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ABSTRACT A high NH4
1 load is known to inhibit bacterial methane oxidation. This

is due to a competition between CH4 and NH3 for the active site of particulate meth-
ane monooxygenase (pMMO), which converts CH4 to CH3OH. Here, we combined
global proteomics with amino acid profiling and nitrogen oxides measurements to
elucidate the cellular acclimatization response of Methylocystis sp. strain SC2 to high
NH4

1 levels. Relative to 1 mM NH4
1, a high (50 mM and 75 mM) NH4

1 load under
CH4-replete conditions significantly increased the lag phase duration required for
proteome adjustment. The number of differentially regulated proteins was highly
significantly correlated with an increasing NH4

1 load. The cellular responses to
increasing ionic and osmotic stress involved a significant upregulation of stress-re-
sponsive proteins, the K1 “salt-in” strategy, the synthesis of compatible solutes
(glutamate and proline), and the induction of the glutathione metabolism pathway.
A significant increase in the apparent Km value for CH4 oxidation during the growth
phase was indicative of increased pMMO-based oxidation of NH3 to toxic hydroxyl-
amine. The detoxifying activity of hydroxlyamine oxidoreductase (HAO) led to a
significant accumulation of NO2

2 and, upon decreasing O2 tension, N2O. Nitric ox-
ide reductase and hybrid cluster proteins (Hcps) were the candidate enzymes for
the production of N2O. In summary, strain SC2 has the capacity to precisely reba-
lance enzymes and osmolyte composition in response to increasing NH4

1 exposure,
but the need to simultaneously combat both ionic-osmotic stress and the toxic
effects of hydroxylamine may be the reason why its acclimatization capacity is lim-
ited to 75 mM NH4

1.

IMPORTANCE In addition to reducing CH4 emissions from wetlands and landfills, the
activity of alphaproteobacterial methane oxidizers of the genus Methylocystis contrib-
utes to the sink capacity of forest and grassland soils for atmospheric methane. The
methane-oxidizing activity of Methylocystis spp. is, however, sensitive to high NH4

1

concentrations. This is due to the competition of CH4 and NH3 for the active site of
particulate methane monooxygenase, thereby resulting in the production of toxic
hydroxylamine with an increasing NH4

1 load. An understanding of the physiological
and molecular response mechanisms of Methylocystis spp. is therefore of great im-
portance. Here, we combined global proteomics with amino acid profiling and NOx
measurements to disentangle the cellular mechanisms underlying the acclimatization
of Methylocystis sp. strain SC2 to an increasing NH4

1 load.
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Aerobic methanotrophic bacteria, or methanotrophs, are crucial players in the
global cycle of the greenhouse gas methane. These bacteria are defined by their

ability to utilize methane as their sole energy source for growth (1). Among the known
methane oxidizers, proteobacterial methanotrophs have been unequivocally proven to
be functionally important in natural and anthropogenic terrestrial environments (1, 2).
Indeed, their activity acts in aerobic interfaces of methanogenic environments as a
methane biofilter through which the emission of this greenhouse gas to the atmos-
phere is greatly mitigated (2–4). Another environmentally relevant activity is their abil-
ity to act as a sink for atmospheric CH4 in unsaturated soils (5). Their key enzyme is par-
ticulate methane monooxygenase (pMMO) (6), which converts CH4 to methanol
(CH3OH). The pMMO is an integral part of an extensive intracytoplasmic membrane sys-
tem (ICM), which is a particular characteristic of proteobacterial methanotrophs (7, 8).

Historically, these bacteria have been classified into type I and type II methanotrophs.
This differentiation was particularly based on the type of ICM, the biochemical pathways of
carbon fixation, the capability of nitrogen fixation, the formation of resting stages, and the
phospholipid fatty acid composition (9, 10). Phylogenetic analysis of their 16S rRNA gene
sequences confirmed the initial classification into type I (Gammaproteobacteria) and type II
(Alphaproteobacteria) methanotrophs. Besides phylogeny, the carbon fixation pathway,
however, remained the only major feature of the above-mentioned criteria that validly
differentiates between type I and type II methanotrophs. As suggested by Knief (1), we
therefore use these terms only as synonyms for the phylogenetic groups of Gamma- and
Alphaproteobacteria. The methanotrophic Alphaproteobacteria were further divided into
type IIa (Methylocystaceae) and type IIb (Beijerinckiaceae) methanotrophs (11, 12). Various
members of the Methylocystaceae are able to produce two pMMO isozymes that exhibit
different methane oxidation kinetics (6, 13). These methanotrophs are widely distributed in
natural wetlands and rice paddies but have also been shown to be abundantly present in
upland (e.g., forest) and grasslands soils, where they may oxidize atmospheric CH4 (14–16).
Indeed, recent research has unambiguously shown that Methylocystis spp. contribute via
the expression of their high-affinity pMMO to the atmospheric CH4 sink in grasslands, in
addition to USCa and USCg (17).

Like all microorganisms, methanotrophs require nitrogen for growth. Most of them
utilize either NO3

2 or NH4
1 as a nitrogen source for growth. The structural homology

between pMMO and ammonia monooxygenase, however, allows both methanotrophs
and ammonia oxidizers to convert either substrate (CH4 or NH3), although neither is
able to grow on the alternative substrate (18–20). The pMMO oxidizes NH3 to hydroxyl-
amine (NH2OH) (19). Ammonia produced from the deprotonation of liquid NH4

1 com-
petes with CH4 for the same active site of pMMO (21, 22). Whether NH4

1 in the environ-
ment 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 conditions in the habitat (23–25). Additional information on the
impact of NH4

1 on methanotroph ecology can be found in Text S1 in the supplemental
material.

The inhibitory effects of NH3 oxidation by pMMO on methanotrophic activity occur
through toxic nitrogen products such as NH2OH and nitrite (NO2

2). Although the affin-
ity of pMMO for NH3 is generally lower than that for CH4 (20), aerobic methanotrophs
with high tolerance to these nitrogen products need the ability to quickly detoxify
them by both nitrifying and denitrifying processes (19, 26). Both the detailed survey of
genes involved in nitrogen metabolism in methanotrophic bacteria and physiological
studies suggest that methanotrophs with efficient hydroxylamine detoxification path-
ways show increased competitiveness under high NH4

1-N conditions (27–29).
Nevertheless, the acclimatization response of methanotrophs to an increasing NH4

1

load has not yet been conclusively understood at the cellular level. This is particularly
valid for type IIa methanotrophs and more specifically for Methylocystis spp.

