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 1 Introduction

1 Introduction

1.1 Sulfur Cycle

The tenth most abundant element in the universe is sulfur (Steudel and Chivers, 2019).

Together with inter alia oxygen and selenium, sulfur belongs to the sixteenth group of the

periodic system and consequently has six valence electrons. It occurs in oxidation states

from -2 to +6 in various inorganic and organic molecules, of which sulfide is the most

reduced and sulfate the fully oxidized form. These sulfur compounds play a significant role

in both the bio- and the geosphere, between which they are dynamically cycled (Figure 1).

Abiotic reactions, geological processes and various microbial pathways all  contribute to

the biogeochemical sulfur cycle through various reservoirs (Fike et al., 2015). 

1

Figure  1: The biogeochemical sulfur cycle (Muyzer and Stams, 2008). Sulfur occurs in a broad
range of  oxidation states in several  inorganic  and organic  molecules.  These sulfur  compounds are
cycled between the bio- and the geosphere in various abiotic, geological, microbial and human-made
processes.
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On earth the major sulfur reservoirs are the ocean, as it holds great amounts of dissolved

sulfate, and rocks and sediment, where sulfur is present in the minerals pyrite (FeS2) and

gypsum (CaSO4) (Middelburg, 2000; Muyzer and Stams, 2008). In aerobic environments

sulfate is the most stable sulfur compound, while reduced inorganic sulfur compounds are

more prevalent in anoxic environments. In the atmosphere the toxic gas sulfur dioxide can

be detected, which is emitted naturally due to volcanic activity, but also due to the burning

of  fossil  fuels  contaminated with  sulfur  compounds (Figure 1).  Coal  for  example often

contains high amounts of sulfur in form of the mineral pyrite (FeS2). The emission of sulfur

dioxide induced by the burning of pyrite-containing coal is one cause of acid precipitation

(Chou, 1990; Muyzer and Stams, 2008). In this study the two inorganic sulfur compounds

sulfite and sulfide will be of relevance. The fully reduced sulfur compound sulfide can be

found in hydrothermal fluids emitted by hydrothermal vents, also called black smokers, at

the seafloor of the oceans (Colín-García, 2016). Sulfite is nucleophilic and shows strong

reducing capacity, which contributes to its toxicity and antimicrobial activity (Kappler and

Dahl, 2001; Ough and Were, 2005). 

Sulfur  does  not  only  occur  in  inorganic  compounds,  it  is  also  abundant  in  all  living

organisms, for example, in the amino acids methionine and cysteine and it contributes to

poly-peptide structure due to disulfide bridges between cysteine residues. Furthermore

sulfur is present in sulfolipids such as sulfoquinovosyl diacylglycerol, which is abundant in

many  photosynthetic  organisms  (Benning,  1998).  Sulfur  also  contributes  to  electron

transfer in redox reactions, as it is part of redox-active enzyme cofactors such as iron-

sulfur clusters.  Many prokaryotes, plants,  fungi and algae are capable of incorporating

inorganic  sulfur  compounds  into  the  above-mentioned  organic  compounds  by  sulfur

assimilation (Figure 1,  Figure 2). In the absence of external reduced sulfur compounds,

sulfate  is  taken  up  by  the  organism,  reduced  to  sulfide,  which  can  thereafter  be

incorporated into biomolecules. 

However,  sulfur  assimilation  is  not  the  only  way  living  organisms  take  part  in  the

biogeochemical  sulfur  cycle.  Various  microbial  metabolic  processes  transform  the

oxidation state of sulfur and in doing so, play a major role in the regulation of Earth's

surface conditions (Fike et al., 2015). Inorganic sulfur compounds can be used as electron

acceptors and donors by prokaryotes for energy conservation (Figure 2). This so-called

dissimilation  of  sulfur  compounds  establishes  an  electrochemical  membrane  potential,
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which can be used for energy-consuming processes such as ATP synthesis and NAD+

reduction. In these dissimilatory processes sulfate and sulfite are reduced to sulfide, which

is then re-oxidized to sulfate via zero-valent sulfur (Figure 2, Barton  et al., 2014). While

dissimilatory sulfate, sulfite and sulfur reduction and the disproportionation of thiosulfate to

sulfide and sulfate only occur under anaerobic conditions, dissimilatory sulfide and sulfur

oxidation  is  preformed  by  aerobic  and  anaerobic  bacteria  (Figure  2).  Although  the

capability for  sulfate assimilation is widespread over the three domains of life and the

prokaryotic  group  of  dissimilatory  sulfate  reducers  is  also  phylogenitically  diverse,  the

pathways of sulfate reduction are quite similar. As the reduction of sulfate to sulfite has a

very low redox potential (E0'  = -516 mV) (Thauer et al., 1977), sulfate has to be activated

with  ATP  to  adenosine  5'-phosphosulfate  (APS)  before  reduction  to  sulfite  in  both

assimilatory  and  dissimilatory  sulfate  reduction.  The  reduction  of  sulfite  is  thereafter

catalyzed by an assimilatory or dissimilatory sulfite reductase. The group of prokaryotes

capable of dissimilatory sulfide and sulfur oxidation is very heterogeneous and so are the

pathways,  as  no universal  mechanism for  the  oxidation  of  reduced  sulfur  compounds

exists  (Dahl,  2015).  Interestingly,  in  one pathway the  cytoplasmic  oxidation  of  sulfane

sulfur to sulfite is catalyzed by an enzyme homologous to the above-mentioned sulfite

reductases, the so-called reverse-acting dissimilatory sulfite reductase.

3

Figure  2: The biological sulfur cycle.  Sulfate can be incorporated into
organic sulfur compounds via assimilatory sulfate reduction by aerobic and
anaerobic  organisms.  Disproportionation  of  thiosulfate  and  dissimilatory
sulfate, sulfite and sulfur reduction only occur under anaerobic conditions,
while  dissimilatory  sulfide  and  sulfur  oxidation  can  take  place  under
aerobic and anaerobic conditions. Modified after Barton et al. (2014). 
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1.2 Assimilatory and Dissimilatory Sulfite Reductases

Sulfite reductases are key enzymes in the biogeochemical sulfur cycle, as they catalyze

the six electron reduction of sulfite to sulfide, which is a central step in both assimilatory

and dissimilatory sulfate reduction (Figure 2). Assimilatory sulfite reductases can be found

in bacteria, archaea, plants and fungi, where they generate sulfide for incorporation into

sulfur-containing  biomolecules.  This  is  an  essential  and  ancient  pathway,  which  is

widespread  throughout  the  three  domains  of  life.  Dissimilatory  sulfite  reductases  are

restricted to the domain of prokaryotes, where they occur in both sulfate-reducing and

sulfur-oxidizing organisms (Dhillon et al., 2005). Many sulfate reducers belong to the class

Deltaproteobacteria, there are also gram-positive sulfate reducers and representatives can

be  found  in  the  bacterial  classes  Nitrospira,  Thermodesulfobacteria and  the  archaeal

genus  Archaeoglobus.  In  the very diverse group of  sulfur oxidizers,  the reverse-acting

dissimilatory sulfite reductase (rDsr) is mainly found in species, which are capable of sulfur

storage and belong to the phyla Proteobacteria and Chlorobi (Loy et al., 2009). 

Sulfite reductases are both structurally and functionally related to nitrite reductases, which

catalyze  the  six  electron reduction  of  nitrite  to  ammonium (Crane and Getzoff,  1996).

Nitrite and sulfite reductases share a common prosthetic group, which is termed siroheme

(Murphy  et  al., 1974).  This  heme-like  prosthetic  group  consists  of  an  iron-chelated

sirohydrochlorin, which is a class of tetrahydroporphyrin with eight carboxyl side chains

and was first isolated from the assimilatory NADPH-sulfite reductase from Escherichia coli

(Murphy and Siegel, 1973; Murphy et al., 1973). Further analysis of the aforementioned

enzyme complex revealed, that the siroheme is covalently coupled to an [4Fe4S] cluster

(Janick and Siegel, 1982; Crane et al., 1995). In the dissimilatory sulfite reductases of the

purple  sulfur  bacterium  Allochromatium  vinosum  and  of  the  sulfate  reducers  in  the

Desulfovibrio genus the prosthetic group was identified as siroamide, in which one of the

siroheme carboxyl groups is replaced by an amide (Lübbe et al., 2006; Matthews et al.,

1995).  Uroporphyrinogen III,  as a common tetrapyrrole precursor, is an intermediate in

biosynthesis of vitamin B12 (cobalamin), of hemes (Scott, 1993; Jordan, 1994) and also of

sirohemes.  The  enzyme,  which  catalyzes  the  four  reactions  transforming

uroporphyrinogen III to siroheme is the homodimeric CysG (Spencer et al., 1993; Stroupe

et al., 2003). In  A. vinosum  DsrN, a protein encoded in proximity to the reverse-acting
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dissimilatory sulfite  reductase,  was proposed to  function as siroamidase (Lübbe  et al.,

2006).

The  assimilatory  sulfite  reductase  from  E. coli  has  two  subunits,  which  build  an  α8β4

holoenzyme. The α subunit is a flavoprotein, which binds NADPH, FAD and FMN cofactors

and the β subunit is an iron-containing hemoprotein and binds an [4Fe4S] cluster, which is

covalently bound to siroheme (Siegel and Davis, 1974; Crane et al., 1995; Askenasy et al.,

2015).  Electrons  deriving  from  NADPH  are  transferred  via  FAD  and  FMN  of  the

flavoprotein  onto  the  siroheme  in  the  active  site  of  the  hemoprotein,  where  sulfite  is

reduced (Crane et al., 1997). 

The well characterized dissimilatory sulfite reductase DsrAB catalyzes the reduction of the

intermediate  sulfur  compound  sulfite  in  dissimilatory sulfate  reducers.  The  two  related

subunits DsrA and DsrB are arranged in a α2β2 conformation and both contain conserved

binding motifs for a siroheme coupled to a [4Fe4S] cluster (Ostrowski et al., 1989; Fauque

et al., 1990; Dahl et al., 1993). While the siroheme-[4Fe4S] of DsrB is catalytically active,

that of DsrA seems to have a structural role (Oliveira  et al., 2008; Schiffer  et al., 2008).

Both subunits also contain a ferredoxin domain, which binds a second [4Fe4S] cluster. The

high similarity between the two subunits DsrA and DsrB indicate that they may have arisen

by duplication of an ancestral gene (Dahl et al., 1993). In contrast to the assimilatory sulfite

reductase  from  E. coli, a  flavoprotein  is  not  part  of  the  DsrAB holoenzyme  for  sulfite

reduction.  However,  the  physiological  electron  donor  for  sulfite  reduction  catalyzed  by

DsrAB is so far unknown (Oliveira et al., 2008) and could possibly be a flavoprotein or a

ferredoxin as confirmed for the spinach assimilatory nitrite reductase (Swamy et al., 2005).

In several sulfur oxidizers, which accumulate sulfur as a storage intermediate, a reverse-

acting dissimilatory sulfite reductase catalyzes the cytoplasmic oxidation of stored sulfur to

sulfite  (Schedel  et  al., 1979;  Pott  and  Dahl,  1998;  Loy  et  al., 2009).  This  enzyme is

homologous to, but physiologically and phylogenetically clearly distinct from the above-

described DsrAB (Hipp  et  al., 1997;  Wagner  et  al., 1998;  Loy  et  al., 2009).  The  two

subunits of sulfite-generating rDsrAB are also arranged in a α2β2 conformation and contain

siroheme  coupled  to  a  [4Fe4S]  cluster  and  an  additional  ferredoxin  domain,  which

presumably enables electron transfer to the as yet unknown electron acceptor of sulfur

oxidation. 

5
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A further dissimilatory sulfite reductase has been identified in Salmonella enterica serovar

Typhimurium, an organism capable of sulfite respiration. The trimeric holoenzyme consists

of a flavoprotein (AsrB), a siroheme-binding hemoprotein (AsrC) and additionally includes

a ferredoxin protein (AsrA) (Huang and Barrett, 1991; Dhillon  et al., 2005). Possibly the

holoenzyme  catalyzes  the  reduction  of  sulfite  with  NADH  in  the  cytoplasm. In  the

methonarchaeon  Methanocaldococcus  jannaschii  a  coenzyme  F420-dependent  sulfite

reductase (Fsr) catalyzes sulfite reduction (Johnson and Mukhopadhyay, 2005). The N-

terminal half of Fsr represents a H2F420 dehydrogenase, which shows similarities to the

H2F420 dehydrogenase  subunits  of  H2F420:quinone  oxidoreductase  (Fqo)  complex  of

A. fulgidus  and  of  H2F420:phenazine  oxidoreductase (Fpo)  complex  of  Methanosarcina

mazei.  The  C-terminal  half  is  homologous  to  Salmonella AsrC,  the  siroheme-binding

hemoprotein of AsrABC, and to the two subunits of the most common dissimilatory sulfite

reductase, DsrAB. This enzyme contains iron-sulfur clusters, siroheme and presumably

FAD and it couples the oxidation of H2F420 to the reduction of sulfite. In  M. mazei  sulfite

reduction catalyzed by Fsr plays a detoxification role, as methanogens are inhibited by

sulfite, and it additionally enables the anabolic use of sulfite as a sulfur source (Johnson

and Mukhopadhyay, 2005). 

1.3 The (r)Dsr Pathway

Dissimilatory sulfate reducers and sulfur oxidizers, encoding for the dissimilatory sulfite

reductases DsrAB and rDsrAB respectively,  also encode for a whole set of further Dsr

proteins, which enable a fully functional sulfur metabolism. The genes dsrC and minimally

dsrMK are included in the genomes of all organisms encoding for (r)DsrAB (Grein et al.,

2013; Venceslau et al., 2014). However other dsr genes are only found in sulfate reducers

or  in  sulfur  oxidizers  respectively,  indicating  that  the  Dsr  pathways  in  reductive  and

oxidative direction, while bearing several similarities, are distinct from one another. 

1.3.1 The Dsr Pathway of Sulfate Reducers

The Dsr pathway of sulfite reduction occurs in all  so far described dissimilatory sulfate

reducers.  After  the  sulfate  adenylyl  transferase  (Sat)  has  activated  sulfate  to  form

adenosine 5'-phosphosulfate (APS) and the APS reductase has generated sulfite due to

6
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the  reduction  of  APS,  sulfite  is  further  reduced  in  the  Dsr  pathway  (Figure  3).  The

reduction is catalyzed by the dissimilatory sulfite reductase DsrAB with its physiological

partner DsrC (Venceslau  et al., 2014; Santos  et al., 2015).  DsrC, a small  protein (12-

14 kDa) binding no prosthetic groups, has a highly conserved C-terminal arm with two

strictly conserved cysteine residues (Cort  et al., 2001; Cort  et al., 2008; Oliveira  et al.,

2008). One cysteine is the penultimate residue at the C-terminus (CysA) and the other lays

eleven  residues  upstream  (CysB).  The  flexible  arm  of  DsrC  from  the  sulfate  reducer

Desulfovibrio vulgaris is able to extend into the interface between DsrA and DsrB, bringing

CysA in proximity of the substrate binding site of DsrAB (Oliveira  et al., 2008). In sulfite

reduction catalyzed by DsrAB, DsrC functions as a co-substrate and the released product

is a DsrC trisulfide, in which a sulfur atom is bridging CysA and CysB of the C-terminal arm

(Figure 3) (Santos et al., 2015). DsrAB requires two electrons for the reduction of sulfite to

DsrC  trisulfide,  as  two  further  electrons  stem  from  reduced  DsrC.  However,  the

physiological electron donor for DsrAB-catalyzed sulfite reduction is still unknown. 

7

Figure  3:  Model  of  the dissimilatory reduction of  sulfate. Sulfate  is  imported  into  the
cytoplasm,  activated  by  sulfate  adenylyl  transferase  (Sat)  to  adenosine  5'-phosphosulfate
(APS) (I),  APS is  reduced to sulfite by the APS reductase (II),  sulfite is  reduced to DsrC
trisulfide by DsrAB/DsrC (III) and the trisulfide is reduced to sulfide and reduced DsrC by the
DsrMKJOP complex (IV) (Santos et al., 2015).
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The  DsrC  trisulfide  is  presumably  reduced  to  sulfide  and  reduced  DsrC  at  the

transmembrane complex DsrMK(JOP) with electrons originated from the menaquione pool

(Grein et al., 2013; Santos et al., 2015). The transmembrane complex DsrMKJOP seems

to be a combination of two sub-complexes with DsrMK extending into the cytoplasm and

DsrJOP ranging into the periplasm (Grein  et al., 2013). DsrJ is a periplasmic tri-heme

cytochrome  c and shows no sequence similarities to other known proteins. The DsrOP

subunits  resemble  two  of  the  Complex-Iron-Sulfur-Molybdoenyzme  (CISM)  units  and

probably enable, together with DsrJ an electron exchange between the periplasm and the

quinone pool (Grein et al., 2013). DsrMK is homologous to the membrane-bound HdrDE

complex of methanogens, which catalyzes heterodisulfide reduction (Heiden et al., 1994).

Thereby DsrM binding two hemes b is homologous to HdrE and the cytoplasmic iron-sulfur

protein  DsrK  resembles  the  catalytic  subunit  HdrD  (Grein  et  al., 2013).  The  potential

substrate for DsrK is a DsrC trisulfide in analogy to the heterodisulfide substrate for HdrD

(Venceslau et al., 2014; Santos et al., 2015). Sulfate reducers also encode for the small

protein DsrD, which is not present in sulfur oxidizers and possibly plays a regulatory role in

sulfite reduction (Mizuno  et al., 2003). Some sulfate and sulfite reducers encode for the

iron-sulfur flavoprotein DsrL (Anantharaman et al., 2018), which can be found in all sulfur

oxidizers using the rDsr pathway, as it is essential for the oxidation of stored sulfur (Lübbe

et al., 2006). The function of DsrL in these sulfate reducers is unclear, however its redox-

active prosthetic groups make it a possible candidate for the electron donor of DsrAB. 

1.3.2 The rDsr Pathway of Sulfur Oxidizers at the Example of A. vinosum

The rDsr pathway mainly occurs in sulfur oxidizers, which are capable of sulfur storage

and belong to the phyla Proteobacteria and Chlorobi (Loy et al., 2009). Among these are

many  photolithotrophic  organisms,  which  use  inorganic  sulfur  compounds  as  electron

donors for reductive carbon dioxide fixation in anoxygenic photosynthesis, but also some

chemolithotrophic sulfur oxidizers (Dahl, 2017). The genetically accessible purple sulfur

bacterium A. vinosum is the best studied sulfur oxidizer with respect to the rDsr pathway

(Pott and Dahl, 1998; Dahl et al., 2005; Lübbe et al., 2006; Sander et al., 2006; Grein et

al., 2010; Stockdreher et al., 2012). Thus it was used as a model organism in this study

and the rDsr pathway will be described at the example of A. vinosum. 
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 1 Introduction

During  the  oxidation  of  reduced  sulfur  compounds  such  as  sulfide  or  thiosulfate

A. vinosum, like many other sulfur oxidizers, forms sulfur globules. These intermediates

are  stored  in  the  periplasm,  where  many  oxidative  pathways  of  dissimilatory  sulfur

metabolism take place (Pattaragulwanit  et al., 1998). However,  further oxidation of the

sulfur  intermediates  is  executed  in  the  cytoplasm  by  soluble  and  membrane-bound

proteins of the rDsr system (Pott and Dahl, 1998; Dahl  et al., 2005; Grein  et al., 2010;

Lübbe et al., 2006). Although the exact mechanism is still unknown, it has been proposed

that sulfur is transferred from its periplasmic deposits into the cytoplasm via low molecular

weight organic persulfides such as glutathione persulfide (Frigaard and Dahl, 2008). In the

cytoplasm  sulfur  is  shuttled  through  a  cascade  of  protein  persulfides,  including  a

rhodanese (Rhd), TusA, possibly DsrE2A and DsrEFH, onto the substrate-binding protein

DsrC  (Figure  4)  (Stockdreher  et  al., 2012;  Stockdreher  et  al., 2014).  Sulfur  can  be

mobilized from the low molecular persulfide glutathione persulfide onto Rhd, indicating that

cytoplasmic sulfur trafficking starts with a Rhd persulfide (Stockdreher  et al., 2014). The

exact function of DsrE2A, which is encoded in a  rhd-tusA-dsrE2  gene arrangement in a

large  number  of  chemotrophic  and  phototrophic  sulfur-oxidizing  prokaryotes  is  as  yet

unknown (Stockdreher et al., 2014; Venceslau et al., 2014). TusA can receive sulfur from

the  rhodanese  and  serves  as  a  sulfur  donor  for  the  DsrEFH complex,  while  DsrEFH

transfers sulfur onto DsrC (Figure 4) (Stockdreher et al., 2014; Stockdreher et al., 2012).

DsrC of sulfur oxidizers is homologous to DsrC of sulfate reducers and insofar also has a

highly conserved C-terminal  arm containing the two cysteine residues CysA and CysB.

Sulfur is transferred from DsrE-Cys78 of DsrEFH onto CysA of DsrC (Stockdreher  et al.,

2012). Sulfur-binding DsrC is the proposed substrate for the sulfite-generating complex

rDsrAB (Stockdreher  et al., 2012). It  is however unclear if a DsrC CysA persulfide or a

DsrC trisulfide with a sulfur atom bridging CysA and CysB is metabolized. In the current

model  (Figure 4) persulfurated DsrC is oxidized to a DsrC trisulfide at the membrane-

bound DsrMKJOP complex and is then further oxidized by rDsrAB to sulfite and reduced

DsrC. This was proposed as the exact reversal of the reaction mechanism found in sulfate

reducers, in which DsrC and sulfite are reduced to DsrC trisulfide by DsrAB (Figure 3)

(Santos et al., 2015). 
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Another model (Stockdreher et al., 2014; Venceslau et al., 2014) suggests a persulfurated

DsrC as the direct substrate for rDsrAB-catalyzed sulfur oxidation, whereafter CysA carries

a sulfonate group. Through the formation of an intramolecular disulfide bound between

CysA and CysB, sulfite is released. The DsrC disulfide is then reduced by the DsrMKJOP

complex and can once more be persulfurated by DsrEFH.

In the first model the DsrMKJOP complex would receive electrons, while it would serve as

electron donor for DsrC reduction in the second model. Biochemical evidence for the exact

function of the electron-transferring transmembrane complex DsrMKJOP is currently not

available, however in  A. vinosum  each individual component of the DsrMKJOP complex

was  shown  to  be  essential  for  the  oxidation  of  stored  sulfur  (Sander  et  al., 2006).

Furthermore  DsrKJO  proteins  were  co-purified  with  rDsrAB  and  DsrC  and  interaction

between the catalytic subunit DsrK and its putative substrate DsrC could be demonstrated

by coelution assays (Dahl et al., 2005; Grein et al., 2010). 
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Figure  4:  Model  of  rDsr  mediated sulfane sulfur  oxidation in  Allochromatium vinosum.
Sulfur is transferred from the periplasmic sulfur deposits into the cytoplasm onto a Rhodanese
(Rhd). A cascade of protein persulfids, including TusA and DsrEFH, shuttles sulfur onto DsrC. The
DsrC persulfide serves as a substrate for the membrane-bound DsrMKJOP complex. Its product,
a DsrC trisulfide, is the substrate for rDsrAB and is oxidized to sulfite and reduced DsrC, which
can once more be persulfurated by DsrEFH. Modified after Tanabe et al. (2019).



 1 Introduction

Just as the origin of the electrons for DsrAB-catalyzed sulfite reduction in sulfate reducers

is unknown, it is unclear where the electrons deriving from the oxidation of sulfur-binding

DsrC  catalyzed  by  rDsrAB  are  transferred  to.  A potential  candidate  for  the  electron

acceptor for  the rDsrAB-catalyzed oxidation of sulfane sulfur is the complex iron-sulfur

flavoprotein DsrL. The 72 kDa protein carries an FAD and several FeS-clusters as redox-

active groups and was shown to be absolutely essential for the oxidation of stored sulfur in

A. vinosum  (Lübbe  et al., 2006).  On the basis of  its sequence DsrL was proposed to

function  as  NAD(P)H:oxidoreductase  and  could  insofar  couple  the  oxidation  of  stored

sulfur to the generation of NAD(P)H (Dahl et al., 2005).

1.4 Objective

Although  the  reverse-acting  dissimilatory  sulfite  reductase  rDsrAB from sulfur  oxidizer

Allochromatium vinosum has been of scientific interest for over forty years (Schedel et al.,

1979),  there  are  still  many  unsolved  aspects  in  the  rDsr  pathway  of  sulfane  sulfur

oxidation.  In  this  study  rDsrAB  was  investigated  biochemically  in  both  reductive  and

oxidative  direction.  As  rDsrAB  is  predicted  to  oxidize  DsrC-bound  sulfur  to  sulfite

(Stockdreher  et al., 2012), the interaction of rDsrAB and DsrC was examined especially.

Thereby the  influence of  DsrC on  the  activity  of  rDsrAB and the  conformation  of  the

substrate-binding  DsrC  was  of  particular  interest.  A  further  very  interesting  potential

interaction  partner  of  rDsrAB  is  the  iron-sulfur  flavoprotein  DsrL,  as  it  could  be  the

unknown electron  acceptor  of  rDsrAB-catalyzed oxidation  of  stored sulfur.  Moreover  it

could also be the electron donor for DsrAB in those sulfate and sulfite reducers, which

encode for DsrL (Anantharaman  et al., 2018). The interaction of rDsrAB and DsrL was

investigated structurally and kinetically, to elucidate whether an electron transfer between

these proteins is possible. 
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2 Material

2 Material

2.1 Chemicals, Enzymes, Kits

If not mentioned otherwise, all chemicals were purchased from the companies Bio-Rad,

Eppendorf, ThermoScientific, Fluka, Invitrogen, Macherey & Nagel, Merck, Sigma-Aldrich,

Roche and Roth.

2.1.1 Enzymes

All enzymes were used with the recommended and provided buffer.

