenazine methosulfate (E”’= +80 mV), 1,4—naphtoquinone (E”’= +60 mV),
phenazine ethosulfate (E”= +55 mV), 5-hydroxy—1,4—naphtoquinone (E”= +30 mV),
1,2—dimethyl-1,4—naphtoquinone (E”= 0 mV), 2,5-dihydroxy—p—benzoquinone (E”=
—-60 mV), 5,8—dihydroxy—1,4—naphtoquinone (E*= =145 mV), 9,10—anthraquinone (E”'=
—184 mV), 9,10—anthraquinone—2—sulfonate (= -225 mV), benzyl viologen (E*’= -350
mV), and methyl viologen (E”= —440 mV/-772 mV). Titrations were performed from
—475 mV to +290 mV (vs SHE) at room temperature, both in reductive and oxidative
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directions, with potential increments of 30 mV. Equilibration time was 10 min per step.
Spectral changes were evaluated on the basis of the Soret band at 418 and 425 nm and
the alpha band at 552 and 549 nm. The midpoint redox potentials were determined by
fitting the amplitude of the signal to a sum of two single electron Nernst components
using the Origin version 9.1 program (OriginLab Corp).

EPR spectroscopy

Samples were prepared in an anaerobic glove box, loaded into quartz EPR tubes sealed
with butyl rubber stoppers, and then frozen in liquid nitrogen. EPR spectra were recorded
on a Bruker Elexsys E500 X—band spectrometer fitted with an Oxford Instrument He—
cryostat ESR900 and temperature control system. Spectra were recorded at 13 K, 2 mW

microwave power, and with 20 dB modulation amplitude.

Protein sequences analyses and homology model

Draft genomes representative of five anammox genera were examined: Kuenenia
stuttgartiensis [NCBI bioproject: PRINA16685; (Strous et al., 2006)], Brocadia fulgida
[NCBI bioproject: PRINA263557; (Ferousi et al., 2013)], Jettenia caeni [NCBI bioprojects:
PRIDA163683 and PRIDB68 (Hira et al., 2012)], Brocadia sinica [NCBI bioproject:
PRINA274364; (Oshiki et al., 2015)], Scalindua rubra [NCBI bioproject: PRINA327439;
(Speth et al., 2017)], and Scalindua brodae [NCBI bioproject: PRINA262561; (Speth
et al., 2015)]. Protein sequence homology searches were performed against selected
entries using the BlastP program at the NCBI website. N-terminal signal cleavage sites
were predicted with SignalP 4.1 (Petersen et al., 2011). Computation of various physical
and chemical parameters was performed with the ProtParam tool as implemented
in the Expasy webserver (Gasteiger et al., 2005). Multiple sequence alighments were
performed using Muscle (Edgar, 2004) as implemented in the EMBL web server and then
curated manually. The phylogenetic tree was constructed based on the Neighbor—Joining
algorithm (Saitou & Nei, 1987) utilizing the JTT matrix—-based model (Jones et al., 1992)
as implemented in MEGA 6 (Tamura et al., 2013). Construction of the protein homology
model was performed in Phyre V 2.0 (Kelley et al., 2015) with default settings.The crystal
structure of Nitrosomnas europaea c ., was retrieved from pdb [PDB ID: 1FT5; (lverson

et al., 1998)]. Protein visualization was performed in Pymol (Schrodinger, 2015).

Mass spectrometry

Samples for matrix—assisted laser desorption ionization time—of—flight (MALDI-TOF)

mass spectrometry were prepared as described previously (Farhoud et al., 2005). Each



spectrum (900-4,000 m/z) was analyzed using the Mascot Peptide Mass Fingerprint
(Matrix Science) against the K. stuttgartiensis database, allowing methionine oxidation as

variable modification, 0.2—Da peptide tolerance, and at most one trypsin mis—cleavage.

Ultrahigh resolution quadrupole time—of—flight (UHR—qTOF) mass spectrometry was
performed at Radboud University Medical Centre (UMC) by Dr. H. Wessels. Samples
were prepared as follows. Purified protein sample buffer was exchanged for 0.1%
formic acid 20% methanol using 3 kDa molecular weight cutoff filters (Amicon Ultracel)
and subsequently analyzed by direct infusion electrospray ionization tandem mass
spectrometry (ESI-MS/MS) using an ultrahigh resolution quadrupole time—of—flight
mass spectrometer (maXis 5G, Bruker Daltonics). The instrument was operated in
positive ionization mode with the following parameters: capillary voltage: 4500 V, offset:
500V, nebulizer gas pressure: 0.4 bar, N2 drying gas: 4L ‘min™* at 200°C, in—source CID
energy: 20 eV, mass range 300-3700 m/z, 1 Hz acquisition rate. The z=31* precursor ion
(m/z 843.3) was isolated and subsequently fragmented using 25 eV collision induced
dissociation (CID) energy. Acquired data was processed in Data Analysis 4.2 software
(Bruker Daltonics). Spectral peak detection and charge deconvolution for MS and MS/
MS spectra was performed by the SNAP2 algorithm. In addition, a high resolution
charge—deconvoluted MS spectrum was generated using the maximum entropy charge
deconvolution algorithm (MaxEnt) which was compared to a simulated isotope pattern
of TH (AA 30-236) plus four heme groups. The processed MS/MS spectrum was exported
to BioTools 3.2 and compared against in silico b— and y—fragment ion masses of TH (AA

30-236) plus four heme groups (0.05 Da mass tolerance).

Other analytical methods

Protein concentrations were measured with the Bio—Rad protein assay, based on the
method of Bradford (Bradford, 1976), using bovine serum albumin as standard. The
pyridine hemochrome assay was performed as described previously (Berry & Trumpower,
1987).
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Abstract

The hydroxylamine/hydrazine oxidoreductase (HAO/HZO) protein family constitutes the
largest group of octaheme cytochromes ¢ with two structurally characterized members.
NeHAO from the aerobic ammonia oxidizer Nitrosomonas europaea and KsHOX from
the anaerobic ammonia oxidizer Kuenenia stuttgartiensis both catalyze the oxidation
of hydroxylamine to nitric oxide. These protein complexes adopt a homotrimeric
configuration with the monomers being covalently attached to each other via a rare
cross—link between a tyrosine residue and the catalytic heme moiety of an adjacent
subunit. This covalent cross link has been proposed to modulate the active site heme
towards oxidative catalysis. Characterization of an HAO homolog lacking the tyrosine
cross—link would contribute substantially to our understanding of the apparent catalytic
specificity of the HAO/HZO protein family. Anaerobic ammonium—oxidizing (anammox)
bacteria express a repertoire of HAO/HZO paralogs, including putative reductive ones. In
this study, an HAO homolog (gene product of kuste0458 open reading frame) was purified
to homogeneity from the anammox bacterium K. stuttgartiensis and its biochemical and
spectroscopic properties were determined. The 60—heme—containing protein complex
was a heterododecamer (aB), of an HAO and an electron-transferring diheme subunit.
The purified complex exhibited reductive catalytic properties in vitro and with only
negligible oxidizing activity. Nitrite, nitric oxide, and hydroxylamine were reduced to
ammonium, albeit not stoichiometrically, whereas hydroxylamine or hydrazine oxidation
was virtually absent.

Introduction

Cytochrome ¢ proteins are among the most common redox tools in nature and are
ubiquitous in all domains of life (Richardson, 2000). The electron configuration of
elemental iron in combination with both the electrochemical properties of the heme
porphyrin and the notable stability of the covalent attachment(s) to the protein backbone
render heme c cofactors suitable for electron transfer and an array of catalytic activities.
This versatility is further enhanced by multiheme arrangements harbored within
proteins and protein complexes (Baymann et al., 2007; Clarke et al., 2008). Multiheme
cytochromes ¢ (MCCs) are involved in energy metabolism and mediate processes
ranging from intra— or extracellular electron transfer to substrate conversion (Simon et
al., 2011). Within the broad class of bacterial multiheme cytochromes ¢ (MCCs), the
hydroxylamine/hydrazine oxidoreductase (HAO, HZO) protein family constitutes the
largest group of octaheme cytochromes ¢ (OCCs) next to the octaheme nitrite and



tetrathionate reductases (ONRs and OTRs, respectively) (Mowat et al., 2004; Atkinson
et al., 2007; Polyakov et al., 2009; Tikhonova et al., 2012).

The hydroxylamine/hydrazine oxidoreductase (HAO, HZO) protein family comprises
gene products that show a relatively low amino acid sequence identity but exhibit
conserved secondary structural elements and possess eight heme-binding motifs (CX,_
,CH) (Bergmann et al., 2005; Klotz et al., 2008). Moreover, HAOs characterized until now
display a high degree of in vitro versatility with regards to redox conversions of nitrogen
compounds they catalyze; from nitrite, nitric oxide, and hydroxylamine reduction to
hydrazine and hydroxylamine oxidation (Simon et al., 2011). To date, two members of this
family have been structurally described and are both involved in the microbial nitrogen
cycle (lgarashi et al., 1997; Maalcke et al., 2014). Both hydroxylamine oxidoreductase
from the aerobic ammonium—oxidizing bacterium Nitrosomonas europaea (NeHAQ)
(Kostera et al., 2010; Caranto & Lancaster, 2017) and hydroxylamine oxidoreductase from
the anaerobic ammonium—oxidizing (anammox) bacterium Kuenenia stuttgartiensis
(KsHOX) (Maalcke et al., 2014) catalyze the oxidation of hydroxylamine to nitric oxide
(Reaction 1).

