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Ammoniaoxidizing archaea (AOA) and bacteria (AOB) perform key steps in the global nitrogen cycle,
the oxidation of ammonia to nitrite. While the ammonia oxidation pathwayédi characterized in
AOB, many knowledge gaps remain about the metabolism of kGadition, AOA are hard @row,
and laboratory technigues are poorly developetihe main aim of this thesis was to identify the

unknown proteins in the archaeammonia oxidation pathwagind anadditional goal was to improve
the methodsF 2 NJ ANR gAY I YR 62N A@ad & FN&E YK I YVRIRDE 2 NH

A bioreactor systend | & S E LJ 2 NBHR® (I RNJIIyWMROskinidRsizilGYation system with
biomass re¢ntionwas shown to be promising way to culture this organism. If succegstidployed,

it would providepermanentaccess to high quality biomass in sufficient quantities for physiological
experimentsIn addition,a cell breakage protocol was optimiseahd a proteome of cells grown on

urea and ammonia was determined.

To investigate the ammonia oxidation pathway, substrates and inhibitors of the hydroxylamine
oxidation mechanism were identified and characteriddgldrazine and phenylhydrazine were shown
to interfere with ammonia and hydroxylamine oxidation in AOA. Furtherm@&a,N. franklandu$2

oxidized hydrazine into dinitrogen, coupling this reaction to ATP production and O2 uptake.

Furthermore,activity-basedprotein profiling (ABPP) probes wergatuated for the labelling of the
ammonia monooxygenase and the hydroxylamine oxidation enzyme. To thi4 &dtkxadiyne and
an arythydrazine proberespectivelywere evaluatedThe diyne probe has been successfully used to
label the AMO of AOA and tlaeyl probe shows promising results which may lead to the identification

of the hydroxylamine oxidation enzyme.

Finally, several observatioms this thesis led to the identification ofatalase isozyme. First, a DNA
protection during starvation protein wagery abundant in the proteome. Second, this protein was
identified when a catalase staining method was used catalase activity was observed while no
catalase is encoded in the geame of €ap b ® T NJISefjjiehice ghRlydia Mpported the hypothesis

that it was a DP8ke protein with catalase activity.



1

g oo [FTot i o] o DA TP PP PP PP PUPPP PRI 1
I N1 0T =T o T (N 1
1.2 The microbial NitrogeN CYCIE.........ouiiiiiiii e 1

1.2.1  NItrogen fIXAtION........oueiiieeiiiii e e e e e e 2

1.2.2  NIFFICALION ......eiiiiiiiie e 3

1.2.3  DENIMFICALIAN ...eeiiiiiii ittt 3

O N 4 =0 110 10 ) PP PPPPPPPPPP 4

1.2.5 Assimilation and mineraliSation.............cccooccvvriiieeeiniiiiiiieee e A
1.3  Humans and the NItrOgEN CYCLE............uuiiiiiiiiiiiiieiieeeeee e 4
1.4 NItrification INNIDITOIS . ......cooiiiiiieie e 5
1.5 Nitrogen in wasteWater treatMeNL............oiiuiiiiiieeeiiriieee e e e 6
1.6 Ammonia OXidiSING OFQANISIMIS ... ...uuiiiiieiiiiiieiee e et e e s s r e e e s s e e e e e s e annnneeeeas 1

1.6.1 Ammonia oxidising bacteria (AQB)............ccooeeiiiiiii e 7

1.6.2 Ammonia oxidising archaea (AQA)..........cooove i 8

1.6.3 Complete ammonia oxidising bacteria (COMammOX)..........ccuvveveeeriiiiiireeeeennnns 10

1.6.4  Heterotrophic ammonia OXIdISEIS. .......ccuiiuurriiiie e 10
1.7  Enzymology OF AOM.......cooo e e e e e e e e e e e e e e 11

1.7.1  Ammonia oxidising bacteria and COMamMmMQX.............uuvrirreiieeeieeiereeeeeeeeeeeeeeeeenns 12

1.7.2  Ammonia OXidiSiNG @rChaGa...........ccueiiiiiiiiiiieei e 14

Materials and METNOUS. ........oiiiiii e 19
2.1 MALETIAIS. ...t 19
2.2 Growth of MICrOOIgaNISIMS. ....coiiiiiiiiiiie e e e e e e e e e eaeas 19

2.2 1 Growth CONAITIONS....ceiiiiiiiiiiiiiie et e e e e eaneeeeeas 19

2.22  Media COMPOSITION. ...ttt e e e e e e e e st eeeeeeaan 20
2.3 Gl COUNTS ...ttt e e et e e e e e e e e e e e e n e e e e e e e ane 22
2.4  Cell harvesting and preparation..............eeee oo 22
2.5  Nitrogen qUANTIfICALION.........c.uuiiiiiee et e e eeeeeas 23



3

25.1 N CSI o (=1 (=T f AT = LT o 23

2.5.2  Ammonia determination............coouriiiiiiiieiiiie e 23
2.5.3  Hydroxylamine determination..............cccooiiiiiiieeeeeiiiiee e 23
2.5.4 N stable iSOtOPEe ANAlYSIS.......c.eeiiriiieiiesie e ee e 24
2.6 Inhibition, activity, recovery and growth assaysS..........cccccceeivvrrmniiiiniinnieeeeeereeeeeee e 24
2.6.1  96-Well iNhiDItION ASSAYS.. . uuvriiieiiiiiiiiiiei e 24
2.6.2  Activity, inhibition and growth asSayS...........ccccouiiiiiiiieeeiiiee e 25
P2 TR T S {=To 0 1Y =T o OO TP PPPPPPRP 25
A A N - 1T Y P 25
2.8  Oxygen consumption EXPEHMENTS........ccccciiiiiiriiiiiieriiirrrrrerrrrr e e e eeeaeaaeaaeaaaaaaaaeens 26
2.9 Protein analysis and cell extract preparatiQn...............eeeeeeiiiiiiireeeee e 26
2.9.1  Cell eXtract PreParatioN. ..........cuu i urrrereeeeiaiiieeeee e e s st e e e e s s e e e e s aannnereeeeeas 26
2.9.2  SDEPAGE. ... e 27
2.9.3  Colourless NAtIVE PAGE...........c.uuiiiiiiiiiiiiie et 27
2.9.4  BlUe NALIVE PAGE ... 27
2.9.5  COOMASSIE STAIN......eiiiiiiiiiiiiii ettt e e s e e e e e eee s 28
2.9.6  SYProrUbY StAIN.......ooiiiiiiiiiee e e e e e e 28
2.9.7 Catalase aCtiVIty STAIN..........ccooii i e e e e e e e e 28
2.9.8  Protein PreCipitatiON. .........oocuerreeeeeiieiee et e et e e e e e 28
2.9.9  Protein fraCtioN@AtION...........ouuiiiiiiee it 29
2.9.10 Preparation of gel slices for trypsin digestiQn............cccuvvvveiieeieiiieiiiiiiieeeeeeeeeen. 29
2.9.11 Protein identifiCatiON...........cooiiiiiiiiii e 30
2.9.12 Protein qUANTIfICALION. ........ccoiiiiiiiiieee et e e e e neees 30
2.10 Activity based protein profiling (ABRR)........coooiiiiiiiiiiieieee e 31
2.10.1 Treatment with bifunctional inhibitor probes............ccc 31
2.10.2 Copper catalysed azigdkyne cycloaddition (CUAAC).......ccoiiiiicceiieiieiieeieeeee 31

Optimising growth and laboratory methods of the model Aithosocosmicus frankland®13
33



G 70 R 011 o Yo 0o 1o 1R 33

T = LT U] L TR 34
3.2.1  Growth ofN. franklandusSn @ DIOrEACIOL.........c.uvieeeii et eeen 34
3.2.2  Evaluation of breakage methods...........cooooiiiiiiiiiiiic e 41

3.2.3  Making celifree protein extract and developing a hydroxylamine oxidation ass4g

3.2.4  Proteomics usingrowth on urea and ammONIA...............uuveeeeeieeeeeeiieeieeeeeeeeeeeenns 52
3.3 DISCUSSION. .. ceeiieiiiitt ettt e e e e et e e e e e r e e e e e e e e e e e e e e e e e e e 58
3.3.1 A bioreactor system for the growth of AQA..........cooriiiiiiiiii e 58
3.3.2  Hydroxylamine oxidation inefl @Xtract..........cccccvveviiiiiiiiiiii 58
3.3.3  Proteome ofN. franklandugyrown with urea and ammonia....................cccccueees 59

4  Hydrazines as substrates and inhibitors of the archaeal ammonia oxidation pathway...60
s R o1 1o Yo [F o 1o o PP 60
4.2 RESUIES....eeiii ettt e e e e e e e e e e nrar e e e e e e e aanan 62

4.2.1 The effect of phenylhydrazine on d&hd hydroxylaminalependent nitrite production

DY ammOonia OXIdISEIS. ... 62
4.2.2 The effect of hydrazine on Nidnd hydroxylaminalependent NQ production....... 64

4.2.3 Recovery of NOLINE RdzO T2 Yo AdidNPW 2 O02a VYA Odza FNI y 1l yR
with phenyltydrazing or Nydrazineg..........ccccuueeiieeiieiiiiiieeeeeeeeeeeeeeee e 6.7

4.2.4 Hydrazinedependent QO 2 y & dzY LIDak 2y A ANE &2 O2 & Y.A.0.dBO FNI y | f
4.2.5  ATP production in response to hydrazine and phenylhydrazine.......................74

426 NA& | LINBPRdzOG 27F Cae RNE (I NiByaSe (P2EaAYRAL (idzs yF Nyy 14

4.3 DISCUSSION. ... .eeeeeiitieee ettt ettt ettt e ekt e e e bt e e e a bt e e s e bt e e e e b e e e e e e b e e e e nbn e e e e e 77
4.3.1 Hydrazines as inhibitors of AOA..... ..o el 77
4.3.2 Hydrazine as a substrate in AQA. ... ..o 78

4.4  Outlook for applications of hydrazines in ammonia oxidation research.................... 79

5 Identification of novel enzymes in tlegchaeal ammonia oxidation pathway using actiised

protein Profiling (ABP ). ... et e e et e e e e e e e e e e e e e e e e e e e e e e e 80

LS 70 S [ 011 o Yo [ 8 T3 1T o 1RO 80



LT = U=1= U] L =3RRI 82

521 Inhibit2y 2F | YY2YAl 2EA REG DDy FANY ViHSagiREIEQr SBY

(15HD) 83

5.2.2  15HD inhibition iS AMGPECITIC.........ccuiiiiiieeeiie et 84
5.2.3  15HD inhibition iS IrreVersibI...........ccuviiiiiii e 84
5.2.4  Afluorescent tag reveals labelled cells by fluorescent microscopy................... 87
5.2.5  FIUOrescent SDBAGE. ...t 88
5.2.6  Hydrazinebased ABPP Probes..........ccccoiiiii e 90

527 LYKAOAUGAZY 2F W/ I dydiazklesT.NI..y.1.£.L. . Rdz8.Q916 &8 06 A 2 (

5.2.8  Hydrazinealkyne ABPP ProbeS.......cocvviiiiiiiiiiie e 92
5.2.9 Inhibition of @ab ® F NI yby & hydyaRmm@dke. .............c.ccoeeveveereverennee, 93
5.2.10  CIlICKIIUOIESCENCE. ......eiiiieiiiiiieiie et 94
5.3 DISCUSSION. ...ttt ettt ettt e et e e et et e e ek et e e bt e e e e e s e e e e e e e 95
5.3.1 Labelling of the archaeal AMO with dHexadiyne...............ccoeoeceiiciniininnnnnee, 95

5.3.2 Labelling of archaeal hydroxylamine oxidising enzymes using hydrazine prob88

6 ldentification of a Catalase isozyme frébd b @b F NJ yCLE..L..y . R.dza.Q................ 98
6.1 INEFOTUCTION. ....eii ittt e e e e e s e e e e e e s r e e e e e e sanbbenreeeeeans a8
8.2  RESUILS. ... 100

6.21 W/ bhda FNI y | Gfdetrnifitatiok endyme..... .........ccooeeeveeeeeeennnne. 100
6.2.2  Partial purification of the catalase enzyme.............cccccoviiiiiiiiiee e 101
6.2.3 ldentification of thecandidate catalase iISOZyme...........cccccovvivrrieeeeeiiiiiiiieeeenn. 105
6.2.4  SEqUENCE ANAIYSIS....cuuiiiiiiiiiiiiiiiee e 108
6.2.5 Blue native polyacrylamide gel electrophoresis{BAGE).............cc.cevveevieeeeennee. 109
6.2.6  Growth with pyruvate and catalasSe........ccccvevveeiiiiiiieiiiiieee e, 110
6.3 DISCUSSION. ...eeiieiiiiiitie ittt ettt e e e e e e e e e et e e e e e et e e e e e e e e e aaee s 113

7  Conclusior and prospects for future research..............ooooiiiiiiiiiiiiie 115
71 5850St 2 LISy BNE yW f | Y RdzA Q.. kA L. Y.2RSL. . BNBlI YAAY
7.2  Hydrazines as inhibitors in the AQA........ooo e 116

Vi



7.3 Activity based protein profiling in AQA. ... —————— 117
74 TheroleofabRSG2EATA OF i A eab v SFOR yy) Af.4.Yy/. . RAdya. Q1 7
7.5  Prospects for fUtUre r€SEAICI..........ccoiiiiiiiiiiie e 118

RS (] =] (ST 119

Vii



[ Aakioe§a
Table 21 ¢ growth conditions of ammonia OXIdISErS.........ccceeeeeiiiiiii e 19
Table 31 Overview of tested breakage methods and their effectivity....................ccoeeeeeiinnnns 41
Table32¢c9t SOGNRY I OOSLIi2NE (GBOPSRND Y UL.KL.ORHZAASEGNI O
Table 33 ¢ The ten most abundant proteins identified in the samples cut out from anfS8GEE..49
Table 51 ¢ Identification of proteins by MAUETOF from excised SIPAGE protein bands......... 90
Table 61 - Protein concentrations of different fractions after (N#$Q precipitation................... 101
Table 62 - Protein concentrations of different fractions after anion exchange fractionation.. 104
Table 63 - MALDITOF analySiS reSUILS...........uuiiiiiiiiiieiee e e 106

Table 64 - The top five most abundant identified proteins in each sample...........ccccccceeiene 107

viii



[ A&d0 2F CA3IdNBa

Figure 11 ¢ Overview of the biogeochemical cycling of nitrogen from (Kuypeas, 2018)............ 2
Figure 12 ¢ Pathways of ammonia oxidation in bacteria (A) and archad@).(B......................... 12

Figure 31 ¢ Schematic of redor set-up (A), picture of reactor (B), DAPI stained picture of biofilm (C),

picture of turbid reactor with biofilm formation on filter (D)...........ccccvvviiiiiiiiieeiiiieeeeeeee, 35
Figure 32 ¢ Overview of the first two successful reactor runs...............ooee e, 38
Figure 33 ¢ Activity assay ofdtch-grown cells compared to reactor grown cells...................... 39
Figure 34 ¢ Overview of successful Runs 3 (A) and 4.(B)........ccoveeeeeiiiiiiiiieeceeee e 40

Figure 35 ¢ SDSPAGE profiles of identic. franklandusprotein samples lysed with different
LET03 0] 0 [0 [ =2 TP PP PP PPPPRRPPPO 42
Figure 36¢LJl 2 LJiAYdzy 2F GKS NBRdAzOGAZ2Y @ab oF SNMNHNINVPE I WRR.

when using 200 pg protein in 50 MM TrS DUFTEL.........oooiiiiiiee e 44
Figure 37¢¢ KS NBRdzOG A2y 2F TFSNNICAGRD yRNISY Ayl eibbeled Q FINYGFS
when using different ptein concentrations in 50 mM Tris buffer............cccccvvvviiieiiieieeennnn. . 45

Figure 38 ¢ Profile of the activity in the different fractions after anion excbarfractionation......46

Figure 39 ¢ Profile of the activity in the different fractions after cation exchange fractionatiom7

Figure 310¢ SYPRO Ruby stain of active fractions after cation exchange fractionation........48
Figure 311 ¢ Size exclusion fractionation of active fractions using spin tubes................ccc.... 51
Figure 312¢5 S Afa 2F (KS dz2NBFasS 2LISNRY Ay W I & bd FN
................................................................................................................................................ 53

Figure 313 ¢ All significantly up or downregulated proteins that were detected in the proteome of
Cad b d FNEY.LL LV RAZEQ e, 55

Figure 314 ¢ The normalised absolute abundances of the 50 most highly expressed proteins detected
in (A) ammonia grown cells and (B) urea grown CRIIS.........coooiiiiiiiiriiiiiee e 57

Figure 41 - Percentage N®production compared to the uninhibited control (C) after 1 h incubation

Figure 42 - NOy production after 1 h incubation with different concentrations of phenylhydrazine

using 100 pM NEDH as substrate fd¥. europaed y RabWb A GNP A2 (0 € SI ALy Sy araQ
bAGNRAaA202aYA OdzA. vignNdng)..£..l..y . RAZA.Q... LY. R, 63

Figure 43 - Percentage N©production compared to the uninhibited control@fter 1 h incubation

with different concentrations of hydrazine using 100 uMsN&$ substrate.............cccceeeeeeeeen. 65

Figure 44 - NOy productionafter 1 h incubation with different concentrations ot using 100 pM

NHOH as substrate foN. europaeal Yy FCabW bAGNRBA2GF S aAy&yaraqQ |
bAGNRAa202aYA OdaA. vignNdng]..L..l..y . RAZA.Q... LY. R, 66



Figure 45 - Time course of the recovery of M@roduction from 1 mM Nkt A yCa Nitrosocosmicus
FNF Y1y Rdza of 100 N ghbidyliNdazigedA) br 1 mM and 10 mpHNB) by washing

................................................................................................................................................ 68
Figure 46 - Time course of the recovery of M@roduction inN. europaeavith 1 mM NH*or 0.5 mM
NHOH as substrate after removal of 100 uM phenylhydrazine by washing...............ccccccee.... 68
Figure 47-h E&3Sy dzLJit 1S YSI adzNBYSapli aA AN HSOL 4 MAAUI v &
................................................................................................................................................ 70
Figure 48-h E@ 38y dzLJi 1S YSI AdNBYE#HI H A0dRPASOR A X AzDHIS y 7
................................................................................................................................................ 71

Figure 499 - LYAGALIf NIGSa 2F 2Ee&3Sy Oy Aitosdcishicuy Ay C
FNIYy1EfFyYyRdzaQ | FGSNI I RRA (0 MHArgd triarfgleR A.F.E.S.NB.Y.(1.7302 y OS y {

Figure 410- Oxygen uptake measurements by cell suspensioms eliropaea........................... 74
Figure 411 - Relative AT¥lependent luminescence, with MHontrols normalised to 1.............. 75
Figure 412 - ®¥Nyftotal N NI G A2 F FGSNI m K Ay OdzaCh flikadotosmgichs OS f f
TNF Y€y RdeuQpagdB) aithlSGORMOIN-NoHs. ....c.cveviveviieieieieieieieisieie e 76
Figure 51 ¢ Chemical structures of 1,gctadiyne (A) and 1;8exadiyne (B).........ccccccceeeeeinnnnnnn. 81

Figure 52 ¢ ABPP schematic for enzyme labelling using bifunctional inhibikyne probes........ 82

Figure 53 ¢ Time course of the inhibition of NQroduction (A) and Ndtonsumption (B) from 1 mM

NH*A CabW b A GNP &2 02 a YA Odza F NIOO/UMILGHD BndzE0Q uM perfiaSeN8B | RRA G A
Figure 54 ¢ Time course of the inhibition of NQoroduction (A) and N#H consumption (B) from

200 UM NHOHA yCabW b A GNR &202aYAOdza FNI y{fFyRdzAQ | FGSNI |

[O1CT 1= L[ PP P TP 84

Figureb-5 ¢ Six (A) and 21 (B) houmte course of the recovery of N@roduction from 1 mM Nkt in

Cab bAGNRA202aYAOdza FNIyl1flyRdzaQ I Fi SugmNBHAX2 g1 £ 2

................................................................................................................................................ 85

Figure 56 ¢ Time course of the inhibition of N@roduction with different concentrations of CHX (A)

and recoveryof NQ production from 1 mM N A YCaBPA G NP a2 O2a YA Odza FNI y1 €| yI

of 20 uM acetylene with and without 10QQ ML CHX (B).......coveevieiieiiie e 86
Figure 57 - ABPPbased ftiz2 NS 3 OSy i f I 6adf b Y ANR ¥ | t OVNRemdiado ! | YR
(=1 o 1 S 87
Figure 58 ¢ Fluorescent SDBAGE of cell extracts Nf europaga..........cccooevvveeeeeiiiiiiiiieeeee e 388
Figure 59 ¢ Fluorescent (left) and Coomassie stained (right)-BBSE gel...........ccccvvevieiiinnnee. 89
Figure 510- Chemical structures of the two biotimydrazine probes used............ccccccovvuvvreennn. 91



Figure 511 - Percentage N@production compared to the uninhibited control (C) after 1 h incubation
with different concentrations of biotithydrazine probe using 100 uM htor 200 uM NHOH as
0] 0] | (=P PUPP PP 91

Figure 512 ¢ Chemical structures of hydrazine probes: (A): peom-1-ylhydrazine (alkyl probe); (B):

N-(But-3-yn-1-yl)-4-hydrazineylbenzamide (aryl probe)..........ccccomiiiiiiiiiiiiiii e 92
Figure 513 ¢ Relative N@ production compared to the control after 1 h incubation with different
concentrations of aryl probe using 100 pM Nbr 200 uM NHOH as substrate.......................... 93
Figure 514 ¢ Abiotic nitrite measurements with different concentrations of Aryl probe............ 94

