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25 Nitrogen is an essential element for life, with the availability of fixed nitrogen
26  limiting productivity in many ecosystems. The return of oxidized nitrogen species to
27  the atmospheric N, pool is predominately catalyzed by microbial denitrification

28  (NO3; — NO; — NO — N,0 — N,)'. Incomplete denitrification can produce N,O as

29  a terminal product, leading to an increase in atmospheric N,O, a potent greenhouse
30 and ozone-depleting gas’. The production of N,O is catalyzed by nitric oxide
31 reductase (NOR) members of the heme-copper oxidoreductase (HCO) superfamily’.
32 Here we use phylogenomics to identify a number of previously uncharacterized
33 HCO families and propose that many of them (eNOR, sNOR, gNOR, and nNOR)
34  perform nitric oxide reduction. These families have novel active-site structures and
35 several have conserved proton channels, suggesting that they might be able to
36  couple nitric oxide reduction to energy conservation. We isolated and biochemically
37  characterized a member of the eNOR family from Rhodothermus marinus, verifying
38 that it performs nitric oxide reduction both in vitro and in vivo. These newly
39 identified NORs exhibit broad phylogenetic and environmental distributions,
40  expanding the diversity of microbes that can perform denitrification. Phylogenetic
41  analyses of the HCO superfamily demonstrate that nitric oxide reductases evolved
42  multiple times independently from oxygen reductases, suggesting that complete
43  denitrification evolved after aerobic respiration.

44  The HCO superfamily is extremely diverse, with members playing crucial roles in both
45  aerobic (oxygen reductases) and anaerobic (nitric oxide reductases) respiration. The
46  superfamily currently consists of at least three oxygen reductase families (A, B and C)

47  and three NOR families (cNOR, qNOR, and qCusNOR)®'. The oxygen reductases
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48  catalyze the reduction of O, to water (O; + 4eou + 4Hi,' + nHiyy” — 2H,0 + nHyy ') and

49  share a conserved reaction mechanism™®, where three of the electrons required to reduce
50 O, are provided by the active-site metals, heme-Fe and Cug, while the fourth electron is
51  derived from a redox-active cross-linked tyrosine cofactor’ (Figure 1). The free energy
52  of the reaction is converted to a transmembrane proton electrochemical gradient by two
53  different mechanisms, charge separation across the membrane and proton pumping® '’
54  Both the chemical and pumped protons are taken up from the electrochemically negative
55 side of the membrane (bacterial cytoplasm) via conserved proton-conducting channels
56  that are comprised of conserved polar residues and internal water molecules. The
57  different oxygen reductase families exhibit differential proton pumping stochiometries
58  (n=4 for the A-family, and n=2 for the B and C-families)*'°, depending on the details of
59 their conserved proton channels. The oxygen reductases also vary in their secondary
60  subunits that function as redox relays from electron donors to the active-site, with the A

61  and B-families utilizing a Cus-containing subunit'' "

and the C-family containing one or
62  more cytochrome ¢ subunits'* (Figure 1).

63

64  Nitric oxide reductases (NORs) catalyze the reduction of nitric oxide to nitrous oxide

65 (2NO + 2Hoy + 2€ou + nHin” — N,O + H,0 + nHi, ). Nitric oxide reduction is only a 2-

66  electron reaction, so it does not require the cross-linked tyrosine cofactor for catalysis.
67  There are currently three known HCO NORs, the ¢ctNOR, gNOR, and qCuaNOR. The
68 cNOR and qNOR families have a four amino acid coordinated Feg ion in their active-
15,16

69  sites, in contrast to the three amino acid coordinated Cup found in oxygen reductases

70  The cNOR and qNOR families are closely related to the C-family oxygen reductases and
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71  likely evolved from this oxygen reductase family. In accordance with this relationship,
72 the cNORs have a secondary cytochrome c-containing subunit, while in the qNORs the
73  two subunits corresponding to those in the cNORs have been fused to a single subunit
74  that lacks the heme ¢ binding. Although, the gNOR from N. meningitidis'® is proposed to
75  take up protons from the cytoplasm for NO reduction, neither the cNOR nor gqNOR have
76  conserved residues that could form a proton channel from the cytoplasm, therefore it is
77  unlikely that they conserve energy via either charge separation or proton pumping (n=0
78  for the ctNOR and qNOR families). Phylogenomic analysis shows that the qCuaNOR

718 is unrelated to the qNOR family, and has been

79  from Bacillus azotoformans
80  reclassified here as the bNOR family. The bNOR active-site structure is fundamentally
81 different than those from the cNOR and qNOR families (Figure 1). It also contains a
82  conserved proton channel that is very similar to that found in the B-family oxygen
83  reductases (Figure 1), and has been shown to be electrogenic'®. This has important
84  consequences for the efficiency of energy conservation associated with denitrification'’,
85

86  Novel heme-copper oxygen reductase homologs

87  Phylogenomic analyses of genomic and metagenomic data have identified at least six
88 new families belonging to the HCO superfamily (Figure 2). All of these families are
89  missing the active-site tyrosine, suggesting that they do not catalyze O, reduction.
90  Furthermore, their active-sites exhibit structural features never seen before within the
91  superfamily (Figure 1). One of these families is closely related to qNOR and has been
92  proposed to be a nitric oxide dismutase contributing to O, production in ‘Candidatus

520

93  Methylomirabilis oxyfera’”. Another family is closely related to cNOR and might be a
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. .. . . 21.22
94  sulfide and acetylene insensitive nitrous oxide reductase”

. The remaining four families
95 (eNOR, sNOR, nNOR and gNOR) are closely related to the B-family of oxygen
96  reductases (Figure 2) and encode for homologs of the Cua.containing secondary
97  subunits, consistent with this evolutionary relationship (Figure 1, Table S1). Based on
98 modeled active-site structures and genomic context we propose that these four families
99  perform nitric oxide reduction (Figure 1).

100

101  Biochemical characterization of eNOR

102  To validate these predictions we isolated and biochemically characterized a member of

103  the eNOR family from Rhodothermus marinus DSM 4252, a thermophilic member of the

104  Bacteroidetes phylum. Rhodothermus marinus was originally classified as a strict

105  aerobe™, but its genome encodes a periplasmic nitrate reductase (NapA), two nitrite

106  reductases (NirS and NirK), and a nitrous oxide reductase (NosZ), suggesting that it may

107  also be capable of denitrification (Extended Data Figure 1). Denitrification was not

108  observed under strictly anaerobic conditions, however under microoxic conditions

109  isotopically labeled "NO; was converted to *°N, (Extended Data Figure 2)

110  demonstrating that R. marinus DSM 4252 is capable of complete aerobic denitrification

111 (NOs" — N,). Blockage of the nitrous oxide reductase with acetylene led to the

112 accumulation of N>O (Figure 3), suggesting that a nitric oxide reductase was also present
113  in R. marinus DSM 4252. No known NORs (cNOR, gNOR, qCuANOR) were found in
114  the genome. However, R. marinus DSM 4252 does encode for a member of the eNOR
115 family (Extended Data Figure 1).

116
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117  Isolation and biochemical characterization of the R. marinus DSM 4252 eNOR protein
118  wverified that it catalyzes NO reduction (at 25°C, key = 0.68 £+ 0.21 NOs' (n = 4))
119  (Figure 3). eNOR was unable to catalyze O, reduction using various electron donors
120 (Extended Data Figure 3), clearly showing that it functions solely as a nitric oxide
121  reductase. UV-Vis spectroscopy and heme characterization via mass spectrometry
122 demonstrated that the R. marinus DSM 4252 eNOR contains a novel modified heme a
123  that is used in both heme sites (Figure 3 and Extended Data Figures 3 and 4). A
124  member of the eNOR family was previously isolated from the aerobic denitrifier

1'% however its function was never

125  Magnetospirillum magnetotacticum MS-
126  determined. The UV-Vis spectra of the M. magnetotacticum eNOR'” is identical to the R.
127  marinus eNOR, suggesting that the modified heme a is a general feature of the family.
128  Mass spectrum analysis of the hemes extracted from eNOR suggest that this heme is A, a
129  previously isolated heme a with a hydroxyethylgeranylgeranyl side chain first identified
130  in the B-family oxygen reductase from Sulfolobus acidocaldarius™*. Many eNOR operons
131  contain a CtaA homolog, an O,-dependent enzyme that converts heme o to heme a”.
132 This is consistent with the observation that eNOR requires microoxic conditions for
133  expression and suggests that aerobic denitrification might be common in nature.

