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Kuenenia metalloproteomics

Abstract

Membrane-bound metalloproteins are the basis ofo@lical energy conservation via respiratory
processes, however, their biochemical charactesizas difficult. Here, we followed a gel-based
proteomics and metallomics approach to identify tme@me-associated metalloproteins in the anaerobic
ammonium-oxidizing Candidatus Kuenenia stuttgartiensis” strain CSTR1. Membrassneiated protein
complexes were separated by two dimensional Blugv&8DS gel electrophoresis and subunits were
identified by mass spectrometry; protein-bound inietas were quantified from the gel by connecting
either a desolvating nebulizer system or lasertigblao inductively coupled plasma triple quadrugol
mass spectrometry (ICP-QqQ-MS). We identified nmuasitein complexes predicted to be involved in
anaerobic ammonium oxidation and carbon fixatidme TCP-QgQ-MS data showed the presence of Fe
and Zn in a wide range of high molecular weighti@irocomplexes (230-800 kDa). Mo was prominently
found in gel slices with proteins of a size of 38D kDa, whereas Ni was only found using the
desolvating nebulizer system in the protein ranig859-500 kDa. The detected protein complexes and
their metal content were consistent with genomeptations. Gel-based metalloproteomics is a semsitiv
and reliable approach for the characterization efatfoproteins and could be used to characterizeyma

multimeric metalloprotein complexes in biologicgktems.

Introduction

Metalloproteins are proteins to which a metal onetal-containing cofactor is tightly bound. The bdu
metals are often crucial for the biological actf the protein [1]. About one-third of microbiptoteins
contain metal ions and such metalloproteins hasigrficant role in many biological processes, ,6m.
the regulation of transcription and translatiorspieation, photosynthesis, cell signaling, metaffitking

and nitrogen fixation [2, 3]. Bacterial respiratarfyains are formed by protein complexes, building a
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Kuenenia metalloproteomics

electrically conductive path. Such conductive patbistain metals such as Fe, Ni, Co, Cu, Zn and Mo

among others [4, 5].

One hiogeochemical system in which metalloproteires of particularly high importance is the nitrogen
cycle. Intensive human activities, e.g. fertilizpplication, have led to a surplus of nitrogenhia oil,
ground- and surface water and subsequently to ghitration of surface waters, loss of biodiversityg a
surface water acidification [6, 7]. Wastewater tm&ant plants play an important role in the remamfal
nitrogen species from industrial, agricultural andnicipal wastewater [8], however, nitrogen remamal
wastewater treatment plants consumes a lot of grfergnitrification and thereby contributes to chte
change. Anaerobic ammonium oxidation (anammox)nscobially-mediated nitrogen removal process
requiring substantially less operating energy [®]this process, about half the ammonium in wastewa
is oxidized to nitrite and subsequently, ammoniumd aitrite are combined in an exergonic reaction
sequence to dinitrogen [10]. The anammox processatalyzed by anammox bacteria that were first
discovered in wastewater sludge in the early 1990k Yet, no pure strains are available and gersome

were determined using a metagenomics approach [12].

Using a semi-continuous stirred tank reactor weaioletd a planktonic culture, enriched for about 90%
cells of “Ca. Kuenenia stuttgartiensis” strain CSTR1 [13] ancerely determined the full genome of the
strain. The cytoplasm of anammox cells is dividetb ithree compartments separated by bilayer
membranes [14]. The innermost compartment, the ammsome, occupies about 70-80% of the cell
volume and is surrounded by the anammoxosomal nerebfl5]. The second compartment is the
riboplasm, and the third and outermost compartnmin® paryphoplasm [9]. Several important
biochemical studies have demonstrated that the mwoaosome is a dedicated compartment in which all
the catabolic reactions of the anammox metabol@m place, nitrogen is formed and energy is fiXes] [
17].

In these catabolic reactions, ammonium oxidatidinksed to nitrite reduction, resulting in the foation

of nitric oxide and hydrazine as intermediates aitcbgen gas as final product. The electron flow

3
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Kuenenia metalloproteomics

generated by these redox reactions is linked imtapgorly-understood process to the generation of a
proton-motive force across the anammoxosome merakaad this proton-motive force is used as energy
source for ATP synthesis via ATPase. Key enzyme®lwed in the anammox process are nitrite
reductase, hydrazine synthase, hydrazine dehydasgerhydroxylamine oxidase and nitrite:nitrate
oxidoreductase (nitrate reductase) [16] all pregidio contain metals cofactors in their structuig.(
S1). However, nitrite reductase, which is predictedoe involved in the reduction of nitrite to iGtr

oxide, was barely detectable in previous studiggyumass spectrometric proteome analyses [16, 17].

We have recently studied whole cells of anammox atiter bacteria for the presence of typical
respiration metals [18] showing that this methodglean document the growth mode and the genetic
composition of a strain. The analysis revealedaverall average metal content of cells under diffier
conditions but no information of the metal contefitspecific protein complexes. Therefore, we now
searched for a methodology with which the metalt@atnof abundant proteins can be determined in
samples from intricate communities without the safian of individual protein complexes, an approach

that is known asmetall oproteomics’ [2, 19].

For a metalloproteomics approach, it is necessaeparate protein complexes in their native dtate
retain metals in the protein structure. This cardbee for example by chromatography [20], fieldaflo
fractionation [21], density gradient centrifugatig®2] or gel electrophoresis [23], yet, for every

separation method, there are several advantagdsratadions [24].

Blue Native gel electrophoresis (BNE) has been shtmwbe a powerful and sensitive approach for the
separation of low quantity metalloprotein complexeishout disturbing complex integrity [25, 26].
Protein complexes can then be excised from thamglnalyzed for protein and metal content, usiig L
MS/MS and ICP-MS, respectively. However, trace inetancentrations in combination with limited
sample volume present a major challenge for arsliZ@rforming analyses in dry plasma mode has been
shown to improve sensitivity for matrix-rich sangplsignificantly [27, 28]. Also, a direct transfef o

metalloproteins from a gel to an inductively coupfdasma mass spectrometer (ICP-MS) was shown

4
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Kuenenia metalloproteomics

using laser ablation (LA-ICP-MS), allowing imagired metals in the gel and correlating metal with

protein abundance [29, 30].

