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Aerobic and nitrite-dependent methanotrophs make a living from
oxidizing methane via methanol to carbon dioxide. In addition,
these microorganisms cometabolize ammonia due to its structural
similarities to methane. The first step in both of these processes is
catalyzed by methane monooxygenase, which converts methane
or ammonia into methanol or hydroxylamine, respectively. Meth-
anotrophs use methanol for energy conservation, whereas toxic
hydroxylamine is a potent inhibitor that needs to be rapidly re-
moved. It is suggested that many methanotrophs encode a hy-
droxylamine oxidoreductase (mHAO) in their genome to remove
hydroxylamine, although biochemical evidence for this is lacking.
HAOs also play a crucial role in the metabolism of aerobic and
anaerobic ammonia oxidizers by converting hydroxylamine to
nitric oxide (NO). Here, we purified an HAO from the thermophilic
verrucomicrobial methanotroph Methylacidiphilum fumariolicum
SolV and characterized its kinetic properties. This mHAO possesses
the characteristic P460 chromophore and is active up to at least
80 °C. It catalyzes the rapid oxidation of hydroxylamine to NO. In
methanotrophs, mHAO efficiently removes hydroxylamine, which se-
verely inhibits calcium-dependent, and as we show here, lanthanide-
dependent methanol dehydrogenases, which are more prevalent in
the environment. Our results indicate that mHAO allows methano-
trophs to thrive under high ammonia concentrations in natural and
engineered ecosystems, such as those observed in rice paddy fields,
landfills, or volcanic mud pots, by preventing the accumulation of
inhibitory hydroxylamine. Under oxic conditions, methanotrophs
mainly oxidize ammonia to nitrite, whereas in hypoxic and anoxic
environments reduction of both ammonia-derived nitrite and NO
could lead to nitrous oxide (N2O) production.

hydroxylamine oxidoreductase | ammonia oxidation | methanotrophy |
multiheme cytochrome | nitric oxide

Methane (CH4) is a potent greenhouse gas with a global
warming potential 34 times that of carbon dioxide (CO2)

over a 100-y time span (1). Microbial anaerobic degradation of
biomass yields organic acids and hydrogen that fuel methano-
genesis. Methanogenic archaea are responsible for the produc-
tion of the majority of biogenic methane (about 583 Tg·y−1) (2),
which is subsequently released to the environment. Emission of
this methane to the atmosphere is partly mitigated by aerobic
and anaerobic methanotrophs (3). These microorganisms use
methane as an energy source by oxidizing it to CO2 and act as a
methane sink, thereby reducing the contribution of methane on
global warming. On the other hand, aerobic and nitrite-dependent
methanotrophs can be the source of another, even more potent
greenhouse gas, nitrous oxide (N2O), which has a global warming
potential 296 times that of CO2 over a 100-y time span (1, 4).
According to the Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change, the total radiative forcing of CH4
and N2O increased by 2% and 6%, respectively, since the previous
report (1). This increase makes N2O the third largest contributor
to radiative forcing. Furthermore, since the chlorofluorocarbons
were phased out of use, N2O became the primary ozone-depleting
greenhouse gas (5). Consequently, methanotrophs sit in the nexus

of both carbon and nitrogen cycles and can act both as sources and
sinks of climate active gases. Therefore, understanding their me-
tabolism and how this is influenced by anthropogenic activities will
help us predict their effect on global warming and possibly utilize
them to counteract emissions (6–10).
Ammonia oxidation in the natural environment has been mainly

