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Abstract  20 

Membrane-bound metalloproteins are the basis of biological energy conservation via respiratory 21 

processes, however, their biochemical characterization is difficult. Here, we followed a gel-based 22 

proteomics and metallomics approach to identify membrane-associated metalloproteins in the anaerobic 23 

ammonium-oxidizing “Candidatus Kuenenia stuttgartiensis” strain CSTR1. Membrane-associated protein 24 

complexes were separated by two dimensional Blue Native/SDS gel electrophoresis and subunits were 25 

identified by mass spectrometry; protein-bound metal ions were quantified from the gel by connecting 26 

either a desolvating nebulizer system or laser ablation to inductively coupled plasma triple quadrupole 27 

mass spectrometry (ICP-QqQ-MS). We identified most protein complexes predicted to be involved in 28 

anaerobic ammonium oxidation and carbon fixation. The ICP-QqQ-MS data showed the presence of Fe 29 

and Zn in a wide range of high molecular weight protein complexes (230-800 kDa). Mo was prominently 30 

found in gel slices with proteins of a size of 500-650 kDa, whereas Ni was only found using the 31 

desolvating nebulizer system in the protein range of 350-500 kDa. The detected protein complexes and 32 

their metal content were consistent with genome annotations. Gel-based metalloproteomics is a sensitive 33 

and reliable approach for the characterization of metalloproteins and could be used to characterize many 34 

multimeric metalloprotein complexes in biological systems. 35 

Introduction 36 

Metalloproteins are proteins to which a metal or a metal-containing cofactor is tightly bound. The bound 37 

metals are often crucial for the biological activity of the protein [1]. About one-third of microbial proteins 38 

contain metal ions and such metalloproteins have a significant role in many biological processes, e.g., in 39 

the regulation of transcription and translation, respiration, photosynthesis, cell signaling, metal trafficking 40 

and nitrogen fixation [2, 3]. Bacterial respiratory chains are formed by protein complexes, building an 41 
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electrically conductive path. Such conductive paths contain metals such as Fe, Ni, Co, Cu, Zn and Mo 42 

among others [4, 5]. 43 

One biogeochemical system in which metalloproteins are of particularly high importance is the nitrogen 44 

cycle. Intensive human activities, e.g. fertilizer application, have led to a surplus of nitrogen in the soil, 45 

ground- and surface water and subsequently to eutrophication of surface waters, loss of biodiversity and 46 

surface water acidification [6, 7]. Wastewater treatment plants play an important role in the removal of 47 

nitrogen species from industrial, agricultural and municipal wastewater [8], however, nitrogen removal in 48 

wastewater treatment plants consumes a lot of energy for nitrification and thereby contributes to climate 49 

change. Anaerobic ammonium oxidation (anammox) is a microbially-mediated nitrogen removal process 50 

requiring substantially less operating energy [9]. In this process, about half the ammonium in wastewater 51 

is oxidized to nitrite and subsequently, ammonium and nitrite are combined in an exergonic reaction 52 

sequence to dinitrogen [10]. The anammox process is catalyzed by anammox bacteria that were first 53 

discovered in wastewater sludge in the early 1990s [11]. Yet, no pure strains are available and genomes 54 

were determined using a metagenomics approach [12]. 55 

Using a semi-continuous stirred tank reactor we obtained a planktonic culture, enriched for about 90% 56 

cells of “Ca. Kuenenia stuttgartiensis” strain CSTR1 [13] and recently determined the full genome of the 57 

strain. The cytoplasm of anammox cells is divided into three compartments separated by bilayer 58 

membranes [14]. The innermost compartment, the anammoxosome, occupies about 70-80% of the cell 59 

volume and is surrounded by the anammoxosomal membrane [15]. The second compartment is the 60 

riboplasm, and the third and outermost compartment the paryphoplasm [9]. Several important 61 

biochemical studies have demonstrated that the anammoxosome is a dedicated compartment in which all 62 

the catabolic reactions of the anammox metabolism take place, nitrogen is formed and energy is fixed [16, 63 

17]. 64 

In these catabolic reactions, ammonium oxidation is linked to nitrite reduction, resulting in the formation 65 

of nitric oxide and hydrazine as intermediates and nitrogen gas as final product. The electron flow 66 
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generated by these redox reactions is linked in a yet poorly-understood process to the generation of a 67 

proton-motive force across the anammoxosome membrane and this proton-motive force is used as energy 68 

source for ATP synthesis via ATPase. Key enzymes involved in the anammox process are nitrite 69 

reductase, hydrazine synthase, hydrazine dehydrogenase, hydroxylamine oxidase and nitrite:nitrate 70 

oxidoreductase (nitrate reductase) [16] all predicted to contain metals cofactors in their structure (Fig. 71 

S1). However, nitrite reductase, which is predicted to be involved in the reduction of nitrite to nitric 72 

oxide, was barely detectable in previous studies using mass spectrometric proteome analyses [16, 17]. 73 

We have recently studied whole cells of anammox and other bacteria for the presence of typical 74 

respiration metals [18] showing that this methodology can document the growth mode and the genetic 75 

composition of a strain. The analysis revealed the overall average metal content of cells under different 76 

conditions but no information of the metal content of specific protein complexes. Therefore, we now 77 

searched for a methodology with which the metal content of abundant proteins can be determined in 78 

samples from intricate communities without the separation of individual protein complexes, an approach 79 

that is known as ‘metalloproteomics’ [2, 19]. 80 

For a metalloproteomics approach, it is necessary to separate protein complexes in their native state to 81 

retain metals in the protein structure. This can be done for example by chromatography [20], field-flow 82 

fractionation [21], density gradient centrifugation [22] or gel electrophoresis [23], yet, for every 83 

separation method, there are several advantages and limitations [24].  84 

Blue Native gel electrophoresis (BNE) has been shown to be a powerful and sensitive approach for the 85 

separation of low quantity metalloprotein complexes without disturbing complex integrity [25, 26]. 86 

Protein complexes can then be excised from the gel and analyzed for protein and metal content, using LC-87 