Therefore, we here aimed to elucidate the cellular mechanisms underlying the accli-
matization response of Methylocystis sp. strain SC2 to an increasing NH4

1 load. In
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particular, we aimed (i) to determine the NH4
1 threshold level to which strain SC2 is

able to acclimatize and (ii) to assess the cellular adjustment processes triggered by this
threshold level. We expected to observe a dual response of strain SC2, with the first
one being a general response to increasing ionic-osmotic stress and the second one
being a methanotroph-specific response to hydroxylamine stress. Recently, we devel-
oped a new analytical proteomics workflow for strain SC2 which captures 62% of the
predicted SC2 proteome under standard growth conditions (30). This workflow tackles
the major challenges related to the large amount of integral membrane proteins that
need to be efficiently solubilized and digested for downstream analysis. Thus, our
research combined SC2 growth experiments under an increasing NH4

1 load (1 to
100 mM) with global proteomics, analysis of intracellular amino acids (metabolomics),
and measurement of nitrogen oxides compounds (Fig. 1).

RESULTS

The following subsections describe the effects of an increasing NH4
1 load on the ac-

tivity of Methylocystis sp. strain SC2. This involves the impact on its growth response
and apparent Km value of CH4 oxidation, the global proteome, and the concentration
of intracellular amino acids. The effects of 10, 30, 50, and 75 mM NH4

1 on the physiol-
ogy and global proteome of strain SC2 were inferred by comparison to the reference
standard growth conditions (1 mM NH4

1). Finally, we quantified NO2
2 and nitrous ox-

ide (N2O) production by strain SC2 in relation to both an increasing NH4
1 load and

incubation time.
Growth response. To assess increasing concentration levels of ammonium on SC2

growth, cells of strain SC2 were incubated in strict batch incubation mode with a CH4-
air mixing ratio of 20:80 (vol/vol) (Fig. 2). Cell density (optical density at 600 nm
[OD600]) and the headspace concentrations of both CH4 and CO2 were regularly meas-
ured during the complete incubation period of up 336 h (14 days), ranging from early
lag phase to late stationary phase (Fig. 2). The addition of 1 mM NH4

1 prompted imme-
diate growth of strain SC2, while the addition of 10 mM and 30 mM NH4

1 also had
nearly no delay effect on the growth response of strain SC2 (Fig. 2). Supplementation
with NH4

1 levels higher than 30 mM triggered significant delays in the growth
response, with lag phase durations of 75 h (50 mM NH4

1) and 125 h (75 mM NH4
1).

This was linked to a significant decrease in the growth and CH4 consumption rates
(Fig. 2 and Table 1). However, regardless of the amount of ammonium added (1 to
75 mM NH4

1), all SC2 cultures grew to the same final OD600 of about 0.45 (Fig. 2).

FIG 1 Experimental design setup to elucidate the physiological and cellular responses of Methylocystis sp. strain SC2 to an increasing NH4
1 load. Detailed

information on the experimental approach is given in Materials and Methods.
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Accordingly, the total cell dry weight (CDW), the total amount of CH4 consumed, and,
in consequence, the biomass yield did not significantly differ between the different
NH4

1 concentrations. However, the standard deviation of CDW increased with increas-
ing NH4

1 load, thereby suggesting an increasingly heterogeneous population response
(Table 1). There was no significant CH4 consumption or cell density change after the
addition of 100 mM NH4

1 (Fig. 2).
Apparent Km value of CH4 oxidation. The CH4-air mixing ratios adjusted to 10:90

and 20:80 (vol/vol) showed no significant difference in SC2 growth response when sup-
plemented with 10 mM, 30 mM, and 50 mM NH4

1. No increase in cell density (OD600)
was observed in SC2 cultures supplemented with 50 mM NH4

1 after the CH4-air mixing
ratio was adjusted to below 10:90 (vol/vol) (see Fig. S1 at https://doi.org/10.6084/m9
.figshare.20750236.v3).

The SC2 growth parameters determined for the different CH4-air mixing ratios and
increasing NH4

1 concentrations revealed that relative to the control (20:80 [vol/vol]),
ratio values of 5:95 and 2.5:97.5 (vol/vol) reduced the CDW production, growth rate,
CH4 consumption, and CH4 consumption rate. This was significant (P, 0.001) across all
physiological growth parameters for SC2 cultures supplemented with 50 mM NH4

1

(see Table S1 in the supplemental material). The increase in NH4
1 concentration greatly

altered the apparent Km values [Km(app)] for CH4 oxidation, being 0.17 mM, 1.20 mM, and
1.40 mM under growth conditions with 10 mM, 30 mM, and 50 mM NH4

1, respectively
(Table S2). This corresponds well to the decrease in the ratio of CH4 to NH3 dissolved in
the liquid growth medium (Table S2). The Km(app) value for 75 mM NH4

1 could not be
calculated, because growth of strain SC2 was completely inhibited when incubated
under a headspace of 2.5% and 5% CH4.

Whole-cell proteome. Global proteomics led to the detection of 2,206 proteins, of
which 438 proteins were identified to be differentially regulated proteins (DRPs) in at
least one of the NH4

1 treatments (Data Set S1). The 438 DRPs cover 10.8% of the total

FIG 2 Effect of increasing NH4
1 concentrations on growth of (left) and CH4 consumption by (right) Methylocystis sp. strain SC2. Growth (OD600) and CH4

concentration were regularly monitored over the whole incubation period. Measurements were done in triplicate cultures. Growth response occurred with
up to 75 mM NH4Cl, corresponding to a total ionic medium strength of 114 mM (see Table S2 in the supplemental material). No growth occurred with
100 mM NH4Cl, corresponding to a total ionic medium strength of 139 mM. Error bars show standard deviations of the results of triplicate cultures.

