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Abstract 

Halogenated organic compounds of anthropogenic origin are often classified as environmental 

pollutants due to their strong persistence. However, microbial degradation or transformation 
has been described for many of the anthropogenic organohalides and biotechnological 

processes have been developed to use the responsible organisms for bioremediation at 
contaminated field sites. Bacteria of the class Dehalococcoidia are known to biodegrade many 
different halogenated organic compounds and they are already used for bioremediation. 

These bacteria are able to breath with halogenated organic compounds by using them as 
terminal electron acceptor. Respiration with organohalogens is termed organohalide 

respiration and the key enzyme in this process is a membrane-bound reductive dehalogenase 
(RdhA). Investigation of the pure culture Dehalococcoides mccartyi strain CBDB1 recently 

described the reductive dehalogenase as subunit of a higher molecular weight complex, 
termed ‘organohalide respiration’ (OHR) complex. 

This study focused on the study of subunit composition of the OHR complex, the mass 
spectrometric detection of integral membrane proteins, especially the small integral 

membrane protein RdhB, predicted to anchor the reductive dehalogenase (RdhA) in the 
membrane, and attempts to shield light into the stoichiometry of participating subunits. 

Furthermore protein-protein interactions within the complex were quantitatively analysed to 
obtain information about the topology and interaction strengths. Structural predictions in 

combination with experimental data were used to obtain insights into structure-function 
relationship. 
For improvement in detection of integral membrane proteins several strategies mainly 

involving solubilisation, membrane shaving, small protein resolving gels followed by mass 
spectrometric analysis and top-down mass spectrometry were applied. The most promising 

techniques were membrane shaving and small protein resolving gels in combination with 
solubilisation. With these methods several peptides of ten different RdhB proteins could be 

identified covering between 6.4 % and 33 % of RdhB sequence with good reliability. The other 
integral membrane protein OmeB of the OHR complex was also identified with 23 peptides 

covering 41.2 % of its sequence. 
The confirmation of OHR complex subunits and their interactions was analysed using the 

method of complexome analysis. This method combined separation of solubilized proteins on 
a native gel and mass spectrometric analysis of the entire gel lane that was cut into many 

small slices. Using different solubilisation strength by different extraction modes not only 
confirmed the subunits of the OHR complex but also revealed interactions of the subunits. Of 

special interest was an organization into three larger modules using intermediate 
solubilisation strength of the hydrogenase subunits HupL and HupS, the Ome module 
consisting of OmeA, OmeB and HupX as well as an Rdh module of RdhA and RdhB. 

Furthermore the interaction between RdhA and RdhB could be shown for the first time with 
this approach. Interactions of the modules led to the proposal of a triangular topology of the 
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complex. Additional potential interaction partners, a hypothetical periplasmic protein and an 
HppA protein, were identified. 

More information about protein structures of the subunits was obtained using protein 
chemical cross-linking data in combination with structural prediction of the subunits. 

Solubilisation and a cross-linking reaction including an enrichment step revealed higher 
numbers of cross-linked products for OHR complex subunits compared to cross-linking alone. 

Intra-molecular cross-links were found for RdhA CbdbA84 and OmeA and were in agreement 
with structure predictions of those two proteins. Additionally, solvent-accessible sites were 

calculated from predicted protein structures and compared with modifications obtained by 
the applied cross-linker. This resulted in expected modifications for solvent accessible sites 

and also modifications within RdhA proteins that were not predicted to be solvent-accessible 
but modified. Such modified residues might represent amino acids participating in formation 

of the substrate channel. Furthermore the structure of the Ome module was compared to 
known structures of other membrane protein complexes to confer for a potential way of 

proton translocation needed to generate a proton motif force for ATP generation. 
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Zusammenfassung 

Halogenierte organische Stoffe, die von Menschen hergestellt wurden, werden häufig auf 

Grund ihrer hohen Persistenz als Umwelt-Schadstoffe eingeordnet. Jedoch gibt es 
Mikroorganismen, die viele solcher menschengemachten Organohalide abbauen oder 

umwandeln können, wodurch biotechnologische Prozesse entwickelt werden konnten, um 
eben die dafür verantwortlichen Organismen zur Bioremediation von kontaminierten 
Standorten einzusetzen. Bakterien der Klasse Dehalococcoidia sind bekannt dafür, 

verschiedene halogenierte organische Verbindungen abzubauen und werden bereits zur 
Bioremediation eingesetzt. Diese Bakterien besitzen die Fähigkeit halogenierte organische 

Verbindungen zu veratmen, indem sie diese als terminale Elektronenakzeptoren nutzen. 
Atmung mit Organohaliden wird auch als Organohalid-Respiration bezeichnet und das 

Schlüsselenzym dieses Prozesses ist eine membrangebundene reduktive Dehalogenase 
(RdhA). Untersuchungen des Reinstammes Dehalococcoides mccartyi Stamm CBDB1 ergaben, 

dass reduktive Dehalogenasen Untereinheiten in einem Komplex mit höherem 
Molekulargewicht sind, dem sogenannten ‚Organohalid-Respiration‘ (OHR) Komplex. 

Der Fokus in dieser Studie liegt auf der Zusammensetzung der Untereinheiten des OHR 
Komplexes, der massenspektrometrischen Detektion integraler Membranproteine, vor allem 

des integralen Membranproteins RdhB, das vermutlich die reduktive Dehalogenase in der 
Membran verankert, sowie der Stöchiometrie der beteiligten Untereinheiten. Weiterhin 

wurden Protein-Protein-Interaktionen innerhalb des Komplexes quantitativ untersucht, um 
Aufschluss über die Struktur des Komplexes und die Stärke der Interaktionen zu erhalten. 
Strukturvorhersagen in Kombination mit experimentellen Daten wurden genutzt, um Einblicke 

in den Zusammenhang von Struktur und Funktion zu erhalten. 
Für die verbesserte Detektion integraler Membranproteine wurden verschiedene Strategien 

angewendet, wie der Solubilisierung, des ‚Membrane Shaving‘, sowie Gele zur Auftrennung 
kleiner Proteine, gefolgt von einer massenspektrometrischen Analyse , aber auch wurde ein 

massenspektrometrischer Top-down-Ansatz getestet. Die vielversprechendsten Ansätze 
waren dabei das ‚Membrane Shaving’ und die Gele zur Auftrennung kleiner Proteine 

kombiniert mit Solubilisierung. Mit diesen beiden Methoden konnten unterschiedliche 
Peptide von zehn verschiedenen RdhB Proteinen mit einer hohen Verlässlichkeit identifiziert 

werden, welche 6,4 % bis 33 % der RdhB Sequenzen abdeckten. OmeB, als zweite integrale 
Membranuntereinheit des OHR Komplexes konnte ebenfalls mit 23 Peptiden und einer 

Sequenzabdeckung von 41,2 % identifiziert werden. 
Zur Bestätigung der beteiligten Untereinheiten im OHR Komplex und deren Interaktionen kam 

eine Methode, die als Komplexomanalyse bezeichnet wird, zum Einsatz. Bei dieser Methode 
wird die Auftrennung solubilisierter Proteine in einem nativen Gel kombiniert mit der 
massenspektrometrischen Analyse der gesamten Gelspur, welche in viele kleine Teile 

geschnitten wurde. Verschiedene Solubilisierungs-Stärken durch unterschiedliche Protein-
Extraktionsmethoden bestätigten nicht nur beteiligten Untereinheiten des OHR Komplexes, 
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sondern zeigten auch Interaktionen zwischen den Untereinheiten auf. Von speziellem 
Interesse ist hierbei die Organisation in drei größere Module durch eine Methode mit 

mittlerer Stärke für die Solubilisierung. Diese Module bestehen aus dem Hydrogenase Modul - 
HupL und HupS, dem Ome Modul aus OmeA, OmeB und HupX, sowie dem Rdh Modul aus 

RdhA und RdhB. Des Weiteren konnte mit dieser Methode zum ersten Mal die Interaktion 
zwischen RdhA und RdhB gezeigt werden. Interaktionen zwischen den Modulen lassen auf 

eine mögliche trianguläre Topologie des Komplexes schließen. Darüber hinaus wurden weitere 
mögliche Interaktionspartner identifiziert, ein hypothetisches periplasmatisches Protein und 

ein HppA Protein. 
Weitere Informationen zur Proteinstruktur der Untereinheiten wurden durch den Einsatz von 

chemischem ‚Cross-Linking‘ zusammen mit Strukturvorhersagen erhalten. Die Verbindung von 
Solubiliserung und ‚Cross-Linking‘-Reaktionen die einen Anreicherungsschritt enthielten, 

ergaben eine höhere Anzahl an ‚Cross-Linking‘-Produkten für Untereinheiten des OHR 
Komplexes, als ein Ansatz in dem ausschließlich ‚Cross-Linking‘ durchgeführt wurde. 

Intramolekulare Quervernetzungen wurden für das RdhA Protein CbdbA84 und OmeB 
gefunden und stimmen mit den Strukturvorhersagen für diese beiden Proteine überein. 
Weiterhin wurde aus den Protein-Strukturvorhersagen berechnet, welche Aminosäurereste 

lösungsmittelzugänglich sind und diese Informationen wurden mit den Modifikationen, die 
durch Anwendung der ‚Cross-Linker‘ erhalten wurden, verglichen. Dies ergab erwartete 

Modifikationen an lösungsmittelzugänglichen Resten, aber es konnten auch Modifikationen 
innerhalb der RdhA Proteine gefunden werden, die nicht als lösungsmittelzugänglich 

vorhergesagt wurden. Solche modifizierten Aminosäurereste könnten Aminosäuren sein, an 
der Bildung des Substratkanals beteiligt sind. Des Weiteren wurde die Ome Modulstruktur mit 

bereits bekannten Strukturen andere Membranproteinkomplexe verglichen, um mögliche 
Wege der Protonentranslokation, die für die Bildung einer protonenmotorischen Kraft zur ATP 

Herstellung notwendig sind, zu identifizieren.  
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Abbreviations 

ACA amino capronic acid 
AcN acetonitrile 
ADP adenosine diphosphate 
Ambic ammonium hydrogen carbonate or ammonium bicarbonate 
ATP adenosine triphosphate 
bAL2 biotinylated azo-Leiker 2 
BN-PAGE blue native – polyacrylamide gel electrophoresis 
BS3 bis(sulfosuccinimidyl)suberate 
CbrA chlorobenzene reductive dehalogenase  
CID collision-induced dissociation 
CISM complex iron-sulphur molybdoenzyme  
DDM n-dodecyl ß-D-maltoside 
DSS disuccinimidyl suberate 
FDR false discovery rate 
HCD higher energy collisional dissociation 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HQNO 2-n-heptyl-4-hydroxyquinoline N-oxide  
HupL hydrogen uptake hydrogenase, large subunit 
HupS hydrogen uptake hydrogenase, small subunit 
HupX ferredoxin-like iron-sulphur cluster protein 
LFQ label-free-quantification 
Mo-bisPGD molybdo-bis (pyranopterin guanine dinucleotide) 
MS mass spectrometry 
NADH nicotinamide adenine dinucleotide, reduced 
NHS N-hydroxysuccinimidyl  
nLC nano liquid chromatography 
NpRdhA Nitratireductor pacificus pht-3B reductive dehalogenase homologous protein 
OHR complex organohalide respiration complex 
OHRB organohalide-respiring bacteria 
OmeA organohalide respiration involved molybdoenzyme A, large subunit 
OmeB organohalide respiration involved molybdoenzyme B, membrane subunit 
PBS phosphate buffered saline 
PCA principle component analysis 
PceA perchloroethane reductive dehalogenase 
PEP posterior error probability  
Pi inorganic phosphate 
POPs persistent organic pollutants 
PSM peptide spectra match 
RDases reductive dehalogenases 
RdhA reductive dehalogenase subunit A 
rdh reductive dehalogenase homologous  
rdhA reductive dehalogenase homologous subunit A 
RdhB reductive dehalogenase subunit B 
RT-qPCR reverse transcription quantitative polymerase chain reaction 
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SCX strong cation exchange  
SDS sodium dodecyl sulfate 
Sec general secretory 
Tat twin arginine translocation  
TCA trichloroacetic acid 
TCB trichlorobenzene 
TEAB triethylammonium bicarbonate 
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1 Introduction 

1.1 Halogenated pollutants in the environment 

Many different pollutants harmful to living organisms have been released to the environment. 
One type of such pollutants are persistent organic pollutants (POPs). These carbon-based 

substances are classified through their physicochemical properties as being highly persistent 
in the environment and are widely distributed in the environment, accumulate in organisms 

and are toxic to them. The awareness that POPs represent a risk also for human health and 
the environment arose in 1995 when a list of 12 initial POPs was formulated. To eliminate or 

reduce the environmental concentrations of these initially defined POPs and other substances 
that were also classified as POPs the Stockholm convention was adopted in 2001 and entered 

into force in 2004 [1]. All the 12 initial POPs are organohalides. Organohalides are organic 
compounds with one or more halogen substituent (fluorine, chlorine, bromine or iodine) 

bonded to the carbon backbone. 
Organohalides can be of natural origin or anthropogenic. Over 5000 naturally produced 
organohalides have been found of which most are brominated or chlorinated [2-4]. In the 

marine high-salt environment organohalides are produced for example by molluscs, algae, 
bacteria, polychaetes, jellyfish and sponges. Also land organisms such as fungi, higher plants, 

insects, and animals produce halogenated compounds. They use organohalides for example 
for competition, predation or also as pheromones [5]. The main enzymes that perform 

halogenation reactions to generate such compounds are methyl transferases, heme 
haloperoxidases, vanadium haloperoxidases, flavin-dependent halogenases and α-

ketoglutarate/Fe(II) dependent halogenases [6]. Another natural source of halogenated 
organic compounds is of geogenic origin for example by volcanic emission or forest fires 

where halogen salts may react with organic molecules under high pressure and/or high 
temperature [5]. Also oxidation of organic matter in soil in the presence of Fe(III) can lead to 

formation of halogenated C1 and C2 compound, such as chlorinated, brominated and 
iodinated methane or vinyl chloride [7, 8]. However, the bulk amounts of halogenated 

compounds in our environment are of anthropogenic origin. Such anthropogenic 
organohalides were produced in industry as solvents, biocides, pharmaceuticals, plasticizers, 
hydraulic and heat transfer fluids, degreasing agents, or were intermediates or by-products in 

chemical syntheses [5]. Anthropogenic organohalogens are introduces into the environment 
through terrestrial, aquatic and atmospheric discharges and have an impact on all major 

environmental compartments, namely soil, sediments, water and air [5]. 
Both natural and synthetic halogenated compounds undergo biodegradation and 

biotransformation. Bacteria, archaea and fungi have been described to transform 
organohalides. Different microorganisms have evolved different metabolic strategies to cleave 

the carbon-halogen bond and subsequently degrade halogenated organic compounds [5, 9]. 
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In most aerobic transformations of organohalides catalysed by bacteria or fungi the 
organohalides are used as carbon and energy source [9-12]. Oxidative dehalogenation, which 

is catalysed by mono- and dioxygenases, takes place only under aerobic conditions when 
molecular oxygen is present [5, 10, 11]. Oxygen – independent mechanisms for aerobic 

bacteria include reductive, substitutive and hydrolytic dehalogenation reactions [5, 12]. Also 
cometabolic reactions take place under aerobic conditions when oxygen is incorporated into 

aliphatic halogenated compounds resulting in the formation of epoxides or halohydrins, which 
spontaneously decompose and therefore eliminate the halide [5, 12].  

Under anaerobic conditions one strategy is to use organohalides as electron acceptor in 
anaerobic respiration, termed organohalide respiration. Anoxic dehalogenation of 

organohalides can also represent an initial reaction to make carbon, nitrogen or the electrons 
available to the organism, as detoxification reaction, or occur as cometabolic transformation 

or incidental reaction without benefit to the organism [9, 12]. 

1.2 General overview of respiratory chains in bacteria 

During respiration an electrochemical gradient is build up by redox-active proteins transferring 
electrons derived from oxidation of an electron donor to an electron acceptor and at the same 

time some of these proteins translocate protons across the bacterial cytoplasmic membrane. 
This electrochemical gradient also termed proton motif force drives an ATP synthase to 

generate adenosine triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic 
phosphate (Pi). ATP is the main source of energy for most cellular processes. Aerobic 

respiration uses molecular oxygen as electron acceptor, while the electron acceptor of 
anaerobic respiration can be inorganic and organic molecules, e.g. sulfate, nitrate, nitrite, 

carbon dioxide, and organic molecules examples like fumarate, dimethyl sulfoxide, 
trimethylamine-N -oxide, or halogenated compounds [13, 14]. Electron donors in aerobic as 
well as anaerobic respiration are very diverse and comprise also inorganic molecules (e.g. 

sulfite, sulphide, nitrite, ammonia, carbon monoxide, hydrogen, ferrous iron) and organic 
molecules (e.g., formate, succinate, acetate, lactate and the intracellular metabolite the 

reduced nicotinamide adenine dinucleotide (NADH)) [14]. A common feature of bacterial 
respiratory chains is their modular architecture of different respiratory complexes forming the 

respirator chain [14]. This is advantageous as a modular organization enables to regulate 
electron flux, translocation of protons (or sometimes sodium for a sodium motif force instead 

of a proton motif force) to adapt to environmental niches and conditions by using different 
electron donors and electron acceptors [14]. 

Respiratory chain components can comprise dehydrogenases (or hydrogenases), quinones, 
cytochromes, and different quinol oxidases as well as reductases to reduce either molecular 

oxygen, inorganic and organic electron acceptors, respectively [13, 14]. Depending on 
environmental conditions and therefore growth conditions, different combinations of 

complexes are expressed to obtain a respiratory chain that is generating a proton motif force. 
Combinations of complexes are well understood and described for example in E.coli. NADH 
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dehydrogenase (NDH-I, nuo genes) in E.coli is similar to NADH-ubiquinone oxidoreductase in 
mitochondria to oxidize NADH while channelling electrons forward to quinone pool and 

translocating protons at the same time [14, 15]. In E.coli but also other bacteria other 
dehydrogenases can be expressed that oxidize instead of NADH for example succinate, 

formate, glycerol-3-phosphate, pyruvate or hydrogen (the latter is catalysed by hydrogenases) 
[14, 15]. But not all dehydrogenases necessarily contribute to the formation of proton motif 

force, examples are NDH-II, WrbA, QDR and YHdH [14, 16]. The next component in the 
respiratory chain are quinone carriers, which are lipid-soluble molecules shuttling electrons 

and protons between respiratory complexes. In nature different quinones  exist with different 
redox potentials [14]. During aerobic respiration in E.coli ubiquinones shuffle electrons from 

NADH dehydrogenase to the terminal oxidase, whereas during anaerobic respiration 
menaquinones and dimethyl menaquinones shuffle electrons to a variety of other reductases 

including nitrate reductase [14, 17]. The cytochrome bc1 complex is the electron transferring 
membrane complex mediating electron flux between the quinone pool and cytochrome c-type 

terminal oxidase during aerobic respiration [13, 14]. The terminal oxidases couple either two 
electron oxidation of ubiquinone or one electron oxidation of cytochrome c to the four 
electron reduction of molecular oxygen to water. Terminal oxidases also contribute to the 

translocation of protons for generation of the proton motif force [14, 18]. During anaerobic 
respiration electrons are transferred to the electron acceptor via a terminal reductase [14]. 

The electrons that are provided by oxidation of a molecule (electron donor) are transferred via 
cofactors to the electron acceptor, which initiates a subsequent proton transfer. The most 

prominent example for this design principle is complex I in mitochondrial and bacterial 
electron chains [19]. The cofactors for electron transport in complex I are solely iron-sulphur 

clusters and many iron-sulphur cluster containing proteins are involved in respiratory chains 
[19-21]. The iron in iron-sulphur clusters can have at least two redox states (Fe2+/Fe3+) that are 

accessible under biological conditions, and the redox potential can vary according to the 
protein environment between -650 mV to +450 mV [22, 23]. The movement of electrons is 

achieved by a sequence of tunnelling hoops, whereby the electrons can be transferred over a 
maximum distance of 14 Å [24-26]. Besides the role in electron transfer iron-sulphur cluster 

proteins participate also in catalytic and regulatory processes [27, 28]. The chemically simplest 
structures of iron-sulphur clusters are rhombic [2Fe-2S] and cubic [4Fe-4S] types, whereby the 
iron ions are often coordinated by cysteine or histidine residues, but in more complex iron-

sulphur clusters also alternative ligands are described in literature [27].  
Almost all proteins involved in the respiratory chain are either membrane associated or 

integral membrane proteins and have to be secreted or incorporated into the membrane. In 
bacteria the general secretory (Sec) pathway or the twin arginine translocation (Tat) pathway 

are involved in protein secretion and membrane insertion [29]. The Sec pathway proteins are 
responsible for either transport of unfolded proteins after translation or insertion of proteins 

co-translationally into the lipid bilayer [29, 30]. In contrast proteins translocated by the Tat 
pathway are in a folded state [29, 31]. Proteins treated as substrates for the Tat machinery 
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often contain cofactors, which made it necessary to fold them within the cytosol to ensure 
insertion of the cofactors [31]. Both protein translocation machineries have in common that 

the proteins possess an N-terminal signal sequences to recognize them as substrate for 
translocation [29]. In case of the Sec pathway the motif is a stretch of positively charged 

amino acids at the N-terminus, followed by hydrophobic amino acids in the core region and 
polar amino acids C-terminal [29, 30]. The signal sequence of the Tat pathway as its name 

implies is a twin arginine motif with the consensus sequence ‘Ser/Thr-Arg-Arg-X-Phe-Leu-Lys’, 
where X could be any polar amino acid [31, 32] and a following stretch of hydrophobic amino 

acids. 

1.3 Organohalide Respiration 

In organohalide respiration organohalides are used as a terminal electron acceptor in an 
anaerobic respiratory chain. The electron transport from an electron donor to the 

halogenated electron acceptor is coupled to proton transport across the membrane. The 
proton translocation generates a proton motif force that is used by ATP synthase to produce 

ATP from ADP and Pi. Bacteria that are able to perform this type of respiration can be divided 
into obligate and facultative organohalide-respiring bacteria (OHRB) [33-35]. Obligate OHRB 

are Dehalococcoides, Dehalogenimonas, Dehalobium and Dehalobacter ssp. and they only 
accept halogenated organic compounds as terminal electron acceptor and mostly hydrogen as 

sole electron donor. In contrast, facultative OHRB accept other terminal electron acceptors 
besides organohalides such as fumarate, oxidized nitrogen compounds, oxidized sulphur 

compounds or metals (As(V), Fe(III), and Mn(IV)). Facultative OHRB are also more versatile in 
the electron donors they can use as besides hydrogen; they accept also acetate, butyrate, 

ethanol, formate, lactate, pyruvate and/or succinate. The facultative well-studied OHRB 
comprise Geobacter, Anaeromyxobacter, Desulphuromonas, Desulfovibrio, Desulfitobacterium 
and Sulfurospirillum ssp. (Figure 1)[33]. 

The key enzyme for organohalide respiration is the reductive dehalogenase. All so far 
identified respiratory reductive dehalogenases (RDases) have a monomeric molecular weight 

of 46-65 kDa and are characterized by a Tat signal sequence at the N-terminus of the protein 
sequence to associate the protein to the periplasmic side of the cytoplasm membrane. Further 

structural characteristics are two [4Fe-4S] clusters and a corrinoid cofactor. In the genome 
RDases are always encoded in an operon together with a gene encoding a transmembrane 

protein of a size of about 10 kDa, which is thought to be an anchoring protein and termed 
reductive dehalogenase subunit B (RdhB). Structural information is available for the 

respiratory tetrachloroethene reductive dehalogenase subunit A (PceA) of Sulfurospirillum 
multivorans and the non-respiratory reductive dehalogenase subunit A of Nitratireductor 

pacificus pht-3B (NpRdhA) [36, 37]. Both enzymes were purified and the structures were 
determined by X-ray crystallography. The structure of both RDases revealed a globular fold, 

but the PceA from S. multivorans is present as dimer, whereas the NpRdhA is a monomer. The 
cobalamin is bound in both structures in a base-off conformation, meaning that a coordinative 
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binding between the lower base and the central cobalt ion is not present, and a tyrosine 
residue of the protein is coordinating the cobalt ion instead. The phenol group of this tyrosine 

is also within a hydrogen-bonding distance to another positively charged amino acid, which is 
a cysteine in the PceA and an arginine in the NpRdhA. These residues seem to be involved in 

the proton transfer to the halogenated compound and in NpRdhA mutations of those residues 
led to loss of enzyme activity. Both enzymes possess the two [4Fe-4S] clusters that are around 

10 Å away from each other and allow an intraprotein electron transfer. The proximal [4Fe-4S] 
cluster is in van der Waals contact distance to the cobalamin and the distal [4Fe-4S] cluster 

could serve as entry side for the electrons because it is close to the surface of the protein [38]. 
Interestingly, different corrinoids can be incorporated into the RDases. As for example PceA 

contains norpseudo-B12 and NpRdhA contains B12 [39] differing in the way the lower ligand is 
connected to the tetrapyrrole ring system. The majority of residues forming the active site of 

the two RdhA proteins are different as well as the overall shape and the substrate channel to 
the active site are distinct, which might reflect the specificity to dehalogenate different 

organohalide compounds [36-38]. 
The reactive species in the corrinoid cofactor is the super-reduced [CoI] state of the cobalt ion 
that is initially attacking the organohalide. The cobalt atom in [CoI] state is coordinated by four 

ligands donated by the nitrogen of the four pyrroles of the corrin ring and no coordination by 
an upper ligand or lower ligand (represented by the base-off conformation of the lower 

ligand) [34, 40]. Coordination with an upper and lower ligand of the cobalt ion is only 
necessary in [CoIII] state, where this is obtained with the organohalide as upper ligand and 

tyrosine as lower ligand. Three reaction mechanisms were hypothesized for the respiratory 
RdhA proteins. The first is a nucleophilic attack of [CoI] to the carbon-backbone of an 

organohalide compound forming an organocobalt adduct under elimination of a halide [34, 
35]. The organocobalt adduct is then reduced with an electron delivered from the Fe-S cluster 

and forming an carbanion that can then be protonated to form the end product [35]. To 
regenerate the cobalt ion to the reactive [CoI] species a second electron is transferred onto it 

from the Fe-S cluster [35]. However, this mechanism is unlikely to occur in the protein-
environment but was rather described for abiotic reactions of cobamides with organohalides 

leading to an alkylation of the cobamide [34, 41-43]. The second proposed mechanism 
involves a long-range single electron transfer from the [CoI] to the organohalide whereby a 
substrate radical anion intermediate is formed and subsequently a substrate radical after 

elimination of the halogen substituent. By reduction with another electron and protonation 
the end product is formed. [34-36, 44, 45]. The last potential mechanism is an inner-sphere 

electron transfer, whereby the electron is directly transferred from [CoI] onto the halogen 
substituent of the organohalogen followed by a heterolytic or homolytic cleavage [34, 35, 37, 

46, 47]. During the heterolytic cleavage the formation of the end product after protonation 
and a transient [CoIII]-halogen adduct is predicted, whereby the [CoIII]-halogen adduct is 

reduced with electrons delivered from Fe-S cluster in two steps to the reactive [CoI] species 
and the halide [35]. For the homolytic cleavage the formation of a radical and a [CoII]-halide 
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adduct is hypothesised. The radical is then again reduced with an electron and protonated to 
form the end product, while a second electron regenerates the [CoI] species and releases the 

halide [35]. 

 
Figure 1. Phylogenetic tree of major obligate and facultative organohalide respiring bacteria with their respective 
electron donors and electron acceptors. 
The phylogenetic tree is based on a multiple sequence alignment of 16S rRNA. The figure is modified after [33]. 
Reference bar represents divergence. Coloured lines represent phylum or class of bacteria, where purple is for 
Chloroflexi, green for Firmicutes, blue for δ-Proteobacteria and orange for ε-Proteobacteria. Abbreviations are PCE 
– tetrachloroethene, TCE – trichloroethene, DCE – dichloroethene, TCA – trichloroethane, DCA – dichloroethane, 
HCH – hexachlorocyclohexane, PCBs – polychlorinated biphenyls, PBDEs – polybrominated biphenyl ethers, 
DMSO – dimethyl sulfoxide. 

 
OHRB can be divided into two biochemical types according to their type of respiratory chain 

that is either quinone-dependent or quinone-independent. The quinone-dependent 
respiratory chain involves quinones as electron mediators between electron donor-oxidizing 

protein complex (hydrogenase) and electron acceptor-reducing protein complex (terminal 
reductase) and allows at the same time proton transfer across the membrane via a redox loop 

mechanism with quinone reduction and quinol oxidation at opposite interaction sites of the 
cytoplasmic membrane [48, 49]. The presence of menaquinones was identified for the 

obligate OHRB Dehalobacter restrictus [50], the facultative OHRB Desulfitobacterium 
dehalogenans and S. multivorans [51-53]. Also complete quinone biosynthesis genes were 

identified for these organisms [54-57] and inhibition experiments with the quinone analogue 
2-heptyl-4-hydroxyquinoline N-oxide (HQNO) supported the involvement of quinones in the 
respiratory chain of these organisms [58-60]. It is unclear how the electrons are transferred 

from the menaquinone to the RdhA as there are no sequence motifs in RdhB proteins [34]. In 
case of S. multivorans a putative quinol dehydrogenase that is found in PCE-growing cells 
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could fulfil this gap. In D. restrictus and Desulfitobacterium hafniense strain Y51 the PceC 
protein could fulfil the task of electron transfer from quinol to the reductive dehalogenase 

[34, 56, 61]. Facultative OHRB can use several electron donors and therefore the enzymes 
shuttling electrons into the quinol pool can vary. In the case of S. multivorans menaquinone 

reduction and oxidation of hydrogen is proposed by a trimeric membrane-bound [NiFe] 
hydrogenase [62], for formate oxidation a membrane-bound formate dehydrogenase [63], for 

the oxidation of pyruvate a pyruvate-ferredoxin oxidoreductase transferring electrons via 
ferredoxin onto ferredoxin-reactive complex I to menaquinone [64]. Although quinones were 

identified in Dehalococcoides mccartyi strains BAV1 and FL2 the genomes of both organisms 
and all other genome-sequenced Dehalococcoides strains lack genes for the biosynthesis of 

quinones [65-68] In Dehalogenimonas ssp. also quinone biosynthesis genes could not be 
identified [69-72]. It was shown that Dehalococcoides strains can be grown in a synthetic 

medium without quinones or quinone precursors as vitamin [68]. This suggests that they 
either encode a novel biosynthetic pathway for quinones or that they catalyse quinone-

independent organohalide respiration. Quinone-independent respiration in D. mccartyi strain 
CBDB1 is also supported by the experimental results that respiration is not inhibited by HQNO, 
it is not driven by 2,3-dimethyl-1,4-naphthoquinol (DMNH2), menadiol, menaquinol-4 or 

ubiquinols and that during mass spectrometric analysis no quinoid compounds could be 
detected [73, 74]. Furthermore no cytochromes were found in Dehalococcoides mccartyi [68, 

75]. In quinone-independent organohalide respiration the electrons transport chain depends 
only on cofactors in proteins that act as a ‘wire’ [74, 76]. This protein complex was termed 

organohalide respiratory complex or OHR complex [77]. 
 

1.4 Dehalococcoides mccartyi strain CBDB1 

All Dehalococcoides mccartyi strains are strictly anaerobic bacteria that exclusively obtain 
their energy by organohalide respiration and grow with hydrogen as sole electron donor, 
halogenated organic compounds as electron acceptors and acetate as carbon source. 

Phylogenetic analysis of 16S rRNA gene sequences revealed an affiliation to the phylum 
Chloroflexi. Electron microscopic images showed disc-shaped cells that are 0.3 to 1 µm wide 

and 0.1 to 0.2 µm thick. All isolated strains showed an unusual cell-wall structure that is more 
like a proteinaceous S-layer structure known from archaea [75, 78]. 

Strain CBDB1 is one of the few isolated strains of the species Dehalococcoides mccartyi 
existing as pure culture. It was isolated by dilution in agarose-solidified medium under 

anaerobic conditions from an enriched chlorobenzene-dechlorinating mixed culture, which in 
turn was obtained from a Saale river sediment [78]. Several studies showed that strain CBDB1 

is specialized to use aromatic compounds as electron acceptors such as chlorinated and 
brominated benzenes, phenols, anilines, benzonitriles, chlorinated dioxins, polychlorinated 

biphenyls [46, 78-83]. Furthermore strain CBDB1 is also capable to dehalogenate oligocyclic 
aromatic compounds like the flame retardant tetrabromobisphenol A but without growth 
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[84]. In addition to aromatic compounds also aliphatic compounds such as chlorinated 
ethenes were shown to be accepted as electron acceptor by strain CBDB1 [85, 86]. The 

genome of strain CBDB1 was sequenced and revealed a single circular chromosome with 
around 1.4 Mbp and 1,458 predicted protein coding sequences [67]. Of these predicted coding 

sequences around 1,000 protein sequences were annotated to proteins with known function 
[67]. Among them are 32 operons annotated as reductive dehalogenase homologous AB 

(rdhAB) gene clusters. In transcription studies 29 reductive dehalogenase homologous subunit 
A (rdhA) gene transcripts could be detected under dechlorinating conditions of 1,2,3- and 

1,2,4-trichlorobenzene (TCB) as well as 2,3-dichlorodibenzo-p-dioxin. The three transcripts of 
cbdbA80, cbdbA88, and cbdbA243 were only detected with a very low abundance using 

reverse transcription quantitative polymerase chain reaction (RT-qPCR) under 1,2,3- and 1,2,4-
TCB dechlorinating conditions. Furthermore it was shown that under the investigated 

conditions cbdbA84, also termed chlorobenzene reductive dehalogenase - cbrA, had the 
highest transcription level and that the initial amount of different transcripts strongly varied 

[87, 88]. In several proteomic studies summarized by Türkowsky et al. only two highly 
abundant RdhA proteins CbdbA80 and CbdbA84 and a maximum of nine RdhA proteins were 
detected [89]. The RdhA protein was hypothesized to be a component of a multi-protein 

respiratory complex allowing protein-dependent electron transfer obviating the need for 
quinones and cytochromes in organohalide respiration (Figure 2) [74, 76, 77]. As mentioned 

before, strain CBDB1 has neither genes encoding for cytochromes or quinone-biosynthesis nor 
were either detected by mass spectrometric analysis [68, 74, 75]. An additionally inhibition 

experiments with the quinone analogue HQNO failed to inhibit the activity of RdhA [73]. The 
OHR complex involves also a [NiFe]-hydrogenase similar to group I [NiFe]-hydrogenases, the 

hydrogen uptake hydrogenase with a small (HupS) and a large subunit (HupL), which serves as 
electron donor by oxidizing hydrogen [90]. An involvement in the respiratory chain was even 

suggested before the OHR complex was described first [67, 91]. Those two hydrogenase 
subunits are highly abundant in strain CBDB1 [92]. Interestingly, the hup operon lacks a hupC 

gene which is a membrane anchoring cytochrome b subunit that is encoded in most other 
bacterial hup operons [34]. Instead a ferredoxin-like iron-sulphur cluster protein, named 

HupX, is encoded in the hup operon. In addition to the hydrogenase subunits and the 
reductive dehalogenase and its anchoring protein two more proteins were proposed to be 
subunits of the OHR complex the organohalide respiration involved molybdoenzyme OmeA 

and OmeB. OmeA has sequence similarity to respiratory formate dehydrogenases but in the 
active site of the enzyme two amino acids, a selenocysteine or cysteine and a histidine residue 

described to be important for formate dehydrogenase activity, are replaced by serine and 
arginine [92, 93]. Together with the fact that no formate oxidation was observed in 

physiological studies, this suggests another function of OmeA. The respective membrane 
protein OmeB has 10 transmembrane helices and shows similarities to the membrane anchor 

protein of hydrogenase-2-like enzymes and is therefore suggested to act as docking site for 
the hydrogenase subunits and particularly coupling electron transfer to proton translocation 
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[76, 94]. In the OmeB transmembrane helices two conserved glutamate residues are present 
which is consistent with the proposal of proton translocation coupled to conformational 

changes. OmeB could therefore act as proton pump to generate the proton gradient for the 
ATP synthesis [49, 95, 96]. However the described composition of the OHR complex and 

stoichiometry as well as the interaction strength of the complex subunits needed further 
investigations to be confirmed, which was part of this thesis. Additionally the proton transport 

and electron transport are hypotheses and need experimental proof. 
 

