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Nitrous oxide is a potent greenhouse gas whose production is catalyzed by nitric oxide
reductase (NOR) members of the heme-copper oxidoreductase (HCO) enzyme superfam-
ily. We identified several previously uncharacterized HCO families, four of which (eNOR,
sNOR, gNOR, and nNOR) appear to perform NO reduction. These families have novel
active-site structures and several have conserved proton channels, suggesting that they
might be able to couple NO reduction to energy conservation. We isolated and biochemi-
cally characterized a member of the eNOR family from the bacterium Rbodothermus mari-
nus and found that it performs NO reduction. These recently identified NORs exhibited
broad phylogenetic and environmental distributions, greatly expanding the diversity of
microbes in nature capable of NO reduction. Phylogenetic analyses further demonstrated
that NORs evolved multiple times independently from oxygen reductases, supporting the
view that complete denitrification evolved after aerobic respiration.

denitrification | heme-copper oxygen reductase | nitric oxide reductase | Rhodothermus marinus |
aerobic denitrification

The heme-copper oxidoreductase (HCO) superfamily is extremely diverse, with members
playing crucial biogeochemical roles in both acrobic (oxygen reductases) and anaerobic
[nitric oxide reductases (NORs)] respiration (1-3). While NO reduction can also be
performed by fungal NORs (4) and flavodiiron proteins (5), in this paper we focus on
NORs from the HCO superfamily. Fungal NO reduction is performed by cytochrome
P450 (6), and flavodiiron proteins are primarily used for detoxification of NO. Respiratory
denitrification in both Bacteria and Archaea involves NORs from the HCO superfamily.
The HCO superfamily consists of three well-characterized oxygen reductase families (A,
B, and C) and three NOR families (<(NOR, gNOR, and qCuyNOR) (1-3). The oxygen
reductases catalyze the reduction of O, to water (O, + 4e,,, + 4H,," + nH,,* - 2H,0 +
nH_,.") and share a conserved reaction mechanism (3, 7), wherein three of the electrons
required to reduce O, are provided by the active-site metals, heme-Fe and Cug, while the
fourth electron is derived from a unique redox-active cross-linked histidine-tyrosine cofac-
tor (8) (Fig. 1). The free energy available from this reaction is converted into a transmem-
brane proton electrochemical gradient, allowing microbes to harness energy from aerobic
respiration. The generation of electrochemical gradient occurs via two different mecha-
nisms: charge separation across the membrane and proton pumping (9, 10). Both the
protons used for chemistry (i.e., O, reduction to water) and those separately pumped
protons are taken up from the electrochemically negative side of the membrane (bacterial
cytoplasm) by conserved proton-conducting channels that are composed of conserved
polar residues and internal water molecules. The different oxygen reductase families exhibit
differential proton pumping stoichiometries (7 = 4 for the A-family, and 7 = 2 for the B
and C-families) (10-12) and thus conserve energy differentially depending on their proton
channels—though there is some dispute regarding the proton pumping stoichiometry of
the C-family, with some studies reporting 7 = 4 (13). The oxygen reductases also vary in
their secondary subunits that function as redox relays from electron donors in the electron
transport chain (e.g., cytochrome ¢) to the protein complex active site, with the A and
B-families utilizing a Cu,-containing subunit (14-16) and the C-family containing one
or more cytochrome ¢ subunits (17) (Fig. 1).

NORs catalyze the reduction of NO to nitrous oxide 2NO + 2H_ " + 2¢,,, + #H,,"
- N,O + H,0 + nH_,,"). NO reduction requires 2 molecules of NO to form nitrous
oxide. With each N atom decreasing in oxidation state by 1, it is only a 2-electron
reaction and does not require the cross-linked histidine-tyrosine cofactor for catalysis
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Significance

With the advent of culture-
independent techniques for
studying environmental microbes,
our knowledge of their diversity
has exploded, uncovering unique
organisms, pathways, and
proteins carrying out important
processes in the biosphere. Novel
biochemical reactions are often
proposed based on sequence
data, but experimental validation
is difficult and rare. In this work,
we used environmental sequence
data to find enzymes that
produce the greenhouse gas N,O
from NO and validated our
hypothesis with experiments.
These new enzymes likely
contribute to global N,O fluxes
and expand the breadth of
nitrogen cycling. We also
demonstrated that these enzymes
evolved multiple times from
oxygen reductases, indicating that
the evolutionary histories of
aerobic respiration and
denitrification—and more broadly
the oxygen and nitrogen cycles—
are tightly connected.
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Comparison of HCO active sites. (A) Active-site and proton channel properties of the five characterized HCO families (A-family, B-family, C-family, cNOR,

and gNOR). The oxygen reductases all have an active site composed of a high-spin heme, a redox-active cross-linked tyrosine cofactor, and a copper (Cug) ligated
by three histidines. The A-family has two conserved proton channels, whereas the B- and C-families only have one. The active sites of the NORs are composed
of a high-spin heme and an iron (Feg) that is ligated by three histidines and a glutamate. Notably, they are missing the tyrosine cofactor. The cNOR and gNOR
are also missing conserved proton channels. (B) Sequence alignment of the active sites of the recently found HCO families that are related to the B-family.
(C) Predicted active sites and proton channels for the recently identified HCO families. The eNOR, bNOR, sNOR, and nNOR families contain completely conserved
proton channels shown here as arrows. The putative proton channel in the bNOR and eNOR families are highly similar to the K-channel from the B-family oxygen
reductase and are colored in red. The K-channel in the B-family is also similar to the K-channel in the A-family oxygen reductase which is colored in dark red.
The proton channel in the C-family is different from these channels and is marked in yellow. The putative proton channels in SNOR and nNOR are marked in
cyan and differentiated from the other channels with a dashed black outline.

(18)— providing one metric for identifying putative NORs from
environmental sequence data. There are currently three biochem-
ically characterized NORs within the HCO superfamily, the
cNOR, qNOR, and qCu,NOR. The cNOR and qNOR families

have a four amino acid coordinated Fey ion in their active sites,

20f8

https://doi.org/10.1073/pnas.2316422121

in contrast to the three amino acid coordinated Cuy found in
the HCO oxygen reductases (18-20). The cNOR and qNOR
families are closely related to the C-family oxygen reductases
(21). Like the C-family O, reductase, cNOR has a secondary
cytochrome ¢ subunit, while qNOR appears to be the result of
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a gene fusion of the primary and secondary subunits forming a
single polypeptide that lacks the heme ¢ binding motif (22-24).
cNOR does not conserve energy, with the enzyme taking both
electrons and protons for NO reduction from the periplasmic
side (25). Although qNOR is proposed to take up protons from
the cytoplasm for NO reduction (20, 26), it does not have con-
served residues that could form a proton channel from the cyto-
plasm, and it is not clear whether this enzyme conserves energy
via either charge separation or proton pumping. The qCuyNOR
from Bacillus azotoformans (2, 27) is not closely related to cNOR
and qNOR and is instead derived from within the B-family O,
reductases, leading it to be reclassified as the bNOR family (23).
bNOR is fundamentally different from cNOR and gNOR, con-
taining a Cu, cofactor in the secondary subunit and a conserved
proton channel for proton uptake from the cytoplasm. bNOR
was shown to be electrogenic (27) and thus capable of generating
more energy than previously characterized NORs. In earlier
work, Hemp and Gennis demonstrated that the HCO super-
family was more diverse than previously thought, working with
data from archaeal genomes (1). With recent work in a larger
dataset including Bacteria and Archaea, we expanded that diver-
sity to 12 families and demonstrated that quinol oxidation
evolved within the HCO superfamily multiple times (23). In
this work, we used phylogenomics of both isolates and environ-
mental sequence data to study the diversity and evolution of
multiple putative NOR families (¢eNOR, gNOR, nNOR, and
sNOR) within the HCO superfamily and verified the biochem-
ical NO reduction activity of eNOR from the bacterium,
Rhodothermus marinus. We also identified a new family of puta-
tive N,O reductases. Our findings expanded the number of

B2 (O,red)

denitrification pathways in Bacteria and Archaea, increased the
breadth of modern N,O production and further constrained the
evolutionary history of one of the key protein scaffolds involved
in aerobic and anaerobic respiration.

Results and Discussion

Expansion of the HCO Superfamily. Phylogenomic analyses
of genomic and metagenomic data identified at least six new
families belonging to the HCO superfamily (Figs. 1 and 2) that
are missing the active-site tyrosine, indicating that they do not
catalyze O, reduction. Analysis of structural models and sequences
(SI Appendix) for each of these families showed no evidence
for the sequence migration of a conserved tyrosine that could
form an active-site cross-linked cofactor, as was observed in the
C-family O, reductases (8). Furthermore, their active sites exhibited
structural features never before seen within the superfamily
(Fig. 1). One of these families is closely related to gNOR and
has been proposed to be a NO dismutase (NOD) contributing
to intracellular O, production in “Candidatus Methylomirabilis
oxyfera” (28, 29). Another family is closely related to cNOR and
might serve as a unique sulfide and acetylene-insensitive nitrous
oxide reductase (N,O red) (30, 31). The remaining four families
(eNOR, sNOR, nNOR, and gNOR) are closely related to the B-
family of O, reductases (Fig. 2) and encode homologs of the Cu,-
containing secondary subunits. This is consistent with the presence
of Cu,-containing subunits in the B-family of oxygen reductases
(Fig. 1 and Dataset S1). Based on modeled active-site structures and
genomic context, we proposed that these novel families perform
NO reduction (Fig. 1).