MS/MS and ICP-MS, respectively. However, trace metal concentrations in combination with limited 88 

sample volume present a major challenge for analysis. Performing analyses in dry plasma mode has been 89 

shown to improve sensitivity for matrix-rich samples significantly [27, 28]. Also, a direct transfer of 90 

metalloproteins from a gel to an inductively coupled plasma mass spectrometer (ICP-MS) was shown 91 
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using laser ablation (LA-ICP-MS), allowing imaging of metals in the gel and correlating metal with 92 

protein abundance [29, 30]. 93 

Here we investigated strain CSTR1 for its membrane-bound metalloproteome by native extraction of 94 

protein complexes from cells, separation of protein complexes by BNE and analysis of separated protein 95 

complexes for metal and protein content. Proteins were analyzed by liquid chromatography mass 96 

spectrometry (LC-MS/MS) and metals were analyzed by inductively coupled plasma triple quadrupole 97 

mass spectrometry (ICP-QqQ-MS) employing triple quadrupole technology for the high-sensitivity 98 

detection of Fe, Ni, Zn and Mo. In order to enhance detection capabilities further and simplify gel 99 

preparation, two different modes of sample introduction were evaluated, using either a desolvating 100 

nebulizer system to introduce excised and digested gel slices or coupling a laser to ICP-QqQ-MS for 101 

direct ablation of the gel. The results give a comprehensive picture of metalloprotein complexes 102 

expressed under the given cultivation conditions. Key enzymes of the anammox process were detected 103 

and their metal cofactors were quantitatively analyzed. 104 

Experimental  105 

Chemicals, bacterial strain and cultivation 106 

All chemicals used were at least of analytical quality and obtained from Merck or Sigma-Aldrich. 107 

“Candidatus Kuenenia stuttgartiensis” strain CSTR1 was cultivated in a semi-continuous stirred tank 108 

reactor under anoxic conditions, as previously described [13]. Under these conditions, cells grew 109 

planktonic and strain CSTR1 was enriched to a population share of approximately 90% [13]. The culture 110 

medium contained 60 mM ammonium as an electron donor, 60 mM nitrite as an electron acceptor, 1x 111 

trace element solutions [18] and 10 mM of bicarbonate as pH buffer and carbon source for autotrophic 112 

growth. No organic carbon source was added to the medium [13, 18]. The reactor was running 113 
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continuously at 3-d hydraulic retention time, and effluent was collected for metal and proteomics 114 

analyses. 115 

Cell lysis and membrane isolation 116 

Cells were harvested from 100 mL of culture by centrifuging the culture at 6,000 g for 30 min at 25°C 117 

(Type 5804 R, Eppendorf). Cell pellets were resuspended in 3 mL of 1x phosphate-buffered saline (PBS; 118 

2.7 mM KCl, 137 mM NaCl, 1.8 mM KH2PO4, 10 mM Na2HPO4, pH 7.4). Cells were lysed by five 119 

successive freeze/thaw cycles using liquid nitrogen for freezing and 45°C thawing temperature. Cell 120 

debris was removed by centrifugation at 10,000 g for 10 min at 4°C. The supernatant containing soluble 121 

and membrane proteins was further subjected to ultracentrifugation at 184,000 g for 1 h at 4°C (Optima 122 

MAX-XP, Beckman Coulter). The pellet containing membrane proteins was solubilized in 1x PBS and 123 

again subjected to ultracentrifugation at 184,000 g for 1 h at 4°C. The pellet was then solubilized in 1x 124 

PBS containing 0.5% (w/v) n-dodecyl-β-D-maltoside (DDM) with incubation for 2 h on a thermomixer 125 

(Thermomixer comfort, Eppendorf) with 700 rpm at 25°C. Proteins were quantified with the 126 

bicinchoninic acid (BCA) assay (Thermo Scientific). 127 

Protein separation by two-dimensional BN/SDS-PAGE 128 

Membrane protein complexes were separated under native conditions by Blue Native gel electrophoresis 129 

(BNE) using the Native PAGE Novex Bis-Tris gel system (Invitrogen). Pre-casted 4-16% linear 130 

polyacrylamide gradient gels were used. 40 µg of membrane proteins in 18 µL of water were amended 131 

with 0.6 µL of Invitrogen sample additive (containing coomassie blue G-250) and 6 µL of sample buffer, 132 

and three replicates of this mixture were loaded onto gels. NativeMark unstained protein standard 133 

(Invitrogen) was used as a molecular weight standard. Cathode and anode buffers were prepared 134 

according to the manufacturer’s manual. Gel electrophoresis was performed at room temperature and the 135 

voltage was set to 150 V until the blue dye (coomassie blue) reached the end of the gel (approximately 90 136 

min). After electrophoresis, the three replicate sample lanes and the molecular weight standard lane were 137 
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cut from the gel. The first sample lane and the molecular weight standard lane were stained with 138 

coomassie blue R-250 to visualize protein distribution on the gel. Twelve bands on the sample lane were 139 

excised and used for protein identification by LC-MS/MS analysis after trypsin digest (see below). The 140 

sample well (molecular weight range of 1000-1250 kDa) was not further investigated (slice 13 in Fig. 141 

S2A). The second sample lane was used for metal detection by ICP-QqQ-MS. The third sample lane was 142 

used for a second-dimension separation by SDS-PAGE to separate the subunits in protein complexes. For 143 

this second-dimension of a BN/SDS-PAGE the excised unstained sample lane from BNE was incubated 144 

in 10 mL ‘pre-treatment solution’ (40 mM Tris-HCl, pH 6.8, 10 mg mL−1 SDS, 30% (v/v) glycerol, 0.36 g 145 

mL−1 urea) amended with 5 mg mL−1 dithiothreitol (DTT) for 10 min under gentle agitation. This gel lane 146 

was then alkylated by incubating in 10 ml ‘pre-treatment solution’ amended with 45 mg mL−1 147 

iodoacetamide (IAA) for 10 min under gentle agitation. The treated lane was then placed horizontally on 148 

the top of a self-casted 10% polyacrylamide gel containing 1 mg mL−1 SDS. An adhesive tape 149 

(Certoplast) with a thickness of 0.15 mm was pasted on the side of the 1.0 mm spacer plate and this plate 150 

with a final thickness of 1.15 mm was used to cast the SDS gel. The SDS-PAGE gel was cast in a mini-151 

PROTEAN Bio-Rad casting apparatus. Gel electrophoresis was performed at room temperature and 100 152 

