
1 
 

Unexpected Complexity of the Ammonia Monooxygenase  in Archaea 1 
 2 
Logan H. Hodgskiss1, Michael Melcher1, Melina Kerou1, Weiqiang Chen2, Rafael I. Ponce-3 

Toledo1, Savvas N. Savvides3, Stefanie Wienkoop4, Markus Hartl2,5, & Christa Schleper1 4 

 5 
1Archaea Biology and Ecogenomics Unit, Dep. of Functional and Evolutionary Ecology, 6 
University of Vienna 7 
2Mass Spectrometry Facility, Max Perutz Labs, Vienna BioCenter (VBC), Austria 8 
3Unit for Structural Biology, Department of Biochemistry and Microbiology, Ghent 9 
University, Ghent, Belgium 10 
4Molecular Systems Biology Unit, Dep. of Functional and Evolutionary Ecology, University 11 
of Vienna 12 
5Department of Biochemistry and Cell Biology, Max Perutz Labs, University of Vienna, 13 
Austria 14 
 15 
 16 
Abstract 17 

Ammonia oxidation as the first step of nitrification constitutes a critical process in the global 18 

nitrogen cycle. However, fundamental knowledge of its key enzyme, the copper-dependent 19 

ammonia monooxygenase is lacking, in particular for the environmentally abundant ammonia 20 

oxidizing archaea (AOA). Here, the structure of the enzyme is investigated by blue-native gel 21 

electrophoresis and proteomics from native membrane complexes of two AOA. Beside the 22 

known AmoABC subunits and the earlier predicted AmoX, two new protein subunits, AmoY 23 

and AmoZ, were identified. They are unique to AOA, highly conserved and co-regulated, and 24 

their genes are linked to other AMO subunit genes in streamlined AOA genomes. Modelling 25 

and in gel cross-link approaches support an overall protomer structure similar to the distantly 26 

related bacterial particulate methane monooxygenase indicating that AmoY and AmoZ serve 27 

an important structural and functional role.  These data open avenues for further structure-28 

function studies of this ecologically important key nitrification complex. 29 
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Nitrification, the conversion of ammonium to nitrate, is a crucial step in the global 38 

nitrogen cycle solely performed by microorganisms. The process has attracted particular 39 

attention due to its agricultural and environmental relevance.  The first and rate limiting 1 step 40 

of nitrification is the oxidation of ammonia via the integral membrane protein complex 41 

ammonia monooxygenase (AMO) 2,3.  While ammonia oxidizing bacteria (AOB) were first 42 

discovered over 125 years ago 4 and have been extensively studied, this biological process was 43 

also detected in the archaeal domain in the last 20 years 5–7. Ammonia oxidizing archaea (AOA) 44 

have gained broad attention as they are widespread in nature and are more abundant than their 45 

bacterial counterparts in most terrestrial and marine environments, indicating important roles 46 

in nitrogen cycling 8–14. Their central nitrogen and carbon metabolism, however, is distinct 47 

from that of AOB 15–18.  In particular, subunits of the AMO complex show only about 40% 48 

identity to those of bacteria 19  and archaeal proteins catalyzing the second step in ammonia 49 

oxidation, i.e. the conversion of hydroxylamine to nitrite, are still unknown 19–21.  50 

 51 

Due to the difficulty of growing nitrifying organisms and the inherent problems with 52 

isolating membrane proteins, no structural studies have been successfully carried out for any 53 

AMO complex, bacterial or archaeal.  This holds true for most of the diverse enzymes of the 54 

CuMMO (copper-dependent membrane monooxygenase) protein family, with a few notable 55 

exceptions. Crystal structures 22–26 and one cryo-EM structure 27 of particulate methane 56 

monooxygenase (pMMO) from five methanotrophs have consistently confirmed a three-57 

polypeptide protomer (subunits-A, -B and -C) arranged in a trimer of α3β3γ3 configuration with 58 

at least two conserved metal sites in each protomer. Even so, the elucidation of the active site 59 

has remained ambiguous. It was first proposed to reside in the PmoB subunit of pMMO 28 as 60 

recently supported by cryo-EM analysis 27, while differing amino acid conservation in 61 

Verrucomicrobia 29,  a recent spectroscopic analysis 30,  and mutagenesis of a hydrocarbon 62 

monooxygenase 31 suggest its localization in the PmoC subunit. 63 

 64 

 Although no AMO structure has been determined experimentally, homology 65 

modelling for the AMO of the bacterium Nitrosomonas europaea using pMMO as a template 66 

supported a homotrimeric structure as well as conservation of the CuB and CuC copper sites 32. 67 

The archaeal AMO complex is the most distantly related of all CuMMO proteins 33,34 and very 68 

little is known so far about its structure or function. Based on comparative metagenomics alone, 69 

it has been suggested that an additional subunit might be present in the complex, termed AmoX 70 
15,35.   71 
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 72 

 To gain insights into the overall architecture of the archaeal AMO complex, membrane 73 

protein fractions from the well characterized soil AOA, Nitrososphaera viennensis, were 74 

analyzed biochemically using native gel electrophoresis, mass spectrometry, and chemical 75 

cross linking. Beside the three known AmoABC proteins, three additional potential subunits 76 

were identified and one of the six predicted AmoC proteins in N. viennensis was recognized as 77 

the primary homolog in the protein complex. In addition, the overall subunit composition of 78 

the AMO complex was confirmed in the distantly related thermophilic AOA Nitrosocaldus 79 

cavascurensis. 80 

  81 

Results 82 

 83 

Complexome analysis of native membrane complexes displays the AMO composition of 84 

Nitrososphaera viennensis 85 

 N. viennensis was grown in continuous culture for several weeks under optimal growth 86 

conditions in order to obtain enough biomass for biochemical analyses (Melcher et al. in 87 

preparation). Between 800-2000 µg of membrane proteins were obtained from 450-550 mg of 88 

biomass per preparation, of which approximately 40-50 µg were loaded per lane on blue-native 89 

PAGE gels 36. After optimization of conditions, 22 bands were cut out and subjected to mass 90 

spectrometry (see Methods; Supplementary Fig. 1A). AMO subunits were among the most 91 

abundant proteins detected overall in these membrane fractions. The relative intensity profiles 92 

of AmoA, AmoB, and AmoC showed three distinct peaks corresponding to bands 4, 7, and 12, 93 

with the most prominent peak occurring at band 7 (Fig. 1A).  The subunits AmoA, AmoB, and 94 

AmoC made up 10%, 5%, and 14%, respectively, of the total protein found in band 7 based on 95 

iBAQ normalized intensities.  AmoX was also present in band 7 representing 10%.  The most 96 

intense signals for the AmoC subunit were represented by two of the six AmoC homologs, 97 

AmoC6 and AmoC4.  These two homologs could not be distinguished based on the peptides 98 

identified in the BN-PAGE gel.  In denaturing SDS-Tricine-PAGE of cutouts from band 7 all 99 

known components of the AMO complex were visualized and confirmed by proteomics 100 

(Supplementary Fig. 2A). In addition, this allowed to identify unique peptides of the AmoC6 101 

subunit (see Supplementary Discussion). 102 

 103 

To identify additional proteins that might be part of the archaeal AMO complex a 104 

correlation analysis was conducted to find candidates with a similar migration pattern as all 105 
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three primary AMO subunits AmoA, AmoB, and AmoC4/C6 in the BN-PAGE gel. Patterns of 106 

the 50% most abundant proteins were compared to each other using a Kendall correlation to 107 

determine the likelihood of dependence between various proteins. Additional criteria were (i) 108 

their presence in fully sequenced ammonia oxidizing archaea, and (ii) their absence in species 109 

that do not oxidize ammonia 37.  Two proteins initially met these criteria: the putative AMO 110 

subunit AmoX and a hypothetical protein, NVIE_004540 (Table 1).  The migration patterns 111 

for these proteins can be seen in Figure 1A. While this unbiased selection process produced 112 

intriguing additional AMO candidates, further analysis was needed to verify the presence of 113 

these newly identified and other potential subunits.  Therefore, a multifaceted approach using 114 

genomics, proteomics, and transcriptomics was used to investigate this possibility. 115 

 116 

Linkage analysis in AOA genomes supports proposed and additional AMO subunits  117 