Figure 515 - Fluorescent labelling profiles by the aryl probe after clicking (left) and corresponding

expression profiles ar Coomassie staining (right) of protein extract frétd b @@ F NI y(14) I Y Rdza Q

ANAN. BUIOPAECES 7). ..o eiiiieeee et e e e et e e e e e e e e e e e aaaaaaaaaeaeeaaeaasaaaaaas a5

Figure 61 - Colourlessative PAGE (10%) stained with Coomassie (A) and activity stained (B0

Figure 62 Coomassistained 10% SBDSAGE gel with (N}4SQ precipitated fractions............... 102

Figure 63 ¢ Colourless native PAGE (10%) activity stained for catalase activity (Aoanthssie

£ 2= 1T L= {2 PRSP 103

Figure 64 - Colourless native PAGE (5%) activity stained for catalase activity (A) and Coomasslie staine
(Bt ettt ettt ettt ettt ettt ettt ettt ettt ettt et et en e n ettt en e 104

Figure 65 - Colourless native PAGE (5%) Coomasai@ed. ............ccoovviiiiiiiieeniniiiiieeeee e 105

Figure 66 - Sequence alignment of three representative sequences of the Ferritins, bacterioferritins
(BFR), DPS @Nd DPSL PrOEINS......eeiiiiiiiiiiiiiiee e ettt e ettt e e e e e e e e s e e e e e e e e snneeees 109
Figure 67 - BNNPAGE from different fractions of protein with catalase activity. Activity stain (left)
(0T r=T] o 1=To [ (o ] 0 1 PP PPPP P PPPPPPPPPP 110
Figure 68 - Growth, quantified by nitrite accumulation, of three separate experiments (A, B, C) where
triplicate cultures of each treatment Were groWn.........ccvvviiiiiiieeiieeeee e 111
Figure 69 ¢ Growth, quantified by nitrite accumulation, of the Figur@ & and C experiments over a
longer time A and B, respeately where triplicate cultures of each treatment were grown.....112
Figure 610 ¢ SDSPAGE of protein extracts frof/ N. franklandizac&Is grown in normal growth
conditions (1), with 0.5 mM pyruvate (2) or 1 pM catalase..............cooo oo 113

Xi



5SOf I NYOGAZ2Y
| declare that the work presented in this thesis was conducted by me under the direct supervision of
Laura LehtovirtaMorley. Results obtained by, or with help from, otheevh been acknowledged in
the relevant sections. None of the work presented has been previously submitted for any other
degree.The data inChapter 4 have been publishg@&chattemaret al, 2022) some of the d&a in
Chapter 5 havealsobeen publishedWrightet al., 2020)

Arne Schatteman

Xii



1 Oly2¢6f SRASYSY(a
I would like to thank the Royal Society for the funding of this PhD prdjean grateful to my
supervisory teaniLaura LehtovirtaMorley, Colin Murrdé, and Andrew Crombiéor guidance during

my PhDMost importantly, | would like to thank the members dfi¢ ELSA lab, past and current, for

advice and help but most importantly for being friends and making Norwich feel like home.

| want to thank my parents and famjlwho shoved endless patience and suppotwant to thank my
two grandmothers, whavere alwag ready withtea, coffee,and good conversations whenever | came
back to BelgiumFinally, the most important person to thank is Nelho moved with me to the UK
and without whom | would never have finishethank you for your endless support, patiencel an

understanding.

Xiii



15HD
170D
ABPP
alkyl probe
AMC
Anammox
AOA
AOB
AOM

aryl probe
ATCC
ATP

ATU

BCA

BFR
BHDR
BNI
BN-PAGE
BPHDR
Ca

CHX
Comammox
CuAAC
CuMMQ
CV

DAP]
DCD
DCPIP
DMPP
DNA

| 00NBGALF A2y a

1,5-hexadiyne

1,7-octadiyne

activity-based protein profiling
prop-2-yn-1-ylhydrazine

ammonia monooxygenase

anagobic ammonia oxidation

ammonia oxidisingrchaea

ammonia oxidising bacteria

ammonia oxidising microorganisms
N-(But-3-yn-1-yl)-4-hydrazineylbenzamide
American Type Culture Collection
adenosine triphosphate

allylthiourea

bicinchoninic acid

bacterioferritin

biotin hydrazide

biological nitrification inhibitor

blue nativepolyacrylamide gel electrophoresis
BiotindPEG®4hydrazide

candidatus

cycloheximide

complete ammonia oxidation
copper(l}catalyzed alkynazide cycloaddition
copper membrane monooxygenase
column volume

n -diaenidino2-phenylindole
dicyandiamide

dichlorophenol indophenol
3,4-Dimethylp/razole phosphate

deoxyribonucleic acid

Xiv



DNRA
DPS
DpsL
FWM
HAQ
HDH
HEPES
HRT

HZS

IAA

IPCC
kDa
LCMS
MALDITOFE
MCQ
MES
MOB

NI:

Nirk
Nitrapyrin:
NOB
NXR

oD

PEG
pMMO:
PMS
PTIO
RNA
RFQPCR
SDSPAGE
SRT

dissimilatory nitrate reduction to ammonium

DNA protection during starvation protein

DNA protection dring starvatiorlike protein
freshwatermedium

hydroxylamine dehydrogenase

hydrazine dehydrogenase
4-(2-hydroxyethyly1-piperazineethanesulfonic acid
hydraulic retention time

hydrazine synthase

iodoacetamide

Intergovernmental Panel on Climate Change
kiloDalton

Ligquid chromatographymass spectrometry
matrix-assisted laser desorption/ionizatigime-of-flight mass spectrometer
multicopper oxidase

2-(N-morpholino) ethane sulfonic acid

methane oxidising bacteria

nitrification inhibitor

copper containing nitrite reductase
2-Chlorae6-(trichloromethyl)pyridine

nitrite oxidising bateria

Nitrite oxidoreductase

optical density

polyethylene glycol

particulate methane monooxygenase

phenazine methosulfate
2-Phenyi4,4,5,5tetramethylimidazolinel-oxyl 3oxide
ribonucleic acid

reverse transcription quantitative redéilme PCR
sodium dodecyl sulfatgolyacrylamile gel electrophoresis

solids retention time

XV



TEMED tetramethylethyleendiamine
THPTA tris-hydroxypropyltriazolylmethylamine

Tris tris(hydroxymethyl)aminomethane

XVi



1 Introduction

1.1 Nitrogen (N)

Nitrogen is the fifth most abundant element in the universe and the most abundant element in our
atmosphere where it mostly exists as dinitrogen gag.(Nitrogen is vital to all living organisms as a
component of amino acids amtlicleic acids. Despite its overall abundance in the atmospheris, N

highly inert and is inaccessible to most organisms. Reactive nitrogen, mostly ammog)iarNiktate

(NG), is limiting in many environments whidk the reason why agricultural crgpare heavily

fertilised with nitrogen. To be accessiblgWSSRa (2 6S GFAESRES G KIFG A&
organic nitrogen or other bioavailable forms of nitrogen. Only certain microorganisms, called
diazotrophs, can do this. All otherganisms rely on either biologically or abiotically fixed nitrogen.
Humans, however, stopped relying on diazotrophs for fixed nitrogen through the discovery of the
HaberBosch process, an industrial process to createfidifh N and hydrogen (k). Crucidy, roughly

KEEfF 2F GKS 62NI RQa KdzYly LRLMzA FGAz2zy NBtASa 2y
industrial production of bioavailable nitrogen has massively increased its input into the environment
resulting in severe, lontasting consequaces. To adequately understand these consequences, it is
important to understand the underlying mechanisms and dynamics of the microbial nitrogen

transformations.

1.2 The microbial nitrogen cycle
Nitrogen exists in several different oxidation states in the iemment (Figure 1-1) and
microorganisms play a pivotal role in transforming nitrogen from one form to another. Together,

these microbial transformations constitute timaicrobial nitrogen cycle.

Traditionally, the transformations are depicted in a cycle in which there is a sequential order to the
processes and every step has an equal flux. This is an oversimplification because these processes may
have vastly different fixes and do not form a perfectly balanced cydeyperset al., 2018) The
microbial nitrogen transformations are complemented by abiotic processes which typically have a

smaller, but significant flufDoane, 2017)



Nitrogen-transforming

Nitrate T +V
6 x 105 Assimilation processes
3302000 & Nitrogen fixation (@)
330 2, 000 Dissimilation Nitrification
100 250 ® ® @
Nitrite | +1I1 Denitrification (5) 6 @)
330 2, 000 )© Anammox &) @

Oxidation
Reduction

Nitric oxide | +lI 50 a Assimilation (& @0 and 1)
2,000 NO -e N.O Ammonification 42)
Nitrous oxide + +I 0 ’ 2,600 Assimilation Nitrogen inventory
125 @ N, 100 125 330/ 2,000 (teragram)
Dinitrogengas + 0 30x 109 Terrestrial nitrogen flux
@ (teragram per year)
1 @ Marine nitrogen flux
110 180 (teragram per year)
iL25) Anthropogenic nitrogen
T @ flux (teragram per year)
1,450 8,800

Ammonia LIl O_rgamc
340-3, 500 1450 [8;800 nitrogen
1.8 x 1010 9x 105

Figure1-1 ¢ Overview of the biogeochemical cycling of nitrogen fro(Kuyperset al., 2018) The
total nitrogen inventories are shown in the grey boxes in teragram peeay. The six nitrogen
transforming processes are highlighted with the encircled numbers and their estimated annual
flux in teragrams per year is shown in the coloured boxes

There are six microbial transformations of nitrogen in the nitrogen cycle. Itomgghought that each

of these was carried out by a distinct group of microorganisms, but it has become clear that there is
more metabolic versatility within groups of organisms than originally thought. The traditional
classification, by function, is thefore no longer valid, though, sometimes still useful and will be used

to discuss the different processes.

1.2.1 Nitrogen fixation

Even though nitrogen is the most abundant element in our atmosphere, it exists mostly in the form of
dinitrogen gas (B. This hipgly inert gas is only accessible to organisms called diazotrophs, that carry
a nitrogenase enzyme able to fix Mto NH. These enzymes are widespread within bacteria and
archaea and provide them with a clear competitive advantage in environments wheagdiable
nitrogen is limiting. Nitrogetixing eukaryotes have not been discovered, but nitrogen fixers often
live in tight symbioses with eukaryotes. The blesbwn example is the fixation of nitrogen in root
nodules of legume plants by bactefiBurris & Roberts, 1993Notably, abiotically fixed nitrogen is
produced in relatively significant amounts, mostly by lightning, photochemical nitrogen fixation and

the HaberBosch procesfboane, 2017)



1.2.2 Nitrification

Nitrification, the main subject of this thesis, is the oxidation of ammoniatratei (NQ) via nitrite

(NQ). The first step of this process, the oxidation of ammonia to nitrite, is carried out by ammonia
oxidising archaea (AOA) and bacteria (AOB). The second step, the oxidation of nitrite to nitrate is
carried out by nitrite oxidiing bacteria (NOB). Recently, organisms capable of carrying out the
complete oxidation of ammonia to nitrate (comammox) were discovéBaimset al, 2015; M. A. H.

J. van Kesse@t al, 2015) Ammonia oxidation is typically studied using chemolithotrophs that use
ammonia as the sole source of energipowever, a wide range of heterotrophic bacteria and fungi are

capable of nitrification and are understudied players in nitrifica(iBapen et al., 1989)

All autotrophicammonia oxidisers have an ammonia monooxygenase enzyme (AMO) which carries
out the oxidation of ammonia (NJHto hydroxylamine (N¥DH). It is a key enzyme and has been used
extensively as a biomarker to deteminmonia oxidising microorganisn8OM) in the environment

(see enzymology section). How hydroxylamine is further oxidised to nitrite is not entirely clear in any
of the ammonia oxidisers (see enzymology section). The key enzyme in the nitrite oxidibers is
nitrite oxidoreductase (NXR) that converts nitrite into nitrate. In contrast toeti®trophicammonia
oxidisers, nitrite oxidisers are typically more metabolically versatile and can grow on substrates other

than nitrite such as formate, hydrogen aadffide (Daimset al., 2016)

1.2.3 Denitrification

Denitrification is the sequential anaerobic conversion of nitrates(NiO nitrite (NQ’), to nitric oxide
(NO), to nitrous oxide (D) and finally to dinitrogen gas @N Canonical denitrifiers, i.e. organisms
that carry out the whole process, are thought to be exceptions rather than th€Jale<st al., 2013)

and itis common for microorganisms to have some of the enzymes from the denitrification pathway.
Denitrification can have 0 or N as end product, so while this process is the main sink @ N
(discussed below), it can also act as a source of this potent lgoeise gagCHAPUISARDYt al.,
2007)

1.2.3.1 Dissimilatory nitrate reduction to ammonium (DNRA)

DNRA is aalternative denitrification pathway which converts B@to NH" via NQ. The process

can be considered a short circuit in the nitrogen cycle as it skips hdildtion and denitrification
(COLE & BROWN, 198@rganisms generate energy and can grow using this process by coupling the
oxidation of an electron donor to the reduction of nitrate, also termed fermentative ammonification
(Rattinget al., 2011) Its importance in the environment is unclearptigh, there are conditions in

which it is favoured over denitrification e.g. when nitrate is limiting relative to electron dqixoedt



et al,, 2014) As opposed to denitrification, DNRA preserves and recycles N in the syssalimg to

sustained primary production and nitrificatigMarchant et al., 2014)

1.2.4 Anammox

The anaerobic ammonia oxidisers (anammox) were discovered relatively re(@ntiyset al., 1999)
but have been extensively studied since then. In the anammox process, ammonia andniittéc
oxide are directly combined into dinitrogen gdklu et al., 2019)The key enzyme is the hydrazine
synthase (HZS) which converts ammonia and nitric oxide into hydraziHg (&hich is then further
converted by the hydrazine dehydrogenase (HDH) to dinitrages The HZS enzyme is the only
known enzyme that can activate ammonia anaerobiclgrtal & Keltjens, 2016Notably, the
anammox pathway evolved a unique prokatic organelle called the anammoxosome in which all the

catabolic enzymes of the pathway are locatedd Almeideet al.,, 2015)

1.2.5 Assimilation and mineralisation

So far, only the inorganic transformations have been discussed but the largest fluxes in the nitrogen
cycle are the assimilation of inorganic ammonia into organic nitragmnpounds and the reverse,
called assimilation and mineralisation (or ammonification) respectivgy(el-1). Inorganic nitrogen

can be taken up as nitrate or ammonia, but nitrate will be converted to ammonia to be incorporated
in organic molecules. The enormity of the assimilation and mineralisation fluxes clearly impact the
other processes. For example indicisoils ammonification is thought to drive nitrification carried out

by AOAS [ S BRoffefidet al., 2012)

1.3 Humans and the nitrogen cycle

The microbial processes described aba@re in a precarious balance and, as always, when humans
getinvolved,this balance is threatened. To deal with the growing human population, an increase in
food production was needed. The Hakl&osch processn artificial nitrogen fixation processasone

of the solutions to this problem. Artificial nitrogen fertiliser has massively increased crop yields and is
now responsible for feeding over half the human populat{&nismanet al, 2008) While this is an
amazing feat, nitrogen fixation bthe HaberBosch process has surpassed terrestrial biological
nitrogen fixation, resulting in an imbalanaethe nitrogen cycle (more Ns fixed than produceby
anammox and denitrification)Kuyperset al., 2018) The consequences of the input of bioavailable
nitrogen into the environment are only now becoming clégaowleret al., 2013)and we may have
already passed the planetary boundaribst definea safe operating space for humanity on Earth
(Rockstromet al., 2009)

Eutrophication is one of these consequences and is the sudden influx of nutrients into ecosystems

which creates a massive disturbance. When bioavailable nitrogen suddenly enters ecosystems,
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organisms that can make the best use of the nitrogen dominate, caysirig) algal blooms and
biodiversity lossMoreover, when N is provided in excesgher nutrients become limiting. Most
notably, more and more ecosystems are driven to phosphorous limitation in thig\Mitgusek et al.,
2010) Globally, less than 50% of the nitrogen apgblie the fields is taken up by the plar@assman

et al, 2002; Ladhat al., 2005) The rest is transported from the fields, modilyNQ leaching or Nkl
volatilisation. On average, 18% of the applied nitrogen is volatilised to (R&het al, 2016)and
similar amounts (19%) are lost by leachiftty J. Di & Cameron, 2002Zhe nitrification process
converts NHto negatively charged NOwhich does not adhere well to negatively charged soil
particles as opposed to NHHNQ leaches fronthe environment and ends up in surface and ground
water, contaminating drinking water and causing eutrophica{iGmizzettiet al, 2011; Townsenet

al., 2003) The cost of fertiliser is significant and with a nitrogese efficiency (NUE) as low as 50%,

there is a lot of optimisation that can lmone.

A second consequence is the production @ONwvhich is projected as the most important ozone
depleting agent in the Zicentury (Ravishankaet al.2009 and is a very potent greenhouse gas with

a global warming potential over 250 times that@® and an atmospheric lifetime of over a century
(IPCC 2014). Itis produced biotically and abiotically during nitrification and subsequent denitrification.
Due to the excess nitrogen input, both nitrification and denitrification have a larger flux iregirit

an increase of atmospherie®. Agricultural soils are the biggest source of anthropogestictdl the
environment(Ciaiset al,, 2014) posing a difficult question regarding food security and climate change:

can we reduce PO emissions without compromising food security?

1.4 Nitrification inhibitors

To prevent the loss of nitrogen from agricultural systems and to redu€ed¥hissions, nitfication
inhibitors (NI) can be applied. They can be mixed with the fertiliser or applied later. Many of the known
NlIs are thought to be copper chelators that inhibit the AMO enzyme of ammonia oxidisers by binding

the coppercatalysed active site of thesenzymes.

Commercially available NIs are DCD (dicyandiamide), DMPHirt&thylpyrazole phosphate) and
nitrapyrin (2chloro-6-(trichloromethyl)pyridine). The first two have a bacteriostatic effect on AOB and
are deemed safe for use in soil and animal oranslurry(Amberge, 1989; Gueet al,, 2013; Zerulla

et al, 2001) Nitrapyrin is used mostly in the US as a pesticide that also functions as a bactericide and
nitrification inhibitor (Powell & Prosser, 1986k has been shown to inhibit the AQBtrosomonas,

while it only has a very weak inhibitoeffect onNitrosospiramultiformis(Powellet al., 1986; Zacherl

et al, 1990;Belseret al, 1981; Sheret al, 2013). The variation of AOB in susceptibility towards

nitrapyrin raises concerns about its efficacy. Moreover, the observation that DCD, nitrapyrin and



allylthiourea (ATU), a copper chelator often used in fabary conditions to inhibit AOBaddifferent
effects dependent on theAOA strain (LehtovirtaMorley et al, 2013; Sheret al, 2013)further

exacerbates these concerns.

The efficiency of Nls varies depending on the environnftihabelaet al., 2006)and their effects

are generally of short duratiofiRuser & Schulz, 2015 ew compounds that not only target some AOB
but also AOA, comammox and a broader range of A@B1 improve the efficacy of N(Beeckman

et al, 2018) NlIs that are suited for different soil types or production systems would be worth

investigating as we(lDi & Cameron, 2016)

There are downsides to NIs however, including their additional cost. To be economically viable, the
cost of the NI needs to be balanced with increased yield and a reduction in fertiliser application. This
is highly variable depending on soil, crop, inlibiand weather conditions but tends to be positive
(Abaloset al., 2014; M. Yangt al,, 2016) Another caveat to N is their uptake and degradation by

soil microorganisméMarsdenet al, 2016)which reduce the efficacy of Nls. Lastly, it has baemwn

that DCD can enter into our food chain and while the effects are not clear, this is highly undesirable
(Margdenet al, 2015)

A more elegant method of inhibiting nitrification was pitched recently: certain plants produce root
exudates with a biological nitrification inhibitor (BNI) function, which is thought to have evolved as a
mechanism to retain nitrogeim the rhizosphere in loviN ecosystemg§Subbaracet al, 2012;Diet al.,

2016) The precise release in the rhizosphere and the wide variety of compounds could give an
advantage over synthetic NBNIs have been discovered in several strains of economically important
crops and could be bred into commerg#dains in the futureCoskuret al.2017) A recent evaluation

of the effect of six BNI compounds on the ammonia oxidation activity in both AOA and AOB provided
a crucial framework for evaluating and testing future BKisurBhambra et al., 2022}t is important,

however, that comammox bacterare included in these studies as well.

1.5 Nitrogen in wastewater treatment

When the effect of ezess nitrogen on the environment became clear, nitrogemoving systems
were developed and added to many wastewater treatment facilities. As opposed to most natural
systems where fixed nitrogen is highly valuable, the goal in wastewater treatment ismtavecfixed
nitrogen from systems by converting it to dinitrogen gas. Therefore, nitrogen removing wastewater
treatment systems are per definition characterised by an imbalance in the nitrogen transformations

and pose an opportunity to rectify the imbalanicgéroduced by the HabeBosch process.