attributed to a distinct group of microorganisms, termed ammonia
oxidizers (11, 12). However, in natural and engineered envi-
ronments where methane and ammonia co-occur, methanotrophs can
also contribute significantly to ammonia oxidation (8, 9, 13–17).This
cross-reactivity is due to the structural similarity between methane and
ammonia, which allows both methanotrophs and ammonia oxidizers
to convert either substrate, although neither is capable of growing on
the alternative substrate (4, 9, 17). The first step in both methane and
ammonia oxidation is the incorporation of oxygen by methane/
ammonia monooxygenase (MMO, AMO), resulting in the for-
mation of methanol or hydroxylamine, respectively (4, 17–19). In
methane-oxidizing bacteria, methanol dehydrogenase (MDH)
converts methanol to formaldehyde (or formate), which is fur-
ther oxidized to CO2 (6, 20, 21). Whereas in ammonia-oxidizing
microorganisms, hydroxylamine oxidoreductase (HAO) oxidizes
hydroxylamine to nitric oxide (NO), which is subsequently con-
verted to nitrite (22–24). In octaheme HAO proteins catalysis
occurs at heme 4, which is cross-linked to a tyrosine residue from
a neighboring subunit, covalently linking all three subunits of the
HAO complex (22, 25–29). This cross-link forces the heme into a
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highly ruffled conformation, giving rise to the characteristic ab-
sorbance peak at 460 nm (P460) in the reduced enzyme (26, 27).
The active site of HAOs strongly favors oxidative reactions and
the cross-linking tyrosine is highly conserved within members of
the HAO family (28).
Hydroxylamine is a highly toxic compound and has been shown

to inhibit calcium-dependent MDHs (30), which necessitates the
rapid turnover of hydroxylamine in methane-oxidizing bacteria.
Many methanotrophs encode a HAO-like protein (mHAO) ho-
mologous to that of bacterial ammonia oxidizers. These HAO-like
proteins have been postulated to perform hydroxylamine oxida-
tion in methanotrophs, but biochemical evidence for this is lacking
(4). Up-regulation of hao transcription in response to ammonia
has been shown for several methanotrophic bacteria that oxidize
ammonia faster compared to the ones not encoding hao genes
(31–34). Most cultured methanotrophs oxidize ammonium to ni-
trite (17, 33–35), whereas a few methanotrophs have been shown
to produce N2O from ammonia oxidation without apparent nitrite
production (36). In addition, N2O production has been observed
for many aerobic methanotrophs under nitrite-reducing condi-
tions, either as a product of reactive nitrogen detoxification or
respiration under O2 limitation (31, 34, 36–38). N2O production
from ammonia and hydroxylamine is thought to occur via the
initial formation of nitrite, which until recently was the presumed
end product of hydroxylamine oxidation by all HAOs. In this hy-
pothesis, nitrite reductases nirS and nirK would produce NO,
which would subsequently be reduced to N2O by a norBC complex
(29, 31–34). However, the close amino acid sequence similarity of
the mHAO proteins to those encoded by ammonia-oxidizing
bacteria suggests that the end product of mHAO could also be
NO (27, 28). Thus, NO would be produced as an obligate inter-
mediate in ammonia oxidation by methanotrophs as well.
To date, there is no biochemical evidence for the role of these

HAO-like proteins in hydroxylamine oxidation in methanotrophic
bacteria. Here, we present the purification of an mHAO pro-
tein from the verrucomicrobial thermoacidiphilic methanotroph
Methylacidiphilum fumariolicum SolV (39). We studied the cata-
lytic properties of this methanotroph HAO and compared it to its
homologs from both aerobic and anaerobic ammonia oxidizers.
We suggest that mHAO has a crucial role in preventing the hy-
droxylamine inhibition of MDH, and help methanotrophs thrive in
environments where methane and ammonia coexist.

Results
mHAO Catalyzes the Oxidation of Hydroxylamine to NO.M. fumariolicum
SolV encodes an HAO-like protein with an N-terminal fusion to a
monoheme cytochrome c in its genome (haoA, Mfumv2_2472). The
molecular mass of a single subunit of this protein is 83,860 Da
including the protein backbone and 9 heme c moieties, excluding
the signal peptide. Multiple sequence alignment of this protein
with other HAO-like proteins from both aerobic and anaerobic
ammonia oxidizers and methanotrophs (SI Appendix, Fig. S1)
showed that heme spacing and the cross-linking tyrosine were
conserved among all analyzed proteins. This tyrosine (TYR467,
numbering of NeHAO) (26) covalently binds the three HAO
monomers. To examine whether this HAO-like protein from
M. fumariolicum SolV is a bona fide HAO, capable of oxidizing
hydroxylamine, the enzyme was purified to homogeneity by a
two-step column chromatography procedure. As observed for
HAO-like proteins with the tyrosine cross-link (27, 40), the pu-
rified enzyme showed two bands on a denaturing SDS/PAGE,
both of which had a dominant heme stain signal (SI Appendix,
Fig. S2A). Both SDS/PAGE bands were identified as the gene
product of Mfumv2_2472 (haoA) by matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS). On a nondenaturing clear native PAGE, a band at
500 kDa and a band at 250 kDa were observed (SI Appendix, Fig.
S2B). Both bands were stained with an in-gel hydroxylamine