V constant voltage until the bromophenol blue dye of the sample buffer reached the end of the gel (90-153 

120 min). The gel was then silver-stained [31]. 154 

In-gel tryptic digestion of proteins 155 

After coomassie staining, the first replicate sample lane and the molecular weight standard lane from the 156 

BNE gel were cut horizontally using razor blades into 12 gel slices for protein identification, each with 157 

0.5 cm height. For the optimization of detergent concentration, the gel was cut into 13 slices also covering 158 

the molecular weight range of 1000-1250 kDa to evaluate the effect of detergent concentration on protein 159 

solubilization. In addition, 34 gel spots from silver-stained 2D-BN/SDS-PAGE gels (from the third 160 

replicate sample lane) were excised. In a separate experiment for the optimization of detergent 161 

concentration, gel lanes were cut into 13 slices also covering the molecular weight range of 1000-1250 162 
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kDa to evaluate the effect of detergent concentration on protein solubilization. Gel slices and gel spots 163 

were first washed with double distilled water (ddH2O) and then de-stained in a 1:1 (v/v) ratio of 100 mM 164 

Na2S2O3 and 30 mM K3[Fe(CN)6]. De-stained gel slices and spots were further dehydrated with 100% 165 

acetonitrile and then rehydrated in 50 mM ammonium bicarbonate buffer. After rehydration, disulfide 166 

bonds in proteins were reduced by incubating for 30 min in 10 mM DTT under gentle shaking and then 167 

alkylated with 100 mM IAA for 30 min in the dark with gentle shaking. Proteins were digested with 0.1 168 

μg of trypsin (proteomic sequencing grade, Promega) and incubated with gentle shaking overnight at 169 

37°C. Tryptic peptides were extracted from gel pieces by incubating the gel piece twice in 200 µL 170 

extraction buffer (50% acetonitrile, 5% formic acid) for 20 min at room temperature and merging the two 171 

extracts. After extraction, peptides were lyophilized, resuspended in 10 µL of 0.1% formic acid, and 172 

desalted using C18 Zip Tip columns (Merck Millipore) before nLC-MS/MS analysis. 173 

LC-MS/MS analysis 174 

The desalted peptide mixture was dissolved in 15 µL 0.1% formic acid and then analyzed using an 175 

Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) equipped with a nanoLC system (Dionex 176 

Ultimate 3000RSLC; Thermo Scientific). Peptides were separated at a flow rate of 0.3 μL min−1 using a 177 

linear gradient of 60 min by using eluent A (0.1% formic acid in water) and eluent B (80% (v/v) 178 

acetonitrile, 0.1% formic acid in water) on an Acclaim Pep Map trap column (100 Å pore size, 5 μm 179 

particle size, 0.3 × 5 mm, Thermo scientific). Peptides were ionized by a TriVersa NanoMate, Advion 180 

electrospray ion source. The analysis was performed in positive mode using full MS scan analysis with an 181 

MS1 resolution of 120,000 in the Orbitrap mass analyzer [32]. The fragment ions (MS2) were scanned at a 182 

resolution of 60,000. 183 

Acquired MS/MS raw data after LC-MS/MS were analyzed using the software Proteome Discoverer 184 

(v2.2, Thermo Fisher Scientific). MS/MS data were searched against the annotated complete genome of 185 

“Ca. Kuenenia stuttgartiensis” strain CSTR1 (Genbank accession number CP049055) for the 186 

identification of proteins using SequestHT as a search engine. Error tolerance for precursor ion mass and 187 
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fragment ion mass was set to 3 ppm and 0.5 Da, respectively. Two missed cleavage sites were allowed. 188 

Oxidation of methionine residues was set as dynamic modification, while carbamidomethylation of 189 

cysteine residues was set as a fixed modification. The false discovery rate was kept <1% using the 190 

Percolator node for the analysis at both protein and peptide levels. Protein and peptide abundance values 191 

were calculated by intensity-based label-free quantification using the Minora node implemented in 192 

Proteome Discoverer. 193 

Digestion of gel slices for metal quantification 194 

The unstained, second gel lane from the BNE gel was horizontally cut into 12 gel slices, each of 0.5 cm 195 

height using a metal-free ceramic knife that was cleaned after every single cut. In parallel, 1.5 mL 196 

Eppendorf vials were cleaned from potential metal contaminations by incubating them with 2% Suprapur 197 

nitric acid (Merck Millipore) for 1 h and rinsing with metal-free ultrapure water. Metal-free ultrapure 198 

water was prepared by incubating ddH2O (1000 mL) with 10 mg Chelex-100 sodium form (Sigma) for 1 199 

h at room temperature with gentle shaking, followed by filtration using 30-50 µm Whatman filter paper 200 

(GE Healthcare). The gel slices were then transferred into the Eppendorf vials and digested in the open 201 

vials with 200 µL of a 1:1 mixture of concentrated suprapur nitric acid (65%) and suprapur hydrogen 202 

peroxide (Merck Millipore, 37%) by incubating them in a thermomixer at 100°C for 2 h. After this 203 

procedure, no gel material was visible anymore and the solution was diluted with metal-free ultrapure 204 

water up to 3 mL to achieve a final concentration of around 2% of nitric acid. 205 

Metal quantification from dissolved gel slices using a desolvating nebulizer system coupled 206 

to ICP-QqQ-MS 207 

Metal concentrations in the digested gel slices were analyzed by direct injection into an Aridus II 208 

desolvating c-flow nebulizer system (Teledyne CETAC) or a standard pneumatic 1000 µL min-1 nebulizer 209 

coupled to a high resolution 8800 ICP-QqQ-MS (Agilent Technologies). Calibration standards were 210 

prepared by serially diluting the multi-element standard solution Merck XVI in the matrix solution 211 
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(digested blank gel pieces in 2% nitric acid) to concentrations between 0 and 10 μg L-1. Rhodium (Merck 212 

Millipore) was used as an internal standard at a final concentration of 1 µg L-1. 213 

Samples as well as multi-element standards were analyzed for the target metal isotopes 56Fe, 60Ni, 64Zn, 214 

95Mo and 103Rh. Argon sweep gas was set to a flow rate of 2.7 L min-1, and nitrogen gas flow was set to 3 215 

mL min-1 in the desolvating c-flow nebulizer system. Hydrogen was used as a reaction gas at a flow rate 216 

of 2.5 mL min-1 in an Octopole Reaction System (ORS3).The operational parameters for the ICP-QqQ-217 