In conventional systems, nitrification is combined with denitrification to reduce nitrate to dinitrogen
gas. Nitrification requires extensive aeratiand energy inputand the subsequent denitrification
requires theaddition of organic compounds which comes with a high ¢bst.iu, Hu, & Guo, 2019)
Moreover, NO is produced during both nitrification and denitrification increasing the emission of this

greenhouse gaKampschreuet al., 2009)

An alternative strategy using the anammox process has great potential for wastewater treatment.
Anammox, combined with partial nitritation by ammonia oxidisers under oxjig@ting conditions

(B. Kartal, Kuenen, and Van Loosdrecht 2010), could rede@eemMissions and would omit the
extensive aeration requirements as well as the need to add organic compounds in conventional
nitrification-denitrification systems. This system is used more and more in ammemdmm
wastewaters but not often in fubcale murgipal wastewater treatment which tends to have lower
ammonia concentrations. While the process has been shown to be feasible and economically
favourable, it comes with a significant stagb cost and setip time and requires expertise to run
(Magriet al,, 2021)

Finally, the discovery of new microbial pathways that couple the anaerobic oxidation of methane to
the reduction of nitrite(Ettwiget al,, 2010)or nitrate (Haroonet al,, 2013)has opened the door to

new wastewater treatment methods. Combining nitrogen and methane removal by using these new
methane oxidation pathways in combination with anammox has already been demonstratied un
laboratory conditiong(Lueskenet al, 2011)and will likely make its way eventually into fatiale
wastewater treatment plants in the future. The implementation of new microbiological procésses
wastewater treatment plants can transform this industry from an energy consuming source of
greenhouse gasses to an energy producing greenhouse ga@ sibnki, Hu, Yuaef al, 2019; M. A.

van Kessadt al., 2018)

1.6 Ammonia oxidising organisms

1.6.1 Ammonia oxidising bacteriédAOB)

Ammoniaoxidising bacteria were identified over 100 years ago by Sergei Winogr@lskygradsky,
1890)and were first isolated in liquid culture by Percy and Grace Frankknadkland & Frankland,
1890) The AOB areeither i -proteobacteria, represented byhe genera ofNitrosomonasand
Nitrosospira or ‘-proteobacteria, represented by Nitrosococcus Nitrosacidococcus and
NitrosoglobusThe most studied model organism for bacterial nitrificatioNitsosomonas europaea
an AOB isolated from French and Swiss soils by Winogradsky iiM&Bdejohn, 1950and the first
AOB to have its genome sequendghainet al, 2003) Since their discovery, the AOB have been

heavily studied. The central enzyme to thewmmonia oxidation pathway, the ammonia



monooxygenase (AMO) which carries out the oxidation of ammonia to hydroxylamigg fldslbeen

used as a molecular marker to study ammonia oxidation in the environment.

1.6.2 Ammonia oxidising archaefAOA)

In 1992, archa&l sequences belonging to the Crenarchaeota were discovered to be widespread in
marine environment¢DelLong, 1992; Fuhrman & McCallum, 1992)is was opposed to the dogma

that al archaea were extremophiles. Further study determined them to be among the most abundant
organisms on the planet, accounting for up to 40% of bacterioplankton in deep ocean \W&engr

et al, 2001) The first indication that these organisms were nitrifiers came from the detection of
archaeal AM@ike genes in a shotgusequencing study of the Sargasso $éanteret al, 2004)

Similar Crenarchaeota were also detected in @ihtrim et al., 1997) Additionally, a fosmid clone

from a metagenomic library contained homologues to bacterial nitrogen cycling érexssclet al,

2005) The Amo sequence from this clone was too divergent from, the AOB to be picked up by PCR
and implicated a group of undidated Crenarchaeota ithe nitrogen cycleFinally, in 200&6nneke

and colleagues isolated the first archaeal ammonia oxidiBeosopumilus maritimu$SCM1 from a
tropical marine aquarium. As more data became available and more thorough phylogenetic analysis
was performed it became cleé#nat the AOA do not belong to the Crenarchaeota but are members of

a deepbranching archaeal lineage subsequently assigned to the new phylum Thaumarchaeota
(BrochierArmanetet al., 2008; Spangt al., 2010) althougha more recent publication proposed a
different organisation where th&@haumarchaeota would be part of the Thermoprote@®inkeet al,,

2021) No stable archaeaphylogeny can be agreed upon for as long as new lineages keep being
discovered and due to computational limitatiofi&ahon et al., 2021 Acurrent consensus is shown in

Figurel-2.
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Figurel-2 ¢ Qurrent consensus on thehylogeny of theArchaea. Figure taken fronfTahon et al.,

2021). The position of the Eukaryaas a sistergroup or member of the Asgard archaeas

unconfirmed. White squares indicated no representatives have been cultivated while pule

squares have cultured representativesA half-purple square indicates that a (co)cultivated
member is described in the literature

Sincethe isolation ofN. maritimus a lot of interesting isolates have been obtained, including isolates
from soil and marine environments, hot springs, wastewater treatment facilities and arctic soils. The
isolation of the obligate acidophilic AGBa.Nitrosotalea devanateri@rovides & explanation for

the high nitrification rates that are observed in acidic soils where both AOB abundaneenamohia
availability are low{LehtovirtaMorley et al,, 2014, 2011)Ammonig rather than its protonated form
ammonium, ighe substrate for AMOAmMmonia and ammonium are in a foldpendent equilibrium

and ammonium is the predominant form in acidic pM.mapr problem in the progress of AOA
research is the difficulty in culturing isolates. It often takes years to isolate a strain and the growth is
often slow and difficul{Liuet al., 2019) Many AOA isolates also still retain th€andidatusstatus
because culture collections have difficulties \ghog them. In this thesis,W/. Nitrosocosmicus
FNI Yy 1tFyRdzZAQ [/ mo gl igaulebyBcRail rkhadoy fion &gricidiublRol that
grows relatively edly and tolerates high ammonia concentratiofiehtovirtaMorley, Rosset al,

2016)

alyeg ' h! gSNB (K2dAKG G2 0SS YAE2GNRLKAOketRdzS (i 2
acids(Qinet al, 2014; M. Touraet al,, 2011) However, radioactive tracer studies showed that these
O2YLRdzyRa 6SNB o0l NBfé AyO02NL]R NI &kefoRucids weie2usedto 2 YI & &
detoxify hydrogen peroxide ¢B,) (Kimet al,, 2016) The HO,sensitivity of AOA and their mechanisms



to deal with this are thought to be important factors determining the abundance of AOA in the

environment.

1.6.3 Complete ammonia oxidisig bacteria (comammox)

Comammox organisms were predictedlBi7 7by E. Broda baseamh evolutionary and thermodynamic
grounds.Costaet al.(2006)argued that a complete nitrifier would be outcompeted by partial nitrifiers

in many enviroments, based oKinetic theory of optimal pathway lengtiidowever, they also argued

that under circumstances where maximisation of growth yield is favoured as opposed to growth rate,
comammox would be favoured. Conditions characterised by low mixing efratds such as biofilms

and clonal clusters were posed to be good candidate niches. Indeed, in 2015, two groups
simultaneously published clear evidence of complete nitrification by a single microorg@dresmset

al., 2015; M. A. H. J. van Kessighl,, 2015) €a Nitrosospirak y 2 LIJwglsleriribed from amicrobial
biofilm on the walls of a pipe under the flow of hot wat@aimset al., 2015)and €a Nitrospira
nitrificans) I GaFb AW N2 & LJA KMdm ay amimN@usrdxifizing biofilm,sampled fromthe
anaerobic compartment of a trickling filter connected to a recirculation aquaculture sy®ferA. H.

J. van Kessetl al, 2015) Thesecomplete ammonia oxidisers were shown to Wgrospirabacteria,
previously considered to be nitrite oxidisers and showed a high affinityrior@nia and a high growth
yield as predictedKochet al., 2019) Unexpectedly, comammox bacteria are not confined to low
nitrogen environments and have been found to-acur with AOA and AOB in a wide variety of
environments, sketching a complex picture of the interactions between these groups and the

environment(Kochet al,, 2019)

1.6.4 Heterotrophic ammonia oxidisers

Heterotrophic ammonia oxidisers are a severely understudied group of ammonia oxidisers and are
rarely even mentioned in literature. Heterotrophic ammonia oxidiseas oxidise ammonia but
cannot grow on it as the only sourcearfergy. Their pathway and intermediates are mostly unknown
but nitrite and hydroxylamine have been implicated in their metaboli§astignetti & Gunner, 1980;
Papenet al,, 1989) Some heterotrophic nitrifiers posseshe capability to also aerobically denitrify
(Chen & Ni, 20113nd as a group they are likely to contain new enzymes carrying out new reactions.
To emphasise this point, a recent study isolated a novel heterotrophic nitrifier containing no
homologuego AMO or HAO, capable of oxidising ammonia to hydroxylamine with nitrogen gas as an
end product(M. Wuet al,, 2021) The authors of this study were able to identify and express the genes
for ammonia oxidation ifE. colii 2 ¥ dzNII KSNJ dzy N> ¢St (GKS LI GKgl & | yR
for the direct oxidation of ammonia to dinitrogen gdswas later shown thahydroxyamine was
oxidised to M by a hydroxylamine oxidase thatas not homologous to any knowrydroxylamine

oxidases(M.-R. Wu et al., 202). This highlights the possibility for new enzymes and chemistry in
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heterotrophic nitrifiers and the possibility for its use in wastewater treatment plants where

simultaneous nitrogen and carbon consumption is often desired.

1.7 Enzymology oAOM

Ammonia nonooxygenase (AMO) is the key enzyme in ditidation and is the first enzyme of the
NH; oxidation pathway in AOB, comammox and AOA. Although the archaeal and bacterial AMOs show
deep phylogenetic divergenc@Valker et al, 2010) both convert ammoniumio hydroxylamine
(NHOH)(N. Vajralaet al, 2013) The bacterial and archaeal pathwalfggUrel-3) likely diverge after

the first step, with a unique enzyme system for each group. Comammox bactetiiaoaight to be

NOB whichhave obtained the necessary genes forsNkidation via a lateral gene transfer from AOB
(Daimset al, 2015; Palomet al, 2018; M. A. H. J. van Kesseal,, 2015)and while their AMO and
HAOform a distinctcladefrom the AOBPjevac et al., 2017)heir overall enzyme system is thought
to be similar.Thus,a sequential conversion of ammonia to hydroxylamine by the AMO, followed by
the conversion of hydroxylamine to nitric oxida&s in the AOB, it is not known how nitric oxide is
converted to nitrite. The enzymology of the oxidation of nitrite by comammoxa$ discussedn
detail. It is important to note thaino physiologicakxperiments have been publishechravellingthe
ammonia oxidation pathway inomammox bacteriawith the exception of the kinetic properties of

the AMO(Jung et al., 20D,
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Figure 1-3 ¢ Pathways of ammonia oxidation in bacteria (A) and archaea-CB Taken from
(Lehtovirta-Morley, 2018) The role of NirK has nobeen demonstratedin any of the proposed
pathwaysand question marks indicate missinignks.

1.7.1 Ammonia oxidising bacteria and comammox

The bacterial Nkoxidation pathway is well characterised with only a few remaining ¢Bjggire
1-3A). As in all autotrophic AOM, the AMO performs the oxidation of ammonia to hydroxga This
enzyme has eluded purification in its active form and knowledge about the mechanism of action is
limited. However, while scientists in the field like to emphasise how difficult the purification of the
AMO s, it is unclear whether anyone haseatpted it in the last 15 years with emerging new
techniques. The last reported attempt was an ambiguous paper reporting the purification of a soluble
version of the AMO which did not show activ{tgilch, Meyeret al, 2009) Most structural data is
extrapolated from the closely related and betteharacterised particulate mbaine monooxygenase
(PMMO) from methane oxidising bacteria (MOB). Data generated directly from the AOB are often
obtained from whole cell or cell lysate experimeremilar to AOA, a lot dfinctionaland structural
understanding of the AM@as obtainedhrough work exploring substrate analoguasch as alkynes

and alkenegWrightet al, 202Q and references theren
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The bacterial AMO consists of three subunits, AmoA, AmoB and AmoC. Based on the pMMO crystal
structure (Hakemianet al, 2008; Lieberman & Rosenzweig, 200 AMO subunits are likely
arranged in a trimeric| (T )Js, complex composed of three protomers, each comitag an AmoA,

AmoB and AmoC subunithe active site of the pMMO is likely a dicopper center in the PmoB subunit
(Balasubramaniamt al., 2010;Culpepper & Rosenzweig, 2012hethree histidine residues that
coordinate the dicopper center Methylococcus capsulati&ath are conserved in the sequences of
methanotrophs, AOB, and AQRehtovirtaMorley, Sayavedr&oto, et al, 2016) In AOB genomes,

AMO is mostly arranged iamoCABoperons. The betaproteobacterial Aldxidizers possess an
additional divergenamoCcopy that is not a part of theamoCABperon which is thought to function

as part of the stress respongBerube& Stahl, 2012)

After the first step, NEOH is further converted to nitric oxide (NO) by hydroxylamine dehydrogenase
(HAO, formerly known as hydroxylamine oxidoreductase), a trimeric octaheme enzyme. One of these
hemes is the active site cofactor, P460, while the other seven are electron tranfetors(Cedervall

et al,, 2013) For decades, it was thought HAO converted®Hito N@ but recently, purified HAO

from N. europaeavas used ta@onvincingly show it catalysed the conversion ob@®H to NO, thereby
changing the perception of the bacterianmoniaoxidation pathway(Caranto & Lancaster, 2017)
Hydrazine (BHs) is an alternative substrate of the HAO and has been used ase@esafielectrons to

characterise the substrate promiscuity of the bacterial AWichael R. Hyman & Wood, 1984)

While it is possible that the bacteriammoniaoxidation pathway ends in NO, it is unlikely. Non
enzymatic reactions of NO with,@ould produce MO, NQ and N@Q. Based on several observations
such as the stoichiometric conversion of NGING the lack of N@ production and the fact that one
oxygen atom of N@ originates from water, AOB likely have a third enzyme that catalyses the
conversion of NO to NO(Lancasteret al., 2018) This hypothetical NO oxidoreductassmains
unknown, but several candidate enzymes have been proposed. TheoX@oreductase, NirK, has
been shown to be able to catalyse the reaction in both directigiimaet al., 2004) making it a
possible candidate. There is some evidence supporting the role of NirK in baatarraniaoxidation

such as thdact that nirKmutantsare able to reduce NO which suggests NirK has a role other than
participating in denitrification(Kozlowsket al, 2014)as well as the physiologic@lantera & Stein,
2007)and transcriptiona(Choet al., 2006)response of these mutants. However, some AOB aék
(Kozlowski, Kitgt al., 2016)and the phylogeny of the bacteriairKshows it has muiple evolutionary
origins(Lehtovita-Morley, 2018) Moreover, the kinetics of the reaction are unfavourable in cellular
conditions (Kits et al, 2019) It seems that whenever N@ay beinvolved in a pathway NirK
involvementis the immediate reaction, but very little experimental work has been done to reveal the

function of this enzyme in either AOA or A@Biother candidate enzyme is the red copper protein
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nitrosocyanin, encoded by thecyAgene. Its role as either an eleotr transfer protein or a catalytic
enzyme has been controversial in the literatkddz & Stein, 2014; Liebermaat al,, 2001)but it is
present in nearly all AOB at concentrations comparable to AMO and HAO and is thought to have an
essential function in bacterial Nihemolithotrophy(Klotz & Stein, 20145ince the discovery of NO

as an obligate intermediate immmonia oxidation Carantoet al. 2017) the hypothesis that
nitrosocyanin is involved in the catalysis of NO teN&s gained some extra traction. However, none

of the comammox bacteria possess a nitrosocyanin analogueegotbuld require a different enzyme
(Kitset al, 2019) Neither of these hypotheses are confirmed and this is the greatest remaining

guestion concerning the bacteriammoniaoxidation pathway.

1.7.2 Ammonia oxidisng archaea

AOA are notoriously hard to work with due to their low growth radesl yieldsand high maintenance
becausedhere are no reliable methods farepaiing freezer stock€Experimentswith cell extractsare
challenging with only onpaper describing successful lysate experimeassigied outin the marine
archaeonNitrosopumilusmaritimus (Konnekeet al, 2014) This combined with the lack of genetic
tools is reflected in the limited knowledge of the archaaaimoniaoxidation pathway. NKOH (N.
Vajralaet al., 2013)and NO(MartensHabbenaet al,, 2015)were identified as obligate metabolic
intermediates in the archaea@mmoniaoxidation pathway. Thesatermediates are similar to those

of AOB and suggest a metabolic pathway similar to that of AOB. However, apart from the AMO
enzyme, none of the archaeainmoniaoxidising enzymes have been identified and homologues to

the bacterialgenes encoding for ot enzymesn the ammonia oxidation pathwaare lacking.
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Figure 1-4 ¢ Phylogenetic tree of representative Bsubunits of members of the AMO/pMMO
superfamily taken from (Lawton et al., 2014) The tree shows the position of the AOAar away
from the other Cumonooxygenases The phylogenetic tree was constructedy curating6l1 Cu
monooxygenasesequences to contain domain 1 only and to remove the putative signal peptides

The archaeal AMO has a ~40% amino @dtity to bacterial AMQKdnnekeet al., 2005; Stahl & de

la Torre, 2012)The Archaeal AM@rms a distinct clugr from other Cumonooxygenases-{gure

1-4). However, amino acid sequence homology and structural homology modelling of the active site(s)
of the archaeal and bactial AMO and the pMMO indicate that the active site(s) may be conserved
(Lancasteet al,, 2018) This structural conservation is confirmed by the crystal structure of the soluble
part of the archaeal AmoB subunitiitrosocddus yellowstonifLawtonet al,, 2014) It is striking that

the archaeal AmoB-teérmini and the AmoC fermini are significantly truncated compared to the
bacterial AMO and pMMO, resulting in ~20 kDa of missing prdieshtovirtaMorley, 2018) In
addition, the AOA pogss a potential fourth subunit, AmdXreuschet al., 2005) The gene for this
potential subunitiamoX has been found adjacent @moAin all AOA genomes so féBartosselet

al.,, 2012; Kerowet al,, 2016)and it has been hypothesised to make up for the truncated part of the
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enzyme(Lawtonet al,, 2014) It has also been proposed to be homologous to an exogenous helix of
unknown function found in some pMMO structuréSulpepper & Rosenzweig, 201t its true
function has not been demonstted. Contrary to AOB and MOB, the archaeal AMO genes are not
always organised iamoCABperons. They can be in amoAXCRIluster which is typically the case

in marine AOABayeret al, 2016)but the genes are often not clusteré@pancet al, 2012)

Functional and structural understanding of the archaeal AMOihagased mostithrough work
exploring substrate analogugg®\nne E. Tayloet al, 2013; Wrightet al., 2020) This also led to
techniquessuch ashe use of octyne to distinguish between archaeal and bacterial ammonia oxidation

in soil microcosmgAnne E. Taylogt al, 2013, and the use of alkadiynes in combination with click
chemistry to label the AM@Sakoulaet al, 2021) For the largest part however, the archaeal AMO
remains a mystery and a lot of work needs to be done to characterise this enzyme. Nevertheless, it is
the only enzyme of the archaeammoniaoxidation pathway that has been confidently identified. The

rest of the pathway has been a topic of discussion for years, with plenty of hypotheses but a lack of

conclusive evidence.

AOA lack homologues to the bacterial HAO and thereforgORHbxidations expected to be carried
out by a novel enzymdWalkeret al,, 2010) All known AOA lack theheme maturase machinery.
Instead, the archaeal respiratory chains are most likely copper b&Selleper & Nicol, 2010)
Currently, there aréwo plausible hypotheses for the continuation of the pathway after the conversion
of NH:to NHOH by the AMO enzyme.

PR Y-
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molecule of NO into two molecules of N@igurel-3B) (Kozlowski, Stiegimeieet al., 2016) In this

model, a N@ reducingenzyme, possibly Nirkyould supply the NO that is necessary to fuel the

reaction. This model was proposed because of the observation that PTIO, a NO scavenger, strongly
inhibits AOA(MartensHabbenaet al, 2015) It is further supported by the production and
consumption of NO wuring NHOH oxidation(Kozlowski, Stiegimeiegt al., 2016)as well as the

isotopic signature of O which indicates that one molecule of N is produced froraaid the second

from NG (Stiegimeieet al., 2014) Some thermophilic AOA as well as a sponge sytmlAOA do not
possessiirKhowever(Abbyet al, 2018; Daebeleet al,, 2018; Kerotet al, 2016) which is hard to

consolidate with this model. Moreover, the A Nitrosocaldus islandicuacksnirK but is still

inhibited by PTIO, suggesting a different NO production mechaiismbeleret al., 2018)

The second model is highly reminiscent of the bacterial pathway whes®Nl$ converted to NO by
the unknown CtHAO and subsequently to NQFigure 1-3C) (LehtovirtaMorley, 2018) The

conversion of NO to NOmay be carried out by NirK which has been shown to be able to catalyse the
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reaction in both directiongWijmaet al., 2004) making it possible for this enzyme to participate in
both models. The importance of Nirks supported by its high expression levi{grouet al., 2016)
but its exact function remains uncleairK ofNitrososphaera iennensishas beenheterologously
expressed angurified and was shown to be able convertnitrite to nitric oxide, hydroxylamine to
nitric oxide andto producenitrous oxide fromhydroxylamineand nitrite (Kobayashi et al., 2018)
However, it is not cleawhat the role of these different reactions is viva Another NO oxidising
candidate is a purple cupredoxin isolated frdditrosopumilus maritimughat has been shown to be
able to oxidise NO to NQHosseinzadebt al, 2016) The rate of the reaction was slow, however,

and may not be physiologically relevant.