 Earlier analyses of known subunits within the soil strains, or the family 118 

Nitrososphaeraceae (as defined by the Genome Taxonomy Database 38; used throughout), has 119 

shown a general lack of spatial clustering of all earlier known subunit genes. However, within 120 

the families Nitrosopumilaceae and Nitrosocaldaceae, the genes for the canonical AMO 121 

subunits, AmoABC, and the proposed subunit AmoX are syntenic 35,39,40.  To investigate co-122 

localization of potential additional subunit genes, the syntenic status and conservation across 123 

AOA of the 5 genes upstream and downstream of the AMO cluster in Nitrosocaldaceae and 124 

Nitrosopumilaceae were analyzed.  Of these genes, 19 were conserved in AOA with 5 being 125 

found exclusively in AOA (Supplementary Data).  The 5 genes of interest included two 126 

canonical AMO genes (amoA and amoB) and the genes amoX, NVIE_004540, and 127 

NVIE_004550.  The amoX gene was previously identified in metagenomic studies 15,35 and 128 

NVIE_004540 was already a candidate identified from the BN-PAGE correlation analysis. The 129 

additional conserved protein, NVIE_004550, was newly identified and found to be located 130 

directly upstream of NVIE_004540, indicating potential co-transcription (Fig. 2).  The two 131 

candidates encode for polypeptides of 9.6 kDa and 12.8 kDa respectively, and – like the 132 

candidate subunit AmoX - their predicted secondary structure is predominantly helical and 133 

their subcellular localization transmembrane.  134 

A closer analysis in Nitrosocaldaceae, the earliest diverging lineage in evolutionary 135 

reconstructions of AOA 37, revealed that the genes for the three candidate subunits for AMO 136 

(AmoX, homolog of NVIE_004540, and homolog of NVIE_004550) clustered spatially with 137 

the canonical subunits (AmoABC) and were syntenic in Nitrosocaldus cavascurensis  and Ca. 138 

Nitrosocaldus islandicus. Spatial clustering of all six subunit genes is also found in recently 139 
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obtained MAGs 41 within the genus Nitrosocaldus. In the case of the newly proposed genus 140 

Nitrosothermus 41, AMO genes were split on multiple contigs and synteny could not be 141 

definitively determined (Fig. 2). Additionally, all six amo genes are predicted to have been 142 

newly acquired by the last common ancestor of AOA 37.  143 

 The emergence of Nitrosopumilaceae was accompanied by a separation of this 144 

genomic region into a primary cluster containing amoABCX and a secondary cluster 145 

containing the homologs of NVIE_004540 and NVIE_004550 (Fig. 2). Within Nitrosotalea 146 

sp., these clusters are 11-12 genes apart, while the rest of Nitrosopumilaceae species have these 147 

clusters only 1-2 genes apart (with the exception of the sponge symbiont Ca. Cenarchaeum 148 

symbiosum). Apparently, the emergence of the family Nitrososphaeraceae led to a scattering 149 

of all subunit genes across the genome with the exception of amoA and amoX, which are 150 

typically linked.  151 

 A closer look was needed to account for the lack of association of NVIE_004550 with 152 

AmoABC in BN-PAGE of N. viennensis.  When examining the relative abundance profile for 153 

NVIE_004550, the general pattern of AMO peptide peaks was followed. However, this 154 

remained undetected in the correlation analysis due to a high relative abundance peak occurring 155 

at the bottom of the gel peaking at the last band taken at approximately 66 kDa based on the 156 

BN-PAGE ladder (Fig. 1A).  This is above the predicted mass of 12.8 kDa, but suggests that 157 

NVIE_004550 could also be part of the AMO but a possibly weaker association lead to its 158 

dissociation from the complex and migration to the bottom of the gel. 159 

 160 

BN-PAGE protein gel indicates same AMO composition in the thermophilic archaeon 161 

Nitrosocaldus cavascurensis 162 

 To test the composition of the AMO complex outside of the context of N. viennensis, 163 

the BN-PAGE approach was applied to membrane protein fractions of N. cavascurensis, a 164 

distantly related thermophilic AOA species of the Nitrosocaldaceae family 39 that was recently 165 

obtained in pure culture (Melcher et al. in preparation). Although a slightly different pattern of 166 

complexes was obtained (Fig. 1B) a correlation of the additional subunits was also observed 167 

with AmoA, AmoB, and AmoC in this thermophilic organism (Kendall correlation of proteins, 168 

as performed for N. viennensis).  The three proteins AmoX, NCAV_0488 (homolog for 169 

NVIE_004540), and NCAV_0486 (homolog for NVIE_04550) all had migration patterns 170 

within the gel that strongly correlated with AmoABC (Table 1). This analysis confirmed that 171 

the proposed subunits were translated in N. cavascurensis, and potentially had a physical 172 

connection within the AMO complex.  173 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted April 6, 2022. ; https://doi.org/10.1101/2022.04.06.487334doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487334
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 
 

 174 

 175 

Chemical cross-linking supports physical interaction of additional subunits 176 

 To estimate the physical proximity of the proposed subunits to known subunits and 177 

other proteins within the BN-PAGE gel, in-gel cross-linking 42 was performed using the DSSO 178 

cross-linker on an additional BN-PAGE cut-out from band 7 (Supplementary Fig. 1B).  Mass 179 

spectrometry and cross-linking analysis showed multiple cross-links among AmoA, AmoB, 180 

AmoC, and AmoX as well as with the two newly proposed subunits NVIE_004540 and 181 

NVIE_04550 (Fig. 3C). Many cross-links were also connected to NVIE_016740, a putative S-182 

layer protein that likely represents a highly abundant surface layer protein as known from other 183 

archaea (SlaA) 43,44.   As this protein presumably helps establish the pseudo-periplasm in AOA, 184 

it is not surprising to find it heavily cross-linked to membrane proteins.    185 

AmoX also had individual cross-links to several other proteins (Supplementary Data). 186 

As only single connections were found, and these proteins did not appear in any other syntenic 187 

or correlative analyses, they were not taken to represent a structural role in the AMO complex.  188 

These cross-links can rather be attributed to the high abundance of those proteins in the cell 189 

membrane.  190 

 191 

Expression patterns of AMO subunits in Nitrososphaera viennensis and Nitrosopumilus 192 

maritimus 193 

 Available transcriptomic studies of AOA were inspected to explore whether the 194 

expression patterns of the newly predicted subunits would corroborate their involvement in the 195 

AMO.  A recent study on copper limitation in N. viennensis 45 confirmed that the genes amoA, 196 

amoB, and amoC have some of the highest transcription levels in the cell, as also shown in 197 

previous studies 46–48.  A clustering analysis of the same dataset revealed that amoA,B,C, 198 

amoX, NVIE_004540, and NVIE_004550 all appear to be co-regulated, and fell into the 199 

clusters containing the most highly expressed genes. (Supplementary Fig. 3, Supplementary 200 

Data).  201 

 202 

A re-evaluation of these transcriptomic data (see Methods) also revealed amoC6 as the 203 

primarily transcribed amoC homolog (Fig. 4), thus confirming the identification of a unique 204 

AmoC6 peptide from an SDS band digested with chymotrypsin (Supplementary Discussion, 205 

Supplementary Data). Together this indicates that AmoC6 is the primary structural AmoC 206 

homolog in the AMO complex of N. viennensis, at least under the applied growth conditions. 207 
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 208 

 Transcriptomics of the marine strain, N. maritimus, also showed high expression of 209 

amoA, amoB, amoC, amoX, and Nmar_1506 (homolog of NVIE_004540).  Nmar_1507 210 

(homolog of NVIE_004550), albeit syntenic with Nmar_1506, exhibited lower expression 211 

levels 46. 212 

The three newly proposed AMO subunits were also inspected in proteomic datasets that 213 

were generated with methods allowing for the improved recovery of membrane proteins.  All 214 

six of the known and proposed subunits were found in membrane fractions from N. viennensis 215 

from a previous study 15 as well as in the proteome of N. maritimus 46.  In other proteomic 216 

studies of AOA 49,50, the three new subunits were not always present, likely due to their small 217 

size and limited number of trypsin cleavage sites.   218 

  219 

Structural search for missing components in the archaeal AMO complex 220 

As previously observed, 51 comparisons of the amino acid sequences of the three 221 

subunits AmoA,B,C from archaea with those of bacteria indicate that the primary differences 222 

between the archaeal AMO subunits and the bacterial AMO subunits are missing 223 

transmembrane helices, at least one in AmoB and two in AmoC, and a C-terminal soluble 224 

portion found in AmoB/PmoB (Supplementary Figs. 4-6).  These observations also hold true 225 

for the new clade of archaeal AMO recently discovered in the Thermoplasmata phylum 52. A 226 