MS were optimized in dry plasma mode for high sensitivity towards the target metals (Table S1). 218 

Concentrations of the target metals were also determined in slices from blank gels (without protein 219 

samples) and subtracted from sample gels (with protein) for background correction. Other metals were 220 

not analyzed to keep the focus on the most abundant protein complexes expected in Kuenenia. 221 

Metal analysis using a laser ablation coupled to ICP-QqQ-MS 222 

Metal content in gels was also determined directly by coupling a laser ablation system to the ICP-QqQ-223 

MS. Instead of dissolving gel slices in nitric acid and hydrogen peroxide, the material was ablated via a 224 

laser beam and the thereby formed aerosol transported into the ICP-QqQ-MS for metal detection. For 225 

that, an unstained lane of a BNE gel (carefully cut with a clean metal-free ceramic knife) was placed on 226 

top of a wet cellophane sheet. A second wetted cellophane sheet was placed on top of the gel avoiding to 227 

trap any air bubbles. The sandwich cellophane sheet with the gel lane in between was then encased in a 228 

pair of acrylic frames where the sandwich was secured with tightly bound clips on the edges of the acrylic 229 

frames and dried overnight at 60°C. The dried gel was mounted on a microscopic slide with double-sided 230 

tape and placed in the sample chamber (HELIX II, Teledyne) of the laser ablation system (Analyte G2, 231 

Teledyne CETAC), which was coupled to the 8800 ICP-QqQ-MS. The laser system was operated at a 232 

fixed wavelength of 193 nm with a scan speed of 156 µm s-1 and a repetition rate of 2 Hz. Helium gas was 233 

used with a flow rate of 0.8 L min-1 for aerosol transfer from the ablation chamber to the ICP-QqQ-MS. 234 

This aerosol was then diluted with argon gas using a flow rate of 220 mL min-1. The instrumental 235 

parameters (Table S1) for laser and ICP-QqQ-MS were optimized towards maximum sensitivity. 236 
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Results 237 

Metal content in the membrane fraction of "Ca. Kuenenia stuttgartiensis" strain CSTR1 238 

Whole cells and the isolated membrane fraction of "Ca. Kuenenia stuttgartiensis" strain CSTR1 were 239 

analyzed after digestion for Fe, Ni, Zn and Mo content using the direct infusion mode in ICP-QqQ-MS. 240 

The absolute amount of Fe, Ni, Zn and Mo in whole-cells was determined to be 4.7 × 107, 3.5 × 105, 3.4 × 241 

106 and 9.0 × 104 ions per cell, respectively. Of these amounts, 96% of Fe content (4.5 × 107 ions per 242 

cell), 50% of Ni (1.7 × 105 ions per cell), 95% of Zn (3.2 × 106 ions per cell) and 64% of Mo (5.7 × 104 243 

ions per cell) were located in the membrane fraction, respectively (Table S2). 244 

Effect of detergent concentration on membrane protein solubilization 245 

To obtain data indicating which proteins carry metals, we applied solubilized proteins from whole cells of 246 

strain CSTR1 to our gel-based metalloproteome approach. Therefore, proteins were solubilized from 247 

whole cells with four different DDM detergent concentrations 2%, 1%, 0.5% and 0.1% (w/v). Cell lysates 248 

contained proteins from all three membranes (periplasmic, cytoplasmic and anammoxosome). Cell lysates 249 

treated with different DDM concentrations were separated by BNE. After separation and before 250 

Coomassie staining we observed a blue smear in the gel, that was at ~146 kDa for 2% DDM, ~120 kDa 251 

for 1% DDM, ~100 kDa for 0.5% DDM and not visible for 0.1% DDM. This smear was visible also when 252 

no protein was added indicating it came from the sample buffer dye. (Fig. S2A). After Coomassie 253 

staining, additional strong bands were visible in all samples (Fig. S2A). Most prominent were three strong 254 

bands between 242 and ~500 kDa, indicating the presence of very abundant multisubunit complexes in 255 

the membrane proteome. Two distinct bands were visible at all DDM concentrations at around 720 kDa 256 

and a fainter band at ~600 kDa for the three higher DDM concentrations. Below 240 kDa, no strong 257 

consistent bands were observed (only the DDM concentration-dependent dye smear). All stained gel lanes 258 

were then cut into 13 gel slices of the same height (0.5 cm) including the slice with the injection well and 259 
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subjected to in-gel digestion for protein identification by nLC-MS/MS. The proteomic analysis yielded a 260 

total of 1540 unambiguously identified proteins for 2% DDM, 1586 for 1% DDM, 1695 for 0.5% DDM, 261 

and 1462 for 0.1% DDM. This result revealed no notable difference in total protein identifications with 262 

changing DDM concentration. For all DDM concentrations, the number of identified proteins was very 263 

different in the different gel slices across the gel lane (Fig. S2B). The highest number of proteins was 264 

identified in the slices corresponding to a molecular weight range of 15-230 kDa with a maximum 265 

between 30 and 70 kDa, corresponding to the expected size for monomeric proteins. In contrast, the slices 266 

8-10 (230-650 kDa) containing a large amount of protein as indicated by coomassie staining (Fig. S2A) 267 

contained a much lower number of different proteins indicating that these slices were dominated by few 268 

multimeric protein complexes.  269 

The four major bands visible in the BNE gel contained the following proteins: the bands at around 290 270 

and 350 kDa contained hydrazine dehydrogenase, cation-specific pore-forming outer membrane protein 271 

(OMP) and S-layer protein; the strong band at around 540 kDa and fainter band at 560 kDa contained 272 

hydrazine synthase and nitrite:nitrate oxidoreductase; the bands at around 780 and 840 kDa contained 273 

nitrite:nitrate oxidoreductase, Cpn60 chaperonin GroEL, the large subunit of GroESL and S-layer protein. 274 