nNOR

Bootstrap values > 90

—— Possible root of HCO
superfamily

I
I
I
: Uncharacterized
I
I
I

Fig. 2. Evolution of NORs. An unrooted phylogenetic tree of HCO sequences was inferred from a multiple sequence alignment (Dataset S2—Multiple sequence
alignment) of a representative set of HCO sequences using IQ-Tree as described in Materials and Methods. Each of the HCO families is shaded in a different color.
Oxygen reductases are in shades of blue, whereas NORs are in shades of yellow, green, and red. The putative N,O red family is depicted in a light shade of red.
The eNOR, bNOR, nNOR, gNOR and sNOR families are derived from oxygen reductase ancestors. Putative root positions (within the A-family, in the gNOR or
between the A- and C-families) for the HCO superfamily are noted with a red arrow based on previous literature (32, 33). Uncharacterized enzymes are indicated
with a yellow star while the eNOR is indicated with a red star. The Newick tree file is available as Dataset S3 and a list of the leaf labels is available as Dataset S4.
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Biochemical Characterization of eNOR. To validate these
predictions, we isolated and biochemically characterized a member
of the eNOR family from R. marinus DSM 4252, a thermophilic
member of the Bacteroidetes phylum. R. marinus was originally
classified as a strict acrobe (34), but its genome encoded a periplasmic
nitrate reductase (NapA), two nitrite reductases (NirS and NirK),
and a N, O reductase (NosZ), suggesting that it may also be capable
of denitrification (S/ Appendix, Fig. S1). Denitrification was not
observed under strictly anaerobic conditions, however, under
microoxic conditions, we observed that isotopically labeled "NO,
was converted to 3'ONZ (SI Appendix, Fig. S2), demonstrating that R.
marinus DSM 4252 was capable of complete acrobic denitrification
(NO; —N,). Blockage of the N,O red (NosZ) with acetylene led
to the accumulation of N,O (Fig. 3), implying that a NOR was
also present in R. marinus DSM 4252. No known NORs (cNOR,
gNOR, qCu,NOR/bNOR, or flavodiiron proteins) were found in
the genome. However, R. marinus DSM 4252 encoded a member
of the eNOR family (S7 Appendix, Fig. S1).

Isolation and biochemical characterization of the R. marinus
DSM 4252 eNOR protein verified that it catalyzed NO reduction
[at 25°C, k_, =0.68 + 0.21 NO s (n=4)] (Fig. 3). This turnover
number is lower than catalytic turnover rates reported for NORs
purified from mesophilic bacteria such as Pseudmonas stutzeri [16
NO s7] (35) or Neisseria meningitidis [30 NO s7] (20) but is higher
than activities reported for cNOR purified from other thermo-
philic microorganisms such as 7hermus thermophilus [0.09 NO
s7] (25). eNOR was unable to catalyze O, reduction using a range
of electron donors (SI Appendix, Fig. S3), showing that it
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functioned solely as a NOR. UV-Vis spectroscopy and heme
characterization via mass spectrometry demonstrated that the
R. marinus DSM 4252 eNOR contained a unique modified heme
a that is used in both heme sites (Fig. 3 and S/ Appendix, Figs. S3
and S4). Another member of the eNOR family was previously
isolated from the aerobic denitrifier Magnetospirillum magnerorac-
ticum MS-1 (36, 37); however, its function was never determined.
The UV-Vis spectra of the M. magnetotacticum eNOR (36) were
identical to the R. marinus eNOR, implying that the modified
heme 4 is a general feature of the family. Mass spectroscopic anal-
ysis of the hemes extracted from eNOR revealed that this heme
was A—a previously isolated heme « with a hydroxyethylgera-
nylgeranyl side chain first identified in the B-family oxygen reduc-
tase from Sulfolobus acidocaldarius (38). Many eNOR operons
contain a CtaA homolog, an O,-dependent enzyme that converts
heme o0 to heme 2 (39). This is consistent with the observation
that eNOR required microoxic conditions to be expressed.
Organisms performing denitrification with eNOR appear to be
obligate aerobic denitrifiers, and future work will establish the
extent of their role in environmental aerobic denitrification (40).

Unique Active-Site Features of recentiy identified NORs. In
addition to the experimental evidence that both eNOR and
bNOR enzymes are NO reductases, there are several reasons to
predict that the other recently identified families also perform NO
reduction. The sNOR family has the same active-site structure as
the bNOR family, strongly suggesting that it also performs NO
reduction. However, the sNOR and bNOR families are not closely
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Fig. 3. Biochemical Characterization of the eNOR from R. marinus. (A) UV-Visible spectrum of isolated eNOR indicated the presence of an unusual heme a
signature at 589 nm. (B) NO reductase activity was measured with the use of a Clark electrode in the presence of N, N, N’, N'-tetramethyl-p-phenylenediamine
(TMPD) and ascorbate as electron donor. (C) N,O accumulation was observed in an actively growing culture of R. marinus. Then, 5 mL was subsampled from a
1 L culture of R. marinus and incubated at 42 °C for 30 min in an anaerobic stoppered serum vial with or without acetylene, an inhibitor of the terminal enzyme
in denitrification, N,O red or NosZ. The headspace gas from this incubation was sampled and N,O concentrations were measured with gas chromatography (GC)
followed by analysis by an electron capture detector (ECD). (D) N,O production by eNOR from R. marinus and gNOR from Persephonella marina were measured
using GC-ECD following incubation of the pure enzyme with TMPD, Ascorbate, and NO under the same conditions as described for subsamples of the culture in C.
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related and mark an example of convergent evolution of active-
site structures within the HCO superfamily (Figs. 1 and 2). We
identified another example of convergent evolution in the n(NOR
family. Members of this family have the same conserved active-site
residues as the INOR and qNOR families (Fig. 1) but are only very
distantly related to them; nNOR s related to the B-family, whereas
¢NOR and qNOR are related to the C-family. Interestingly, the
low-spin heme in nNOR is ligated by a histidine and methionine,
which likely raises its redox potential by ~150 mV (41). This feature
is similar to a modification found in some eNORs, wherein the
low-spin heme is ligated by histidine and lysine. The gNOR is
the first example of a HCO family member that has replaced one
of the active-site histidines—residues completely conserved in all
other families. The gNOR active site, with an aspartate in place
of histidine, is likely capable of catalyzing NO reduction, since
NO reduction was demonstrated in a bioinorganic mimic of the
gNOR active-site (42). The gNOR has a secondary subunit with a
cupredoxin fold that is missing the residues required to bind Cu,,
similar to the quinol-oxidizing oxygen reductase cytochrome bo;
from Escherichia coli. Conserved residues that could bind quinol
have been identified in gNOR, so it may be a quinol-oxidizing
NOR similar to gNOR (23).

'The biochemically characterized eNOR and bNOR and proposed
sNOR and gNOR families within the HCO superfamily have active
sites that differ significantly from those found in the well-characterized
¢NOR and qNOR enzymes (Fig. 1). Importantly, while oxygen
reduction chemistry is constrained to require a redox-active tyrosine
cofactor, multiple HCO active-site structures appear to be compatible
with NO reduction chemistry. Oxygen reductases from the A-family,
B-family, and C-family (18, 43, 44) appear to catalyze NO reduction,
albeit less efficiently and with a different mechanism than the NORs.
'This difference in biochemical constraints between NO and oxygen
reduction chemistry suggests that the evolutionary transition of oxy-
gen reduction to NO reduction is relatively simple within the HCO
superfamily. Another useful chemical constraint that appears to dif-
ferentiate the catalysis of O, reduction and NO reduction is the active
site metal: in the currently characterized HCOs, Cuy is utilized for
O, reduction chemistry, whereas Fey is used for NO reduction chem-
istry. If this pattern is verified for the other predicted NOR families,
it would indicate that the chemistry performed by HCO:s is deter-
mined to a certain degree by the electronic properties of the active-site
metal. It is important to note that the above biochemical constraints
for NO and O, reduction chemistry are only applicable within the
HCO superfamily, since other enzymes such as the flavodiiron pro-
teins (5) or cytochrome b4 oxygen reductases (45) are capable of NO
and O, reduction with entirely different active site characteristics.
Interestingly, tryptophan/tyrosine chains that are predicted to prevent
oxidative damage in redox-active proteins (46) are conserved in both
the A-family and B-family O, reductases and several of the NO reduc-
tases that have evolved from the B-family (bNOR, eNOR, and
gNOR) (Dataset S5). In these chains, radicals generated during sub-
strate turnover move by hole hopping through a series of tryptophan
and tyrosine residues to the surface of the protein where they are safely
quenched by redox buffers within the cell (e.g., glutathione). Despite
the difference in catalytic mechanisms between O, reductases, 2 out
of 3 residues implicated in oxidative protection are found in bNOR,
eNOR, and gNOR; they are missing in sSNOR and nNOR. Future
investigation of the catalytic differences between these NORs will
provide insight into the role played by these residues.

Bioenergetics of Denitrification Pathways with Recently
Identified NORs. Although both denitrification and aerobic
respiration are highly exergonic processes, most of the enzymes
in the denitrification pathway are not directly coupled to energy

PNAS 2024 Vol.121 No.26 2316422121

conservation in cells, making denitrification less energetically
efficient than aerobic respiration (47). In the HCO oxygen
reductases, conserved proton channels deliver protons from the
cytoplasm to the active site for chemistry. These same channels are
used to pump protons to the periplasmic side (9, 11, 12, 48). In
contrast, previously characterized NORs do not appear to pump
protons or conserve as much energy as the oxygen reductases. cNOR
does not have conserved proton channels from the cytoplasm,
which makes this enzyme incapable of conserving energy (25).
The evidence regarding QNOR is currently ambiguous: although
qNOR does not have conserved proton channels either, there is
some evidence suggesting that it can conserve energy (20, 26).

We found that eNOR family has conserved hydrophilic resi-
dues, similar to the electrogenic bBNOR, that closely resemble
those found in the proton-conducting K-channel within the
B-family of oxygen reductases (12, 27) (DatasetS1 and
SI Appendix, Fig. S5). The sNOR family also has conserved resi-
dues in the K-channel region. However, this putative proton chan-
nel is slightly different from those found in the B1-subfamily of
O, reductases (that contains the 7. thermophilus bas) and the
eNOR and bNOR families (Dataset S1). The conserved serine
(8309, Bl-subfamily 7. thermophilus ba; numbering) found in
those families is missing in the sNOR, and instead, this enzyme
has a conserved glutamate residue in a structurally different loca-
tion from other HCO enzymes. Interestingly, the nNOR family,
which has the same active site as cNOR and gNOR, also has a
conserved proton channel (Dataset S1 and S/ Appendix, Fig. S5).
This implies that these recently identified NORs may be capable
of energy conservation and the lack of a proton channel in the
c¢NOR and gNOR may not be due to energetic constraints uni-
versal to NO reduction (49). The conserved proton channels in
the eNOR, bNOR, sNOR, and nNOR families would allow
them to conserve energy via charge separation and potentially
by proton pumping. Detailed characterization of these new
NOR families will be helpful for understanding the mechanism
of proton pumping in the HCO superfamily—one of the long-
standing questions in bioenergetics (50).