HMMER search using the extended regions of the bacterial homologs against the genomes of 227 

collected AOA did not reveal any significant similarities.  Therefore, a general structural search 228 

using Phobius 53 was carried out with the N. viennensis genome to search for genes that could 229 

encode a protein with the following criteria: (i) 1-3 transmembrane helices, (ii) conservation 230 

across all AOA 37, and (iii) present in the top 100 transcribed genes 45  (similar levels as the 231 

primary AMO subunits) .  This revealed six possible candidates (Table 2). The only candidates 232 

to meet the structural requirements while maintaining syntenic and similar patterns of 233 

migration in BN-PAGE were amoX, NVIE_004540, and NVIE_004550.   234 

   235 

The addition of the three proposed subunits in archaea increases the number of 236 

transmembrane helices from 10-11 to approximately 14 per protomer making it comparable to 237 

the number found in bacterial crystal structures of pMMO where each protomer of the trimer 238 

(i.e. one unit of PmoABC), contains 14-15 transmembrane helices 23,54.   239 

 240 

Predicted structure of the archaeal AMO complex supports the integration of new subunits 241 
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To gain insights into the structural context of the archaeal AMO complex in the light 242 

of three additionally proposed subunits, a structural model for the organization of the N. 243 

viennensis AMO complex was obtained by employing the multimer-capable version of 244 

AlphaFold2.1 55–57. The resultant models were all similar and represented confident predictions 245 

(top model, pLDDT=71.4 and ptm score=0.668). All predicted transmembrane helices from 246 

AmoX, NVIE_004540 (hereafter referred to as AmoY), and NVIE_04550 (hereafter referred 247 

to as AmoZ) play a role in anchoring the complex in the membrane along with the 248 

transmembrane helices from AmoA, AmoB, and AmoC (Fig. 3A).  Additionally, the N-249 

terminal end of AmoZ was predicted to contain two alpha helices that interact with the N-250 

terminal domain of AmoB, thereby possibly replacing the role of the missing C-terminal 251 

soluble domain found in PmoB and offering the final piece of the missing complex in archaea 252 

(additional information in Supplementary Discussion).  A disulfide bond was also predicted to 253 

form within the soluble domain of AmoZ. The overall structure is comparable to a protomer of 254 

the pMMO complex (Supplementary Fig. 7) 255 

To compare the degree of conservation of the predicted hexameric organization of the 256 

AMO complex, a structural model of the AMO complex of N. cavascurensis  was also obtained 257 

with AlphaFold2.1 (Fig. 3B). The resultant models were similar in their overall arrangement 258 

to each other and to the NvAmoABCXYZ model, with high overall confidence scores (top 259 

model, pLDDT=77.7 and ptm score=0.591). Notable differences between the N.viennensis and 260 

N.cavascurensis models include  the localization of the transmembrane (TM) helix of AmoZ.  261 

In N. viennenensis the TM helix is predicted to interact mostly with the TM helix of AmoY, 262 

while in N. cavascurenesis it is predicted to interact with the TMs of AmoB and AmoA (Fig. 263 

3A,B;Supplementary Fig. 8). This would affect the relative positioning of the N-terminal 264 

domain of AmoZ with respect to the AmoB soluble domain, allowing for a more “open” 265 

conformation.  However, the extended loop connecting the N-terminal pair of helices in AmoZ 266 

with the TM domain theoretically allows for some flexibility (additional information in 267 

Supplementary Discussion).  268 

 Data from cross-linking experiments were mapped to the predicted model and strongly 269 

supported the predicted interactions (Fig. 3D) with some exceptions. Out of 67 unique observed 270 

cross-links, 27 (40%) satisfied a maximum solvent accessible surface distance (SASD) 271 

threshold of ≤ 35 Å (Fig. 3E), and involved all subunit combinations with the exception of 272 

AmoZ (Fig. 3F).  AmoZ only participated in cross-linking interactions >35 Å, which supports 273 

a weaker association with the complex, as observed in the BN-PAGE migration patterns. 274 

 275 
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   276 

Discussion 277 

 278 

The archaeal AMO complex is a key enzyme of AOA energy metabolism that is highly 279 

expressed in all ammonia oxidizing organisms investigated and has large implications on the 280 

environment due to its overwhelming presence in many ecosystems 8–14,58,59.  In the domain of 281 

Archaea, the only confirmed structural information stems from  the crystal structure of a 282 

heterologously expressed AmoB originating from Candidatus Nitrosocaldus yellowstonensis 283 
60.  This structure confirmed the lack of the C-terminal cupredoxin domain and revealed an 284 

extended amino acid region not found in bacteria made up of two helices and two loops.  It was 285 

proposed that this additional region could help stabilize the existing cupredoxin domain as 286 

supportive interactions are lacking due to the absence of the C-terminal domain.  However, this 287 

amino acid extension is only found within the proposed genus of Nitrosocaldus 288 

(Supplementary Fig. 5).  The work here profits from the recent improvements for cultivation 289 

of AOA in continuous cultures (Melcher et al. in preparation) and presents novel biochemical 290 

and comparative genomic evidence on the composition of the AMO complex in 291 

Nitrososphaera viennensis and other AOA. 292 

The present analysis has verified that AmoX, NVIE_004540, and NVIE_004550 are all 293 

likely present within the archaeal AMO complex and proposes the naming of NVIE_004540 294 

and NVIE_004550 as AmoY and AmoZ respectively.  This finding is based on a host of 295 

analyses including proteomic, genomic, transcriptomic, structural, and modelling approaches.  296 

 297 

In both N. viennensis and N. cavascurensis, the AMO complex migrated well above the 298 

predicted height of a homotrimeric complex, even when considering the additional subunits 299 

(predicted molecular weight of a homotrimeric complex with 6 subunits per protomer: 296.94 300 

kDa N. viennensis; 305.101 kDa N. cavascurensis). This is in contrast to the PMO complex 301 

from a Methylomirablis species that was also extracted using n-dodecyl-β-D-maltoside (DDM) 302 
61, and could be explained by their differences in membrane composition or potential 303 

differences in oligimerization of the protomer. AOA contain unique ether-linked lipids (i.e. 304 

crenarchaeols) 62–67 and rely on a proteinaceous S-layer rather than an outer membrane to create 305 

a pseudo-periplasmic space 43,44.  The most likely explanation for the presence of three distinct 306 

peaks of AMO is the co-migration with other proteins or complexes that it could be physically 307 

interacting with, in particular with the S-layer protein. 308 

 309 
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Previous work on bacteria that rely on CuMMOs have identified other putative proteins 310 

involved with the complex. Notably, monocistronic transcripts containing amoABC from the 311 

AOB Nitrosococcus oceani ATCC 19707 contained two additional genes assigned as amoR 312 

and amoD 68.  amoR was found to be only present in Nitrosococcus and was therefore not 313 

thought to be a conserved part of bacterial AMO.  A recent study indicated that AmoD/PmoD 314 

(and the duplication amoE) play crucial roles in copper homeostasis, but they are not suspected 315 

to be a structural part of any CuMMO complex 69.  316 

  317 

Although there is debate on whether AmoC harbors the primary active site in AMO, 318 

there is clear evidence that the metal site in PmoC plays a critical role in the complex of 319 

methanotrophs 27,30,31.   While the archaeal AmoC lacks a substantial section found in all 320 

bacteria that corresponds to two transmembrane helices (Supplementary Fig. 6), the metal site 321 

is conserved across all archaeal and bacterial species and its importance is supported by site 322 

directed mutagenesis studies in the genetically tractable Actinobacteria that contain the 323 

homologous hydrocarbon monooxygenase 31.  324 

These results are intriguing as the soil model AOA, N. viennensis, like most other soil 325 

dwelling AOA from the family Nitrososphaeraceae, encodes multiple homologs of the amoC 326 

gene while retaining only single copies of amoA and amoB 15 (Supplementary Data). 327 