NH,OH = NO +3H"+3e” [1]

NeHAO and KsHOX display high structural similarity among their seven His/His ligated
electron—transferring hemes and the penta—coordinated catalytic heme that leads to
superimposable heme arrangements (Igarashi et al., 1997; Cedervall et al., 2009; Maalcke
et al., 2014). They both adopt a homotrimeric configuration with the monomers being
covalently attached to each other via a unique double cross—link between a tyrosine
residue and the catalytic heme moiety of an adjacent subunit. This covalently—linked
porphyrin ring is highly ruffled giving rise to a diagnostic absorption feature of the

reduced protein in the wavelength range of 463—475 nm and is termed P, prosthetic

460
group. The presence of the tyrosine crosslink has been proposed to modulate the
reactivity of the heme group towards oxidative catalysis (Klotz et al., 2008). Several
epsilonproteobacterial genomes encode for HAO homologs (eHAO) that lack the
critical tyrosine and are predicted to favor reductive catalysis (Klotz et al., 2008). eHAO
representatives were recently heterologously expressed and shown to preferentially
reduce nitrite and hydroxylamine, albeit without clear conclusions regarding the
respective products, while hydroxylamine oxidation activity was virtually absent (Haase

etal., 2017).
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Anammox bacteriaare anaerobicchemolithoautotrophic Gram—negative microorganisms
that make a living by oxidizing ammonium with nitrite as the terminal electron acceptor
(Reaction 2). The anammox process takes place within the anammoxosome, a bacterial
organelle (van Niftrik et al., 2008), and proceeds via three consecutive steps with nitric
oxide (NO) and hydrazine (N,H,) as free intermediates (Reactions 3-5) (Kartal et al.,
2011).

NH,"+NO, > N +2H0 AGY=-357 kJ-mol [1]
NO, +2H*+e > NO+H,0 E”=+380 mV [2]
NO+NH,"+2H*+3e"> N,H,+ H,0 E= +60 mV [3]
NH, > N, +4H" + de” EY=~750 mV (4]

Although the dedicated protein complexes catalyzing the last two steps of the anammox
pathway have been identified and partially characterized (Kartal et al., 2011; Dietl et al.,
2015; Maalcke et al., 2016), nitrite reduction to nitric oxide still remains elusive. Despite
the essential role of nitrite reduction in anammox metabolism, different genera seem
to have acquired different enzymes to catalyze this reaction. Inspection of the available
anammox genomes with respect to putative nitrite reductases reveals a striking lack of
conservation. While the genomes of Kuenenia stuttgartiensis and all Scalindua species
code for putative cd, nitrite reductases (NirS), Jettenia caeni and Brocadia fulgida contain
a copper—containing nitrite reductase (NirK) homolog. Brocadia sinica, on the other
hand, seem to be lacking either of the typical bacterial nitrite reductases. Moreover,
transcriptomic and proteomic studies on the model anammox organism Kuenenia
stuttgartiensis indicated low abundance of the putative NirS homolog, suggesting that a
yet unidentified protein might catalyze the reduction of nitrite to NO (Strous et al., 2006;
Kartal et al., 2011).

The genome of Kuenenia stuttgartiensis comprises ten HAO/HZO paralogs; five of them
are highly expressed (Kartal et al., 2013). Amino acid sequence analysis identified two
paralogs that lack the cross—linking tyrosine and, therefore, were speculated to perform
reductive catalysis. The gene product of the kustc0458 open reading frame is one of
them and is highly expressed under standard growth conditions (Kartal et al., 2013).
This observation, combined with the identification of an N—terminus leader sequence
and the immunogold localization of Kustc0458 inside the anammoxosome (de Almeida
et al., 2015), points towards an important metabolic role. In the current study, the gene



product of kustc0458 was purified to homogeneity from native K. stuttgartiensis biomass
and its biochemical and spectroscopic properties were assessed and put in context of
the recently resolved crystal structure at 2.6 A resolution (Maalcke, 2012).

Results and discussion

Primary structure conservation within the HAO protein family

Although HAO-like proteins share a relatively low amino acid sequence identity,
the conservation of their predicted secondary structure along with the eight heme—
binding motifs allows their identification at the genomic level. The significant tertiary
and quaternary structure conservation observed in the two structurally resolved HAO
representatives, namely NeHAO (lgarashi et al., 1997) and KsHOX (Maalcke et al., 2014),
further assist this identification by revealing functionally and structurally essential
residues. A lot of attention has been drawn to the rare covalent attachment between
a tyrosine residue and the catalytic heme moiety of the adjacent subunit within the
homotrimeric protein complex. The differential presence of this tyrosine (Tyr491 in
NeHAOQ) is proposed to divide the family of HAO—like proteins into oxidizing and reducing
members.

The anammox organism Kuenenia stuttgartiensis has been found to code for ten HAO
paralogs, two of which have already been characterized and found to fulfill essential roles
for anammox metabolism (Maalcke et al., 2014; Maalcke et al., 2016). Although their
catalytic reactivity is partially overlapping (hydrazine oxidation to dinitrogen gas), distinct
physiological activities have been assigned to each protein. Hydroxylamine oxidase (HOX)
catalyzes the oxidation of hydroxylamine to NO while hydrazine dehydrogenase (HDH)
is dedicated to oxidation of hydrazine to dinitrogen gas. Both Kuenenia stuttgartiensis
HAO paralogs (HOX and HDH) are tuned towards oxidative catalysis and harbor the
conserved cross—linking tyrosine. The latter also holds true for several methanotrophic
HAO homologs (Campbell et al., 2011), one of which has also been shown to efficiently
oxidize hydroxylamine and hydrazine to NO and N,, respectively (Wouter Versantvoort,
personal communication).

A multiple sequence alignment, guided by the conservation between NeHAO and KsHOX
and including the kustc0458 homolog, demonstrated the absence of the cross—linking
tyrosine and its replacement by a tryptophan, belonging to a conserved motif (WWW)
in kustc0458 (Figure 6.1). Intergenomic homology searches with Kustc0458 (hereinafter
termed HAOTr) as query revealed that all anammox genera examined here code for an
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HAOr ortholog and exhibit high degree of sequence conservation among them (Figure
6.2.A). Interestingly, a conserved sequence comprising two heme-binding motifs is
coded adjacent to the HAOr open reading frame in all genera but Scalindua rubra; the
latter codes for a pentaheme open reading frame instead (Figure 6.2.B). Nevertheless,
the S. rubra genome is not complete, and the possibility that the diheme sequence

might be found when the genome is complete cannot be ruled out.
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SbDH MAYLKVKKGINGGHNLCWTNILSSAIIIVFVSMLCLGNTVMAGDRLEGKDLYNK
HEMEL
KsDH YCAPCHGEEGGGDGLLSRSMLPKPRNFTLGAYKFRTTPSGSLPTDEDIYRTISY 73
JcDH YCSACHGE EGHGDGPLARSMLPKPRDFTRGAYKFRTTPSGSLPTDNDIYRTISF
BsDH YCSPCHGE EGNGNGPLARSMLPKPRDFTRGAYKFRTTPSGSLPTDEDIYRTISF
BfDH YCSPCHGEEGKGDGPLARSMLPKPRDFTRGAYKFRTTPSGSLPTDEDIYRTISY
SbDH YCAPCHGE EGDGYGPLYGALYPKPRDFTKGQYKIRTNATGSL PTDADLIHVIFV
1
KsDH GVPNSTMIPWDILTEEQRASVVPVLKSFSEAFEYREPEPSVDVGLPLRPTERTI 129
JcDH GVPNSTMIPWDILSEEERASVIPVLKSFSEAFEFRQPDAPVNVGLEVRPTERTI
BsDH GVPNSTMIPWDILTEEQRLSVIPVLKSFSEAFEFRKPDPPVEVGLRVRPTEKCI
BfDH GVPNSTMIPWDILTEEQRVSVIPVLKSFSEAFEVRKPDAPVTVGLPLRPTERAL
ShDH GVHGTSMMPWDILDLDQIKSLLPVLKSFSEAWQYRKPEASVVVGAEMTATQKTI
HEME2
KsDH LAGKKIYEEKLECWKCHGVEGRGDGPSASEQEDDFGFPIKPFDFTTG-KFKGGN 182
JcDH AEGKKIYEEKLECWKCHGVEGRGDGPSAAEQEDDFGFPIKPFDFTTG-KFKGGN
BsDH AEGKKIYEEKLECWKCHGIEGRGDGPSAAEQEDDFGFPIKPFDFTTG-KFKGGN
BfDH AEGKKIYEEKLECWKCHGVEGRGDGPSAAEQEDDFGYPIKPFDFTTG-KFKGGN
SbDH ARGKELYFQK-ECFKCHGETGNGDGPSSYDLEDEWGIPILPYDFTRGDKFKGGA
2
KsDH SPTDVYLRFTTGLNGTPMPSFAKEL SDDERWYLTHYVMSLVQPEK-CRK-==-~~- 232
JcDH SSTDIYLRFTTGLNGTPMPSFAKELTDEQRWYLTHYVMSLVKPEE-NHKNKECK
BsDH SPQDVYLRFTTGLNGTPMPSFAKELTDEERWCLTYYVMSLIKPEENTHK-----
BfDH SAQDVYLRFTTGLNGTPMPSFAKELTDEQRWCLTYYVMSLVKPEE-TKR-~-~~
SbDH TNRDIYMRFTTGMNGTPMPSFANELSDEDRWCMVHFVKSL--GEKKTTK-EHAE

