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Abstract 

 Microorganisms present in the gastrointestinal tract (GI) are essential in the digestion 

and production of enzymes for the degradation of otherwise indigestible polysaccharides. Some 

of the microorganisms present in the GI belong to the sulfate reducing bacteria group, which 

reduce sulfate to sulfide. These bacteria are also linked to inflammatory bowel diseases due to 

the toxic and corrosive effects of the sulfide produced. 

 The Dissimilatory sulfite reductase (DsrAB) is crucial for the reduction of sulfite, 

interacting with DsrC protein. DsrC is a protein that presents two conserved cysteines essential 

for the catalytic function. Another protein encoded in the same operon as DsrAB is DsrD, whose 

function is still unknown. In one organism, Bilophila wadsworthia, the dsrD gene is fused to dsrB. 

The main objective of this thesis was the study of these proteins, trying to understand the 

function of DsrD and the catalytic kinetic of DsrAB and DsrC. 

 In order to understand the function of DsrD, studies were carried out to evaluate the 

possible DsrD interaction with DNA through electrophoretic mobility shift assays, its interaction 

with other proteins through the Far Western Blot technique and interaction with possible 

substrates using Thermofluor assays. DsrABCD protein from B. wadsworthia was also purified 

and used for crystallographic and catalytic kinetic assays. 

 The DsrAB protein of Desulfovibrio vulgaris Hildenborough (DvH) was purified from a 

mutant strain so that it was possible to elute the DsrAB separately from DsrC, which is not 

possible in the wild-type species. DsrC from DvH was expressed and purified from E. coli, and 

sulfite reduction assays of DsrAB with DsrC were conducted.  
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Resumo 

Os micro-organismos presentes no trato gastrointestinal são essenciais na digestão e na 

produção de enzimas para a degradação de polissacáridos que de outro modo seriam 

indigestíveis.  Alguns dos micro-organismos presentes são as bactérias redutoras de sulfato, que 

utilizam o sulfato e o reduzem a sulfureto. Estas bactérias estão também ligadas à doença 

inflamatória intestinal.  

A proteína reductase de sulfito dissimilativa (DsrAB) é crucial para este passo, 

interagindo com uma proteína, a DsrC, que apresenta cisteínas conservadas que estão 

envolvidas na ação catalítica. Outra proteína que se encontra no mesmo operão que a DsrAB é 

a DsrD, cuja função ainda é desconhecida. Num organismo em particular, Bilophila Wadsworthia 

o gene da dsrD encontra-se fundido com o da dsrB. O objetivo principal desta tese foi o estudo 

destas proteínas, tentando entender a função da DsrD e a cinética catalítica da DsrAB e DsrC.  

Para entender a função da DsrD foram feitos estudos para a interação com DNA através 

de ensaios de deslocamento de mobilidade eletroforética; outras proteínas através da técnica 

de Far-Western Blot; e com possíveis substratos em ensaios de Termofluor.  A proteína DsrABCD 

de Bilophila foi também purificada e utilizada para ensaios cristalográficos e cinéticos.  

A proteína DsrAB de Desulfovibrio vulgaris Hildenborough foi purificada através de um 

mutante de modo a que fosse possível a eluição da DsrAB sem DsrC, que não é possível na 

espécie wild-type. A DsrC de DvH foi expressa e purificada em E.coli, e a cinética da adição desta 

proteína à DsrAB foi analisada.  
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I. Introduction 

Gut Microbiome 

The gut microbiome plays a key role in metabolic, physiological, nutritional and 

immunological processes, there fore it is directly related to human health [1][2]. At the time of 

birth, the human body is sterile and starts to be colonized during labor, which continues 

throughout life, through multiple ways like the air, food and others. Multiple factors influence 

the microbiota, for example, some studies report that the microbiome is different in infants born 

vaginally or by caesarean, and also in children fed by breastfeeding or formula [3–5]. 

In the human gastrointestinal (GI) there are about 1014 microorganisms, found in six 

major sections: oral cavity, esophagus, stomach, small intestine, the colon and the rectum [6]. 

The different sections have different floras, and each person has a different microbiota 

composition, there is, however, a core group present in the great majority of individuals [7]. The 

most prevalent organisms found in the adult human gut are members of the Firmicutes and 

Bacteroidetes phyla.  Other phyla as Proteobacteria, Actinobacteria, Fusobacteria, and 

Verrucomicrobia are also present, although in a smaller dominance (figure I.1) [8][9].  

 

 

Figure I.1 - Microbiome composition in different stages of life [9]. 
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An important function of the intestinal flora is to increase the genetic repertoire. The 

intestinal microbiota makes possible the degradation of dietary fibers and complex 

polysaccharides, otherwise indigestible by endogenous enzymes [10]. Anaerobic 

microorganisms present in the intestine have the ability to degrade complex carbohydrates  into 

monosaccharides, which can be assimilated or fermented. The main products of gut 

fermentations are short-chain fatty acids (SCFA) and hydrogen sulfide (H2S). SCFAs are saturated 

aliphatic organic acids that consist of one to six carbons, easily metabolized and essential for  

energy production [11]. The microbiota is also involved in vitamin biosynthesis, degradation of 

amino acids, catabolism of simple sugars, and bile salt metabolism, making this symbiosis with 

microorganisms essential [9, 12]. These bacteria also provide protection against pathogens and 

maintain homeostasis that is important for differentiation of the epithelium and the modulation 

of the immune system.  

Microbial diversity will change along time with some factors such as age, diet, 

environment, antibiotics and diseases, among others. Studies about the microbiome are 

becoming increasingly important in the past few years (with the development of high-

throughput techniques for genome sequencing), aiming to understand the mechanisms that 

promote microbial symbiosis and a causal relationship with diseases, like Inflammatory Bowel 

Diseases (IBD’s) [1].   

Inflammatory Bowel Diseases 

Inflammatory bowel diseases are characterized by a chronic, relapsing inflammation in 

the GI tract, caused by a microbial imbalance (dysbiosis) of the host-commensal microbiota that 

leads to a dysregulation of the immune tolerance to these commensal microbes, especially in 

genetically predisposed hosts. It is regarded be as a multifactorial disease involving several 

factors such as genetic, physiological, bacterial, environmental and even diet (figure I.2).  The 

IBD’s are mainly divided into two diseases, Crohn’s Disease (CD) and Ulcerative Colitis (UC), that 

present different pathogenesis, inflammatory profiles and gut microbiota composition [13].  
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Figure I.2 – Factors that impact IBD’s. 

 

Although similar, there are differences between these two diseases. The UC disease is 

mainly limited to the colon in the superficial mucosa, while CD can be present in the entire 

human gut, is transmural and can present granulomas  [14]. The cytokine profile between the 

two conditions is also different. CD is mostly related with type 1 helper-T-cell (Th1) and type 17 

helper-T-cell (Th17) immune responses, characterized by increased production of interleukin 

(IL)-12, IL-23, IL-27, interferon-γ (IFN-γ) and tumor necrosis factor (TNF)-α. On the other hand, 

UC is related to a type 2 helper-T cell (Th2) immune response, mainly leading to raised levels of 

IL-5 and transforming growth factor-β (TGF-β) [15]. The principal clinical features of CD include 

persistent diarrhea, crampy abdominal pain, fever, occasional rectal bleeding and fatigue, while 

the main symptoms of UC include crampy abdominal pain, loose and bloody stools, urgent 

bowel, fatigue, loss of appetite, and in severe cases anemia due to blood loss.  

IBD’s are not the only condition caused by this dysbiosis. Over the past years, it’s been 

linked to a number of extraintestinal immune-mediated diseases including rheumatoid arthritis, 

multiple sclerosis, diabetes, atopic dermatitis, and asthma, but also obesity and metabolic 

syndrome, all of which could well have their pathogenic origins an untoward reactivity of the 

immune system to the microbiota [16]. 

Sulfur 

Sulfur is the sixth most abundant element on Earth. It is being involved in many biological 

and geophysical processes and it is present in many diverse molecules from amino acids to 

Inflammatory 
Bowel 

Diseases
Diet 

Microbiome

Physiology

Genetic 
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minerals. Sulfur has a broad range of oxidation states, from -2 (fully reduced) in H2S, to +6 (fully 

oxidized) in SO4-, and can be transformed both chemically and biologically. The oxidation is 

performed chemically or by sulfur oxidizing microorganisms and transforms the sulfur to sulfate. 

