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Summary

Proteobacterial metharoxidizing bacteria, or methanotrophs, have the unique ability to
grow on methae as their sole source of carbon and energy. Among tesieylocystis

spp. belong to the familMethylocystaceawiithin the AlphaproteobacteriaTheir key
enzyme is the particulate methane monooxygenase (pMMO), which oxidizes methane to
methanol.Methybcystisspp. are among the ecologically most relevant methanotroph
populations in terrestrianvironments and are widely distributed in diverse habitats. In
consequenceéviethylocystispp. require a range of physiological capabilities that allow
them to espond and acclimatizefiactuations in abioti@and biotic factors in their native
environment. However, to date there still exist major gaps in our knowledge of their
metabolic potential, in particular with regard to their ability to acclimatize to

environmental change and to cope with abiotic stress.

In my first project, we used a recently developed proteome workflow to elucidate the
cellular mechanisms underlying the acclimatizatiorMethylocystissp. strain SC2 to
high NHs* load (added as Ni€I). Re | at i ve 4o HAi gom (NHO mM and
NH4" load under Chtreplete conditions significantly increased the lag phase duration
required for proteome adjustment, while the addition of 100 mM*Nidmpletely
inhibited growth of strain SCZhe number oflifferentially regulated proteins was highly
significantly correlated to the increase in Nitbad. The cellular responses involved the
significant upregulation of stresesponsive proteins, the'Ki salnt® str at egy,
synthesis of compatible solutegytamate and proline), and the glutathione metabolism.
The apparerimvalue for CH oxidation significantly increased with the lWHoad. This
observation was indicative of an increased pMii3ed oxidation of N§lto toxic
hydroxylamine. In consequencethe detoxifying activity of hydroxlyamine
oxidoreductase (HAO) increased with the Nidoncentration and led to a significant
accumulation of N@ and, with delay, BD. Significant production of 0 occurred only
after the oxygen concentration had droppdow or unmeasurable levels. Thus, high
NHs" load had a dual effect on the activity of strain SC2, with one bgérgral
phenomenowf ionic-osmotic stress and the other being the competitivibition effect
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of NHz on pMMO-based methane oxidatioAlthough strain SC2 precisely rebalanced

enzymes and osmolyte composition in response to the increaseinodé] the need to

simultaneously combat both iorasmotic stress and the toxic effects of hydroxylamine

may be the reason why its acclimatizatengaci ty i s | isited to 75 ml

Starting point of my second project was the knowledge that the growth of strain
SC2 is completely inhibited atediumconcentrationsd 1.5% NaCl. Sodium chloride is
an important ioni@smotic stressor in bulk and rhizospheoils. We therefore tested
various amino acids and other osmolytes for their potential to act as a compatible solute
or osmoprotectant under otherwise inhibitory NaCl conditions. The addition of 10 mM
asparagine to the growth medium had the greatestsstelief effect under severe salinity
(1.5% NaCl), leading to a partial growth recovery of strain SC2. The analysis of the exo
metabolome revealed that asparagine was taken up quantitatively by strain SC2. This
resulted in an intracellular concentratioh 264 + 57 mM asparagine. Under severe
salinity (1.5% NacCl), the uptake of asparagine induced major proteome rearrangements
related to the KEGG level 2 categories energy metabolism, amino acid metabolism, and
cell growth and death. In particular, variopsoteins involved in cell division and
peptidoglycan synthesis showed a positive expression response. The incorporation of
asparagin@erived*C-carbon into nearly all amino acids indicated that asparagine acted
as a source for cell biomass under sevahaisy (1.5% NacCl), with glutamate being a

major hub between central carbon and amino acid pathways.
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Zusammenfassung

Die zu den Proteobacteriagehtrenden methanoxidierenden Bakterien, oder auch
Methanotrophe, sind durch inFéhigkeit charakterisiert Methan gleichzeitig als Energie
und Kohlenstoffquelle nutzen zu kénnen. Ihr Schlisselenzym ist die partikulare Methan
Monooxygenase (pMMO), welches Methan zu Methanol oxidiMethylocystisspp.,
welche zur Familidethylocystaeaennerhalb deAlphaproteobacterigehoren, zahlen

zu den funktionell bedeutendsten Methanotrophen in terrestrischen Okosystemen.
Tatsachlich sind Mitglieder der Gattunjlethylocystisin Standorten mit stark
variierenden Umweltbedingungen weit verkeeit Grundlage hierfir st ihr
physiologisches Potential sich schnell an wechselnde abiotische und biotische
Umwelteinflisse anpassen zu konnen. Allerdings existiert bis heute ein Mangel an
Kenntnissen Uber die zellularen Mechanismen, mit dekethylocyst spp. auf

abiotischen Stress zu reagieren vermagen.

Daher sollten in meinem ersten Projekt die zellularen Mechanismen aufgeklart
werden, welche esMethylocystis sp. Stamm SC2 erlaubt sich an eine hohe
Ammoniumbelastung (zugefiugt als NE) anzupassenAusgangspunkt war die
Kenntnis, dass das Wachstum von Stamm SC2 bereits durch eine Belastung mit 100 mM
NH4" vollstandig gehemmt wird. Zur Anwendung kam eine kirzlich entwickelte
Methode, mit der das Proteom von Stamm SC2 effizient analysiert werdenBiaean.
hohe (50 mM und 75 mM) Belastung mit iHm Medium fuhrte, relativ zu 1 mM N#,
unter nicht limitierenden Methanbedingungen zu einer signifikant erhéhten Dauer der
lag-Phase. Korrespondierend dazu erhohte sich die Anzahl differentiell regulierter
Proteine mit der Ammoniumbelastung signifikant. Die zellulare Antwort beinhaltete eine
erhohte Expression von Stre8moteinen, der K"Salzin" Strategie und des Glutathion
Metabolismus sowie eine Akkumulation kompatibler Solute (Glutamat und Prolin).
Verursacht durch die vermehrte pMM@asierte Oxidation von NH zum toxischen
Hydroxlyamin (NHOH) erhohte sich der apparerde-Wert der Methanoxidation mit
zunehmender Ammoniumbelastung signifikant. Korrespondierend dazu erhdhte sich die
Aktivitdt der Hydroxyamin-Oxidoreduktase (HAO), welches zu einer Akkumulation
von Nitrit und Distickstoffoxid (NO) fuhrte. Eine signifikante Produktion von® fand
erst statt, nachdem die Sauerstoffkonzentration auf ein sehr niedriges Niveau gefallen
war. Offensichtlich htte eine hohe Ammoniumbelastung einen doppelten Effekt auf die

Aktivitat von Stamm SC2. Dies war zum einen der durch@erursachte osmotische
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Stress und zum anderen die kompetitive Hemmung der phd&Eerten
Methanoxidation durch Ammoniak; letztersa spezifisches Phdnomen methanotropher
Bakterien. Obgleich Stamm SC2 fahig war Proteom und kompatible Solute der
steigenden Ammoniumbelastung exakt anzupassen, ist die Notwendigkeit sowohl auf
osmotischen Stress als auch auf den toxischen Effekt voroxigdmin reagieren zu
missen vermutlich der Grund, warum eine zellulare Akklimatisation nur bis zu einer

Belastung mit 75 mM Nk im Medium méglich war.

Ausgangspunkt meines zweiten Projekts war die Kenntnis, dass das Wachstum von
Stamm SC2 bei einer Konzeation von 1,5% NaCl im Medium vollstandig gehemmt
ist. Natriumchlorid ist ein wichtiger osmotischer Stressor im Boden und Rhizosphére.
Wir testeten daher eine Reihe von Aminosauren und anderer Osmolyte auf ihre
Schutzwirkung als kompatibles Solut. Dabkeigte die Zugabe von 10 mM Asparagin in
das Medium die grof3te stressmindernde Wirkung auf Stamm SC2 bei Inkubation mit
1.5% NacCl, was eine teilweise Wachstumswiederbelebung zur Folge hatte. Die Analyse
des ExeMetaboloms bestétigte eine vollstandige Aalfme des Asparagins in die Zellen.
Dies resultierte in eine intrazellulare Konzentration von 264 + 57 mM Asparagin. Die
zellulare Aufnahme von Asparagin unter Salzstress (1,5% NacCl) induzierte eine
erhebliche Proteomantwort, die insbesondere Proteine m#ud® zum Energie
Metabolismus, Aminosaw$toffwechsel sowie Zellteilung und Zelltod betraf. So wurde
die Synthese einer Reihe von Proteinen, welche in Zellteilung und Peptideglykan
Synthese involviert sind, aufreguliert. Der Nachweis ¥@Kohlenstoff,abgeleitet von
markiertem Asparagin, in nahezu allen freien intrazellularen Aminosauren lieferte
Evidenz, dass Asparagin unter Salzstress zur Bildung von Zellbiomasse beitragt und die
Umsetzung von Glutamat ein entscheidendes Bindeglied zwischen demlerentra

KohlenstoffMetabolismus und dem Aminosaustoffwechsel ist.
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1 Introduction

1.1 Methane in the Global Carbon Cycle

1.1.1 Methane budget

Next to carbon dioxide (C£p, methane (Ck) is the most important greenhouse gas,
responsible for about 30% of the rise in global warming since the industrial revolution
(Jackson et al., 2020; Arias et al., 2022, remains in the atmosphei@ hundredgo
thousands of years and thus much longer than(&bBlund nine years). However, siriCids
absorbs thermal infrared radiation from the sun more efficiently@kanit has 8487 times

more global warming potential th&0, over a 20year tmeframe GWPx) (Dean et al.,
2018) Furthermore, methane affects the air quality because it is an ingredient in the
formation of tropospheric ozorfé/est et al., 2006 Atmospheric CH concentrations have
accelerated inecent years, reaching approximately 1888.3 parts per billion invi202h

is likely to be among the largeshnual increasesver recorded (Fig 1.1) (NOAA, 2021).
The most recent estimate suggests that globaledtifssions are around 570 million tons
pe year(Reay et al., 2018Understandig global CH sources and sinks a prerequisite

for the design of strategies to counteract global warming.
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Fig. 1.1 The annual increase in atmosph@it; since systematic measurements began in 1Big@re
adopted from{(NOAA, 2021,https://www.noaa.goy/
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CHasis emitted in a variety of biotic and abiotic processes, involving anthropogenic
and natural sources. Anthropogenic emissions, caused by direct human activity, include
agriculture, waste management, and felesl-related activities, which collectively
contribute 60% to the total GHemission(Jackson et al., 2020The natural sources of
CHscan be divided into dwetnl astdseso-salandc hotah
inland waters, wild animals, termites, land geological sources, oceanic geological and
biogenic sources, and terrestrial permaf(@unois et al., 2020 ollectively, these

naturd sources contribute 40% to the total £#ission (Fig 1.2).

GLOBAL METHANE BUDGET 2008-2017 ©00
TOTAL EMISSIONS PRSP TOTAL SINKS
13*
> 100
Bottom-up Top-down (o=5) 625 556
view (BU) view (TD) 594 880 550 594 oa (500-798)(501-574)
e N\ 14 N\
128 1 206 217 149 181 222 595 518 30 38
(113-154) (81-131) (191-223) (207-240) (26 40) (22 36) (102-182) (159-200) (143-306) 21 50 (489-749) (474-532) (11-49) (27-45)

Sink from
chemical reactions
L1 > \ in the atmosphere

i ) Bi d biofuel . ink in soi
FOS.S'I el Agriculture and waste 10Mass and bIoTUE Wetlands Othe_r n_atural l sinkinjsoils
production and use burning emissions =

Inland waters, geological,
oceans, termites, wild animals,

EMISSIONS AND SINKS permafrost, vegetation

Tg LH yr-1. The difference with the TD budget imbalance reflects uncertainties in capturing the observed growth rate.

Natural and anthropogenic fl

Fig. 1.2 Methane emissions and sinks. Figure adopted(f8aumois et al., 2020)

1.1.2 Methanogen ecology

Indeed, both anthropogenic and natural sourcesaaseciated with biogenic and
abiogenic CHemissions (Fig 1.2). The biogenic sources, including rice fields and natural
wetlands, account for almost half of the total (44%) global Rikiget. Here, Ckis the

final product of the anoxic decomposition ofjanic matter by methanogenic archaea
(methanogens]Chen and Prinn, 2005; Conrad, 2007; Saunois et al., 2a#0gr
methanogenic sources are the intestines of ruminants and termites (20%), landfills, and
other wate treatment systems (10%). Thus, 75% of the total atmosphesiorigithates

from the activity of methanogens in varicarsoxic environmenté&Knapp et al., 2014)

As strict anaerobes, methanogens have long been believed to be limited to anoxic

habitats. However, recent studies have shown that some methanogens fidgdite
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oxic environmentgLyu et al., 2018)Most recently, it was shown thatthe presence of
oxygen,manyorganisms across all domains of life could formsCidduding plants,

fungi, algae, and cyanobacte(térnst et al., 2022)The formation of Cklby these non
methanogenic organisms is triggered by free iron and reactive oxygen species (ROS).
ROSinduced methyl radicalare key intermediates for GHbroduction(Ernst et al.,

2022) However, these sources make only a small contribution to the glohdiudiet.

Methanogenesis is a form of anaerobic respiration carried out byargardsms
that belong to the phyluBuryarchaeotawithin the domaimrchaea Methanogens can
be classified into three group based on their substfétese areceticlastic (acetate),
hydrogenotrophic (HCO,) and methylotrophic (methylated compounds) rartigens.
Taxonomically, they are organized into eight orderdethanosarcinales
Methanomicrobiales ~ Methanopyrales = Methanocellales = Methanococcales
MethanobacterialesviethanonatronarchaealesndMethanomassiliicoccale®Balch et
al., 1979; Sakai et al.,, 2008; Dridi et al., 2012; lino et al.,, 20E®kticlastic
methanogenesis can be found only in the orlthanosarcinales In contrast,
hydrogenotrophic methanogenesipresent in almost all methanogenic osdeith the
exception of theMethanomassiliicoccaledviethylotrophic methanogenesis is found in
the orderdviethanosarcinaleMethanomicrobialesandMethanomassiliicoccale®©ver
the last decade, methanogenesis has been recognized no longer to bedrésthiet
Euryarchaeotaut also to be presentineBathyarchaeotdGuerrereCruz et al., 2021)

In addition methanogenic archaea have representatives in three superphyla: TACK
(ThaumarchaeotaAigarchaeota Crenarchaeota and Korarchaeota (Lloyd, 2015;
Berghuis et al.,, 2019)DPANN (Diapherotrites Parvarchaeota Aenigmarchaeota
NanoarchaeotaandNanohaloarchaeofg(Castelle and Banfield, 201,8nd the Asgard
superphylun{Evans et al., 2015; Guerre€ruz et al., 2021 However, all data regarding
methanogenesis outsidé the Euryarchaeotas based on genome analysis and require

laboratory studies whicat present are npiossible due to the lack of isolates.

The methanogens shadwersity in regard to their substrates (Fig. 1.3). Acetate
consuming methanogens are fawell studied and contribute to approximately 2/3 of
the global biomethane productiofConrad, 2005) The Methanosarcina and
Methanosaetd Methanothrxdo) genera are the only aceticl ac

date.The Methanosaet@enus is strictly dependent on acetsttewing high affinity to
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the
substraté€Jetten et al., 1990; Rotaru et al., 20Mgthanosaet#s the most abundant

aceticlastic methanogen environments where a low acetate concentration is observed
(Jetten et al., 1990 contrastMethanosarcinanas a high growth rate and low affinity
for acetate making th& enrichment much eagieusing routine isoation procedures.
Moreover, Methanosarcinahas a versatile substrate range, includmgthanol and

methylated aminesnd the ability fohydrogenotrophic growth. It can be considered a

generalis{Stams et al., 2019)

] . \/‘&\ W Dominant substrates:
Y A_"

I Landfis

%&% E Sewage treatment

{17 wetlands

Rice fields

Dominant substrate: Me

E Ocean

Humans and livestock

Termites

Hydrothermal vents

Current Biology

Fig. 1.3 Sources of biogenic methane emissions to the atmosphere. Figure adoptegifrenal.,
2018)

Hydrogenotrophic methanogenesis is most dominant in terms of both CH
emissions and community compositiowith 1/3 contribution to the totaglobal
biomethane  production (Fig. 1.4) (Conrad, 2005) Methanosarcinales
Methanoncrobiales Methanopyrales Methanocellales Methanococcales and
Methanobacterialesitilize H> and CQ to produce CHhlvia the methyl branch of the
archaeal type Wodd jungdahl pathway (WLP) or the reductive met@dM reduction.
Hydrogencan be replacedylformate, carbon monoxide (CO), or alcohols as substrates
(Conrad, 2020)It is postulated that hydrogenotrophic methanogenesis is the ancestral
form of CHs production due to its broad distributiéBapteste et al., 2005; Berghuis et
al., 2019)
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Methylotrophic  methangenesis uses certain methylated compounds
(methylamines and methylated sulfides) asdcommon in marinesystemsand in
hypersaline, sulfatech environments (Fig. 1.4)Alcolombri et al., 2015; Lyu et al.,

2018) The environmental production of methanol is different from acetate, &0

H>. Methylotrophic methanogenesssless frequently detecteshd thusemairs poorly
understoodXiao et al., 2018)

Hydrogenotrophic Methylotrophic methanogenesis  Carbon fixation using
methanogenesis archaeal WLP
without methanogenesis
co, co, o, °
Fd } | 2
: red~ 4 PN
CO, reductlonF d ) LP W1 P WLP
ox " Cdh d
coupled H 4MPT-CH ;= acetyl-CoA —»biomass — biomass
with energy i biomass
conservation CoM-S-CHs ?-CH3 ‘I/R-CH:;
Ferredoxin Fd
regeneration ( F dox @ @
related | red | l Ignisphaera,
methanogenesis CH CH CH Archaeoglobus,
4 4 4 Bathyarchaeota,
Euryarchaeota Bathyarchaeota Methanomassiliicoccales, Sg?égg?:f;gg’

Methanohydrogenales BA1,BA2 Methanomethyliales | (vi Thorarchaeota

Fig. 1.4 Pathways of methanogenesis. Abbreviations: Mtr, coenzyme M methyltransferase; Mcr, methyl
coenzyme M reductase; MLP, Wddgungdahl pathway; Fd, ferredoxin. Figure adopted f(@arghuis
etal., 2019)

The ratio of aceticlastic andethylotrophic methanogenesis is tightly regulated by
substrate gantity and quality. An overview about the environmental significarice o
hydrogenotrophic and aceticlastic methanogenesis farp@dtluction can be found in a
review by Conraq2020) If the degradation ofomplexorganic matter is complete, the
fermentation pathwayresultin the production of acetate and,kivhich favors> 67%
aceticlastic methanogenesis and 33% hydrogenotopéihanogenes{Smith and Mah,

1966; Conrad, 2020)f organic matter is incompletely degradea complex organic
substrates and recalcitrant organic matter increase in soil or sediment, their degradation
occurgpredominantly by (> 50%) hydrogenotrophic methanogeri€sisrad et al., 2010;
Ji et al., 2016)These results provided insights into whiyansition from aceticlastic to

hydrogenotrophic methanogenesis might has@urred.
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1.1.3 Methanotroph ecology

In terrestrial and aquatic environments, only a fraction of producedsGihitted to the
atmosphere. Most d@Ha is oxidized to reduce glob&Hs emission to the atmosphere
(Saunois et al., 2020CH4 oxidation can occur in both oxic and anoxic environments
using oxygen or alternative terminal electron acceptors; however, this involves both

completely different biochemical processes and défgrent microbial groups.

Anaerobic CH4 oxidation. Anaerobic oxidation of methane (AOM) is a major
biological sink in anoxic marine and natural sedimé@tsrad, 2009)Briefly, anaerobic
methane oxidation (ANMEIjs coupled to the reduction of sulfate, ni&aitrite, iron,
manganese, asrganc electron acceptsrasthe terminal electron acceptdCui et al.,
2015; GuerrereCruz et al., 2021; Karthikeyan et al., 202%pveral archaeal lineages
have been shown to mediate AOM, which are phylogeneticalpted to different
methanogenic archaea. ANMEand ANME2 archaeare the most almadant groups of
ANME. ANME-1 archaeaare distantly related to the ordefdethanosarcinalesand
MethanomicrobialesANME-2 archaedelongto the ordeiMethanosarcinalesANME-

3 archaea arenostly present irsubmarine mud volcanoes andlated to the genera
Methanococcoide®f Methanosarcinalesorder (Wang et al., 2014)The biological
process of anaerobic methane oxidation was testras sulfatelependent anaerobic
methane oxidation (®AMO) which is performed by a microbial consortium consisting
of sulfatereducing bacteria (SRB) andethanotrophic archaea-(?AMO). ANME-1
and ANME2 archaeaare associated with SRB of tlgeneraDesulfosarcina and
Desulfococcuswhile ANME-3 archaea arassociated with SRB of tHeesulfobulbus
branch. The ANMEgroup for SDAMO is further divided into subgroups, including
ANME-1a and ANME1b, ANME-2a, ANME-2b, and ANME2c. No subgroups are
shown forANME-3.

In freshwater sediments, abundant nitrate and nitrite thermodynamicallydaivor
oxidation relative to sulfate reduction. Theaerobianethanotrophs that use nitrate or
nitrite as the electron donor f@Hs oxidation are referred to as nitrogelependent
anaerobic methane oxidation MAMO) group (Nordi and Thamdrup, 2014)The
methanotrophic representatives of the candidate phylum NC10, suClanasdatus
Methylomirabilis oxyfera, were shown to perform nitrsdependent anaerobic methane
oxidation(Luesken Francisca et al., 2011; Versantvoort et al., 20b& new medtanism
of N-DAMO involves anii i na e rao gathveay of nitrite reductioto NO and Q by
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CandidatusMethylomirabilis oxyfera in anoxic habita(&ttwig et al., 201Q)The Q is
usal as terminal electron accepfor theintra-aerobic pathway of Cibxidation(Ettwig

et al., 2010) Subsequently, the archaea ANN2H partner of the NC10 bacteria nhamed
CandidatusMetharoperedensiitroreducens was identified to use nitrate rather than
nitrite as the terminal electron acceptor, whis different fromM. oxyfera For
comparisons betweebandidatusviethylomirabilis oxyferalfl. oxyferg andCandidatus
Methanoperedens nitroreducemd. (nitroreduceny, the reader is refieed to areview
article(Cui et al., 2015)Metal ions, i.emanganese (M) and iron (F&), are abundant

in marine nethaneseep sediments and actedsctron acceptors for AOM (\DAMO).

The M-DAMO may play an important role imglobal marine AOMalthough its

mechanism still remains uncle@ui et al., 2015)

(A) S-DAMO (B) M-DAMO
SO 2 SRB Hs- Fe-/Mn-oxide . MBGD FeX*'Mn?*
C)CH N-DAMO D) cu N-DAMO
(C)ca, o0, (D) cx, o,
NO.- M. ();;)fera g NO;~ M. nitroreducens
A N, N,

Fig 1.5 Three electreaccepting processes coupled to anaerobic methane oxidation (AOh&}urel
environments: (A) sulfatdependent anaerobinethane oxidation (®AMO); (B) metal ion (Mri* and
Fe*)-dependent anaerobic methane oxidatiorRMO); and (C, D) nitrate/nitritalependent anaerobic
methane oxidation (NDAMO). Abbreviations: ANME, anaerobic methanexidatiorr SRB, sulfate
reducing bacteriaM. oxyfera Candidatus Methylomirabilis oxyfera;M. nitroreducens Candidatus

Methanoperedens nitroreducens; MBGD, marine benthic group D. Figure adoptd@éicghal., 2015)

Aerobic CH4 oxidation. Aerobic methanotrophic bacterigpically inhabitanoxic

oxic interfacegBrune et al., 2000; Reim et al., 2012xtensive enrichment and isolation
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work by Whittenbury et al. led to the isolationatarge variety of methanotrophgan
pure culure (Whittenbury et al., 1970)With the increasing availability of molecular
methods for the identification dnclassification of microorganismshe number of
methanotroph culture®ias doubled over théast 10 years. Nearly all thaerobic
methanotrophs have been identified to belong to the phyusteobacteria(Knief,
2015) A limited number of isolateshowever further expandedur knowledge othe
phylum Verrucomicrobiafor bacteriathat are able to utilize C+as the sole carbon and
energy sourc€Dunfield et al., 2007; Pol et al., 2007; Camp, 2009)

Proteobacterial methanotrophs are classified into two majoupgr type |
(Gammaproteobacter)aand type Il Alphaproteobacterip methanotrophs based on
morphology, ultrastructure, phylogeny, and metabolic pathways (Whittenbury and
Dalton, 1981). The carbon fixation mechanigia the ribulose monophosphate pathway
(RUMP, type I) or serine pathway (type Il) is still a distinctive feature to differentiate type
| and type Il methanotroph&nief, 2015; Dedysh and Knief, 2018yhile other traits
found in various genera and speccdonat longer exclusively differentiateetween type

| and type Il methanotrophs

To date, 23 methanotrophic genera and 56 different species with validly published
names within théroteobacterighave been proposed, with five genera being described
in the Alphaproteobacteria(Fig 1.6 (Knief, 2015; Dedysh and Knief, 2018)
Alphaproteobacterial methanotrophs belong to the faniliethylocystaceaéype lla),
including the generaMethylocystisand Methylosinus ard Beijerinckiaceagtype 1Ib),
including the generaMethylocella Methylocapsa and Methyloferula (Knief, 2015)
Members of the genudethylocystisare strictly aerobic bacteria with type I
intracytoplasmic membranes (ICM). They are among the most ecologically relevant
methanotroph populians in terestrial habitat§Bowman, 2015and commonly foud
in diverse environments, such diferent soils, rice paddies, peatlands, landfills, and
freshwater sedimen{8elovaet al., 2013; Bowman, 2015; Leng et al., 2015; Tikhonova
et al., 2021) At species levelMethylocystisspecies that are relatéd Methylocystis
roseg Methylocystis hirsutaand Methylocystis echinoiddsave most frequently been

isolated



14| Page Introduction

“Candidatus Crenothrix polyspora’, DQ295899
mm. AYLO01000152

4 o iy Methylobacter tundripatudum, JH109152
¢ tacidiphilum kamchatkense’, EF127896 bukin moade) AYLOU1000115 PxmA
“Candidatus Methylomirabilis oxylera®, FPS65575

Methylocelia palustris, Y17144 Methylobcteriteus, KE”‘E”;DC
Methylocella silvestris, AJ491847 Methylobacter marinus, Kimzen
Methylocella tundrae, AJS55244
Methyloferuls steilata, FRG686343
Methylocapsa acidiphila, AJ278726
Methylocapsa aurea, FN433469
 KP715289