Table 1: Used Enzymes and their Manufacturers

Enzyme Manufacturer

Antarctic Phosphatase NEB (Ipswich, USA)

Deoxyribonuclease I Sigma-Aldrich (St. Louis, USA)

Lysozym Roth (Karlsruhe, Germany)

Q5 High-Fidelity DNA-Polymerase NEB (Ipswich, USA)

Restriction enzymes NEB (Ipswich, USA)

T4-DNA-Ligase NEB (Ipswich, USA)

2.1.2 Kits

Table 2: Used Kits and their Manufacturers

Kit Manufacturer

Gene-JET Gelextraction Kit Thermo Scientific

Gene-JET Plasmid Miniprep Kit Thermo Scientific

BCA-Assay Kit Thermo Scientific
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2.1.3 Further Material and Chemicals

Table 3: Further Material and Chemicals

Material Manufacturer

Vivaspin 500 Centrifugal Concentrators 
(5.000 kDa)

Sartorius (Göttingen, Germany)

Amicon Ultra Centrifugal Filters Merck (Darmstadt, Germany)

HisTrap HP 5 ml GE Healthcare Life Sciences

StrepTrap HP 5 ml GE Healthcare Life Sciences

CompleteTM Protease Inhibitor Cocktail Merck (Darmstadt, Germany)

2.2 Bacteria

Table 4: Used Bacteria

Strain Genotype Reference

Escherichia coli strains

E. coli NEB 10β Δ(ara-leu) 7697 araD139 fhuA 
ΔlacX74 galK16 galE15 e14- 
ϕ80dlacZΔM15 recA1 relA1 endA1 
nupG rpsL (SmR) rph spoT1 Δ(mrr-
hsdRMS-mcrBC) 

New England Biolabs 
(Ipswich, USA)

E. coli BL21 (DE3) F- ompT hsdSB(rB-mB-) gal dcm (DE3) 
 

Novagen (Darmstadt, 
Deutschland)

E. coli BL21 (DE3) ΔiscR F- ompT hsdSB(rB-mB-) gal dcm 
ΔiscR::Kan (DE3) 

(Akhtar and Jones, 2008)

Allochromatium vinosum strains

A. vinosum Rif50 Rifr, spontaneous rifampicin-
resistant mutant of
A. vinosum DSMZ 180

(Lübbe et al., 2006)

A. vinosum ΔtsdA Rifr, in frame deletion in tsdA (Denkmann et al., 2012)
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2.3 Plasmids

Table 5: Used Plasmids

Plasmid Genotype Reference

pETCEX Apr, NdeI/BamHI fragment of 
amplified dsrC in pET-15b 

(Cort et al., 2008)

pETCEXSer100 Apr, NdeI/BamHI fragment of 
amplified dsrC-Cys100Ser in pET-
15b 

(Cort et al., 2008)

pETCEXSer111 Apr, NdeI/BamHI fragment of 
amplified dsrC-Cys111Ser in pET-
15b 

(Cort et al., 2008)

pETCEXSer100/111 Apr, NdeI/BamHI fragment of 
amplified dsrC-Cys100SEr-
Cys111Ser in pET-15b 

(Cort et al., 2008)

pET22bDsrL-CSt Apr, NdeI/BamHI fragment of 
amplified dsrL with C-terminal 
streptag in pET22b 

(Löffler et al., 2020)

2.4 Primers

All primers were designed in this study and ordered at Eurofins MWG Synthesis GmbH

(Ebersberg, Germany). The restriction sites are marked with bold letters and the cutting

restriction enzyme is written in brackets. 

Table 6: Used Primers

Primers Sequence (5' → 3')

DsrABstrepN'fw TAGGAGAGATCATGAGCGCTTGGAGCCACCCGCAGTTCGAAAAAGCTATCGAC
AAGCACGCGACC (BspHI)

DsrABstrepN'rev CCTGTCCTCTAGAGATCAGAAGCGGATATA (XbaI)

DsrABstrepC'fw AGACCGCCATATGGCTATCGACAAGCA (NdeI)

DsrABstrepC'rev TCCGCTAAGCTTCATTTTTCGAACTGCGGGTGGCTCCAAGCGCTGAAGCGGAT
ATAGGA (HindIII)

CysG_SacI_for CAGAGCTCCAGCATCATGGATCTAC (SacI)

CysG_NotI_rev GTATGATTTTTGCGGCCGCTACTCG (NotI)

DsrN_NdeI_for GGCCTCATATG GCGTCGCTCTAC (NdeI)

DsrN_XhoI_rev CTGAAAGCTCGAGGCCCGCTGTT (XhoI)
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3 Methods

3.1 Microbiological Methods

3.1.1 Cultivation of Escherichia coli

The organism Escherichia coli was used for cloning, amplification of plasmids (E. coli NEB

10β, Table 4) and for heterologous production of recombinant proteins (E. coli BL21 (DE3)

ΔiscR and E. coli BL21 (DE3), Table 4). 

3.1.2 Production of Chemically Competent E. coli

The method of Dagert and Ehrlich was used to make E. coli chemically competent (Dagert

and Ehrlich 1979). 70 ml of main culture (2YT-medium, 10 g/l pepton, 10 g/l yeast extract,

5 g/l NaCl, pH 7) was inoculated with 700 µl of an overnight preculture at 37 °C at 180 rpm

to an OD600nm   of 0.3 – 0.5. The cells were then pelleted at 4 °C and 4000 xg for 10 min,

resuspended  in  10.5 ml  of  icecold  buffer  (sterile  70 mM  CaCl2,  20 mM  MgSO4)  and

incubated on ice for 40 min. The above-mentioned centrifugal step was repeated and the

pellet was resuspended in 3.5 ml of icecold buffer. After a following incubation step on ice

(40 min) 876 µl glycerin was added to the cell suspension and it was stored in aliquots at

-70 °C.

3.1.3 Transformation

Plasmids were transformed into chemocompetent  E. coli NEB 10β, BL21 (DE3) or BL21

(DE3) ΔiscR cells by means of the heatshock method (Hanahan, 1983). Chemocompetent

cells were stored at -70 °C and thawed on ice. 20 µl ligation solution or 1 µl plasmid DNA

were given to 100 µl of competent cells and incubated on ice for 30 min. Then a 60 s heat

shock at 42 °C was preformed, after which the mixture was directly placed back on ice for

5 min. Following 800 µl LB-0 medium was added and the mixture was incubated at 37 °C

for a minimum of 45 min, while the mixture was regularly inverted. At least two different

volumes of the incubated sample were given onto LB plates containing the appropriate

antibiotic and the plates were incubated overnight at 37 °C.
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3.1.4 Cultivation of Allochromatium vinosum 

A. vinosum  was  cultivated  photoorganoheterophically  on  RCV-medium  (Weaver  et  al.,

1975) or photolithoautotrophically on 0 medium (Hensen et al., 2006) to which sulfite and

thiosulfate were added at the start of fermentation.  

RCV medium (Weaver et al., 1975)

RÄH medium 50 ml

yeast extract 0.5 g

NaOH ~1.8 g

dH2O ad 1000 ml

RÄH medium

malate 60 g

NH4Cl 24 g

MgSO4 x 7 H2O 4 g

CaCl2 x 2 H2O 1.4 g

SL12 (10x) 20 ml

dH2O ad 1000 ml

Trace element solution SL12 (Pfennig and Trüper, 1992)

EDTA 30 g

FeSO4 x 7 H2O 11 g

H3BO3 3 g

CoCl2 x 6 H2O 1.9 g

MnCl2 x 4 H2O 0.5 g

ZnCl2 0.42 g

NiCl2  x 6 H2O 0.24 g

Na2MoO4 0.18 g

CuCl2  x 2 H2O 0.02 g

dH2O ad 1000 ml
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RÄH medium and the trace element solution were stored without sterilization. Before use

of RCV medium, 5 % (v/v) of 180 mM K2HPO4 (pH 7.0) was added.

0 medium (Hensen et al., 2006)

For photolilithoautotrophic growth A. vinosum was grown on 0 medium in a 10 l fermenter

with thiosulfate and sulfite added. The following solutions were sterilized separately and

combined afterwards:

Solution 1: salt solution prepared in a 10     l carboy

KCl 3.3 g

MgCl2 x 6 H2O 3.3g

CaCl2 x 2 H2O 4.3 g

NH4Cl 3.3 g

SL12 (10x) 10 ml

dH2O ad 8000 ml

Solution 2: phophate solution

KH2PO4 3.3 g

dH2O ad 1000 ml

Solution 3: carbonate solution

NaHCO3 15 g

dH2O ad 1000 ml

After autoclaving, the three solutions were combined under a nitrogen atmosphere. The

cloudy medium was bubbled with CO2 until it was clear. At this point the pH of the medium

was at  about  6.8.  Rifampicin  (50 mg/l),  NaHS (1.5 mM) and  Na2S2O3 (12.5 mM) were

added to the medium through a steril filter.
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The medium was inoculated with 2 l of A. vinosum grown on RCV. The cells were pelleted

by centrifugation (8000 rpm, 12 min, RT) and washed with 0 medium before addition to the

fermenter. 

A. vinosum was grown at 30 °C under anoxic conditions. The fermenter was placed on a

magnetic stirrer and the culture was illuminated by two 60 W lamps. During the experiment

samples were taken in regular intervals to monitor pH, opitical  density at 690 nm, and

thiosulfate concentration. The pH was adjusted to 7.0 ± 1.0 by addition of 1 M HCl or 1 M

NaOH. 

The cells were harvested in the late exponential phase while the medium still contained a

sufficient amount of thiosulfate (3.3.3 Harvesting and Breaking of Cells ). 

3.2 Molecular Biological Methods

3.2.1 Primer Design

Primers were designed to have GC-content of 40-60 % and if possible not more than four

of the same nucleotides consecutively. The melting temperature should be in a range of

55-80 °C and two primers used in one PCR should have a similar melting temperature.

The primers should not build primer dimers or form hairpin strutures. The hairpin and self

dimerization calculations and melting temperature calculations were performed with Oligo

Calc (http://biotools.nubic.northwestern.edu/OligoCalc.html). If possible the 3' end should

contain 1 - 2 G or C. Normally primers should have a length of 18–30 nt. The primers

designed in this study were extension primers, which contained a restriction site and in

some cases a sequence encoding a strep-tag in addition to the sequence complementary

to the gene to be amplified. For this reason some primers had a length of over 60 nt. The

primers  were  ordered  at  Eurofins  MWG Synthesis  GmbH (Ebersberg,  Germany).  The

primers are listed in Table 6.
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3.2.2 Polymerase Chain Reaction (PCR)

For  DNA amplification  the  polymerase chain  reaction  (PCR) was  performed using  the

following protocol. 

Q5 High-Fidelity DNA-Polymerase protocol:

Component 25 µl reaction Final concentration

H2O Add to 25 µl

5x Q5 reaction buffer 5 µl 1x

10 mM dNTPs 0.5 µl 200 µM each

10 µM forward primer 1.25 µl 0.5 µM

10 µM reverse primer 1.25 µl 0.5 µM

Template DNA X µl < 1000 ng

5x GC Enhancer (optional) (5 µl) (1x)

Q5 HF DNA-Polymerase 0.25 µl 0.02 U/µl

Cycling protocol:

Cycle step Temperature Time Cycles

Initial denaturation 98 °C 30 s 1

Denaturation 98 °C 10 s

Annealing Primer specific 30 s 35

Extention 72 °C 30 s/kb

Final extention 72 °C 2 min 1

4 °C hold

3.2.3 Extension PCR

In an extension PCR nucleotides which are not complementary to the template are added

to the 5' ends of the otherwise sequence specific primers. This renders the possibility to

modify the ends of the DNA of interest. 
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In this case specific restriction sites and a sequence encoding for an affinity tag were

added. This ensured that the amplified DNA could be inserted into the multiple cloning site

of a vector after restriction digest and that the heterologously expressed gene product

could be purified via affinity chromatography. The primers are listed in 2.3 Plasmids. 

3.2.4 Agarose Gel Electrophoresis

The method of agarose gel electrophoresis visualizes DNA fragments and separates them

according to their size.

The agarose gel electrophoresis was performed with 1% agarose gels and with 1x TAE

buffer. The mix was heated in a microwave until there were no chunks of agarose left. After

it was cooled down to about 60 °C the agarose was poured into a gel chamber and a comb

was inserted. When the gel was polymerized the comb was removed and the gel was

placed in a electrophoresis system with 1x TAE buffer. The samples and a size standard

(1 kb ladder from NEB) were mixed with 10x loading dye and given into the gel pockets.

90 V  were  applied  and  the  DNA fragments  were  separated  according  to  their  size.

Afterwards they were stained with GelRed for 1 h and visualized under UV light. 

3.2.5 DNA Purification

After an agarose gel electrophoresis or an enzymatic reaction like a restriction digest the

DNA  was  purified  with  the  GeneJet  Gel  Extraction  Kit  from  ThermoScientific.  The

purification was performed according to the user manual.

3.2.6 Restriction Digest

In  this  study  DNA fragments  and  plasmids  were  prepared  for  ligation  with  restriction

enzymes  and  after  cloning  the  potential  recombinant  constructs  were  analyzed  via

restriction digest.

Component Restriction analysis -
Concentration 

Preparative restriction -
Concentration 

H2O Add to 30 µl Add to 50 µl

DNA 1 µg 5 µg

10x buffer 3 µl 5 µl

Enzyme 2 U 10 U
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The reaction  was incubated at  37 °C for  at  least  1.5  hours  and was  heat  inactivated

afterwards at 65 °C for 20 min. 

3.2.7 Ligation

The T4 DNA Ligase was used to ligate the cut insert and vector. The 10x ligation buffer

contains ATP and is dispensed in aliquots to prevent frequent thawing of the ligation buffer

and the breakdown of ATP. The molar ratio of insert DNA to vector DNA was 1:1, 3:1 or

5:1, furthermore the reaction mixture contained 1x ligation buffer and 0.5 µl of T4 DNA

Ligase. Incubation occurred over night at 16 °C with a heat inactivation at 65 °C for 10 min

afterwards. 

3.2.8 Mini-Preparation of Plasmid DNA

A mini-preparation was used to quantify plasmid DNA on a minimum scale. Column and

non-column mini-preparations were performed. The column mini-preparations were used

when the product should be very pure, e.g. when it was to be used for sequencing. It was

performed with the GeneJet Plasmid Miniprep Kit from ThermoScientific according to the

users manual. 

The non-column mini-preparation was used when many potentially positive colonies were

to be screened. The following buffers were needed.

P1 50 mM Tris/HCl, pH 8, 10 mM EDTA + 10 µg/ml Rnase (freshly added)

P2 200 mM NaOH, 1% SDS

P3 3 M potassium acetate, pH 5.5)

An overnight culture of a single colony of transformed bacteria was set up with 4 ml of LB-

medium (+ selecting antibiotic). The incubated culture was centrifuged at 13,000 rpm for

2 min. The supernatant was removed and the cell pellet was resuspended in 200 µl P1.

Then 200 µl P2 were added, the mixture was inverted and 200 µl P3 were added directly

afterwards, whereafter the mixture was inverted once more. Then it  was centrifuged at

13,000 rpm for 10 min. In the meantime tubes with 500 µl of ice cold isopropyl alcohol

were prepared, in which the supernatant was filled after centrifugation. A further centrifugal

step followed at 13,000 rpm for 15 min at 4 °C. After this step a small white DNA pellet

should be observable. The supernatant was discarded and 500 µl of ice cold 70% ethanol
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were added to the pellet and the tubes were centrifuged at 13,000 rpm for 2 min at 4 °C.

The supernatant was discarded and the pellets dried at 60 °C for 20 min. Then 30 – 50 µl

of ultrapure H2O were added to the pellet.

3.2.9 Sequencing 

To  sequence  vector  DNA plasmids  were  purified  via  column mini-preparation  at  least

500 ng in  a volume of  20 µl  were sent  to GATC Biotech.  The sequencing primer was

selected online out of a list of primers. 

3.3 Protein Biochemical Methods

3.3.1 Heterologous Protein Expression in Escherichia coli BL21 (DE3) 
ΔiscR

Medium pre-culture: LB-medium  (5 g  yeast  extract,  10 g  Trypton,  5 g  NaCl  /1 L),

100 µg/ml ampicillin, 50 µg/ml kanamycin

Medium main culture: LB-medium,  100 µg/ml ampicillin, 50 µg/ml kanamycin, 100 mM
MOPS/NaOH-buffer pH 7.4, 25 mM glucose, 2 mM NH4-Fe(III)-
citrate

Supplements to main 
culture for induction: 0.1 mM IPTG, 2 mM L-cystein, 25 mM Na-fumarat

Heterologous production of DsrL was preformed in  E. coli  BL21 (DE3)  ΔiscR, which had

been transformed with  the DsrL encoding vector  pET22bDsrL-CSt. E. coli  BL21 (DE3)

ΔiscR has a resistance against kanamycin and the pET22bDsrL-CSt plasmid contains an

ampicillin resistance gene. Heterologous production of rDsrAB together with CysG and

DsrN was also attempted in  E. coli BL21 (DE3) ΔiscR, which had been transformed with

pET22b_DsrABstrepC  and  pACYCDuet_cysG+dsrN  or  with  pBAD_dsrABstrepN  and

pACYCDuet_cysG+dsrN. Both pET22b and pBAD contain an ampicillin resistance gene,

while pACYCDuet encodes for a chloramphenicol resistance.

The  preparatory  culture  containing  50 ml  LB-medium  with  50 µg/ml  kanamycin  and

100 µg/ml  ampicillin  (and  50 µg/ml  chloramphenicol)  was  cultivated  over  night  under

aerobic conditions at 37 °C and 180 rpm. On the next day 950 ml of medium for the main
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culture was inoculated with the pre-culture (5%). In addition to ampicillin and kanamycin

(and chloramphenicol) the LB medium of the main culture contained 100 mM MOPS buffer

pH 7.4, 25 mM glucose and  2 mM NH4-Fe(III)-citrate as iron source for the formation of

FeS clusters. The main culture was then cultivated at 37 °C and 180 rpm until it reached

an  OD600 of  0.3-0.5. Then the induction of  DsrL expression was preformed due to the

addition of 0.1 mM IPTG. Furthermore 2 mM L-cystein was added as sulfur source for the

formation  of  FeS-clusters  and  25 mM  sodium  fumarate  were  added  for  fumarate

respiration.  The  cultures  were  divided  into  two  500 ml  flasks  and  put  under  anoxic

conditions in the anaerobic chamber. The flasks were swiveled in the anaerobic chamber

for at least 5 min before they were closed with plungers. The anaerobic cultivation followed

at 16 °C at 180 rpm for at  least 65 h for DsrL and for rDsrAB various conditions were

tested. 

3.3.2 Heterologous Protein Expression in Escherichia coli BL21 (DE3) 

Medium pre-culture: LB-medium  (5 g  yeast  extract,  10 g  Trypton,  5 g  NaCl  /1 L),

100 µg/ml ampicillin

Medium main culture: LB-medium  (5 g  yeast  extract,  10 g  Trypton,  5 g  NaCl  /1 L),

100 µg/ml ampicillin

Supplements to main 
culture for induction:

1 mM IPTG

The overexpression of DsrC and DsrC variants was performed in E. coli BL21 (DE3). pET-

15b served as expression vector  and provided the host  cells  with  the vector-encoded

ampicillin resistance needed for selection.

The  preparatory  culture  containing  50 ml  LB-medium  with  100 µg/ml  ampicillin  was

cultivated over  night  under aerobic conditions at 37 °C and 180 rpm. On the next day

1000 ml of LB-medium with 100 µg/ml ampicillin was inoculated with the pre-culture (5%)

for the main culture. The main culture was also cultivated at 37 °C and 180 rpm until it

reached an OD600 of 0.3-0.5. Then the heterologous protein expression was induced by the

addition of 0.5 mM IPTG. After induction the cultures were cultivated for another 2 h under

the same conditions.
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3.3.3 Harvesting and Breaking of Cells 

Bacterial cultures were harvested through centrifugation in a Beckmann Coulter Avanti J-

20XP centrifuge (8,000 rpm for 15 min at 4 °C). The pellet was either stored at -20 °C or

used directly in the next step of disruption. 

In order to break the cells the pellet was thawed and resuspended in disruption buffer. Per

1 g pellet  5 ml of  disruption buffer  were used and spatula tip of  DNase and dissolved

cOmplete protease inhibitor cocktail  tablets (Sigma Aldrich) was added. The cells were

then broken with ultrasound for 20 min at 50% on step 7 per 20 ml of resuspended pellet.

To remove the cell debris a centrifugation at 15,000 xg at 4°C for 30 min was performed.

The supernatant then contained the soluble fraction of the harvested and the broken cells.

For  E. coli  cells  expressing DsrC and DsrC variants this was always performed under

aerobic conditions. A. vinosum cell material containing DsrABL was harvested and broken

under aerobic as well as anaerobic conditions.

Production organism Protein Disruption buffer

E. coli BL21 (DE3) DsrC, DsrC variants 50 mM NaH2PO4/Na2HPO4, pH 7.5

E. coli BL21 (DE3)  
ΔiscR

DsrL Buffer W (100 mM Tris/HCl, pH 8, 

150 mM NaCl, 0.1% Triton- X100)

A. vinosum ΔtsdA DsrABL 50 mM Tris/HCl pH 7.5

Harvesting and breaking  of  E. coli  cells  expressing  DsrL was performed under  anoxic

conditions in the anaerobic chamber. The main culture, which had been cultivated under

anoxic  conditions  was  placed  in  the  anaerobic  chamber  via  air  lock  and  filled  into

centrifugal units, which were closed with a sealing ring. The cells were harvested outside

of the chamber through centrifugation at 8,000 rpm for 15 min at 4 °C. The centrifugal units

were then again placed in the anaerobic chamber, the supernatant was discarded and the

pellet was resuspended in disruption buffer DsrL. The breaking of cells was also performed

under anoxic conditions with an ultrasound (Bandelin Sonopuls) inside of the anaerobic

chamber for 2x 15 min at 50% per 20 ml of resuspended pellet. For ultrasonication the

resuspended pellet was given into a small glass beaker, which was placed in a larger glass

beaker filled with small ice pads to insure cooling of the sample. The broken cells were

then filled into centrifugal units and centrifuged at 15,000 xg at 4 °C for 30 min to remove

the cell debris. After centrifugation the centrifugal units were placed inside the anaerobic
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chamber  once  more  and  the  supernatant  containing  the  soluble  fraction  was  used  in

further purification steps. 

For the anoxic harvesting and breaking of A. vinosum cells, the culture was filled from the

10 l fermenter into centrifugal units (2 l per centrifugal run, 8,000 rpm, 15 min, 4 °C). After

the last 2 l were centrifuged, the centrifugal units were placed in the anaerobic chamber,

the  pellets  were  washed  in  anaerobic  disruption  buffer  and  centrifuged  once  more.

Afterwards the pellet was capped anaerobically and frozen at -20 °C. 

For the purification of DsrABL from  A. vinosum  cell material from several fermentations

was combined, thawed and resuspended in disruption buffer. The further procedure was

analogous to the breaking of cells expressing DsrL. 

3.3.4 Purification of Recombinant DsrC via HisTrapTM HP 5 ml

Buffer 50 mM NaH2PO4/Na2HPO4, pH 8

Sample & binding buffer Buffer + 10 mM imidazole

Washing buffer Buffer + 60 mM imidazole

Elution buffer Buffer + 250 mM imidazole

The HisTrapTM HP 5 ml was used according to the user's manual.  H2Odest,  buffers and

samples were applied to the column interconnected to a 0.22 µm filter. The flow rate was

5 ml/min. 

Column volumes (CVs) Applied buffer or sample Collect 

5 H2Odest Waste

5 Buffer + 300 mM imidazole Waste

10 Binding buffer Waste

Sample Flowthrough 

10 Washing buffer Wash 

4 Elution buffer Elution

After the elution of the protein, the columns were washed and stored at 4 °C.
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Column volumes (CVs) Applied buffer or sample

5 Washing buffer

5 H2Odest

2 20 % Ethanol

The  flowthrough,  wash  fraction  and  elution  fractions  were  stored  on  ice  until  further

analysis. 

3.3.5 Purification of Recombinant DsrL and rDsrAB via Strep-Tactin 
Affinity Chromatography 

Binding, 
sample and 
washing buffer

Buffer W (100 mM Tris/HCl, pH 8, 150 mM NaCl, 0.1% Triton-X100)

Elution buffer Buffer E (Buffer W + 2.5 mM desthiobiotin)

Regeneration 
buffer

Buffer R (Buffer W + 1 mM HABA (2-[4'-hydroxy-benzeneazo]benzoic 
acid) 

The purification was performed under anoxic conditions in the anaerobic chamber. A 5 ml

column  was  filled  with  5 ml  of  Strep-Tactin  (IBA-Lifesciences)  after  resuspending  and

inverting the flask. The remaining fluid was released via gravity flow and the column was

equilibrated with 6 CVs of binding buffer. 

Column volumes (CVs) Applied buffer or sample Collect 

5 Binding buffer Waste

Sample Flowthrough (FT)

2 x 5 Washing buffer Wash (W)

6 x 0.5 Elution buffer E1 - E6
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After the elution of the protein, the columns were regenerated and stored at 4 °C overlaid

with 2 ml buffer W.

Column volumes (CVs) Applied buffer or sample

3 x 5 Buffer R

2 x 4 Buffer W

The  flowthrough,  wash  fraction  and  elution  fractions  were  stored  on  ice  until  further

analysis.  The  elution  fractions  were  sealed  with  plugs  in  order  to  stay  under  anoxic

conditions. 

3.3.6 Purification of rDsrABL from A. vinosum 

Purification of the rDsrABL complex was followed by the characteristic absorbance of the

sulfite reductase at 392 and 595 nm. Per purification 50 – 60 g of thawed cells (A. vinosum

ΔtsdA  grown  on  thiosulfate)  were  disrupted  and  purified  via  hydrophobic  interaction

chromatography and a following anion exchange chromatography. The purification steps

were performed under aerobic and anaerobic conditions with an Äkta Purifier and an Äkta

Start respectively.

Aerobic Purification

After disruption and centrifugation of the thawed cells, an ammonium sulfate precipitation

at  4 °C  was  performed.  The  protein  solution  was  brought  to  40 % ammonium sulfate

saturation  (226 g/l)  and  was  incubated  under  permanent  stirring  on  ice  for  10-16 h.