Additional copies of amoC that are spatially disconnected from the AMO operon are encoded 328 

by some terrestrial AOB and were implicated in stress response based on transcriptional studies 329 
70,71. Within Nitrososphaeraceae, no conserved AMO operons exist (Fig. 2).   Duplications of 330 

the amoC gene (spatially distant from the other AMO genes) also occur in some species of the 331 

AOA marine associated family (Nitrosopumilaceae) and in two MAGs from AOA 332 

thermophiles (Nitrosocaldaceae), all discovered in sediments 41,72,73.   An amoC duplication is 333 

also found in an AOA sponge symbiont and copies of archaeal amoC are even found in marine 334 

viruses74. These findings together might indicate the metabolic importance of the AmoC 335 

subunit for ecophysiological adaptations in ammonia oxidation.  While this work found 336 

AmoC6 to be the primary homolog within the complex for N. viennensis, it is possible that 337 

(some of) the other AmoC subunits, which arose by gene duplications at the species level 338 

(Supplementary Fig. 9), might be incorporated under certain environmental conditions and 339 

provide different activity profiles to the enzyme. 340 

In conclusion, this study provides evidence through genomic, proteomic, and 341 

transcriptomic data for the presence of AmoX and the inclusion of AmoY and AmoZ as 342 

subunits within the archaeal AMO complex. A single protomer of the archaeal AMO would 343 
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therefore consist of six subunits instead of three as in other complexes of the CuMMO family. 344 

As the anchoring of AMO in the membrane has previously been shown to be critical for its 345 

activity 26, it seems plausible that the newly identified subunits play an important role for the 346 

structural and functional integrity of AMO that allows it to properly function in archaea. The 347 

presence of a soluble domain within AmoZ that could replace the stabilizing function of the 348 

missing soluble domain in AmoB also fulfills a potentially crucial missing piece of the AMO 349 

complex.  Definitive proof of the oligomerization and organization of these subunits will not 350 

be possible until a crystal structure of archaeal AMO is realized.  351 

In the absence of additional structure-function analyses it remains an open question, in 352 

how far the additional subunits in the archaeal complex rather reflect the vast evolutionary 353 

distance to all other known protein complexes of the CuMMO family 33, or if this difference in 354 

structure also has relevant functional implications. For instance, the bacterial AMO complexes 355 

are promiscuous enzymes able to oxidize methane and other compounds 75–78. Such 356 

investigations on alternative substrates have not yet been performed with the archaeal complex, 357 

but would be important for evaluating the functional role of archaea in the environment.  358 

 359 

Since AmoXYZ appear to have important structural roles it will be crucial to include 360 

all subunits in future expression and structural studies of this environmentally relevant protein 361 

complex.  Considering the wide distribution of AOA in virtually all ecosystems 8–14,33 and their 362 

ecological relevance, developing genetic tools for AOA and improving their biomass 363 

production will be needed to enable structure-function analysis and to elucidate the full 364 

pathway of ammonia oxidation in these archaea. 365 

 366 

Methods 367 

 368 

AMO Alignments for amoABC 369 

 370 

50 archaeal species’ and 29 bacterial species’ genomes were collected and searched for 371 

known AMO/PMO subunits (AmoA/PmoA, AmoB,/PmoB and AmoC/PmoC).  Full lists of 372 

the collected species can be found in Supplementary Data.  373 

If a species was not annotated, genomic.fna files were collected from NCBI and coding 374 

sequences were searched for using prodigal (version 2.6.3) 79 using the parameter -p single. In 375 

the case of annotated species, RefSeq annotation files were given preference if available.  When 376 

no RefSeq annotation was available, GenBank annotations were used. In the case of Ca. 377 
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Cenarchaeaum symbiosum A, the genome file was re-annotated using prodigal.  This was done 378 

to search for coding regions that should theoretically be present that were not detected in the 379 

given annotation file.  380 

Hidden Markov Models (HMMs) were made for archaea and bacteria separately based 381 

on amino acid sequences of well documented species with representatives from all major 382 

clades. In archaea, sequences from Nitrososphaera viennensis EN76 (Nitrososphaeraceae), 383 

Nitrosocaldus cavascurensis (Nitrosocaldaceae), Nitrosopumilus maritimus SCM1 384 

(Nitrosopumilaceae, formerly Nitrosopumilales), and Ca. Nitrosotalea devaneterra 385 

(Nitrosopumilaceae, formerly Nitrosotaleales), were chosen to construct the model.  In 386 

bacteria, sequences from Nitrosococcus oceani ATCC 19707 (γ-proteobacteria, ammonia 387 

oxidation), Nitrosospira multiformis ATCC 25196 (β-proteobacteria, ammonia oxidation), Ca. 388 

Nitrospira inopinata (Nitrospira, comammox), Methylosinus trichosprium OB3b (α-389 

proteobacteria, methanotroph), Methylococcus capsulatus str. Bath (γ-proteobacteria, 390 

methanotroph), Methylacidiphilum kamchatkense Kam1 (Verrucomicrobia, methanotroph), 391 

and Mycolicibacterium chubuense NBB4 (Actinobacteria, hydrocarbon oxidation), were 392 

chosen to construct the model.  393 

Sequences from representative species of archaea and bacteria were aligned using Mafft 394 

(version 7.427) 80,81 and an HMM model was constructed using hmmbuild (HMMER 3.3, 395 

hmmer.org) for each subunit in archaea and bacteria separately. An HMM search using 396 

hmmsearch (HMMER 3.3) was performed on selected species and sequences were collected 397 

for archaea and bacteria. Archaeal and bacterial species were searched separately due to the 398 

distant phylogentic relationship of the AMO/PMO complex within the two domains. A cut off 399 

value of 1e-20 was used for annotated species while a cut off value of 1e-10 was used for 400 

species analyzed with prodigal.  A lower threshold was used for un-annotated species to 401 

account for the possibility of partial AMO/PMO genes on the edge of contigs.  While a genome 402 

is not available for Methylocystis sp M., sequences were added to the appropriate bacteria files 403 

after the hmmsearch.  Once collected, archaeal and bacterial sequences were combined and 404 

aligned using Mafft with the mafft-linsi paramter.  Sequences that clearly did not belong after 405 

the multiple sequence (due to the presence of stop codons or inclusion due to the low threshold) 406 

were maunually removed (two in the case of bacterial AmoB/PmoB).  407 

 408 

amoC tree of archaeal genes 409 

The archaeal amoC tree was constructed from a nucleotide BLAST (blastn, BLAST 410 

2.12.0+) 82 search using sequences from AOA species representing the dominant clades of 411 
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AOA (see above).  Mafft was used to align the nucleotide sequences.  The alignment was then 412 

trimmed using BMGE (v1.12) 83 and IQTree (version 2.1.2) 84,85 was used to construct the 413 

phylogeny of archaeal amoC using the ultra-fast method and a bootstrap value of 1000.  414 

Nucleotide sequences were used for the tree construction as amino acid sequences were too 415 

similar to construct a reliable phylogeny.  416 

 417 

Phylogenomic analysis 418 

A total of 106 MAGs and completely sequenced genomes (98 AOA and 8 non-AOA 419 

genomes) were collected from NCBI, IMG or DDBJ databases, followed by protein prediction 420 

using Prodigal v2.6.3 79. The identification of phylogenetic markers to perform the 421 

phylogenomic tree reconstruction was based on the workflow proposed by Graham et al. (2018) 422 
86 using the archaeal single-copy gene collection (e-value 10-10) 87. 32 ribosomal proteins 423 

detected in at least 90 out of the 106 genomes present in the collected genome database were 424 

selected. Protein families were aligned independently using the mafft-linsi algorithm 425 

implemented in MAFFT v7.427 81 followed by a trimming step in BMGE 83 with default 426 

parameters. Trimmed protein families were concatenated using a tailormade python script and 427 

the concatenated alignment was used to reconstruct a maximum likelihood (ML) phylogenomic 428 

tree in IQTREE (v2.0-rc1) 84 under the  LG+C20+F+G model with 1000 bootstrap replicates. 429 

Reactor Growth 430 

N. viennensis was grown as a continuous culture in 2 L bioreactors (Eppendorf) filled 431 

with 1.5 L of fresh water medium (FWM)  65,88 with modified trace element solution 5, 7.5 µM 432 