TABLE 1 Physiological growth parameters ofMethylocystis sp. strain SC2 during cultivation under different NH4
1 concentrationsa

Ammonium
treatment CDWb (mg)

Growth rate
(mg CDW/day)

CH4 consumption
(mmol CH4)

Biomass yield
(mg CDW/mmol CH4)

CH4 consumption rate
(mmol CH4/g CDW/day)

1 mM 3.56 0.04 1.756 0.02 0.296 0.04 12.386 1.59 40.876 5.55
10 mM 3.326 0.13 1.666 0.07 0.276 0.03 12.296 1.72 41.226 5.68
30 mM 3.936 0.35 1.316 0.12** 0.286 0.01 14.086 1.04 23.756 1.74**
50 mM 4.266 0.54 0.716 0.09*** 0.366 0.02 11.846 2.27 14.426 2.68***
75 mM 4.366 1.02 0.486 0.11*** 0.356 0.04 12.46 3.21 9.346 2.2***
aAll growth parameters were calculated based on triplicate cultures. Asterisks indicate significant differences at P values of#0.05 (*), #0.01 (**), and#0.001 (***) relative to
the control treatment (1 mM NH4

1), using Tukey's method with one-way ANOVA.
bCell dry weight (CDW) was calculated using 1 OD600 = 0.26 g CDW/L of strain SC2 culture (68).
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SC2 proteome (4,040 proteins) deposited in the UniProt database (https://www.uniprot
.org/taxonomy/187303). Neither the PmoCAB1 subunits of low-affinity pMMO1 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 NH4

1 treat-
ment concentrations (Table 2). Hierarchical cluster analysis and Pearson correlation
coefficient values showed highly reproducible DRP profiles for all five NH4

1 conditions
(Fig. 3A; see also Fig. S2 at https://doi.org/10.6084/m9.figshare.20750236.v3). The heat
map of sample-to-sample distances showed high similarities between the DRP profiles
of the 1 mM and 10 mM NH4

1 treatments, but in particular between those of the
50 mM and 75 mM NH4

1 treatments. More specifically, the DRPs grouped into three
distinct clusters comprising a total of 141, 65, and 232 proteins, respectively. The 232
proteins of DRP cluster III were significantly upregulated only under 50 mM and 75 mM
NH4

1 conditions (Fig. 3A; see also Fig. S3 at https://doi.org/10.6084/m9.figshare
.20750236.v3 and Data Set S1 in the supplemental material). High DRP profile similar-
ities between the 1 mM/10 mM and 50 mM/75 mM NH4

1 comparisons were further
evidenced by the results of principal-component analysis (PCA) (see Fig. S4 at https://
doi.org/10.6084/m9.figshare.20750236.v3).

A certain number of DRPs were coregulated regardless of the initial NH4
1 concen-

tration. A total of 18 DRPs (10 mM NH4
1), 57 DRPs (30 mM NH4

1), and 95 DRPs (50 mM
NH4

1) were co-upregulated under the 75 mM NH4
1 condition (Fig. 3B; Data Set S1). A

similar pattern was observed for the downregulated DRPs, with 5 DRPs (10 mM NH4
1),

24 DRPs (30 mM NH4
1), and 39 DRPs (50 mM NH4

1) being co-downregulated under
the 75 mM NH4

1 condition (Fig. 3B; Data Set 1). Totals of 86 and 54 DRPs were found
to be significantly up- and downregulated, respectively, only under the 75 mM NH4

1

condition. This corresponds to more than 30% (140/438) of the total identified DRPs
(Fig. 3B; Data Set S1). The number of DRPs showed a significant and positive relation-
ship with the increase in NH4

1 load for both up- and downregulated proteins (r2 values
of 0.99) (see Fig. S5 at https://doi.org/10.6084/m9.figshare.20750236.v3 and Data Set
S2 at https://doi.org/10.6084/m9.figshare.20556600.v1).

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 126 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 to annotate a total of 95 DRPs (see Fig.
S6 at https://doi.org/10.6084/m9.figshare.20750236.v3 and Data Set S3 at https://doi
.org/10.6084/m9.figshare.20556633.v1). A protein-protein interaction (PPI) network anal-
ysis revealed 121 proteins to be highly interactive (Fig. 4). These were partitioned into 10
functional modules, including methane metabolism, nitrogen metabolism, stress
response proteins, potassium transport, biosynthesis of amino acids, glutathione metab-
olism, transporters, porphyrin (cytochrome) metabolism, and DNA replication (Fig. 4). A
selection of 56 DPRs is shown in Table 2, while information on the complete set of 121
proteins can be found in Data Set S4 at https://doi.org/10.6084/m9.figshare.20556651.v1.
In addition to proteins related to glutathione metabolism and DNA replication, those
involved in nitrogen metabolism were particularly enriched at high NH4

1 concentrations
(50 mM NH4

1, q value, 0.05; and 75 mM NH4
1, P value, 0.05) (see Fig. S7 at https://doi

.org/10.6084/m9.figshare.20750236.v3). Nitrogen metabolism included proteins involved
in NH4

1 transport and assimilation and in hydroxylamine detoxification (Table 2).
Amino acid profiling. Of the 16 amino acids detected, 15 amino acids showed a

significant change in their intracellular concentrations across the five NH4
1 treatments

(see Data Set S5 at https://doi.org/10.6084/m9.figshare.20750203.v2). In particular, the
intracellular concentration of glutamate significantly increased to 2,438.69 mmol/g
CDW under the 50 mM NH4

1 condition but slightly decreased to 2,020.59mmol/g CDW
under the 75 mM NH4

1 condition (Fig. 5; see also Data Set S5 at https://doi.org/10
.6084/m9.figshare.20750203.v2). Glutamine also showed the greatest intracellular accu-
mulation at 50 mM NH4

1, with 235.69 mmol/g CDW. Unlike with glutamate and gluta-
mine, the intracellular concentration of proline significantly decreased from 1 mM to
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50 mM NH4
1 but showed a sharp and highly significant increase to 84.12 mmol/g CDW

at 75 mM NH4
1 (P value # 0.001) (Fig. 5; see also Data Set S5 at https://doi.org/10

.6084/m9.figshare.20750203.v2). Concurrently, the intracellular concentration of orni-
thine was significantly increased and was greatest (167.20 mmol/g CDW) at 75 mM
NH4

1 (P # 0.001) (Fig. 5; see also Data Set S5 at https://doi.org/10.6084/m9.figshare
.20750203.v2). Arginine and lysine were also most enriched at 75 mM NH4

1, with
1,189.02 and 2,004.68mmol/g CDW, respectively.

NO2
2 and N2O production. NO2

2 and N2O were detectable across all five NH4
1

conditions (Fig. 6; see also Fig. S8 at https://doi.org/10.6084/m9.figshare.20750236.v3).
The production of NO2

2 significantly increased at 1 mM NH4
1 to 50 mM NH4

1 but did
not further increase at 75 mM NH4

1. The maximum concentrations of NO2
2 that accu-

mulated in the growth medium during the incubation experiments were 4.44 mmol/L
(1 mM NH4

1), 16.99 mmol/L (10 mM NH4
1), 23.19 mmol/L (30 mM NH4

1), 59.95 mmol/L
(50 mM NH4

1), and 54.32 mmol/L (75 mM NH4
1) (Fig. 6; see also Fig. S8 at https://doi

.org/10.6084/m9.figshare.20750236.v3 and Table S3 at https://doi.org/10.6084/m9

.figshare.20559417.v1). The production of N2O significantly increased at 1 mM NH4
1 to

75 mM NH4
1. The maximum headspace concentrations of N2O that accumulated dur-

ing the incubation experiments were 0.65 mmol/L (10 mM NH4
1), 1.85 mmol/L (30 mM

NH4
1), 4.93 mmol/L (50 mM NH4

1), and 5.84 mmol/L (75 mM NH4
1) (Fig. 6; see also Fig.