Here we investigated strain CSTR1 for its membiamend metalloproteome by native extraction of
protein complexes from cells, separation of prot@implexes by BNE and analysis of separated protein
complexes for metal and protein content. Proteirgewanalyzed by liquid chromatography mass
spectrometry (LC-MS/MS) and metals were analyzednictively coupled plasma triple quadrupole
mass spectrometry (ICP-QqQ-MS) employing triple dyupole technology for the high-sensitivity
detection of Fe, Ni, Zn and Mo. In order to enhadetection capabilities further and simplify gel
preparation, two different modes of sample intraiduc were evaluated, using either a desolvating
nebulizer system to introduce excised and digegt#dslices or coupling a laser to ICP-QqQ-MS for
direct ablation of the gel. The results give a corhpnsive picture of metalloprotein complexes
expressed under the given cultivation conditionsy k€nzymes of the anammox process were detected

and their metal cofactors were quantitatively anedly

Experimental

Chemicals, bacterial strain and cultivation

All chemicals used were at least of analytical fuehnd obtained from Merck or Sigma-Aldrich.
“Candidatus Kuenenia stuttgartiensis” strain CSTR1 was culédain a semi-continuous stirred tank
reactor under anoxic conditions, as previously desd [13]. Under these conditions, cells grew
planktonic and strain CSTR1 was enriched to a fjmul share of approximately 90% [13]. The culture
medium contained 60 mM ammonium as an electron & MM nitrite as an electron acceptor, 1x
trace element solutions [18] and 10 mM of bicarlberes pH buffer and carbon source for autotrophic

growth. No organic carbon source was added to tleelium [13, 18]. The reactor was running
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Kuenenia metalloproteomics

continuously at 3-d hydraulic retention time, arffluent was collected for metal and proteomics

analyses.

Cell lysis and membrane isolation

Cells were harvested from 100 mL of culture by gérging the culture at 6,000 g for 30 min at 25°C
(Type 5804 R, Eppendorf). Cell pellets were resndpd in 3 mL of 1x phosphate-buffered saline (PBS;
2.7 mM KCI, 137 mM NacCl, 1.8 mM KHPQ,, 10 mM NaHPQ,, pH 7.4). Cells were lysed by five
successive freeze/thaw cycles using liquid nitrof@mfreezing and 45°C thawing temperature. Cell
debris was removed by centrifugation at 10,000rdLfbmin at 4°C. The supernatant containing soluble
and membrane proteins was further subjected taadttrifugation at 184,000 g for 1 h at 4°C (Optima
MAX-XP, Beckman Coulter). The pellet containing nimane proteins was solubilized in 1x PBS and
again subjected to ultracentrifugation at 184,000rgl h at 4°C. The pellet was then solubilizedLin
PBS containing 0.5% (w/v) n-doded§4b-maltoside (DDM) with incubation for 2 h on a themixer
(Thermomixer comfort, Eppendorf) with 700 rpm at°@5 Proteins were quantified with the

bicinchoninic acid (BCA) assay (Thermo Scientific).

Protein separation by two-dimensional BN/SDS-PAGE

Membrane protein complexes were separated undeerainditions by Blue Native gel electrophoresis
(BNE) using the Native PAGE Novex Bis-Tris gel syst (Invitrogen). Pre-casted 4-16% linear
polyacrylamide gradient gels were used. 40 pg ahbrane proteins in 18 pL of water were amended
with 0.6 pL of Invitrogen sample additive (contaigicoomassie blue G-250) and 6 pL of sample buffer,
and three replicates of this mixture were loadetb agels. NativeMark unstained protein standard
(Invitrogen) was used as a molecular weight stahd@athode and anode buffers were prepared
according to the manufacturer's manual. Gel elgttooesis was performed at room temperature and the
voltage was set to 150 V until the blue dye (comitablue) reached the end of the gel (approxim&ely

min). After electrophoresis, the three replicatmsie lanes and the molecular weight standard laere w

6
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cut from the gel. The first sample lane and the emalar weight standard lane were stained with
coomassie blue R-250 to visualize protein distidyubn the gel. Twelve bands on the sample lane wer
excised and used for protein identification by LGMS analysis after trypsin digest (see below). The
sample well (molecular weight range of 1000-125GkWas not further investigated (slice 13 in Fig.
S2A). The second sample lane was used for metattiten by ICP-QqQ-MS. The third sample lane was
used for a second-dimension separation by SDS-P#GEparate the subunits in protein complexes. For
this second-dimension of a BN/SDS-PAGE the excisestained sample lane from BNE was incubated
in 10 mL ‘pre-treatment solution’ (40 mM Tris-H@H 6.8, 10 mg mL* SDS, 30% (v/v) glycerol, 0.36 g
mL™ urea) amended with 5 mg rldithiothreitol (DTT) for 10 min under gentle aditm. This gel lane
was then alkylated by incubating in 10 ml ‘pre-treent solution’ amended with 45 mg miL
iodoacetamide (IAA) for 10 min under gentle agdati The treated lane was then placed horizontally o
the top of a self-casted 10% polyacrylamide gelt@iomg 1 mg mLC' SDS. An adhesive tape
(Certoplast) with a thickness of 0.15 mm was pasetethe side of the 1.0 mm spacer plate and thi= pl
with a final thickness of 1.15 mm was used to tastSDS gel. The SDS-PAGE gel was cast in a mini-
PROTEAN Bio-Rad casting apparatus. Gel electroisn@as performed at room temperature and 100
V constant voltage until the bromophenol blue dfj¢he sample buffer reached the end of the gel (90-