Finally, before a lot of the intermediate$ the AOA pathway were known, an MOuttling pathway
was proposedStahl & de la Torre, 2012l hile the proposed pathway does retactlyfit with some

of the experimental evidence obtained since then, it is still possible that asiW@ing mechanism

is in fact used by the AOA to tramsp electrons to the AMO for ammonia oxidaticand this
mechanism would fit with the importance of N® AOA and their sensitivity to NO scavengéise
hydroxylamine conversion to nitric oxide observed using purified nirK may contribute to this
hypothesigKobayashi et al., 2018)

The NHOH oxidation mechanism is the most sougfter enzyme irthe archaeal pathway. One of
GKS LINRPYAYSY(d aFdzyOGAz2ylf 1! hé¢ OF yRARerauStal. A a | Y
(2016) However, this enzyme is not in the core genome repertoirditbsotaleaspeciegHerbold

et al, 2017) This would require the unlikely loss of the original mechanism and the subsequent
evolution of a new NFDH oxidation mechanism Nitrosotalea Alternatively, an enzyme containing

an F420 cofactor could be the missing.NH oxidation enzymgerouet al., 2016) The key genes

for the synthesis of this cofactor are found in all AOA genomes and large amounts of F420 containing
proteins are producedSpancet al,, 2012) An F420 protein has been implicated in the detoxification

of reactive nitrogen species in mycobacteria so it could also have a detoxifying role ifisteadntini

& Mukhopadhwy, 2009) Two putative F42@dependent luciferasdike monooxygenase proteins that

are part of the core AOA genome were detected in high amounts in the proteonNisr@gosphaera
viennensisand Ca. Nitrosopelagicus brevi&Kerouet al, 2016) However, a counteargument for

these F42roteins is tle fact that they were predicted to be cytoplasmic whilmmoniaoxidation

most likely occurs extracellular{izehtovirtaMorley, Sayavedr&oto, et al., 2016) Lastly Lancaster

et al. (2018)suggested that a neheme Fe protein could be responsible for the ®H oxidation.

None of these hypotheses have been convincingly proven awod af lwork needs to be done to

elucidate the archaealmmoniaoxidation pathway.
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In this thesis, a focus is placed @) improving methods to study the AOA, &ploring substrates
and inhibitors ofknown andunknown enzymes in the archaeal ammonia otima pathway, (3)
developing methods to study the archaeal ammonia oxidation pathavai(4) the identification of
enzymes of interest in the AOMeadwayin any of these objectives could massively improve our

understanding of these ubiquitouganisms vital to the global nitrogen cycle.

18



2 Materials and methods

2.1 Materials

Analytical grade chemicals were obtained from Sigidrich (St Louis, MO, USA), FisBerentific
(Loughborough, UK), Melford (Ipswich, UK) and Formedium (Hunstantont>NHdydrazine sulfate
(>98% purity) was purchased from Cambrithggopelaboratories (CAS No. 88430-7).

2.2 Growth of microorganisms

The glassware used to grammonia oidisers was acivashed with 10% v/v nitric acitd remove
any contaminantadheringto the glassAll solutions were sterilised by autoclaving for 15 minutes at
121 °Cat 15 psior by passage through a 0.2 pore-sized disposable Minisart syringe filtg&igma

Aldrich/Sartorius, Germanydr heatsensitive solutions.

2.2.1 Growth conditions

Unless otherwise specified, the organisms were growthéngrowth conditions tated in Table2-1.

Purity of cultures was monitored by microscopy and screening for contaminants on R2A agar plates
(Oxoid, Basingstoke, UK3ubculturing wasarried out by transfer (0.1-:10% inoculum) to fresh
medium when NGy reached concentrations specified ifTable 2-1, associated with mido late

exponential phaserhis was also when cells were harvestedefqueriments.

Table2-1 ¢ growth conditions of ammonia oxidisers

Organism T(CQ Agitaa [NH] Dark/ [NO;] (mM) Reference

tion (mM)  light for transfer
WYa Nitrosocosmicus 37 / 5 Dark 1¢1.2 (LehtovirtaMorley, Ross.
FNI Yyl yRd: etal., 2016)
Nitrososphaera 37 / 2 Dark 1 (Stieglmeier et al., 2014)
viennensi€N76
Y/ | @ Nitrosotalea| 37 / 0.5 Dark 0.1 (LehtovirtaMorley,
sinensi§Nd2 Sayavedréoto, et al.,

2016)

Nitrosomonas 30 200 50 Dark 15¢18 (Stein & Arp, 1998)
europaeaATCC19718 rpm
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2.2.2 Media composition
All solutions were prepared in dd@, usng acidwashed glasswareTo makeup the media the

following stock solutionsvere required:

Fresh water medium (FWM) salts contained per litre:

NacCl 10g
MgC}-6H0O 0.4¢g
CaGl2HO 0.1g
KHPQ, 0.2 g
KCl 059

Modified non-chelated tracesolution (Konnekeet al., 2005)containedper litre :

HCI (12.5 M) 8.0 mL
H:BQ 30.0 mg
MnCb-4HO 100.0 mg
Cod-6HO 190.0 mg
NiCh-6HO 24.0 mg
Cud-2HO 2.0 mg
ZnSQ7HO 144.0 mg
NaMoOs-2H0 36.0 mg
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Vitamin solution (pH 7.0) contained per litre:

Biotin 0.02g
Folic acid 0.02g
Pyridoxine HCI 0.10g
Thiamine HCI 0.05¢g
Riboflavin 0.05¢
Nicotinic acid 0.05¢
pi-Pantothenic acid 0.05¢
rAminobenzoic acid 0.05¢g
Choline Chloride 2.00g
Vitamin B> 001g

HEPESuffer (1 M HEPES, 0.6 M NaOH, pH 7.5) contained per litre

HEPES 119.0 g

NaOH 12.0g

MES hydrate buffer (0.5 M pH 5.8pntained per litre

MES hydrate 97.62g

2221 CabA(iNRP&a202aYA0dza FNIXyl1flFyRdzAQ [/ mo

TheC13growth medium was prepared by the addition to 1 L FWM mineral salts solution of 1 mL trace
element solution, 1 mL vitamin solution, 1 mL FeNaEDTA solution (7.5 mM), 2 mL Sodium Bicarbonate
solution (1 M), 10 mL HES buffer (1 M HEPES, 0.6 M NaOH) an@INidlution (1 M) was added as
growth substrate(5 mM). 1 mL of menol red (0.5 gt) was added as a pH indicator and the final pH

was 7.6
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2.2.2.2 Nitrososphaera viennensiEN76
The growth medium forNitrososphaera viennais was identical to that of Nitrosocosmicus
franklanduswith the only differences being the addition of 0.5 mM sodium pyruvate from a 1 M stock,

50 mg t* kanamycin and 2 mM NBI as opposed to 5 mM final concentration.

2.2.2.3 CaNitrosotalead A Y SYaAaQ bb5H

The Nitrosotalea sinensigrowth medium was prepared by the addition to 1 L FWM mineral salts
solution of 1 mL trace element solution, 1 mL FeNaEDTA solution (7.5 mM¥odliorh bicarbonate
solution (1 M), 5 mL MES hydrate buffer (0.5 M pH 5.3), 2.5 mL 10% HCI solution and 0.4@M NH

from a 1 M stock solution as growth substrate.

2.2.2.4 Nitrosomonas europae®TCC19718M R Hyman & Wood, 1985)

N. europaegrowth medium was prepared Hirst adding the following components into 900 mkQH

to make up thesalts:3.3 g (NH).SQ, 0.41 g KHPQ, 0.75 ml 1 M MgS(stock solution, 0.2 ml 1 M
CaCl stock solution0.33 ml 30 mM FeS@0 mM EDTA stock solution and 0.01 ml 50mM GuSO
stock solution.Then,100 mL of 500 mM phosphate buffer (pH 8) 8 mL of 5% (W& Q solution

were added to the 900 mL salts

2.3 Cell counts

Cell counts were performed using eofocol adapted from(LehtovirtaMorley et al., 2014) Briefly,

the total cell concentration was determined in 1 mL samples. Thirty microlitres of 200 pg/mL DAPI
(4,6-diamidino-2-phenylindole) was added to 1 mL culture, and samples were incubated for 5 min in
the dark. Stained cells vacuum filtered ont@gclopore 0.22m poresized black polycarbonate filter
(SigmaAldrich) and dried filters were mounted on glass slides with immersion oil and a cover slip.
Cells were imaged usingZaeiss Axioscope 50 microscope (Carl Zeiss Ltd, Cambridgé&ivekflelds

of view werecounted on each filter. Depending on the growth stage, samples were diluted to result

in 10c500 cells per sample.

2.4 Cell harvesting and preparation

C2NBEPWY bAGNRE&A2023&YAOdA. vidgnNdnssmid! ty Rate@xponehtigl Reulture
(corresponding to 1,009 1,500 uM N@ accumulation) was harvested via filtration using a .22

pored AT S t 9{ YSYOoNI & DMIGHNENIZ2OR2AIYIAODENIFNG y¥ £ | y Rdza
times on the filter using 100 mL 10 mM HEBEBered FWM salts (pH 7.5) to remove residual nitrite

and ammonia. Harvested cells were resuspended by turning over the filter and flushing with fresh
solution to dislodge the cell®l. viennensisells adhered more strongly to the filter than other strains

and werescraped from the filter after filtration and subsequently washed three times in 100 mL 10

mM HEPES8uffered FWM salts (pH 7.5) by centrifugation (10 min, 4,000 g), before finally
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resuspending in fresh HER&®IzZF F SNB R C?2 g£a Nittodotaldadsine@s2NI = ¥ Wte-R
exponential culturecorresponded tal00¢ 200 uM NQ@. The cells were washed three times on the
filter with 200 mL 2.5 mM MEBuffered FWM salts (pH 5.3) and were resuspendefieish buffer.
ForN. europaeal00 mL mieexponential cultue (1518 mM NQ) was harvested by filtration, washed
three times with 100 mL 50 mM sodium phosphate buffer (pH 7.8) containing 2 mM,,Mg@dl
resuspended irfresh buffer. After harvesting, the cells were incubated at their respective growth
temperaturesfor 1 h to consume any remaining ammonia. Background W&s measured prior to

commencing the experiments to determine the baseline levels.

2.5 Nitrogen quantification

2.5.1 Nitrite determination

Growth and activity of the cultures was monitored by nitrite accuatiah. Nitrite concentration was
determined using a colorimetric assay with Griess reagent inveedigplate format(LehtovirtaMorley

et al, 2014) Briefly,20>Lof sufanilamide solution (5 g'iin 2.4 M HCI) was added to 180of sample

or standard, followed by the addition of 2@ N-(1-naphthyl)ethylenediamide solution (3 g*in 0.12

M HCI) The detection limit was <fiM. Absorbance was measured at 540 nm using a VersaMax
microplate reader (Molecular Devices, CalifornikgA).Standards wergreparedin duplicate using
KNQsolutionsNI y3Ay 3 FTNRBY mdc G2 pn >ad

2.5.2 Ammonia determination

Ammonium (NHk) was determined colorimetrically using a modified indophenol metheithg96-

well plates Workingreagent was prepared by mixing 1:1 vol/vol ratio sodium salicylate solution (27.6
g L* sodium salicylate and 0.9 ¢ kodium nitroprusside in 0.5 M NaO#jth sodium hypochlorite
solution (3% vol/vol sodium hypochlorite in 1 M NaQW)1 siof working reagent was added to 100
>f 2F &l Y L%taBdardsiwerng Rdrfddded in duplicate and prepared usingQNblution
ranging from 10t0 256 a @ ¢ KS | 0 aneasiirddal €S nmawlavielength using a VersaMax

platereader (Molecular DeviceEA, USafter an incubation time of 20 min

2.5.3 Hydroxylamine determination

To measure hydroxylamine, it was reacted wthydroxyquinoline quinolinol) to form the stable
indooxine (5, &uinolineguinone(8-hydroxy5quinolyimide)) which absorbs light at 5 nm
Hydroxylamine was measured in 1 mL cuvettes or 96 well ptatesading the absorption at 705 nm.
Briefly, the protocolwas performedas follows 200 plof 50 mM Phosphate buffer pHwas added
into a 2 mL tubel60 pL water was added, followed B0 pl sample and 40 uP% wi/v trichloroacetic
acid in water Then,200 pL ofi% wi/v 8hydroxyquinoline (quinolinol) in 100% EtQ¥s added
followed by 200 pL of 1NMlaxCQ. The mixture was pipetted up and down and was incubated at 100
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°Cfor 1 minute, after which the absorption at 705 nm wasasured A standard curve wasrepared

in duplicate,and the linear range was.02-0.1 mMhydroxylamine.

2.5.4 N stable isotope analysis
To determine if Mis a product of hydrazine oxidatiod®N-hydraine sulfate was added to a
concentration of 500 uM to cell suspensions as described above®sadnd N, production was

investigated. If Mis produced front®N-labelled hydrazinen enrichment idi°N; was expected a¥N;

cannot be a product of thiNS I Ol Ga@ y A (I MR &2 O2 & YA O dkdeurdpdlwére f | Yy R dz&

harvested, washed, and rested as described above (~3 anth~4 x 1®cells mt!respectively). For
abiotic controls, samples containing just the media components were included as well dslleeat

cells (121C for 15 min). Additionally, phenylhydrazine treated samples (100 uM, 1 h) were included
to see if this would inhibit®N, production. Incubations were carried out in triplicaté’N-labelled
hydrazine sulfate was added from a concentrated aqueous stock after which the vials were sealed
with twice-autoclaved butyl rubber seals and incubated for 1 h at the respective growthaenpe

of the organisms. The vials were shaken (180 rpm) to ensure gas exchange between the liquid and
headspace. Headspace gas (10 mL) was then sampled usingighyagringe fitted with a Luelock

and injected into preevacuated (<0.1 atm) 12 mL éaimers (Labco). Gas samples were analysed using

a Sercon CryoPrep gas concentration system interfaced to a Serc@f Bdtoperatio mass
spectrometer (Stable Isotope Facility, University of California, Davis, USA). Molar fractions were
calculated from he isotope ratios and the A\toncentration in the vials. The amount BN; in the
fAljdZAR g1 a OI f Odz{3R)an8 KRandindl LoyidRions &gl WEB @ided fo the téthk

formed. The background amount N, from heatkilled cells was subtréed.

2.6 Inhibition, activity, recovery and growth assays

2.6.1 96-well inhibition assays

To test the inhibition of ammonia and hydroxylamine oxidation by several inhibitors,eeb6
microtiter plate was prepared with 5 pul inhibitor from concentrated aqueous stamk5 pl dBO
(controls) in each well. The inhibitors were diluted to their final concentrations with 95 ul cell
suspension (~2 x $0~3 x 16, ~9 x 18and ~2 x 1®cells M F 2Q¢P Yo A G NP 42 O2 & YA Odza
N. europaeaN. viennensis y Ra Nii N2 & 2 (i | £ Sdspedctively) STiciplate @as incubated at
the respective growth temperature for 1 h, and after inhibition, 2 pl of substrate (either ammonia or
hydroxylamine) was added to each well and the plate was incubated for another hour. ©&agest

was added to stop the reaction and to determine nitrite concentration. Background nitrite at T = 0
was subtracted, and the nitrite production was normalised to the controbOHtlependent N@
accumulation in AOA is not stoichiometric with J0H consumption(Kozlowski, Stiegimeieet al.,

2016)and the threshold for NMDH toxicity in AOA is lower than in AOB, leading to low levels pf NO
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accumulation in AOA with this substrate. Therefothe absolute, rather than relative, NO
accumulation are shown with NBIH as substrate. The final ammonia concentration waguh@nd

final hydroxylamine concentrations were 1M for N. europaed Yy Ra N#rosotalead A Y Sy 4 A 4 QX
Hnn X&adFDRNIGWE a2 02 a YA ONladenrendEdch Bissay Ratziidd outay |Bast

two times with similar results with three technical replicates for each treatment.

2.6.2 Activity, inhibition and growth assays

Aliquots of 5 mL @l suspension were added to asithshed 23 mL glass vials and inhibitors were
added from concentrated aqueous stocks. The vials were sealed with-awtoelaved butyl rubber
seals and incubated in the respective growth temperature of the organisms. Araraod/or nitrite

and/or hydroxylaminavere assayed at regular intervals. All treatments were performed in triplicate.

2.6.3 Recovery

After 1 hour inhibition as described in the previous section, the cells were washed by filtration and
resuspended in their resptive media supplied with substrate. The vials were then incubated for 8 h
and NQ was measured every 30 min for the first two hours and every 60 min thereafter. All

treatments were performed in triplicate.

2.7 ATPassay

To assess the effects of hydrazine gheénylhydrazine on ATP production, cells (~2%ahd ~3 x 19

cells mt: T 2GHP Wb A (i NP a 2 O &WopdeaeSp@ctiviely) Rere first washed and starved
without any substrates for 1 h to deplete internal ATP levels. For killed controls, cellawtectaved

at 121aC for 15 min. Préreatment of cells, where necessary, was performed by incubating for 1 h
with 100 uM phenylhydrazine at the respective growth temperatures. Experiments were performed
in opaque black 9&vell plates which were preparedvith 5 pl of 20 times concentrated
substrate/inhibitor stocks (100 uM final concentration) and 95 pl of alive or dead cell suspension. The
cells were mixed with the different inhibitors and substrates by pipetting and were then incubated for
10 min at therespective growth temperatures. ATP accumulation was then measured using a
luminescence assay based on the luciferase enzyme (BactTiter Glo; Promega, Wisconsin, USA).
BacTiterGlo reagent (100 pl) was added, and luminescence was measured every 5 mira using
Spectramax ID5 plate reader (Molecular Devices, California, USA) with 1 s integration time. The
luminescence values reached their maxima after 10 min and remained stable 1@ fin thereafter.
Therefore, fluorescence was measured 10 min after anldiof the BacTiteGlo reagent. The data

were normalised against the Mttontrol (100%) (0.1 mM NBI). Killed controls were all very similar

and were subtracted from their respective live measurements. Each assay was done at least two times

with similarresults and with three biological replicates for each treatment.
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2.8 Oxygen consumption experiments

A Clarktype electrode (Rank Brothers, Cambridge, UK) was used to determine substhated
oxygen consumption. The instrument comprised of a 3 mL reactiambbr which was sealed with a
stopper containing an injection port. Temperature was maintained by a circulating water bath
(Churchill Co. Ltd, Perivale, UK). The temperature was set to the respective growth temperature of
each microorganism and the electte was calibrated as described previousBreen & Hill, 1984)

The polarising voltage was set to 0.@3&ll suspensions (3 mL) were fully oxygenated by stirring for 5
min without the stopper. The chamber was then sealed, and the eslogs rate was established for

2-5 min, and substrate was injected in 15 pL volumes from freshly made concentrated aqueous stocks
of NH*, NHOH or NHs. Endpoint inhibition assays informed the choice of substrate and inhibitor
concentrations for the @uptake experiments. Experiments were carried out with either uninhibited
cells or with cells preincubated with 100 uM phenylhydrazine (~Zad®~3 x 18cells mE ¥ 204 W
bAGNR &2 02 3aYA OdA. eFdddegedpctivglyy. dedirie wasyhRased at the end of each

O, uptake trace. Abiotic controls for all treatments were performed using buffered salts without cells
and oxygen consumption never exceeded 0.5 uM-inReactions were performed in triplicate with

similar results.

2.9 Proteinanalysis and cell extract preparation

2.9.1 Cell extract preparation
Cell extract® TalVA (G NB & 2 O2 a4 Y A O dz&eretmidde yising tvy/TyRidziiethods. iells were
kept on ice at all times after harvesting or after freezing. Cell extracts were prefeuably

immediately after lysis, alternatively they were stored froz&t®(°C).

2.9.1.1 French press

When using the French press, cells were washed an additional time (before freezing) using HEPES
buffered FWM salts (pH 7.58liluted 1:7 with HO. This osmotic stes enhanced the physical
destruction of the cell§Konnekeet al,, 2014) The cells were suspended in up to 4 mL of precooled
buffer and were then passedg3 times through a chilled (4 °C) French press cell at 1 000 psi. Finally,
the cell extracts were centrifuged (10 min, 17 000 g, 4t6@emove any insoluble components and

large debris.

2.9.1.2 Beadbeating
When beadbeating, cells were suspended in 1 mL chilled (4 °C) buffer and ad@8edItbysing Matrix
E tubes (MP Biomedical, Eschwege, Germankgcellswere beadbeaten for 40 secat 6 m/sec

accordingto the instructions from the manufacturer. Finally, the cell extracts were centrifuged (10
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min, 17 000 g, 4 °C) to remove any insoluble components and large debris, as well as to separate them

from the beads.

2.9.2 SDSPAGE

SDSPAGE was perforndeusing commercial precaiR%gels and premade buffe(§ruPAGE, Sigma
Aldrich) To run the gel, protein samples were mixed 3:1 with loading buffer containing 40 % glycerol,
240 mM Tris (pH 6.8), 8 % (w/v) SDS, 2 % (vivwr2aptoethanol and bromophendslue to visualise

the sample. The gel along with 500 minning buffercontaining25 mM Tris, 192 mM glycine and
0.1% SDS (pH 8wWas added to the gel tanKCell SureLock Midiell Thermo Fishegnd up to 154L
sample(80 pug max) was laked. The gel was first run at a constant voltage of 100 V for 10 min to

ensure samples entered the gel evenly, and then for 60 more min at 160 V.

2.9.3 Colourless native PAGE

Native gels were prepared to 5 or 10 % acrylamide using premixed 40% (w/v) acrylam{@&/5:1)
(Sigma Aldrich)Tris buffer (1 M stock, pH 8,8) was used in a final concentration of 180 mM and was
mixed with HO and acrylamide. Finally, 200 uL of 100 mg amhmonium persihte and 20 uL TEMED
were added and mixed thoroughly tatalyseacrylamide polymerization. This solution was added to

a gel cassette and a comb was fitted. The gel was left to solidify and was either used immediately or

could be stored at 4Cby wrapping with wet tissue and then wrapping with plastic foil.