 
Figure 2. Model of the hypothetical OHR complex of Dehalococcoides mccartyi strain CBDB1. 
The model was modified from Kublik et al. and represents the interactions of the OHR complex subunits: HupL 
(hydrogen uptake hydrogenase large subunit; 48 kDa) in blue, HupS (hydrogen uptake hydrogenase small subunit; 
37.1 kDa) in light blue, HupX (iron-sulphur protein; 30.4 kDa) in yellow, OmeA (organohalide respiration involved 
molybdoenzyme A; 106 kDa) in green, OmeB (organohalide respiration involved molybdoenzyme B; 44.8 kDa) in 
light green, RdhA (reductive dehalogenase subunit A, active subunit; ~ 55 kDa) in red, and RdhB (reductive 
dehalogenase subunit B, anchoring protein B; ~ 10 kDa) in pink. The yellow/orange dots indicate Fe/S clusters, the 
green dot a nickel ion, the blue dot a molybdenum ion, and the violet dot a cobalt ion bound to a corrinoid (white 
parallelogram). 

1.5 Aims of the study 

The aim of this thesis was to investigate the organization of the unusual respiratory complex 

of Dehalococcoides mccartyi strain CBDB1 in more detail in regard to the confirmation of 
participating subunits, stoichiometry and topology of subunits to obtain an overall structure of 

the OHR complex. For the detailed characterization several bottlenecks had to be overcome. 
First, the organism grew slowly with a generation time of about 3 days and reached cell 

densities of only about 5 x 108 cells mL-1 were obtained. This represented about 15 mg L-1 and 
therefore many typical biochemical approaches to study the structure of protein complexes 

were not applicable. As Dehalococcoides cells are very small and have an S-layer like cell wall 
also special harvesting methods needed to be established as centrifugation led to low 

enrichment or bursting of cells. One such method that was applied in this study was the 
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‘SandTrap’ method, in which cells were trapped in Silica gel and subsequently eluted from 
there [97]. 

To obtain more insights into the structure and function of the OHR complex mass 
spectrometry was applied in combination with other techniques. One aim was the 

improvement of the detection of the integral membrane proteins RdhB and OmeB. At the 
beginning of this work the detection of integral membrane proteins was strongly 

underrepresented in the proteomic data of strain CBDB1. This was due to the hydrophobic 
character of integral membrane proteins, the few trypsin cleavage sites in their sequence and 

their low abundance compared to cytosolic proteins. OmeB was detected in several studies, 
however always with low sequence coverage. Of the 32 encoded RdhB proteins only one RdhB 

protein, the RdhB CbdbB3, had been detected at the beginning of the study with maximum of 
two peptides. 

Therefore one aim of this work was the improvement of the detection of integral membrane 
proteins, especially the RdhB protein of the OHR complex, by different solubilisation strategies 

and membrane shaving followed by mass spectrometric analysis. Improvement of detection 
and sequence coverage will also be important for a more confident identification and protein 
quantitation in further studies. 

The second aim was the investigation of the OHR complex and other protein complexes in 
strain CBDB1 in regard to their subunit composition and strength of protein-protein 

interactions. Protein complexes of an organism can be studied by complexome analysis, a 
method combining blue native polyacrylamide gel electrophoresis (BN-PAGE) and mass 

spectrometry. Varying the extraction methods should give indications about the strengths of 
protein-protein interactions. Different interactions of the OHR complex subunits give also 

hints about the topology of the entire OHR complex. 
The third aim was to predict the protein structure of RdhA as well as interaction sites to other 

subunits of the OHR protein complex. For this purpose the protein structure was predicted in-
silico based on the two known structures of reductive dehalogenases PceA from 

Sulfurospirillum multivorans and NpRdhA from Nitratireductor pacificus. Protein-protein 
interactions, but also distances within the RdhA tertiary structure should be identified 

combining protein cross-linking on lysine residues with mass spectrometric analysis. Lysine 
residues modified by cross-linkers provide information on solvent-accessible sites and 
therefore by implication information on potential interaction sites. The combination of 

experimental data with protein modelling data was used to obtain an experimentally-
validated detailed picture of the RdhA structure and the interactions of the RdhA within the 

OHR complex when typical structure elucidation methods were not applicable. 
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2 Material & Methods 

2.1 Chemicals and Gases 

Chemicals were obtained from Merck KGaA (Darmstadt, Germany), AppliChem GmbH 
(Darmstadt, Germany) or Carl Roth GmbH + Co. KG (Karlsruhe, Germany) at analytical grade if 

not otherwise stated within the text. 
Detergents for solubilisation of integral membrane proteins and membrane associated 

proteins were RapiGest - RapiGest SF Surfactant from Waters (Eschborn, Germany), n-dodecyl 
ß-D-maltoside (DDM) from Carl Roth GmbH + Co. KG, digitonin and sodium dodecyl sulfate 

(SDS) were from AppliChem GmbH. Proteases for mass spectrometry sample preparation were 
trypsin obtained from Promega GmbH (Sequencing Grade modified porcine trypsin; 

Mannheim, Germany) and chymotrypsin from Thermo Scientific (chymotrypsin 
endoproteinase, MS grade) as well as for membrane shaving approach proteinase K 

from Macherey-Nagel GmbH & Co. KG (Düren, Germany). Two commercial protein chemical 
cross-linkers BS3 (bis(sulfosuccinimidyl)suberate) and DSS (disuccinimidyl suberate) used 
within this study were obtained from Thermo Fischer Scientific. The bAL2 (biotinylated Azo-

Leiker 2) was received from the group of Prof. Dr. Xiaoguang Lei (Peking University, Beijing). 
Gases were needed for the anaerobic chamber (Coy-Labs, Grass Lake, Michigan, USA) during 

growth medium preparation and harvest as well as for cultivation itself. The gases used were  
Nitrogen, Hydrogen, Biogon ® C 20 (80% N2, 20% CO2), Aligal (20 ± 2 Vol.% CO2 in N2) and 

Forming gas 80/20 (20 ± 2% H2 in N2) from Air Liquide Deutschland GmbH (Düsseldorf, 
Germany). 

2.1.1 Buffer composition 

The compositions of the different buffers used during these studies are listed in Table 1. 

Buffers and stock solutions were prepared with double-distilled water (ddH2O) if not stated 
otherwise. 

Table 1. Buffer compositions and additional information for buffer preparation that were used in these studies. 
Buffer Chemicals final concentration additional information 

1 x phosphate buffered 

saline (PBS) 

disodium hydrogen phosphate 10 mM pH 7.0 or 7.4 

 potassium dihydrogen 

phosphate 

2 mM  

 sodium chloride 137 mM  

 potassium chloride 2.7 mM  

Tris-EDTA buffer Bis-Tris base 10 mM pH 7.2 

 EDTA 1 mM  

ACA750 amino capronic acid (ACA) 750 mM pH 7.0 

 Bis-Tris base 50 mM  

 EDTA 0.5 mM  

SDS sample buffer Tris-HCl 0.5 M pH 6.8 
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Buffer Chemicals final concentration additional information 

 glycerol   

 SDS   

 bromophenol blue   

 ß-mercaptoethanol   

10 x SDS running buffer Tris base   

 glycine   

 SDS   

Anode buffer for BN-

PAGE 

20 x running buffer 1 x running buffer  

Light Blue Cathode 

buffer for BN-PAGE 

20 x running buffer 1 x running buffer  

 cathode additive   

acetone stock solution acetone  50 % (v/v)  

TCA stock solution trichloroacetic acid (TCA) 50 % (v/v)  

silver nitrate stock 

solution 

silver nitrate 20 % (w/v)  

sodium thiosulfate 

stock solution 

sodium thiosulfate pentahydrate 10 % (w/v)  

Fixation solution acetone stock solution  60 mL 

 TCA stock solution  1.5 mL 

 formaldehyde (37 %)  25 µL 

Pretreat II solution ddH2O  60 mL 

 sodium thiosulfate stock solution  100 µL 

   chill at 4 °C before use 

for at least 30 min 

Impregnate solution ddH2O  60 mL 

 silver nitrate stock solution  800 µL 

 formaldehyde (37 %)  600 µL 

Develop solution ddH2O  60 mL 

 sodium carbonate  1.2 g 

 formaldehyde (37 %)  25 µL 

 sodium thiosulfate stock solution  25 µL 

   Chill at 4 °C before use 

for at least 30 min 

Stop solution  glacial acetic acid 1 % (v/v) in ddH2O 

ammonium 

bicarbonate (Ambic) 

buffer 

ammonium hydrogen carbonate 50 mM pH 7.93 

dithiotreitol 1,4-dithiotreitol 10 mM (in-gel); 

1 M (in-solution) 

dissolve in 50 mM 

Ambic buffer (in-gel); 

100 mM Ambic (in-

solution) 

iodoacetamide 2-iodoacetamide 100 mM (in-gel); 400 mM 

(in-solution) 

dissolve in 50 mM 

Ambic buffer (in-gel); 

100 mM Ambic (in-

solution) and protect 

from light 
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Buffer Chemicals final concentration additional information 

Buffer C Ambic 10 mM pH 8.85 

 acetonitrile (AcN) 5 %  

Extraction buffer AcN  50 %  

 formic acid 5 %  

 

2.2 Cultivation and harvest of Dehalococcoides mccartyi strain CBDB1 

The organohalide respiring bacteria Dehalococcoides mccartyi strain CBDB1 was grown under 

anaerobic conditions in a defined mineral medium that was buffered to a pH of 7.2 with 
carbonate, and reduced with either 2 mM L-cysteine or 0.15 % titanium(III)citrate. As carbon 

source 5 mM acetate were used, hydrogen with a nominal concentration of 7.5 mM served as 
electron donor and either hexachlorobenzene, or hexabromobenzene, or 1,2,4,5-

tetrabromobenzene as electron acceptor were used in cultivation [78]. Each culture was 
monitored for activity by gas chromatography equipped with a flame ionization detector 

analysis for chlorinated electron acceptor or ion chromatography for brominated electron 
acceptors every 30 days, and cell number was counted 30 days after inoculation and then 
every 50 days. Cell enumeration was done by SYBR® Green I (Thermo Fischer Scientific) 

staining of cells and fixation onto an agarose coated slides using an epifluorescence 
microscope as described in section 2.3. 

Cell cultures were harvested either by multi-step centrifugation or by SandTrap. During multi-
step centrifugation each centrifugation step was performed at 6000 x g, 16 °C for 1 h and after 

each step 50-90 % of the supernatant was discarded. Centrifugation was repeated until the 
desired end volume was reached or the supernatant was removed completely to resuspend 

the pellet in buffer instead of medium. Harvest by SandTrap was performed as described 
before [97]. Mostly, the volume was reduced further after SandTrap collection by multi-step 

centrifugation. Cells were finally dissolved either in the remaining medium or in 1x PBS. After 
harvest final cell number was determined by cell enumeration as described in section 2.3. 

2.3 Cell enumeration 

Cell enumeration was performed with SYBR® Green I staining and fixation of cells on an 

agarose-coated slide using an epifluorescence microscope (Nikon fluorescence microscope) as 
described before [82]. 

Agarose-coated slides were prepared by heating and stirring of 2 g low-melting SeaPlaque® 
agarose (Biozym Scientific GmbH, Hessisch Oldendorf, Germany) in 120 mL water until melted 

completely. With a 10 mL pre-warmed glass pipette around 2 mL of the melted agarose were 
added onto a glass slide under the clean bench [82]. A working solution of SYBR® Green I was 

prepared by 1:100 dilution in TE-buffer. 
For cell enumeration 20 µL of cells were withdrawn from culture or harvested sample and one 
µL of SYBR® Green I working solution was added and incubated in the dark for 10 min thus 
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SYBR® Green I stain could intercalate between the double stranded nucleic acid. Of this 
solution 18 µL were added onto a cover slide of 20 mm x 20 mm and then the cover slide was 

laid onto the agarose-coated slide so that the cells are fixed in flat position between the 
agarose and the cover slide. At least 15 micrographs of the epifluorescence of SYBR® Green I 

were taken at 400 x magnification on the epifluorescence microscope equipped with a digital 
camera (NikonDS-Ri1 digital camera) from randomly chosen positions. Enumeration of cells 

from the micrographs were performed with ImageJ software and automated with macro 
written by Lorenz Adrian [82]. 

2.4 Polyacrylamide gel electrophoresis for protein separation 

2.4.1 SDS-PAGE 

Polyacrylamide gel electrophoresis including the detergent SDS within the gel, the running 

buffer and the sample buffer denatures the proteins and therefore a migration according to 
the molecular weight of the protein takes place. 

For SDS-PAGE pre-cast Tris-glycine-gels were used (SERVAGel TG PRiME 14 %; SERVA 
Electrophoresis GmbH, Heidelberg, Germany) were used. The gels were inserted in the 
electrophoresis chamber (XCell SureLock Mini Cell by Invitrogen, now Thermo Fisher Scientific) 

and the inner and outer chamber were filled with 1x SDS running buffer, that was diluted 
before from a 10x stock solution. Wells were pre-flushed with SDS running buffer to remove 

remaining non-polymerized acrylamide/bisacrylamide. Samples were prepared by adding SDS 
sample buffer to final concentration of 1 x and if needed filled up with ddH2O to desired 

volume that is loaded onto the gel. As molecular weight marker either the Pierce Unstained 
Protein molecular weight (MW) Marker or PageRule Prestained Protein Ladder both obtained 

from Thermo Fischer Scientific were used. Electrophoresis was performed at 250 V constant 
for around 45 min until the bromophenol blue front reached almost the bottom of the gel. 

The protein bands were visualized by silver staining as described in section 2.4.3. 

2.4.2 Blue Native-PAGE 

BN-PAGE is performed with pre-cast 4-16 % gradient Bis-Tris gels from Invitrogen (NativePAGE 
Novex) in an XCell SureLock Mini Cell system by Invitrogen. The composition of the anode 

buffer which is filled in the outer chamber and of the light blue cathode buffer which is in the 
inner chamber are listed in Table 1. The protein marker (NativeMark Unstained Protein 

Standard by Invitrogen) for size estimation is diluted 1:20 with 1 x sample buffer (Invitrogen). 
The samples were prepared by addition of 4 x sample buffer to 1 x final concentration and 

Coomassie G-250 additive in a concentration between 0.125 – 0.178 %. The electrophoresis 
was performed at 150 V for 1 h followed by an increase to 250 V until the bromophenol blue 

front reached almost the bottom of the gel. The proteins in the gel were stained with silver 
according to section 2.4.3. 
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2.4.3 Protein visualisation by silver staining 

The protocol for silver staining was adapted from Nesterenko et al. [98]. Polyacrylamide gels 
of 0.75 mm thickness were treated with 60 mL of each of the following solutions (Table 1) for 

silver staining for visualisation of proteins in nanogram quantities [98]. All steps were 
performed at room temperature and gentle shaking. In the first step proteins are fixated 

within the gel by treatment with fixation solution for 5 min. Staining interfering substances 
were washed out with ddH2O by rinsing the gel three times for 5 s, washing for 5 min and 
additional rinsing three times for 5 s. A first pre-treatment was performed with acetone stock 

solution for 5 min and followed by treatment for 1 min with the chilled pretreat II solution. 
Another rinsing step with ddH2O was performed three times for 5 s before the impregnation 

solution was applied for 8 min. The remaining impregnation solution was removed by rinsing 
two times for 5 sec with ddH2O. For development the chilled development solution was 

applied as long as protein bands of interest became visible. If a brown precipitate appeared 
then the intensity of shaking was increased to dissolve it. The development was stopped by 

addition of stop solution and shaking for 30 s and a final rinsing step with ddH2O for around 
10 s. The chilling of pretreat II solution and development solution slowed down the 

development step. 

2.5 Mass spectrometric analysis of proteins of strain CBDB1 

Proteins of strain CBDB1 were analysed by mass spectrometry analysis using an Orbitrap 
Fusion Tribid mass spectrometer (Thermo Fischer Scientific) equipped with an electrospray ion 

source (TriVersa NanoMate by Advion) for ionization. The analysis of proteins was either 
performed directly or proteins were digested into peptides which were then separated before 

MS analysis by nano liquid chromatography (nLC) on an Acclaim PepMap 100 C18 separation 
column (Thermo Fischer Scientific). Exceptions were measurements of DSS and bAL2 cross-

linked peptides which were performed on an EASY-nLC 1000 system (Thermo Fischer 
Scientific) equipped with a pre-column (100 µm x 4 cm, 3 µm C18) with frits at both ends and 

an analytical column (75 µm x 10 cm, 1.8 µm C18) and connected to a Q-Exactive mass 
spectrometer (Thermo Fischer Scientific). 

2.5.1 In-gel sample preparation 

Proteins that were separated before analysis on a SDS or BN-PAGE and stained with silver 

were cut with a razor blade and the gel band could be further processed directly or stored 
at -20 °C. The gel bands have to be destained, reduced and alkylated, and digested into 

peptides before MS analysis. Each incubation step is performed with 200 µL of solution at 
room temperature and while shaking, if not stated otherwise. Afterwards the solution is 

removed completely and discarded likewise if not stated otherwise. For destaining the gel 
bands were incubated first for 5 min with ddH2O, then treated with an one to one mixture of 
potassium hexacyanoferrate(III) and sodium thiosulfate for 15 min. Afterwards the gel piece is 
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washed twice for 5 min with ddH2O and then twice for 10 min with 50 mM Ambic buffer. The 
next step is a 5 min treatment with AcN and a drying step in the vacuum centrifuge (RVC 2-25 

CD plus, Christ) for 5 min. For the reduction of the thiol groups of cysteines 50 to 60 µL of 10 
mM dithiothreitol were added and incubated for 30 min. Afterwards the thiol groups were 

protected by alkylation with 50 to 60 µL of 100 mM iodoacetamide and incubated in the dark 
also for 30 min. These steps are followed by incubation with AcN 5 min, 10 mM Ambic for 10 

min, and again AcN 5 min again until the gel piece is dried by vacuum centrifugation for 5 min. 
The following step is the in-gel digestion with a protease at 37 °C overnight. The two proteases 

that were used are either trypsin in buffer C (400 µL buffer C and 20 µL 0.1 µg µL-1 trypsin) or 
chymotrypsin in 1 M hydrochloric acid. For extraction of the peptides the supernatants after 

each incubation step were collected into one fresh centrifuge tube for each sample. For the 
first wash the gel pieces were incubated 10 min with 30 µL of 5 mM Ambic, followed by two 

times extraction with 30 µL extraction buffer for 15 min. The combined supernatants were 
then dried completely with the vacuum centrifuge before the samples were desalted (see 

chapter 2.5.3). If the desalting step were not done directly then the samples were stored 
at -20 °C. 

2.5.2 In-solution sample preparation 

After cell harvest cell could be optionally washed by resuspension in 500 µL remaining 

medium or 100 mM Ambic buffer, vortex 30 s, ultrasonication 10 s, and vortex again 30 s. 
Afterwards the washed cell suspension is transferred into a 1.5 mL centrifuge tube. The tube 

where the cell suspension was in before is then washed again with an additional 500 µL of 100 
mM Ambic, which are also transferred to the 1.5 mL centrifuge tube containing the cell 

suspension. The cell suspension is then centrifuged for 30 min, 10,000 x g, at 16 °C and the 
supernatant is removed completely to resuspend the cells in 30 µL of 50 mM Ambic. In the 
following step cells are disrupted by freeze and thaw. Therefore the tube with cells is frozen in 

liquid nitrogen and thawed in a thermal shaker set to 40 °C, 750 rpm for 1 min. This procedure 
is performed in total three times and then the tube is placed in an ultrasonic bath for 30 sec. 

The reduction of cysteine thiol groups was again performed by addition of 2 µL 1 M 
dithiothreitol and incubation at 30 °C for 1 h and slightly shaking at 400 rpm. Afterwards the 

reduced thiol groups are protected by alkylation with 15 µL of 400 mM iodoacetamide and 
incubation at room temperature for 1 h and slightly shaking at 400 rpm in the dark. For the 

digestion of proteins into peptides 6.3 µL or either trypsin or chymotrypsin is added and 
incubated overnight at 37 °C. The digestion is stopped by addition of 1 µL 100 % formic acid, 

thus lowering the pH below 3, and centrifugation at 13,000 rpm for 10 min. The supernatant 
containing the peptides is then used for desalting (chapter 2.5.3) before they were analysed 

by MS. 
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2.5.3 Desalting using tips with C18 material 

For desalting tips filled with C18 material, termed C18 – ZipTips (Millipore) were used. As 
preparation five different solutions were mixed with different concentrations of AcN (Table 2). 

The volume of 500 µL is used for three samples. If more samples were desalted then higher 
volumes with the same concentrations were prepared. In addition to these solutions two 

collection tubes were prepared by filling it with 10 µL of solutions ‘30’ and ‘80’. 
 
Table 2. ZipTip solutions for desalting peptide solutions prior to MS analysis. 

Solution – AcN 

concentration in % (v/v) 

AcN (µL) 10 % (v/v) formic acid 

(µL) 

ddH2O (µL) 

‘100’ 500 0 0 

‘80’ 400 5 95 

‘50’ 250 5 245 

‘30’ 150 5 345 

‘0’/ ‘wash’ 0 5 495 

 

Peptide samples that were stored in the freezer at -20 °C were thawed. Samples that were 
dried to completeness were resuspended by addition of 10 µL solution ‘0’ or ‘wash’ and 

shaken for 10 min at room temperature and then placed in an ultrasonic bath for 30 s to 
dissolve the peptides again. The tips were washed and equilibrated by pipetting up and down 

10 µL of the following solutions in these order: ‘100’ three times, ‘80’ three times, ‘50’ three 
times, ‘30’ three times, and ‘0’ five times. The sample was then loaded by pipetting 10 µL up 

and down for ten times. The desalting step was performed by take up 10 µL of ‘wash’ solution 
and discarding it for a total of three times. For elution of the peptides five times pipetting up 

and down in the first collection tube with solution ‘30’ was performed, followed by also 
pipetting five times up and down in the collection tube with solution ‘80’. The procedure of 

washing and equilibration, sample uptake, washing and elution was repeated three times for 
each sample. In the second and third cycle at least the first two or all three uptakes of solution 
‘100’ were discarded as well. After the third cycle the eluted peptides in the collection tube 

were combined by transferring solution ‘80’ to solution ‘30’. The whole procedure can be 
done with one tip for one sample. After the desalting the peptides were dried again 

completely in the vacuum centrifuge. The resuspension of desalted peptides for measuring 
with MS is done by addition of 15 µL 0.1 % formic acid (in ddH2O), shaking 10 min at room 

temperature, sonication in ultrasonic bath for 30 s and transfer of the solution in LC-MS 
sample vials (Waters). If samples are not measured they can be stored after desalting at -20 °C 

and resuspended directly before measurement. 

2.5.4 nLC and MS methods 

The different methods used for peptide separation by nLC and mass spectrometric 
measurement will be described in this section. All measurement had in common that they 
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were performed with a positive ionisation mode. Measurements performed with the Orbitrap 
Fusion Tribid mass spectrometer used for peptide separation by nLC as eluent A 0.1 % formic 

acid in ddH2O and as eluent B 80 % AcN, 0.08 % formic acid in ddH2O at a flow rate of 
0.3 µL min-1. Measurements performed at the Q-Exactive mass spectrometer used also 0.1 % 

formic acid in ddH2O as eluent A, but 100 % AcN with 0.1 % formic acid as eluent B at a flow 
rate of 0.2 µL min-1. 

 Analysis of in-gel digested peptides 2.5.4.1

Proteins separated by PAGE and were proteolytic digestion was performed in sliced bands 

according to chapter 2.5.1 were separated on nLC with the following gradient: column 
equilibration with 4 % eluent B for 3 min, increase to 55 % eluent B within 40 min, an 

additional increase to 90 % eluent B within 1 min and hold at 90 % eluent B for 4 min. 
Afterwards decrease to 4 % eluent B within 1 min and hold for 11 min. 

The MS1 full scans were performed from mass range 350 to 2000 m/z in the Orbitrap mass 
analyser at a resolution of 120,000, an ion target value of 4 x 105 ions and a maximum ion 

injection time of 50 ms. The two most intense ions with a charge between +2 and +7 were 
selected for fragmentation in the quadrupole at an isolation window of 1.6 m/z. 

Fragmentation of peptides was either achieved by HCD (higher energy collisional dissociation) 
with a collision energy of 30 % or CID (collision-induced dissociation) at a collision energy of 

35 %. The ion target value was set to 1 x 104 ions with a maximum ion injection time of 120 ms 
and analysed with an ion trap mass analysator. To prevent measurements of the same 

peptides dynamic exclusion was enabled for 45 s.   

 Analysis of in-solution digested peptides 2.5.4.2

Samples originated from in-solution proteolytic digestion (chapter 2.5.2) were separated with 
a longer gradient than the before described one for analysis of samples from in-gel proteolytic 

digestion. The column equilibration was done for 6 min at 4 % eluent B and then increased to 
55 % eluent B within 120 min and again to 90 % eluent B within one min, hold at 90 % eluent B 

for 4 min and decrease to starting conditions within one min and hold their for 8 min. 
The MS1 full scan was also measured at the Orbitrap mass analysator with a resolution of 

120,000, a scan range between 350 to 2000 m/z with ion target value of 4 x 105 ions and a 
maximum injection time of 50 ms. Ions selected for fragmentation in the quadrupole had a 
charge state between +2 and +7 and were fragmentated with HCD at a collision energy of 

30 %. Ion target value was set to 5 x 104 ions and maximum ion injection time was 120 ms. 
Fragment ions were analysed also with the Orbitrap mass analysator at a resolution of 60,000 

and exclusion of measurement of the same peptide for 45 s.  
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 Analysis of peptides originated from membrane shaving 2.5.4.3

Proteins extracted and digested according to membrane shaving procedure (chapter 2.6.2.2) 
were separated at elevated temperature of 50 °C for the separation column in contrast to 

normally used 35 °C. The gradient started also with 4 % eluent B for 3 min, then increased 
within 2 min up to 10 % eluent B and then further to 95 % eluent B within 135 min. An 

additional stepwise increase within 1 min first up to 99 % and then to 100 % eluent B followed 
before decrease to starting conditions of 4 % eluent B within 5 min and hold for 13 min. 
Ions were scanned with the Orbitrap mass analysator at a resolution of 120,000 between 200 

to 2000 m/z with ion target value of 4 x 105 and a maximum ion injection time of 100 ms. The 
most intense ions with a charge between +2 and +10 were selected for fragmentation within 

the quadrupole using CID fragmentation at a collision energy of 35 %. Fragment ions were 
measured also with the Orbitrap mass analysator at a resolution of 60,000, a ion target value 

of 5 x 104 ions, a maximum ion injection time of 60 ms and dynamic exclusion of 30s before 
the same precursor ion could picked again for fragmentation. 

 Analysis of cross-linked peptides 2.5.4.4

Peptides cross-linked with BS3 cross-linker and separated by PAGE were analysed with the in-

gel digested peptide method (chapter 2.5.4.1), while in-solution digested cross-linked peptides 
were analysed with the in-solution digested peptide method (chapter 2.5.4.2). DSS and bAL2 

cross-linked peptides were digested in-solution and analysed on the Q-Exactive mass 
spectrometer attached to an EASY-nLC 1000 system. The gradient applied for peptide 

separation was as follows: column equilibration for 2 min at 5 % eluent B, increase to 28 % 
eluent B within 68 min and an additional increase to 100 % eluent B within 10 min, which was 

hold for another 10 min. 
The MS1 full scan was performed with an orbitrap mass analysator at a resolution of 70,000, 

with a scan range between 300 to 2000 m/z, a ion target value of 3 x 106 ions and a maximum 
ion injection time for 60 ms. The ten most intense ions were selected for fragmentation with 

HCD and a normalized collision energy of 27 %. Ion target value was set to 1 x 105 ions, 
maximum ion injection time to 60 ms and resolution to 17,500 for scan range of 

200-2000 m/z. 

2.6 Preparation of cell suspensions and extraction of proteins from cultures of 

strain CBDB1 

2.6.1 Standard method for extraction of proteins 

The standard method for extraction of proteins from D. mccartyi strain CBDB1 is based on 

solubilisation to cover also integral membrane proteins and membrane-associated proteins 
during protein analysis as the OHR complex is associated to the membrane and is the focus in 
this study. After cell harvest (chapter 2.2) the cell pellet was either resuspended in remaining 
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media or 1 x PBS and then the detergent DDM was added to a final concentration of 1 % 
(w/v). Previous studies showed that this detergent and its concentration were suitable for 

analysis of OHR complex subunits [74, 99]. Solubilisation took place for one hour at 4 °C and 
gentle shaking. The soluble crude protein extract was separated by centrifugation for 20 min 

at 13,400 x g. 

2.6.2 Approaches to improve detection of RdhB protein 

 Solubilisation with different detergents in a gel-based and in-solution based 2.6.2.1

approach 

Different detergents as DDM, SDS and RapiGest were tested in different concentrations to 

improve the detection of the anchoring proteins for reductive dehalogenases the RdhB 
proteins, which are small integral membrane proteins and difficult to detect using the 

standard protein extraction method. 
The first approach used the mild detergent DDM at a concentration of 1 % (w/v) as in the 

standard protein extraction and the stronger detergent SDS in different concentrations. For 
this purpose cultures were harvested by centrifugation (chapter 2.2) and the cell pellets were 

resuspended in the different detergent solutions. Samples were solubilized with DDM (1 % 
w/v), with aqueous solution containing SDS (0.5 %, 1 % or 5 % w/v) or in solubilisation buffer 

containing SDS (0.5 %, 1 % or 5 % w/v) plus 50 mM Tris-HCl pH 8.0, 1 mM EDTA and 500 mM 
NaCl. The composition of this solubilisation buffer was described for solubilisation of integral 

membrane proteins in the gram-negative bacteria Caulobacter crescentus, but similar 
compositions can be also found in other publications for solubilisation of membrane proteins 
[100-102]. The control sample without detergent was resuspended in anaerobic water. After 

60 min incubation at 4 °C and gentle shaking all samples were amended with SDS sample 
buffer to a final concentration of 1x and loaded onto a precast 14 % Tris-Glycin-polyacrylamide 

gel. Two lanes of the gel were loaded with markers (Unstained Protein Molecular Weight 
Marker from Fermentas and PageRuler Prestained Protein Ladder from Thermo Fischer 

Scientific). The conditions during SDS-PAGE and the following visualization of protein bands 
were performed as described in sections 2.4.1 and 2.4.3. Of each sample three bands were cut 

according to the marker around 10 kDa, which corresponds to the molecular weight of RdhB 
proteins. Subsequently samples were prepared for MS measurement according to the in-gel 

sample preparation (chapter 2.5.1) using trypsin and chymotrypsin in buffer C as proteases 
during the protein digestion step. 

A second solubilisation approach for detection of RdhB proteins involved the detergent 
RapiGest with a subsequent in-solution digestion and analysis by mass spectrometry. During 

this experimental set up, two samples were dissolved in buffer containing 50 mM 
triethylammonium bicarbonate (TEAB), 10 mM CaCl2 and 0.125 % (w/v) RapiGest. Samples 
were boiled for 5 min at 100 °C and then cooled down to room temperature. The samples 

were reduced and alkylated according to the in-solution sample preparation (chapter 2.5.2) 
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and then treated with 250 mM HCl and incubated at 37 °C for 45 min to hydrolyse the 
detergent and remove it from solution by centrifugation two times at 16,000 x g, 4 °C for 15 

min to not interfere with peptide ionization. Both samples were dried completely by vacuum 
centrifugation and are then desalted using ZipTips (chapter 2.5.3). Although for one of the 

samples the desalting followed the described protocol by elution with 30 % and 80 % AcN 
concentration and for the other sample elution was performed with 80 % and 100 % AcN. 

 Membrane shaving approach 2.6.2.2

The approach of proteolytically cleaving transmembrane proteins at the extramembrane loops 

with Proteinase K leaving only transmembrane helices intact, called ‘membrane shaving’ was 
used to detect the integral membrane subunits RdhB and OmeB of the OHR complex adapting 

the protocol described before by Wolff et al. [103]. 
After cell harvest by centrifugation the supernatant was removed completely and the cell 

pellet was resuspended in in 1 mL 1 x PBS of pH 7.0. Then the cells were vigorously shaken 
with a vortex for 30 s and placed into an ultrasonication bath for 10 s. The following 

ultracentrifugation step (ultracentrifuge Optima L-90K, rotor type 90-Ti from Beckman Coulter 
Life Science) at 100,000 x g, 4 °C for 60 min was conducted to collect the membrane fraction 

from the pellet. The supernatant which is supposed to contain the cytoplasmic protein 
fraction was removed carefully with a Pasteur pipette. Afterwards, 500 µL 200 mM carbonate 

buffer (Na2CO3, pH 11.0) were added to the ultracentrifugation tube. The tube was covered 
with parafilm and incubated overnight at 4 °C so that the membranes and cell debris detach 

from the vial surface into the solution. Then the supernatant was transferred to a fresh 
Eppendorf tube and brought to room temperature. Absorbance at 280 nm was measured with 

the Nanodrop (Thermo Fisher Scientific), before solid urea was added to a final concentration 
of 8 M. This was followed by a reduction step with 10 mM dithiothreitol (1 M stock in 50 mM 
carbonate buffer) to cleave disulphide bridges and incubation for 30 min and gentle shaking. 

Afterwards cysteine residues were alkylated in the dark at room temperature for 30 min and 
gentle shaking by addition of iodoacetamide (1 M stock in 50 mM carbonate buffer) to a final 

concentration of 100 mM. For proteolytic cleavage of the extramembrane loops Proteinase K 
was added and incubated overnight, at a ratio of Proteinase K to proteins of 1:50 using a 

Proteinase K stock concentration of 20 mg mL-1. Then, 10 % AcN were added to the samples, 
cooled on ice for 15 min and then centrifuged with an ultracentrifuge for 60 min, 4 °C at 

100,000 x g. Assuming that the non-cleaved transmembrane domains were still intact and 
solved in the membranes, the supernatant was discarded and the pellet was washed with 500 

µL of 50 mM triethylammonium bicarbonate (TEAB) buffer of pH 7.8 and ultracentrifuged 
again for 60 min, 4 °C, 100,000 x g. Again the supernatant was discarded and the pellet was 

resuspended in 200 µL digestion buffer (50 mM TEAB of pH 7.8, 10 mM CaCl2, and different 
detergents) with exception of the control sample were just digestion buffer without detergent 

was added. The used detergents were RapiGest 0.4 %, DDM 1 %, digitonin 0.5 %, or SDS 0.5 %. 
The samples were then boiled for 5 min at 100 °C, cooled down to room temperature before 
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40 µL of a 0.1 µg µL-1 stock solution (4 µg) of chymotrypsin were added to the samples and 
incubated at 30 °C on a rotary shaker overnight. To remove the acid-labile solubilisation agent 

RapiGest from the samples, which was necessary for the subsequent mass spectrometric 
analysis, HCl to a final concentration of 250 mM (pH < 2) was added and the samples were 

incubated for 45 min at 37 °C and then centrifuged for 15 min at 16,100 x g and 4 °C. Despite 
the relatively high concentration of HCl hydrolytic cleavage of peptides have not been 

reported by Wolff et al. that were using the same concentration or any other literature [103]. 
The supernatant containing the peptides was dried completely in a vacuum centrifuge and 

then samples were prepared for MS by desalting as described in section 2.5.3. 

 Solubilisation with different detergents and electrophoresis on gel resolving 2.6.2.3

small proteins 

Polyacrylamide gel electrophoresis on Bio-Rad Criterion XT gels in combination with the XT 
MES running buffer under denaturing conditions are ideal for resolving small proteins [104]. 

The 4-12 % Bis-Tris gels (Bio-Rad Laboratories Inc.) were used in combination with the XT MES 
running buffer also obtained from Bio-Rad Laboratories Inc. 
After cell harvest the pellets were resuspended in either PBS as control or PBS with detergent 

(SDS, digitonin, DDM, RapiGest). In the first experimental set-up SDS, digitonin and DDM were 
used at different concentrations of 0.5 %, 1 % and 2 % (w/v), while in the second experimental 

set-up SDS, digitonin and DDM were used at a concentration of 1 % (w/v) and RapiGest at a 
concentration of 0.4 % (w/v). Solubilisation was performed for one hour, shaking at 4 °C and 

followed by a centrifugation step for 10 min, at 4 °C and 13,000 x g. Samples were then 
prepared for gel electrophoresis by addition of 1x final concentration XT sample buffer (Bio-

Rad Laboratories Inc.) and XT reducing agent (Bio-Rad Laboratories Inc.) according to 
manufacturer’s instruction guide [104]. Afterwards samples were heated for 5 min at 95 °C 

before applied onto the gel pocket of a 4-12 % Bis-Tris Criterion XT gel. Electrophoresis was 
performed at 200 V constant in 1x TX MES buffer for 42 min. Proteins were visualized by silver 

staining as described in section 2.4.3. Bands of interest between 10 to 15 kDa according to the 
molecular weight marker were cut and prepared for MS analysis with the in-gel sample 

preparation protocol (chapter 2.5.1) and measured with the respective MS method (chapter 
2.5.4.1). In the first experimental set-up samples were digested with trypsin and chymotrypsin 
and in the second experimental set-up samples were only digested with trypsin. 