Mothylosinus sporium, Y 18946

Ilb

i . PMOA3, EF591087
[rwmmmm " pmoA3, EU223855
“Methylacidiphilum kamchatkense®, pmMJ Fuezm

ek pchi mzmsso
%mmwwmmr 210852

" PMOAS, FJ482791
“Methylacidiphifum infermorum’, pmoA 1, EU223862
mmwmnmmm pmoM EF501085
“Methylacidiphilum kamchatiense’, pmoA 1. FJ462789
“"Meth) infernorum’, pmoA2, EU223859

lla

Methylocystis hisute, DQ384433 mmmm PmoA2, EF591088
Mothylocystis rosea, AJ414656 vlum kamchatkense* pmaA2. F 1462788
Methylohaiobius cimeensis, AJ581837 e anciatits FPS65575
|C Methyfomarinovum caidicuralli, AB301718 mm%‘ﬁ;a r—
s , AB536747 yshis 3. 'mo.
L Methylothermus thermalis, AY820000 N T
Methylogaea oryzae, EUG72873 ylocapsa acidiphita, KE 386408
|b Mothylococcus capsulatus, AJ563935 L Moty et ocapsa aurea, JOKO( 1000020
Meth ishizawai. ABBO155 Mothylosinus sporium, FJ7
Methyloparacoccus murrelli, HF558990
Methylocaidum szegediense, UBS300 e S
Methyjocal I:mmrlpndum U89297 s s 5000
Methylocaldum gracile, UB9298 mm';t“ymsx" N0 1000081
Methylocaldum marinum, ABE94129 o/ MB PR,
s hirsuta, DQ364434
JIN386974 Methylocystis rosea, KBS89I96:
I IMothylovulum miyakonense, ABSO1287 Methylohaiobius crimeensis, ATXB01000001
a Methyiosoma difficie, DQ119050 Methylomarinovum caldicuraliiIT-9, AB302948
“Candidatus Clonothrix fusca’, DQ884190 el ity P £33
“Candidetus Cranottrix polyepora’, DQ285895 Mooy capstate AR B1600010
Mothylobacter psychrophilus, AF152597 Methylomagnum ishizewo, ABEJS1ES
Methylobacter tundripaludum, AJ414855 Methyloparacoccus murreiil, HF954363
Methylom: vad, AB301717 Methylogaes oryzee, EU359002
'[; hansoni, UB7929 Methylocaidum 3
sediment, KF484906 Methylocaidum marinum, AB900159
Methylomonas lenta, FR798062 Methylocaldum
“Methylomonas rubra’, AF304194 B
Mothyiomonas scandinavica, AJ131369 Methylosarcins quisquiiarnum, AF1T7:
Methylomonas paiudis, HEB01216 Mmalnw Azumwwoag
Mothylomonas ica, Methylosarcina fibrata,
Methylomicrobium agile. JPOJ01000000
[ i T
Methylomonas aurantiaca, X72776 3
o XT2TT8 mmmmm‘.mw ;0082060
oy XI2TTS Methylomicrobiurm japanense,
ylomicrobium pelegicum, el Meinviomkrobium kboyerse, NSTOTY
Methylomicrobium kenyense, AJ1. Methylomarinum vadi, JPONO1
Methyiomicrobium alcaliphiturn, EF495157 paludis., HEB01217
Methylomicrobiumjapanense, D892 ylomonas fenta, HF 9543 T3
tylosarcina lacus, AY007206 Methylooionss 00
Methylosarcina fibrata, AF177296 s s L
Methylosarcina . AF1T7297 Mothyiovulum miyakonense, KB91
Iothylobacter luteus, AF304105 Methylosoma difficile, DQ119047
Mothyiobacter morinus, AF304197 Methylobacter tundripaiudum, JH109152
Methylobacter whittenburys, XT2773 Mothylomicrobium pelagicurn, U31

0140 Methylomicrobium agie, X72767
Methylomicrobiur atbum, X72777 _omw

marinus, KB912877

Fig 1.6 Phyjogenetic trees showing the phylogeny of methantrophic type stra@iset on sequences of both
16S rRNA geneandpmoA The NeighborJoining trees were calculated using the ARB software package
(Ludwig et al., 2004pased on 1556 nucleotide positiqi$S rRNA gene) with Jukes Cantor correction
and 160 amino acid positiongPmoA) with Kimura correctbn, respectively. PmoA sequences of
Methylobacter luteus, Methylobacter whittenbugndMethylomicrobium pelagicare not available from
the type strains, but were taken from a different strain repregehinspecies. The 16S rRNA genee

was rootedwith sequences of methanogericchaea (AB301476, M60880, AB065296, AM114193,
AB196288), while the PmoA treewas rootedwith AmoA sequences of ammorixidizing bacteria
(NC_004757, X90822). Dots label branch points that were woafl in MaximurLikelihood trees. The
scale bars display 0.10 changes per nucleotide or amino acid position. Figure adop{&chiebra015)

In addition to act as a biofilter f&Hs produced in methanogenic sites, another
environmentally relevant activity is the oxidation of atmosph€Heg in unsaturated soils
(Conrad, 2009)Upland soils act as @Hs sink for 9to 45 Tg atmospheric CHyear?,
thereby balancing for about 1 to 7 % of the global annual €&hission(Knief et al.,
2003) AtmosphericCH4 consumption is performed by bacteria with high affinitCte.
Initial molecularecologyresearch identifiedsto asyet-uncultured methanotroph clades
as the major biological sink for atmospheZids in forest and grassland soils. These were

termed upland soil clusters alpha and gamma (8@ US®) (Holmes Andrew et al.,
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1999; Knief and Dunfield, 2005Kolb, 20®). The US® and USQ® clusters are
phylogenetically affiliated t?\lpha and Gammaproteobacteriand use the particulate
methane monooxygenase (pMMO) for atmosph@iitz oxidation (Cai et al., 2020)
Most recentlyMethylocapsajorgonaMGO08 has been described (Tveit et al. 2019). This
isolate is (i) able to oxidize atmosphedls, (ii) globally distributed in upland soils, (iii)
closely related to USQ and (iv) exhibits an higher estimated specific affinity fors/CH
(&%, D195 x 102 Ltcell %h'Y) than other cultivated methanotrophs (Dunfield Peter and
Conrad, 2000; Knief and Dunfield, 2005; Tveit et al., 2019).

Besides the members of these twacultured methanotroph clusterspme
methanotrophic strains belonging to the fanMgthylocyshiceaehave been shown to
oxidize CH;, at atmospheric mixing ratios (Knief and Dunfield, 2005; Taueteal.,
2022). In particularySCUandMethylocystispp. @ae most frequentlgetected in acidic
soils, whileUSCo and Methylocystisspp. are frequently dettedin pH-neutral soils.
Methylocystissp. strain SC2 was found toxidize atmospheri€Hs by an alternative
high-affinity pMMO2 isozyme (Dunfield et al., 2002; Ricke et al., 2004; Baani and
Liesack, 2008) In adlition, two Methylocyst strains (DWT and LR1) required the
lowest amount of CHfor growth (10100 ppmv)and maintained atmospheric (1.75
ppmv) CH; oxidation for the longest period in a study @§nief and Durfield, 2005).
Depending on soil type and emmmental factors, methanotrophic communities in
unsaturated soils were dominated QU USCo, or MethylocystisTheir ecophysiology
needs to be more specifically addressed in future st(idadls, 2009; Deng etla 2019)

1.2 Metabolic versatility of aerobic metharotrophs

1.2.1 Methane oxidation

Methanotrophic bacteria use monooxygenase enzymes for the first step @fi@ation

to methanol, which is then further converted to formaldehyde, formate aadyCO
methanol, formaldehyde, and formate dehydrogen@tmsson and Hanson, 199€ell
carbon for growth is assimilated frdormaldehydéy either the RUMP (type |) oegne
pathways (type Il).Two forms of CH monooxygenases are known, a soluble form
(sSMMO) present only in a few methantroph spec{&luzhnaya et al., 2001,
Kalyuzhnaya et al., 2008; Khalifa et al., 20H5)d a membrankound form (pMMO)
present in all known methanotroplexcept members of the gendvkethylocellaand
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Methyloferula(Theisen et al., 2005; Dedysh and Dunfield, 20A3ubset of type | and
type lla methanotrophs can produce b&MMO and pMMO.

The two MMO systems are evolutionarily unrelated and thus completely differ in
their gene and protein sequences, their overall structure, their substrate selectivity, and
their active site composition (Fig 1.7iHolmes et al., 1995; Leahy et al., 2003; Khadka
et al., 2018) The sSMMO belongs to a multicomponent monooxygenase (BMM) family
and is composed of a hydroxylase (MMPH reductas (MMOR), and a regulatory
protein (MMOB). The MMOH consists of three polypeptides arranged Uaao, dimer
(Rosenzweig et al., 1993Jhe sMMO has a wide substrate range including halogenat
alkanes, alkenes, and aromatic compoy&esnrau, 2011)The pMMOis a membrane
bound, copperand irorcontaining enzyméLieberman et al., 2003 hepmoCABgene
cluster codes for three integral membrane polypeptides of approximately 22, 24, and 42
kDa, respectively. These are arranged 89@ kDalkbsos trimer (Gilbert et al., 2000;
Sirajuddin and Rosenzweig, 2019he PmoB subunit consists of two cupredexe
domains linked by two transmembrane helices, while the PmoA and PmoC subunits are
primarily canposed of transmembrane heli¢8gajuddin and Rosenzweig, 2015; Zhu et
al., 2022) Since pMMO is the predominar@Hs oxidation catalyst in nature, it is
critically important to understand its catalytic potent@aloxidize atmospheri€Ha.
However, the identity of the physiological electron donor for pMMO activity is still
unknown and the exact edytic mechanism of pMMO remainedusive for many years

(Kalyuzhnaya et al., 2015)
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Fig 1.7 Overall structureof the two MMO forms a M. capsulatugBath) sMMO (PDB accession code
1MTY) showing theJsubunits in grayb subunits in magenta, andubunits in green. Iron ions are colored

red brown. bM. capsulatugBath) pMMO (PDB accession code 3RGB) showing the PmoC subunits in
green, PmoB subunits inagenta, and PmoA subunits in gray. Copper ions are dark blue and zinc ions are

gray.Figure adopted frorfRoss and Rosenzweig, 2017)
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1.2.2 Carbon assimilation

1.2.2.1 Central carlon pathways

While gammaproteobacterial (type 1) methanotrophs operate the ribulose monophosphate
(RuMP) cycle for carbon assimilation, the alphaproteobacterial (type 1) methanotrophs
make use of theerine pathwayFig. 1.8). Type X methanotrophs wereeggirized as
Gammaproteobacterithat are distinguished frongge | methanotrophs by the presence

of low serinecycle enzyme levels, in addition to the enzymes of the Qabansoii
Bassham (CBB) cycld.ater studies showed that type X methanotrophs usea€their

sole source of carbon and eneftghadem Ahmad et al., 2011)

Methanotrophs have the potentialplay a role in future energy sustainability. The
type | methanotrophs condense formaldehyde with ribulose monophosphate, thereby
resulting in the production of sugahosphate phosphate (Trotsenko and Murrell, 2008;
Kalyuzhnaya et al., 2013; Fu et &017) Actually, these methanotrophs operate two
variants of the RUMP cycle, with one being the EmblliyerhofParnas (EMP) variant
and the other being the EnthBoudoroff (ED) variant. Both pathways convert
formaldehyde into the C3 intermediates pytevand phosphoenolpyruvate (PEP).

Subsequentlypyruvateacts as a precursor oifulti-carbon compoursl
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Fig. 1.8 Carbon ssimilation pathwayn methanotrophs. Abbreviation: MMO, methane monooxygenase;
MDH, methanol dehydrogenase; FADH, formaldehyde dedgehase; FDH, formate dehydrogenase.
Figure adopted frortSahoo et al., 2021)
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In theserine pathwayequimolar amounts eétrahydrofohte(H4F) and CQresult
in the production of acetyCoA, which will be channeled into the ethylmalonyl
coenzyme A (EMC) pathway dhne glyoxylate shunt (GS) for synthesis of amino acids,
CoA derivatives, and TCA cycle intermediates. The C1 carbon agghwVia theserine
pathwayinto the central carbon metabolism is the basis for gluconeogenesis, thereby
leading to the synthesis of particular amino acids, DNA and RNA, and cell wall
components. Collectively, these contribute 53% to total cell biogGYasyg) et al., 2013)
The second part of theerine pathwaypverlapswith the EMC pathway and replenishes
the intermediates required for C1 carbon assimilation, includingepaleetylCoA, and
glyoxylate. Operating theserine pathwayis essential for the activity of type Il
methanotrophs, which are known kbave a high émand for acetyCoA as a key
metabolite for PHB biosynthesfsJ e on et al . , 2 0 liMadditi@fies i cka et
significant fraction of PEP is converted to pyruvate, the precursor for alanine and the
acceptor in two anaplerotic Gdixation reactions. Indeed, it has been predicted that the
proportion of cellcarbonderived from CQ in type Il methanotrophs (> 50%) is much
greater than that of type | methanotrophs (apprek5 3%6) (Trotsenko and Murrell,
2008a; Yang et al., 201.3Most recently,CO; fixation was propaosd to occur via the
reductive glycine pathwafTveit et al., 2019)Since type I methanotrophs incorporate
more CQ per unit of substrate than type | methanotrophs, they may thus represent a more

suitable system for Ghhased commercial production of chemigdang et al., 2013)
1.2.2.2 Multi-carbon metabolism

Abiotic environmental factorsincluding CHs and oxygen concentrations, nitrogen,
nutrient availability, pH, temperature, and salinity largely influence the activity of
methanotrophgKaupper et al., 2020Methanotrophs were initially considered to be
obligates utilizing only methane or methanol for growth. Over the last two decades,
discoveries greatly expanded our understanding ofntathanotroph physiology. In
addition to the growth on other C1 compounds such as formate and formaldehyde, strains
of MethylocystimndMethylocapsabut in particulaMethylocellaspp., have been shown

to be capable of growing ocompounds containing-C bonds(Belova et al., 2011,
Dedysh and Dunfield, 2011Members of the genddethylocystissuch adV. bryophila

H2s', M. heyeriH2", andM. echinoideSMET10491", show slow growth on acetate and
ethanol in the adence of methan@elova et al., 2011)n contrastMethylocellaspp. are

not only able to use metha and methanol as their sole source of energy, but also grow


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tetrahydrofolate
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on acetate, pyruvate, succinate, malate, and etflaadysh Svetlana et al., 2005; Farhan
Ul Haque et al., 2020)The growth rate and carbon conversgificiency were even
higher on acetate than on methane, and acetate was the preferable substrate when both

substrates were provided in exc@3sdysh Svetlana et al., 2005; Im et al., 2011)

The assimilation pathay of acetate is not yet conclusively known for members of
the genudMethylocystigBelova et al., 2011; Pratscher et al., 20IHe assimilation
pathway of acetate iMethylocellaspp. was considered to involvieet activity of two
enzymes of the glyoxylate shunt. These are isocitrate lyase (ICL) and malate synthase
(MS), which are able to convert acetate into intermediates of the serine pathway such as
malate and glyoxylate. The deletion of ICL or M3Methylocela. silvestrisBL2 resulted
in growth defects that confirmed the incorporation of pyruvate into the central carbon
metabolism via the glyoxylate shuiigordel etal., 2020) The sMMOs belong to a large
family of di-iron carboxylate enzymes that include solubleraln monoxygenases
(SDIMOs). The sMMO allowdMethylocellaspp. to grow on a range of shattain
alkanes, ethane, and propd@eombie and Murrell, 2014; Farhan Ul Haque et al., 2018;
Tveit et al., 2019) Interestingly, acetate repressed the sMMO expression in some

facultativeMethylocellastrains(Theisen et al., 2005)

Conversely Methylocystisstrains H2s and SB2 constitutively expressed pMMO
regardless of whetheanethane or acetate was available as substrate for growths It w
speculated that facultatiethylocystispp. are able to use acetate as a secondary carbon
or a reducing source to enable the continued expression of the pst\i@t these strains
can readily utilize methane when it becomes availé®#tova et al., 2011)This newly
detected metabolic flexibility suggested that some type Il methanotrophs hasater gr
competitive advantage than previously thought and the operation of multiple pathways
by Methylocystispp. can be highly controlled and integrated. This facultative capability
may be a further explanation of whilethylocystisspp. are ubiquitously siributed in

oligotrophic enironments such as upland soils.
1.2.2.3 Growth strategy under unbalanced nutrition conditions

Another factor that affects methanotroph selection is nutrient concentration. Almost all
type Ila methanotrophs are able to con@Hi to poly-betahydroxybutyrate (PHB), the
most common type of polyhydroxyalkanoates (PHAs) naturally produced in
methanotrophs under nutrielithiting conditions (e.g., carbon excess coupled to nitrogen
limitation) (Pfluger et al., 2011; Pieja et al., 201Type lla methanotropkells use
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intracellular PHB as a source of carbon and reducingepand as an internal substrate
for cell survival during staation periods with limited external carbon and energy sources
(Fig 1.9).

Three genesphaCAB,are considered crucial for PHB synthefidadison and
Huisman, 1999)These genes encode the condensation of two a@efylmolecules to
acetoacetylCoA (phaA), the reduction of acetoacet@loA to (R)3-hydroxybutyrytCoA
(phaB), and the polymerization of (R3-hydroxybutyryfCoA monomer units into PHB
(phaQ (Madison and Huisman, 1999)hese genes are well conserved among type lla
methanotrophs and have been used to screen for PHB production cépheityet al.,
2000) To date, neither PHB synthesis genes nor the production of PHB kawve b
detected in type | methanotrophs. The production of PHB has only been documented in
type lla methanotrophs of the gendvithylocystisand Methylosinus(Pfluger et al.,
2011; Pieja et al., 2011; Pieja Allisoredt 2011; Bordel et al., 2019)he main precursor
for PHB bioconversion isacetytCoA. Its synthesis via the serine pathway, which
contributes 53% to cell biomass, partially explains why PHB production is limited to type

Ila methanotrophs, while notdod intype | methanotroph&rang et al., 2013)

Previous reseah had already shown that low nutrient level favors type lla
methanotrophs over type | methanotrophs due to PHB st¢Cagiklle et al., 2014)In
fact, Methylocystisand Methylsinusare known to accumulate 20% to 50% of its dry
biomass in the form of pol$-hydroxybutyrate (PHB) under nitrogdimiting conditions
(Pieja et al., 2011)Their ability to conver€Hs to PHB not only mitigate€Hs emission
to the atmosphere but also makes type lla methanotrophs a promising cell factory for
synthesis ofbiodegradable polymer substitutes used in plastics produ&amatale and
Oh, 2015; Yeo et al., 2018)owadays, great efforts are made to elucidate their metabolic
potential in order to mak#eir use in biotechnolog¥rotsenko and Murrell, 2008b; Fei
et al., 2014; Hakobyan et al., 2020)
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Fig 1.9 Methanenetabolism in methanotrophs. Aated from (Zhangt al., 2008; Liu et al 2020)

1.2.3 Alternative energy sources

Atmospheric hydrogen has a mixing ratio as low as 0.53 pi@neening et al., 2014)
Abiogenic and biogenic processes, such as fermentation, nitrogen fixation, and
photosynthesis, can continuously produce hydrogen. There are three phylogenetically
distinct classes of hydrogenases. Their differentiation is based on the metals within the
interior He-binding sites: groups 1 to 4 [NiFédrogenases, groups A to C [FeFe]
hydrogenases, and [FRydrogenases (Fig 1.1Q@phima et al., 2008; Greening et al.,
2016) Low-affinity H2 oxidation is catalyzed by microbes in habitats with relatively high

H> availability. On the contrary, higaffinity microorganisms can oxidize atmospheric

H>. The B metabolism has been recently recognized in anoxic sediments, animal guts
and hydrothermal vents involving members of five different bacterial phyla:
Proteobacteria Firmicutes Cyanobacteria Euryarchaeota and Chlorophyta
Furthermore, various members of thetinobacteriaandAcidobacteriaare able to persist

in aerobic soils by scavenging fom the lower atmospher@reening et al., 2014;
Greening and Gok, 2014; Lubitz et al., 2014; Greening et al., 20THE use of klas an
alternative energy source may help microorganisms to cope with environmental

fluctuations in available energy sous¢Piché Choquette and Constant, 2019)

Our current knowledge on the evolution and diversity of hydrogenases suggests that
the H metabolismis more diverse and widespread across members of the domain

Bacteriaand thus among microbial communities than previously tho(@tegening et
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al., 2016) Hydrogen treatment of soils altered both the carbon utilization and the CH
oxidation. The strong negative correlation between-ddfmity H> oxidation and high
affinity CHs oxidation led to the conclusion that €lnd H oxidation might be
performed by the same microorganisms that have the ability to utilize batar@H+

as subtrategKhdhiri et al., 2017; Pich€hoquette et al., 2018)
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Fig. 1.10 Classification and plogeny ofhydrogenases. These Neightdoining skeleton trees show the
phylogenetic relationships 08286 hydogenasesThe trees are colecoded by [NiFejhydrogenase

subgroup and [FeFdjydrogenase group. The nodes separatingndjer clades are encircled and colored
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according to their bootstrap values, that is, black circles forsuglported nodes (bootstrap vala€s75)
and red circles for unsupported nodes (bootstrap values <0.75). Group A-fiyedF@jenases cannot be
reliably subdivided phylogenetically and can only be classified into subtypes based on their genetic

organisation. Figure adopted from (Greeninglét015).

Recently, hydrogenasmsding genes were also identified in the genomes of various
alphaproteobacterial and verrucomicrobial methanotroph genomes, thereby suggesting
that hydrogen oxidation is a general metabolic strategy operated by theseatnefiran
bacteria(Hanczar et al., 2002; Greening et al., 2016; Carere et al.,. ACdt@), the low
affinity and oxygersensitive membrarleound group Id [NiFehydrogenase was shown
to provide the ability to swih between growth strategies on the concurrent use ariidH
CHs as energy and carbon sources (Mohammadi et al., 2017; Hakobyan et al., 2020).
Mixotrophy relying on H as an energy source confers a flexible Knallgas
methanotrophic lifestyle that uses hygenases to channel electrons from hydrogen into
the quinone pool, thereby providing the link between hydrogen oxidation and energy
production(Piché Choquette and Constant, 2019)ydrogen oxidation is particularly
important for the acclimatization of methanotroph<Ctds and oxygen limitation (Fig
1.11)(Hakobyan et al., 2020)
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Fig. 111. Proposed metabolic model of hdwethylocystissp. strain SC2 responds to the addition ef H
under CH and Q limited conditions. During the growth of strain SC2isloxidized by Group 1d uptake
hydrogenase, yielding reduced quinones (fpknd, in consequence, a large pretootive force for
production of ATP. In addition, some of the @ptovides electrons for Cfbxidation by pMMO. Some
formaldehyde oxidation via the activity of formaldehyde dehydragen(FADH) and formate
dehydrogenase (FDH) may lead to the production of reducing equivalents (NADH) that feed the electron
transport chain through the FixABCX complex, resultingadditional ATP available for growth. In
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addition, certain amounts of engrin form of NADH and ATP may be generated through fermentative
pathways. All the proteins and pathways that were differentially regulated are highlighted in red. The exact
functional role of FixABCX should be elucidated in future studiégure adoptedrém (Hakobyan et al.,

2020)

1.2.4 Nitrogen metabolism

One of the major distinctive characteristics between type | and type Il methanasrophs
their nitrogen metabolism capabilities. Both Nind NH, but also nitrate (N§), can

be used as a nitrogen source for growth and biomass prod(gtdelier et al., 2000;

Tays et al., 2018)However, methastrophic activity in solil is highly sensitive to high
NH4* concentrations. Whether NHin the environment has inhibitory or stimulatory
effects on methanexidizing bacteria, however, depends largely on the diversity, the
structure, and the activity of ghmethanotrophic community, as well as the particular
conditions in the habitgiStein et al.; Schnell and King, 1994; Dunfield and Knowles,
1995; Bodelier et al., 2000; Mohanty et al., 2008)e application of Nkt fertilizers to
various soils and sediments has been shown to inhibit methanotrophic éetimigrNat

et al., 1997; Bodelier and Laanbroek, 2004h particular, the activity of
alphaproteobacterial type llaathanotrophsMethylocystigd Methylosinu¥ is inhibited

or at least not stimulated in nitrogamended soil§Mohanty et al., 2006; Nyerges and
Stein, 2009) The evolutionary relationship between the pMMO anginmenia
monooxygenase (AMO) explains why, in addition to pMMO and sMMO, AMO s the
only other enzyme known to oxidif&Hs (Fisher et al., 2018)The structural homology
between pMMO and AMO allows both methanotrophs and ammonia oxidizers to convert
either substrates (GHand NH), although neither is able to grow on the aléinre
substrate (Stein and Klotz, 2011; Versantvoort et al., 2020). The pMMO oxidizg® NH
hydroxylamine (NHOH) (Versantvoort et al., 2020)Ammonia produced from the
deprotonation of liquid Nk competes with 84 for the same active site of pMMO
(Nyerges and Stein, 2009; Yang et al., 200 the other hand, methanotrophs, like all
bacteria, require nitrogen for growth. The fact thatldets for methanotrophs as both a
nutrient and a competitive inhibitor of pMMO suggests that these bacteria need to be able
to simultaneously acclimatize to various environmental triggers: assimilation gf NH
nitrogen, competitive inhibition of pMMO, and NBH and NQ toxicity when NH
oxidation is favored (Stein and Klotz, 2011). Nevertheless, the acclimatization response

of methanotrophs to increasing MHoad has not yet been conclusively understood at
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the cellular level. This is particularly valid for type Ila methanotrophs and more

specifically forMethylocystispp.

Type lla methanotrophs are known to be capable of expressing nitrogenase and
utilizing N2 as nitrogen source in many environments including forest soll, rit¢g, r@nd
oligotrophic ocean; i.e., ecosystemisaracterizedy extremely low concentrations of
available nitrogen compounds (Murrell and Dalton, 1983; Auman Ann et al., 2001;
Dedysh et al., 2004).

1.3 Multi -omics methods teelucidate thephysiological and

metabolic versatility of methanotrophs

High-throughput molecular techniques, collectively termed rautiics techniques such

as metagenomics, metatranscriptomics and metaprotearaitdjeused to assess the
commurity structure and the metabolic potential as well as the activity of methanotrophs
in diverse environmental nich¢&bram, 2015) Metagenomicsllows us to access the
environmental gene pool of methanotrophs that is not reachable through classical
microbial cultivation techniques. The main purpose of metagenomics is to infer the
taxonomic and functional profiles of a microbial community. However, the metagenome
provides only insights into the genetic potential of a microbial community, e
metatranscriptome informs us of the genes being expressed by the community at the time
of sampling(Zheng and Chistoserdova, 201%he annotation of the mRNA transcripts
provides detailed information ahe functions being expressbg a @mmunity under
specific envirmmental conditions. Metaproteomiaos/estigates the proteins expressed
within a microbiane and, together with metabolomigwovides access to ecosystem
functioning (Zheng and Chistoserdova, 2019)he metabolitescollectively termed
metabolome released by members of the microbial community are a result of the
interaction of these microbes with the biotic and abiotic ¢awd that prevail in the
environment that they inhabit. The results of metaproteome and metabolome complement

with each other weknd can be used to construct active metabolic pathways.