S8 at https://doi.org/10.6084/m9.figshare.20750236.v3 and Table S4 at https://doi.org/
10.6084/m9.figshare.20589000.v1).

At high (50 mM and 75 mM) NH4
1 levels, the NO2

2 production rate was highly cor-
related with the greatest SC2 growth activity. Compared to NO2

2 production, the accu-
mulation of N2O was time shifted. Strong N2O accumulation occurred only after NO2

2

had nearly reached its peak concentration (Fig. 6; see also Fig. S8 at https://doi.org/10
.6084/m9.figshare.20750236.v3).

FIG 3 Comparative analysis of the global LFQ proteomes. (A) Heat map showing the DRP pattern of each replicate culture in response to increasing NH4
1

concentrations (1 mM, 10 mM, 30 mM, 50 mM, and 75 mM NH4
1). Using Euclidean distances, the heat map was built based on the LFQ intensities of 438

DRPs. The color scale indicates Z-score-normalized LFQ intensity values. (B) Venn diagram showing the overlap of up- and downregulated DRPs among
the five different NH4

1 treatments. Further details can be found in Data Set S1 in the supplemental material.
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DISCUSSION

In this study, we combined growth experiments with global proteomics, amino acid
profiling, and nitrogen oxides measurements to thoroughly assess the response of
Methylocystis sp. strain SC2 to increasing NH4

1 concentrations. The ionic medium
strength to which strain SC2 is able to acclimatize differs between NH4Cl and NaCl as
the stressor. It is lower for NH4Cl (between 114 and 139 mM [present study]) than for
NaCl (between 153 and 197 mM [31]). This may be due to the dual effect of an increas-
ing NH4

1 load, with one being a general stress phenomenon and another being the

FIG 4 PPI network of 121 DRPs that are connected by a total of 431 edges. The proteins were partitioned into 10 highly connected functional modules,
which are highlighted by different colors using the modularity class methods in Gephi. The functional categorization of the modules is based on KEGG
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 indicate both functional and physical protein associations
based on active interaction sources, including text mining, experiments, databases, coexpression, neighborhood, gene fusion, and cooccurrence. See Data
Set S4 at https://doi.org/10.6084/m9.figshare.20556651.v1 for details on the 121 DRPs used to construct the PPI network.
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specific inhibition effect of ammonia on methanotrophic activity. Firstly, NH4Cl acted
as an ionic and osmotic stressor, thereby leading to a tremendously increased lag
phase duration with an increasing NH4

1 load. Lag phase represents the earliest stage
of the bacterial growth cycle and is defined by the adjustment of metabolic fluxes and
enzyme composition to given environmental conditions (32, 33). The need for cellular
adjustment processes directly depends on the level of environmental stress exposure.
This view is congruous with our finding that the total number of differentially regu-
lated proteins showed a highly positive and significant correlation with both lag phase
duration and NH4

1 load. Secondly, the CH4 consumption rate and, in consequence, the
growth rate significantly decreased with the increasing NH4

1 load due to the competi-
tive inhibition of pMMO and the increasing need for detoxifying hydroxylamine, the
product of pMMO-catalyzed oxidation of NH3. Notably, all three subunits of low-affinity
pMMO1 were differentially regulated neither in response to increasing NH4

1 load nor
in response to high NaCl stress, regardless of whether the study was done on the tran-
scriptome (31, 34) or the proteome (this study and reference 30) level. In the following,
we first discuss the general stress response to increasing ionic and osmotic stress.
Second, we discuss the methanotroph-specific response to hydroxylamine stress.

General stress response to increasing ionic and osmotic stress. The cellular
adjustment processes in response to increasing ionic and osmotic stress are defined by
proteomic rearrangements that are widely conserved among bacteria (35–37). These
involve the upregulation of stress-responsive proteins, the K1 “salt-in” strategy, the
uptake and/or synthesis of compatible solutes, and the induction of the glutathione
metabolism pathway. The stress-responsive proteins upregulated in response to a high
NH4

1 load were the DNA-binding protein (Dps), the general stress response protein
(CsbD), and heat shock proteins. Dps has a significant role in protecting the chromo-
some from oxidative damage but also from UV radiation, iron toxicity, heat, and pH

FIG 5 Amino acids that show a statistically significant change in their intracellular concentrations in response to increasing NH4
1 levels. The association

between particular pathway information (upper panel) and the results of amino acid profiling (lower panel) is indicated by an arrow and the same
background color. Error bars indicate standard deviations of results of replicate cultures (n = 4). The lower-panel asterisks indicate significant differences (P
value # 0.05) relative to the control treatment (1 mM NH4

1). The upper-panel asterisks indicate significant differences between the stepwise increase in
NH4

1 load. Significant difference was calculated using the one-way analysis of variance (ANOVA) Holm-Sidak method: *, P value # 0.05; **, P value # 0.01;
***, P value # 0.001.
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FIG 6 NO2
2 and N2O production by Methylocystis sp. strain SC2 during exposure to 30 mM, 50 mM,

and 75 mM NH4
1. The shaded areas indicate the standard deviations of results of triplicate cultures.

(Continued on next page)
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stress (38). The protective stress-responsive function of CsbD family proteins is not yet
known (39). While the expression of various heat shock proteins (e.g., Hsp10 [GroES],
Hsp60 [GroEL], Hsp70 [DnaK], and Hsp100 [ClpB]) at a high constitutive level was not
affected by NH4

1, Hsp20 proteins were significantly enriched in response to a high
NH4

1 load. The Hsp20 machinery prevents aggregation and misfolding of client pro-
teins and is known to be expressed upon exposure to a stressor (40–42).

In principle, two cellular strategies have evolved to cope with elevated osmolarity.
The “salt-in” strategy leads to a rapid increase in the intracellular K1 pool, followed by
a concomitant increase in the cytoplasmic concentration of compounds that are com-
patible with cell physiology at high internal concentrations. The uptake and/or synthe-
sis of these compatible solutes or osmoprotectants is defined as a secondary response
(36). Indeed, we observed a significant increase in the high-affinity (Kdp) K1 transport
system under a high (75 mM) NH4

1 load (Table 2). Concomitantly, global proteomics
coupled with amino acid profiling revealed an intracellular glutamate pool that was
significantly increased at high (50 mM and 75 mM) NH4

1 levels (Fig. 5; Table 2). High
glutamate concentrations are known to be required in a balanced osmoregulation to
maintain a steady-state K1 pool (37, 43).