Afterwards precipitated protein was removed by centrifugation (18 000 rpm, 20 min, 4 °C)

and the supernatant was subjected to a low-substitution phenyl sepharose matrix (40 ml

packed in a  XK-50 column) equilibrated with  50 mM Tris/HCl,  pH 7.5,  40 % (NH4)2SO4

buffer. Unbound protein was removed by a wash step with at least two column volumes of

40 % ammonium sulfate buffer (50 mM Tris/HCl, pH 7.5, 226 g/l (NH4)2SO4). Bound protein

was eluted by decreasing the (NH4)2SO4 concentration in a linear gradient from 40-0 % in

ten  column  volumes.  Fractions  containing  rDsrABL were  combined,  dialysed  against

50 mM  Tris/HCl,  pH 7.5  over  night  and  further  purified  via  an  anion  exchange

chromatography. The dialysed fractions were loaded onto a 12 ml Source 15Q column,

which had been equilibrated with 50 mM Tris/HCl pH 7.5. The column was washed with

27



3 Methods

50 mM Tris/HCl, pH 7.5 containing 300 mM NaCl and proteins were eluted by an increase

of NaCl in 50 mM steps. The fractions containing rDsrABL were combined, concentrated

and stored under anaerobic conditions at -20 °C for longer storage or on ice for direct use. 

Anaerobic Purification

After  anaerobic  disruption  of  the  thawed  cells  and  centrifugation  of  the  anaerobically

sealed  centrifugal  units,  the  ammonium  sulfate  precipitation  was  carried  out  under

anaerobic conditions. Inside the anaerobic chamber 40 % ammonium sulfate (226 g/l) was

added to the supernatant in a 250 ml Schott flask, which was closed with a sealing ring

and contained  a  magnetic  stirrer.  The protein  solution  was  stirred  for  10-16 h  on  ice,

thereafter precipitated protein was removed by centrifugation. The following purification

step through hydrophobic interaction chromatography proceeded in a similar manner to

the procedure described for the aerobic purification with the difference that the Äkta Start

and the phenyl sepharose column were located in the anaerobic chamber and the wash

step  was  performed  with  50 mM  Tris/HCl,  pH 7.5,  28 %  (NH4)2SO4.  Accordingly  the

following elution gradient went from 28-0 % ammonium sulfate. The following dialysis of

the fractions containing rDsrABL was also carried out against anaerobic 50 mM Tris/HCl,

pH 7.5 buffer. For the anion exchange chromatography a 4.7 ml HiScreen Q HP column

was used with the same procedure described for the Source 15Q column above.  The

fractions containing rDsrABL were combined, concentrated and stored under anaerobic

conditions at -20 °C for longer storage or on ice for direct use. 

3.3.7 Concentration and Dialysis of Protein Solutions

After purification proteins were concentrated through repeated centrifugation in Millipore

Amicon centrifugal filter concentrators at 4000 rpm for 10 min at 4 °C or in VivaSpin 500

centrifugal concentrators at 13,000 xg for 15 min at 4 °C. For dialysis the needed buffer

was given to the concentrated protein solution and the solution was again concentrated.

This was repeated until the protein solution was desalted. 

3.3.8 Protein Quantification

The protein  concentration was determined via  BCA (Bicinchoninic-acid)  assay with  the

BCATM Protein Assay Kit (ThermoScientific) in a 96-well microtiter plate according to the

users manual. Samples were diluted to three different concentrations and the calibrating
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curve was generated through dilution of a 2 mg/ml BSA solution. The absorption at 562 nm

was measured with Tecan Infinite®.

3.3.9 UV/Vis Spectroscopy

UV/Vis spectra were measured with an Analytic Jena Specord 210 spectrophotometer in a

wavelength  range from 250 to  750 nm. The samples  were  measured in  500 µl  quartz

cuvettes. 

3.3.10 Polyacrylamide Gelelectrophoresis

Tricine SDS-PAGE:

Acrylamide solution 30 % Acrylamide-Bisacrylamidesolution (37.5:1) 
(Roth, Karlsruhe)

3x gel buffer 3 M Tris, 1 M HCl, 0.3% SDS, pH 8.45 

10x anode buffer 1 M Tris, 0,225 M HCl, pH 8.9

10x cathode buffer Tris 1 M, Tricin 1 M, SDS 2%, pH 8,25 (do not adjust) 

For  the  electrophoretic  separation  of  denatured  proteins  a  Tricine  SDS-PAGE

(Sodiumdodecylsulfat-Polyacrylamide-Gelelektrophoresis)  was  performed.  Due  to  the

binding of SDS the intrinsic charge of the proteins is masked and they are separated only

according to their molecular weight. 

Tricine SDS-PAGE:

resolving gel stacking gel

10 % 12.5 % 15 % 4 %

Acrylamide 4 ml 5 ml 6 ml 0.4 ml

H2Odest 4 ml 3 ml 2 ml 1.65 ml

3x gel buffer 4 ml 4 ml 4 ml 1.25 ml

10% APS 100 µl 100 µl 100 µl 100 µl

TEMED 5 µl 5 µl 5 µl 5 µl
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First acrylamide solution, H2Odest and 3x gel buffer were mixed. To start the polymerization

APS and TEMED were added to the solution for the resolving gel, which was then given

into  the  gel  chamber  and  a  layer  of  70%  ethanol  was  added.  After  the  complete

polymerization the ethanol was put to waste. The solution for the stacking gel was given

unto the polymerized resolving gel after addition of APS and TEMED and a gel comb was

added in order to form gel pockets for the application of samples. 

For reducing gels 4x Roti Load (reducing) was added to the samples, which were then

heated for 5 min at 95 °C. For non-reducing gels used to analyze MalPEG gel shift assays

4x Roti Load (non-reducing) was added to the samples, which were not heated before

loading them onto the gel. 

The gel ran at 60 – 100 V with 1x anode and 1x cathode buffer as running buffers. 

Blue Native PAGE

Acrylamide solution 48 % Acrylamide, 1.5 % Bisacrylamide

3x gel buffer 150 mM BisTris pH 7

3x anode buffer 50 mM BisTris pH 7

3x cathode buffer 15 mM BisTris pH 7, 50 mM Tricin, 0.02 % Coomassie G

For the electrophoretic separation of native proteins a Blue Native PAGE was performed.

Coomassie  binds  to  the  protein  complexes  providing  the  charges  needed  for

electrophoretic separation and visualizing the protein bands for later analysis. 

Blue Native PAGE:

gradient resolving gel stacking gel

5 % 15 % 4 %

Acrylamide 280 µl 853 µl 125 µl

H2Odest 1.6 ml 568 µl 875 µl

3x gel buffer 940 µl 940 µl 500 µl

87 % glycerol - 464 µl -

10% APS 11 µl 11 µl 14 µl

TEMED 1.5 µl 1.5 µl 1.5 µl

30



3 Methods

The  5 %  and  15 %  solutions  for  the  gradient  resolving  gel  were  prepared  with  all

components apart  from APS and TEMED. Both resolving solutions were added to  the

gradient mixer with the higher concentrated solution in front. Then APS and TEMED were

added to start the polymerization and the resolving gel was poured and a layer of 70 %

ethanol was added. After the complete polymerization the ethanol was put to waste. The

solution for the stacking gel was given unto the polymerized resolving gel after addition of

APS  and  TEMED  and  a  gel  comb  was  added  in  order  to  form  gel  pockets  for  the

application of samples. 

The samples were prepared according to the following volume ratios: 

25 Protein : 6 Coomassie Blue 0.1 % : 3 Glycerol 87 %

The gel ran at 6 mA (constant), 500 V, 15 W for approx. 1 h with 1x anode and 1x cathode

buffer as running buffers. 

3.3.11 Coomassie Staining of SDS-Gels

Coomassie staining solution 0.25% Coomassie Blue R250, 

50% methanol, 10% glacial acetic acid, 40%

Aquademin

Destaining solution 20% methanol, 10% glacial acetic acid, 

70% H2O 

To stain the proteins in the SDS gels, these were incubated for at least 1 h in coomassie

staining solution at RT. Afterwards the gels were washed with destaining solution several

times until one could make out distinct protein bands. To wash away the solvents the gels

were washed with H2Odest. 

31



3 Methods

3.3.12 Western Blot Analysis

Towbin-buffer 3.04 g/l Tris, 14.58 g/l glycin, 20 % (v/v) 

methanol in rH2O

1x PBS 4 mM KH2PO4, 10 mM Na2HPO4, 115 mM 

NaCl

Chloronaphtol solution 30 mg 4-chloro-1-naphtol solved 7 ml ice 

cold ethanol, filled up to 50 ml with rH2O

H2O2 solution 30 % v/v H2O2

To specifically identify a protein of interest in the separated bands of a polyacrylamide gel

an  analysis  via  Western  Blot  was  performed.  The  proteins  were  transferred  from the

polyacrylamide gel onto a nitrocellulose membrane (0.45 µm pore-size, Roth) by a semi-

dry transfer. The transfer was performed with a Trans-Blot SD Semi-Dry Transfer Cell (Bio-

Rad).  The membrane and the gel  were incubated in Towbin-buffer  for  20 min. For the

transfer two layers of 3MM Gel-Blotting-Paper Whatman (Roth) were soaked with Towbin-

buffer and placed on the anode. Then the membrane was placed on top without trapping

any air bubbles in the interface. The procedure was repeated with the gel and two further

layers  of  3MM  Gel-Blotting-Paper  soaked  in  Towbin-buffer.  The  protein  transfer  was

performed at 15 V for 20-45 min depending on the size of the protein of interest. 

After the transfer the membrane was incubated over night at 4 °C in PBS with 5 % milk

powder.  Afterwards the membrane was washed thrice for 5 min with 50 ml PBS at RT

under gentle shaking. For the detection of rDsrAB expressed with an N-terminal Strep-tag

attached to rDsrA or with a C-terminal Strep-tag attached to rDsrB the primary antibody

StrepMAB Classic  (IBA-Lifesciences),  a monoclonal  mouse antibody against Strep-tag,

and the secondary antibody Goat  Anti-Mouse IgG, HRP-conjugate (Merck)  were used.

After the last washing step 10 ml PBS buffer with 0.5 % BSA and 1:1000 diluted primary

antibody were added to the membrane. An incubation of 3.5 h at RT under gentle shaking

followed. Thereafter the membrane was washed thrice for 5 min in PBS buffer and the

membrane was transferred into 20 ml PBS with 0.5 % BSA and 1:500 diluted secondary

antibody.  An  incubation  of  1.5 h  at  RT  under  gentle  shaking  followed.  Then  the  the

membrane was washed twice for 5 min in PBT (PBS with 0.1 % Tween-20) and thrice for
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1 min in PBS. Then the membrane was transferred into 50 ml chloronaphtol solution and

20 µl  H2O2 solution  were  added  for  the  chromogenic  reaction.  The  membrane  was

incubated under gentle shaking until a optimal signal:background ratio was achieved, then

the reaction was stopped by washing several times with distilled H2O. 

3.3.13 Reduction and Persulfuration of DsrC

DsrC was reduced with the strong reducing agent Dithiothreitol (DTT). 4 mM DTT were

added  to  DsrC  and  the  mixture  was  incubated  for  30 min at  30 °C.  VivaSpin  500

centrifugal  concentrators 5,000 MWCO PES (VivaProducts) were used to remove DTT

from the DsrC solution.

3.4 Analytical Methods

3.4.1 MalPEG-Gel Shift assay

To analyze the redox state of DsrC and DsrC variants a gel-shift assay using the labeling

reagent  MalPEG  (methoxy-polyethylene  glycol  maleimide  MW  5000 g/mol,  Fluka)

(Venceslau  et al., 2013) was performed. MalPEG selectively binds to free thiol  groups

covalently (Lu and Deutsch, 2001). The molecular mass of the labeled protein is increased

by approx. 10 kDa per SH group and this rise of molecular mass can by detected by SDS-

PAGE.

In the assay the analyzed proteins were treated with 1 mM MalPEG at 30° for 15 min, the

reaction was stopped by addition of 4x Roti Load (non-reducing) and loaded onto a 12.5%

Tricine-SDS-PAGE without boiling the sample.

3.4.2 Detection of Sulfur Binding via MalPEG Gel Shift Assay

For the sulfur binding experiments 50 µM of DsrC or of a DsrC variant was first reduced

with 5 mM DTT at 30 °C for 30 min in a 50 mM Na2HPO4 pH 7.5 buffer.  VivaSpin 500

centrifugal  concentrators 5,000 MWCO PES (VivaProducts) were used to remove DTT

from the DsrC solution. The DTT concentration was diluted 1:100 via two centrifugation

steps  at  13,000xg  for  15 min  with  the  addition  of  a  tenfold  volume  of  buffer  per

centrifugation step. Then the reduced protein was incubated with 2 – 4 mM NaSH at 30 °C
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for 1 – 2 h. Two further centrifugation steps followed to remove NaSH from the sample.

The protein  was then treated with  1 mM MalPEG at  30 °C for  15 min.  Afterwards the

unbound MalPEG was removed via two centrifugation steps and the sample was once

more treated with the reducing agent DTT (5 mM, 30 °C, 30 min). Samples were taken

after the first treatment with DTT, to determine whether DsrC was fully reduced, after the

treatment with MalPEG, to discover if there were free thiol groups to which MalPEG could

bind causing a gel shift or if an intramolecular trisulfide bond had formed leaving no free

thiol groups, and after the second treatment with DTT, to analyze if MalPEG was bound to

a thiol  or a perthiol group. A perthiol  group can be formed through the incubation with

NaSH, then marked through the binding of MalPEG and reduced again with DTT to a thiol

group, whereby MalPEG would no longer be bound to the protein. If however MalPEG was

bound to a thiol group, it would stay bound to the protein after treatment with DTT. Thus

sulfur binding was detected. 

3.4.3 Mass Spectrometry

Mass spectral analysis was done via matrix-assisted laser desorption ionization time-of-

flight mass spectrometry (MALDI-ToF) (Karas and Hillenkamp, 1988). Bands resolved after

SDS-PAGE and Blue Native PAGE of rDsrABL-containing preparations were subjected to

in-gel tryptic digestion followed by peptide identification in a MALDI-TOF/TOF analyser

(Applied Biosystems 4800). The data were analyzed in a combined mode using Mascot

search engine and NCBI database. Measurements and data processing were performed at

the UniMS Mass Spectrometry Core Facility of ITQB NOVA, Oeiras, Portugal. 

Recombinant DsrC was analyzed via MALDI-ToF after reduction with DTT and the reaction

with rDsrABL and sulfite or after a control reaction without rDsrABL. The protein samples

were concentrated and desalted using ZipTip C4 pipette tips (Merck Millipore) according to

the  users  manual.  The  matrix  solution  was  prepared  by  dissolving  7.6 mg  2,5-

Dihydroxyacetophenon (2,5-DHAP) in 375 µl ethanol and adding 125 µl of an 18 mg/ml

aqueous solution of diammoniumhydrogencitrate. 2 µl sample were mixed with 2 µl  2%

trifluoroacetic acid, then 2 µl matrix solution were added and the solution was mixed until

crystallization started. 2 µl of the crystal solution were pipetted onto the MALDI target plate

and allowed to dry. MALDI mass spectra were produced on an UltrafleXtreme instrument

(Bruker Daltonics, Bremen, Germany). 
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3.4.4 Size Exclusion Chromatography

To determine the oligomerization status of DsrC variants after the reaction with rDsrABL

and  sulfite  they  were  analyzed  via  size  exclusion  chromatography.  The  analytical

chromatography  was  performed  using  Äkta  Purifier  and  a  prepacked  HiLoad  16/60

Superdex 75 prep grade column. The running buffer used was NaH2PO4 pH 8 150 mM

NaCl. The DsrC solutions were concentrated to a volume of about 300 µl using Amicon

Ultra 10K concentrator and applied to the column using a 500 µl loop. 

3.4.5 Determination of Thiosulfate Concentration

The thiosulfate concentration of cell free culture supernatants was determined by means of

a colorimetric test (Urban 1961).  200 µl  sodium acetate (0.2 M, pH 4.8),  50 µl  sodium

cyanide (0.2 M) and 50 µl  copper chloride (40 mM) were added to a sample of 650 µl

(diluted 1:50). After vortexing the sample was transferred to a cuvette and 50 µl iron nitrate

(300 g/L Fe(NO3)3 x 9 H2O, 22,1 % HNO3) were added. Afterwards the absorption at

460 nm  was  measured  against  650 µl  dH2O  treated  the  in  the  same  manner  as  the

samples. Samples containing thiosulfate (25 – 400 nmol) were used for calibration. 

3.5 Enzymatic Activity Assays

All enzymatic activity assays were preformed in an anaerobic chamber (98% (v/v) N2, 2%

(v/v)  H2)  at  30 °C  in  a  final  volume  of  1 ml  and  were  followed  in  a  diode  array

spectrophotometer (Agilent 8453).

3.5.1 Enzymatic Reduction of Sulfite by rDsrABL

The  enzymatic  reduction  of  sulfite  by  rDsrABL was  measured  using  methyl  viologen,

NADH or  NADPH as electron donor.  The assay mixtures contained 50 mM potassium

phosphate buffer (pH 7.0 or 6.0, as needed), 1 mM methyl viologen (pre-reduced with zinc

granules at 65 °C), NADH or NADPH, 3.5–50 μg/ml rDsrABL, and up to 15 μM reduced

recombinant DsrC. Reactions were started by addition of sodium sulfite (up to 0.25 mM) if

not stated otherwise. Methyl viologen and NAD(P)H oxidation were monitored at 585 nm

(ε = 11.8 mM−1 cm−1) and 340 nm (ε = 6.3 mM−1 cm−1) (Bergmeyer, 1975; Ziegenhorn et al.,

1976), respectively. At concentrations exceeding 500 μM, NAD(P)H oxidation was followed
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at 365 nm (ε = 3.4 mM−1 cm−1 for NADH and  ε = 3.5 mM−1 cm−1 for NADPH (Bergmeyer,

1975)  KM and  Vmax values were calculated and  figures were generated  with  GraphPad

Prism 7.

To test if a bifurcation, in which electrons stemming from NADH can be used to reduce

sulfite  and  DsrC  in  one  partial  reaction  and  ferredoxin  in  the  other,  5 µM  oxidized

ferredoxin  from  Clostridium  tetenomorphum were  added  to  the  reaction  after  NADH,

rDsrABL and DsrC had been added. The reaction was started by addition of sodium sulfite.

3.5.2 NADH:Oxidoreductase Activity of rDsrABL

NADH-oxidizing activities of rDsrABL were measured by following the reduction of 300 µM

thiazolyl  blue  tetrazolium  bromide  (MTT)  at  578 nm  (ε = 13 mM−1 cm−1).  MTT  was

dissolved in 75% (v/v) ethanol, 5% (v/v) Triton-X100 and 20% (v/v) H2O. 50 mM potassium

phosphate, pH 7.0 served as reaction buffer. 

NAD+-reducing activities of rDsrABL were measured by following the oxidation of 1 mM

methyl viologen (pre-reduced with zinc granules at 65 °C) at 585 nm (ε = 11.8 mM−1 cm−1). 

3.5.3 NAD+-Dependent Measurement of Ferredoxin Oxidation

The enzymatic oxidation of ferredoxin catalyzed by DsrL of the rDsrABL complex was

measured using NAD+ as electron acceptor. 50 mM potassium phosphate, pH 7.0 served

as  reaction  buffer.  First  8.3 µM ferredoxin  from  C. tetanomorphum were  added  to  the

reaction  mixture,  ferredoxin  was  then  reduced  by  adding  10 µM  sodium  dithionite.

Followingly 300 µM NAD+ were added and the reaction was started with the addition of

8.4 µg rDsrABL. As the extinction coefficient of oxidized ferredoxin is higher (ε390 = 30 mM-

1 cm-1) than that of reduced ferredoxin (ε390 = 19 mM-1 cm-1),  ferredoxin reduction and re-

oxidation was followed at 390 nm. Furthermore the reaction was followed at 340 nm to

trace NAD+ reduction. 

3.5.4 Enzymatic Oxidation of DsrC-Bound Sulfur by rDsrABL

Persulfurated DsrC was used as substrate for the oxidation of DsrC-bound sulfur catalyzed

by rDsrABL with several different potential electron acceptors. The assays were performed

at  pH 7  with  50 mM  potassium  phosphate  as  reaction  buffer.  The  following  electron

acceptors with varying redox potentials were used in the given concentrations and traced
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at  the  stated  wavelengths  respectively:  1 mM  NAD+ (E0 = -320 mV)  at  340 nm

(ε = 6.3 mM−1 cm−1), 300 µM  MTT  (E0 = -110 mV)  at  578 nm  (ε = 13 mM−1 cm−1),  1 mM

ferricyanide  (hexacyanidoferrat(III))  (E0 = +360 mV)  at  420 nm  (ε = 0.9 mM−1 cm−1)  and

100 µM dichloroindophenol  (E0 = +220 mV) at 578 nm  (ε = 7.6 mM−1 cm−1) (Friedrich and

Schink,  1993).  For  the  assays  with  dichloroindophenol  as  artificial  electron  acceptor,

100 µM phenazine methosulfate (PMS) was used as electron shuttle. Up to 50 µg rDsrABL

were  added to the reaction mixture and the addition of upto 25 µM persulfurated DsrC

should start the reaction. 
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4 Results

4.1 Heterologous Overexpression of rDsrAB from Allochromatium 
vinosum

For the structural and functional analysis of a protein it is essential to gain a sufficient

amount of the protein in its isolated form. This can be achieved through purification from

the organism the protein is originated from or through heterologous overexpression in a

suitable production strain.  The cultivation of  A. vinosum  under conditions,  in  which the

expression of the dissimilatory sulfite reductase rDsrAB is upregulated, and the following

purification of the protein complex are very time consuming and the protein yield is in

relation to the expenditure of time quite low. Consequently rDsrAB fused to a Strep-tag

was  to  be  heterologously  overexpressed in  E. coli  and purified  by Strep-Tactin  affinity

chromatography. 

4.1.1 Generation of an rDsrAB Overexpression Strain 

The  genes  encoding  for  rDsrA and  rDsrB,  alvin_1251  and  alvin_1252,  make  up  the

beginning of the  dsr  operon in  A. vinosum. The genes were amplified in two PCRs, with

the primers DsrABstrepC'fw and DsrABstrepC'rev and with the primers DsrABstrepN'fw

and DsrABstrepN'rev to create two PCR products encoding for rDsrAB, one in which rDsrB

contains a C-terminal Strep-tag, while rDsrA contains an N-terminal Strep-tag in the other.

The two different strategies were chosen to increase the probability of the Strep-tag being

accessible without having a negative structural impact on the holoenzyme. The two inserts

were  cloned  into  the  two  plasmids  pET22b  and  pBAD.  Both  plasmids  encode  for  an

ampicillin resistance needed for selection, contain a pBR322 origin of replication and a

promoter region upstream of the multiple cloning site. In pET22b expression of the gene of

interest is controlled by the T7 promoter and in pBAD by the araBAD promoter so that

protein production can be specifically induced. The PCR product dsrABstrepC was cloned

into pET22b via NdeI and HindIII (Figure 5A), while dsrABstrepN was cloned into pBAD, in

the course of which pBAD was digested with NcoI and XbaI, while the insert was digested

with  BspHI and XbaI (Figure 5B). As NcoI cuts at the beginning of  rdsrB, it could not by

applied for the digestion of dsrABstrepN and BspHI, which generates identical sticky ends

as NcoI, was used instead. As BspHI does not cut in the multiple cloning site of pBAD, but
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at  three  other  sites  in  the  plasmid,  it  could  not  be  used  for  the  digestion  of  pBAD.

Sequencing of pET22_dsrABstrepC and pBAD_dsrABstrepN showed that the generation

of the two overexpression plasmids for rDsrAB had been successful. 

The dissimilatory sulfite  reductase of  A. vinosum  contains  a  siro(heme)amide cofactor,

which is  essential  for  its  catalytic  activity and possibly also for  its  structural  assembly

(Lübbe et al., 2006). As E. coli also requires siroheme as cofactor of the assimilatory nitrite

reductase and assimilatory sulfite reductase, it is  able to synthesize siroheme from its

precursor  molecule  uroporphyrinogen III,  which  is  catalyzed by CysG (Spencer  et  al.,

1993).  It  is  however  probable  that  under  standard  cultivation  conditions  neither

assimilatory nitrite nor sulfite reductase are expressed and consequently CysG will most

probably not be expressed either. What is more,  E. coli  does not encode for DsrN, the

enzyme needed for the final conversion from siroheme to siro(heme)amide (Lübbe et al.,

2006). In order to produce fully functional rDsrAB a coexpression with CysG and DsrN

from A. vinosum was conducted. 
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Figure  5:  Recombinant  plasmids  pET22_dsrABstrepC  and  pBAD_dsrABstrepN  for  the
production of rDsrAB from A. vinosum. (A) pET22_dsrABstrepC contains the genes dsrA and
dsrB  and  encodes  for  a  C-terminal  Strep-tag.  Gene expression  is  under  the  control  of  a  T7
promoter. The gene ampR encodes for an ampicillin resistance needed for selection, lacI encodes
for the lac repressor and the origin of replication is pBR322 origin. (B) pBAD_dsrABstrepN also
contains the genes dsrA and dsrB and encodes for an N-terminal Strep-tag. Gene expression is
under the control of a araBAD promoter. The gene  ampR  encodes for an ampicillin resistance
needed for selection and the origin of replication is pBR322 origin. 
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For two different plasmids to remain stable in the same strain, they have to belong to two

different  plasmid  incompatibility  groups  (Novick,  1987).  For  the  coexpression  of  the

siro(heme)amide synthesis  genes the  plasmid pACYCDuet-1  was chosen,  as  it  has  a

p15A origin of replication and is thus in another plasmid incompatibility group as pET22B

and pBAD. The gene expression in pACYCDuet-1 is under the control of a T7 promoter

just as pET22b and pACYCDuet-1 encodes for a chloramphenicol resistance in contrast to

pET22b and pBAD, which encode for an ampicillin resistance.