The cultureindependent approaches allow us to analyze the idegyetic
potential, and possible functional role ofyet uncultured microorganisms; however,
culturebased studies are stikkededo reveal microbial physiology and test medinics

based ecological hypotheses, impralatabase annotations, and ¢8)struct genome
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scale models of metabolic capabilities and pathways in order to uncover possible
applications in biotechnolog¥utleben et al., 2018)

Currently, five genera with taxonomically described memlaeesknown among
the alphaproteobacterial methanotrophsMethylocystis and Methylosinus
(Methylocystacege as well as Methylocapsa Methylocella and Methyloferula
(Beijerinckiaceag (Knief, 2015) The genudMethylocystiancludes seven species with
validly published name#aethylocystis echinoiddMET 10491 (Bowman et al., 1993),
Methylocystis rose®8V97' (Wartiainen et al., 2006)Methylocystis hirsutaCSCT
(Lindner et al., 2007aMethylocystis heyeH2" (Dedysh et al., 2007 Methylocystis
parvus OBBP' (del Cerro et al., 2012Methylocystis bryophiled2s’ (Belova et al.,
2013) and Methylocystis silvilmae FS' (Tikhonova et al., 2021) The genus
Methylosinus includes two species with validly published namegethylosinus
trichosporiumOB3b" andMethylosinus sporiurACM 3306 (Bowman et al., 1993Jhe
Beijerinckiaceadamily comprises three genera and severisgawith validly published
namesMethylocapsa acidiphil@2™ (Dedysh et al., 2002Methylocapsa aure&YG"
(Dunfield et al., 201QMethylocapsa palsarutdE2" (Dedysh et al., 2015Methylocella
palustrisK (Dedysh et al., 200pMethylocella silvestri8L2T (Dunfield et al., 2003)
Methylocella tundra 4" (Dedysh et al., 2004) amdethyloferula stellat@®R4" (Vorobev
et al., 2011)

With the development of nexfeneration sequencing techogies, it is
increasingly easyo sequence bacterial genomespafe culturs. To date, dozens of
methanotroph genomes obtained from pure cudtare available, and the databases are
continuously growing Http://www.methanotroph.org/wiki/introduction/ In the
following, | discuss multomics applied to methanotrophgenomics, transcriptomics,

proteomicsand metabolomics.

1.3.1 Genomics

Thetremendous increase tihe number ofdraft genomes requir@s accurate taxonomic
classification ofthe newly assembledyenomes. Bacterial and archaeal 16S ribosomal
RNA (rRNA) gene sequences, but also functional genesifecgh[methanogenshmoA
[methanotrophs]), are frequentlged as markers for the taxonomic and phylogenetic

classification of microorganisms, includingethanotrophs. However, phylogenetic trees
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constructed based on 16S rRNA gene sequences may not be sufficiently resolving to
reveal the exact evolutionary relatghips among the closely related members of the
generaMethylocystimndMethylosinugMethylocystacegdYang et al., 2016 Recently,

the axonomy placementf genomesequenced isolates wagaluatedising the Genome
Taxonomy Database Toolkit (GTDBK). This toolkit provides an automated and
objective taxonomic classification of bacterial genomes by identifying a set of 120 marker
geneqChaumeil et al., 2020)n addition to singlamplified genomes, GTDBk allows

for a thorough classification ofetagenom&assembled genomes (MAG8owers et al.,

2017)

Implementation of genomic techniques into research on methanotrophs can provide
information on their genomic potential and revealasunknown metabolic capacities.
For instance, the isoforms of particulate methane monooxygé¢Rade et al., 2004)
alternative methanol dehydrogenaéé&gner et al., 2019hydrogenases (Mohammadi
etal., 2017; Carere et al., 2017) as well as enzymes for aerobic anoxygenic photosynthesis
by means of photosystem (Miroshnikov et al., 2019have been discovered in
methanotrophic bacteria. Comparative genomic analysis of the aatliaiag
Methylocystissp. strain SB2 with otherdasely relatedVethylocystisstrains, but also
facultative strains ofMethylobacterium extorquenswas done to elucidate the
mechanisms of multicarbon compound assimilation that exist in facultative and obligate
Methylocystisstrains. Both TCA cycle and E®Mpathway were found to be complete in
Methylocystissp. strain SB2, but also MethylocystisoseaSV97', Methylocystissp.
strain SC2, andlethylocystissp. strain Rockwell (ATCC 49242). The authors did not
find any genomic evidence for a differentiatibetween the obligate and facultative
nature oMethylocystispp.(Dam et al., 2014; Vorobev et al., 201A)phylogenetic tree
based on universally conserved genes demonstrated a vertical inheritance pattern of
methanotrophy and methylotrophy genes within thiMethylocystaceae and
Beijerinckiaceae families. However, all MMOs in the alphaproteobacterial
methanotrophs are foreign in origin via lateral gene trankfe) (Tamas et al., 2014)
Methanotrophy got lost, and the ability to grow on multicarbon substrates was regained

in some members of thgeijerinckiaceadTamas et al., 2014)

Comparative genomics also provided evidence that strains of the same bacterial or
archaeal species can greatly differ in gene content, with only a fraction of genes being
common to all genomes. These insights gave rise to thepamg concept. The term

Opangenomed describes al/l the genes pres:
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pangenome, i.e., the sum of core and accessory genes (soft core, shell and cloud genes),
can give insights into habitat specificity and evolutiontoxces shaping microbial
genomegBrockhurst et al., 2019)The core genome dMethylocystispp. represents the
conserved genetic backbone and basic cellular machiiPaes et al., 2013)The genes
involved in CH oxidation and formaldehyde assintitm, including the serine pathway,

as well as nitrogen fixation were identified as core gene clustévietinylocystisspp.

(Gontijo, 2022)

1.3.2 Transcriptomics

Genomewide transcriptomics analysis was applied in combination with metabolomics to
disentangle the metabolic network of methanotrohatsen et al., @1.3; Yang et al.,

2013) For example, upon sequencing of the genomeMoftrichosporium OB3b,
transcriptome and metabolome analyses were applied to refine the central pathway for
C1 utilization under growth in batch culture with no limiting carbon andoggn

conditions(Yang et al., 2013)

The growth on C1 substratei.e., methane and methanol, changed the gene
expression in both type | and type Il methanotrapwsobev et al., 2014; Nguyen et al.,
2019) Methylomonassp. DH1 has leen proven to be an ideal candiddte
biotechnological applications using methane and methanol as the feedstock. Stfain DH
operates the RUMP cycle and the EMP pathway for C1 assimilation but is also able to
express the complete serine pathway. The latter is the typical C1 assimilation pathway
type Il methanotrophs, but not common in type | methanotrophs. An increase in the flux
towards the serine pathwasas particularly observed Methylomonasp. DH1 during
the growth on methanol, which led to an increased production of #efy(Nguyen et
al., 2019) In cortrast, the growth oMethylocystissp. strain SB2 on methanol led to a
significant decline in the expression of genes involved in methane oxidation and the serine
pathway(Vorobev et al., 2014)Furthermore, an opposite regulation of the TCA cycle
was observed favethylomonasp. DH1 andMethylocystisp. strain SB2 during their
growth on methangVorobev et al., 2014; Nguyen et al., 2019)

The analysis of both transcriptomics and metabolomics data revealed that the core
metabolism oMethylocystis trichosporiur®@B3b consists of several tightly connected

metabolic cycles, such as the serindpaty, the ethylmalonyCoA (EMC) pathway, and
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theTCA cycle. Srain OB3b displays a high gene expression level of iTHP-pathway

for formaldehyde oxidation. Both metabolome ari@-labeling studies have further
shown that in strain OB3b, a significantiyger portion of the cell carbon (over 60%) is
derived from CQ than from CH (Yang et al., 2013)Shifts in the central carbon
metabolism were also observed for the type | methanotidethylomicrobium
buryatensésGB1 during the growth on either methane of methéifolet al., 2019)A
steady stat&®C metabolic flux analysis provided evidence that in addition to the complete
TCA cycle,M. buryatens®&GB1 operates a partial serine pathway. dinalysis ofumA

and fumC knockoutmutants revealed a severe growth defect in strain 5GB1, thereby
suggesting that the TCA cycle not only provides precursors for biomass synthesis, but
also reducing power (Fu et al., 2017). Both metabolic &i@methanetracing
experiments inMethylomicrobium alcaliphilunstrain 20Z, a promising biocatalyst,
revealed a novel model of methane utilization under oxyigaited conditions, which
allowed reconstrudghg the metabolic C1 utilization pathway. The oxygelmited
conditions favored operation dérmentation pathway which ledto the excretion of
various products, such &mate, acetate, succinate, lactatéyd8roxybutyrateand H
(Kalyuzhnaya et al., 2013)n contrasto other omics methodmetabolomicgprovides a

strong link between environmental change and physiological response.

1.3.3 Proteomics

Proteins are the biofunctional molecules that govern the cellular phenotype. Neither
genomics nortranscriptomics elucidate the aatuproductionof translated proteins.
Therefore, direct detection of the enzymes involved in methanotrophy by proteomics is a
promising method to overcome the limitations of the other omics appro@sbesn,

2015)

Mass spectrometry (MS) in combination withaamge of separation methods has
been videly used as a princg methodology in proteomicsTraditional proteome
analyses consist of twdimensional electrophoresis-PE)-based methods. The protein
mixture is either separated by twlanensional electrophoresis followed by digestion and
mass spctrometry or directly digested into peptide mixtures separated by
multidimensional separation methods. Proteins are identified from their generated mass
spectra usinglatabase searching. The identification and characterization of proteins by
proteolytic dgestion offers their wdepth analysis in complex sample mixtures and is
termed t4ue onle@Edurien ethl., 2007; Zhang et al., 20118)contrast,
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t he -diotwonpd appr oach anéhtyemarset alLn20Ehe twp r ot ei n's
general categories of botteap proteomic experiments are the ddépendent

acquisition (DDA) and datandependent acquisition (DIA) methods. DDA methods have
beenextensively appéd in proteomics since its inceptigBlias and Gygi, 2007)The

DIA methods select and fragmemrecusors regardless of their abundance in the samples.

A predetermined set of wide isolation windows (e.g. 25 Da) is used to send the precursor

ions in an isolation window for fragmentati¢@illet et al., 2012)In DIA experiments,

the spectral library needs to be sufficiently large and the highly complex fragment spectra

derived from multiple precursor ions make the emtalysis quite challengin@soh et

al., 2015) Nonetheless, recent improvements in software tools and bioinformatics now

enable the accurate analysis of SWADKA data.

To date, very few proteomics studies were conducted on methanotrophs. The ICAT
(cleavable isotope coded affinity tag) teology in combination with offine two-
dimensional LEMS/MS has been developed for the quantitative analysis of proteomic
changes in the typkmethanotrophMethylococcus capsulatusder different copper
conditions(Kao et al., 2004)Later, for the first time, highesolution twedimensional
gel electrophoresis and mass spectrometry have been appligentify the outer
membrane (OM) subproteomeMf capsulatugBerven et al., 2006 5hortly thereafter,
three comparative proteomics approaches, which erabklfree quantification, were
used for the identification and relative quantification of proteins in the type Ilb
methanotropiMethylocella silvestrigPatel et al., 2009)The three approaches were (i)
onedimensional P&E, (i) MudPIT incorporating isobaric tags for relative and absolute

quantification (iTRAQ), and (iii) a datemdependent scanning EMS method.

Bacterial membrane proteins, or more precisely integral membrane proteins,
comprise about 20% to 30% of theaaioproteome and perform essential physiological
functions(Poetsch and Wolters, 200&)espite the functional significance of membrane
proteins in biological systems, the number of effective membrane prstigines is
limited due to the methodological difficulties in the efficient solubilization and digestion
of membranessociated proteinfKongpracha et al., 2022)n particular, type lla
methanotrophs possess a special cell wall architecture characterized by intracytoplasmic
membranes (ICMs). The presence of ICMs makes global proteomics approaches highly
challerging for members of thlethylocystidMethylosinugroup. However, recently an
optimized proteomics workflow was developed fdethylocystisspp. that led to an
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increase in both the protein quantification accuracy and the proteome coverage, with
Methylocysis sp. strain SC2 being used as the model organism (Fig (HaRpbyan et

al., 2018) This new cruddysateMS approach captured 62% of the predicted SC2
proteome, with up to Xfbld increase in membrarassociagd proteins relative to less
effective conditions. Moreover, the use of crude cell lysate for downstream analysis
showed to be highly efficient not only for strain SC2 but also for other members of the

family Methylocystacea@Hakobyan et al., 2018)
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Fig 1.12. Flowchart illustrating the different solubilization and digestion conditions, and procedural steps
used to obtain an optimized proteomics workflow Neethylocystisp. strain SC2. Cell pellets of strain

SC2 referencemethanotrophs, ard. coli were reconstituted in different buffer systems. Different cell
disruption techniques were applied. Cell debris were either removed or maintained in the lysate to obtain
clear and crude lysates, respectively. The magtraction efficiency was assessed by BCA protein assay.
After determining the optimasolubilization conditions, crudelS performance was tested under in
solution or FASP digestion conditions. All peptides derived from the individual assessment eteps w
purified using C18 solid phase extraction and analyzed viaM< All experiments were performed in at

least three biological replicatdsigure adopted from (Hakobyan et al., 2018).

1.4 Our model organism: Methylocystissp. strain SC2

Strain SC2 was isolated in 1978 from the highly polluted river Saale near Wichmar,
Germany (Dunfield et al., 2002; Heyer et al., 2002). The whele®me sequence of
strain SC2 was determined by shotgun sequengsingg the 454 G&LX Titanium
platform (Dam et al., 2013)Strain SC2 contains three replicons, including the circular
chromosome (3.77 Mbp) and two plasmids of 0.23 Mbp (pB¥Cand 0.14 Mbp
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(pBSC22) in size. he average G+C content of the circular chromosome and the two
plasmids is 6%, 61%, and 60%, respective(lpam et al., 2012)Their nucleotile
sequences have been deposited WithEMBL, GenBank, and DDBJ databases under

the accession numbers HE95675#¢chosome), FO000001 (pBSa2, and FO000002
(pBSC22), respectively (Fig 1.13).
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Fig 1.13 Circular representation of the gdpsed genome of strain SC2 with two plasmids, pB$@2d
pBSC22. Open reading frames (ORFs) are colored according to thetidoneed, plasmid replication

and maintenance; orange, conjugation; light green, ORFs having homology to some functional proteins;
dark green, nitrogen metabolism; blue, transpotikseproteins; light gray, hypothetical proteins; dark

gray, conserved Ippthetical proteins. The singleton pmoC (marked with an arrow) and its upstream
regulatory gene in pBSG2 are colored sky bluédopted from (Dam et al., 2012b)

All genes required for a methanotrophic lifestyle were identified in strain S@2.

model oganism is able produce two pMMO isozymes with different affinities to
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methane, the lovaffinity pMMO1 and the higtaffinity pMMO2 (Fig 1.14)(Ricke et al.,
2004; Baani and Liesack, 2008nhe lowaffinity pMMOL1 isencoded by twpmoCAB1
gene clusters, while the higtifinity pMMO2 is encoded by a singleanoCAB2gene
cluster. The apparemm value of pMMO2 for methane oxidation is 0.&£M, which
corresponds well t&m(app)values measured in soils acting as a sink for atmospheric
methangBender and Conrad, 1992; Baani and Liesack, 2008)
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100%| L wp 196399860.1 methane subunit A is 5p. HaA
CAE48352.1 pmoA2 Methylocystis sp. SC2

100% WP 138168213.1 methane monooxygenase subunit A Methylocystis sp. B8

WP 201281735.1 methane monooxygenase subunit A Methylocystis sp. Ce-ab

WP 064033183.1 methane m nase subunit A 1y sp. R-45379
WP 207783539.1 methane monooxygenase subunit A Methylosinus sp. RM1 PmoA2 of type Il
WP 222575863.1 methane monooxygenase subunit A Methylosinus sp. Sm6

:WF 085772041.1 methane manooxygenase subunit A Mefhylocysiis bryophila
100% WP 136496543.1 methane moncoxygenase subunit A Melfiylocystis heyeri

WP 016921576.1 methane manaoxygenase subunit A Methylocysiis parvus
1009 —‘m% WP 202072362.1 methane m ygenase subunit A ystis sp. Sn-Cys
100%! WP 208527488.1 methane mot subunit A sp. MJC1

r ACN73468.1 particulate methane moncoxygenase alpha subunit partial Metfylocystis sp. ATCC 49242
it

00% WP 185050364.1 methane monooxygenase subunit A Methylocystis sp. MIC1

WP 202074341, methane monooxygenase subunit A Methylocystis sp. Sn-Cys

ABDS7685.1 particulate methane monooxygenase subunit A uncultured Msthyiocystis sp. GSC3857

o [ WP 123175069.1 methane mono nase subunit A hirsuta PmoA1 of type Il
[ €CJ08985.1 Particulate methane g subunit A is sp. §C2

Loone| VP 138168851, mathane monooxygenase subunit A Methylocystis sp. B8

Elfswsrms.w: parficulate methane manoaxygenase partial Methylocystis sp. m1511
100% L ABI37017.1 ¢ methane mon ase partial M sp. m261
r AAM34728.1 AmoA partial Nitrosococcus oceani

AmoA of Nitrosococcus
7% AAB57809.1 ammania monocoxygenase subunit A Nitrosococeus oceani ATCG 19707

0.050

Fig 1.14. Phylogenetic treef PmoAl and PmoA2 oMethyocystissp. SC2 and related strains. The
phylogeretic tree was constructed usitigg MaximumLikelihood method with a JTT model. The tree was
built with 21 amino acid sequences. Bootstrap \al(l0 replications) arshown at the nodes. The
evolutionaryanalysis was conducted in MEGA 7. The outgroup was AmoAlibbsococcus oceani

strains. Bar: 0.05 substitutions per amino acids site.

Likewise, all the genes involved in the serine pathway were identified. These are
the seringglyoxylate aminotransferasgXiao et al.) the hydroxypyruvate reductase
(Hpr), two subunits of malate thiokinase (MtkAB), the acetgnzyme A (acetyCoA)-
independent phosphoenolrpyate carboxylase (Ppc), and the ma&gA lyase (Mcl).

Strain SC2 shows diverse nitrogen metabolism capabilities such as the transport and
assimilation of nitrate and ammonium, hydroxylamine detoxification, denitrification, and
dinitrogen fixation(Dam et al., 2013; Dam et al., 201%he full complement of 34 genes
involved in N fixation and a complete denitrification pathway, including the plasmid
born nosRZDFY Xoperon, were identified in the SC2 genoifizam et al., 2013)
Furthermore, the genome harbors a complete set of genes encodingelBtdB
enzymes, including the PHB depolymerase, the polyhydroxyalkonate synthesis repressor
(PhbR), the acetyCoA acetyltransferas(PhbA), the acetoacetfoA reductase (Phb),
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and phasin homologs. Strain SC2 was shown to be a strong PHB producer, with PHB
(mg/ mg total suspected solids) making a 30% contribution to the total cell biomass under
N2 fixation condition(Pieja et al., 2011)n addition, the genome of strain SC2 encodes

various hydrgenase types (la, Id, 2b, 3b, 1h/5) and accessory proteins (Fig 1.15).
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o ‘WP 138165857.1 nickel-dependent hydrogenase large subunit Methylocystis sp. B8
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Fig 1.15. Phylogenetitree of hydrogenasdased on the amino acid sequencéethylocystisp. SC2
and related strains. The trees conducted in MEGATWsing the Neighbedoining nethod. Bar: 0.20
substitutions per amino acid site.
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1.5 Objectives of the study

Members of the genudethylocystisare widely distributed in oxtanoxic interfaces of
methanogenic soils in which they play a key roleaducing methane emissions to the
atmosphere. A systematic knowledge of their physiology, proteome, and thus metabolic
capabilities is crucial for understanding their methane mitigation potential. Despite the
fact that methanotrophs have been studiediéorades, there still exist major gaps in our
knowledge of their metabolism; in particular with regard to their acclimatization capacity
to environmental change. Ammonium may have a dual function, with one being osmotic
stressor and the other, after depnatiton, being competitive inhibitor of pMMO activity.

The impact of increasing Nfi load on the activity oMethylocystisspp. may be of
particular importance in agricultural soils supplied with nitrogenous fertilizers. Here, our
research on strain SC2 cbmed growth experiments with global proteomics, amino acid
profiling, and the measurement of nitrite and nitrous oxide rel€dsgpfer 2). A related
aspect is the effect of increasiagvironmental salinitypn the activity ofMethylocystis
spp.The activty of Methylocystisp. strain SC2 has been reported to be sensitive to an
increase in salinity, witMethylocystispp. generally exhibiting a low salt tolerance. The
tolerancerange is from 0.2% to 1% NaQ@Han et al., 2017)in my PhD study, we thus
tested a series of canonical amino acids and known compatible solutes for their potential
to enhance the salt and osmotic stress tolerance of strain SC2 by modulajlotpthate
metabolism and/or the central carbon metabolism. The research combined growth
experiments with globalproteomics, metabolomics, antiC-labeling experiments
(Chapter 3).
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2.1 Abstract

High NHs" load is known to inhibit bactel methane oxidation. This is due to a
competition between CHand NH for the active site of particulate methane
monooxygenase (pMMO), which converts £td CHOH. Here we combined global
proteomics with amino acid profiling and NOx measurements tadeligcthe cellular
acclimatization response bfethylocystisp. strain SC2 to high Nfilevels. Relative to

1 mM NHs*, high (50 mM and 75 mM) NH load under CH replete conditions
significantly increased lag phase duration required for proteome adjusirhemumber

of differentially regulated proteins was highly significantly correlated to increasing NH
load. The cellular responsé&sincreasing ionic and osmotic stress involved significant
upregulation of stressesponsive proteins, i s a | t tegynsgnthasis of aompatible
solutes (glutamate and proline), and induction of the glutathione metabolism pathway. A
significant increase in the apparéhf value for CH oxidation during the growth phase
was indicative of increased pMMbased oxidationfdNHz to toxic hydroxylamine. The
detoxifying activity of hydroxlyamine oxidoreductase (HAO) led to a significant
accumulation of N@ and, upon decreasing@nsion, NO. Nitric oxide reductase and
hybrid cluster proteins (Hcps) were the candidate engyorethe production of fD. In
summary, strain SC2 has the capacity to precisely rebalance enzymes and osmolyte
composition in response to increasing Mltdxposure, but the need to simultaneously
combat both ionismotic stress and the toxic effects gflitoxylamine may be the
reason why its acclimatization capacity is limited to 75 mMsNH

IMPORTANCE In addition to reducing CHemissions from wetlands and
landfills, the activity of alphaproteobacterial methane oxidizers of the genus
Methylocystisontributes to the sink capacity of forest and grassland soils for atmospheric
methane. The methammxidizing activity ofMethylocystispp. is, however, sensitive to
high NH;* concentrations. This is due to the competition of,@kd NH; for the active
site of particulate methane monooxygenase, thereby resulting in the production of toxic
hydroxylamine with increasing Nfiload. An understanding of the physiological and
molecular response mechanismavidthylocystisspp. is therefore of great importance.

Here, we combined global protenics with amino acid profiling.
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and NOx measurement® disentangle the cellular mechanisms underlying the
acclimatization oMethylocystisp. strain SC2 to increasing hfHoad.

Keywords: Methanotrophs; Methylocystis methane; amonia; particulate

methane monooxygenase; hydroxylamine oxidoreductase; proteomics
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2.2 Introduction

Aerobic methanotrophic bacteria, or methanotrophs, are crucial players in the global
cycle of the greenhouse gas methane. Thasteba are defined by their ability to utilize
methane as their sole energy source for grgiminef, 2015) Among the known methane
oxidizers, proteobacterial methanotrophs have been unequivocally proven to be
functionally important in natural and anthropogenic terrestrial environn{&mief,

2015; Guerrer&Cruz et al., 2021)Indeed, their activity acts in aerobic interfaces of
methanogenic environments as a methane biofilter through which the emission of this
greenhouse gas to the atmosphere is greatlgated(Cébron et al., 2007; Shiau et al.,
2018; GuerrergCruz et al., 2021)Another environmentally relevant activity is their
ability to act as a sink for atmospheric ghl unsaturated soil€onrad, 2009)Their key
enzyme is particulate methane moxyggenaséBaani and Liesackwhich converts CH

to methanol (CBOH). The pMMO is integral part of an extensive intracytoplasmic
membrane system (ICM), which is a particular characteristic of proteobacterial
methanotrophgLindner et al., 2007; Tikhonova et al., 2021)

Historically, these bacteria have been classified into type | and type Il
methanotrophs. This differentiation was particularly based on the type of ICM,
biochemical pathways of cash fixation, the capability of nitrogen fixation, the
formation of resting stages, and the phospholipid fatty acid compog$ibittenbury
and Dalton, 1981; Hanson and Hanson, 19P@ylogenetic analysis of thei6S rRNA
gene sequences confirmed the initial classification into tyggahmmaproteobacter)a
and type Il Alphaproteobacteripmethanotrophs. Besides phylogeny, the carbon fixation
pathway, however, remained the only major feature of the atmevgionedcriteria that
validly differentiates between type | and type Il methanotrophs. As suggested by Knief
(2015), we therefore use these terms only as synonyms for the phylogenetic groups of
Gamma and Alphaproteobacteria The methanotrophiAlphaproteobacted were
further divided into type lla Methylocystacege and type llb Beijerinckiaceag
methanotrophgDeng et al., 2013; Dumont et al., 2014jarious members of the
Methylocystaceaare able to produce two pMMGsdzymesthat exhibit different

methane oxidation kinetid¥imga et al., 2003; Baani
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and Liesack, 2008hese methanotrophs are widely distributed in natural wetlands and

rice paddies, but have also been showhe@bundantly present in upland (e.g., forest)

and grasslands soils where they may oxidize atmospherlCGlief et al., 2003; Knief

and Dunfield, 2005; Knief et al., 2005ndeed, recent research has unambiglyou

shown thatMethylocystispp. contribute via the expression of their hagfinity pMMO

to the atmosphericCH i nk i n grassl ands, i(Taumareétdli,t i on t o
2022)

Like all microorganisms, methanotrophs require nitrogen for growth. Most of them
utilize either N@Q or NHs" as nitrogen source for growth. The structural homology
between pMMO and ammonia monooxygenase, however, allows both methanotrophs and
ammonia oxidizes to convert either substrates (£&hd NH), although neither is able
to grow on the alternative substréBdard and Knowles, 1989; Stein and Klotz, 2011a;
Versantvoort et al., 2020The pMMO oxidizes Nkito hydroxylamine (NHOH) (Stein
and Klotz, 2011a)Ammonia produced from the deprotonation of liquid4ANEbmpetes
with CHa for the same active site of pMM@Iyerges and Ste, 2009; Yang et al., 2011)
Whether NH* in the environment has inhibitory or stimulatory effects on methane
oxidizing bacteria depends largely on the diversity, structure and activity of the
methanotrophic community, as well as the particular conditinrthe habita{Schnell
and King, 1994; Dunfield and Knowles, 1995; Mohanty et al., 2006)

The inhibitory effects of Nkl oxidation by pMMO on methanotrophic activity
occur through toxic nitrogen products suciNd&OH and nitrite (N@ ). Although the
affinity of pMMO for NHz is generally lower than for CHBédard and Knowles, 1989)
aerobic methanotrophs with high tolerance to these nitrogen products need the ability to
quickly detoxify them by both nitrifying and denitrifying proces§Btein et al., 2010;
Stein and Klotz, 2011a)Both the detailed survey of genes involved in nitrogen
metabolism in methanotrophic bacteria and physiological studies suggest that
methanotrophs with efficient hydroxylang detoxification pathways show increased
competitiveness under high NHN conditions(Lopez et al., 2019; Ho et al., 2020; van
Dijk et al., 2021) Nevertheless, the acclimatization response of methanotrophs to
increasing NH" load has not yet been conclusively understood at the cellular level. This
is particularly valid for type Ila methanotrophs and more specificallpethylocystis

Spp.
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Therefore, we here aimed to elucidate the cellular mechanisms undetigng t
acclimatization response dflethylocystissp. strain SC2 to increasing hMHoad. In
particular, we aimed (i) to determine the Nithreshold level to which strain SC2 is able
to acclimatize and (ii) to assefise cellular adjustment processes triggebgdthis
threshold level. We expected to observe a dual response of straiwi8Cge first one
being a general response to increasing tosimotic stress and the second one being a
methanotropfspecific response to hydroxylamine strd®scently we deelopeda new
analytical proteomics workflow for strain SC2, which captures 62% of the predicted SC2
proteome under standard growth conditighlakobyan et al., 2018)This workflow
tackles the major challengesatdd to the high amount of integral membrane proteins
that need to be efficiently solubilized and digested for downstream analysis. Thus, our
research combined SC2 growth experiments under increasinglddd (1 to 100 mM)
with global proteomics, analysief intracellular amino acids (metabolomics), and

measurement of NOx compounds (Fig. 2.1).

| |
Y
QH/\ / NH\‘ Methylocystis sp. strain SC2,
: > \ at 20% CH4 1/ Air, 25 °C, 150 rpm

pvvio NN @ CH, Preincubation to mid-exponential phase
/»\\ assimilation l

CH,0H NH,OH NH;

. N l Ni»—mo
:/ngr:\‘;:uon <“— HaHo Mo =
""" g b "’":ZOOH NiONOS — 1 mM NH,* 10 mM NH, 30 MM NH,* —
l T T T 7 Y
CO:
Type lla methanotroph
50 mM NH,* 75 mM NH," 100 mM NH,* T
20% (viv) CH,, 40 mL NMS, 25 °C, 150 rpm
CH, and NH, cometabolism of Methylocystis Exposure to increasing NH,* load Cellular adjustment process

Fig. 2.1 Experimental design set up to elucidate the physiological and cellular responses of Methylocystis
sp. strain SC2 to increasing WHoad. Detailed inforration on the experimental approach is given in

Materials and Methods.
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2.3 Results

The following subsections describe the effects of increasing MEd on the activity of
Methylocystissp. strain SC2. This involves the impact os growth response and
apparentKm value of CH oxidation, global proteome, and the concentration of
intracellular amino acids. The effects of 10, 30, 50, and 75 mMf Niithe physiology
and global proteome of strain SC2 were inferred by comparison teférence standard
growth conditions (1 mM NEk). Finally, we quantified the NOand NO production by
strain SC2 in relation to both increasing Nikbad and incubation time.