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

In-gel tryptic digestion of proteins

After coomassie staining, the first replicate sariphe and the molecular weight standard lane tiram
BNE gel were cut horizontally using razor bladet® ih2 gel slices for protein identification, eachhw
0.5 cm height. For the optimization of detergemtammtration, the gel was cut into 13 slices alseedag
the molecular weight range of 1000-1250 kDa to eai& the effect of detergent concentration on prote
solubilization. In addition, 34 gel spots from sihstained 2D-BN/SDS-PAGE gels (from the third
replicate sample lane) were excised. In a sepagaperiment for the optimization of detergent

concentration, gel lanes were cut into 13 slices abvering the molecular weight range of 1000-1250
7
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kDa to evaluate the effect of detergent concewtnatin protein solubilization. Gel slices and gedtsp
were first washed with double distilled water (3@ and then de-stained in a 1:1 (v/v) ratio of h@d
NaS;0; and 30 mM K[Fe(CN)]. De-stained gel slices and spots were furtheydiegtted with 100%
acetonitrile and then rehydrated in 50 mM ammonhioarbonate buffer. After rehydration, disulfide
bonds in proteins were reduced by incubating fon® in 10 mM DTT under gentle shaking and then
alkylated with 100 mM IAA for 30 min in the dark tli gentle shaking. Proteins were digested with 0.1
ug of trypsin (proteomic sequencing grade, Promege) incubated with gentle shaking overnight at
37°C. Tryptic peptides were extracted from gel egedy incubating the gel piece twice in 200 L
extraction buffer (50% acetonitrile, 5% formic gcfdr 20 min at room temperature and merging the tw
extracts. After extraction, peptides were lyopleitiz resuspended in 10 pL of 0.1% formic acid, and

desalted using fg Zip Tip columns (Merck Millipore) before nLC-MS/M&nalysis.

LC-MS/MS analysis

The desalted peptide mixture was dissolved in 1500% formic acid and then analyzed using an
Orbitrap Fusion Tribrid mass spectrometer (Therroe8ific) equipped with a nanoLC system (Dionex
Ultimate 3000RSLC; Thermo Scientific). Peptides eveeparated at a flow rate of @3 min-1 using a
linear gradient of 60 min by using eluent A (0.1%nfic acid in water) and eluent B (80% (v/v)
acetonitrile, 0.1% formic acid in water) on an Asioh Pep Map trap column (100 A pore sizeyrb
particle size, 0.3 x 5 mm, Thermo scientific). gt were ionized by a TriVersa NanoMate, Advion
electrospray ion source. The analysis was perfoimedsitive mode using full MS scan analysis véth
MS! resolution of 120,000 in the Orbitrap mass analj@2]. The fragment ions (M$were scanned at a

resolution of 60,000.

Acquired MS/MS raw data after LC-MS/MS were anatyaesing the software Proteome Discoverer
(v2.2, Thermo Fisher Scientific). MS/MS data weearshed against the annotated complete genome of
“Ca. Kuenenia stuttgartiensis” strain CSTR1 (Genbankession number CP049055) for the

identification of proteins using SequestHT as adeangine. Error tolerance for precursor ion meass
8
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fragment ion mass was set to 3 ppm and 0.5 Dagectsply. Two missed cleavage sites were allowed.
Oxidation of methionine residues was set as dynammclification, while carbamidomethylation of
cysteine residues was set as a fixed modificafidre false discovery rate was kept <1% using the
Percolator node for the analysis at both proteth @eptide levels. Protein and peptide abundanaesal
were calculated by intensity-based label-free dfieation using the Minora node implemented in

Proteome Discoverer.

Digestion of gel slices for metal quantification

The unstained, second gel lane from the BNE gelhueaizontally cut into 12 gel slices, each of OB c
height using a metal-free ceramic knife that wasaied after every single cut. In parallel, 1.5 mL
Eppendorf vials were cleaned from potential metataminations by incubating them with 2% Suprapur
nitric acid (Merck Millipore) for 1 h and rinsingitk metal-free ultrapure water. Metal-free ultragur
water was prepared by incubating g@H1000 mL) with 10 mg Chelex-100 sodium form (Sigrfor 1

h at room temperature with gentle shaking, follovegdiltration using 30-50 um Whatman filter paper
(GE Healthcare). The gel slices were then transfeimto the Eppendorf vials and digested in thenope
vials with 200 uL of a 1:1 mixture of concentrataprapur nitric acid (65%) and suprapur hydrogen
peroxide (Merck Millipore, 37%) by incubating theim a thermomixer at 100°C for 2 h. After this
procedure, no gel material was visible anymore thedsolution was diluted with metal-free ultrapure

water up to 3 mL to achieve a final concentratibaround 2% of nitric acid.

Metal quantification from dissolved gel slices usig a desolvating nebulizer system coupled
to ICP-QgQ-MS

Metal concentrations in the digested gel slicesewanalyzed by direct injection into an Aridus Il
desolvating c-flow nebulizer system (Teledyne CEJA€a standard pneumatic 1000 pL thirebulizer
coupled to a high resolution 8800 ICP-QqQ-MS (Agfild echnologies). Calibration standards were
prepared by serially diluting the multi-elementrstard solution Merck XVI in the matrix solution

9
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(digested blank gel pieces in 2% nitric acid) toaentrations between 0 and @ L. Rhodium (Merck
Millipore) was used as an internal standard ahal ffoncentration of 1 pg'L

Samples as well as multi-element standards weryzauafor the target metal isotop&se, *Ni, %zn,
Mo and'®Rh. Argon sweep gas was set to a flow rate of 207in}, and nitrogen gas flow was set to 3
mL min® in the desolvating c-flow nebulizer system. Hydmgvas used as a reaction gas at a flow rate
of 2.5 mL min in an Octopole Reaction System (ORBhe operational parameters for the ICP-QqQ-
MS were optimized in dry plasma mode for high divigi towards the target metals (Table S1).
Concentrations of the target metals were also aded in slices from blank gels (without protein
samples) and subtracted from sample gels (witheprpfor background correction. Other metals were

not analyzed to keep the focus on the most abuntatgin complexes expected in Kuenenia.

Metal analysis using a laser ablation coupled to IR-QqQ-MS

Metal content in gels was also determined direlsylycoupling a laser ablation system to the ICP-QqQ-
MS. Instead of dissolving gel slices in nitric aeidd hydrogen peroxide, the material was ablatadavi
laser beam and the thereby formed aerosol trarezpdmto the ICP-QgQ-MS for metal detection. For
that, an unstained lane of a BNE gel (carefullywith a clean metal-free ceramic knife) was placed
top of a wet cellophane sheet. A second wetted@edine sheet was placed on top of the gel avoiding
trap any air bubbles. The sandwich cellophane shigetthe gel lane in between was then encased in a
pair of acrylic frames where the sandwich was stwith tightly bound clips on the edges of theybcr
frames and dried overnight at 60°C. The dried ged wiounted on a microscopic slide with double-sided
tape and placed in the sample chamber (HELIX lledyne) of the laser ablation system (Analyte G2,
Teledyne CETAC), which was coupled to the 8800 {@fR-MS. The laser system was operated at a
fixed wavelength of 193 nm with a scan speed of [1B6s" and a repetition rate of 2 Hz. Helium gas was
used with a flow rate of 0.8 L niinfor aerosol transfer from the ablation chambeth®ICP-QqQ-MS.
This aerosol was then diluted with argon gas usinfiow rate of 220 mL mih The instrumental

parameters (Table S1) for laser and ICP-QqQ-MS wptimized towards maximum sensitivity.
10
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Results