The reduction is more common in bacteria or fungi and reduces sulfate (SO4
-) to sulfide (S2-) [17, 

18]. 

The microorganisms play an essential role in the interconversion of the redox states of 

sulfur (figure I.3), interacting as sulfate reducing organisms (SRO) or sulfate oxidizing organisms 

(SOO).  This thesis will focus on SRO, where sulfur compounds can follow two pathways. The 

assimilatory pathway, in which sulfate is reduced to be used to integrate amino acids such as 

cysteine and other small biological sulfur-containing molecules - like protein co-factors, 

nucleosides, vitamins, and co-enzymes - or the dissimilatory pathway in which sulfate will be 

utilized as the terminal electron acceptor for the production of energy. Many organisms have 

the ability to metabolize sulfate by the assimilatory pathway, but only a few groups of 

microorganisms can reduce sulfate dissimilatively [19].  

 

 

Figure I.3 - Biological sulfur cycle. Adapted from [20]. 

In the phylogenetic tree, SRO can be found in the Bacteria and Archea kingdoms. They 

can be found in very diverse environments such as seawater, mud volcanoes, hydrothermal 

vents, and human gut, among others. They are also present in habitats with a wide range of pH 

and even at saturating oxygen concentrations [20].  The use of sulfur compounds in cellular 
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metabolism dates back to the time when Earth was an anoxic planet, with major volcanic activity 

where many sulfur compounds were released to the atmosphere. Since there was no oxygen 

present, the development of a great diversity of mechanisms for energy production occurred, 

such as a reduction of sulfur-based products. With the rise of oxygen levels on the planet, the 

levels of sulfate in the ocean became higher (up to 28 mM nowadays), leading to an increase of 

SRO in the suboxic and anoxic zones of marine sediments [19]. 

The wide distribution of sulfate reducing organisms in the environment leads to multiple 

biotechnology problems. One of them is the bio-corrosion of ferrous metals, leading to the 

damage of pipes and corrosion of metal structures. Also in many industrial processes where 

sulfuric acid is used,  the occurrence of sulfate in wastewaters where SRO are present, creating 

sulfide which is highly toxic and corrosive [21]. On the other hand, sulfate reduction can be 

useful for biotechnology, such as in the removal of heavy metals from waste waters or 

contaminated soils by precipitation as metal sulfides [20]. There are new methodologies for the 

removal of pharmaceutical products using metals and sulfate-reducing bacteria (SRB), proving 

that SRO can be useful also in the bioremediation of organic compounds [22].   

Another place where SRB are can have beneficial and detrimental effects is the human 

gut. There are some bacteria belived to be directly involved in the development of IBD, namely 

sulfate-reducing bacteria (SRB). Although SRB are not always present in the fecal matter they 

are always present in the intestinal mucosa [23]. The groups of SBR present in the gut belong to 

the  Desulfovibrio, Desulfobacter, Desulfobulbus and Desulfotomaculum genus, but the most 

predominant belong to Desulfovibrio genus, approximately 66% of all colonic SRB. These species 

have the ability to use H2 or carbon sources like SCFA or as electron donors and SO4
- as an 

electron acceptor in the electron transport chain. A major problem in human health is that the 

end product of this respiration is hydrogen sulfide (H2S), a gas with the characteristic odor of 

rotten eggs that is toxic and corrosive, and can cause major inflammation in the bowel, being 

appointed as one of the factors that lead to inflammatory bowel diseases, described above.  

Although it can cause health problems, several studies recognize H2S as an important 

gaseous signaling molecule, playing an important role in human physiology. When present in 

lower levels it is proven to have beneficial physiological effects, like regulation of vasorelaxation, 

regulation of the cellular cycle and apoptosis, cellular energy production, neuromodulation of 

inflammatory processes,  among others, but at higher concentrations it can cause detrimental 

effects [24]. However, the mechanism of H2S action in IBD is not well known, and the unraveling 

of this problem would be very useful for human health.  
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The main electron acceptor for SRO is sulfate, although usually they can also use other 

sulfur compounds, such as thiosulfate, sulfite or organosulfonate compounds. The carbon 

compounds suffer an incomplete oxidation to acetate by SBR species like Desulfovibrio [25, 26]. 

Desulfovibrio vulgaris Hildenborough (DvH) is a model organism to study the energy metabolism 

of SRB, and was the first SRB to have its genome sequenced [27]. DvH is a Gram-negative, 

anaerobic, non-spore forming, curved rod-shaped bacteria, that belongs to the 

Desulfovibrionaceae family. It has many unique periplasmic heme-containing proteins, like 

cytochrome c3, that allow adaptive strategies [28]. It can use can use SCFA like lactate, pyruvate, 

formate, as carbon source and sulfate and sulfur intermediates in the electron transfer chain 

[27].  

The organism Bilophila wadsworthia is another gram negative bacterium, strictly 

anaerobic, a member of the human gut flora and occasionally found in saliva and in some 

infections, being identified many times in appendicitis [29]. Its handling in the laboratory must 

be done with care presenting a Biosafety level 2 given its clinical relevance. This organism uses 

taurine as the electron acceptor, which is metabolized into sulfite, that is then reduced by 

dissimilatory sulfite reductase (Dsr) proteins. However, it does not reduce sulfate, and it can also 

grow using hydrogen [30].  

Respiratory chain 

Sulfate is a very stable molecule, and it’s not easy to change it. For that reason, the 

reduction of sulfate first requires its activation because the SO4
2-  anion is very stable and its 

reduction has a very low redox potential (-526 mV). The first step is performed by sulfate 

adenylyltransferase (SAT), that uses ATP to catalyze the production of adenosine phosphosulfate 

(APS) and pyrophosphate, which will subsequently be hydrolyzed to 2-phosphate, by 

pyrophosphatase. 

Two electrons are used by APS reductase to reduce APS to sulfite. In the next step it was 

thought that bisulfite reductase (DsrAB) used six electrons to reduce HSO3- to S2- - that can also 

be present as H2S, depending on the pH - in a single step. The complete reaction of sulfate 

reduction requires one ATP molecule and 8 electrons (equation 1) [31]. 

+ + 8.5 + 8 = 0.5 +  0.5 + + + + 2  

Equation 1 – Sulfate reduction summary. Adapted from [31] 
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Where do the electrons come from? The proposed mechanism describes the membrane 

complex QmoABC as the physiological partner of APS reductase [32]. The APS reductase protein 

binds FAD as a cofactor and receives electrons from the Qmo complex. These electrons are 

supposed to come from the quinone pool, in the membrane, and ferredoxin, in the cytoplasm 

[33]. Some studies have been carried out to understand the role of this complex, and mutants 

of Desulfovibrio vulgaris showed that when lacking the qmo genes, DvH can grow from sulfite or 

thiosulfate, but not from sulfate, showing that the complex is essential for the activation of 

sulfate to APS [34]. 

For the reduction of SO3
2-, the dissimilatory sulfite reductase (DsrAB) protein receives 

electrons from the membrane complex DsrMKJOP [32], with the help of DsrC, a protein that 

works as a co-substrate for the DsrAB [35] (figure I.4). The Dsr proteins are enzymes essential 

for the sulfur cycle, are extremely well conserved in SRO, and are also present in many SOO.  

 

 

Figure I.4 - Sulfate reduction mechanism. Adapted from [17, 35] 

 

Close up view of the DSR proteins 

For the reduction of sulfite, there are three major proteins involved, DsrAB, DsrC and a 

membrane complex, DsrMKJOP. DsrAB is called dissimilatory sulfite reductase, a protein of 

approximately 200 kDa with a green color and two sub-units, DsrA and DsrB, in a α2β2 
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arrangement (figure I.5). This enzyme contains two siroheme cofactors in each αβ unit, one of 

which is coupled to a [4Fe – 4S] cluster through the cysteine heme axial ligand [36][37]. 