To run thegel, protein samples were mixed 3:1 with loading buffer containing 40 % glycerol, 240 mM
Tris (pH 6.8) and bromophenol blue to visualise the sample. Running buffer was made from a 10x
concentrated stock with final concentrations of 25 mM HiSl and 192 M glycine (pH 8.8). The gel
along with 500 mL running buffer was added to the gel @€®ell SureLock Miiell Thermo Fisher)

and up to 25uL sample was loaded. The gel was run at a constant current of 20 mA to avoid heating

and consequent denaturing difie proteins.

2.9.4 Blue native PAGE

Commercial BNPAGHEI¢16%gels, running buffe(both anode and cathodednd sample buffer were

dza SR 6bl GABSt 1 D93 b2@SEO0® bl GABSal Nyl n dzyaidl AySR
marker. The gels were run accordingltoK S Y I ydzF I O dzZNBENRa LINR G 2-02f azx
chilled running buffers4(°C) at a constant voltage of 150 V for one hour and then at 250 V for the
remainder of the run (3@ 90 min). This results in gels with a deep blue cottueto the included

Coomassie @50. Only the most abundant proteins are visible this way and for visualisation, extra
processing is necessary. To do this, the-§&aining protocol provided by the manufacturer was used

which has a sensitivity of ~60 fghen binding tdbovine serum albumin)=irst, the gel was placed in

100 mL fix solution (40% methanol, 10% acetic acid) and microwavadximum wattagdor 45 sec.
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Next, the gel was placed on a rotary shaker for 15 minutes at room temperature. The fix Solution was
decaried, and 100 mL dsetain solution (8% acetic acid) was added. It was then microwaved for
another 45 sec. Finally, the gel was placed on a rotary shaker at room temperature until the desired

background was obtained.

2.9.5 Coomassie stain
Protein stainingwas caried out usinga commercial coomassie mix (InstantBlue, Merck) which did not
require a destaining step. Gels were stained for at least ard typicallyovernight on a rotary shaker.

Thegelswere then rinsed and stored i@ before visualisatian

2.9.6 Syproruby stain

The SYPRO® Ruby protein gel stain (Invittaggmo.S12000 was carried out using the instructions
from the manufactureusing the basic protocdFirst, the gel was fixed using 50% methanol, 7% acetic
acidon an orbital shaker for 30 min. This was done twidgen, the Sypro ruby gel stain wadded,

and the gel was left on the shaker overnighinally, the gel was washed using 10% methanol, 7%
acetic acid solution for 30 miriThe gel was kept in the dark and visualised uaihgphoonFLA9500
(GE Healthcadawith a473 nm laseandthe LPG filter for detectioroptimal excitationis at450 nm

and emissiorat 640 nm).

2.9.7 Catalase activity stain

Thisprotocol is based on that described(MWoodburyet al, 1971) After thenative PAGEel was run,
the gelwas washed three times with distillecd® on a rotary shaker for 15 mifthegelwas then
transferredto a Q003 % KO, solution for 10 min after which it was briefly rinsed with distillegDH
The gelwas thentransferredto a solution of ferric chloride and potassium ferricyanide ({wW#)
each) for 10 min. This solution was prepared fresh every time from(®&/9 stock solutions. The
staining solution was poured off and the gel was briefly rinsed wiB. fihe proteinbandswith
catalase activityappeared yellow on a dark gredackgroundbecause kD, was consumed at these

spots The coloumwasstable for at least several hours. The gel was stored@ikithe dark.

2.9.8 Protein precipitation

The reaction is described for QQL protein sample in a 1.5 mL Eppendorf tube but can be sopled
accordingly. First, 400 uL methanol, 100 pL chloroform and 300:Qiwete added to theprotein
sample with vortexing thoroughly in between each addition. After the addition of the wéter,
mixture be@mecloudyand started toprecipitate. Next, the mixturgvas centrifugedior 1 min at 14
000 g, resulting in three layers: a large aqueous layer on top, a circutardlgdof protein in the
interphase, and a smaller chloroform layer &etbottom. The top aqueous layevas removed

carefully without disturbing the proteitayer. Another 400 pL methanalas then added to wash the
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protein and the samplevas vortexed. Finally, the samphes centrifuged 5 minutes at 20 000 g, which
causes therotein precipitateto pelletagainst the tube wall. Theupernatantwas removed as much

as possible, and the pelletas left to dry or dried under vacuum.

2.9.9 Proteinfractionation
Small scaldractionation techniques were used to purify the cell extracts $everal experiments.
These were carried out in small volumes2(® mL) using bench top columns or ammoniunfagal

precipitation.

2.9.9.1 Ammoniumsulfate precipitation

Ammaium precipitation was carried out by tretepwiseaddition of ammoniunsulfate crystals to
the cellextract The extract was continuously stirred and kept &C4The amount of crystals to be
added to obtain the desired fraction was calculated beforeharsing a calculator byEncor

Biotechnology ffttps://www.encorbio.com/protocols/AMSO4.htn). Fractions in steps of 20% were

used. When the salt was dissolved and the protein precipitatieelextract was centrifuged (10 min,

10 000 g) and the gernatant was used for further fractionation.

2.9.9.2 Anion/cation exchange chromatography

1 mL columns from Cytiva were usedr fanion (HiTrap Q)and cation (HiTrap SP exchange
chromatography The start buffer was 50 mMris (pH 9) and the ionic strength wasraesed by
increasing the NaCl concentration in steps of 100 i flow rate was ~1 mL miffior all solutions.
Columns were first washed with 5 column volun¢€¥)of start buffer,followed by 5 CV of 1M N
elution buffer and finally the column was dtjborated with 5 more CV of start buffer. The sample was
then appliedand washed with &V of start buffer to wash away excess prot&ifferent fractions
were then collected by addition of3 CV of different ionic strength bufferBinally, the column as
washed with5 CV of 1M NacCl elution buffer.

2.9.10 Preparation of gel slices for trypsin digestion

All washing steps were performed in 1 mL volumes for 20 min with strong vortexing unless otherwise
specified. Protein bands of interest were cut out frd@nomassie stained PAGE gels and were first de
stained in a 1.5 mL Eppendorf tube in 1 mL 30% ethanol for 30 min at 65 °C. This step was repeated
until the ethanol wagolourless The gel slices were then washed in 50 mM TEAB in 50% acetonitrile.
Next, thesamples were incubated with 10 mM DTT in 50 mM TEAB for 30 min at 55 °C. The DTT
solution was removed and replaced with 30 mM lodoacetamide (IAA) in 50 mM TEAB which was
incubated for 30 min at room temperature in the dark. The IAA was theroved,and the samples

were washed with 50 mM TEAB in 50% acetonitrile. The gel slices were then cut into 1 mm x 1 mm

pieces and added to a new tube. The pieces were subsequently washed with 50 mM TEAB in 50%
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acetonitrile, and then two times with 100% acetonitrile.diyn the acetonitrile wagsemoved,and the

samples were left open to dry or were dried under vacuum.

2.9.11 Protein identification

2.9.11.1 Preparation of samples for proteomics

Three times three bottles of L\€ad b A (i N2 & 2 O 2 & Ydel® dmre gfoNid ag tleBbed/iR dzi Q
section 2.2and three bottles were pooled to form one replicate. This was donedtis grown with
ammonia(5 mM)and urea(2 mM). The inoculum was prgrown withammonia or uredo minimise

the need for a metabolic shiftn the ammonia grown sapies the pH was adjusted using bicarbonate

to mimic the pH change in the urea grown samples and to minimisdiffgdlencesln the urea grown
samples2 mM urea was added when nitrite reached 0.5 rtdVensure urea was present when the
cells were harvestedCells were harvested and lysed as described in secfiohsand2.9.1.1
respectively A protease inhibitor mix was included in the bufferL D a ! G SigmasAldrich The
proteins in the protein extract were then precipitated using a methanol chlorofpretipitation as
described in sectio2.9.8. All samples were fractionated and labelled usinga ¢ 8 A ELJX SEx L &2
Label Reagent SéthermoFisher). Samples were analysed by mass spectrometry usi@gbétnap

9 Of A LJa S Scientifi@s$siedioy Dr Gerhard Saalbach (John Innes Centre). Data were processed

using Proteome Discoversoftware (Thermo Fisher).

2.9.11.2 Matrix-assisted laser desorptiondnization time of flight (MALDITOF) analysis

Bands of interest were excised described in section 2.9.80d sent for analysis at the Proteomics
Facility at the John Innes Centre. Samples were digested with trypsin and analysed by peptide mass
fingerpiinting using the Bruker Autoflex Speed MaldF/TOFAN identification was made hysing

the amino acid sequences from the whole genome sequence.

2.9.12 Protein quantification
Different protein quantification techniques were used depending on the amount of sareglired,
the sensitivity of the technique and compatibility of reagents with the techniques. Bovine serum

albumin was used as a standard in all assays.

2.9.12.1 Bio-Rad protein assay

The BieRad protein assay is based on the Bradford mettRid-Rad, Temse, BEat. no.5000006

¢CKAA laale ¢la dzASR gAGK | YAONRLXEFGS NBFRSNI OO
the standard procedure which has a sensitivity of 50 ug anlthe microassay procedure which has a

sensitivity of 8 ug mtbut requires more sample. In the standard procedure, dye reagent was
prepared by diluting 1 part dye reagent with 4 partH10 pl of he samples or standardgasthen

pipetted into the wells in triplicate and 200 pL diluted dye reagent was added. In theasgay
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procedure, 160 L of sample or standard was used and 40 ul undiluted dye reagent was added. After
mixing thoroughly using a pipet, the sample was incubated for at least 5 min at room temperature.
Finally, absorbance was measured at 595 nm using raaWexX™ microplate reader (Molecular

Devices, California, USA).

2.9.12.2 Bicinchoninic acid assay (BCA)

For this assay, a commercial kit was used (Pierce, IL, USA) according to the manufacturers microplate
protocol which has a working range 0f-2000 pg mt. A working reagent was prepared byglding50

parts ofa mix containing sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium
tartrate in 0.1M sodium hydroxideo 1 part of4% cupric sulfateBriefly, 25 pL of each standard or
unknown sample was pipetted into a microplate well and 200 pL of woréagent wasadded to

each well after which the plate was shaken for 30 sec. The plate was then covered for 30 min and
incubated at 37 °C. Finallthe plate was cooled to room temperature and the absorbance was
measured at 562 nm using a VersaWMamicroplate reader (Molecular Devices, California, USA). All

samples and standards were assayed in triplicate.

2.10 Activity based protein profiling (ABPP)

2.10.1 Treament with bifunctional inhibitor probes

Cells inhibited with bifunctional probes as described abavere harvestedand washed as described
above and inhibited for 1 hour at their respective growth conditions in their respective buffer solutions
(either HEPES or phosphate buffeging bifunctional inhibitor probes (100 puM). The cells were then
harvested and washed again and either used immediately or stored in the fre@petQ) for later

use.

Tested probes

1,5 Hexadiyne
Biotin hydrazide
Biotin-dPEG4hydrazide

N-(But-3-yn-1-yl)-4-hydrazineylbenzamide (aryl probe)

2.10.2 Copper catalysed azidalkyne cycloaddition (CUAAC)

Cells were suspended in 50 mM phosphate buffer (pH 7.4) containing 2 mM dgCthe CuAAC
reaction was carried out in this buffer. Other conditions were tested and are descril§dpter 5.
Reactions are described in a 75 pL volume but can be scalediaagy. A dye mixture was prepared

containing the fluoresceinazide probe, CuSOand Tris((thydroxypropytlH1,2,3triazot4-
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yl)methyl)amine THPTA Ascorbate and aminoguanidine were added to the sample first and the dye

mix was added subsequently. & mixture was left to react at room temperature in the dark for 1

hour.
Reagent Final Stock  Volume (uL)
concentration concentration
Ascorbate 5mM 100 mM 3.75
Aminoguanidine hydrochloride 5mM 100mM 3.75
Copper(ll) stihte 0.1 mM 15 mM 5
Tris((thydroxypropyt1lH1,2,3 0.5mM 5mM 5
triazot4-yl)methyl)amine (THPTA)
Azideprobe 10 uM 0.5 mM 1
H0O 6.5
Sample 50
Final volume 75

2.10.2.1 Fluorescent SDBAGE

For fluorescent SBBAGE, cells were lysed after inhibition using a French pressure cell or bead
beating. TheCuAAGeaction was carried out in a 75 pL volunies 1 hour at room temperature in

the darkwith fluorescein azidas the azide proheThe reactin was stopped by adding 25 pL of SDS
PAGE loading buffeafter which the gel was run as described befeveceptit was runin the darkto

avoid degradation of the fluorophore due to exposure to lightter electrophoresisthe gelwas
always kept in th darkuntil it was visualisetdy fluorescence imaging with an excitation lased&8
nmand f 2y 3InLI &aa o (MgeHonSXIEAERHRathcdd). 1 S NJ

2.10.2.2 Huorescerte microscopy

Fluorescence microscopy was carried out by Dimitra Sakoula as described in 8akb(2922).
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3 Optimising growth and laboratory methods of the mod@&OA
Nitrosocosmicus franklandu€13

3.1 Introduction
Growing AOA requires a lot of kndvaw and expertise and may be a barrier for scientists to introduce

them into their laboratoriesThis chapter tries to improve these conditions.

While cultivationon solid media has alwaybeen difficult in ammonia oxidisgrAOB can often form
microcolonies on plates or foreolonies on floating filteréPiconeet al.,, 2021; Wood, 2001)A0OAo0nN

the contrary, have not been grown on solid substraésssingle coloniesSong creative cultivation
methods have been published such as an agar stab mei@bdet al., 2015) the immobilisation of

AOA in hydrogel beadkandreatet al,, 2021)and most recentha LiquidSolidmethod using phytagel
(Kleinet al., 2022)but no bonafide cultivation method on solid medium has been described. The lack
of growth on solid media is also a limiting factor for research on genetic manipulation on the AOA as

this often requires a way of screening single colonies.

Being able to gnetically modify microorganisms is a corner stone of microbiology research. In a similar
fashion to thesolid media cultivationgenerating mutants in AOB is difficult but not impossible. The
large amount of established bacterial genetic techniques availean be translated to AOB and have
been used to knock out genes of interd&eaumontet al, 2002, 2004and even to generate a
reporter strain for nitrification inhibitor researcfiizumiet al, 1998) In AOAhowever, no genetic
techniques have been developed and archaeal researsigisficantlyless mature than bacterial

researchmaking it difficult to translate techniques of other organisms to this group.

The lackof robust and efficient growth methods and standard laboratory practices for AOA
considerablylimits the scientific progress. Firsthe lack of methods and toolénits reproducibility

between different laboratoriesThe fact that AOA can be sensitivethie glasswarepr the purity of

distilled water makes itdifficult to comparedata generated indifferent latoratories. The huge

differences in culture media between the AOA witiany of them requiring different additives

contributes to this challengeSeond, the slow growth and low yield of the AOA limit the number of

results that can be generated. Assays that can be done invee8@late in a single day with many
2NBFyAayYa OFy GF1S RFea 2N gSS1a (2 |lewpBinenNE g A (K
NBFR&Q ' h! A& NBIIANBRSE +Fy AYYSyas$S Fyzdyid 2F Y
necessary. Third, experiments requiring a lot of biomass, be it protein, DNA or othemégebe

outright impossible.No native purification experiment have been published and hardly any
experiments using protein extracts in AOA have been performed, with the notable exception

elucidaingthe AOA carbon fixation pathwdionnekeet al,, 2014)
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Something as simple as lysing archaea can be more difficult than most bactariangof the
methods used for bacteriare not compatible witlihe archaea. For exampligsozymewhich is often
added in commercial lysing matrices has no effect on arclaaethey do not have peptidoglycan in
their cell walls In general, mechanichreakagemethods are more effective in archa¢&aloneret

al., 2010)

In this chapter, improvements for the growth and handling of thedel AOA Nitrosocosmicus
franklandusC13 were evaluatedrirst, the use of bioreactors was explored for the growthNof
franklandusin batch, fedbatch and continuous mode with a biomass retention system. Second
methodsfor obtaining cell extracivere evaluated. Third, biomass was usedrtate cell extracts and

an attempt to create a hydroxylamine oxidation enzyme assay was made. Finally, a proteome analysis
wasperformedto compare the growth of the strain with ammonia or urea as substaaito identify

the most highly expressed protéin Gayp ®¥ F NI y 1 f | Yy Rdza Q

3.2 Results

3.2.1 Growth of N. franklandusin a bioreactor

For each experiment carried out in this thesis, several litres (2 L for small experiments ranging to ~20
L for cell extract work) of AOA culture were needPde to the difficuligrowth of the AOA and the
high requirements for biomass and protein, an attempt was made to ghitwosocosmicus
franklandusin a bioreactor. A plan was madehere in several runs the complexity of the system
would be increased, starting froniR(in 3 simply running the bioreactor in batch mode to see the
effect of pH and oxygen control on the growth compared to batch cultures without reguldtigaré
3-2A). In Run 2, the bioreactorwas runin a fed batch mode but with the addition of a biomass
retention system Figure3-2B).In Run3 and 4the bioreactorwas runin a continuous modeHigure
3-4A & B) where substratwas added at a constant rate and hiasswvas retained (retentostat). When
the desired density and substrate consumptimas obtained, a bleedvas added to remove dead

cells, resulting in a constant supply of active exponentially growing Eélsr€3-1A).
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Figure 3-1 ¢ Schematic of reactor setup (A), picture ofElectolab FerMac200 reactor setup
Reactor volume was 2.2 L and working volume was PBl), DAPI stained picture of biofilnbaken
in run 1(C), picture of turbid reactor with biofilm formation on filer taken during run 1(D).
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3.2.1.1 Run 1 (batch)

In the first run, the reactor was set up with 2 L of the standard medium with 5SmM &8igH 7.5, at
37°Cin the dark.The reactor wasnitially stirred at 100 rpm angtirringreduced to 50 rpm at day 10.
Oxygen wagept at 60% saturatiofy injecting sterile airContamination was observed at day 12 by
microscopy and appeared to be small rsldped cells. The contaminants, however, did not seem to
inhibit nitrification. Once aproximately 2 mM nitrite had accumulated, doubling times rapidly
decreased and the nitrite doubled every day. Such a fast rate of nitrite accumulediesuspicious
becausdi KS R2dzof Ay 3 KA WRI2ETQ Wal & diysemiBslsid béSduedto i 4 2
the contaminat being capable of ammonia oxidation. Alternatively, the pH regulation or oxygen
regulation couldhaveimproved growth. Approximately 2 mM nitrite is the threshold when the pH
decreases below seven in batch culturesrun 1 NaOHRvas used instead of bicarbonate regulate

the pH However, because the run was not continuous yet, it is unlikelyw@® limiting due to the
constant additionof CQ from the air and due to the initial 2 mM bicarbonate concentration in the

medium.

In earlier samples (dag2-15), the contaminant was much more prominent théh franklandusIn

later samples (day0-25), the contaminant was barely noticeable under the light microscope,
although still clearly present. Small brown particles were observed in the reactor. When examined
under the microscope, these particles appeared td\bdranklandusiofiims Figure3-1C). Biofilms
could be a potential problem especially when trying to fit a filter in later stages due to potential
blockage. This was, however, very promising as iffisult to get a comparable amount of growth at

this rate in unregulated batch cultures. It seems likely that the pH or oxygen in batch cultures limits
the growth. When all 5 mM substrate was consumed, additional substrate was added until 15 mM
nitrite wasreached, which is when nitrite has a negative effect on grofrigure 32A) (Lehtovirta
Morley, Rosset al, 2016)

3.2.1.2 Run 2 (fed batch / continuous)

To avoidcontamination, 5Qug mL* kanamycirwas added in the second rRigure3-2B). The pH was
adjusted with 1M sodium bicarbonate instead of 0.5M NaOH and 0.5M HCI (mititéies so pH
never needs to be adjusted down). Finally, due to technical problems with the oxygen electrode,

saturation was not measured and a constant airflow and stirring speed were agpllgchin, 200
rpm).

When the nitrite concentratiomndicatedthat most of the ammonia had been consumed (d4y, 500
ml of medium was pumped out through the filter (retaining biomass) and replaced with medium

containing 10 mM ammonium and 50 pg/ml kanamycin (resulting ina €oncentration of 2.5 mM
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NH* when added in the existing volume of 1.5 L of culture). This was repeated on day N.. No
franklanduscells were observed in the effluent from the membrane showing the biomass retention
system worked efficiently. At thipoint the cells reached a visibtarbidity and the reactor was
prepared to be run in a continuous mode. In continuous mode, the reactor will always approach a
steady state. For example, wheime reactor is fed wittb mM NH*, the reactor willadjustto this
concentration.When the substrate i9eing converted to N@, the concentration in the effluent
reflects the consumption rate. For example, when theld@ncentration in the effluent is consistently

2 mM, this means 2 mM of the 5 mM htddded iscontinuouslybeing consumedTappeet al., 1999)

To set up the continuous mode, 2.85 L of medium without ammonium was pumped thribieg
reactor on day 21 to dilute nitrite and ammonium, at which point medium containing 5 mM
ammonium and 50 pgLt kanamycin was added continuously. The flow rate for thend effluent

was adjusted to ~L day?, resulting in an hydraulics retentidime (HRT) of 2 days while the solid
retention time (SRT) was infinite (no solids removed at this point). Because turbidity was now
observable, cell counts were carried out by measuring OD540 and comparing this to a standard curve
prepared with a knowmumber of cells. However, a biofilm started forming on the filtEigure3-1D).