The genes alvin_2598 and alvin_1263 encode for CysG and DsrN respectively. Each gene

was amplified by PCR,  cysG with the primers CysG_SacI_for and CysG_NotI_rev and

dsrN  with the primers DsrN_NdeI_for and DsrN_XhoI_rev. The PCR product containing

cysG  was cloned into the first MCS of pACYCDuet-1 via  SacI  and  NotI  and dsrN was

cloned  into  the  second  MCS  via  NdeI  and  XhoI  (Figure  6).  Sequencing  of

pACYCDuet_CysG+DsrN showed that the generation of coexpression plasmids had been

successful.
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Figure 6: Recombinant plasmid pACYCDuet_cysG+dsrN for the production CysG
and DsrN for siro(heme)amide synthesis. pACYCDuet_cysG+dsrN encodes for CysG
and DsrN from A. vinosum. Gene expression is under the control of a T7 promoter. The
gene cmR encodes for a chloramphenicol resistance needed for selection, lacI encodes
for the lac repressor and the origin of replication is p15A origin.
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4.1.2 Protein Expression

The plasmids pET22_dsrABstrepC and pBAD_dsrABstrepN encoding for the dissimilatory

sulfite  reductase  rDsrAB  from  A. vinosum  were  to  be  transformed  into  a  suitable

production strain. The target protein complex does not only have the siro(heme)amide as

prosthetic  group,  it  also  binds several  iron-sulfur  clusters.  In  E. coli  the  synthesis  and

assembly of iron-sulfur clusters is coordinated, inter alia, by proteins encoded in the  isc

operon (Johnson et al., 2005). The transcription factor IscR is encoded in aforementioned

operon and represses the expression of iron-sulfur cluster assembly proteins (Schwartz et

al., 2001).  In  order  to  enhance  the  iron-sulfur  cluster  load  of  recombinant  proteins

produced in  E. coli,  a strain lacking the  iscR  gene can be used for protein expression

(Akhtar and Jones 2008). The protein complex rDsrAB loaded with iron-sulfur clusters and

siro(heme)amide was to be produced in this strain, which will be called E. coli ΔiscR in the

following.  The  plasmids  pET22_dsrABstrepC  and  pBAD_dsrABstrepN  were  each

transformed  into  competent  E. coli  ΔiscR  cells  via  heat  shock.  Followingly  competent

E. coli  ΔiscR pET22_dsrABstrepC cells and competent  E. coli  ΔiscR pBAD_dsrABstrepN

cells were generated, in which pACYCDuet_cysG+dsrN was brought into. 

The attempted overproduction was performed with iron ammonium citrate as iron source

and cysteine as sulfur source (Kuchenreuther et al., 2010) and was induced by addition of

IPTG for rDsrAB from pET22_dsrABstrepC, CysG and DsrN and of arabinose for rDsrAB

from pBAD_dsrABstrepN. In the shown results, cultivation was performed at 30 °C for 20 h

under  anaerobic  conditions  and  pACYCDuet_cysG+dsrN  was  coexpressed  with

pET22_dsrABstrepC and pBAD_dsrABstrepN respectively.  For  the  induction  of  protein

production 0.1 mM IPTG and 0.0008 % arabinose were used. After harvesting the cells,

they were lysed by ultrasonication and the cell debris as well as the soluble fraction was

analyzed via SDS-PAGE and Western Blot (Figure 7). For the production strain containing

pET22_dsrABstrepC and pACYCDuet_cysG+dsrN four distinct bands can be observed in

the  cell  debris,  two  prominent  bands running  at  approx.  37 kDa and  40 kDa and  two

slighter bands running at approx. 55 kDa and 57 kDa. For the production strain containing

pBAD_dsrABstrepN and pACYCDuet_cysG+dsrN only three distinct bands are detectable

in  the cell  debris  at  approx.  37 kDa,  55 kDa and 57 kDa.  There is  a  great  number of

soluble proteins for both productions, with a few prominent bands running in proximity of

the 40 kDa and 55 kDa marker proteins (Figure 7A).  CysG has a molecular  weight  of
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51.3 kDa, DsrN of 50.5 kDa, rDsrA of 46.8 kDa and rDsrB of 40 kDa, the fused Strep-tag

to either rDsrA or rDsrB increases the molecular weight by 1.2 kDa. The above-mentioned

bands in cell debris and soluble fraction could correlate with the to be produced proteins.

However a Western Blot using antibodies against the Strep-tag showed that no signal

could be detected in either production, while the positive control, HdrA fused to a Strep-

tag,  could  be  detected  in  the  Western  Blot  (Figure  7B).  Strep-Tactin  affinity

chromatography of  the  soluble  proteins  also  resulted  in  no  purified  proteins  (data  not

shown), which further indicates that no proteins fused to an accessible Strep-tag  could be

produced.  A  modification  of  the  amount  of  inducing  substances,  temperature  and

incubation time after induction did not alter the results (data not shown).
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Figure  7:  Analysis  of  rDsrAB  production  via  SDS-PAGE  and  Western  Blot.  Heterologous
production  of  rDsrAB  was  attempted  in  E. coli  ΔiscR  with  pET22_dsrABstrepC  and  with
pBAD_dsrABstrepN, which were each also equipped with  pACYCDuet_cysG+dsrN. After  cultivation
and cell lysis, the cell debris and soluble proteins were separated and analyzed via SDS-PAGE (A) and
Western  Blot  (B).  For  separation  reducing  10 % Tricine  SDS gels  were  used.  A mouse anti-strep
primary antibody and a goat anti-mouse secondary antibody were used to detect the Strep-tag fused to
rDsrAB. Recombinant HdrA with a Strep-tag served as positive control. The PageRuler Protein Ladder
from Thermo Scientific was applied as protein ladder.
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4.2 Purification of rDsrAB from Allochromatium vinosum ΔtsdA

The purification of a protein from the organism it  is originated from is often more time

consuming  and  achieves  lower  protein  yields  than  the  heterologous  production  of  a

recombinant protein in E. coli.  However it also has the advantage of obtaining the native

protein  without  added affinity tags and it  renders the potential  of  discovering possible

interaction  partners  of  the  target  protein  by  copurification.  For  the  production  of  cell

material containing rDsrAB, A. vinsoum was grown photolithoautotrophically on thiosulfate.

Under  these  conditions  expression  of  rDsrAB  is  upregulated,  as  the  protein  complex

catalyzes a step in the oxidation of thiosulfate to sulfite. Due to the fact that TsdA can also

use thiosulfate as a substrate for the oxidation to tetrathionate (Hensen et al., 2006), the

strain A. vinsoum ΔtsdA was used as production strain. 

4.2.1 Purification of rDsrAB under Aerobic and Anaerobic Conditions

The purification of rDsrAB was performed under aerobic and anaerobic conditions in order

to  elucidate  whether  the  purified  protein  complex  is  altered  in  its  enzymatic  activity,

spectral properties and load with prosthetic groups under these different conditions. 50 g

cells  (wet  weight)  were  gained  from  30 l  of  A. vinosum  ΔtsdA grown

photolithoautotrophically on thiosulfate and used to  purify the sulfite-generating rDsrAB

complex under aerobic conditions. The first purification step was a hydrophobic interaction

chromatography  with  a  phenyl  sepharose  matrix,  to  which  rDsrAB  binds  at  high

ammonium sulfate concentrations (Lübbe  et al., 2006). The soluble proteins of a 40 %

ammonium  sulfate  precipitation  were  loaded  onto  an  equilibrated  phenyl  sepharose

column (40 ml). Unbound proteins were removed by a wash step with 40 % ammonium

sulfate followed by a linear gradient to 0 % ammonium sulfate in ten column volumes

(400 ml) (Figure 8A). As the interaction of the nonpolar protein surface regions with the

hydrophobic matrix is dependent on the salt concentration, the bound proteins gradually

eluted  from  the  column  during  the  linear  decreasing  ammonium  sulfate  gradient.

Purification  of  rDsrAB  was  traced  by  UV/Vis  spectroscopy  taking  advantage  of  the

protein's characteristic absorption maxima at 392 and 595 nm (Schedel et al., 1979). The

rDsrAB complex eluted from 8–2.5 % ammonium sulfate.
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Under anaerobic conditions the purification was carried out as mentioned above with the

difference that the wash step was performed with 28 % ammonium sulfate to remove more

undesired proteins before the elution step by linear gradient to 0 % ammonium sulfate in

ten column volumes (Figure 8B).  In  this case rDsrAB eluted from 6–2.5 % ammonium

sulfate.
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Figure  8:  Characteristic  elution  profiles  of  rDsrAB purification step via  hydrophobic
interaction chromatography (Phenyl Sepharose 6 Fast Flow) under (A) aerobic and (B)
anaerobic conditions. The relative absorption at 280 nm (thick black line) and the percentage
of ammonium sulfate (thin black line) are plotted against the elution volume. They gray box
indicates the elution region of rDsrAB.
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The fractions containing rDsrAB were combined, dialysed and further purified via an anion

exchange chromatography. The dialysed fractions were loaded onto a 12 ml Source 15Q

column for  the  aerobic  purification  and  onto  a  4.7 ml  HiScreen  Q HP column for  the
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Figure  9:  Characteristic  elution  profiles  of  rDsrAB  purification  step  via  anion
exchange  chromatography  and  (A)  aerobic  (Source  15Q)  under  (B)  anaerobic
(HiScreen Q HP) conditions. The relative absorption at 280 nm (thick black line) and the
conductivity (thin black line) are plotted against the elution volume. The gray box indicates
the elution region of rDsrAB.
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anaerobic  purification.  The  columns  were  washed  with  300 mM NaCl  followed  by  an

increase  of  NaCl  in  50 mM  steps,  which  led  to  an  increase  of  conductivity.  When

conductivity  was  above  40 mS/cm  rDsrAB  eluted  from  the  column  (Figure  9A&B).

Followingly  the  fractions  containing  rDsrAB  were  combined,  concentrated  and  stored

under anaerobic conditions.

Analysis  via  SDS-PAGE  revealed  that  not  only  two  bands  of  40 kDa  and  45 kDa

correlating to rDsrB and rDsrA respectively, but also two further bands of about 55 kDa

and  70 kDa  could  be  detected  in  both  the  aerobic  and  the  anaerobic  purification

(Figure  10).  The  contaminating  band  running  at  about  55 kDa  was  identified  as  the

Glutamine  synthetase  Alvin_3000  by  mass  spectrometric  analysis  of  tryptic  peptides

(Appendix,  Table 7),  while the 70 kDa band was assumed to correspond to the 72 kDa

NADH:acceptor oxidoreductase DsrL, which is also encoded in proximity to rDsrAB in the

dsr operon. The comparative analysis of rDsrAB purification displays that the copurification

with DsrL is independent on aerobic or anaerobic conditions.
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Figure  10:  SDS-PAGE  of  the  rDsrAB  purifications  after  hydrophobic  interaction
chromatography and anion exchange chromatography under (A) aerobic and (B) anaerobic
conditions. The Color Prestained Protein Standard, Broad Range from NEB was used as protein
standard. The purified proteins were separated via reducing 12.5 % Tricine SDS gels. 
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4.2.2 Interaction of rDsrAB with DsrL

The copurification of  the reverse acting dissimilatory sulfite  reductase rDsrAB with the

NADH:oxidoreductase DsrL was a first indication that these proteins specifically interact

and build up a sulfite-generating rDsrABL complex in A. vinosum. For further evidence the

preparations  were  analyzed  via  Blue  Native  polyacrylamide  gel  electrophoresis

(Figure 11), which allows the separation of native proteins based only on their mass. The

advantage of an analysis via native PAGE is that the conformation of proteins and protein

complexes with regard to their oligomerization and interaction partners can be visualized. 

In  the Blue Native PAGE of  the rDsrAB purification the main band detectable has an

estimated size of 170 kDa (Figure 11),  which correlates with the calculated mass of a

rDsrA2B2 heterotetramer  (173 kDa)  and  indeed  analysis  of  tryptic  peptides  via  mass

spectrometry confirmed the presence of rDsrA and rDsrB but not DsrL (Appendix, Table 8).

A minor band was shown to contain rDsrA, rDsrB and DsrL (Appendix, Table 9) and ran at

a calculated size of  283 kDa,  indicating that  rDsrAB interacts with  DsrL and that  they

potentially form an rDsrABL complex. Furthermore a diffuse band at about 72 kDa was

detectable, which likely consists of DsrL monomers. An additional minor band running at a
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Figure  11:  Analysis  of  rDsrABL  purification  via
Blue Native PAGE. The HMW marker was used as
protein standard. Purified rDsrABL was analyzed with
and without pretreatment with EDC. 



4 Results

calculated size of 554 kDa represents the dodecameric glutamine synthetase (Eisenberg

et al., 2000) (Appendix, Table 10). 

After  preincubation  with  the  cross-linker  EDC  (1-ethyl-3-(3-dimethylaminopropyl)

carbodiimid) the migration pattern was altered (Figure 11).  The 170 kDa band and the

diffuse  72 kDa  band,  consisting  of  rDsrAB  and  DsrL  respectively,  substantially

disappeared, while the 283 kDa band representing rDsrABL gained intensity. There was no

alteration of the minor band consisting of the glutamine synthetase. These results confirm

the assumed specific interaction of rDsrAB and DsrL, strongly portend the formation of an

rDsrABL complex and demonstrate that the contaminating glutamine synthetase does not

interact with rDsrABL nor with DsrL.

4.2.3 UV/Vis Spectroscopy of rDsrABL Purifications

A UV/Vis spectrum can provide useful information regarding the quality and quantity of

prosthetic groups with spectral  properties of a protein or protein complex. The purified

rDsrABL complex contains several prosthetic groups, namely siro(heme)amid coordinated

via [4Fe4S] clusters of rDsrAB, FAD ligated by DsrL and further [4Fe4S] clusters of both

rDsrAB and DsrL.  All  of  the aforementioned bear spectral  properties and at least  FeS

cluster assembly is  dependent  on the exclusion of  oxygen.  Accordingly a comparative

spectral  analysis of the aerobic and anaerobic purifications of rDsrABL was performed

(Figure 12).

In both the aerobically and anaerobically purified rDsrABL absorption maxima at 280 nm,

392 nm,  595 nm  and  724 nm  were  detectable  (Figure  12).  The  maximum  at  280 nm

represents  the  protein  peak,  while  the  392 nm,  595 nm  and  724 nm  maxima  are

characteristic  for  rDsrAB  (Schedel  et  al., 1979).  The  two  spectra  of  interest  were

normalized to 750 nm and to the 280 nm peak. No qualitative differences between the

aerobic and anaerobic purifications of rDsrABL are detectable. The 392 nm absorption of

the anaerobic purification is slightly higher than that of  the aerobic purification. This is

presumably due to a higher relative concentration of rDsrAB and consequently also of

siro(heme)amide in the purification. 

Neither the reduction with dithiothreitol  (DTT) nor the oxidation with ferricyanide led to

qualitative changes of the spectrum (data not shown). FAD has several absorption maxima

between 350 nm and 500 nm, however siroheme has an about tenfold higher extinction
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coefficent at e.g. 450 nm (Schedel et al., 1979; Aliverti et al., 1999), therefor the detection

of FAD is prevented by the presence of the siro(heme)amide. 

4.3 Enzymatic Activity of rDsrABL

The physiological activity of  A. vinosum rDsrAB is predicted to be the oxidation of DsrC-

bound sulfur to sulfite  (Stockdreher  et al., 2012). Interaction of DsrAB from the sulfate

reducers A. fulgidus and D. vulgaris with DsrC has been shown previously (Oliveira et al.,

2008; Santos et al., 2015), however no structural or kinetic data exists for the interaction of

rDsrAB  with  DsrC  from  a  sulfur  oxidizer.  The  copurification  of  rDsrAB  with  the

NADH:oxidoreductase DsrL also implies a functional interaction, which is to be tested. In

the following the enzymatic activity of rDsrAB from A. vinosum will be characterized with a

special  focus  on  the  potential  interaction  partners  DsrL  and  DsrC.  All  assays  were

performed under anoxic conditions.
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Figure  12:  UV/Vis  absorption  spectra  of  purified  rDsrABL. The  spectra  of
rDsrABL purified under aerobic (solid line) and anaerobic conditions (dotted line)
were  recorded  at  RT in  a  50 mM potassium phosphate  pH 7.0  buffer.  The two
spectra were normalized to 750 nm and to the 280 nm peak. The inset shows a
blowup of the 550 to 750 nm region.
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4.3.1 Reduction of Sulfite with rDsrABL in Presence of DsrC 

For  rDsrAB  from  the  sulfur  oxidizer  A. vinosum sulfite  reductase  activity  with  methyl

viologen has been described (Schedel et al., 1979). Furthermore DsrAB from the archaeal

sulfate reducer  Archaeoglobus fuldigus  is known to show an increased sulfite reduction

rate, when the sulfur-binding protein DsrC is added to the reaction (Santos et al., 2015). In

order to elucidate whether this also holds true for the dissimilatory sulfite reductase of a

sulfur oxidizer, recombinant DsrC from A. vinosum was added to the reaction with methyl

viologen as artificial electron donor. Without DsrC a sulfite reduction rate of 0.14 U/mg

protein  was  measured,  while  the  reaction  with  7.5 µM  DsrC  displayed  an  initial  fast

reaction rate of 2.0 U/mg, which then slowed to a rate of 0.22 U/mg (Figure 13). Hence in

the following rDsrABL-catalyzed sulfite reduction was measured in the presence of DsrC.

Through application of varying substrate concentrations, it could be demonstrated that the

specific activity of rDsrABL is dependent on the amount of sulfite added to the reaction

(Figure 14A). The specific activity of rDsrABL is at its maximum with 250 µM and 150 µM

sulfite  and it  slightly  decreases until  25 µM sulfite.  At  lower  sulfite  concentrations  like
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Figure 13: Effect of DsrC on sulfite reduction by A. vinosum rDsrABL with methyl
viologen. Reactions contained 250 µM sulfite, 8.4 µg rDsrABL and were measured with
and without  7.5 µM  A. vinosum  DsrC at  pH 7.  Methyl  viologen was used as artificial
electron donor and its oxidation was followed at 585 nm (ε585= 11.8 mM-1 cm-1).



4 Results

6.25 µM and 3.125 µM only mere  fractions  of  the  maximum specific  activity  could  be

measured.  Michaelis-Menten  kinetics  could  be  applied  when  the  specific  activity  of

rDsrABL was plotted against the sulfite concentration with the program Graph Pad Prism 7

(Figure 14B). This demonstrated a quite low KM for sulfite (13.5 ± 2.1 µM) and a high Vmax

(1728 ± 62 mU/mg).
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Figure  14: Activity  of  rDsrABL  from  A. vinosum  with  varying  sulfite
concentrations. Assays were measured in the presence of 3.75 µM DsrC at
pH 7, with methyl viologen (ε585= 11.8 mM-1 cm-1) as artificial electron donor and
with sulfite concentrations from 3.125-250 µM. (A) Representative traces are
shown and (B) triplicates of the specific activity of rDsrABL were plotted against
the  sulfite  concentration.  Michaelis-Menten  kinetics  model  was  applied  by
Graph Pad Prism 7.
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4.3.2 Electron Transfer via DsrL of the Purified rDsrABL Complex

As DsrL is  an  iron-sulfur  flavoprotein,  it  theoretically  has the  capability  of  transferring

electrons from an electron donor to an electron acceptor in an enzymatic reaction. The

copurification  of  DsrL with  rDsrAB  and  their  tight  interaction  indicate  that  DsrL could

mediate the electron flow needed for sulfite reduction. The iron-sulfur flavoprotein DsrL

from A. vinosum was shown to exhibit NADH:oxidoreductase activity (Löffler et al., 2020),

it  is  therefor probable that the rDsrABL complex can transfer electrons to and receive

electrons from NADH via DsrL. 

4.3.2.1 NADH:Oxidoreductase Activity of DsrL from rDsrABL

For recombinant DsrL an NADH:oxidoreductase activity was verified and demonstrated to

be  independent  on  the  FeS  clusters  of  DsrL,  as  activity  could  be  measured  with

anaerobically and aerobically purified DsrL (Löffler  et al., 2020). To ascertain that DsrL

from the  purified  rDsrABL complex  also  exhibits  NADH:oxidoreductase  activity,  it  was

tested  whether  electron  transfer  from  NADH  to  the  artificial  electron  acceptor  MTT

(thiazolyl blue tetrazolium bromide) and from the artificial electron donor methyl viologen to

NAD+ is possible via rDsrABL (Figure 15).
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Figure  15:  NADH:oxidoreductase  activity  of  rDsrABL.  (A)  The  assay  contained  1 mM  NADH,
0.3 mM MTT (ε578= 13 mM-1 cm-1) and 7.6 µg rDsrABL. Reduction of MTT was followed at 578 nm. (B)
The assay contained 1 mM methyl viologen  (ε585= 11.8 mM-1 cm-1), 1 mM NAD+ and 7.6 µg rDsrABL.
Oxidation  of  methyl  viologen  was  followed  at  585 nm.  Both  assays  were  preformed  at  pH 7  and
rDsrABL was added after 5 s.
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Electrons stemming from NADH could be transferred to MTT via rDsrABL with a specific

activity of 5.9 U/mg (Figure 15A) and NAD+ could be reduced with electrons stemming

from methyl viologen in a rDsrABL dependent manner with an about 9-fold higher specific

activity of 49.3 U/mg (Figure 15B). The strong preference for NAD+ reduction was also

observed in recombinant DsrL from  A. vinosum (Maria Löffler, personal communication).

After  reconstitution  of  FeS clusters  in  rDsrABL NADH:oxidoreductase  activity  was  not

increased (data not shown).

4.3.2.2 Electron Transfer from NAD(P)H unto rDsrAB Mediated by DsrL

As the activity of rDsrABL as NADH:oxidoreductase had been confirmed, the next step

was to determine whether electrons stemming from NADH could be transferred via DsrL

onto rDsrAB and finally be used for sulfite reduction. 

As a control experiment it was tested if recombinant DsrL alone could catalyze NADH-

dependent  sulfite  reduction  in  the  presence  of  DsrC  (Figure  16).  Apart  from a  slight

background reaction  no activity  could  be  observed in  this  assay.  Addition  of  rDsrABL

however  resulted  in  the  reduction  of  sulfite  and  the  reduction  rate  increased  with  an

increasing  amount  of  the  catalyst  rDsrABL  from  10 µM/min  with  23 µg  rDsrABL  to

25 µM/min with 92 µg rDsrABL (Figure 16).
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Figure  16:  Potential  of  DsrL  and  of  rDsrABL  for  NADH-
dependent sulfite reduction. Assays contained 150 µM NADH,
250 µM sulfite,  7.5 µM DsrC  and  either  18 µg  DsrL or  varying
amounts  of  rDsrABL.  All  assays  were  performed  at  pH 7  and
NADH oxidation was followed at 340 nm (ε340= 6.3 mM-1 cm-1).
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With NADH as electron donor the KM for sulfite (15.9 ± 3.1 µM) was determined to be in the

same range as that observed for rDsrABL with methyl viologen as electron donor (Figure

17A,  Figure 14B).  Consequently the affinity towards the substrate sulfite is not altered

when electrons stem from NADH and are transferred via DsrL onto rDsrAB. The affinity

towards the new substrate NADH (78.5 ± 21.0 µM) (Figure 17B) is also very close to that

determined for recombinant DsrL in assays with NADH and the artificial electron acceptor

MTT (86.7 ± 17.0 µM)  (Löffler  et  al., 2020).  However  Vmax was  with  254 ± 17.6 mU/mg

substantially lower than Vmax measured with methyl viologen as artificial electron donor for

sulfite reduction. The in  Figure 16 and  Figure 17 displayed results were obtained with

aerobically  purified  rDsrABL.  Activity  measured  with  rDsrABL  purified  under  anoxic

conditions  and  the  aerobically  purified  protein  complex  reconstituted  in  vitro with  FeS

clusters was in the same range as the here described activity (data not shown).

Furthermore the NADH-dependent sulfite reduction rate of aerobically purified rDsrABL

was  compared  to  that  of  aerobically  purified  rDsrABL,  which  was  preincubated  with

recombinant DsrL for 15 min at 30 °C (Figure 18). As the recombinant DsrL is fully loaded

with FAD and FeS clusters, it could presumably enable a more efficient electron transfer

from NADH onto rDsrAB and thus lead to a higher sulfite reduction rate. The results of

Figure 18 however demonstrate that this is not the case. The sulfite reduction rates of

solely rDsrABL and of rDsrABL preincubated with DsrL are in the same range. 
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Figure 17: NADH-dependent sulfite reduction catalyzed by rDsrABL. (A) Assays contained 150 µM
NADH, 3.75 µM DsrC and sulfite concentrations from 3.125-250 µM. NADH oxidation was followed at
340 nm (ε340= 6.3 mM-1 cm-1). (B) Assays contained 250 µM sulfite, 3.75 µM DsrC and varying NADH
concentrations (10-1000 µM). For NADH concentrations from 10-250 µM, absorbance was measured at
340 nm, for 500 µM and 1000 µM at 365 nm (ε365= 3.4 mM-1 cm-1). All assays were measured at pH 7.
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NADPH was tested as alternative electron donor for rDsrABL. With NADPH the specific

activity at pH 7 was under 20% of that observed with NADH, however the activity could be

increased 3-fold when the pH was shifted to 6 (data not shown).

4.3.2.3 Electron Transfer Between rDsrABL and Ferredoxin

The iron-sulfur flavoprotein DsrL is closely related to NfnB, the large subunit of the NADH-

dependent  reduced ferredoxin:NADP oxidoreductase NfnAB from  Thermotoga meritima

(Demmer  et  al., 2015).  The structurally and functionally characterized protein  complex

NfnAB catalyzes a reversible electron bifurcation, in which two electrons stemming from

NADPH are used to reduce ferredoxin and NAD+. The large subunit NfnB binds NADPH,

the bifurcating FAD and reduces ferredoxin, while the reduction of NAD+ occurs at NfnA

(Demmer et al., 2015).

There are several  structural  similarities between DsrL and NfnB, namely an iron-sulfur

cluster binding domain, two Rossmann type nucleotide-binding domains, one binding FAD

and the other  NAD(P)+ (Löffler  et  al., 2020).  Additionally DsrL has a carboxyl-terminal

ferredoxin domain binding two [4Fe4S] clusters, which is not found in NfnB. It has already

been demonstrated that DsrL can bind, receive electrons from and transfer electrons to
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Figure  18:  Impact  of  recombinant  DsrL  on  NADH-dependent  sulfite
reduction catalyzed by rDsrABL. Both assays contained 150 µM NADH,
250 µM sulfite and 7.5 µM DsrC. The reaction catalyzed by 46 µg rDsrABL
(black curve) is compared to the reaction catalyzed by 46 µg rDsrABL, which
was preincubated with 18 µg recombinant  DsrL for  15 min at  30 °C (gray
curve).  The  assays  were  performed  at  pH 7  and  NADH  oxidation  was
followed at 340 nm (ε340= 6.3 mM-1 cm-1).
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NADH  and  NAD+ respectively.  Electron  transfer  to  another  protein  complex  is  also

possible, similar to the described electron transfer from NfnB to NfnA. Possibly DsrL can

also interact with ferredoxin and the FAD bound can likewise enable bifurcation.