The dsrA and dsrB genes are very similar and it is proposed that they are derived from a 

gene duplication event followed by a gene fusion. These genes are present not only in SRO but 

also in sulfate oxidizing bacteria, and organisms that reduce sulfite, thiosulfate, and other 

organosulfonates. The DsrAB are classified based on their UV-Visible absorption characteristic. 

The characteristic absorption peak in our studies is at 630nm, observed in Desulfovibrio strains. 

 

 

Figure I.5 - Crystallographic structure of DsrAB co-crystallized with DsrC. DsrAis shown in green, DsrB in 

blue and DsrC in orange. Adapted from [37]. 

 

Another essential protein for sulfite reduction is DsrC, a small protein with 

approximately 14 kDa, that is isolated from Desulfovibrio along with DsrAB, forming a complex 

α2β2γ2 [38]. All of the genomes containing the dsrAB genes also encode dsrC, it is one of the most 

expressed genes and this protein presents two conserved cysteines in the C-terminal[39]. These 

cysteines are present in a flexible arm that inserts into the DsrAB catalytic cavity, extending 

towards the siroheme, and  being involved in the catalytic process.  

The role of DsrC has recently been unveiled. The studies were made in Archaeoglobus 

fulgidus, an organism where DsrAB and DsrC can be isolated separately. The new evidence 

showed that DsrC is a co-substrate for DsrAB in sulfite reduction. DsrC provides two electrons 
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for sulfite reduction by DsrAB. The extended arm inserts to the catalytic center. The siroheme 

receives electrons and binds to sulfite that gets reduced, and finally the sulfur binds to DsrC 

through the conserved cysteines, forming a trisulfide (figure I.6) [35]. 

 

 

Figure I.6 - final step of sulfite reduction. a) The siroheme receives electrons and transfer them to sulfite, 

forming an intermediate that binds to the nearby cysteine in the C-terminal (in blue); B) trisulfide state, 

where the sulfur from sulfite is bound to the two cysteines. From the ITQBNOVAchannel (2015) 

https://www.youtube.com/watch?feature=player_embedded&v=NOMG7SrFKyw (viewed Feb 2017) 

 

DsrD from DvH is a small protein with 78 amino acids and a molecular weight of 

approximately 8.8 kDa [40]. The dsrD gene is found downstream of the dsrAB genes. The DsrD 

protein also seems to be highly conserved across the SRO, being present in Gram negative 

bacteria - as Desulfovibrio - and Gram positive bacteria, and also in archaea, as Archaeoglobus 

spp., showing that it is an important component of the sulfite reduction mechanism [40]. The 

genome of B. wadsworthia has shown a particularity in the dsr genes, where instead of dsrD 

being present downstream from the dsrB gene, they are merged forming a DsrB-DsrD protein 

(figure I.7), suggesting a direct involvement of DsrD in sulfite reduction, and making it a protein 

of interest for the unveiling of this mechanism [41].   
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Figure I.7 - Sequence alignment of DsrBD from B. wadsworthia and DsrB & DsrD from DvH. 

 

The actual function of the DsrD protein remains unknown. In the amino acid sequence 

of this protein there is no cysteine or cofactors, which makes electron transfer with this protein 

unlikely. However, it has a high content of lysines (11.8%).  A possible explanation for the high 

content of this positively charged amino acid was that perhaps DsrD has an anion binding protein 

function, binding the sulfite or sulfide in the cell, so that it is not be toxic for the cell. However, 

spectroscopic studies showed that DsrD has low affinity for these sulfurated compounds, less 

than 10-4 M-1 [42]. 

Crystallographic structure of DsrD (figure I.8) has a winged helix motife, a sub family of 

the helix-turn-helix motifes (structural motifes for DNA binding). This motife is composed of 

three α helix and three β strands forming an antiparallel β sheet. The protein forms a dimeric 

assembly in the crystal, but in solution there is no indication of a dimeric form. In the structure 

there is a hydrophobic core formed by hydrophobic residues [43]. 
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Figure I.8 - Dimeric structure of DsrD. B-sheets in green, a helix in red and disordered regions in blue. 

Adapted from [43] 

 

The structural evidence, the structural homology with proteins with known functions 

[44], and the fact that in most SRB DsrD is expressed alone and not as a fusion protein, leads to 

the hypothesis that the protein interacts with B-DNA or Z-DNA, and is involved in transcriptional 

regulation. The lack of evidence evidence that DsrD binds sulfate, sulfite or sulfide (only binds 

with low affinity on the protein surface), and the presence of a winged helix motife, with a 

hydrophobic core, suggests a possible function as a regulatory protein. 

Some studies have shown that although DsrD is in the same operon as DsrAB, it does 

not co-purified with them, although it is constitutively expressed in D. vulgaris [42]. The aim of 

this thesis is to investigate the function of this protein in sulfate reduction, namely its possible 

role as a regulator.  
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II. Methods 

Purification of DsrD 

In previous work the DvH drsD gene was cloned into pET-22b(+) vector (Novagen®), which 

allows insertion of a 6x-His tag at the C-terminus. Then the recombinant plasmid was 

transformed in to E. coli BL21-Gold(DE3) and grown at 37 ⁰C in M9 minimal medium with 

ampicillin (100 μg/mL), until optical density of 0.4. Then, 100 μM isopropyl-β-D-

thiogalactopyranoside (IPTG) was added to induce expression and cells were grown for 4 

additional hours.   

After centrifugation, the cells were resuspended in 25 mM potassium phosphate, 300 

mM NaCl, 30 mM imidazole and 10% glycerol pH 7.2 (buffer A), and then disrupted through 

mechanical lysis with glass beads (~100 m) in a Minilys (Bertin technologies), and subsequently 

centrifuged at 13.300 rpm for 20 minutes. The supernatant was filtered and loaded into a HiTrap 

Column charged with nickel and equilibrated with buffer A, and then it was eluted with the same 

buffer plus 100 mM imidazole. The protein was dialyzed to 25 mM potassium phosphate pH 7.2 

and the purity was analyzed by SDS-PAGE. The concentration was determined at 280 nm an 

using absorption coefficient of 9.9 mM-1 cm-1. This protein was used to perform multiple studies 

with the aim to find its biological role.  

Western Blot optimization process 

DvH wild-type and a deletion mutant strain, where the dsrD gene was replaced by a 

kanamycin resistance cassette, were grown in anaerobic conditions in a rich medium with 60 

mM Pyruvate, 3 mM sulfate and geneticin (100 μg/mL), until an optical density of approximately 

0.5 was reached.  The cells were harvested by centrifugation and treated with two different lysis 

protocols. One batch of cells were resuspended in Bug Buster Protein Extraction Reagent 

(Novagen®) and another batch was resuspended in 50 mM potassium phosphate pH 7.4, 10% 

glycerol and protease inhibitor cocktail, and lysed in a Minilys. The resulting extracts were 

centrifuged at 13.300 rpm for 15 minutes to remove cell debris. The soluble crude extracts were 

quantified with a Bradford assay and 40 μg of each protein sample were subject to 10% Tricine-

SDS-PAGE, that were transferred to 0.22 μm PDVF membrane (polyvinylidene difluoride) 

membranes (Roche) at 100 V in a Mini Trans-Blot wet cell (Bio-Rad) for 6 to 8 minutes (transfer 

buffer: 48 mM Tris and 39 mM Glycine pH 9.2). This process was repeated multiple times and 

multiple different were tested for the detection.  
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 The membranes were dried overnight and then blocked with TBS (20 mM Tris–HCl pH 

7.5, 150 mM NaCl) containing 5% dry milk. Western blot analysis was conducted using the 

primary antibody anti-DsrD from DvH (DsrD antiserum, in different dilutions: 1:5.000; 1:10.000; 

1:20.000) for 1 hour in TBST (TBS with 0.05% Tween 20), followed by incubation with the 

secondary antibody, anti-rabbit IgG conjugated with alkaline phosphatase (1:15.000, Sigma). 

The protein detection was performed with Alkaline Phosphatase Buffer (100 mM Tris-HCl pH 

9.5, 100 mM NaCl and 5 mM MgCl2) and substrate solution of nitro-blue tetrazolium and 5-

bromo-4-chloro-3'-indolyphosphate (NBT/BCIP). 