2.3.1 Growth response

To assess increasing contetion levels of ammonium on SC2 growth, cells of strain
SC2 were incubated in strict batch incubation mode with agixHmixing ratio of 20:80

% (viv) (Fig. 2.2). Cell density (Odgo) and the headspace concentrations of both CH
and CQ were regularly reasured during the complete incubation period of up 336 h (14
d), ranging from early lag phase to late stationary phase (Fig. 2.2). The addition of 1 mM
NH4" prompted immediate growth of strain SC2, while the addition of 10 mM and 30
mM NH4" also had neaylno delay effect on the growth response of strain SC2 (Fig. 2.2).
Supplementation with NFi levels higher than 30 mM triggered significant delays in the
growth response with lag phase durations of 75 h (50 N#M") and 125 h (75 mM
NH4"). This was linkedo a significant decrease in the growth and, €bhsumption rates

(Fig. 2.2, Table 2.1). However, regardless of the amount of ammonium added (1 to 75
mM NHz"), all SC2 cultures grew to the same final fof about 0.45 (Fig. 2.2).
Accordingly, total celldry weight (CDW), total amount of GHconsumed and, in
consequence, biomass yield did not significantly differ between the differeat NH
concentrations. However, the standard deviation of CDW increased with increasing NH
load, thereby suggesting an ieasingly heterogeneous population response (Table 2.1).
There was no significant GHtonsumption and cell density change after the addition of
100 mM NH:" (Fig. 2.2).
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Fig. 2.2 Effect of increasing Nkt concentrations on (A) growth of and (B) €ldonsumgion by
Methylocystissp. strain SC2Growth (ODxg) and CH concentration were regularly monitored over the
whole incubation period. Measurements were done in triplicate cultures. Growth response occucrred up to
75 mM NHCI, corresponding to a total ionisedium strength of 114 mM (Table S2). No growth occurred

with 100 mM NH,CI, corresponding to a total ionic medium strength of 139 mM. Error bars show standard

deviations of triplicate cultures.

Table 2.1 Physiological growth parametersMiéthylocystissp. strain SC2 during cultivation under

different NH;* concentrations

Biomass yield

Ammonium CDWA Growth rate®  CH4consumption CHa4 consumption rate
. (mg CDW /
treatmentY (mQ) (mg CDW / d) (mmol CHa) (mmol CH4/ g CDW / d)
mmol CHa)
1 mM 3.5+0.04 1.75+0.02 0.29+0.04 12.38+£1.59 40.87+5.55
10 mM 3.32+0.13 1.66+0.07 0.27+0.03 12.29+£1.72 41.22+5.68
30 mM 3.93+0.35 1.31+0.12** 0.28+0.01 14.08+£1.04 23.75+1.74**
50 mM 4.26+£0.54 0.71+0.09*** 0.36+0.02 11.84+2.27 14.42+2.68***
75 mM 4.36+£1.02 0.48+0.11*** 0.35+0.@ 12.4+43.21 9.34+2 2%+

Note:Y All growth parameters were calculated based on triplicate cultt@edl. dry weight (CDW) was

calculated with 1 OBy = 0.26 g CDW/L of strain SC2 cultu(elakobyan et al., 2020jAsteriks

indicate significant difference withptv a | ue -v@.l W%; O* *Op-voall;ueand@ O.*0*01 r el ¢
the control treatment (1 mM N9, usingTukey's methodavith oneway ANOVA.

2.3.2 Apparent Km value of CHs; oxidation

The CHg:air mixing ratios adjusted to 10:90 and 20:80 (v/v) showed no significant
difference in SC2 growth response when supplemented with 10 mM, 30 mM and 50 mM
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NH4". No increase in cell density (@) was observed in SC2 tutes supplemented

Results

with 50 mM NH4" after adjusting the Ckhir mixing ratio to below 10:90 (v/VFig.

S21).

The SC2 growth parameters determined for the differenta@tnixing ratios and

increasing NH" concentrations revealed that relative to the mr{0:80 [v/v]), ratio

values of 5:95 and 2.5:97.5 (v/v) reduced cell dry weight (CDW) production, growth rate,

CHas consumption, and C+tonsumption rate. This was significapt<{0.001) across all

physiological growth parameters for SC2 cultures suppifged with 50 mM Nkt

(Table S1). The increase in WHconcentration greatly altered the apparn€ntvalues

(Kmepp) for CHs oxidation, beingd . 1 7, 1.20M M and 1.40e M under

conditions with 10 mM, 30 mM and 50 mM NH respectively (Table S2). This
corresponds well to the decrease in the ratio of tGMIHs dissolved in the liquid growth

medium (Table S2)The Kmpp)value for75 mM NH4" could not be calculated because

gr owt h

growth of strain SC2 was completely inhibited when incubated under a headspace of 2.5%
and 5% CH

Table 2.2 Effect of increasing NHoad on the appareit, and \inax values of CH oxidation

Incubation parameters

Km(aop ¥ Vmax(app)
CH4 NH.4* (e M) mol.celrL.hL A
(volivol, %) (mM)
2.520 10 0.17 2.96E15
2.5 20 30 1.20** 2.32E15
2.520 50 1.40* 2.07E15

Note: ¥ To test the inhibitory effect of increasing httoncentration on CiHoxidation, SC2 cells were
grown at 25%, 5%, 10%, 15%, and 20% GHExposed to 75 mM NH, growth of strain SC2 was
completely inhibited when incubated with a headspace of 2.5% and 5%TGétefore, thémpp) value

for the treatment with 75 mM NH could not be experimentally determinedvéh the steady decline in

the CH, consumption rateg @ble 2.}, it is however reasonable to conclude that at 75 mM"NReKm(pp)



Chapter 2 Page| 53

value for CH oxidation was higher than for the incubation treatments with 30 mM and 50 mi NH
Multiplication with theOswal d constant ( 0. OK}Q@PVvalue dor the2rbethang gave
concentration in wateKmapp) values are shown ieM. The calculation 0Kmapp)andVmax(app)is based on

triplicate cultures”The exponential decrease in ©bver incubation tira was used to estimatax(app)0f

SC2 cultures. Asterisks (**) indicate significant differengevélue O 0.01) relative to 10 mM NH

condition.

2.3.3 Whole-cell proteome

Global proteomics led to the detection of 2206t@ins, of which 438 proteins were
identified to be differentially regulated proteins (DRPs) in at least one of theé NH
treatments (Data Set S1). The 438 DRPs cover 10.8% of the total SC2 proteome (4040
proteins) deposited with UniProt databalsgps://www.uniprot.org/taxonomy/187303
Neither the PmoCABL1 subunits of leaffnity pMMO21 nor the PmoB2 subunit of the
high-affinity pMMO2 showed a differential regulation. The PmoC2 and PmoA2 subunits
of pMMO2 were not detectable at any of the Nitteatments (Table 2.3). Hierarchical
cluster analysis and Pearson correlation coefficient values showed highly reproducible
DRP profiles for all five NH" conditions (Fig. 2.3A; Fig. S2). The heatmap of sample
to-sample distances showed high similarities between the DRP profiles of the 1 mM and
10 mM NH;* treatments, but in particular between those of the 50 mM and 75 mi1 NH
treatments. More specifically, the DRPs grouped into three distinct clusters comarising
total of 141, 65, and 232 proteins, respectively. The 232 proteins of DRP cluster Il were
significantly upregulated only under 50 mM and 75 mM4NEbnditions (Fig. 2. 3A,

Fig. S23, and Data Set S1). High DRP profile similarities between the 1mM/10mM and
50mM/75mM NH" comparisons were further evidenced by the results of Principal
Component Analysis (PCA) (Fig. 22.
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Fig. 2.3 Comparative analysis of the global lalfide quantification(LFQ) proteomes. A. Heatmap
showing the DRP pattern of each replicate culture in response to increasihgdikentrations (1 mM,

10 mM, 30 mM, 50 mM, and 75 mM NH. Using Euclidean distances, the heatmap was built based on
the LFQ intensities of 438 RPs. Color scale indicatesstore normalized LFQ intensity values. B. Venn
diagram showing the overlap of upnd downrregulated DRPs among the five different Nitteatments.

Further details can be found in Table S3.

A certain number of DRPs were -ceguated regardless of the initial NH
concentration. A total of 18 DRPs (10 mM NMH 57 DRPs (30 mM Nk), and 95 DRPs
(50 mM NH:*) were ceupregulated under 75 mM NHcondition (Fig. 2. 3B, Data Set
S1). A similar pattern was observed for the downregdl&@RPs, with 5 DRPs (10 mM
NH4"), 24 DRPs (30 mM NHkt), and 39 DRPs (50 mM Nf) being cedownregulated
under 75 mM NH" condition (Fig. 2.3B, Data Set 1). A total of 86 and 54 DRPs were
found to be significantly upand dowrregulated only under 75 mM NHcondition,
respectively. This corresponds to more than 30 % (140/438) of total identified DRPs (Fig.
2.3B, Data Set S1). The number of DRPs showed a significant and positive relationship
with the increase in NH load, for both upand downregulated poteins (2 values of
0.99) (Fig. S, and Data Set S2 https://doi.org/10.6084/m9.figshare.20556600.v1


https://doi.org/10.6084/m9.figshare.20556600.v1
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2.3.4 Functional categorization of differentially regulated proteins

Among the 438 DRPs, functional information was available for 312 DRPs by their
UniProt identifiers (Data Set S1). The remaining DRPs were uncharacterized proteins
based on UniProt. A survey of the 312 functionally predicted DRPs against the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database allowed us tatevaniotal of

95 DRPs (Fig. SB.and Data Set S3 lattps://doi.org/10.6084/m9.figshare.20556633.v1

A proteinprotein interaction (PPI) network analysis revealed 121 proteins to be highly
interactive (Fig. 2.4). These were partitioned into 10 functionatlutes including
methane metabolism, nitrogen metabolism, stress response proteins, potassium transport,
biosynthesis of amino acids, glutathione metabolism, transporters, porphyrin
(cytochrome) metabolism, and DNA replication (Fig. 2.4). A selection dDBRBs is
shown in Table 2.3, while information on the complete set of 121 proteins can be found
in Data Set S4 atttps://doi.org/10.6084/m9.figshare.20556651.via addition to
proteins relatd to glutathione metabolism and DNA replication, those involved in
nitrogen metabolism were particularly enriched at highsN¢bncentrations (50 mM
NH4", g-value < 0.05; and 75 mM NH p-value < 0.05) (Fig. S2.7). Nitrogen metabolism
included proteinsnivolved in NH* transport and assimilation, and in hydroxylamine
detoxification (Table 2.3).
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Fig. 2.4 Proteinprotein interactior{Ludwig et al.)network of 121 DRPs that ao®nnected by a total of

431 edges. The proteins were partitioned into 10 highly connected functional modules, which are
highlighted by different color using the modularity class methods in Gephi. The functional categorization
of the modules is based on BE level 3, except for general stress response and potassium transport. The
size of nodes and edges is proportional to the number of connections (its degree). The protein identity of
each node is indicated by the UniProt ID. The network edges indicatéubotional and physical protein
associations based on active interaction sources including Textming, Experiments, Databases, Co
expression, Neighborhood, Gene Fusion, aneb&mirrence. See Table S6 for details on the 121 DRPs

used to construct the PPltmerk.

2.3.5 Amino acid profiling

Of the 16 amino acids detected, 15 amino acids showed a significant change in their
intracellular concentrations across the five sNHreatments (see Data Set S5 at
https://doi.org/10.6084/m9.figshare.20750203.v2In  particular, the intracellular

concentration of glutamate significantly increase2# 3 8 . 6 9 ¢ nrwér 50gnMC D W

NH4" condition but slightly decreasedbnmMVoNH2020. 59 ¢
condition (Fig. 2.5, see also Data Set S5 at
https://doi.org/10.6084/m9.figshare.BD203.v3. Glutamine also showed greatest

intracellular accumulation at 50 mM NH with 235.69¢ mol / g CDW. Contrar
glutamate and glutamine, the intracellular concentration of proline significantly decreased

from 1 mM to 50 mM NH*, but showed a shaand highly significant increase 82.12

emol /g CDW at (pld@ueO®M ORMH2.5, see also Data Set S5 at
https://doi.org/10.6084/m9.figshare.20750203.v2Concurrently, the intradelar

concentration of ornithine was significantly increaaed greatest (167.20mo | / g CDW)

at 75 mM NH* (p O 0) O(RgL 2.5, see also Data Set S5 at
https://doi.org/10.6084/m9.figshar@250203.v2. Arginine and lysine were also most

enriched a?5 mM NH,", with 1189.02 and 2004.68mo |l / g CDW .respecti vely
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Fig. 25 Amino acids that show statistically significant change in their intracellular concentrations in
response to increasing MHevels. The association between particular pathway information (upper panel)

and results of amino acid profiling (lower panel) is indicated by arrow and the same background color.

Error bars indicate standard deviations of replicate cultures (n = d)loWer panel asterisks (*) indicate

significant differencegv al ue O 0. 05) relati ve t49. Thetugperpaneit r ol t
asterisks (*) indicate significant difference between the stepwise increase 4hld#d. Significant

difference is calculated using ong&y ANOVA Holm-Sidak method: p-v a | u.€5;*®pval ue O 0. 01;
»**nvalue O 0.001.

2.3.6 NO2 and N2O production

Nitrite (NO2) and nitrous oxide (PD) were detectable across all five NHonditions

(Fig. 2.6, Fig. S®B). The production of N@ significantly increased from 1mM Nfto

50 mM NHy*, but did not further increase at 75 mM NHThe maximum concentrations

of NO> that accumulated in the growth media during the incubation experimengés w

444 mol / L (4) ,mMG6NH 9 emod)/, L2@1A9ImMmeM,/ L (30
59.95 emol /4) ,( 5800 dmM 4N 2 g'Bid. 2.6, Figl S8 andinM N H
Table S3 ahttps://doi.org/10.608419.figshare.20559417.y1The production of BO

significantly increased from 1mM Nfto 75 mM NH'. The maximum headspace
concentrations of pO that accumulated during the incubation experiments were 0.65
emol /L (4D, mM. 886 & mols),49 3( 3e0OmonmM LNH),2td mM Nt

5. 84 emol / L £)7 Gig. @B FiBQlHSB, and Table S4 at
https://doi.org/10.6084/m9.figshare589000.v).
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Results

At high (50 mM, 75 mM) NH' levels, NQ production rate was highly correlated

with greatest SC2 growth activity. Compared to N@oduction, the accumulation of

N2O was timeshifted. Strong MO accumulation occurred only after Mad neas

reached its peak concentration (Fig. 2.6, Fig852
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Fig.2.6 NO, andN-O production byMethylocystissp. strain SC2 during exposure to 30 mM, 50

mM, and 75 mM NH'". The stained areandicate the standard deviations of triplicate cultures.

The amounts oNO, and NO produced during growth with 1 mM and 10 mM Nhvere
negligible €ee Fig. S8 athttps://doi.org/10.6084/m9dshare.20750236.y3Table S3 at

https://doi.org/10.6084/m9.figshare.20559417.v1, and
at https://doi.org/10.6084/m9.figshare.2058900).Wwhile we measured the accumulation of

Table

S4
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N2O in the gaseous headspace, it needs to be noted #aisNsoluble in water in a ratio of
1:0.567 at 25 °@Johnstone, 2007)
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2.4 Discussion

In this study, we combined growth experiments with global proteomics, aawido
profiling, and NOx measurements to thoroughly assess the respdvis¢hgfocystisp.

strain SC2 to increng NH;" concentrations. The ionic medium strength to which strain
SC2 is able to acclimatize differs between48Hand NaCl as stressor. It is lower for
NH4CI (between 114 and 139 mM; this study) than for NaCl (between 153 and 197
mM;(Han et al., 2017). This may be due to the dual effect of increasingNé&ad, with

one being a general stress phenomenon and another being the specific inhibition effect of
ammoniaon methanotrophic activity. Firstly, N¥C| acted as an ionic and osmotic
stressor, thereby leading to a tremendously increased lag phase duration with increasing
NH4* load. Lag phase represents the earliest stage of the bacterial growth cycle and is
defined bythe adjustment of metabolic fluxes and enzyme composition to given
environmental conditiong/aldez-Cruz et al., 2011; Zhang et al., 2018)The need for
cellular adjustment processes directly depends on the tdvehvironmental stress
exposure. This view is congruous with our finding that the total number of differentially
regulated proteins showed a highly positive and significant correlation with both lag
phase duration and NHload. Secondly, CHconsumptionrate and, in consequence,
growth rate significantly decreased with increasingsNldad due to the competitive
inhibition of pMMO and the increasing need for detoxifying hydroxylamine, the product

of pMMO-catalyzed oxidation of N Notably, all three subnits of low-affinity
pMMO1 were differentially regulated neither in response to increasing &id nor to

high NaCl stress, regardless of whether the study was done on transc(ipeomet al.,

2014; Han et al2017)or proteome level (this study afidakobyan et al., 2018)In the
following, we firstly discuss the general stress response to increasing ionic and osmotic

stress. At second we discuss the methanotspelafic response to hydroxylamine stress.

2.4.1 General stress response to increasing ionic and osmotic stress

The cellular adjustment processes in response to increasing ionisrantoostress are
defined by proteomic rearrangements that are widely conserved among haciehia
and Bremer, 1994; Kohlstedt et al., 2014; Bremer and Kramer, .ZDi€3e involve the
upregulation of stresegonsive proteins, Ki'sal t i no strategy, upt ak

of compatible solutes, and induction of the glutathione metabolism pathway. The stress
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responsive proteins upregulated in response to hight Midd were the DNAinding
protein (Dps), the geeral stress response protein (CsbD), ands$teatk proteinsDps

hasa significant role in protecting the chromosome from oxidative damage, but also from
UV radiation, iron toxicity, heat, and pH strgd#air and Finkel, 204) The protective
stressresponsive function o€sbD family proteins is not yet knowhin et al., 2019)
While the expression of various hesdtock proteins (e.g., Hsp10, [GroES], Hsp60
[GroEL], Hsp70 [DnaK], Hsp100 [ClpB]) at high constitutive level was not affected by
NH4", Hsp2 proteins were significantly enriched in response to high*Nb&d. The
Hsp20 machinery prevents aggregation and misfolding of client proteins and is known to
be expressed upon exposure to a strgtsioerek et &, 2008; Bepperling et al., 2012;

Yer et al., 2018)

In principle, two cellular strategies have evolved to cope with elevated osmolarity.
The fisalt ind strategy | eadspoolwlowedbyapi d i |
concomitant increase the cytoplasmic concentration of compounds that are compatible
with cell physiology at high internal concentrations. Uptake and/or synthesis of these
compatible solutes or osmoprotectants is defined as secondary re§perser and
Kramer, 2019) Indeed, we observed a significant increase in the-dffighity (Kdp) K*
transport system under high (75 mM) NHoad (Table 2.3). Concomitantly, global
proteomics coupled with amino acids profiling revealed an intracellular glutamate pool
that was significantly increased at high (50 mM and 75 mM)Nebels (Fig. 2.5, Table
2.3). High glutamate concentrations are known to be required in a balanced
osmoregulation to maintain a steagtate K pool (Lucht and Bremer, 1994; Yan et al.,
1996)

At 75 mM NH:" load, glutamate was replaced in part by proline to act as a
compatible solute, again evidenced by global proteomics coupled to amino acids
profiling. Acetylornithine aminotransferase, whose expressioas vsignificantly
increased at high NFiload, converts ornithinetgd pyrr ol i ne 5 carboxy
by the reduction to proline; with glutamate being the precursor for ornithine synthesis
(Fichman et al., 2015)Previous studies have shown that the cellular osmoadaptation
gradwally switches from potassiuglutamate as the dominant strategy at intermediate
salinities to proline at higher salinities; with atd 5fold increase in intracellular proline
content(Sleator and Hill, 2002; Sauand Muller, 2007; Bremer and Kramer, 20IB)is
is in the same range as we observed for the increase in intracellular proline content during
the exposure of strain SC2 to high (75 mM) AlHoad. Thus, the intracellular
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accumulation of ornithine and pnoé under the maximum tolerable stress condition (75
mM NHa4") follows a widely distributed response pattern that is also known to ocEur in
coli andBacillussubtilis(Kempf and Bremer, 1998; Hoffmann et al., 20KBhlstedt et

al., 2014)

The stresdriggered induction of the glutathione metabolism pathway involved a
significant upregulation of both glutathione peroxidase (GPX) and glutathiene S
transferase (GST) under high hHload. These enzymes have been shaw be
expressed when cells are exposed to oxidative stress and hyperosmotic shock conditions.
In particular, their activity is involved in detoxifying reactive oxygen (ROS) and nitrogen
(Ernst et al.)species sut  a s , for exampl e, met al bound
formation of nitrosothiols (RSNO) and nitrosamines ¢RIN which are regarded as
nonradical RNS(Gupta et al., 2016)Notably, he expression of two GST isoforms
(UniProt IDs J7QHL1 and J7Q532, Table 2.3) wepeecifically and significantly
upregulated in response to increasingsNidad. Their increase in expression level may
be induced by the increased production of both hydroxyla(&8ipeoren and Evelo, 1998)
and RNS such as nitri{&tein and Klotz, 2011a; Tharmalingam et al., 2017)

Intriguingly, we also obseed a differential regulation of various plasreidcoded
proteins, with most of them being upregulated (21 [pB&{a@nd 18 [pBSC2]) (see
Data Set S6 dittps://doi.org/10.6084/m9.figshare.BD215.vd. On pBSC21, single
stranded DNAbinding protein (SSB), threeomponent CzcCBA complex, and subunits
of the F1 ATPase complex were among the proteins significantly upregulated under
high NH;" load. SBB was the most greatly enriched (¥@H8) plasmidencoded protein
during exposure of strain SC2 to 75 mM NH(see Data Set S6 at
https://doi.org/10.6084/m9.figshare.2075021%.v& plays a major role in DNA
replication, recombinatin and repair. On pBSE2, multicopper oxidases and the type
IV secretion system (T4SS) were among the proteins most significantly upregulated
under high NH' load, with the latter having functions in conjugation, DNA exchange
with the extracellular spacend delivery of proteins to target cg\allden et al., 2010)
Significant enrichment of the pBS&€2encoded T4SS may be linked to the differential
regulation of a PmoC subunit uniquely encoded by pB3CRloderately expressed
under standard (1 and 10 mM) hHyrowth conditions, this PmoC subunit showed the
greatest downregulatior4(8-fold) among all differentially regulated proteins in response
to high NH:" load (Table 2.3), thereby providing further evidence for a particular cross

N O
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talk between the SC2 chrasome and the two plasmids. Another major functional aspect
is the location of various nitrogesycling gens on pBSC2 (discussed below).

More detailed information on the differential regulation of plasemdoded
proteins in response to high WHoad, but also on stresesponsive proteins, ki s a | t
i no st raassnglgtion ahdHlutamate/glutamine metabolism, and glutathione
metabolism, can be found Text S2.

2.4.2 Methanotroph-specific response to hydroxylamine stress

The apparenKn value for CH oxidation significantly increased with increasing NH

load (Table 2.2), which is due to the increasing inhibition of pMb#3ed Cloxidation

by NHs. This inhibition effect was evidefar 30 mM and 50 mM Nk but most obvious

for the CH, consumption rate at 75 mM NH(Fig. 2.2, Table2.2). Unfortunately, the
Kmapp) Value could not be experimentally determined for the SC2 exposure to 75 mM
NH4" due to methodological constraints (TaBl@). In addition, one may speculate that

the increase in ionic and osmotic stress not only led to a prolonged duration of proteome

adjustment, but also had adverse effects on thedRidation activity of strain SC2.