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

Whole cells and the isolated membrane fractionGd. "Kuenenia stuttgartiensis" strain CSTR1 were
analyzed after digestion for Fe, Ni, Zn and Mo eomtusing the direct infusion mode in ICP-QqQ-MS.
The absolute amount of Fe, Ni, Zn and Mo in whaéiscwas determined to be 4.7 x'18.5 x 10, 3.4 x
10° and 9.0 x 1bions per cell, respectively. Of these amounts, $8%e content (4.5 x 10ons per
cell), 50% of Ni (1.7 x 1Dions per cell), 95% of Zn (3.2 x 4ns per cell) and 64% of Mo (5.7 x“10

ions per cell) were located in the membrane fractiospectively (Table S2).

Effect of detergent concentration on membrane prote solubilization

To obtain data indicating which proteins carry netare applied solubilized proteins from whole sedf
strain CSTR1 to our gel-based metalloproteome auproTherefore, proteins were solubilized from
whole cells with four different DDM detergent contrations 2%, 1%, 0.5% and 0.1% (w/v). Cell lysates
contained proteins from all three membranes (pa&sipic, cytoplasmic and anammoxosome). Cell lysates
treated with different DDM concentrations were sapsd by BNE. After separation and before
Coomassie staining we observed a blue smear igghahat was at ~146 kDa for 2% DDM, ~120 kDa
for 1% DDM, ~100 kDa for 0.5% DDM and not visiblerf0.1% DDM. This smear was visible also when
no protein was added indicating it came from thmma buffer dye. (Fig. S2A). After Coomassie
staining, additional strong bands were visiblelisamples (Fig. S2A). Most prominent were threersy
bands between 242 and ~500 kDa, indicating theepoesof very abundant multisubunit complexes in
the membrane proteome. Two distinct bands werblgisit all DDM concentrations at around 720 kDa
and a fainter band at ~600 kDa for the three higheM concentrations. Below 240 kDa, no strong
consistent bands were observed (only the DDM cdnagon-dependent dye smear). All stained gel lanes

were then cut into 13 gel slices of the same hdi@btcm) including the slice with the injection lend

11
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subjected to in-gel digestion for protein identiion by nLC-MS/MS. The proteomic analysis yielded
total of 1540 unambiguously identified proteins 8% DDM, 1586 for 1% DDM, 1695 for 0.5% DDM,
and 1462 for 0.1% DDM. This result revealed no bigtalifference in total protein identifications twit
changing DDM concentration. For all DDM concentat, the number of identified proteins was very
different in the different gel slices across th¢ lgee (Fig. S2B). The highest number of proteirasw
identified in the slices corresponding to a molaculeight range of 15-230 kDa with a maximum
between 30 and 70 kDa, corresponding to the expeaize for monomeric proteins. In contrast, theesli
8-10 (230-650 kDa) containing a large amount oteimas indicated by coomassie staining (Fig. S2A)
contained a much lower number of different protenticating that these slices were dominated by few

multimeric protein complexes.

The four major bands visible in the BNE gel congglirthe following proteins: the bands at around 290
and 350 kDa contained hydrazine dehydrogenasenesiecific pore-forming outer membrane protein
(OMP) and S-layer protein; the strong band at adldb#0 kDa and fainter band at 560 kDa contained
hydrazine synthase and nitrite:nitrate oxidoredsgstahe bands at around 780 and 840 kDa contained
nitrite:nitrate oxidoreductase, Cpn60 chaperoniaELy;, the large subunit of GroESL and S-layer pruotei
The abundances of all identified proteins in difargel slices after BNE and gel spots after SD&BPA

are given in Table S5.

In the next step, we evaluated the integrity o§déaprotein complexes under the four different DDM
concentrations. For this, we analyzed in detailrttigration pattern of two enzyme complexes desdribe
to be trimeric: nitrite:nitrate oxidoreductase dndirazine synthase. Both are described to be iedoin
anaerobic ammonium oxidation. In the presence @ferént DDM concentrations, there was no
significant difference observed in the migrationddferent subunits of nitrite:nitrate oxidoredustaand
hydrazine synthase (Fig. 1). Remarkably, the intermd all the subunits in both protein complexeasw

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

with the dye of the sample buffer was less thamgiter DDM concentrations.

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

To identify subunits of larger protein complexesdao understand the composition of the protein
complexes involved in the anammox process, we as2d BN/SDS-PAGE approach to first separate
membrane-bound protein complexes in their natiséedty BNE and then to separate their subunits in
denaturing conditions (SDS-PAGE). Membrane solaéilon was done for isolated membrane fractions
after ultracentrifugation in 0.5% DDM to recoverof®ins from periplasmic, cytoplasmic and
anammoxosome membranes. We obtained samples fredaoa of a blue native gel which was cut into
12 gel slices, excluding the top gel slice (1006€LRDa) consisting of non-separated proteins, Bd a
from the 2D gel after SDS-PAGE from which we cutnyapots. Proteins within gel slices (from BNE)
or gel spots (from BN/SDS-PAGE) were identified bhiC-MS/MS (Fig. 2). The distribution of

identified proteins from these gel slices and spo¢sgiven in table S3.