Electrophoretic mobility shift assay (EMSA) 

 The DNA-Protein interaction was tested with an electrophoretic mobility shift assay [45, 

46]. The promotor region of dsrAB genes was amplified using synthetic primers and the DvH 

genomic DNA as template. PCR fragments were purified with agarose gel extraction kit 

(Thermofisher). The DNA was incubated with DsrD or DsrC proteins in multiple conditions, as 

described in table I.1 

Table I.1 – EMSA conditions tested. 

Incubation 

Binding Buffer: 20 mM Tris-HCl pH 8 + 10% glycerol + 1 mM 

MgCl2 + 40 mM KCl 

25 minutes at 37 ⁰C 

Binding Buffer: 5 mM HEPES pH 7.8 + 20 mM KCl + 0.02% 

Tween 20 + 1 mM TCEP 

15 minutes at room temperature 

Binding Buffer: 5 mM HEPES pH 7.8 + 20 mM KCl + 0.02% 

Tween 20 + 1 mM TCEP + 10 mM Na2SO3 

15 minutes at room temperature 

Running buffer 
1x TAE  

0.5x TBE  

Protein concentration (pmol) 0; 100; 200; 300; 400; 500; 1000 
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The reaction mixtures were applied to a 2% agarose gel, which had been running for 1 h 

at 80 V in running buffer 1x TAE (Tris base, acetic acid and EDTA) 0.5x TBE (Tris, boric acid and 

EDTA). The compound TCEP is an additive present in some incubations and it is used as a 

reductant. The DNA was visualized with SYBR Green dye. 

Thermofluor assay 

Thermofluor assay is a technique that monitors the loss of secondary structure with a 

temperature increase, through a fluorescent probe, SYPRO® orange (Thermofisher), which binds 

to the hydrophobic parts of the protein, revealing the protein denaturation.  

The thermal shift assay was performed on an iCycle iQ5 Real Time PCR Detection System 

(Bio-Rad), varying: 

a) Protein concentration and the dye dilution factor, variables that influence the signal 

strength; 

b) Sulfur ligands. 

The amount of protein tested were 10 μg, 26 μg and 52 μg and the dye concentration tested 

was 5 fold, 10 fold and 20 fold (diluted from the initial 5.000-fold stock in 50 mM HEPES pH 8.0). 

The protein was subjected to thermal denaturation, heated from 20 ⁰C to 90 ⁰C in a stepwise 

gradient (one degree per minute), and the dye allows a fluorescence reading. The best 

conditions of signal/noise ratio obtained were using 26 μg protein and 20-fold dye. These were 

the conditions used in the remaining assays. The sulfur ligands tested were sodium sulfite and 

sodium sulfide in different ratios, from 1/0.5 to 1/20 (protein/ligand), aiming to see a protein 

stabilization that indicates that the protein interacts with the sulfur ligands.  

DsrD Expression Differences 

To obtain insights into the physiological role of the DsrD protein, Desulfovibrio 

vulgaris Hildenborough was grown in anaerobic conditions in a rich medium with 20 mM Lactate 

as electron donor, 20 mM of different electron acceptors (sulfate, thiosulfate or sulfite) and 

geneticin (100μg/mL), at 37 ⁰C, during 30 hours. The cells were harvested by centrifugation at 

mid-exponential and end of exponential, resuspended in 50 mM potassium phosphate pH 7.4, 

10% glycerol with protease inhibitor cocktail and lysed in a Minilys. The expression of DsrD 

protein in different conditions was analyzed through Western Blot, as described above.  
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Far Western Blot 

We used 10 μg of pure DsrAB, DsrC and DsrMKJOP proteins from Desulfovibrio, 

previously purified in the laboratory, that were subjected to a 10% Tricine-SDS-PAGE and then 

blotted to a 0.22 μm PFDV membrane (Roche). The membranes were dried overnight and then 

incubated with DsrD (25 nM) for 1 hour in TBST and 1.2% dry milk. The membrane was washed 

with TBS. Western Blot was performed using primary antibody anti-rabbit Anti-His tag (1:30.000) 

for 1 hour in TBST, followed by 45 minutes incubation with the secondary antibody, anti-Mouse 

IgG conjugated with alkaline phosphatase (1:7.500, Sigma). The protein detection was 

performed as described above. As negative control the same proteins were not incubated with 

DsrD, and as positive control DsrD was used.  

Purification of Bilophila wadsworthia DsrABC 

Bilophila wadsworthia (DSM 11045, strain RZATAU) was previously grown in DMZ 503 

medium with formate and taurine, and bubbled with N2 + CO2.  The collected cells were 

resuspended in 25 mM potassium phosphate pH 7 in the presence of DNase and broken in a 

French Press (figure II.1A). The cell extracts were centrifuged at 10.000 g for 15 minutes to 

remove cell debris and the supernatant was then ultracentrifuged at 144.000 g for about 2 hours 

to remove the membrane fraction. The soluble fraction was loaded into a Q-Sepharose high 

performance column (figure II.1B) equilibrated with 25 mM potassium phosphate pH 7.0. The 

proteins were eluted with different concentrations of potassium chloride and the presence of 

DsrABC protein in each fraction was analyzed by the ratio of the absorbance at 280 nm and the 

characteristic peak at 630 nm for DsrAB. The protein was eluted with 300 mM of potassium 

chloride.  

The fractions were subjected to a 10% Tricine-SDS-PAGE gel and to a 9% native gel. The 

analysis of these gel suggested two forms of DsrABC, with different pIs and/or molecular 

weights, indicating that the samples were not homogenous. Therefore, the proteins were 

separated in a 9% Acrilamide gel containing 0.1% triton X-100 under native conditions (figure 

II.1C), as described to purify DsrABC from DvH [37]. Given the green color of the protein it was 

possible to identify two different bands in the gel without any staining. These bands were cut in 

small pieces and submitted to an electro-elution on a Bio-Rad electro-eluter (model 422) (12 

mA, 3 h + 9 mA, 2 h, 4 ⁰C) in transfer buffer (figure II.1D). After electro elution the samples were 

collected, washed in 50 mM potassium phosphate pH 7.0, concentrated, and then used for 

crystallization and kinetic studies.  
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Figure II.1 – Purification of DsrABC from Bilophila wadsworthia 

 

Kinetic Studies 

The kinetic parameters for sulfite reduction by DsrABC of Bilophila wadsworthia were 

not determined yet. The enzymatic reduction of sulfite was executed in an anaerobic chamber 

(95% Ar, 5% H2) at 37 C using reduced methyl viologen as electron donor. The methyl viologen 

was previously reduced with zinc granulates, and sodium sulfite was used as electron acceptor 

and as reaction starter.  

For the determination of the protein concentration that allows a steady state, the 

protein concentration was varied. The assay was carried out in 50 mM potassium phosphate pH 

7, adding 1 mM reduced methyl viologen, 0 to 500 nM of DsrABC and 500 M of sodium sulfite. 

For the determination of kinetic parameters, the assay was performed in 50 mM potassium 

phosphate pH 7, adding 1 mM reduced methyl viologen, 140 nM of DsrABC and 0 to 1 mM 

sodium sulfite. These assays were repeated with 25 nM of protein. The methyl viologen 

oxidation was monitored at 732 nm (ε = 3.15 mM-1 cm-1) in a spectrophotometer (Shimadzu UV-

1800).  