Environmental Distribution of NORs. The recently identified
HCO NOR families have broad phylogenetic and environmental
distributions that substantially expand the scope of denitrification
occurring in nature (Table 1 and Datasets S6 and S7). The eNOR,
sNOR, gNOR, and nNOR families are all found in both Bacteria
and Archaea, whereas the bBNOR family was only found in the
Bacillales order of Firmicutes (Dataset S6). Phylogenetic analysis
of metagenomic data shows that the majority of eNOR, sNOR,
gNOR, and nNOR enzymes appear in uncharacterized taxa, hinting
at many more organisms capable of NO reduction than previously
suspected. Furthermore, the new HCO NOR families were found
in a wide variety of environments (Table 1 and Dataset S7). sNORs
are broadly distributed in many environments, however, they are
rarely found in Archaea. SNORs are found in most ammonia-
oxidizing bacteria (AOB) sequenced to date, suggesting that the
capability of NO reduction is an important difference in ammonia
oxidation pathways between Bacteria and Archaca. Given the
importance of AOB, it is likely that sNOR plays a role in this key
biogeochemical process in nature (Dataset S7). The gNORs were
predominantly found in microbes inhabiting sulfidic environments
and as mentioned above may reflect an adaptation that allows for
denitrification in the presence of free sulfide, which inhibits other
NOR families (Dataset S7). Our analyses revealed that the eNOR
family—the new HCO enzyme characterized in detail here—
is extremely common in nature and has a broad distribution,

similar to the cNOR and qNOR families (Datasets S6 and S7).
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Table 1. Distribution of families from the HCO super-
family in various public databases

NCBI- IMG- GTDB-
Genomes metagenomes  genomes

A-family 20,290 102,368 45,135
B-family 1,238 4,683 2,021
C-family 13,976 23,015 14,981
gqNOR 4,388 7,680 3,458
cNOR 2,801 4,824 2,594
eNOR 68 2,709 547
sNOR 95 872 344
bNOR 51 12 200
nNOR 6 289 32
gNOR 10 913 156
NOD 8 539 108
N,O red 25 597 293

Distribution of NOR families in sequenced genomes vs. environmental datasets. The re-
cently found NOR families account for approximately 2/3 of currently known diversity and
1/2 of the abundance of NORs in nature.

eNORs were found in many strains of Candidatus Accumulibacter
phosphatis, a critical microbe utilized in wastewater treatment
plants for enhanced biological phosphorus removal. The eNOR
is highly expressed in transcriptomic datasets from these facilities,
demonstrating that Caz. Accumulibacter phosphatis is capable of
complete denitrification in situ (51). eNOR has also been found
in microbes capable of performing autotrophic nitrate reduction
coupled to Fe(II) oxidation (NRFO). Gallionellaceae KS and related
strains express an eNOR under denitrifying conditions, suggesting
that an individual organism is capable of complete NRFO (52).
eNOR is also common in hypersaline environments (Dataset S7),
where it might play a role in the adaptation of denitrification to
high salt conditions.

Many organisms encode NORs from multiple families (e.g.,
Candidatus Methylomirabilis oxyfera has QNOR, sNOR, and
gNOR; B. azotoformans has gNOR, sNOR, and bNOR). The
reasons underlying this apparent redundancy remain unclear, but
it suggests that selection for different enzymatic properties (NO
afﬁnity, enzyme kinetics, energy conservation, or sensitivity to
inhibitors) or the concentration of O, may be important factors
in determining their distribution and use, similar to what was
observed for the HCO oxygen reductase families (10). Analysis
of the presence of denitrification genes (nitrite reductases, NORs,
and the NosZ-type N,O reds) within sequenced genomes revealed
that many more organisms are capable of complete denitrification
than previously realized (Dataset S8). Our current understanding
of the diversity of organisms capable of performing denitrification
in nature is far from complete but stands to grow with the rec-
ognition of these new families of NORs.

The Intertwined Evolutionary History of Aerobic Respiration
and Denitrification. Combining our biochemical results and
insights with the phylogenetic relationships among different
groups in the HCO superfamily, which contains both oxygen
reductases and NORs, allowed us to better ordinate the
evolutionary histories of acrobic respiration and denitrification.
Previous work had demonstrated close evolutionary relationships
between the A and B-family oxygen reductases (3), as well as
close ancestry between the C-family oxygen reductases, cNOR,
and qNOR (21). Yet, the question of which arose first—

denitrification or aerobic respiration—has been harder to resolve.

https://doi.org/10.1073/pnas.2316422121

Our analysis of the distribution of oxygen reductases and NORs
across the wide diversity of microbial life revealed that oxygen reduc-
tases are far more widely distributed; over 30,238 of the 47,894
species in the genome taxonomy database (GTDB) encoded oxygen
reductases, whereas NORs were only found in 6,626 species
(Datasets S6 and S8). This distribution illustrated the massive
impact that oxygen has had on the energetics of the biosphere. The
A-family is by far the most widely distributed of the HCO enzymes.
It is found in all three domains of life and in more phyla than any
other enzyme of the HCO superfamily. This is consistent with the
view that the A-family oxygen reductase holds greater antiquity (1,
10, 32, 53), wherein the B-family and C-family O, reductases each
evolved independently from within the A-family to facilitate specific
metabolic and ecological challenges associated with exotic flavors
of aerobic biology, like in hyperthermophiles (15) or in chemoau-
totrophic iron oxidation (54). An evolutionary transition from the
A-family to B-family due to selection for higher oxygen affinity,
which led to the loss of the D-proton channel to facilitate greater
access of oxygen to the active site has been inferred from structural
and phylogenetic data with a putative intermediate enzyme sug-
gested in Nitrosopumilis maritimus (10). With that in mind, a clear
transition from A to the C-family oxygen reductases has not been
demonstrated.

The C-family branch of the HCO superfamily consists of the
closely related C-family oxygen reductase, N,O red, cNOR,
gNOR, and NOD (Fig. 2) (3, 21, 29, 33, 55). The transition
from cNOR to qNOR as the result of a gene fusion of subunits
I and IT has been reasonably inferred based on the sequence sim-
ilarity between the N-terminal domain of gNOR and subunit II
of cNOR (24). That NOD was derived from gNOR is supported
by the high level of sequence similarity between gqNOR and NOD,
as well as its branching topology within the gNOR clade (Fig. 2).
These relative constraints support a simple interpretation of the
evolutionary history within this branch—the C-family is the oldest,
followed by the evolution of the N,O red and cNOR. The cNOR
then is the ancestor of QNOR, followed by NOD. The sparse
distribution of the C-family oxygen reductases, cNOR, and NOD
in Archaea supports the hypothesis that these families evolved
after the A-family oxygen reductases. While gNOR is widely dis-
tributed, it is rarely associated with energetically efficient denitri-
fication and has been proposed to function in nature as a
detoxification enzyme (21). Therefore, the presence of gNOR
cannot be used as a robust constraint for the antiquity of denitri-
fication. The wide distribution of the A-family, the indications of
an evolutionary transition from the A- to B-family, and the rela-
tively sparse distribution of the C-family branch members in
Archaea, all suggest that the A-family likely hosts the root of the
HCO superfamily (Fig. 2). In the future, the use of different com-
parative biological approaches—particularly those that might
better capture the evolution of paralogs—to root the phylogenetic
tree of HCOs could be used to test this idea.

What is clear from our new observations—regardless of the
placement of the root of the HCO superfamily—is that NORs
have evolved independently multiple times from the B-family and
C-family oxygen reductases (Fig. 2). There are key underlying fac-
tors that enabled this, both chemical and environmental. It is bio-
chemically straightforward to adapt an oxygen reductase (4
¢ chemistry) for NO reduction (2 e chemistry). B and C-family
oxygen reductases can reduce NO at high concentrations in vitro
(43, 56). It is thus unsurprising that small evolutionary modifications
would lead to a cascade of enzyme descendants each capable of NO
reduction at lower concentrations to enable more effective denitri-
fication. It is also clear that in many environments, denitrification
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and aerobic respiration often co-occur (57, 58), and that many
microorganisms display the respiratory flexibility to shift from
aerobic to anaerobic respiration, especially at lower O, concen-
trations (59). This respiratory flexibility is reflected in the fact
that denitrification and oxygen respiration share much of the
same bioenergetic logic, conserving energy via complex III or
alternative complex III (60). Thus, the biochemical promiscuity
of O, reductases toward NO, the ecological proximity of NOj’
and O,, and the close similarity between their respiratory path-
ways help explain why the evolutionary transition of O, reduction
to NO reduction is both favorable and readily achievable.

Nitrate is derived from biogeochemical processes involving
oxygen (61) and consequently opportunities for denitrification
prior to Earth’s great oxygenation event (GOE) were muted
compared to those after the GOE with the rise of nitrate in
seawater. Finally, both aerobic respiration and denitrification
are constrained by the presence of copper. Copper is an essential
bioinorganic component of the active site in the O, reductases,
nitrite reductase NirK, and for N,O red (NosZ) and is therefore
essential for their biochemical activity. The environmental
abundance of copper increased significantly after the GOE
(62-64), suggesting that both of these metabolic pathways
evolved and expanded after the accumulation of O, in Earth’s
surface environments.

Materials and Methods

This is an abbreviated version of the materials and methods used in this work. A
detailed version is available as part of S/ Appendix.