134

135  Active-site features of novel NORs

136  In addition to the experimental evidence that both eNOR and bNOR enzymes are NO
137  reductases, there is good evidence that the other newly identified families also perform

138  nitric oxide reduction. The sSNOR family has the same active-site structure as the bNOR

139  family, strongly suggesting that it also performs nitric oxide reduction. However, the
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140 sNOR and bNOR families are not closely related, providing an example of convergent
141  evolution of active-site structures within the HCO superfamily (Figures 1 and 2).
142 Another example of convergent evolution is the nNOR family. It has the same conserved
143  active-site residues as the cNOR and qNOR families (Figure 1), but is very distantly
144  related to them (nNOR is related to the B-family, while cNOR and qNOR are related to
145  the C-family). Interestingly, the low-spin heme in nNOR is ligated by a histidine and
146  methionine, which likely raises its redox potential by ~150 mV*°. This is similar to a
147  modification found in some eNORs, where the low spin heme is ligated by histidine and
148  lysine. The gNOR is the first example of a HCO family that has replaced one of the
149  active-site histidines, residues completely conserved in all other families. A bioinorganic
150  mimic of the gNOR active-site exhibited nitric oxide reduction capability”’, suggesting
151  that it is likely a functional NOR in vivo. The gNOR has a secondary subunit with a
152 cupredoxin fold that is missing the residues required to bind Cuy, similar to the quinol
153  oxygen reductase from E. coli. Conserved residues that could bind quinol have been
154  identified in gNOR, suggesting that it is a quinol nitric oxide reductase similar to gNOR.
155

156  The biochemically characterized (¢eNOR and bNOR) and proposed (sNOR and gNOR)
157  HCO NORs have active-sites that differ significantly from those utilized by cNOR and
158 gNOR (Figure 1). This demonstrates that while oxygen reduction chemistry is
159  constrained to require a redox active tyrosine cofactor, multiple HCO active-site
160  structures are compatible with nitric oxide reduction chemistry. Interestingly, in the
161  currently characterized HCOs Cus is utilized for O, reduction chemistry and Feg for NO

162  reduction chemistry. If this pattern is verified for the other predicted NOR families it
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163  would suggest that the chemistry performed by HCOs is partially determined by the
164  electronic properties of the active-site metal.

165

166  Bioenergetics of novel denitrification pathways

167  Although both denitrification and aerobic respiration are highly exergonic processes,
168 most of the enzymes in the denitrification pathway are not coupled to energy
169  conservation, making denitrification significantly less efficient than aerobic respiration®.
170 In the HCO oxygen reductases conserved proton channels deliver protons from the
171  cytoplasm to the active-site for chemistry. These same channels are used to pump protons
172 to the periplasmic side. The cNORs and qNORs do not have conserved proton channels

173 from the cytoplasm'>?*

, making them incapable of conserving energy. The eNOR has
174  conserved residues that closely resemble those found in the proton-conducting K-channel
175  within the B-family of oxygen reductases’ (Supplementary Table 1, Extended Data
176  Figure 5). The sNOR family also has conserved residues in the K-channel region,
177  however they are different than those found in the eNOR and bNOR families.
178 Interestingly, the nNOR family, which has the same active site as cNOR and gNOR, also
179  has a conserved proton channel (Supplementary Table 1, Extended Data Figure 5),
180  suggesting that the lack of a proton channel in the cNOR and qNOR may not be due to
181  energy constraints’'. The conserved proton channels in the eNOR, bNOR, sNOR, and
182 nNOR families would allow them to conserve energy via charge separation, and
183  potentially by proton pumping. Characterization of these new NOR families will be

184  critical for a full understanding of the mechanism of proton pumping in the HCO

185  superfamily, one of the most important unanswered question in bioenergetics.


https://doi.org/10.1101/2021.10.15.464467
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464467; this version posted November 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

186  Distribution and environmental relevance of NORs

187  The new HCO NOR families have broad phylogenetic and environmental distributions
188 (Table 1, Supplementary Tables 2, 3). The eNOR, sNOR, gNOR, and nNOR families
189  are found in both Bacteria and Archaea. To date, the bNOR family has been found only
190 in the Bacillales order of Firmicutes (Supplementary Table 2). Phylogenetic analysis of
191 metagenomic data shows that the majority of eNOR, sNOR, gNOR, and nNOR enzymes
192  are from uncharacterized organisms, suggesting that many more organisms are capable of
193  nitric oxide reduction than previously suspected. Furthermore, the new HCO NOR
194  families are found in a wide variety of environments (Table 1, Supplementary Table 2).
195  The sNOR are found in the majority of ammonia oxidizing bacteria sequenced to date
196 and likely play a role in this process. The gNORs are predominantly found in sulfidic
197  environments and may be an adaptation that allows for denitrification in the presence of
198  sulfide, which inhibits other NOR families. The eNOR family is very common in nature,
199  having a broad distribution similar to the cNOR and qNOR families. The eNOR family
200  appears to play key roles in a number of important microbiological processes. They are
201  found in many strains of Candidatus Accumulibacter phosphatis, a microbe utilized for
202  phosphate accumulation in wastewater treatment plants during enhanced biological
203  phosphorus removal. The eNOR is highly expressed in transcriptomic datasets from
204  these facilities, demonstrating that Accumulibacter phosphatis is capable of complete
205  denitrification in situ’>. eNOR has also been found in microbes capable of performing
206  autotrophic nitrate reduction coupled to Fe(Il) oxidation (NRFO). Gallionellaceae KS
207  and related strains express an eNOR under denitrifying conditions, suggesting that an

208 individual organism is capable of complete NRFO™. eNOR is also commonly found in
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209  hypersaline environments (Supplementary Table 2) where is might play a role in the
210  adaptation of denitrification to high salt conditions.

211

212  Many organisms encode NORs from multiple families (e.g., Ca. Methylomirabilis
213  oxyfera has a qQNOR, sNOR and gNOR, and Bacillus azotoformans has a qNOR, sNOR,
214  and bNOR). This suggests that selection for different enzymatic properties (NO affinity,
215  enzyme kinetics, energy conservation, or sensitivity to inhibitors) or the concentration of
216 O, may be important factors in determining their distribution, similar to what is observed
217  for the HCO oxygen reductase families®. Analysis of the presence of denitrification genes
218  (nitrite reductases, nitric oxide reductases, and nitrous oxide reductases) within
219  sequenced genomes indicates that many more organisms are capable of complete
220  denitrification than previously realized. Our current understanding of the diversity of
221  organisms capable of performing denitrification is far from complete.

222

223 Our evolutionary analysis shows that nitric oxide reductases have evolved many times
224  independently from oxygen reductases (Figure 2). The current data show that NORs
225  have originated from both the B and C-families of oxygen reductases, enzymes that are
226  adapted to low O, environments. These oxygen reductases can reduce NO at high
227  concentrations in vitro>® so it is not surprising that small evolutionary modifications
228 would lead to enzymes capable of NO reduction at the lower NO concentrations
229  produced during denitrification. The fact that NO reductases are derived from oxygen

230  reductases strongly suggests that complete denitrification evolved after aerobic
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231  respiration. This places important constraints on the nitrogen cycle before the rise of
232 oxygen.

233
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351  Figure 1. Comparison of HCO active sites. a) Active-site and proton channel properties
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355  histidines. The A-family has two conserved proton channels, whereas the B and C-
356  families only have one. The active-sites of the nitric oxide reductases are composed of a
357  high-spin heme and an iron (Feg) that is ligated by three histidines and a glutamate.
358 Notably they are missing the tyrosine cofactor. The cNOR and qNOR are also missing
359  conserved proton channels, making them non-electrogenic. b) Sequence alignment of the
360 active-sites of the newly discovered HCO families that are related to the B-family. c)
361  Predicted active-sites and proton channels for the new HCO families. The eNOR, bNOR,
362  sNOR, and nNOR families contain completely conserved proton channels shown here as
363  arrows. The putative proton channel in the bNOR and eNOR families are highly similar
364  to the K-channel from the B-family oxygen reductase and are colored in red. The K-
365  channel in the B-family is also similar to the K-channel in the A-family oxygen reductase
366  which is colored in dark red. The proton channel in the C-family is different from these
367  channels and is marked in yellow. The putative proton channels in sSNOR and nNOR are
368 marked in cyan and differentiated from the other channels with a dashed black outline.
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370  Figure 2. Evolution of nitric oxide reductases. Phylogenetic tree of HCO families. All
371 of the new NOR families are derived from oxygen reductase ancestors. Oxygen
372  reductases are in shades of blue, whereas nitric oxide reductases are in shades of yellow,
373  green and red.