At a 75 mM NH4
1 load, glutamate was replaced in part by proline to act as a com-

patible solute, again evidenced by global proteomics coupled with amino acid profil-
ing. Acetylornithine aminotransferase, whose expression was significantly increased at
a high NH4

1 load, converts ornithine to D1-pyrroline-5-carboxylate, followed by the
reduction to proline, with glutamate being the precursor for ornithine synthesis (44).
Previous studies have shown that the cellular osmoadaptation gradually switches from
potassium-glutamate as the dominant strategy at intermediate salinities to proline at
higher salinities, with a 4- to 5-fold increase in the intracellular proline content (36, 45,
46). This is in the same range that we observed for the increase in intracellular proline
content during the exposure of strain SC2 to a high (75 mM) NH4

1 load. Thus, the intra-
cellular accumulation of ornithine and proline under the maximum tolerable stress
condition (75 mM NH4

1) follows a widely distributed response pattern that is also
known to occur in Escherichia coli and Bacillus subtilis (35, 47, 48).

The stress-triggered induction of the glutathione metabolism pathway involved a
significant upregulation of both glutathione peroxidase (GPX) and glutathione S-trans-
ferase (GST) under a high NH4

1 load. These enzymes have been shown to be expressed
when cells are exposed to oxidative stress and hyperosmotic shock conditions. In par-
ticular, their activity is involved in detoxifying reactive oxygen (ROS) and nitrogen
(RNS) species such as, for example, metal-bound NO�. The latter results in the formation
of nitrosothiols (RSNO) and nitrosamines (RN2O), which are regarded as nonradical RNS
(49). Notably, the expression of two GST isoforms (UniProt ID J7QHL1 and J7Q532)
(Table 2) were specifically and significantly upregulated in response to an increasing
NH4

1 load. Their increase in expression level may have been induced by the increased
production of both hydroxylamine (50) and RNS such as nitrite (19, 51).

Intriguingly, we also observed a differential regulation of various plasmid-encoded
proteins, with most of them being upregulated (21 [pBSC2-1] and 18 [pBSC2-2]) (see
Data Set S6 at https://doi.org/10.6084/m9.figshare.20750215.v2). On pBSC2-1, single-
stranded DNA-binding protein (SSB), the three-component CzcCBA complex, and subu-
nits of the FoF1 ATPase complex were among the proteins significantly upregulated
under a high NH4

1 load. SSB was the most greatly enriched (3.95-fold) plasmid-
encoded protein during exposure of strain SC2 to 75 mM NH4

1 (see Data Set S6 at
https://doi.org/10.6084/m9.figshare.20750215.v2). It plays a major role in DNA replica-

FIG 6 Legend (Continued)
The amounts of NO2

2 and N2O produced during growth with 1 mM and 10 mM NH4
1 were

negligible (see Fig. S8 at https://doi.org/10.6084/m9.figshare.20750236.v3, Table S3 at https://doi.org/
10.6084/m9.figshare.20559417.v1, and Table S4 at https://doi.org/10.6084/m9.figshare.20589000.v1).
While we measured the accumulation of N2O in the gaseous headspace, it needs to be noted that
N2O is soluble in water at a ratio of 1:0.567 at 25°C (74).
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tion, recombination, and repair. On pBSC2-2, multicopper oxidases and the type IV
secretion system (T4SS) were among the proteins most significantly upregulated under
a high NH4

1 load, with the latter having functions in conjugation, DNA exchange with
the extracellular space, and delivery of proteins to target cells (52). Significant enrich-
ment of the pBSC2-2-encoded T4SS may be linked to the differential regulation of a
PmoC subunit uniquely encoded by pBSC2-2. Moderately expressed under standard (1
and 10 mM) NH4

1 growth conditions, this PmoC subunit showed the greatest down-
regulation (24.8-fold) among all differentially regulated proteins in response to a high
NH4

1 load (Table 2), thereby providing further evidence for a particular cross talk
between the SC2 chromosome and the two plasmids. Another major functional aspect
is the location of various nitrogen-cycling genes on pBSC2-2 (discussed below).

More detailed information on the differential regulation of plasmid-encoded pro-
teins in response to a high NH4

1 load, but also on stress-responsive proteins, the K1

“salt-in” strategy, NH4
1 assimilation, glutamate/glutamine metabolism, and glutathione

metabolism, can be found in Text S2 in the supplemental material.
Methanotroph-specific response to hydroxylamine stress. The apparent Km value

for CH4 oxidation significantly increased with an increasing NH4
1 load (Table 3), which

is due to the increasing inhibition of pMMO-based CH4 oxidation by NH3. This inhibi-
tion effect was evident for 30 mM and 50 mM NH4

1 but was most obvious for the CH4

consumption rate at 75 mM NH4
1 (Fig. 2; Table 1). Unfortunately, the Km(app) value

could not be experimentally determined for the SC2 exposure to 75 mM NH4
1 due to

methodological constraints (Table 3). In addition, one may speculate that the increase
in ionic and osmotic stress not only led to a prolonged duration of proteome adjust-
ment but also had adverse effects on the CH4 oxidation activity of strain SC2.

Hydroxylamine is a highly toxic compound that has been shown to severely inhibit
both calcium- and lanthanide-dependent methanol dehydrogenases (MDHs) (18, 53).
This necessitates a rapid turnover of hydroxylamine in methanotrophic bacteria, which
is most likely ensured by the activity of methanotrophic hydroxylamine oxidoreductase
(mHAO). In strain SC2, both mHAO subunits (mHaoAB) showed a strong, significant
upregulation concomitantly with the increase in NH4

1 load (Table 2). This finding cor-
roborates the conclusions lately drawn for the functional role of mHAO in the verru-
comicrobial methanotroph Methylacidiphilum fumariolicum and other aerobic metha-
notrophs, namely, that mHAO plays a crucial role in preventing the inhibition of MDH
(18). All subunits of the calcium-dependent Mxa-MDH (MxaFJGIRSACKLDH) were de-
tectable in the SC2 proteome, with seven Mxa-MDH subunits (MxaFJCKLDH) being
the only CH4 oxidation pathway proteins significantly enriched at a high (75 mM
NH4

1) load. The Mxa-MDH-associated cytochrome cL (MxaG) was highly expressed
constitutively. It is reasonable to assume that the significant enrichment of these
seven Mxa-MDH subunits (including MxaF) is a proteomic response to compensate