oxidation stain. The UV-vis spectrum of purified mHAO displayed
a prominent maximum at 468 nm in the reduced form. In addition,
characteristic heme c features, namely a maximum in the Soret
region at 408 nm in the oxidized form (Fig. 1, solid) and maxima at
418 nm for the Soret and 522 and 551 nm for the beta and alpha
bands, respectively (Fig. 1, dashed) were observed. Activity assays
with bovine cytochrome c as electron acceptor showed that mHAO
catalyzed the rapid oxidation of hydroxylamine with a Vmax of 5.5 ±
0.1 μmol·min−1·mg protein−1, Km of 1.4 ± 0.1 μM, and a Kcat of
7.2 ± 0.15 s−1 (Table 1).
To determine the end-product of hydroxylamine oxidation by

mHAO, two different methods were employed. First, the pro-
duction of NO from hydroxylamine by mHAO was examined
using membrane inlet mass spectrometry (MIMS). In the ab-
sence of oxygen, mHAO catalyzed the stoichiometric conversion
of hydroxylamine to NO with a recovery rate of 94 ± 4% of the
added hydroxylamine as NO (Fig. 2A). The production of NO
was corroborated by following the reduction of bovine cyto-
chrome c by mHAO with a limiting amount of hydroxylamine
(Fig. 2B). Here, the electron stoichiometry of hydroxylamine
oxidation was determined to be 3 to 1 (3 ± 0.06 μM of reduced
cytochrome c per μM hydroxylamine) indicating the formation of
NO (Eq. 1). These results were in line with recent studies that
established NO to be the product of hydroxylamine oxidation by
HAO enzymes (27, 29):

NH2OH→NO + 3e− + 3H+. [1]

mHAO Is Tuned to Higher Temperature. The temperature depen-
dence of hydroxylamine oxidation by mHAO and its homolog
from the anaerobic ammonium oxidizing bacterium Kuenenia
stuttgartiensis (KsHAO) were investigated in the range of 20 to
80 °C (Fig. 3). KsHAO showed a temperature optimum at 50 °C
and was no longer active at temperatures above 60 °C. mHAO
showed a temperature optimum at 60 °C and maintained ∼80%
of its maximum activity at temperatures above 60 °C. The rapid
decomposition of hydroxylamine at higher temperatures pro-
hibited activity measurements above 80 °C.

XoxF-Type MDH Is Inhibited by Hydroxylamine.M. fumariolicum SolV
encodes for a lanthanide-dependent XoxF-type MDH, which was

Fig. 1. UV-vis absorbance spectrum of Methylacidiphilum fumariolicum
SolV HAO in the as-isolated (solid) and dithionite reduced state (dashed).
Inset shows the reduced minus oxidized difference spectrum. The P460
chromophore characteristic for HAOs is clearly present in both the reduced
and reduced minus oxidized difference spectrum.
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purified directly from native biomass according to Pol et al. (41).
To determine whether this enzyme is inhibited by hydroxylamine,
as observed for the calcium-dependent MDH (30), methanol ox-
idation activity was assayed with various concentrations of hy-
droxylamine (0 to 100 μM) (SI Appendix, Fig. S3). Hydroxylamine
was found to be a potent inhibitor (Ki = 0.52 ± 0.3 μM) of
methanol oxidation by M. fumariolicum SolV XoxF-type MDH.