To  discover  whether  an  electron  transfer  between  DsrL of  the  rDsrABL complex  and

ferredoxin  is  possible,  reduced  ferredoxin  (E0´ = ~ -400 mV)  from  Clostridium

tetanomorphum was used as a potential electron donor for DsrL-catalyzed NAD+ reduction

(Figure 19).  The reaction  was followed at  340 nm to measure NAD+ reduction and at

390 nm to display ferredoxin reduction and re-oxidation, as the extinction coefficient of

oxidized  ferredoxin  is  higher  (ε390 = 30 mM-1 cm-1) than  that  of  reduced  ferredoxin

(ε390 = 19 mM-1 cm-1). 

As the assay contained 8.3 µM ferredoxin, absorbance at 390 nm was expected to be at

0.25  with  fully  oxidized  ferredoxin.  Absorbance  was  at  0.22,  which  indicates  that  the

applied ferredoxin was not fully oxidized. After addition of an equimolar amount of the

reductant sodium dithionite, the absorbance decreased to about 0.155, which is very close
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Figure  19: Reduced ferredoxin as electron donor for DsrL-catalyzed
NAD+ reduction. The reaction was followed at 340 nm (black curve) and
390 nm  (gray  curve).  The  assay  contained  8.3 µM  ferredoxin,  10 µM
sodium dithionite, 300 µM NAD+ and 8.4 µg rDsrABL and was performed at
pH 7.
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to  the  expected  0.157  for  fully  reduced  ferredoxin.  The  addition  of  NAD+ led  to  no

substantial increase of 390 nm absorbance, indicating that the redox status of ferredoxin

was  not  altered.  When  rDsrABL was  added  to  the  reaction,  absorbance  at  390 nm

gradually  increased  from 0.155  to  0.19  displaying  a  partial  re-oxidation  of  ferredoxin.

Simultaneously absorbance at 340 nm also increased, indicating a reduction of NAD+ to

NADH (Figure 19). 

The presented results were obtained with aerobically purified rDsrABL. Assays containing

in vitro FeS cluster reconstituted rDsrABL provided similar results (data not shown). Taken

together these results demonstrate that reduced ferredoxin can function as electron donor

for DsrL-catalyzed NAD+ reduction. 

Based  on  the  assumption  that  DsrL  is,  in  homology  to  NfnB,  the  subunit  enabling

bifurcation, one electron stemming from NADH (E0´ =  -320 mV) could be transferred onto

rDsrABL to reduce sulfite and DsrC, as has been already demonstrated, while the other

electron is used to reduce ferredoxin. In case of an electron bifurcation, the first partial

reaction, in which sulfite and DsrC are reduced, should proceed with an increased activity

rate, while the second partial reaction of ferredoxin reduction would be generally enabled

(Kaster  et  al., 2011). To  address  this  hypothesis,  NADH-dependent  sulfite  reduction

catalyzed by rDsrABL in the presence of DsrC was performed with and without oxidized

ferredoxin and the assays were traced at 340 nm (Figure 20A) and 390 nm (Figure 20B),

in order to follow NADH oxidation and ferredoxin reduction respectively. As a control an

assay  without  the  catalyzing  enzyme  complex  rDsrABL,  but  with  ferredoxin  is  also

displayed  (Figure  20).  Regarding  the  oxidation  of  NADH,  no  substantial  difference

between the assays with and without ferredoxin can be observed (Figure 20A). The curve

depicting the control reaction without rDsrABL clearly shows a lower NADH oxidation rate

than the reactions with rDsrABL and can be considered as the background reaction. The

absorbance  at  390 nm  is  quite  low  for  the  reaction  without  ferredoxin,  as  it  is  only

accountable to the very slight absorbance of NADH at 390 nm (Figure 20B, dark gray

curve). In the course of the reaction, the dark gray curve, which resembles the NADH-

dependent sulfite reduction without ferredoxin, shows a slight decrease in absorbance at

390 nm of about 0.01, which can be traced back to the oxidation of NADH. Both the black

and the light gray curve, resembling the reaction with rDsrABL and ferredoxin and the

control with only ferredoxin respectively, display a distinctly higher absorbance at 390 nm,
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which can be attributed to NADH and to ferredoxin. The absorbance decreased from 0.2 to

about 0.18 in the course of time, which is a slightly higher decrease than measured for the

curve without ferredoxin. This indicates a partial reduction of ferredoxin, but as it occurred

in  both  the  assay  with  and  without  rDsrABL,  it  does  not  seem  to  be  a  specific

phenomenon. The assays were also performed with NADPH as electron donor at pH 6

and pH 7 with the same outcome (data not shown). These results give no indication for an

electron bifurcation of rDsrABL, in which electrons deriving from NAD(P)H can be used to

reduce sulfite and DsrC in one partial reaction and ferredoxin in another. 
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Figure 20: Potential electron bifurcation of rDsrABL. All assays contain 150 µM
NADH, 10 µM DsrC and 250 µM sulfite. Reactions with 50.4 µg rDsrABL (dark gray
curve),  with  50.4 µg rDsrABL and 5 µM ferredoxin (black  curve)  and with  5 µM
ferredoxin (light gray curve) are compared. Absorbance was followed at 340 nm (A)
and 390 nm (B). All assays were performed at pH 7. 
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4.3.3 Interaction of rDsrABL with DsrC in A. vinosum

The  12-14 kDa  protein  DsrC  occurs  in  sulfur  oxidizers  and  sulfite  reducers  and  is

characterized by its highly conserved carboxyl-terminus, which forms a flexible arm and

contains two strictly conserved cysteines (Cort  et al., 2001; Cort  et al., 2008; Oliveira  et

al., 2008). One cysteine is the penultimate residue at the C-terminus (CysA) and the other

lays eleven residues upstream (CysB). DsrC was shown to physiologically interact with the

dissimilatory sulfite reductase DsrAB in sulfate reducers (Oliveira  et al., 2008; Santos et

al., 2015). The results presented in 4.3.1 already demonstrate that DsrC from the sulfur

oxidizer A. vinosum interacts with rDsrABL in the dissimilatory sulfur metabolism as well. In

the following this interaction will be investigated in more detail. 

4.3.3.1 Consumption of DsrC in Sulfite Reduction

The NADH-dependent sulfite reduction rate of rDsrABL without the sulfur-binding protein

DsrC lays at 21.7 mU/mg. In the presence of DsrC the activity of rDsrABL in the initial fast

phase is increased more than ten-fold to 229 mU/mg (Figure 21). 

The length of this initial fast phase is dependent on the amount of DsrC added to the

reaction, indicating that the sulfur-binding protein is consumed during the reaction and

functions as a co-substrate. By calculating the difference in absorbance at 340 nm from
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Figure  21:  Role  of  DsrC  in  rDsrABL-catalyzed  NADH-
dependent  sulfite  reduction. All  assays  contained  150 µM
NADH, 250 µM sulfite, 46 µg rDsrABL and varying concentrations
of  DsrC  and  were  performed  at  pH 7.  NADH  oxidation  was
followed at 340 nm (ε340= 6.3 mM-1 cm-1).



4 Results

the beginning to the end of the fast phase, the consumption of NADH can be determined.

This resulted in a NADH:DsrC ratio of about 1:1.17, which is very close to one NADH per

DsrC, indicating that two electrons are needed for the consumption of one DsrC. 

4.3.3.2 Interaction of DsrC with rDsrABL and with Sulfite

In  an  enzymatic  reaction  it  can  be  of  relevance  in  which  order  the  enzyme  and  its

substrates  are  added  to  the  in  vitro assay,  especially  when  the  enzyme  has  several

interaction partners. It can possibly be beneficial for the reaction rate, when the enzyme is

preincubated with a certain interaction partner or two co-substrates are preincubated. For

the NADH-dependent sulfite reduction catalyzed by rDsrABL in the presence of the co-

substrate DsrC, the enzyme was either preincubated with sulfite or with DsrC or the two

co-substrates sulfite and DsrC were preincubated before starting the reaction by addition

of rDsrABL (Figure 22). 

The  highest  sulfite  reduction  rate  could  be  attained  when  sulfite  was  added  last  and

rDsrABL could initially interact with only DsrC. When DsrC and sulfite were preincubated

and rDsrABL was added last, sulfite reduction rate was only at 52% and when rDsrABL
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Figure  22:  Sulfite  reduction  rate  dependent  on  the  order  of
substrates  added. Assays  contained  250 µM  NADH,  92 µg  rDsrABL,
15 µM DsrC and 250 µM sulfite. NADH was always added first, then either
rDsrABL and sulfite were preincubated and DsrC was added last or DsrC
and sulfite were preincubated and rDsrABL was added last or rDsrABL
and DsrC were preincubated and sulfite was added last. All assays were
performed  at  pH 7  and  preincubation  lasted  for  at  least  1 min.  NADH
oxidation was followed at 340 nm (ε340= 6.3 mM-1 cm-1).
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initially interacted with sulfite and DsrC was added last, sulfite reduction rate was even

lower  at  20%.  Taken  together  these  results  indicate  that  the  NADH-dependent  sulfite

reduction rate is highest, when rDsrABL and DsrC initially interact and sulfite is added last.

4.3.3.3 Influence of Conserved DsrC Cysteines on Sulfite Reduction Rate 

The sulfur-binding protein DsrC has two strictly conserved cysteine residues located on its

flexible carboxyl-terminal arm. For the sulfate reducer  Desulfovibrio vulgaris  it has been

shown, that this flexible arm extends into the interface between DsrA and DsrB, bringing

CysA very close to the substrate binding site of DsrAB (Oliveira  et al., 2008). In order to

elucidate whether both cysteines or only one cysteine – and in that case which of the two –

is essential for the initially increased sulfite reduction rate of rDsrABL from a sulfur oxidizer,

wild type DsrC from A. vinosum (DsrC WT) and cysteine exchange variants of DsrC were

examined (Figure 23, Figure 24). 

While DsrC WT has both conserved cysteines of the C-terminal arm, in DsrC CysASer the

penultimate cysteine is exchanged by a serine and in DsrC CysBSer the cysteine eleven

residues upstream is exchanged by a serine. The double variant DsrC CysABSer has both

its cysteines exchanged by serines. In order to analyze the DsrC variants before and after
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Figure 23: Analysis of  A. vinosum DsrC variants via MalPEG gel shift assay.  Wild
type  DsrC  (DsrC  WT)  and  DsrC  variants  (DsrC  CysASer,  DsrC  CysBSer  and  DsrC
CysABSer) were reduced with 5 mM DTT (dithiothreitol) at 30 °C for 30 min (first lane) and
treated with 1 mM MalPEG at 30 °C for 15 min afterwards (second lane). 10 µg protein
were applied per lane onto a non-reducing 12.5 % Tricine SDS-PAGE.
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the reaction with rDsrABL and sulfite, gel shift assays with the labeling reagent MalPEG

(methoxy-polyethylene glycol  maleimide)  were  performed.  MalPEG selectively binds to

free thiol groups, such as the SH group of the amino acid cysteine, covalently (Lu and

Deutsch 2001). The molecular mass of the labeled protein is increased by about 10 kDa

per accessible SH group and this rise of molecular mass can be detected by SDS-PAGE. 

SDS-PAGE analysis of DsrC WT and of the DsrC variants demonstrated that all variants

were mainly in their monomeric form after reduction with DTT (dithiothreitol), as for each

variant a predominant band at 14 kDa is present in the first lane (Figure 23). All  DsrC

proteins  also  show a  more  faint  band  slightly  below the  14 kDa band,  which  can  be

accounted  to  recombinant  DsrC  without  the  amino-terminal  His-tag.  The  longer

recombinant DsrC is stored the likelier the degradation of the heterologously added His-

tag is (data not shown). For DsrC WT another faint double band can be detected between

25–28 kDa, representing a dimer with and without His-tag. For the DsrC variant CysBSer,

which  only  contains  CysA,  the  band  representing  the  dimer  can  also  be  detected.

Treatment of the reduced DsrC proteins with MalPEG led to a gel shift (Figure 23, second

lane). The wild type protein shifted to about 34 kDa, which represents the monomer with

two MalPEGs, indicating that one MalPEG per cysteine can be found. A much slighter

band can be detected at about 24 kDa, which represents the monomer with one MalPEG.

For DsrC CysASer and DsrC CysBSer the 14 kDa monomer bands also shift to 24 kDa,

indicating that  one MalPEG is  bound to  each variant.  For  DsrC CysABSer no gel  shift

occurs, as there is no cysteine accessible for MalPEG.

To ascertain which of the two strictly conserved cysteines is essential for the increased

sulfite reduction rate, activity of rDsrABL in the presence of DsrC WT, of the DsrC variants

and  without  DsrC was  compared  (Figure  24A).  The  lowest  sulfite  reduction  rate  was

achieved without DsrC, followed by a slightly higher rate in the reactions with the variants

DsrC CysASer and DsrC CysABSer. The reactions with DsrC WT and DsrC CysBSer show

the highest sulfite reduction rate and both display an initial fast phase (Figure 24A). Taken

together the reactions with DsrC containing CysA proceed rapidly and in a similar manner,

while the reactions with DsrC lacking CysA have a lower sulfite reduction rate. The reaction

rate without DsrC at all is the lowest, thus DsrC without CysA still leads to an increased

sulfite reduction rate, which seems to be independent on CysB. 
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MalPEG analysis of DsrC WT shows that, before the reaction with rDsrABL and sulfite,

both cysteines were accessible, as two MalPEGs could bind to the monomer (Figure 24B).

The slighter band at 58 kDa represents the DsrC WT dimer with two MalPEGs bound.

After the reaction the predominant band coincides with the monomer with one MalPEG.

There is also a fainter band resembling the monomer with no MalPEG bound. MalPEG
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Figure 24: Effect of DsrC variants on sulfite reduction by rDsrABL. (A) All assays
contained 17.2 µg rDsrABL and 250 µM sulfite. Methyl viologen was used as artificial
electron donor and its oxidation was followed at 585 nm (ε585= 11.8 mM-1 cm-1). The
reactions contained either no DsrC or 5 µM DsrC WT or DsrC variants. Samples were
taken at T0 and T1, incubated for 15 min at 30 °C with 1 mM MalPEG and (B) loaded
onto a non-reducing 12.5 % Tricine SDS gel. The Color Prestained Protein Standard,
Broad Range from NEB was used as protein standard.
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analysis of the DsrC variant CysBSer, with which a similar sulfite reduction rate could be

observed, showed that before the reaction CysA was accessible for MalPEG, as the main

band resembles a DsrC monomer with one MalPEG. A very small portion has no bound

MalPEG  or  appears  as  a  dimer  (28 kDa  band).  After  the  reaction  CysA is  no  longer

accessible for MalPEG, as the 24 kDa band shifts to the 14 kDa band. The DsrC variant

CysASer binds one MalPEG before and after the reaction with rDsrABL and sulfite, thus the

accessibility of CysB does not seem to change in the course of the reaction. 

As  both  cysteines  in  DsrC  CysABSer  are  exchanged  by  serine,  no  MalPEG can  bind

(Figure 23) and thus no sample was taken before and after the reaction with rDsrABL and

sulfite. In conclusion CysA is essential for the increased sulfite reduction rate of DsrC and it

is  in  some  way  modified  in  the  reaction  making  it  inaccessible  for  MalPEG  binding

afterwards.

DsrC proteins from sulfate reducers and from sulfur oxidizers have several homologies

both  in  amino  acid  sequence  and  structure  (Oliveira  et  al., 2008;  Cort  et  al., 2008;

Venceslau  et al., 2014), as the alignment of DsrC from sulfate reducer  D. vulgaris  and

sulfur oxidizer A. vinosum exemplary displays (Figure 25A). 

Throughout the amino acid sequence identities can be found and especially the carboxyl-

terminus containing the two conserved cysteines shows a high similarity with the last ten

residues being identical (Figure 25A). In addition to the two highly conserved cysteines of

the carboxyl-terminus, DsrC from D. vulgaris has another cysteine, which is not conserved

(Cys26).  To determine whether  DsrC from a sulfate reducer can interact  with  a sulfite

reductase from a sulfur oxidizer,  DsrC Cys26Ala from  D. vulgaris  was added to sulfite

reduction catalyzed by rDsrABL from A. vinosum (Figure 25B). The DsrC variant with an

exchange of Cys26 by alanine was chosen to simplify MalPEG gel shift  analysis. With

DsrC Cys26Ala from D. vulgaris the sulfite reduction rate was in the same range as in the

reaction without DsrC, while activity could be strongly increased through addition of DsrC

from  A. vinosum.  Before the reaction DsrC Cys26Ala was accessible for two MalPEGs,

which did not change due to the reaction with rDsrABL and sulfite (Figure 25C). These

results indicate that DsrC from a sulfate reducer, even though it shows great similarities

especially in the carboxyl-terminal arm, cannot simply adopt the function of DsrC from a

sulfur oxidizer.
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4.3.3.4 Analysis of DsrC After the rDsrABL-Catalyzed Sulfite Reduction

In the sulfur-binding protein DsrC from A. vinosum the penultimate residue of the strictly

conserved carboxyl-terminal arm CysA was shown to be essential for the increased sulfite

reduction rate in the rDsrABL-catalyzed reaction. DsrC is consumed in the reaction, which

seems to be due to some kind of modification of CysA. In order to elucidate what happens

to CysA in the course of the reaction, sulfite reduction catalyzed by rDsrABL was traced in

the presence of DsrC WT and of DsrC CysBSer respectively (Figure 26A, Figure 27A). The

assays  were  preformed  with  250 µM  sulfite  (standard  condition)  and  25 µM  sulfite

comparatively, while samples for the MalPEG gel shift analysis of DsrC were taken in the

course of the reaction (Figure 26B, Figure 27B). 
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Figure  25:  Effect  of  DsrC  from  D. vulgaris on  sulfite  reduction  by  rDsrABL.  (A)  DsrC  from
A. vinosum and D. vulgaris  are compared via sequence alignment. CysA and CysB are marked in red.
(B) All assays contained 17.2 µg rDsrABL and 250 µM sulfite.  Methyl viologen was used as artificial
electron donor and its oxidation was followed at 585 nm (ε585= 11.8 mM-1 cm-1). The reactions contained
either no DsrC or 15 µM DsrC from  A. vinosum  or 15 µM DsrC Cys26Ala from  D. vulgaris. Samples
were taken at T0 and T1, incubated for 15 min at 30 °C with 1 mM MalPEG and (C) loaded onto a non-
reducing 12.5 % Tricine SDS gel. The Color Prestained Protein Standard, Broad Range from NEB was
used as protein standard.
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By tracing  the  redox  status  of  DsrC  WT in  the  assay  with  250 µM sulfite,  it  can  be

observed that  during  the  course of  the  reaction  the  34 kDa band (monomer  with  two

MalPEG) gradually becomes fainter, while the 24 kDa band (monomer with one MalPEG)

increases in intensity. Before the reaction a small portion of DsrC WT is present as dimer

(58 kDa band, dimer with two MalPEG) and almost no portion is present as monomer

without any MalPEG bound. This also changes in the course of the reaction, the dimer

band loses intensity, while the monomer band gains intensity. 

The gel shift pattern substantially changes when the assays are preformed with 25 µM

sulfite instead of 250 µM sulfite. The band resembling the monomer with two MalPEGs

bound also  gradually  decreases,  but  not  to  such a  high  degree as  in  the  assay with

250 µM sulfite  and it  mainly shifts  to  the  58 kDa band resembling the  dimer with  two
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Figure 26: Analysis of DsrC WT over the course of the reaction with rDsrABL dependent on the
sulfite concentration. (A) Methyl viologen was used as artificial electron donor and its oxidation was
followed at 585 nm (ε585= 11.8 mM-1 cm-1). Both assays contained 25 µM DsrC WT and either 250 µM
sulfite and 8.4 µg rDsrABL (black curve) or 25 µM sulfite and 16.8 µg rDsrABL (gray curve). Samples
were taken at 0, 1, 3, 5, 10 and 15 min as indicated in (A). The samples were incubated at 30 °C for
15 min with 1 mM MalPEG and (B) loaded onto a non-reducing 12.5 % Tricine SDS gel.  The Color
Prestained Protein Standard, Broad Range from NEB was used as protein standard.
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MalPEGs bound. The intensity of the monomer with one MalPEG band (24 kDa) does not

noticeably change in the course of the reaction, while the monomer without MalPEG band

(14 kDa) gains intensity to a similar degree as observed for the assay with 250 µM sulfite. 

Sulfite  reduction  catalyzed  by  rDsrABL in  the  presence  of  the  DsrC  variant  CysBSer

proceeds  in  a  similar  manner  to  the  reaction  with  DsrC WT regardless  of  the  sulfite

concentration  (Figure  27A).  The  variant  however  only  has  only  one  cysteine,  which

simplifies MalPEG analysis of DsrC in the course of the reaction (Figure 27B). 
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Figure 27: Analysis of DsrC CysBSer over the course of the reaction with rDsrABL dependent on
the sulfite concentration. (A) Methyl viologen was used as artificial electron donor and its oxidation
was followed at 585 nm (ε585= 11.8 mM-1 cm-1). Both assays contained 25 µM DsrC CysBSer and either
250 µM sulfite and 8.4 µg rDsrABL (black curve) or 25 µM sulfite and 16.8 µg rDsrABL (gray curve).
Samples were taken at 0, 1, 3, 5, 10 and 15 min as indicated in (A). The samples were incubated at
30 °C for 15 min with 1 mM MalPEG and (B) loaded onto a non-reducing 12.5 % Tricine SDS gel. The
Color Prestained Protein Standard, Broad Range from NEB was used as protein standard.
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Before the 250 µM sulfite are added to the reaction mixture, CysA of  DsrC CysBSer is

accessible  for  MalPEG,  as  the  predominant  band  resembles  the  monomer  with  one

MalPEG bound. There are also two more faint bands resembling the dimer (28 kDa) and

the  monomer  without  MalPEG (14 kDa).  In  the  course  of  the  reaction  the  dimer  and

monomer with one MalPEG bands gradually lose intensity,  while the monomer without

MalPEG  bound  gains  intensity.  This  demonstrates  that  CysA  is  modified  during  the

reaction, insofar that it is no longer accessible for MalPEG. 

In the reaction with 25 µM sulfite the gel shift pattern is different, just as observed for the

reaction with DsrC WT. The dimer band gains intensity while the monomer band with one

MalPEG loses intensity.  The intensity of  the monomer band without MalPEG does not

substantially increase in the course of time. Taken together the analysis of DsrC WT and

DsrC CysBSer over  the course of  the  reaction  with  rDsrABL with  high  and low sulfite

concentrations, demonstrate that CysA is modified insofar that it is no longer accessible for

MalPEG, when the sulfite concentration is high. When the concentration is lower, CysA is in

parts still accessible for MalPEG and in parts a intermolecular disulfide bond between two

CysA residues leads to the generation of DsrC dimers. 

To  verify  whether  the  formation  of  dimers  after  the  reaction  with  rDsrABL and  a  low

concentration  of  sulfite  is  genuine  or  only  an  artifact  due  to  treatment  with  MalPEG,

samples of DsrC WT and DsrC CysBSer were taken after the reaction with rDsrABL and

250 µM sulfite  and 25 µM sulfite  respectively.  These were analyzed via  size exclusion

chromatography to distinguish their oligomerization status (Figure 28). 

Analysis of DsrC WT (Figure 28A) and DsrC CysBSer (Figure 28C) after the reaction with

rDsrABL and 250 µM sulfite  revealed that  both proteins elude from the column in two

peaks, the first with an elution volume of about 65 ml and the second at about 76 ml, which

correlate to a molecular weight of 35 kDa and 16 kDa respectively. For both proteins the

76 ml peak, representing the DsrC monomer is substantially higher than the dimer peak.

The elution profiles of DsrC WT (Figure 28B) and DsrC CysBSer (Figure 28D) after the

reaction with 25 µM sulfite also show these two peaks, however the size ratios are inverse.

Here the dimer peaks are distinctly higher than the monomer peaks. Taken together the

analysis via size exclusion chromatography revealed that the DsrC dimer formation after

the reaction with rDsrABL and 25 µM sulfite is authentic. 
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To elucidate what exactly happens to CysA of DsrC in the reaction with rDsrABL and sulfite,

DsrC was analyzed via MALDI-TOF mass spectrometry. A possible modification would be

the  persulfuration  of  CysA leading  to  an  additional  mass  of  32 Da.  Another  unknown

modification  is  expected,  as  CysA is  not  accessible  for  MalPEG  after  the  rDsrABL-

catalyzed  reaction  with  250 µM  sulfite  and  MalPEG  would  be  able  to  bind  to  a

persulfurated CysA. 

The MALDI-TOF mass spectrometric analysis of reduced DsrC WT (Figure 29A) and DsrC

CysBSer  (Figure  29D)  display  the  unmodified  proteins  with  14639 Da  and  14622 Da

respectively. However both spectra also contain at least two further smaller peaks with a

mass increase of 37-38 Da and 2 x 37-38 Da. This seems to be an unspecific modification
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Figure  28:  Elution  profile  of  DsrC  WT  and  DsrC  CysBSer  in  size  exclusion
chromatography after reaction with rDsrABL dependent on sulfite concentration. DsrC
WT was analyzed via size exclusion chromatography after reaction with rDsrABL an 250 µM
sulfite (A) and 25 µM sulfite (B) respectively. The DsrC variant CysBSer was also analyzed with
250 µM sulfite (C) and 25 µM sulfite (D). Prepacked HiLoad Superdex 75 prep grade was used
for size exclusion chromatography.
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of the DsrC proteins, which might be traced back to an accumulation of potassium ions,

which have a mass of  39 Da and were present  in  the reaction buffer.  This  unspecific

modification has to be taken into account, when interpreting the mass spectra of DsrC

proteins after the reaction with rDsrABL and sulfite. 
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Figure 29: DsrC modification analyzed via MALDI-TOF mass spectrometry. Reduced DsrC WT (A)
and DsrC CysBSer (D) were analyzed as a control. The DsrC proteins were analyzed after the rDsrABL
catalyzed reaction with 250 µM sulfite (DsrC WT – B; DsrC CysBSer – E) and with 25 µM sulfite (DsrC
WT – C; DsrC CysBSer – F). The theoretically calculated masses for His-tagged DsrC WT and DsrC
CysBSer are 14638.5 Da and 14622.4 Da respectively. 
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When 250 µM sulfite are added to the reaction, the mass spectra of DsrC WT (Figure 29B)

and of DsrC CysBSer (Figure 29E), differ from the mass spectra of the reduced proteins

(Figure 29A+D). The peak for unmodified DsrC is still  detectable in both cases and a

smaller peak with an additional mass of about 38 Da is also present. However the next

peak shows a mass increase of about 80 Da to the unmodified protein instead of 74-76 Da

(2 x 37-38 Da) as detectable for the reduced proteins. This peak is relatively higher than

the 74-76 Da peak in the controls. Moreover the DsrC proteins with the 80 Da modification

seem to be further modified in the same manner as the reduced DsrC proteins, as multiple

mass increases of 37-38 Da are also detectable in addition to the 80 Da modification. 