Figure 6.2] HAOr and DH anammox orthologs

HAOTr (A) and DH (B) orthologous sequences from six anammox species were aligned in Muscle
(Edgar, 2004). The predicted signal peptides have been omitted from all sequences. C-type
heme—-binding motifs are highlighted in grey. Distal heme ligands, as identified in the crystal
structure of the KsHAOr protein complex, are marked in blue. Residues found in close proximity
to the active site pocket and mentioned in the text are highlighted in pink.

KsHAOTr protein complex composition and architecture

Crude extract from K. stuttgartiensis biomass was subjected to a three—step liquid
chromatography protocol (Maalcke, 2012 with modifications) that resulted in the
purification of kustc0458. The gene product of kustc0457, the diheme cytochrome
adjacent to kustc0458 open reading frame, was consistently co—purified. Native and

SDS—denaturing PAGE suggested a dodecameric composition for the purified complex
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(hereinafter termed KsHAOr complex), assuming an equimolar ratio of kustc0457 and
kustc0458. This observation is in line with the crystal structure of the complex obtained
earlier at 2.6 A resolution (Maalcke, 2012). The crystallized complex (Maalcke, 2012) is a
heterododecamer (af), comprising 60 heme moieties in total (Figure 6.3).

Figure 6.3| X-ray crystal structure of KsHAOr protein complex

Surface representation of the KsHAOr heterododecamer (A) and heterohexamer (B) as resolved
at 2.6 A (Maalcke, 2012). HAO monomers are shown in blue and DH monomers in grey. Heme
moieties are shown as sticks in corresponding colors.

Each HAO subunit harbors seven His/His coordinated c—type hemes and one His/water
coordinated c—type heme that is part of the active site. Both hemes in the kustc0457
subunit (hereinafter termed DH) are His/Met ligated. Comparison of the KsHAOTr structure
with the NeHAO and KsHOX structures revealed a conserved homotrimeric configuration
for the HAO subunits and a striking similarity in the general heme ring arrangement. The
KsHAOr complex structure presented a dimeric form of the HAOr—DH heterotrimer. The
24 HAO hemes of the trimer were fully superimposable with those from NeHAO. The
two hemes of each DH subunit were positioned next to heme 1, extending the electron
transfer network of the HAO heme ring system and likely functioning as the electron
accepting/ donating site (Figure 6.4). Interestingly, in NeHAO and KsHOX heme 1 was
postulated to be the interacting redox site with the soluble electron transfer partner
(Igarashi et al., 1997; Maalcke et al., 2014).



Figure 6.4] NeHAO and KsHAOr superimposed heme arrangements

Heme moieties from NeHAO [PDB ID: 4N4N] and trimeric KsHAOr complex (Maalcke, 2012) are
superimposed based on the alignment function of Pymol (Schrodinger, 2015). NeHAO hemes
are shown in orange, HAOr hemes in blue, and DH hemes in grey.

Absence of P, prosthetic group

According to HAO primary sequence alignments, the tyrosine residue cross—linking the
catalytic heme of an adjacent HAO subunit within the protein complex was absent in
the HAOr sequences. Resolution of the subunits of the purified complex in an SDS—
denaturing PAGE confirmed the absence of any intermolecular covalent attachments.
Electronic absorption spectra of the fully reduced protein revealed the absence of the
characteristic absorption feature in the wavelength range of 463—-475 nm (Figure 6.5). In
detail, as—isolated (oxidized) KsHAOTr displayed an absorption Soret maximum at 409 nm
and a broad and weak feature in the 500-600 nm region. Ascorbate addition resulted
in partial reduction of the protein and the emergence of three new maxima. The Soret
band appeared broader and red—shifted to 415 nm, whereas a 524 and a 553 nm peaks
appeared in the beta and alpha bands, respectively. Noticeably, a broad feature around
532 nm also emerged. Full reduction of KsHAOr by dithionite resulted in a sharp peak
at 419.5 nm with a subtle shoulder at 425 nm. The beta and alpha bands exhibited the
same maxima as in ascorbate—reduced spectra but higher intensities. Notably, there
was no charge transfer band observed at 695 nm that would be expected due to the
methionine ligation of the heme iron (Moore & Pettigrew, 1990).
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Figure 6.5 Electronic absorbance spectra of KsHAOr

As—isolated (fully oxidized) KsHAOr (1.3 uM) is shown in brown, ascorbate—reduced KsHAOr is
shown in cyan, and dithionite-reduced (fully reduced) KsHAOTr is shown in dark blue. The inset
shows a detailed view of the 500-650 nm region.

Close inspection of the HAOr structure provided further insight into the architecture
of the proposed substrate conversion site. Heme 4 of HAOr, which also by analogy to
NeHAO and KsHOX is the most likely active site, was proximally ligated by His181 of the
corresponding heme—binding motif and distally by either a water molecule or hydroxide.
Next to the thioether bonds identified between the cysteine residues of the binding
motif and the porphyrin ring, no other heme covalent attachments were observed
(Figure 6.6). Instead of the cross—linking Tyr468 of the catalytic pocket of NeHAO, two
tryptophan residues from the HAOr conserved WWW motif occupied this cavity in the
HAOr heme pocket. The aspartate—histidine couple (Asp215-His216) that was proposed
to facilitate proton abstraction during hydroxylamine oxidation by NeHAO and KsHOX
(Maalcke et al., 2014) was also present here. Although the overall protein structure and
the electron transfer heme arrangement were almost identical between HAOr, NeHAO,
and KsHOX, slight variations on the architecture of the active sites might determine

differential catalytic activities.



Figure 6.6| Structural comparison of the active sites of NeHAO and KsHAOr

Close—up of the active site hemes of KsHAOr (A) and NeHAO [PDB ID: 4N4N] (B). The P,
cofactor from NeHAO consists of a heme ¢ moiety covalently bound in two places to the Tyr451
side chain of an adjacent protein monomer (dark grey). Trp441 in KsHAOTr replaces the cross—
linking tyrosine. Heme iron is shown as orange spheres. The conserved aspartate/histidine
couple present in both catalytic pockets is also shown.

KsHAOr is tuned towards reductive catalysis

The reactivity of KsHAOr towards a variety of nitrogenous compounds was examined via
enzyme assays performed under strictly anoxic conditions (Table 6.1). Hydroxylamine and
hydrazine were both oxidized by NeHAO and KsHOX. On the other hand, HDH can only
oxidize hydrazine, and is inhibited by hydroxylamine. Consequently, the capacity of HAOr
to oxidize hydroxylamine or hydrazine was probed by spectroscopically following the
reduction of bovine cytochrome c serving as artificial electron acceptor. The maximum
rates for both substrates were 20 nmol-min~-mg protein™ for substrate concentrations
of 1and 5 mM for hydroxylamine and hydrazine, respectively, with apparent K values at
about 100 uM for both substrates. Oxidation of NH,OH and N,H, by HAOr was two orders
of magnitude slower compared to KsHOX or HDH from K. stuttgartiensis, and three orders
of magnitude slower than NeHAO. K values for either substrate were also 100-fold
higher for HAOr. Reductive catalysis was assessed with nitrite, NO, and hydroxylamine
as substrates, based on both the reported activities of other HAO homologs and the
physiological significance of these compounds for the anammox metabolism (Kartal et
al., 2013). In all cases, oxidation of the methylviologen monocation used as the artificial

electron donor, was followed optically at 730 nm (e, = 2,143 M*.cm™) (Lawton et al.,

730
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2013). The measured rate for nitrite reduction was 0.12 umol-min™-mg protein~tat 100
UM substrate concentration, while at the same substrate concentration hydroxylamine
reduction proceeded with a 100—fold higher rate (Table 6.1).

Table 6.1| Catalytic properties of HAOr from K. stuttgartiensis

Spectrophotometric enzyme assays were carried out in an anaerobic glove box at room
temperature and were monitored with a Cary 60 spectrophotometer. Reductive catalytic rates
were calculated based on the oxidation of reduced methyl viologen monocation (MV; €, =
2,143 M*.cm™) (Lawton et al., 2013), and oxidative rates based on the reduction of bovine
cytochrome c (A, , = 19,600 M~™-cm™) (Guo et al., 2004). Three measurements are averaged
and the standard deviation is indicated. A: reaction rates measured at 50 pM substrate
concentration. B: reaction rates measured at the highest possible substrate concentration. Cyt
c: cytochrome c; pr: protein; N.A.: Not Available.