Discussion
Aerobic and nitrite-dependent methanotrophs cometabolize
ammonia and produce hydroxylamine. This is similar to aerobic
ammonia-oxidizing microorganisms, which encode HAO pro-
teins to further oxidize hydroxylamine to NO. Likewise, meth-
anotrophs require a pathway to oxidize hydroxylamine, since it
has been shown to be a potent inhibitor of calcium-dependent
MDH (Ki = 12 μM) (30). Here, we showed that the lanthanide-
dependent MDH encoded by M. fumariolicum SolV was severely
inhibited by hydroxylamine as well, with an inhibition constant of
Ki = 0.5 μM. Recent environmental surveys revealed that lanthanide-
dependent MDHs are prevalent and widespread in nature compared
to the calcium-dependent MDHs (42). Consequently, the in-
hibition of lanthanide-dependent MDHs by hydroxylamine has
an extensive impact, affecting environmentally relevant aerobic
and nitrite-dependent methane oxidizers, which are both oxy-
gen dependent (10, 43, 44), and highlighting the importance of
HAO in these methanotrophs.
Based on the transcriptional up-regulation of hao-like genes in

response to ammonia, and the susceptibility of methanotrophic
strains lacking hao genes to ammonia, it has been postulated that
HAO-like proteins are also involved in hydroxylamine oxidation
in methanotrophs, although biochemical evidence for this is lacking
(31, 32, 34). Here, we purified an HAO-like protein from the
aerobic methanotroph M. fumariolicum SolV. Similar to other
bona fide HAOs (22, 25–27, 29), mHAO contained a P460
chromophore, characteristic of HAOs involved in oxidative
reactions (28). mHAO oxidized hydroxylamine rapidly (Vmax =
5.5 μmol·min−1·mg protein−1, Km = 1.4 μM, Kcat = 7.2 s−1) and
produced NO, as was recently demonstrated for aerobic and
anaerobic ammonia-oxidizing bacteria (27, 29). The mHAO kinetic
parameters were in the same order of magnitude as those observed
for previously characterized ammonia oxidizer HAOs (22, 27),
indicating that mHAO was an efficient hydroxylamine-oxidizing
enzyme. Considering all secondary structure elements were con-
served among the different mHAO sequences, it is highly likely
that mHAO is involved in hydroxylamine oxidation in all oxygen-
dependent methanotrophs.
In aerobic ammonia-oxidizing bacteria, the concerted activity

of ammonia monooxygenase (AMO) and HAO convert ammonia to
NO. These microorganisms primarily oxidize the produced NO to
nitrite contributing to energy conservation via a hitherto-unknown
NO-oxidizing enzyme (24). Essentially, the same pathway also
occurs in oxygen-dependent methanotrophs, where methane

monooxygenase and mHAOs convert ammonia via hydroxylamine
to NO. How the produced NO is further converted could differ in
distinct aerobic and nitrite-dependent methanotrophs. Many iso-
lated aerobic methanotrophs, similar to aerobic ammonia oxi-
dizers, produce nitrite as the end product of their ammonia-
oxidizing activity (31–35), where we now show that NO is also
an obligate free intermediate. Consequently, both clades of mi-
croorganisms would require an NO-oxidizing enzyme. Although
the exact nature of this enzyme remains unknown, it is tempting to
speculate that such an enzyme could be another shared feature in
the nitrogen metabolism of ammonia- and methane-oxidizing mi-
croorganisms. Using the set of proteins they encode for ammonia
oxidation to nitrite, known aerobic methanotrophs would be un-
able to grow, since they lack the hydroxylamine-ubiquinone re-
duction module that would couple this oxidation activity to energy
conservation (4). In contrast to most cultured aerobic methano-
trophs, conversion of ammonia to N2O without external nitrite
addition or detection of intermediary nitrite production has been
shown in 14 strains of Methylomonas methanica, Methylomonas
koyamae, andMethylomonas lenta (36). In these microorganisms, it
is conceivable that instead of being first oxidized to nitrite, NO
could be directly reduced to N2O by an NO reductase, which is
encoded by many methanotrophs (4, 31). Next to bona fide aerobic
methanotrophs, also nitrite-dependent methane-oxidizing bacteria
encode mHAO proteins (44, 45). These microorganisms use NO to
produce their own oxygen, which they then use to active methane
(45). Here, ammonia oxidation could potentially serve as an al-
ternative source of NO, and could contribute to energy conserva-
tion and growth in nitrite-dependent methanotrophs.
Environmental ammonium concentrations up to 28 mM and