2.6.3 Protein extraction modes for complexome analysis 

The method of complexome analysis was described before to target identification of all 
membrane-protein complexes within one organism. Examples include mitochondrial 

complexes in mammals [105, 106], plants [107, 108], and yeast [109], as well as bacterial 
protein complexes of a sulfate-reducing bacteria [110], oxygen respiration in a nitrate-
reducing bacteria [111] and respiratory protein complex in anammox bacteria [112]. 
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The first step is the solubilisation of membrane-bound protein complexes from the membrane 
using mild, mostly non-ionic detergents, like DDM or digitonin to retain native protein 

structures and interactions. The protein extracts were the separated by native gel 
electrophoresis. Density gradient centrifugation, or gel filtration could be also applied for 

protein separation but only native gel electrophoresis allows very sensitive detection of 
proteins even when started with low protein amounts [106]. One entire gel lane is then cut 

into many slices of around 1 mm size and each gel slice is analysed by mass spectrometry. In 
this study the protein abundance of each protein within one slice was obtained by label-free 

quantification on the basis of area counts using the Minora node implemented in Proteome 
Discoverer (Thermo Fisher Scientific). The relative protein abundance or relative peptide 

abundance was then calculated as percentage of protein or peptide abundance in one slice 
relative to the total abundance of this protein or peptide across all slices of the gel lane. The 

distribution of each protein over the gel lane was obtained by plotting the relative abundance 
against the slice number. Identification of correlating distribution patterns or a high relative 

protein abundance within the same slice indicated protein-protein interactions and resulted in 
evidence for formation of protein complexes.  
Within this study three different extraction modes for complexome analysis were designed 

and termed (1) ‘whole-cell extraction’, (2) ‘membrane fraction extraction’, and (3) ‘disrupted 
cell extraction’. All three modes included the use of the mild, non-ionic detergent DDM at a 

final concentration of 1 % (w/v) using a 10 % (w/v) stock solution. All three strategies are 
described below: 

 (1) The ‘whole-cell extraction’ protocol was adapted from the standard method for protein 
extraction and was used to avoid many experimental steps that could lead to loss in proteins 

and also is the mildest method applied and should preserve protein native structures and 
protein-protein interactions the best. Therefore the cell pellet was resuspended in 1 x PBS, 

amended with 1 % DDM and incubated for 1 h on ice while gently shaking. A subsequent 
centrifugation step at 16,000 x g, 16 °C for 45 min removed insoluble material. The 

supernatant from the centrifugation step was applied onto a BN-PAGE gel as described in 
section 2.4.2. 

(2) The second extraction mode termed ‘membrane fraction extraction’ is adapted from a 
previous sample preparation procedure described for the complexome analysis of the sulfate 
reducing bacteria Desulfobacula toluolica [110]. This procedure was applied to first isolate the 

membrane fractions containing the also the OHR complex and membrane proteins should be 
subsequently detached by solubilisation with DDM. For this purpose the cell pellet was 

resuspended in 250 µL culture medium and cells were lysed by beat beating: Resuspended 
cells were added to 0.5 mm glass beads (Stretton Scientific) and shaken in a Fast Prep FP120 

(Thermo Savant) at a speed of 4 m s-1 for 20 s at room temperature. The beads were removed 
by a short centrifugation step of 1 min, 3000 x g at room temperature and the supernatant 

was further processed by ultracentrifugation at 100,000 x g, for 1 h at 4 °C to collect the 
membrane fraction in a pellet. This pellet was stored overnight at -20 °C under anoxic 
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conditions before it was resuspended in ACA750 buffer [110] amended with 1 % (w/v) DDM. 
Afterwards solubilisation was performed for 1 h at 4 °C and gentle shaking. The solubilized 

membrane proteins were then prepared for BN-PAGE as described in section 2.4.2. 
(3) For the last extraction mode of ‘disrupted cell extraction’ the cells were lysed before in the 

presence of the detergent as an intermediate strength extraction protocol and might be also 
associated with some protein loss. For this the pellet after harvest was resuspended in 850 µL 

1 x PBS containing 1 % DDM and was then treated by beat beating with 0.5 mm beads in the 
Fast Prep FP 120 with a speed of 4 m s-1 for 30 s and room temperature. Afterwards the crude 

extract was centrifuged for 15 min, 14,000 x g at 4 °C and the supernatant was transferred to a 
new tube and prepared for BN-PAGE as described in section 2.4.2. 

For further analysis the silver stained gel lanes (2.4.3) were cut with a razor blade into 1-2 mm 
width slices and the blade was cleaned in between with ethanol. This resulted in (1) 26, (2) 65, 

and (3) 64 slices. All slices were prepared for MS analysis according to the in-gel digestion 
protocol (chapter 2.5.1) using trypsin as protease and were analysed with the method 

described in section 2.5.4.1. 

2.7 Chemical cross-linking of proteins 

For 3D structural elucidation of the OHR complex subunits and to identify interactions 
between them chemical cross-linking combined with mass spectrometry was applied. 

Chemical cross-linkers have two head groups that are able to react with amino acids of the 
protein and a spacer arm connecting these head groups. During reaction of the head groups 

with amino acids of the protein a covalent connection is formed [113]. Cross-linking product 
can be divided in three types: inter or intra cross-links, loop-links and mono-links. Cross-links 

differ relating to if they connect amino acid residues within the same protein (intra) or 
between different proteins (inter). Loop-links occur when two amino acids within the same 
peptide were connected to each other, and mono-links result from reaction of only one head 

group of the linker with protein amino acid while the other head group has been hydrolysed 
or reacted with the quenching solution [113]. The most common head group in cross-linker 

agents is the N-hydroxysuccinimidyl (NHS) ester, which react with primary amines in lysines 
and protein N-termini. Reactions with hydroxyl groups of the amino acids serine, threonine 

and tyrosine have also been observed [113-115]. Chemical cross-linkers used within this study 
were all homobifuctional cross-linker containing NHS-ester as both head groups (Table 3).  

Cross-linkers covered in this study were bis(sulfosuccinimidyl)suberate – BS3, disuccinimidyl 
suberate – DSS, and bAL2 or also called Leiker cross-linker [116] of which only DSS is able to 

cross the cytoplasmic membrane of intact cells (Table 3). 
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Table 3. Cross-linker used during this study with their respective features. 
Used cross-linkers contain NHS-ester reactive groups to react mainly with primary amines of lysine residues or the 
N-terminus in proteins and are homobifunctional, meaning that both reactive groups are the same. 

cross-linker length spacer arm (Å) molecular mass (g mol-1) membrane permeability 

BS3 
(bis(sulfosuccinimidyl)suberate) 11.4 572.43 impermeable 
DSS  
(disuccinimidyl suberate) 11.4 368.35 permeable 
bAL2 or Leiker 
(biotinylated Azo-Leiker 2)  9.3 1092.25 impermeable 

 
The cross-linker reagent BS3 was dissolved in water with stock concentrations of 50 mM, while 

the reagents DSS and Leiker were dissolved in DMSO with concentrations of 50 mM and 
25 µg µL-1, respectively. Chemical cross-linking of proteins was performed with BS3 at a final 

concentration between 2.5 to 10 mM, DSS in a concentration range between 0.5 to 5 mM and 
bAL2 with a protein to cross-linker ratio of 2:1, 4:1, 8:1, 16:1 and 1:2 for one hour at room 

temperature. The exact concentration for each experiment is given in Table 8. The reactions 
were all stopped by addition of ammonium bicarbonate to a final concentration of 20 mM and 

incubation for 20 min at room temperature. During cross-linking experiments different 
strategies were tested to obtain as much cross-linking reaction products as possible and 

involve solubilisation with a final concentration of 1 % (w/v) DDM for one hour at 4 °C, cell 
lysis with a benchtop homogenizer (FastPrep-24 5G of MP Biomedicals, Santa Ana, CA) and 0.5 
mm beads for three cycles at 4 m s-1 either separately or in combination in addition to the 

cross-linking reaction as well as cell-surface cross-linking were whole cells were incubated 
with the different cross-linking agents. The different strategies are also listed in Table 8. 

Cell-surface cross-linking with BS3 (2.5, 5mM, 7.5 mM and 10 mM) and pre-test for suitable 
ratio of protein to bAL2 cross-linker (16:1, 8:1, 4:1, 2:1, 1:1, 1:2) were separated by SDS-PAGE 

(2.4.1) and higher molecular weight bands appearing only in samples treated with cross-linker 
and consequently containing cross-linked products were prepared according to in-gel sample 

preparation protocol (chapter 2.5.1) and analysed with the respective method (chapter 
2.5.4.1).  

For all other cross-linking experiments acetone precipitation was performed after cross-linking 
reaction by addition of 6 x volume of pre-cooled (-20 °C) acetone, vortex and store 45 min to 

overnight at -20 °C. Precipitated proteins were obtained by centrifugation for 30 min at 14,000 
rpm and removal of the supernatant afterwards. The protein pellet was then dissolved by 

sonication in ice bath for 15 min in 60 µL of 8 M urea in 500 mM Tris (pH 8.5). Either dissolved 
proteins were then reduced, alkylated and digested with trypsin according to the in-solution 
sample preparation (chapter 2.5.2) or with 5 mM Tris(2-carboxyethyl)phosphin - TCEP for 30 

min at room temperature for reduction, 10 mM iodoacetamide incubating for 1 h at room 
temperature in the dark for alkylation and tryptic digestion by 4-fold dilution in 100 mM Tris-

HCl buffer (pH 8.5), 20 mM methylamine, 1 mM CaCl2 and trypsin at an enzyme to protein 
ratio of 1:50 and incubation at 37 °C overnight. After digestion a centrifugation step at 4 °C, 

14,000 rpm for 30 min was performed and the supernatant was transferred to a new reaction 
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vial. For DSS-cross-linked samples formic acid was added to a final concentration of 5 % and 
then desalted according to desalting protocol with ZipTips (chapter 2.5.3). Samples cross-

linked with bAL2 were enriched on Streptavidin beads as the cross-linker contains a biotin tag 
for enrichment. Therefore the tryptic digest was mixed with an equal volume of binding buffer 

(20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, pH 8.0, 150 mM 
NaCl, 4 °C) and incubated with 20 µL (50 and 100 µg protein), 40 µL (200 µg protein) or 100 µL 

(500 µg protein) pre-washed high capacity streptavidin agarose (Thermo Fisher Scientific) for 2 
to 4 hours. After centrifugation for 2 min, at 2,500 x g, room temperature the supernatant was 

removed and beads were washed for four times first with wash buffer (20 mM HEPES buffer, 
pH 8.0, 1 M NaCl, 4 °C), then ddH2O, then 10 % AcN and finally again with ddH2O each for 5 

min and followed by centrifugation for 2 min, 2,500 x g, room temperature and removal of 
supernatant. For elution of bAL2 cross-linked peptides 2 times volume of applied beads were 

added as elution buffer (300 mM sodium dithionite, 6 M urea, 1 M thiourea in 20 mM HEPES 
buffer, pH 8.2) and incubated for 30 min at 37 °C. Supernatant containing the cross-linked 

peptides were obtained by centrifugation for 3 min at 5,000 x g and room temperature. The 
supernatant containing peptides were then acidified by addition formic acid to a final 
concentration of 5 % and desalted with home-made C18 (3 µm) desalting columns and elution 

with 70 % AcN/ 0.1 % formic acid. Peptides were separated on an EASY-nLC 1000 system 
connected to a Q-Exactive mass spectrometer as described in section 2.5.4.4. 

2.8 Data evaluation of mass spectrometry obtained data 

2.8.1 Protein identification and quantification using Proteome Discoverer 

The raw files from the mass spectrometry measurement were further processed using the 

Thermo Proteome Discoverer (version 2.2.0.388) of Thermo Scientific to identify proteins and 
peptides. For this purpose a study file was generated with the respective raw data files as 

input and for analysis the ‘Common_Quan_Orbitrap.pdProcessingWF’ as well as the 
‘Common_Quan.pdConsensusWF’ were used. The processing workflow contains the search 

engine, which was Sequest HT and there also the CBDB1 database was specified (originated 
from the UniProt database, 2011), the protease with which proteins were digested, as well as 

dynamic and static modifications of peptides. As dynamic modification oxidation on 
methionine residues were set, while static modification included addition of 
carbamidomethylations on cysteine residues that result from reduction and alkylation during 

sample preparation for MS analysis. Proteases that were used were defined in experimental 
setup of each analysis. The Percolator node was used to calculate posterior error probability 

(PEP) and q-values for the identified peptide spectra matches (PSMs) with default settings of 
strict false discovery rate (FDR) 0.01 and relaxed FDR with 0. Only PSM with a ΔCN (Delta 

Correlation) better than or equal 0.05 were used for calculations in the Percolator node. The 
ΔCN value measures the specificity of the fit by comparing the fit to a primary candidate's 

sequence against a secondary candidate's sequence, whereby a smaller number implies a 
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better fit [117]. During the Consensus workflow the label free quantification (LFQ) takes place 
with the precursor ion quantifier Minora node. The precursor abundance was based on area 

counts and then normalized to total peptide amount. 

2.8.2 Data evaluation of cross-linked samples by pLink 

Raw files of samples from cross-linking analyses were analysed for cross-linked and cross-

linker-modified peptides by analysis with the pLink software (version 2.3.5). All cross-linkers 
used were conventional cross-linker and the respective cross-linker (DSS, BS3 or bAL2) used 
were set. For identification the CBDB1 UniProt database was used and the cleavage enzyme 

was set to trypsin allowing two miss cleavages. Further setting were set to peptide mass 
between 150 and 1000 Da, peptide length between six and 120 amino acids, precursor mass 

tolerance and fragment mass tolerance were left at default settings with 20 ppm, and 
carbamidomethylation as fixed peptide modifications as well as oxidation as variable 

modification were set as well. The result filter settings were left at default values with filter 
tolerance of ± 10 ppm and separate FDR lower than 5 % at PSM level. Additionally an E-value 

should be computed. As no quantitation was performed labelling left at none and the analysis 
settings were saved and started. The result file exists as html side as well as csv data. 

2.8.3 Further data analysis and prediction tools 

 Data analysis for complexome analysis 2.8.3.1

The hierarchical clustering analysis and principal component analysis (PCA) were performed 

using the program R Studio with the function hclust for hierarchical clustering and prcomp for 
PCA. The result for hierarchical clustering was plotted into a before generated PDF by the plot 
command. For PCA analysis a csv file was saved with proteins in the first row and abundances 

of each slice in the following rows. The data was imported to R Studio as text (base) and PCA 
analysis was performed with the packages ggplot2 and factoextra loaded. The clustering and 

PCA script for generating tables and plots for complexome analysis can be found in the 
supplement section (chapter 10.1). 

 Prediction and visualization tools 2.8.3.2

Several online available prediction tools for proteins were used in this study as well. 
The transmembrane helices of integral membrane proteins were calculated by TMHMM 
server, v.2.0 (http://www.cbs.dtu.dk/services/TMHMM/) and Protter version 1.0 

(http://wlab.ethz.ch/protter/start/) [118-120]. 
Protein structures were predicted using I-TASSER (Iterative Threading ASSEmbly Refinement), 

an online tool that hierarchically predicts protein structure and function 
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) [121-123]. For the periplasmic proteins of 

the OHR complex the TAT leader sequence was predicted by TatP, version 1.0 
(http://www.cbs.dtu.dk/services/TatP/) or SignalP-5.0 Server 
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(http://www.cbs.dtu.dk/services/SignalP/) [124-126]. Proteins with Tat leader sequence were 
predicted by I-TASSER as truncated version. Predicted protein structures were visualised and 

modified to highlight selected amino acids for example within UCSF Chimera 
(https://www.cgl.ucsf.edu/chimera/). The protein predictions were performed by Nadine 

Hellmold during her master thesis as well as the incorporation of predicted ligand within the 
structure [127]. Protein docking for the subunits OmeA, OmeB and HupX was performed by 

using ClusPro 2.0 (https://cluspro.org/login.php) and superimposition of structures was done 
by using the MatchMaker function within UCSF Chimera also by Nadine Hellmold. 
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3 Results 

3.1 Detection of integral membrane proteins 

Integral membrane proteins are generally more difficult to identify by mass spectrometry due 
to their hydrophobicity and low water solubility than membrane-associated or cytoplasmic 

proteins. To overcome this bottleneck detergents are used to increase the water solubility of 
integral membrane proteins by mimicking the membrane. A further complication of 

membrane protein mass spectrometry is that the most often used enzyme used for digestion, 
trypsin, cleaves after the positively charged amino acids, i.e. in hydrophilic regions. As 

alternative other proteases can be used. This section describes several approaches including 
the use of different detergents and proteases to improve the detection of the integral 

membrane proteins RdhB and OmeB of the OHR complex via mass spectrometry. 

3.1.1 Solubilisation to dissolve integral membrane proteins 

Different solubilizing agents were used to extract integral membrane proteins from the 
cytoplasmic membrane. Detergents can be divided into groups according to their type of 

headgroup. We used the nonionic detergent DDM and the two anionic detergents RapiGest 
and SDS. 

The first approach was gel-based and included DDM and different concentrations of SDS in 
aqueous solution or solubilisation buffer that was used before to solubilize integral membrane 

proteins [100]. Solubilized samples and control sample were separated on denaturing SDS-
Tris-Glycin-gels and after silver staining bands with a size of around 10 kDa were cut out. This 
size was selected because all encoded RdhB proteins in strain CBDB1 are predicted to have a 

size around 10 kDa. Excising specifically bands in this range should reduce the sample 
complexity and enhance the detection of the RdhB proteins during MS analysis. With this 

approach 10 RdhB proteins could be identified using the search engine Sequest HT, however, 
only with low confidence and with only one peptide per protein each. Seven of the detected 

proteins could be quantified based on their MS1 intensity (Figure 3). The change in abundance 
when using different detergent concentrations could give a hint if the concentration of the 

peptide/protein is changing due to improved solubilisation of the protein. This is possible 
because in mass spectrometry coupled to ESI the signal intensity correlates with the 

peptide/protein concentration and the abundance value obtained from LFQ is based on signal 
intensity [128]. The three RdhB proteins without abundance values were CbdbA188, 

CbdbA1559 and CbdbA1617. The other seven RdhB proteins (CbdbB3, CbdbB4, CbdbA1094, 
CbdbA1502, CbdbA1536, CbdbA1545 and CbdbA1597) had abundance values between 

4.9 x 103 (CbdbB3) and 6.6 x 105 (CbdbA1597) (Figure 3). The RdhB proteins CbdbB3, 
CbdbA1094, and CbdbA1597 were only identified when a detergent was added during sample 
preparation and before separation on SDS-PAGE. For the peptide of CbdB3 higher abundances 

were obtained when SDS was used instead of DDM, with highest abundance of 2.4 x 105 in 
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samples containing 5 % SDS in aqueous solution. In contrast to CbdbB3, the two peptides 
detected from CbdbA1094 and CbdbA1597 were found in the sample treated with 1 % DDM. 

The peptide of CbdbA1094 was found to have an abundance of 9.7 x 104 and the peptide of 
CbdbA1597 had the highest abundance of all found peptides with 6.55 x 105. The only peptide 

that was identified exclusively in the control sample without detergent treatment before 
separation on SDS-PAGE belonged to the RdhB protein CbdbA1502. The peptides from 

CbdbB4, CbdbA1536 and CbdbA1545 were identified in all samples independently of 
detergent treatment. The peptide of CbdbB4 had relative high abundances in all samples 

amounting to over 2 x 105. The highest abundances above 5 x 105 were found in aqueous SDS 
treated samples as well as in the samples with solubilisation buffer and 1 % SDS. In contrast to 

CbdbB4, CbdbA1536 had relative low abundances below 3 x 104 of which the highest 
abundance was obtained in the control sample with 2.97 x 104 and abundances in all 

detergent treated samples were below 2 x 104. CbdbA1545 had peptide abundances in 
between, while the highest abundance was detected for treatment with 1 % SDS. 

 

 
 
Figure 3. Abundance of RdhB proteins identified after solubilisation and separation on SDS-PAGE. 
The peptide abundance of each RdhB protein was determined by in samples solubilized with either 1 % (w/v) DDM 
or SDS (0.5 %, 1 %, 5 % (w/v) in aqueous solution or solubilisation buffer containing in addition to the detergent 
50 mM Tris-HCl at pH 8, 1 mM EDTA and 500 mM NaCl). The different RdhB proteins are colour-coded as shown in 
the legend. 
 

We then tested solubilisation of membrane proteins with the anionic detergent RapiGest. 
Intact cells were solubilized with 0.125 % RapiGest in a defined buffer and solubilized proteins 

were digested in-solution with chymotrypsin. During the elution at the desalting step with 
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ZipTips different combinations of AcN concentrations were applied. The first combination was 
30 and 80 % AcN, which was also used during the usual desalting procedure. The second 

combination is using 80 and 100 % AcN with the intension to elute more of the hydrophobic 
membrane peptides. With this solubilisation approach 22 peptides of 15 RdhB proteins could 

be identified and quantified by LFQ. Ten more peptides of RdhB proteins were identified, but 
not quantified by LFQ and therefore excluded from further analysis. Of these 10 peptides five 

belonged to RdhB proteins where no other peptide was identified and quantified. 
 

 
 
Figure 4. Abundance of identified RdhB proteins after solubilisation with RapiGest, in-solution digestion and 
ZipTip-desalting with different elution concentrations of AcN. 
Cells were solubilized with 0.125 % RapiGest and then digested in-solution with the protease chymotrypsin. During 
the desalting step with ZipTips two different combinations of AcN concentrations were used. Normal procedure 
with 30 and 80 % AcN (blue) and with high organic concentrations of 80 and 100 % AcN (red). Abundances of 
corresponding identified peptides (A) and grand average of hydropathy (GRAVY) value of peptides for each 
abundance (B) are shown. 
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For the quantified peptides the lowest abundance was 8 x 104 and the highest abundance 
1.2 x 108. If the average value of abundances over all quantified peptides is calculated a 

1.6-fold increase from 1 x 107 to 1.6 x 107 was observed. But this increase in abundance when 
elution took place with the combination of 80/100 % AcN was not seen for every quantified 

peptide (Figure 4). For the following ten peptides the abundance was higher when eluted with 
30 and 80 % AcN: CbdbA188-peptide 1, CbdbA239-peptide 2, CbdbA1094-peptide 1, 

CbdbA1452-peptide 2, CbdbA1494-peptide 1, CbdbA1502-peptide 1, CbdbA1577-peptide 1, 
CbdbA1594-peptide 1, CbdbA1617-peptide 1, and CbdbA1626-peptide 1, but only three of 

them had an increase that was almost 2-fold or higher (CbdbA1452-peptide 2, CbdbA1502-
peptide 1, and CbdbA1594-peptide 1). In case of elution with 80/100 % AcN six peptides had 

an abundance that was 2-fold or more compared to 30/80 % AcN. These peptides were 
CbdbA1559-peptide 1 with 2-fold more, CbdbA188-peptide 2 with 2.3-fold more, CbdbB4-

peptide 1 with 2.4-fold, CbdbA1490-peptide 1 with 5.5-fold, CbdbA239-peptide 1 with 
5.8-fold, and CbdbA1490-peptide 2 with 102.3-fold more. To test the hypothesis that higher 

concentrations of the organic phase elutes more hydrophobic peptides, the grand average of 
hydropathy (GRAVY) values were calculated for the quantified peptides and plotted against 
the abundance values (Figure 4B). When the GRAVY value is greater than 0 a peptide was 

considered to be hydrophobic and it was expected that the abundance for the peptide 
increases with 80/100 % AcN or vice versa when the GRAVY value is negative the peptide was 

assumed to be hydrophilic and the abundance for 30/80 % AcN should be higher. This was 
true for 14 out of the 22 quantified peptides. Exceptions were the hydrophobic peptides 

CbdbA188-2, CbdbA239-peptide 2, CbdbA1094-peptide 1, and CbdbA1502-peptide 1 with 
GRAVY values of 1.9, 1.7, 1.8, and 2.2 where the abundance is 0.8-fold, 0.6-fold, 0.8-fold, and 

2.5-fold lower for elution with higher AcN concentration, respectively. Also peptides that are 
hydrophilic or only slightly hydrophobic that had higher abundance with more organic content 

were CbdbA188-peptide 3, CbdbA239-peptide 1, CbdbA1452-peptide 1, and CbdbA1454-
peptide 1 with GRAVY values of -1.3, -1.3, 0.5, and 0.9 and abundances that were 1.1-fold, 

5.8-fold, 1.5-fold, and 1.4-fold higher. Although one may take into account only the peptides 
with a fold-change of more than 2, then only 2 peptides were an exception, which are 

CbdbA239-peptide 1 and CbdbA1502-peptide 1. 

3.1.2 Membrane shaving approach to obtain information on trans-membrane 

helices of integral membrane proteins 

The shaving approach combines proteinase K digestion, solubilisation with RapiGest and 

chymotrypsin digestion of the resulting peptides and was described before to analyse integral 
membrane proteins of Staphylococcus aureus [103]. During proteinase K digestion water-

accessible loop regions of membrane proteins and peripheral membrane proteins are digested 
almost completely, whereas the transmembrane segments of integral membrane proteins are 

protected from digestion by the membrane. In the solubilisation step these transmembrane 
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segments are detached from the membrane and digested with chymotrypsin. Cleavage with 
chymotrypsin is better suited for this purpose than cleavage with trypsin, as the trypsin 

cleavage site behind lysine and arginine residues is rarely found in transmembrane domains of 
integral membrane proteins in contrast to aromatic amino acids and leucine after which 

chymotrypsin cleavage takes place. 
This procedure was adapted to obtain improved detection of peptides from integral 

membrane proteins. Especially the small 10 kDa RdhB proteins were difficult to detect in 
previous MS analyses of strain CBDB1. So far only RdhB CbdbB3 that is encoded in the operon 

with RdhA CbdbA80 was detected, but also only with one peptide ‘FIQYLK’ that is predicted to 
be in a cytosolic loop of the protein by the Protter prediction tool [120]. After cell harvest the 

membrane fraction was separated from the cytosolic fraction by ultracentrifugation. In the 
next steps proteins were reduced and alkylated before digestion with proteinase K. The 

membrane fraction containing the transmembrane domains of integral membrane proteins 
were again separated by ultracentrifugation. The pellet was then resuspended in digestion 

buffer containing either only TEAB as control or additionally different solubilisation agents 
(RapiGest, DDM, digitonin, or SDS). The solubilized transmembrane domains were digested in 
the following step by incubation with the protease chymotrypsin. Data was analysed with two 

databases, the UniProt database of strain CBDB1, and with a custom database of the integral 
membrane proteins of the OHR complex with possible peptides that could be generated 

during shaving process. 
Analysis of all samples revealed that overall 11 RdhB proteins could be identified. The three 

RdhB proteins CbdbB3, CbdbA1594 and CbdbA1623 were identified with a probability of 99 % 
to be true positives with both databases. Six RdhB proteins were identified also with FDR of 

0.01 only with the custom database. The remaining two RdhB proteins were identified with a 
probability of 95 % in respect to their confidence level for protein hits with the custom 

database (Table 4). Every of these eleven RdhB proteins were also identified with low 
confidence from the custom database with a range between 117 and 293 hits. The total 

number of identified peptides ranged from 168 for CbdbA1452 to 417 for CbdbB3 of which 
100 % (CbdbA1452) to 94 % (CbdbB3) were peptides identified with low confidence (Table 4). 

Additionally with low confidence and therefore increasing possibility to be a false-positive all 
other RdhB proteins were detected with the custom database. It should be noted that protein 
hits from the custom database were actually peptides. This resulted in only seven RdhB 

proteins with a probability > 95 % to be true positive hits. 
Further analysis comparing the different detergents used to solubilize the shaved peptides 

focused on peptide abundances of single peptides as well as on the total protein abundance 
from the UniProt database. For the RdhB protein CbdbB3, which had the highest number of 

true positive hits with a probability of 99 % from both databases, all of these peptides were 
detected when RapiGest was used as detergent (Figure 5). The peptide ‘CIQNSIAGF’ (position 

52 to 60 in the protein) with a carbamidomethylation modification on the cysteine residue 
was the only peptide identified regardless if the detergent was present or not. However, this 
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peptide was increasingly more abundant when RapiGest, DDM or SDS was present. The 
abundance with digitonin was similar to the abundance without detergent. The peptide 

‘CIQNSIAGF’ was also the only peptide that was found in the treatment with the detergent 
SDS. With Protter as well with the TMHMM-tool the peptide was predicted to be located 

mainly in the second transmembrane helix towards the periplasm. The peptides identified 
from samples treated with the detergents DDM or digitonin, but also from untreated sample 

were at position 72 to 90 in the protein sequence of CbdbB3. Both transmembrane helix 
prediction programs predicted the transmembrane helix 3 of CbdbB3 to be from amino acid 

68 to 90 (Figure 6). Peptides ranging from amino acid 70 to 83 were identified with a higher 
abundance for samples that were solubilized. Peptides in this range from DDM-solubilized 

samples had even higher abundance when methionine residues were oxidized. Peptides 
identified with amino acid 83 to 90 of the CbdbB3 sequence had comparable abundances 

when solubilized with RapiGest or when not solubilized at all (Figure 5). The protein CbdbB3 
was only detected with the UniProt database when samples were solubilized with either 

digitonin or with RapiGest and abundances were comparable between protein and identified 
peptides from both databases (Figure 5). For the other identified RdhB, CbdbA1454, 
CbdbA1594, CbdbA1623, and CbdbC1 only one peptide of less the 0.05 FDR was identified. 

This peptide was found in CbdbA1454 with high confidence after solubilisation with RapiGest 
and the peptide was also found in the third transmembrane helix according to predictions of 

transmembrane helices. CbdbA1594, CbdbA1623, and CbdbC1 peptides are in accordance 
with predictions to be located in the second transmembrane helix and were found in samples 

treated with RapiGest or DDM as detergent but also in the control sample ‘TEAB’ without 
detergent. For CbdbA1617 two almost identical peptides were identified, yet in one of the two 

peptides a miss-cleavage occurred so it was one amino acid longer. Both peptides were 
identified when treated with detergent RapiGest and in the control sample and are located in 

the third transmembrane helix. The RdhB protein CbdbA84 was identified with three peptides 
from the custom database and those three peptides had similar sequence, again differing in 

one or two amino acid only due to miss-cleavages. They were all identified after solubilisation 
with RapiGest and were located in the third transmembrane helix. Another peptide of 

CbdbA84 was identified with the custom database and with the UniProt database from 
samples solubilized with RapiGest or DDM, but also in the sample without detergent. 
Interestingly this peptide was located in an intermembrane region in the periplasm between 

transmembrane helix two and three. 
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Table 4. Identifications of RdhB proteins by the membrane shaving approach. 
The confidence level was obtained from FDR calculations using a decoy database with strict FDR of 0.01 resulting in high confidence, FDR of 0.05 medium confidence, and FDR > 0.05 low 
confidence. 

Accession CbdbA1452 CbdbA1454 CbdbA1541 CbdbA1594 CbdbA1617 CbdbA1623 CbdbA188 CbdbA85 CbdbB3 CbdbB4 CbdbC1 

 
  confidence level                       

protein hits 

UniProt 
database 

High   
  

1 
 

1 
  

1 
  Low   1 1 

 
1 

 
1 

  
1 1 

Custom 
database 

High 7 3 2 10 2 2 
 

12 43 
 

2 
Medium   3 

  
2 

 
1 

 
2 3 

 Low 120 270 215 226 230 117 245 138 246 244 293 

peptide hits* 

UniProt 
database 

High   
  

1 
    

1 
  Medium   

    
1 

 
1 

   Low 2 8 12 12 5 13 21 16 8 22 16 

Custom 
database 

High   1 
 

1 2 1 
 

2 18 
 

1 
Medium   

      
2 7 

  Low 168 382 303 322 334 171 318 222 417 391 408 
total number of peptide hits 168 384 308 327 339 172 330 226 444 398 415 

peptide hits without 
quantification values 75 212 159 175 178 92 169 112 216 207 226 

* some peptide hits shared between both databases 
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Figure 5. Peptide abundances of RdhB protein CbdbB3 peptides measured by mass spectrometry after shaving of 
the protein and solubilisation of the resulting peptides with different detergents. 
Abundances of each peptide are depicted on the y-axis while the x-axis indicates the position in the protein and if a 
modification was present (CAM-carbamidomethyl, 1Ox or 2Ox for 1 or 2 oxidations on methionine residues). 
Detergents used are indicated by different colours and were RapiGest (RG) in blue, dodecyl-ß-D-maltoside (DDM) in 
red, digitonin (Dig) in green, sodiumdodecyl sulfate (SDS) in orange and the buffer TEAB in grey as control without 
detergent supplement. 
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Figure 6. Prediction of transmembrane regions (TMR) for RdhB CbdbB3 with the online prediction tools TMHMM 
(A) and Protter (B). 
The transmembrane helixes or regions are indicated either with a red bar (A) or a red number (B) [118-120]. 
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The second integral membrane protein of the OHR complex, OmeB, was also identified with 
the UniProt as well with the custom database. In total 2700 peptides could be identified of 

which around 99 % were of low confidence, 17 had a high confidence level and six had 
medium confidence level. The transmembrane helices or regions were again predicted by 

TMHMM as well as Protter and both programs predicted 10 transmembrane helices with 
similar distribution of amino acids (Figure 8). Of the 17 high-confidence identified peptides 

nine peptides were located in predicted transmembrane helices. The peptide 27-43 located in 
transmembrane helix one was only identified after solubilisation with RapiGest, which was 

also the case for peptide 96-103 located in transmembrane helix three as well as 317-334 
oxidized once and without oxidation in transmembrane helix nine. Another peptide 333-338 

corresponding to transmembrane helix nine was identified during solubilisation with digitonin, 
DDM, RapiGest and without detergent. Three more peptides 339-345, 339-346, and 347-357 

are predicted to be partially belonging to transmembrane helix nine or ten and within the 
periplasmic loop region of nine and ten. The peptides 339-345 and 347-357 were only 

identified during solubilisation with RapiGest, while 339-346 was also identified during 
solubilisation with digitonin and DDM as well as in the control sample that was not solubilized. 
Such an overlap between transmembrane helix and loop region was also seen for the peptide 

110-122 predicted to be partially located within transmembrane helix three and the 
periplasmic loop region between transmembrane helix three and four. This peptide was also 

identified only during solubilisation with the detergent RapiGest. The two peptides 65-72 and 
73-86 with oxidation correspond to transmembrane helix two and were identified both in 

samples treated with DDM or RapiGest or without detergent. The peptide 65-72 was also 
identified in samples solubilized with SDS, while the peptide 73-86 was also identified in 

samples treated with digitonin. The peptide 98-103 corresponds to transmembrane helix 
three and was identified in all detergent treated samples except with SDS, as well as in the 

untreated sample. The peptide 198-196 is the last peptide that was predicted to be in a 
transmembrane helix, which is transmembrane helix 5, and was identified when treated with 

DDM or RapiGest, but also in the control sample (Figure 7). All other identified peptides were 
within loop regions or in the cytosolic N or C terminus of the protein. N- and C-terminal 

peptides were 15-20 and 378-384, while loop peptides were 48-61 in periplasmic loop 
between transmembrane helix one and two; 158-164, 158-167, and 161-167 were located in 
the cytosolic loop between transmembrane four and five; peptides 200-209, 201-209, and 

202-209 in the periplasmic loop between transmembrane helix five and six; and peptide 274-
283 also in a periplasmic loop between transmembrane helix seven and eight. 
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Figure 7. Peptide abundances of OmeB peptides obtained by the shaving approach after solubilisation with 
different detergents. 
Abundances of each peptide are depicted on the y-axis while the x-axis shows the position in the protein and 
methionine oxidation (Ox). Detergents used were RapiGest (RG) in blue, dodecyl-ß-D-maltoside (DDM) in red, 
digitonin (Dig) in green, sodiumdodecyl sulfate (SDS) in orange and the buffer TEAB in grey as control without 
detergent supplement. 
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Figure 8. Prediction of transmembrane regions (TMR) for OmeB with the online prediction tools TMHMM (A) and 
Protter (B). 
The transmembrane helixes or regions are indicated either with a red bar (A) or a red number (B) [118-120].
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3.1.3 Separation of small proteins on polyacrylamide gels to improve the detection 

of integral membrane proteins 

A third technique was applied to improve detection of the small integral membrane anchoring 

proteins RdhB using Bis-Tris polyacrylamide gels designed to resolve especially small proteins. 
For that we used the Criterion XT gel in combination with the XT MES running buffer under 

denaturing conditions. After cell harvest the pellets were resuspended in either PBS as control 
or PBS with detergent (SDS, digitonin, DDM, RapiGest) for solubilisation. After electrophoresis 

(chapter 2.6.2.3) the proteins were visualized by silver staining (chapter 2.4.3) and cut for MS 
sample preparation (chapter 2.5.1) and analysis (chapter 2.5.4.1) as described in the 

corresponding material and method sections in an area of 10 to 15 kDa according to the 
molecular weight marker. In one experiment, samples were digested with trypsin plus 

chymotrypsin and in the other experiment samples were only digested with trypsin. For 
simplification the protein abundances obtained in all bands cut for treatment with one 

detergent of one concentration were summed up and the means of absolute protein 
abundances were compared. 
During the first experiment cell extracts were solubilized either with DDM, digitonin or SDS in 

three different concentrations of 0.5 %, 1 % and 2 % of each detergent. In the control sample 
only PBS without any detergent was added. After electrophoresis and silver staining visible 

bands between 10 and 15 kDa were cut and digested with trypsin plus chymotrypsin. Protein 
identification revealed three RdhB proteins that were identified with high (CbdbA85 and 

CbdbA188) or medium (CbdbB3) confidence by the search engine Sequest HT in Proteome 
Discoverer (Figure 9). CbdbA85 and CbdbB3 are encoded in an operon with RdhA proteins 

CbdbA84 and CbdbA80 the two most abundant RdhA proteins in strain CBDB1. The RdhB 
protein CbdbA188 is encoded in an operon with RdhA protein CbdbA187. Although CbdbB3 

was identified only with medium confidence level the highest abundances greater than 1 x 107 
were observed when solubilized with DDM. The protein abundance was comparable no 

matter which concentration of DDM was used. Also treatments with other detergents 
revealed higher protein abundances of CbdbB3 than without detergent. In case of CbdbA188 

also all detergent treated samples showed higher protein abundance than the control sample 
PBS. A concentration of 2 % DDM yielded the highest protein abundance (1.79 x 106), but this 
is in a similar range as 0.5 % digitonin (1.33 x 106), 0.5 % SDS (1.16 x 106), and 1 % SDS 

(1.31 x 106). In contrast CbdbA85 had also relatively high protein abundance in the control 
with 1.79 x 106 so that only 0.5 % and 1 % DDM, and 0.5 % and 1 % SDS had slightly higher 

relative protein abundances above 2 x 106 and 2.5 x 106. Solubilisation with 2 % DDM showed 
a protein abundance of 1.87 x 106, which is very similar to the value obtained without 

detergent treatment, while solubilisation with digitonin always resulted in lower values of 
protein abundance. When protein abundance in each single cut band was considered then it 

could be observed that in some cases the highest and lowest absolute protein abundance for 
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one kind of treatment is either in a very similar range or that one or two bands have absolute 
protein abundance differing from the lowest in at least on decimal power. The second 

observation was mainly made for CbdbB3 with the exception of 0.5 % SDS. The highest 
absolute protein abundance for CbdbB3 was mainly found at 13 kDa, and only when not 

solubilized or solubilized with 1 % SDS then the highest protein abundance was found at 
10 kDa. A narrowed range with higher protein abundance for CbdbA188 was found in samples 

treated with 0.5 % SDS, 1 % or 2 % DDM, and 1 % digitonin were the highest abundance was 
also found in 12 or 13 kDa. In case of CbdbA84 only for 1 % and 2 % digitonin this observation 

was made, although for 1 % the highest abundance was at 10 kDa and for 2 % the highest 
abundance was found at 13 kDa (Table S 5). The two RdhB proteins CbdbA85 and CbddbA188 

contained one peptide that was assigned to high confidence level, as well as 24 and 21 
peptides of low confidence, respectively. For CbdbB3 even three peptides of high confidence 

could be identified and 16 of low confidence level (Table 5). The total sequence coverage with 
high and low confident peptides resulted in 97.8 % for CbdbA85, 93.7 % for CbdbA188, and 

100 % for CbdbB3 (Table 5). 
 