The abundances of all identified proteins in different gel slices after BNE and gel spots after SDS-PAGE 275 

are given in Table S5. 276 

In the next step, we evaluated the integrity of large protein complexes under the four different DDM 277 

concentrations. For this, we analyzed in detail the migration pattern of two enzyme complexes described 278 

to be trimeric: nitrite:nitrate oxidoreductase and hydrazine synthase. Both are described to be involved in 279 

anaerobic ammonium oxidation. In the presence of different DDM concentrations, there was no 280 

significant difference observed in the migration of different subunits of nitrite:nitrate oxidoreductase and 281 

hydrazine synthase (Fig. 1). Remarkably, the intensity of all the subunits in both protein complexes was 282 

higher in the presence of a high concentration of DDM. Still, we selected a DDM concentration of 0.5% 283 
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(w/v) for further analyses, because all major bands were visible in BNE (Fig. S2A) and the interference 284 

with the dye of the sample buffer was less than at higher DDM concentrations. 285 

Composition of protein complexes in "Ca. Kuenenia stuttgartiensis" strain CSTR1 286 

To identify subunits of larger protein complexes and to understand the composition of the protein 287 

complexes involved in the anammox process, we used a 2D BN/SDS-PAGE approach to first separate 288 

membrane-bound protein complexes in their native state by BNE and then to separate their subunits in 289 

denaturing conditions (SDS-PAGE). Membrane solubilization was done for isolated membrane fractions 290 

after ultracentrifugation in 0.5% DDM to recover proteins from periplasmic, cytoplasmic and 291 

anammoxosome membranes. We obtained samples from one lane of a blue native gel which was cut into 292 

12 gel slices, excluding the top gel slice (1000-1250 kDa) consisting of non-separated proteins, but also 293 

from the 2D gel after SDS-PAGE from which we cut many spots. Proteins within gel slices (from BNE) 294 

or gel spots (from BN/SDS-PAGE) were identified by nLC-MS/MS (Fig. 2). The distribution of 295 

identified proteins from these gel slices and spots are given in table S3. 296 

All three subunits of nitrite:nitrate oxidoreductase (NAR) were detected together in the molecular weight 297 

range 230-1000 kDa with the highest intensity in the range of 500-650 kDa in the first dimension 298 

separation. These protein subunits were further detected in the second dimension with the molecular 299 

weight of 148 kDa for NAR subunit alpha, 148 kDa for NAR subunit beta and 35 kDa for NAR subunit 300 

gamma. The molecular weight of NirS is reported as 66.3 kDa, and it migrated at low abundance in the 301 

molecular weight region of 70-230 kDa in the first dimension. This protein was detected in the second 302 

dimension in spot 21, which represents a molecular weight region of 58 kDa. However, a protein, namely, 303 

cation-specific pore-forming outer membrane protein (KsCSTR_06200) with a molecular weight of 61 304 

kDa was the most abundant protein in gel spot 21 and covered around 90% of total protein abundance, 305 

whereas NirS covered only 0.01% of the total abundance in this spot. The complexation of NirS with 306 

other proteins could not be explained due to its low abundance. The heterotrimeric hydrazine synthase 307 

(HZS) has a total molecular weight of 168.8 kDa, and all subunits migrated together with the highest 308 
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intensity in the range of 350-650 kDa in the first dimension. In second dimensional electrophoresis, these 309 

subunits Hzs subunit alpha, and Hzs subunit beta, Hzs subunit gamma, were separated at the experimental 310 

molecular mass 88, 39 and 38 kDa, respectively. Hydrazine dehydrogenase (HDH) and hydroxylamine 311 

oxidase (HOX) were separated in the range of 230-350 kDa after first dimension separation, which were 312 

also detected in the gel spot number 5 and 10 for HDH and spot number 3 and 7 for HOX after second 313 

dimension separation with the highest intensity (Fig. 3). 314 

Along with the key protein complexes involved in the anammox process and carbon fixation, the genome 315 

of strain CSTR1 also encodes other FeS-cluster containing protein complexes involved in respiration and 316 

energy generation such as NAD(P)H:quinone oxidoreductases (Complex I), Na+-translocating NADH-317 

quinone reductase (NQR), Rieske-cytochrome b complexes, ATPase and Na+-translocating 318 

ferredoxin:NAD+ oxidoreductase complex. These proteins were found to be expressed in strain CSTR1 319 

and were identified after both first-and second-dimension protein separation (Table S4). 320 

As concluded from genome analysis NADH:ubiquinone oxidoreductase contains 13 subunits (NuoC and 321 

NuoD subunits are fused to one) and most of the subunits were identified after the first-dimension 322 

separation in gel slices of different molecular weight. Subunits NuoB, E, G, H and membrane-bound 323 

subunits NuoL, M and N were identified with the highest intensity in the molecular weight range of 500-324 

650 kDa, whereas subunits NuoF, C, D, membrane-bound subunit J at 650-800 kDa and subunit NuoI 325 

was identified at 30-50 kDa range after BNE. The membrane subunits NuoA and NuoK could not be 326 

detected in our proteome analysis. The highest intensity of Na+-NQR protein subunits NqrC, E and F 327 

were detected in the range of 230-350 kDa and for subunits NqrA and B, the intensity was observed 328 

highest in the range of 170-230 kDa. Strain CSTR1 encodes three putative Rieske/Cytochrome b 329 

complexes (R/b-1, R/b-2 and R/b-3). We identified all of them after first and second dimension 330 

separation, where two of them (R/b-1 and R/b-3) were detected in the range of 110-170 kDa with the 331 

highest intensity and R/b-2 was identified in the range of 650-800 kDa. “Ca. K. stuttgartiensis” strain 332 

CSTR1 contains genes encoding four different types of ATPase, and our data demonstrated the 333 
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expression of several subunits of these ATPase after first and second dimension separation (Table S4). 334 

The protein subunits of Na+-translocating ferredoxin:NAD+ oxidoreductase complex (RnfABCDEG) were 335 

also found to be expressed in strain CSTR1. However, all the subunits were found in different molecular 336 

weight regions after the first-dimension separation, probably due to instability of the complex under BNE 337 

conditions (Table S4).  338 

Metal detection from gel slices using a desolvating nebulizer system coupled to ICP-QqQ-339 

MS 340 

The target metals (Fe, Ni, Zn and Mo) necessary for the membrane-bound protein complexes involved in 341 

the anammox process were analyzed in the digested gel slices each with 0.5 cm height by ICP-QqQ-MS. 342 