A
Substrate | Reduction rate Oxidation rate
(50 uMm) (umol MV oxidized-min-mg pr) (umol cyt ¢ reduced-mint-mg pr)
NO, 0.126+0.023 N.A.
NO 2.8+0.18 N.A.
NH,OH 13.7+0.43 0.008+0.0018
N,H, N.A. 0.011+0.0028
B
Substrate | Concentration (LM) | Reduction rate Oxidation rate
NO, 1000 0.86+0.23 N.A.
NO 50 2.840.18 N.A.
NH,OH 200 70.6+1.8 N.A.
NH,OH 1000 N.A. 0.021+0.003
N,H, 5000 N.A. 0.02+0.002

NO reduction could only be measured up to 50 uM due to rapid methyl viologen oxidation
at higher concentrations, and was 2.8 pmol-min™ -mg protein™. For the reductive
catalytic activities of HAOr kinetic parameters could not be determined accurately, but
fitting of the Michaelis—-Menten formula on the acquired data, predicted K  values for
nitrite and hydroxylamine at the mM range. A colorimetric assay was employed for
the determination of the produced ammonium and a stoichiometry of 1:0.6, 1:1, and



1:1 was measured for nitrite, nitric oxide, and hydroxylamine, respectively. No other
nitrogenous compounds were measured and, thus, we assume that nitrite reduction
resulted in different end products. Together, these results demonstrated that HAOr
preferentially acted as a reductive enzyme, and agreed with the predicted role of the
tyrosine—heme crosslink on the catalytic direction. An earlier study performed by Kostera
and coworkers on NeHAO established that the HAO active site architecture allowed for
reductive catalysis of various nitrogenous compounds (Kostera et al., 2008; Kostera
et al., 2010). There was, however, striking discrepancy on hydroxylamine reductase
activity of NeHAO depending on the redox potential of the electron donor used [MV
and Ru(NH,)*']. Interestingly, the redox potential of both reductants was low enough
to drive hydroxylamine reduction, and the absence of hydroxylamine reductase activity
with Ru(NHB)2+ as electron donor was, therefore, attributed to mechanistic hindrances.
The authors assigned a critical role to the oxidation state of the P, chromophore upon
substrate addition, which was proposed to determine the direction of hydroxylamine
conversion (reduction vs oxidation). By comparing hydroxylamine reductase activity
of myoglobin and catalase, Kostera and coworkers showed that a reduced active site
led to conversion rates two orders of magnitude greater than those observed for the
ferric state. Moreover, the intrinsic rate constant for hydroxylamine oxidation (bound to
the oxidized heme) was assumed to be much higher than for hydroxylamine reduction
(bound to the reduced heme). In the case of HAOTr, the use of MV as the electron donor
in the reductase assays created a reduced active site and the observed reduction rates
for HAOr were comparable to the ones measured for NeHAO. However, the absence
of substantial NH,OH oxidation activity by KsHAOr under suitable oxidizing conditions
(bovine cytochrome ¢ as the electron acceptor) implied that the rate constants here
were several orders of magnitude smaller compared to NeHAO. It could, therefore, be
assumed that the HAOr active site and electron—transferring heme network have been
tuned towards reductive catalysis by slight but crucial changes, possibly on both their
architecture and mechanistic properties. This would essentially fine—tune KsHAOr for
reductive conversion, but prevent it from efficiently oxidizing substrates.

Next to the recently studied eHAO protein subgroup (Haase et al., 2017), KsHAOr
is the only other HAO homolog that exhibits preference for reductive catalysis. The
absence of the critical cross—linking tyrosine residue from the primary structure is,
indeed, one of the determining factors for the catalytic directionality within this class of
proteins. The concept of tyrosine—linked active site hemes governing oxidative catalytic
activities could be further expanded to include more diverse systems. The dimeric P460
cytochrome is a small monoheme protein that has so far been identified in the ammonia
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oxidizer Nitrosomonas europaea (Arciero & Hooper, 1997), where it has been shown to
convert hydroxylamine quantitatively to N,O under anaerobic conditions (Caranto et al.,
2016), and the methylotroph Methylococcus capsulatus (Zahn et al., 1994). The P460
protein harbors a penta—coordinated P, chromophore within an unusual B—sheet-rich
fold and, next to the two cysteine cross—links typical for c—type hemes, also features
a lysine covalent attachment to the heme moiety (Pearson et al., 2007). Interestingly,
it only exhibits weak hydroxylamine oxidizing activity, which is lost upon mutation of
the cross—linking lysine (Bergmann & Hooper, 2003). Furthermore, an archael octaheme
cytochrome c (IhOCC) that adopts a heme arrangement similar to NrfA and HAOs, lacks
the covalent tyrosine cross link and preferentially performs nitrite and hydroxylamine
reduction (Parey et al., 2016).

Redox properties of hemes

Spectrophotometric electrochemical redox titration of KsHAOr performed in a
potential range from —600 mV to +650 mV versus standard hydrogen electrode (vs SHE)
demonstrated that the complete redox transition of the protein complex occurred over
a wide range (about 600 mV) (Figure 6.7.A). The enzyme was proven to be a rather
stable electrochemical system, as it was cycled several times between redox states
with no detectable spectral alterations. Global Nernst fitting performed on the spectra
obtained during the titration discerned five distinct redox transitions, at +305, +92,
—41, —-175, and —315 mV, respectively (Figure 6.7.B). Further evaluation of the redox
transitions focusing on the Soret and the alpha band regions were in agreement with the
global fitting results (Figure 6.7.C). Each redox transition contributed differently to the
total amplitude change of fully reduced—minus—fully oxidized difference spectrum. To
estimate these contributions, difference spectra corresponding to each redox transition
were plotted against the wavelength and the positive integrals around the Soret and the
alpha band regions were calculated (Figure 6.7.D). Assuming total contribution of ten
redox centers to the Soret and nine to the alpha band region (excluding the structurally
resolved penta—coordinated heme center, i.e. heme 4, due to expected low extinction
coefficient), contribution of heme centers to each transition were quantified. Based on
the results depicted in Figure 6.7.C, it was very likely that the penta—coordinated active
site heme titrated at £ = +92 mV, which was about 4—fold more positive compared to
known oxidizing HAO homologs (Collins et al., 1993; Kurnikov et al., 2005; Maalcke et al.,
2016). Although it was so far challenging to assign potentials to individual heme centers,
especially in a complex ten—heme system such as KsHAOr, few speculations could be
made. Because both hemes of the DH subunit were His/Met ligated and based on the

prevailing concept of the distal ligation of methionine lending c—type hemes relatively



high midpoint potentials (Bewley et al., 2013), we could hypothesize that the DH subunit
hemes titrated at E_ =+305 and £_=+92 mV, respectively. Examination of the difference
spectra corresponding to each redox transition leads to some interesting observations.
The first two transitions (E_ = +305 mV and E_ = +92 mV, respectively) exhibit Soret
maxima at the lower wavelength range, namely at 422 and 421 nm, respectively. The
corresponding alpha bands were centered around 553 nm. The third transition (E_=
—41 mV) featured a slightly red—shifted Soret peak and a much wider and unstructured
alpha band expanding towards higher wavelengths. The fourth transition corresponding
to £ _,=-175 mV featured a high Soret maximum at 425 nm with a pronounced shoulder
at lower wavelengths, together with a split alpha band peaking at 551 and 555 nm. The
lowest midpoint potential transition (E_.= —315 mV) exhibited two Soret maxima at 421
and 426 nm, respectively, as well as a split alpha band similar to the previous transition.
Based on the number and arrangement of hemes within the KsHAOr compley, it is likely
that the complex contains a tightly interacting redox chain, in which case a stepwise
electrochemical titration can offer crucial insights but not necessarily discern individual
chromophores.