temperatures up to 70 °C are found in volcanic mud pots, which
are the natural habitat of M. fumariolicum (39, 46). In agreement
with this, mHAO of M. fumariolicum is very thermostable, main-
taining 80% of its maximum activity to at least 80 °C, compared to
the HAOs of mesophilic ammonia oxidizers, which are nearly
completely inactive above 60 °C (22). This enables M. fumariolicum
to prevent hydroxylamine inhibition in its ammonia-rich natural
environment, which lack an apparent bona fide ammonia-oxidizing

Table 1. Kinetic parameters of Methylacidiphilum fumariolicum
SolV HAO (mHAO) compared to its characterized homologs from
Kuenenia stuttgartiensis (KsHAO) and Nitrosomonas
europaea (NeHAO)

Enzyme mHAO* KsHAO† NeHAO‡

Vmax, μmol NH2OH·min−1·mg HAO−1 5.5 4.8 9.5
Km, μM 1.4 4.4 3.6
Kcat, s

−1 7.2 4.9 10.5
Kcat/Km, s

−1·μM−1 5.1 1.1 2.9

*pH 7.5, 60 °C.
†pH 7.0, 37 °C; values calculated from data presented by Maalcke et al. (27).
‡pH 9.5, room temperature; values calculated from data presented by
Hooper and Nason (22).

Fig. 2. NO production by mHAO from Methylacidiphilum fumariolicum
SolV. (A) Sample trace of NO production by mHAO from 5 μM NH2OH
measured with membrane inlet mass spectrometry (MIMS). Hydroxylamine
oxidation assays by mHAO with varying concentrations of hydroxylamine
(2 to 5 μM), resulting in a recovery rate of 94 ± 4% (n = 6) of NO compared
to the added amount of hydroxylamine. (B) Sample trace of cytochrome c
reduction by mHAO with hydroxylamine. Addition of 1 μM hydroxylamine
resulted in the reduction of 3 ± 0.06 μM (n = 3) cytochrome c, indicating the
three-electron oxidation of hydroxylamine to NO by mHAO.
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microorganism. Next to volcanic mud pots, oxygen-dependent meth-
ane oxidizers commonly occur in other methane- and ammonia-rich
ecosystems such as freshwater lakes, marine sediments, rice paddy
fields, and landfills (7, 8, 13–15, 17, 43, 47, 48). In such environments,
the multiheme mHAO, which is encoded by many methanotrophs,
facilitates methane oxidizers to act as ammonia oxidizers.

Materials and Methods
Unless otherwise noted, all chemicals were purchased from VWR Chemicals
(VWR International).

Growth of Methylacidiphilum fumariolicum SolV. Methylacidiphilum fumariolicum
SolV (39) used in this study was cultured in a 10-L chemostat (Applikon). The
growth medium, previously described by Pol et al. (41), was supplemented with
200 mM methanol. Methane was provided at a flow rate of 56 mL·min−1 via a
mass flow controller. The reactor was kept at an oxygen concentration of ∼1%
by adjusting the flow rate of air via a mass flow controller in a feedback loop,
using an oxygen probe connected to a Biocontroller (Applikon). After an OD600

of 1 was obtained, the pH of the reactor was gradually increased from pH 2.7 to
pH 5 through the stepwise addition of 2 M NH3, resulting in a final NH4

+ con-
centration of 20 mM in the reactor. When the reactor reached a stable state at
an OD600 of 5, a 6 mL·min−1 bleed was started, which was collected in a re-
frigerated bottle at 4 °C. Harvested cells were concentrated, washed once with
ultrapure water (Merck-Millipore), and stored at −20 °C.