Purification of DsrAB from IPFG07 strain 

To study the mechanism of the DsrC trisulfide production in Desulfovibrio vulgaris we 

used the IPFG07 strain, described in  [35]. In this strain the chromosomal dsrC was deleted from 

the genome and a plasmid containing the wild-type dsrC with a relatively weaker promotor was 

inserted. This plasmid also allowed the insertion of a His-Tag in the DsrC protein that will be 

expressed in lower amounts than DsrAB.  
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The IPFG07 strain was grown in a lactate-sulfate medium, then the cells were collected 

by centrifugation and resuspended in the 50 mM potassium phosphate pH 7.0 (buffer A) with 

protease inhibitor cocktail and DNase, and broken in a French Press. The cell extracts were 

centrifuged at 10.000 g for 15 minutes to remove cell debris and the supernatant was then ultra-

centrifuged at 144.000 g for about 2 hours to remove the membrane proteins. The soluble 

fraction was loaded into a Q-Sepharose 26/10 high performance column equilibrated with buffer 

A, and elution was made in a stepwise increase of NaCl concentrations. The fractions were 

analyzed in 10% Tricine-SDS-PAGE, native gel, and DsrAB characteristic peak at 630 nm. Those 

that show presence of DsrAB were the fractions eluted between 300 and 400 mM of Sodium 

Chloride. The fractions containing DsrAB (peak 630 nm) were loaded in a HiTrap IMAC column 

charged with nickel and equilibrated with 50 mM potassium phosphate and 400 mM NaCl. The 

protein was eluted with a stepwise increase of imidazole. The samples were collected, washed 

in 50 mM potassium phosphate pH 7.0, concentrated, subjected to 10% Tricine-SDS-PAGE, and 

transferred to 0.22 μm PDVF membrane (Roche) at 100 V in a Mini Trans-Blot wet cell (Bio-Rad) 

for 8 minutes. The membrane was dried overnight and incubated with primary antibody Anti-

DsrC (DsrC antiserum, 1:10.000) for 1 hour in TBST containing 1.2% dry milk, followed by 

incubation with the secondary antibody, anti-rabbit IgG conjugated with alkaline phosphatase 

(1:15.000, Sigma). The protein detection was performed with Alkaline Phosphatase Buffer and 

NBT/BCIP solutions.  

Purification of DsrC 

A recombinant plasmid containing the dsrC gene with a mutation in a non-catalytic 

cysteine, changed to an alanine (drsC∆C_26_A DvH) in pET-28a-c(+) vector (Novagen®), which 

allows insertion of a 6x-His tag at the C-terminus, was transformed in E. coli BL21-Gold(DE3) that 

were grown at 37 ⁰C in M9 minimal medium with ampicillin (100 μg/mL) until optical density of 

0.5. Then 100 μM IPTG was added and cells were grown for 5 additional hours.   

The cells were harvested by centrifugation and resuspended in 25 mM potassium 

phosphate, 300 mM NaCl and 30 mM imidazole pH 7.0 (buffer A), disrupted through mechanical 

lysis with glass beads in a Minilys (Bertin technologies), then centrifuged at 13300 rpm for 20 

minutes. The supernatant was loaded into the HiTrap column charged with nickel and 

equilibrated with buffer A, and eluted with the same buffer plus 150 mM imidazole. The protein 

was dialyzed to 50 mM potassium phosphate pH 7.0, the purity was analyzed by 10% Tricine-

SDS-PAGE and the concentration was determined at 280 nm using an absorption coefficient of 

18.6 mM-1 cm-1. 
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Kinetic assays 

In Archaeoglobus fulgidus it was described that the DsrC protein forms a trisulfide [35]. 

Here the assay was conducted as described, inside the anaerobic chamber with 50 mM 

potassium phosphate pH 7.0, 1 mM reduced methyl viologen, 430 nM of DsrAB, sodium sulfite 

and recombinant DsrC (7.5 μM and 30 μM). The DsrC protein used in the study was previously 

reduced with 5 mM dithiothreitol (DTT) during 30 minutes at 37 °C, and the excess of reductant 

was removed with a HiTrap Desalting column (GE Healthcare). The redox state of the cysteines 

was monitored with the MalPEG (methoxy-polyethylene glycol maleimide) gel-shift assay, that 

binds to free cysteines and causes an increase in the molecular weight of the protein by 10 kDa 

per each reduced cysteine [39]. From the assay mixture, about 5 µg of DsrC was incubated with 

1 mM MalPEG for 15 minutes at 37 °C inside the anaerobic chamber. After the reaction the 

sample was analyzed by 10% Tricine-SDS-PAGE under non-reducing conditions. The reduced 

DsrC was also subjected to the same treatment as control for MalPEG binding. 

 

  



II. Methods 

20 
 

  



III. Results and discussion 

21 
 

III. Results and discussion  

Characterization of DsrD 

Purification of DsrD 

 For the characterization of DsrD, the protein was purified as described from E. coli cells. 

The purification gave rise to two fractions, one that was eluted with 100 mM of imidazole and 

another with 500 mM of imidazole. Both fractions were analyzed and subjected to a 10% Tricine-

SDS-PAGE (figure III.1A), to check the purity; and one of the samples was treated in non-reducing 

conditions to see if there was formation of dimers.  

 The concentration of the first fraction was determined from the absorbance at 280nm 

(figure III.2B) and Ɛ=9.9 mM-1 cm-1. The first fraction was used in the subsequent studies, with 

the final concentration of 13.1 mg/mL.  

 

 

Figure III.1 - Purification of DsrD. A) Tricine-SDS-PAGE; MW- molecular mass markers (kDa); 1- First fraction 

eluted at 100 mM of imidazole; 2-  Second fraction eluted at 500 mM of imidazole; 3- First fraction in non-

reductive conditions (5 g of protein). B) UV-Vis spectrum of DsrD. 

 

 The DsrD protein has a molecular weight 8.8 kDa and since the purified protein has a 

His-Tag insertion its final molecular weight is around 9.8 kDa, so the band in the gel is lower than 

14.4 kDa, as expected. Since there are no more bands present in the gel, the purification of DsrD 

was successful, and there was no evidence of dimer formation. The UV-Vis spectrum also does 

not show any characteristic peak other than the expected peak at 280 nm.   
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Western blot 

 The Western blot technique was used to analyze the differences in expression of DsrD 

under different growth conditions in order to try to get a relationship between expression and 

function of DsrD, which is unknown. For this analysis, it was necessary to optimize the protocol 

in order to obtain a good and measurable signal for DsrD protein, using the anti-DsrD antibody 

already available in the laboratory. 

 This optimization process for Western blotting was done in steps evaluating several 

parameters. First the dilution of the first anti-DsrD antibody, then the transfer time to the PDVF 

membrane and the total amount of the protein extracts that allows having a quantitative signal 

for DsrD. In the first assays, we could observe that DsrD is not very stable in the protein extracts, 

so multiple cell growths were headed for all the tests. Due to this instability, it was also tested 

if a different lysis process allowed a lower protein degradation, namely mechanical lysis and bug 

buster lysis. Bugbuster is a commercial kit that uses a mixture of detergents for the disruption 

of the E. coli cell wall allowing the extraction of the soluble proteins.  

 

 

Figure III.2 - Western blot optimization results. MW - Molecular weight (kDa); WT - wild type DvH; ΔD - 

DvH mutant without dsrD gene; BB - lysed with Bug Buster; LM - lysed by mechanical lysis, with MiniLys; 

40 and 80 g of total protein extract were used. 
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 The optimal conditions obtained for the Western blot were: seven minutes of transfer 

to PVDF membrane in the Mini Trans-Blot wet cell (Bio-Rad), 1:5000 dilution of anti-DsrD 

primary antibody and the optimal amount of total protein extract was 80 g (figure III.2). The 

best lysis mechanism proved to be the mechanical lysis, where the protein did not have so much 

degradation, allowing a better signal, probably because some component of Bug Buster caused 

protein degradation. The subsequent studies were all made using protein obtained with these 

conditions.  In all Western blots done during the optimization process, the mutant strain, where 

the dsrD gene was deleted from the genome, was also ran as a negative control for nonspecific 

signals. Since there were no unspecific signals in the 10 kDa zone, the subsequent studies were 

made just with the wild-type DvH grown in different conditions. 

Growth studies 

 With the objective of understanding the function of DsrD, an analysis of its expression 

in DvH was made using different electron acceptors, such as sulfate, sulfite and thiosulfate, and 

at different points during the growth curve (mid-point exponential and late 

exponential/beginning of stationary). This analysis may give some light about the conditions and 

moment of the growth curve this protein has more relevance. The expression analysis was made 

using the Western-blot technique. 

 The DvH growths were conducted in a rich medium (supplementary data), 

supplemented with 20 mM lactate, as electron donor, and 20 mM of the different electron 

acceptors, as described above. The bacteria showed the ability to grow with all the electron 

acceptors, as expected, but did not achieve the same optical density. With sulfate and sulfite, 

the maximal optical density was around 0.6 and with thiosulfate it wasaround 0.45 (figure III.3), 

showing that the bacteria were more efficiently growing in sulfate and sulfite.  
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Figure III.3 - Growth curves of DvH with different electron acceptors: Sulfate, sulfite, and 

thiosulfate. 