According to the versatile catalytic activities of KsHAOr as probed in enzymatic assays,
all substrates tested were expected to have an effect on the redox state of the resting
enzyme. To investigate this, electronic absorption spectra of KsHAOr were recorded
upon addition of different nitrogenous compounds. When as—isolated (oxidized)
KsHAOr was incubated with either hydroxylamine of hydrazine, partial reduction was
observed (Figure 6.8.A). Hydroxylamine addition had only a minor effect on the Soret
band. The new maximum was red—shifted to 412 nm with a broad shoulder at about
422 nm, while a 554 nm alpha band appeared. The generated difference spectrum
was comparable to the first redox transition from the electrochemical titration (Figure
6.7.D), which corresponded to a single high potential heme. Hydrazine addition, on the
contrary, resulted in about 60 percent reduction with spectral maxima similar to the fully
(dithionite) reduced enzyme. Incubation of the fully reduced KsHAOr with either nitrite
or hydroxylamine resulted in different degrees of oxidation (Figure 6.8.B).
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Figure 6.7 Potentiometric redox titration of KsHAOr

A: electronic absorbance spectra of KsHAOr (50 uM) during the course of the potentiometric
titration in an optical transparent thin layer electrochemical cell (OTTLE). The titration was
performed in the potential range from —600 mV to +650 mV vs SHE in both reductive and
oxidative directions with 25 mV increments. KsHAOr was cycled several times between redox
states with no detectable spectral alterations. The color palette used spans from brown color for
fully—oxidized enzyme to dark blue for fully reduced. B: absorbance values at 420 nm (left panel)
and at 552 nm (right panel) are plotted against the applied redox potentials (vs SHE). Different
colors correspond to different data series in either oxidizing or reductive directions, illustrating
the stability of the electrochemical system throughout the experiment. Nernst fittings on the
abovementioned data using fixed E_ values as obtained from the global fit analysis are depicted
with black lines. The integrals around the Soret and alpha band regions of the difference spectra
of each redox transition were calculated and then normalized to a total amount of ten and
nine redox centers for the Soret and the alpha band regions, respectively (grey columns).C:
difference spectra corresponding to each individual redox transition. Transition 1 is shown in
brown; transition 2 in cyan; transition 3 in light blue; transition 4 in blue; transition 5 in dark
blue. D: Nernst fitting on the global spectra generated during the titration discerned five distinct
redox transitions. Hemes were quantified as described above. SE: standard error.
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Figure 6.8| Effect of substrates addition on the electronic absorbance spectra of KsHAOr

A: Excess of hydrazine (2 mM) and hydroxylamine (2 mM) was added to the as—isolated fully
oxidized KsHAOr (1 uM). As—isolated KsHAOr is shown in brown, fully (dithionite) reduced KsHAOr
is shown in dark blue, hydrazine-reduced KsHAOTr is shown in blue, and hydroxylamine—-reduced
KsHAOTr is shown in cyan. The inset includes the reduced minus oxidized difference spectra of
each addition with corresponding colors. B: Excess of nitrite (13 pM) and hydroxylamine (10
mM) was added to the fully reduced KsHAOr (1.3 uM). As—isolated KsHAOr is shown in brown,
fully (dithionite) reduced KsHAOTr is shown in dark blue, nitrite—oxidized KsHAOTr is shown in
blue, and hydroxylamine—oxidized KsHAOr is shown in cyan. The inset includes the oxidized
minus reduced difference spectra of each addition with corresponding colors. All spectra are
corrected for the effect of dilution by the additions.



Low nitrite concentrations only led to an overall lower reduced spectrum, whereas
higher concentrations seemed to have a more complex effect on the spectrum of
HAOr, possibly due to background chemical reactions (data not shown). Excess of
hydroxylamine substantially oxidized KsHAOTr, as it is also illustrated in the difference
spectra. The hydroxylamine—oxidized spectrum of KsHAOr exhibited a broad Soret band
indicating a mixed valence state that peaks at about 415 nm and a narrow alpha band at
554 nm. Taken altogether, the KsHAOr protein complex exhibited broad redox reactivity
towards different nitrogen oxides.

Physiological relevance

Anammox bacteria have been shown to perform dissimilatory nitrite reduction to
ammonium when fed with nitrate and formate, ensuring the production of the essential
electron donor for the main anammox pathway (Kartal et al., 2007). Additionally, the
genome of K. stuttgartiensis code for none of the known ammonium—producing nitrite
reductases (NrfA and NirBD), allowing for speculations regarding the physiological role
of HAOr. The close phylogenetic relationship of the HAO protein family with ammonium—
producing multiheme nitrite reductases is another interesting point of consideration. The
pentaheme respiratory nitrite reductase (NrfA) has been proposed to be the ancestral
template for the emergence of the octaheme tetrathionate and octaheme nitrite
reductases (OTR and ONR, respectively), the latter of which branched off to the HAO/
HZO protein family (Klotz et al., 2008). NrfA, OTR and ONR can all reduce nitrite, albeit
with different catalytic efficiencies, and share similar active site architectures (Einsle et
al., 1999; Mowat et al., 2004; Tikhonova et al., 2012). While in NrfA and ONR the heme—
binding motif coordinating the catalytic heme is a conserved CXXCK sequence whereby
lysine serves as the proximal ligand to the heme iron, OTR harbors the typical CXXCH
binding motif. Remarkably though, resolution of the crystal structure of OTR revealed
that the proximal ligand of the catalytic heme was also a lysine residue, mimicking the
active site of the others (Mowat et al., 2004).

The current understanding of the molecular mechanism of nitrite ammonification by
NrfA involves consecutive electron and proton transfer reactions until the production of
ammonium. The role of a conserved tyrosine residue (Tyr218 for Wolinella succinogenes
NrfA) present in the catalytic heme cavity of NrfA has been debated. Although the
initially proposed molecular mechanism of nitrite reduction excluded a crucial role
for this residue (Einsle et al., 2002) later studies concluded otherwise. Mutational
experiments performed on the Wolinella NrfA reported a 93 percent decrease of the
produced ammonium during a nitrite reduction assay when Tyr218 was replaced by

137



138

a phenylalanine (Lukat et al., 2008). Since no measurements for other nitrogenous
compounds were performed during this study, we can only assume that nitrite
reduction proceeded until a more oxidized species than ammonium. Interestingly,
NrfA is also capable of reduction of other nitrogen oxides, although none of them has
been observed as a released intermediate during nitrite reduction (van Wonderen et
al., 2008; Simon et al., 2011). The current understanding of the molecular mechanism
of nitrite ammonification involves both the critical tyrosine 218 as well as a conserved
arginine residue (Judd et al., 2014). Although the exact mechanistic details of nitrite
ammonification by the NrfA catalytic site have not yet been fully elucidated, the subtle
but, seemingly, significant differences observed in the HAOr catalytic cavity (i.e. absence
of the afore-mentioned critical residues) raise doubts regarding ammonium being
the physiological product of nitrite reduction by KsHAOr. Furthermore, it is not easily
conceivable why an ammonium—producing nitrite reductase would be constitutively
expressed by anammox bacteria at high amounts, even under ammonium-rich growth

conditions.

It has been hypothesized earlier that HAOr could be the dedicated NO—producing
nitrite reductase in K. stuttgartiensis, catalyzing the essential first step of the main
anammox catabolism (Reaction 3). Interestingly, when a K. stuttgartiensis enrichment
culture was fed with ammonium and NO as the sole substrates, HAOr was substantially
downregulated on the mRNA level (Hu, 2014). This observation indicated that HAOr
was involved in nitrite—associated metabolic processes, albeit what this relationship is
remains unclear. A confounding observation is the presence of HAOr orthologs in all
anammox genera examined, regardless of their genetic inventory of NO—producing
nitrite reductases. Whether HAOr orthologs evolved to fulfill different catalytic functions
in different anammox genera, or different nitrite reducing enzymes are used under

different growth conditions remains to be elucidated.

Currently, the observed catalytic reactivity towards NO and hydroxylamine reduction
is difficult to reconcile for the in vivo role of HAOr. NO is one of the two substrates
necessary for the essential catabolic step of hydrazine synthesis (Kartal et al., 2011; Dietl
et al., 2015) and, therefore, HAOr is not expected to physiologically interact with NO.
Furthermore, hydroxylamine oxidase (HOX) had at least two orders of magnitude higher
affinity for hydroxylamine compared to HAOr (Maalcke et al., 2014). Therefore, none of
these roles for KsHAOr appear relevant in the context of the main anammox metabolism

as we conceive it thus far.



Concluding remarks

In the present study, an HAO homolog that was predicted to favor reductive catalysis was
purified to homogeneity from the anammox bacterium K. stuttgartiensis. Although its
physiological role still remains ambiguous, biochemical characterization of the purified
protein complex confirmed its reductive catalytic character and spectroscopic studies

gave insights into the redox properties of its heme cofactors.

Materials and methods

All chemicals used were purchased from Sigma—Aldrich, USA, unless stated otherwise.
High—performance liquid chromatography (HPLC)-grade chemicals were purchased
from Baker, USA. All purification steps took place in ambient air and at 4°C.

Cell-free extract preparation

Cells from a 10-liter laboratory scale enriched (~ 95% pure) K. stuttgartiensis continuous
membrane bioreactor (Kartal et al.,, 2011) were harvested and concentrated by
centrifugation at 4,000 x g for 15 min (Allegra X—15R, Swinging Bucket Rotor, Beckman
Coulter). The pellet was resuspended with one volume of 20 mM Tris—HCI, pH 8.0. Cells
were lysed by three subsequent passages through a French Pressure Cell operating
at 120 MPa (American Instrument Company). Centrifugation at 4,000 x g for 15 min
(Allegra X—15R, Swinging Bucket Rotor, Beckman Coulter) removed cell debris and the
obtained supernatant was subjected to ultracentrifugation at 126,000 x g for 1 h (Optima
XE90, Fixed angle, Type 90 Ti rotor, Beckman Coulter) to pellet cell membranes. The
supernatant after ultracentrifugation constituted the cell-free extract.