The biofilm could be loosened by increased stirring (>500 rpm)rfandte, but this resulted in flakes
coming loose and fluctuating the OD540 measurements. This made it difficult toagstthe true
numberof cells in the reactor at any given point and did not bode well for the efficacy and lifetime of

the filter membrane.
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Figure 3-2 ¢ Overview of the first two successful reactor runs. Batch mod#&) (Run 1)and fed
batch (B, white) combined with continuous (B, greylRun 2) Unregulated: no pH and ©control,;
Regulated:with pH, G control. A clear benefitfrom pH and Q regulation is visible. pH was
regulated using 0.5M NaOH and HCRed stars indicate addition of NiCI up to 5mM. Cell
quantities are based on OD540 measurements.

During the first 10 days of continuous operation, nitrite in the effluent stabilised to ~2 Timi4 was
due to oxygen limitation because when the aeration rate was increfsaa 5 to 10 L/ min on day
30, there was an immediate increase in nitrite production up to 5 mM. Thg iNHhe inflow was
adjusted to 10 mM on day 33 to explore the maximaoncentration of ammonia which could be

tolerated. The nitrite in the effluent further increased but never reached 10mM.
¢t2 O2YLINB GKS FTOUA@AGe 2F W/ I ® bd FNIYy|lflyRdzaQ
culture, 20 mL culture was reraed from the reactor (day 41) and 2 L of batgrown culture was

harvested. Both sets of cells were washesing HEPHESuUffered saltsand OD540 measured. OD was
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adjusted to 0.440 in fresh medium. 1mM ammonium was added and nitrite production was measured
every 30 min for 2 hour@-igure3-3). The cells in the reactor show88.5% of the activity of the bateh
grown cellsafter being in the reactor for 41 dayBhis was promising and showed a robustness in the
cell viability and activity. However, the reactor system should aim to provide equally healthy or
healthier cells compared to batch culture so the addition of a dl&e the system is essential to

remove dead cells.
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Figure3-3 ¢ Activity assay of batchgrown cells compared to reactor grown cell€ell
suspensions weraormalised to an OD540 of 0.440 amdtrite production was measured every
30 min for 2 hours Data of a single replicate is showii.he cells in the reactor showe#83.5% of
the activity of the batchgrown cellsafter being in the reactor for 41 days.

However, a pump malfunctioned overnight at day 50 and the reactor was pumped emptfiltdihe

membrane lost its permeability due to being dry for a prolonged time and the run had to be stopped.

To ensure that cellwere not inhibited by the nitrite in the reactor, NHn the influent was limited to

5 mM in subsequent runs. Despite limitations, the results were promising witmtimaber of cells

stabilising at ~2 x 0nL?, which is approximately 220x as much ais batch culture. It is likely that

W/ I d bd FNIYlflIyRdzaQ OFly 6S 3aINRgy (2 S@GSy KAIKS)

many improvements that can be implemented.

3.2.1.3 Run 3 and 4 (continuous)

The thirdrun (Figure3-4A) run was set up the same as the second, except instead of feeding in
batches, continuous mode was started as soon as the reactor reached 5 mM nitrite antibotics

were added once continuous mode was started. At this stage, nitrite in the reactor decreased while
the cell density increased as is expected until the cell density is high enough to consume all the

ammonia that is fed. However, the nitrite areell density stagnated and, likely due to biofilm
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formation, the cell density even declined slightly. It was found that this was again due to oxygen
limitation, and when the aeration rate was increased and the biofilm detached, nitrite production and
cell density increased again. When the reactor finally reached 5 mM nitrite, consuming all the
ammonia provided, the reactor overflowed and became contaminated due to a membrane failure.

This meant that the run had to be terminated again before a bleed coulttiied.
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Figure 3-4 ¢ Overview of successfuRuns 3 (A) and 4 (B)HEPES buffer was omitted from the
medium in these runs, no kanamycin was added oncentinuous mode was started. pH was
regulated using 1M sodium bicarbonatell of medium was pumped in and out of the reactor per
day. Cell quantities are based on OD540 measurements.

The fourth and final rufFigure3-4B)was set up in the same way as the third rbally grown culture
(1.6 Lwas washed and concentrated and used as inoculum. Continuous mode was started at day 9,

hence the drop in nitrite cozentration. Once the reactor reached a stable nitrite concentration of 5
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mM in continuous mode on day 26, the cell density kept going up for a few more days but then
stabilised. The cells may have been forming a biofilm on the fitjain,but this was ot visible On

day 30, 200 mL of the reactor volume was harvested, resulting in a drop in nitrite concentration but
an unexpected increase in cell density the following day. This was either due to increased growth rate
or because a piece of biofilm becamdetached. Another 200 mL was harvested on day 34, this time
resulting in a drop in cell density but no drop in nitrite concentration. This suggests there must have
beenenoughcells to maintain the consumption of all ammonia. This was promising as atedithat

the reactor was now in a state where 200 mL could be harvested regularly.

However, on day 36 the filter wddocked,and the reactor became pressured. 600 mL was pumped
out, but nitrite remainedstableand cell density was lower due to the dituti The reactor was run for

8 more days and on day 43 another 400 mL was harvested but another filter block resulted in another
overflow event and the reactor had to be shut down on day 44. It appears the filter has a lifetime of
3040 days instead of th&0 claimed by the manufacturer. Runs should aim to stay below 30 days for

that reason.

3.2.2 Evaluation oforeakagemethods

It is known that many archaea are resistant to widely used chemical lysis techii@pleseret al.,,
2010) andthe focus wagherefore placed on mechanichlreakage Pieviously, mechanicddreakage
by French press in combination with osmotic stress was usBliitimsopumilus maritimusvith great
succesg(Konnekeet al, 2014)and this technique with some modifications,was appliedto N.
franklandus Other breakagemethods like freeze thawing, SDS, Proteinase K, CTAB and fiaween
been attempted in the past but were fruitlesCell breakagewas evaluated byphasecontrast

microscopy.

Table3-1 Overview of testedbreakagemethods and their effectivity.Methods wereevaluated by
microscopy and SDBAGE-: no lysis, +: slight lysis, +good but incomplete lysis, +++: complete
lysis.

Lysis method Efectivity

Sonication (3 x 18e¢ 50kH2) -

Sonication (3 x 38e¢ 50 kHx +
French pres§20,000 psi ++
Beadbeating 40 sec at 6 m/sec) +++
Osmotic stress (D) + French press +++
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Severaimechanicabreakagetechniques were attemptedTable3-1) andbeadbeating and French

press were thanost efficient and least timeonsuming technigue Combination methods including

boiling and adding SD#&th the French pressvere attempted but maddittle difference.Alkaline

boiling isan excellentysis techniqud¢ Y R SFTFFAOASY G F2NJ W/ I & bd FNIyf
DNA and proteinThe addition of a washing step with diluted salts to introduce dgnsiress to the

cells improved the lysis in the French press similaX tanaritimus(Konnekeet al, 2014) An SDS

PAGE gel with the most efficient techniques wasto investigatethe efficacy Figure3-5).

Figure3-5 ¢ Coomassie staine@DSPAGE profiles ofdentical N. franklandusprotein samples
lysed with different mechanical lysigechniques.

When comparing the SEFAGE profiles of the two most successful lysis technifhesstbeating and
French press)samples lysed by bedzbating revealed severakotein bands that were notletected

in the samples lysed by French preSigyre3-5) and the protein yield was slightly highgrased on

band intensity) This technique may be preferable fortfasd low volume protein extraction while

the French press can more easily be scaled up and may be preferable when attempting to separate
the membrane and cytoplasmic fractiorf@nally cryegrinding is a labour intense method that can

yield high quality DAbut is hard to scale ufNicolet al., 2019)
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3.2.3 Making celHree protein extract and developing a hydroxylamine oxidation assay

Cellextracts were made by using the French press. Before Igdis veere washed an additional time

on the filter using diluted HEPHfiffered FWM salts (pH 7.5), 1:7 with@d This osmotic stress
enhanced the physical destruction of the cells (Konretkal., 2014). The cells were suspended in up

to 4 mL of precooled buffgiTris or HEPEShd were then passed @5 times through a chilled (4 °C)
French press cell &0 000 psi. Finally, the cell extracts were centrifuged (10 min, 17 000 g, 4 °C) to
remove aly insoluble components and large debifi$iis method was used for all further cell extract

experiments

3.2.3.1 Finding a suitable electron acceptor

In AOBthe activity of the HAO enzyme can be easily tested in cell extract with the addition of electron
acceptos and substrate. The reduction of the electron acceptors can then be followed to determine
the hydroxylamine oxidationactivity. Several electron acceptors were tested in the ARQA
franklandusunder aerobic conditions at room temperature in 50 mM Trisféuit pH 8 and the
reaction was started by adding 1 mM pOH.Cellree extractwas preparedy lysing cells using the
French pressosmotic shock combinatioand subsequent centrifugation akescribed above The
absorbancewas measured at the respectiweavelengths of the electron acceptors for 2 minutes
(Table3-2). The electron acceptors were chosen based on their efficacy as electron acceptors for HAO.
2,6-dichlorophenolindophenolDCPIP)phenazine methosulfate (PN$Caranto & Laraster, 2017)

and ferricyanide have all been routinely used to determine HAO activity in cell extracts of AOB
(Yamanaka & %ano, 1980) anammox bacteria(Schalk et al, 2000) and methanotrophs
(Versantvoortet al., 2020)

Table3-2 ¢ 9t SOGNRY | OOSLII2NRA (S&0ERN. frankignduD St §y R S B KISIA Qi

concentration. Concentrations compound and wavéengthswere chosen based on literaturef
AOB and MOB.

Electron Concentration Wavelength  Activity Reference

acceptor/dye (UM) (nm) observed

DCPIP 50 605 No Caranto & Lancast¢R017)

DCPIP + PMS 50 + 50 605 No Caranto & Lancastef2017)

PMS 100 388 No Caranto & Lancastef2017)

Ferricyanide 500 420 Yes Yamanaka & Sakand980,
Schalk et al. (2000,
Versantvoortet al. (2020
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Only ferricyanide showed any activity. While the conditions could be varied and different electron
acceptors could be used, it was decided to Ifather into the ferricyaniddo study hydroxylamine

oxidation The following assays were done fmjlowing the reduction o600 uMferricyanide at 420

nm.

3.2.3.2 Optimising pH and protein concentration
A pH rangexperimentwas carried out to determine the optimal pH for thgdroxylamine oxidation

assay. Only one replicate wasrformedto preserve precious material.

200 ug protein Blank reaction
% 120 40
£ 100 35
~ 30
5 80 o5
@©
5 60 20
S 15
3 40
@ 10
o 5
C
g 0 . . 0 l
= 6 7 8 9 10 11 6 7 8 9 10 11
()
- pH pH

Figure3-6 ¢ pH optimum ofthe reduction of ferricyanide in celfree S E (i NI ©éba® 2FINIW 1 f | y R dz&
when using 200 ug protein iB0 mM Tris buffer.Bars are values of a single replicate as not enough
material was available todo more.

The pH optimum appeared to be at pHa 95>M ferricyanide reduced after 2 minuteblowever, at
higher pH(>10),abiotic reactioms resulted inredudion of more ferrigzanidethan in lower pH (<10)
Thisinterfering effect from the abiotic reactiorseemed to be minimal at pH 9 so tlislwas chosen

for further experiments.

There is a fine balance between having enough sensitivity to detect activity and preserving hard to
obtain protein extract. Therefore, three concentrationscedl freeprotein extract were tested, 100,

200 and 400 gprotein to determine an optimal concentration. They were tested at both pH 8 and 9
and extract ofNitrosomonas europaegrepared in thesame waywas used as a positive control
(Figure3-7).
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Figure3-7¢ ¢ KS NBRdzOGA2Y 2F TFSNNAO2IGAP RS TANY Yy DESINY R ENS S|
europaeawhen usingdifferent protein concentrationsin 50 mM Tris buffer Bars are values of a

single replicate as not enoughmaterial was available to do more.

From these results, 200 pug protetoncentrationwas chosen to carry out further experiments as it

showed sufficient activity but saved on material compared to 400 pg. This experiment also

demonstratesa concentrationdependent activity as would be expected.

3.2.3.3 Fractionation

Next, an attempt was made to isolate the activity with the goal of getting a positive identification on
the enzyme causing the activity. First, an anion exchange column was u$edtionate the cell
extract Figure3-8). The sample was loaded on the column and eluted withal volume®f different
concentrations of NaCAn attempt was made to measure proteintime different fractions,but this

was almost always below detection limit, smless otherwise specified, the fractions were used

undiluted.
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Anicn exchange
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Figure3-8 ¢ Profile ofthe activity in the different fractions after anion exchange fractionation.
Activity is expressed as concentration of ferricyanide reducelthe left panel shows the total
ferricyanide reduced over time. The riglpanel showsthe total ferricyanide reduced after 1
minute.

A significant amount of activity was observed in the 500 M&CI fractions but most of the activity
appeared to be in the flow through fractidre., proteins that did not bind to the columihs was

then repeated with identical results (not shown) and the fltwough was used to load on a cation
exchange columnin this approach, the anion exchange column is used as an initial wash step to get
rid of a portion of the proteins in the sample. Thation exchange column is then used to purify the

protein of interest.

46



Cation exchange

over 5 minutes After 2 min
400
= Flow through 230
Wash
100 mbd
200 mid
300 mid
400 mid
00 500 mhd 200
1000 it
E
= 150
e i
5
o
[+1}
b=l
[=
g
o
E 100
100
Tl
]

Wash -
100 mbd -
200 mh
300 mid
a0 mv [

500 md [
1000 mht [

=
Flow through -

Figure 3-9 ¢ Profile of the activity in the different fractions after cation exchange fractionation.
The activity was determined using undiluted fraction#ctivity is expressed as concentration of
ferricyanide reduced.The left panel shows the total ferricyanide duced over time. The right
panel shows the total ferricyanide reduced after 2 minutes.

Almost all the activity was concentrated in the 2B00 mM NacCl fractions. The protein concentration
was still below the detection limit in these samples howefwd ugmL? protein) and no bands were
visible ona coomassie stainedDSPAGE (not shown}hereforeaSYPRO Ruby (BRad)protein stain
was used which hastaghersensitivity of ~1 n¢p visualise a protein bangFigure3-10). The samples

were also spirconcentrated using kDa cuioff spin columns (Cytiva).

47



M 200 300 200 300 200 300 200 300 200 300
kDa (€ (9 € (© (9 (€)

Figure 3-10 ¢ SYPRO Wby stained SDSPAGE gelof active fractions after cation exchange
fractionation. M: marker; (C) = spin concentrated ~10X¥opnumbers concentration NaCl in mM
Bottom number: plloaded on gel; redox: cut out bands for identification.

Barely any bands were visiblAt this point the low proteirconcentrationcombined with the high
activitywere highly suspiciousut it was decided to move forward with an identification anyway. The
protein band at 50 kDa which was present in both the active fractiovess cut out to be identified
usingan Orbitrap Eclips€Thermo Fisher) by Dr. Gerhard Saalbach (John Innes Centre, Norwich, UK)
The more intense bands at ~25 kidam the 200 mM NacCl fraction were not identified as they were

not present in the 300nM fraction.
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Identification

Table3-3 showsthe ten most abundant proteins inoth the 200 and 300 mM NaCl samples.

Table 3-3 ¢ The ten most abundant proteins identified in the samples cut out from an SBAGE
gel.* = Quantitative valuebased on mrmalizedtotal spectra.

87120

Identified Proteins Accession Number Molecular  200mM 300mM
Weight sample* sample*
conserved protein of unknown NFRAN_v2_2353|ID:63: 16 kDa 94.189 46.447
function 86736|
30S ribosomal protein S27ae NFRAN_v2_3128|ID:63: 7 kDa 51.209 14.515
87511 |rps27ae)|
F420dependent glucos®- NFRAN_v2_1211|ID:63¢« 35 kDa 40.236 40.641
phosphate dehydrogenase 85594|fgd1|
50S ribosomal protein L23 NFRAN_v2 3177|ID:63: 11 kDa 37.493 52.253
87560|rpl|
30Sribosomal protein S8e NFRAN_v2_0088|ID:63: 14 kDa 32.92 40.641
84471|rps8e|
Methionine aminopeptidase = NFRAN_v2 1444|ID:63: 33 kDa 30.177 31.932
85827|map|
30S ribosomal protein S17e NFRAN_v2_0737|ID:63¢ 12 kDa 18.746 20.321
(modular protein) 85120|
Thioredoxin reductase NFRAN_v2 3109|ID:63: 36 kDa 16.917 17.418
87492|trxB|
Pyridoxamine 5phosphate NFRAN_v2_1087|ID:63¢ 16 kDa 16.917 11.612
oxidase 85470|
50S ribosomal protein L30e  NFRAN_v2 2737|ID:63: 11 kDa 16.917 17.418
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Alarge partofi KGab¥ T NI y 1 f | Yy R dsdathotat&igral My derdes ardiahnbtéted as
conserved proteins of unknown functionThe most abundant protein in both samples,
NFRAN_v2 2353sone of theseAs far as the identification of a possible hydroxylamine oxidising
enzyme goesas mentioned irChapter 1, likely candidates are F4zbntaining enzymes, multicopp
oxidases and other oxidoreductas@he gene annotated as420dependent glucos&-phosphate
dehydrogenaséNFRAN_v2_12)1may be an interesting candidate. However, when saxieised
F420 was sourcefrom Ghader Bashiri, University of Aucklgnmhither theglucose6-phosphate nor
hydroxylamine could reducé& using crude cell extracin the same assay conditiorss with

ferricyanide (data not shown).

3.2.3.4 Troubleshooting

To confirm that the cause of the activity in theafitions was in fact a protein and nah abiotic
componentin the buffer,spin tubes with a cuoff of 5 and 30 kDa were used to concentrate and
separate the (larger) proteins from the buffer. Bdtlactionswere then testedin the ferricyanide
assay Figure3-11). Fractions that were saved from previous experiments were tested, including the
300 mMNacClraction that was identifiedthe 1 M NaCl fraction from the anion exchange column and

the unboundprotein from the cation exchange column.
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Cation exchange
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Figure3-11¢ Size exclusioffractionation of active fractions using spin tubeg\ctivity is expressed
asconcentration of ferricyanide reduced-: smaller than +: bigger than.The left panel shows the

total ferricyanide reduced over time. The right panel shows the total ferricyanide reduced after
10 minutes.

Care should be taken in the interpretation of tlee®sults as 100 pl of the fitite was used andll the
remaining concentrated fractior(-50 pl,>5 kDa) Activity in the <5 kDa fraction is therefore a low
protein concentratiorand mild activity could be significant. The result shows that activityeisent

in the <5 kDa fraction of the 300 mM NaCl sample. This is unlikelyéohematic activity as enzymes
<5 kDa are unlikely to exi&torzet al., 2014) The other fractionslid show the expected pattenwith

no or little activity in the <5 kDa fraction and significant activity in the >5 kDa frachiotine unbound
protein from the cation experimend cutoff of 30 kDa even yieldetthe same result indicating the

activity was caused by a larger sized protein.
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Thisresult castsdoubt on the identification experiment as this activity may not have been caused by
a protein but instead could be due tmme impurity such as a metal thatw/ copurifiedHeilet al,,
2016) However, this is slightly surprising as this result implies that an abiotic feetponsible for

the activity was also fractionated by the columns. Hé® shows that the assayay have worked but
that the activity was lower than expected. This approach could still be used to attempt to andfy
identify a hydroxylamine oxidatioenzymeif the assay is further optimised andn-enzymatic activity

can be separated from the enzymatic actiwiginge.g.,size exclusion chromatography.

3.2.4 Proteomics using growth on urea and ammonia

Ammonia monooxygenase subunits are among the namindant proteins in the proteomes of
ammonia oxidising archag¢Bayeret al., 2019; Kerowt al., 2016; Qiret al., 2018) This is unsurprising
given that AMO is a key enzyme responsible énergy production in AOA. It was therefore
hypothesised that other enzymes in the ammonia oxidation pathway, including the unknown

hydroxylamine dehydrogenase, would also be some of the highly abundant proteins in the proteome.

There are onlywo knownsubstrates on whiclN. franklanduscangrow. ammonia and ureaUreais
hydrolysed to ammonia e urease enzymewhich is found in some, but not all, ammonia oxidising
archaea To determine a baseline for protein expressand to identify the most abundant proteins,
Ca.b ® T NI y 1 fgroWrRazarén awdlainmonia and thproteome was determined. This
providesinsighsinto the steady state operation of the cell and may itiBnsome candidate enzymes
that are important in the metabolism of this organism. The membrane and cytosolic proteins were
extracted together and not separated@here are no published proteomes of any representatives of

genusNitrosocosmicusand as sucha proteomic analysis is a valuable dataset to have and has the

LR GSYGAFE (2 LINEOARS Cyna DIK FNI AV E 3 yRKES QWS+ 02 A

3.2.4.1 Up and downregulated proteins in urea grown cells compared to ammonia grown cells
Ly GKS ' h! W/ | any 3D Pprotd@inddwgid Signifcentiyiu@regulated arf® were
significantly downregulatedh the presence of urea compared to ammardl significantly up or

downregulated proteins are shown

Figure3-13. Many of theupregulated proteins are associated with the urea metabolismiaoldidea
putative nickel transporter (NFRAN_1480 NFRAN_1483)urease subunits(NFRAN_1484
NFRAN_14920rea transporters (NFRAR493¢ NFRAN_1494) and possible regulators (NFRAN_1495
¢ NFRAN_1496)These proteinsare localised together in the genonsnd seem to be regulated

similarly. Figure3-12 shows a detail of these genes.
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DUR3-like
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Figure3-12 ¢ Details of the ureaseoperonAy W/ I ® b ®. TheNdurnybers undeR tzé fiyure
indicate the fold changen cells grown on urea vs ammonid\D: not detected.Urea related genes
are upregulated during growth on ureaResults are the average foldhang from triplicates of

each conditions.