 

Figure 9. Protein abundances of RdhB proteins identified with high and medium confidence level by Sequest HT 
search engine under different solubilisation conditions. 
RdhB proteins CbdbA85 and CbdbA188 were identified with high confidence and shown in blue and red, while 
CbdbB3, in green, was identified with medium confidence level over all solubilisation procedures tested. 
Solubilisation was performed with 0.5 %, 1 %, or 2 % (w/v) of the detergents DDM, Digitonin or SDS, as well as PBS 
without detergent as control. 
 
In addition to CbdbA85, CbdbA188, and CbdbB3 25 other RdhB proteins were identified with 
low confidence during solubilisation and separation on the Criterion XT Bis-Tris gel. Of these 

25 RdhB proteins four proteins, namely CbdbA1597, CbdbA1094, CbdbA1577, and CbdbA1637 
had less protein abundance in detergent treated samples than in the control sample with PBS. 

RdhB proteins CbdbA1452, CbdbA1573, CbdbA1502, CbdbA1454, and CbdbB5 showed the 
highest protein abundance in samples solubilized with the detergent digitonin. In case of 
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CbdbA1452 solubilisation with 1 % digitonin resulted in the highest protein abundance of all 
samples and was the only detergent-treated sample that reached higher protein abundance 

than the non-solubilized samples. For the four other RdhB proteins mentioned before 
digitonin treatment of any concentration resulted in higher protein abundance than observed 

in the control sample without detergent. For CbdbA1573 increasing concentration of digitonin 
resulted also in an increase of protein abundance. On the other hand for CbdbA1502 the 

protein abundance was decreasing with increasing digitonin concentration that was used for 
solubilisation. The protein abundances for 1 % and 2 % digitonin were very similar with 

8.16 x 106 and 7.8 x 106. No such trend was observed for CbdbA1454 and CbdbB5, instead 1 % 
digitonin gave the highest protein abundance, and 0.5 % and 2 % digitonin resulted in lower 

protein abundances. Only two additional proteins to CbdbB3 and CbdbA188 had highest 
protein abundances with DDM used for solubilisation. CbdbB40 had the highest protein 

abundance when treated with 0.5 % DDM, followed by 2 % and 1 % DDM. Only solubilisation 
with DDM and additionally with 1 % SDS resulted in higher protein abundance values than PBS 

sample. In contrast to RdhB CbdbB40, CbdbA1536 had higher protein abundance values in any 
detergent treated sample, although the absolute protein abundance was around one decimal 
power lower. With 1 % DDM an absolute protein abundance of 2.19 x 105 was reached, 

followed by 2 % DDM, 0.5 % and 1 % digitonin with absolute protein abundance between 1.7 
and 1.9 x 105. The remaining 14 identified RdhB proteins showed highest absolute protein 

abundances when treated with SDS as detergent. For those proteins mostly 0.5 % and/ or 1 % 
SDS was the detergent concentration with highest protein abundance for the respective RdhB 

protein. All low confidence level assigned proteins had sequence coverage between 86.6 and 
100 % and associated peptides were also assigned with a low confidence level.
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Table 5. Identified RdhB proteins by Sequest HT search engine from gel bands cut from small protein resolving gel (Criterion XT Bis-Tris polyacrylamide gel with XT MES running buffer) 
and digested with trypsin and chymotrypsin proteases. 

Accession 

Protein 
FDR 
Con-
fidence 

Peptides/
unique 
peptides 

Sequence (with colour code for confidence level of identified peptides) 
Sequence 
coverage 
(%) 

cbdbA85 High 25/24 MWFTIGMIFGLLISVIFWLLKRNNLNLNWFEWIIGLVGFGLLIFTVQNFMGSFAELEPTAAYFFLLITGLPSLILLAIAWQLAIRRTKKA 97.8 

cbdbA188 High 22/22 MTGIVFLFGLLLGILGTWLWHTAKERSIKLAWVDYLLIAIFVLMAGGGIWFVNTFTEESVSSAARSSGLIFGLLALLVLGVTWQLIRRRNHKSGI 93.7 

cbdbB3 Medium 19/19 MFTSNILIWATISLLIGLGFARFIQYLKVKAINIKWYEWIIGISGLLLILFCIQNSIAGFAEREPKSAWMFMVIIGLPGLILLGVARSLVTARQKRTPSI 100.0 

cbdbA1617 Low 20/20 MWLIISFVLGALLLGLVMWLRSSHVSLTWYEWVLGIVGLVLLLFTVLFFTDALGETESKAATMFLLVLGLPAVILLALSWQLTVRRIKKA 94.4 

cbdbA1545 Low 24/23 MQYFIPFALIGAVVAIGIYEFVKWLRRNGIKAIWYEWLMGAVGLVLLLLGIQHFFGAMSELFYFAAWMGLTIIGVPALILMLVAWQLIARRAKQS 94.7 

cbdbA1597 Low 20/20 MWLIVGLIVGALVMGLFWLMKRNSFSLKWYEWLIGIVGLVLLLLTIQNYFGSLNELESKAASMFLLVLGLPALILLALSWQMVARRIKKA 94.4 

cbdbA1452 Low 23/22 MEVGSMFFVGLAVAVALTLFVVWLIRRQLGIKWYEWIIGFLAVASLFATVQHYFSSLEENEPTSAWMGALIFGIIFLILAALDWQLVIRHKKVA 94.7 

cbdbA1094 Low 25/25 MWMMLLNVLMGLGLAAAAWAVYSVAKGYGKAVKWWHWAMLLVAGVLWIVGFSWLGAQMGEELGGMVFVQGALFGWGVLFILSIVLTLITFQLIRRQAK 100.0 

cbdbA1573 Low 25/25 MEYFIPLMLVGAVVAAALFGITNWLRNRNLKVSWYEWLIGGIGFALLLLAIQHFFGAMEEIFPFAAWMGLAIIGVPALILMLVAWQLVARRAKQS 92.6 

cbdbA1577 Low 22/21 MENFIPFMLIGAVVTAGLFGVISWLRKSNIKVSWYEWLIGIVGLGLLLLAVQHLFGAMSELFSYAAWMGFAIIGIPALILLAIAWQLVVRKTKKA 95.8 

cbdbA1559 Low 24/23 MWFFIALIAGAGIMGLAWLLKIKGVKLTWYEWLLGIVGFFLVLMTIQNYFGSVAEYEQEAANMFLLVLGLPAVVLLALAWSLAWRRRSAT 93.3 

cbdbA1637 Low 22/22 MWFFIGIIIGALVLGFIWWLRRKNLNLTWYEWVLGILGLLLLVFTLQNFMGSFEEIESKAAYMFLLITGLPSLILLALTWQLAARRLAKA 87.8 

cbdbA1541 Low 21/21 MWFIIGIIIGAIVLSLIQWMRNKNISGTWYEWLIGFAGLVLLLFTVQNFFGSLAEVESKAAYMFLLVTGLPAVVLLALSWQLAARRVKKA 95.6 

cbdbC1 Low 23/23 MFWPTVMVILTIAIGALLLWGKNKGLSFKLYEWLLFIAGVALFIFTLENIQGSFQENVPKAVLMFVLVTGIPSIILLAIPMIGVWRRGSSRT 97.8 

cbdbA1594 Low 20/19 MFWIGLLAGAAIALLANWLVQKGVFTKWYEWVLGGLGVLALFATGQHYFSSLRENEPQSAWMGALIFGLIALILLGVAWQLSVRKTKKA 91.0 

cbdbB4 Low 31/31 MWSLYTMIWMLIGIALGVGFTALVNMLNKRGISVRFYEWLIGITGLVLFLFTIQNFYTAFQEFYTKAAWMFLLVTGIPAVILLAISWQLVSRRVSNKA 100.0 

cbdbA1626 Low 20/17 MWFIIGILVGALVLGLVWLMKRNNFSLAWYEWLIGAIGALMLLFTVQNYFGSLAEVEPKAASMFLLVVGLPGLVLLALAWQLAARRVKKA 94.4 

cbdbA239 Low 22/22 MWLLLGILIGIIALGIIWWARKSNTSLQWYDWVIGLAGLAMLLFTVQNYFASVAEGESKAASMFLLVAGLPALILLAVVWQLVIRRVKKA 95.6 

cbdbB40 Low 22/22 MSLVVFLCGLILGIVGMILWNVKKEKNIHLKWTDYLWISLFTLVVGIGIIFLIYPFAQESEYGAVMRSSLIVGFSAIVILGIVVQLVRRRNSA 95.7 

cbdbA1562 Low 26/26 MRSDYMWFIMGTVVGIVILGLFWLIKRNNLSLTWYEWVIGIAGFALMLLTVQNFIGSFLEYEPRAAYMFLLVTGLPSLVLLGVAWQLAARRVKKA 95.8 

cbdbB33 Low 20/20 MLYWTGLIVGVGLAILGGWIVMTKQLKFRWYELLIGAVGLISVFAAVQHYFSSIREWEATSAWLGAVVFGLLGLIMLGVVFQLVRRHNRAR 96.7 

cbdbA1502 Low 20/20 MLLFLLTLVGGFSIIGAIFVFQKVLASKGFVVQWWFWVMAAISALCWVLGFAWLGAQLAEGNAEIGAYTGFGILVGISIVLILVNYRLASQAKYVVE 86.6 

cbdbA1549 Low 26/25 MYFIGLAVGAVFALSIYWLIKQNKKITWWQWLIALIATIALFAAVQHFYGSLAENDTKAAWVGMGIFGIIAVILGVVDWRLIAGNKEKV 98.9 
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Accession 

Protein 
FDR 
Con-
fidence 

Peptides/
unique 
peptides 

Sequence (with colour code for confidence level of identified peptides) 
Sequence 
coverage 
(%) 

cbdbA1454 Low 22/22 MWLIIGLIIGALLLGLVWLMKRGNFSLTWYEWLIGIIGMALILFTIQNFVGSLDELESKAASMFLLVIGLPGLILLAISWQLAARRIKKA 97.8 

cbdbA1507 Low 18/18 MFYWIGVLSGVGLALLVNWLKKKTTVRWYEWLIGALGLLSGIGAIQHYFGSLVENEPESAWMGFLVFFILAVVLLATSWALLRRHPQSG 97.8 

cbdbA1536 Low 17/17 MNYLIGLLIGIVIALIAYTLNRKVSFKWYDWVLGVAILGLLSVGTQHLLSSLAGFETSAAWFGFAIFGGLAVVLALVEWRLLSARNKAA 94.4 

cbdbA1490 Low 23/20 MWFIIGLAVGALLLGLIWLMKRSNVSLTWYEWLIGVIGLSMLLFTAQNFFGSLAEVEPKAASMFLLVTGLPSLILLAIVWQLAARRTKKA 97.8 

cbdbB5 Low 18/18 MWFFIGLIIGVALLALVLWLKRKVIRLSWYDWVIGFIAFIFGVLAVQHYMASVSHGELKAGLLGLGIFGVIAIVLALLDWQLIARRKKV 92.1 
 

Peptide FDR (false discovery rate) confidence level is shown in three different colours: green for high confidence with FDR of 1 % or below, yellow for medium confidence with 1 to 5 % FDR 

and red is assigned to low confidence level were FDR is above 5 %. Protein FDR confidence level are assigned to FDR below 1 % high confidence, FDR above 1 % and below 5 % medium 

confidence and above 5 % low confidence level. 
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In the second experiment visible bands from silver staining were also cut for the different 
detergents used for solubilisation (DDM, digitonin, SDS, and RapiGest) each with a 

concentration of 1 % (w/v) with exception of RapiGest with a concentration of 0.4 % (w/v). As 
control sample, cells were again resuspended in PBS buffer. During digestion with trypsin only 

five RdhB proteins with protein abundances could be identified and all with a low FDR 
confidence level. Of those five RdhB proteins CbdbB3 had the highest protein abundances in 

all measured samples. The sample treated with 1 % SDS at 13 kDa showed highest protein 
abundance with 3.67 x 107, followed from the non-solubilized control sample at 13 kDa with 

1.59 x 107 (Table 6). CbdbA1094 and CbdbB4 had the highest protein abundances in 1 % SDS 
treated sample (CbdbA1094) or RapiGest treated samples (CbdbB4), whereas CbdbA1536 and 

CbdbB5 had the highest protein abundance in the PBS control sample (Table 6). In addition to 
the lower number of identified RdhB proteins when only trypsin was used as protease also the 

sequence coverage reduced to 36 %, 35 %, 34 %, 66 %, and 42 % for the RdhB proteins 
CbdbB3, CbdbA1536, CbdbA1094, CbdbB5, and CbdbB4, respectively, compared to sequence 

coverage when digested with trypsin and chymotrypsin (Table 5). 

Table 6. Absolute protein abundances of RdhB proteins identified after solubilisation with different detergents 
and separation on a small protein resolving gel. Silver staining visible bands were cut and digested with trypsin 
protease. 

detergent MW size of 
band [kDa] CbdbB3 CbdbA1536 CbdbA1094 CbdbB5 CbdbB4 

DDM 12 7.40E+06 5.74E+03 
   RG 12 2.03E+06 2.02E+03 1.79E+04 2.13E+05 3.27E+04 

13 1.58E+07 6.10E+03 7.74E+04 3.22E+05 5.78E+04 

14 1.92E+06 3.79E+03 1.56E+04 3.78E+03 2.96E+04 
SDS 12 2.50E+06 4.25E+03 

 
2.75E+05 3.74E+04 

13 3.67E+07 8.42E+04 8.02E+04 2.49E+05 4.86E+04 
PBS 12 3.38E+06 6.08E+03 7.79E+03 4.25E+05 1.24E+04 

13 1.59E+07 8.82E+04 1.43E+04 2.74E+03 
 14 3.10E+06 3.13E+03 5.85E+03 6.31E+03 1.04E+04 

White-grey shading is representing the protein abundance with white of lowest protein abundance in the 

respective sample and dark grey of highest protein abundance. 

3.1.4 RdhB protein detection by direct injection and different extraction methods 

In addition to solubilisation, membrane shaving, and small protein-resolving gels in 

combination with in-solution or in-gel digestion, also other extraction techniques and 
combinations of them were tested to dissolve integral membrane proteins from the 
membrane and analyse it by direct injection of proteins into the mass spectrometer. RdhB 

proteins have a size of around 10 kDa (89-100 amino acids), and contain several basic amino 
acids that can be protonated. Therefore the acquisition of only two to three protons during 

the electrospray ionization would results in ions with an appropriate m/z value. All 
measurements performed on the Orbitrap fusion Tribid mass spectrometer with Orbitrap as 

mass analyser can detect ions with m/z values up to m/z 6000. First we applied solvent 
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extraction to extract RdhB proteins from cell extract. For this purpose crude cell extracts 
obtained by two-step centrifugation harvest were resuspended in PBS and then treated with 

organic solvents to extract hydrophobic membrane proteins. Organic solvents used were 
hexane, pentane, ethanol or AcN. 

When hexane or pentane was injected into the mass spectrometer no spray formed. 
Therefore the hexane or pentane phase was evaporated in all following samples. Other 

samples were dissolved in different concentrations of AcN (100 %, 80 %, or 50 % (v/v)) with 
0.1 % formic acid. The spray was most stable when 80 % AcN were used. To specifically pick 

the full RdhB proteins the expected m/z values for RdhB proteins (for the different isotopes 
with different charges) were added to an inclusion list to pick especially these precursor 

masses for fragmentation. Nevertheless none of the predicted masses was detected. In 
another approach solvent extraction was combined with solubilisation. Therefore cells were 

harvested by two-step centrifugation and the pellet was resuspended in PBS containing 1 % 
(w/v) of the detergent DDM. Solubilisation took place for one hour, at 4 °C, while shaking. 

Afterwards hexane, ethanol or AcN was added and samples were incubated on a rotary shaker 
overnight for extraction. The organic phase was then transferred to a new reaction vial and 
evaporated until dryness. Samples were the dissolved in 80 % (v/v) AcN with 0.1 % (v/v) formic 

acid, and measured by direct injection where the measurement method included again the 
inclusion list for RdhB proteins. Again no masses of RdhB proteins could be detected. 

Another method tested was to perform ultracentrifugation of harvested cells to collect again 
the membrane fraction as done in the shaving approach and dissolve the samples in either 1 % 

(w/v) DDM or 0.5 % (w/v) RapiGest. Samples were then desalted using Zip Tips, eluted with 80 
% and 100 % (v/v) AcN, directly injected into the mass spectrometer without using the HPLC 

for peptide separation and analysed using the inclusion list of RdhB proteins. Also with this 
approach RdhB protein masses were not detected. 

3.2 Analysis of the complexome of Dehalococcoides mccartyi strain CBDB1 

To investigate the interactions and strength in protein complexes of CBDB1 with focus on the 

respiratory multi-enzyme complex the proteins were extracted and solubilized with three 
different modes and then analysed by a method called complexome analysis. In this way 

different snapshots of protein complexes and subcomplexes can be analysed allowing 
conclusions of the interaction and stability of subunits within different complexes. The three 

different extraction modes all involved the mild detergent DDM and were named (1) whole-
cell extraction, (2) membrane fraction extraction and (3) disrupted cell extraction. The first 

extraction mode was supposed to be the mildest strategy where proteins were solubilized for 
one hour at 4 °C, which should keep the entire complex intact. The harshest extraction mode 

was the second where cells were disrupted by beat beating, followed by an ultracentrifugation 
step to collect the membrane fraction and then solubilized for one hour at 4 °C. The last mode 

was to combine beat beating and solubilisation for short time and should show an 
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intermediate state between the first two extraction modes. All extraction modes are 
described in more detail in the material and methods section 2.6.3. 

In complexome analysis proteins were separated in their native state on a non-denaturing 
polyacrylamide gel. The gel lane was cut into thin equal sized slices and each slice was 

analysed for its protein content by mass spectrometry. This gave datasets for 26 to 65 slices 
per lane, and in each of these slices identifications and associated abundances for proteins 

and their respective peptides. The data was mainly evaluated after data normalization by 
calculating the relative distribution of each protein and peptide over the whole lane. Each 

peptide stemming from the same protein was expected to have the same relative distribution 
across the gel. The relative protein distribution shows where the major amounts of specific 

proteins were located in the gel after electrophoresis. Proteins that showed a similar 
distribution pattern over the gel lane or at least the same peak maximum of their abundance 

were considered to interact with each other, by forming a protein complex. The success of this 
application was proven before by several studies [105-112]. This method was chosen as the 

established and sensitive methods of BN-PAGE and MS analysis could be used to investigate 
the protein interactions and strengths of the OHR complex and other complexes in CBDB1 
with an in-depth and high resolution picture of different solubilisation degrees from samples 

with high complexity. 

3.2.1 Whole-cell protein extraction 

The first and mildest extraction mode was whole-cell extraction in which cells were directly 

incubated with 1 % DDM and only mildly shaken without cell disruption as described in detail 
in the Methods section. The gel was cut in a range between 66 and 480 kDa into 26 slices 

(Figure 10A). In all slices a total number of 103 proteins were identified by mass spectrometric 
analysis, including all subunits of the OHR complex. Out of the 32 RdhA proteins eight were 
identified, but only one out of 32 RdhB proteins could be detected (Table 7). The detected 

RdhB CbdbB3 is encoded in an operon with one of the most abundantly expressed RdhA 
proteins CbdbA80. 
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Table 7. Values of absolute abundance for all detected proteins and subunits of the OHR complex from the three 
different extraction modes.  

Protein Whole-cell extraction Membrane fraction 
extraction 

Disrupted cell 
extraction 

Total number of detected proteins 103 233 116 
Sum of abundance all detected proteins 3.9E+10 1.9E+10 1.8E+10 
HupL  CbdbA129 2.8E+08 2.7E+07 8.9E+07 
HupS  CbdbA130 8.1E+07 2.5E+06 2.1E+07 
HupX  CbdbA131 6.9E+08 4.6E+08 2.9E+07 
OmeA CbdbA195 5.2E+08 7.7E+07 3.2E+08 
OmeB CbdbA193 4.6E+06 7.3E+07 4.2E+07 
RdhB   CbdbB3 2.6E+07 1.0E+08 1.5E+08 
RdhA   CbdbA80 8.6E+08 9.0E+07 1.9E+09 
RdhA   CbdbA84 7.4E+09 9.4E+06 4.5E+09 
RdhA   CbdbA88 3.6E+06   
RdhA   CbdbA1453 7.0E+06   
RdhA   CbdbA1455 3.5E+05   
RdhA   CbdbA1588 5.4E+08  7.4E+08 
RdhA   CbdbA1618 2.4E+08 3.3E+07 6.9E+06 
RdhA   CbdbA1638 1.8E+06   2.5E+06 
The absolute abundance was determined by calculating the sum of mass spectrometric area counts from all slices 

together. The colour code for the subunits of the OHR complex subunits is the same as introduced in the 

introduction 1.3. Protein abundance values for each extraction mode are shaded according to their abundance. 

Grey shading indicates high abundance, white background indicates low abundance. 

 

The relative protein abundance distribution of the subunits with the mildest extraction mode 
of whole-cell extraction showed already an organization of the OHR complex into modules 

(Figure 10B). Indeed up to 90 % of RdhA proteins, 60-70 % of the two hydrogenase subunits 
and about 30 % of the OmeA/OmeB proteins were located in a single slice on the gel. The 

hydrogenase subunits HupL and HupS had the same distribution pattern and the same 
maximum of relative protein abundance in slice 20. According to the theory of complexome 

analysis this indicates a tight interaction between both subunits. OmeA and OmeB that are 
encoded in one operon show slightly different distribution patterns of relative protein 

abundance between 66 and 480 kDa, but share the highest relative protein abundance in slice 
18, which still shows an interaction but probably a weaker one. The four iron-sulphur cluster 
protein HupX which is encoded in the hup operon together with hupL and hupS has a more 

similar relative protein abundance distribution pattern to OmeA and OmeB than to 
HupL/HupS, and also has the highest relative protein abundance in slice 18 as OmeA/OmeB. 

Therefore the subunits OmeA, OmeB and HupX appear to for a module, here referred to as 
‘Ome module’ and HupL/HupS appear to form a second module, while interactions between 

these two modules appear to be less strong. Using whole-cell extraction eight RdhA paralogs 
could be identified. Five of the identified RdhA proteins five showed distinct maxima: 

CbdbA1618 in slice 9, CbdbA88 and CbdbA1588 in slice 18, and CbdbA1638 and CbdbA1453 in 
slice 20. The fact that the Ome module had the same maximum as CbdbA88 and CbdbA1588 

suggests that there is an interaction of these RdhA proteins with the Ome module. The same 
behaviour was observed for CbdbA1638 and CbdbA1453 that had the same maximum of 

relative protein abundance as the Hup module. In contrast to the previous described RdhA 
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proteins CbdbA80 and CbdbA84, the two most abundantly expressed RdhA proteins in strain 
CBDB1 cultivated on halogenated benzenes, showed a broader protein abundance distribution 

between slice 14 and 22 without a distinct maximum. It might be possible that this effect is 
caused by interaction of the RdhA proteins with the Ome and the Hup module. CbdbA1455 

was detected only in slice 20 and therefore had a maximum relative abundance of 100 %. As 
this was not representing a reliable protein distribution across the gel lane RdhA CbdbA1455 

was not considered for further analysis. Additionally compared to the other OHR proteins it 
had the lowest absolute abundance in slice 20. The RdhB CbdbB3, which was the only 

identified RdhB protein out of the 32 encoded RdhB proteins in the genome of strain CBDB1, 
had a different distribution pattern of relative protein abundance than all the other subunits 

of the OHR complex described before. It had its maximum in slice 22, where none of the other 
subunits had a maximum, but a smaller maximum was seen in slice 18. These results indicate 

that most of the RdhB CbdbB3 was detached from the other OHR complex subunits and only a 
small portion was still interacting with RdhA, most likely the RdhA CbdbA80 or with the Ome 

module. 
 

 
Figure 10. Distribution pattern of the OHR complex subunits along the gel after whole-cell extraction. 
(A) Silver stained BN-gel band with indication of size of the molecular weight marker band on the left side that was 
cut between 66 and 480 kDa into 26 slices. (B) The relative protein abundance of each subunit is displayed along 
the 26 slices, whereas the colours are the same as in Figure 2, and RdhA paralogs are displayed by different line 
types. 

3.2.2 Membrane fraction extraction 

The membrane fraction extraction mode was the harshest applied treatment and adapted 

from a previous complexome analysis of the sulfate reducing bacteria Desulfobacula toluolica 
[110]. With this treatment the cells were first lysed by beat beating, and then membrane 
proteins were separated from cytoplasmic components by ultracentrifugation and finally 

solubilized from the membrane by DDM treatment. The total number of detected proteins by 
this treatment compared to the whole-cell extraction mode increased almost twofold to 233 

proteins, but the overall sum of the abundance stayed similar with 1.9 x 1010 compared to 
whole-cell extraction (Table 7). Also with this extraction mode all subunits of the OHR 
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complex were identified. Of the RdhA proteins only three of the 32 encoded ones were 
detected, among them again the two most abundantly expressed ones CbdbA80 and 

CbdbA84, and the third one was CbdbA1618. This harsh treatment with many preparation 
steps resulted in a decrease of the relative protein abundance of the major peaks of the OHR 

complex subunits compared to the first extraction mode of whole-cell extraction (Figure 11). 
Because the total amount of relative protein abundance across all slices was still 100 % the 

lower relative abundances mean that most protein complexes were dissociated and proteins 
did no longer appear in one section of the gel. The highest relative protein abundance had 

RdhA CbdbA1618 with 20.5 %, and only one more protein reached a maximum of relative 
protein abundance more than 15 %, which is RdhB CbdbB3 with 17.4 %. All other OHR 

complex subunits had their maximum below 12 %, whereof HupX had the lowest with 3.9 %. 
Because the membrane protein extraction mode resulted in disintegration of most of the 

modules of the OHR complex the results describes only strong interactions between proteins. 
The Hup module subunits HupL and HupS showed different relative protein abundance 

distribution and also different maxima in slice 9 for HupS and slice 41 for HupL indicating that 
there is no interaction anymore between those two proteins. Of the Ome module OmeA and 
HupX reached in none of the slices relative protein abundance above 5 % and both did not 

show clear maxima. Also the interpretation of the distribution of relative protein abundance 
for both subunits is difficult as the relative protein abundance is similar in all slices. Interaction 

might be possible due to the fact that all other proteins showed a maximum of relative 
protein abundance above 5 % and therefore a slightly better separation on the gel. OmeB 

showed two main maxima in slice 28 and 34 and three side maxima in slices 26, 30-32, and 38. 
This distribution profile of relative protein abundance was also seen for the other integral 

membrane subunit of the OHR complex RdhB. Both showed a local accumulation in the range 
of 26-38. The maximum of relative protein abundance for RdhB was found in slice 38, and side 

maxima in slices 28, 34, and 41. This co-localization OmeB and RdhB suggest a strong 
interaction between those two subunits of the OHR complex which are present in the 

membrane. All three detected RdhA proteins showed also different distribution patterns for 
relative protein abundance during membrane fraction extraction. RdhA Cbdb1618 had the 

highest relative protein abundance maxima of all identified OHR complex subunits, with 
20.5 % in slice 18, 18.9 % slice 31, and 19.4 % in slice 45. Also it has three side maxima in slices 
38-39, 43, and 63 which were all around 10 %, but in all other slices the relative protein 

abundance was below 1 % or the protein was not detected at all. In contrast CbdbA80 and 
CbdbA84 had a distinct lower relative protein abundance, of which CbdbA80 had the highest 

in slice 9 with 9.3 %. In all other slices afterwards the relative protein abundance was below 
5 %. The RdhA CbdbA84 was also identified in the high molecular weight area of the gel, but 

below 5 % relative protein abundance. The highest peak of relative protein abundance was 
identified in slice 43 with 6.6 %, and slice 51 and 52 contained also 5.6 % and 5.9 % of 

CbdbA84, but all other slices were again below 5 % relative protein abundance. Statements 
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about potential interactions from RdhA proteins with other subunits of the OHR complex were 
difficult with these low relative protein abundances. 

 

 
Figure 11. Distribution pattern of the OHR complex subunits along the gel after membrane fraction extraction. 
The silver stained BN-gel (top) was cut into 65 slices and relative protein abundance (%) is displayed along these 
slices for all detected OHR complex subunits, whereas the protein colour code is the same as in Figure 2, and RdhA 
paralogs are displayed with different line types. The size of the molecular weight marker is indicated between the 
gel lane and the graph. 

3.2.3 Disrupted cell extraction 

In the third extraction mode membrane proteins were solubilised with the 1 % DDM during a 

beat beating step for cell lysis. Therefore this treatment was harsher than whole-cell protein 
extraction (without cell lysis) but less harsh than membrane fraction extraction. The whole 

solubilisation time was around 20 min which makes it a relatively fast extraction protocol for 
membrane and membrane-associated proteins. The gel lane was cut into 64 slices in which in 

total 116 proteins were detected by mass spectrometry (Table 7). Among them again all OHR 
complex subunits, five out of the 32 RdhA proteins and again only RdhB CbdbB3 of the 

reductive dehalogenase anchoring proteins. As with the other two extraction modes the OHR 
complex subunits disintegrated into modules, but to an intermediate degree compared to the 

two other extraction protocols. With the disrupted cell extraction mode the subunits were 
obtained organized into three distinct modules across the gel lane (Figure 12). The first and 

highest molecular weight module consists of OmeA, OmeB and HupX. All three subunits 
showed a very similar distribution pattern of relative protein abundance and shared their 
maximum in slice 20 with 15.9 %, 17.2 %, and 22.5 % relative protein abundance for OmeA, 

OmeB, and HupX, respectively. However, OmeB appeared to have partially detached from this 
module resulting in further peaks resulting in 70 % OmeB was a subunit of the Ome module 

and in around 30 % OmeB was detached from OmeA and HupX. This is visible from separated 
side maxima, which is for OmeB at around 242 kDa (slice 32) with 8.1 %, and for OmeA/HupX 
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in slices 34/35 with 6.7 % and 5.6 % for OmeA, as well as 5.0 % for HupX. The second module 
was formed by the hydrogenase subunits HupL and HupS. Both subunits have a very similar 

distribution pattern of relative protein abundance and their maxima in slice 49 with 37.1 % 
and 33.0 % for HupL and HupS, respectively. Around 75 % of HupL and HupS were found in 

this main peak between slice 44 and 52. A second side maximum for both subunits was found 
at a higher molecular weight range with a maximal relative protein abundance of 7.9 % for 

HupL and 7.6 % of HupS in slice 40. The peak between slice 36 and 43 including this side 
maximum made up around 20 % total protein abundance for HupL as well as HupS. The third 

module RdhA CbdbA80 and RdhB CbdbB3, both proteins encoded together in the same 
operon, have also their maximum in slice 40. The relative protein abundance for RdhA 

CbdbA80 was 33.3 % and for RdhB CbdbB3 it was 23.0 %. The relative protein abundance of 
those two subunits was therefore similar to each other. For RdhB CbdbB3 a side maximum in 

slice 32 is seen that is correlating with a side maximum of the other integral membrane 
protein of the OHR complex OmeB. The other four detected RdhA proteins showed different 

maxima of relative protein abundance to RdhA CbdbA80. In fact RdhA CbdbA84, CbdbA1638, 
and CbdbA1588 had their maximum of relative protein abundance around 242 kDa (slices 30-
32). RdhA CbdbA1618 had a side maximum also in this area of the gel, but the maximum was 

identified in slice 46. 
 

 
Figure 12. Distribution pattern of the OHR complex subunits along the gel after disrupted cell extraction. 
The silver stained BN-gel (top) was cut into 64 slices and relative protein abundance (%) for the detected OHR 
complex subunits is displayed for each of this slices (bottom) after disrupted cell extraction. The colour code is the 
same as in Figure 2, and RdhA paralogs are again represented by different line types. The molecular weight marker 
sizes are indicated between the gel lane and the graph of relative protein abundance distribution. 