The mass spectrum of DsrC WT after the rDsrABL-catalyzed reaction with 25 µM sulfite

contains a peak for unmodified DsrC and in addition peaks with a mass increase of about

32 Da,  as expected for  persulfurated DsrC (Figure  29C).  Up to  three additional  sulfur

atoms bound to DsrC WT can be detected. For DsrC CysBSer an additional mass of 33 Da

can be detected after the reaction with 25 µM sulfite, which can also be traced back to the

persulfuration of  CysA (Figure 29F). However  a small  peak with  an additional  mass of

about 80 Da can also be detected here. 

Further  controls  without  rDsrABL were  executed  to  determine  whether  the  observed

effects are dependent on the rDsrABL-catalyzed reaction or if they are merely chemical

modifications (Figure 30). 

The controls with 250 µM sulfite and without rDsrABL (Figure 30A+C) display very similar

results  to  the  assays  with  250 µM sulfite  and with  rDsrABL  (Figure 29B+E).  Thus the

observed mass increase of 80 Da seems to be independent on the reaction with rDsrABL.

The  mass  spectra  of  DsrC  in  the  controls  with  25 µM  sulfite  and  without  rDsrABL

(Figure 30B+D) resemble those of the reduced DsrC proteins (Figure 29A+D). Accordingly

the observed persulfuration of CysA is dependent on the rDsrABL catalyzed reaction. DsrC

dimers were also detected in all MALDI-TOF mass spectra, however the resolution was

not high enough to detect considerable differences in mass. Taken together these results

indicate that CysA is persulfurated in the reaction with rDsrABL and sulfite. When the sulfite

concentration is low, dimer formation is favored and when the sulfite concentration is high,

a  modification  of  CysA,  which  is  independent  on  the  reaction  with  rDsrABL,  can  be

observed. This  modification  makes  CysA inaccessible  for  MalPEG  (Figure  26B,
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Figure 27B) and leads to a mass increase of 80 Da (Figure 29B+E, Figure 30A+C), which

can presumably be traced back to a sulfonate group (-SO3
-) bound to CysA of DsrC. There

are no indications from MalPEG gel shift analysis nor from mass spectrometry that DsrC

from  A. vinosum  forms a intramolecular trisulfide between CysA and CysB as has been

demonstrated for DsrC from A. fulgidus (Santos et al., 2015). 

4.3.4 Activity of rDsrABL in Sulfur Oxidation

The  reverse  dissimilatory  sulfite  reductase  rDsrAB  from  A. vinosum  is  known  to  be

essential for the oxidation of stored sulfur to sulfite in the cytoplasm (Pott and Dahl, 1998;

Dahl et al., 2005). A so far unknown carrier molecule transfers sulfur from the periplasmic

sulfur deposits into the cytoplasm, where the zero-valent sulfur passes as a persulfide
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Figure  30:  DsrC controls without  rDsrABL analyzed via MALDI-TOF mass spectrometry.  The
DsrC proteins were analyzed after the incubation with 250 µM sulfite (DsrC WT – A; DsrC CysBSer – C)
and with 25 µM sulfite (DsrC WT – B; DsrC CysBSer – D). The theoretically calculated masses for His-
tagged DsrC WT and DsrC CysBSer are 14638.5 Da and 14622.4 Da respectively. 
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between multiple proteins and finally to the active site of rDsrAB, where it is oxidized to

sulfite. It is most probable that DsrC stands at the end of this extensive cascade of protein

persulfides (Stockdreher et al., 2012) and not only functions as a (co-)substrate in sulfite

reduction by DsrAB (Santos et al., 2015), but also as a substrate, in form of sulfur-bound

DsrC, in sulfur oxidation by rDsrAB. The here proven interaction of DsrC and rDsrABL from

A. vinosum (4.3.3) also strongly encourages this hypothesis. 

4.3.4.1 Possible Substrates for Sulfur Oxidation by rDsrABL

The penultimate residue of the flexible carboxyl-terminal arm of DsrC CysA is essential for

the interaction of DsrAB and DsrC in sulfite reduction and also plays a substantial role in

the  sulfur  trafficking  system  of  sulfur  oxidizers,  as  sulfane  sulfur  is  transferred  from

DsrEFH onto  CysA of  DsrC (Stockdreher  et  al., 2012).  Potentially,  persulfurated  DsrC

(DsrC-CysA-S-),  as  final  product  of  the  cytoplasmic  sulfur  relay system,  serves as  the

substrate for rDsrAB in sulfur oxidation. Another candidate for the potential substrate is a

DsrC trisulfide, in which a sulfur atom is bridging CysA and CysB of the carboxyl-terminal

arm, as this is the released product of sulfite reduction in the sulfate reducer  A. fulgidus

(Santos  et al., 2015). In this chapter potential substrates for sulfur oxidation by rDsrABL

are to be generated.

DsrC can be persulfurated chemically by incubation with  NaHS and the persulfuration

occurs at CysA (Stockdreher et al., 2012). In one approach DsrC WT was incubated with

NaHS and in another it was added to the rDsrABL-catalyzed reaction with 25 µM sulfite

and thereafter the proteins were analyzed by MalPEG gel shift assay (Figure 31). 

The  DsrC proteins  were  first  treated  with  MalPEG to  determine  their  accessibility  for

MalPEG and then reduced with DTT. The reductant is able to reduce perthiols, however

not  fully  able  to  reduce  the  covalent  bond  between  MalPEG  and  the  thiol  group  of

cysteine.  Therefor  samples  were  taken  before  and  after  the  treatment  with  DTT.

Consequently,  one can distinguish  between MalPEG bound to  a  thiol  of  cysteine  and

MalPEG bound to a perthiol of cysteine.

The analysis of reduced DsrC WT serves as a control and displayes that MalPEG binds to

both cysteines (Figure 31). After reduction with DTT, the intensity of the monomer with two

MalPEG band slightly decreases and the bands monomer with one MalPEG and monomer

without MalPEG slightly gain intensity. This demonstrates that the reductant DTT, in the
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applied concentration and incubation time, does not lead to a full  reduction of the thiol

MalPEG bond, but does slightly alter the gel pattern.

After the incubation with NaHS, the results of the MalPEG assay are quite different. The

predominant band resembles the DsrC dimer with two MalPEG, but there are also bands

resembing  the  monomer  with  two,  one  and  no  MalPEG  bound.  Reduction  with  DTT

strongly alters the gel pattern. The main band is the monomer without MalPEG and a

smaller portion of DsrC is present as monomer with one MalPEG. Accordingly MalPEG

was mainly bound to  perthiols.  The DsrC protein  after  the reaction with  rDsrABL and

25 µM sulfite displays a very similar gel shift pattern, also indicating that MalPEG is mainly

bound to perthiols. 

Taken together these two methods led to the generation of a DsrC persulfide. However, it

was not possible to produce an A. vinosum DsrC trisulfide. 
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Figure 31: Analysis of potential DsrC substrates for sulfur oxidation by rDsrABL.
DsrC WT was analyzed via MalPEG gel shift assay as a control. Reduced DsrC WT was
treated with 2 mM NaHS for 1 h at 30 °C and analyzed via MalPEG assay (NaHS). Also
analyzed was the DsrC WT product of rDsrABL-catalyzed sulfite reduction with 25 µM
sulfite. The DsrC WT proteins were treated with 1 mM MalPEG for 15 min at 30 °C (+MP)
and then treated with 5 mM DTT for 30 min at 30 °C (+DTT). A sample was taken after
treatment with MalPEG (first lane) and another after further treatment with DTT (second
lane). The samples were loaded onto a non-reducing 12.5 % Tricine SDS gel. The Color
Prestained Protein Standard, Broad Range from NEB was used as protein standard.



4 Results

4.3.4.2 Possible Electron Acceptors for Sulfur Oxidation by rDsrABL

Cytoplasmic oxidation of stored sulfur is known to be catalyzed by rDsrAB in A. vinosum

Pott 1998 #77}(Dahl  et al., 2005) with DsrC-bound sulfur as its potential substrate. It is

however unclear, where the electrons of this oxidation flow to. As a tight interaction of and

electron flow between rDsrAB and the NADH:oxidoreductase DsrL could be demonstrated

in this work, it is probable that electrons of sulfur oxidation are transferred from rDsrAB

onto DsrL. The NADH:oxidoreductase could use these electrons to reduce NAD+ to NADH.

However assays with persulfurated DsrC, rDsrABL and NAD+ demonstrated no reduction

of NAD+. As the redox potential of NADH/NAD+ (E0 = -320 mV) is quite low, the oxidation of

persulfurated DsrC might not be sufficient to reduce NAD+ in vitro. Thus artificial electron

acceptors were tested to elucidate if the oxidation of the selected substrate is generally

possible. DsrL can transfer electrons from NADH to MTT (4.3.2.1 NADH:Oxidoreductase

Activity  of  DsrL  from  rDsrABL)  and  MTT  accordingly  has  a  higher  redox  potential

(E0 = -110 mV)  than  NADH/NAD+.  Further  electron  acceptors  with  a  very  high  redox

potential  were  chosen,  namely  ferricyanide  (E0 = +360 mV)  and  dichloroindophenol

(E0 = +220 mV).  However  no  activity  could  be  measured  with  chemically  persulfurated

DsrC,  nor  with  the  DsrC  product  of  the  reaction  with  rDsrABL  and  a  low  sulfite

concentration.
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5 Discussion
The  microbial  processes  of  sulfur  dissimilation  belong  to  the  most  ancient  metabolic

pathways of life,  they have strongly contributed to the evolution of the biogeochemical

sulfur cycle and still shape it today (Canfield, 1999; Fike et al., 2015). Sulfite reductases

are  key  enzymes  in  the  biogeochemical  sulfur  cycle,  as  they  occur  in  pathways  of

dissimilatory sulfur metabolism and also play a central role in the assimilation of sulfate

(Dhillon et al., 2005). In this study the reverse-acting dissimilatory sulfite reductase rDsrAB

from the sulfur oxidizer  A. vinosum  was shown to interact with DsrL to form the sulfite-

generating rDsrABL complex and to interact with the substrate-binding protein DsrC. The

rDsrABL complex was characterized both structurally and biochemically.

5.1 Comparison of rDsrABL of Allochromatium vinosum to Further 
Sulfite and Nitrite Reductases

The reverse-acting dissimilatory sulfite reductase of A. vinosum was first purified over forty

years  ago  and  shown  to  reduce  sulfite  and  to  contain  a  heme-like  prosthetic  group

(Schedel et al., 1979). A few years before this heme-like prosthetic group was discovered

in the assimilatory NADPH-sulfite  reductase purified from  E. coli  and termed siroheme

(Murphy et al., 1973; Murphy and Siegel, 1973). With the newly gained insights from this

study rDsrABL will be compared to other siroheme-containing reductases with regard to

production, structure, phylogeny and activity. 

Importance  of  the  Siroheme-[4Fe4S]  Cofactor  for  Sulfite  and  Nitrite  Reductase

Production 

Sirohemes are iron-tetrahydroporphyrins with  eight carboxylate side chains and enable

multi-electron reductions, in which as many as six electrons are transferred to an enzyme-

bound substrate  before the  product  is  released (Murphy  et  al., 1974).  In  all  enzymes

containing siroheme as prosthetic group, it is directly linked to a [4Fe4S] cluster, which

presumably shuttles electrons onto the acceptor substrate (Crane and Getzoff, 1996). As

such, they can be found in assimilatory sulfite and nitrite reductases (aSir and aNir), where

they enable the catalysis of the six electron reductions from sulfite to sulfide and nitrite to

ammonium respectively. Siroheme is also present in the cytoplasmic dissimilatory nitrite
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reductases of E. coli and Klebsiella pneumoniae (Mohan and Cole, 2007), in dissimilatory

sulfite  reductases  (dSir)  of  sulfate  reducers  and  in  reverse-acting  dissimilatory  sulfite

reductases of sulfur oxidizers (Crane and Getzoff, 1996). 

In the biosynthesis of siroheme uroporphyrinogen III is an important precursor molecule

and it is also an intermediate in the biosynthesis of heme, chlorophyll and vitamin B12

(Stroupe  et  al., 2003).  In  several  bacteria,  like  E. coli  and  Salmonella  enterica,  the

homodimeric enzyme CysG catalyzes siroheme synthesis (Spencer et al., 1993; Stroupe

et al., 2003). CysG contains two structurally independent modules, enabling it to catalyze

the four reactions, which transform uroporphyrinogen III  into siroheme und making it  a

multifunctional enzyme (Warren  et al., 1994). The first module is a bismethyltransferase

and catalyzes two SAM-dependent methylations at C2 and C7 of the macrocyclic ring

(Warren  et  al., 1990),  while  the  second  is  a  dual-function  dehydrogenase-chelatase

catalyzing  NAD+-dependent  dehydrogenation  to  generate  sirohydrochlorin  and  iron

chelation to finally form siroheme (Warren  et al., 1994).  The  E. coli  assimilatory sulfite

reductase is encoded by cysJ and cysI, which are part of the cysteine regulon. As such

their transcription is enhanced in the presence of the cysteine precorsor N-acethyl-L-serine

(Ostrowski and Kredich, 1989). Although its name suggests it, CysG is not encoded in the

cysteine regulon, but in the nitrate regulon, meaning it is expressed constitutively at low

levels and overexpressed in response to nitrate or nitrite (Peakman  et al., 1990).  The

overexpression  of  recombinant  E. coli  NADPH-sulfite  reductase  revealed  that  the

coexpression of siroheme synthetase CysG was necessary to overcome limitations of the

siroheme cofactor (Wu et al., 1991). The assembly of the structurally complex holoenzyme

even seems to depend on the presence of cellular siroheme (Askenasy  et al., 2015). It

consists of two subunits, a flavin-binding flavoprotein and an iron-containing hemoprotein,

which  assemble  to  form  α8β4 holoenzyme (Siegel  and Davis,  1974).  When expressed

alone the flavoprotein is octameric and the hemoprotein is monomeric (Zeghouf  et al.,

1998; Wu  et al., 1991). The N-terminus of the hemoprotein is required for the complex

formation  with  the  octameric  flavoprotein  subunits  (Askenasy  et  al., 2015).  When the

hemoprotein  does not  bind the siroheme nor  the [4Fe4S] cluster,  it  builds an inactive

tetrameric form, which is proposed to be assembly deficient (Askenasy et al., 2015). This

would ensure that inactive holoenzymes are not formed, when the siroheme synthetase

CysG  is  limited  due  to  the  differential  transcriptional  regulation  of  the  aSir  and  the
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siroheme cofactor. Taken together the assembly of the holoenzyme is dependent on the

full cofactor load of the hemoprotein and its interaction with the flavoprotein. 

In the attempt to heterologously produce rDsrAB from  A. vinosum in  E. coli, it was also

coexpressed with the siroheme synthetase CysG and additionally with the siroamidase

DsrN (Figure  7),  as  the  cofactor  of  rDsrAB was  identified  as  siroamide,  an  amidated

siroheme (Lübbe et al., 2006). The two subunits rDsrA and rDsrB were to be expressed in

two approaches, in one an N-terminal Strep-tag was fused to rDsrA and in the other a C-

terminal Strep-tag was attached to rDsrB (Figure 5). However, in a Western Blot against

the Strep-tag, it  could neither be detected in the cell  debris nor in the soluble fraction

(Figure 7). The protein bands running between 35 and 55 kDa in the SDS-PAGE of the

rDsrAB  production  could  represent  rDsrA (47 kDa)  and  rDsrB  (40 kDa),  but  it  seems

improbable that both the N-terminal Strep-tag of rDsrA and the C-terminal Strep-tag of

rDsrB would be inaccessible for an antibody against the Strep-tag. More likely, the proteins

were not expressed correctly and degraded, so that the Strep-tags were not detectable.

One reason for the unsuccessful overexpression of rDsrAB could be the absence of the

iron-sulfur flavoprotein DsrL in the production. DsrL was shown to interact with rDsrAB

both structurally and functionally in an rDsrABL complex (Figure 11,  Figure 16) and may

also  contribute  to  its  assembly  in  analogy  to  the  flavoprotein  in  the  aSir  of  E. coli

(Askenasy  et  al., 2015).  This  hypothesis  is  challenged  by  the  fact  that  many sulfate

reducers,  which encode for the homologous DsrAB complex,  do not  encode for  DsrL,

indicating  that  the  flavoprotein  is  not  the  universal  protein  essential  for  assembly  of

(r)DsrAB. Other dsr gene products however are worth considering and will be discussed,

inter alia, in the following chapter. 

Structure and Phylogeny of Siroheme-Containing Reductases

Among the  siroheme-containing  reductases,  which  all  contain  at  least  one  conserved

binding motif for their prosthetic group siroheme-[4Fe4S] (C-X5-C-Xn-C-X3-C) (Ostrowski et

al., 1989),  various  structures  can  be  found.  The  assimilatory  sulfite  reductase  of

D. vulgaris is monomeric and of low molecular weight (24 kDa), while the well investigated

NADPH-dependent aSir of  E. coli  consists of a flavo- and a hemoprotein, which form an

α8β4 holoenzyme  (Figure  32)  (Crane  and  Getzoff,  1996;  Dhillon  et  al., 2005).  The

assimilatory  ferredoxin-dependent  sulfite  and  nitrite  reductases  of  organisms  able  of
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oxygenic  photosynthesis,  like  plants,  algae and cyanobacteria,  are  soluble  monomeric

enzymes with a molecular mass of 60 – 66 kDa and only one siroheme-[4Fe4S] binding

site  (Figure  32)  (Hase  et  al., 2006).  The most  common dissimilatory sulfite  reductase

DsrAB consists of two structurally related subunits building an α2β2 formation (Fauque et

al., 1990; Dahl  et al., 1993), while the dissimilatory sulfite reductase of e.g.  Salmonella

ArsABC consists of a ferredoxin protein (AsrA), a flavoprotein (AsrB) and a hemoprotein

(AsrC) (Figure 32) (Huang and Barrett, 1991).

Sulfite  reductase  hemoproteins  and  nitrite  reductases  are  homologous  proteins  and

presumably have evolved from a common ancestral  peptide,  as amino acid sequence

identities  between  these  proteins  indicate  (Ostrowski  et  al., 1989).  Concerning  the

evolution of sulfite reductases, it  has been proposed that the last common ancestor of

assimilatory and dissimilatory sulfite reductases is a monomeric sulfite reductase bearing

one siroheme-[4Fe4S] binding motif and is of similar structure as the assimilatory type low

molecular sulfite reductase from D. vulgaris (Dhillon et al., 2005). Sequence and structure

of the  E. coli  assimilatory sulfite reductase hemoprotein indicate that it emerged from a

duplication event of the ancestral sulfite reductase gene. The resulting gene product forms

a pseudodimer with only one functional siroheme-[4Fe4S] binding site, while the second is

degenerated (Crane et al., 1995; Dhillon et al., 2005). The two structurally related subunits

of dissimilatory sulfite reductases, DsrA and DsrB, each have a siroheme-[4Fe4S] binding

site and additionally include a ferredoxin domain, which binds an additional [4Fe4S] cluster

(Dahl  et al., 1993). The hemoprotein AsrC of the dissimilatory sulfite reductase AsrABC

also  contains  a  ferredoxin  domain  in  addition  to  its  siroheme-[4Fe4S]  binding  motif.

Presumably a ferredoxin gene was inserted into  the gene of  the ancestral  monomeric

sulfite reductase and the duplication of this ancestral gene led to the formation of the two

structurally related subunits DsrA and DsrB (Dahl  et al., 1993), while AsrC is a modern

example of a monomeric dissimilatory sulfite reductase with a ferredoxin domain (Dhillon

et al., 2005). Taken together the model of sulfite reductase evolution includes at least two

independent duplication events,  one before and one after the insertion of a ferredoxin

gene into the ancestral  sulfite reductase gene, leading to the modern assimilatory and

dissimilatory sulfite reductases respectively (Dhillon et al., 2005).
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Several recombinant assimilatory sulfite and nitrite reductases from bacteria and plants

can be produced successfully in  E. coli. The complex NADPH-dependent aSir of  E. coli

can be produced heterologously, as it belongs to the production strains own proteins (Wu

et al., 1991). Most of the other recombinantly produced siroheme-containing reductases

are monomeric assimilatory sulfite or nitrite reductases (Nakayama et al., 2000; Schnell et

al., 2005;  Tripathy  et  al., 2007).  Furthermore  the  dissimilatory  sulfite  reductase  from

Salmonella ArsABC has been overexpressed in E. coli, which enabled the latter to reduce

sulfite to hydrogen sulfide (Huang and Barrett, 1991). The recombinant production of the

α2β2 holoenzyme DsrAB however seems to be more difficult. This is supported by the fact
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Figure  32:  Graphical  overview  of  protein  domains  involved  in  the
electron transport during sulfite reduction and sulfur oxidation. Modified
after Dhillon et al. (2005).
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that biochemically and structurally analyzed DsrAB complexes from the sulfate-reducers

Desulfovibrio  gigas, D. vulgaris and  A. fulgidus  were  all  obtained  from their  originated

organisms and not  produced heterologously  (Hsieh  et  al., 2010;  Oliveira  et  al., 2008;

Schiffer et al., 2008; Santos et al., 2015). The rDsrAB investigated in this study was also

purified from the sulfur oxidizer A. vinosum (4.2), as heterologous production in E. coli was

not successful (Figure 7). 

The  dsrAB  genes can be found in phylogenitically distinct bacteria and archaea uniting

them in the functional group of microorganisms with a dissimilatory sulfur metabolism (Loy

et al., 2008). Three different DsrAB protein families can be delineated: the bacterial DsrAB

of  microbes  capable  of  reducing  sulfate,  sulfite  and/or  organosulfonates,  the  bacterial

rDsrAB  of  sulfur  oxidizers  and  the  archaeal  DsrAB  from  sulfite  reducers  of  the

Pyrobaculum species  (Molitor  et  al., 1998).  Members  of  the  archaeal  genus

Archaeoglobus encode for bacterial DsrAB and have presumably acquired the genes in an

ancient lateral gene transfer (Loy  et al., 2008). However, the main evolutionary process

responsible for the distribution of dsrAB is vertical transmission, while lateral gene transfer

(LGT)  relatively  plays  a  minor  role  (Loy  et  al., 2008).  Therefore  the  aforementioned

duplication  of  an  ancestral  dsr gene  likely  occurred  prior  to  the  diversification  of  the

Archaea and Bacteria domains (Molitor et al., 1998). The ancestral DsrAB is postulated to

have  functioned  in  reductive  direction,  while  a  functional  split  of  the  bacterial  DsrAB

presumably led to the emergence of the reverse-acting DsrAB (Molitor et al., 1998; Loy et

al., 2008).

When considering (r)DsrAB, it is important to note that organisms encoding for this sulfite

reductase, also encode for a whole set of further Dsr proteins. DsrC and minimally DsrMK

of the DsrMKJOP complex belong to the core set of Dsr proteins, which are encoded in the

genomes of all  organisms encoding for (r)DsrAB (Grein  et al., 2013; Venceslau  et al.,

2014).  The  DsrMKJOP complex  of  A. vinosum  was  found  to  copurify  with  the  sulfite-

generating rDsrAB complex and the sulfur-binding protein DsrC (Dahl et al., 2005) and in

D. vulgaris the subunits of DsrAB are tightly bound to DsrC forming an  α2β2γ2 complex

(Oliveira  et  al., 2008).  These  findings  indicate  a  tight  functional  interaction  between

(r)DsrAB, DsrC and the DsrMKJOP complex. Possibly one or several of these obligatory

Dsr  proteins  also  play  a  role  in  (r)DsrAB  assembly  and  would  be  required  in  a

heterologous production of the dissimilatory sulfite reductase in  E. coli. Especially DsrC,
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which was shown to bind in a cleft between DsrA and DsrB close to the catalytic site of the

sulfite reductase in D. vulgaris (Oliveira et al., 2008) could potentially enable the assembly

of the two subunits. 

The iron-sulfur flavoprotein DsrL is, as mentioned above, most probably not required for

(r)DsrAB assembly, as it is not encoded in all organisms containing (r)dsrAB. Nonetheless

dsrL is included in the genome of all sulfur oxidizers encoding for rDsrAB, where its gene

product is absolutely essential for the oxidation of stored sulfur (Lübbe et al., 2006), and it

is also included in genomes of several sulfate and sulfite reducers (Anantharaman et al.,

2018).  In  this  study the  DsrL homodimer  was  shown to  form an  α2β2γ2 complex  with

rDsrAB  of  A. vinosum  and  to  functionally  interact  with  the  sulfite  reductase

(Figure 11, Figure 16) (Löffler et al., 2020). The finding that a dissimilatory sulfite reductase

interacts with a flavoprotein is quite plausible, as many siroheme-containing reductases

interact with flavoproteins (Figure 32) (Dhillon et al., 2005). A further common interaction

partner of  monomeric  assimilatory sulfite and nitrite  reductases are ferredoxin proteins

(Hase  et al., 2006). The hemoprotein AsrC of the  Salmonella dSir even interacts with a

flavoprotein and a ferredoxin protein to form the AsrABC holoenzyme (Huang and Barrett,

1991).  Interestingly DsrL is  not  only a  flavoprotein,  it  also has a C-terminal  ferredoxin

domain,  indicating  that  rDsrAB  interacts  with  a  flavoprotein  and  a  ferredoxin  just  like

shown for the DsrA and DsrB homologous hemoprotein AsrC (Figure 32).

Catalytic Properties of Siroheme-Containing Reductases

The  six  electron  reductions  of  sulfite  to  hydrogen  sulfide  and  nitrite  to  ammonia  are

catalyzed by sulfite and nitrite reductases, which both bind a siroheme-[4Fe4S] cofactor in

their active site (Murphy et al., 1974). Although siroheme-containing reductases occur in

various sizes and oligomeric states, they all share a characteristic cofactor binding site,

which  presumably  ensures  the  efficient  transfer  of  multiple  electrons  to  the  substrate

through the direct linkage of an [4Fe4S]-cluster to the siroheme (Crane and Getzoff, 1996).