Hydroxylamine is a highly toxic compad that has been shown to severely inhibit
both the calciumand lanthanidelependent methanol dehydrogenases (MOBsjne
and Frank, 1980; Versantvoort et al., 2020his necessitates a rapid turnover of
hydroxylamine in methanotrophic bacteria, which is most likely ensured by the activity
of methanotrophic hydroxylamine oxidoreductase (mHAOQ). In strain SC2, both mHAO
subunits (mHaoAB) showed a strong significant upregulation concomitantly to the
increase in NH' load (Table 2.3). This finding corroborates the conclusions lately drawn
for the functional role of mMHAO in the verrucomicrobial methanotroph
Methyloacidiphilum fumariolicum and other aerobic methanotrophs, namely that mHAO
plays a crucial role in prevéng the inhibition of MDH(Versantvoort et al., 2020l
subunits of the calciurdependent MxaMDH (MxaFJGIRSACKLDH) were detectable
in the SC2 proteome, with seven MKHDH subunits (MxaFJCKLDH) being the only
CH4 oxidation pathway proteins significantly enriched at high (75 mM\Nkbad. The
Mxa-MDH-associated cytochrome MxaG) was highly expressed constitutively. It is
reasonable to assume that the significant enrichment of these sevavilltkaubunits

(including MxaF) is a proteomic response to compensate for the inhibitory effect of
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hydroxylamine. By contrast the expression response ofMbDx varied, with XoxF
being significantly downregulated at 30 and 50 mMNidad (Table 2.3).

We observed a significd correspondence between the increase inN4d and
the accumulation of N©and, with delay, BO (Fig. 2.6). This accumulation pattern has
already been observed for a few proteobacterial methanotrophs in previous research, with
the presumption that NOis the final product of mHAO activitfCampbell et al., 2011;
Kits et al., 2015; He et al., 2017; Mohammadi et al., 20di@yvever, recent purification
of the mHAO from the verrucomicrobial methanotroph Methidi@hilum fumariolicum
provided biochemical evidence that rather than te'Nthis enzyme rapidly oxidizes
hydroxylamine to NO. Conserved structural elements among all known mHAOSs led to
the further conclusion that this reaction mechanism occurs inralbiaemethanotrophs
(Versantvoort et al., 2020¥5iven that NO is an obligate free intermediate, one has to
postulate either an yet unknown MRidizing enzyme that converts NO to NOr the
spontanenous reactiomith O to form NG&™ (Gupta et al., 2016; Moller et al., 2019;
Versantvoort et al., 2020pignificant production of PO only occurred after the oxygen
concentration had dropped to low or unmeasurable levels ZFYy. This is in good
agreement with previous reports that detoxification of hydroxylamine is directed towards
increased production of A at hypoxic conditiongHoefman et al., 2014; Kits et al.,
2015) Notably, he production of BD from NO in strain SC2 does not involve the prior
reduction of N@ to NO, because neither nirK nor nirS is encoded by its genome. This
supports (Vensantvaort ¢t bl.p202@)ncluson that NO is the end product of
mHAO activity.

Candidate enzymes for the reduction of NO t®Nre a putative NO reductase
(NorB) and hybrid cluster proteins (Hcps). NorB is encoded on pBSB# was not
detectable in the SC2 proteome. Previous trapiserie research had however shown that
relative to 10 mM NH", the transcript expression of the plasthatne norB had
significantly increased after diour exposure of SC2 cells to 30 mM NHDam et al.,
2014) The inability to detect NorB in the SC2 proteome may be due to a large number
of transmembrane domains, which makes it difficult to efficiently solubilize and digest
NorB during the extraction of cellular protein&Simon and Klotz, 2013) The
chromosomendoced Hcp (UniProt ID J7Q787) is one of the most highly expressed
proteins in strain SC2 and significantly upregulated in response to increasintgis
(Table 2.3). Over thiast decades, four different activities have been reported for Hcps
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(Hagen, 2022)Among these is the activitgs hydroxylamine reductase, which would

lead to the production of Ni¥¥NHz and thereby directly contribute to the detoxification

of hydroxylamine. Being historically the first activity proposgtagen, 2022) more

recent research however suggests that the activity as hydroxylamine reductase has little
or no physiological relevance. More likely is the conversioN@fto NbO (NO reductase
activity), which has been established as physiologically relétagen, 2022)

Notaly, the pBSC22-encoded nitrous oxide reductase (NosZ) is constitutively
expressed at high level (see Data Set S6 at
https://doi.org/10.6084/m9.figshare.20750215%,.\tBereby suggesting thab@ may be
further reduced to N The nos operon is located on ak0region of pBSC2, which
also contains the genes encoding NorB and two Hcp proteins (F8). BRis proximity
of nitrogencycling genes (norB, nosZ), but also involving those encoHicys, further
substantiates the functional relevance of pB2Gar strain SC2. One of the two Hcps
(UniProt ID I4EBES) was also significantly enriched in response to increasinglddd,
but its overall expression level was 16@0d lower than that otte chromosomencoded
Hcp protein (Table 2.3).
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2.5 Concluding remarks

In this study, we comprehensively assessed the cellular abilityletfiylocystisto
acclimatize to high NE load. Our results provide detailed insightg#o how
Methylocystisspp. adjust their cells to cope with the dual effect okNHamely ionic

and osmotic stress and competitive interaction betweera@tHNH; (Fig. 2.7).Indeed,

our results show thatlethylocystishas the capacity to precisely Ao@tize to changes

in NHs" concentration by exact physiological rebalancing enzymes and osmolyte
composition, thereby enabling maintenance of a suitable cellular homeostasis for growth.
The maximum NH" tolerance oMethylocystisp. strain SC2 (75 mM Nf) was in the
same range as previously shown kéethylosinus sporiun71 mM NH;*) (He et al.,
2017) The need to simultaneously combat both iemsmotic stress and the toxic effects

of hydroxylamine and nitrite is presumably the limiting factor the cellular
acclimatization oMethylocystispp. to higher Nk concentrations (Fig. 2.7).
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Fig. 27 Scheme of the metabolic pathways and processes proposed to be involved in the acclimatization
of Methylocystissp. strain SC2 to high Nffload. Preeins (enzymatic steps) and pathways that were
significantly up and downrregulated are marked with red and green arrows respectively. Black arrows

indicate proteins (enzymatic steps) detectable in the proteome across all fivaré#timents, but not
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differentially regulated. The response of strain SC2 to high (50 mM and 75 mM)ddtd involved K
influxn@Aasalrtegy) coupl edadditiontgincredsedpradudionafvariausnu | at i
stressresponsive proteind.he intracellular aaemulation of glutamate was achieved by high expression
level of glutamine synthetase and glutamate synthetas&(@SAT) and significantly induced activity of
glutamate dehydrogenase (GDH), which furtherly fueled the biosynthesis of proline and othes@dsino
Concomitantly, synthesis of the ammonium transporter (Amt) and nitrogen regulatory proteias
significantly downregulated. After initiation of growth, competitive interaction betweena@ti NH; led

to a significant increase in bolpp) value for CH oxidation and production of toxic hydroxylamine. Its
detoxification involved the production and accumulation of nitrite {N&nd nitrous oxide (pO) under
high NHs* load, with NO as a putative intermedigtéersantvoort et al., 2020)n addition, intermediates

of reactive nitrogen speci€grnst et al.y)nay have triggered antioxidant response involving the conversion
of glutathione (GSH) into glutathione difide (GSSG) via the activity of glutathione peroxidase (GPX)
and glutathione $ransferase (GST).

2.6 Materials and methods

Strain. The genome oMethylocystissp. strain SC2 was found to comprise.@73Mb
chromosome and two large plasmi@@am et al., 2012a; Dam et al., 2012Bheir
nucleotide sequences are publicly available in EMBL, GenBank, and DDBJ databases
under the accession numbers HE956757 (chromesoFO000001, and FO000002
(plasmids). Genomic analysis revealed the presence of a complete denitrification pathway
in strain SCADam et al., 2013)Strain SC2 has the ability to produce {cand high

affinity pMMO isozymes and can thus oxidize £&tross a wide concentration range
(Ricke et al., 2004; Baani and Liesack, 2008)e lowaffinity pMMOL is encoded by

two pmoCAB1lgene clusters, while the higtifinity pMMO2 is encoded by a single
pmoCAB2ene clustefDam et al., 2012c)n addition, the genome of strain SC2 encodes
two chromosom@&nmded monocistronipmoCgenes fmoCks, pmoC2s) and a single

plasmidbornepmoCgene pmoGys) (Dam et al., 2012b)

Experimental procedures. Strain SC2 cellswere firstly inoculated into 40 ml
nitratecontaining mineral salts medium (NMS) in 120 serum bottles and grown to an

optical density
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at 600 nm (Olgyg) of 0.25+ 0.05 (Fig. 2.1). The composition of NMS growth medium
was the same as previously repoiiddyer et al., 2002)containing 1 gram of KN&per

liter as the nitrogen source. Strain SC2 wasaoilured in NMS medium at least twice

and then used to investigate the effect of increasing ammonium concentrations in mineral
salts (AMS) medium on its cell density, @eEbnsumption, and C{production. A iml

aliquot of NMS precultured SC2 cells was inoculated into 20 serum bottles
containing 40 ml AMS medium. The initial @& was 0.01 + 0.003. The composition of
AMS was he same as NMS, with the exception that 1 gram of KNO mM) was
replaced by increasing amounts of X This resulted in treatment concentrations of 1,
10, 30, 50, 75, and 100 mM N€ll in the medium (Fig. 2.1), corresponding to a total
ionic strength anging from 40 mM (1 mM NECI) to 139 mM (100 mM NELCI) (Table

S2). The headspace of the batch cultures was filled withehr2filiter-sterilized CH and

air in a 20:80 (v/v) ratio. The serum bottles were sealed with rubber stoppers and
incubated on arotay s haker at 130 redo @&d chandes g fe
headspace concentrations of £&hd CQ were regularly monitored during the whole

incubation period (Fig. 2.1).

Physiological parameters. The ODyo was determined using an Eppendorf
Biophotomete UV/Vis spectrophotometer (Eppendorf, Germany). Cell dry weight
(CDW) was calculated based on the following relationship: biomass (g CDW)k& ©D
0.261 x volumgHakobyan et al., 2020Biomass vyield is shown asg CDW / mmol
CHa. Methane consumption and e@roduction were analyzed by gas chromatography
(SRI Instruments, Earl St. Torrance, CA). Methane consumption rate is indicated as mmol
CHs consumed / g CDW / day. All rate calculations are based on paravadtes
measured during exponential growth. The production,@f Was monitored using a0
microsensor with piercingeedle. The microsensor was connected to the Microsensor
Multimeter (Unisens A/S, Denmark). Thez @oncentration in the headspace was
monitored with a Fibox 4 trace meter using-BBt3 sensor spots. This yielded an oxygen
detection limit as low as 0.002 vol % (PreSdmtps://www.presens.de/The production
of NO2” was determined using the Griess Re#gSystem following the manufacturer's

instruction (Promega Corporation, Madison, WI).

Methane oxidation kinetics Kmapp)and Vmax@pp] Calculations. To test for the
inhibitory effect ofNH4"/NH3 on CH; oxidation, SC2 cells were grown thie following
CHg:air mixing ratios: 20:80, 15:85, 10:90, 5:95, and 2.5:97.5 (v/v). Eacle€ihixing

Botf
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ratio was tested in triplicate incubation under three different ammonium concentrations
(10 mM, 30 mM, and 50 mM NH). Cell density (OBog) and CH concentration intte
headspace were regularly measured over the whole incubation period. Cell density were
converted into cell numbers as described previgiiggani and Liesack, 2008\n ODsoo

value of 1 corresponds to about 1.5 £ d@€lls mf! in the exponentiagrowth phase. The
exponential decrease of Ghver incubation time was used to estim&igapy and
Vmax@pp)Of SC2 cultures using nonlinear regression to the Micliddésten equation.
Multiplication by the Oswald constant (0.03395 at 25 °C) gav&ilgpas the methane

concentration in watgBaani and Liesack, 2008; Brindha and Vasudevan, 2018)

Sample preparation for proteomics.Samples for proteomics were collected from
the same cultures. Strain SC2 wasdulated into 300 ml mineral salts medium (initial
ODeooof 0.01 + 0.003) supplemented with 1, 10, 30, 50, or 75 mM"NFg. 2.1). Cells
were grown to the migxponential phase (Qg = 0.25 + 0.02) and then collected by
centrifugation at 7000 g and 4 for 20 min. The cells were
with 1 x phosphate buffer (5.4 g BPQu x 7 HLO and 2.6 g KPPy per liter distilled
H-0) to remove medium traces. The washed cell pellets were transferred to 2 ml sterile
safelock microcentrifuge tués (Eppendorf) and stored-8t 0 for subsequer

extraction. Each NH concentration involved the analysis of triplicate cultures.

Protein extraction, LC-MS/MS analyses, peptide/protein identification, and
LFQ quantification. The extraction of tml SC2 proteins was done as described
previously, using an efficient tandem LysC/trypsin digestion in detergent condition
(Hakobyan et al., 2018Yhe LGMS/MS analysis of protein digests was performed on a
Q-Exadive Plus mass spectrometer connected to an electrospray ion source (Thermo
Fisher Scientific). Peptide separation was carried out using the Ultimate 3000 ranoLC
system (Thermo Fisher Scientific) equipped with ahonse packed C18 resin column
(Magic C18 AQ 2.4 em, Dr. Maisch). The peptides were first loaded onto a C18
precolumn (preconcentration agt) and then eluted in backflush mode using a gradient
from 96% solvent A (0.15% formic acid) and 4% solvent B (99.85% acetonitrile, 0.15%
formic acid) to 3% solvent B over 115 min. The flow rate was set to 300 nL/min. The
data acquisition mode for the initial LFQ study was set to obtain oneésgifution MS
scan at a resolution of 60,000 (m/z 200) with a scanning range from 375 to 1500 m/z
followed by MS/MS scans of the 10 most intense ions. To increase the efficiency of
MS/MS acquisition, the charged state screening modus was activated to exclude

unassigned and singly charged ions. The dynamic exclusion duration was set to 30 s. The



70| Page Materials andmethods

ion accumulation time &as set to 50 ms (both MS and MS/MS). The automatic gain
control (AGC) was set to 3 x 9@r MS survey scans and 1 x>for MS/MS scangfor
details se¢Hakobyan et al., 2018)

Statistical and functional analyss of differentially regulated proteins.
DiscoveryLFQ was done using Progenesis QI software (Nonlinear Dynamics, version
2.0) as described before (for details @dakobyan et al., 2018)Next, the data obtained
from Progenesis were evaluated using SafeQuant R package, versidGRRe? et al.,

2012) Hereby, a 1% identification and quantification false discovery rate (W&R)
calculated. Differentially regulated proteins (DRPs) with 2ibgo | d change

@)

1

(upr egul alt(dodnregumted)g®al ue O 0.01 were submitte

Encyclopedia of Genes and Genomes (KEGG) database for enrichment function analysis.

Sampling and extraction of intracellular metabolites.SC2 cells were grown to
mid-exponential phase in 1201 serum bottles containing 40 mL mineral salt medium
supplemented with 1 mM, 10 mM, 30 mM, 50 mM, amd 75 mMNHig. 2.1). Aliquots

(36 mL) of 60% methaol (v/v) in a 50mL conical centrifuge tube were cooled down to

180 for 48 h and t hen usamdultusesaliqupts éndd hi n g

were pipetted into the quenching solution and the quenched cells were immediately
pelleted in an EppendoB430R centrifuge for 10 min at 10,00@pand 110 AC,

fixed angel rotor. After centrifugation, the supernantant was removed, and the cell pellets

were stored at T80 AC wuntil further extracti

The endometabolome was extractey suspending the frozen cell pellets in equal

vol umes of extraction f | ul. @Theexirdtibn val@ye and

was adpted to sample biomass, using 1 ml of extraction fluid and an equal volume of
chloroform per 1 ml of sample of Q&= 1. The extraction fluid consisted of 50% (v/v)
methanol at LCMS grade and 50% (v/v)-bHffer (10 mM TRIZMA, 1 mM EDTA).

The resulting cell suspension was incubated in a ThermoMixer C shaker (Eppendorf) at
4 °C for 2 h (1500 rpm), followed by a twiha® separation of the suspension in an
Eppendorf 5430R centrifuge for 10 min at 12,00dand 1 10 AC, usi ng
rotor. The upper phase was filtered through a 80 PTFE membrane filter
(Phenomenex) into 2 ml sterile safelock microcentrifuge tubes (Eppendorf). The

metabolite extracts were stored 80 °C until downstream analysis

usi

o

n

c hl
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Measurement of amino acids Quantitative determination of amino acids was
performed using LAMS/MS. The chromatographic separation was performed on an
Agilent Infinity [ 1260 HPLC system using a ZicHILIC SeQuant column (150 x 2.1 mm,
3.5emparticlesize 100 pore size) connected to
mm, 5em particle size) (Merck KgAA), with a constant flow rate of 0.3 ml/min with
mobile phase A being 0.1 % formic acid in 99:1 water:acetonitrile (Honeywell,
Morristown, New Jersey, USAand phase B being 0.1 % formic acid in 99:1

water:acetonitrile (Honeywell, Morristown, New Jersey, USA) at 25° C.

The injection volume was 1 pl. The mobile phase profile consisted of the following
steps and linear gradientsi @ min from 80 to 60 % B; 8 10 min from 60 to 10 % B,;
107 12 min constant at 10 % B; 1212.1 min from 10 to 80 % B; 12.1 to 14 min constant
at 80 % B. An Agilent 6470 mass spectrometer was used in positive mode with an
electrospray ionization source and the following conditi&@$t spray voltage 4500 V,
nozzle voltage 1500 V, sheath gas 400°C at 12 I/min, nebulizer pressure 30 psig, and
drying gas 250 °C at 11 I/min. Compounds were identified based on their mass transition
and retention time compared to standards. Chromatograene integrated using
MassHunter software (Agilent, Santa Clara, CA, USA). Absolute concentrations were

calculated based on an external calibration curve prepared in sample matrix.

Computational analysis.Hierarchical heatmap analysis was performed-@ate
normalized LFQ intensities of the total of 438 DRPs. Creation of both hierarchical
heatmap and Venn diagram, but also conduct of the principal component analysis (PCA),
were done using the free online platform for data analysis and visualizationbée @it
http://www.bioinformatics.com.cn/The Volcano plots were created using VolcaNoseR
(Goedhart and Luijsterburg, 2020)he SRING database was used to construct the
proteinprotein interaction (PPI1) network based on the Uniprot IDs of total DRPs, thereby
resulting in automated calculation of edges and nodes using the default value for the
minimum interaction score (0.4). Geplve(sion 0.9.2), an opesource software, was
used for modularity calculation and visualizat{@astian et al., 2009Nodes with no or
less than four edges were omitted, thereby resulting in a PPl network of 121 nodes
(proteins) that are connected by a total of 431 edges. The final presentation layout of the
PPI network was created with Fruchterman Reingold, a method implemented in Gephi.


http://www.bioinformatics.com.cn/
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Software used for preparation of figures and graphsFigures and graphs were
created with (i) Sigmaplot version 14.0; (ii) OriginPro 2020; @raphPad Prism 9.0.2
(iv) commercial software TIBCO Spotfire; and (v) and Adobe lllustrator 2020.

Raw Files ard Associated Data Deposition.

Various supplemental figures ($89), tables (S3, S4), and data setsi(SB)
are available at
https://figshare.com/projects/Methylocystis_sp_Strain_SC2_Acclimatizes_to_Increasin
g_NH4 Levels by a Precise_Rebalancing_of Enzymes_and_Osmolyte _Composition
_-_supplementary_files/T7447. The mass spectrometry proteomics data have been
deposited with the ProteomeXchange Consortium via the PRI2Eaino et al., 2016)
partner repository with the dataset identifier PXD032347.
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Table 2.3Differentially regulatecproteins involved in the proteprotein interaction (PPI) network
) Median Value logratio_Value? qvalue?
Function ) ) o
Uniprot  Gene Protein Description
category
1mM 10mM 30mM 50mM 75mM 10mM 30mM 50mM 75mM 10mM 30mM 50mM 75mM
Methane metabolism
Particulate methane
J7QM98 pmoC1 1.83E+08 2.04E+08 2.30E+08 2.62E+08 2.61E+08  0.163 0.334 0.519 0.515 0.072 0.001 0.001 0.001
monooxygenase (PmoC1
Particulate methane
Q70EF3 pmoAl 3.10E+08 3.51E+08 3.85E+08 4.26E+08 4.44E+08  0.178 0.311 0.456 0.516 0.036 0.001 0.001 0.003
monooxygenase (PmoAl
Particulate methane
Q70EF2 pmoB1 1.41E+10 1.63E+10 1.98+10 2.09E+10 2.11E+10  0.206 0.488 0.566 0.583 0.012 0.000 0.000 0.005
Methane monooxygenase (PmoB1
oxidation
Particulate methane
Q6MZ16 pmoB2 2.80E+06 2.71E+06 3.63E+06 2.76E+06 1.72E+06 -0.046 0.375 -0.024  -0.707 0.980 0.000 0.366 0.000
monooxygenase (PmoB2
Chromosomeercoded
J7QLZ6 pmoC2s PmMOC2: 450E+05 8.10E+05 9.95E+05 1.67E+06 2.23E+06  0.848 1.145 1.894 2.309 0.036 0.005 0.001 0.000
moC2s
|4EB56° pmoC3s Plasmidborne PmoCg& 5.76E+07 5.60E+07 2.07E+07 2.07E+06 2.57E+06 -0.040 -1.477 -4.800 -4.487 0.601 0.000 0.000 0.000
PQQdependent
J7Q447 XOoxXF dehydrogenase, 1.97E+08 1.43E+08 7.08E+07 9.45E+07  1.48E-08 -0.463 -1.473 -1.057 -0.409 0.001 0.000 0.003 0.064
Methanol methanol/ethanol family
metabolism
Putative cytochrome ¢
J7QNAO XoxG 1.01E+07 8.33E+06 6.54E+06 5.32E+06 4.12E+06 -0.276 -0.624 -0.923 -1.290 0.182 0.001 0.002 0.002

protein
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Extracellular solute
J7Q898 XOxJ o ) . 9.69E+05 6.89E+05 4.60E+05 5.17E+05 8.72E+05  -0.492 -1.075 -0.907 -0.153 0.006 0.000 0.003 0.401
binding protein family 3

Methanol dehydrogenase
J7QHX8 mxaF MxaF 5.64E+09 6.84E+09 9.08E+09 1.04E+10 1.14E+10  0.279 0.688 0.879 1.022 0.003 0.000 0.000 0.000
xal

Extracelllar solute
J7Q9K7 mxaJ o . . 2.87E+08 4.54E+08 6.79E+08 6.45E+08 7.15E+08  0.662 1.242 1.170 1.318 0.000 0.000 0.001 0.000
binding protein family 3

J7QR86 mxaG Cytochrome c class | 2.64E+08 2.81E+08 2.75E+08 2.33E+08 2.25E+08  0.089 0.056 -0.183 -0.235 0.053 0.264 0.009 0.104

Methanol dehydrogenase
J7Q4V7 mxal . 2.99E+08 3.54E+08 5.11E+08 5.75E+08 5.28E+08 0.246 0.774 0.945 0.820 0.087 0.001 0.000 0.001
[cytochrome c] subunit 2

ATPase associated with

J7QUZ4 mxaR various cellular activites  3.76E+07  3.95E+07 4.51E+07 5.05E+07 5.83E+07  0.071 0.263 0.427 0.632 0.328 0.025 0.001 0.000
AAA_3

J7QHY1 mxaS Uncharacterized protein  8.32E+05  7.81E+05 9.26E+05 1.19E+06 1.41E+06 -0.092 0.155 0.522 0.766 0.279 0.199 0.001 0.000

J7Q9K9 mxaA MxaA protein, putative ~ 6.81E+06  7.70E+06 941E+06 1.09E+07 1.30E+07  0.177 0.465 0.681 0.936 0.022 0.000 0.000 0.000

von Willebrand factor
J7QR90 mxaC ) A 9.12E+05 1.09E+06 1.37E+06 1.55E+06 1.87E+06  0.261 0.586 0.764 1.034 0.003 0.000 0.000 0.000
ype

J7Q4Vv8 mxaK Uncharacterized protein 2.59E+06  2.91E+06 3.71E+06 4.60E+06 5.62E+06  0.167 0.519 0.829 1.117 0.799 0.019 0.003 0.000

von Willebrand factor
J7QUZ9 mxaL woe A 9.13E+05 1.04E+06 1.36E+06 1.59E+06 2.07E+06  0.186 0.574 0.803 1.183 0.016 0.000 0.000 0.000
ype

MxaD protein/polyketie
J7QHY3 mxaD 2.08E+08 2.44E+08 3.28E+08 4.14E+08 4.72E+08 0.235 0.660 0.995 1.186 0.008 0.000 0.000 0.000
cyclase/dehydrase
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J7Q9L1 mxaH Uncharacterized protein  1.20E+06  1.49E+06 2.17E+06 2.69E+06 3.41E+06  0.315 0.856 1.168 1.511 0.010 0.000 0.000 0.000
Stress regpnse protein

Potassiurtransporting
J7QR19 kdpC ) 4.98E+06 4.25E+06 5.24E+06 7.86E+06  1.49E+07  -0.229 0.073 0.658 1.583 0.010 0.102  0.000 0.000
ATPase KdpC subunit

Potassiurtransporting
J7Q4U0 kdpB ATPase ATPbinding 4.19E+06 4.26E+06 5.25E+06 8.35E+06 1.61E+07  0.023 0.326 0.994 1.946 0.998 0.000 0.000 0.000

Potassium subunit

transport Potassiuntransporting

J7QUT1L kdpA ATPase potassium 1.21E+06 1.07E+06 1.27E+06 1.78E+06 3.63E+06 -0.176 0.064 0.548 1.579 0.019 0.470  0.002 0.000
binding subunit

Osmosensitive K channe
J7Q9H9  BN69_2486 o 1.12E+05 1.46E+05 1.80E+05 3.19E+05 5.11E+05 0.393 0.691 1514 2.196 0.061 0.005  0.000 0.000
His kinase sensor

Stress response DNA
J7QQ02  BN69_2097 o . 9.02E+06 8.97E+06 1.39E+07 5.04E+07 6.11E+07  -0.008 0.628 2.483 2.759 0.366 0.000 0.002 0.000
binding protein (Dps)

J7QF27 BN69_0580 Heat shock protein Hsp2( 5.17E+07  3.09E+07 6.47E+07 1.63E+08 2.52E+08 -0.744 0.323 1.656 2.283 0.000 0.002 0.001 0.000

J7QJH1 BN69_3580 Heat shock protein Hsp2  1.03E+07 8.09E+06 6.06E+06 5.01E+06 6.47E+06 -0.344 -0.762 -1.035 -0.667 0.002 0.000 0.000 0.000