Two different types of sample nebulization were evaluated with respect to detection performance for the 343 

target metal isotopes 56Fe, 60Ni, 64Zn and 95Mo, employing either a standard pneumatic 1000 µL min-1 344 

nebulizer (wet plasma mode) or a desolvating 50 µL min-1 c-flow nebulizer (dry plasma mode). A strictly 345 

linear response (R2 ≥ 0.99) was obtained for target metals Ni, Zn and Mo in the concentration range from 346 

10 ng L-1 to 1 µg L-1 (corresponding to a concentration of 0.17 to 17 nM for Ni, 0.16 to 16 nM for Zn and 347 

0.11 to 11 nM for Mo) and from 10 ng L-1 to 10 µg L-1 for Fe (0.18 to 180 nM) using both types of 348 

sample nebulization. However, sensitivity of all target metals was substantially higher for the desolvating 349 

nebulizer system than for the standard nebulizer (Fig. S3). The instrumental detection limits for Ni, Zn 350 

and Mo were found to be 0.11 nM, 0.16 nM and 0.03 nM, respectively, which was around ten times lower 351 

than without desolvating nebulizer (0.98 nM for Ni, 1.97 nM for Zn and 0.26 nM for Mo). Although the 352 

detection limit for Fe was not enhanced by the desolvating nebulizer (Table 1), the marked increase in 353 

sensitivity indicates the expanded detection capabilities in dry plasma mode (Fig. S3). Additionally, the 354 

smaller flow rate of the desolvating nebulizer of 50 µL min-1 led to a five-fold decrease in the total sample 355 

volume (~ 60 µL) that is required for reliable ICP-QqQ-MS analysis. After considering 100% extraction 356 

efficiency in 60 µL sample volume, a minimum amount of 125 fmoles of Fe-, 6.6 fmoles of Ni-, 9.6 357 
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fmoles of Zn- and 1.8 fmoles of Mo- containing proteins needed to be present in a gel slice to be detected 358 

by ICP-QqQ-MS. 359 

Based on the superior analytical performance, the desolvating nebulizer was chosen for the subsequent 360 

quantification of Fe, Ni, Zn and Mo in gel slices from BNE. Over the entire molecular weight range, Fe 361 

showed by far the highest concentrations of all the investigated metals, while Mo exhibited the smallest 362 

values. Both Fe and Zn were detected in a wide molecular weight range of 230-800 kDa. Concentration of 363 

Ni was found highest in the gel slices with a molecular weight range of 110-170 kDa and 350-500 kDa. 364 

Mo was mainly observed in the gel slices representative of proteins with a molecular size of 170-230 and 365 

500-650 kDa (Fig. 4).  366 

Metal detection directly from a gel lane using laser ablation 367 

Another unstained gel lane after first dimension separation (BNE) of proteins was scanned for target 368 

metals using LA-ICP-QqQ-MS. Blank gel lanes without applied protein were used as a negative control. 369 

With the laser ablation approach we obtained three continuous traces of metal data for each gel lane. The 370 

highest intensity of Fe was present at distinct bands with protein size ranges of ~250-700 kDa, whereas 371 

Mo was present only in one broader band in the protein size range of ~550-700 kDa. The patterns of 372 

metal content along the triplicate gel traces obtained from laser ablation for Fe and Mo were similar to the 373 

results obtained from the measurement of digested gel slices with desolvating nebulizer system coupled to 374 

ICP-QqQ-MS. The intensity of Zn was observed highest in a high molecular weight range of 250-700 375 

kDa, however, data for Zn showed considerable variation between the three replicate gel traces S1, S2 376 

and S3. The intensity of Ni obtained by LA-ICP-QqQ-MS for the sample gel trace could not be 377 

differentiated from the blank gel, which exhibited comparatively high background levels. A very low and 378 

evenly distributed response was observed in blank gel lanes (without proteins) throughout the gel for Fe, 379 

Zn and Mo (Fig. 5).380 
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Discussion  381 

Several membrane-bound respiratory complexes are expressed at high level at a time in a given organism 382 

and their interplay and overall contribution to energy and redox metabolism is not well understood. One 383 

example is the anammox model organism “Ca. Kuenenia stuttgartiensis” that contains several membrane-384 

bound complexes, some of which are not integrated into current metabolic models. Instead of focusing on 385 

one metalloprotein complex we used an approach that looks at all strongly expressed membrane-bound 386 

metalloprotein complexes together combining gel-based proteomics with gel-based metal analysis. Only 387 

this gave us information on both, the identity of protein complexes and their metal content. 388 

We and others have previously shown that this can additionally be linked with enzyme activity tests from 389 

the same native gels [33, 34]. Separation of metalloprotein complexes on native gels, however, is only 390 

possible with low amounts of protein (≤10 µg) and all applied detection methods must be reproducible 391 

and sensitive. Whereas sensitive protein identification from gels by nLC-MS/MS and sensitive metal 392 

quantification from solutions by triple quadrupole mass spectrometry (ICP-QqQ-MS) is standard [32, 34], 393 

metal analysis from gels is not [29, 30]. 394 

The main goal of our work was the establishment of a workflow that gives us evidence for the presence of 395 

metals in specific respiratory complexes. Neither whole-cell metallomics nor shotgun proteomics can 396 

provide such a dataset because metal data cannot be associated directly to bottom-up proteomics data. We 397 

therefore employed BNE with which we fully separated native respiratory protein complexes from small 398 

monomeric proteins and with which we separated the native respiratory complexes from each other, 399 

however, at low resolution. BNE therefore strongly reduced the complexity of the protein mixtures in our 400 

high-molecular weight slices of the gel. Secondly we here focused on strongly expressed respiratory 401 

protein complexes that are typically among the 10-20 most abundant proteins in shotgun proteomics 402 

analyses. This allowed us to follow a quantitative approach where we correlate the strongest expressed 403 

protein complexes with the most abundant metals. We here tested this approach as a proof of concept with 404 
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a new strain of “Ca. Kuenenia stuttgartiensis” membrane protein complexes and essentially obtain the 405 

results that we expected from the review of the literature for protein complexes in other strains of this 406 

organism. We conclude that the quantitative analysis of BNE-separated protein complexes is possible and 407 

that the approach should be applicable to many other research questions in anaerobic microbiology. 408 