FeNaEDTA, 2 mM NH4Cl and 1 mM pyruvate at 42 °C  and pH 7.5. Carbonate was supplied 433 

by gassing the reactors with a 98 % air 2 % CO2 mixture, and the applied dilution rates ranged 434 

from 0.035 to 0.07 h-1. 435 

 436 

N. cavascurensis was grown as a batch culture in the same reactors, volume and 437 

medium as described for N. viennensis, but at 68 °C with 1 mM NH4Cl and pH 7.0. Carbonate 438 

was also supplied by gassing, but with a mixture of air/ N2/ CO2 to achieve a 10 % O2 and 2 % 439 

CO2 mixture. To increase the biomass, NH4Cl was added stepwise with syringes via a septum 440 

to increase the final NO2- concentration to approximately 2.5 mM before harvesting the 441 

cultures. 442 

 Harvested biomass was concentrataed by centrifucation at 4°C and pellets were frozen 443 

at -70°C until further analysis.  444 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted April 6, 2022. ; https://doi.org/10.1101/2022.04.06.487334doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487334
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 
 

 445 

Membrane Protein Extraction 446 

Procedures for protein extraction and running a BN-PAGE gel were based off of 447 

Witting et al. 2006 36, Reisinger and Eichacker (2008) 89, and the NativePAGE™ Novex Bis-448 

Tris Gel System manual from Life Technologies (MAN0000557).  Study design and anlaysis 449 

for membrane extraction and BN-PAGE was also largely guided by de Almeida et al. (2016) 450 
90  and Berger et al. (2021) 91. 451 

Frozen pellets of biomass were thawed on ice and resuspended in a sodium phosphate 452 

buffer solution (50 mM sodium phosphate, 200 mM NaCl, pH 7.0) to a concentration of ~ 20 453 

mg/mL.  Once resuspended, pepstatin and Complete Tablet EDTA-free inhibitor solution were 454 

added at concentrations of 1 µg/mL and 40 µL/mL (25x concentrated stock)  respectively to 455 

inhibit protease activity.  Cells were lysed using a One Shot machine set at 2.1 kbar of pressure.  456 

After lysis, samples were spun at 7000xg for 15 minutes at 4°C to remove cell debris.  The 457 

supernatant was then taken for further processing. 458 

Supernatant containing proteins and membrane were ultracentrifuged at 200,000xg 459 

(Beckman Coulter Ultracentrifuge; SW 41 Ti Swinging-Bucket Rotor, kmax=124)  for 90 460 

minutes at 4°C using 13.2 mL thinwall polypropylene tubes with a level of deceleration set to 461 

7.  The supernatant (containing cytoplasmic proteins) was removed and stored at -70°C with 462 

10% glycerol.  The remaining membrane pellet was resuspended/washed in a solution of 1M 463 

NaCl, 50 mM Tris-HCl, pH 7.5 and then concentrated via ultracentrifugation at 200,000xg for 464 

90 minutes at 4°C.  The supernatant was again removed and stored at -70°C with 10% glycerol.  465 

A final washing of the membrane fraction was performed by resuspending the pellet in 50 mM 466 

Tris-HCl, pH 7.5 and then concentrated via ultracentrifugation at 200,000xg for 90 minutes at 467 

4°C.  (IMPORTANT: Washing solutions are made with Tris-Base and titrated with HCl to 468 

avoid accumulation of sodium ions that interfere with BN-PAGE gels.  Do NOT make with 469 

Tris-HCl and titrate with NaOH.) After the final wash the supernatant was again removed and 470 

stored at -70°C with 10% glycerol. 471 

The final membrane pellet was resuspended in 100-200 µL of NativePage Sample 472 

Buffer (Invitrogen BN2003) with 0.75 M of 6-aminocaproic acid.  To aid in the resuspension 473 

of membrane fractions, samples were allowed to gnetly mix on a rotator set at 12 rpm at 4°C 474 

for 30 minutes.  Following the incubation on the rotator, protein concentrations were measured 475 

using the Bradford assay (Bio-Rad #5000006).  Based on the protein concentration, n-dodecyl-476 

β-D-maltoside (DDM; Invitrogen BN2005) was added to the sample at a concentration of 0.5g 477 

DDM/g protein.  Samples were again incubated on a rotator at 12 rpm and 4°C for 30 minutes.  478 
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A final protein concentration was determined using the Bradford assay (Bio-Rad #5000006) 479 

with a bovine serum albumin (BSA) standard curve and  controls to account for interference 480 

from DDM.  Samples were then aliquoted into volumes containing approximately 40-50 µg of 481 

protein and frozen at -70°C for later analysis.   482 

 483 

BN-PAGE 484 

Frozen membrane samples (40-50 µg aliquots; ~10-20 µL) stored at -70°C were thawed 485 

on ice.  Based on previously calculated protein concentrations, additional DDM was added to 486 

each sample to reach a DDM to protein ratio of 0.75g DDM / 1 g protein.  Samples were then 487 

incubated in a shaker at 700 rpm for 15 minutes at 4°C.  After incubation, samples were 488 

centrifuged at 9000xg for 60 minutes at 4°C to remove any cellular debris that was not 489 

solubilized by the addition of DDM.  Supernatant from this centrifugation was transferred to a 490 

1.5 mL LoBind protein tube.   Coomassie (NativePage 5% G-250 Sample Additive; Invitrogen 491 

BN2004) was added to each sample to reach a Coomassie:DDM ratio of 1g:1g.  Samples were 492 

then loaded on a 3-12% pre-cast BN-PAGE gel (Invitrogen BN1001).  Approximately 5-7 µL 493 

of NativeMark Unstained Protein standard from Invitrogen (LC0725) was used as the ladder. 494 

The anode buffer was pre-ordered (Invitrogen BN2001) and consisted of a final concentration 495 

of 50 mM BisTris and 50 mM tricine at pH 6.8.  The gel was run at 4°C in three stages.  The 496 

first stage used dark blue cathode buffer (anode buffer with cathode buffer additive, Invitrogen 497 

BN2002; 50 mM BisTris, 50 mM tricine, 0.02% Coomassie G-250, pH 6.8) and was run for 1 498 

hour at 150V.  For the second stage, the dark blue cathode buffer was replaced with light blue 499 

cathode buffer (50 mM BisTris, 50 mM tricine, 0.002% Coomassie G-250, pH 6.8) and the gel 500 

was run for an additional hour at 250V.  For the third and final stage, the light blue cathode 501 

buffer was replaced with anode buffer and run for 45 minutes at 250V. 502 

When finished, gels were stained using SimplyBlue™ SafeStain (Invitrogen LC6060; 503 

maximum sensitivity protocol).  Destaining was done with MilliQ (MilliporeSigma Milli-Q 504 

Reference A+ System) water and repeated until as much background could be removed as 505 

possible.  Individual bands identified in each gel were removed and cut into 2-3 pieces and 506 

placed into LoBind protein Eppendorf tubes.  Bands were stored at 4°C in 150 µL of MilliQ 507 

water until being processed for proteomic analysis, cross-linking, or SDS-Tricine-PAGE. 508 

 509 

SDS-Tricine-PAGE 510 

 511 
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Procedures for running an SDS-Tricine-Page gel were primarily based off of Schägger 512 

and Jagow (1987) 92 and Schägger (2006) 93.  A 15% SDS-Tricine gel was made by mixing: 513 

2.5 mL 30% acrylamide/Bis solution 37.5:1 (BioRad #1610158), 1.25 mL gel buffer (1.5 M 514 

Tris-HCl, 8.45 pH), 1.15 mL water, 50 μL 10% sodium-dodecyl sulfate (SDS), 50 μL 10% 515 

ammonium persulfate (APS), and 5 µL 1,2-bis(dimethylamino)ethan (TEMED).  Once the gel 516 

solidified a 4% stacking gel consisting of 340 µL 30% acrylamide/Bis solution 37.5:1, 250 µL 517 

gel buffer (1.5 M Tris-HCl, 8.45 pH), 1.36 mL water, 20 μL 10% sodium-dodecyl sulfate 518 

(SDS), 20 μL 10% ammonium persulfate (APS), and 2 µL 1,2-bis(dimethylamino)ethan 519 

(TEMED) was poured on top. Selected BN-PAGE bands were cut into 2-3 pieces and incubated 520 

together in 20 µL  SDS loading buffer (0.2 M Tris-HCl, 0.3 M dithiothreitol (DTT), 277 mM 521 