mHAO Purification. Frozen cell pellets were thawed and resuspended in
20 mM potassium phosphate buffer, pH 7. After breaking the cells by passing
them three times through a French press (American Instrument Company) at
20,000 psi, cell debris and unbroken cells were removed by centrifugation at
10,000 × g, 4 °C for 1 h (Sorvall LYNX 4000, F12-6 × 500 LEX Fiberlite rotor;
Thermo Fisher Scientific). The resulting supernatant was subjected to ultra-
centrifugation (Optima XE90; Beckman Coulter) at 160,000 × g, 4 °C, for 1 h
in a fixed angle 45 Ti rotor (Beckman Coulter) to separate the soluble and
membrane fraction. The soluble fraction was loaded onto a SP Sepharose-FF
column (XK26/20; GE Healthcare) equilibrated with 20 mM potassium
phosphate, 1 mM methanol, pH 7.2, and after washing, proteins were eluted
using a linear gradient from 0 to 500 mM NaCl in 7 column volumes. Frac-
tions containing hydroxylamine oxidizing activity were pooled, concen-
trated using 100-kDa cutoff spin filters (Vivaspin; Sartorius Stedim Biotech),
and loaded onto a Superdex 200 size-exclusion column (GE Healthcare)
equilibrated in 20 mM potassium phosphate, 1 mM methanol, 200 mM NaCl,
pH 7.2. Fractions containing pure mHAO were pooled, concentrated, and

stored at −80 °C until use. HAO from the anammox bacterium Kuenenia
stuttgartiensis (KsHAO) was purified according to Maalcke et al. (27). All
column chromatography was performed on an Äkta explorer FPLC system
(GE Healthcare).

Enzyme Assays. Hydroxylamine oxidation was assayed following the reduction
of bovine heart cytochrome c (Sigma-Aldrich) spectroscopically at 550 nm
(Δe550 = 19.6 mM−1·cm−1) using a Cary 60 spectrophotometer (Agilent) in a
1-cm path length Suprasil quartz cuvette (Hellma). Assays were performed in
50 mM sodium phosphate, 50 mM NaCl, pH 7.5, with 50 μM cytochrome c and
1 to 1,000 μM hydroxylamine (Sigma-Aldrich). After establishing a baseline,
the reaction was started through the addition of 3 nM mHAO or KsHAO. To
determine the optimal temperature, a range of 20 to 80 °C was investigated at
100 μM hydroxylamine concentrations. To determine the kinetic parameters,
the temperature was kept constant at the previously determined optimum of
60 °C, and hydroxylamine concentrations were varied between 1 and 1,000 μM.
All measurements were performed in triplicate, and reaction rates were de-
termined from the initial linear portion of the curve using the Cary 60 soft-
ware. Kinetics were determined by fitting the initial reaction rates, corrected
for chemical background rates, to Michaelis–Menten equations using Origin
9.1 (OriginLab). Specific activities were calculated based on the mHAO con-
centrations in the sample, calculated using the absorbance of the P460 (Δe468 =
58.7 mM−1·cm−1). To determine the electron stoichiometry of hydroxylamine
oxidation, the reaction was followed to completion and the amount of re-
duced cytochrome c per mole hydroxylamine was calculated (27).

MDH activity assays were performed in duplicates using 20 mM potassium
phosphate, pH 7.2,with 1mMKCN, 1mMphenazine ethosulfate (Sigma-Aldrich),
200 μM 2,6-dichlorophenolindophenol (DCPIP) (Sigma-Aldrich), 0 to 100 μM
methanol (HPLC grade; JT-Baker), and 0 to 100 μM hydroxylamine at 45 °C.
Methanol oxidation was followed by measuring the reduction of DCPIP spec-
troscopically at 600 nm (e600 = 18.5 mM−1·cm−1) in a SpectraMax 190 plate reader
(Molecular Devices). After establishing a stable baseline, reactions were started
by the addition of 1 μM La-dependent MDH purified as described before (41).
Kinetic parameters and the inhibition constant for hydroxylamine were deter-
mined by fitting the initial rates to a competitive enzyme-inhibition model using
Origin 9.1 (OriginLab).