374  Figure 3. Biochemical Characterization of the eNOR from Rhodothermus marinus.
375 a) UV-Vis spectrum of isolated eNOR indicates the presence of an unusual heme a
376  signature at 589 nm. b) NO reductase activity was measured with the use of a Clark
377  electrode in the presence of TMPD and ascorbate as electron donor. ¢) N,O accumulation
378 observed in a culture of Rhodothermus marinus, in the presence of acetylene d) N,O
379  production by eNOR from R. marinus and qNOR from Persephonella marina.
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381  denitrification pathway. a. The genes for NapAB, the periplasmic nitrate reductase

382  (Rmar 0413), the nitrite reductases nirK (Rmar 1208) and nirS (Rmar_0652) and nitrous
383  oxide reductase, nosZ (Rmar 2012) are encoded in the R. marinus genome. b. The gene
384  neighborhood of eNOR in R. marinus. c. The gene neighborhood of eNOR in Halovivax
385  ruber includes ctaB, an enzyme involved in the biosynthesis of heme a.
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Extended Data Figure 2: Rhodothermus marinus does perform complete
denitrification. a. R. marinus converts ’NO; to *°N;, Ratio of N, to **N, 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. 30N,
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 ODgoonm 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 ODgoonm. d. Phenotypic differences of R. marinus
cultures, under denitrifying and non-denitrifying conditions.

Extended Data Figure 3: Characteristics of eNOR from Rhodothermus marinus a.
SDS-PAGE gel electrophoresis of eNOR shows two bright bands which are estimated to
subunits of I and II 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 bo; oxidase from E. coli is included. b. Mass
spectrometric identification of eNOR is confirmed by LC/MS/MS analysis. ¢,d. Absence
of O, reduction by R. marinus eNOR, in comparison to robust O, reduction by 7.
thermophilus bas-type oxygen reductase. e. UV-visible spectrum of eNOR f. Pyridine
hemochrome-spectra of extracted hemes from eNOR showing a peak which is atypical of
hemes a, b or c.

Extended Data Figure 4: 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) , 7. 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.

Extended Data Figure 5: 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 7. thermophilus bas-
type oxygen reductase. b. A multiple sequence alignment of the NOR families eNOR,
bNOR, sNOR and nNOR show conserved amino acids in 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 in the B-type oxygen reductase.

Extended Data Figure 6: 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
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Table 1. Environmental distribution of the HCO NOR families. Distribution of NOR families
in sequenced genomes versus environmental datasets. The newly discovered NOR families
account for approximately 2/3 of currently known diversity and 1/2 of the abundance of NORs in

nature.
NCBI-Genomes IMG-metagenomes GTDB-genomes
A-family 20290 102368 45135
B-family 1238 4683 2021
C-family 13976 23015 14981
qNOR 4388 7680 3458
c¢NOR 2801 4824 2594
eNOR 68 2709 547
sNOR 95 872 344
bNOR 51 12 200
nNOR 6 289 32
gNOR 10 913 156
NOD 8 539 108

N20O 25 597 n.a.
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Figure 1. 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 qNOR). The oxygen
reductases all have an active-site composed of 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 nitric oxide
reductases are composed of a high-spin heme and an iron (Fep) that is ligated by three histidines
and a glutamate. Notably they are missing the tyrosine cofactor. The cNOR and qNOR are also
missing conserved proton channels, making them non-electrogenic. b) Sequence alignment of the
active-sites of the newly discovered HCO families that are related to the B-family. c¢) Predicted
active-sites and proton channels for the new 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 sSNOR and nNOR are marked in cyan and differentiated from the other channels with a dashed
black outline.
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A-family B-family C-family cNOR gNOR

B A-family_1M56 PVLYQHILWFFGHPEVYIIVLPAFGIVSHVIATFAK--GYLPMVYAMVAIGVLGFVVWAHHMYT
B-family_ 3S8F PLVARTLFWWTGHPIVYFWLLPAYAIIYTILPKQAG--SDPMARLAFLLFLLLSTPVGFHHQFA
eNOR AAWYRQMYWIIGHGSQQINLAAMITVWYFLTHVVGG--SEKLSRTAFILYLFFINMGAAHHLLA
bNOR VMVARTLFWAFGHTAVNIWYLTAVSAWYVIVPKIIG--SDMLTRVVIIALVIMNITGGFHHQII
sSNOR PLLSKNLIYAFGHIFANSIIYMGVIAVYEIFPKYTG--VYGNFLIAWNASTLFTMIIYPHHLLM
gNOR ALLYKNVYWWGLDLIADGLVLIYVAGSWYLLAMLLT--MQHIARAALFVELVVSWFVWSHHLLS
nNOR PWPFNVAFWLFAHNLMEAMGIMALAAVYALVPLYTR--SPGMGVLAVGLYTLSAIPAFGHHLYT
C-family_3MK7 GATDAMVQWWYGHNAVGFFLTAGFLGIMYYFVPKQA--SYRLSIVHFWALITVYIWAGPHHLHY
cNOR_300R LTRDKFYWWWVVHLWVEGVWELIMGAILAFVLVKIT--TEKWLYVIIAMALISGIIGTGHHYFW
gNOR_3AYF FTMADFWRWWIIHLWVEGIFEVFAVVVIGFLLVQLR--TVRALYFQFTILLGSGVIGIGHHYYY

—————————————— Helix VI--—-————---—-=——— —————————Helix VII-—————-—

C eNOR bNOR sNOR gNOR
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Figure 2. Evolution of nitric oxide reductases. Phylogenetic tree of HCO families. All of the
new NOR families are derived from oxygen reductase ancestors. Oxygen reductases are in
shades of blue, whereas nitric oxide reductases are in shades of yellow, green and red. The
biochemically characterized eNOR from Rhodothermus marinus is marked with a black star.
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Figure 3. Biochemical Characterization of the eNOR from Rhodothermus marinus. a) UV-
Vis spectrum of isolated eNOR indicates 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
TMPD and ascorbate as electron donor. ¢) N,O accumulation observed in a culture of
Rhodothermus marinus, in the presence of acetylene d) N,O production by eNOR from R.
marinus and QNOR from Persephonella marina.
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Extended Data Figure 1: 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.
a. Denitrification pathway in Rhodothermus marinus

NapAB
Periplasm
Cytoplasm
NapA Rmar_0413 NirK Rmar_1208
NirS Rmar_0652 NosZ Rmar_2012

b. Gene neighborhood of eNOR in Rhodothermus marinus
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Extended Data Figure 2: Rhodothermus marinus does perform complete denitrification. a.
R. marinus converts °"NOj3 to *’N;_ Ratio of **N;, to **N; 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. *°N, 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 ODgoonm 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 ODgoonm. d. Phenotypic differences of R. marinus cultures, under
denitrifying and non-denitrifying conditions.
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Extended Data Figure 3: Characteristics of eNOR from Rhodothermus marinus a. SDS-
PAGE gel electrophoresis of eNOR shows two bright bands which are estimated to subunits of
and II 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 bo;
oxidase from E. coli is included. b. Mass spectrometric identification of eNOR is confirmed by
LC/MS/MS analysis. c,d. Absence of O, reduction by R. marinus eNOR, in comparison to robust
O, reduction by 7. thermophilus bas-type oxygen reductase. e. UV-visible spectrum of 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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Extended Data Figure 4: 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.
a. Chemical structures of hemes A and heme As.