General stress
ind d J7QM64 htpG Chaperone protein HtpG 1.92E+08 1.50E+08 1.14E+08 9.54E+07 9.36E+07 -0.356 -0.744 -1.006 -1.033 0.001 0.000 0.000 0.000
induce

roteins
P Probableacid stress
J7QPM2 hdeA 2.42E+07 3.26E+07 4.32E+07 5.79E+07 6.73E+07 0.428 0.834 1.257 1.474 0.007 0.000 0.000 0.000
chaperone HdeA

Alcohol dehydrogenase
J7Q5H9 BN69_3658 i . 1.20E+04 1.17E+04 1.72E+04 9.07E+04 4.12E+04 -0.035 0.521 2.920 1.783 0.883 0.651 0.028 0.114
GroES domain protein

J7QV15 BN69_2599 CsbD family protein 9.87E+05 1.19E+06 1.43E+06 3.12E+06 1.00E+07 0.274 0.531 1.659 3.342 0.183 0.009 0.010 0.000
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Probable acid stress
J7QPM2 hdeA 2.42E+07 3.26E+07 4.32E+07 5.79E+07  6.73E+07 0.428 0.834 1.257 1.474 0.007 0.000 0.000 0.000
chaperone HdeA

J7QHI8 BN69_2205 Stressinduced protein 2.74E+05 3.18E+05 3.44E+05 2.20E+06 1.71E+06 0.212 0.327 3.000 2.637 0.189 0.024 0.001 0.000
J7QSL3 BN69_1574 Glutathione peroxidase 2.47E+06 2.67E+06 3.86E+06 5.68E+06 7.39E+06 0.115 0.646 1.202 1.582 0.315 0.000 0.000 0.000

Glutathione Stransferase,
J7QTI3 BN69_1939 . . 1.44E+05 1.73E+05 2.37E+05 5.12E+05 6.53E+05  0.260 0.716 1.825 2.176 0.082 0.010 0.002  0.000
N-terminal domain

Glutathione Stransferase
J7QHL1 BN69_2280 d ) i 1.82E+05 2.21E+05 2.05E+05 2.69E+05 4.66E+05  0.283 0.178 0.569 1.361 0.147 0.016 0.163  0.000
omain protein

Glutathione
Glutathione Stransferase
metabolism J7Q532 BN69_2948 d . e 8.02E+04 1.13E+05 1.62E+05 1.78E+05 1.44E+05  0.495 1.013 1.151 0.82 0.045 0.003 0.002  0.003
omain protein

Glutathione Stransferase
J7QIW6 BN69_3230 P ) o 3.56E+07 2.48E+07 1.67E+07 1.26E+07 1.02E+07 -0.522 -1.088 -1.501 -1.800 0.000 0.000 0.000 0.000
omain protein

J7QA29 BN69_3006 ChaC family protein 5.05E+05 6.39E+05 8.44E+05 9.33E+G 1.15E+06  0.339 0.740 0.886 1.190 0.007 0.000 0.000  0.000
J7QQ61  BN69_0634 Glutamate/cysteine ligase 4.98E+07 4.86E+07 3.86E+07 2.96E+07 2.30E+07 -0.035 -0.366 -0.749 -1.117 0.495 0.000 0.000 0.000

Acetylornithine
J7QVE2 argD .y 7.62E+04 8.88E+04 1.17E+05 1.81E+05 2.11E+05 0.220 0.623 1.251 1.469 0.775 0.009 0.002 0.000
aminotransferase

Synthesis of

amino acids/ Glycine dehydrogenase
compatible J7QHB7 BN69_2040 (aminomethy 9.20E+05 6.17E+05 6.61E+05 1.52E+06 2.50E+06 -0.577 -0.478 0.725 1.440 0.005 0.003 0.005 0.002
solutes transferring)

J7QPV5  BN69_2037  Aminomethyltransferase 4.52E+05 3.38E+05 3.23E+05 7.33E+05 1.12E+06 -0.418 -0.484 0.699 1.311 0.003 0.003 0.002 0.001
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5-aminolevulinate
J7Q4N1 BN69_2223 h 2.82E+06 3.34E+06 7.16E+06 8.20E+06 9.09E+06  0.241 1.341 1.537 1.685 0.079 0.000 0.053 0.036
synthase

Nitrogen metabolism
J7QLT5 BN69_0652 Glutamine synthetase ~ 1.65E+09 1.61E+09 1.61E+09 1.56E+09 1.57E+09 -0.039 -0.034 -0.082 -0.077  0.212 0.266 0.100 0.343

Nitrogen regulatory
J7QQX BN69_0914 ein Rl 4.89E+06 3.55E+06 2.47E+06 1.99E+06 2.38E+06 -0.464 -0.987 -1.295 -1.042  0.027 0.000 0.000 0.000
protein

J7QFK3 BN69_0915  Ammonium transporter ~ 1.06E+06 5.86E+05 6.69E+05 4.75E+05 6.70E+05 -0.857 -0.664 -1.159 -0.663 0.050 0.010 0.002 0.015

. Nitrogen regulatory
Ammonium J7QFL3 BN69_0930 ein Rl 2.11E+06 9.85E+05 8.62E+05 7.17E+05 9.07E+05 -1.101 -1.292 -1.559 -1.220 0.000 0.000 0.000 0.000
rotein
transport and P

assimilation
J7QR56  BN69_0999 Glutamate dehydrogenas 4.30E+04 2.97E+04 1.14E+05 2.78E+05 4.04E+05  -0.534 1.406 2.693 3.231 0.689 0.001 0.002 0.000

Glutamate synthase
J7QTS4 BN69_3582 . 1.71E+08 1.79E+08 1.80E+08 1.83E+08 1.93E+08 0.065 0.077 0.096 0.173 0.323 0.141 0.064 0.018
[NADH], amyloplastic

Glutamate synthase,
J7QX35 BN69_3584 NADH/NADPH, small 7.65E+07 7.81E+07 7.73E+07 7.78E+07 8.57E+07 0.030 0.014 0.025 0.163 0.942 0.908 0.944 0.054

subunit
J7Q787 hep Hybrid cluster protein 3.29E+08 8.67E+08 1.05E+09 1.12E+09 1.08E+09  1.399 1.674 1.763 1.722 0.000 0.000 0.0 0.000
I4EBEE& hcp Hybrid cluster protein 1.93E+05 5.50E+05 6.87E+05 7.27E+05 5.60E+05 1.515 1.835 1.917 1.538 0.001 0.000 0.000 0.001
Hydroxylamine
detoxification J7QABO haoB Putative HaoB 1.78E+07 3.78E+07 4.71E+07 5.09E+07 5.55E+07 1.086 1.404 1.516 1.638 0.000 0.000 0.000 0.000

Hydroxylamine oxidase,
J7QSX9 haoA HaoA 5.62E+06 1.76E+07 2.40E+07 3.01E+07 3.37E+07 1.646 2.095 2.420 2.584 0.000 0.000 0.000 0.000
a0
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1 The complete list of the 121 PPI network proteins is shown in Data SethB#sat/doi.org/10.6084/m9.figshare.20556651 Significantly upregulated proteins are shown in

bold, while significantly downregulated proteins are underlifBdoteins encoded by plasmidrne genes.
2 Bothloggratio_ValuesandqValues are given in relation to the 1 mM treatment.

3 Note that the LFQ values of PmoB2 were three to four orders of magnitude lower than those of PmoB1. The LFQ values ofiffno&2 were below detection limit arcoss

all NH4* treatments. Compared to PmoB, the lower LFQ values of PmoC and PmoA subunits, as observed for both pMMO isozymes (pMM2) Limaiid&due the fact that
PmoA and PmoC are integral membrane subunits; theesting in low solubilization efficiency. By contrast, PmoB comprises two periplasmic domains connected by two
transmembrane helicg¢sieberman and Rosenzweig, 2005; Smith et al., 204 Ejgnificant downregulatin of pmoCAB2at the transcriptome level was observed after transfer of

a batch of midog phase SC2 cells pregrown on 10 mM NMS (nittzeieed mineral medium) to the same medium containing 15 mM){8i8% (30 mM NH:*) instead of 10 mM

NOs. The SC2 cellsvere incubated for 10 hours on 15 mM (RSO prior to sampling for RNA extractiofDam et al., 2014)


https://doi.org/10.6084/m9.figshare.20556651.v1
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2.9 Supplementalinformation

2.9.1 Supplementaldiscussion

Ammonium effects on the expression of stragsponsive proteins

Dps. The DNA-binding protein (Dps) is widely distributed among bacteria (e.qg.,
Escherichia coliBacillus subtilis Thermosynechococcus elongaiwsd its vital role in
contributing to stress survival is remarkably conserfdchirdn et al., 1992; Haikarainen
and Papageorgiou, 2010; Karas et al., 20b¥train SC2, the expression of Dps was
significantly induced upon exposure to high Nkevels. Dps has a significant structural
homology to ferritins and possesses the ability to sequester iron and ferroxidase activity
(Nair and Finkel, 2004)ts iron-binding activity plays a significant role in protectithg
chromosome from oxidative damage during exponential growkh obli, but Dps has
been shown to also protdet coli cells during the stationary growth phase against UV,
iron toxicity, heat and pH stregNair and Finlel, 2004)

CsbD. CsbD is a bacterial general stress response protein. Its expression is
mediated by sigm8, an alternative sigma factffPragai and Harwood, 2002jowever,
the role of CsbD in stress response a@ma elusiveln strain SC2two CsbD family
proteinsand, in agreement with literature data, one sigma fact@sbD (RpoH [s%?))
were coupregulated under high NHload. Sigma factor RpoH is the key regulator of the

heat shock responsefn coli (Narberhaus and Balsiger, 2003)

Heat shock response systemin strain SC2, global proteomics identified the
expression of the following heat shock response (HSR) systems: Hsp10 (GroES), Hsp20,
Hsp60 (GroEL), Hsp70 (DiaDnal/GrpE), Hsp90, and Hspl100 (ClpB). The expression
of Hsp20, also known as small heat shock proteins (SHSPs), was significantly upregulated
in response to high Nfiload (Table 2.3). sHSR#ay an important role in maintaining
cell proteostasis. Themost widespread and evolutionarily conserved function is binding
to denaturing polypeptides, thereby acting as protein chaperones. Indeed, sHSPs serve as
an efficient binding reservoir for unstable protéading intermediates during stress.
Once cells a& exposed to sudden proteotoxic strddsp20s encage and shield
accumulated aggregatigorone nonnativenpteins to ensure their corrdotding in near
native conformations. Refolding occurs via the activity of the Hsp70 and Hsp100 systems

as soon as emonmental conditions become favorable. The assemblies are recognized
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by Hsp70 and further processed by both Hsp70 and Hsp100, which leads in an-ATPase
dependent manner to the extraction of single polypeptides from aggregates and their
subsequent refoldingZietkiewicz et al., 2004)In strain SC2, none of the Hsp70
(DnaK/DnalJ/GrpE) and Hspl00 (ClpB) proteins showed a differential expression
response to increasing WHload. However, DnaK (Hsp70) and Hsp100 (ClpBirev
constitutively expressed at high level. In summary, while the refolding machinery is
constitutively expressed in SC2 cells, the Hsp20 machinery to prevent aggregation and
misfolding of client proteins is expressed only upon exposure to a stress@sshicin

NH4" load (Table 2.3). Hsp60 (GroEL) is another chaperone system that prevents
aggregation of misfolded proteins in an AdiBpendent mannéwatanabe et al., 2000)

In E. coli, Hsp60 (GroEL) binds nonnative protein and sequesters it into the centrgl cavit
surrounded by the inside wall of a heptamer ring and capped by Hspl10 (GroES), a co
chaperoninRye et al., 1999)In strain SC2, both Hsp10 and Hsp60 were constitutively
expressed at high level under all Nidonditions.

Potassi um me timdratdgyo $ImstrdimMSC2, high (50 mM and 75
mM) NHs" levels significantly induced expression of thé ¢hannel histidine kinase
sensor (UniProt ID H7QQO02). This twsmmponent system is involved in sensing and
responding to changes in environmental osmolarityals already shown decades ago
that a sudden osmotic upshock triggers potassium uptake, thereby raising the cytoplasmic
K* pool (Whatmore et al., 1990Potassium accumulation is believed to act as an (initial)
emergency stress reaction to limit water efflux in high osmolality conditions and, in
consequence, to adapt the cell proteins and enzyntbee presence of high extracellular
ion concentrationgHoffmann and Bremer, 2017; Gun@merman et al., 2018)or
instanceE. colipossesses four constitutively expressed low affinftyré&sport systems
[TrkG, TrkH, TrkF, and Kup (formerly TrkD)] and, in addition, a single inducible high
affinity ATP-driven K" uptake system, KdfRoe et al., 2000While Trk is not encoded
by the SC2 genome, Kup is constitutively expressed at low level under afl NH
conditions. Thus, like ifk. coli (Sleator and Hill, 2002) Kup expression is not involved
in the osmoregulation in strain SC2. By contrast, the expression level of the entire protein
complex KdpABC) of the highaffinity K™ uptake system significantly increased under
high (75 mM) NH" load (Table 2.3). In summary, the significant increase in the
expression level of both 'Ksensing (H7QQ02) and higiffinity uptake (KdpABC)
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systemindicatesthatt r ai n SC2 oper atBeemert2006;Orers 2003) i n o

to cope with the conditions of elevated osmolarity under high" Ndd.

Ammonium assimilation and glutamate/glutamine metabolismMethylocyss
spp. have been reported to assimilatesNthrough the GOGAT system, involving
glutamine synthetase and glutammeglutarate amidotransferagéuiiga et al., 2013;
Mustakhimov et al.,, 2017)indeed,the intracdlular accumulation of glutamate was
presumably achieched by ammonia assimilation using the-afigiity GOGAT
pathway, given that GOGAT was constitutively expressed at high level under &ll NH
conditions (Table 2.3). A high steadtate pool of agativdy charged glutamate is
presumably employed to neutralize the charge equibilibrium of highly detrimental cation
of A s a'lintthe cel(Bleatdr and Hill, 2002; Yan, 2007; Sadeghi et al., 2@l4)
also to actjn addition to glutamine, as a nitrogen donor for biosynthesis of other amino
acids(van Heeswijk et al., 2013; Viljoen et al., 2013; Liu et al., 208N tamine showed
the same intracellular accumulation pattasrdid glutamate but on a tenfold lower level
(Fig. 2.4).

Among the canonical amino acjdke intracellular concentrations of threonine and
lysine were also significantly increased at high (75 n\W" load (Fig. 2.4). While the
exact functional reasoroff this pool size increase remains elusive, it may point to a
supplementary role of amino acids in improving molecular structure and metabolic
function of SC2 cells under unfavorable conditions, such as high ionic st{&agttasis
et al., 2015)

Glutathione metabolism. The functional role of glutathione transferases (GSTs)
and glutathione peroxidase (GPX) is to maintain an optimal cytoplasmic redox state, in
both bacterial and eukaryotic cells. Following a bufgeactive oxygen species (ROS)
or reactive nitrogen speci€grnst et al.) GST expression and activity is induced to
catalyze the transfer of reactive species to reduced glutathione (GSH), thereby leading to
thedetoxification of the oxidants and oxidized glutathione (GS@®Jcati et al., 2009,

2012) In fact, it has been shown that different types of abiotic stress (e.g., osmotic stress,
acidity, oxidative stress) triger elevated cytoplasmic levels dthionein bacteria
(Smirnova et al., 2001plants(Yang et al., 202Q)and mammalfAl-Fageeh ath Smales,

2006) In strain SC2, high NH load induced a significant increase in the expression level

of three isoforms of the GST superfamily and GPX (Table th3).parallel experiment,
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we found that NaCl stress induced the significant upregulatiomooGST isoforms with

the UniProt IDSI7QAL3 and J7QTI3 (unpublished proteome data). The ionic strength
(IS) applied in that experiment was with 153 mM (equal to 0.75% NaCl) even higher than
under 50 mM (90 mM IS) and 75 mM (114 mM IS) NHbad. Nonethalss, in addition

to GST J7QTI3, the expression of GST isoforms with the UniProt IDs J7QHL1 and
J7Q532 were specifically and significantly upregulated in response to increasifig NH
load (Table 2.3). Their increase in expression level may be induced lycteased
production of both hydroxylamingSpooren and Evelo, 1998hd RNS such as nitrite
(Stein and Klotz, 2011b; Tharmalingam et al., 204ien that the expression of both
GST isoforms specifically responded to increasingsNtdad. GST J7QAL3 was
undetectable under all NHconditions.High cellular bvels of glutathione may also be
required for the retention of 'Kin the initial stage of osmotic adaptati(®mirnova and
Oktyabrsky, 2005)

Notably, the glutathione metabolism pathway has multiple stresponsive
functions in methanotrophs, among these formaldehydexiication. A significant
upregulatiorof glutathione (GSHlependent formaldehyde detoxification was observed
in methanolgrown cultures oMethylomicrobium alburBG8. During the detoxification
response, GSH is condensed with formaldehyde either smansly or via
formaldehydeactivated enzyme to yield -I8ydroxymethylglutathione, which is
subsequently converted to formate through a multistep reaction that releases GSH for

another round of formaldehyde detoxification (34).
Differential regulation of proteins encoded on pBSERand pBSC2

Strain SC2 harbors two large, lesopy-number plasmids of 229.6 kb (pBSQ2
and 143.5 kb (pBSG2) in size(Dam et al., 2012)Various plasmieencoded proteins
were differentially regulated in response to increadiihy” load: 26 of 53 proteins on
pBSC21 and 24 of 45 proteins on pBSQ@2 with most of them being significantly
upregulated (Table S10).

pBSC21

In particular, the singlstranded DNAbinding protein (SBB), threeomponent
CzcCBA complex, and subunits ohet kF1. ATPase complex were among the
differentially regulated proteins. The SBB protein showed a gradual increase in the

expression level with increasing MHIoad. Indeed, SBB was the most significantly
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upregulated (3.9%old) plasmidencoded protein at5 mM NH:" (Table S10). The SBB

protein plays a major role in DNA replication, recombination, and repair. SSB binds to
ssDNA in order to (i) keep the individual strands separated by holding them in place so
that each strand can serve as a template folDié¢v synthesis, (ii) protect SSDNA from

being broken down by nucleases during repair and (iii) remove the secondary structure of
ssDNA so that other enzymes are able to access them and act effectively upon the strands
(Kunzelmann et al., 2010; Antony and Lohman, 201®)ranscriptomics, thesbgene

also showed significantly increased expression level when SC2 cells were exposed to 0.75
% NaCl(Han et al., 2017)Thus, it is reasonable to conclude that the SBB protein plays

an important biological role in the cellular response of strain SC2 to high ionic strength.

The czcCBAgene cluster is found on diverse plasmftisu et al., 2015)and
encodes three proteins: CzcA (the RND family specific protein);stunit CzcB
(membrandusion protein, MFP), and CzcC (outer membrane protein, OMF). The three
proteins constitute a membraheund tripartite complex of the RND famifiAoffmann
and Rinas, 2004)This efflux system has been reported to confer resistance to metal
cations, including but not limited to zinc, cadmium, and cqiatencia et al., 2013)ts
expression is regated through metal ior®ies, 2003) Tripartite RND efflux systems
are known to be involved in maintaining cellular homeostasis by removal of toxic
compoundgKim et al., 2011; dsa et al., 2018All three proteins (CzcA, CzcB, CzcC)
were detected in the pBS@2proteome, but the regulation of their expression in response
to increasing Nl load differed. While the expression level of CzcA and both subunits
of CzcB were found tbe significantly upregulated under high (50 mM and 75 mM)'NH
levels, CzcC was constitutively expressed at low level under aif bibhditions. It has
been shown that CzcA transports metal cations from the cytoplasm to the periplasmic
substratebinding stes, where the outer membrane protein (CzcC) and membrane fusion
protein (CzcB) contribute to the periplasmic efflux of the metal (& et al., 2011)
CzcA, localized in the inner membrane, is active through proton motive force, which is
an ATRdependent procegkssa et al., 2018)

Both the overall structure and the amino acid sequence homology of ATP synthases
are conserved among all organisms. The ATP synthaBe aifli, which has been most
intensively studied, is composed of eight differaumbunits; with three subunits (a, b, and
c) constituting the membranetegrated iortranslocating & complex. The other five

subunits { b, 9, U, and() belong to the peripheral Eomplex. The FFi-ATPases of
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bacteria serve two important physiological functions. The enzyme catalyzes the synthesis
of ATP from ADP and inorganic phosphate utilizing the energy of an electrochemical ion
gradent. On the other hand, under conditions of low driving force, ATP synthases
function as ATPases, thereby generating a transmembrane ion gradient at the expense of
ATP hydrolysis(DeckersHebestreit and Altendorf,996; Cabezdn et al., 2003; Guo et

al., 2019) In our study, all ATPase subunits, includadp, ¢ subunits of Ecomplex and

U b, 9, U, Usubunits of iFcomplex, are encoded by pBS@2nd were detectable in the

SC2 proteome at low level under standard growth conditions with 1 mlyf. Nifkd
particular, theb andc subunits of & complex, but alsdJ, b, 2 subunits of ifcomplex,

were significantly upregulated in response to high (50 mM and 75 mM) lstls. This
increase in expression level, concurrently with CzcA, may suggest that the 4BSC2

encoded b1 ATPase provides the energy for the efflux transporter activity of CzcA.
pBSC22

In particular, the type IV secretion system (T4SS) was among the differentially
regulated proteins. T4SS a secretion protein complex with versatile functions found in
both gramnegative and grarositive bacteria, and archa¢Bronzes et al., 2009;
Wallden et al., 2010; Christie et al., 2014hree main functions of T4SS are known:
conjugation, DNA exchange with the extracellular space, and delivery of proteins to
target cells(Wallden et al., 2010)The T4SS sstem of many gramegative bacteria
comprises 12 proteingronzes et al., 2009; Costa et al., 201#)ose encoding genes
were all detected on both plasmids, pBSICéhd pBSC2 (Dam et al., 2012)According
to the UniProt database dflethylocystissp. strain SC2, their designation is VirB1 to
VirB11 (pBSC21) and AvhB1 to AvhB11 (pBSG2). The twelfth T4SS protein differs
between the two plasmids and is TraG (pBS¢2nd VirD4 (pBSC2). Nine T4SS
proteins (AvhB1 AvhB4, AvhB5, AvhB7, AvhB8, AvhB9, AvhB10, AvhB11, VirD4)
were identified in the pBSCG2 proteome, of which seven T4SS proteins were
significantly overexpressed at high (75 mM) NHbad (Table S10). Among these are
AvhB4, AvhB11, and VirD4, which all ptcipate in the synthesis of ATPase powering
pilus assembly. The other four upregulated proteins are the inner (AvhB8, AvhB10) and
outer (AvhB7, AvhB9) membrane channel protdi@hristie, 2004; Fronzes et al., )0

All the T4SS proteins encoded by pBSCand pBSC2 have a conjugative transfer
function (Dam et al., 2012)but showed an opposite expression pattern when SC2 cells
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were exposed to either 0.75% NaCl or highsNkad. The pBSCA encoded T4SS
protans were significantly upregulated in response to the incubation treatment with
0.75% NaCl(Han et al., 2017)but not under high NK load (this study). By contrast,

the pBSC22 encoded T4SS proteins were significantly upregulated in response to high
NH4" load, but not in the incubation treatment with 0.75% NacCl. These findings suggest
that the T4SS systems encoded by either pBEG2pBSC22 differ in their conjugatig
transfer function. The TraG (pBS€3 and VirD4 (pBSC2) proteins have the
fundamental function to recruit substrates to the T4SS system for secretion through the
translocation chann@Fronzes et al., 2009ut supstrate recognition may differ between
TraG and VirD4(Christie, 2004) This may explain the opposite expression response of
the pBSC21 and pBSC2 encoded T4SS proteins to 075% NaCl and high'No&d.

In summary, proteins located on pBSC2nd pBSC2 slowed a strong differential
regulation in response to increasing Nbad, thereby suggesting a molecular citadls
between the two plasmids and the SC2 chromosome. Notably, previous attempts to cure
plasmids pBSCZA and pBSC2 in strain SC2 faile@Damet al., 2012)Both the failure
to cure the two plasmids and the streghkiced proteome adjustments may indicate a
stability relationship between the SC2 chromosome and the two plasmids, {1B802
pBSC22; not just for surviving, but also for conferriMgthylocystisp. strain SC2 with
improved ability to cope with environmental stress. This view is further supported by the
differential regulation of a single PmoC subunit uniquely encoded on pRSCTable
2.3) and the constitutive expression afi@soperon located on the same plasmid (Fig.
S29). Indeed, the PmoC subunit showed the greatest downregulkatii#fio{d) among
all differentially regulated proteins in response to highyNblad.
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Fig. S21. Physiological parametaf Methylocystis sp. strain SC2 in response to varying:&iHmixing
ratios under increasing NHconcentrations. Growth (Qf) of stran SC2, CH consumption, and CO
evolution were repeatedly monitored over the complete incubation period. Five differghe@&dspace
concentrations (20%, 15%, 10%, 5%, and 2.5%) under three differahthiitentrations were tested. The

error bars showtandard deviations of triplicate cultures. See Tablef& further details.
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Fig. S22. Correlation analysis of LFQ intensities in global proteomics. The matrix of 105 correlation plots
revealed very high correlations between the LFQ intensitiggiicate analysis, with Pearson correlation
coefficient values of 0.99 or 1.00. The color of the ellipses highlights the correlation coefficient level
between 0.93 and 1.00.
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Fig. S23. Volcano plots illustrating the correspondence between the nhb&Ps and increasing NH

level (10 mM, 30 mM, 50 mM, and 75 mM) relative to the control treatment (1 mi)NHhe xaxis

shows the logfold changes in protein abundance, while thaxis indicates the negative leg-values.
Significantly up and dow-regulated proteins are highlighted by orange and green color, respectively
(further details in Table S3). Areas highlighted in grey color indicate those proteins whose expression level

was not significantly affected by the increasedsNe¢bncentrationsalative to the control.
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Fig. S24. Two-component principal component analysis (PCA) of the intensity values of the total of 438
DRPs.The PCA is based on the three biological replicate datasets obtained for each of the five different
NH4* treatmentsA total of 88.04% of data variability was explained by PCA. The first component (PC1),
accounting for 77.78% of data variance, was mainly influenced by theddHcentration, while the second

component (PC2) covered the remaining 10.26% of data variance.
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Fig. S25. Linear regression analysis of1gnd downrregulated proteins. The graphs show the relationship
between the number of differentially regulated proteins (DRPs) and ¢diHcentrations. The numbers of

up- and downrregulated proteins were calated in comparison to the control treatment (1 mM;NH
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Fig. S26. Enrichment of 95 DRPs in KEGG level 2 comparison groups in response to increasing (10 mM,
30 mM, 50 mM, 75 mM) Nkt load relative to the control treatment (1 mM N Note that variouBRPs
are affiliated with multiple KEGG level 2 categories (Table S5). The four higimed KEGG level 1

categories are highlighted in color.
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Fig. S27. The top 20 KEGG level 3 categories that showed enrichment of DRPs in response to increasing

NH4* concentrations. The numbers indicaleg.o p-values. The values given for 10 mM, 30 mM, 50 mM,

and 75 mM NH" are shown in comparison to the control treatment (1 mM‘NSignificance of pathway
enrichments is shown colaoded: purple (q < 0.05 using BiaminiHochberg (BH) method); orange (p

< 0.05); blue (enrichment insignificant).
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Fig. S28. Nitrogen oxidation and hydroxylamine detoxificatiq\) Genetic potential for nitrogen
metabolism pathways in strain SC2. (B) Differential regulation of dwglamine oxidoreductase (HaoA)
and chromosomencoded hybrid cluster protein (Hcp) in response to increasing MBd. The lower
asterisks (*) indicate significant difference relative to the control treatment (1 mb)NFhe upper
asterisks (*) indicatesignificant difference between the comparison groups. Significant difference is
calculated using onway ANOVA Holm-Sidak method:p-v al ue Qp-v@a.lu%; OpWalddle &* *
0.001.(C) Accumulation of nitrite (N@) and nitrous oxide (PD) over incubation time at each of the five
NH4* treatments. The inset figures in the graphs for 1 mM and 10 mM tkdtments zoom into the minor

accumulation of N@ and NO over incubation time.
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Fig. S29. Schematic diagram of the genetic organization of hcp genes, nos operon, and norB on plasmid
pBSC22. Two hcp genes are located upstreanmafRZDFYX ThenosZgene encodes nitrous oxide
redudase, whilenosRDFYX code for Nosaccessory proteins. The norB gene encodes nitric oxide
reductase large subunit and is located downstream of the nos operon. The (//) sign indicates that the

nitrogencycling genes are separated by several coding sequ&uads.bar = 2 kbp.