To test the reliability of the calculations of the mean relative protein abundance of proteins 
from relative peptide abundances, the relative peptide abundance for each peptide of a 

protein that was identified was also calculated and plotted against the slices. The expectation 
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was that the relative abundance of peptides for one protein is very similar and also in 
agreement with the calculation of the relative abundance of the associated protein. Indeed, 

this similarity of peptide distribution and calculated protein distribution across the gel lane 
was seen for all OHR complex proteins. An example for this is shown in Figure 13A for the 

RdhA protein CbdbA80, where all 21 identified peptides together show the same distribution 
profile as calculated mean, representing the protein. From these distribution plots of relative 

peptide and protein abundance against slices (Figure 13, Figure S 1) it was also seen that 
proteins that were identified by more than two peptides the distribution of relative protein 

abundance is described better, and therefore the reliability is higher, than for proteins that 
were identified just by one or two peptides. Proteins that were just identified by one or two 

peptides were RdhA CbdbA1618, RdhA CbdbA1638 and RdhB CbdbB3. Another observation 
that was made during the analysis of peptides was that besides the expected situation that 

peptides and protein have an identical maximum of relative abundance it was also observed 
that some identified peptides showed a split into two or more maxima for relative peptide 

abundance that are not in agreement with the maximum of their respective protein relative 
abundance maximum. This split of relative abundance maxima was seen for RdhA CbdbA84, 
HupL and OmeA. The RdhA CbdbA84 protein had its maximum of relative protein abundance 

in slice 32 at 242 kDa and a side maximum in slice 40 around 146 kDa. The maxima for the 
peptides were found either in slice 31, 32, or 40. From the 23 identified peptides for CbdbA84 

11 peptides showed maxima of relative peptide abundance that was not in slice 32. Instead 
nine of the identified peptides had their maximum of relative protein abundance in slice 40 

and a side maximum either in slice 31 or 32. Two of the identified peptides had their 
maximum of relative peptide abundance in slice 31, so one slice before the proteins maximum 

of relative abundance, and showed also a side maximum that was in agreement with the side 
maximum of relative protein abundance in slice 40. With the exception of one peptide all 

other identified peptides that had the maximum of relative abundance in slice 32 did not show 
a side maximum in slice 40. Different features as length, missed cleavages, and hydrophobicity 

where checked to see what influences this detection and abundance of the different peptides. 
But none of these features could explain all these differences. Interestingly for some peptides 

where one missed cleavage during the tryptic digest took place showed differences in 
maxima. For example the peptide ‘VGYVSINENNK’ had its maximum in slice 32 and 
‘VGYVSINENNKK’ had its maximum in slice 40, and another example is the peptide 

‘KVWFSPDK’ which had its maximum in slice 40 and a side maximum in slice 32, whereas 
‘VWFSPDK’ had its maximum in slice 32 and no side maximum. Such differences can be 

explained thus only due to the behaviour of the specific sample composition during the 
ionization in the mass spectrometer and not by the electrophoretic differences on the gels, 

because peptides of the same protein must have been separated identically on the gel. 
For OmeA seven of the 17 identified peptides had a different maximum of relative peptide 

abundance compared to the maximum of relative protein abundance, which was in slice 20. 
From these seven peptides two had their maximum in slice 19 and two in slice 21 so next to 
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the calculated maximum of relative protein abundance. The remaining three peptides had 
their maximum of relative peptide abundance in slice 34 or 35, where the protein had its side 

maximum of relative abundance. In the case of HupS only one of the eight identified peptides 
had its maximum in slice 50, whereas all other peptides and the proteins maximum of relative 

abundance was in slice 49. Influences from features as length and hydrophobicity seem also 
not able to explain the differences seen. 
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Figure 13. Distribution of relative peptide abundance and respective protein abundance for some OHR complex 
subunits after disrupted cell extraction. 
(A) The RdhA CbdbA80 showed the expected situation where the relative abundance of peptides and protein are in 
agreement. In (B) RdhA CbdbA84, (C) OmeA, and (D) HupL a splitting of the relative abundance for peptides was 
observed that is not in accordance with the relative abundance maximum of the protein. 

3.2.4 Hierarchical clustering and PCA analyses 

The presentation of results for complexome analysis by plotting the relative protein 

abundance against the slices to obtain a distribution pattern along the gel is suitable only for a 
few proteins per graph. If more proteins are plotted the results become very confusing. Also 

faint similarities between protein similarities cannot easily be observed with the naked eye. 
Therefore, other analyses methods were applied to obtain an overall picture for all identified 

proteins and to validate the results obtained from the illustration before. The analyses chosen 
were the multivariate analyses hierarchical clustering and principle component analysis (PCA). 

During hierarchical clustering the relative abundance of each protein was compared to each 
other and proteins that had a more similar relative abundance across all slices were grouped 

into one cluster. As a consequence, proteins that were together in a cluster showed stronger 
interactions to each other and were therefore likely to form a complex. The cluster analysis 

was either performed with all identified proteins per extraction mode or with the OHR 
complex proteins and the ATP synthase subunits alone. For the second cluster analysis the 

ATP synthase was added as control if those subunits cluster also together, when the OHR 
complex subunits were seen together in the relative protein abundance distribution plot 
giving information on the solubilisation strengths. For the cluster analyses of the OHR proteins 

for all three extraction modes the clustering pattern of the proteins were in accordance with 
the results of relative protein abundance distribution patterns (Figure 14). 

After whole-cell extraction the Hup subunits were together in one subcluster and together in a 
cluster with the three RdhA proteins CbdbA1455, CbdbA1638, and CbdbA1453. The other 

RdhA proteins were together in another cluster, while the subunits OmeA and HupX clustered 
closely together as well as the integral membrane proteins OmeB and RdhB CbdbB3. 

Interestingly, also the only identified ATP synthase subunit AtpA clustered closely together 
with the two integral membrane subunits OmeB and RdhB. For the cluster analysis of all 

identified proteins differences appeared compared to the cluster analysis performed just for 
OHR proteins. The result that is similar was that the Hup subunits clustered next to each other 

and were again in a cluster with the three RdhA proteins CbdbA1455, CbdA1638 and 
CbdbA1453. In addition to that also the RdhA proteins CbdbA80 and CbdbA84 were in this 

cluster. Another difference was that the Ome subunits clustered next to each other and not 
OmeA and HupX. Instead HupX seemed to be in a cluster with AtpA, which in turn was not 
clustering together with the integral membrane subunits OmeB and RdhB, which was seen 

before. Also RdhB was now in a different cluster with none of the other OHR complex proteins 
(Figure S 2A). 
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While comparing the trees that were generated analysing the OHR complex proteins and ATP 
synthase subunits with all proteins identified during membrane fraction extraction again 

differences were observed (Figure S 2B). Still in one cluster are RdhA CbdbA80 with AtpA and 
HupS. Also the strong interaction between OmeA and HupX was preserved as they clustered 

also next to each other in the analysis of all identified proteins. But in contrast to the cluster 
dendrogram of the OHR complex proteins and ATP synthase subunits where OmeA/HupX 

were in a cluster with HupL, AtpC, OmeB and RdhB they were now in a cluster with RdhA 
CbdbA84 and AtpF. Those two proteins were before in another subcluster with AtpH. In the 

dendrogram of all identified proteins after membrane fraction extraction the proteins OmeB, 
AtpC, AtpH, RdhA CbdbA1618, AtpD, HupL, and RdhB were all in different clusters. 

 

 
Figure 14. Hierarchical cluster analysis for the three extraction modes from complexome analysis. 
The three extraction modes were (A) whole-cell extraction, (B) membrane fraction extraction and (C) disrupted cell 
extraction. In terms of solubilisation strength, (A) shows the least disruption of the complexes, where different 
modules of the supercomplex still interacted with each other, (C) shows an intermediate solubilisation strength 
were modules were intact but separated from each other, and (B) shows dissociation of most protein-protein 
interactions with the exception of the strongest interactions, e.g. OmeA/HupX. 

 
In contrast to the two extraction modes before the dendrograms after disrupted cell 

extraction are very similar for OHR complex proteins/ATP synthase proteins and all identified 
proteins (Figure 14C, Figure S 2C). The hydrogenase subunits HupL and HupS were in one 

cluster next to each other. The same is true for OmeA, HupX and OmeB which were also next 
to each other in another cluster, as well as the ATP synthase subunits AtpC, AtpA and AtpF 

that were together in one cluster and clustered next to the OHR complex subunits 
OmeA/HupX/OmeB. Only the RdhA proteins that are in one cluster in the cluster analysis of 

OHR complex proteins/ATP synthase proteins are now split into three clusters in the analysis 
of all identified proteins during disrupted cell extraction. But still the RdhA CbdbA80 and its 
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anchoring protein RdhB were together in one cluster and also relatively close to each other. 
The other RdhA proteins CbdbA1638, CbdbA84 and CbdbA1588 were in one cluster and 

CbdbA1618 was found in a separate cluster. 
As the disrupted cell extraction mode still preserves most of the interactions and showed the 

three modules of the OHR complex also seen in the dendrograms resulting from cluster 
analysis a closer look was taken on other potential protein-protein interactions. Two proteins 

were found to have a very similar distribution profile as OmeA/HupX/OmeB and cluster 
therefore together with them and are annotated as hypothetical periplasmic protein 

(CbdbA1106) and K+-insensitive pyrophosphate energized proton pump HppA (CbdbA738). 
The protein CbdbA1106 has a predicted size of 26.6 kDa and predictions of protein location 

and transmembrane helices (TMHMM server) indicate that it is located on the outer site of 
the cytoplasmic membrane and is potentially anchored by one transmembrane helix at the N-

terminus of the 254 amino acid length protein. This structure is similar to two other proteins 
of the OHR complex, HupS and HupX. The same predictions were made for the HppA protein 

and confirmed a location in the cytoplasmic membrane with 15 transmembrane helices 
throughout the whole protein length of 708 amino acids. Also other protein-protein 
interactions could be identified using hierarchical clustering during disrupted cell extraction. 

Among them the integral membrane proteins TatA (CbdbA1694) and TatC (CbdbA1691) 
forming potentially a Tat-complex that is responsible for translocating native proteins with a 

tat-signal from cytoplasm across the cytoplasmic membrane, such as RdhA proteins, via the 
sec-independent transport pathway. Both proteins cluster next to each other in the 

dendrogram and have the maximum of relative protein abundance in slice 43 (Figure S 2C). 
Also next to each other in the dendrogram are the cytoplasmic protein complexes formed by 

the Vhu hydrogenase subunits VhuA and VhuG, and large and small chain of the carbamoyl-
phosphate synthase CarB and CarA, involved in the biosynthesis of arginine and pyrimidines. 

However, only for the Vhu hydrogenase the maximum of relative protein abundance was 
found in the same slice, which is slice 40. For the carbamoyl-phosphate synthase subunit CarB 

the three slices, slice 1 with 12.6 %, slice 19 with 11.3 % and slice 36 with 10.9 % had similar 
relative protein abundance values. CarA shared the maximum of relative protein abundance in 

slice 36 with 15.4 %. Another potential protein complex is formed by the subunits of the 
pyruvic-ferredoxin oxidoreductase. These proteins are possibly involved in carbon fixation via 
the POR pathway. The subunits PorA and PorB clustered closely together, although their 

maximum of relative protein abundance was in slice 32 and 33, respectively. The subunit PorG 
locates in another cluster distant from the other two subunits, but it shared also the maximum 

of relative protein abundance in slice 32. The subunit PorD which is the fourth subunit of the 
pyruvic-ferredoxin oxidoreductase was not identified in this analysis. Other proteins that 

clustered closely together in one cluster are two of the 50S ribosomal proteins RplA (L1) and 
RplL (L7/L12) and shared the maximum of relative protein abundance with 20.6 % and 25.1 % 

in slice 46. Nevertheless RplA showed in general a broader distribution of relative protein 
abundance then RplL. The other 31 encoded 50S ribosomal proteins and also none of the 20 
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encoded 30S ribosomal proteins were detected during the disrupted cell extraction mode. 
From the purine biosynthetic pathway six enzymes were identified, namely PurA, PurD, PurE, 

PurH, PurL, and PurQ, of which PurA and PurH were present in one cluster. However these 
two proteins had their maximum of relative protein abundance in slice 40 and slice 39, 

respectively. The subunits of the phosphoribosyl-formyl-glycinamidine synthase PurL and 
PurQ clustered in distant cluster of the dendrogram, but had their maximum of relative 

protein abundance in the same slice number 36. The last two enzymes showing the same 
maximum of relative protein abundance in slice 13, but were in distinct cluster in the 

dendrogram were enzymes of the riboflavin biosynthesis pathway, namely 6,7-dimethyl-8-
ribityllumazine synthase (RibH) and Riboflavin synthase alpha subunit (RibE). 

Further results that were observed during analysis of complexome analysis by hierarchical 
clustering were that the membrane fraction extraction mode with cell lysis by beat beating, 

then an ultracentrifugation step and as last step the solubilisation with 1 % (w/v) DDM led to 
an enrichment of ribosomal proteins. In total 19 out of 31 50S ribosomal proteins and 14 out 

of 20 30S ribosomal proteins were identified (Figure S 2B). In contrast in the other two 
extraction modes only the two 50S ribosomal proteins RplA (L1) and RplL (L7/L12) were 
identified. While in the disrupted cell extraction mode those two 50S ribosomal proteins 

clustered together, in the whole-cell protein extraction mode both proteins were two 
different distant clusters. All identified ribosomal proteins from the membrane fraction 

extraction were distributed across the whole dendrogram. However, there were subclusters 
containing several of those proteins. One subcluster contained the five 50S ribosomal proteins 

(L10, L16, L19, L22 and L25) as well as the two 30S ribosomal proteins (S2 and S16) and they 
were in the same subcluster as OmeA/HupX and AtpF. Another bigger subcluster that 

contained also the hydrogenase subunits, RdhA CbdbA80 and AtpA contained also the two 
50S ribosomal proteins L2 and L13 as well as the four 30S ribosomal proteins S2, S4, S9 and 

S19. There was a third subcluster that had the most ribosomal proteins clustering together, 
which were L1, L4, L6, L7/L12 and L11 of the 50S ribosomal proteins and S5, S8, S10, S11, S12, 

S13 and S18 of the 30S ribosomal proteins. 
Apart from cluster analysis the data was also evaluated by PCA analysis. PCA analysis can be 

used to simplify complex data and is comparable to clustering analysis in finding patterns 
within the data [129]. Complex data thereby is simplified by orthogonal transformation into 
lower dimensions of linearly uncorrelated variables called principal components that still 

represent most of the information from the original dataset [130]. 
 PCA analysis was performed on a small scale focusing again only on the OHR complex 

subunits. Proteins that had the same distribution of relative abundance across a lane in the 
distribution plot and clustering in the cluster analysis pointed also together to the same side 

of the loading plot in PCA. Exemplified on the loading plot for the disrupted cell extraction the 
proteins OmeA/OmeB/HupX have a positive correlation and point to the same side of the 

loading plot (Figure 15). The same is true for HupL and HupS as well as for all RdhA proteins 
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identified during this extraction mode and the RdhB protein CbdbB3 which also correlate 
positive to each other but point into different directions than the other modules. 

 

 
Figure 15. PCA analysis of OHR complex proteins. 
The contribution of each OHR subunit to the principal component (PC) 1 against the PC2 is shown in the PCA 
loading plot. High contribution is shown in red and low contribution in blue. 

3.2.5 Most abundant proteins in complexome analysis 

We were also looking at the ten most abundant proteins of each extraction mode during 
complexome analysis. Only two of the proteins were among the ten most abundant proteins 

in all three extraction modes, which were the ABC-type cobalamin/Fe3+-siderophores 
transport system, FecB (CbdbA633) and the conserved domain protein CbdbA1368 (Figure 16) 

which is believed to play a role in the proteinaceous cell wall architecture of strain CBDB1. 
Three proteins were found in two of the extraction modes. In whole-cell and disrupted cell 

protein extraction mode the RdhA protein CbdbA84 and the uncharacterized protein 
CbdbA1635 were identified. While in membrane fraction and disrupted cell protein extraction 

mode the GroEL (60 kDa chaperonin) protein was identified. All other proteins were found in 
just one of the extraction modes among the ten most abundant proteins. In whole-cell 

extraction none of the other OHR complex proteins was among the ten most abundant 
proteins, instead another uncharacterized protein CbdbA294, a hypothetical periplasmic 

protein (CbdbA1106) and several components of different ABC-type transporter proteins were 
detected (Figure 16A). The transporter proteins were a phosphate-binding protein of the 

phosphate ABC transporter (PstS, CbdbA161), a periplasmic amino acid-binding protein 
component of the amino acid ABC transporter (CbdbA371) and the periplasmic subunit of an  
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Figure 16. Relative distribution of protein abundance of the ten most abundant proteins after applying the three 
extraction modes of complexome analysis. 
The ten most abundant proteins were obtained according to the total abundance of all proteins in all slices. 
Proteins are shown in different colours, whereby proteins of the OHR complex have the same colour code as 
described before and also proteins that appear in at least two of the extraction modes have the same colour. 

 
ABC-type dipeptide/oligopeptide/nickel transport system. In the membrane fraction 

extraction mode the OHR complex subunit HupX was among the ten most abundant proteins, 
a putative membrane bound regulatory protein (CprC, CbdbA1688), the serine 
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hydroxymethyltransferase (GlyA, CbdbA390) and four different uncharacterized proteins 
(CbdbA1610; CbdbA728; CbdbA727; CbdbA260) were also identified (Figure 16B). Besides the 

RdhA protein CbdbA84, also the RdhA proteins CbdbA80 and CbdbA1588 were among the ten 
most abundant proteins using the ‘disrupted cell extraction’ mode. Furthermore the OmeA 

protein of the OHR complex was also among the most abundant proteins and had the same 
total abundance as the nicotinate-nucleotide pyrophosphorylase (NadC, CbdbA1336). Two 

more proteins showed also a high total abundance in this extraction mode and were the 4-
hydroxyl-tetrahydrodipicolinate synthase (DapA, CbdbA935) and the glutamine synthase 

(GlnA, CbdbA1050) (Figure 16C). 

3.3 Chemical cross-linking and structural prediction of OHR complex subunits 

Revealing the structure of the OHR complex would answer how the subunits interact with 
each other, which proteins are in contact with each other and could provide also a better 

understanding of functional relationship, especially regarding the electron transport in the 
complex and how electron transport is coupled to proton transport across the membrane. 

There are several bottlenecks that made analysis of the OHR complex by structure elucidation 
methods like NMR or X-ray crystallography difficult. Cultivation of CBDB1 achieves only 

protein concentrations of only around 1 mg per litre medium and concentration of cells 
always leads to large losses of biomass due to the low density of the cells. Purification 

attempts have demonstrated that the active complex can be enriched via two subsequent 
chromatographic steps (size exclusion and anion exchange chromatography) but again this is 

associated with large losses of protein mass [131]. Eventually, the low protein amount and 
sample complexity is not sufficient for typical structure elucidation methods. One alternative 

possibility to obtain structural data of the OHR complex and its subunits is chemical cross- 
linking. Chemical cross-linkers have a defined length by the spacer arm connecting two 
reactive head groups at each end. One example for such reactive groups are NHS-esters, 

which were used in this study, that react with lysine residues and with the N-terminus in the 
protein (Table 3). Several scenarios can occur in the reaction of cross-linker with protein: only 

one of the NHS ester groups reacts with a primary amine of the protein which would lead to a 
product called mono-linked peptides after subsequent trypsin digest, both reactive groups 

react with neighboured primary amines in the protein so that there is no cleavage site 
remaining between the attachment sites (loop-linked peptides) or it reacts with primary 

amines of different peptides within the same protein (intra cross-linked peptides) or different 
proteins (inter cross-linked peptides). 

Chemical cross-linking was performed with the three cross-linkers BS3, DSS, or bAL2 with 
different strategies to obtain structural information of the entire complex as well as the 

subunits itself (Table 3). In total seven strategies were tested including (1) lysis followed by 
cross-linking, (2) cell surface cross-linking, (3) solubilisation followed by cell lysis and 
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Table 8. Identified peptides from cross-linking (CL) with DSS, bAL2 or BS3 after application of different cross-linking strategies. 
If steps were performed one after another then each step is separated by a dash, if steps were performed at the same time then this is indicated with a plus sign. Cross-linker amount for DSS 
and BS3 is given in mM final concentration, while for bAL2 the final ratio in the ration of protein to cross-linker is given. 

strategy cross-
linker 

amount cross-
linker 

protein 
amount (µg) 

protein concentration 
(µg µL-1) Identification of peptides pairs 

     cross-linked inter-protein intra-protein loop-linked mono-linked non-linked 

lysis-CL 
DSS 1 mM 50 0.25 11 11 0 1 0 13 

bAL2 2:1 50 0.25 0 0 0 0 0 0 

 
DSS 

0.5 mM 100 0.8 6 6 0 0 0 1 

 1 mM 100 0.8 0 0 0 0 0 0 

 1.5 mM 100 0.8 0 0 0 0 0 0 

 

bAL2 

16:1 - 1:2* 10 1 18 18 0 1 2 3791 
cell surface CL 4:1 50 0.8 0 0 0 0 0 0 

 4:1 100 0.8 0 0 0 0 0 0 

 4:1 100 0.5 0 0 0 0 0 0 

 4:1 200 0.8 0 0 0 0 0 0 

 BS3 2.5 - 10 mM* nd nd 0 0 0 4 7 167 
solubilisation-lysis-
CL DSS 1 mM 116 0.28 19 17 2 37 45 891 

 

DSS 

1 mM 100 1 12 6 6 9 22 467 

 1 mM 100 1 3 0 3 7 4 240 

 1 mM 200 1 6 3 3 4 8 168 

 1 mM 100 2 28 1 27 30 122 3304 

 1 mM 200 2 44 4 40 44 117 2807 
solubilisation-CL 2 mM 100 2 40 4 36 39 172 3699 

 2 mM 200 2 3 0 3 0 11 214 

 5 mM 100 2 29 4 25 20 107 4476 

 5 mM 200 2 38 0 38 37 131 2714 

 bAL2 4:1 100 1 12 4 8 2 3 996 
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strategy cross-
linker 

amount cross-
linker 

protein 
amount (µg) 

protein concentration 
(µg µL-1) Identification of peptides pairs 

     cross-linked inter-protein intra-protein loop-linked mono-linked non-linked 

  4:1 200 1 0 0 0 1 4 207 

  4:1 100 1 2 2 1 1 2 108 

  4:1 200 1 16 16 0 2 0 47 
solubilisation-CL bAL2 4:1 100 2 3 0 3 0 129 372 

  4:1 200 2 0 0 0 1 6 3743 

  1:1 100 2 10 4 6 21 988 101 

  1:2 100 2 4 4 0 1 39 59 

  1:2 200 2 18 18 0 3 8 180 

solubilisation+CL 

DSS 1 mM 100 1 66 0 66 39 124 4635 

1 mM 200 1 48 1 47 42 116 3739 

bAL2 
4:1 100 1 0 0 0 2 32 24 

4:1 200 1 6 1 5 18 574 56 

4:1 500 1 2 0 2 4 114 20 

lysis+ 
solubilisation-CL 

DSS 
1 mM 200 1 15 2 13 14 34 893 

2 mM 100 1 20 12 8 12 19 886 

2 mM 100 0.71 2 1 1 15 38 536 

bAL2 
4:1 100 1 10 8 2 7 2 15 

4:1 200 1 7 7 0 1 6 7 

 
DSS 

1 mM 50 1 15 1 14 23 100 6949 

 1 mM 100 1 13 0 13 21 119 5965 

 5 mM 20 1 2 2 0 6 0 1187 

  4:1 100 1 3 1 2 1 9 147 

  4:1 200 1 75 0 75 84 4081 116 
CL-solubilisation bAL2 4:1 500 1 138 13 125 96 2802 186 

  8:1 100 1 11 5 6 12 1392 14 
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strategy cross-
linker 

amount cross-
linker 

protein 
amount (µg) 

protein concentration 
(µg µL-1) Identification of peptides pairs 

     cross-linked inter-protein intra-protein loop-linked mono-linked non-linked 

  8:1 200 1 63 0 63 56 4153 123 

  1:1 20 1 2 2 0 4 0 4344 

 BS3 5 mM 20 1 0 0 0 5 0 960 

* Proteins after cross-linking reaction were separated by SDS-PAGE and higher molecular weight bands containing cross-linked products were cut and analysed by mass spectrometry.  
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afterwards cross-linking, (4) solubilisation and then cross-linking, (5) solubilisation and cross-
linking at the same time, (6) cell lysis and solubilisation together before cross-linking, and (7) 

cross-linking followed by solubilisation of peptides (Table 8). Cell lysis was achieved by beat 
beating, solubilisation was done with 1 % (w/v) DDM for one hour at room temperature, and 

the cross-linking reaction was also performed for one hour. 
It was difficult to identify cross-linked peptides from complex mixtures, e.g. in approach 1 

where whole-cell protein was cross-linked. The maximum number of identified cross-links in 
such approaches was 138 of which 13 were inter- and 125 were intra-cross-linked peptides. 

These results were obtained with 500 µg protein cross-linked with bAL2 in a ratio 4:1 (protein 
to cross-linker) and then solubilized with 1 % (w/v) DDM after the cross-linking reaction 

(approach 7). However the mean number of identified cross-linked peptides was only 16 
peptides with more intra cross-linked peptides than inter cross-linked peptides. When 

solubilisation was combined in any way with cross-linking the number of identified cross-
linked peptides as well as non-cross-linked peptides increased in comparison to the strategies 

in which lysis was followed by cross-linking or cell surface cross-linking (Table 8). When cross-
linking with bAL2 was performed then also an enrichment step with streptavidin beads was 
performed, as bAL2 contains a biotin moiety that was cleavable by treatment with sodium 

dithionite in urea to cleave the diazo-bond between spacer arm and biotin moiety of the 
cross-linker bAL2. This enrichment led to a decreased number of detected non-linked 

peptides, but also the number of cross-linked, loop-linked and mono-linked peptides was 
strongly reduced compared to DSS-treated samples. 

Analysis of all cross-linking reactions revealed that non-linked peptides were identified from 
all OHR complex subunits, while cross-linked peptides were identified only for HupL, HupS, 

HupX, OmeA and OmeB, as well as 25 RdhA proteins. Non-linked peptides for RdhB were 
identified for CbdbB3 (three peptides) and CbdbA1597 (one peptide). For the other OHR 

complex subunits the majority of the detected peptides was still non-linked peptides followed 
by mono-linked peptides with 10-20 % of total identified and loop-links as well as cross-links if 

identified with maximum 1 % (Figure 17). For RdhA proteins the two most abundant RdhA 
proteins CbdbA80 and CbdbA84 were displayed, which were also the RdhA proteins with the 

highest numbers of identified linked peptides with 47 and 90, respectively (Figure 17). Cross-
linked peptides were found only for OmeA and RdhA CbdbA84, of which both had one inter 
and one intra protein cross-link. The intra protein cross-links of both proteins were peptides 

that are sequentially following each other in the protein sequence. The inter protein cross-link 
for OmeA was with an acetyltransferase (CbdbA490), while RdhA CbdbA84 was linked to a 

putative DNA polymerase III (CbdbA563). Both cross-linked peptides were also found as 
mono-linked peptides at the same position. Loop-linked peptides were only identified for 

HupL, OmeA, RdhA CbdbA80 and CbdbA84 (Figure 17, Table 9). Often the linked peptides for 
one protein showed also sequence overlapping or peptides where one tryptic cleavage side 

was blocked by the modification (Table 9). 
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Figure 17. Identified peptides of the OHR complex subunits after cross-linking reaction with bAL2, DSS or BS3. 
Peptides are divided into cross-linked peptides (intra and inter protein cross-links together) in blue, loop-linked 
peptides in red, mono-linked peptides in green and peptides without modification of cross-linker in purple. The 
number of identified peptides for each group is given after each category. 
 



 
 

Table 9. Identified linked peptides of OHR complex subunits after cross-linking with different cross-linker and respective position of modified side in identified peptide and protein. 
Positions that are separated by a comma represent positions in a loop-linked peptide, while positions separated with a semicolon represent different mono-linked positions. 

OHR complex subunit identified peptide 

linked 
position in 
peptide 

linked 
position in 
protein with 
TAT leader 
sequence 

linked 
position in 
protein 
without TAT 
leader 
sequence 

identified 
mono-links 

identified 
loop-links 

identified 
cross-links 

HupL KVAQAAVAHYVEALNMR  1 168 168 10 
  AEGYSWLKAPR  8 338 338 5 
  DGQGVYGPVEQALIGTKVR  17 485 485 4 
  CVGTLFRGFEIFMKDR  14 45 45 3 
  IEATVDGGEVKDAK  11 28 28 3 
  LFTQGTVSASDLTLHTFDPNKITEDIK  21 301 301 3 
  GETNEYPLNEVTEPDHTKAEGYSWLK  18 330 330 2 
  GFEIFMKDRDPR  7 45 45 2 
  ITEDIKYGWFK  6 307 307 2 
  IVADEMVKWVMELK  8 407 407 2 
  MPHSVAVVAGGVTSHPSIDSISSFMSKLNTLR  27 224 224 2 
  MQKIVIDPITR  3 3 3 2 
  VKDFISR  2 137 137 2 
  YGWFKGETNEYPLNEVTEPDHTK  5 312 312 2 
  GALGHWIKIENHK  8 446 446 1 
  IEGHLKIEATVDGGEVK  6 17 17 1 
  MVNDILAHFGAGPAALFSTLGRHAARALECKIVADEMVK 31 339 339 1 
  LPKKVAQAAVAHYVEALNMR  3, 4 167, 168 167, 168 

 
1 

 HupS RGHYEKGLFATK  6 248 220 4 
  GHYEKGLFATK  5 248 220 2 
  LLHDQCPRRGHYEKGLFATK  14 248 220 1 
  AYYGKLLHDQCPR  5 234 206 1 
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OHR complex subunit identified peptide 

linked 
position in 
peptide 

linked 
position in 
protein with 
TAT leader 
sequence 

linked 
position in 
protein 
without TAT 
leader 
sequence 

identified 
mono-links 

identified 
loop-links 

identified 
cross-links 

HupX LSNNPDKYYPYVYGEK  7 180 180 5 
  EIEEDGKLQWIFAHKR  15 71 71 4 
  EIEEDGKLQWIFAHK  7 63 63 3 
  LSNNPDKYYPYVYGEKEAGGTHVLYLSSVHPEK  16 189 189 3 
  FEWDDNWAKITK  9 130 130 2 
  RIQAQAHDAEHAENKAGKH  15; 18 263; 266 263; 266 2 
  LQWIFAHKR  8 71 71 1 
  YYPYVYGEKEAGGTHVLYLSSVHPEK  9 189 189 1 
  OmeA LEKVLYR  3 107 71 9 
 

1 

TAAKAGTFVAAR  4 264 228 9 
  GASLIQLHNNKHR  11 102 66 7 
 

1 

AGDIVKLTSAR  6 901 865 7 
  GSVSVAAAVTKR  11 917 881 7 
  AFLVKVEK  5 972 936 5 
  TDNNTNYSYVNAIKQMAAGK  14 533 497 5 
  VEKAADGTVPTITGR  3 975 939 5 
  ADKAGAIVYAMSSTQHTSGAQTVR  3 406 370 4 
  AFLVKVEKAADGTVPTITGR  5, 8 972, 975 936, 939 

 
4 

 ASVDLSGKPFNAAKPVISWNGMSWTGDNVDGK  8, 14 755, 761 719, 725 3 1 
 AAGANDWEEKSWDWAFGEIAK  10 121 85 3 

  AGDQSAASLLKAWYGSNASSSNGFGFGFLPK  11 499 463 3 
  AVSASGEAKSELEVISSLLSR  9 631 595 3 
  DSGFIAKNAAGK  7 145 109 3 
  IKGAFAWGANPVVESAAAGQATQALAK  2 541 505 3 
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OHR complex subunit identified peptide 

linked 
position in 
peptide 

linked 
position in 
protein with 
TAT leader 
sequence 

linked 
position in 
protein 
without TAT 
leader 
sequence 

identified 
mono-links 

identified 
loop-links 

identified 
cross-links 

LKPFSIGGK  2 920 884 3 
  LPGYLSAPNEDDTTFAAYASKAGDQSAASLLK  21 488 452 3 
  RLKPFSIGGK  3 920 884 3 
  SWDWAFGEIAKK  11 132 96 3 
  ASVDLSGKPFNAAK  8 755 719 2 
  DSGFIAKNAAGKTVNR  7, 12 145, 150 109, 114 

 
2 

 EMNGYKISSLQQLESPEDLR  6 683 647 2 
  GIKAGDIVK  3 895 859 2 
  LSWTYSTNPSAADVAKEMNGYK  16 677 641 2 
  NKAVSASGEAK  2 622 586 2 
  NMPFLVELAPAAYVEISEQLASEKGIK  24 892 856 1 
 

1 

TEAIASLGGATLDNEECYLLSKMLR  22 176 140 2 
  YKVLED  2 989 953 2 
  GASLIQLHNNKHRLEKVLYR  11 102 66 1 
  GPIKGVEPK  4 32 -4 1 
  KQYAR  1 370 334 1 
  KQYARYTPEMVSATCGCSQADFAK  1 370 334 1 
  KVKASR  3 135 99 1 
  LQTLYQGESGLNAEAITKLSWTYSTNPSAADVAK  18 661 625 1 
  NAAGKTVNR  5 150 114 1 
  PVISWNGMSWTGDNVDGKNAPFNQSGGLPFK  18 779 743 1 
  TLTNPNCVFQLLKK  13 369 333 1 
  TVHQVAIPNHWGFMGIAQGDSANVLAPNTADSNSSTPEFKAFLVK  40 967 931 1 
  OmeB KAPAVIPAD 1 395 395 3 
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OHR complex subunit identified peptide 

linked 
position in 
peptide 

linked 
position in 
protein with 
TAT leader 
sequence 

linked 
position in 
protein 
without TAT 
leader 
sequence 

identified 
mono-links 

identified 
loop-links 

identified 
cross-links 

YLPLYTDHMKGLTPEQVK 10 386 386 3 
  RdhA CbdbA80 EQDQGVTEVDWDKKQTFNQAQYDNR  13, 14 68, 69 32, 33 4 3 

  ESKFNLIDLPVAPTKPVNFGAQR  3 338 302 4 
   FNLIDLPVAPTKPVNFGAQR  12 350 314 4 
   KLVFTGSSLVGKPVVWEDTENIYQTNEK  1; 12 210; 221 174; 185 4 
   TFIQENKPGFSLR  7 117 81 4 
   LVFTGSSLVGKPVVWEDTENIYQTNEK  11 221 185 3 
   ANYKQPWWVR  4 49 13 2 
   EPSWDITPKYDEYVKPELFNSPGHK  9;15 388; 394 352; 358 2 
   EQDQGVTEVDWDKK  13 68 32 2 
   GIYWGWASPMIKDVLGYR  12 137 101 2 
   LMGASTVGFVEINDNNKK  17 209 173 2 
   LVFTGSSLVGKPVVWEDTENIYQTNEKQVIPNK  27 237 201 2 
   TLPGTFVSELYYSNMKTFIQENKPGFSLR  16 110 74 2 
   YDEYVKPELFNSPGHK  6 394 358 2 
   KLVFTGSSLVGK  1 210 174 1 
   KQTFNQAQYDNR  1 69 33 1 
   LQSIHEFVKPVIGQTSLFNSFFYNMDR  9 446 410 1 
   NREPSWDITPKYDEYVKPELFNSPGHK  11 388 352 1 
   SALKLMGASTVGFVEINDNNK  4 192 156 1 
  RdhA CbdbA84 KADFMLTDLPLAPTRPIDSGITR  1 335 306 13 
   LEESSVHDIIKPVVSQTPLFNR  11 440 411 10 
   ESPWWVKER  9 55 26 9 
   VGYVSINENNKK  11 203 174 6 
 

1 
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OHR complex subunit identified peptide 

linked 
position in 
peptide 

linked 
position in 
protein with 
TAT leader 
sequence 

linked 
position in 
protein 
without TAT 
leader 
sequence 

identified 
mono-links 

identified 
loop-links 

identified 
cross-links 

 KVWFSPDK  1 204 175 5 
 

1 
 VWFSPDKANR  7 211 182 5 

 
1 

 ETAQEWQEKQAELIR  9 94 65 5 
   DYKNYPYSR  3 477 448 4 
   VGYVSINENNKKVWFSPDK  11, 12 203, 204 174, 175 

 
4 

  
VGYVSINENNKKVWFSPDKANR  11; 12; 19 

203; 204; 
211 

174; 175; 
182 4 

   ALGLAGVGLGAAGAATPVFHDLDELISSKPEVR 29 44 15 3 
   IISWGDVEEPVNTPGILWPGNKLGSLVLPNK  22 236 207 3 
   KADFMLTDLPLAPTR  1 335 306 3 
   KVWFSPDKANR  1; 8 204; 211 174; 182 3 
   TQLGIPKWQGTPEENSAMVAAVLHFLGSTR  7 169 140 3 
   CNSLISFVIPQSGISKYHHTALSR  16 261 232 2 
   THFDYNLVHSWVSKETAQEWQEK  14 85 56 2 
   DIIKPVVSQTPLFNR  4 440 411 1 
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The structures for the OHR complex subunits were predicted by I-TASSER software using 
protein sequences lacking the TAT leader sequence if present. Proteins without TAT leader 

sequence were HupL, HupX, as well as the integral membrane proteins OmeB and RdhB 
proteins. The outcome was saved as PDB file and then uploaded into UCSF Chimera. Within 

USCF Chimera cofactors were added to the structures of each subunit. 
During previous structural analyses of the predicted protein structures also solvent accessible 

lysine residues for RdhA CbdbA80 and CbdbA84 were calculated within UCSF Chimera as Å2 
then normalized according to Bendell et al. [127, 132]. The resulting relative solvent accessible 

values were then classified as exposed when the value was higher than the chosen cut-off of 
20 %. The same was done for the remaining OHR complex proteins (Table 10). CbdbA80 

contains 29 lysine residues and 22 out of them were found to be exposed to the solvent, while 
CbdbA84 contains 24 lysine residues in total and 17 of them found to be solvent accessible 

(Table 10). Those two RdhA proteins were chosen as they are the two most abundant RdhA 
proteins in strain CBDB1 when cultivated on chlorinated or brominated benzenes. Exemplarily 

for an RdhB protein CbdbB3 solvent accessible sites were calculated as this was the only RdhB 
protein found in previous studies. In case of RdhB CbdbB3 all five lysine residues present 
within the protein are also calculated to be solvent accessible (Table 10). The subunits HupL, 

HupS and HupX contain in total 24, 20 and 15 lysine residues of which 19, 20 and 10 are 
accessible to the solvent. OmeA contains 40 accessible lysine residues out of 53 total lysine 

residues, while OmeB contains 13 accessible lysine residues out of 15 total lysine residues 
(Table 10). 