HO Chemical Formula: CoHssFeN,Oq
Molecular Weight: 852.85
0 o Chemical Formula: CsyHg,FeN, O
Molecular Weight: 920.97
m/z: 920.42
b. Elution profile of hemes extracted from eNOR (LC/MS) c. Mass spectra corresponding to prominent peaks in the
a. q .
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Extended Data Figure S: 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 7. thermophilus bas-type oxygen
reductase. b. A multiple sequence alignment of the NOR families eNOR, bNOR, sNOR and
nNOR show conserved amino acids in 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 in the B-type
oxygen reductase.

a. Comparison of known proton channel from ba, oxygen reductase and putative proton channel in eNOR

Comparison of known proton channel from ba, and putative proton channel in eNOR

Thermus thermophilus ba, Rhodothermus marinus eNOR

% ,“

! &

sao’v Q2ds, ¢
Y244 } Y256

T31

CANEE 3

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.

nNOR H255 E259 Y270 Y276 Y284 H307 T338 T341 T345
Thermomicrobium sp002898255 GBD20489 .1 FWLFAHNLMEAMGIMTLGAIYAIVPRYTR-SGQLY-SPRAAVVAMILYTMAAIPAFGHHLYTWV NVSR I v WRNGL
Sedimenticola selenatireducens WP_084609916.1 FYIFAHNLMEAMAIMVISAVYATLPLYLADGTRKLYSDKLANLALWILLVTSVTSFFHHFYTTNPGLPSALAY STFTILATI WKHGI
Sedimenticola selenatireducens PLX61751 .1 FYIFAHNLMEAMATMVISAVYATLPLY LADGTRKLYSDKLANLALWILLVTSVTSFFHHFYT' PSAL STFTILATI WKHGI
Rhodocyclaceae bacterium UTPRO2 0QY64980.1 IMVASATYATLPLYLADGSRKL ALWILLVT: ITFYPNQPAALSYWGS- IFIVFATT WOHGL
N?R D285 D289 ¥301 H335 H373
Sulfurimonas aut:gop iica WP_013326534.1 LATLIT--GQKLF- LA TQGL-ALFITLVTL- WKARP
Ignavibacteria bacterium GWA2_36_19 0GU38604 .1 WWGLDLIADGLVLIFVAGTWYLLATLIT--GKKLE" LKIL ITQGL-AFFITLATL WSARP
Ignavibacteria bacterium CG2_30_36_16 0IP63421.1 WWGLDLIADGLVLIFVAGTWYLLATLIT--GKKLE: LKIL ITQGL-AFFITLATL WSARP
candidate division WOR-1 bacterium OGW14262 .1 WWGLDLIADGLVLI LATLIS--GKELY- LVEL L 11 -AIFT WEARP
candidate division WOR-1 bacterium 0GC04573.1 WWGLDLIADGLVLIYVAGTWYLLAMIIT--GRQI VELVVSWF LS-DQTQ IFSGEM: TSGI-AVFLTLATL QARP
sNOR H232 N236 Y240 Y247E248 H288 T319
Bacteroidetes bacterium 37-13 0JV27025 .1 TFFF ANEALYLGLATLYELLPEV: TWYVALGWNCAIIFI. VM- IFGQ-IASYFATIPSVVVIIISIVILL--------===-=-~ YNNKI
Geobacillus sp. WP_023634191.1 IYAFGHIFANSVIYMGVIAVYEIL --NRP- KIFLL TIIIY m-bmx-muequsmmmvwmv ---------------- YRSGI
Rhodanobacter denitrificans We_015448124.1 IYWFGHMVINATIYMGVIAVYELLPRYT--GRP-YGI VEVIIVE! -DYAEPR-WMLVMGQIISYAAGFPVFLV: HRSGL
Nitrosococcus halophilus WP_013031504.1 IYFFGHVFINATIYASVTAVYELLPRYT--GRP-WKTSKVEFYAAWLAT YPHHLMM-DFAMP! IVGQVL YRSGI
Thioalkalivibrio sp. ALRh WP_019592254.1 TYFFGHVFINATIYMAVIGVYEILPRYT- VMVLLVYPHHLLM-DFSQ GQ-' vxsn-scnwuwam-mv ---------------- YRSGI
bNOR H233 N237 Y240 Y248 H281 $309 T312
Salinicoccus gingdaonensis WB_092985759. 1 VPKVI--GGKLF-SDSLARAVVILIV DPGF FMSLATAVPSLL- 'lmx.nnmmm—c KGLLGWEWKL
Salinicoccus sp. YB14-2WB_092985759.1 VPKVI--GGKLF-SDSLARAVVILIV DPGF KGLLGWFWKL
>_ 3.1 IVLPKVI--GGKIF-SDSLARLVVILIVI DEGF FMSL FGWFFKL
Bl IWYI VVPKITI ARLVVVLLVILNI I-DPGI. HV-FMSISL -G-KGLLGWFKKL
Spamsamna sp. HYOOG m87068 T, II--GGRRF" 'VVILLVITNI FMSL KGLLGWFKKL
IVPKII: AMLVITNI Y FGWLKKL
Bacillus sp. FJAT27445“ 059173535 1 II 'VIIALVVMN. i
Bacillus sp. EEDln 043932172.1 GGKRW- 'VIISLVVMN: FMSL TAYAL
Thalassobacillus cyrigp 0930461231 IWYMTAT, VPKII--DGRRW-! IVVIALVIMNI - FMSL
Neobacillus balawensrs"p 007083088.1 IVPKII VIIALVY
eNOR H2410245N247 Y256 H290 $318 H321
Rhodothermus marinus WP_012842681.1 YWIIGHGSQQI! mammxn.'mwc-—mw snn.sanrxmu LA ASMI-HAFAIPA SQGL
Alicycliphilus denitrificans Wp_013520406.1 INVAAHISIWYAVAAIAF- AK] 1mgum:v A SMI-HALSI KGL
Candi Kryptonium iWP_075426648.1 mms?mxmmvsvmu.srm— -GGVTE: LLYVLFI! LV Tnl'r YVIYMAVLASLI - HCFAIPASAEIGQRKRGFN-KGLFTWLIKA
Bacteroidetes bacterium OLB11 KXK43645 .1 WWGL WYMVSFLAV--GGTST VLYILFICLASAHHLL AVLASMI FEWLSKA

Gemmatimonadetes bacterium SCN 70-22 0opT01569 .1 WWGL T ITWYMLAALTV--GGVVL VLYILFI. L T ASMI - HGF
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Extended Data Figure 6: 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 highlighted in blue.
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a. Sequence alignment of eNOR - Subunit | showing conserved amino acid residues according to
R.marinus eNOR numbering

R16 R58 Y71 F88 E90 A92

Rhodothermus marinus_ WP_012842681.1 - - . MAGLLLSGTYDAEGFRTCSVTGLR IHRDVERYVKLFALTAVVAELIGGISAIFVALTRWEV IGLADPPAF| | FWMVEM| Iy
Halopiger goleimassiliensis_WP_049927204.1 MASNLDV FGWFDNEYDSDGFKCSVTGFDVHR SVENHVKLFGVTAVVFLLIGGTFALT IAMTRWET IGLLEPGDY IFW1 I EMEVAI LYV
lobiforma haloterrestris_ SFC35919.1 MTHA LDV FGWFDNEYDDDGFRTCSVTGFDVHRTVENHVKLFGVTAVVFLLIGGLFATTVATTRWELIGLLEPGDY LFWIVEMEVAI LYV
Halovivax asiaticus WP_007700404.1 MAHR YDV LGL FDNEYDDEGFRTCSVTGLR IHRTVENHVKLFGLTAVVALLVGG I FAFTVATTRWEA I GLLGPDAF | FWMVEMEVA | LYV
Haloterrigena thermotolerans_WP_006648757.1 MAHK LDV LGL FDNEYREDGFRTCSVTGLEVHRSAENHIKLFGLTAVVALLYGGI FAFTVAMTRWEV IGLLEPGAF | FWMVEME 1A 1LYV
Halobacterium hubeiense_WP_059056528.1 ~-MFGLATFDYDDDGFRECGVTGLT IHKSAEDLVKLFGLTAIVSEAVGGAFALTVALTRWEA I GLLGP GKY| LFWMVEME 1A 1LYV

Thermus brockianus WP_071676471.1 -- TCPATGLRLFGVAET LVRWNAVAAVVFLLLGFLWVIPTTLNRVLGP EVVSPNLY I FWILEFEVALLYF

Candidatus Kryptonium thompsoni WP_075426648.1 - TCPVTGLRVVKHAENL IKVNAVFAVLALLFGTIGAILIALTRWEAIHLLPTDLF VFWIVEFEGAGLYF

Candidatus Kryptonium thomsponi_ CUS78534.1 AEVLVEARTCPVTGLRVVKHAENL I KVNAVFAVLALLFGT IGAILIALTRWEAIHLLPTDLF| VFWIVEFEGAGLYF

Anaerolineae bacterium UTCFX1_OQY89551.1 TCPVLTLKVDMHAERL | [ANAVMAVLTLT IGGIAALLIALTRWQT FHLLDATWF | 1AGLHF

Deltaproteobacteria bacterium GWB2_55_19_OGP23086.1 ICSLSGLKISRSSELLIRWNLIAAFATLAVGGLMGLLVLLTRWP SVHLLPVERY| LAWI LEFEIALVHF
Deltaproteobacteria bacterium GWA2_55_82_ OGP17214.1 TDPLSGLKIEKSTENLVRWNL I AAFATLAVGGLLGLLVVLTRWP SVHLLP LDYY LAWI I EFEIALVHF
Bacteroidetes bacterium OLB10_KXK45761.1 TCDITGFKVDLQSEKLIRANAVFAVISLLFAVVAAILLVFTRYQPVHLLGAEWY| TFWI I EFEIAGLY F