SDS (8% w/v), 6 mM bromophenol blue, 4.3 M glycerol) at 65°C for 90 minutes in a shaker 522 

at 500 rpm.  The loading dye solution from this incubation was used to load the SDS-Tricine 523 

gel. Either 3-5 µL of Color Prestained Protein Standard-Broad Range (11-245 kDa) (New 524 

England Biolabs, P7712) or 1-3 µL of PageRuler Prestained Protein Ladder (10-180 kDa) 525 

(Thermo Scientific, 26617) were used as a ladder. Stock solutions of  10x concentrated anode 526 

buffer (1 M Tris-base, adjusted with 6M HCl to a pH of 8.9) and 10x concentrated cathode 527 

buffer (1 M Tris-base, 1 M Tricine, 1% SDS, pH 8.3 (no pH adjustment necessary)) were 528 

previously made.  Buffers were diluted to 1x when used for running the gel.  The gel was run 529 

at 30V for 25 minutes to allow the proteins to leave the stacking gel followed by 200V for ~55 530 

minutes or until the ladder reached the bottom of the gel.  For clear visualization, SDS-Tricine 531 

gels were silver stained (see below). If the bands were to be used for proteomic analysis, gels 532 

were stained with SimplyBlue™ SafeStain (maximum sensitivity protocol).  After staining, 533 

bands were cut from the gel and placed in LoBind protein epis with 150 µL of MilliQ water 534 

and stored at 4°C until being processed for proteomic analysis. 535 

 536 

Silver Staining of SDS-Tricine Gels 537 

 All steps were done using a gentle shaker. Gels were soaked in fixing solution (50% 538 

methanol, 12% acetic acid) for at least 1 hour to overnight.  Containers with gels fixed 539 

overnight were sealed with parafilm to prevent evaporation. Gels were washed for 20 minutes 540 

in 50% ethanol.  Washing was repeated twice for a total of 3 times. The gel was then soaked 541 

for 1 minute in a freshly prepared solution of 1.2 g/L of sodium thiosulfate pentahydrate. Next 542 

the gel was washed for 30 seconds in MilliQ water.  This was repeated twice for a total of 3 543 

times.  After washing, the gel was soaked in the dark in freshly prepared silver staining solution 544 

(2 g/L silver nitrate, 0.04% formaldehyde) for 25-30 minutes. Following staining, the gel was 545 
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washed twice with MilliQ water for 30 seconds.  To develop bands, the gel was submerged in 546 

developer solution (60 g/L sodium carbonate, 0.04% formaldehyde, 0.036 g/L sodium 547 

thiosulfate pentahydrate). Bands developed within 1-3 minutes and development was stopped 548 

by adding destain solution (10% acetic acid, 1 % glycerol).  The gel was then soaked in destain 549 

solution for approximately 5 minutes before being washed multiple times with MilliQ water.  550 

  551 

Silver Staining (Farmer’s Reducer) of SDS-Tricine Gels 552 

 The gel was soaked in fixing solution as stated above.  Fixing solution was removed 553 

and the gel was soaked in Farmer’s Reducer (30 mM K3Fe(CN)6, 30 mM sodium thiosulfate 554 

pentahydrate) for 2 minutes.  This will turn the gel yellow.  The gel was then washed multiple 555 

times with MilliQ water until the yellow background was completely removed (30-90 minutes).  556 

Once the background was removed, water was poured off and replaced with 0.1% silver nitrate 557 

and was incubated in the dark for 15 minutes.  After incubation, the gel was washed multiple 558 

times with MilliQ water. The gel was then submerged in a 2.5% sodium carbonate solution for 559 

30 seconds.  To develop bands, the solution was removed and replaced with a solution of 0.1% 560 

formaldehyde and 2.5% sodium carbonate.  Development was stopped with destain solution as 561 

described above.  562 

 563 

DSSO Cross-Linking Blue Native PAGE cut-outs 564 

The protocol from Hevler et al. was followed 42.  To summarize, BN-PAGE cut-outs 565 

were immersed in 90 µL of sodium phosphate buffer solution (100 mM sodium phosphate, 566 

0.15 M NaCl, pH 7.5: 42.6 mg NaH2PO4·H2O, 93.7 mg Na2HPO4, 0.3 mL 0.5M NaCl in 10 567 

mL MilliQ water; pH adjusted to 7.5). 1 mg of the mass spec cleavable cross-linker 568 

disuccinimidyl sulfoxide (DSSO;Thermo Scientific A33545 ) was resuspended in 51.5 µL of 569 

dimethyl sulfoxide (DMSO) to reach a final concentration of 50 mM DSSO. 10 µL of 50 mM 570 

DSSO was then added to each sample yielding a final DSSO concentration of 5 mM per sample. 571 

Samples were briefly vortexed and then incubated at room temperature for 30 minutes.  The 572 

cross-linking reaction was then stopped with the addition of 2 µL of 1 M Tris-HCl.  Samples 573 

were briefly vortexed and incubated for 15 minutes at room temperature.  The solution was 574 

then removed and replaced with MilliQ water.  Samples were then stored at 4°C until being 575 

processed for mass spectrometry analysis. While results are convincing, in gel chemical cross-576 

linking is a relatively new technique 42,  and putative artifacts cannot be excluded due to the 577 

lack of a strong control.    578 

 579 
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Sample preparation for mass spectrometry (SDS or BN-gel) 580 

The Coomassie-stained gel bands were destained with a mixture of acetonitrile 581 

(Chromasolv®, Sigma-Aldrich) and 50 mM ammonium bicarbonate (Sigma-Aldrich). The 582 

proteins were reduced using 10 mM dithiothreitol (Roche) and alkylated with 50 mM 583 

iodoacetamide. Trypsin (Promega; Trypsin Gold, Mass Spectrometry Grade) digestion was 584 

carried out at 37°C overnight in 50mM ammonium bicarbonate. Chymotrypsin (Roche) 585 

digestion was carried out at 25°C for 5 hours in 50mM ammonium bicarbonate.  GluC (Roche) 586 

digestion was carried out at 37°C overnight in 50mM ammonium bicarbonate. 10% formic acid 587 

was used to stop the digestion and peptides were extracted twice with 5% FA for 10min in a 588 

cooled ultrasonic bath. Extracted peptides were pooled and desalted using C18 Stagetips 94. 589 

 590 

Liquid chromatography separation coupled to mass spectrometry  591 

Peptides were analyzed on an UltiMate 3000 HPLC RSLC nanosystem (Thermo Fisher 592 

Scientific) coupled to a Q Exactive HF-X, equipped with a nano-spray ion source using coated 593 

emitter tips (PepSep, MSWil). Samples were loaded on a trap column (Thermo Fisher 594 

Scientific, PepMap C18, 5 mm × 300 μm ID, 5 μm particles, 100 Å pore size) at a flow rate of 595 

25 μL min-1 using 0.1% TFA as the mobile phase. After 10 min, the trap column was switched 596 

in-line with the analytical C18 column (Thermo Fisher Scientific, PepMap C18, 500 mm × 75 597 

μm ID, 2 μm, 100 Å) and peptides were eluted by applying a segmented linear gradient from 598 

2% to 80% solvent B (80% acetonitrile, 0.1% formic acid; solvent A 0.1% formic acid) at a 599 

flow rate of 230 nL/min over 60 min. The mass spectrometer was operated in data-dependent 600 

mode, survey scans were obtained in a mass range of 350-1600 m/z with lock mass activated, 601 

at a resolution of 120,000 at 200 m/z and an AGC target value of 1E6. The 15 most intense 602 

ions were selected with an isolation width of 1.2 Thomson for a max. of 150 ms, fragmented 603 

in the HCD cell at stepped normalized collision energy at 26%, 28%, and 30%. The spectra 604 

were recorded at an AGC target value of 1E5 and a resolution of 60,000. Peptides with a charge 605 

of +1, or >+7 were excluded from fragmentation, the peptide match feature was set to preferred, 606 

the exclude isotope feature was enabled, and selected precursors were dynamically excluded 607 

from repeated sampling for 20 seconds within a mass tolerance of 8 ppm. 608 

 609 

Data analysis for identification of BN-PAGE and SDS-Tricine-PAGE bands 610 

For peptide and protein identification raw data were processed using the MaxQuant 611 

software package 95 (version 1.6.6.0) and spectra searched against Nitrososphaera_viennensis 612 

reference proteome (Uniprot, downloaded fall 2021) with a starting site modification (see 613 
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below) to AmoC4 (Uniprot accession: A0A060HLS1) and a database containing common 614 

contaminants. The search was performed with full trypsin specificity (or corresponding enzyme 615 

used in the digestion) and a maximum of 2 missed cleavages at a protein and peptide spectrum 616 

match false discovery rate of 1%. Carbamidomethylation of cysteine residues was set as a fixed 617 

modification and oxidation of methionine and N-terminal acetylation as variable modifications. 618 