Purification of eNOR from R. marinus Grown under Denitrification
Conditions. R. marinus DSMZ 4252 was grown in DSM Medium 630 with 30 mM
NO;~ added and shaken at 75 rpm to induce denitrification. The microoxic condi-
tions that result from slow shaking were essential for denitrification in R. marinus.
We used labeled nitrate (15NO3’)to verify that R. marinus DSM 4252 was capable of
complete denitrification (NO;~ to N,). The experiments detailed below established
that eNOR was expressed under these conditions and functions as a NOR.

Cultures of R. marinus were grown in 1Lof this medium in 24 x 2L Erlenmeyer
flasks for 36 h or to stationary phase, to generate sufficient biomass for protein
purification. The cell pellet recovered from this culture was subject to lysis as
described in SI Appendix, Materials and Methods and the membrane fraction
was recovered by ultracentrifugation. eNOR was purified in a protocol similar to
that described for caa; from R. marinus (65). Purification of eNOR was improved
when the membranes were first solubilized in 1% 3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), apparently recovering periph-
eral membrane proteins. The membranes not solubilized in this step were then
pelleted with ultracentrifugation and solubilized in 1% N-dodecyl-p-D-maltoside
(DDM).These solubilized membrane proteins were subject to a protein purification
protocol detailed in S/ Appendix, Materials and Methods. Purified protein was
confirmed to be eNOR using electrophoretic analysis and mass spectrometric
identification.
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Materials and Methods

Growth and Expression Conditions

Rhodothermus marinus DSM 4252 was inoculated from frozen stock and grown in 5 ml of DSM Medium
630 with 10 g/L NaCl at 60 °C for 36 hrs. It was then inoculated into a larger secondary culture and grown
overnight. 25 ml of the culture was inoculated into 1 L of medium with 30 mM nitrate added. The cells were
shaken at 75 rpm and grown at 60 °C. The cells were pelleted by centrifugation at 8000 rpm. The cell pellet
was either directly used for protein purification or frozen at -80 °C until the time of use.

Labeled "*NO experiments

We used labeled nitrate (">NOs?") to verify that Rhodothermus marinus DSM 4252 was capable of complete
denitrification (NOs™ to N2) using eNOR as the sole nitric oxide reductase. Cultures were inoculated into
flasks containing media with either "*NO3?", ""NOs?, or no nitrate. The cultures were then allowed to grow
microaerobically for a period of time before being subsampled for transfer to sealed vials in order to allow
accumulation of gaseous end products. Samples were taken from each media composition after 0, 3, 6, 10,
and 17 hours. The headspace was sampled after 20 hours of growth in sealed vials via gastight GC syringe
and immediately injected into a Hewlett Packard 5972 gas chromatograph/mass spectrometer.
Chromatogram peaks corresponding to isotopologues of NO, N20, and Nz were identified by their mass
spectra and peak areas were quantified relative to ambient air. As "N cultures were grown in isotopically
pure '®*NOs?, complete denitrification should result in accumulation of *Nz at a 1:2 ratio relative to nitrate
consumption. 3°N2 should only accumulate if eNOR is functioning as part of a complete denitrification
pathway. If eNOR does not function effectively as a nitric oxide reductase, then ™>NO should be seen to
accumulate. Instead, only the 3°N2 peak was observed, indicating the eNOR functioned effectively as a
nitric oxide reductase for denitrification. Over the course of incubations, 3°N2 was seen to accumulate to
more than 50x background. N samples showed no significant accumulation of 3°N2 above background,
confirming that the N2 in >N samples was due to denitrification of labeled nitrate. NO was not seen to
accumulate in any of the cultures. These results demonstrate that eNOR is a functional nitric oxide
reductase and can be used as part of a complete denitrification pathway.

Purification of eNOR

The culture of Rhodothermus marinus, once harvested, was re-suspended in 100 mM Tris-HCI, pH 8 with
10 mM MgCl2 and 50 pg/ml DNase, using a Bamix homogenizer. The homogenized cell lysate was passed
through a Microfluidizer (from Microfluidics) cell at 100 psi, three times, to lyse the cells. The soluble fraction
of the lysate was then separated from the insoluble by spinning down the lysate at 8000 rpm. The resulting
supernatant was spun down at 42000 rpm in a Beckman Ultracentrifuge. The membrane pellet was
collected and re-suspended in 20 mM Tris-HCI, pH 7.5, 1 % CHAPS (Affymetrix) to a final concentration of
40-50 mg/ml. The solution was stirred at 4 °C for 1 hr. In this step a lot of peripheral membrane proteins
appear to be solubilized and the remaining protein is pelleted by spinning down at 42000 rpm for 1 hr. The
remaining pellet is then solubilized in 20 mM Tris-HCI, pH 7.5, 1 % DDM (Affymetrix) at a final protein
concentration of around 5-10 mg/ml. The DDM solubilized fraction was once again centrifuged at 42000
rpm to pellet down protein that was not solubilized.

The solubilized protein was then loaded on a DEAE CL-6B (Sigma) column, pre-equilibrated in 20 mM Tris-
HCI, pH 7.5, 0.05 % DDM, and subjected to a linear gradient spanning from 0 to 500 mM NaCl. The fraction
containing the eNOR, identified using a peak at 591nm, corresponding to the peak of cytochrome ‘a1’ in
Magnetospirillum magnetotacticum(1), eluted at around 200 mM salt. This fraction was then loaded on a Q
Sepharose High Performance (GE Healthcare) column, pre-equilibrated with 20 mM Tris-HCI, pH 7,5, 0.05
% DDM and then eluted in a gradient from 0 to 1 M NaCl. The eNOR containing fraction was eluted at
around 250 mM salt and the eluted fraction was then loaded on a Chelating Sepharose (GE Healthcare)
column, loaded with Cu?* and equilibriated with 20 mM Tris-HCI, 500 mM NaCl, as previously described for
cytochrome caas from Rhodothermus marinus(2). The eNOR fraction was once again loaded on a Q
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Sepharose High performance column, and a gradient was run between 0 and 300 mM NaCl at low flow
rates (0.5 ml/min) and the first peak was found to be the eNOR.

Gel Electrophoresis

The purified eNOR was run on a Tris-Hepes 4-20 % acrylamide gel (NuSep) in the recommended Tris-
Hepes-SDS running buffer at 120 V for ~1 hr. The protein was visualized and compared to the Precision
Plus Protein™ Dual Color Standards (BIO-RAD).

UV-Visible Spectroscopy

All spectra were recorded on a HP Agilent 8453 UV-Vis spectrophotometer using a quartz cuvette from
Starna Cells (No. 16.4-Q-10/Z15). Potassium Ferricyanide was used to obtain the oxidized spectrum, and
dithionite was used to obtain the reduced spectrum.

Pyridine Hemochrome Assay

The hemes in eNOR were analyzed using a pyridine hemochrome assay(3). A stock solution of 200 mM
NaOH with 40 % pyridine was prepared. The stock solution was mixed 1:1 with the protein and an oxidized
spectrum was obtained by adding 3 pl of 100 mM KsFe(CN)e. A reduced spectrum was similarly prepared
by adding a few crystals of sodium dithionite. The reduced minus oxidized spectrum was used to identify
the heme co-factors

Heme extraction and HPLC Analysis

The hemes from eNOR were extracted and analyzed using an HPLC elution profile according to established
protocols(4, 5). 50 ul of eNOR was mixed with 0.45 ml of acetone / HCI (19:1) and incubated for 20 minutes
at room temperature after shaking. The mixture was centrifuged at 14,000 rpm for 2 minutes, followed by
addition of 1 ml of ice cold water, and 0.3 ml of 100% ethyl acetate to the supernatant. The water/ethyl
acetate mixture was vortexed and centrifuged again for 2 minutes. The ethyl acetate phase was recovered
and concentrated using a speed vac.

The extracted hemes were analyzed using an Agilent 1290 Infinity LC attached to an Agilent 6230 TOF
LC/MS equipment by separation using an Agilent Eclipse Plus C18 column (2.1x300 mm, 1.8 um, 600 bar)
and an acetonitrile (0.05 %TFA) / water (0.05 % TFA) gradient from 20 to 95 %.

NO reductase activity verification using GC

Anaerobic reaction conditions were set up in a 5 mL clear serum vial (Voigt Global Distribution, Inc) sealed
with a 20 mm rubber stopper, by passing N2 through 2 ml of 20 mM KPi, 0.05 % DDM, pH 7.5 with 1 mM
TMPD, 5 mM Ascorbate. A control was performed by adding only 50 uM NO. Sample reactions were begun
by adding eNOR to a final concentration of 100 nM. The reaction was incubated at 42 °C for half an hour
before the headspace was injected into an HP Agilent 5890 Series GC, fitted with a TCD and ECD (SRl
Instruments) for verification of N2O production.

For assessment of in-vivo NO reduction activity, 5 mL of culture from actively growing Rhodothermus
marinus in 1L of medium was incubated at 42 °C for 30 minutes in a stoppered serum vial with N2
headspace. For each time point (at 18, 21.5 and 28 hours) 5 mL incubations of R. marinus culture was
incubated with or without acetylene, a known inhibitor of nitrous oxide reductase. At the end of the 30 minute
incubation, between 0.1 and 1 mL of headspace was injected into the HP Agilent 5890 Series GC, fitted
with a TCD and ECD (SRI Instruments) for verification of N2O production.

Turnover measurement using a Clark electrode

A sealed chamber fitted with an ISO-NO (World Precision Instruments) electrode was used for NO
reductase activity measurements. 1 mM TMPD or 100 yM PMS and 4 mM Ascorbate were was added to 2
ml 50 mM Citrate, pH 6, 0.05 % DDM in the reaction chamber and all traces of oxygen were removed by
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passing water-saturated Argon for 20 minutes through the solution. This is similar to the protocol described
for cNOR from Thermus thermophilus(6). The buffer system also contained an oxygen scavenging system
constituting 100 nM catalase, 35 nM Glucose oxidase and 90 mM Glucose. The NO reduction traces were
recorded using a Duo-18 (World Precision Instruments), and activities calculated from the slope of the
traces.