We evaluated two different methods to efficiently and reliably extract metals from gels and to introduce 409 

the extracted metals into an ICP-QqQ-MS system: i) total digestion of the gel matrix and transfer via a 410 

desolvating nebulizer system, and ii) directly after ablating metal ions from a gel matrix with a laser 411 

beam. The analysis with the desolvating nebulizer system was reliable, associated with less instrumental 412 

effort and provided quantitative data. Furthermore, comparison between dry and wet plasma modes 413 

demonstrated a substantial improvement of detection limits when using the desolvating nebulizer. 414 

However, analysis of the metals from digested gel slices required extra attention to provide full digestion 415 

of the gel matrix. To avoid metal contamination, metal extraction had to be done with many gel slices 416 

carefully taken from the native gel under metal-free conditions. When using the laser ablation system 417 

sample preparation was less complicated and analysis of metal distribution along the dried gels was 418 

possible at high spatial resolution. Potentially, the sensitivity of the laser ablation setup is higher because 419 

all the ablated material is transferred to the sample line [35]. However, the laser ablation approach needs 420 

more expensive instrumentation and the analysis time on the instrument is longer. The qualitative results 421 

obtained by these two independent approaches were mostly similar and supported each other in our study.  422 

Metal contaminations during sample preparation are a major challenge because even slight metal 423 

contamination leads to overestimation of the metal content in proteins and to non-stoichiometric results in 424 

the metal ratios of a protein complex. We minimized metal contamination by using metal-free ultrapure 425 

water for all used solutions and intensive washing procedures for gels and solid materials.  426 

The genome annotation of “Ca. Kuenenia stuttgartiensis” suggests the presence of several Fe, Ni, Zn and 427 

Mo-containing metalloprotein complexes. While Fe is predicted in many heme enzymes involved in the 428 

anammox process and carbon fixation, Ni is predicted to be indicative of carbon fixation enzymes, Zn is 429 
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demonstrated to be prevalent in hydrazine synthase and Mo is predicted to be involved in nitrite oxidation 430 

to nitrate which in anammox organisms is described to deliver electrons for CO2 fixation [17, 36]. When 431 

looking at whole membrane extracts of strain CSTR1 we detected all these four metals indicating that a 432 

major share of these enzymes was associated with the membrane. The iron content was about 10-fold 433 

higher than the content of other detected metals, highlighting the important role of Fe-containing 434 

cofactors in the anammox process. However, we cannot exclude the presence of Fe particles in the 435 

cytoplasm co-isolated with the membrane fraction. 436 

Protein and metal detection in Blue Native gels identified several intact membrane-attached 437 

metalloprotein complexes including nitrite reductase, hydrazine synthase, hydrazine dehydrogenase, 438 

nitrite:nitrate oxidoreductase, hydroxylamine oxidase, carbon monoxide dehydrogenase/acetyl-CoA 439 

synthase complex, NAD(P)H:quinone oxidoreductases (Complex I), Na+-translocating NADH-quinone 440 

reductase, Rieske/cytochrome b- type protein complexes, ATPase and Na+-translocating ferredoxin:NAD+ 441 

oxidoreductase complex. The anammox process is described to occur in the anammoxosome lumen and 442 

the key enzymes involved in this process are therefore expected to be localized in the lumen of 443 

anammoxosome [37]. However, these enzymes were reported to be attached to the membrane [16] and 444 

also in our study they are prominently present in the membrane fraction. One explanation could be that 445 

the abundance of these protein complexes is very high in the cell and that a part of it was co-separated 446 

with the membrane. The other possible explanation is that these complexes are bound to proteins at the 447 

surface of the anammoxosome membrane. Subsequently, we analyzed in detail: i) the major anammox 448 

complexes NIR, HZS and HDH; ii) the complexes HOX and NAR, and iii) the carbon fixation complex 449 

CODH/ACS. The major BNE gel bands in the high molecular weight range (242-600 kDa) contained 450 

NAR, HZS, and HDH which covered all together 60-80% of the total abundance of all identified proteins 451 

in these bands. The high abundances of these protein complexes involved in the anammox process were 452 

also reported in a previous study [16]. 453 
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All three major anammox protein complexes and their predicted metals were found in the membrane 454 

extracts. Nitrite reductase (NIR), encoded by nirS, is a dimeric protein with each monomer containing a c-455 

type heme and a d1-type heme [12, 38] and its low expression was found at transcriptional [12, 17] and 456 

protein level [16]. In our study, nitrite reductase was also low expressed possibly due to a high turnover 457 

rate. Metal analysis demonstrated the presence of low amounts of Fe in the gel slice with nitrite reductase, 458 

however, no Fe was detected with the laser ablation approach. As hypothesized before, alternative 459 

proteins could catalyze nitrate reduction, such as HAO-like proteins [16, 17, 36, 39]. The genome of 460 

strain CSTR1 contains genes for several putative HAO-like proteins (KsCSTR_04770, KsCSTR_29630, 461 

KsCSTR_35890, KsCSTR_36130, KsCSTR_36400, KsCSTR_40830 and KsCSTR_49490) and two of 462 

them were highly expressed in our study (KsCSTR_29630 and KsCSTR_49490). This confirmed earlier 463 

reports of the high expression of these two paralogs (kustc4574 and kuste0458 in strain KUST) [39]. 464 

The second step of the anammox process is described as the reduction of nitric oxide to hydrazine by 465 

hydrazine synthase (HZS). HZS is a dimer of a heterotrimeric protein complex and requires four heme 466 

molecules and one zinc ion to perform its catalytic function [12, 40]. In our study, components of the 467 

HZS complex migrated in a very broad range of molecular weight (110-800 kDa), which was confirmed 468 

with the presence of iron and zinc ions in the same region using the desolvating nebulizer system. 469 