TABLE 3 Effect of increasing NH4
1 load on the apparent Km and Vmax values of CH4 oxidationa

CH4 (vol/vol, %) NH4
+ (mM) Km(app)

b (mM) Vmax(app)
c (mol cell21 h-1)

2.5–20 10 0.17 2.96E215
2.5–20 30 1.20** 2.32E215
2.5–20 50 1.40** 2.07E215
aCH4 and NH4

1 constitute the incubation parameters.
bTo test the inhibitory effect of increasing NH4

1 concentrations on CH4 oxidation, SC2 cells were grown at 2.5%,
5%, 10%, 15%, and 20% CH4. When exposed to 75 mM NH4

1, the growth of strain SC2 was completely inhibited
when incubated with a headspace of 2.5% and 5% CH4. Therefore, the Km(app) value for the treatment with
75 mM NH4

1 could not be experimentally determined. Given the steady decline in the CH4 consumption rates
(Table 1), it is, however, reasonable to conclude that at 75 mM NH4

1, the Km(app) value for CH4 oxidation was
higher than it was for the incubation treatments with 30 mM and 50 mM NH4

1. Multiplication with the Oswald
constant (0.03395 at 25°C) gave the Km(app) value for the methane concentration in water. The calculation of
Km(app) and Vmax(app) values is based on triplicate cultures.

cThe exponential decrease in CH4 over incubation time was used to estimate Vmax(app) of SC2 cultures. Asterisks
(**) indicate a significant difference (P value# 0.01) relative to the 10 mM NH4

1 condition.
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for the inhibitory effect of hydroxylamine. In contrast, the expression response of
Xox-MDH varied, with XoxF being significantly downregulated at NH4

1 loads of 30
and 50 mM (Table 2).

We observed a significant correspondence between the increase in NH4
1 load and

the accumulation of NO2
2 and, with a delay, N2O (Fig. 6). This accumulation pattern

has already been observed for a few proteobacterial methanotrophs in previous
research, with the presumption that NO2

2 is the final product of mHAO activity (54–
57). However, recent purification of the mHAO from the verrucomicrobial methano-
troph Methylacidiphilum fumariolicum provided biochemical evidence that this enzyme
rapidly oxidizes hydroxylamine to NO rather than to NO2

2. Conserved structural ele-
ments among all known mHAOs led to the further conclusion that this reaction mecha-
nism occurs in all aerobic methanotrophs (18). Given that NO is an obligate free inter-
mediate, one has to postulate either a yet unknown NO-oxidizing enzyme that
converts NO to NO2

2 or the spontaneous reaction with O2 to form NO2
2 (18, 49, 58).

Significant production of N2O occurred only after the oxygen concentration had
dropped to low or unmeasurable levels (Fig. 6). This is in good agreement with previ-
ous reports that detoxification of hydroxylamine is directed toward increased produc-
tion of N2O at hypoxic conditions (59, 60). Notably, the production of N2O from NO in
strain SC2 does not involve the prior reduction of NO2

2 to NO, because neither NirK
nor NirS is encoded by its genome. This supports the conclusion of Versantvoort et al.
(18) that NO is the end product of mHAO activity.

Candidate enzymes for the reduction of NO to N2O are a putative NO reductase
(NorB) and hybrid cluster proteins (Hcps). NorB is encoded on pBSC2-2 but was not de-
tectable in the SC2 proteome. Previous transcriptome research had shown, however,
that relative to 10 mM NH4

1, the transcript expression of the plasmid-borne norB sig-
nificantly increased after a 10-h exposure of SC2 cells to 30 mM NH4

1 (34). 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 proteins (61). The chromosome-encoded Hcp (UniProt ID J7Q787)
is one of the most highly expressed proteins in strain SC2 and is significantly upregu-
lated in response to increasing NH4

1 levels (Table 2). Over the last decades, four differ-
ent activities have been reported for Hcps (62). Among these is the activity as hydroxyl-
amine reductase, which would lead to the production of NH4

1/NH3 and thereby
directly contribute to the detoxification of hydroxylamine. Being historically the first
activity proposed (62), more recent research suggests, however, that the activity as hy-
droxylamine reductase has little or no physiological relevance. More likely is the con-
version of NO to N2O (NO reductase activity), which has been established as physiolog-
ically relevant (62).

Notably, the pBSC2-2-encoded nitrous oxide reductase (NosZ) is constitutively
expressed at a high level (see Data Set S6 at https://doi.org/10.6084/m9.figshare
.20750215.v2), thereby suggesting that N2O may be further reduced to N2. The nos op-
eron is located on a 20-kb region of pBSC2-2, which also contains the genes encoding
NorB and two Hcp proteins (see Fig. S9 at https://doi.org/10.6084/m9.figshare
.20750236.v3). This proximity of nitrogen-cycling genes (norB, nosZ), but also involving
those encoding Hcps, further substantiates the functional relevance of pBSC2-2 for
strain SC2. One of the two Hcps (UniProt ID I4EBE8) was also significantly enriched in
response to an increasing NH4

1 load, but its overall expression level was 1,000-fold
lower than that of the chromosome-encoded Hcp protein (Table 2).

Concluding remarks. In this study, we comprehensively assessed the cellular ability
of Methylocystis to acclimatize to a high NH4

1 load. Our results provide detailed
insights into how Methylocystis spp. adjust their cells to cope with the dual effect of
NH4

1, namely, ionic and osmotic stress and competitive interaction between CH4 and
NH3 (Fig. 7). Indeed, our results show that Methylocystis has the capacity to precisely
acclimatize to changes in NH4

1 concentration by exact physiological rebalancing
enzymes and osmolyte composition, thereby enabling maintenance of a suitable
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cellular homeostasis for growth. The maximum NH4
1 tolerance of Methylocystis sp.

strain SC2 (75 mM NH4
1) was in the same range as previously shown for Methylosinus

sporium (71 mM NH4
1) (55). The need to simultaneously combat both ionic-osmotic

stress and the toxic effects of hydroxylamine and nitrite is presumably the limiting fac-
tor for the cellular acclimatization of Methylocystis spp. to higher NH4

1 concentrations
(Fig. 7).

MATERIALS ANDMETHODS
Strain. The genome of Methylocystis sp. strain SC2 was found to comprise a 3.77-Mb chromosome

and two large plasmids (63, 64). Their nucleotide sequences are publicly available in EMBL, GenBank,
and DDBJ databases under accession numbers HE956757 (chromosome) and FO000001 and FO000002
(plasmids). Genomic analysis revealed the presence of a complete denitrification pathway in strain SC2
(65). Strain SC2 has the ability to produce low- and high-affinity pMMO isozymes and can thus oxidize
CH4 across a wide concentration range (6, 66). The low-affinity pMMO1 is encoded by two pmoCAB1
gene clusters, while the high-affinity pMMO2 is encoded by a single pmoCAB2 gene cluster (64). In addi-
tion, the genome of strain SC2 contains two chromosome-encoded monocistronic pmoC genes
(pmoC1Gs, pmoC2Gs) and a single plasmid-borne pmoC gene (pmoCPs) (63).