Membrane Inlet MS. Liquid concentrations of NO were measured with a
Membrane Inlet Mass Spectrometer (HPR40, positive ion counting detector;
Hiden Analytical) in a 10-mL chamber. Setup of the MIMS, MIMS chamber,
and MIMS probe were done as described previously by Schmitz et al. (49).
Assays were performed in 10 mM Hepes, pH 7, with 100 μM phenazine
methosulfate (PMS) as electron acceptor and 2 to 5 μM hydroxylamine at
45 °C. The NO signal was calibrated by flushing the liquid using a 4% NO in
He gas bottle with a flow of 10 mL/min.

UV-Vis Spectroscopy. UV-vis absorbance spectra in the range of 350 to
600 nm were measured in a 1-cm path length Suprasil quartz cuvette
(Hellma) using a Cary 60 spectrophotometer (Agilent) in an anaerobic glove
box. After recording an as-isolated spectrum (fully oxidized), protein was
reduced by the addition of a few grains of sodium dithionite and another
spectrum was recorded. The ratio of P460 to 550 nm varied between prep-
arations. Since the P460 optical feature reports the active HAO population,
the amount of HAO in the different preparations was determined using the
extinction coefficient of the P460 (Δe468 = 58.7 mM−1·cm−1), determined
based on KsHAO (27).

Gel Electrophoresis. To assess the purity of mHAO during purification, poly-
acrylamide gel electrophoresis was routinely applied. Acrylamide gradient
gels (4 to 15%) were cast using a model 475 gradient delivery system
(Bio-Rad). Denaturing gels were run and stained for protein and heme as
adapted from previously described protocols (50, 51) using a Precision Plus
Protein Dual Color standard (Bio-Rad) for molecular mass estimation. HrCN-1
gels were run according to the protocol described by Wittig et al. (52) using
NativeMark Unstained protein standard (Thermo Fisher Scientific) for mo-
lecular mass estimation. Afterward, the gel was stained with Coomassie
Brilliant Blue or with an in-gel hydroxylamine oxidation stain. The gel was
incubated for 10 min in 20 mM potassium phosphate, pH 7, with 1 mM nitro
blue tetrazolium (Sigma-Aldrich), after which 100 μM hydroxylamine was
added. The gel was incubated at 50 °C until the stain was developed and
then washed three times with ultrapure water.

MALDI-TOF MS. To identify proteins, MALDI-TOF MS analysis of tryptically
digested peptides was performed as previously described (53). Spectra in the
range of 600 to 3,000 m/z were collected using a Microflex LRF MALDI-TOF

Fig. 3. Temperature dependence of mHAO from Methylacidiphilum fumar-
iolicum SolV (solid) and KsHAO from Kuenenia stuttgartiensis (dashed)
expressed as a percentage of the maximum activity (n = 3 per temperature;
bars represent SD). The temperature dependence for mHAO is shifted by
10 °C compared to KsHAO. Activity of KsHAO is almost completely abolished
at temperatures above 60 °C, whereas mHAO retains 80% of its activity at
these temperatures.
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(Bruker Daltonic) and analyzed using the Mascot Peptide mass Fingerprint
program against the Methylacidiphilum fumariolicum SolV protein data-
base, with a peptide tolerance of 0.3 Da, allowance of one missed cleavage
and methionine oxidation as a variable modification.

Sequence Analysis. HAO sequences of various methanotrophs, Kuenenia
stuttgartiensis and Nitrosomonas europaea, were downloaded from National
Center for Biotechnology Information. Prediction and cleavage of signal
peptides were performed with SignalP 5.0 (54). Multiple sequence alignment
using the MUSCLE algorithm (55) was performed with MEGA X (56).

Data Availability Statement. All study data are included in the article and
SI Appendix.
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