NFRAN1480, NFRAN_1494 and NFRAN_1496 were not detéciednclear whether this is because

they were not present or due to the extraction methalfe expected these proteins to potentially be
present due to tle facts that NFRAN_1480 is a predicted subunit of the putative nickel ABC
transporter, NFRAN_1494 is a putative urea transporter and these ORFs are syntenic with other genes
involved in urea metabolism and upregulated in response to urea. Nickel #aatoofor the urease
enzyme and thus upregulation of nickel uptake was expected. In addition, urease is believed to be a
cytoplasmic enzyme in AOA and upregulation of urea uptake was therefore also expEbted.
remainder of the upregulated proteins are mlysconserved proteins of unknowfunction, so it is

hard to infer any functionA significant proportion of proteins encoded by genomes of AOA are
conserved hypothetical proteins, which lack homology to proteins which have been biochemically
characterised.Sensor proteins are among those (pPFRAN_ 2890 and down (NFRAN_2058)
regulated which makes sensas the addition of urea in batch cultures will hanfluencedpH and
ammonia sensingThere is no clear pattern of proteins responding to the pH except possibly for
NFRANO0652 which is among the most downregulated proteins and is ifledtas an inner

membrane antiporter.
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conserved protein of unknown function NFRAN_v2_1888 wp

conserved protein of unknown function NFRAN_v2_2316
Urea transporter NFRAN_v2_1493 @
protein of unknown function NFRAN_v2_0621
ureC| Urease subunit alpha NFRAN_v2_1489 @
putative Peroxidase NFRAN_v2_0620
NmrA-like family protein NFRAN_v2_0949
ureB| Urease subunit beta NFRAN_v2_1490 @
Patatin-like phospholipase NFRAN_v2_1346
Sensor protein SrrB (fragment) NFRAN_v2_2890
ureD| Urease accessory protein UreD NFRAN_v2_1483 @
ureF| Urease accessory protein UreF NFRAN_v2_1485 @
conserved exported protein of unknown function NFRAN_v2_1240
conserved protein of unknown function NFRAN_v2_1341
znuC| High-affinity zinc uptake system ATP-binding protein ZnuC NFRAN_v2_1481 @
ureE| Urease accessory protein UreE NFRAN_v2_1486 @
Bifunctional deaminase-reductase domain protein NFRAN_v2_1336
conserved protein of unknown function NFRAN_v2_0624
conserved protein of unknown function NFRAN_v2_2036
putative periplasmic iron-binding protein NFRAN_v2_1482 @
conserved protein of unknown function NFRAN_v2_1492 @
Caspase domain protein NFRAN_v2_0579
conserved protein of unknown function NFRAN_v2_0432
ureA| urease gamma subunit NFRAN_v2_1491 @
dapE| Succinyl-diaminopimelate desuccinylase NFRAN_v2_0226
putative Patatin-like phospholipase NFRAN_v2_1302
Transcription initiation factor 1B NFRAN_v2_2944
protein of unknown function NFRAN_v2_1487 @
conserved protein of unknown function NFRAN_v2_0890
conserved exported protein of unknown function NFRAN_v2_0485
conserved protein of unknown function NFRAN_v2_0944
conserved exported protein of unknown function NFRAN_v2_2598
Electron transfer DM13 NFRAN_v2_1188
conserved exported protein of unknown function NFRAN_v2_2351
conserved protein of unknown function NFRAN_v2_0936
protein of unknown function NFRAN_v2_0069
Glyoxalase NFRAN_v2_2407
exported protein of unknown function NFRAN_v2_2948
conserved protein of unknown function NFRAN_v2_2471
protein of unknown function NFRAN_v2_2398
clcD| Carboxymethylenebutenolidase NFRAN_v2_1097
conserved protein of unknown function NFRAN_v2_0957
conserved exported protein of unknown function NFRAN_v2_0363
conserved protein of unknown function NFRAN_v2_0144
conserved protein of unknown function NFRAN_v2_2799
Multicopper oxidase NFRAN_v2_2030
protein of unknown function NFRAN_v2_2837
putative iron (Metal) dependent repressor, DtxR family NFRAN_v2_0766
dUTPase NFRAN_v2_0561
Alpha beta hydrolase NFRAN_v2_1563
putative sulfur carrier protein AF_0188 NFRAN_v2_3107
bpoC| putative non-heme bromoperoxidase BpoC NFRAN_v2_2113
CHRD domain protein NFRAN_v2_1307
conserved exported protein of unknown function NFRAN_v2_0223
Multicopper oxidase NFRAN_v2_2029
conserved protein of unknown function NFRAN_v2_2404
protein of unknown function NFRAN_v2_2019
DNA-binding protein CENSYa_1764 NFRAN_v2_1024
Histidine kinase NFRAN_v2_0352
308 ribosomal protein S17e (modular protein) NFRAN_v2_0737
protein of unknown function NFRAN_v2_2896
protein of unknown function NFRAN_v2_0851
conserved protein of unknown function NFRAN_v2_2874
mhuD| Heme-degrading monooxygenase HmoB NFRAN_v2_2033
conserved exported protein of unknown function NFRAN_v2_1084
conserved protein of unknown function NFRAN_v2_1992
conserved protein of unknown function NFRAN_v2_2209
conserved protein of unknown function NFRAN_v2_1391
conserved protein of unknown function NFRAN_v2_2077
exported protein of unknown function NFRAN_v2_0159
conserved exported protein of unknown function NFRAN_v2_1357
protein of unknown function NFRAN_v2_1404
conserved protein of unknown function NFRAN_v2_1389
conserved protein of unknown function NFRAN_v2_0876
conserved exported protein of unknown function NFRAN_v2_1716
conserved exported protein of unknown function NFRAN_v2_0801
putative sialidase-neuraminidase family protein NFRAN_v2_2146
conserved protein of unknown function NFRAN_v2_1408
conserved protein of unknown function NFRAN_v2_2519
Alpha/beta hydrolase family protein NFRAN_v2_2569
conserved protein of unknown function NFRAN_v2_2607
conserved protein of unknown function NFRAN_v2_1609
conserved protein of unknown function NFRAN_v2_2976
conserved exported protein of unknown function NFRAN_v2_2154
SNF7-domain-containing protein NFRAN_v2_3152
zfx| Zinc-containing ferredoxin NFRAN_v2_2032
conserved exported protein of unknown function NFRAN_v2_0591
exported protein of unknown function NFRAN_v2_1949
protein of unknown function NFRAN_v2_1951
conserved exported protein of unknown function NFRAN_v2_1152
exported protein of unknown function NFRAN_v2_1961
conserved protein of unknown function NFRAN_v2_1790
conserved protein of unknown function NFRAN_v2_1142
conserved protein of unknown function NFRAN_v2_1218
conserved protein of unknown function NFRAN_v2_0828
Antiporter inner membrane protein NFRAN_v2_0652
conserved protein of unknown function NFRAN_v2_1654
rcsC| Sensor histidine kinase RcsC NFRAN_v2_2058
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Figure3-13 ¢ All significantly up or downregulated proteins that were detected in the proteome

2 TCaWN.F NJ y | f wh¢rRgupévion urea versus ammoni&roteins associated with the urea

metabolism are highlighted with a red dotResults based on triplicates of eaatondition; error
bars were too low to be visible

3.2.4.2 Most highly expressed in both conditions

Thenormalised absolute abundances of the 50 most highly expressed proteins detected in ammonia
and urea grown cells are shown kiigure3-14. Most of the abundant proténs are involved in the
central carbon metabolism oinformation processing (replication, translation, transcriptioihe
proteins related to the urea metabolism are among the most highly expressed in the urea grown cells
as would be expected but interasgly,the urease genes were also detected in the ammonia grown
conditions especiallyrease subunits B and C (NFRAN_128890)were among the 50 most highly
expressed proteins. This indicates that urease may be expressed constitutively but is uptegulate
when urea is presentvhich would be consistent witlreCtranscription pattern in the AON. agrestis

(L. Liuet al., 2021) The AMO subunits were not as abundant as expected when compared to other
AOA e.g. inN viennensigshere AmoB was the second most abundant protein in the protediferou

et al,, 2016) It is possible that this was due a bias in exti@timethod and because the membrane
fractions were not separated from the intracellular fractiolsthe most abundant proteins, there are
lessconserved proteins of unknown function compared to the mostng down regulated proteins.

It makes sense thathe most highly expressed proteins would be well known proteivith
homologues in other organismisut it highlights how little we know of thAOAspecific proteins and

their function

One of the goals of this experiment was to identify possible hydanxiyle oxidation enzymes. As
mentioned insectionl1.7.2of the introduction, prominent candidateare the multicopper oxidases
(MCO).There are two multicopper oxidases among the 50 most abundant proteibstingrowth
conditions, namely NFRAN_2029 and NFRAN_2030ever, thesare notconservedn other AOA

andare therefore unlikely to be the hydroxytane oxidising enzyme in all AO¥nong the other MCO
detected were NFRAN_2792 and NFRAN_2798redthonablyhigh abundances (130 and 135 most
abundant, respectively) and finally in low abundances were NFRAN_2427 and NFRAN_0604 (983 and
1497 most abundantespectively)These last two are homologues of th&NB @A 2 dzaf & LINR L2 a S
candidate hydroxylamine oxidation enzyikerouet al,, 2016) Unless the protein extraction method
wasbiased and we selected against these proteins, it seems unlikelgithatr ofthese would be the
hydroxylamine oxidatio enzyme as their abundance was very I&e. other previously identified

proteins were found among the most abundant proteins.
alyed 2F (KS Y2ai KA Tef &b ¢ EFLIND/E 3 & R/ RithsiPNaBoisyla  AAyyD 24
energy generation or protemn from oxidative stressln addition to ammonia monooxygenase,
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urease andnulticopper oxidasesall of which are crucial for energy generati@ubunit A of the V

type ATP synthase (NFRAN_0340) waias detected among the most highly expressed proteins.
Thermosome and proteasome proteins are also among pioteins expressed most highly.
Thermosome proteins are typical archaeal proteins involved in the folding of denatured proteins
(Spanget al, 2012F A Y REaD R iiNP A 2O 2 & Y A Cedgdres TdNd-pyotein folgirguazie Q
under the growth conditions used and may indicate some level of st®gsilarly, proteasome
proteins were highly abundant, indicating a need fpootein degradation. These could be misfolded
proteins. An interestingprotein that is among the most abundant proteins in both conditions is
NFRAN3193, which is annotated aNA protection during starvation proteinln Chapter 6, this
protein is discussed igetail, and it is shown that this protein is likely involved in the detoxification of
H.O,, another stress response proteiAutative peroxiredoxin (NFRAN_274&)y also be involved in
protection against oxidative streda. addition, ferritirlike domain protein (NFRAN_1663) was among
the most highly expressed proteins. Whilst it is not possible to infer the function of this protein, it is
interesting to note that both the putative peroxiredoxin (NFRAN_2748) and the Bitcpon during

starvation protein (NFRAN_3193) also have structural similarity to ferritins.

Ammonia oxidising archaea use the hydroxypropioratdroxybutyrate pathway to fix inorganic
HCQ, and several enzymes belonging to ishpathway were detectedin the proteomes.3-
hydroxypropionyl C& synthetase(NFRAN_0539-hydroxybuturyl CeA synthetase(NFRAN_1765)
andcrotonytCoA reductase (NFRAN_102&Ye detected in the 50 most highly expressed proteins in
both ammonia and ureagrown cells. In additin, 4-hydroxybuturyl dehydratasé vinylacetytCoA
deltarisomerase (NFRAN_0724asdetected in the 50 most highly expressed proteins in egeavn
cultures. SuccinateCoA ligase (NFRAN_0742) converts sue€iol to succinate for incorporation

into biomas. Glutamate dehydrogenase (NFRAN_0537) catalyses reversible conversion of ammonia

andh -ketoglutarate intoglutamate andvas also among theighestexpressed proteinérigure3-14).
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Ammonia grown cells

>

Multicopper oxidase [NFRAN_v2_2029

dps| DNA protection during starvation protein [NFRAN_v2-3193
Ferredoxin [NFRAN"v271788

thsB| Thermosome subunit beta [NFRAN_v2-0706

conserved exported protein of unknown function [NFRAN_v2"2690
ths| Thermosome subunit [NFRAN"v271007

conserved protein of unknown function [NFRAN"v2~1391
conserved protein of unknown function [NFRAN_v2~0071

NADH dehydrogenase subunit | [NFRAN"v2~-1696
tufEEIon%ation factor 1-alpha [NFRAN_v2~0421
IJ)” 0S ribosomal protein L12 [NFRAN"v2~-3079
conserved exported protein of unknown function [NFRAN"v2-0901

acslﬂ -he/droxypropionyl-CoA synthetase [NFRAN"v2~0539

rimCD| 23S rRNA (Uracil-C(5))-methyltransferase RImCD [NFRAN_v2~2721

Peptidyl- roIX cis-trans isomerase [NFRAN_v2"2719

albA| DNA}?’\N -binding protein Alba [NFRAN"v271910

dnaK| chaperone Hsp70, co-chaperone with Dna) [NFRAN_v2-1464

conserved protein of unknown function [NFRAN"v2-0906

ureC| Urease subunit alpha [NFRAN_v2-1489

psmA| Proteasome subunit alpha [NFRAN"v2-3182

ccrA2| CrotonP/I—CoA reductase [NFRAN_v2-1025

Multicopper oxidase [NFRAN_v2~2030

Single-stranded DNA-binding protein [NFRAN"v2"2997

Ferritin-like domain protein [NFRAN_v2"1663

fucO| Lactaldehyde reductase [NFRAN"v2-2370

atpA| V-type ATP synthase alpha chain [NFRAN_v2~0340

fusA[ Elongation factor 2 [NFRAN_v2-0235

conserved protein of unknown function [NFRAN"v2~0508

conserved exported protein of unknown function [NFRAN"v2~-1084

bcp| putative peroxiredoxin bcg NFRAN"v272748

rps| 30S ribosomal protein S2 [NFRAN"v2-2918

Ammonia monooxygenase/methane monooxygenase, subunit C [NFRAN_v2-1802
Phthiodiolone/phenolphthiodiolone dimycocerosates ketoreductase [NFRAN_v2~3121
conserved exported protein of unknown function [NFRAN"v2-0790

conserved protein of unknown function [NFRAN"v2~0900

Fosfomycin resistance protein FosB [NFRAN"v2-1442

Coenzyme Q (Ubiquinone) biosynthesis protein Cog4 (modular protein) [NFRAN"v2~0373
amoB| Ammonia monoox¥genase. subunit B [NFRAN_v2~0671

conserved protein of unknown function [NFRAN"v2-2881

Cell division cycle protein 48 homolog AF_1297 [NFRAN_v2~2281

ureB| Urease subunit beta [NFRAN_v2-1490

gdhA| Glutamate dehydrogenase [NFRAN"v2-0537

trxA| Thioredoxin 1 [NFRAN_v2-0261

fpr| Ferredoxin--NADP reductase [NFRAN_v272912

ttuD| Sulfur carrier protein TtuD [NFRAN_v2-0516

Adenylylsulfate reductase subunit alpha [NFRAN"v2~2783

4Fe-4S ferredoxin iron-sulfur binding domain protein [NFRAN_v2~1450

hbcS| 4-hydroxybyturyl-CoA synthetase [NFRAN"v2-1765

rpl7ae| 50S ribosomal protein L7Ae [NFRAN"v2~1896

conserved protein of unknown function [NFRAN_v2~2911

o
= -

2 3 4
Normalised absolute abundance 1le9

w

Urea grown cells

ureC| Urease subunit alpha [NFRAN_v2_1489

thsB| Thermosome subunit beta [NFRAN_v2~0706

ths| Thermosome subunit [NFRAN"v2~1007

conserved exported protein of unknown function [NFRAN"v2-2690

tuf| Elongation factor 1-alpha [NFRAN_v2-0421

Multicopper oxidase [NFRAN_v2-2029

Ferredoxin [NFRAN_v2"1788

dps| DNA protection during starvation protein [NFRAN"v2-3193

conserved protein of unknown function [NFRAN_v2~0071

ureB| Urease subunit beta [NFRAN_v2~1490

NADH dehydrogenase subunit | [NFRAN_v2"1696

acsA| 3-hydrox7y(§)rop|onyI-CoA synthetase [NFRAN"v2~0539

dnaK| chaperone Hsp70, co-chaperone with DnaJ [NFRAN_v2~1464

conserved protein of unknown function [NFRAN_v2~1391

ccrA2| Crotonyl-CoA reductase [NFRAN"v2-1025

Pepti%l-&)rolyl cis-trans isomerase [NFRAN_v2~2719

psmA| Proteasome subunit alpha [NFRAN_v2~3182

albA| DNA/RNA-binding protein Alba [NFRAN"v21910

rImCD| 23S rRNA (Uracil-C(5))-methyltransferase RImCD [NFRAN_v2~2721

fusA| Elongation factor 2 [NFRAN_v2-0235

atpA| V-t¥pe ATP synthase alpha chain [NFRAN"v2~0340

ucO| Lactaldehyde reductase [NFRAN"v2~2370

conserved exported protein of unknown function [NFRAN"v2-0901

rpl| 50S ribosomal protein L12 [NFRAN_v2~3079

ureA| urease gamma subunit [NFRAN"v2~1491

conserved protein of unknown function [NFRAN"v2~0508

conserved protein of unknown function [NFRAN_v2~0906
Phthiodiolone/phenolphthiodiolone dimycocerosates ketoreductase [NFRAN"v2-3121
bep| putative peroxiredoxin bcp [NFRAN"v2-2748

%dhA| Glutamate dehydrogenase [NFRAN_v2_0537

Single-stranded DNA-binding protein [NFRAN"v2~2997

Adenylylsulfate reductase subunit algha NFRAN"v272783

Cell division cycle protein 48 homolog AF_1297 [NFRAN_v2~2281

Ammonia monooxygenase/methane monooxygenase, subunit C [NFRAN"v2-1802
Fosfomycin resistance protein FosB [NFRAN_v2~1442

rps| 30S ribosomal protein S2 [NFRAN"v2-2918

hbcS| 4-hydroxybyturyl-CoA synthetase [NFRAN_v2_1765

Coenzyme Q (Ubiquinone) biosynthesis protein Cog4 (modular protein) [NFRAN"v2~0373
sucC| Succinate--CoA Ii?ase [ADP-forming] subunit beta [NFRAN_v2~0742

pr| Ferredoxin--NADP reductase [NFRAN"v2-2912

ttuD|FSquur carrier protein TtuD [NFRAN"_v2_0516

erritin-like domain protein [NFRAN_v271663

Multicopper oxidase [NFRAN"v2~2030

amoB| Ammonia monooxygenase, subunit B [NFRAN_v2_0671

rpoC| DNA-directed RNA polymerase subunit A" [NFRAN_v2"2736

conserved exported protein of unknown function [NFRAN_v2~0790

hcd| 4-hydroxybutyryl-CoA dehydratase/vinylacetyl-CoA-Delta-isomerase [NFRAN_v2_0724
ahcY| Adenosylhomocysteinase [NFRAN"v2-3001

rps| 30S ribosomal protein S5 [NFRAN_v2"2755

gdhl| Glucose 1-dehydrogenase 1 [NFRAN_v2_3122
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Figure 3-14 ¢ The normalised absolute abundances of the 50 most highly expressed proteins
detected in (A) ammonia grown cells and) urea grown cellsValues on the xaxisare abundances,
normalised to all detected proténsin billions. Results obtained frontriplicate samples, error bars
represent standard deviation.
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3.3 Discussion

3.3.1 A bioreactor system for the growth of AOA

While bioreactors could be a powerful tool for the growth and research of AOA, there are a lot of
factors that needptimisation,andthe use of bioreactors for growing A@#ay not always be feasible.
First, operating bioreactors requirs a significant amant of knowhow and while they are semi
autonomous, theyneed maintenanceand observation. Thereforet is important to have the
necessary trained staff to help mind the reactors especially overtlenmg runs such as those required

for AOA. Second, long runs come with their own problems. The longer the run, the more difficult it is
to keep the reactosterile, and the addition of antibiotics &n undesirabléong-term solutionbecause

of the high cost anantibiotic waste Furthermore, because of the long runs, equipment failures are
especiallydetrimental, thus pumps and membranes need to be of suéfiti quality to handle the long

runs. Third, for optimal biomass production and utilisation, the bleed should be optimised as soon as
there are enough cell® consumeall the ammoniahat is being fedas this will be the highest growth

rate achieved unlesother parameters are changed. Having an optimised bleed may reduce pressure
on the membrane as less volume would have to be pumpedimough the membraneFinally it

may also be possible to set up a reactor without a membifiiee solids retentionitme is kept higher

than the doubling time. Practically this means that if the doubling time is 48 hours, half of the cells
could theoretically be removed every 48 hours, resulting in 500 mL/ day from the 2 L reactor. It should

be tested to see if the celisill be able to consume all the ammonia at this flow rate.