Protein purification

Kustc0457/8 was brought to homogeneity in a two—step FPLC procedure using an Akta
Purifier (GE Healthcare) (Maalcke, 2012 with modifications). Columns used were packed
at a flow rate of 10 mL-min~* (XK 26/20 column; GE Healthcare) and eluted at 5 mL-min7;
the eluate was monitored at 280 nm. Cell-free extract was applied to a column packed
with 60 mL of Q Sepharose XL (GE Healthcare) and equilibrated with 20 mM Tris—HCI
buffer, pH 8.0. After washing the column with two volumes of 400 mM NaCl in Tris—HClI
buffer, pH 8.0 the sample of interest was eluted isocratically with 550 mM NaCl in the
same buffer. This fraction was desalted with 20 mM KPi buffer, pH 7.0 and concentrated
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with 100-kDa molecular mass cutoff spin filters (Vivaspin 20; Sartorius Stedim Biotech).
The concentrated fraction was loaded onto a 40—-mL column packed with Ceramic
Hydroxyapatite (Bio—Rad) and equilibrated with 20 mM KPi buffer, pH 7.0. After extensive
column washing (~ 20 volumes), Kustc0457/8 eluted as a near—symmetrical peak during
a 30—min linear gradient of 50 to 500 mM KPi, pH 7.0. This peak was collected, desalted
in 20 mM KPi buffer, pH 7.0 using spin filters as described above, and concentrated as
to about 150 uM. Purity was checked throughout purification by non—denaturing and
SDS—denaturing polyacrylamide gel electrophoresis (Laemmli, 1970). The identity of
the protein was established by MALDI-TOF mass spectroscopy (Microflex LT, Bruker
Daltonik) on the tryptic digest of SDS—PAGE gel slices of the monomers (Farhoud et al.,
2005). Enzyme preparations were either used immediately or rapidly frozen in liquid
nitrogen for storage.

Spectrophotometric enzyme assays

Allchemicals used were either purchased by Sigma or Merck and were of the highest grade
available. Enzyme assays were carried out in an anaerobic glove box (N,/H, atmosphere;
0, <2 ppm) at room temperature. All solutions were prepared in serum bottles sealed
with rubber stoppers and made anoxic by alternately applying vacuum and Argon for
seven times. NO—containing (0.9 mM) stock solution was prepared by bubbling anoxic
KPi buffer (20 mM, pH 7.0) with an NO—He gas mixture (1:1, v/v) for 10 min. Reaction
mixtures (1 ml) in 20 mM KPi, pH 7.0 were prepared in 2—-mL quartz cuvettes (path length
1 cm; Hellma Analytics) that were sealed with rubber stoppers. Reactions were initiated
by the addition of enzyme and were monitored in a Cary 60 spectrophotometer (Agilent
Technologies) that was placed inside the anaerobic glove box. Oxidation assays were
followed by measuring the reduction of bovine (or equine) cytochrome ¢ at 550 nm (Ae, |
=19,600 M*cm™) (Guo et al., 2004). Reduction assays were followed by measuring the
oxidation of dithionite-reduced methyl viologen monocation at 730 nm (e, = 2,143 M™
cm™?) (Lawton et al., 2013). Reaction rates were determined from the initial linear part of

the reaction curves using the spectrophotometer (Cary) software package.

Electronic absorption spectra

All chemicals used were either purchased by Sigma or Merck and were of the highest
grade available. All solutions were prepared freshly in serum bottles sealed with rubber
stoppers and made anoxic by alternately applying vacuum and Argon for seven times.
UV-Visible spectra were recorded at room temperature in 1 cm path length quartz

cuvettes (Hellma), sealed with rubber stoppers, using a Cary 60 spectrophotometer



(Agilent) that was placed inside an anaerobic glove box (N,/H, atmosphere; O, <2 ppm).
CO was added by directly flashing the assay cuvette with pure CO gas for 30 sec.

Electrochemical redox titration

Redox titrations of purified KsHAOr were performed with a home-built optically
transparent thin—layer electrochemical cell (OTTLE) that was designed by the workshop of
the physical chemistry department of the University Freiburg as adapted from Baymann
et al. (Baymann et al., 1991). The OTTLE was connected to a potentiostat (PGSTAT204,
Metrohm Autolab) and the spectroscopic changes of the sample upon potentiometric
titration were monitored from 400 to 650 nm using a Cary 60 spectrophotometer
(Agilent). The Ag/AgCl reference electrode was calibrated against a saturated
quinhydrone solution in 1 M MOPS buffer, pH 7.0 at room temperature (E°= + 280 mV)
(Moffet et al., 2003). The assay mixture contained 50 uM as—isolated fully oxidized
KsHAOr in 50 mM MOPS, containing 50 mM KCI, 40 mM glucose, 10U glucose oxidase,
and 5U catalase. The following redox mediators were added at 20 uM final concentration
each: ferrocene (E°= +640 mV), ferricyanide (E°= +430 mV), 1.4-benzoquinone (E°=
+280 mV), 2,5—-dimethyl-1,4—benzoquinone (E°= +180 mV), 1,2—naphtoquinone (E°=
+145 mV), phenazine methosulfate (E°= +80 mV), 1,4—naphtoquinone (E°= +60 mV),
phenazine ethosulfate (E°= +55 mV), 5—hydroxy—1,4—naphtoquinone (E°= +30 mV), 1,2—
dimethyl-1,4—naphtoquinone (E°= 0 mV), 2,5—dihydroxy—p—benzoquinone (E°= —60
mV), 5,8—dihydroxy—1,4—naphtoquinone (E°= —-145 mV), 9,10—anthraquinone (E°=—184
mV), 9,10—anthraquinone—2—sulfonate (E°=-225 mV), benzyl viologen (E°= =350 mV),
and methyl viologen (E°’= —440 mV/-=772 mV). Titrations were performed from —600 mV
to +650 mV (vs SHE) at room temperature, both in reductive and oxidative directions,
with potential increments of 25 mV. Equilibration time was 10 min per step. KsHAOr
was cycled several times between redox states with no detectable spectral alterations.
Spectral changes were evaluated by global fitting of the spectra as function of potential,
using the ‘mfit—nernst’ function in the Qsoas software (version 2.1, build 2017.06.27)
(Fourmond, 2016), taking into account six oxidation states. The individual difference
spectra corresponding to each redox transition were plotted against the wavelength and
the positive integrals around the Soret region were calculated using the Origin version
9.1 software (OriginLab Corp). Assuming contribution of ten redox centers to the Soret
band and nine to the alpha band, quantification of the centers contributing to each

transition was made.
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Protein sequences analysis

Draft genomes representative of five anammox genera were examined for the presence
of KsHAOr homologs: Kuenenia stuttgartiensis [NCBI bioproject: PRINA16685; (Strous
et al., 2006)], Brocadia fulgida [NCBI bioproject: PRINA263557; (Ferousi et al., 2013)],
Jettenia caeni [NCBI bioprojects: PRIDA163683 and PRJDB68 (Hira et al., 2012)],
Brocadia sinica [NCBI bioproject: PRINA274364; (Oshiki et al., 2015)], Scalindua rubra
[NCBI bioproject: PRINA327439; (Speth et al., 2017)], and Scalindua brodae [NCBI
bioproject: PRINA262561; (Speth et al., 2015)]. Homology searches were performed
with BlastP. Multiple sequence alignments were constructed using Muscle (Edgar, 2004)
as implemented in MEGA 6 (Tamura et al., 2013) and then curated manually. N—terminal
signal cleavage sites were predicted with SignalP 4.1 (Petersen et al., 2011). All structural
figures were prepared in Pymol (Schrodinger, 2015). The crystal structure of Nitrosomnas
europaea HAO was retrieved from pdb [PDB ID: 4N4N; (Maalcke et al., 2014)].

Other analytical methods

Ammonium was measured colorimetrically as described by Taylor et al. (Taylor et al.,
1974). Protein concentrations were measured with the Bio—Rad protein assay, based
on the method of Bradford (Bradford, 1976), using bovine serum albumin as standard.
Samples for MALDI-TOF mass spectrometry were prepared as described previously
(Farhoud et al., 2005). Each spectrum (900-4,000 m/z) was analyzed using the Mascot
Peptide Mass Fingerprint (Matrix Science) against the K. stuttgartiensis database,
allowing methionine oxidation as variable modification, 0.2—Da peptide tolerance, and

at most one trypsin mis—cleavage.
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Differential protein sorting

Undoubtedly, one of the hallmarks of research on anaerobic ammonium oxidation
(anammox) was the identification and characterization of the anammoxosome, a
bacterial organelle, which harbors the central catabolic reactions (van Niftrik et al., 2008;
de Almeida et al., 2015). The anammoxosome membrane is energized by a proton motive
force, and possibly also sodium motive force, and is hypothesized to be the main site of
ATP generation catalyzed by a canonical proton—dependent F F —type ATP synthase (van
Niftrik et al., 2010; Neumann et al., 2014; de Almeida et al., 2016).