LC/MS/MS analysis

Mass spectrometric analysis was conducted at the Protein Sciences Facility, Roy J Carver Biotechnology
Center, University of lllinois, Urbana, IL 61801 using a Thermo LTQ Velos ETD pro mass spectrometer. For
liquid samples, the samples were cleaned up using G-Biosciences Perfect Focus (St. Louis MO) prior to
digestion with trypsin. Digestion was done using proteomics grade trypsin 1:20 (G-Biosciences, St. Louis,
MO) and a CEM Discover Microwave Reactor (Mathews, NC) for 15 minutes at 55° C at 50 Watts. Digested
peptides were extracted 3X using 50% acetonitrile containing 5% formic acid, pooled and dried using a
Speedvac (Thermo Scientific). The dried peptides were suspended in 5% acetonitrile containing 0.1%
formic acid and applied to LC/MS.

HPLC for the trypsin digested peptides was performed with a Thermo Fisher Dionex 3000 RSLCnano using
Thermo Acclaim PepMap RSLC column (75 ym x 15 cm C-18, 2 um, 100A) and a Thermo Acclaim PepMap
100 Guard column (100 ym x 2 cm, C-18, 5 um, 100A), solvents were water containing 0.1% formic acid
(A) and acetonitrile containing 0.1% formic acid (B) at a flow rate of 300 nanoliters per minute at 40
C. Gradient was from 100% A to 60% B in 60 minutes. The effluent from the UHPLC was infused directly
into a Thermo LTQ Velos ETD Pro mass spectrometer.

Control and data acquisition of the mass spectrometer was done using Xcalibur 2.2 under data dependent
acquisition mode, after an initial full scan, the top five most intense ions were subjected to MS/MS
fragmentation by collision induced dissociation. The raw data were processed by Mascot Distiller (Matrix
Sciences, London, UK) and then by Mascot version 2.4. The result was searched against NCBI NR Protein
database.

Analysis of heme-copper oxygen reductase phylogeny and distribution in environmental datasets

We performed a large-scale analysis of heme-copper oxygen reductase (HCO) protein sequences in the
NCBI and IMG databases with BLASTP using an e-value of 1e-3 to generate a database of HCO sequences
that had at least some of the conserved amino acids previously identified in subunit I(7, 8). We then used
the database of HCOs, filtered it with a sequence cut-off of 50% to generate the multiple sequence
alignment, MSA1. A phylogenetic tree (Fig. 2) was inferred using IQ-TREE 2(59) with the substitution model
VT+F+R8 and 1000 ultrafast bootstraps. Using the curated HMMs for each of the HCO family oxygen
reductases (8, 9), we probed release 202 of the Genome Taxonomy Database(70) for distribution of the
NOR families — eNOR, bNOR, sNOR, nNOR, gNOR, cNOR and gNOR - in bacteria and archaea. Curated
HMMs for the nitrate reductases (NapAB, NarGH), nitrite reductases (NirK, NirS) and nitrous oxide
reductases (NosD and NosZ) were sourced from the HMMs database of MagicLamp(17).

Analysis of HCO distribution in various ecosystems were performed using the metagenomes in the IMG
database. Approximately 2300 metagenomes were identified which were sourced from 44 environments
identified by IMG. The number of different HCOs in each of these environments were extracted using
BLASTP and query sequences that belong to each of the different HCO families.



153
154
155
156
157
158

159

hypothetical protein

Fig S1. Genome of R. marinus encodes for the complete denitrification pathway. a. The genes for
NapAB, the periplasmic nitrate reductase (Rmar_0413), nitrite reductases nirK (Rmar_1208) and nirS
(Rmar_0652), nitric oxide reductase eNOR(Rmar_0161) and nitrous oxide reductase, nosZ (Rmar_2012)
are encoded in the R. marinus genome. b. The gene neighborhood of eNOR in R. marinus. c. The gene
neighborhood of eNOR in Magnetospirillum magneticum AMB-1 includes ctaA and ctaB, enzymes involved
in the biosynthesis of heme a(72).
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Fig S2: Rhodothermus marinus does perform complete denitrification. a. R. marinus converts ""NOs"
to 3°N2. Ratio of 3Nz to 22N> for each sample. Air is ambient atmosphere as a standard. CO is a nitrate-free
control. 14 0-17 are cultures grown with unlabeled nitrate, transferred to sealed vials after 0-17 hours,
respectively. 15 0-17 are the equivalent samples grown with "®N-labeled nitrate. Error bars represent two
standard deviations from three replicate GC/MS measurements. 3°N2 enrichments from the '*N-labeled
samples are over 30-60x higher than background atmospheric ratios, while unlabeled samples have no
significant enrichment over background. b. Growth of R. marinus, measured using ODsoonm Over 39 hours.
NOs" utilization was established by measuring the concentrations of nitrate in the media using a
calorimetric assay. c. R. marinus growth in rich media was compared under denitrifying and non-
denitrifying conditions using ODsoonm. d. Phenotypic differences of R. marinus cultures, under denitrifying
and non-denitrifying conditions.

a. Conversion of *NO," to **N, in pure cultures of b. Nitrate consumption evaluated by a colorimetric assay
Rhodothermus marinus 100% 2.0
Q\i u ° °
[
0.0012 c 3
8 80 £1.5
g oo I G
b= I € 607 ° (@)
@ 0.0008 ST o ° 1 o
~ _ B o 1.0 2
2 0.0006 — — — — || 5 40] u S
s& = g o.' 3
az oooQ4 —M9M - — — - 2 20] 0.5
0.0002 = o
P4 ... g
0= (LI TN . T . T 0.0
air  ¢0 140 143 146 14101417 150 153 156 15101517 0 10 20 30 40 50
Sample Time (hours)
® ODggonm ™ Nitrate concentration (%)

c. Optical density (OD,, ) of Rhodothermus marinus grown d. Phenotypic differences between cultures of
with and without nitrate Rhodothermus marinus grown with and without nitrate
°
E 2 s
3 % ®
©
o
(@)
14 ®
°
° ]
0 2
0 10 20 30 40 50
Time (hours) with Nitrate  without Nitrate
e without nitrate e with nitrate




177
178
179
180
181
182
183
184

185

Fig S3: Characteristics of eNOR from Rhodothermus marinus a. SDS-PAGE gel electrophoresis of
eNOR shows two bright bands which are estimated to be subunits of | and Il of the complex. Both
subunits appear to run faster than their estimated molecular weight. This is typical for membrane proteins.

For comparison, an SDS-PAGE gel of cytochrome bos oxidase from E. coli is included. b. Mass

spectrometric identification of eNOR is confirmed by LC/MS/MS analysis. c,d. Absence of Oz reduction by
R. marinus eNOR, in comparison to robust Oz reduction by T. thermophilus bas-type oxygen reductase. e.
UV-visible spectrum of a membrane fraction containing eNOR f. Pyridine hemochrome-spectra of

extracted hemes from eNOR showing a peak which is atypical of hemes a, b or c.
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Fig S4: Identification of hemes extracted from eNOR. Comparing the elution profile of extracted
hemes from partially purified R. marinus eNOR to bovine cytochrome c oxidase (A-type, t=16 min), T.
thermophilus bas-type oxygen reductase (b- and As-type hemes, t=12 min and t=19 min) reveals that the
heme is most likely an As-type heme. Mass spectra of the peak at ~19 min from the eNOR hemes elution
profile confirms that the heme is an As-type heme with a molecular weight of 920 Da(13).

a. Chemical structures of hemes A and heme As.

b. Elution profile of hemes extracted from eNOR (LC/MS)
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Fig S5: Proton channel in eNOR of Rhodothermus marinus and in the NOR families bNOR, sNOR
and nNOR. a. eNOR contains conserved residues in Helix VII, similar to the location of K-proton channel
residues in T. thermophilus bas-type oxygen reductase (714, 15). b. A multiple sequence alignment of the
NOR families eNOR, bNOR, sNOR and nNOR show conserved amino acids in an analogous location to
the K-channel in the B-type oxygen reductase. Some conserved residues are also identified in gNOR and
may indicate the presence of a conserved proton channel but they do not map to corresponding residues
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in the B-type oxygen reductase.

a. Comparison of known proton channel from ba, oxygen reductase and putative proton channel in eNOR
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b. Conserved residues forming putative proton channels in eNOR, sNOR, bNOR and nNOR. Conserved proton
channel residues are marked in black, while the active site residues are marked in red. Each group is numbered
according to the protein whose accession number is in blue.
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IYAFGHIFANSVIYMGVIAVYEILPKYT--NRP-WKSYKIFLIAWNMSTLFTIITYPHHLLM-DEVMPK-WMLI IGQVFSYLNGLPVLVVIAFGALMIV.
IYWFGHMVINATIYMGVIAVYELLPRYT--GRP-YGISRPFLWSWAASTVEVIIVFPHHLLM-DYAEPR-WMLVMGQI ISYAAGFPVFLVIAYGVLTNI--

IYFFGHVFINATIYASVTAVYELLPRY' AT PHHLMM-DF ALIVGQVL LMI
TYFFGHVFINATIYMAVIGVYEILPRY' VLLVYPHHLLM-DFSQPTSLHVLGQ-VISYTSGLPVLLVIAWGALTNV -~ ~-==-==--——oo=
H233 N237 Y240 Y248 H281 $309 T312