Lacunisphaera limnophila_WP_069960684.1 -MTTAPASSSHALTAPGVPG VCGTTGLSVCLDAQRF IKLNAVVGIVFLLLGGIAALLLALTRWQTVHLLP ADWF LW LEFEVAI LY F

Gallonellales bacterium RBG_16_57_15_0GT04934.1 MATTTMSDFRVDPVSGFKIHRTANTLVKANAFAAVVFLLVGGLFGLGVALTRMP GVQLLKP EMF MVW I I EFIEIAVLYF
Deltaproteobacteria bacterium GWA2_42_85 OGP09150.1 ~-MSNGSEFRTCP ITGKKVFAATQNLVWINAVTAVVFILVGGIMALLVGLTRWPAVHLLSADLF VEWIVEFEIAGLYF
Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_10_OGW04603.1 ~MAANEMEFRITCP I TGKKVYATTQNLMWINAVTAVVFIILIGGIMALLVALTRWPAVHLLSP EWF VFWI I EFEVAGLYF
Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_17_OGW05819.1 ~MAANEMEFRITCP I TGKKVYATTQNLMWINAVTAVVFIILIGGIMALLVALTRILPAVHLLSP EWF VFwl I EFEVAGLYF
spirae bacterium RBG_16_64_22 OGW58859.1 ~MTNAGSEFRITCPTTGLKVHLPAENL I KANAVAAVVFLLVGTVMALLVAFTRWPAVHLLSAEGY TFWIIEFEIAVLY P
CandldamsRnkub.sc!snabsctsrrumHlFCsPHlGHOZ 12_FULL_73_22 0GL04433.1 TCAHTGLRVHLTAERL IKVHAVAGV LAIL FGGIAAVLVVLTRWP AVHLLDPAMY TFWIIEFEVA I LY F
iaproteobacteria bacterium RBG_16_71_12_0GQ21060.1 NCPVTGLK IDKDAETLIKLNAVVAVVMULVGATAALLLVLTRWQAVHLLP ADWY VFFIIRFEMA LY F
DeuapmreobacrenabacrenumGWAz,w,vz,ceposnn TCSVTGLKVDRHTENLVK INAVVAIVALLVGI I AAVGLVLTRWQAVHLLP ADMY VFFILRFEMA LY F
Gemmatimonadetes bacterium RIFCSPLOWO2_02_FULL_71_11_OGT96394.1 TCAHTGLTVHKDADAL I KANAVVATVMLL 1GG I AALFVLLTRWQAVHLMDAEWF VFFILRFEMAT LY F

L102 M119 Y145 P147 G164 P172

Rhodothermus marinus WP_012842681.1 GGP LVIEGRP LPAPRLAG I GY FVMLVAALMINHAIATT-E---APDSAPLLTSHAPLPSPPLFYLGVILFILGYIVAALPEFITIWQEKQEYP
Halopiger goleimassiliensis_WP_049927204.1 GGPMVILGRK LPQQWMAKVGYVVMLAGALV I YYAIWTV-SGNPTTDNAP LLTAMVP LEINPLFYAGGLVFLVGVTVAALPEFLALWFEKRENP
lobiforma haloterrestris_ SFC35919.1 GGPMVILGRKLP LP SLAKVGYVVMIAGVLT IYYAIWTA-SGNPVADNAP LLTAMVP LEVNP LFYAGAIVY IVGIVVAALP
Halovivax asiaticus_WP_007700404.1 GGPMVLGRRLPWTKVATAGWLTMVAGAVAVNYT IWTT-S---APNEAP LLTAMVPMPVSPWFYAAACLFIVGTVIAALP
Haloterrigena thermotolerans_WP_006648757.1 GGPMVILGRR LP FTK | AKAGWLVMAAGAVLVNYA IWTT-E---APNEAPLLTAMVPMP | SPLFYAGAIVFILGTVVAALP

Halobacterium hubeiense_WP_059056528.1 GGP FVILGRKLSVPKLGWAGYGIMLLGGGLAVYSIATYDL----PNQAPFYTSMVPLPSPAPYFAGAVLFLLGALVAAVPEFVTLWREKREHP --TKT
Thermus brockianus WP_071676471.1 AASA I LKTP LALPQLAWGGFGLMLGGAVL INY LGMAQP L- - - SFLPFTPMVPLKAPPLFYLAVLLFAVGAILAVCVEFLTLHRAWKTKVY-GP SMP.
Candidatus Kryptonium thompsoni WP_075426648.1 AST | VLNARQVAP K LGY LAV I LMILGFLLTNFI1LTG-D---VNETAVMFTAMVP LKAHP LFYLGY I LFAVGALIMCILEFLNVYNAKREGTY-EGPVP
Candidatus Kryptonium thomsponi CUS78534.1 AST | VLNARQVAPKLGY LAV I LMILGFLLTNFIILTG-D---VNETAVMFTAMVP LKAHP LFYLGY I LFAVGALIMCILEFLNVYNAKREGTY-EGPVP,
Anaerolineae bacterium UTCFX1_0QY89551.1 GSTVLLNARHAAPKLAWLGF I LMT IGGLTANVVVLFDPR- -~ NTVAYTANMMP LKASPVFYLSY | LFAVGALIAVATEF INIVVAKREKRF-EGSMP,
Deltaproteobacteria bacterium GWB2_55_19_OGP23086.1 T SAV L GTRSYVTW\:I%VAFAL LIGGALINTIVVLG- VP LKADPLYYLGVILFAVGALIGFIHEFINIVLSKRDGGF-KRSLP

Deltaproteobacteria bacterium GWAZ2_55_82_0GP17214.1 TSAA T LGVR SYAPWLGWLAFALMLAGGAV INVIVLMG-G- - - VPLKGSPMYYLGVILFAVGALLGFIVEFINIAMAKRDGGF-KRTLP
Bacteroidetes bacterium OLB10_KXK45761.1 GSTV IILNTKFCAPKWGWVAFALMVAGLV I SNI || LMG- TPLKAHPLYYLGI I LFAVGALLAVILFEFGNLMIARRDKAY-GETMP
Lacunisphaera limnophila_WP_069960684.1 ACTTPLNARLFSRKVAWVSFGMMLTGGVMVDY | | LAG-Q- -~ LPLLAHPLFYLGIILVAVGTLIGVFNEFATLYVAKRDQAY-TGSVP

Gallionellales bacterium RBG_16_57_15_0GT04934.1 LGAHVIINSR LATPRWAWLQFWLMI | GAAMTAVA | LQG- PPLTAAPHFYLGLILFAVGALIGCFVELGTLVIAKEEKTYGEGSLP,

Itaproteobacteria bacterium GWA2_42_85 OGP09150.1 GSSVLENSRLAAPKVAWLAY LLMLVGAVLVDVMVFTG-K- -~

Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_10_OGW04603.1 GSSVVILNSR LAAPKVAWLAY | LMLVGSVLVDVMVFTD-N-- -

Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_17 OGW05819.1 GSSVLENSRLAAPKVAWLAY | LMLVGSVLVDVMVFTD-N- - -

ltrospirae bacterium RBG. 16_64 22 OGW58859.1 ASA | LENSR LAAPKVGWLSFLMMLVGS LMVDLMI LQG-K~ -~

Candidatus Rokubacteria bacterium RIFCSPHIGHO2_12_FULL_73_22 0GL04433.1 AAP I VILGSRVAWPRMGWVGFALMVAGSLMIDVAILRG-G- - -
Deltaproteobacteria bacterium RBG_16_71_12_0GQ21060.1 AGP | ILGSRLPAPKLGYANFALMV IGALLVDIEVFRG-K- -~

VP LQADPLYYLG! I LFAVGALIGCAIEFGTLAIAKAEKTY-EGSVP.
VP LQAHPLYYLGI I LFAVGALTACGIFFGTLAIAKADKTY-EGSLP
VP LQAHPLYYLGI I LFAVGALTACGIFFGTLAIAKADKTY-EGSLP
VPMKADP LYY LGV ILFAVGALIGVGVEFATLVVAKREKTY-EGSLP
VPLRAVSYFYLGWILYAVGALIGVLNFFATLVVAKAERTY-EGSIP
VPLRASPAYYLGI I LFAVGTLLVVLHELAVLVVAKKEQTY-AGSMP