The compartmentalized character of the anammox cell has implications on both
the physiology and biochemistry of anaerobic ammonium oxidation. This additional
compartment adds a layer of complexity to intracellular trafficking of nutrients and
substrates, as well as protein sorting. Despite earlier studies (Medema et al., 2010) that
attempted to computationally identify and predict compartment—specific N—terminal
leader sequences, the differential targeting of proteins to either the cytoplasmic or
the anammoxosome membrane still remains elusive. This presents a reoccurring

shortcoming in our understanding of different subcellular processes.

As discussed in Chapter 2, iron uptake and assimilation present essential processes for
functional anammox cells, which heavily rely on iron—containing protein complexes.
Based on well-studied prokaryotic systems and genetic homology we can postulate
the initial route of iron ions from the environment into the cytoplasmic compartment,
which is the site of both iron—sulfur cluster assembly and heme biosynthesis. Iron—
sulfur protein complexes that fulfill their task in either the periplasm or inside the
anammoxosome are translocated across the respective membrane via the twin arginine
translocation (TAT) machinery. In a similar manner, and as discussed in Chapter 3,
cytochrome c—type holoforms mature through the orchestrated work of the secretion
(Sec) pathway and a membrane—-bound multi-component maturation apparatus
(System 11). As we have concluded from several localization studies (van Niftrik et al.,
2008; de Almeida et al., 2015), the vast majority of iron—containing proteins are present
in the anammoxosome. This suggests the presence of the cytochrome ¢ maturation
system at the anammoxosome membrane. Nevertheless, the presence of mature c—
type cytochromes in the periplasmic space cannot be excluded. This assumption appears
necessary in the context of iron metabolism discussed below. If heme ¢ proteins are
used outside the anammoxosome, a second cytochrome maturation system on the
cytoplasmic membrane would be necessary. Interestingly, few anammox genomes
were found to code for two distinct sets of System Il maturation complexes (Chapter 3).
Although the exact energy requirements of cytochrome System Il maturation machinery



are not known (Kranz et al., 2009), protein translocation by both the Sec and TAT systems
require energy input. Whereas the Sec system harvests chemical (ATP and GTP) and
electrochemical energy (pmf), the pmf is the sole driving force for protein translocation
via the Tat system (Natale et al., 2008). Thus, the presence of holocytochromes and iron—
sulfur cluster proteins in the periplasmic space of the anammox cell would require the
existence of an electrochemical gradient across the cytoplasmic membrane.

Which membrane complexes would energize the cytoplasmic membrane and which
coupling ion would be used still remains unclear. Additionally, a regulatory mechanism
driven by each compartment’s requirements for functional iron—containing proteins
would have a central role in coordinating the differential translocation and maturation

of iron—sulfur proteins and cytochromes, respectively.

Iron metabolism

In line with the versatile lifestyle of anammox bacteria as has been shown in different
physiologicalstudies (Kartaletal., 2013),ironwasshown to be utilized also asanalternative
respiratory substrate. Formate oxidation coupled to iron reduction (Strous et al., 2006;
van de Vossenberg et al., 2008; Zhao et al., 2014) and nitrate—dependent iron oxidation
(Strous et al., 2006; Oshiki et al., 2013) have been measured in anammox enrichment
cultures. Similar to the most common iron reducers, Shewanella and Geobacter, the
electron transfer between the extracellular matrix and the cytoplasmic membrane
could be facilitated by soluble electron carriers and multiheme protein complexes in
both cases (Chapter 2). In case of heterotrophic iron respiration, the shortest way to
couple extracellular iron reduction to energy conservation would be the presence of
a quinone—dependent formate dehydrogenase on the cytoplasmic membrane. In case
of a formate dehydrogenase residing on the anammoxosome membrane, an intricate
electron transfer circuit, comprising an anammoxosomal membrane QH, dehydrogenase,
soluble carriers in the cytoplasm and a cytoplasmic membrane QH, dehydrogenase
appear to be required (Figure 7.1; left panel). Intracellular localization of the putative
formate dehydrogenase with electron microscopy could offer the first insights into the
elucidation of this metabolic process.
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Figure 7.1| Hypothetical pathways facilitating iron metabolism by anammox bacteria.

For both metabolic lifestyles, the electron transfer between the extracellular matrix and
the cytoplasmic membrane could be facilitated by soluble periplasmic c-type cytochromes
and membrane—anchored multiheme protein complexes (MtrA and CymA, see Chapter 2).
Left: formate oxidation coupled to iron reduction. Under the assumption of the cytoplasmic
membrane (CM) being energized, a formate dehydrogenase (fdh) residing therein could
couple quinol oxidation to iron reduction. In case of a formate dehydrogenase located on
the anammoxosome membrane (AM), an intricate electron transfer circuit, comprising an
anammoxosomal membrane QH, dehydrogenase (purple complex), soluble carriers in the
cytoplasm, and a cytoplasmic membrane QH, dehydrogenase (magenta complex) would be
necessary. Right: nitrate—dependent iron oxidation. In this case, another QH, dehydrogenase
located on the anammoxosome membrane (blue complex) would be deemed necessary. Red
pentagons represent iron ions. SL: S-layer; OM: outer membrane; PG: peptidoglycan; W*, W=
positive and negative sides of the membranes, respectively.



Nitrate—dependent iron oxidation appears even more complex. Since nitrate reduction
is likely catalyzed by NXR and occurs inside the anammoxosome whereas iron oxidation
is likely to be extracellular, a similar electron transfer circuit would be necessary (Figure
7.1; right panel). Alternatively, soluble ferrous iron might be imported either into the
cytoplasm or even the anammoxosome in a similar way described in the context of iron
uptake. Although this alternative mode of coupling nitrate reduction to iron oxidation
appears more energetically feasible, the formation of insoluble ferric oxides inside the cell
poses a serious challenge to the organism. As discussed below (see Intracellular iron fate
and nanocompartments), we have not yet identified an iron recycling process; therefore,
under these iron oxidizing growth conditions, inert iron oxides might accumulate inside
the anammox cell. Currently, our understanding on how iron metabolism could be
coupled to energy conservation is limited. Extended physiological studies under these
feeding conditions that would thoroughly monitor growth would give more insights.
Comparative transcriptomics could help to establish regulatory switches and reveal
essential proteins involved in these pathways. The use of microautoradiography (MAR;
(Nielsen & Nielsen, 2005) or nanoscale secondary ion mass spectrometry (nano—SIMS)
(Ploug et al., 2010) on anammox cells supplied with radioactive iron (*°Fe) could dissect
the route of iron uptake and utilization within the anammox cell, and, possibly, also

identify iron—rich inclusions.

Intracellular iron fate and nanocompartments

Another major unresolved aspect of anammox physiology is the concept of controlled
protein degradation. Although neither studied nor even identified, a mechanism for
protein quality control and metabolic regulation can be postulated. Anammox genomes,
indeed, possess the genetic potential for the expression of several proteases. The
subsequent degradation of iron—containing cofactors and especially heme moieties
remains puzzling. Due to the strictly anaerobic anammox lifestyle, the typical oxygen—
dependent heme degradation pathway is excluded (Wilks, 2002) and only an alternative
oxygen—independent system could be conceivable (LaMattina et al., 2016). If an as yet
unidentified heme degradation pathway is assumed, its location is unknown; albeit the
anammoxosome is the most likely site where such a pathway would reside. The fate of
the free iron is another topic of consideration. For recycling purposes, we could envisage
a second copy of the iron transporter FeoB within the anammoxosome membrane that
would export iron to the cytoplasm (Chapter 2). Alternatively, iron would accumulate
inside the organelle, either within proteinaceous compartments like bacterioferritins or

iron oxide deposits. In this context, the origin, composition, and role of the iron-rich

149



150

nanoparticles observed in anammox cells are of high interest (van Niftrik et al., 2008).
Interestingly, a recent study suggested an alternative role for these nanocompartments.
Instead of being iron deposition sites, they were proposed to be highly structured
spheres that encapsulate several copies of an HAO-laccase fusion protein (Giessen &
Silver, 2017). Next to the elucidation of the exact role and formation mechanism of the
so—called encapsulins, the intracellular iron fate remains a compelling open question
within anammox research. In addition to iron isotope experiments that were suggested
above (see Iron metabolism) direct purification and characterization of the observed
nanoparticles from native biomass would be another worthwhile approach.

HAO redundancy and nitrite metabolism

The sequencing of the first anammox genome in 2006 (Strous et al., 2006) revealed a
striking apparent redundancy of octaheme cytochrome c—type proteins homologous to
hydroxylamine oxidoreductase from aerobic ammonia oxidizer Nitrosomonas europaea
(NeHAOQ). The assembly of more anammox genomes in the past years, together with
the proteome analysis of Kuenenia stuttgartiensis (Kartal et al., 2011) confirmed the
conservation of this apparent redundancy among different anammox genomes and
their functional expression. Based on primary sequence homology and phylogenetic
analyses, an HAO protein family classification was suggested, which separated homologs

to oxidizing and reducing species (Klotz et al., 2008).