 
Table 10. Solvent accessible lysine residues within OHR complex subunits. 
The solvent accessible lysine residues were calculated within USCF Chimera as Å2 for the two RdhA proteins 
CbdbA80 and CbdbA84, the RdhB protein CbdbB3, HupL, HupS, HupX, OmeA and OmeB. Values were then 
normalized according to scale by Bendell et al. [132] and the relative solvent accessibility value was classified as 
exposed with a cut-off of 20 %. 

protein 

Total 
no. Lys 
residues 

Total no. 
solvent 
accessible 
Lys residues positions solvent accessible Lys residues 

RdhA CbdbA80 29 22 9, 13, 32, 74, 81, 101, 156, 174, 185, 201, 207, 209, 314, 329, 341, 
352, 358, 368, 376, 379, 401, 410 

RdhA CbdbA84 
24 17 15, 42, 56, 65, 84, 128, 140, 182, 207, 216, 232, 334, 335, 365, 

373, 411, 448 

RdhB CbdbB3 5 5 28, 30, 35, 66, 95 

HupL 
24 19 3, 17, 28, 45, 84, 135, 167, 168, 224, 301, 307, 330, 368, 399, 407, 

413, 446, 451, 485 

HupS 
20 20 6, 13, 80, 94, 105, 122, 149, 156, 201, 206, 220, 226, 239, 255, 

293, 316, 317, 319, 324, 325 

HupX 15 10 23, 32, 63, 92, 104, 159, 180, 189, 263, 266 

OmeA 

53 40 1, 11, 66, 71, 85, 96, 97, 109, 114, 211, 228, 282, 310, 320, 333, 
334, 357, 367, 370, 452, 497, 503, 505, 530, 549, 586, 595, 625, 
641, 719, 743, 756, 856, 859, 865, 881, 884, 891, 936, 939 

OmeB 15 13 6, 11, 25, 93, 168, 169, 243, 253, 310, 311, 376, 394, 395 
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Of the two most abundant RdhA proteins CbdbA80 and CbdbA84 16 and 13 different lysine 
residues were found to be modified by cross-linking reactions, respectively (Table 9, Figure 

18). For CbdbA80 13 out of the 16 modified lysine residues were also found to be solvent 
accessible. The lysine residues that were modified but seem to be buried within the structure 

were at position 33, 173, and 302 (Figure 18A). In case of RdhA CbdbA84 nine of the modified 
lysine residues by cross-linking agent were also found to be solvent accessible. The four lysine 

residues at position 26, 174, 175, and 306 were in contrast classified to be buried within the 
protein structure (Figure 18B). The subunits encoded within the hup operon were HupL, HupS 

and HupX were modified by cross-linker agents at 17, 2 and 7 positions (Table 9, Figure 19). 
Thirteen lysine residues of HupL were solvent accessible, while the lysine residues at position 

137, 312, 338 and 339 were predicted to be no exposed to the solvent (Figure 19A). The two 
modified lysine residues in HupS are also both solvent accessible lysine residues (Figure 19B). 

HupX again had two lysine residues at position 71 and 130 that were modified although they 
were not considered as solvent accessible sites. The remaining 5 lysine residues that were also 

modified in HupX by cross-linkers were also solvent accessible (Figure 19C). For OmeA and 
OmeB 33 and two lysine residues were identified to be modified by cross-linking reactions and 
of these lysine residues 26 and one residue was also predicted to be solvent accessible (Figure 

20). The positions that were not calculated to be solvent accessible but modified within the 
cross-linking reactions were at position 99, 140, 463, 647, 725, 931 and 953 in OmeA protein. 

In case of OmeB the lysine residue at position 386 was calculated to be buried within the 
protein but was found to be modified by a cross-linker. 
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Figure 18. Prediction of RdhA structures and visualization of modified lysine residues by cross-linking reactions. 
Protein structures for RdhA CbdbA80 (A) and CbdbA84 (B) were predicted by I-TASSER and corresponding PDB files 
of the first model loaded into UCSF Chimera. Iron-sulphur clusters represented as ball and stick and corrinoid 
cofactor as stick representation and coloured by heteroatoms. Lysine residues which were identified to be modified 
by a cross-linker (DSS, BS3 or bAL2) as loop-link or mono-link were visualized as stick representation in magenta 
within UCSF Chimera and labelled with respective position within the protein. 

A 

B 

A 

B 
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Figure 19. Prediction of HupL (A) und HupS (B) and HupX (C) structures and visualization of modified lysine 
residues by cross-linking reactions. 
Protein structures for HupL (A), HupS (B) and HupX (C) were predicted by I-TASSER and corresponding PDB files of 
the first model loaded into UCSF Chimera. The iron-sulphur clusters in HupS and HupX are represented as ball and 
stick representation, as well as the nickel cofactor in HupL. Lysine residues which were identified to be modified in 
both proteins by a cross-linker (DSS, BS3 or bAL2) as loop-link or mono-link were visualized as stick representation 
in magenta within UCSF Chimera and labelled with respective position within the protein. 
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Figure 20. Prediction of OmeA (A) und OmeB (B) structures and visualization of modified lysine residues by cross-
linking reactions. 
Protein structures for OmeA (A) and OmeB (B) were predicted by I-TASSER and corresponding PDB files of the first 
model loaded into UCSF Chimera. The molybdenum cofactor of OmeA is represented as ball and stick 
representation with colouring by heteroatoms. Lysine residues which were identified to be modified in both 
proteins by a cross-linker (DSS, BS3 or bAL2) as loop-link or mono-link were visualized as stick representation in 
magenta within UCSF Chimera and labelled with respective position within the protein. 

 

B 
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4 Discussion 

4.1 Detection of integral membrane protein subunits of the OHR complex 

Identification and characterization of integral membrane proteins is still challenging 
nowadays. Although MS is a powerful tool most of the sample preparation and separation by 

liquid chromatography before MS analysis is optimized for soluble proteins. The inherited 
properties of integral membrane proteins as their low abundance compared to cytosolic 

proteins and their hydrophobicity making them poorly soluble in water and water-based 
buffers or mobile phases make their identification difficult and leading only to low coverage. 

An additional aspect is that most bottom-up sample preparation protocols for MS involve 
digestion of proteins with trypsin, but transmembrane domains contain rarely lysine and 

arginine residues for cleavage and thereof generate large and poorly soluble hydrophobic 
peptides [133]. As the OHR complex contains two integral membrane proteins, RdhB and OmB 

with three and ten predicted transmembrane domains, respectively, their reliable detection is 
of interest for further studies of the OHR complex. So far the maximum of two peptides were 
identified for one out of the 32 RdhB proteins encoded in the genome of strain CBDB1 during 

analysis of BN-PAGE bands by Kublik et al. and six peptides for OmeB also during native PAGE 
analysis by Hartwig et al. [74, 76]. Comparison of abundances of the respiratory proteins in 

strain CBDB1 showed that OmeB is among the top 10 % of abundant proteins, while for RdhB 
no abundances were determined [89]. 

Different techniques were tested to improve the detection of integral membrane proteins of 
the OHR complex from CBDB1. The main approaches were: (1A) solubilisation with detergents 

DDM, RapiGest and SDS combined with a chromatographic separation on an SDS-PAGE as well 
as (1B) solubilisation before in-solution digestion with chymotrypsin followed by desalting 

with different AcN concentrations; (2) an approach termed membrane shaving combining 
proteinase K digest, solubilisation and in-solution digest; and (3) a gel-based approach 

especially resolving small proteins after solubilisation. Solubilisation is applied in all 
approaches as it is crucial to increase solubility of the peptides originated from hydrophobic 

transmembrane domains. 
In the first approach were solubilisation and SDS-PAGE were combined the focus was on the 
RdhB proteins as only gel slices around 10-15 kDa according to the molecular weight marker 

were cut. With this approach 10 RdhB proteins of low confidence were identified by Sequest 
HT search engine within Proteome Discoverer analysis. For three of those proteins CbdbA188, 

CbdbA1559 and CbdbA1617 no abundance values could be calculated by LFQ. Additionally for 
CbdbA188 and CbdbA1617 no retention times were given. Those two proteins had also only 

one peptide spectra match (PSM), while CbdbA1559 had two PSM. Furthermore all three had 
posterior error probability (PEP) values of 1, meaning that 100 % of the observed PSMs are 

incorrect (Table S 1). Consequently these three peptides were probably false positive 
assignments to the protein. Three of the remaining proteins CbdbB3, CbdbA1094 and 
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CbdbA1597 were identified only in detergent treated samples, while CbdbA1502 was 
identified only in the control sample. CbdbB4, CbdbA1536 and CbdbA1545 could be identified 

in all samples. Although detecting a protein with this approach only in the control or 
additionally in control sample besides the previously detergent treatment is not surprisingly as 

samples were incubated before applying onto the gel in the sample buffer for SDS gel 
electrophoresis containing also 1 % of SDS, which could also lead to solubilisation of integral 

membrane proteins. Nevertheless of the remaining seven proteins also five proteins (CbdbB4, 
CbdbA1502, CbdbA1536, CbdbA1545, and CbdbA1597) had a PEP of 1. The calculated q-values 

either from Sequest HT as well as the post-processing calculation by Percolator resulted in 
values above 0.7 meaning that at least 7 out of 10 PSM are false positive assignments (Table S 

1). RdhB CbdbB3 was identified with q-values of 0.28 (Sequest HT) and 0.15 (Percolator) as 
well as PEP of 0.75 (Sequest HT) and 0.56 (Percolator). Similar values were obtained for 

CbdbA1094 with q-values of 0.24 (Sequest HT) and 0.12 (Percolator), and PEP values of 0.69 
(Sequest HT) and 0.48 (Percolator) (Table S 1). The probability to be true positive 

identifications for the two peptides belonging to CbdbB3 and CbdbA1094 is therefore 
increasing and more likely as the other RdhB proteins found also with low confidence values. 
During a second solubilisation approach with the detergent RapiGest, followed by an in-

solution digest with the protease chymotrypsin and desalting step with different 
concentrations of organic solvent AcN in total 22 peptides of 15 RdhB proteins were 

identified. With a higher concentration of AcN (80/100 %) more hydrophobic peptides should 
be eluted, while with the original elution concentrations of AcN (30/80 %) also more 

hydrophilic peptides are thought to be eluted. To assess peptide hydrophobicity a GRAVY 
(grand average of hydropathy) value was calculated for each identified peptide [134]. Peptides 

with GRAVY values higher than 0 were considered as hydrophobic peptides and lower than 0 
as hydrophilic peptides. With an at least two-fold change in abundance then 95 % of the 

peptides had positive GRAVY values and were hence considered as hydrophobic peptides that 
followed the expectation and eluted with higher concentration of AcN. However peptide 1 of 

RdhB CbdbA239 with hydrophilic character was also identified with a 5.8 times higher 
abundance in the high organic concentration elution. Maybe certain interactions to other 

peptides influenced the elution of this peptide. On the other hand as all identified peptides 
were also assigned with a low confidence level it could also be false positive detection. The 
reported post-processing q-values and PEP values (Percolator node) for the 22 identified 

peptides were found to be between 0.36 and 0.82, and 0.9 and 1, respectively (Table S 2). 
Although the reliability of the obtained values for the found peptides is speculative the ability 

to detect them even in complex samples enabled the possibility for further improvement of 
detection with medium or high confidence. 

One such a method called ´membrane shaving´ resulted in identification of 11 RdhB proteins 
of which nine were identified with high confidence and two with medium confidence 

according to FDR (Table 4). During this approach the membrane fraction was collected by 
ultracentrifugation and loop regions of integral membrane proteins were proteolytically 
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cleaved by proteinase K digestion leaving intact transmembrane domain. These 
transmembrane domains were then solubilized with the detergent RapiGest and digested with 

another protease chymotrypsin. The procedure was established before successfully for 
detection of integral membrane proteins from Staphylococcus aureus from which the protocol 

was adapted but also applied for other species both prokaryotic and eukaryotic [103, 135-
137]. For MS data analysis spectra were searched against two protein databases: the entire 

protein database of Dehalococcoides mccartyi strain CBDB1 obtained from UniProt and a 
custom database containing all possible peptides of OHR complex subunits generated during 

proteinase K digestion. The identified peptides of high and medium confidence levels had q-
values in the post processing node Percolator between 0 and 0.008 and PEP values lower than 

0.158 (Table S 3). These values indicate true positive hits. However it should be noted that 
one peptide of RdhB CbdbA1541 had a wrong assignment as the entire peptide ´IFTVQNF´ 

does not correspond to the annotated sequence of CbdbA1541. In the sequence of 
CbdbA1541 the isoleucine is replaced by a leucine. Instead the peptide with the found 

sequence belongs to RdhB CbdbA85 and covered position 43-49 in the protein that is located 
in the second transmembrane helix. This problem arose from the custom database were 
related protein groups and protein accessions had to be checked if peptides assigned to 

different proteins. Additionally as the custom database actually contains peptides and not 
proteins the sequence coverage for identifications should be 100 % otherwise it could be also 

a false positive hit or assignment to the wrong protein. 
Using membrane shaving in addition to RdhB proteins also OmeB another integral membrane 

protein of the OHR complex was investigated. In total 17 high confident and 6 medium 
confident peptides were identified of OmeB. The Percolator and Sequest HT q-values and PEP 

values for the peptides are similar and confirm high possibility to be true positive hits (Table S 
3). The Percolator q-values are still lower and ranged from 0-0.008, while the Sequest HT q-

values had a range between 0 and 0.08. The PEP values were lower than 0.135 for Percolator 
and lower than 0.103 for Sequest HT. 

In addition to improvement in detection of integral membrane proteins the shaving method 
provided also the possibility to determine start and end of transmembrane helices of integral 

membrane proteins. Nevertheless the more good quality peptides identified for a protein the 
better the mapping of transmembrane helix is. In case of the RdhB proteins only CbdbB3 
provided enough peptides to identify the start and end position of the third transmembrane 

helix. The predicted positions for the third transmembrane helix by Protter or TMHMM were 
68 or 69 to 90 (Figure 6). Membrane shaving approach revealed 23 peptides of RdhB that 

covered position 70 to 90 and consequently experimentally confirm the in-silico predictions. 
These peptides include also peptides with and without oxidation of methionine as well as 

peptide variants with one or two missed cleavages. Nevertheless the tryptophan at position 
69 could also belong to the transmembrane helix but was cut during digestion with 

chymotrypsin. For RdhB CbdbB3 another peptide `CIQNSIAGF’ was identified and was located 
in the protein from position 52 to 60. The second transmembrane helix of RdhB CbdbB3 is 
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predicted to cover positions 36 to 57 or 58 according to Protter or TMHMM Server. This 
resulted in partially localisation of the peptide in the second transmembrane helix and in the 

periplasmic loop region between the second and third transmembrane helix. As the last amino 
acid of the peptide was a phenylalanine that is an amino acid after which chymotrypsin cut it 

is difficult to give conclusive statement if the entire peptide is located within the membrane or 
rather a loop region. Another explanation could also be that the loop region was protected 

from proteinase K digestion by interaction to another protein, likely RdhA CbdbA80. Though 
this example showed that prediction of start and end of a helix is better when several 

peptides were identified. In contrast for OmeB the assignment of peptides to the ten 
predicted transmembrane helices of OmeB was more difficult as often just one or two 

peptides per transmembrane helix were identified. Peptides fitting to predictions of 
transmembrane helices were found for 27-43 in the first transmembrane helix, 73-86 second 

transmembrane helix, 96-103 and 98-103 third transmembrane helix, 189-196 in the fifth 
transmembrane helix, and 317-334 with and without oxidation as well as 333-338 of the ninth 

transmembrane helix. However both prediction programmes predicted the ninth 
transmembrane helix from position 318 on. But the two identified peptides give reason to 
believe that the serine at position 317 is the start of the transmembrane helix nine. 

Additionally the peptide comprising positions 347 to 357 might indicate the beginning of the 
tenth transmembrane helix at position 347 contrarily to the predictions of 353 (TMHMM) or 

350 (Protter). The peptide of positions 65-72 is according to the predictions partly in the 
periplasmic loop region and beginning of the second transmembrane helix. But it could also be 

the case that the beginning of the second transmembrane helix is the valine at position 65. 
Also the peptide 110-122 might indicate that the third transmembrane helix ends with the 

arginine at position 122 and not as predicted with the isoleucine at position 118. As these are 
combined results from different detergent concentrations, a repetition of these experiments 

would be needed to confirm these findings. It is interesting that from OmeB not only 
transmembrane peptides were detected: other peptides were from loop regions, from the N- 

or the C-terminus. Details of these peptides are as follows: 15-20 (N-terminal), 48-61 (loop 
transmembrane helix 1 – transmembrane helix 2), 158-164, 158-167 and 161-167 (loop 

transmembrane helix 4 – transmembrane helix 5), 200-209, 201-209 and 202-209 (loop 
transmembrane helix 5 – transmembrane helix 6), 274-283 (transmembrane helix 7 – 
transmembrane helix 8), and 378-384 (C-terminal). 

Also several other studies using the membrane shaving approach with variations in the 
enzyme used for shaving or digestion of the solubilized shaved peptides all of these studies 

obtained also proteins that do not have transmembrane helices and identified also peptides 
that were not located inside the membrane [103, 135, 136]. In total 112 proteins with a FDR 

of 0.05 were identified of which 75 % were predicted to be membrane proteins and 
membrane associated proteins (Table S 4). Nevertheless membrane shaving is a suitable 

approach to identify membrane proteins, increase coverage of identified membrane proteins 
and also can be applied for mapping transmembrane domains of integral membrane proteins. 
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If also peripheral membrane proteins should be covered than it is advisably to combine this 
approach with 1D SDS-PAGE as both techniques are complementary as shown before [103, 

135]. The membrane shaving itself seems to better work in organisms with thick cell walls due 
to the fact cell lysis happening leads to release of intracellular proteins and consequently to 

contamination of the pool of membrane proteins and surface-exposed proteins [138]. 
The third gel-based approach was again more focused on detection of RdhB proteins. Bis-Tris-

PAGE also called Criterion XT gels were designed for better resolution of small proteins. After 
solubilisation of crude cell extracts with different detergent protein samples were separated 

on such a gel and the band according to the molecular weight marker between 10-15 kDa 
were cut after silver staining. These bands were prepared for MS analysis according to the in-

gel digestion protocol using on the one hand trypsin and chymotrypsin protease and on the 
other hand trypsin alone. Comparing the different proteases for digestion revealed that the 

combination of trypsin and chymotrypsin was more successful in detection of good quality 
RdhB peptides during MS analysis. Combination of both proteases resulted in identification of 

the three RdhB proteins CbdbA85, CbdbA188 and CbdbB3 with 95 % possibility to be true 
positive hits and 25 RdhB proteins with low confidence (Table 5). In total 810 peptides 
assigned to RdhB proteins were found of which only six had q-values lower than 0.05 (Table S 

6). For CbdbA85 peptide of one sequence was identified with and without modification on 
methionine residue within the sequence and resulted from chymotrypsin cleavage. It is 

predicted to be located within the loop region between the second and third transmembrane 
helix. As protein abundance is based on the abundances of the peptides identified the peptide 

localization explains why the abundance between control sample and solubilized samples is 
comparable. RdhB CbdbA188 was also identified based on one high quality peptide that 

originated due to cleavage of chymotrypsin and trypsin and is predicted to be located also in 
the loop region between the second and third transmembrane helix. Although this peptide 

has also localization in a loop region higher abundances were found in detergent treated 
samples, especially with SDS as detergent compared to the control sample and neither 

hydrophobicity of the peptide nor of the total protein are able to explain this. Three different 
peptides were identified for the third good quality RdhB protein detected, CbdbB3. One 

peptide had q-value lower 0.01 and two had q-values lower than 0.05 (Table S 6). The peptide 
`FIQYLK` originates from trypsin digestion and is located in the loop region between the first 
and second transmembrane helix, which is the one with the best q-value and PEP value. The 

peptides `CIQNSIAGF` and `SLVTAR` predicted to be partly in the second transmembrane helix 
plus loop between second and third transmembrane helix and in the third transmembrane 

helix plus cytoplasmic C-terminal part, respectively (Figure 6). The latter two peptides were 
also identified during membrane shaving approach and give rise that the mapping of the end 

for the second and third transmembrane helix might be not predicted correctly by Protter and 
TMHMM. Only one previous study by Kublik et al. provided data of RdhB protein and 

accordingly peptide identification, which also identified two peptides [74]. Although no 
sequence information was provided that fact that MS sample preparation of the in-gel 
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digested bands was performed with trypsin it is likely that the peptides `FIQYLK` and `SLVTAR` 
were identified also before but not quantified by LFQ. 

Digestion with trypsin alone resulted by analysis of bands from the small protein resolving gel 
in total of 99 peptides of RdhB proteins, but only in one high quality peptide of CbdbB3 (Table 

S 6). Nevertheless the protein itself was not ranked with high or medium confidence during 
this analysis, although to single samples high and medium confidence was assigned. Probably 

this was a problem arose from sample processing in proteome discoverer. Also other RdhB 
proteins were found with low confidence but q-values and PEP values suggest high probability 

of being false positive hits. 
Overall it can be said that also Bis-Tris-PAGE (Criterion XT gel) performed with MES running 

buffer and in-gel digestion with trypsin and chymotrypsin can be used to identify peptides of 
high quality of RdhB proteins. Taking into account that also Kublik et al. identified two 

peptides of RdhB CbdbB3 during in-gel digestion with trypsin from BN-PAGE gel bands, 
solubilisation combined with PAGE and in-gel digest favourably with trypsin and chymotrypsin 

is able to separate and identify RdhB proteins of Dehalococcoides mccartyi strain CBDB1. Also 
previous literature supports that especially BN-PAGE is able to separate proteins with GRAVY 
values above 0.5 and also membrane complexes quite well [139-141]. All RdhB proteins 

encoded in strain CBDB1 have GRAVY values even above 0.72, but should still be able to be 
separated during PAGE (Table S 7). In the literature cases often separation was performed in a 

first dimension on BN-PAGE and in a second dimension in SDS-PAGE [139, 140]. Although this 
was not performed during this study as one dimension was sufficient for detection of RdhB it 

would be of interest if 2D BN/SDS-PAGE can also detect RdhB proteins. Such 2D BN/SDS-PAGE 
analyses were performed before on strain CBDB1 but focused on the membrane associated 

subunits of the OHR complex. The integral membrane protein OmeB was detected during this 
approach but no gel spots of the size corresponding to the molecular weight of RdhB proteins 

were analysed [74, 99]. 
Further possibilities that may further improve detection and sequence coverage of RdhB 

proteins with peptides of high quality may be application of different combined proteases as 
shown here for trypsin and chymotrypsin or combination of proteolytic digestion with 

cyanogen bromide (CNBr) digestion. Both digestion with CNBr of crude extracts from strain 
CBDB1 in-solution and digestion with trypsin and CNBr of gel slices after SDS-PAGE separation 
were tried in out laboratory [142]. Although in these first pre-test no RdhB proteins could be 

detected it is also described as promising tool for identification of integral membrane proteins 
in literature and might worth another trial [143, 144]. Another improvement in respect to 

separation by liquid chromatography could be made as the most often used reverse phase 
column in combination with AcN and 0.1 % formic acid or 0.1 % trifluoroacetic acid is 

described as not suitable for separation and elution of highly hydrophobic proteins and 
peptides [138, 145]. Changes in the mobile phase as addition of isopropanol to the AcN phase 

or alternatively 60 % formic acid together with isopropanol were described to improve elution 
of hydrophobic proteins and peptides [138, 145]. Instead of a reverse phase separation 
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column ion exchange resins were described for increased coverage of membrane proteins or a 
combination of size exclusion chromatography with reversed phase column [138, 146-148]. 

Another option described for improvement in elution of hydrophobic peptides is injection of 
the sample at higher temperature as well as separation at higher temperature by heating the 

column oven to reduce sample viscosity and avoiding precipitation of lipids [138, 149, 150]. 
During membrane shaving the separation column was heated to 60 °C, which might be also an 

explanation why several RdhB proteins could be detected in this approach. Further analysis of 
RdhB proteins and other membrane proteins might also apply this higher temperature during 

separation by liquid chromatography. Another opportunity would be to try to enrich integral 
and peripheral membrane proteins before further analyses to reduce sample complexity and 

increase abundance of these proteins of interest. Previous purification strategies of the OHR 
complex from strain CBDB1 using size exclusion chromatography and anion exchange 

chromatography separately as well in combination were performed before and resulted in 
identification of OHR complex subunits over several fractions of 1 mL but dilution and no 

improvement in detection of RdhB proteins [131]. Other enrichment strategies applied to 
membrane proteins were the use of nanomaterial in the form of nanodiamond particles or 
graphene and graphene oxide as well as an affinity purification on streptavidin immobilized 

beads or cartridges with previous biotinylation of membrane associated and integral 
membrane proteins [138, 151-155]. Both enrichment strategies could be applied to whole 

cells of strain CBDB1 as they were applied to whole cells of prokaryotic and/or eukaryotic 
organisms before. 

In contrast to the previous methods that are all based on bottom-up approaches also a top-
down method was tried for identification of intact RdhB proteins. As RdhB proteins have a size 

of around 10 kDa the addition of two to three protons during electrospray ionization should 
be enough to analyse these proteins by mass spectrometry with a range between 200 and 

6000 m/z available on the Orbitrap Fusion used in this study. Whole cell extracts were treated 
with different organic solutions in order to extract integral membrane proteins. Using 

extraction of membrane protein through organic solvents was performed before [156-159]. As 
direct injection of the organics itself resulted in no spray formation, organics were 

evaporated. The best way to take up samples again was AcN/formic acid/water mixture of 
80 %/0.1 %/20 % to obtain a stable spray. Formic acid is needed otherwise no multiply 
protonated states of the proteins can be generated. Though protonation especially of integral 

membrane proteins seems to be not as trivial as thought. Whitelegge et al. postulated that 
due to the hydrophobic character less ionisable amino acid side chains are present as well as 

the dominant α-helix as transmembrane secondary structure may be quite stable in the gas 
phase and prevent protonation [160]. With the knowledge obtained from these study that the 

RdhB protein CbdbB3 has solvent exposed amino acids that can be protonated and were 
detected before protonation of two to three sides is possible. Another explanation could be 

that proteins aggregate and precipitate during extraction with organic solvent or when 
dissolved in AcN/formic acid mixture so that no isolated proteins present to be charged 
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effectively. For further experiments effective resolubilisation after precipitation might be 
achieved by addition of cold organic acid at high concentration with followed up dilution of 

the acid in water [161]. To control the experiment positive controls of a pure standard protein 
or mixture of few proteins might be treated in the same way to ensure that proteins can be 

detected after sample preparation. Additionally also the often used chloroform/methanol 
mixture might be tested for extraction of RdhB proteins [161, 162]. 

4.2 Complexome analysis revealed the organization of the OHR complex into 

modules 

To test interactions of the OHR complex subunits and to evaluate their strength a 

complexome analysis was performed using three different protein extraction modes with 
different solubilisation strengths. Complexome analysis relies on the principle that proteins 

interacting together share a similar distribution profile on a polyacrylamide gel under native 
conditions. Protein analysis was performed with an nLC-MS/MS method and the protein 

abundance was determined by LFQ. The focus was on the in-depth investigation of the OHR 
complex in D. mccartyi strain CBDB1. 
The extraction mode using whole-cell extract was the mildest extraction procedure and was 

designed to preserve most of the interactions within the complex. In fact it could be observed 
that a Hup module was formed consisting of the hydrogenase subunits HupL and HupS; 

secondly an Ome module was formed consisting of the subunits OmeA, OmeB and HupX. This 
result was surprising because HupX is encoded in an operon with the other two hydrogenase 

subunits but the results clearly showed that HupX interacted stronger with OmeA and OmeB 
than with the other Hup subunits. This finding is in agreement with results from Kublik et al., 

who first postulated that RdhA is a part of a higher molecular weight complex including RdhA, 
RdhB, OmeA, OmeB, HupX, HupL and HupS as subunits and thus supports the hypothesis that 

reductive dehalogenase is part of a complex [74]. In the work of Kublik et al. also BN-PAGE of 
solubilized whole-cell extracts was performed, but broad gel regions were analysed by nLC-

MS/MS for protein identification. For data evaluation the semi-quantitative emPAI value was 
used [74]. Therefore, complexome analysis applied in this study represents a resolution 

advance of these earlier experiments. From the data Kublik et al. postulated interaction of 
RdhA/RdhB with OmeA/OmeB/HupX. Further investigations by chemical cross-linking 
supported this hypothesis and also suggested that HupL/HupS is part of the OHR complex [74]. 

Six RdhA proteins were detected during whole-cell extraction in the current work. RdhA 
CbdbA88 and CbdbA1588 had the peak maximum in the same gel slice as the Ome module 

indicating an interaction of CbdbA88 and CbdbA1588 with the Ome module. Within the Ome 
module it appears most likely that the RdhA proteins interacted with either OmeA or with 

HupX as OmeA and HupX are the membrane-associated proteins of the Ome module. OmeB 
as third subunit of the Ome module is predicted to be fully integrated into the membrane and 

an interaction with RdhA proteins appears less likely. Two other RdhA proteins CbdbA1453 
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and CbdbA1638 shared their maximum abundance within the gel slices with the Hup module, 
suggesting an interaction with one of the two hydrogenase subunits. The last two identified 

RdhA proteins were CbdbA80 and CbdbA84, which are the two most abundant RdhA proteins 
in strain CBDB1 [84]. Interestingly, they both did not share their maximum abundance within 

the gel slices with the modules described above. Instead, they were broader distributed along 
the gel between the peak maxima of the Ome and Hup modules, but both with a similar 

distribution pattern. This could indicate that the RdhA proteins interacting with both, the Ome 
module and the Hup module and that therefore they were distributed between the other two 

modules. Only one RdhB protein was detected, CbdbB3, the B-protein located in an operon 
with the abundant RdhA CbdbA80. The distribution profile was different to all other subunits 

of the OHR complex and only one side-maximum was correlating with the distribution of RdhA 
CbdbA80 and/or the Ome module. This result suggests a detachment of RdhB from the OHR 

complex and that only a small portion of the RdhB proteins was interacting with RdhA 
CbdbA80 and/or the Ome module. If interacting with the Ome module then the interaction is 

more likely with OmeB, as both proteins RdhB and OmeB are integral membrane proteins. 
Detecting an RdhB protein of one of the abundant RdhA proteins is expected as it is thought 
that the expression of an RdhA protein and its genome-associated RdhB membrane anchor 

should be at similar intensity. Nevertheless, the data showed that the abundance of CbdbA80 
was 3.3 times higher than the abundance of CbdbB3. However, a closer look at the peptide 

level revealed that for CbdbA80 12 peptides were identified, of which 11 were at sufficient 
intensity to contribute to the quantification of the protein. In contrast, only one single peptide 

was identified and used for quantification of CbdbB3. Evidently, the lack in detection of RdhB 
proteins and also peptides of RdhB proteins makes it difficult to give a similar precise 

statements on distribution of the protein across the gel lane as for the RdhA. Additionally one 
would assume that if the expression is similar then also the abundance is similar. However, 

due to the described detection challenges, the exact quantification between the RdhA 
CbdbA80 and its cognate RdhB CbdbB3 was not fully resolved in this study. A possible way 

around this quantification problem could be either the quantification via selected reaction 
monitoring using external standard peptides for standardisation or to complement the mass 

spectrometric quantification with the quantification of mRNA expression levels using RT-qPCR. 
Applying the ‘membrane fraction extraction’ mode, which was the harshest applied method 
for protein extraction, only the strongest interactions within the OHR complex were 

preserved. Due to more steps in sample preparation procedure loss of proteins was observed 
for membrane-associated proteins indicated by a decrease in abundance, while the 

abundance of integral membrane proteins was increasing compared to the mild extraction 
mode of ‘whole-cell extraction’ (Table 7). Additionally, only three RdhA proteins were 

identified which, in comparison with the two other extraction strategies, was the least 
number of identified RdhA proteins. Among these RdhA proteins the two abundant RdhAses 

CbdbA80 and CbdbA84 were again present, as well as CbdbA1618. All three proteins had 
different patterns of relative protein abundance along the gel lane and seemed not to 
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specifically interact with each other. Including RdhA CbdbA80 and CbdbA84 also all other OHR 
subunits were identified in the high molecular weight area of the gel, which might be due to 

protein aggregation during sample preparation. CbdbA1618 showed several peak maxima 
along the gel lane but overall the data is not very reliable, as some slices did also not show any 

detection of these reductive dehalogenase. This phenomenon that detection of the protein 
failed in some slices occurred also for other proteins of the OHR complex, but to a lesser 

extent. At the end of the gel lanes this was expected but in the central pieces of the gel this 
was rather unexpected. The explanation could be that the detection level was generally 

relatively low in this gel and some of the slices might have fallen below the detection limit. In 
general it was observed that almost the complete complex and also the modules were 

disintegrated. The only interaction that seemed to have been preserved were the interaction 
between OmeB and RdhB, the two integral membrane proteins of the OHR complex, which 

shared an area of very similar distribution of relative protein abundance. Although it might be 
difficult to give statements about interactions of the membrane-associated proteins of the 

complex as their overall abundance was decreased and the relative protein abundance with 
exception of the high molecular weight range above 720 kDa was mainly below 5 %. Here we 
also have two exceptions HupL and RdhA CbdbA80 with below 12 %. During other extraction 

modes the relative protein abundance of all proteins was never below 15 %. This again 
indicated that the ‘membrane fraction extraction’ mode led to large losses of total protein and 

that made detection of proteins and their interactions unreliable. 
The third extraction mode of ‘disrupted cell extraction’ was a method with intermediate 

solubilisation strength between the two extraction modes described before. The number of 
total proteins detected was comparable to the whole-cell extraction, whereas the total 

protein abundance for all three extraction modes with 1010 proteins was almost comparable. 
The disrupted cell extraction confirmed the existence of the Hup and the Ome module seen 

also in the whole-cell extraction, as there were clearly similar distribution pattern and/or 
shared peak maxima for HupL and HupS, as well as for OmeA, OmeB and HupX. Furthermore 

an RdhA module consisting of RdhA CbdbA80 and RdhB CbdbB3 was seen. For the other four 
identified reductive dehalogenases from disrupted cell extraction the respective anchoring 

proteins were not detected, which was also the case in the other two extraction modes. 
Therefore it is not clear if each reductive dehalogenase indeed interacts with its anchoring 
protein, but such an interaction is likely because it was seen after disrupted cell extraction for 

RdhA CbdbA80 and RdhB CbdbB3. Besides, also the evidence for interaction between RdhB 
and OmeB after membrane fraction extraction was confirmed with this extraction mode, as 

both subunits shared the same side maxima. An interesting finding after disrupted cell 
extraction was that not all RdhA proteins had a similar distribution pattern and maxima. The 

maxima of CbdbA84, CbdbA1588, and CbdbA1638 were found at around 242 kDa, which was 
in agreement with the main activity of reductive dehalogenase identified by an activity assays 

on BN-PAGE gel slices [74]. However, the maximum of relative protein abundance for 
CbdbA1618 was found at around 66 kDa, and for CbdbA80 at around 146 kDa. Reductive 
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dehalogenase activity was also identified at around 146 kDa during studies by Kublik et al. but 
to a lesser extent than at around 242 kDa [74]. The substrate used for these activity assays 

was 1,2,3,4-PCE and the RdhA protein CbdbA84 is also known as chlorobenzene reductive 
dehalogenase CbrA [163], so that a combination of complexome analysis and such activity 

assays could confirm this substrate specificity. A reason why different RdhA proteins have 
different peak maxima and distribution pattern is speculative, but could be due to different 

interactions with the Ome module or Hup module. For example side maxima for Ome module 
subunits were correlating with peak maxima of the three RdhA proteins found at 242 kDa, 

while a side maximum of the Hup module was found at around 146 kDa, where RdhA 
CbdbA80 has its maximum of relative protein abundance. The peak at 66 kDa for the RdhA 