It has been demonstrated for several sulfite and nitrite reductases, that they can use both

sulfite and nitrite as substrates, but with varying affinity and turnover rates (Crane and

Getzoff, 1996). For the  E. coli  sulfite reductase a  KM value of 4.3 µM for sulfite and an

almost 200-fold higher KM value (800 µM) for nitrite were determined, demonstrating that

sulfite  is  clearly  the  preferred  substrate.  However,  after  substrate  saturation  higher
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turnover rates were reached with nitrite (3100 NADPH/min/enzyme) compared to sulfite

(1850 NADPH/min/enzyme) (Siegel  et al., 1974). Comparison of catalytic data obtained

from further  assimilatory sulfite  and nitrite  reductases  demonstrates  that  both  enzyme

classes show a greater  Vmax with the substrate nitrite than with sulfite. Furthermore the

affinity towards sulfite is higher for sulfite reductases, while the affinity towards nitrite is

higher for nitrite reductases (Krueger and Siegel, 1982; Crane and Getzoff, 1996). 

The dissimilatory sulfite reductase of  A. fulgidus  can also reduce both sulfite and nitrite,

however  the  specific  activity  for  sulfite  reduction  is  substantially  higher  than for  nitrite

reduction (Parey  et al., 2010).  Interestingly sulfite reduction rate of DsrAB with methyl

viologen as artificial electron donor can be strongly increased, when DsrC is added to the

reaction (1278 ± 2 mU/mg with and 82 ± 2 mU/mg without DsrC), while the affinity towards

sulfite  is  not  affected (KM: 12 ± 3 µM with  and 11 ± 4 µM without  DsrC) (Santos  et  al.,

2015).  Results  obtained  in  this  study demonstrate  that  rDsrABL from  A. vinosum  has

similar catalytic properties, although its physiological activity is clearly distinct from that of

DsrAB from a sulfate reducer. Sulfite reduction rate is also higher in the presence of DsrC

(1728 ± 62 mU/mg) than without it  (140 mU/mg)  (Figure 13) and the  KM towards sulfite

(13.5 ± 2.1 µM)  (Figure 14) is in the same range as determined for DsrAB from A. fulgidus

(Santos et al., 2015). Consequently the interaction of (r)DsrAB with DsrC, a gene product

encoded in all organisms containing dsrAB (Venceslau et al., 2014), seems to be generally

valid.  The capability of  rDsrABL to reduce the alternate substrate nitrite  has not  been

tested, but in the light of the homology between A. vinosum rDsrAB and A. fulgidus DsrAB

(Hipp et al., 1997) and their similar catalytic properties with sulfite as substrate, rDsrABL is

most  probably  also  able  to  reduce  nitrite.  While  DsrAB  from  A. fulgidus  cannot  use

NAD(P)H as electron donor for sulfite reduction, it could be demonstrated in this study that

the rDsrABL complex from A. vinosum can receive electrons from NAD(P)H via the FAD-

containing DsrL and use them to reduce sulfite (Figure 16). While the KM towards sulfite

(15.9 ± 3.1 µM) is not altered, the specific activity in the presence of DsrC is substantially

lower  (254 ± 17.6 mU/mg)  when  NADH  is  used  as  electron  donor  instead  of  methyl

viologen (1728 ± 62 mU/mg) (Figure 17A, Figure 14B). The assimilatory sulfite reductase

from E. coli, which also consists of a siroheme-containing subunit and an FAD-containing

subunit,  likewise  shows  a  greater  activity  with  methyl  viologen  than  with  NADPH  as

electron  donor  (Siegel  et  al., 1974).  This  indicates  that  electron  transfer  between the
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flavoprotein and the hemoprotein can be limiting in the reduction of sulfite at the catalytic

site of the hemoprotein (Siegel  et al., 1982). The electrons from methyl viologen can be

directly transferred onto the siroheme of the aSir hemoprotein and of rDsrAB, while the

electrons from NAD(P)H have to be transferred via the FAD of the aSir flavoprotein and

DsrL onto the siroheme-containing subunit,  before they can be used to reduce sulfite.

Interestingly in  ferredoxin-dependent  sulfite  and nitrite  reductases the  electron transfer

from reduced ferredoxin to the siroheme-containing subunit does not seem to be limiting,

as their specific activity is higher with ferredoxin than with methyl  viologen as electron

donor (Krueger and Siegel, 1982). 

5.2 The Role of Iron-Sulfur Flavoprotein DsrL in the (r)Dsr Pathway

The iron-sulfur flavoprotein DsrL of A. vinosum is essential for the oxidation of stored sulfur

catalyzed by rDsrAB (Lübbe et al., 2006). It has been shown recently that dsrL is not only

present in the genome of sulfur oxidizers, but also in the dsr operons of some sulfate and

sulfite reducers (Anantharaman et al., 2018). Up to now it was unclear in which manner

DsrL contributes to the dissimilatory sulfur metabolism. In the present study its interaction

with rDsrAB from A. vinosum was demonstrated both structurally and functionally (4.2.2,

4.3.2.2). The impact these findings have on our understanding of the (r)Dsr pathway in

both sulfur oxidizers and sulfate reducers will be discussed in the following.

Structure and Function of DsrL as NAD(P)H:Oxidoreductase

DsrL  belongs  to  the  FAD  and  FeS  cluster-containing  pyridine  nucleotide:  disulfide

oxidoreductase  protein  family  along  with  proteins  such  as  glutathione  reductase  and

thioredoxin  reductase  (Dahl  et  al., 2005).  DsrL  contains  two  Rossmann-type  binding

domains, one binding FAD and the other binding NAD(P)+ (Figure 33) (Löffler et al., 2020).

A helical  domain at  the N-terminus binds two [4Fe4S] clusters,  while  a  ferredoxin-like

domain  at  the  C-terminus potentially  binds two  further  [4Fe4S]  clusters  (Löffler  et  al.,

2020).  The C-terminal  domain is connected to  the rest  of  the protein  through a linker

domain (Figure 33).

Although DsrL is a homolog of the small subunit of bacterial glutamate synthases (GltD)

and was thought to deliver glutamine needed by DsrN for siroheme amidation, it does not
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exhibit glutamate synthase activity (Lübbe et al., 2006). Recombinant DsrL does however

exhibit  NAD(P)H:oxidoreductase  activity  just  as  GltD,  which  transfers  electrons  from

NAD(P)H to an acceptor protein or protein domain (Vanoni and Curti, 1999; Löffler et al.,

2020). The purification of the rDsrABL complex from A. vinosum gave the opportunity to

compare the catalytic properties of DsrL from the rDsrABL complex and of recombinant

DsrL. 

NAD(P)H:oxidoreductase  activity  could  also  be  observed  for  DsrL  from  the  rDsrABL

complex of  A. vinosum, as the protein was able to transfer electrons from NADH to the

artificial  electron  acceptor  MTT and  to  reduce  NAD+ with  electrons  from the  artificial

electron donor methyl viologen (Figure 15). The specific activity was however about 9-fold

higher for NAD+ reduction in comparison to NADH oxidation (49.3 U/mg and 5.9 U/mg).

This  catalytical  preference  was  also  observed  for  recombinant  DsrL from  A. vinosum

(Wallerang  et al., 2020). The  KM values towards NADH for DsrL of the purified rDsrABL

complex  (78.5 ± 21.0 µM)  and  for  recombinant  DsrL (86.7 ± 17.0 µM)  are  in  the  same

range (Löffler  et  al., 2020).  These findings indicate that  neither  the interaction with  its

physiological partner rDsrAB nor the Strep-tag added to recombinant DsrL alter its catalytic

properties  substantially.  DsrL  from  A. vinosum  can  also  use  NADPH  as  a  substrate,

however at a physiological pH of 7, specific activity is considerably lower and the KM value
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Figure 33: Schematic overview of DsrL structure.
DsrL consists of an N-terminal FeS-domain (red), a
central FAD/substrate-binding domain (orange) and a
C-terminal  ferredoxin  domain  (light  blue),  which  is
connected  via  a  linker  domain  (white).  Prosthetic
groups are indicated as follows: FAD (yellow ellipse),
[4Fe4S]-clusters (red boxes). Modified after Löffler et
al. (2020).
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towards NADPH is much higher than when NADH is used as substrate (Löffler  et al.,

2020). Similar catalytic tendencies can be observed when NADP+ is used as a substrate

instead of NAD+ (Wallerang et al., 2020). On the whole the oxidation of NAD+ seems to be

the preferred reaction for DsrL from the sulfur oxidizer A. vinosum under in vivo conditions.

Interestingly this catalytical bias is also found in DsrL from sulfur oxidizers of the phylum

Chlorobi  such  as  Chlorobaculum tepidum but  cannot  be  confirmed  for  DsrL from the

thiosulfate reducer Desulfurella amilsii (Wallerang et al., 2020). DsrL from D. amilsii shows

no reactivity with  NAD+ or  NADH, but  only with  NADP+ and NADPH. An alignment  of

several DsrL sequences from organisms associated with reduction of sulfur compounds

and organisms associated with oxidation of sulfur compounds revealed that the reducers

have three highly conserved residues (Y-R-R) in  the Rossmann-type binding motif  for

NAD(P)+, while the residues are not conserved in the oxidizers (Wallerang  et al., 2020).

The  two  adjacent  arginines  are  also  conserved  in  another  member  of  the  disulfide

oxidoreductase superfamily, the DsrL homolog NfnB, where they were shown to bind the

phosphate of NADP+ via hydrogen bonds (Demmer et al., 2015). 

Taken together DsrL from oxidizers preferably reduces NAD+ while DsrL from reducers

preferably  reacts  with  NADP+/NADPH.  The  finding  of  conserved  residues  in  the

Rossmann-type binding motif of DsrL from reducers give a plausible explanation for the

different catalytical preferences of DsrL from oxidizers and reducers.  

DsrL and (r)DsrAB Work Together as NAD(P)H:Sulfite Oxidoreductase

The copurification of the reverse-acting dissimilatory sulfite reductase of  A. vinosum with

the NAD(P)H:oxidoreductase DsrL demonstrated their  structural  interaction  (Figure  10)

and was a first indication for a functional interaction. The interaction of a flavoprotein with

NAD(P)H:oxidoreductase  activity  and  a  siroheme-containing  sulfite  reductase  is  quite

common (Figure 32) (Dhillon  et al., 2005). In the assimilatory sulfite reductase of  E. coli

the flavoprotein subunits enable electron transfer from NADPH via bound FAD and FMN

cofactors  to  the  catalytically  active  siroheme of  hemoprotein  subunits  and  finally  onto

sulfite (Crane et al., 1997). A well characterized homolog of DsrL is NfnB, the large subunit

of the NADH-dependent reduced ferredoxin:NADP oxidoreductase NfnAB (Demmer et al.,

2015).  Electrons stemming from NADPH are transferred via  NfnB onto ferredoxin and

NfnA,  which  then  reduces  NAD+ (Figure  34A). In  the  present  study  it  could  be
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demonstrated that DsrL enables electron transfer from NAD(P)H onto a protein acceptor

just  as  was  shown  for  the  flavoprotein  of  aSir  and  for  NfnB  of  the  NfnAB  complex.

Electrons deriving from NAD(P)H were  transferred via  DsrL onto  rDsrAB and used to

reduce sulfite (Figure 16,  Figure 34B). DsrL alone could not catalyze NADH-dependent

reduction  of  sulfite,  proving  that  the  complete  rDsrABL  complex  is  needed  for

NAD(P)H:sulfite  oxidoreductase  activity.  As  mentioned  above  the  specific  activity  of

rDsrABL was substantially lower with NADH than with methyl viologen as electron donor

(Figure 17A, Figure 14B), which indicates that electron transfer from NADH via DsrL onto

rDsrAB might be a limiting factor in the reduction of sulfite. As the specific activity with

NADH was not increased when recombinant DsrL was added to the reaction (Figure 18),

DsrL concentration does not seem to be limiting. Furthermore the reaction was preformed

with aerobically purified, iron-sulfur reconstituted and with anaerobically purified rDsrABL

with similar results. This indicates that the load with prosthetic groups is not the limiting

factor either. As a higher specific activity with methyl viologen than with NADPH was also

observed for aSir of  E. coli, the limiting electron transfer from NAD(P)H via FAD of the

flavoprotein onto the siroheme of the hemoprotein could be a general phenomenon (Siegel

et al., 1982). 

At a physiological pH of 7 the specific activity of sulfite reduction catalyzed by rDsrABL

with NADH as electron donor was over 5-fold higher than with NADPH, which is consistent

with catalytical preferences observed for recombinant DsrL from sulfur oxidizers (Löffler et

al., 2020; Wallerang et al., 2020). Furthermore the specific activity of DsrL from A. vinosum

is  substantially higher for NAD+ reduction than for NADH oxidation (Figure 15).  Taken

together DsrL of sulfur oxidizers presumably functions as NAD+ reductase, transferring

electrons stemming from sulfite formation catalyzed by rDsrAB onto NAD+ (Figure 34C).

DsrL proteins from organisms associated with reduction of sulfur compounds presumably

interact with NADPH and not with NADH as could be shown for DsrL from the thiosulfate

reducer D. amilsii (Wallerang et al., 2020). This theory is supported by the fact that in the

NAD(P)+ binding motif  three residues (Y-R-R) are highly conserved in DsrL from reducers

and in NfnB, where they were shown to bind the phosphate of NADP+ (Demmer  et al.,

2015;  Wallerang  et  al., 2020).  Thus  in  reducers  DsrL  presumably  functions  as

physiological  electron  donor  for  sulfite  reduction  catalyzed  by  DsrAB,  by  transferring

electrons from NADPH to DsrAB and finally onto sulfite (Figure 34B). 
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These findings have a considerable impact on our understanding of the dissimilatory sulfur

metabolism of both oxidizers and reducers. For those organisms, which encode DsrL and

are associated with dissimilatory reduction of sulfur compounds, a very plausible candidate

for the long sought-for electron donor for DsrAB is found. The finding that DsrAB interacts

with  a  NAD(P)H:oxidoreductase  with  an  additional  ferredoxin  domain,  can  also  be

beneficial in the search for the unknown electron donor in reducers not encoding for DsrL,

as it might have similar properties as DsrL. For autotrophic sulfur oxidizers the postulated

direct  transfer  of  electrons  stemming  from  the  oxidation  of  stored  sulfur  into  the

nicotinamide  adenine  dinucleotide  pool  via  rDsrABL  (Figure  34C)  would  be  a  big

advantage,  as it  reduces the need for energy-consuming reverse electron flow for the

production of reducing equivalents needed for CO2 fixation (Löffler et al., 2020). When the

electron  donor  has  a  more  positive  redox  potential  than  NAD(P)+/NAD(P)H,

microorganisms have to use energy at the expense of the proton motive force to reduce

NAD(P)+. The reduction potential of the rDsrABL-catalyzed reaction (DsrCox-S + 3 H2O →

HSO3
- +  DsrCred +  3 H+ +  2 e-)  alone is  possibly too positive to  directly reduce NAD+.

Perhaps  an  additional  input  of  electrons  from  an  electron  donor  with  a  lower  redox
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Figure 34: Schematic overview of the reactions catalyzed by NfnAB (A), DsrABL (B) and
rDsrABL (C). The (r)DsrABL complex is depicted as heterotrimer and not as the heterohexamer
isolated from A. vinosum for better clarity and comparability to the NfnAB complex. Similarity of
NfnB and the major part of DsrL as well as that of ferredoxin (Fd) and the C-terminal domain of
DsrL is highlighted by identical colors (orange and light blue, respectively). Prosthetic groups are
indicated as follows:  FAD (yellow ellipse),  [4Fe4S]  clusters  (red boxes),  [2Fe2S]  cluster  (red
parallelogram), siroheme (green hexagon). Modified after Löffler et al., (2020).



5 Discussion

potential is needed, meaning that the dissimilatory sulfur oxidation would involve electron

bifurcation to reduce NAD+.

Potential Activity of DsrL as Bifurcating Subunit

As DsrL shows great homologies to NfnB, the bifurcating subunit of the NADH-dependent

reduced  ferredoxin:NADP oxidoreductase  NfnAB,  it  can  possibly  also  enable  electron

bifurcation. In the following the general  mechanism of electron bifurcation, the specific

process of flavin-based electron bifurcation in NfnAB and the potential activity of DsrL as

bifurcating subunit will be discussed. 

Next  to  the  two  well  characterized  mechanisms  of  biological  energy  conservation,

substrate-level  phosphorylation  and  electron  transport-linked  phosphorylation,  a  third

mechanism exists  named  electron  bifurcation  (Herrmann  et  al., 2008).  In  this  energy

conservation mechanism exergonic and endergonic redox reactions are simultaneously

coupled to bypass thermodynamic barriers for the endergonic reaction and to minimize

free energy loss for the exergonic reaction (Peters et al., 2016). In the cell an endergonic

reaction does not occur spontaneously, as it requires energy, while an exergonic reaction

releases  free  energy,  which  is  lost  unless  it  is  sustained  via  energy-conserving

mechanisms. Bifurcating enzymes directly couple either the reduction of a low and a high

potential electron acceptor to the oxidation of a donor with intermediate potential or the

oxidation of a low and a high potential electron donor to the reduction of an acceptor with

intermediate potential, the latter also being called electron confurcation (Figure 35). There

are two types or electron bifurcation, the quinone- and the flavin-based electron bifurcation

(QBEB/FBEB).  While  the  first  papers  on  FBEB  were  only  published  quite  recently

(Herrmann  et  al., 2008;  Li  et  al., 2008),  QBEB was already discovered 45 years ago

(Mitchell 1975). 

In the following the focus will  be laid on flavin-based electron bifurcation, in which the

bifurcating  enzyme  complex  contains  multiple  electron  transfer  centers  including  FeS

clusters and flavins, whereby a flavin is the site of bifurcation (Herrmann  et al., 2008).

While  FeS clusters  transfer  single  electrons  and pyridine  nucleotides are  two-electron

donors  or  acceptors,  flavin  cofactors  like  FAD  and  FMN  have  intermediate  redox

properties.  The flavoquinone is  the fully oxidized form (ox = 0),  which  can be partially

reduced with one electron to the flavosemiquinone (ox = -1) and the fully reduced form is
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called flavohydroquinone (ox = -2) (Buckel and Thauer, 2018). FBEB can only occur if the

flavosemiquinone is not stable, as then the reducing power of flavohydroquinone is lower

than that of the unstable flavosemiquinone (Nitschke and Russell, 2012). This means the

first electron stemming from flavohydroquinone is transferred to an acceptor with a higher

redox potential in an exergonic reaction, while the second electron is structurally prevented

from also following the exergonic path. The second electron stemming from the unstable

flavosemiquinone with strong reducing power can then be transferred to an acceptor of

lower redox potential (Nitschke and Russell, 2012). 

The  low  potential  electron  donor  or  acceptor  of  several  electron  bifurcations  and

confurcations respectively is ferredoxin (Li et al., 2008; Kaster et al., 2011; Demmer et al.,

2015;  Weghoff  et  al., 2015).  Ferredoxins  are  iron-sulfur  proteins,  which  function  as

electron carriers and link various biochemical pathways (Atkinson et al., 2016). They build

a structurally diverse group of proteins, which contain one or two iron-sulfur clusters as

redox active  cofactor.  Reduced ferredoxins  belong to  the  strongest  soluble  reductants

found in nature, as they have a typical midpoint potential of approximately -420 mV (Knaff,

1996).  In  archaea,  bacteria and eukaryotes ferredoxins interact  with  a vast  number of

proteins and are involved in various metabolic pathways such as carbon fixation, nitrate

and sulfate assimilation, photosynthesis and energy conservation (Atkinson et al., 2016).

The interaction partners of ferredoxins in energy conservation pathways are bifurcating
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Figure  35:  Electron  transfer  in  bifurcating  enzymes. Left:  Electron
bifurcation  in  which  a  two-electron  donor  (D)  of  intermediate  reduction
potential simultaneously provides electrons to electron acceptors with more
negative (A1) and more positive (A2) potentials. Right: Electron confurcation
in  which  a  two-electron  acceptor  (A)  of  intermediate  reduction  potential
simultaneously accepts electrons from electron donors with more negative
(D1) and more positive (D2) potentials. (Peters et al., 2016)
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enzymes, such as the NADH-dependent reduced ferredoxin:NADP oxidoreductase NfnAB

(Demmer et al., 2015).

NfnAB catalyzes a reversible electron bifurcation, in which four electrons from two NADPH

molecules are used to reduce two ferredoxins and NAD+ (Figure 34A) (Demmer  et al.,

2015). Thereby NfnB binds NADPH, reduces ferredoxin and transfers electrons to NfnA,

which reduces NAD+. Thus NfnB is the bifurcating subunit of the NfnAB complex and binds

the  bifurcating  FAD,  while  the  FAD  of  NfnA transfers  two  electrons  onto  NAD+.  The

homologous proteins DsrL and NfnB have several structural elements in common: an N-

terminal FeS cluster binding domain and two Rossmann-type nucelotide-binding domains

of which one binds FAD and the other NAD(P)+ (Figure 34) (Löffler et al., 2020). However,

DsrL has a C-terminal extension consisting of a linker domain and a ferredoxin-like domain

(Figure 33), which NfnB lacks. The sequence identifies of DsrL and NfnB especially in the

central FAD/NAD(P)H binding domain suggest that DsrL could also enable flavin-based

electron bifurcation. 

In the present study it could be demonstrated that DsrL can interact with ferredoxin from

Clostridium tetanomorphum,  as  electrons  stemming  from reduced  ferredoxin  could  be

transferred via DsrL of the rDsrABL complex onto NAD+ (Figure 19). However assays with

NAD(P)H as the electron donor of intermediate reduction potential for the simultaneous

reduction  of  ferredoxin  and  sulfite/DsrC  were  unsuccessful  (Figure  20).  Oxidized

ferredoxin could not be reduced by rDsrABL and the reduction of sulfite in the presence of

DsrC did not proceed faster in the presence of oxidized ferredoxin. Thus electron transfer

between ferredoxin and DsrL could be detected, but the results give no indication for an

electron bifurcation, in which electrons stemming from NAD(P)H can be used to reduce

sulfite and DsrC in the exergonic reaction and ferredoxin in the endergonic reaction. 

Clostridial ferredoxin and alvin-like ferredoxin, as it occurs in  A. vinosum, both bind two

[4Fe4S] clusters,  nevertheless they show structural  differences (Atkinson  et  al., 2016).

Consequently  it  is  possible  that  ferredoxin  from  C. tetanomorphum  is  not  an  ideal

interaction partner for DsrL from A. vinosum, which is supported by the fact that electron

transfer  detected  in  Figure  19 occurs  at  a  very  slow rate.  Thus  the  exiting  question

whether DsrL enables electron bifurcation in the dissimilatory sulfur metabolism will have

to be investigated in further studies. 
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For  sulfate  reducers  the  involvement  of  electron  bifurcation  in  dissimilatory  sulfur

metabolism  would  mean  that  two  electrons  stemming  from  NADPH  could  be

simultaneously used to  reduce sulfite  in  the presence of  DsrC and to  reduce the low

potential  ferredoxin.  Reduced  ferredoxins  with  their  strong  reducing  power  have  an

important role in the cell,  as they drive electrochemical H+ and Na+ pumps and enable

difficult reductions (Buckel and Thauer, 2013). In sulfur oxidizers the oxidation of reduced

ferredoxin  could  enable  the  electron  transfer  from DsrC-bound  sulfur  onto  NAD+ and

therefore link the dissimilatory sulfur metabolism to the production of reducing equivalents

needed for the fixation of CO2. 

5.3 DsrC Plays a Central Role in (r)Dsr Metabolism

DsrC belongs to the core set of proteins encoded in organisms which contain dsrAB (Grein

et al., 2013; Venceslau  et al., 2014).  The small protein (12-14 kDa) binds no prosthetic

groups and is characterized by a highly conserved C-terminal arm containing two strictly

conserved cysteine residues (Cort  et al., 2001; Cort  et al., 2008; Oliveira  et al., 2008).

DsrC was shown to tightly interact with DsrAB from sulfate reducers both structurally and

functionally (Oliveira  et al., 2008; Santos  et al., 2015). In the present study a functional

interaction between the sulfite-generating rDsrABL complex from  A. vinosum  and DsrC

has been demonstrated for the first time. In the following characteristics of DsrC and the

key role it  plays in both reductive and oxidative dissimilatory sulfur metabolism will  be

outlined. 

Structure and Distribution of DsrC and DsrC-like Proteins

DsrC structures from both sulfate reducers and sulfur oxidizers reveal its globular form

with a protruding C-terminal arm (Cort et al., 2001; Mander et al., 2005; Cort et al., 2008).

The main part of the globular protein is made up of five α-helices, whereby the flexible C-

terminal arm is attached to helix α5. Between helices α3 and α4 a helix-turn-helix(HTH)-

like structural motif can be found (Cort  et al., 2001; Cort  et al., 2008). HTH domains are

common  DNA-binding  motifs  in  transcriptional  regulator  proteins,  as  they  mediate

interaction between proteins and nucleic acids, but they are also associated with protein-

protein interactions (Aravind  et al., 2005). The HTH motif in DsrC could allow the small

protein to regulate transcription of the dsr operon, which is supported by the fact that DsrC
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binds to the putative dsr promotor region upstream of the dsrA gene in A. vinosum (Grimm

et al., 2010). Alternatively or additionally the HTH motif  could enable the interaction of

DsrC with its large number of physiological interaction partners like the DsrEFH complex

(Stockdreher  et  al., 2012),  DsrK  of  the  DsrMKJOP complex  (Grein  et  al., 2010)  and

(r)DsrAB (Oliveira et al., 2008; Santos et al., 2015) (4.3.3). 

An essential part of DsrC is its flexible C-terminal arm, which harbors two highly conserved

cysteine residues (Cort et al., 2001; Cort et al., 2008; Oliveira et al., 2008). One cysteine is

the  penultimate  residue  at  the  C-terminus  (CysA)  and  the  other  lays  eleven  residues

upstream (CysB). CysA was shown to be absolutely essential for the functional interaction

of DsrC with DsrAB from sulfate reducer A. fulgidus (Santos et al., 2015) and with rDsrABL

from sulfur oxidizer A. vinosum (Figure 24).  The product of sulfite reduction catalyzed by

DsrAB from A. fulgidus in the presence of DsrC is a trisulfide in which the reduced sulfur

atom is bridged between CysA and CysB of DsrC.