<<<<<<me=<<<O0<mmP-o<<<<<

Deltaproteobacteria bacterium GWAZ_ 45_12.0GP09177.1 AGTVPLNAR LPAPKLGY LAF I LMLGGA | LVDVMVLQG-K- -~ VP LRADPLYYLGI | | FAVGALIVSFHEFGAI | |AKKEKTY- EGSVP
Gemmatimonadetes bacterium RIFCSPLOWO2 02 FULL_ 7111 0GT96394.1 ASAVLILGSRVAAP K LAWAAFGLMV I GAG LV EVMMWT G- C\s;ﬂuwvncvumv ALLAVCVEFATLVVAKREKTY-TGSVE.
A202 G209 D228 G240H241 Q245 W255Y256 G264 E270 R274 Y280 H290H291
ARhodothermus marinus_WP_012842681.1 s FGAF I TS I AL EALGELITY IPTFLWR IGVVEHIFAA INLAAM I TVl F LTHVVGEAEVVS UL FFIINMGAA
Halopiger goleimassiliensis_WP_049927204.1 T F GAFVAGVIAVQS|I LGGFMAFGGALGWQMGLFPWFBGG I INLVAMIVVWMLFTHV I GGAEVVS) ILMLFFITMGAA
Halobiforma haloterrestris_SFC35919.1 T FIGAFVTG I IAVEALVGGLVAFAGALAMNFGLAEWFBAGVY) INLVAM I VVWML FTHVLAGAEV VS| TEMLFFINLGAA|
Halovivax asiaticus WP_007700404.1 AFAAFVTS | IAVEALVGGLVAFAPAMLWRLE I | EWVBAA INLVAM I TVWMF LTHVVAGAEVVS] TLMLFFINLGAA|
Haloterrigena thermotolerans WP_006648757.1 S F AAFVTS | IAVEALVGGLLAFGPALLWRLE | | EWWBAAV INLVAM I AV FVTHVVAGAEVAS| TLMLFFINLGAA
Halobacterium hubeiense_WP_059056528.1 T FGAF | TGV/IALEALVGG I TALTPAFLWR I GFFEHLBAAW] INLLAMI TVWMFMTHV | GGAEVAS VLN LFFINLGAA
Thermus brockianus WP_071676471.1 AFGALTAA | LATTTLLSGAIAFIPAFLWSLGLLP SLBP LW VNLAAMVTAWNIL LALFTVGGTTP S LL¥LLGINLGSA
Candidatus Kryptonium thompsoni_ WP_075426648.1 TYG | AAAAVIAVFTLVHGALALGSAFLWSLGI I EVVBASL INLAAMY SVWMILLSY FTVEGVTP S| LYV LFINAGSA
Candidatus Kryptonium thomsponi_CUS78534.1 TY/G | AAAAV|IAV FTLVHGALALGSAFLWSLGI | EVVBASL] INLAAMVSVWMILLSY FTVGGVTP S LL¥VLFINAGSA
Anaerolineae bacterium UTCFX1_OQY89551.1 AFGFMTAA | LATYTILLQGAAA | VP AFLWSMGV ISSFEPGI VNLAAMI S TWMSLAQITVGIRPVN VLM LFFINLGAA
Deltaproteobacteria bacterium GWB2_55_19 OGP23086.1 S FGLAAAS | 1G | LTLAHGAA | FLPTLLWSMDV IPT IBP SA! INVCAMVAVIWEIMT SAFVVGGKP VN VLN LFINLASE
Deltaproteobacteria bacterium GWA2_55 82 OGP17214.1 SFGMLAAS [ [IAVLTILAHGAA IMVP TWLWSMD I LGS | BP AA! INVSAMVAVIWEIMT SAFVVGGKP VN VLM I LFINVASE
Bacteroidetes bacterium OLB10_KXK45761.1 TYGLMTAA | IAV I TLASGALIY IPTFLWSLGLVENIBP AM| INVAAMY'S I WBIMV S FLAVGGTS I N VLN LFICLASA
Lacunisphaera limnophila_ WP_069960684.1 TFGATAAA | IAVVTLLHGA | VMIPTFTMSMGWTPQP 8P AW VNVCAMY SVWHL L SHV | LGARPVN) VLN I LFINLASA
Gallonellales bacterium RBG_16_57_15 0GT04934.1 VFGGVTAC IIAI FTIASGALILIPTFLWSLGLISHIBPMM INVVTHIS IWML I AALVFGAKPMS| LLM I LFLQFGSV]
Deltaproteobacteria bacterium GWAZ2_42_85_0GP09150.1 TFGLSAAA I [IAVFTILACGA I 1Y IPTLLWSLGLITNLBPGV INVTAMY SVIWML LGALTVGAKP VN LLM I LFINLASE
Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_10_ OGW04603.1 TFGLSAAA | IAVFTLACGA | 1Y IPTFLWSLGY IKNLBPAM INVTAMYS IWMLLGALTVGAKP VN VLI LFINLASE
MzraspmaebaaenumH/chpLowoam FULL_39_17 OGWO05819.1 TFGLSAAA | TAVFTLACGA | 1Y IPTFLWSLGV IKNLBPAM INVTAMYS IWMLLGALTVGAKP VN VLM I LFINLASE
itrospirae bacterium RBG_16_64_22 OGW58859.1 VFGAVAAG | IAVVAIAHGA | 1Y IPTFLWSLGI1GP I8P AM| INVTAQIAIWHLLATLTVGASP LN VLM I LFINLASA
GandrdaiusRokubacrenabacrenumRIFCSPHIGHUZ 12 FULL 73.22 0GL04433.1 TFGALTAA I IAVVALAHGA | 1Y IPTWLWSLGVVQNLBAGM INVAAMVAVWNILLATLTVGAVP | N| VLM 1 LFINLASA
Deltaproteobacteria bacterium RBG_16_71_12_0GQ21060.1 TFGALTAA LAV I TLLHGAA | FVPTFLWSLGLMD- | BAEV! INVSAHVAVIWMLMAGLTVGGVVP N GLY 1 LFISMASA
iaproteobacteria bacterium GWA2_45_12_0GP09177.1 TFGALTAA 1 1AV I TLVHGAM Y IPTFLWSLGLMN-VBPQ 1 INVAAMY SVWM L LGGLTVGAVV LN| FLM I LFIISMASA]
Gemmatimonadetes bacterium RIFCSPLOWO2_02_FULL_71_11_OGT96394.1 TYGA | TAA I LAV I TLGHGAA 1Y I PTY FISMGWMN-VBPQ | INVAAMVAVIWMLMGALT | GAVV LN| VILHV LFIiSMAS A
N306 T307 Y309 S$318 H321 E330 R334 W346  W352 H388 N389
Rhodothermus marinus_WP_012842681.1 | ADPI- - GV HM SWK H) SEAVYGAY LABM IHAFAIPAGLEAGREKRGLGSQGLFGWLWSAPWGNPVFSATALG! IMF VMGQTQLNLTWHENT L
Halowger90Vefmassfhensrs_WP_049927204-' MVDP - - GVSTGWR | SMAFYGATFASL IHAFTIPAGLEAGRBKRGKGG-GLFGWLTSAPWKNPMFATS | FAMI L LMGQLQLNMS' TF
Halobiforma haloterrestris_SFC35919.1 MV DP - - GL SV GWR V! SMAFYGATF. VHAFTIPAGLEAGRRKRGKGG-GLFGWLT SAPWKNPMFSTSIFALILF MMGQLQLNMS TF
Halovivax asiaticus WP_007700404.1 | SDP - - AVSTGWR | SHAFYGATFASL IHAFAIPAGIEAGRRKRGKGG-GLFGWLTSAPWGNPVFSSTIFSIILE MMGQLQLNMT TF
Haloterrigena thermotolerans WP_006648757.1 L SDP - - AVSTGWR | WNT SMAFYGATFAS L I HAFT IPAGLEAGRRKRGKGG-GLFGWLT SAP SIILE MMGQ LQ LNMTWHNT F
Halobacterium hubeiense_WP_058056528.1 MSDP - - AL S S AWRMWNE SMAAY GAVVASM | HAFA 1 PAGLEAGRERKGAGG-GLFGWLWSAP: SIILE MMGQMQ L NM SWHINN L
Thermus brockianus WP_071676471.1 LTEPTGALSSAWTWVNTGML I HVAVLGS L IHAFSVPAAIERGLRMKGFTQ-GLFTWLLRAPWG SVVLE TMGSYDMNLKWHNT L
Candidatus Kryptonium thompsoni WP_075426648.1 LVDP - - GF GAPWK | F NSV | YMAV LAS L IHCFAIPASARI GQRKRGFNK-GLFTWLIKAPWSNPAFSAFFISLVIE IMGVEQ | NMK LHNT L
Candidatus Kryptonium thomsponi_CUS78534.1 LVDP - - GFGAPWK | FIN SMV | YMAV LAS L IHCFAIPASAR I GORKRGFNK-GLFTWL I KAPWSNPAFSAFFISLVI IMGVEQ | NMK LHNT L
Anaerolineae bacterium UTCFX1_0QY89551.1 LGDP - -G LS FAWKAVNT SMAMY LAV LGSMMHAF S 1 PAAMEVA LRIAKGYRK-GLFGWLRNAPWKEPGFSALVISIVIE VIGTEQINMLVENTM
Deltaproteobacteria bacterium GWB2_55_19 OGP23086.1 LVDP - -V LS SWHKV VIN(SMMMH LAV LASM | HAFA 1 PASMEVALRKQGY TR-GLFEWLKKAPWGNPAFSGV I 15 IVLE IFGTEQFAI IRHNTF
Deltaproteobacteria bacterium GWA2_55_82 OGP17214.1 LVDP - -V LSTWHK | VT SMMMH LAV LASM | HAFA 1 PAS [EVALRKQGHTR-GLFEWLKKAPWGNPAFSGTAISILLE IFGTEQFNI IRHNT I
BacemldelesbaclenumOLBw KXK45761.1 LTDP - - GV'S SAWKVWINT SMAMY LAV LASM | HAFAVP S S FIESAQRRWGY NK-GLFQWLSKAPWSNPAFSS I I LAVIGE I FGMEQTN I | VHINT |
unisphaera limnophila_WP_069960684.1 LVDP - - GVGATWK | WNT|SMAMY LAV LASM | HGFTVPAG ||| AMBEKGY TR-GI FGWVTALPWKNPALSATVLSVIIF TLGTQQINI I AHNTL
Gal/wne//alesbactenumHEG 1657 15 OGT04934.1 LSDP -~ GLSSAWK | FNT S¥M 1Y LAVLASL IHGLTVPGS | [EVAQRKKGMDT - GMFTWIRKAPWGNPVFSGMFLSLIGE VMSVEQINMI | HNTM
Deltaproteobacteria bacterium GWAZ2_42_85_ OGP09150.1 LTDP - - TLSPYHKMANT SMFMY LAV LASM | HALA | PMCVEVAQRKKGYTK-GLFEWLTKAPWGEPGFPALIFSLF IR VYGTEQLS I KTHNTW
Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_10_ OGW04603.1 LTDP -~ TLSPAHKVWNTSMF LY LAVLASM I HA LA 1 PMAVIEVAQRKKGY TK-GLFEWLTKAPWGEPGFPAMIFSLLIF VYGTEQLA I KSHNTW
Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_17_OGW05819.1 LTDP -~ TLSPAHK IWNTGY FMYMAV LASM | HA LA | PMAVIEVAQRKKGY TK-GLFEWLTKAPWGEPGFPAMIFSLLIE VYGTEQLS I KSHNTW
spirae bacterium RBG_16_64_22 OGW58859.1 LVDP - - GV SP SWK | WNT sMAMY LAV LASM | HGFTVPAS | EVAQRKKGYTK-GLFEWLKKAPWGNPGFSALALS 1A TFGTEQINI I SHNTL
GandrdatusHokubacrenabactenumRIFCSPHIGHOZ 12 FULL 7322 0GL04433.1 LVDP - -QV SP AWK VWNT(S¥GMY LAV LASM | HGMTVP A S VIEVAQRR HGLGK - GMF EWLTKAPWGNP GFAALFLSLVLE TFGAEQUNI | SHNTL
nlsabaclsnabacvenumRBG 16_71_12.0GQ21060.1 LVDP - - GMGP AWK VWNT sMAMY LAV FASMVHGFTVP A NGFTK-GRFEWLAKAPWGDP GFSGTVLSVV I TIGTEQINI I AHNTL
roteobacteria bacterium GWAZ_45_12.0GP09177.1 LVDP - - GVGP AWK VWNT SHAMY LAV LASM I HGF TVPAG | EMGQRLRGFTK-GKLEWIKKAPWGDPAFASLVLS I I 1 TIGTEQINI I VHNTL
Gemmatimonadetes bacteriam AIFCSPLOWOR. 02 FULL. 7111 OGT98394.1 LV DB~ - CMGP AWK VWA SAMY LAV LASM [ HC F TVPACMEVGSHILRGLTK-GLF EWLRRAPWCDPGFSATVFS | VVE TFGTEQINLTVHNTL