All three subunits of nitrite:nitrate oxidoreduaa@®NAR) were detected together in the moleculagihvei
range 230-1000 kDa with the highest intensity ie tange of 500-650 kDa in the first dimension
separation. These protein subunits were furtheectled in the second dimension with the molecular
weight of 148 kDa for NAR subunit alpha, 148 kDa AR subunit beta and 35 kDa for NAR subunit
gamma. The molecular weight of NirS is reported@s8 kDa, and it migrated at low abundance in the
molecular weight region of 70-230 kDa in the fidsinension. This protein was detected in the second
dimension in spot 21, which represents a moleawaght region of 58 kDa. However, a protein, namely
cation-specific pore-forming outer membrane prof@&eCSTR_06200) with a molecular weight of 61
kDa was the most abundant protein in gel spot 2lcavered around 90% of total protein abundance,
whereas NirS covered only 0.01% of the total abnodan this spot. The complexation of NirS with
other proteins could not be explained due to it &bundance. The heterotrimeric hydrazine synthase

(HZS) has a total molecular weight of 168.8 kDad afi subunits migrated together with the highest
13
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intensity in the range of 350-650 kDa in the fitghension. In second dimensional electrophorelsese
subunits Hzs subunit alpha, and Hzs subunit beta,ddbunit gamma, were separated at the experimenta
molecular mass 88, 39 and 38 kDa, respectively.réiide dehydrogenase (HDH) and hydroxylamine
oxidase (HOX) were separated in the range of 23DKEZa after first dimension separation, which were
also detected in the gel spot number 5 and 10 i lFdnd spot number 3 and 7 for HOX after second

dimension separation with the highest intensitg(B).

Along with the key protein complexes involved ir thnammox process and carbon fixation, the genome
of strain CSTR1 also encodes other FeS-clusteagong protein complexes involved in respiratior an
energy generation such as NAD(P)H:quinone oxidartzes (Complex I), Ndranslocating NADH-
quinone reductase (NQR), Rieske-cytochronte complexes, ATPase and WNaanslocating
ferredoxin:NAD oxidoreductase complex. These proteins were fdarae expressed in strain CSTR1

and were identified after both first-and secondatision protein separation (Table S4).

As concluded from genome analysis NADH:ubiquinorEl@reductase contains 13 subunits (NuoC and
NuoD subunits are fused to one) and most of theurstd were identified after the first-dimension
separation in gel slices of different molecular gitti Subunits NuoB, E, G, H and membrane-bound
subunits NuoL, M and N were identified with the linégt intensity in the molecular weight range of-500
650 kDa, whereas subunits NuoF, C, D, membraneesubunit J at 650-800 kDa and subunit Nuol
was identified at 30-50 kDa range after BNE. Themiene subunits NuoA and NuoK could not be
detected in our proteome analysis. The highesnhsitie of N&-NQR protein subunits NqrC, E and F
were detected in the range of 230-350 kDa and dbusits NqrA and B, the intensity was observed
highest in the range of 170-230 kDa. Strain CSTRtodes three putative Rieske/Cytochroine
complexes (RJ-1, Rb-2 and Rb-3). We identified all of them after first and sadodimension
separation, where two of them Rl and Rib-3) were detected in the range of 110-170 kDa With
highest intensity and B2 was identified in the range of 650-800 kD&a: K. stuttgartiensis’strain
CSTR1 contains genes encoding four different typesATPase, and our data demonstrated the
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expression of several subunits of these ATPase fafs¢ and second dimension separation (Table S4).
The protein subunits of Ndranslocating ferredoxin:NADoxidoreductase complex (RnfABCDEG) were
also found to be expressed in strain CSTR1. Howelkthe subunits were found in different molecula
weight regions after the first-dimension separatfobably due to instability of the complex un&8NE

conditions (Table S4).

Metal detection from gel slices using a desolvatingebulizer system coupled to ICP-QQgQ-
MS

The target metals (Fe, Ni, Zn and Mo) necessaryifermembrane-bound protein complexes involved in
the anammox process were analyzed in the digestesliges each with 0.5 cm height by ICP-QqQ-MS.
Two different types of sample nebulization wereleated with respect to detection performance fer th
target metal isotope¥dFe, ®Ni, *Zn and®Mo, employing either a standard pneumatic 1000 jit:'m
nebulizer (wet plasma mode) or a desolvating 50t c-flow nebulizer (dry plasma mode). A strictly
linear response @R 0.99) was obtained for target metals Ni, Zn andiMthe concentration range from
10 ng L* to 1 pg L* (corresponding to a concentration of 0.17 to 17faMNi, 0.16 to 16 nM for Zn and
0.11 to 11 nM for Mo) and from 10 ng'lto 10 pg [* for Fe (0.18 to 180 nM) using both types of
sample nebulization. However, sensitivity of afgiet metals was substantially higher for the destoig
nebulizer system than for the standard nebulizey. &3). The instrumental detection limits for iy
and Mo were found to be 0.11 nM, 0.16 nM and 0.813 respectively, which was around ten times lower
than without desolvating nebulizer (0.98 nM for Wi97 nM for Zn and 0.26 nM for Mo). Although the
detection limit for Fe was not enhanced by the Wesimg nebulizer (Table 1), the marked increase in
sensitivity indicates the expanded detection cditiebiin dry plasma mode (Fig. S3). Additionalthe
smaller flow rate of the desolvating nebulizer 6fi. miri* led to a five-fold decrease in the total sample
volume (~ 60 uL) that is required for reliable IGRQ-MS analysis. After considering 100% extraction

efficiency in 60 uL sample volume, a minimum amoohtl25 fmoles of Fe-, 6.6 fmoles of Ni-, 9.6
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fmoles of Zn- and 1.8 fmoles of Mo- containing @ios needed to be present in a gel slice to betgete

by ICP-QQQ-MS.

Based on the superior analytical performance, toldating nebulizer was chosen for the subsequent
guantification of Fe, Ni, Zn and Mo in gel slicesrh BNE. Over the entire molecular weight range, Fe
showed by far the highest concentrations of allitivestigated metals, while Mo exhibited the snslle
values. Both Fe and Zn were detected in a wide catde weight range of 230-800 kDa. Concentration of
Ni was found highest in the gel slices with a molac weight range of 110-170 kDa and 350-500 kDa.
Mo was mainly observed in the gel slices represimataf proteins with a molecular size of 170-23@a

500-650 kDa (Fig. 4).