104| Page Abstract

Chapter 3:

Asparagine Uptake: a Cellular Strategy of Methylocystisspp.
to Combat SevereSalt Stress

Kangli Gud, Timo Glattef, Nicole Paczi&, Werner Liesack®

*Corresponding authors

Chapter3 is written in research manuscript style. It veabmittedas research article in
Science of the Total Environment October 2022. My contributn to the chapte8
involved the experimental design, laboratory experiments, the proteoamds
metabolomicdata analysis, the writing and the revision of corresponding parts of the

manuscript, including the design of the figures.

IResearcheghanet isdphi ¢ Bacteria and Environmental Genomics/
Terrestrial Microbiology, Marburg, 35043, Germany

2Core Facility for Mass Spectrometry and Proteomics, Max Planck Institute for Terrestrial Microbiology, Marburg
D-35043, Germany

3Core Facility for Metabolomics and Small Molecule Mass Spectrometry, Max Planck Institute for Terrestrial
Microbiology, Marburg, D35043, Germany

“Center for Synthetic Microbiology (SYNMIKRO), Philigpsiversitat Marburg, Marburg, BB5043, Germany



Chapter 3 Page| 105

3.1 Abstract

Sodium chloride is an important iorasmotic stressor in bulk and rhizosphere soils.
Members of the alphaproteobacterial methanotroph gktaibylocystisare known to
have a | ow tolerance to osmotic and sal'¢t
methane oxidizers are soil inhabitants. We therefore tested various amino acids and other
well-known osmolytes for their potential to act as a comfgasiblute or osmoprotectant
under otherwise inhibitory NaCl conditions. Besides ornithine, the addition of 10 mM
asparagine to the growth medium had the greatest stress relief effect under severe salinity
(1.5% NacCl), leading to a partial growth recovefystrain SC2. Analysis of the exo
metabolome revealed that asparagine was taken up quantitatively by strain SC2. This
resulted in an intracellular concentration of 264 + 57 mM asparagine, with a certain
portion hydrolysed to aspartate (4.20 £ 1.41 mM). @arad to severe salinity (1.5%
NacCl), the uptake of asparagine induced major proteome rearrangements related to the
KEGG level 2 categories energy metabolism, amino acid metabolism, and cell growth
and death. In particular, various proteins involved ihdieision (e.g., ChpT, CtrA, PleC,

FtsA, FtsH1) and peptidoglycan synthesis showed a positive expression response.
Asparaginederived **C-carbon was incorporated into nearly all amino acids.-Exo
metabolome and labeling degree wit@-carbon suggests that addition to aspartate,

the amino acids glutamate, glycine, serine, and alanine, but also pyruvate and malate,
were most crucially involved in the osmoprotective effect of asparagine, with glutamate
being a major hub between central carbon and amirsb athways. In summary,
asparagine induced major changes in the flux of metabolites and amino acids through the
central carbon and amino acid pathways and acted, in part, as a carbon and nitrogen source

for the growth recovery of strain SC2 under seveliaisa(1.5% NacCl).
Highlights

{Growth ofMethylocystisstrain SC2 is completely inhibited by 1.5% NacCl.
TMethylocystistrain SC2 was tested for its response to potential osmoprotectants.

TAsparagine triggered a partial growth recovery under severe sélirgp NacCl).

Yy
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{Quantitative uptake of asparagine induced major proteome rearrangements.
flAsparaginederived'*C-carbon was incorporated into nearly all amino acids.

fAsparagine acted, in part, as a carbon and nitrogen source during growth recovery.

3.2 Introducti on

Methane (CH), as a potent greenhouse gas and a precursor for tropospheric ozone
pollution (Prather and Holmes, 201 Ayith more than 20 times greater impact per
molecule than carbon dioxide (@Qhas increaseddm 0.720 to 1.91 p.p.m.v in the
atmosphere since the beginning of the industrial era (NOAA, 2022). The primary sinks
of atmospheric Chare the abiotic oxidation by tropospheric hydroxyl radicals and the
activity of aerobic metharexidizing bacteria (MOB or methanotrophs, in unsaturated
soils(Conrad, 2009)

Phylogenetic analyses of proteobacterial methanotrophs confirmed the initial
classification intoGammaproteobacterigtype I) andAlphaproteobacterialtype II).
Their key enzyme is particular methane monooxygenase (pMMO), which is howased in
extensive intracytoplasmic membrane (ICM) system. The pMMO converts t&€H
CHsOH. Both type | and type Il MOB are known to be widely distributed in the aerobic
interfaces of methanogenic environments, such as natural wetlands, rice paddies, and
landfills (Knief and Dunfield, 2006 Here, methanotrophic activiticts as a biofilter that
reduces the amount of Gltleased to the atmosphere. Members of the kmelvn type
Ila MOB generaMethylocystisand Methylosinushave also been shown to be widely
distributed in upland soils where they oxidize atmospheric methanaddition to
members of two largely uncultured clades termed US@I US® (Knief and Dunfield,
2005; Kolb et al., 2005; Taumer et al., 2022ariousMethylocystisand Methylosinus
spp. possess a higdffinity form of pMMO, which is responsible for oxidizing Gt
low partialpressureg¢Tchawa Yimga et al., 2003; Baani and Liesack, 2008)

All free-living bacteria have to cope in their natural habitats with fluctuations in the
osmolarity of their surroundings. Studies have shown thattuations in the
environmental osmolarity will generally inevitably trigger water fluxes along the osmotic
gradient into or out of the cell and thereby restricts, or even prevents, cell Boertrer,
2000) Moreover, dissolvedNa® and Cl ions can be toxic to bacterial cells (e.g.,

interaction with binding sites of enzyméSerrano, 1996 Methanotrophs show different
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degrees of resistance to salt str@Ssudar et al., 2018Halophilic and halotolerant
methanotrophs have been identified to be widespread in saline environments, e.g., soda
lakes, mangroves, and alkaline lak@sudar et al., 2018T heir specialized mechanisms

to cope with high salstress have been studied in detail and, among other, involve (i) the
synthesis of lommolecularweight osmoprotectants such as glutemnactoine, sucrose

and 50xo-1-proline (Reshetnikov et al., 2006; 2019)i) structural and compositional
changes in their cell membranes, and (iii) the production of glycoprotkigess that

cover the external surface of the cell Wilhmelenina et al., 1999These methanotrophs

are predominantly associated with the type la subgroup withiBah@naproteobacteria

By contrast, the asponse of methanotrophs in rgaline environments to
increasing salinity has received little attention. Indeednitreased salinization of arable
land isat high risk.Salinity has been shown to be the major environmental determinant
of microbial comnunity composition as well as microbiadediated biogeochemical
processes, including methane cycling in widespread seawater intrusiofLa@agsone
and Knight, 2007; Deng et al., 201 Here, @addy soils may be picularly affected
considering that growing rice consumes up to two or three times more water per hectare
than other crogWilliams, 2010) In paddy soils, the methanotrophic activity has been
shown to be inhibitedt salinity levels > 0.3 M NaCl and to be fully ceased at 0.6 M NaCl
(seawater salinityHo et al., 2018) Furthermore, the impact of salinity on methane
oxidation is of major environmental significance in uplaods, which are important net
sinks foratmospherienethangCai et al., 2016; Deng et al., 2018) these soils, salinity
fluctuations caused by drought and rainfall processes have a potential impact on
methandrophic activity. Recent pure cultures has evidenced that alphaproteobacterial
type Il MOB possess low tolerance to salt stress (< 1% Nd@@senko and Murrell,
2008; Han et al., 201,/vith the exception dflethylocystis parvuthat is able to tolerate
up to 2% NaC[Han et al., 2017; Jung et al., 2020)

In our researchilethylocystissp. strain SC2 was used as the model organism to
decipher mechanisms to cope with increasing salinity. Its ability to produgaMiviD
isozymes with different methane oxidation kinetics provides strain SC2 with a selective
advantage to thrive or survive under a wide range of methane conditions, including in
upland soilg§Baani and Liesack, 28; Dam et al., 2012)lo cope with changes in soil
salinity, we hypothesized that, in additiord®novasynthesis of compatible solutes such

as glutamate and prolirfelan et al., 2017)strain SC2 can acquire osmoprotectants from
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the environment. These may be synthesized by plants and released into soil by root
exudation and decaying plant tissidsoe, 2013) Thus, we aimed at investigating the
ability of Methylocystissp. strain SC2 to acquire a broad spectrum of potential
osmoprotetants from the environment. In order to understand the unexpected
environmental resilience andetabolic versatility oMethylocystissp. strain SC2, our
research further focused on unraveling the cellular mechanisms that shape its
physiological responsend central metabolism under continued salt stress, with potential
osmoprotectants being added to the growth medium. In our research, we combined the

growth experiments with global proteomics af@-tracing experimentéFig 3.1)

No salt J
—Nosat ; 5 Standard condition
- 07 No salt I. Amino acids
1.50%-NaCl [
—_— a
Emm O os
04,
" % 7 1

II. Organic acids

1.50%-NaCl

1.50%-NaCl + Asn T ~  Salt stress + osmoprotectant

20% (v/v) CH,, 40 mINMS "
20% (v/v) CH,. 400 ml NMS 25C. 150 pm 1.50%-NaCl + Asn

Salt stress

Fig 3.1 Outline of thexperimental strategy.
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3.3 Materials and methods

3.3.1 Growth conditions

Strain SC2 was routinely cultivated in nitrate mineral salt medium (NMS) with the same
basic composition as reported earligteyer et al., 2002 The synthetic medium
contained 1 g KN@(~ 10 mMNOz) per liter as the nitrogen sourceells of strain SC2

were grown twiceo the early exponential growth phase @¥alueof about 0.25).
Aliquots (1 mL) of the prencubated culture were transferred to 120 serum bottles
containing 40 mL of NMS. The culture headspace was adjusted to asfdtdized air:

CHs mixing ratio d 80:20 % (v:v). The serum bottles were incubated on a rotary shaker
at 150 rpm and 25 °C. These experimental SC2 cultures were grown to tlog pithse
(ODsoo of 0.25 to 0.40) for salt stress exposure and the screening of potential
osmoprotectants. Thesmolarity of the growth medium was adjusted by adding NacCl
from a 20% stock solution. The salt tolerance of strain SC2 was tested by exposing its
mid-log phase cells (O of 0.25) to 0% to 1.50% NaCl. Upon determining the salt
tolerance range, SC2 cellgere exposed to 1.00% NacCl in the presence or absence of
potential osmoprotectants (each added at 1 mM concentration): alanine, arginine,
asparagine, aspartate, cysteine, glutamate, glutamine, glycine, histone, lysine,
methionine, proline, threonine, via#i, ornithine, ectoine, and glycine betaine. The
osmoprotective effect of each tested compound was analyzed by cell biomass
measurement (Odgo) at the early stationary phase. SC2 cultures without the addition of

NaCl and potential osmoprotectant were uagdontrol.

Asparaging(Smirnova et al.)was chosen for further analysis. Its osmoprotective
effect on strain SC2 was tested under three culture conditions:-$lnqii) 1.50%
NacCl; and (iii) 1.50%NaCl+Asn(Fig 3.1). The SC2 cells were pigrown to the mielog
phase (Olgyo of 0.40) as described above, after which NaCl (1.5%) and Asn (0.1, 1, 2, 5,
10, or 20 mM) were added-he osmoprotective effect of the increasing asparagine
concentrations was analyzed by cell biomass measuremegd(@Cthe early stationary

phase.
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3.3.2 Physidogical measurements

Cell optical density was monitored by spectrophotometry at 600 nmsogOBio
Photometer RS232C; Eppendorf AG, Hamburg, Germany). Cell dry weight (CDW) was
calculated with 1 OBy = 0.26 g CDWI/L of strain SC2 cultu(elakobyan et al., 2020)
Methane consumption was analyzed by gas chromatography (SRI Instruments, Earl St.
Torrance, CA). Biomass yield is indicated as mg CDW/ mmal. CHe growth rate was

calculated during the exponential growth.

3.3.3 Sampling and sample preparation for quantification of

intracellular and extracellular metabolites

The SC2 cells were grown to the miay phase in 120nl serum bottles undehree
conditions: (i) nesalt; (i) 1.50%NaCl; and (iii) 150%NaCl+Asn (10 mM aparagine

(Fig 3.7). Upon growth to thenid-log phase, maliquot (1.2 mL) of each replicate culture
was taken for various analytics applications. For the measurement of intracellular amino
acids, a Iml aliquot was immediately transferred to a 2 mL Eppehtlibe, mixed with

1 mL quenching solution (70% MeOH [v/vB0 °C) and centrifuged using a fixed angel
rotor (10 mi n,q). After@enthf@ation] tBe, sOp@rhatarmt was removed
and the cell pell et was i nnaotondfthetingrdcellulast or ed a
metabolites. These were extracted by suspending the frozen cell pellets in equal volumes

of extraction fluid (120 AC) and chloroform
e | aliquot was iovellaneg of S@Zeln esagauvtulasizer heeCoulter

Counter (Beckman Coulter, Inc.). The residual aliquot (0.19 mL) was filtered through a

22 &€m HPLC/ GC approved RC membrane -filter (
lock microcentrifuge tube (Eppendorf) and storee@t°C for subsequent measurement

of the extracellular metabolites.

3.3.4 Quantification of metabolites

The quantitative analysis of amino acids was performed usingM&®AS. The
chromatographic separation was done on an Agilent Infinity 11 1260 HPLC systeg usi

a ZicHILIC SeQuant column (150 x 2.1 mm, 2B, parti cl e si ze, 100
connected to a ZicHILIC guard column (20 x 2.1 mrapbparticle size) (Merck KgAA).

The constant flow rate was 0.3 ml/min carried out with a mobile phase A being 0.1 %
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formic acid in 99:1 water: acetonitrile (Honeywaprristown, New Jersey, USA) and
a phase B being 0.1 % formic acid in 99:1 water:acetonitrile (Honeywell, Morristown,
New Jersey, USA) at 25° C.

The injection volume was 3 pl. The mobile phase profile consisted of the following steps
and linear gradient€ i 8 min from 80 to 60 % B; 8 10 min from 60 to 10 % B; 10

12 min constant at 10 % B; 1212.1 min from 10 to 80 % B; 12.1 to 14 min constant at

80 % B. An Agilent 6470 mass spectrometer was used in positive mode with an
electrospray ionization soze and the following conditions: ESI spray voltage 4500 V,
nozzle voltage 1500 V, sheath gas 400°C at 12 I/min, nebulizer pressure 30 psig, and
drying gas 250 °C at 11 I/min. Compounds were identified based on their mass transition
and retention time compad to standards. Chromatograms were integrated using
MassHunter software (Agilent, Santa Clara, CA, USA). Absolute concentrations were

calculated based on an external calibration curve prepared in sample matrix.

3.3.5 Comparative proteomics analysis

As for themetabolites analysis, the proteomics samples were collected at tHegmid
phase after the incubation uncersalt, 1.50%NacCl, and 1.50%NaCl+Asn conditions.

Here, strain SC2 was grown in triplicate per treatment in 300 ml NMS medium using 1 L
Duran laboatory bottles with gatight caps (Merck, Germany). The gas headspace
concentration and incubation conditions were as described in section 3.1. Each replicate
culture was processed separatédytotal of 150 mL cell culture was collected by
centrifugationfor 20 min at 7000 x g and 4 °C. The cell pellets were thoroughly washed
twice with 1 x phosphate buffer to remove medium traces. The washed cells were
transferred to 2 ml sterile salieck microcentrifuge tubes (Eppendorf) and storedBat

°C until further processing. Every condition was conducted in triplicate cultures.

Sample preparation and proteins measurement were carried out as described
previously(for details se€¢Hakobyan et al., 2018pPiscoveryLFQ was done using the
Progenesis QI software (Nonlinear Dynamics, version 2.0). Next, the data obtained from
Progenesis were evaluated using SafeQuant R package, versiorfG&tér et al.,

2012. Hereby, 1% identification and quantification false discovery rate (FDR) were
calculated.The data were analyzed using MASCOT (version 2.3.02), and the protein

identification was performed using the most recent UniProt databaservees up for
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Methylocystissp. strain SC2. Quantification was carried out with Proteome Discoverer
(v.1.4, Thermo Fisher Scientific). Significantly regulated proteins (DRPs) {tid
change @V abue OD, Searchéd)agains the Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) databases for protein annotation

and functional enrichment analysis.

3.3.6 Computational proteome analysis

The Volcano plots we created using VolcaNosgRoedhart and Luijsterburg, 2020)
Hierarchical heatmap analysis was performed @tae normalized LFQ intensities of
all DRPs. Creation of both hierdnical heatmap and Venn diagram were done using the
free online platform for data analysis and visualization available at

http://www.bioinformatics.com.cn/The STRING database was used to construct the

protein-protein interactior{fLudwig et al.)network based on the Uniprot IDs of DRPs in
three comparison groups: (i) 1.5%&Cl/no-salt; (i) 1.50%NaCl+Asn/Asn; (i) 1.50%
NaCl+Asn1.50%NaCl. This resulted in an automated calculation of edges and nodes
using the default value for the minimum interaction score (0.4). Gephi (version 0.9.2), an
opensource software, was used for modularity calculation and visualiz&astian et

al., 2009) Nodes with no or less than six edges were omitted in the INICH/no-salt

and 1.50%NaCl+Asn/Asn comparison groups, while tile nodes were maintained in

the 1.50%NaCl+Asn/1.50%NaCl comparison group. The final presentation layout of
the PPI network was created with Fruchterman Reingold, a method implemented in
Gephi.

3.3.7 13C-Asn labeling experiment

SC2 cells were grown to the mlidg phase as described above, after which INzGI

and 10 mM*C-Asn (1.5%NaCl+Asn) was added to the cultures. Cultures with no salt
but'3C-Asn addition (nesalt+Asn) were used as control treatm@aulls were harvested
when the cultures were at both taieolic steady state and isotopic steady sfatailture
aliquot (1.2 mL) was taken for the extraction of intracellular metabolites and
measurement of the cell biovolume, using procedures describgeciion 3.3 The
extracts of intracellulametaboliteswere stored at 80°C for later measurementhe
labeling distributions were determined using the same instrumentation and

chromatographic method as described in section 3.4. To increase the sensitivity to a level
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sufficient for detection of lovabundantmetabolite fractions, the labeling patterns of
alanine, proline, asparagine, aspartate, glutamate, leucine, isoleucine, glycine, serine, and
methionine were determined in separate rdr®e incorporation rate of asparagine
derived®C into intermediates dhe central carbon metabolism was estimated based on
their relative mass isotopomer distribution and the proportiéfCofl he values for mass
transitions, collision energies, fragmentor and accelerator voltages are shown in

Supplementalable 3.1

3.3.8 Software used for preparation of figures and graphs

Data statistic differences were tested by Sigmaplot version 14.0. Figures and graphs were
created with OriginPro 2020 and Adobe lllustrator 2020.

3.4 Results

3.4.1 Growth of Methylocystissp. strain SC2 under salt stres

Growth experiments were conducted to determine the effect of increasing NaCl stress on
the physiological activity of strain SC2. No difference in the growth rate occurred
between no salt (1.57 mg CDW/d) and 0.50% NacCl (1.45 mg CDW/d), while 0.75% NaCl
(0.66 mg CDW/d) and 1.00% NaCl (0.28 mg CDW/d) significantly decreased the growth
rate @ 0.001). The addition of 1.25% NacCl inhibited the growth of strain SC2 during
the first 2 days of incubation, while it slightly recovered thereafter. Final biomass (0.50
ODsoo) showed no significant difference between thesalb control and the treatments

with 0.50% NaCl and 0.75% Nad¥if S3.1A). Further increase in salinity significantly
decreased the final biomass, with §d¥alues of 0.46 (1% NaCl) and 0.35 (1.25% NacCl).
Nearly no growth occurred with 1.50% NacCl in the mediéing 83.1A.
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The osmoprtective effect of a series of potential compatible solutes and
osmoprotectants was tested in SC2 cultures grown with 1% NacCl in the medium. The
addition of alanine, asparagine, lysine, and ornithine led to a stress relief and, compared
to saltonly conditbn, restored the biomass production by 12%, 21%, 14%, and 33%,
respectively. The other compounds had no effect (cysteine, glycine betaine) or a negative
effect (arginine, aspartate, cysteine, glutamate, glutamine, glycine, histone, methionine,
proline, theonine, valine, ectoine) effect on the growth of strain SEg 63.B).
Incubated under 1.5%4aCl condition, the addition of 10 mM asparagine restored the
biomass production significantly greater (57%) than the addition of 10 mM ornithine
(14%), with CH consumption, growth rate, and biomass yield being significantly

increasedf O 0 . MYOSB.LC, Fig 3.2 and Table S32Therefore, asparagineag
chosen for further analysis.
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Fig 3.2 Growth parameters bfethylocystisp. strain SC2 under the conditfof (i) nasalt, (ii) 1.50%

NacCl, and (iii) 1.50%NaCl+Asn. All the growth parameters were calculated based on thigighase.

Asterisks indicate significant difference with-¥ al ue Cp-vQa.l u%; O *0p-Wall;uea n@ O.*001,
using Tukey's metid with oneway ANOVA. Measurements were done in triplicate cultures. Error bars

show standard deviations of triplicate cultures.

3.4.2 Comparative proteomics

Samples for global proteome analysis were taken during thdogiighase, involving

three treatment calitions: nesalt, 1.50%NaCl, and 1.504NaCl+Asn Fig 3.7). With

logp-f 0l d changladg@alluer OO0. 01, t -haeddownt al numb
regulated proteins were as follows: 1.5004Cl/nosalt (183 vs. 342), 1.50%
NaCl+Asn/nesalt (227 vs. 294)and 1.50%NaCl+Asn/1.50%NaCl (148 vs. 63)Kig

S3.2andTable S3.3 Of the latter 148 DRPs, 45 DRPs were specifically upregulated in

response to 1.59%8aCl+Asn, with no differential expression effect in the comparison

group 1.5%NaCl/nosalt. The expressn of another set of 18 DRPs were already



Chapter 3 Page| 115

upregulated in the comparison group 1.58%Cl/nosalt and further significantly
upregulated in response to asparagine (1:-82861+Asn/1.50%NacCl). Finally, 85 DRPs
showed a significant downregulation in the congzar group 1.50NacCl/nosalt, but
upregulation in the comparison group 1.50P4CI+Asn/1.50%NaCl Fig 3.3.

Triplicate proteome analysis confirmed high reproducibility, with Pearson correlation

coefficients (PCC) O 0. Bi@S3.7.dhe petairproteint r e at m

interaction (PPI) networks constructed for the comparison groups INe@#no-salt,
1.50%NaCl+Asn/nesalt, and 1.50%aCl+Asn/1.50%NaCl revealed that proteins of

the KEGG | evel 2 categories fiabhelpgygymmet BB

acid met abol i smo, Acel | growth and death

transducti ono we r-MaClamr.b08Ma€lHAsn tneatmehtserelative 5 0 %
to the nesalt treatmentKig 3.3A andTable S3.4, 3.5, and§.
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is proportional to the number of connections (its degree). The protein identity of each node is indicated by
the UniProt ID. The netark edges indicate both functional and physical protein associations based on
active interaction sources including Textming, Experiments, Databasesxp@ession, Neighborhood,

Gene Fusion, and Gaccurrence. Serror! Reference source not found, S5, S6 for details on the 120,

126, and 111 DRPs used to construct the respective PPI nef@bikenn diagram showing the number

of DRPs for 1.509\aCl/nosalt and 1.50%NaCl+Asn/1.50%NaCl. (C) Pathway annotation on K&

level 2 for 45 DRPs that had been identified to be exclusively upregulated in-NaG¥%Asn/1.50%

NaCl. (D) Pathway annotation on KEGG level 2 for 85 DRPs downregulated in -Na@nosalt but
upregulated in 1.509%laCl+Asn/1.50%NaCl

3.4.3 Metabolites andysis

As for global proteomics, samples for the metabolites analysis were taken during-the mid
log growth phaseHig 3.2 and Fig S3.7. At 1.50%NaCl, the addition of 10 mM
asparagine to the medium significantly increased the intracellular pool sizetafmione
acids Fig 3.4andTable S3.}. While both asparagine and aspartate were not or barely
detectable under rgalt and 1.50%NaCl conditions, the intracellular levels of asparagine
(264.43 mM) and aspartate (4.20 mM) significantly increased underl.B@%
NaCl+Asn conditiongO 0 . Fig®.4).,In addition, glutamate followed by glycine and
serine significantly accumulated under 1.50R4Cl+Asn relative to 1.50%laCl ( O
0.01,Fig 3.4andTable S3.J. The pool sizes of glutamine and arginine were lower than
that of glutamate wer all three treatment conditions, but the addition of asparagine
(1.50%NaCl+Asn) significantly increased their intracellular concentration relative to
1.50%NaCl O 0 . Riy®.24 and Table S3.7

Analysis of the culture medium sampled at the-togiphase showed no detectable
concentration of aspartate, glutamate, glutamine, glycine, serine, or alanine under both
conditions, 1.50%NaCl and 1.50%4NaCl+Asn Table S3.8 Asparagine was detectable
only in low concentration (17.13 + 0.69 pM) in the 1.5084CIl+Asn cultures but was
below the detection level in the 1.59%aCl treatmentTable S3.8 All other amino acids
were detectable under both conditions, 1.8998€1 and 1.50%NaCl+Asn; with most of
them in significantly larger amounts than undersati comlition (Table S3.8 The
concentration of metabolites in the culture medium was also measured upsht no
condition, but with the addition of 10 mM asparagine$ati+Asn) Fig S3.3Table S3.7,
and Table S3.8)In particular, the extracellular concerimas of asparagine (628.12 +
26.65 pM), aspartate (145.71 + 13.18 uM), and glutamate (41.22 = 1.45 uM) were
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tremendously higher in the rsalt+Asn cultures than in the 1.5% NaCl+Asn cultures
(Table S3.8 Similarly, the cellular efflux of various other am acids into the culture
medium, including alanine (19.06 £ 1.20 puM), glycine (11.5 = 0.43 uM) and serine (7.82
+ 1.29 uM), was significantly increased compared to the 1-B38Gl+Asn treatment
(Table S3.3
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Fig 3.4 Absolute quantification of intracallar amino acids oMethylocystissp. strain SC2 under the

conditions of (i) nesalt, (ii) 1.50%NacCl, and (iii) 1.50%NaCl+Asn. SC2 biomass was collected at-mid

phase phasdsterisks indicate significant difference witp-¥ a | ue Op-vOa.lu%; O *0p-01; and
value O 0.001, us i n gwayr ANO¥A: Measurameentd wede deowe in Hriplicate e

cultures. Error bars show standard deviations of triplicate cultures.