1 LVVPKVI--GGKLF-SDSLARAVVILIVVLNVPGGFHHQIV-DPGF L-FMSLATAVPSLL-TAFALFATL .LGWFWKL
Salinicoccus sp. YB74—2WP_092985759 .1 FWAFGHTLVNVWYLVAVSAWYLVVPKVI--GGKLF-SDSLARAVVILIVVLNVP( QIV-DPGF L-FMSLAIAVPSLL-TAFALFATL .LGWFWKL
Jeotgalicoccus psychrophilus WP_026860023.1 FWSFGHTLVNVWYLVAVSAWY IVLPKVI--GGKIF-SDSLARLVVILIVILNVPGGFHHQIV-DPGFTEGLKFMHL- FMSLAIGFPSLM-TAFALFATL FKL
Virgibacillus dakarensis HP_DSBOAQGDB .1 IWYI VVVPKII '~-SDKLARLVVVLLVILNIPGGFHHQII-DPGISESVKFLHV-FMSISIAFPSLM- TAFAMFAVFERAGRKLG-G-KGLLGWFKKL
Sporosarcina sp. HYO08 KXH87068 . 1 LVNIWY] IVPKII '~SDTLTRVVVILLVITNIPGGFHHQIV- KYMHV- LAIGF' .LGWFKKL
ureilyticawe_017 A WY 'SAWYVIVPKII--GGKRF-SDTLTRVVVAMLVITNIPGGFHHQIV- KYN SIAFPSLY YV KL
Bacillus sp. FJAT-27445Wp_059173536.1 IWY. VIIPKL) IIALVVMNITGGFHHQIV-DPGITESVK AIGFPSLM TLGWYKKM
Bacillus sp. EBOTwp_043932172.1 IWY VVIPKLM: TLTRVVIISLVVMNITGGFHHQIV-DPGISEAVK' LAIGF! KKM
Thalassobacillus cyriwp 093046123.1 FWAFGHTLVNIWYMTAISAWYVEVPKII--DGRRW-SDMLTRIVVIALVIMNITGGFHHQII-DPGISESVKYMHV-FMSLAIGFPSLY KKM
Neobacillus bataviensis wp_007083088.1 FWAFGHTLVNIWYLTAVSAWYVIVPKII--SGKRW-SDTLTRVVIIALVVMNITGGFHHQIV-DPGISPSVKI AIGFPSL) -G-KGLIGWYKKM
eNOR H2410245 N247 Y256 Y280 H290 S318 H321
Rhodothermus marinus WP_012842681.1 YWIIGHGSQQOINLAAMITVWYFLTHVVG--GAEVV-SEKLSRTAFILYLFFI .LA-D; YGAVLASMI - HAFAIPAGL SQGL

Alicycliphilus denitrificans Wp_013520406.1

Candidatus Kryptonium thompsoni Wp_075426648.1
Bacteroidetes bacterium OLB11 KXK43645 . 1
Gemmatimonadetes bacterium SCN 70-22 opT01569 . 1

WWAFGHSSQQINVAAHISIWYAVAAIAF--GAKPM-SERVSRGAFLLY ILFLQLASAHHILA-DPGVSTEWKIVNTSYFMYFAVLGSMI - HALSIPGAMEVAQRAKGYN-KGLFEWLRKA

FWGFGHPAQQINLAAMVSVWYLLSYFTV--GGVT! FLLYVLFI] LV-DPGFGAPWKIFNTSYVIYMAVLASLI-HCFAIPASAEIGQRKRGFN-KGLFTWLIKA
WWGL( 0T IWYMVSFLA I FVLYILFICLASAHHLLT-D! LAVLASMI-HAFAV N-KGLFEWLSKA
WWGLGHSSQQINVAAMVAIWYMLAALTV--GGVVL: SAFVLYILFI D IVNTSYFMYMAVLASMI - HGFTVPAGMELGMRLRGYT-DGLFGWLRRA
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Fig S6: Conserved amino acids in the eNOR family of enzymes. Multiple sequence alignment of 23
eNOR sequences from various taxonomically divergent organisms reveals conserved residues that
correspond to the active site ligands, proton channel residues and other sequence features that are
unique to eNOR. The active site residues are highlighted in maroon while the proton channel residues are

221 highlighted in blue.

a. Sequence alignment of eNOR - Subunit | showing conserved amino acid residues according to
R.marinus eNOR numbering

R16 R58 Y71 H77 F88 E90 A92
Rhodothermus marinus WP_012842681.1 — _ . - MAGLLLSGTYDAEGFITCSVTGLR IHRDVERYVKLFALTEVVAILIGGISAIFVALTEWEVIGLADPPAFMKWLS IHAWNLE | FwMvEMEVEI LY 1
Halopiger goloimaseiionsis WP 0489272041 A S NLDVECWFDN EYDSDC FBKCSVTCFDVHRSVENHVK LFCUTAVVFEL IGCTFALT I AMTRWET ICLLEP GOYMRH L SUBAWSME | W1 | EMEVA I LYV,
ma haloterrestris SFC35919.1 MT HALDV FGWFDNEYDDDG FTCSVTGFDVHRTVENHVKLFGVTAVYFILL IGGLFATTVATTRWELIGLLEP GDYMKHL SMBAWSMLL FW1VEMEVAT LYV
oviax asalioss WP, 0077004041 MANRY DVLGL FONEVDDEG [T CSVTOLR ) HRTVENHVK LT GLTRVVALLVEG ! FAFTVATTIWEAL 6L LGP DA (T L SMHAWNLE T Wiy EMBVA | LYV
Haloterrigena thermotolerans WP_006648757.1 MAHK LDV LG L FDNEY R EDG FTCSVTGLEVHRSAENH IKLFGLTAVVALLYGGI FAFTVAMTRWEV IGLLEPGAFTHLSLHAWNLL I FwMVIEME 1A 1LYV
Halobacterium hubeiense_WP_059056528.1 - - - - - -MF G LAT FDYDDDG FRECGVTGLT | HKSAEDLVKLFGLTAIVSLAVGCAFALTVALTRWEAIGLLGP GRYMRFTSLHAWFMIL FWMYEMEIATLYY
Thermus brockianus WP_071676471.1 - - LEMTCPATGLRLFCVAET LVRWNAVAAVVFILLLGF LWV (P TTLNBVLGP EVVSPNLYMQATFLHGWNML | FwW1 LEFEVALLYF.
Candidatus Kryptonium thompsoni WP_075426648.1 - - -~ -MAEVLVEARTCPVTGLRVVKHAENL | KVNAVFAVLALLFGT IGAILIALTRWEAIHLLPTDLFMRMLTFHGMNMLY FwiVEFEGAGLYF
fidatus Kryptonium thomsponi CUS78534.1 - AEVLVEARTCPVTGLRVVKHAENL | KVNAVFAVLALLFGT IGAILIALTRWEAIKLLPTDLFMRMLTFHGMNMLY FwivEFECAGLYF
naerolineae bacterum UTCFX1 OGYBSS1.1 - - MAT LAPT F PWVKGAKDDYRTCP VLT LKYVDMHAER L1 | ANAVMAY LTLT 1 GG I AALLIALTRWQT FHLLDATWFMRLLT LHG I DML | AWMV EFE | AGLHF.
Dolaprotocbactora bacterium GWS2_55_19.0GP23086.1 TDFRICSLSGLKISRSSELLIRWNL IAAFATLAVGGLMGLLVL LTRWP SVHLLPVEHYNRFLTAHGLDALLAWI |[FFE1ALVHF
Haproteobacteria bacteri ssazosmmn—— SGLKIEKSTENLY |AMFATLAVGGLLGLLVVLT@WP SVHLLP LOYYMRFLTLHG I DALLAWI | ALVHF
sacsrmdetesbacrsnumowmKxxmsn - - CDITGFKVDLOSEKLIRANAVFAVISLLFAVVAAILLVFTEYQPVHLLGAEWYMRLVT FHGLNAL I FWIIFFEIAGLYF

isphaera limnophila_WP_069960684.1 CIAALLLAL TUHLLPADWFIR [ LTFHG I NME I LW L AILYF

Galionelaios bacorum ABG_16. 57" 15 OGTOS34.1 - GLFGLCVALTRMP GUQLLKP EMFMMF LTARG I 1ALMVWI [FFEIAVLYF
Deltaproteobacteria bacterium GWA2_42_85 OGP09150.1 CIMALLVGLTRWP AVHLLSADLFMRFLTAHGUNMLY FwivEFEIAGLYF
Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_10_OGWO04603.1 G IMALLVALTRWP AVHLLSP EWFMKALTAHGLNMLY FW1 I EFEVACLY F!
Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_17_OGWO5819.1 G IMALLVALTRLP AVHLLSP EWFMKALTABGLNMLY FW1 I EFEVAGLY Fi
lirospirae bacterium RBG_16_64_22 OGW58859.1 TVMALLVAFTRWP AVHLLSAEGYMRALTAHGLNML I Fw1 [FFEIAVLYF
Candidatus Rokubacteria bacterium RIFCSPHIGHO2_12_FULL_73_22 OGL04433.1 - - - TCAHTGLRVHLTAERLIKVHAVAGV LAILFGGIAAVLVVLTRWP AVHLLDPAMYMRALTFHG I NML I Fw1 IEFEVAILYF.
Deltaproteobacteria bacterium REG_16_71_12 0GQ21060.1 - - - NCPVTGLK | DKDAETLIKLNAVVAVVMLLVGATAALLLY LTRWQAVHLLP ADWYNRMLTAHGLNML I FFII/EFEMATLYF.
Haproteobacteria bacterium GWA2 45 12 OGP09177.1 -~ - TCSVTCLKVDRHTENLVK INAVVAIVALLVG! |AAVCLY LTRWQAVHLLPADMYMRFCTLUBGLNML I FFIIEFEMAL LY F
Gemmatimonadetes bacterium RIFCSPLOWO2_02_FULL_71_11_OGT96394.1 - - TCAHTCLTVHKDADAL | KANAVVATVMLL IGGIAALFVLLTRWQAVHLMDAEWFMIR | LTVHGMTMLY FF 1 LIEFEMAT LY F
L102 M119 Y145 P147 G164 P172 P189
ihodothermus marinus_WP_012842681.1 GG LTSEARILPSPPLEYLGYILFILEVIVAALPEF ITIWQEKQEYP- - NRS LRIV

Na!aylger goleimassiliensis_ WP_049927204.1
lalobiforma haloterrestris_SFC35919.1

lovivax asaticus_ WP_007700404.1

Halterigena thermololerans_ WP _DIEB4GTS?.1
Halobacterium hubeiense_WP_059056528.1
Thermus brockianus WP_0716764711

Candidatus Kryptonium thompsoni WP_075426648.1

Dollaprotocbactor bacterium GWE2_ 55 19.0GP23086.1
Deltaproteobacteria bacterium GWA2_55 82 OGP17214.1
Bactoroidtes actoio OLB 10 KAKaSTOA 1

inisphaera limnophila_WP_069960684.1

Galfonelais baciron RBG_16_57_15 0GT04934.1
Deltaproteobacteria bacterium GWA2_42_85 OGP09150.1