Metal detection directly from a gel lane using laseablation

Another unstained gel lane after first dimensiopasation (BNE) of proteins was scanned for target
metals using LA-ICP-QqQ-MS. Blank gel lanes withapplied protein were used as a negative control.
With the laser ablation approach we obtained tboeginuous traces of metal data for each gel [@he.
highest intensity of Fe was present at distinctdsanith protein size ranges of ~250-700 kDa, wherea
Mo was present only in one broader band in theepragize range of ~550-700 kDa. The patterns of
metal content along the triplicate gel traces olgdifrom laser ablation for Fe and Mo were sintitethe
results obtained from the measurement of digestédliges with desolvating nebulizer system coupted
ICP-QqQ-MS. The intensity of Zn was observed highesa high molecular weight range of 250-700
kDa, however, data for Zn showed considerable tranéetween the three replicate gel traces S1, S2
and S3. The intensity of Ni obtained by LA-ICP-Q&& for the sample gel trace could not be
differentiated from the blank gel, which exhibiteginparatively high background levels. A very lowdan
evenly distributed response was observed in bla@hkages (without proteins) throughout the gelFer,

Zn and Mo (Fig. 5).
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381 Discussion

382 Several membrane-bound respiratory complexes gmegsed at high level at a time in a given organism
383 and their interplay and overall contribution to igyeand redox metabolism is not well understoode On
384 example is the anammox model organisfa.“Kuenenia stuttgartiensis” that contains severahbrane-
385 bound complexes, some of which are not integrateddurrent metabolic models. Instead of focusing o
386 one metalloprotein complex we used an approachltloés at all strongly expressed membrane-bound
387 metalloprotein complexes together combining gekdasroteomics with gel-based metal analysis. Only

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

389 We and others have previously shown that this claitianally be linked with enzyme activity testeifin
390 the same native gels [33, 34]. Separation of nuedtein complexes on native gels, however, is only
391 possible with low amounts of proteigl0 pg) and all applied detection methods must peodricible
392 and sensitive. Whereas sensitive protein identiicafrom gels by nLC-MS/MS and sensitive metal
393 quantification from solutions by triple quadrupaotass spectrometry (ICP-QqQ-MS) is standard [32, 34]

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

395 The main goal of our work was the establishmera wbrkflow that gives us evidence for the preseasfce
396 metals in specific respiratory complexes. Neithérolg-cell metallomics nor shotgun proteomics can
397 provide such a dataset because metal data canassbeiated directly to bottom-up proteomics data.

398 therefore employed BNE with which we fully sepadatative respiratory protein complexes from small
399 monomeric proteins and with which we separatedrifive respiratory complexes from each other,
400 however, at low resolution. BNE therefore stronglgluced the complexity of the protein mixtures im o
401 high-molecular weight slices of the gel. Secondly ere focused on strongly expressed respiratory
402 protein complexes that are typically among the Q0Os2ost abundant proteins in shotgun proteomics
403 analyses. This allowed us to follow a quantitatiymroach where we correlate the strongest expressed

404  protein complexes with the most abundant metalsh@é/e tested this approach as a proof of conceapt wi
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a new strain of Ca. Kuenenia stuttgartiensis” membrane protein corgdeand essentially obtain the
results that we expected from the review of therditure for protein complexes in other strainshig t
organism. We conclude that the quantitative anslg6BNE-separated protein complexes is possibie an

that the approach should be applicable to many olsearch questions in anaerobic microbiology.

We evaluated two different methods to efficienthdaeliably extract metals from gels and to introglu
the extracted metals into an ICP-QqQ-MS systernotgl digestion of the gel matrix and transfer a&ia
desolvating nebulizer system, and ii) directly afdblating metal ions from a gel matrix with a lase
beam. The analysis with the desolvating nebuligstesn was reliable, associated with less instruatent
effort and provided quantitative data. Furthermaremparison between dry and wet plasma modes
demonstrated a substantial improvement of detediimits when using the desolvating nebulizer.
However, analysis of the metals from digested biet¢s required extra attention to provide full diien

of the gel matrix. To avoid metal contamination,tahextraction had to be done with many gel slices
carefully taken from the native gel under metakfnditions. When using the laser ablation system
sample preparation was less complicated and amabfsimetal distribution along the dried gels was
possible at high spatial resolution. Potentialig sensitivity of the laser ablation setup is highecause

all the ablated material is transferred to the darfipe [35]. However, the laser ablation approaekds
more expensive instrumentation and the analysis imthe instrument is longer. The qualitative itesu

obtained by these two independent approaches wastynsimilar and supported each other in our study

Metal contaminations during sample preparation arenajor challenge because even slight metal
contamination leads to overestimation of the metatent in proteins and to non-stoichiometric ressial
the metal ratios of a protein complex. We minimizeetal contamination by using metal-free ultrapure

water for all used solutions and intensive waslgraredures for gels and solid materials.

The genome annotation ofa. Kuenenia stuttgartiensis” suggests the presehseveral Fe, Ni, Zn and
Mo-containing metalloprotein complexes. While Feisdicted in many heme enzymes involved in the

anammox process and carbon fixation, Ni is predittebe indicative of carbon fixation enzymes, &n i
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demonstrated to be prevalent in hydrazine synthadeMo is predicted to be involved in nitrite oxida

to nitrate which in anammox organisms is descrifoedeliver electrons for C{ixation [17, 36]. When
looking at whole membrane extracts of strain CSTiR1detected all these four metals indicating that a
major share of these enzymes was associated vétimémbrane. The iron content was about 10-fold
higher than the content of other detected metafghlighting the important role of Fe-containing
cofactors in the anammox process. However, we daerdude the presence of Fe particles in the

cytoplasm co-isolated with the membrane fraction.

Protein and metal detection in Blue Native gelsnidied several intact membrane-attached
metalloprotein complexes including nitrite reduetadiydrazine synthase, hydrazine dehydrogenase,
nitrite:nitrate oxidoreductase, hydroxylamine oxida carbon monoxide dehydrogenase/acetyl-CoA
synthase complex, NAD(P)H:quinone oxidoreductaggsm(plex 1), Na-translocating NADH-quinone
reductase, Rieske/cytochrometype protein complexes, ATPase andtanslocating ferredoxin:NAD
oxidoreductase complex. The anammox process igidedco occur in the anammoxosome lumen and
the key enzymes involved in this process are theseExpected to be localized in the lumen of
anammoxosome [37]. However, these enzymes wergteepto be attached to the membrane [16] and
also in our study they are prominently presentim inembrane fraction. One explanation could be that
the abundance of these protein complexes is vty ini the cell and that a part of it was co-segarat
with the membrane. The other possible explanasamat these complexes are bound to proteins at the
surface of the anammoxosome membrane. Subsequesmtignalyzed in detail: i) the major anammox
complexes NIR, HZS and HDH,; ii) the complexes HOXI & AR, and iii) the carbon fixation complex
CODH/ACS. The major BNE gel bands in the high molac weight range (242-600 kDa) contained
NAR, HZS, and HDH which covered all together 60-86f#the total abundance of all identified proteins
in these bands. The high abundances of these prateiplexes involved in the anammox process were