The intracellular concentrations of organic acidmprily showed a salinity (1.5%
NaCl) effect Table S3.9 and SB0). In particular, the pool sizes of pyruvate, lactate, and
glycolate tremendously declined, while those of malate and glyoxylate were nearly
unaffected Table S3.9. The addition of asparage (1.5%NaCl+Asn; nesalt+Asn) had
no major effect on the intracellular metabolite concentratidablé S3.9. All organic
acids were detectable in the culture mediuable S3.1RThe extracellular
concentrations of organic acids showed no significhffierence between the 1.50%
NaCl and 1.50%NaCl+Asn treatmentsT@ble S3.1D The only exception was pyruvate.

Its extracellular pool size was significantly greater under 1-Bl286l+Asn than 1.5%
NaCl pO 0 Tablé S$S3.9)The cellular efflux of pyruvatwas particularly high in the
no-salt control, while the cellular efflux of malate into the culture medium (42.16 + 8.66

MM) was strongly increased in the -salt+Asn cultures relative to the other three
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treatments (1.45 £ 0.01 to 1.87 + 0.19 pMsadt; 1.5%NaCl; and 1.5%NaCl+Asn]
(Table S3.1n

3.4.4 Tracing experiments with 13C-labeled asparagine

The 1*C tracing analysis was carried out to locate metabolite fluxes that were altered by
the uptake of asparagine under 1.58%CI|+Asn condition. -salt+Asn wasised as the
reference conditiorThe intracellular asparagine was fully labeled, while all other amino
acids and metabolites were only partidif¢ labeled.Most of the aspartate wadsC-
labeled in both treatment conditions, 1.5084Cl+Asn (86.2%) and nsalt+Asn (88.9%)

(Fig 3.5. Glutamate O 0 ) ahdakgininef O 0) wérdthe only amino acids that
showed a significantly higher degree of labeling urid8®%NaCl+Asn than under no
salt/Asn. The degree of labeling in glutamate was 71.8% (1-B0%I+Asn) versus
41.5% (nesalt+Asn), while i was 31.9% (1.50%laCl+Asn) versus 23.0% (ho
salt+Asn) for arginineRig 3.5 Table S3.1) In addition,methionine and serine showed,

on average, a higher degree of labeling udde®@%NaCl+Asn than under nsalt/Asn,

but the difference was insignifica(Fig 3.5, Table S3.)1The degree of labeling of the
other intracellular amino acids was lower undeb50%NaCl+Asn than under no
salt/Asn, or showed no difference between the two experimental treat(iatie
S3.1). Likely due to low pool size, theass isotopomer distribution of proline, which is
synthesized from the same precursor as arginine, could not be accurately detected in the

cell extracts.
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Fig 3.5 Labeling patterns of kesnetabolites under the conditions of 1.50¢4Cl+Asn and nesalt+Asn.
Asterisks indicate significant difference witp-v a | ue (p-v@.l W%, O *0p-wall,u ea n@ 0.*00 1
using Tukey's method with orneay ANOVA. Measurements were done in triplicate cultures. Error bars

show standard deviations of triplicate cultures.

3.5 Discussion

Various ion species can contribute tovieonmental salinity. Mostesearch on the
response of microorganisms to high salinity have, however, been conducted with NaCl
as stressdiOsudar et al., 2017; Czech et al., 2018; Richter et al., 2D1&)lditin to the
osmotic pressurejissolved Na and Cl ions can be toxic to bacterial cells by their
interaction with the binding sites of the enzyni®srrano, 1996)Alphaproteobacterial
methanotrophs of th&lethylocystis/ Methylosinusgroup are known to have a low
tolerance to salinity (Trotsenko and Murrell, 2008; Han et al., 2017). We confirmed that
the adlition of 1% and 1.25% NaCl to the medium leads to a partial inhibition of the
growth of Methylocystissp. strain SC2. The addition of 1.5% NaCl, to which we will
refer as severe salinity, completely inhibited SC2 growif) $3.1A). The low resilience

of strain SC2 and othéflethylocyss spp. to osmotic and salt stress prompted us to test

a series of potential compatible solutes and osmoprotectants for their ability to have a
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stress relief effect on the response of strain SC2 to partial inhibitory w&lifrit NaCl).

When added in 1 mM concentration to the growth medium, asparagine and ornithine
showed the greatest relief effect, while most other tested compounds had no or a negative
effect (Fig S3.B). The positie growth effect of asparagine showed to significantly
increase with the amount added to the medium under severe salinity, with 10 mM
asparagine having the greatest stress relief effgg§3.1C). By contrast, the increase in

the amount of ornithine addéo the medium had even a decreasing relief effect on SC2
growth Fig S3.1. Thus, we chose to analyze the relief effect of 10 mM asparagine with
SC2 growth under severe salinity (1.5% NaCl) in greater detail. Quantitative metabolite
analysis confirmed thighe medium added asparagine was completely taken up by the
SC2 cells within 1 to 2 days of incubation, thereby resulting in an intracellular pool size
of 263.3 mM asparagine. By contrast, intracellular asparagine was nearly undetectable in
SC2 cells grow with no salt (0.05 mM) or incubated with 1.5% NacCl (0.08 mM). Thus,
maintenance of this very high intracellular level of asparagine was likely to be crucial for
the effective acclimatization of strain SC2 to severe salinity (1.5% NaCl). In the
following, we will first discuss the proteome response to severe salinity and how the
proteome rearrangements were affected by the uptake of asparagine. This will be
followed by a discussion of the metabolite response to unlabeled*g&Adbeled

asparagine, in partlated to the observed proteome rearrangements.

3.5.1 The proteome of strain SC2

3.5.1.1General aspects

Three PPI networks were constructed using the DRPs of the different treatments. The
high density of the PPI networks constructed for the comparison gtde@sNaCl/nc

salt and 1.509%NaCl+Asn/nesalt indicates that the protepmoteininteractions were
primarily shaped by severe salinity. The high number of edges (926 respectively 907)
clearly suggests that the functional roles of the DRPs were closatelated, which in

turn governed the metabolic response to severe salinity. By contrast, the DRPs of the
comparison group 1.50%aCl+Asn/1.50%NaCl show a loose PPI network with a
clearly less number of edges (157) than the other two PPl networks. Oiaspiteajor
difference in network density, all three PPI networks were significantly enriched in DRPs

affiliated with the same KEGG level 2 categories, namely energy metabolism, amino acid
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metabolism, and cell growth and death. However, the proteins, wditieeential
regulation was specifically triggered by asparagine (IN&@GI+Asn/1.5%NacCl), were

not only less in number but also less closely interrelated than the proteins affected by
severe salinity.

Thus, the impact of severe salinity and asparagirtbeproteome rearrangements
of strain SC2 greatly differed between functional categories. DRPs involved in general
and oxidative stress response, but also some DRPs involved in amino acid turnover (e.g.,
glutamate dehydrogenase, acetlyornithine aminoteaasé), primarily responded to
severe salinity, with their expression level was only partly modulated by aspargine (
3.6). However, the expression level of certain DRPs involved in methane oxidation,
central carbon metabolism (e.g, glycine cleavagedesys GCS), and synthesis of
compatible solutes (i.e., ornithine cyclodeaminase), was majorly affected by asparagine
(Fig 3.6. Most DRPs involved in the nitrogen metabolism were significantly
downregulated in response to severe salinity (e.g., nitroger@s@lex), with no

significant effect of asparagine on their expression ldévigl 3.6.

1.50%-NaCl+Asn/1.50%-NaCl
+ 1.50%-NaCl+Asn/No salt
1.50%-NaCl/No salit

1.50%-NaCl_2
1.50%-NaCl_1
1.50%-NaCl_3
1.50%-NaCl+Asn_2
1.50%-NaCl+Asn_1
1.50%-NaCl+Asn_3
No salt_2

No salt_1

No salt_3

General Oxidative Nitrogen Carbon Compatible solute
stress response stress response metabolism

-2 0 2 -10 0 6
Normalized LFQ intensity Log,-fold change

Fig 3.6 Heatmap showing proteins and functional categories differentially expressed under the conditions

of no-salt, 1.50%NaCl and 1.50%NaCl+Asn. The protein expssion values are indicated bysgore

normalized LFQ intensity values (lower panel). k-fgld changes are shown for the comparison groups

fi 1. 5NaCknos al t o ,-NaBltAsBnos¥a | t 0O, aNadl+ASnML.5BAN &%C|1 6 (upper pan
The plus and minus syls indicate proteins significantly upr downregulated (lagf ol d change O 1

O-1,gvalue O 0.01) in the respective comparison grou
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3.5.1.2General and oxidative stress

The cellular adjustment processes to severe salinity (1.5% NacCl) induggdfaantly
increased synthesis of stragsponsive proteins and antioxidant systeffng 3.6, Table

S3.12. However, their increased cellular level did not promote growth unless 10 mM
asparagine had been added to the medium. The expression of bottesbmditiced
protein (J7QHI8) and the stress response Ebi#ding protein (Dps) (J7QQ02) were
significantly upregulated. The stresgluced protein is known to be induced by
environmental stress, but its functional role remains elfguehi et al., 2013)Dps has

three intrinsic properties: DNA binding, iron sequestration, and ferroxidase activity.
Thus, Dps production is crucial for bacterial cells to be able to cope with various types of
stressors, including heat shock, starvation, oxidative stress, and overexposure to iron
(Calhoun and Kwon, 2011; Karas et @&015) One CsbD protein (J7QV15) showed not
only a high intracellular level but also was one of the proteins whose expression was most
strongly upregulated, with a Iedold change o#.99 t05.62 (4.18E+07 to ~2.05E+09).

This agrees well with the ressilof a previous transcriptome study that had been
conducted to assess the transient inhibitory effects of 0.75% NaCl on stra(&Ceét

al., 2017)(Fig 3.9. The upegulation of these stresssponsive proteins occurs in strain
SC2 regardless of the osmotic stressor (Guo et al.,, 2022) and follows an expression
pattern that is widely distributed among bacteria (d&egcherichia coliand Bacillus
subtilis) (Petersohn et al., 2001; Karas et al., 2015; Antipov et al., 2017)

The Hsp20 machinery prevents aggregation and misfolding of client proteins
(Lindquist and Craig, 1988; Suss and Rei@ann, 2015) This machinery is not only
expressed upon exposure to heat shock but also in response to the toxic effects of osmotic
stresqLiberek et al., 2008; Bepperling et al., 2012; Yer et al., 2008 oftwo Hsp20
proteins (J7QJH1) was significantly upregulated in response to bothNa&¥#no-salt
and 1.5%NaCl+Asn/nesalt, while the second Hsp20 protein (J7QF27) belonged to those

85 DRPs that exhibited an expression regkin response to asparagine.

Concomitantly to the upregulation of stregsponsive proteins, a great number of
proteins involved in redox metabolism were significantly upregulated, including two
glutathione Sransferases (GSTs), one glutaredoxin, and the peptide methionine
sulfoxide eductases MsrA and MsrB-ig 3.6 Table S3.1p2 GSTs have protective

functions against oxidative stress and thus are widely distributed in aerobic prokaryotes
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(Allocati et al., 2009) The particular increase in tlegpression level of two GSTs under
1.5%NaCL+Asn conditions suggests that the asparagideced changes in the SC2
metabolism led to an increased presence of both reactive oxygen and nitrogen species
(RONS) that needed to be transferred to reductivailisine (GSH) and detoxified by

GST activity(Allocati et al., 2009) The glutathione acts as a cofactor by glutaredoxins

in cellular regulation(Vlamis-Gardikas et al., 20025imilarly, the peptide methionine
sulfoxide reductase catalyzdwetreduction of methionine sulfoxide back to methionine
which is particularly susceptible to oxidative speciEshn et al., 2001; Weissbach et al.,
2002; Madeira et al., 2017)

3.5.1.3Methane metabolism

Growth of strain SC2 under replete Gldonditions is due to the activity of the lew
affinity pMMO1 (Baani and Liesack, 2008) and the methanol dehydrogenase (MDH).
These two enzymes oxidize ¢Hrst to methanol (p)MMO1) and then to formaldehyde
(MDH). The expressionf its subunits (PmoCAB1) was not affected by severe salinity,
regardless of whether asparagine had been added to the medjusrg(Table S3.1p
Presumably, the pMMOl is one of the fAhous:
is generally maintainednder osmotic and salt stress as it also was not differentially
regulated in response to increasing48Hstress (Guo et al., 2022). This in contrast to
subunits (PmoA2, PmoB2) of the higfffinity pMMO2 and the chromosomrencoded
monocistronic PmoGCs& whose expression responded to NaCl strésg 8.6, Table
S3.12. While the expression of the calcitthependent MDH is not differentially
regulated in response to increasing NaCl stress (Han et al., 2017; this study), increasing
NH4Cl stress induced an uprdgtion of the MDH complex; with the latter likely to
overcome the toxic effect of hydroxylamine (Guo et al., 2022). The resulting
formaldehyde can be either assimilated into cell carbon or further oxidized to gain energy
for growth (Marx et al., 2005; Vorobev et al., 2014)hile tetrahydromethanopterin
(H4aMPT) is a crucial cofactor for direct oxidation of formaldehyde to formate,
tetrahydrofolate (kF) (THF) acts a formaldehyde acceptor required for carbon
assimildion via the serine cyclgVorholt, 2002; Karthikeyan et al., 2015Yhe
formaldehydeactivating enzyme (Fae) catalyzes the condensation of formaldehyde with
methyleneHsMPT, while formate dehydrogenafeéDH) catajzes the terminal step of
methane oxidation, thereby yielding redox equivalents (NADWH&rd CQ (Vorholt et
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al., 2000) Both enzymes, Fae and FDH, were strongly downregulated in response to
severe salt stress, but belonged to the 85 DRPs that showed an expression reversal after
the addition of asparagine; thereby leading to a significant upregulation in the camparis
group 1.5% NaCl+Asn/1.5%aCl (Fig 3.6, Table S3.1)2Thus, while the expression of

the C1 assimilation pathway was not differentially regulated, asparagine addition had a
significant relief effect on the downregulation of the eneygyding reactionsnvolved

in the oxidation of fomaldehyde to carbon dioxide via formate.
3.5.1.4Nitrogen metabolism

Strain SC2 has been shown to be able to efficiently fix dinitrogen, in particular with a
concentration of 8% to 10% oxygen in the culture headsfiaam et al., 2014)The
expression level of the nitrogenase complex, however, was relatively low already under
no-salt condition due to the supply of 10 mM N® the growth medium. Nonetheless,

the expression of variogsoteins of the nitrogenase complex (e.g., NifD, NifK) was more
than tenfold downregulated in response to severe salinity with no effect by asparagine
(Fig 3.6, Table S3.)2Noteworthy, the nitrate transporter (UniProt ID J7Q4T7) showed,
despite the presice of 10 mM nitrate in the culture medium, a specific downregulation
in the comparison group 1.5%aCl+Asn/1.5%NaCl (Fig 3.6, Table S3.12 This
transporter is known to be transcriptionally and fetslationally regulated by
intracellular ammonium(Rice and Tiedje, 1989)This led us speculate that its
downregulation may be due an agganederived nitrogen supply. Indeed, the results of
our metabolites analysis evidenced sufficient nitrogen supply for growth of strain SC2
under severe salinity by the enzymatic hydrolysis of asparagine to asyisitadeer,

1974) (see section 4.3Fig 3.6, Table S3.)2 Another noteworthy aspect is that the
chromosomencoded hydroxylamine reductase (Hcp, UniProt ID J7Q787) exhibited a
specific upregulation in the comparison group 1-R&&CI+Asn/1.5% NaClKig 3.6,

Table S3.12 Most recent research, however, suggestd #mong other possible
functions, the most likely physiological role of Hcp is the conversion of NO@(NO

reductase activity) (Hagen et al., 2022).
3.5.1.5Cell divisions

Severe salinity (1.5% NaCl) led to a significant downregulation of nearlgeitified

cell division proteins (Table&E12), in good agreement with the knowledge that signaling



Chapter 3 Page| 125

cascades induced by abiotic strésdt cell cycle progression through inhibiting the
transcription procegiNepal and Kumar, 2020n consequence, the growth of strain SC2
was completely inhibited under severe salinity (Big). However, the addition of
asparagine (1.5%laCl+Asn) specifically affected the differential regulation of various
proteins involved in cell division, includintye twecomponent transcriptional regulator
(CtrA), the HPTransfase domaicontaining protein(ChpT), the multisensor signal
transduction histidine kinase (PleC), the Ad&pendent zinc metalloprotease (FtsH), and
the cell division protein (FtsA). In consequence, these proteins showed a significant
upregulation in the comparison group 1:58CI+Asn/1.5%NaCl (Table S.12).

Thetwo-component transcriptional regulator (CtrA) is the key cell cycle regulator.
Under optimal growth conditionghe membranéound multisensor hybrid histidine
kinase (CckA) activates CtrA via théPTransfase domaicontaning protein ChpT),
with the latter responding to spatiotemporal cues that trigger the expression of genes
required for cell divisior(Biondi et al., 2006; Iniesta et al., 200&) addition, PleC, a
phosphataseplays a pivotal role in the developmental program by keeping cell cycle
response regulator DivK and PleD phosphorylation levels low during G1 phase of the cell

cycle, thereby preventing premature CtrA inactivafi©oppine et al., 2020)

The FtsH protease is highly sensitive to elevated salt concentrdbangrling et
al., 1997) FtsH is unique owing to itanchoring to the inner membrarieis a structural
homologue of tubulin and known to polymerize into protofilaments at the division site. It
participates, for exame) in the cell division initiation inEscherichia coliand
Caulobacter crescentudomoyasu et al., 1995; Fischer et al., 2002; Langklotz et al.,
2012) The absence of FtsH protease led to a severe cell divisienopipe and
sporulation defect irC. crescentusemphasizing the sensitive response of the FtsH
protease to salt stre@sscher et al., 2002T heFtsA protein ighe most highly conserved
actinrelated protein othe divisome and recruits the FtsZ protein to the memi(idae
and Margolin, 1999; Loose and Mitchison, 2014; Mahone and Goley,.2020)

Thus, the addition of asparagine under severe salinity partly restoredritatent
coordination between ChpT, CtrA, and Plec and in consequence the cell division process
by increased relative expression of E#isA and FtsH proteinall of whichcorresponds
well to the partial recovery of cell growth and biomass production. &l ggreement,

the enzyme alanine racemase was significantly upregulated in response to asparagine
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addition. This enzyme convertsdlanine into Balanine that is used for peptidoglycan
synthesis.

3.5.2 The metabolome of strain SC2

The import of compounds thateacompatible with cell physiology at high internal
concentrations is a welklnown capability of soil bacteria (e.d@acillus spp.) (Bremer
and Kramer, 2019). This raised the question of whethetsabne methanotrophs, such
as our model organisMethylogstissp. strain SC2, are able to take up compatible solutes
from the environment to enhance stress resilience under otherwise osmotically
unfavorable NaCl condition@ian et al., 2017; Leon et al., 2018; Sun et2022) The
addition of asparagine to the medium under severe salt stress (1.5% NaCl) significantly
altered both exonetabolome and the intracellular concentrations of various central
carbon metabolites and free amino acids. Indeed, asparagine (2&@b64BL#mM) was
taken up quantitatively by strain SC2 under severe salt stress (1.5% NaCl), while the
uptake of asparagine was significantly less undesatis-Asn condition (202.29 + 31.63
mM). The hydrolysis of asparagine to aspartate resulted in a highsjze of free
intracellular aspartate (4.20 = 1.41 mM). The released amino groups may have favored
t he c onv eetaglutarate irdof glutdmate by increased GDH activity, thereby

explaining, in part, the strong accumulation of free glutarfMesster, 1974)

The extraellular and intracellular concentrations of pyruvate were similar under all
three treatment conditions (1.568@&CI, 1.50%NaCl+Asn, nesalt+Asn), but
significantly lower than in the nsalt control Table S3.9, Table S3.10). Noteworthily,
while undectabl€1.50%NaCl+Asn) or nearly undetectable ¢galt+Asn), intracellular
pyruvate showed a high labeling degree (>70%) Withcarbon, thereby suggesting a
very low pool size but rapid turnover of pyruvate. The latter is corroborated by
significantly increasd expression of the pyruvate dehydrogenase complex under 1.5%
NaCl+Asn condition. This includes the acetiydnsferring E1 component (alpha and beta
subunit) and the dihydrolipoyllysinesidue acetyltransferase [E2 componentpble
S.3.13. This enzymecomplex catalyses the irreversible carboxylation of pyruvate to
acetytCoA plus CQ and thus feeds the citric acid cycle.

Oxaloacetate, an intermediate that replenishes both the TCA cycle and the serine

cycle, is converted into malate which is subseqgyeamked for the formation of malyl
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CoA by the activities of malate dehydrogenase and malate Kiasabev et al., 2014;
Chistoserdova, 2017Yhen, malylCoA is cleaved into acetoA and glyoxylate by
malyl-CoA lyase in the ethylmalomCoA (EMC) pathway(Schneider et al., 201Z2Jhe

high 13C-carbon labeling degree of malate and glyoxylate indicates that a major portion

of the asparagine was assimilated via TCA cycle and EMC pathway8&;iJ ables

S3.11). This conclusion igurther supported by the high excretion oélate into the
mediumunderns al t +Asn (42.16 ¢ M) c oeNad+#Asni(loe8 |, but
eM) condition.

The composition of both ex@and intrametabolome indicates that in addition to
aspartate, high cytosolic pool sizes of glutamate, glycineneseand alanine were crucial
for the stress relief effect of asparagine §F8¢, 3.5; Tables 8.7, 3.8). This is
particularly evidenced by the high excretion level of these amino acids undalthasn
condition, while they were undetectable (glutamglgcine, serine, alanine) or nearly not
detectable (asparagine, 17.13 + 0.69 uM) in the-ledome under 1.5%laCl+Asn
condition (Table S.8).

Under nesalt condition, thgrowth yield of strain SC2 was 7.35 (mg CDW/mmol
CHa), which agrees well with themaximum value that can be theoretically obtained with
methane as sole source of carbon and en@aqgylel et al., 2019; Hakobyan et al., 2020)
Intriguingly, we observed under 1.58aCI+Asn condition an even greantemethane
based growth yield than for standard growth condition without salt and aspar@igine (
S3.5. Thus, it is reasonable to conclude that in addition to methane, asparagine
contributed as a supplemental carbon source to the partial growth recosegiro5C2
under severe salinity. This conclusion is further corroborated by the incorporation of
asparaginalerived X*C-carbon into nearly all canonical amino acids (Bif; Table
S3.11).

3.6 Final Remarks

In this work, we provide new insights into the nietlc potential ofMethylocystissp.

strain SC2 to cope with severe salt stress. The relief effect of asparagine under otherwise
completely inhibitory NaCl stress is a novel and unexpected finding. The uptake of
asparagine led to a partial growth recoveiith half of the biomass produced under

standard growth condition. The tracing experiment Wi@labeled asparagine allowed
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us to identify those organic acids (e.g., pyruvate, malate, glyoxylate) and amino acids
(e.g., aspartate, glutamate, glycine, s&rialanine) whose intracellular pools were most
affected by the uptake of asparagine. In particular, the HigHabeling degree of
glutamate suggests that it acted as a major hub between central carbon and amino acid
pathways. However, our current resgadata may be insufficient to draw definite
conclusions about how the asparagine uptake changed the flux of metabolites through
these pathways. This would require additional research, such as metabolite flux
measurements coupled Y&C-labeling experimets with both methane and asparagine.
Finally, we found that not only asparagine but also the amino acids ornithine, lysine, and
alanine had a stress relief effect on strain SC2 under osmotically unfavorable conditions
(1.0% NaCl). Thus, a comparative arsyof their stress relief effects on the proteomic
and metabolomic level would be of interest. This should also address the question of
whether these amino acids can act under severe salinity as the only external nitrogen

source, in addition to their sg®relief effect.
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Fig S3.1 Effect of increasing NaCl stress (A), potential osmoprotectantsn@)nereasing asparagine
concentrations (C) on the growth of Methylocystis sp. strain SC2. (A) The growth dynamics of strain SC2
were repeatedly monitored at @pduring the whole incubation period. The startinge@ivas 0.25. (B)

The effect of potentiabsmoprotectants (1 mM) was tested using 1.0% NacCl in the medium. The starting
ODsgo Was 0.21. The osmoprotective effect of each compound was assessed usinméz3urements

after an incubation period of 88 h. (C) The concentration triggering the dgreatagprotective effect of
asparagine was tested using 1.58%CI in the medium. Incubations with no salt and 1.50% NacCl in the
medium were used as controls. The startingd®as 0.40. Measurements were done in triplicate cultures.

Error bars show standhdeviations of triplicate cultures.
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Fig S3.2Differential protein expression in response to ksglinity condition with and without the addition

of 10 mM asparagine (rsalt vs. 1.5%NaCl vs. 1.50%NaCl+Asn). (A) Volcano plots of total proteome,
shawing the differential expression of proteins under the conditions afaftp1.50%NacCl, and 1.50%
NaCl+Asn. (B) Pearson correlation coefficient (PCC) matrix of the three treatment conditions. The
correlation coefficient is indicated by colors and numbé€(3) Hierarchical cluster analysis summarizing
the differential expression modes of identified DRPs.
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Fig S3.3 Growth of strain SC2 under the conditionsnofsalt, 1.50%NaCl, 1.50%NaCl+Asn, and no

salt+Asn.

Fig S3.4 Absolute quantification of ésacellular amino acids and organic acids of Methylocystis sp. strain
SC2 under the conditions of (i) 1.588@CIl+Asn and (ii) nesalt+Asn. See full list at Table S4 and S6.
SC2 biomass was collected at pubase phasésterisks indicate significant diffence with ***p-value

O 0.001, usi ng T ukag ANOYA. Measutemets weretdbne io triglicate cultures.

Error bars show standard deviations of triplicate cultures.







