H396 H/K398 T405 R460 R461
FRhodothermus marinus_WP_012842681.1 Gy p HGVV LGET LTFMALVY FALPVLFNRDLAFKP L| PYFYAVAMGLAT IMM 1Y L| VPP SVMSFPGT---DFSFAAASPLFA- | FGVA
Halopiger goleimassiliensis_ WP_049927204.1 ATVGHEHSEVV LGHT | TEMGVVY FVIRTMFMRKFVSGI L PYLYAGGMALTALMMMY L
Helobiforma haloterrestris_ SFC35919.1 ATV GHF HSEVY LGHTVT PYLYCSAMAVTALMMMY L
Halovivax asiaticus_WP_007700404.1 ATy HA| VL ITVAF
Haloterrigena thermotolerans WP_006648757.1 ATVGHEHGEMV LGTTVAF
Halobacterium hubeiense_WP_059056528.1 AV p GHFEHATVV LGHT L S F
us brockianus WP_071676471.1 Ay GHEKGEVVVGES LA
Candidatus Kryptonium thompsoni WP_075426648.1 GV P GHEHCTVAAGE S LA
Candidatus Kryptonium thomsponi_CUS78534.1 GV P GHEHGEVAAGE S LAF
Anaerolineae bacterium UTCFX1_OQY89551.1 R LP GHFHARVV SGETTAF
Deltaproteobacteria bacterium GWB2_55_19_0GP23086.1 A | TGHFHGEVVAGET | AFMAFTY L L
Deltaproteobacteria bacterium GWAZ_55_82_0GP17214.1 A | TGHEHSTVVAGET LAF
Bacteroidetes bacterium OLB10_KXK45761.1 A 1P GHEKGEVV | GETLTF
Lacunisphaera limnophila WP_069960684.1 R | P GHEHVEVVGGI|S LAF

1Y
LYGVPRRTAQV--VENIPTADFSLIGAAPLFN-VFGVV
LYGIPRRTAEV--VRNIPRTDFSLIEAAPLFN-VFGVF
LY! VSNIQGTEFDLAAASPLFA-IFGIF
Ly! VENIPGTEFSLSAAAPLFA-VFGIF
-MDIPGTAFDFSPAEPFFV-VFGAA
VVYGLPRBFGDTFQFGGSP F-GFAYPPEASTLLAAMGIG
RL-GIPRBVWET - SALVVPY- -~ KELLQATLGIG
RL-GIPRBVWET-SALVVPY--- KELLQATLGIG
LQ-GVSRRINWD | -TFAGVV------PGTVELTLAIFGIG
SF-GVPRRHYDI-TFSGAPF-SFTFDPAIDMFMSMMGVG
SF-GVPERHYDI|-TFSGAPF-SFTFDPSIDLFLSMMGVG
L-GVPRRHWDS- SFSGGP F-THNFNPAVDF FWALMMLG
SM-GVSRRISWD | - DAQG | ------YGPAAHLWLGVLGIG

PFLFGGGLFLMAVSMNTL
PYIFGGGMLLLSLGMITS
I@PWLYGAGVATLS | GMMSA
FRREI IWKGFAT I@PWIYGVGVALLS I GMMSA
FRRK IAGFK PWLFFIGIALLSISMIVL
FQRDF I LRGVARWEPWLFGLGITLMSFGMS FA]

Gallionellales bacterium RBG_16_57_15_OGT04934.1 Y LP HGEVVAGETMAEMAVTYWL FQRKIALAGVAKLE@PY I FSLGSFVFSIALMGAGTM- GVQRIRISADM- F FAGQP L-AYEYPEIAKGMMS IGE I F
ltaproteobacteria bacterium GWA2_42_85 OGP09150.1 AMT HGEVVGGETLAFMGLTYYV FRREIIGKKIATL@PY IFAIGI ILIALGMGGAGTL-GSPRIBHWD | - TFADAVI-PFSFDPAVLFFTTIAAIG

Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_10_OGW04603.1 AMT HARVVGGETLAFMGLTYYV FRREIIGKKWASA@PYVYAAGMI LLILGMAGAGTL-GSPRHWDV-TFADSI1-PFSFDPTVLLFTTIAALG

Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_17_OGW05819.1 ALT HARVVGGE[T LA LTYYV FRREIIGKKWASA@PYVYAIGLILLILGMSGAG!IL-GSPRBHWDV-TFADSI|-PFSFDPTVLLFTTIAALG

spirae bacterium RBG_16_64_22 OGW58859.1 R | P HARVAAGETLAFMGVTYYVL FRRQVVVP SLAKL@PYFFGIGILLVSIGMTFAGSY-GI SRHWD | -AFTGAPF-QLAIDPTALLMLSVMGIG
CsndldatusHokubacrsnabﬂclsrmmRIFCSFHIGHOZ 12_FULL_73 22 OGL04433.1 R I P HSEVVAGET LA LTYFVVPLIWRRRIVAPKLATLRAVYVFGIGIAI FAAGMTTAGSY-AVPRBHWDV-QFTNALF-QPPVEAAAYVFLGIMGLG

Deltaproteobacteria bacterium RBG_16_71_12_0GQ21060.1 KV P HVEVVGGEALAFMALTYYVL
Deltaproteobacteria bacterium GWA2_45_12_0GP09177.1 RVP HSEVVGGEAFA
Gemmatimonadetes bacterium RIFCSPLOWO2_02_FULL_71_11_0GT96394.1 RSP HARVV SGEA LAF

FKKKVAFWGMAK LAPWVFGIGISMLGSAMTF L
FRKKISFWKLAK I@PYLFGGGIVLFALSMSTL
FRKRVAFWGMAK

SF-GVPRRHWD | - TFSGAPF-TLEFPAATNLFFAMFGIG
1 F-GVPRRHWD | - TFSQAPF-QVEFNPVVNLLQASMGLG
TF-GVPRHWD | - SFAQAP F-DFQFSPTVDLMIGIMAIG

CCCCTCTCDZSCCIT

PYVFALGML | FTMAMT FA

Rhodothermus marinus WP_012842681.1 A | LA| |AGASFLLVAVGSLLFGKRV-ENPAL---VMPPL-
Halaprgergo/ﬂmassﬂfens's WP_049927204.1 AVFALTGGALFVLLAVGSLLFGER |- EPGDNDALVADGG-

rma haloterrestris_ SFC35919.1 AL LAITGGALFVLLAVGSLLFGDRI-EPGGNGDLVADGG-

H lovivax asiaticus WP_007700404.1 ALLA|AAGVLFILLAVGSLLFGKR IDDESNVSDLVADGG-

Haloterrigena thermotolerans_WP_006648757.1 ALLA | AGGVLFVLVAVGSLVFGDRV- ENGDNADLVADGG-

Halobacterium hubeiense_WP_059056528.1 A | LSVVAGALFVVVAVGTLLFGGEF-TPP IVEDRAISPG-

Thermus brockianus_WP_071676471.1 GALSLAGGLLFVLLVVGSLFGGKRL-SDEE!| -

Candidatus Kryptonium thompsoni WP_075426648.1 AVVAF LGALVF | LHTVLT I | F

Candidatus Kryptonium thomsponi_CUS78534.1 AVVAFLGALVF I LHTVLT I I F

Anaerolineae bacterium UTCFX1_0QY89551.1 A | LAV GG IMFVTVVFVSVLTGPRT- EANKLL-

Deltaproteobacteria bacterium GWB2_55_19_OGP23086.1 GVLAAAGGLLFILIAFGS || FGKKL-EQQ
Deltaproteobacteria bacterium GWA2_55_82 OGP17214.1 GLLAVAGGVLY I CLAFGS | IWGKK I -~ - - -
‘Bacteroidtes bacterium OLB10_KXKAS7611 GT [ AFLAT | [WI LI VV I SVFFGQKV- NGPQDMQLK | sp L-

Lacunisphaera limnophila_ WP_069960684.1 GV LAFLGLLTFVLLCVGTLFFGRK | -GAGTAM- - SDWGT -
Gal/rans/lalssbaclenum RBG_16_57_15 OGT04934.1 GVVMAVGAVMF IVVVLAS | FAGER I -PEGS APWPK -
taproteobacteria bacterium GWA2_42_85_OGP09150.1 V IVAVVGGAMYVGVSVLSVFF

Nitrospinae baclenum RIFCSPLOWO2_01_FULL_39_10_OGW04603.1 GLLAAVGGAMYVGVSVLSVFL
Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_17_OGW05819.1 G| LAAVGGAMY VGV SVLSVF L]
spirae bacterium RBG_16_64_22 OGW58859.1 A LAFTGALMY ILITVFTVLI

Candidatus Bnkuban:{ena bacterium RIFCSPHIGHOZ2_12_FULL_73 22 0GL04433.1 GLLAALGGALYVGITVLSVFF
iaproteobacteria bacterium RBG_16_71_12.0GQ21060.1 GLIAVTGAFMF IATAVVSVFF

taproteobacteria bacterium GWA2_45_12_ 0GP09177.1 GLLAATGVLSFILIAVVSVFF
Gemmatimonadetes bacterium RIFCSPLOWO2_02_FULL_71_11_OGT96394.1 GLLAVTGGAMY IVITVSSVFFGRSVGDVAAMAA-DPTGIPQGVLKLPPQAHTVPVQENVTADRGPAHHAPGTLVLVGVFLVAF IVYYFLNWKLLAGAWK |G-

- IHEYSMQGTFTLTLIFLAVFAIVYAVNWYLLGRLWAIG- -
~VHAYEMRGTFVLCLVFLGVFVVAYALNWFLLTQLWS I GA-

- -APQAKEHKG- - - - ---FEAPGTLALTMVFLLVFIALFFLNWKWLAATWNVN-
CCPPALAGSAAGS LAQ -DH-YATKGT IVLTILFLACFAVYYFANWKALADVWP VR
~---VEDADVVAEKSGKKHIGIGG-FEAPGTFVFAMILFVTIVLYYFINFKYLSTIWTLS-
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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 (NO;3™ to N,) using eNOR as the sole nitric oxide reductase. Cultures were
inoculated into flasks containing media with either '*"NO;*, ""’NO;*, 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, N,O, and N, were identified by their mass spectra and peak
areas were quantified relative to ambient air. As "N cultures were grown in isotopically pure
"NO;%, complete denitrification should result in accumulation of *°N; at a 1:2 ratio relative to
nitrate consumption. *°N, 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 *°N, peak was observed, indicating the eNOR
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functioned effectively as a nitric oxide reductase for denitrification. Over the course of incubations,
N, was seen to accumulate to more than 50x background. '*N samples showed no significant
accumulation of **N, above background, confirming that the **N, 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 MgCl, and 50 pg/ml DNase, using a Bamix homogenizer. The resulting solution
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 ‘al’ in Magnetospirillum magnetotacticum', 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
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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®. The eNOR fraction was once again loaded on a Q Sepharose High
performance column, and a gradient was run between 0 and 300 mM NacCl 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”. 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 ul of 100 mM K3Fe(CN)g. 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
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Heme extraction and HPLC Analysis

The hemes from eNOR were extracted and analyzed using an HPLC elution profile according to
established protocols™. 50 pl 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 N, through 2 ml of 20 mM KP4, 0.05 % DDM,
pH 7.5 with | 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 (SRI Instruments) for verification of N,O 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. | mM TMPD or 100 uM 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 passing water-saturated Argon for 20 minutes through the solution. This
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is similar to the protocol described for cNOR from Thermus thermophilus®. The buffer system also
contained an oxygen scavenging system constituting 100 nM catalase, 35 nM Glucose oxidase and
90 nM 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 Illinois, 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 um x 15 cm C-18, 2 um, 100A)
and a Thermo Acclaim PepMap 100 Guard column (100 pm x 2 cm, C-18, 5 pm, 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.
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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 le-’ to generate a database of
HCO sequences that had at least some of the conserved amino acids previously identified in
subunit I’. 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 (Figure 2) was inferred
using IQ-TREE 2® with the Dayhoff substitution matrix, Gamma model of rate heterogeneity and
1000 ultrafast bootstraps. Using the curated HMMs for each of the HCO family oxygen
reductases’, we probed release 202 of the Genome Taxonomy Database'® 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''.
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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.
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