also reported in a previous study [16].
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All three major anammox protein complexes and tipeadicted metals were found in the membrane
extracts. Nitrite reductase (NIR), encodedhng is a dimeric protein with each monomer contairang
type heme and adype heme [12, 38] and its low expression was doahtranscriptional [12, 17] and
protein level [16]. In our study, nitrite reductasas also low expressed possibly due to a higrotan
rate. Metal analysis demonstrated the presenaaoé&imounts of Fe in the gel slice with nitrite rethse,
however, no Fe was detected with the laser ablagipproach. As hypothesized before, alternative
proteins could catalyze nitrate reduction, suchHa©-like proteins [16, 17, 36, 39]. The genome of
strain CSTR1 contains genes for several putativ®Hike proteins (KsCSTR_04770, KsCSTR_29630,
KsCSTR_35890, KsCSTR_36130, KsCSTR_36400, KsCST&@@nd KsCSTR_49490) and two of
them were highly expressed in our study (KsCSTR32%nd KsCSTR_49490). This confirmed earlier

reports of the high expression of these two para{kgstc4574 and kuste0458 in strain KUST) [39].

The second step of the anammox process is desaibdlde reduction of nitric oxide to hydrazine by
hydrazine synthase (HZS). HZS is a dimer of a lotfieneric protein complex and requires four heme
molecules and one zinc ion to perform its catalftiection [12, 40]. In our study, components of the
HZS complex migrated in a very broad range of makcweight (110-800 kDa), which was confirmed
with the presence of iron and zinc ions in the saermon using the desolvating nebulizer system.
Analysis with LA-ICP-QqQ-MS detected Fe in this mxllar weight region, but no reproducible data
was obtained for zinc ions.

The third and final described step in the anammoxgss is the oxidation of hydrazine to dinitrogess
catalyzed by hydrazine dehydrogenase (HDH) [9, HOJH is a homotrimeric enzyme, which forms
octamer of trimers in solution and harbors 192 pethieme moietieRll]. The data obtained in our
study for the molecular weight range of 230-350 kidaresponds well with both, the abundance of the
protein and with abundance of Fe in this region.

Hydroxylamine oxidase (HOX) belongs to the famifyHAO-like enzymes and converts hydroxylamine

to nitric oxide [17]. HOX is described to be a hdnroeric protein with a monomeric mass of 62.4 kDa
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harboring 24 heme ¢ molecules [42]. We detected HOX molecular weight range of 230-350 kDa and
the metal data is consistent with predictions amgjests the presence of Fe in the same regionbfino
electrons for carbon fixation anammox organismsdiael nitrite to nitrate via nitrite:nitrate
oxidoreductase (NAR) [37], a heterotrimeric ironiylmloenzyme located in the anammoxosome with a
predicted total mass of 215 kDa. Our data demaesttae presence of this enzyme at a range of 500-6
kDa indicating the formation of a dimer or trimdrtioe heterotrimeric protein complex or co-elutimigh
other proteins. Both Fe and Mo values were higth@écorresponding gel region, suggesting that these

bands were correlating with the presence of NARgilb.

Carbon-monoxide dehydrogenase /acetyl-CoA synti{@€eS) is a Ni- and Fe-containing enzyme
complex, which is crucial for autotrophic growtim. dur study, ACS was detected in a low molecular
weight region (50-170 kDa) and the other Ni- and-cBetaining enzyme, carbon-monoxide
dehydrogenase 1 (CODH1) was identified in the mighecular weight region (500-650 kDa). CODH1 is
a soluble enzyme and predicted to be localizeténcytoplasm; its presence in the membrane fraation
our study needs to be further evaluated. The nagtalysis with both desolvating nebulizer system and
laser ablation showed the presence of Fe in themeaf 500-650 kDa, however, unexpectedly Fe was
barely detected in the region of ACS expressiorichvive cannot explain currently. Ni was observed in
these corresponding gel regions using a desolvakhglizer system, suggesting the involvement of Ni

containing cofactors in ACS and CODH1.

In the future, metalloproteomics should be extendeguantify metal ratios in metalloprotein compmex

and could be used for many other studies of bickdgiystems.
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Figure captions

Fig. 1.Protein migration profile of different protein cotages in different DDM concentrations. (A) The naton
pattern of three different subunits (blue, orange grey columns) of nitrite:nitrate oxidoreductélarl, NarH and
NarG), and (B) the migration pattern of componaithydrazine synthase (HzsC, HzsA and HzsB). Irgedbhs,

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

Fig. 2. Analysis of membrane-bound protein comperé “Ca. Kuenenia stuttgartiensis” strain CSTR1 2y
BN/SDS-PAGE (A) Silver stained gel after first asecond dimension separation. At the top of secomeasion
gel (SDS-PAGE), a stained gel lane from the fiistehsion (BNE) is depicted together with a molecubass scale
for BNE and on the left, a molecular mass scaletlier second dimension (SDS-PAGE) is shown. In ttash
experiment a non-stained lane from BNE was transfieto the SDS-PAGE. (B) Schematic representatfogebd
spots with the protein names identified by LC-MS/M&ich are annotated to be involved in the anamprogess.
Subunits of the different protein complexes of istr@STR1 are highlighted in colors (red: NIR, greéiZsS,

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

Fig. 3. Distribution of 0.5% DDM (w/v) solubilizegrotein complexes of “Ca. Kuenenia stuttgartiensisain
CSTRL1 after first dimension (BNE) and second din@mnm¢SDS-PAGE) separation. Left side graphs reprege
distribution with their intensities of nitrite:néte oxidoreductase (NAR) subunits (a), nitrite wdse (NirS) (b),
hydrazine synthase (HZS) subunits (c), hydrazing/degenase (HDH) (d), hydroxylamine oxidase (H@)and
carbon monoxide dehydrogenase/acetyl-CoA synthaseng alpha (ACS) (f) in different molecular wetglanges
of the BNE gel. Right side graphs represent theildigion and intensities of the single subunitgal spots after

separation by SDS-PAGE.