The output option of iBAQ with log fit was selected. All other parameters were left at default.  619 

Data analysis for identification of BN-PAGE cross-linked bands 620 

Peptide and protein identification was performed as described as except with MaxQuant 621 

version 1.6.17.0 and with the a reference proteome that was not corrected for AmoC4.   622 

To identify cross-linked peptides, the raw data were searched with either MS Annika 96 623 

in Proteome Discoverer 2.3 or with MeroX 2.0 97 against the sequences of the top abundant 624 

protein hits (with at least 10 MS/MS counts) from the MaxQuant search. Although it had less 625 

than 10 MS/MS counts, the protein encoded by NVIE_004550 was also added based on other 626 

proteomic and syntenic analysis.  DSSO was selected as the cross-linking chemistry. 627 

Carbamidomethyl on Cys was set as a fixed modification and oxidation of Met and protein N-628 

terminal acetylation as variable modifications. Enzyme specificity was selected according to 629 

the protease used for digestion. Search results were filtered for 1% FDR on the PSM level 630 

limiting the precursor mass deviation to 10 ppm. Further filtering was done for only non-decoy 631 

and high confidence PSMs in MS Annika and for a score higher than 50 in MeroX 2.0. 632 

http://crosslinkviewer.org/ was used to draw the XL maps. 633 

Solvent Accessible Surface Distances (SASD) between crosslinked residues were 634 

calculated and plotted on the AlphaFold NvAmoABCXYZ structure model with Jwalk, and 635 

scored with the MNXL program to assess whether they violate distance criteria 98. Crosslinks 636 

were considered “matched” if the SASD between the crosslinked residues was <35Å (based on 637 

Cα-Cα distances).  638 

 639 

AmoC4 start site in N. viennensis 640 

 Six homologs of amoC (amoC1-6) are present in the genome of N. viennensis. Predicted 641 

start sites for AmoC1-3, AmoC5, and AmoC6 are consistent across annotations (GenBank and 642 

RefSeq; Supplementary Fig. 2).  However, the start site of AmoC4 is significantly different 643 

between the two annotations.  Additionally, there is a third possibility based on a methionine 644 

that would resemble the start site of AmoC1-3,5-6. Based on AmoC alignments in all AOA 645 

and transcriptional information from Reyes et al. (2020), it was determined that the most 646 
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accurate start site for this protein resides at the third option, resembling that of the other AmoC 647 

subunits in N. viennensis.  The proteome downloaded from Uniprot was manually annotated to 648 

reflect this decision.  This is the proteome used for BN-PAGE and SDS-Tricine-PAGE 649 

reference files (not for cross-linked analysis).  With this correction, it is not possible to 650 

distinguish between AmoC4 and AmoC6 in any of the samples.  However, if the original 651 

proteome from Uniprot is used, MaxQuant will identify unique peptides for AmoC4 and 652 

AmoC6.  Based on the current analysis, this is an inaccurate interpretation of the data. With 653 

the corrected AmoC4 annotation, only unique peptides from AmoC6 are found.  To further 654 

verify that AmoC4 is not playing a significant role, the raw data from the chymotrypsin digest 655 

was subjected to an unspecific and semi-specific closed search for unique peptides from 656 

AmoC4.  An open search was also carried out using the FragPipe software (version 17.1) 99.  657 

None of these searches revealed unique AmoC4 peptides therefore strengthening the argument 658 

that the primary structural homolog in N. viennensis is AmoC6.  Peptide coverage maps for the 659 

three digests (trypsin, GluC, and chymotrypsin) were created using Protein Coverage 660 

Summarizer (v1.3.8056) (https://github.com/PNNL-Comp-Mass-Spec/protein-coverage-661 

summarizer/releases). 662 

 663 

BN-PAGE correlation analysis  664 

A Kendall correlation using R was used to find proteins that had a similar migration 665 

pattern with AmoABC. Any protein expected to be a part of the AMO complex should be in 666 

high abundance.  Therefore, only the top 50% proteins, based on iBAQ abundance, were used 667 

for the analysis.  Each protein was correlated with every other protein using the function cor.test 668 

in R with method=”kendall” and use=”complete.obs” using iBAQ values.  P-values were 669 

adjusted using the Benjamini-Hochberg method.  Results were filtered for proteins correlated 670 

with one of the AMO proteins (AmoA, AmoB, or AmoC) and a correlation (tau) greater than 671 

or equal to 0.7.  All filtered results had an adjusted p-value higher than 0.001.  672 

For genes of interest, conservation across AOA was checked according to the data set 673 

curated in Abby et al. (2020)37.  A gene was considered exclusive to AOA if it was found in 674 

AOA but not found in any species outside of AOA according to the dataset in Abby et al. 675 

(2020)37. The full dataset from this study was provided by the authors and can be found with 676 

other datasets here (link provided upon publication).   677 

 678 

Transcriptomic Clustering 679 
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Transcriptomic reads from Reyes et al. (2020) 45 were re-processed taking into account 680 

strandedness and using hisat2 (version 2.1.0) 100 rather than bowtie2 for read mapping.  Count 681 

values were evaluated using featureCounts (v2.0.0) 101. Counts were then normalized using the 682 

Transcripts per Kilobase Million (TPM) method. TPM is calculated by dividing each gene 683 

count by the total length of the gene in kilobases giving a reads per kilobase value.  “reads per 684 

kilobase” was summed up for all genes in a sample and divided by 1,000,000 to give a scaling 685 

factor.  Each genes’ “reads per kilobase” was divided by this scaling factor to give the final 686 

TPM.  TPM values were converted to log2 values and clustered using hierarchal clustering with 687 

the default values of heatmap.2 102 in R version 3.6.3 103.  Clustered genes were split into 15 688 

clusters.  3 clusters represented the genes with the highest abundance of transcripts in both the 689 

copper replete and copper limited cultures. Cluster data is visualized using Anvio 7.1 104 690 

(Supplementary Fig. 3). 691 

 692 

Structural Search for Missing AMO Sections in Archaea 693 

Extended pieces of bacterial AmoB and AmoC were trimmed from alignments of 694 

combined archaea and bacteria species using trimal (v1.4rev15) 105.  One sequence was 695 

removed from AmoB sequences as it was not actually the AmoB subunit.  A second was 696 

removed due to the inclusion of stop codons in the sequence. Trimmed sections were used to 697 

create HMMs and then searched against archaeal species to look for proteins that might supply 698 

these missing pieces.  No hits were found. Therefore, a structural search for proteins containing 699 

transmembrane helices in N. viennensis was carried out for highly transcribed genes. 700 

TPM reads from Reyes et al. 202045 were averaged for the five replete conditions and 701 

sorted by highest abundance to obtain the top 100 transcribed genes.  The GenBank translated 702 

CDS region for N. vienneneis  was analyzed using Phobius 53 to identify transmembrane helices 703 

and signal peptides in all proteins. The highest transcribed genes were then filtered to include 704 

genes with 1-3 predicted transmembrane helices.  Candidate genes were then analyzed for 705 

conservation in AOA and correlation in BN-PAGE gels from N. viennensis.  706 

 707 

Predicted model of archaeal AMO using AlphaFold-multimer 708 

 Sequences for AmoA, AmoB, AmoC, AmoX, NVIE_004540 (AmoY), and 709 

NVIE_004550 (AmoZ) from N. viennensis were used for AlphaFold2.1 55–57 predictions.  In 710 

the case of AmoB and NVIE_004550, predicted signal peptides were removed based on 711 

predictions using SignalP 5.0 (archaea) 106. AmoC6 was used to represent the AmoC subunit.  712 

For N. cavascurensis, sequences for AmoA, AmoB, AmoC, NCAV_0491 (AmoX), 713 
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NCAV_0488 (homolog of NVIE_004540; AmoY), and NCAV_0486 (homolog of 714 