CbdbA1618 could represent the separated subunit alone. 
When identified proteins of the OHR complex were analysed on the peptide level another 

unexpected result was obtained. The hypothesis was that all peptides from one protein should 
have the same distribution in the gel. Also the data for the protein abundance distribution 

across the gel lane that was calculated from the distribution of the peptides, should strongly 
correspond with the peptide distributions. Yet for RdhA CbdbA84, HupL and OmeA not all 
peptides had the same distribution. Instead, some peptides had their maximum of relative 

peptide abundance in a slice before or after its proteins maximum of relative abundance. 
Peptide features such as length and hydrophobicity were checked to be an explanation for 

this, but as expected these parameters could not explain this observation. As an example, 
peptides of RdhA CbdbA84 were analysed for their length and distribution. This revealed that 

shorter peptides (< 10 aa) appeared to dominate in slice 32, but there were also exceptions 
(‘EAVANNTPGNTLK’, ‘VGYVSINENNK’) that were longer than 10 aa. Also peptides of less than 

10 aa were found in slice 40 (‘DYKNYPYSR’, ‘KVWFSPDK’). Peptides identified in slice 31 as 
maximum or side maximum had all a length longer than 14 aa. From all these data it is evident 

that the peptide length did not explain the presence in one or another gel slice. 
In addition to the analysis of the distribution pattern of relative protein abundance we also 

performed hierarchical clustering. This was done for the OHR complex and the ATP synthase 
separately but also with a comprehensive set of all protein complexes detected in the 

proteome. The hypothesis underlying this analysis was that the interactions would be better 
detectable in a hierarchical clustering analysis and especially faint differences between the 
three extraction modes would be detected. The ATP synthase complex subunits were chosen 

as a reference because the location of the different subunits and their interactions are well 
known. Therefore, it was hypothesized that the ATPase subunit distribution would indicate 

the solubilisation strength in the three different extraction modes. In summary the behaviour 
of the ATP synthase subunits which could be detected were similar as for the OHR complex 

subunits. The gel lane after whole-cell extraction mode was analysed only for information on 
the OHR complex with a size of up to 341 kDa and therefore the gel was cut only up to 

480 kDa. Due to this only one ATP subunit was detected during whole-cell extraction and 
other subunits forming the complex have a size above 480 kDa. Therefore, other subunits 
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were not detected. During the membrane fraction extraction five ATP synthase subunits were 
detected and all of them were in different clusters and did not interact with each other, as it 

was seen for the OHR complex. In contrast during the disrupted cell extraction interactions 
were preserved and are in accordance with known structural information of bacterial  F-type 

ATP synthase [164, 165]. Taking these results together, the disrupted cell extraction mode 
seems to best preserve the interactions between the subunits of the modules and also 

abundances for membrane-associated proteins were mostly comparable to whole-cell 
extraction as well as abundances for integral membrane proteins were similar to membrane 

fraction extraction. This indicates that the disrupted cell extraction was the most appropriate 
extraction mode for the investigation of the OHR complex modules. Therefore, a closer look 

on the hierarchical clustering was performed with this extraction mode to analyse if there 
were yet-unidentified proteins that interacted with the OHR complex modules. Indeed two 

additional proteins, a hypothetical periplasmic protein (CbdbA1106) and a K+-insensitive 
pyrophosphate energized proton pump HppA (CbdbA738) were found sharing a similar 

distribution profile as the subunits of the Ome module. A potential interaction with those 
proteins could also explain why the Ome module has a size of around 540 kDa, which is three 
times more than the calculated size of the Ome module with 181.6 kDa. Another explanation 

would be that the Ome module forms a trimer, although a reason why this would be an 
advantage and how this would be favourable for the biochemistry of the OHR complex is not 

clear. Instead an interaction with HppA could explain how protons are translocated through 
the membrane to generate a proton motif force for the ATP synthase which is still not clear 

yet. A hypothesis by Zinder described OmeB as potential proton pump of the OHR complex 
which possesses glutamate residues in the transmembrane helices that could be responsible 

for electron pumping [96]. But it would be also a hypothesis that HppA is a part of the OHR 
complex to generate the proton motif force. This protein was also identified in previous 

analyses on BN-PAGE and SDS-PAGE of whole-cells treated with cross-linker [74]. 
The ‘disrupted cell extraction’ was also the best method to see other protein complexes, such 

as the Tat-complex, Vhu-hydrogenase, carbamoyl phosphate synthase and the pyruvic-
ferredoxin oxidoreductase. Interestingly complex I, the NADH:ubiquinone oxidoreductase 

(Nuo), which is also encoded in the genome of CBDB1, with exception of the NADH-input 
domain NuoEFG, could not be identified during disrupted cell extraction or membrane fraction 
extraction. If at all only a low abundance of these protein subunits were identified in other 

studies [89]. Complex I is known to couple electron transfer to proton translocation across the 
membrane by conformational changes to provide part of the proton motif force [95]. Absence 

of such a complex strengthens also the hypothesis that the OHR complex itself provides the 
proton motif force or a potential interacting protein as HppA without involvement of quinones 

and cytochromes. Although the way of proton translocation across the OHR complex is not 
clear it could be similar to complex I by conformational changes. The disrupted cell extraction 

seems to be also the best extraction mode to investigate the OHR complex and reductive 
dehalogenases itself, as this is the extraction mode where most of the OHR complex subunits 
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were among the 10 most abundant proteins with three RdhA proteins and OmeA, while after 
whole-cell extraction only one RdhA protein was among the 10 most abundant proteins and 

after membrane fraction extraction only HupX and none of the other subunits was highly 
abundant. Instead membrane fraction extraction highly enriched ribosomal proteins. All in all 

19 out of 31 50S ribosomal proteins and 14 out of 20 30S ribosomal proteins were identified 
(Figure S 2B), while in the other two extraction modes only two 50S ribosomal proteins were 

identified. 

4.3 Protein chemical cross-linking and structure prediction of OHR complex 

3D structural analysis of the OHR complex of Dehalococcoides mccartyi strain CBDB1 is of 
importance to obtain topology information about single subunits and interactions between 

the subunits. This structural information would also help to understand the entire function of 
the complex in respect to electron transport and proton translocation. Techniques usually 

applied to perform 3D protein structural analysis are X-ray crystallography, NMR spectroscopy 
and 3D (cryo) electron microscopy [113]. Especially X-ray crystallography and NMR 

spectroscopy need high concentrations of highly purified protein solutions. These two 
requirements cannot be achieved for the OHR complex and its subunits to investigate them as 

only low biomass and consequently relatively low amount of total protein can be obtained 
from strain CBDB1. Furthermore no suitable purification approaches for the entire OHR 

complex or subunits are yet realized. Purification attempts were performed and could show 
that reductive dehalogenase activity could be retained even after separation by anion 

exchange chromatography and size exclusion chromatography or vice versa [131]. However 
this purification resulted in massive protein loss and dilution of protein. Additionally NMR 

spectroscopy and X-ray crystallography are limited techniques to analyse protein complexes 
and membrane proteins. Therefore chemical cross-linking was chosen to investigate protein 
structure of the subunits, interactions between the subunits and stoichiometry of the subunits 

of the OHR complex. Protein structures were predicted by I-TASSER in order to compare 
obtained structures with experimental data from chemical cross-linking to see if theoretical 

models are in accordance with distance constraints of experimentally determined cross-links. 
Furthermore, information about solvent-accessible sites could also be obtained from 

modification of amino acids with cross-linker agents by the different types of cross-linked 
products (mono, loop, intra- and inter-molecular cross-links). Within UCSF Chimera which was 

used for visualization and modification of the predicted structures from I-TASSER solvent-
accessible sites were also calculated and compared to experimentally obtained data. 

Different strategies were tested to increase the number of cross-linking products involving 
cross-linking combined with solubilisation with DDM and/or cell lysis, or cell surface cross-

linking. When solubilisation was combined with cross-linking an increased number of cross-
linked products was observed (Table 8). The highest number of cross-linked products was 

found when solubilisation was performed after cross-linking with bAL2 in a ratio protein to 
cross-linker of 4:1 with 138 cross-links (13 inter and 125 intra cross-links), 96 loop-links and 
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2802 mono-links. In this dataset one intra cross-link belonging to OmeA and one to RdhA 
CbdbA84 could be assigned, as well as six loop-links to OmeA and to four different RdhA 

proteins. Additionally, 70 mono-links including 18 for OmeA, one for OmeB, five for HupX, 
seven for HupL, 10 for RdhA CbdbA80 and 12 for CbdbA84, as well as 17 to other RdhA 

proteins could be assigned as well. The cross-linker bAL2 was chosen as it contains a biotin 
moiety which can be used to enrich cross-linked peptide products on streptavidin beads [116]. 

Indeed compared to DSS or BS3 cross-linker the number of non-linked peptides decreased 
under the same conditions (Table 8). However a comparison to bAL2 cross-linked peptides 

without enrichment step was not performed, which would give better understanding if during 
the enrichment step also cross-linked peptide products decreased due to loss of streptavidin 

beads in the washing steps as well as unspecific binding onto beads. 
With focus on the OHR complex subunits non-linked peptides were found for all subunits, 

including all 32 RdhA proteins and two RdhB proteins (CbdbB3 and CbdbA597). Cross-links 
between different subunits of the OHR complex were not identified; only cross-links to other 

proteins for OmeA and RdhA CbdbA84 were detected. An OmeA cross-link was found to an 
N-acetyltransferase (CbdbA490) only once. It is known that N-acetyltransferases in bacteria 
are involved in the regulation of metabolic functions, virulence, transcription, and translation 

but little is known about subcellular localization [166, 167]. As the identified 
N-acetyltransferase CbdbA490 was not characterized and prediction of subcellular localization 

by psortb resulted in no clear assignment to one cell compartment it might be possible that 
the enzyme is present in the periplasm to regulate OmeA activity or protein-protein 

interaction, but it could also have another role that is not related to OmeA at all. Furthermore 
as this interaction was found only once with one peptide, a significant interaction between 

OmeA and CbdbA490 is not proven. The second inter cross-link between RdhA CbdbA84 and 
the DNA polymerase III CbdbA563 is even less plausible as the two proteins are in no way 

metabolically related. Both inter cross-links were found in samples first solubilized and then 
cross-linked so that these interactions probably resulted from unspecific interactions between 

the membrane associated proteins and cytosolic proteins that were released after 
solubilisation. Furthermore two intra cross-links also for OmeA and RdhA CbdbA84 were 

found. Unfortunately, the peptides that were connected were sequentially ordered so that no 
different parts of the protein were linked. Cross-links, loop-links and mono-links are able to 
give information about solvent-accessible sites. Loop-linked peptides were found for HupL, 

OmeA and the two most abundant RdhA proteins CbdbA80 and CbdbA84, while mono-linked 
peptides were found for all OHR complex subunits with the exception of RdhB proteins. In 

respect to the cross-linked products for OHR complex subunits the cross-linker bAL2 
contributed to most of the cross-linked products compared to the other cross-linker applied in 

this study (Figure 21A). The subunits HupS and OmeB were only linked when treated with 
bAL2, while for the remaining subunits also cross-linked products were found with DSS cross-

linker. Cross-linking with BS3 resulted in only one mono-linked peptide for OmeA, whereby  
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Figure 21. Evaluation of identified linked peptides of the OHR complex subunits for applied cross-linker (A) and 
examined cross-linking strategies (B). 
The relative proportion in percent summed up to 100 % of identified peptides for each subunit of the OHR complex 
according to the applied cross-linker DSS (blue), bAL2 (red) and BS3 (green) in (A). The same was done for the 
examined strategies of protein chemical cross linking with lysis followed by solubilisation (dark blue), cell surface 
cross-linking (red), solubilisation followed by cell lysis and afterward cross-linking (green), solubilisation before 
cross-linking (purple), solubilisation and cross-linking at the same time (cyan), lysis combined with solubilisation 
together and followed by cross-linking (orange), cross-linking before solubilisation (light blue) in (B). The two most 
abundant RdhA proteins CbdbA80 and CbdbA84 shown independently and the values for the remaining 23 
identified RdhAs were summed up in (A) and (B). 
 
this peptide was also found to be two times mono-linked with bAL2 cross-linker. In average 

around 20 % of RdhA peptides were modified by DSS cross-linker and 80 % by bAL2 cross-
linker. With regard to the different strategies that were examined to identify the one were 

most cross-linked products were obtained the strategy of cross-linking before solubilisation 
gave the most cross-linked products for subunits of the OHR complex (Figure 21B). 
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Solubilisation together with cross-linking and solubilisation before cross-linking were the other 
two strategies that yielded several cross-linking products involving peptides of the OHR 

complex subunits. Consequently the best way to further analyse the OHR complex by chemical 
cross-linking would be the application of bAL2 as cross-linker and after the cross-linking 

reaction addition of a solubilisation step before further processing either by gel 
electrophoresis or mass spectrometric analysis. 

Within the study using the three cross-linker DSS, bAL2 and BS3 around 93 % of the cross-
linking products were mono-links. Also mono-links can deliver valuable information on protein 

topology as they reflect solvent-accessible amino acids provided that the protein has its native 
fold. In combination with structure prediction such solvent-accessible sites can also be 

evaluated. For each subunit of the OHR complex the structure was predicted using I-TASSER 
using default settings [121-123]. In case the protein contains a TAT leader signal the truncated 

version of the protein without TAT leader sequence was used for prediction. The obtained 
models were then loaded into UCSF Chimera for visualization and further processing. For 

example all lysine residues which were found to be modified were visualized within the 
structure as purple stick representation (RdhA - Figure 18, HupL, HupS, HupX -Figure 19, and 
OmeA and OmeB - Figure 20). One of the processing steps was the calculation of solvent-

accessible sites for each single subunit of the OHR complex and normalization (Table 10). For 
the 32 different RdhA and RdhB proteins encoded within strain CBDB1 exemplarily the two 

most abundant RdhA proteins CbdbA80 and CbdbA84 as well as the RdhB protein CbdbB3, 
which was the only RdhB protein found in previous studies, were calculated [74, 89]. Of the 

predicted solvent accessible sites 59 % and 53 % were found to be modified by applied 
chemical cross-linker for CbdbA80 and CbdbA84, respectively. For HupL 68 %, HupX 50 % and 

OmeA 65 % of the theoretical solvent-accessible sites were modified. The lowest proportions 
of solvent-accessible sites were modified within HupS with 10 % and OmeB with 8 %. Solvent-

accessible sites of the two RdhA proteins CbdbA80 and CbdbA84 were also examined by 
Nadine Hellmold during her master thesis using the labelling reagents sulfo-NHS-acetate to 

acetylate lysine residues and tetranitromethane for nitration of tyrosine residues [127]. As the 
used cross-linkers modify lysine residues only the results for modification with sulfo-NHS-ester 

can be compared. Indeed four lysine residues for both examined RdhA proteins were found to 
be modified both with cross-linker and with labelling agent sulfo-NHS-ester at the positions 
185, 201, 352 and 410 in CbdbA80 and 65, 140, 182 and 306 in CbdbA84. All these positions 

were predicted to be solvent-accessible with exception of lysine 306 in CbdbA84. Also 
additional lysine residues were modified by application of the labelling reagent, which were at 

positions 341, 368 and 457 in CbdbA80 as well as 128, 334 and 365 in CbdbA84. These 
residues were predicted to be solvent-accessible with one exception of the lysine residue at 

position 457. Together with the modification on tyrosine residues a more comprehensive 
picture could be drawn. The modification of tyrosine residues with tetranitromethane was 

chosen on the one hand due to the distribution of tyrosine residues within the protein as well 
as at the protein surface, and on the other hand due to the fact that a conserved tyrosine 
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residue was present within the active centre of the reductive dehalogenase PceA in 
Sulfurospirillum multivorans [36, 168, 169]. Tyrosine residues of relevance for this study were 

tyrosines at position 12, 41 and 239 in CbdbA80 as well as 47, 247 and 294 in CbdbA84 [127]. 
The substrate channel for RdhA proteins was predicted to be at the N-terminus of the protein 

[34]. The tyrosine residues 12 and 41 in CbdbA80 and 47 of CbdbA84 are located at the N-
terminus, predicted to be solvent-excluded but were found to be modified which could be 

explained by generation of a substrate channel. Furthermore, the tyrosine residues 41 and 
239 were supposed to interact with the cobalamin cofactor in CbdbA80. In CbdbA84 the 

cobalamin cofactor is supposed to interact with tyrosine at position 247 and 294 and the 
lysine residue at position 306. The tyrosine residues 239 in CbdbA80 and 247 in CbdbA84 are 

conserved tyrosine residues that might be involved in proton donation required for the 
dehalogenation reaction [36, 127]. Consequently the lysine residues 33 and 173 in CbdbA80 as 

well as 174, 175 and 306 in CbdbA84, which were identified in this study, could be also part of 
the substrate channel and/ or active centre of the RdhA protein. These lysine residues were 

also found to be modified by chemical cross-linkers although predicted to be not solvent 
accessible. Only the lysine residue at position 306 was identified by labelling with sulfo-NHS-
acetate and was suggested to be part of the active centre due to the location close to the 

cobalamin cofactor, while other lysine residues were identified exclusively in this study [127]. 
However, the fact that the lysine residue at position 306 was modified by the cross-linker 

bAL2 which has a molecular weight of 1092.25 g mol-1 might either indicate that huge 
molecules can enter the active centre or that the protein was unfolded. On the other hand it is 

known that molecules with roughly half the size such has HBB with a molecular weight of 
551.5 g mol-1 were dehalogenated, demonstrating that the substrate channel was still 

accessible [84]. Another example for such large molecules used as respiratory electron 
acceptor by strain CBDB1 was tetrabromobisphenol A with a molecular mass of 690 g mol-1 

[84]. One advantage of using mono-links of chemical cross-linkers to evaluate solvent-
accessible lysine residues over sulfo-NHS-acetate is that acetylation of proteins could also 

occur naturally. Experimental results showed that acetylation is the second most detected 
post-translational modification [170, 171]. Therefore, control experiments ruling out that 

acetylation is present naturally are needed for each experiment. 
Obtained intramolecular cross-links and loop-links for each subunit were tested for the 
distance of the Cα atoms between the two linked lysine residues. Although the reaction itself 

is taking place at zeta-nitrogen atom (Nζ) of the ‘epsilon amino group’ usually the Cα-Cα 
distance is used to evaluate cross-linker as experimental results using BS3 or DSS often exceed 

the length of the fully expanded cross-linker of 11.4 Å [172]. One explanation often used for 
this observation is the protein dynamic and conformational flexibility. Thus the length of the 

fully expanded cross-linker plus the length of the lysine side chains is used as an alternative 
maximum distance of 24.2 Å. However this Cα-Cα distance is still often exceeded and a 

tolerance of 3-6 Å is often added. Merkley et al. used a database of high-quality molecular 
dynamic simulations of 807 proteins to investigate the correlation between distances of lysine 
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residues from experimental structures and molecular dynamics simulations [172]. They 
concluded that Cα-Cα distance of 24-30 Å obtained from their study fits well with the previous 

empirically values obtained from experimental datasets [172-175]. The Cα-Cα distance 
obtained for loop-links and intramolecular cross-links of the OHR complex subunits were in a 

range between 3.7 and 18.1 Å (Table 11). Although no lower limit is given for cross-linking 
Cα-Cα distances the values seem feasible as the cross-linker not necessarily need to be 

extended by its full length. The longest distance of 18.1 Å found for the intramolecular cross-
link in RdhA CbdbA84 also showed that the cross-linker was not extended to its full length. 

Consequently all loop and intramolecular cross-links obtained within this study are in 
agreement with the predicted structures. 

 
Table 11. Identified loop-links and intramolecular cross-links of OHR complex subunits. 
The position of the linked lysine residues are given in brackets after the modified lysine residue. Distances between 
Cα-Cα and between N ζ-Nζ were measured within UCSF Chimera. 

OHR 
complex 
subunit peptide (linked position in protein) 

Cα-Cα 
distance 
[Å] 

Nζ-Nζ 
distance [Å] study 

RdhA 
CbdbA80 EQDQGVTEVDWDK(32)K(33)QTFNQAQYDNR 3.8 11.3 this study 

 
TFIQENK(81)PGFSLR - CADACPGNALQK(341)NR 38.7 36.8 

research 
stay  
Anja Kublik 

RdhA 
CbdbA84 VGYVSINENNK(174)K - VWFSPDK(182)ANR 18.1 19.4 this study 

 
VGYVSINENNK(174)K(175)VWFSPDK 3.7 13 this study 

RdhB 
CbdbB3 VK(30)AINIK - QK(95)R 14.2 14.4 

research 
stay  
Anja Kublik 

HupL LPK(167)K(168)VAQAAVAHYVEALNMR 3.8 10.4 this study 

 
MQK(3) - IEATVDGGEVK(28)DAK 9.9 15.3 

research 
stay  
Anja Kublik 

 

IEATVDGGEVK(28)DAK - 
DGQGVYGPVEQALIGTK(485)VR 9.9 9.3 

research 
stay  
Anja Kublik 

OmeA GASLIQLHNNK(66)HR - LEK(71)VLYR 12.3 15.5 this study 

 
AFLVK(936)VEK(939)AADGTVPTITGR  10.4 16.3 this study 

 
DSGFIAK(109)NAAGK(114)TVNR 5.4 9.7 this study 

 

ASVDLSGK(719)PFNAAK(725) 
PVISWNGMSWTGDNVDGK  11.9 19.7 this study 

 
GASLIQLHNNK(66)HR - LEK(71)VLYR 12.3 15.5 

research 
stay  
Anja Kublik 

 
AGDIVK(865)LTSAR - AFLVK(936)VEK 8.1 10.1 

research 
stay  
Anja Kublik 

  GIK(859)AGDIVK - VEK(939)AADGTVPTITGR 8.6 6.0 

research 
stay  
Anja Kublik 

 

Further experiments on chemical cross-linking of the OHR complex were performed by Anja 
Kublik during her research stay in Edinburgh in the laboratory of Prof. Dr. Rappsilber. These 
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experiments resulted in identification of seven intramolecular cross-links and two 
intermolecular cross-links for OHR complex subunits. For this purpose cultures of CBDB1 were 

harvested and cross-linked using cell-surface cross-linking with BS3. Trypsin-digested peptides 
were enriched for cross-linked peptides with strong cation exchange (SCX) tips prior to MS 

analysis. Peptides were evaluated for cross-links using XiSearch Software developed in the 
laboratory of Prof. Dr. Rappsilber. Intramolecular cross-links were found for RdhA CbdbA80, 

OmeA and HupL and Cα-Cα distance between modified lysine residues were in a range 
between 8.1 Å and 38.7 Å (Table 11). This cross-linking study resulted also in Cα-Cα distances 

that were shorter than the spacer arm of the used cross-linker BS3 of 11.4 Å and highlight that 
cross-linkers not necessarily have to be extended to full length to be able to cross-link lysine 

residues whose distance from each other is shorter than the spacer length of the cross-linker. 
With exception of the cross-link in RdhA CbdbA80 of 38.7 Å all obtained cross-links were 

below the given Cα-Cα distance constraint of 24-30 Å [172]. The cross-link in CbdbA80 could be 
either interpreted in that way that CbdbA80 did not have its native fold anymore, that the 

predicted structure is not correct, or that CbdbA80 is present as an RdhA dimer. The resolved 
RdhA structure of PceA from Sulfurospirillum multivorans is known to crystallize in form of a 
protein dimer [36]. However, no further evidence was obtained during investigation of RdhA 

proteins from Dehalococcoides mccartyi supporting a dimerization of RdhA proteins. Further 
cross-linking experiments with identification of this intramolecular cross-link would be 

necessary to confirm its presence in the native structure. Furthermore one of the identified 
cross-links within HupL subunit seemed to be a false positive hit as the linked lysine residue 

was also the residue after which trypsin cleavage took place. However modified lysine 
residues are known to be not cleaved by trypsin when they are modified. In addition to 

intramolecular cross-links also two intermolecular cross-links were found. On the one hand a 
link between OmeA and HupX was found and on the other hand a link between OmeA and 

OmeB. Generation of a docking model for the subunits OmeA, OmeB and HupX and 
comparison of this model to existing models/ structures revealed a high similarity to 

alternative complex III from Rhodothermus marinus (Figure 22A, Figure 23B) [176]. The 
identified intermolecular cross-links were visualized within the model for the Ome module 

and at the same time Cα-Cα distances were measured to validate them. The intermolecular 
cross-links between OmeA and HupX had a Cα-Cα distance of 15 Å and an Nζ-Nζ distance of 
16 Å (Figure 22B). Both values were within the accepted range of distances for BS3 cross-links. 

Therefore this cross-link confirmed the previously suggested interaction of OmeA and HupX 
found during native PAGE analysis in combination with mass spectrometry [74, 76]. In addition 

to that this interaction as well as the strength of this interaction could be shown by 
complexome analysis. After soft or medium harsh extraction represented by ‘whole-cell 

protein extraction’ and ‘disrupted cell extraction’ interaction of OmeA and HupX were visible 
as co-migration along the BN-PAGE gel lane by observing the relative protein abundances 

(Figure 10, Figure 12). That this interaction was even preserved under harsh extraction 
conditions applied during ‘membrane fraction extraction’ could be shown by an additional 
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cluster analysis and PCA analysis (Figure 14, Figure 15). The second cross-link was identified 
between OmeA and OmeB and resulted in a Cα-Cα distance of 119.2 Å and an Nζ-Nζ distance 

of 122.4 Å. This Cα-Cα distance value is four times higher than the acceptable Cα-Cα distance. 
Although Nζ-Nζ distance can be higher than the Cα-Cα distance they are just accepted when 

the value of Cα-Cα distance is within the accepted range [172]. Consequently this cross-link 
was probably not obtained from proteins of native state. 

 

 
Figure 22. Intermolecular cross-links identified within the Ome module. 
The subunits of the Ome module OmeA (dark green), OmeB (light green) and HupX (yellow) were obtained by 
docking according to the structure of alternative complex III (A) [176]. Cross-links were identified with BS3 cross-
linker by Anja Kublik. Cα-Cα distances are depicted as dashed black lines and the associated distance is written 
besides. A closer view of the cross-link between OmeA and HupX reveals a Cα-Cα distance of 15 Å and a N ζ-Nζ  
distance of 16 Å (not shown) (B). 
 
To obtain further information from cross-linking experiments the experimental design would 

need to be further optimized. One starting point would be to combine several cultures of 
strain CBDB1 cultivated under the same conditions to obtain more biomass as starting 

material. Furthermore, the enrichment step is important as cross-linked peptides are strongly 
underrepresented in the peptide mixture after proteolytic digestion [113]. Although the cross-
linking with bAL2 and the following enrichment on streptavidin beads resulted in identification 

of more cross-linked products (Figure 21A) this procedure is also leading to loss of peptides 
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during washing step of the beads, which can be compensated for analysis of proteins and 
protein complexes from organisms which produce high biomasses and consequently high 

protein amounts as shown before for E. coli and C. elegans to evaluate the bAL2 cross-linker 
[116]. However for organisms like Dehalococcoides mccartyi another enrichment procedure 

might be better suited, such as the enrichment on SCX tips as performed by Anja Kublik or 
enrichment on SCX columns [173, 177]. Additionally, to investigate further the modules of the 

OHR complex a combination of separation as done during complexome analysis with 
disrupted cell extraction could be combined with protein chemical cross-linking either in-gel 

or after protein extraction from the gel. Another similar possibility to reduce sample 
complexity might be to perform cross-linking before separation on a native gel. 

As mentioned before the predicted model of the Ome module showed similarity to subunits of 
the alternative complex III from Rhodothermus marinus (Figure 23B). The structure of the 

alternative complex III was resolved using cryo-electron microscopy at a resolution of 3.87 Å 
(Figure 23A)[176]. The complex is composed of seven subunits of which the four subunits 

ActA, ActB, ActE and ActH are membrane associated proteins and participate in electron 
transport. These subunits are attached to the membrane via three integral membrane 
subunits ActC, ActD and ActF. In addition to membrane attachment of the membrane 

associated proteins they provide also a quinol-binding site and are considered to be 
responsible for proton translocation across the membrane from the cytoplasmic to the 

periplasmic site [176]. The subunits ActC and ActF form together a putative proton-conducting 
path with side chains of amino acid residues that can transfer protons by alternating hydrogen 

bond formation and breakage. This mechanism is also known from other complexes such as 
complex I (NADH ubiquinone oxidoreductase) and heme-copper oxidases [95, 178-180].  

Within the superposition of alternative complex III and the Ome module similarities between 
OmeA and ActB became visible, while HupX partially overlaps with the ActB structure and the 

one of the transmembrane helices of ActD and OmeB partially overlap with ActC. ActB and 
ActC belong to the complex iron-sulphur molybdoenzyme (CISM) family as well as OmeA and 

OmeB. Proteins of CISM family typically possess three subunits: a catalytic subunit containing 
a molybdo-bis (pyranopterin guanine dinucleotide) (Mo-bisPGD) cofactor, a four-cluster 

protein subunit with four cubane iron-sulphur clusters and a membrane anchoring subunit 
[181]. ActB has two domains homologous to the catalytic subunit and the four-cluster protein 
and ActC represents the membrane subunit. In contrast OmeA and OmeB represent just two 

subunits, the catalytic subunit and the membrane subunit. A corresponding four-cluster 
protein is not encoded in the operon where OmeA and OmeB are encoded. In contrast, the 

four-cluster protein seems to be represented by HupX, which is encoded in the hup operon 
together with the hydrogenase subunits HupL and HupS. As several transmembrane helices of 

OmeB are tilted compared to ActC this might be a hint that the overall orientation of the Ome 
module might be slightly different compared to the alternative complex III. 
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Figure 23. Structure of alternative complex III and superposition of predicted Ome module with alternative 
complex III. 
The structure of alternative complex III (A) was obtained by Sousa et al. using cryo-electron microscopy [176]. The 
structure of the Ome module was predicted using the software ClusPro and superimposed with structure of the 
alternative complex III (B) using the MatchMaker function within UCSF Chimera. The orientation of the alternative 
complex III in (A) and (B) is similar. Figure in (A) is modified after [176]. 
 
Due to the fact that CISM family proteins are also respiratory proteins the involvement of the 

Ome module with the respiratory complex in Dehalococcoides mccartyi strain CBDB1 is 
feasible from the functional point of view. OmeA was first annotated as a formate 

dehydrogenase, also an enzyme of the CISM family, but lacking enzyme activity as the two 
important amino acids selenocysteine or cysteine and histidine in the active centre are 

replaced by serine and arginine, respectively [92, 93]. Nevertheless the four iron-sulphur 
clusters within HupX and the Mo-bisPGD cofactor in OmeA may be involved in electron 

transfer as described also in the first description of the OHR complex [74]. Especially the 
molybdenum in the Mo-bisPGD cofactor is important as it possesses the ability to mediate 

between one and two electron transfer reactions that are needed within this protein 
mediated electron transport chain [182]. The electrons are likely received from the Hup 
module, where HupL is oxidizing molecular hydrogen to two protons and two electrons. The 

two electrons are then transferred via HupS to HupX and OmeA and then to RdhA. The 
reductive dehalogenation reaction is predicted to involve a single electron transfer reaction 

[34, 35]. The way of electron transfer though the complex is mostly allegeable as the subunits 
and modular organization could be confirmed in the experiments of this study. In contrast, for 

the translocation of protons it is still unclear which subunit is responsible and how it is 
accomplished. Kublik et al. proposed the Hup subunits to be involved in proton translocation 
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as they show structural similarities to uptake hydrogenase 2 from E. coli, which has been 
suggested to pump protons across the cytoplasmic membrane [74, 94]. In contrast and more 

likely as postulated by Zinder the OmeB subunit could be responsible for proton translocation 
[96]. A glutamate in helix eight of the OmeB is conserved also in other proton translocating 

proteins such as the hydrogenase subunit HybB and a nitrate-linked formate dehydrogenase 
NrfD as well as the polysulfide reductase subunit PsrC. The overall amino acid identity is 

mostly less than 40 % [96]. Several integral membrane proteins of CISM family are able to 
translocate protons. While within the alternative complex III and complex I more than one 

channel is potentially formed as putative proton-conducting path other complexes are also 
described where only one such channel is formed [95, 176, 183]. One such protein for 

example is QrcD of the QrcABCD complex from Desulfovibrio vulgaris which acts as a proton 
channel but not as a proton pump [184]. The subunit QrcD has also ten transmembrane 

helices (like OmeB) and also involves several aspartate and glutamate residues that potentially 
form the proton translocating channel. However all these membrane proteins with the 

exception of OmeB take part in forming a quinone binding site that is proposed to trigger 
proton translocation [180]. However Dehalococcoides mccartyi strain CBDB1 has no genes 
encoding for cytochromes or quinone biosynthesis, none of these soluble electron carriers 

was detected by mass spectrometric analyses and also RdhA activity was not inhibited by the 
quinone analogue HQNO [68, 73-75]. Another hypothesis is that HppA an K+-insensitive 

pyrophosphate energized proton pump identified to cluster with the Ome module by 
complexome analysis (Figure 14C) is responsible for proton translocation to generate a proton 

motif force for ATP synthesis. Consequently it is still not clear how proton translocation is 
achieved by the OHR complex and under which circumstances. However it could be shown 

that the OHR complex has a modular organization with the subunits proposed before [74]. 
Further studies for example by protein chemical cross-linking and extraction of proteins from 

whole-cells that preserved interactions of the modules best are of interest to elucidate the 
stoichiometry of the subunits as well as the topology of the OHR complex. A conclusion of 

stoichiometry based on the molecular weight from BN-PAGE analysis is speculative as for 
example RdhA-containing modules are distributed over a molecular weight range between 

130 and 260 kDa and also the Hup module where HupL and HupS together have a size of 95 
kDa but migrate within the gel to a molecular weight about 60 kDa. The phenomenon for 
migration of the Hup module can be explained by the influence of detergents and Coomassie 

G-250 additive on small protein assemblies within BN-PAGE analysis [185]. Regarding the 
topology of the OHR complex the previous hypothesized linear topology might change as 

complexome analysis with different extraction modes representing different intensities 
indicate a triangular topology where each of the modules is interacting with each other 

(Figure 24). Evidence for interactions between Hup module and Rdh module were identified in 
slice 20 on the BN-PAGE of whole-cell protein extracts as well as in slice 40 on BN-PAGE of 

disrupted cell extracts (Figure 10, Figure 12). Methods such as membrane shaving and 
separation on small protein resolving gels might also improve the ability to investigate the 
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integral membrane proteins OmeB and RdhB in more detail regarding the start and end of 
transmembrane helices but also overall structural and maybe also functional analyses. 