Analysis with LA-ICP-QqQ-MS detected Fe in this molecular weight region, but no reproducible data 470 

was obtained for zinc ions. 471 

The third and final described step in the anammox process is the oxidation of hydrazine to dinitrogen gas 472 

catalyzed by hydrazine dehydrogenase (HDH) [9, 17]. HDH is a homotrimeric enzyme, which forms 473 

octamer of trimers in solution and harbors 192 c-type heme moieties [41]. The data obtained in our 474 

study for the molecular weight range of 230-350 kDa corresponds well with both, the abundance of the 475 

protein and with abundance of Fe in this region.  476 

Hydroxylamine oxidase (HOX) belongs to the family of HAO-like enzymes and converts hydroxylamine 477 

to nitric oxide [17]. HOX is described to be a homotrimeric protein with a monomeric mass of 62.4 kDa 478 
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harboring 24 heme c molecules [42]. We detected HOX in a molecular weight range of 230-350 kDa and 479 

the metal data is consistent with predictions and suggests the presence of Fe in the same region. To obtain 480 

electrons for carbon fixation anammox organisms oxidize nitrite to nitrate via nitrite:nitrate 481 

oxidoreductase (NAR) [37], a heterotrimeric iron-molybdoenzyme located in the anammoxosome with a 482 

predicted total mass of 215 kDa. Our data demonstrates the presence of this enzyme at a range of 500-650 483 

kDa indicating the formation of a dimer or trimer of the heterotrimeric protein complex or co-eluting with 484 

other proteins. Both Fe and Mo values were high in the corresponding gel region, suggesting that these 485 

bands were correlating with the presence of NAR subunits.  486 

Carbon-monoxide dehydrogenase /acetyl-CoA synthase (ACS) is a Ni- and Fe-containing enzyme 487 

complex, which is crucial for autotrophic growth. In our study, ACS was detected in a low molecular 488 

weight region (50-170 kDa) and the other Ni- and Fe-containing enzyme, carbon-monoxide 489 

dehydrogenase 1 (CODH1) was identified in the high molecular weight region (500-650 kDa). CODH1 is 490 

a soluble enzyme and predicted to be localized in the cytoplasm; its presence in the membrane fraction in 491 

our study needs to be further evaluated. The metal analysis with both desolvating nebulizer system and 492 

laser ablation showed the presence of Fe in the region of 500-650 kDa, however, unexpectedly Fe was 493 

barely detected in the region of ACS expression, which we cannot explain currently. Ni was observed in 494 

these corresponding gel regions using a desolvating nebulizer system, suggesting the involvement of Ni 495 

containing cofactors in ACS and CODH1. 496 

In the future, metalloproteomics should be extended to quantify metal ratios in metalloprotein complexes 497 

and could be used for many other studies of biological systems. 498 
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Figure captions 625 

Fig. 1. Protein migration profile of different protein complexes in different DDM concentrations. (A) The migration 626 

pattern of three different subunits (blue, orange and grey columns) of nitrite:nitrate oxidoreductase (NarI, NarH and 627 

NarG), and (B) the migration pattern of components of hydrazine synthase (HzsC, HzsA and HzsB). In all graphs, 628 

the distribution of protein subunits is plotted over the molecular weight (mw) range. 629 

Fig. 2. Analysis of membrane-bound protein complexes of “Ca. Kuenenia stuttgartiensis” strain CSTR1 by 2D 630 

BN/SDS-PAGE (A) Silver stained gel after first and second dimension separation. At the top of second dimension 631 

gel (SDS-PAGE), a stained gel lane from the first dimension (BNE) is depicted together with a molecular mass scale 632 

for BNE and on the left, a molecular mass scale for the second dimension (SDS-PAGE) is shown. In the actual 633 

experiment a non-stained lane from BNE was transferred to the SDS-PAGE. (B) Schematic representation of gel 634 

spots with the protein names identified by LC-MS/MS, which are annotated to be involved in the anammox process. 635 

Subunits of the different protein complexes of strain CSTR1 are highlighted in colors (red: NIR, green: HZS, 636 

yellow: HDH, blue: NAR, purple: HOX). 637 

Fig. 3. Distribution of 0.5% DDM (w/v) solubilized protein complexes of “Ca. Kuenenia stuttgartiensis” strain 638 

CSTR1 after first dimension (BNE) and second dimension (SDS-PAGE) separation. Left side graphs represent the 639 

distribution with their intensities of nitrite:nitrate oxidoreductase (NAR) subunits (a), nitrite reductase (NirS) (b), 640 

hydrazine synthase (HZS) subunits (c), hydrazine dehydrogenase (HDH) (d), hydroxylamine oxidase (HOX) (e) and 641 

carbon monoxide dehydrogenase/acetyl-CoA synthase subunit alpha (ACS) (f) in different molecular weight ranges 642 

of the BNE gel. Right side graphs represent the distribution and intensities of the single subunits in gel spots after 643 

separation by SDS-PAGE. 644 

Fig. 4. Fe, Ni, Zn and Mo concentration determined by ICP-QqQ-MS coupled to a desolvating nebulizer system in 645 

different slices of gel lanes loaded with 40 µg of strain CSTR1. 646 
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Fig. 5. False-color representation of metal analysis via LA-ICP-QqQ-MS of gel lanes loaded with 40 µg proteins of 647 

strain CSTR1 (A, sample S1-S3) and blank gels (B, blank samples B1-B3) in three biological replicates. Intensities 648 

obtained by the ICP-QqQ-MS are reported as counts per second (cps) below the samples (S1-S3) and blank gels 649 

(B1-B3) for each element. A spot size of 156 μm and a laser moving speed of 156 μm s-1 was used for ablation. The 650 

molecular weight of the separated proteins is shown as a molecular mass scale on the left of every gel. 651 
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Figures 652 

Fig. 1 653 

 654 
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Fig. 2 655 
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Fig. 3 657 
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Fig. 4 659 
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Fig. 5 661 
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Tables 663 

Table 1. The limit of detection (LOD) of ICP-QqQ-MS instrument with different nebulizer systems for different 664 

metal isotopes. 665 

Metal isotope 
LOD (nM) with  

nebulizer (1000 µL min-1) 
LOD (nM) with desolvating c-flow 

nebulizer (50 µL min-1) 

56Fe 2.68 2.08 
60Ni 0.98 0.11 
64Zn 1.97 0.16 
95Mo 0.26 0.03 

 666 
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Highlights  

• Metalloproteins in anammox bacteria identified by gel-based metalloproteomics. 

• 2D-BN/SDS PAGE to separate membrane-bound metalloprotein complexes.  

• ICP-QqQ-MS sensitivity was improved with a desolvating nebulizer or laser ablation. 

• Fe, Ni, Zn and Mo-containing abundantly expressed proteins were sensitively identified. 
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