Fig. 4. Fe, Ni, Zn and Mo concentration determibgd CP-QqQ-MS coupled to a desolvating nebulizesteay in

different slices of gel lanes loaded with 40 pgwéin CSTR1.
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Fig. 5. False-color representation of metal analyg@a LA-ICP-QqQ-MS of gel lanes loaded with 40 prgteins of
strain CSTR1 (A, sample S1-S3) and blank gels [@ksamples B1-B3) in three biological replicatesensities
obtained by the ICP-QqQ-MS are reported as couatsspcond (cps) below the samples (S1-S3) and lgatsk
(B1-B3) for each element. A spot size of 166 and a laser moving speed of 166 s-1 was used for ablation. The

molecular weight of the separated proteins is shasva molecular mass scale on the left of every gel

27



Kuenenia metalloproteomics

Figures

652

Fig. 1

653

 Narl

4 -ILI_.

0.1% DDM

IR R

s
8
o
ES
~N
82882388
oW oW oW ow oW ow
6w oF ® N oH O
Aysuayug

W HzsC
W HzsA
W HzsB

0.1% DDM

s
=]
=]
b3
)
)

1% DDM
S

2% DDM

g

w
<
suauy

1E+10
8.E+09
6.E+09

2.E+09
0.E+00

2 6.

654

28



Journal Pre-proof

Kuenenia metalloproteomics

Fig. 2

655

Sas az

S1-0
0€-ST
0S-0¢
0£-0S

0TT-0L
0LT-0TT
0€T-0LT
0S€-0€C
005-0S€
059-00S
008-059
000T-008
0SZ1-000T

[13]i2]a1fo]o [8 [7 [6 [543 [2]1]

_ &
@

S1-0
0€-ST
0S-0€
0,-0S

0TT-0L
0L1-0TT
0€Z-0LT
0S€-0€C
005-0S€
059-00S
008-059
000T-008
0SZT-000T

—
~
o0
<
Ll
o
~
0
<))
o
—
—
—
~
—
o™
—

©
T =

656

29



Kuenenia metalloproteomics

657 Fig. 3
(a)
1E+10 1E+09 1
mNarl mNarH mNarG
8E+09 8E+08
Z 6E+09 - 6.E+08
H
5 4E+09 A 4E+08 |
2E+09 - 2E+08 1
CEOC A ————y=r 0E+00
(b)
3E405 1 6.E+05 1
A SE+05 - -NirS
o 2405 - 4E+05
=
2 3E+05 A
2
£ 1e+05 2E+05
1E+05
0E+00 +—— —— — 0E+00
(@]
6.E409 1 WHzsC  mHzsA W HzsB
20E+10 1 WHzC mHzsA  mH2s8
15E+10
>
H
£ 108410 4
E
S.0E+09 A
0.0E+00
(D)
4E+10 - '
= HDH = HOH
3E410 A 3E409 -
=
2 2E+10 2E+09 1
E
1E+10 4 I 1E+09 4
000 0E+00 1'1
(E) 1E+09 -
8E+09 and o
8E+08 4
6.E+09 -
: 6.E+08 4
£ aE+09 aesce
H !
2E+09 4 I 2€+08 I I
0.E+00 ——————i ,., — 0E+00 .l. ..l..‘..'.....‘.......'............
(A er 2s6ece
GE+07 nACS SACS
 SE 206406
1 4E+07 156406
£ 36w
26407 106406
1407 506405
QE+00 + R
F LS LD L L L L 1357 9111315171921232527293133
VAL S
> 96 Gelspot number
658 First dimension (BNE) mwrange (kDa)

30



Kuenenia metalloproteomics

659 Fig. 4

Conc(nM)
s 8 €8

(=]
"

5

Ni

Conc(nM)

~
=
| e—

Conc (nM)
o 5 8 8 8 8 8 3 o
] 4
J——

06 1 Mo

03 4
02 4
01 4
0o T

N ~9°’ FK "°

'4’ 09 é’ @
First dimension (BNE) mw range (kDa)

660

31



Kuenenia metalloproteomics

Fig. 5

661

Zn

S1 Ss2 s3

kDa
1,236

1,048

6.0e+01

5.0e+01

4.0e+01

3.0e+01

2.0e+01

1.0e+01

0.0e+00

3.5e+03

3.0e+03

25e+03

2.0e+03

1.5¢+03

1.0e+03

5.0e402

0.0e+00

1.2¢+03

1.0e+03

8.0e+02

6.0e+02

- 4.0e+02

2.0e+02

0.0e+00

4.0e+04

3.5e+04

3.0e+04

2.5e+04

2.0e+04

1.5¢+04

1.0e+04

5.0e+03
0.0e+00

Mo’ CPS

“Zn* CPS

“Ni* CPS

“Fe' CPS

Mo

Ni

Fe

(B)

-
-
§%% =& g 2 g s 2
3 N -
3
3
§ 5% 8 g g g 8 2
O R T SR I TR
3
)
8
-

6.0e+01

5.0e+01

4.0e+01

3.0e+01

2.0e+01

1.0e+01

0.0e+00

3.5e+03

3.0e+03

2.5e+03

2.0e+03

1.5¢+03

1.0e+03

5.0e+02

0.0e+00

1.2e+03

1.0e+03

8.0e+02

6.0e+02

4.0e+02

2.0e+02

0.0e+00

4.0e+04

3.5e+04

3.0e+04

2.5e+04

2.0e+04

1.5e+04

1.0e+04

5.0e+03
0.0e+00

“Mo* CPS

cPs

“Zn*

“Ni* CPS

“Fe* CPS

662

32



Kuenenia metalloproteomics

663 Tables

664 Table 1. The limit of detection (LOD) of ICP-QqQ-M8&strument with different nebulizer systems foffatient

665 metal isotopes.

Metal isotope LOD (nM) with LOD (nM) with desolvatif?g c-flow
nebulizer (1000 pL mif) nebulizer (50 pL mir)
*Fe 2.68 2.08
ONij 0.98 0.11
54Zn 1.97 0.16
Mo 0.26 0.03
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Highlights

» Maetalloproteins in anammox bacteriaidentified by gel-based metalloproteomics.
» 2D-BN/SDS PAGE to separate membrane-bound metalloprotein complexes.
e 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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