NVIE_004550; AmoZ) were used after predicted signal peptides were removed based on 715 

predictions using SignalP 5.0 (archaea) 106.  All images were generated in PyMOL 107. 716 

 717 

Identification and Alignments of amoXYZ in Ammonia Oxidizing Archaea 718 

 Amino acid sequences for AmoX, AmoY, and AmoZ were obtained from the genes 719 

amoX, NVIE_004540, and NVIE_004550 respectively.  Homologs in other AOA were initially 720 

searched for using blastp (v2.12.0+) 82 with a threshold of 1e-4.  Not all species had identified 721 

hits.  A more sensitive analysis was performed by creating an HMM model using hmmbuild 722 

(HMMER 3.3, hmmer.org) for each new subunit from the top BLASTp hit from each species 723 

with a BLAST result.  The HMMs for AmoX, AmoY, and AmoZ were then used with 724 

hmmsearch (HMMER 3.3, hmmer.org)  in all collected AOA genomes.  This produced hits in 725 

all species for all subunits except amoY and amoZ in Thaumarchaeota archaeon J079, a MAG 726 

that is also missing AmoB and is only 84% complete, and amoZ in the GenBank protein file 727 

for Ca. Cenarchaeum symbiosum A.  A re-analysis of the Ca. C. symbiosum A genome using 728 

prodigal was able to identify a coding sequence for AmoZ while maintaining the coding 729 

sequences for all other AMO subunits.  A complete list of all identified AMO subunits in the 730 

collected species can be found here (link provided upon publication).  731 

 732 

Data and Code Availability 733 

 All proteomic data was deposited to the ProteomeXchange Consortium via PRIDE 108 734 

partner repository (number provided upon publication).  Relevant scripts and code for data 735 

analysis can be found at (link provided upon publication).   736 

 737 

Supplementary Information 738 

 739 

Supplementary Discussion 740 

 Discussion on SDS-Tricine-Page results and differences between N. viennensis and N. 741 

cavascurensis AlphaFold2.1 models.  742 

 743 

Supplementary Data 1 (available upon publication) 744 

 Proteomic data and supplementary tables. 745 

Supplementary Data 2 (available upon publication) 746 

 Genomic and transcriptomic data and supplementary tables. 747 
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Source Data 1 (available upon publication) 748 

 A .pdb file for the predicted AlphaFold2.1 structure of N. viennensis 749 

(Alphafold_NvAMO_rank_1.pdb). 750 

Source Data 2 (available upon publication) 751 

 A .pdb file for the predicted AlphaFold2.1 structure of N. cavascurensis 752 

(NcavAMO_rank_1.pdb).  753 
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Tables 1087 
 1088 

Table 1: Correlations of proteins with occurrence of AmoA,B, and C in (A) N. viennensis 1089 
and (B) N. cavascurensis  BN-PAGE gels.  1090 
 1091 
 1092 

 1093 

*Proteins with at least one AmoABC protein correlation.   1094 
§Conservation and exclusiveness to AOA based on results from Abby et al. (2020). 1095 
†Correlation ≥ 0.7 and adjusted p-value ≥0.001. 1096 

 1097 

 1098 

 1099 

 1100 

 1101 

 1102 

 1103 
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 1104 

Table 2:  Structural search for missing AMO subunits.   1105 
 1106 

 1107 

*Based on transcriptomic counts averaged from replete copper conditions from Reyes et al. (2020).   1108 
†Number of predicted transmembrane helices.   1109 
§As predicted from Abby et al. (2020).   1110 
‡Represents proteins correlated with AmoA, AmoB, and AmoC in BN-PAGE bands from N. viennensis in this study.   1111 
⁑ Genes syntenic with amoA, amoB, and amoC based on the syntenic analysis from this study.  1112 
 1113 
 1114 
 1115 
 1116 
 1117 
 1118 
 1119 
 1120 
 1121 
 1122 
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Figures 1135 
 1136 

 1137 
Figure 1.  Relative intensity patterns of AMO subunits in BN-PAGE gels.  Relative 1138 
abundance of iBAQ normalized intensities of known and putative AMO subunits.  iBAQ 1139 
intensities for each protein are normalized to the highest detected intensity of that protein to 1140 
create a relative abundance profile for each protein.  A.) Patterns of AMO intensity in N. 1141 
viennensis. B.)  Patterns of AMO intensity in N. cavascurensis. 1142 

 1143 
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 1144 
 1145 

 1146 

 1147 
Figure 2. Genomic comparison of AMO subunit synteny in AOA.  Left: phylogenetic tree 1148 
of AOA based on 32 conserved ribosomal proteins, bootstrap values of 100% are indicated as 1149 
blue circles.  Taxonomic labels are colored according to GTDB family identity 38, 1150 
Nitrosocaldaceae-red, Nitrosopumilaceae-blue, Nitrososphaeraceae-orange.   1151 
Clades/organisms in bold were included in analysis.  Clades are named according to Alves et 1152 
al. (2018)33.  Right:  representation of general syntenic patterns in different clades of AOA.  1153 
Homologs of NVIE_004540 are represented by AmoY and homologs of AmoZ are represented 1154 
by AmoZ.  Gaps between genes on the same contig are marked by a zig-zag line, double 1155 
forward slash marks separate contigs.  Numbers under the zig-zag lines represent number of 1156 
genes between amo subunit genes.  A full list of species and a finer analysis can be seen in 1157 
Supplementary Fig. 10 and Supplementary Data. 1158 
 1159 
 1160 
 1161 
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 1162 
 1163 
Figure 3.  Structural support of proposed AMO subunits based on BN-PAGE cross-1164 
linking and Alpha Fold modelling.  A.) Representation of identified cross-links among 1165 
existing and proposed AMO subunits of an AMO band cut from a BN-PAGE gel of N. 1166 
viennensis.  Green: suspected subunits based on comparative genomics. Blue: newly proposed 1167 
subunits based on BN-PAGE correlation and syntenic analysis.  B,C.) Cartoon representations 1168 
of the AlphaFold structure models of the NvAmoABCXYZ (B) and NcavAmoABCXYZ (C) 1169 
hexamers, indicating their putative membrane orientation based on sequence hydropathy 1170 
analysis. Subunits are colored as follows: NvAmoA, light grey; NvAmoB, grey; NvAmoC, 1171 
salmon; NvAmoX, light blue; NvAmoY, cyan; NvAmoZ, blue; homologous subunits in Ncav 1172 
are coloured in different shades of the same colour: NcAmoA, light grey; NcAmoB, dark grey; 1173 
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NcAmoC, sand; NcAmoX, sky blue; NcAmoY, teal; NcAmoZ, purple. Residues in the  CuB  1174 
and CuC copper sites are represented in magenta and red sticks in NvAMO and NcavAMO 1175 
models respectively. Disulfide bonds are indicated in yellow. Note the different positioning of 1176 
the AmoZ subunit.  D.) Crosslinks within the SASD threshold for DSSO mapped on the 1177 
NvAmoABCXY AlphaFold model depicted in green. The single observed crosslink between 1178 
the AmoZ and AmoB subunits is depicted in magenta, as it violates distance criteria (50Å 1179 
SASD) but is within range of Euclidean distance (31.8 Å). E.) Distribution of SASD and 1180 
Euclidean Cα–Cα distances of unique DSSO crosslinks identified with Annika and MeroX. 27 1181 
out of 67 unique crosslinks satisfied distance criteria (SASD<35Å). F.) Percentage of 1182 
crosslinked subunit combinations. While all crosslinks involving the canonical subunits 1183 
AmoABC and approximately half of the crosslinks involving AmoX were satisfying distance 1184 
criteria, only violating crosslinks were observed involving the putative subunit AmoZ. 1185 
 1186 
 1187 
 1188 
 1189 
 1190 
 1191 

 1192 

Figure 4.  Transcription of AMO subunit genes in N. viennensis.  Genomic representation 1193 
of N. viennensis showing location of amo genes and average log2 transformed transcript per 1194 
million(TPM) values from copper replete conditions in Reyes et al. (2020)45.  Boxes show amo 1195 
genes and immediate neighbors colored based on gene expression clusters from copper replete 1196 
cultures.  Red indicates a strong expression while blue represents a low or absent expression. 1197 
All amo genes were found in clusters of highly expressed genes across both limited and replete 1198 
conditions (see Supplementary Fig. 3).    1199 
 1200 
 1201 
 1202 
 1203 
 1204 
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