 

 Samples of the DvH cells were taken at mid-point and at the end of the exponential 

growth curves. The samples were treated as previously described and analyzed by Western blot 

using anti-DsrD to check if there were any significant expression differences that could help 

explain the function of DsrD in sulfate reduction.  

 

 

Figure III.4 – DsrD expression in different growth conditions. MW – Molecular weight marker; 1, 

2, 3 - samples taken at mid-point exponential phase from sulfate, sulfite, and thiosulfate grown 

DvH cells, respectively; 4, 5, 6 - samples taken at the end of exponential phase from sulfate, 

sulfite, and thiosulfate grown DvH cells, respectively. 

 

 The results are shown in figure III.4, and there were no considerable differences in the 

different electron acceptors or in the stage of the growth curve, so no insight into the function 

of DsrD could be obtained. 
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Possible role in regulation 

 The crystal structure of DsrD suggests that it has a DNA binding motif. To analyze if the 

protein has a regulatory role on the dsr operon, the dsr promoter region was amplified from the 

genomic DNA of DvH using PCR, then was subjected to an agarose gel and purified with the 

Agarose extraction kit. The resulting fragment has around 500 base pairs (bp). The DsrC protein 

was also tested since in Allochromatium vinosum this protein was shown to bind to the dsr 

promoter region [46], and we wanted to analyze if it has the same effect under the same 

conditions in DvH. 

 The amplified DNA was incubated with DsrD and DsrC proteins, separately, in the 

conditions described in methods. If the DNA interacts with the proteins, it would be retarded in 

the gel relative to the non-protein bound DNA (figure III.5B).  

 

 

Figure III.5 - Electrophoretic mobility shift assay. A) schematic representation of the assay, with 

free and bound DNA; B) example of the results obtained, MW - DNA markers, C - DNA with no 

protein; 1-5 DNA incubated with increasing concentration of protein from 100 to 500 pmol of 

protein.  

In all the conditions tested we never observed a DNA shift. The protein concentrations 

tested were from 100 to 500 pmol of protein with 200 fmol of DNA. The negative results show 

that at least in the tested conditions [45, 47], the DsrC and DsrD proteins do not interact with 

the dsr promoter region (figure III.5), so we could not find any indication that either DsrD or DsrC 

act as regulatory proteins using the described method. 

Thermofluor assays 

 Thermofluor assays measure protein stability in different conditions by monitoring 

protein denaturation as a function of temperature using a fluorophore called SYPRO orange dye. 
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The protein is incubated with different additives and compared with the original control 

condition to understand if there is stabilization (the melting temperature Tm increases, so the 

protein denaturates at higher temperatures), destabilization (decreasing of the Tm), or no 

change. The protein is incubated with the dye and the additives, to study its interaction.  

 In this study, we aimed to evaluate the interaction between DsrD and sulfite (sodium 

sulfite, Na2SO3) and sulfide (Sodium sulfide, Na2S), by incubating the protein with different 

protein to ligand ratios. The amount of protein and ratio to the dye needed to see the reaction 

was initially tested and the best condition found was 26 µg of protein and 20 fold excess of the 

dye relative to the protein in the reaction mix. The results are shown in table III.2.  

 Usually this technique is used with proteins with higher molecular weights, and in those 

cases the protein amount needed is lower, as well as the dye concentration. Since DsrD is a very 

small protein with only 9.8 kDa, the amounts of protein and dye needed to observe fluorescence 

was very high.   

Table III.2 – Melting temperatures in the different conditions tested. The results shown are the 

average of triplicates. 

 

Ratio 

(protein to sulfur) 

Tm (⁰C) 

Na2SO3 

Tm (⁰C) 

Na2S 

1:0,5 64,0±0 63,7±0,9 

1:1 63,0±0 64,0±0 

1:2 64,0±0 62,7±0,4 

1:5 63,7±0,4 64,0±0 

1:10 63,4±0,4 — 

1:20 63,4±0,4 64,7±0,4 

 

Protein only 64,5±0,5 

 

 The results show that there is no considerable alteration of the protein stability in the 

presence of the sulfur compounds tested, indicating that maybe it does not interact with either 

of these compounds since the melting temperature is not significantly altered comparing to the 

protein alone.  
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Far-Western blot 

 Since there was no evidence that DsrD interacted with DNA or sulfur derivatives, we 

investigated if DsrD interacts with other proteins that are involved in the sulfite reduction 

electron transfer pathway. The technique used to study a possible interaction was the Far 

Western blot. In this technique, the possible interacting proteins are subjected to a Tricine SDS-

PAGE gel and transferred to a PVDF membrane. The membrane is incubated with the protein of 

interest, in this case DsrD, washed and then the Western Blot analysis against DsrD is performed. 

In our study the proteins tested were DsrABC, DsrMKJOP (membrane complex) and DsrC, which 

once transferred to the membrane were incubated with DsrD, followed by Western blot 

analysis. A control experiment was done where the membrane was not incubated with the 

protein and the anti-DsrD Western blot was performed to see if there were any unspecific 

signals. The assay was done in triplicate and the results were similar in all. 

 

 

Figure III.6 - Far Western Blot Results. A) membrane incubated with DsrD protein; B) Control 

membrane, without incubation; 1 – DsrAB, 2 - DsrMKJOP, 3 – DsrC , 4 - DsrD. 

 

The pattern observed in the assay (membrane incubated with DsrD) and in the control 

experiment (with no incubation with DsrD) is very similar (figure III.6). Both membranes have 

the same spots, indicating that the all the signals are non-specific, indicating that DsrD does not 
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interact with any of the proteins tested in the conditions of the study. The fact that there is no 

binding in the assay does not mean that in vivo the proteins do not interact in some way, since 

the interaction might need special conditions or chaperones. The DsrAB is pointed as one of the 

proteins that can interact with DsrD, since these proteins are found in the same operon and 

DsrAB has a crucial role in the sulfite reduction.  
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Bilophila wadsworthia 

Protein purification  

 In the genome of B. wadsworthia, unlike in sulfate reducing organisms, the DsrD is fused 

with DsrB, indicating the involvement of the DsrD protein in sulfite reduction. The determination 

of the crystal structure of this protein might unveil the DsrD function, since we will be able to 

see how DsrD interacts with DsrAB. The protein was also used to measure the specific activity in 

order to kinetically characterize it and to study the impact of having a fusion protein (DsrB + 

DsrD) in the process by comparing the kinetic differences of other DsrAB that do not have a 

fused DsrD. 

 Purification of DsrABDC from B. wadsworthia was performed according to the reported 

protocol for DsrABC from DvH [37], which was the purification method that allowed us  to obtain 

the protein crystal structure of the DvH protein, since it had multiple oligomeric forms and it 

was the only way to separate them. The purification started with an ion exchange 

chromatographic column, eluted with increasing concentrations of salt ions. The protein was 

eluted with 300 mM of KCl (chromatogram in supplementary data) and analyzed through SDS-

PAGE gels and UV-vis spectra, looking for the characteristic peak at 630 nm. The chosen fraction 

was concentrated and subjected to separation using a native gel. The protein band was seen by 

naked eye since it is a green colored protein. It was possible to see two bands close together, 

and the bands were divided into fragments that were electroeluted. The resulting fractions were 

concentrated and washed with the same buffer that was used for the kinetic studies (50 mM 

potassium phosphate pH 7). The concentration was determined by absorbance at the 630 nm 

peak with  Ɛ630= 53 mM-1 cm-1. The purification process was repeated twice, at different times. 

The concentration results are in table III.3. The purified protein was also analyzed by gel and 

compared with DsrAB from DvH (figure III.7).  

Table III.3 – Concentrations obtained in both batches of the purification in the two main fractions 

containing DsrABDC. 