LVEGRP LPAPRLAGIGY FVMLVAALMINHA I ATT-

Y VVMLAGALY 1Y VA WTY- GNP TT DI
VM1 Al YYAIWTA- SCNPVADI
GGPMVILGRR LPWTKVATAGWLTMVA
GGPMVILGRR LP FTK | AKAGWLVMAA
GGP FVILGRKLSVP K LEWAGYGIMLL
AASAILKTP LALPQLAWGGFGLMLG
ASTIVILNARQVAPKLEY LAV I LMI L
ASTIVILNARQVAP K LGY LAV I LM L
GSTVLLNARHAAP K LAWLGF | LMT |
TSAVLLGTRSYVTWLEWVAFALMLI
TSAAILGVRSYAPWLGWLAFALMLA
GSTVILNTKFCAP KWGWVAF A LMV A
ACTTPLNARLFSRKVAWVS FGMM LT
LGAHVILNSR LATP RWAWLQ FWLM I |
GSSVLLNSRLAAPKVAWLAY LLM LYV

APL
NAPLLT A
VLTI NAP LLTAf

Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_10_0GW04603.1 G5 SVVLNSR LAAPKVAWLAY | LMLVGSVLVDVMVFTD- N VP LQAHPLYYLG| | LFAVGALTACGIFFGTLAIAKADKTY- EGSLPLF
Nitospinae bacterium RIFCSPLOWO2.01_FULL_39_17 OGW05819.1 G5 SVLIINSR LAAP KVAWLAY | LMLVGSVLVDVMVFTD- N VP LQAHP LYY LG | LFAVBALTACG I FGTLAIAKADKTY- ECSLPLV
Nitrospirae bacterium RBG. 1664 22 0GW58859.1 ASA | LIINSR LAAP KVEWLS F LMMLVGS LMVDLM I LOG- K VPMKADP LYY LGV I LFAVGAL I GVGVEFAT LVVAKREKTY- EGSLPLV
Candidatus Rokubacteria bacterium RIFCSPHIGHO2. 12_FULL. 73 22, 0GL04433.1 AAP | VILGSRVAWP RMGWVGFALMVAGS (M1 DVA | LRG-G VP ILRAVSY FYLGWI LYAVGAL IGVLNEFAT LVVAKAERTY - EGS [PLV
Delaproteobcioabacorum AEG. 16 7112 060210601 AGP I I/EGSRLPAPKLGYANFALMV IGALLVDIEVFRG-K VP ILRASPAYYLGI | LFAVGTLLVVLHELAVLVVAKKEQTY-AGSMPLV
roteobacteria bacterium GWAZ 45 12.0GP08177.4 AGTVFENAR LP AP K LGY LAF | LMLGGA | LVDVMVLQG- K VP LRADP LYY LG I | FAVGAL IVSFHEFGAI | IAKKEKTY - EGSVRLV
Gommatinonadotes oo AEGGALONGD 00 Pl $ 1+ OCToqaes ASAVLILG SRVAAP K LAWAAF LMY | GAG LV £ vMNWTC - K BLRAEPPYYLGY I LFAVEALLAVCVEFAT LVVARR ERTY- TGS vRlY
A202 G209 D228 G240H241 gZ 5 W255Y256 G264 E270 R274 Y280 H290H291
Fhodothermus marinus WP_012842681.1 s FGAF | 75 I[TALEABLGGL ITY 17 TF LR 1GvVEn [FaawiRaMYWI 1G] IHLAAMI TV FLTHVVGEAEY v S[EK LSRITAR | B L F FinvGA AREE
Halopiger goleimaseiiensis WP 0499272041 TFGATVAGYIAVQ SIILGGFMATGGALCHQMGLFPWFRCG I MRQMYW I | G INLVAM Y VI LFTHY 1 GGAEY VSIEKvSBTAR | ¥ LF I TMGAARBL
rma haloterresiris SFC35919.1 TFGAFVT G I/IAVEALVCGLVAFACALAMNFCLAEWFBAGVNRQWFWI I Gl IMLVAMIY VIV LFTHY LAGAEY VSIEKVSRITAR | LW LFFINLGAARBL
Joviax asalus WP 007700441 LA X FVT & 1 [AV EALVCGLYA A AN LMR L E 1 EWVBAAVMRQUYWT | G INCVAM T VWM F LTHVVAGAEY VSIEK v SBTAR | LW LF FliiNLGAAHRL
Haloarrigena thermololrans WP 00GBASTST.1 S FAAFVTS | IAVEALVCGLLAFCPALLMRLEL | EvwwBaAwiR MU 1 16 IMLVAM AV FVTHYVAGAEVASIEK | SBTAR | LM LFFINCGAARBL
clerium hubeiense_WP_059056528.1 T FGAF 1 TGVIAL EALVGGITALTP AF LWR [ GFFEHLEAAWNRQM FWT I G IMLLAM TV FMTHY | GGAEVASIEK v SBVARYILN LFFINCGAARBL
o trocianss- WP _GTGTO4T1A AFBALT AR I LATTTIL SGA AT 17 AF WS LaLLP S LHF AR T vWE G VNCAAMYTAWNLLALFTVGGTTPSIER USRI AR LML LGIINLG s AHKL
‘Candidatus Kryptonium thompsoni_ WP_075426648.1 TYG | AAAAV LAV FTLVHGALALGSAF LWSLGI I EVVEASLERLLFWGFG IMLAAMY SV LLSY FTVGGYTP SIEKvSBTAR LMV CFINAGS ARBL
Candidatus Kryptonium thomsponi CUS78534.1 TG | AAAAV/IAVFTLVHGA LALGSAFLWSLGI I EVVBASLMR LLFLGFGI INLAAMY SV LLSY FTVGGYTP SIEK v SBTAR LMV LFINAGS ARBL
Anaerolineae bacterium UTCFX1_OQY89551.1 AFG FMTAA I LAT YT L VP AFLWSMGY 1SS FBPGIMRNFFWG F Gl (VNLAAW IS WHS LAQ I TVIGIRPVNEKFSBLAEVLNLFFINLG L
Deltaproteobacteria bacterium GWE2_55_19OGP23086.1 SFiGLAAAS |11 LTLAHGAAIFLPTLLWSMDVIPTIBP SAKR LY FWGLGI IHVCAMVAVINENT SAFVVGGKP VNIEK LSBTAFVLN | LFINLAS EHBL
Deltaproteobacteria bacterium GWA2_55 82 OGP17214.1 S FGMLAAS I/ AV LT LAHGAA |1V TWLWSMD 1 LGS | BP AANR LV FWG LG 1§V SAMVAVIWMMT SAFVVGGKP vNEK LSBTAR VLY | CFiNVAS EHRL
acteroidetes bacterium OLB10_KXK45761.1 TY/G LMTAA | [IAV [ THASGAL I ¥ IPTFLWSLGLVENIBPAMMK L IWWG L G| IMVAAMYS WM VS FLAVGGTS | MR vSBISARVIEN 1 CFICLASAHBL
cunisphaera limnophila WP_069960684.1 TFGATAAA I IIAVVTLLHGA I VM1 PTFTHSMGWTPQP B AWNR L IWWG LG VNV CAMY S VN L LSHY | LGARP vIEAVCRTARVLN I LFiNLAS AHRL
Gallonellales becterium RBG_16_57_15 OGT04334.1 VFGGVTAC /LA FTIASGALI L IPTFLWSLGLISH I @7 MM [ vwwa F G INVVTHIS WL IAALYFGAKPMSIEK v SRIGAR LW I CFILQFGS VERL
Haproteobacteria bacterium GWA2_42 85 OGP0S150.1 TFGL SAAA I TAVFTLACGA | 1Y [P TLLMSLGLITNLBPGVMR LI FWG F Gl INVTAMY SV LLGALTVGAKP vNIEK | CRISAF LW 1 CFIINLAS ERBL
Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_10 OGW04603.1 TFGLSAAA I TAVFTLACGA | 1Y 1P TFLWSLGYV IKNLBPAMYR L | FWG F Gl INVTAMYS (WML LGALTVGAKP vNEK | CHTARYLY I LFinLAS EHBL
Nitrospinae bacterium RIFCSPLOWO2_ 01 FULL_39_ 17 0GW05819.1 TFGLSAAA I TAVFTLACGA | 1Y [PTFLWSLGY IKNLBPAMYRL | FWG PGl INVTAMYS WML LGALTVGAKP VNEK | CBISARVLY | LFINLAS EHRL
lirospirae bacterium RBG_ 16_64_22 0GW58859.1 VFGAVAAG I/IAVVAIAKGA | ¥ IPTFLWSLGI 1GP | B ALMRYVWWG LG IMVTAQIA W LLATLTVGASP LNEKVCRISARVIN 1 CFINCASAHBL
Candidatus Rokubacteria bacterium RIFCSPHIGHO2_12_FULL 7522 OGL04433.1 TFGALTAATIAVVALAKGA | 1Y 1PTWLWSLCVVONLBAGUNR LVWWG LGl IMVAAMVAVINN L LATLTVGAVP | MKV SBWARVIN 1| CFIINCASAHBL
Deltaproteobacteria bacterium RBG_ 16 71_12 0GQ21060.1 TFGALTAAI[IAV I TILLHGAA | FVP TF LWSLGLMD- [BAEVMRVV FWG LG 1MV SAHVAVINE LMAGLTVGGYV P NIEK 1 Sl ARGLN 1 /I sMASARBL
Deltaproteobacteria bacterium GWAZ 4512 0GP09177.1 TFGALTAAI/LAV I THVHGAN Y 1P TF (WS LG LMN-VBPQ | HRMVWWA LG INVAAMY SV LLGGLTVGAVY LK 1 SRIGAR F LW 1 /I sMAS ARBL
Gemmatimonadstes bactarum AIFCSPLOWO?. 02 FULL 7111 0GTa63941 TYGA I TAA | LAV I TLGHGAA [ Y 1P T¥ FWSMGWMN- V3P Q I MRVVIWG LGl 1NvAAMVA VI LMGA LT 1GAVY UNIEK 1 SRITAR VLMY CFlis WA S AHBL
N306 T307 Y309 S318 H321 E330 R334 W346  W352 H388 N359
Ahodothermus marinus WP_012842681.1 | ADP - - GV HM SWK HWIE S AV Y CA v LAEM IHAFA | PAG LEAGREKRELGSQELFCHLWS APWGNPVFSATALG | IMFGF | GG 1 SEWVMCQTQLNLT
Halpige qlsmasinis WP_0436272041 SHAFYCATFAS L IHAFT IPAGLEAGRRKRGKGG-GLFGHLTSAPWKNMFATS | FAMILEGF LGG I TGV LMGQ LQLNMS
a haloterresiris SFC35919.1 SHAFYCATFARLVHAFT IPAGLEAGRRKRGKGG-GLFGWLTSAPWKNPMFSTS I FAIILEGF LGG I TGUNMGQ LQLNMS
i asatoss WP 0077004041 SHAFYCATFAR L IHAFAIPAGIEAGRRKRGKGG-GLFGWLTSAPWGNRYFSSTIFSIILEGFLGG I TGVMMGA LQLNMT
Haloterrigena thermotolerans WP_006648757.1 SHAFYGATFASL IHAFT IPAGLEAGRRKRGKGG-GLFGHLTSAPWSNEVFSSTIFSIILEGFLGG I TGVMMGQ LQ LNMT
Halobacterium hubeiense_ WP_059056528.1 sHaaYGAVVASMIHAFAIPAGLEAGRRRKGAGG-GLFGWLWS APWKDPGFSSTILS I | LEGF LGG I TGVNMGQMQ LNMS
Thermus brockianus WP_071676471.1 GEL I VAV LGS[L I HAFSVPAAERGLEMKGFTQ-GLFTMLLRAPWGNPGFSALFLSVVLEGLLGGYSGWTMGSY DMN LK)
‘Gandidatus Kryptonium thompsoni WP_075426648.1 SV I YMAVLAS L IHCFAIPASAEIGORKRGFNK-GLFTWL IKAPWSNPAFSAFFISLY FGF I GGASGY MGV EQ | NMKL
Candidatus Kryptonium thomsponi CUS78534.1 SHV | YMAV UAS[CIHCFA 1P ASARE I GQRKRGFNK-GLFTWL IKAPWSNPAFSAFFISLVIFGF | GGAS G MGV EQ I NMK L
Anaerolineae bacterium UTCFX1_OQY89551.1 SHAMY LAV LGS FS 1P AAMEVALRAKGYRK-GLFGWLRNAPWKERGFSALYISIVIEGWVGGY TGV IGTEQ I NMLY)
Deltaproteobacteria bacterium GWB2_55_19_OGP23086.1 SHane AV LASM I HAFA 1 PASMEVA LRKQGYTR-GLFEWLKKAPWGNPAFSGY I 1SIVLEGFLGGI TGV I FGTEQFAI IR
Delaproteobactoria bacerium GWAZ 55 52 OGP17214.1 SHneH AV LASM I HAFA 1 PAS VA LRKQGHTR-GLFEWLKKAPWGNPAFSGTAISI LLEGFLGGTTGY | FGTEQFNI IR
Becteroutes bcteriam LB KXKISTE11 SHany CAVLASMIHAFAVE S FESAQRRWGY NK-GLFQWLSKAPWSNPAFSS | | LAVIGEGF IGGTTGV | FGMEQTNIIY
iisphaera limnophila_WP_069960684.1 SHamMY LAV LASMIHGFTVPAGIE I AMBEKGY TR-G 1 FGWVTALPWKNPALSATVLSVI[FGFLGGI TGVTLGTQQ INI 1A
Galloneiaies bacorm A5G- 16,57 15 OGT0A9341 i Y CAVLAS L IHGLTVPGS | EVAQRKKGMDT T RKAPWGNPV FSGMFLS LIGEGF | GG I TGVVMSYEQINMI |
Deltaproteobacteria bacterium GWA2_42_85 OGP09150.1 SHFMY LAV LASM IHALA | PMCVEVACRKKGYTK-GLFEWLTKAPWGEPGFPALIFSLF IFGFIGGITGYVYGTEQLS IKT
Nittospinae bacterium RIFCSPLOWO2_01_FULL_39_10_OGW04603.1 SHF LY CAVLASHIHALAIPUAVEVAQRKKGYTK-GLFEWLTKAPWG PAMIFSLLIFGF |GG ITGYVYGTEQLAI
Nittospinae bacterium RIFCSPLOWO2_01 FULL_39_17 OGWO5819.1 G FMYMAY LASM I HA LA | PMAVEVAQRKKGY Ti-GLFEWLTKAPWGERGFPAMIFSLLIEGFIGGITGYVYGTEQLSIKS)
rospirac bacterium RBG_16 64 22 OGWS8B59.1 sany LAV LASMIHGFTVPAS | EVAQRKKGYTK-GLFEWLKKAPWGNRGFSALALSIAIFGF IGGITGVTFGTEQINIIS
Candidatus Rokubacteria bacterium RIFCSPHIGHO2_12_FULL_73_22 OGL04433.1 sHcny CAVLASM I HGMTVRASVEVAQRRHGLGK-GMF EWLTKAPWGNRGFAALFLSLVLEGFMGG I TGVTFGAEQUNI IS
Deltaproteobacteria bacterium RBG_16_71_12 0GQ21060.1 SHany CAVFASMVHGFTVPASMEMGQR LNGFTK-GRFEMLAKAPWGDPGFSGTVLSVVIFGFGGG I TGVT I GTEQINI 1A
taproteobacteria bacterium GWAZ_45_ 12 OGPO9177.1 SHany CAVLASH I HGFTVPAG I EMGOR LRGFTK-GKLEW KKAPWGDPAFASLVLSI | IFGFMGG I TGV I IGTEQINIIY
Gemmatimonadetes bacterium RIFCSPLOWO2_02_FULL_71_11_0GT96394.1 LVDP.- - GMGP AWK VWHE s MAMY LAV LASM IHGFTVPACMEVGSRLRGLTK-GLFEWLRRAPWGDPGFSATVFS I VVEGFVGG I TGYT FGTEQINLTY]
H396 H/K398 T405 R460 R461
Fhodothermus marinus_WP_012842681.1 ¢ v p GRIFH GV v LG T LTEMALVY FALPYLFNRDLAFKP LER IPY FYAVAMG LAT MM 1Y LGV 1 YGvP[RHP SVMS FPGT-- - DFSFAAASPLFA- | FGVA
Halopiger golemassilensis_WP_049927204.1 AT vGHEH SEVV LGET | TEMGYVY FVIRTM GILAT I@PYLYAGGMALTALMMMY LG I LYGVPRRTAQV--VENIPTADFSLIGAAP LFN-VFGVY
Halobiforma haloterrestris_SFC35919.1 ATV GHFH SEVY LGETVTEMGY VY FVIRTMFMREFVSSKLAS F@IPYLYCSAMAVTALMMMY LG I LYGIPRBTAEV--VRNIPRTDFSLIEAAPLFN-VFGVF
lovivax asiaticus WP_007700404.1 ATVGHEHARVY LGETVAFMGLLFFLIRTM LSTRUAA I@PY LYAGAMGVAV LMMMY VG I LYGVPRETVEV- -VSNIQGTEFDLAAA A-IFGIF
Halotorigona thormololorans WP _006648757.1 AT vGHEHCRUY LGHTVARMGLVF FVIRTMEMRQY | SER LAR I@PY FY SAAMCYAY LUMKYVE | LYG I PRRTAEY--VENIPCTEFSLSARAP LFA-VIGIF
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Supplementary Tables