Experimental procedures. Strain SC2 cells were first inoculated into 40 mL nitrate-containing min-
eral salts (NMS) medium in 120-mL serum bottles and grown to an OD600 of 0.25 6 0.05 (Fig. 1). The
composition of NMS growth medium was the same as previously reported (67), containing 1 g of KNO3

per L as the nitrogen source. Strain SC2 was precultured 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

FIG 7 Scheme of the metabolic pathways and processes proposed to be involved in the acclimatization of Methylocystis sp. strain SC2 to a high NH4
1 load.

Proteins (enzymatic steps) and pathways that were significantly up- and downregulated are marked with red and green arrows, respectively. Black arrows
indicate proteins (enzymatic steps) that were detectable in the proteome across all five NH4

1 treatments but not differentially regulated. The response of
strain SC2 to high (50 mM and 75 mM) NH4

1 loads involved K1 influx (“salt-in” strategy) coupled to glutamate accumulation, in addition to increased
production of various stress-responsive proteins. The intracellular accumulation of glutamate was achieved by a high expression level of glutamine
synthetase and glutamate synthase (GS-GOGAT) and a significantly induced activity of glutamate dehydrogenase (GDH), which further fueled the
biosynthesis of proline and other amino acids. Concomitantly, the synthesis of the ammonium transporter (Amt) and nitrogen regulatory protein P-II was
significantly downregulated. After initiation of growth, the competitive interaction between CH4 and NH3 led to a significant increase in both the Km(app)

value for CH4 oxidation and the production of toxic hydroxylamine. Its detoxification involved the production and accumulation of nitrite (NO2
2) and

nitrous oxide (N2O) under a high NH4
1 load, with NO as a putative intermediate (18). In addition, intermediates of reactive nitrogen species (RNS) may

have triggered an antioxidant response involving the conversion of glutathione (GSH) into glutathione disulfide (GSSG) via the activity of glutathione
peroxidase (GPX) and glutathione S-transferase (GST).
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density, CH4 consumption, and CO2 production. A 1-mL aliquot of NMS-precultured SC2 cells was inocu-
lated into 120-mL serum bottles containing 40 mL AMS medium. The initial OD600 was 0.01 6 0.003. The
composition of AMS was the same as that of NMS, with the exception that 1 g of KNO3 (10 mM) was
replaced by increasing amounts of NH4Cl. This resulted in treatment concentrations of 1, 10, 30, 50, 75,
and 100 mM NH4Cl in the medium (Fig. 1), corresponding to a total ionic strength ranging from 40 mM
(1 mM NH4Cl) to 139 mM (100 mM NH4Cl) (see Table S2 in the supplemental material). The headspace of
the batch cultures was filled with filter (0.20-mm-pore-size)-sterilized CH4 and air at a 20:80 (vol/vol) ratio.
The serum bottles were sealed with rubber stoppers and incubated on a rotary shaker at 130 rpm and
25°C. Both OD600 and changes in the headspace concentrations of CH4 and CO2 were regularly moni-
tored during the whole incubation period (Fig. 1).

Physiological parameters. The OD600 was determined using an Eppendorf BioPhotometer UV/Vis
spectrophotometer (Eppendorf, Germany). Cell dry weight (CDW) was calculated based on the following
relationship: biomass (g CDW) = OD600 � 0.261 � volume (68). Biomass yield is shown as milligrams of
CDW/mmol of CH4. Methane consumption and CO2 production were analyzed by gas chromatography
(SRI Instruments, Torrance, CA). The methane consumption rate is indicated as millimoles of CH4 con-
sumed/g of CDW/day. All rate calculations are based on parameter values measured during exponential
growth. The production of N2O was monitored using an N2O microsensor with a piercing needle. The
microsensor was connected to a microsensor multimeter (Unisens A/S, Denmark). The O2 concentration
in the headspace was monitored with a Fibox 4 trace meter using SP-PSt3 sensor spots. This yielded an
oxygen detection limit as low as 0.002% (by volume) (PreSens; https://www.presens.de/). The production
of NO2

2 was determined using the Griess reagent system by following the manufacturer`s instruction
(Promega Corporation, Madison, WI).

Methane oxidation kinetics [Km(app) and Vmax(app)] calculations. To test for the inhibitory effect of
NH4

1 on CH4 oxidation, SC2 cells were grown at the following CH4-air mixing ratios: 20:80, 15:85, 10:90,
5:95, and 2.5:97.5 (vol/vol). Each CH4-air mixing ratio was tested in triplicate incubations under three dif-
ferent ammonium concentrations (10 mM, 30 mM, and 50 mM NH4

1). Cell density (OD600) and CH4 con-
centration in the headspace were regularly measured over the whole incubation period. Cell densities
were converted into cell numbers as described previously (6). An OD600 value of 1 corresponds to about
1.5 � 108 cells mL21 in the exponential growth phase. The exponential decrease of CH4 over incubation
time was used to estimate Km(app) and the maximum apparent rate of metabolism [Vmax(app)] of SC2 cul-
tures using nonlinear regression with the Michaelis-Menten equation. Multiplication by the Oswald con-
stant (0.03395 at 25°C) gave the Km(app) as the methane concentration in water (6, 69).

Sample preparation for proteomics. Samples for proteomics were collected from the same cul-
tures. Strain SC2 was inoculated into 300 mL mineral salts medium (initial OD600 of 0.01 6 0.003) supple-
mented with 1, 10, 30, 50, or 75 mM NH4

1 (Fig. 1). Cells were grown to the mid-exponential phase
(OD600 = 0.25 6 0.02) and then collected by centrifugation at 7,000 � g and 4°C for 20 min. The cells
were thoroughly washed twice with 1� phosphate buffer (5.4 g Na2HPO4 � 7 H2O and 2.6 g KH2PO4 per L
of distilled H2O) to remove medium traces. The washed cell pellets were transferred to 2 mL sterile Safe-
Lock microcentrifuge tubes (Eppendorf) and stored at –80°C for subsequent protein extraction. Each
NH4

1 concentration involved the analysis of triplicate cultures.
Protein extraction, LC-MS/MS analyses, peptide/protein identification, and LFQ quantification.