Along with several other DsrC-like proteins, which are partly also present in organisms not

associated  with  dissimilatory sulfur  metabolism,  DsrC belongs to  the  DsrC/TusE/RpsA

superfamily (Venceslau et al., 2014). The proteins of this family can be divided into three

groups.  DsrC  proteins  have  two  conserved  cysteines  at  the  C-terminus  (CysBX10CysA

motif),  TusE  proteins  only  have  one  conserved  cysteine  namely  CysA and  DsrC-like

proteins lacking CysA or  lacking both cysteines are termed as regulatory sulfur-related

proteins (RspA). The RspA proteins could be involved in gene regulation, as they also

harbor the HTH motif possibly enabling DNA-protein interaction (Venceslau et al., 2014).

TusE of E. coli is part of a sulfur relay system for the thiouridylation of tRNAs together with

the sulfur transferases TusA and TusBCD (Ikeuchi  et al., 2006). After receiving activated

sulfur from the cysteine desulfurase IscS, TusA transfers sulfane sulfur onto TusD of the

TusBCD complex. From TusD sulfur is transferred onto CysA of the DsrC homolog TusE,

which then interacts with thiouridylase MnmA for 2-thiouridine formation. For its activity as

sulfur transferase TusE obviously only requires CysA and not CysB. 

Interestingly  DsrC  of  sulfur  oxidizers  interacts  with  a  protein  complex  homologous  to

TusBCD, the DsrEFH complex (Stockdreher  et al., 2012). DsrEFH also receives sulfane

sulfur from a TusA protein and transfers it further onto DsrC (Stockdreher  et al., 2014).

Furthermore DsrC from sulfur oxidizers, which encode for DsrEFH, and TusE proteins from
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organisms, which encode for TusBCD, share a seven-residue insertion in the HTH-motif,

which  DsrC proteins  from sulfate  reducers  lack  (Cort  et  al., 2008).  Consequently  this

region could be essential for the protein-protein interaction of DsrC with DsrEFH and of

TusE with TusBCD. 

Not only the two characteristic cysteines, but also several further residues are conserved

in the flexible arm of DsrC proteins (Venceslau et al., 2014). Despite the high similarity of

their C-terminal arms DsrC from sulfate reducer  D. vulgaris  cannot takeover the role of

DsrC  from  A. vinosum  in  sulfite  reduction  catalyzed  by  rDsrABL  from  A. vinosum

(Figure 25B). This could also be due to the above-mentioned differences in the HTH-like

motif, where DsrC from A. vinosum has a seven residue insertion in comparison to DsrC

from D. vulgaris (Figure 25A) (Cort et al., 2008; Venceslau et al., 2014). 

Role of DsrC in Reductive and Oxidative Dissimilatory Sulfur Metabolism

DsrC was first found to be tightly associated with DsrAB from D. vulgaris almost 30 years

ago, as the small protein was copurified with and did not dissociate from the two subunits

DsrA and DsrB (Pierik et al., 1992). The crystal structure of the α2β2γ2 complex revealed

that the flexible C-terminal arm of DsrC is located in a cleft between DsrA and DsrB, so

that CysA is in proximity of the catalytic site, where sulfite binds to the siroheme-[4Fe4S]

cofactor (Oliveira  et al., 2008). The association of DsrC with (r)DsrAB from other sulfate

reducers like  A. fulgidus or from sulfur oxidizers like  A. vinosum does not seem to be as

strong,  as  (r)DsrAB  can  be  purified  without  DsrC  (Schiffer  et  al., 2008)(Figure  10).

However, DsrC from both above-mentioned organisms was shown to functionally interact

with (r)DsrAB (Santos et al., 2015) (4.3.3) and the site of interaction is with high probability

the same as detected for DsrC from D. vulgaris (Oliveira et al., 2008). 

Both DsrC and its homolog TusE are characterized by a conserved CysA residue, but DsrC

has an additional conserved cysteine eleven residues upstream (CysB), which TusE lacks

(Venceslau et al., 2014). Its function in DsrC from sulfate reducers was revealed, when the

product of sulfite reduction catalyzed by DsrAB was shown to be a DsrC trisulfide with a

sulfur atom bound to CysA and CysB and when the proposed reaction mechanism was

unraveled (Figure 3)(Santos et al., 2015). At the catalytic site sulfite is partially reduced by

two electrons stemming from DsrAB, the resulting SII intermediate then reacts with CysA of

DsrC to a sulfenic acid (CysA-S-OH). Rearrangement of the C-terminal arm brings the two
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cysteines in proximity of each other and CysB reduces the SI intermediate to an S0 product,

in which the zero-valent sulfur is bridged between CysA and CysB. Thereafter the DsrC

trisulfide is proposed to be reduced at the DsrMKJOP complex to sulfide and reduced

DsrC (Santos  et al., 2015). Thereby DsrK is presumably the subunit at which the DsrC

trisulfide is reduced, as it is homologous to HdrD, the catalytic subunit of the membrane-

bound HdrDE complex of methanogens, which catalyzes heterodisulfide reduction (Heiden

et al., 1994). In analogy to the substrate of the reaction taking place in methanogens, DsrC

has already been designated as the “bacterial heterodisulfide” (Venceslau et al., 2014). 

DsrC-bound sulfur is the proposed substrate for rDsrAB from sulfur oxidizers and in the

present study a functional interaction between these proteins from  A. vinosum  could be

demonstrated (4.3.3). Furthermore DsrC from A. vinosum was shown to interact with DsrK

of the DsrMKJOP complex and with DsrE of the DsrEFH complex (Grein  et al., 2010;

Stockdreher  et  al., 2012).  In  the  present  study the  functional  interaction  of  DsrC and

rDsrABL from A. vinosum was investigated in detail. The sulfite reduction rate of rDsrABL

is increased when reduced DsrC is added to the reaction resulting in an initial fast phase

of the reaction, which later decreases to a slow phase (Figure 21). The length of this fast

phase is dependent on the amount of DsrC added to the reaction, demonstrating that DsrC

is consumed in the course of the reaction. This is consistent with data gained from similar

reactions with DsrC and DsrAB from sulfate reducer A. fulgidus (Santos et al., 2015). 

Reactions with  NADH as electron  donor  for  rDsrABL-catalyzed sulfite  reduction in  the

presence of DsrC showed that approximately one molecule NADH is oxidized donating

two electrons, when one molecule DsrC is consumed (Figure 21). This is also consistent

with  the  proposed reaction mechanism for  dissimilatory sulfite  reduction,  in  which  two

electrons are transferred from DsrAB onto sulfite and the additional two electrons needed

for the reduction to a DsrC trisulfide stem from the reduced DsrC itself  (Santos  et al.,

2015). 

The increase in sulfite reduction rate is clearly dependent on CysA of DsrC, as variants

lacking CysA did not increase the reaction rate in a biphasic manner,  while the results

obtained with a variant lacking only CysB were similar to those obtained in the presence of

the DsrC WT protein (Figure 24A). The sulfite reduction rate was only slightly increased in

the presence of DsrC proteins lacking either only CysA or lacking both CysA and CysB in
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comparison to the reaction without DsrC (Figure 24A). Interestingly this increase was not

biphasic  but  persistent,  indicating  that  these  DsrC  variants  are  not  consumed  in  the

reaction but contribute to its slightly increased rate in a different manner. As DsrC binds in

proximity of the active site of rDsrABL it  could slightly modify it,  so that sulfite can be

processed faster. This is supported by the fact that the NADH-dependent sulfite reduction

rate is higher, when rDsrABL and DsrC are preincubated before sulfite is added than when

rDsrABL is preincubated with sulfite before DsrC is added (Figure 22). Furthermore this

slight increase of sulfite reduction rate is not observed in the presence of DsrC from the

sulfate reducer D. vulgaris. Although it has both conserved cysteines in its C-terminal arm,

it  does  not  even  have  a  comparable  effect  on  rDsrABL-catalyzed  sulfite  reduction  as

A. vinosum  DsrC, which lacks both cysteines. This is possibly due to its different HTH

motif, which does not enable it to bind to rDsrAB from A. vinosum. 

Although many similarities between sulfite reduction in the presence of DsrC catalyzed by

DsrAB from sulfate reducers and by rDsrABL from a sulfur oxidizer could be observed,

differences  were  also  detected.  In  the  in  vitro  assays  with  rDsrABL and  DsrC  from

A. vinosum  the  product  of  sulfite  reduction  is  not  a  DsrC  trisulfide  (4.3.3.4).  The

interpretation of the data concerning the DsrC product after reaction with rDsrABL is quite

complex, as firstly it is not the physiological reaction of the sulfur oxidizing organism these

proteins are originated from and secondly the nonphysiological in vitro conditions have an

influence on the DsrC product. 

On the whole the product of sulfite reduction catalyzed by rDsrABL in the presence of

DsrC seems to be a DsrC persulfide. After the reaction with rDsrABL and 25 µM sulfite,

DsrC WT was analyzed via MALDI-TOF mass spectrometry and was shown to bind up to

three sulfur atoms (+32 Da, +64 Da, +96 Da) (Figure 29C).  Thereby the clearest  peaks

were observed for DsrC binding no or one sulfur (+32 Da).  A mass increase of 32 Da

would  also  occur  if  a  DsrC  trisulfide  had  been  formed,  however  the  main  portion  of

monomeric DsrC after the reaction with 25 µM sulfite and rDsrABL was still accessible for

two MalPEG (Figure 26B). A DsrC trisulfide would not be accessible for MalPEG at all.

When the sulfite concentration was higher (250 µM) another product was observed, DsrC

with a mass increase of about 80 Da (Figure 29B+E). Analysis of a control group without

rDsrABL showed that this mass increase is unspecific, as it also occurs independent of the
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reaction catalyzed by rDsrABL (Figure 30A+C) and presumably is due to a sulfonate group

(R-SO3
-) bound to CysA of DsrC (Stockdreher et al., 2012). Sulfite reacts with proteins by

reducing inter- or intramolecular disulfide bonds in a reversible reaction (RS-SR + SO 3
2- ⇌

RS-SO3
- + RS-) (Cecil and Wake, 1962). In the shown chemical equilibrium equation, a

high  sulfite  and  disulfide  concentration  promotes  the  forward  reaction,  while  a  high

concentration of thiols and sulfonates promotes the reverse reaction. As DsrC was shown

to form dimers via a disulfide bond between the CysA residues of two DsrC proteins (Cort

et al., 2008), the high sulfite concentration of 250 µM accordingly leads to the formation of

DsrC  CysA sulfonates,  which  are  detectable  through  a  mass  increase  of  80 Da.  The

reaction  with  sulfite  and  rDsrABL  seems  to  support  the  formation  of  DsrC  dimers

(Figure 28), which presumably further contributes to the promotion of the forward reaction. 

For a long time a mixture of products (sulfide, thiosulfate and tetrathionate) were detected

for  sulfite  reduction  catalyzed by DsrAB in  the absence of  DsrC,  later  thiosulfate  and

tetrathionate were found to be artificial products caused by the reaction of an access of

sulfite with SII and SI intermediates in sulfite reduction (Santos et al., 2015). In the results

discussed above an access of sulfite leads to the formation of unspecific DsrC products in

vitro. Taken together this demonstrates that the highly reactive sulfite has a considerable

impact on the products of sulfite reduction catalyzed by (r)DsrAB in in vitro assays. 

The characterization of the DsrC product after sulfite reduction catalyzed by rDsrABL also

has an impact on our understanding of the dissimilatory oxidation of sulfane sulfur. As the

product is not a DsrC trisulfide but a persulfide at CysA, it is probable that the substrate for

rDsrABL in the oxidative pathway is also a DsrC persulfide. Accordingly persulfurated DsrC

was applied as a potential  substrate for rDsrABL in the oxidative direction (Figure 31).

However no activity could be measured with the potential physiological electron acceptor

NAD+ nor  with  artificial  electron  acceptors  with  higher  redox  potentials  like  MTT,

ferricyanide  or  dichloroindophenol.  This  could  have  versatile  reasons,  which  will  be

discussed in the following.

Persulfurated DsrC could be the wrong substrate for rDsrABL, this is however improbable

in light of the finding that a DsrC persulfide is the product of sulfite reduction catalyzed by

rDsrABL. As discussed above, the oxidation of DsrC-bound sulfur by rDsrABL could be the

endergonic  partial  reaction  of  an  electron  confurcation,  which  is  only  enabled  by  the
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oxidation of a further substrate with a substantially lower redox potential. The absence of

this  unknown low-potential  substrate  in  the  assays  could  have  prevented the  electron

transfer from DsrC-bound sulfur to the physiological electron donor NAD+. But even if this

were the case, a measurable reaction would have been expected with the artificial electron

acceptors with higher redox potentials nonetheless. 

A further possibility is that the product of the oxidation of DsrC-bound sulfur inhibits the

reaction catalyzed by rDsrABL so strongly that a reaction rate cannot be measured. All

enzymes are inhibited to some extent by the product or products of their catalyzed reaction

(Schmidt et al., 1983). In most cases this does not prevent the reaction from taking place

in vitro as the required product concentration for an inhibition is not reached in the assays.

However  for  enzymes  which  catalyze  energetically  unfavorable  reactions,  the  product

inhibition is likely to be very potent (Schmidt et al., 1983). As the oxidation of DsrC-bound

sulfur  to  sulfite  is  the  reverse  reaction  of  the  energetically  favorable  sulfite  reduction

catalyzed by rDsrABL, it  is likely to be strongly inhibited by the reaction product. Most

probably this reaction product is a DsrC sulfonate (DsrC-CysA-SO3
-). 

Under physiological conditions strong product inhibition can be compensated through the

continuous removal of the inhibitory product by another enzyme. Hence the DsrC sulfonate

is presumably rapidly metabolized  in vivo to sulfite and reduced DsrC, which can once

more be persulfurated. Sulfite can be released from a protein sulfonate, when the latter

reacts with a thiol group to form a disulfide (RS-SO3
- + RS-  RS⇌ -SR + SO3

2-) (Cecil and

Wake, 1962). It has been proposed that the thiol group of CysB could react with CysA to

form an intramolecular disulfide bond and to release sulfite (Stockdreher et al., 2012). This

however did not occur in the assays with persulfurated DsrC as substrate for rDsrABL.

Another potential  candidate for the thiol  is CysA of another DsrC protein, which is in a

reduced state.  The concentration  of  DsrC is  likely to  be  high  enough to  promote  the

forward  reaction  towards  the  production  of  disulfide  and  sulfite,  as  DsrC  is  highly

expressed under photolithoautotrophic conditions (Grimm et al., 2010; Weissgerber et al.,

2013).

Two Models of Sulfane Sulfur Oxidation in A. vinosum

On the basis of above-mentioned results and considerations a new hypothetical model of

sulfane sulfur  oxidation in  A. vinosum  was postulated (Figure 36),  which highlights the
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central role of DsrC (Figure 36A). In this model the stored sulfur is transported from the

periplasm into the cytoplasm by an unknown low molecular weight persulfide and shuttled

onto  DsrC  via  a  sulfur  relay  system  involving  a  rhodanese,  TusA  and  DsrEFH

(Figure  36B). The  DsrC  persulfide  is  then  oxidized  by  the  sulfite-generating  rDsrABL

complex to DsrC sulfonate (DsrC-S-SO3
-). Thereby six electrons are transferred onto three

NAD+ molecules  generating  three  NADH.  The  presumably  inhibitory  product  DsrC

sulfonate then reacts with reduced DsrC to sulfite and a DsrC dimer. 

Thereafter sulfite has to be rapidly further metabolized, as it is a highly reactive and toxic

substance  and  its  accumulation  would  promote  the  reverse  reaction  leading  to  the

formation of DsrC sulfonates once more. Sulfite is further oxidized to sulfate either by the

APS reductase and ATP sulfurylase via the intermediate APS or it is directly oxidized via

the cytoplasmically oriented membrane-bound SoeABC complex (Dahl et al., 2013; Dahl,

2015). The DsrC dimer interconnected by a CysA disulfide bond is presumably reduced at

the DsrMKJOP complex (Figure 36). This is supported by the fact that an electron flow

from the periplasm into the cytoplasm is the strongly suggested mode of action for the

DsrMKJOP complex from A. vinosum (Grein et al., 2010). 

However, this model does not give an explanation for the conservation of CysB in DsrC

from sulfur oxidizers. It is possible that after the formation of the DsrC dimer via CysA to

release sulfite and to prevent product inhibition of rDsrABL, an intramolecular disulfide

bond between CysA and CysB is formed, as this is the thermodynamically more stable form

(Cort et al., 2008). Possibly a DsrC with an intramolecular disulfide bond is the appropriate

substrate for the DsrMKJOP complex and not the DsrC dimer. To elucidate whether an

intermolecular  or  an  intramolecular  DsrC disulfide  is  the  substrate  for  the  DsrMKJOP

complex further experimental data is necessary. 

Taken together the new model of sulfane sulfur oxidation via the rDsr pathway (Figure 36)

integrates the sulfur relay system resulting in a persulfurated DsrC (Stockdreher  et al.,

2014), which is the substrate for the rDsrABL complex. It demonstrates how sulfite can be

released  from  the  formed  DsrC  sulfonate  and  it  presents  a  DsrMKJOP  complex

transferring  electrons  into  the  cytoplasm,  which  is  the  strongly  suggested  direction  of

electron flow (Grein et al., 2010).
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Figure  36: Hypothetical model of sulfane sulfur oxidation in  A. vinosum  via the
rDsr pathway with emphasis on the central role of DsrC. (A) This model emphasizes
the central position DsrC has in the oxidation of sulfane sulfur via the rDsr pathway and
displays DsrCs many interaction partners. (B) Sulfur is transferred from the periplasmic
sulfur  deposits  into  the  cytoplasm  onto  a  rhodanese  (Rhd).  A cascade  of  protein
persulfids, including TusA and DsrEFH, shuttles sulfur onto DsrC. The DsrC persulfide is
presumably oxidized to a DsrC sulfonate at the rDsrABL complex, which transfers the
electrons via DsrL onto NAD+. Sulfite is released when the DsrC sulfonate reacts with
another DsrC protein to a DsrC dimer interconnected via CysA. The membrane-bound
DsrMKJOP  complex  reduces  the  DsrC  dimer,  so  that  reduced  DsrC  can  be
persulfurated once more. 
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The exact mechanism, in which DsrC-bound sulfur is oxidized at the active site of rDsrABL

is however unclear and on the basis of the proposed reactions of sulfite reduction (Santos

et al., 2015), a further alternative mechanism was postulated (Figure 37).

The active site of the sulfite-generating rDsrABL complex contains a siroheme coupled to a

[4Fe4S] cluster. The sulfane sulfur of DsrC persulfide is postulated to bind to the central

iron of  the siroheme and to  be oxidized to a Fe-ligated sulfenate (-S-OH) while  DsrC

leaves the  active  site.  The two  electrons of  this  first  oxidation  are  transferred  via  the

central  iron of the siroheme and the [4Fe4S] cluster onto NAD+ to form NADH. In the

following the sulfenate is further oxidized to a Fe-ligated sulfinate (-S-O2
-) intermediate, the

electrons of this oxidation are once more transferred to NADH. Finally sulfite is generated

through hydrolytic cleavage. This mechanism is inspired by the reaction taking place at the

siroheme iron of DsrAB in sulfite reduction (Santos et al., 2015). 

Many sulfur oxidizers lacking the rDsr pathway contain a sulfur-oxidizing heterodisulfide

reductase-like (sHdr)  complex (Quatrini  et  al., 2009;  Venceslau  et  al., 2014),  which is

proposed to also couple the oxidation of sulfane sulfur to the generation of NADH (Ernst et

al., 2020).  For  these organisms a similar  mechanism,  in  which  a protein  persulfide is

oxidized to sulfite, was postulated (Ernst et al., 2020). 

The main difference between the two presented mechanisms (Figure 36, Figure 37) is that

in  the  first  sulfane sulfur  is  oxidized from a  protein-bound persulfide  (DsrC-S-S -)  to  a

protein-bound sulfonate (DsrC-S-SO3
-) and sulfite is reductively released by formation of a

disulfide bond between two cysteine residues. In the second mechanism the protein-bound

persulfide  is  oxidized to  sulfinate  (-S-O2
-),  which  is  then released from the  active  site

through hydrolytic cleavage resulting in the formation of sulfite (HSO3
-). 

A drawback  of  this  second  model  (Figure  37)  is  that  there  is  no  clear  role  for  the

membrane-bound  DsrMKJOP  complex,  although  it  is  known  to  be  essential  for  the

oxidation of stored sulfur via the rDsr pathway (Sander et al., 2006). 

The results gathered in this study strongly indicate that the substrate for sulfur oxidation

catalyzed by rDsrABL is a DsrC persulfide and the here shown models (Figure 36, Figure

37)  are  further  approaches  to  apprehend  the  mechanism  of  sulfane  sulfur  oxidation.

However,  additional  experimental  data is  necessary to clarify which intermediate steps

lead to the final product sulfite. 
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Figure 37: Alternative model of sulfane sulfur oxidation in A. vinosum including
a mechanistic scheme. (A) Sulfur is transferred from the periplasmic sulfur deposits
into the cytoplasm onto a rhodanese (Rhd). A cascade of protein persulfids, including
TusA and DsrEFH, shuttles sulfur onto DsrC. Sulfane sulfur is presumably oxidized to
sulfite while DsrC is released. Reduced DsrC can once more be persulfurated by
DsrEFH. (B) DsrC persulfide binds to the siroheme iron of the rDsrABL active site (1)
and sulfane sulfur is oxidized to iron-ligated sulfenate, while DsrC is released and
two electrons reduce the siroheme and coupled [4Fe4S] cluster (2). The electrons
are then transferred to NADH (3) and the sulfenate is further oxidized to iron-ligated
sulfinate,  while  two  electrons  once  more  reduce  siroheme  +  [4Fe4S]  (4).  The
electrons are used to generate another NADH and sulfite is released from the active
site by hydrolytic cleavage of iron-ligated sulfinate (5).



6 Summary

6 Summary
Microbial pathways of sulfur dissimilation have strongly contributed to the evolution of the

biogeochemical  sulfur  cycle  and still  play a major  role  in  it  today.  Dissimilatory sulfite

reductases, which occur in both sulfate reducing and sulfur oxidizing organisms, belong to

the  key  enzymes  of  this  nutrient  cycle.  The  characterization  of  the  reverse-acting

dissimilatory  sulfite  reductase  rDsrAB  from  the  sulfur  oxidizing  model  organism

Allochromatium vinosum has an impact on our understanding of the (r)Dsr pathway in both

sulfur oxidizers and sulfate reducers. 

The sulfite reductase rDsrAB was shown to interact both structurally and functionally with

the iron-sulfur flavoprotein DsrL in an rDsrABL complex (α2β2γ2).  Due to its function as

NAD(P)H:oxidoreductase  and  its  interaction  with  rDsrAB,  DsrL  enables  the  electron

transfer from NAD(P)H via rDsrABL onto sulfite. Accordingly DsrL seems to be the so far

unknown physiological electron donor for sulfite reduction in those reducers, which encode

for DsrL. In sulfur oxidizers DsrL presumably functions as NAD+ reductase, transferring

electrons stemming from sulfite formation catalyzed by rDsrAB onto NAD+. As DsrL shows

great homologies to NfnB, the bifurcating subunit of the NfnAB complex, it could potentially

enable an electron bifurcation in which for instance ferredoxin is reduced driven by sulfite

reduction and an electron confurcation in which protein-bound sulfur is oxidized driven by

ferredoxin oxidation. The electron transfer between ferredoxin and DsrL was demonstrated

in this study, an electron bifurcation could however not be proven so far. 

Furthermore  the  functional  interaction  of  rDsrABL  with  the  small  protein  DsrC  was

demonstrated. DsrC with its two highly conserved cysteines CysA and CysB was shown to

increase sulfite reduction rate of rDsrABL and to be consumed in the reaction in a CysA-

dependent manner  just  like  observed  for  DsrAB  and  DsrC  from  the  sulfate  reducer

Archaeoglobus fulgidus. However the product of sulfite reduction in the presence of DsrC

was a DsrC CysA persulfide and not a DsrC trisulfide as observed for the sulfate reducer.

This indicates that a DsrC persulfide is also the substrate for sulfur oxidation catalyzed by

rDsrABL, by which sulfite is generated.
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Table  7: Identification by mass spectrometry of protein present in the 55 kDa band from SDS-
PAGE of the rDsrAB purification (Figure 10).

Protein name NCBI entrya Locus tag Coverage

(%)b

Peptidesc Mass

(kDa)d

Glutamine
synthetase

ADC63901 Alvin_3000 48 14 51.8

a NCBI entry is the NCBI-ProteinID.
b Coverage is the protein sequence coverage by the matching peptides.
c Peptides indicate the number of different peptides matching the protein sequence.
d Mass corresponds to the theoretical molecular mass of the identified protein only from its
amino acid sequence.

Table 8: Identification by mass spectrometry of proteins present in the 170 kDa band from Blue
Native PAGE (Figure 11).

Protein
name

NCBI entrya Locus tag Gene Coverage

(%)b

Peptidesc Mass

(kDa)d

rDsrA ADC62190 Alvin_1251 dsrA 52 16 46.8

rDsrB ADC62191 Alvin_1252 dsrB 37 10 40

a NCBI entry is the NCBI-ProteinID.
b Coverage is the protein sequence coverage by the matching peptides.
c Peptides indicate the number of different peptides matching the protein sequence.
d Mass corresponds to the theoretical molecular mass of the identified protein only from its
amino acid sequence.
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Table 9: Identification by mass spectrometry of proteins present in the 283 kDa band from Blue
Native PAGE (Figure 11).

Protein
name

NCBI entrya Locus tag Gene Coverage

(%)b

Peptidesc Mass

(kDa)d

rDsrA ADC62190 Alvin_1251 dsrA 38 12 46.8

rDsrB ADC62191 Alvin_1252 dsrB 22 9 40

DsrL ADC62198 Alvin_1259 dsrL 26 11 71.4

a NCBI entry is the NCBI-ProteinID.
b Coverage is the protein sequence coverage by the matching peptides.
c Peptides indicate the number of different peptides matching the protein sequence.
d Mass corresponds to the theoretical molecular mass of the identified protein only from its
amino acid sequence.

Table 10: Identification by mass spectrometry of protein present in the 554 kDa band from Blue
Native PAGE (Figure 11).

Protein name NCBI entrya Locus tag Coverage

(%)b

Peptidesc Mass

(kDa)d

Glutamine
synthetase

ADC63901 Alvin_3000 46 15 51.8

a NCBI entry is the NCBI-ProteinID.
b Coverage is the protein sequence coverage by the matching peptides.
c Peptides indicate the number of different peptides matching the protein sequence.
d Mass corresponds to the theoretical molecular mass of the identified protein only from its
amino acid sequence.
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