1st Batch 2nd Batch 

#1.1 = 13.7 mg/mL 

#1.2 = 11.6 mg/mL 

#2.1 = 10.3 mg/mL  

#2.2 = 9.8 mg/mL 
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c

 

Figure III.7 - Purification summary. A) Tricine-SDS PAGE gel. B) Native gel; in A and B panels lane 

1- fraction after the chromatographic step; lane 2 - fraction 1.1 after the electro elution 

purification step; lane 3 - DvH DsrABC.  C) UV-vis spectrum of purified DsrABDC from B. 

wadsworthia 

 

 The purification method proved to be successful also for DsrABDC from B. wadsworthia 

and, as expected, the DsrA subunit is almost of the same molecular weight as the DvH DsrA 

(around 50 kDa), and the DsrB subunit from B. wadsworthia has a higher molecular weight then 

the DvH DsrB (around 40 kDa), since it is a fusion protein with DsrD (total 54 kDa). DsrC was also 

found to co-purify with DsrABCD from B. wadsworthia, as in the case in DvH (band at 12 kDa) 

[37].  

Kinetic Characterization  

 In the sulfite reduction assay the methyl viologen is previously reduced, and it is used as 

an electron donor to that enzyme so the DsrABDC is able to reduce sulfite. The MV oxidation 

can be followed by a decrease in the absorbance at 732 nm in a spectrophotometer, and the 

regression coefficients can be measured and converted to activity (mU/mL).  

 The fraction 1.1 was used for kinetic assays. The first study was used to discover at which 

protein concentration the activity is proportional to the protein concentration (Figure III.8). For 

this, the concentration of substrate used was always the same and in large excess, and the 

amount of protein was gradually decreased.  One of the difficulties in the study of this protein 

was its degradation and the loss of activity after some time, even if the protein was kept at 4 ºC 

in anaerobic conditions, leading to the need for a second purification, and the repetition of the 

kinetic profiles.  
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Figure III.8 – Activity versus concentration of protein. Assays performed at 35 ºC with sulfite 

concentration of 500 µM. In blue dots are the results for the first batch #1.1 and in orange 

squares the results for the second batch #2.1. 

 

 This study is necessary to determine the protein concentration to be used for the 

determination of the kinetic curve. For the reasons mentioned above the assays were done with 

the two batches, with the fractions #1.1 and #2.1. For the following study the fraction #1.1 was 

used with 140 nM of protein and for the fraction #2.1 we used 25 nM of protein. 

 After fixing a protein concentration the kinetic curve was determined by measuring  

activity versus sulfite concentration (Figure III.9). This study was made maintaining the 

concentration of the enzyme previously determined, allowing to see the enzyme rate response 

to the alteration of substrate concentration. With the increase in substrate concentration, the 

activity increases, and the resulting curve indicates that the enzyme follows Michaelis–Menten 

kinetics.  
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Figure III.9 - Activity versus sulfite concentration at 35 ºC. In blue dots are the results for #2.1 

with the protein concentration of 25 nM. 

 

 The Hyper 32 program was used to fit the results and determine the kinetic parameters 

through the hyperbolic regression method. Vmax represents the maximum reaction rate 

achieved, and Km is the substrate concentration needed to achieve half of Vmax, in Michaelis-

Menten kinetics. This process was done with the two fractions that gave rise to different results. 

Since the kinetic curve was more defined in the first purification batch, the results corresponding 

are shown in table III.4.  

 

Table III.4 – Hyper 32 fitting results for Hyperbolic Regression, and the hyperbola graph obtained. 

Hyperbolic Regression 

Results 

Vmax  =   891,4 ± 139 

mU/mg 

Km     =  176 ± 79 mM 
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 In order to try to evaluate the effect of DsrD in the DsrABDC enzyme from B. 

wadsworthia we can compare its kinetic parameters obtained in this work with those of DsrABC 

from DvH and with DsrAB+DsrC from A.fulgidus, as in these cases DsrD is absent (table III.5). In 

terms of Vmax, the DsrABDC from B. wadsworthia has a higher sulfite-reduction rate (3.7-fold 

higher) than DsrABC from DvH, which is the example that allows a better comparison as in both 

cases DsrC co-purifies with DsrAB. 

Table III.5 – Summary table for the kinetic parameters for Dissimilatory sulfite reductases from different 

organisms  

Bilophila wadsworthia  

DsrABDC 

DvH 

DsrABC [48] 

Archaeoglobus fulgidus 

DsrAB+DsrC [35] 

Vmax = 891,4 mU/mg 

Km     = 176 ± 79 mM 

Vmax = 238 mU/mg 

Km     = 4,1 mM 

Vmax = 1278 ± 2 mU/mg 

Km     = 12 ± 3 µM 

 

 The differences observed in table 5 in enzyme kinetics of B. wadsworthia versus other 

organisms, can be due to DsrB being a fusion protein with DsrD. This protein is positively charged 

and this fusion can influence the folding of the DsrB catalytic subunit or the substrate channel, 

making the enzyme have less affinity for substrate binding, which may explain the high Km of 

the enzyme. In contrast, the maximal velocity is higher for B. wadsworthia than for DvH. 

 

 Crystallographic studies 

 One of the goals of the project was to solve the crystal structure of DsrABDC from B. 

wadsworthia, to try to understand the role of DsrD at the structural level, so the protein was 

sent to the Membrane Protein Crystallography Lab at ITQB where  crystallographic screenings 

were performed, resulting in some green colored protein crystals (Figure III.10). 
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Figure III.10 - Crystal of DsrABDC protein, from the screening of crystallographic conditions. 

  

 The optimization of these crystals to a bigger scale and non-needle crystals is being 

carried out by the collaborators with protein from both purifications.  
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DsrAB from IPFG07 and DsrC_C26A 

 Archaeoglobus fulgidus is an organism where it is reported that DsrAB can be isolated 

separately from DsrC and where kinetic studies showed a significant increase in DsrAB activity 

when DsrC is added to the reaction [35]. Our aim was to study this interaction in DvH proteins, 

where DsrAB can not be isolated separately in the wild type, so there was a need to use a mutant 

strain. In the IPFG07 strain the dsrC gene is deleted from the genome and a plasmid with the 

dsrC gene was inserted. The need to insert DsrC in a plasmid is because the organism is inviable 

without this crucial protein. The plasmid also allowed the insertion of a His-Tag in DsrC, that will 

allow the protein to be separated from DsrAB with an affinity column. This method allows a 

lower expression of DsrC compared to the wild type and simultaneously increases the 

probability of having  DsrAB free of DsrC. With this strategy we aim to reproduce the DsrC 

trisulfide product described in A. fulgidus using the DvH proteins.  

Protein purification 

 The purification of DsrAB without DsrC was performed from the IPFG07 strain, which 

has the dsrC gene deleted from the genome and expressed in smaller amounts from a plasmid. 

First, the soluble fraction of IPFG07 was subjected to an ion exchange column to separate DsrAB 

from the other proteins of DvH. The fractions that contained DsrAB were then loaded in a nickel 

column, taking advantage that the DsrC expressed from the plasmid has an N-terminal His tag, 

which allowed us to retain DsrC in the column and elute the DsrAB enzyme.  The protein in 

complex with DsrC was then eluted with increasing concentrations of imidazole.  

 DsrABC was eluted from the first Q-sepharose column, from 300 to 400 mM of NaCl and 

divided into four fractions, corresponding to the four peaks (chromatogram in Supplementary 

data). From earlier studies – performed in the laboratory – it was expected that the first peak 

eluted from the ion exchange column containing DsrAB would be the fraction where there was 

more protein in complex with DsrC, so the other three peaks were loaded separately in the nickel 

affinity column and eluted with imidazole. In all the elutions from the second purification step 

(figure III.11A), the first two fractions were the ones that had DsrAB without DsrC bound. The 

protein purity was analyzed by Tricine-SDS-PAGE gel and the presence of DsrC in the multiple 

eluted fractions obtained from the nickel column was analyzed by Western blot.   

 



III. Results and discussion 

36 
 

 

Figure III.11 - Purification of DsrAB from the IPFG07 mutant. A) Chromatogram of HiTrap IMAC 

affinity column. 1 to 6 represents the fractions obtained from the elution with increasing steps 

of imidazole. B) Western blot against DsrC with the fractions from the chromatogram (30 µg of 

protein). C) SDS-Page of DsrAB, 1 – DsrAB from IPFG07. 