The extraction of the total SC2 proteins was done as described previously, using an efficient tandem
LysC-trypsin digestion in a detergent condition (30). The liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis of protein digests was performed on a Q-Exactive Plus mass spectrome-
ter connected to an electrospray ion (ESI) source (Thermo Fisher Scientific). Peptide separation was
carried out using the UltiMate 3000 RSLCnanoLC system (Thermo Fisher Scientific) equipped with an
in-house packed C18 resin column (Magic C18 AQ 2.4 mm; Dr. Maisch). The peptides were first loaded
onto a C18 precolumn (preconcentration setup) 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
30% solvent B over 115 min. The flow rate was set to 300 nL/min. The data acquisition mode for the
initial label-free quantification (LFQ) study was set to obtain one high-resolution MS scan at a resolu-
tion of 60,000 (m/z 200) with a scanning range from 375 to 1,500 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 ion accumulation time was set to 50 ms (both MS and MS/MS). The automatic
gain control (AGC) was set to 3 � 106 for MS survey scans and 1 � 105 for MS/MS scans (for details,
see reference 30).

Statistical and functional analysis of differentially regulated proteins. Discovery-LFQ was done
using Progenesis QI software (Nonlinear Dynamics, version 2.0) as described before (for details, see refer-
ence 30). Next, the data obtained from Progenesis were evaluated using SafeQuant R package, version
2.2.2 (70). Hereby, a 1% identification and quantification false discovery rate (FDR) were calculated.
Differentially regulated proteins (DRPs) with a log2 fold change greater than or equal to 1 (upregulated)
or less than or equal to 21 (downregulated) and a q value of #0.01 were submitted to the Kyoto
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 120-mL serum bottles containing 40 mL mineral salts medium supplemented with 1 mM,
10 mM, 30 mM, 50 mM, and 75 mM NH4

1 (Fig. 1). Aliquots (36 mL) of 60% (vol/vol) methanol in a 50-mL
conical centrifuge tube were cooled down to 280°C for 48 h and then used as quenching solution.
Twelve-milliliter culture aliquots (n = 4) were pipetted into the quenching solution, and the quenched
cells were immediately pelleted in an Eppendorf 5430R centrifuge for 10 min at 10,000 � g and 210°C,
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using a fixed-angle rotor. After centrifugation, the supernatant was removed and the cell pellets were
stored at280°C until further extraction of the endometabolome.

The endometabolome was extracted by suspending the frozen cell pellets in equal volumes of extraction
fluid (220°C) and chloroform (220°C). The extraction volume was adapted to sample biomass, using 1 mL
of extraction fluid and an equal volume of chloroform per 1 mL of sample at an OD600 of 1. The extraction
fluid consisted of 50% (vol/vol) methanol at LC-MS grade and 50% (vol/vol) TE buffer (10 mM Trizma, 1 mM
EDTA). The resulting cell suspension was incubated in a ThermoMixer C shaker (Eppendorf) at 4°C for 2 h
(1,500 rpm), followed by a two-phase separation of the suspension in an Eppendorf 5430R centrifuge for
10 min at 12,000 � g and210°C, using a fixed-angle rotor. The upper phase was filtered through a 0.20-mm
polytetrafluoroethylene (PTFE) membrane filter (Phenomenex) into 2-mL sterile Safe-Lock microcentrifuge
tubes (Eppendorf). The metabolite extracts were stored at280°C until downstream analysis.

Measurement of amino acids. Quantitative determination of amino acids was performed using LC-
MS/MS. The chromatographic separation was performed on an Agilent Infinity II 1260 high-performance
liquid chromatography (HPLC) system using a SeQuant ZIC-HILIC column (150 by 2.1 mm, 3.5-mm parti-
cle size, 100-Å pore size) connected to a ZIC-HILIC guard column (20 by 2.1 mm, 5-mm 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, NJ, USA) and phase B being 0.1% formic acid in 99:1
water-acetonitrile (Honeywell, Morristown, NJ, USA) at 25°C.

The injection volume was 1 mL. The mobile phase profile consisted of the following steps and linear
gradients: 0 to 8 min from 80% to 60% B; 8 to 10 min from 60% to 10% B; 10 to 12 min constant at 10%
B; 12 to 12.1 min from 10% to 80% B; 12.1 to 14 min constant at 80% B. An Agilent 6470 mass spectrom-
eter was used in positive mode with an ESI source and the following conditions: ESI spray voltage of
4,500 V, nozzle voltage of 1,500 V, sheath gas of 400°C at 12 L/min, nebulizer pressure of 30 lb/in2, and
drying gas of 250°C at 11 L/min. Compounds were identified based on their mass transition and reten-
tion times in comparison 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 a sample matrix.

Computational analysis. Hierarchical heat map analysis was performed on Z-score-normalized LFQ
intensities of the total of 438 DRPs. Creation of both the hierarchical heat map and the Venn diagram,
but also performance of the PCA, was done using the free online platform for data analysis and visualiza-
tion available at https://www.bioinformatics.com.cn/. The volcano plots were created using VolcaNoseR
(71). The STRING database was used to construct the PPI network based on the Uniprot IDs of the total
DRPs, thereby resulting in automated calculation of edges and nodes using the default value for the
minimum interaction score (0.4). Gephi (version 0.9.2), an open-source software, was used for modularity
calculation and visualization (72). Nodes with no or less than four edges were omitted, thereby resulting
in a PPI network of 121 nodes (proteins) that are connected by a total of 431 edges. The final presenta-
tion layout of the PPI network was created with Fruchterman Reingold, a method implemented in
Gephi.

Software used for preparation of figures and graphs. Figures and graphs were created with (i)
Sigmaplot version 14.0, (ii) OriginPro 2020, (iii) GraphPad Prism 9.0.2, (iv) commercial software TIBCO
Spotfire, and (v) and Adobe Illustrator 2020.

Data availability. Various supplemental figures (S1 to S9), tables (S3 and S4), and data sets (S2 to
S6) are available at https://figshare.com/projects/Methylocystis_sp_Strain_SC2_Acclimatizes_to_Increasing
_NH4_Levels_by_a_Precise_Rebalancing_of_Enzymes_and_Osmolyte_Composition_-_supplementary_files/
147147. The MS proteomics data have been deposited with the ProteomeXchange Consortium via the
PRIDE (73) partner repository under the data set identifier PXD032347.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
DATA SET S1, XLSX file, 0.1 MB.
TEXT S1, DOCX file, 0.03 MB.
TEXT S2, DOCX file, 0.09 MB.
TABLE S1, PDF file, 0.1 MB.
TABLE S2, PDF file, 0.08 MB.
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