As briefly discussed in Chapter 1, despite the critical role of nitrite reduction to NO
for the anammox cyclic pathway, different anammox genera seem to have acquired
different enzymatic machineries to carry out this reaction. The focus of Chapter 6 was the
characterization of a highly expressed HAO homolog (HAOr) from Kuenenia stuttgartiensis
that was shown to favor reductive catalysis and seemed to be involved in nitrite—related
processes within the anammox cell. A highly similar paralog of HAOr is part of a Rieske/
cytochrome b respiratory complex that has been implicated in a quinone—dependent
bifurcation mechanism for concomitant reduction of NAD* and nitrite (Chapter 1). Both
HAOr paralogs were found to be highly expressed under standard growth conditions
(Kartal et al., 2011; de Almeida et al., 2016), which implied a distinct role for each in the
anammox metabolism. Whether both reductive HAO proteins perform nitrite reduction
to NO in vivo and with what rates and affinities they would accomplish this is not yet
fully understood. Furthermore, their simultaneous function cannot be excluded either.

Another intriguing aspect of anammox physiology is the dissimilatory reduction of

nitrite to ammonium (Kartal et al., 2007). Also in this case some anammox genomes



encode NrfA nitrite reductases, whereas this gene was not found in others. The close
phylogenetic relationship between pentaheme NrfA and octaheme c—type cytochromes
allows for speculations. Traditionally, the CXXCK heme-binding motif was diagnostic
for ammonium—producing nitrite reductase reactivity, but few exceptions of nitrite
reductases devoid of the CXXCK motif have already been reported (Mowat et al., 2004;
Hartshorne et al., 2007; Pittman et al., 2007; Simon et al., 2011). The recent preliminary
characterization of a conserved HAO from eProteobacteria (Haase et al., 2017), enzyme
activity experiments with KsHAOr and the elucidation of its crystal structure (Chapter 6),
demonstrated that fine—tuning of the intramolecular electron transfer network and the
HAO active site leads to almost complete loss of oxidizing activity for these homologs.
Both protein complexes catalyzed reduction reactions of various nitrogen species in vitro,
indicating their reductive function. In light of this, the possibility of one of the reductive
HAO paralogs present in anammox bacteria fulfilling the role of nitrite reduction to

ammonium is plausible.

The unique redundancy of HAO proteins in anammox bacteria implies their involvement
in core biochemical pathways, possibly also offering them an advantage over their
competitors in a variety of ecological niches by enabling them to exploit versatile
metabolic lifestyles. Interestingly, the different ecophysiology among anammox genera
signifies the importance of adaptation to environmental conditions (e.g. temperature
and salinity). Although all sequenced anammox genomes seem to code for the same set
of core metabolic complexes, the presence of specific proteins might be a determining

factor in allowing them to exist in various extremophilic habitats.

Hydrazine synthesis and electron transfer module

One of the biological novelties of the anammox process is the production of the reactive
intermediate hydrazine (N,H,), which gets subsequently oxidized to dinitrogen gas yielding
the necessary reducing equivalents for respiration. Hydrazine synthesis, catalyzed by
hydrazine synthase, presents one of the three known biological processes that forge an
N—N bond, next to nitrous oxide formation and NO dismutation (Ettwig et al., 2012). The
biological novelty of hydrazine synthesis together with the high sequence conservation
of the HZS subunits among anammox genera lead to the conclusion that HZS is a key
enzyme of anammox metabolism and can, therefore, serve the environmental detection

of the anammox process as a highly specific biomarker (Harhangi et al., 2012).

The elucidation of the crystal structure of hydrazine synthase (HZS) at 2.7 A resolution
in combination with biochemical and spectroscopic studies performed over the years
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have led to the formulation of a working hypothesis regarding its molecular mechanism
(Chapter 3). According to this model, hydrazine synthesis occurs via a two-step
mechanism facilitated by two heme c active sites. First, NO undergoes a three—electron
reduction to hydroxylamine (NH,OH) at the active site of the y—subunit (heme vyI).
NH,OH is then transferred to the o—subunit through an intraprotein tunneling system
that is presumably regulated by a short amino acid stretch of the B—subunit and binds to
the second active site heme of the HZS complex (heme al). Based on the slightly acidic
(pH=6.3) environment of the anammoxosome (van der Star et al., 2010), ammonia would
be mainly present in its protonated form (NH,*). According to our working hypothesis and
by analogy to the industrial Raschig process, ammonia produced from NH,*would then
perform a nucleophilic attack to the heme—bound hydroxylamine, yielding hydrazine
through comproportionation.

Interestingly, inspection of the HZS structure revealed some peculiarities with regards
to the architecture of the active site hemes. The y—subunit is structurally similar to
cytochrome c¢ peroxidase and methylamine utilization protein G (MauG), but displays
a third covalent attachment between a cysteine residue and the porphyrin ring of the
vl heme moiety. Heme al also differs considerably from a canonical heme c site, as the
histidine residue of the CXXCH heme-binding motif does not coordinate the heme iron,
but a zinc ion instead. The fifth ligand of heme al appears to be a tyrosine residue,
resembling the active site of catalases. Thus far, it is not understood whether these
deviating heme architectures have mechanistic implications, but, to this end, an array
of electrochemical and spectroscopic studies are under way. Next to the two active
site hemes, each HZS complex also harbors two six—ligated heme cofactors, yll and all,
respectively. Heme VIl is solvent—exposed and spatially arranged 15 A away from the
catalyticyl heme. It has been hypothesized that heme yll directly interacts with the redox
partner of HZS, mediating electron transfer to the first active site heme for NO reduction.
Heme all is located more than 31 A away from any other heme group. Therefore, it is
excluded from any electron transfer processes on the timescale of catalysis and might

instead serve redox regulation purposes.

Another key focus in anammox research is the coupling of the anammox catabolic
pathway to energy conservation. According to our working model, the low potential
electrons derived from hydrazine oxidation are fed into the quinone (Q) pool and
are, subsequently, shuttled towards the first two steps of the anammox pathway via
putative quinone—interacting membrane complexes residing on the anammoxosome
membrane (Kartal et al., 2013). Based on genomic and proteomic studies, a putative

electron transfer module (ETM) that would shuttle the necessary electrons from the Q



pool towards hydrazine synthesis, albeit without contributing to energy conservation,
has been identified (Figure 7.2).

The ETM is encoded within the hydrazine synthase gene cluster and comprises three
proteins coded upstream of the HZS catalytic subunits. An integral membrane protein
harboring two heme b and one Q binding site would transfer the electrons from quinol
oxidation to a membrane—anchored multiheme cytochrome. A putative soluble electron
carrier could then shuttle electrons to HZS to drive the reduction of NO to NH,OH.
The study described in Chapter 5 is focused on the characterization of this soluble
cytochrome carrier, which resulted in the identification of a novel c—type heme-binding
motif. Moreover, the investigation of its redox interaction with HZS indicated that this
might be a case of intricate heme communication and possible rearrangements rather
than just a simple electron exchange. The genomic proximity to HZS of this soluble
carrier together with its conservation among anammox genomes supports its presumed

critical function in hydrazine synthesis.
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Figure 7.2| Hydrazine synthase gene cluster organization and proposed electron transfer
module.

The putative electron transfer module for hydrazine synthesis comprises the products of
2854, 2855, and 2856 genes, respectively. An integral membrane protein harboring two heme
b and one quinone (Q) binding site (2856) would transfer the electrons yielded from quinol
oxidation to a membrane—anchored multiheme cytochrome (2855). Subsequently, the soluble
electron carrier (2854) would donate them to the hydrazine synthase catalytic complex (2859—
2861). Lengths of the gene products are drawn to scale (aa: amino acids). Numbers refer to
the kuste open reading frame numbers from the genome of Kuenenia stuttgartiensis. TMH:
transmembrane helix.
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General reflections on anammox research

Sinceitsdiscoveryin 1995 (Mulderetal., 1995), it has become apparent that the anammox
process presents an intriguing case from an ecological, physiological, biochemical, and
application standpoint. Some of the initial limitations related to cultivating anammox
bacteria in the laboratory have been overcome and suitable conditions for growth and
enrichment of several anammox species have been established (Kartal et al., 2011).
Nonetheless, obtaining pure cultures would be the ultimate step towards more detailed
physiological and molecular studies. Furthermore, not all anammox genera exist in highly
enriched cultures that would enable direct purification and characterization of their
protein complexes. As mentioned before, different anammox genera possess similar
sets of core metabolic complexes and, therefore, are assumed to make a living based
on the same processes. Nevertheless, variations on either the exact enzymes catalyzing
each reaction (e.g. nitrite reduction to NO), or possible intramolecular adaptations
depending on specific niches (e.g. freshwater versus marine species) could be expected.
These studies would only become possible if other genera, next to the model anammox
organism Kuenenia stuttgartiensis, would be highly enriched in laboratory—scale
reactors, or preferably isolated in pure cultures.Altogether, the inherent obstacle of
the slow growth rates of anammox bacteria in combination with the lack of a genetic
system render anammox research rather demanding. Despite these hurdles, anammox
bacteria continuously challenge the biological paradigms, hence receiving a great deal of
attention from various fields of biological research.

The anammox complexities will undoubtedly result in much more yet to come.
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