3.3.2 Hydroxylamine oxidation in cell extract

Using protein material from the ammonia oxidising archaea to purify and identify a hydroxylamine
oxidation enzyme would be the most direct and conclusieg of identifyinghis enzyme. An attempt

was made here to pave the way for future studies but it is clear that many challenges are still to be
solved These include, (ietting a reliable method for obtaining biomags): Dealing with the abiotic
readions that occur with the substrate (hydroxylamine) and likely also the prodiiy: Optimising a
specific,sensitive and reliable assay to detect the activity. This last point may be the most crucial, as
a more sensitive and specific assay will regjliiss biomassThe approach that was taken here, using
different electron acceptors is viable and could be further explphedveverrigorous controls would

be needed to guarantethe observed activity is indeed what it appears to beluding denatured
protein extract in experiments is a good way to discern between abiotic and biotic activity and if it had
been done in these experimentthe results could have been differer@verall, too many variables
such as temperature, pH and electron acceptwedto be adjusted to develop aassay such as this

and the limiting fator is the availability of biomas®Vhen ample biomass is present, more electron

acceptors can be screened at diffetezonditionsand importantly more replicates can be done to
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obtain rdbust results.An alternative way of developingan assay could be looking at substrate
consumption or product formation, both of which have additiordifficulties in the case of
hydroxylamine oxidationbut could be solvedThere tave been reports of the development of a
hydroxylamine sensafSolerJofraet al,, 2021) depending on the sensitivity, this could be a way to
detect activity.While there are many sensors capable of detecting nitrogen cycle intermediates with
a high sensitivity, it is still unclear what exactly the intermediadee in the archaeal pathwand
further studies in this direabin will also aid with the development af hydroxylamine oxidation assay
suitable for AOA.

3.3.3 Proteome ofN. franklandusgrown with urea and ammonia

The proteome of€ab A (1 N2 & 2 O2 & Y A Wvdgdetefimiidyafdér largnfodisiafd urea grown
conditions. This datasetill be used to check hypotheses andget an understandingf the general
YSGFo2ftAaYyY 2F (GKAA 2NHlIyAaY®@ahXdNBEE F O2ERKSDAzE 2B NI
as a model orgnism for soil AOADut of the3180 proteins encoded in the genor{iicolet al., 2019)

1852 were recovered which ia decent coverage 0%58% and significantly higher than the 48%

recovered proteins in theN. viennensigproteome (Kerouet al., 2016) but lower than the 74%

recovered inN. maritimus(Qinet al,, 2018) This is not unexpected as tiditrososphaeralehave

significantlyexpanded genomes compared to tttee NitrosopumilalegAbbyet al., 2020)

Overall, the cells responded toraa as predicted with an upregulation of the urea metabolism
proteins. It is strikinghowever, how few proteins were differentially regulated. The pH of the medium
of the ammonia grown cells was adjusted with bicarbonate to match that of the urea grollen ce
which could explain the limited difference in pH related proteMe. newhydroxylamine oxidation
enzymecandidateswvere identified yet, but future candidates can be compared to the proteome and
their abundance may indicate the likeliness of their isrement in the central metabolism of this AOA.
An example of the value a proteome caontribute is shown irChapter 6, where an enzymevas

identified andcouldbe traced back to one of the most abundant proteins in the proteome.
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4 Hydrazines as substrates and inhibitors of the archaeal ammonia
oxidation pathway

4.1 Introduction

Aerobic oxidation of ammonia (NHo nitrite (NQ) is the first step imitrification andis carried out

by ammoniaoxidising archaea (AOA) and bacteria (AOB) along with complete ammadising
bacteria (comammox). Comammox bacteria anitrite-oxidising bacteria then further oxidise N@
nitrate (NQ). Nitrifiers play a central role in the global nitrogen cycle, with important consequences
in greenhouse gas emission and leaching of nitrate from terrestrial environments. AOAguiaus

and significantly contribute to nitrification in many ecosystems, including acidic soils, unfedoitgd

and the oligotrophic open ocean. Ammonia monooxygenase (AMO), a member of the copper
membrane monooxygenase (CuMMO) superfamily, is founcdammoniaoxidising archaea and
bacteria and initiates the nitrification process through the conversion of téHhydroxylamine
(NHOH)(N. Vajraleet al,, 2013; YOSHIDA & ALEXANDER, .1864)ysis by AMO requires the input

of two electrons which are supplied by downstream oxidation of hydroxylamine tq M@ving two

net electrons to enter the respiratory electron transport chain and making the oxidation of
hydroxylamine the first energysiding reaction in the pathwagl.ancasteet al, 2018; N. Vajralat

al., 2013)

Functional and structural understanding of thechaeal AMO has improved through work exploring
substrate analogue@\nne E. Taylaat al., 2013; Wrighet al,, 2020) This has led to applications such

as the use of octyne to distinguish between archaeal and bacterial ammonia oxidation in soil
microcosmgAnne E. Taylat al, 2013) and the use of alkadiynes in combination with click chemistry
to label the AM(Q(Sakoulaet al,, 2021) AMO has never been purified in its active form and virtually
all knowledge about this enzyme comes from work on substrate analogues, highlighting the
importance and potential of substrate analogues as tools in nitrification research. Very little is known
about how hydroxylamine, produced from the initial oxidatioraaimonia by the AMO, is converted

to nitrite in archaea.

In AOB, hydroxylamine is converted to nitric oxide (NO) by hydroxylamine dehydrogenase (HAO)
(Anderson, 1964; Caranto &naaster, 2017and NO is then further oxidised to N®y an unknown
mechanism(Lancasteet al, 2018) HAO is a homotrimer with each subunit containing eigtype

hemes and one of these, the active site, is@ddfador (Cedervalet al,, 2013) In the AOA, no genetic

HAO homolog has been identified and the genetic inventory for productiootgpe hemesis
incomplete (Walker et al, 2010) suggesting that a fundamentally different enzyme system for

hydroxylamine oxidation is required. Based on proteomics and comparative genomics, several
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candidateenzymes have been identifig&kerouet al, 2016) including lk-dependent enzymes and

multicopper oxidases. However, no candidate enzymes have been experimentally verified.

Hydrazine (BH.) is an alternative substrate for HAO from AOB. It competes with hydroxylamine for
access to the HAO active sitedathus can be described as a competitive inhib{tdooper & Nason,

1965) However, hydrazine can be used as an external source of reductant to supply the bacterial AMO
with the electrons required for activity, making it possible to study the oxidation of a véidge of
compounds by the AMQM. R. Hymaret al, 1990; M R Hymaat al,, 1988; Michael R. Hyman &
Wood, 1984; Juliettet al,, 1993; W. K. Keener & Arp, 1994; William K. Keener & Arp, 1993; Rasche
al., 1991) Asopposed to HACthe product of hydrazine oxidation by the HAO is dinitrogen gap (N
which causes no toxtouild-up of products making it such a potent tool tstudy the AMQMaalcke

et al, 2014) Anaerobic ammoniaxidising (anammox) bacteria also have a HAO homologue,
hydrazine dehydrogenase, which catalyses the conversion of hydrazith gas as part of their

ammonia oxidation pathwagSchallet al., 2000)

Organohydrazines on the other hand, are irreversible suicide inhibitors of the HAO, covalently
modifying the Bsoactive site(Logan & Hooper, 1995phenylhydrazine has been used to charasee

the HAO of different groups of AQghowingdifferential responses between AOB groypishigaya

et al, 2016) An attempt was made to use organohydrazines (phenylhydrazine, methylhydrazine and
2-hydroxyethylhydrazine) to distinguish between bacterial and archaeal ammonia oxidation in soil
microcosms(Y. Wuet al, 2012) relying on the absence of a genetic HAO homolog in the AOA.
However, the authors found that the abundances of both AOA and AOB were affected. The inhibition
of both AOA and AOB by organohydrazines was confirmed later in a different soil microcosm study
(W. Yanget al,, 2017) However, the effect of organohydrazines on AOA cultures has not been studied
and the inhibition of AOA by hydrazines warrants further investigation. If hydrazines id@Bithey

would be valuable tools for investigating the archaeal ammonia oxidation pathway.

The objectives of this study were to investigate the effect of hydrazines on ammonia and
hydroxylamine oxidation using three strains of soil AOA and to compare the hydragiabatism of

AOA and AOB. Specifically, we aimed to address the following questions: 1. Do hydrazines inhibit
archaeal hydroxylamine and ammonia oxidation? 2. Are hydrazines reversible or irreversible inhibitors
in AOA? 3. Are hydrazines oxidised and dzythield ATP in AOA? and 4. Can AOA oxidise hydrazine
to N: like AOB do?
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4.2 Results

4.2.1 The effect of phenylhydrazine on Ntnd hydroxylaminedependent nitrite production by
ammonia oxidisers

To investigate the effect of phenylhydrazine onsMiHd hydroxylaminexidation by three different

AOA strains anlll. europaeaNQ production, as proxy for activity, was compared after exposure to

different concentrations of phenylhydrazin€i§ure4-1). Both NH-dependent and hydroxylamine

dependent N@ production were used to characterise and compare the inhibitory thresholds of the
AOA and\. europaea
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Figure 4-1 - Percentage N@ production compared to the uninhibited control (C) after 1 h
incubation with different concentrations of phenylhydrazine using 100 pM MHhs substrate. N@
was measured 1 h after addition of the substrate. Nitrite accumulation in the uninhibited control
treatment represents 100% activity, and the treatments with phenylhydrazine are shown as the
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percentage of activity compared to this control. Error barspgeesent standard deviation (n = 3).
100% activity corresponded to 100 uM, 58 uM, 53 uM and 61 uM nitrite accumulated after one
K 2 dzNCabh ¥ P NI y INf dunbpadadNQviennensid y Rabd aAy SyairaQs NXSaLISOGA

CKS AYKAOAUGARYAIGKRBEARK2 & RA SFgaredIAANYN. urogaRaiz@ude o

4-1B) was sinfi | NECab dAi A (MNP 342 02aYA Odza FNI yl1flyRdzAQ 41 a
inhibition compared tdN. viennensigFigure4-1A, ® ® ¢ KS | OACARitdsdi E A S | B Ky Py & .
was more sensitive than the other AOA tested and 5 pM phenylhydrazine inhibiteddpendent

NGy production completelyFigure4-1D).
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Figure4-2 - NOz” production after 1 h incubation with different concentrations of phenylhydrazine
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substrate. Error bars represent standard deviation (n = 3).
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The inhibitory range of phenylhydrazine was similar between-ddpendent and hydroxylamine
dependent N@ accumulation Figured-1 andFigure4-2), although the threshold for phenylhydrazine
inhibition was higher when hydroxylamine was used as the substrteearopaeandN. viennensis

From these results, 100 uM phenylhydrazine was chosen to inhibit all strains in subsequent
experiments, exdedi @@ Nb WGNRa2dGFf Sl aAySyaraQs gKSNBE wmn
lowest concentrations that resulted in nearly full inhibition were chosen to minimise abiotic
interactions and toxic effect¢Misra & Fridovich, 1976)in addition, hydroxylamine is reactive,
potentially toxic and may participate in abiotic reactions. To mitigate toxic effects and abiotic
reactions, a suitable hydroxylamine concentration (@0 ¥ @aNNl. fkinklandus antll. viennensis

100uM for N. europaed Y RabWb @ a Ay Sy & A & @dreeding & rarQidt By@okylamide LINS

concentrations.

4.2.2 The effect of hydrazine on Ng-&ind hydroxylaminedependent NG production

Hydrazine was tested to determine whether it inhibits Mdpendent Figure 4-3) and
hydroxylaminedependent Figure4-4) NQ production. It was hypdtesised that hydrazine would
compete with hydroxylamine as a substrate due to its similar chemical propé8asamotcet al,,
2004)
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Higher concentrations of hydrazine than phenylhydrazine were required to inhibitd@uction in

all ammonia oxidiserd={gure4-3 and 44). InN. europaegFigure4-3B), hydrazine is known to be a

competitive inhibitor of the HA@QHooper & Nason, 196%)nd increasing hydrazine concentrations

inhibited the ammonia oxidation activity to a greater extent. Interestingly, 500 and 1,000 uM

phenylhydrazine inhibited NOprodudion less than lower concentrations M. europaea
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Figure4-4 - NOz” production after 1 h incubation with different concentrations of MHa using 100
UM NHOH as substrate foN. europaeal Y FCad¥ b A i NR a2l t SI aAySGaaiaqQ

bAGNR&A2024aYAOdza
substrate. Error bars represent standard deviation (n = 3).
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This profile was less pronounced, but also apparent when hydroxylamine was used as substrate
(Figure4-4B). The AOAested also showed decreasing nitrite productioithwincreasing hydrazine
concentrations Figure4-4 A, C and D)When supplied with NHas substrate, the sensitivity of.

viennensid Yy RaPWbAGNRaA2GF £ ST HMHAWASWI dindil@, but B 2Lt NBRa 2y Q
Nitrosocosmicus frarik | Y Rdza Q ¢ a 2y FigureA-3AKCA D AsiwighRhedythyd@#Ang,f & 6
Cab bAGNRA2GIE S aAySyaraQ ¢l a Y2 NFiguedgDh XheA S (2
highest concentrations tested, 5,000 uM and 10,000 ppuNstrongly inhibited all the ammonia

oxidiser strains tested and were likely toxic.

4.2.3 Recovery oNO, LINR R dzO (Cap2 o AGINPW 2 O2a YA Odza FTNI y 1l yRdza Q
phenylhydrazine or hydrazine

Having confirmed that phenylhydrazine and hydrazine inhibited boths Mkidation and

hydroxylamine oxidation in AOA and AOB, the inhibition was further characterised by testing whether

LIKSyef KERNITAYyS FyR KeRNITAYyS | OGa NirgsocdsBichs NE A 0 f !

FNXy1fFryRdzAQ ¢ & &S forSréaverRexpedmeniskvh pNedyi@ifazine and ¥

hydrazine because of its relative ease of growth and high biomass production. Cells were treated with

phenylhydrazine (100 uM) or hydrazine (1,000 uM or 10,000 fier 1 hour and the inhibitors were

subsequatly removed by washing. When an enzyme is inhibited with an irreversible inhithétoigvo

protein synthesis is required for restoration of enzyme activity, resulting in a lag in recovery as was

aSSy I FGSNJI I OS {Cca NifogdsosmicliKiBad A G §(\Rrigind ® &1, 2620) With a

reversible inhibitor, recovery is instantaneous as seen af2rQ (i & y S A \C&Nitibdocosndicys Ay W

franklandu§iWrightet al., 2020)and twoNitrososphaerapecieqA. E. Tayloet al,, 2015)
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Figure4-5 - Time course of the recovery of NOproduction from 1 mM NH*A yCa Witrosocosmicus A

FNXy1ftFryRdzaQ FFGSNI NSY2@Ft 2F wmnn xa LHIBfédE KeRNI I

washing. Error bars represent the standard deviah (n = 3).

Cab bAGNRA202aYAO0dza FNIYy(lflyRdzAQ RAR y 2 GBiguwBO2 OS N

4-5A), indicating that phenylhydrazine is areversible inhibitor.
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Figure4-6 - Time course of the recovery of NOproduction in N. europaeawith 1 mM NH:" or
0.5 mM NROH as substrate afteremoval of 100 uM phenylhydrazine by washing. Error bars
represent the standard deviation (n = 3).

SimilarlyN. europaeahowed no recovery when inhibited with 100 pM phenylhydrazifigure4-6).
In contrast, inhibition with 1,000 pM and even 10,000 pMHNg I & NBF RAf & CaNE @S NA A
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bAGNRA&2O024aYA Gapdred-5BNINig 4isb indicRekzah& thé inhibition was not due to toxic

effects but more likely due to substrate competition.

4.2.4 Hydrazinedependent QO2 y 4 dzY LIGa 2 WA A MR #202aYA Odza FTNI y {1ty
Hydrazine is an alternative substrate for the HAO in AOB and compétetydroxylamine for the

active site(Hooper & Nason, 196570 test if hydrazine is also a substrate for the equivalent enzyme

in AOA, hydrazindependent QdzLJi I {Caba & N 32 02aYAOdza FNI Yyl yRdzé
compared to hydroxylamindependat O, uptake. Additionally, cells were preincubated with
phenylhydrazine with the expectation that it would inhibit both hydraziaed hydroxylamine

dependent Q uptake.N. europaeavas used for comparison as similar experiments have previously

been performed with this nitrifie(Logan & Hooper, 1995)
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Figure4-7 - Oxygen uptake measurements y OSf f adAEaNSYRAABB a2 0Fa WA Odza FNI
Concentrations of 200 uM N#OH (A and B, red triangles) or 600 uMiL (C and D, red diamonds)

were added. Control cells (A and C) are compared to cells incubated with 100 uM phenylhydrazine

(B and D). Experiments were performed at least three times with similar results.

First, hydroxylaminénduced Q uptake was investigft R @ C&2 NIAW NP a2 O2 & YA Odza T NI
optimal concentration of hydroxylamine was 200 uM, since a higher concentration reduced the O
uptake rate, and the induced rate was not lineigure4-8A). When cells were given 200 uM MHH

& &dzo@ah Nb & 6§ NP &2 O2 & Y A Qupike cedséddywhen 149/ R4lzaVEXadhbeen

consumed Figure4-7A). Subsequent spiking with 200 uM MMH caused fuptake to resume, and

this could be repeated until allQvas consumedHRigure4-8B), indicating that he cessation of ©

uptake after a reduction of 49 + 4 uM @as due to the depletion of hydroxylamine. Consumption of

49 + 4 uM Qcoincided with the production of 23 + 1 uM MNClose to a 2:1 0 NGO stoichiometry
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instead of a 1:1 stoichiometry reported previously for other AOA sti@nglowski, Stiegimeiest al,,
2016; NVajralaet al.,, 2013) Thisdifference in stoichiometry could indicate a difference in pathways

between the AOA&nd should be further investigated.
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Figure 4-8 - hE&@3Sy dzLJil 1S VYSI &dzNSYSy i & Cad Nitrosodénmiicus & dza LISy
FNXy1fFyRdzAQ® ! Y LOHRredtiadgle); BFepaated spikiag with 200 pM NOH

(red triangles) until anoxic; C: spiking with 600 uMiNs (red triangles); D: addition of 600 uM NHa

(red triangle) followed by 500 uM Nk (blue diamond).Second, a concentration range of 209

1,000 pM NHs was tested to determine if higher concentrations were inhibitory like
hydroxylamine §igure 4-9). Only a slight increase in the initial rate was observed at
O2yOSy Ny GAZ2yE 20SN) cnn xaCab aRA (FNENA ZFQNAIKASONAZES ETLHEINYA 1)
were spikedwith 600 pM NeHs which was also chosen to allow comparison witN. europaea,

where 600 UM NHs was saturating, and higher concentrations did not increase the uptake rates

(Michael R. Hyman & Wood, 1984)

71



230

230

220

220

210

210

200

200

190

190

180

180

170

170

160

160

150

150

200 300 400 500

100

200 300 400 500

100

230

230

220

220

210

210

200

o
o
N

(Wr) u

190
180

o
(o] (¢
—

(0]

o
—

nejusou

170

o
~
—

(0]

ON

160

o
©
©

(0]

150

200 300 400 500

100

200 300 400 500

100

230

220

210

200

190

180

170

160

150

200 300 400 500

100

Time (s)

72



Figure 4-9 - InitiaJ rates of oxygen consu[thion, in celd dza LJSV)/é )\(}b.Ayl\ﬁtArosﬁ,c'ﬁsmik%Us L
FNI V{1EFYyRdzAQ FFAOSNI F RRAGA 2 yHs @6H triRniglEsy. SN28o/ui MG By O S y (i NI
400 uM NeHg; C: 600 pM; MH4; D: 800 uM; NH4; E: 1000 pM BHa4.

The initial rate of @uptake in the presence of 600 UNpHsA YCabW b A G NP a2 O2a YA Odza T NI
9.51+ 0.69 uM @min similar to the initial rate of hydroxylamirgependent Quptake with 200 uM

NHOH (10.54 + @1 uM Q min™). Notably, the hydrazinenduced rate was not linear and started to

decrease after 10 min, reaching a steady rate of 1.15 pvhid?® after 20 min, close to the abiotic

rate (Figured4-70). In contrast to hydroxylamine, spiking with mdrngdrazine did not restore the initial

rate (Figure4-80C), although addition of NFIdid cause oxygen consumption to resunkég(ire4-8D).

As anticipated, preincubating cells with 100 pM phenylhydrazine inhibitecb@sumption coupled

G2 020K Ke@RNREef!| YXC#S bAYIRE X2 QA& ¥ ARDHa ANVF NI, W 1 f | YR
respectively, suggesting that the same enzyme oxidises both substrates, as it dbkesuropaea

(Maalckeet al., 2014)Figure4-10B, D, or that different enzymes are similarly affected. In contrast

with AMOspecific inhibitors (e.g. acetylene), phenylhydrazine did inhibit hydroxylamine oxidation
activity (Wrightet al., 2020)
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Figure4-10 - Oxygen uptake measurements by cell suspensionsNofeuropaea Concentrations of
100 pM NHOH (A and B, red triangles) or 600 pMik (C and D, red diamonds) were added.
Control cells (A and C) are compared to cells incubated with 100 uM phenylhydrazinanBD).
Experiments were performed at least three times with similar results.

4.2.5 ATP production in response to hydrazine and phenylhydrazine

To investigate whether the oxidation of hydrazines is coupled to energy conservation, ATP levels were
RSO SN)YICypS b ANIWRW 2 O2 & Y A ONdsuropaedingUbated witk kdmnwe subsyfaies

(NH; or hydroxylamine) or with hydrazine or phenylhydrazifkég@re4-11). We hypothesed that

both hydroxylamine and hydrazine would yield more ATP than ammonia. The oxidation of ammonia
by AMO consumes two electrons and these electrons are normally produced from the downstream
pathway of hydroxylamine oxidation. Therefore, it is expecdtesd the net yield of electrons and ATP
would be higher with hydroxylamine and hydrazine as substrates. Higher ATP vyield from

hydroxylamine compared to ammonia in the marine AQAnaritimussupports this notior{N. Vajrala
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