Dataset S1. Putative proton channels in the new NOR families — eNOR, bNOR, sNOR, nNOR. A list of
conserved residues is noted in the table for each family with a reference sequence according to which the
residues are numbered. These conserved residues are compared with amino acids found in analogous
positions in the B-type oxygen reductase. (available as an .xIsx file in online supplementary material). (.xIsx)

Dataset S2. Multiple sequence alignment of HCO superfamily. Multiple sequence alignment of
sequences from families of the heme-copper oxidoreductase superfamily were aligned using MUSCLE.
Various families are grouped when visualized in Jalview and amino acids are colored using a ClustalX
algorithim with a greater than 90 % identity. This alignment was manually curated to improve the alignment
and reduce the number of gaps. (.pdf)

Dataset S3. Newick treefile for the phylogenetic tree of the HCO superfamily depicted in Figure 2 made
available as a pdf. (.pdf)

Dataset S4. Leaf labels from the phylogenetic tree of the HCO superfamily depicted in Figure 2. (.xIsx)

Dataset S5. Conserved tryptophan/tyrosine residues in NOR families from the HCO superfamily.
Conserved tryptophan/tyrosine residues identified in NOR families that may form a tryptophan/tyrosine
chain that allows for the movement of free-radicals to the surface of proteins to allow for their quenching by
redox-active molecules in the cell, without damaging the protein. (.xIsx)

Dataset S6. Distribution of HCO sequences in GTDB. A distribution of all the NOR families within various
bacterial and archaeal species within the genomes in release 202 of GTDB was analyzed using HMMs that
are specific to each NOR family. (available as an .xIsx file in online supplementary material). (.xIsx)

Dataset S7. Distribution of NOR families in various ecosystems as per the IMG database. A
distribution of various NOR families in over 2000 metagenomes on the IMG database was evaluated, and
then tabulated according to the environment from which each metagenome is sourced. (available as an
Xlsx file in online supplementary material). (.xIsx)

Dataset S8. Denitrification pathways in bacteria and archaea. An analysis of denitrification pathways in
bacterial genomes and archaeal genomes in release 202 of GTDB was performed by searching for the
presence and absence of NarGHI, NapAB, NirK, NirS, NosZ, NosD and the NORs in each genome using
curated HMMs for each of the proteins. (available as an .xlsx file in online supplementary material). (.xIsx)
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