 

The purification of DsrAB lacking DsrC from the IPFG07 strain was possible, as the 

Western blot analysis shows that in some of the fractions there was no DsrC present. The DsrAB-

DsrC complex was only eluted in the fractions with increasing amounts of imidazole (figure 

III.11B). The DsrAB-DsrC started being eluted with 50 mM of imidazole (fraction 3), and the 

fractions used for the subsequent studies were the 1st and 2nd fractions, that did not show any 

DsrC protein.  

In the DvH DsrC_C26A, a DsrC variant where the cysteine that is not involved in the 

catalytic activity, Cys26, was replaced by an alanine, the only cysteines present are the catalytic 

ones. This DsrC variant was cloned in pET28a plasmid with a His-Tag at the N-terminus, and 

transformed in E. coli BL21 (DE3) Gold.  The protein was expressed and purified from E. coli using 

a HiTrap column, eluted with 150 mM of Imidazole, and then washed and concentrated. For the 

kinetic assays, the protein was always previously treated with DTT so that the cysteines were 

reduced and available to work with DsrAB in sulfite reduction. The excess of DTT was removed 

using a BioSpin column.   

Kinetic Assay 

 The aim of this study was to see if there is an increase in DsrAB enzymatic activity when 

DsrC is added to the reaction, as observed for A. fulgidus DsrAB/DsrC [35]. The DsrAB was added 

to reduced methyl viologen in a concentration of 150 nM, and then sulfite was added at a 

concentration of 500 µM. The DsrC was added at 7.5 µM and 30 µM, and in the control 

experiment, no DsrC was added, mimicking the assay conditions recently published (figure 

III.12). If the enzyme activity increases due to the addition of DsrC we should observe a stronger 
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decrease in the absorption at 732 nm due to the oxidation of the methyl viologen. In vivo, the 

role of DsrAB is to reduce sulfite, and in A. fulgidus the DsrC was shown to bind the sulfur atom 

of sulfite between its cysteines producing a trisulfide state, leading to a two-phase reaction plot.  

 

 

Figure III.12 – A) Kinetic results from the addition of DvH DsrC to DsrAB enzyme; B)  Kinetic profile 

from the addition of A.fulgidus DsrC to DsrAB in sulfite reduction,taken from [35]. 

 

 The resulting profile obtained for DsrAB and DsrC from DvH showed that when the DsrC 

is added to the reaction there is no significant alteration in the slope measured for the sulfite 

reduction, so it does not increase the activity. DsrC_C26A and DsrAB from DvH do not show any 

evidence of the production of the trisulfide state. However, since the rate of sulfite reduction is 

so low, no definitive conclusions can be drawn at this point. 

The redox state of DsrC after reaction with DsrAB was analyzed with the MalPEG assay. 

MalPEG is a compound that binds to thiol groups of the protein, like cysteines residues, leading 

to an increase of the expected protein mass. If the cysteines of DsrC are reduced, they will bind 

to MalPEG and there is a shift in the expected mass of the protein of 10 kDa for each cysteine 

bound to a MalPEG molecule. According to Santos and co-authors, the cysteines of DsrC bind 

the sulfite-derived sulfur after reduction of sulfite by DsrAB, and in this case, there would be no 

shift in DsrC molecular mass because the cysteines are in oxidized state. In this study, the same 

approach was used to study the redox state of DsrC cysteines. 

 The points were taken at 0, 5 and 15 minutes after the addition of DsrC to sulfite and 

DsrAB. The negative control was the reduced DsrC incubated with MalPEG so that we could 

ensure that the protein had the two catalytic cysteines available.  
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Figure III.13 - MalPEG assay; on the left panel reduced DsrC incubated (+) and non-incubated (-) 

with MalPEG; on the middle panel DsrC with DsrAB and sulfite non incubated (-) and incubated 

(+)with MalPEG at different time points during the kinetic assay, from 0 to 15 minutrs (+T); on 

the right panel reduced DsrC after the addition of sulfite incubated (+) and non-incubated (-) with 

MalPEG. 

 

 In the Tricine Gels (figure III.13) we can see that after the reaction with DsrAB and sulfite 

DsrC produces two major bands, one without shift and another one with a shift corresponding 

to one MalPEG bound-cysteine. The band without shift, which could correspond to the DsrC 

trisulfide, appears already at T0 even before sulfite reduction. Thus, this result does not fit with 

being a DsrC trisulfide. Another option would be that DsrC has the capacity to bind sulfite to the 

free cysteines, and if so this would prevent the binding of MalPEG. This hypothesis was 

confirmed by incubating DsrC with sulfite, in the absence of DsrAB, and the same results were 

observed.   

 It is also possible to see that sulfite binds almost instantly to DsrC, even in the absence 

of the enzyme, which did not occur in the A. fulgidus protein [35]. The fact that DvH DsrC binds 

sulfite in vitro without any influence of DsrAB probably explains why the sulfite reduction rate 

observed was so low.  In A. fulgidus this effect was not observed so the sulfite and DsrC were 

free as substrates to react with the enzyme giving rise to the DsrC trisulfide.  

 Further studies are required to optimize the activity of DvH DsrAB before more 

experiments with DsrC can be performed. Nevertheless, the observation that DsrC from DvH can 

bind sulfite is interesting and deserves further studies.  
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IV. Conclusions  

Studying the role of DsrD in the dissimilatory sulfite reduction step is very important to 

better understand the mechanism of this process. In this thesis, most of the biochemistry assays 

were conducted for this purpose.   

Despite the efforts to understand the function of the DsrD protein, no major conclusion 

was achieved. The EMSA assays showed no evidence that DsrD was able to bind DNA even with 

high ratios of protein versus DNA. From Far-Western blot analysis it seems that DsrD has no 

relevant interaction with the other Dsr proteins tested, namely DsrAB, DsrC and the membrane 

complex DsrMKJOP. Finally, the Thermofluor assay results showed that the stability of DsrD was 

not affected by sulfite or sulfide molecules, as none of them altered the melting temperature of 

the protein. The results obtained in this thesis do not rule out the hypothesis that DsrD interacts 

with DNA and/or Dsr proteins. They only show that with the techniques used it was not possible 

to obtain positive results. Other more sensitive techniques should be employed to study the 

function of DsrD.  

 The DsrABDC from B. wadsworthia was successfully purified but in terms of enzymatic 

characterization the enzyme showed a quite low Km compared with other sulfite reductases.  

Determination of the crystal structure of DsrABDC will allow to see the conformational 

differences of this protein relative to the DvH DsrABC. One of the possibilities is that this protein 

can induce conformational changes in the DsrAB making the sulfite reduction more efficient.  

The DsrAB from DvH did not show sulfite reductase activity in the presence of DsrC in 

any of the conditions tested. The MAL-PEG assays and a control experiment in the absence of 

DsrAB indicate that DvH DsrC binds one and two molecules of sulfite, which can explain the lack 

of activity measured for DsrAB. Since the protein did not show enzymatic activity, no other 

experiences using this enzyme could be performed, such as the addition of DsrD to understand 

if it had some effect in the process.  
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Table S.1 – Growth medium for Desulfovibrio vulgaris Hildenborough. 

Component Final Concentrarion 

MgCl2 8 mM 

NH4Cl 20 mM 

CaCl2 0.6 mM  

K2HPO4-NaH2PO4 2 mM 

Trace elements*  

FeCl2 0.06 mM 

EDTA 0.12 mM 

Tris-HCl pH 7.4 30 mM 

Thauers Vitamins**  

 

* ZnCl2, MnCl2.4H2O, H3BO3, CoCl2.4H2O, CuCl2.2 H2O, NiSO4.6H2O, Na2MoO4.4H2O, Na2SeO3.5 

H2O, Na2WO4-2H2O 

**Biotin, Acid folic, pyridoxine HCl, thiamine HCl, Riboflavin, Nicotinic Acid, DL pantothenic acid, 

p-aminobenzoic acid, lipoic acid, choline chloride, vitamin B12 

 

Figure S.2 – Chromatogram from Q-Sepharose column for the purification of DsrABDC from Bilophila 

wadsworthia. 
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Figure S.2 – Chromatogram from Q-Sepharose column for the purification of DsrABC from DvH. 

 

 