 

 
Figure 24. Topology of the OHR complex from Dehalococcoides mccartyi strain CBDB1. 
Figure is adapted from [74] but shows a triangular topology of the OHR complex instead of a linear topology as 
suggested before. The colour code for subunits and cofactors is the same as in Figure 2. 
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5 Conclusions 

The key enzymes in reductive dehalogenation the reductive dehalogenases of 

Dehalococcoides mccartyi strain CBDB1 are indeed a subunit of a multiprotein complex, 
termed ‘organohalide respiration‘ (OHR) complex, as it could be confirmed in this study. An in-

depth and high resolution analysis of protein distribution across BN-PAGE gel lane from this 
strain confirmed also the other subunits proposed for the OHR complex, the reductive 
dehalogenase anchoring protein RdhB, the hydrogenase subunits HupL, HupS and HupX, as 

well as the organohalide respiration involved molybdoenzyme OmeA and OmeB. It was 
figured out that the subunits are organized in modules showing stronger interaction to each 

other than to the other subunits of the complex and that the complex has potentially a 
triangular organization instead of a liner organization. Unfortunately protein chemical cross-

linking could not confirm interactions of the subunits and modules, but investigations of mono 
cross-linked amino acids together with structure prediction of reductive dehalogenase 

resulted in a potential substrate channel to the active centre.  
The electron flow from the electron donor hydrogen oxidized by HupL could be achieved 

through iron-sulphur complexes that are present in HupL, HupS, HupX, OmeA and RdhA. A 
potential proton translocation could take place though OmeB. A model prediction of the Ome 

module, consisting of the subunits OmeA, OmeB and HupX showed high similarity to 
alternative complex III from Rhodothermus marinus. Alternative complex III belongs also to 

the CISM family and proton translocation by a proton bond formation and breakage 
mechanism is hypothesized for this complex. Alternatively another hypothesis that emerged 
during this study is the presence of additional proteins that are responsible for proton 

translocation as they could be identified also through complexome analysis, which are a 
hypothetical periplasmic protein and a potassium-insensitive pyrophosphate energized proton 

pump.  
Because of the low biomass obtained from strain CBDB1 and difficulties in investigation of 

integral membrane proteins only one reductive dehalogenase anchoring protein RdhB CbdbB3 
was identified in previous studies. Application of chymotrypsin, a combination of 

chymotrypsin and trypsin as proteases as well as the approach of membrane shaving 
increased the detection of up to 11 out of 32 RdhB proteins encoded in the genome of strain 

CBDB1 with medium or high confidence level. Additionally the membrane shaving approach 
showed the possibility to predict the transmembrane helices of integral membrane proteins 

when enough peptides could be detected as it could be shown for RdhB CbdbB3 and OmeB. 
Techniques established during this study will also help for further investigations of the OHR 

complex of strain CBDB1 to obtain more insights into protein-function relationship. 
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10 Supplement 

10.1 Supplemental material and methods 

The script for clustering in R was as follows with example for disrupted cell extraction mode: 
> library(ggplot2) 

> library(ggdendro) 
> EM3_R <- read.csv(“C:/temp/EM3_R.csv”, header=FALSE, row.names=1, sep=”;”) #use the 

file name given to csv file for which cluster analysis should be performed (here it is “EM3_R”) 
and also choose your file pathway 

> df <- read.csv(EM3_R, header=TRUE, sep=";") 
> hc <- hclust(dist(EM3_R), method = "complete") #error massage could appear as “ in 

dist(EM3_R) : NAs introduced by coercion” you can ignore that warning it tells you that first 
line contains non numeric numbers-happens when text is written there 

> pdf("c:/temp/file3.pdf", width=40, height=15)#change to your own pathway if you don’t 
have this temp folder and you can write final name instead of file3, also width and height can 
be adapted to your own requirements 

> plot(hc, label=EM3_R$Slice, cex=0.3) #size of the labels by cex  
> dev.off() 

 
The PCA script for generating tables and plots for complexome analysis of the disrupted cell 

extraction mode was as follws: 
> library(ggplot2)  

> library(factoextra)  
> EM3_PCA <- read.csv("C:/temp/EM3_PCA.csv", header=FALSE, row.names=1, sep=";")  

> View(EM3_PCA) 
> EM3.pca<-prcomp(EM3_PCA, scale=TRUE)  

> fviz_eig(EM3.pca) 
> get_eig(EM3.pca) 

> fviz_pca_ind(EM3.pca,col.ind = "cos2",gradient.cols = c("#00AFBB", "#E7B800", 
"#FC4E07"),repel = TRUE) 

> fviz_pca_var(EM3.pca,col.var = "contrib",gradient.cols = c("#00AFBB", "#E7B800", 

"#FC4E07"),repel = TRUE) 
> fviz_pca_biplot(EM3.pca, repel = TRUE,col.var = "#2E9FDF",col.ind = "#696969" )  

> get_pca_var(EM3.pca) 
> var<-get_pca_var(EM3.pca) 

> print(var) 
> head(var$coord) 

> head(var$contrib) 
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10.2 Supplemental results 

Table S 1. Identified peptides of RdhB proteins from solubilisation with DDM or SDS and separation on SDS-PAGE with data of found peptides obtained from Proteome Discoverer analysis 
with Sequest HT search engine. 

Protein 
Accession Peptide Sequence Modifications m/z [Da] 

Delta m/z 
[Da] 

retention 
time 
[min] # PSMs Quan Info 

Qvality 
PEP 

Qvality 
q-value 

Percolator 
PEP 

Percolator 
q-Value XCorr 

CbdbB3 SLVTAR 
 

323.69748 -0.00028 14.2 3 
 

0.753254 0.284632 0.555 0.1523 0.57 

CbdbB4  TALVNMLNK 
 

502.28421 0.00033 35.86 3 
 

1 0.822138 1 0.6714 0.03 

CbdbA188 GLLALLVLGVTWQLIRR 
 

481.05927 0.00107 
 

1 No Quan Values 1 0.712276 1 0.5039 0.24 

CbdbA1094 HWAMLLVAGVLW 
1xOxidation 
[M4] 706.3833 0.00192 48.84 1 

 
0.688226 0.235432 0.4801 0.1248 0.25 

CbdbA1502 VMAAISALCW 

1xCarbamido-
methyl [C9]; 
1xOxidation 
[M2] 569.27454 -0.00066 23.4 1 

 
1 0.786113 1 0.609 0.32 

CbdbA1536 RLLSARNK 
 

479.30243 0.00118 22.64 3 
 

1 0.858007 1 0.8111 0.24 

CbdbA1545 FGAMSELFY 
1xOxidation 
[M4] 540.73816 -0.00081 26.05 5 

 
1 0.786113 1 0.795 0.15 

CbdbA1559 EQEAANMF 
 

470.19714 -0.00032 19.65 2 No Quan Values 1 0.77093 1 0.5877 0.31 

CbdbA1597 MWLIVGLIVGALVMGLF 
2xOxidation 
[M1; M14] 932.5293 0.00191 51.74 1 

 
1 0.857449 1 0.7774 0.06 

CbdbA1617 MWLIISF   455.2485 -0.00027   1 No Quan Values 1 0.808093 1 0.644 0.12 
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Table S 2. Identified peptides of RdhB proteins after solubilisation with detergent RapiGest, in-solution digest with chymotrypsin and desalting with different concentration of organic 
(AcN, AcN) with data of obtained peptides from Proteome Discoverer analysis using Sequest HT search engine. GRAVY values for each peptide were calculated online at http://www.gravy-
calculator.de/ according to [134]. 

Protein 
Accessions Peptide Sequence Modifications 

Retenti
on 
time 
[min] 

Delta 
m/z [Da] # PSMs 

Percolator 
q-value 

Percolator 
PEP 

Qvality 
q-value 

Qvality 
PEP Xcorr 

Abundance 
30/80 % 
AcN 

Abundance 
80/100 % 
AcN 

GRAVY 
value 

CbdbB4 SLYTMIWMLIGIALGVGF 
2xOxidation 
[M5; M8] 88.45 0.00134 1 0.81 1.00 0.77 1 0.02 8.04E+04 1.94E+05 1.81 

CbdbA188 VDYLLIAIFVLMAGGGIW 
1xOxidation 
[M12] 63.04 -0.00096 1 0.79 0.99 0.77 1 0.46 4.64E+06 3.95E+06 1.93 

CbdbA188 VLMAGGGIWFVNTF 
1xOxidation 
[M3] 49.85 0.00115 2 0.36 0.90 0.51 1 1.26 5.36E+07 1.21E+08 1.41 

CbdbA188 QLIRRRNHKSGI 
 

30.69 0.00098 2 0.57 0.98 0.71 1 0.85 9.50E+06 1.02E+07 -1.33 

CbdbA239 ARKSNTSLQW 
 

55.27 -0.00166 2 0.64 0.98 0.76 1 0.45 8.64E+06 5.01E+07 -1.30 

CbdbA239 YDWVIGLAGLAMLLF 
1xOxidation 
[M12] 67.45 -0.00108 2 0.82 1.00 0.77 1 0.06 8.13E+06 4.73E+06 1.71 

CbdbA239 DWVIGLAGLAMLLF 
 

82.02 0.00164 1 0.50 0.98 0.67 1 0.78 3.20E+05 5.31E+05 1.93 

CbdbA1094 MMLLNVLMGLGLAAAAW 
 

83.25 0.00228 1 0.80 0.99 0.77 1 0.16 2.76E+06 2.09E+06 1.82 

CbdbA1452 SSLEENEPTSAWMGALIFGIIF 
1xOxidation 
[M13] 74.94 -0.00227 3 0.67 0.98 0.77 1 0.67 1.01E+06 1.49E+06 0.54 

CbdbA1452 SSLEENEPTSAWMGALIFGIIF 
 

77.15 -0.00222 1 0.36 0.91 0.51 1 1.63 1.14E+06 6.09E+05 0.54 

CbdbA1454 VGSLDELESKAASMF 
1xOxidation 
[M14] 35.77 -0.00118 3 0.37 0.91 0.52 1 0.89 1.08E+07 1.46E+07 0.19 

CbdbA1490 YEWLIGVIGLSMLLF 
1xOxidation 
[M12] 39.17 -0.00158 6 0.68 0.98 0.72 1 0.78 1.36E+05 1.39E+07 1.72 

CbdbA1490 EWLIGVIGLSMLLF 
1xOxidation 
[M11] 51.66 -0.00172 4 0.60 0.98 0.74 1 0.47 5.18E+06 2.85E+07 1.94 

CbdbA1494 IVMTKQLKFRWY 
 

25.27 -0.00063 3 0.77 0.98 0.77 1 0.32 1.94E+07 1.74E+07 -0.13 

CbdbA1494 ELLIGAVGLISVFAAVQHY 
 

30.9 0.00009 1 0.60 0.98 0.73 1 1.25 1.20E+07 1.53E+07 1.48 
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Protein 
Accessions Peptide Sequence Modifications 

Retenti
on 
time 
[min] 

Delta 
m/z [Da] # PSMs 

Percolator 
q-value 

Percolator 
PEP 

Qvality 
q-value 

Qvality 
PEP Xcorr 

Abundance 
30/80 % 
AcN 

Abundance 
80/100 % 
AcN 

GRAVY 
value 

CbdbA1502 VMAAISALCWVLGF 

1xCarbamido-
methyl [C9]; 
1xOxidation 
[M2] 34.57 0.00155 1 0.81 1.00 0.77 1 0.11 4.42E+07 1.75E+07 2.21 

CbdbA1559 FIALIAGAGIMGLAW 
 

44.71 0.00098 4 0.51 0.98 0.67 1 1.1 1.03E+07 2.10E+07 2.06 

CbdbA1573 MEYFIPLMLVGAVVAAALF 
1xOxidation 
[M8] 50.89 0.00149 3 0.75 0.98 0.77 1 0.27 1.05E+07 1.78E+07 2.02 

CbdbA1577 LRKSNIKVSWYEW 
 

73.05 -0.0007 2 0.79 0.98 0.77 1 0.33 1.84E+06 1.31E+06 -0.88 

CbdbA1594 TKWYEW 
 

23.38 0.00136 2 0.53 0.98 0.70 1 0.51 1.00E+07 5.46E+06 -1.87 

CbdbA1617 TDALGETESKAATMF 
1xOxidation 
[M14] 88.38 0.00177 1 0.77 0.98 0.77 1 0.03 1.24E+05 1.06E+05 -0.25 

CbdbA1626 TVQNYFGSLAEVEPKAASMF 
1xOxidation 
[M19] 63.44 0.00182 2 0.66 0.98 0.77 1 0.38 6.19E+06 3.83E+06 0.08 

 

Table S 3. Identified peptides of RdhB proteins and OmeB (CbdbA193) during membrane shaving with FDR of < 0.05. 

Protein 
Accessions Confidence Peptide Sequence 

Positions in 
Protein Modifications 

Retention 
time 
[min] # PSMs 

Percolator 
q-Value 

Percolator 
PEP 

Qvality  
q-value 

Qvality 
PEP XCorr 

CbdbB3 High CIQNSIAGF 52-60 
1xCarbamidomethyl 
[C1] 40.08 19 5.29E-03 8.11E-02 0 4.73E-04 3.38 

CbdbB3 High MFMVIIGLPGLIL 70-82 1xOxidation [M] 110.69 4 0 2.99E-02 0 2.80E-02 1.57 

CbdbB3 High MFMVIIGLPGLIL 70-82 
 

116.33 1 0 1.99E-03 0 2.04E-03 2.70 

CbdbB3 Medium MFMVIIGLPGLIL 70-82 2xOxidation [M1; M3] 103.76 1 6.78E-03 9.98E-02 3.36E-02 9.49E-02 1.37 

CbdbB3 High MFMVIIGLPGLILL 70-83 
 

123.36 4 0 9.47E-04 0 7.94E-04 2.74 

CbdbB3 High MFMVIIGLPGLILL 70-83 1xOxidation [M] 117.71 9 0 7.47E-04 0 5.85E-04 2.90 

CbdbB3 Medium MFMVIIGLPGLILL 70-83 2xOxidation [M1; M3] 112.60 1 6.78E-03 9.71E-02 3.36E-02 9.23E-02 1.99 

CbdbB3 High MFMVIIGLPGLILLGVAR 70-87 2xOxidation [M1; M3] 
 

1 0 2.67E-03 0 2.72E-03 2.78 
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Protein 
Accessions Confidence Peptide Sequence 

Positions in 
Protein Modifications 

Retention 
time 
[min] # PSMs 

Percolator 
q-Value 

Percolator 
PEP 

Qvality  
q-value 

Qvality 
PEP XCorr 

CbdbB3 High MFMVIIGLPGLILLGVAR 70-87 1xOxidation [M] 104.58 8 0 1.79E-06 0 2.40E-06 4.98 

CbdbB3 High MFMVIIGLPGLILLGVAR 70-87 
 

111.04 3 0 1.72E-06 0 2.32E-06 4.37 

CbdbB3 High FMVIIGLPGLIL 71-82 
 

111.30 5 0 5.01E-05 0 5.93E-05 2.67 

CbdbB3 Medium FMVIIGLPGLILL 71-83 1xOxidation [M2] 112.46 1 3.43E-03 6.04E-02 1.67E-02 5.65E-02 1.86 

CbdbB3 Medium FMVIIGLPGLILL 71-83 
 

118.70 1 5.29E-03 7.74E-02 2.64E-02 7.25E-02 2.07 

CbdbB3 High MVIIGLPGLIL 72-82 
 

102.99 6 0 1.32E-03 0 1.38E-03 2.67 

CbdbB3 Medium MVIIGLPGLIL 72-82 1xOxidation [M1] 96.99 2 6.78E-03 1.06E-01 3.36E-02 1.01E-01 1.82 

CbdbB3 High MVIIGLPGLILL 72-83 
 

112.21 8 0 9.18E-05 0 1.06E-04 3.17 

CbdbB3 High MVIIGLPGLILL 72-83 1xOxidation [M1] 104.96 9 3.43E-03 5.30E-02 0 1.20E-03 2.86 

CbdbB3 High MVIIGLPGLILLG 72-84 
 

94.52 6 0 1.99E-02 0 1.88E-02 2.68 

CbdbB3 High MVIIGLPGLILLGVAR 72-87 
 

99.32 2 0 2.20E-06 0 2.93E-06 2.88 

CbdbB3 High VIIGLPGLILLGVAR 73-87 
 

95.27 1 0 4.48E-04 0 4.90E-04 2.42 

CbdbB3 High LGVARSL 83-89 
 

28.88 12 0 4.76E-03 0 2.27E-03 2.46 

CbdbB3 Medium LGVARSLV 83-90 
 

30.95 12 3.43E-03 5.21E-02 1.67E-02 4.87E-02 2.78 

CbdbB3 Medium GVARSL 84-89 
 

20.83 4 7.51E-03 1.22E-01 3.36E-02 1.17E-01 1.45 

CbdbB3 High GVARSLV 84-90 
 

23.53 13 2.37E-03 4.93E-02 0 1.97E-02 2.30 

CbdbB3 High SLVTAR 88-93 
 

24.13 7 4.36E-03 6.49E-02 0 2.74E-02 1.42 

CbdbC1 High IFTLEN 44-49 
 

45.33 4 0 2.17E-02 0 2.04E-02 1.44 

CbdbA85 High MGSFAELEPTAAY 50-62 
 

66.41 4 6.19E-03 8.56E-02 0 5.37E-03 3.52 

CbdbA85 Medium FFLLITGLPSLIL 63-75 
  

1 2.37E-03 4.75E-02 1.14E-02 4.44E-02 1.43 

CbdbA85 Medium FLLITGLPSLIL 64-75 
 

68.81 14 7.97E-03 1.58E-01 3.67E-02 1.55E-01 1.46 

CbdbA85 High FLLITGLPSLILL 64-76 
 

116.07 1 0 4.01E-04 0 4.40E-04 2.96 

CbdbA1454 High LLVIGLPGLIL 65-75 
 

105.96 1 1.23E-03 3.60E-02 5.88E-03 3.36E-02 2.68 

CbdbA1541 High IFTVQNF 44-49 
 

44.90 2 0 1.70E-02 0 1.62E-02 2.71 

CbdbA1594 High ATGQHYF 43-49 
 

25.04 2 0 1.46E-02 0 1.39E-02 2.14 
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Protein 
Accessions Confidence Peptide Sequence 

Positions in 
Protein Modifications 

Retention 
time 
[min] # PSMs 

Percolator 
q-Value 

Percolator 
PEP 

Qvality  
q-value 

Qvality 
PEP XCorr 

CbdbA1617 High LVLGLPAVILL 66-75 
 

105.96 3 0 7.76E-05 0 9.02E-05 3.07 

CbdbA1617 High LVLGLPAVIL 66-76 
 

97.10 2 0 3.59E-03 0 3.61E-03 2.20 

CbdbA1623 Medium ATVQHY 48-53 
 

16.19 5 6.19E-03 8.95E-02 2.15E-02 6.56E-02 1.81 

CbdbA193 Medium TGNPNV 15-20 
 

43.51 436 7.51E-03 1.22E-01 1.14E-02 4.37E-02 1.04 

CbdbA193 High GLLQIILGLGALTVAAL 27-43 
 

139.2 2 0 1.00E-02 0 9.69E-03 2.66 

CbdbA193 High GLGPITNLSDNWPW 48-61 
 

62.05 68 0 2.88E-04 0 3.20E-04 2.34 

CbdbA193 High VAFDVGAY 65-72 
 

39.96 6 0 8.38E-03 0 8.17E-03 2.39 

CbdbA193 Medium IASAAGGFTMAAIV 73-86 1xOxidation [M10] 53.63 30 6.78E-03 1.08E-01 3.36E-02 1.03E-01 2.51 

CbdbA193 High PLVRPAIL 96-103 
 

67.88 1 0 7.44E-03 0 7.29E-03 1.71 

CbdbA193 Medium VRPAIL 98-103 
 

30.43 39 7.51E-03 1.18E-01 1.14E-02 4.76E-02 2.13 

CbdbA193 High TIGAIGIMIDLAR 110-122 
 

81.21 2 0 2.81E-05 0 1.08E-06 4.43 

CbdbA193 High SNNIFER 158-164 
 

53.43 19 0 1.72E-02 0 8.41E-03 2.11 

CbdbA193 High SNNIFERIGW 158-167 
 

55.04 10 0 3.61E-06 0 4.72E-06 2.71 

CbdbA193 High IFERIGW 161-167 
 

47.33 2 0 7.03E-04 0 7.55E-04 2.10 

CbdbA193 High SFLHQSSL 189-196 
 

75.72 2 0 4.84E-03 0 4.83E-03 2.35 

CbdbA193 High FLINPAQQPL 200-209 
 

48.24 53 0 5.41E-03 0 1.12E-04 3.63 

CbdbA193 High LINPAQQPL 201-209 
 

37.33 36 0 2.88E-03 0 6.50E-05 3.24 

CbdbA193 High INPAQQPL 202-209 
 

28.65 16 0 8.52E-04 0 9.09E-04 2.59 

CbdbA193 High AITGNLATGL 274-283 
 

40.69 9 0 2.08E-03 0 2.13E-03 3.62 

CbdbA193 High SGLLWSTGLMIMGVVLNR 317-334 1xOxidation [M10] 95.65 1 0 5.18E-04 0 5.60E-04 3.40 

CbdbA193 High SGLLWSTGLMIMGVVLNR 317-334 
 

101.51 4 0 8.95E-07 0 1.23E-06 4.95 

CbdbA193 Medium NRINTL 333-338 
 

25.43 33 7.51E-03 1.35E-01 2.64E-02 7.20E-02 2.18 

CbdbA193 Medium VISQAPN 339-345 
 

25.79 1 6.19E-03 8.99E-02 3.09E-02 8.47E-02 1.85 

CbdbA193 High VISQAPNR 339-346 
 

23.05 2 0 1.12E-03 0 1.17E-03 2.69 

CbdbA193 Medium EGSYFPHILEF 347-357 
 

79.39 1 4.36E-03 7.28E-02 2.15E-02 6.85E-02 2.09 
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Protein 
Accessions Confidence Peptide Sequence 

Positions in 
Protein Modifications 

Retention 
time 
[min] # PSMs 

Percolator 
q-Value 

Percolator 
PEP 

Qvality  
q-value 

Qvality 
PEP XCorr 

CbdbA193 High LPLYTDH 378-383   28.33 10 5.29E-03 8.36E-02 0 1.72E-02 2.65 
*Peptide has false assignment to CbdbA1541, instead peptide belongs to RdhB protein CbdbA85 (position 43-49). 
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Table S 4. Identified proteins during membrane shaving approach with FDR of 0.05 and their predicted 
subcellular localization. Only proteins that were identified with UniProt database are displayed here. Subcellular 
localization prediction was performed by BUSCA (http://busca.biocomp.unibo.it/). 

Protein 
Accession Protein annotation 

subcellular localisation 
(BUSCA) 

CbdbA1368 Conserved domain protein extracellular space 

CbdbA1238 Major facilitator family transporter plasma membrane 

CbdbA738 K(+)-insensitive pyrophosphate-energized proton pump plasma membrane 

CbdbA193 
OmeB organohalide respiration related molybdopterin protein, 
membrane subunit plasma membrane 

CbdbA300 Uncharacterized protein plasma membrane 

CbdbA161 Phosphate ABC transporter, phosphate-binding protein extracellular space 

CbdbA532 ATP synthase subunit a plasma membrane 

CbdbA898 Branched-chain amino acid ABC transporter, permease protein plasma membrane 

CbdbA35 Putative Trk system potassium uptake protein plasma membrane 

CbdbA80 Putative reductive dehalogenase cytoplasm* 

CbdbA84 Putative reductive dehalogenase extracellular space 

CbdbA376 Conserved hypothetical membrane protein plasma membrane 

CbdbA734 Hypothetical membrane protein plasma membrane 

CbdbA1635 Uncharacterized protein plasma membrane 

CbdbA154 Rhomboid family protein plasma membrane 

CbdbA879 NADH-quinone oxidoreductase subunit H plasma membrane 

CbdbA173 Putative (Fe) hydrogenase, HymD subunit plasma membrane 

CbdbA195 OmeA organohalide respiration related molybdopterin protein  cytoplasm* 

CbdbA1346 PAP2 family protein plasma membrane 

CbdbA1711 UPF0145 protein cbdbA1711  cytoplasm 

CbdbA458 Protein translocase subunit SecY plasma membrane 

CbdbA1052 Ammonium transporter plasma membrane 

CbdbA1016 Uncharacterized protein cytoplasm 

CbdbA926 Prolipoprotein diacylglyceryl transferase plasma membrane 

CbdbA294 Uncharacterized protein plasma membrane 

CbdbA1688 Putative membrane bound regulatory protein, CprC plasma membrane 

CbdbA126 LemA family domain protein plasma membrane 

CbdbA735 Hypothetical membrane protein plasma membrane 

CbdbA1677 Protease HtpX homolog plasma membrane 

CbdbA881 Proton-translocating NADH-quinone oxidoreductase, J subunit plasma membrane 

CbdbA783 Major facilitator family transporter plasma membrane 

CbdbA555 Lysine-tRNA ligase cytoplasm 

CbdbA131 HupX Ni/Fe hydrogenase, iron-sulphur cluster-binding subunit cytoplasm* 

CbdbA1039 
ABC-type dipeptide/oligopeptide/nickel transport system, periplasmic 
component plasma membrane 

CbdbA183 Hypothetical membrane protein plasma membrane 

CbdbA1599 Hypothetical membrane protein plasma membrane 

CbdbA1675 LemA family protein plasma membrane 

CbdbA1335 GGDEF domain plasma membrane 

CbdbA620 Cation ABC transporter, permease protein plasma membrane 

CbdbA780 Aspartate 1-decarboxylase cytoplasm 
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Protein 
Accession Protein annotation 

subcellular localisation 
(BUSCA) 

CbdbB3 RdhB, putative reductive dehalogenase anchoring protein plasma membrane 

CbdbA646 Sensor histidine kinase plasma membrane 

CbdbA566 Uncharacterized protein plasma membrane 

CbdbA635 
ABC-type cobalamin/Fe3+-siderophores transport system, permease 
component plasma membrane 

CbdbA763 Hypothetical membrane protein plasma membrane 

CbdbA273 Protein-export membrane protein SecF plasma membrane 

CbdbA280 Protein MraZ cytoplasm 

CbdbA446 50S ribosomal protein L16 cytoplasm 

CbdbA1393 60 kDa chaperonin cytoplasm 

CbdbA1474 Major facilitator family transporter plasma membrane 

CbdbA274 Protein translocase subunit SecD plasma membrane 

CbdbA1199 Enoyl-(acyl-carrier-protein) reductase (NADH) cytoplasm 

CbdbA1137 DNA mismatch repair protein MutS cytoplasm 

CbdbA374 Putative magnesium and cobalt transport protein plasma membrane 

CbdbA885 NADH-quinone oxidoreductase subunit N plasma membrane 

CbdbA1594 RdhB, putative reductive dehalogenase anchoring protein plasma membrane 

CbdbA908 Copper-translocating P-type ATPase plasma membrane 

CbdbA1169 Conserved hypothetical membrane protein plasma membrane 

CbdbA1142 Uncharacterized protein cytoplasm 

CbdbA1389 Probable hemolysin-related protein plasma membrane 

CbdbA924 Glycerol-3-phosphate acyltransferase 2 plasma membrane 

CbdbA884 Proton-translocating NADH-quinone oxidoreductase, M subunit plasma membrane 

CbdbA467 50S ribosomal protein L17 cytoplasm 

CbdbA363 ABC transporter, permease protein plasma membrane 

CbdbA315 Phosphatidate cytidylyltransferase plasma membrane 

CbdbA108 Putative helicase (Snf2 family) cytoplasm 

CbdbA633 
ABC-type cobalamin/Fe3+-siderophores transport system, periplasmic 
component plasma membrane 

CbdbA356 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase cytoplasm 

CbdbA909 Hsp20 cytoplasm 

CbdbA586 DNA-directed RNA polymerase subunit beta cytoplasm 

CbdbA1086 ABC transporter, ATP-binding/permease protein plasma membrane 

CbdbA1623 RdhB, putative reductive dehalogenase anchoring protein plasma membrane 

CbdbA1713 Uncharacterized protein plasma membrane 

CbdbA1072 Uncharacterized protein plasma membrane 

CbdbA1015 Putative inner membrane protein, 60 kDa plasma membrane 

CbdbA278 50S ribosomal protein L19 cytoplasm 

CbdbA678 Putative antiporter GerN plasma membrane 

CbdbA821 Adenylosuccinate lyase cytoplasm 

CbdbA1309 Putative type IV pilus assembly family protein cytoplasm 

CbdbA1658 Hydrogenase, HycD subunit plasma membrane 

CbdbA1106 Hypothetical periplasmic protein extracellular space 
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Protein 
Accession Protein annotation 

subcellular localisation 
(BUSCA) 

CbdbA772 
ABC transporter associated protein with signal peptide, putative 
periplasmic substrate binding subunit plasma membrane 

CbdbA1357 Chaperone protein DnaJ cytoplasm 

CbdbA1618 Putative reductive dehalogenase extracellular space 

CbdbA1595 Putative reductive dehalogenase extracellular space 

CbdbA1588 Putative reductive dehalogenase extracellular space 

CbdbA681 Pyruvic-ferredoxin oxidoreductase, alpha subunit cytoplasm 

CbdbA897 
Putative branched-chain amino acid ABC transporter, periplasmic 
amino acid-binding protein plasma membrane 

CbdbA1495 Putative reductive dehalogenase cytoplasm* 

CbdbA883 Proton-translocating NADH-quinone oxidoreductase, L subunit plasma membrane 

CbdbA106 Restriction enzymes type I helicase subunit plasma membrane 

CbdbA238 Putative reductive dehalogenase extracellular space 

CbdbA587 DNA-directed RNA polymerase subunit beta' cytoplasm 

CbdbA102 Uncharacterized protein cytoplasm 

CbdbA899 Branched-chain amino acid ABC transporter, permease protein plasma membrane 

CbdbA642 Cobalamin synthase plasma membrane 

CbdbA1591 Sensor histidine kinase/response regulator plasma membrane 

CbdbA1071 Glycosyl transferase cytoplasm 

CbdbA1655 Hydrogenase, membrane subunit plasma membrane 

CbdbA856 Membrane protein, MmpL domain plasma membrane 

CbdbA1582 Putative reductive dehalogenase extracellular space 

CbdbA960 Elongation factor Tu cytoplasm 

CbdbA1546 Putative reductive dehalogenase extracellular space 

CbdbA159 Sensor histidine kinase plasma membrane 

CbdbA1532 Putative transcriptional regulator cytoplasm 

CbdbA1092 Putative reductive dehalogenase extracellular space 

CbdbA1120 GTP cyclohydrolase 1 cytoplasm 

CbdbA134 ABC transporter, permease protein plasma membrane 

CbdbA503 Glutamine-fructose-6-phosphate aminotransferase (isomerizing) cytoplasm 

CbdbA26 Uncharacterized protein plasma membrane 

CbdbA547 
ABC-type dipeptide/oligopeptide/nickel transport system, periplasmic 
component extracellular space 

CbdbA334 Methionine-tRNA ligase cytoplasm 

* Subcellular localisation was not predicted correctly as protein is known to be in extracellular space. 
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Table S 5. Absolute protein abundances of high and medium confidence level assigned RdhB proteins identified 
after solubilisation and separation on a small-protein resolving gel. Silver stained gel bands were cut between 10 
and 15 kDa and digested with trypsin and chymotrypsin for MS sample preparation. 

detergent concentration 
[% (w/v)] approx. MW size of band [kDa] CbdbA84 CbdbA188 CbdbB3 

DDM 0.5 10 2.00E+06 7.79E+05 9.51E+05 
11 2.57E+06 2.88E+05 9.29E+05 
12 2.03E+06 3.61E+05 3.24E+07 
13 1.44E+06 3.40E+05 3.46E+07 
14 3.33E+06 3.97E+05 1.13E+07 
15 1.76E+06 3.70E+05 9.75E+05 
mean 2.19E+06 4.23E+05 1.35E+07 

1.0 10 2.62E+06 3.11E+05 1.24E+07 
12 2.98E+06 9.02E+05 1.10E+06 
13 2.00E+06 2.59E+05 4.41E+07 
14 2.59E+06 2.46E+05 5.46E+06 
15 1.51E+06 2.05E+05 6.26E+06 
mean 2.34E+06 3.85E+05 1.39E+07 

2.0 13 1.91E+06 4.87E+06 1.94E+07 
14 1.89E+06 2.72E+05 1.96E+07 
15 1.80E+06 2.40E+05 5.28E+05 
mean 1.87E+06 1.79E+06 1.32E+07 

digitonin 0.5 10 8.91E+05 1.66E+06 1.07E+06 

12 8.90E+05 1.40E+06 1.11E+06 

13 1.00E+06 1.30E+06 1.56E+07 

14 9.75E+05 1.25E+06 4.66E+06 

15 7.30E+05 1.04E+06 1.01E+06 

mean 8.97E+05 1.33E+06 4.70E+06 
1 10 1.39E+06 6.40E+05 7.42E+05 

13 7.97E+05 1.02E+06 9.00E+06 

14 3.73E+05 1.09E+05 2.54E+06 

15 5.44E+05 3.98E+04 
 mean 7.75E+05 4.51E+05 4.09E+06 

2 13 1.09E+06 8.99E+05 1.93E+06 

15 2.31E+05 7.47E+05 6.85E+05 

mean 6.63E+05 8.23E+05 1.31E+06 
SDS 0.5 10 2.04E+06 1.80E+05 2.06E+06 

12 3.88E+06 2.13E+05 2.65E+06 

13 4.71E+06 2.09E+06 3.51E+06 

14 2.06E+06 1.25E+06 1.04E+06 

15 1.81E+06 2.06E+06 2.17E+06 

mean 2.90E+06 1.16E+06 2.29E+06 
1 10 1.69E+06 1.46E+06 1.62E+06 

12 2.02E+06 1.14E+06 3.26E+05 

13 3.67E+06 1.10E+06 3.73E+05 

14 2.78E+06 1.55E+06 9.68E+04 
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detergent concentration 
[% (w/v)] approx. MW size of band [kDa] CbdbA84 CbdbA188 CbdbB3 

mean 2.54E+06 1.31E+06 6.04E+05 
2 10 1.19E+06 1.40E+06 1.34E+06 

12 4.71E+05 4.16E+05 1.48E+06 

13 1.01E+06 6.26E+05 1.72E+07 

14 9.40E+05 6.97E+05 2.53E+06 

15 9.91E+05 1.63E+06 7.40E+05 

mean 9.20E+05 9.53E+05 4.66E+06 
PBS   10 1.44E+06 2.02E+05 1.24E+06 

12 2.18E+06 1.16E+05 
 13 1.80E+06 8.93E+04 6.23E+05 

14 2.07E+06 3.82E+05 1.19E+05 

15 1.44E+06 
 

7.64E+04 

mean 1.79E+06 1.97E+05 5.15E+05 

The white-grey colour shading is representing the absolute protein abundances with white as lowest protein 
abundance and dark grey as highest protein abundance. 
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Table S 6. Peptides of RdhB proteins with FDR of 0.05 identified during analysis of 10-15 kDa band cut from Bis-Tris-PAGE for resolving small proteins and in-gel digestion. 

protease Protein Accession Peptide Sequence Modifications # PSMs Percolator q-value Percolator PEP Qvality q-value Qvality PEP XCorr 
trypsin + 
chymo-
trypsin 

CbdbA85 MGSFAELEPTAAY 
1xOxidation 
[M1] 35 4.14E-05 1.17E-03 0 6.66E-03 2.84 

CbdbA85 MGSFAELEPTAAY 
 

5 0 9.62E-07 0 5.22E-04 2.64 

CbdbA188 VNTFTEESVSSAAR 
 

8 0 1.08E-06 0 5.57E-04 2.63 

CbdbB3 FIQYLK 
 

72 8.31E-04 1.07E-02 3.16E-03 7.72E-02 2.17 

CbdbB3 SLVTAR 
 

59 8.39E-03 1.04E-01 1.48E-02 2.20E-01 1.71 

CbdbB3 CIQNSIAGF 
1xCarbamido-
methyl [C1] 6 9.97E-03 1.35E-01 4.14E-02 4.68E-01 2.49 

trypsin CbdbB3 FIQYLK   29 5.94E-03 3.66E-02 8.42E-03 7.99E-02 2.02 
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Table S 7. RdhB proteins, their calculated GRAVY values and predicted number of transmembrane helices (TMH). 
 

 

Protein Accession GRAVY # TMH 

CbdbB3 0.92 3 

CbdbA85 1.06 3 

CbdbB4 0.96 3 

CbdbB5 1.31 3 

CbdbA188 0.87 3 

CbdbA239 1.11 3 

CbdbC1 1.03 3 

CbdbA1094 1.09 3 

CbdbA1452 1.04 3 

CbdbA1454 1.19 3 

CbdbA1490 1.06 3 

CbdbB33 0.89 3 

CbdbA1502 1.32 3 

CbdbA1507 0.72 3 

CbdbA1536 1.08 3 

CbdbB40 1.09 3 

CbdbA1541 1.04 3 

CbdbA1545 1.09 3 

CbdbA1549 0.91 3 

CbdbA1559 1.06 3 

CbdbA1562 0.87 3 

CbdbA1569 0.91 3 

CbdbA1573 1.05 3 

CbdbA1577 1.15 3 

CbdbA1581 1.08 3 

CbdbA1587 0.72 3 

CbdbA1594 0.74 3 

CbdbA1597 1.11 3 

CbdbA1617 1.33 3 

CbdbA1623 1.04 3 

CbdbA1626 1.13 3 

CbdbA1637 1.04 3 

http://www.gravy-calculator.de/
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Figure S 1. Distribution of relative peptide abundance and respective relative protein abundance for OHR 
complex subunits. (A) RdhA CbdbA1588, (B) RdhA CbdbA1618, (C) RdhA CbdbA1638, (D) RdhB CbdbB3, (E) OmeB 
CbdbA193, (F) HupS CbdbA130, and (G) HupX CbdbA131. The proteins are displayed in bold lines with the 
respective colour code defined in Figure 2, and peptides are depicted with thin lines of different colours. 
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Figure S 2. Hierarchical cluster analysis for all proteins identified during cluster analysis per extraction mode. 
Hierarchical cluster analysis was performed using hclust in R Studio for each of the three extraction modes during 
complexome analysis (A) whole-cell extraction (B) membrane fraction extraction and (C) disrupted cell extraction. 
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