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Sulfate is present in foods, beverages, and drinking water. Its reduction and concentration in the gut depend on the
intestinal microbiome activity, especially sulfate-reducing bacteria (SRB), which can be involved in inflammatory bowel
disease (IBD). Assimilatory sulfate reduction (ASR) is present in all living organisms. In this process, sulfate is reduced to
hydrogen sulfide and then included in cysteine and methionine biosynthesis. In contrast to assimilatory sulfate reduction,
the dissimilatory process is typical for SRB. A terminal product of this metabolism pathway is hydrogen sulfide, which can
be involved in gut inflammation and also causes problems in industries (due to corrosion effects).
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| 1. Introduction

Sulfur is an indispensable element for living organisms, including prokaryotes and eukaryotes. This element is important
in the synthesis of amino acids, proteins, and enzymes . Sulfur metabolism depends on different organisms and the
environment. These factors determine its oxidation state. Microorganisms can involve sulfur in their metabolism, both in
oxidized and reduced states 2.

The intestinal microorganisms utilize mostly the oxidized state of sulfur from various complex organic compounds (such
as sulfate present in food and water). The intestinal microbiome has a key impact on human health and can be involved in
immunity, metabolism, and neurobehavioral traits. Although intestinal bacteria have been studied for several decades,
their role in the intestines has been found more interesting than classical infectious microorganisms &I,

The reduction of sulfate, depending on microorganism, can take place in two ways: assimilatory and dissimilatory
(differing in the final product) &2, In dissimilatory sulfate reduction (DSR), toxic hydrogen sulfide is produced, and in an
assimilatory way, the terminal product is cysteine. One possible hypothesis of intestinal inflammation, including ulcerative
colitis, is the effect of high concentrations of hydrogen sulfide on the intestinal epithelium HRIBIABINL |y recent years,

intestinal sulfate-reducing bacteria (SRB) (as a common part of the intestinal microbiome) have been associated with this
disease [L112113]

SRB are anaerobic bacteria that use organic compounds as a source of energy and carbon in a process called DSR 14!
[1SII6IIA7] This is typical of only five bacterial strains (18], In this metabolic pathway, sulfate is used as an electron acceptor
and is reduced to hydrogen sulfide, which is subsequently released into the intestine 422021 SRB are not the only
bacteria that use sulfate and produce hydrogen sulfide. There are some other bacteria in the intestine, such
as Escherichia coli, that metabolize sulfate to hydrogen sulfide, and further to sulfur amino acids. This metabolic pathway
is called assimilatory sulfate reduction (ASR) and occurs in both bacteria and plants 22,

| 2. Sulfate Source for Intestinal Bacteria

The sulfate contained in food plays an important role in human metabolism. It is involved in the formation of methionine
and cysteine. In conjugation with xenobiotics and drugs, sulfate influences the metabolism of the large intestine, where it
is reduced by bacteria to toxic and harmful intestine hydrogen sulfide 12131, However, it is poorly absorbed in the intestine
and can be used as a laxative or contrast agent, such as Ba,SO,4. An adult human body receives more than 16 mmol of
sulfate per day 2. A portion of the sulfate is absorbed in the small intestine and is used to form sulfur-containing
compounds, such as chondroitin sulfate and mucin, or is used for the synthesis of amino acids methionine and cysteine
(23] cysteine is an indispensable component of peptides, involved in the formation of disulfide bridges, and is highly
represented in keratin protein. Keratin protein can be found in hair and nails, and it is included in the formation of taurine.
Cysteine decarboxylation produces mercaptoethanolamine, which is involved in the biosynthesis of coenzyme A 24, The
remaining sulfate ions that are not absorbed in the small intestine, reach the colon, where they serve as electron



acceptors for SRB [4. The largest sources of sulfate in the diet are industrially processed foods such as wheat bread (15
pmol/g), sausages (10 pmol/g), but also nuts (9 pmol/g) and dried fruit (10 umol/g). A high sulfate content occurs in beer
(2.6 pmol/mL) and some vegetables (8.4 pmol/g); mainly vegetables, the most often from the cabbage family, such as
cauliflower, which is a rich source of glucosinolates. Their general formula is R-C-(NOSO3)-S-glucose 23], Besides sulfate,
there are other sulfur compounds in the intestine. Other intestinal bacteria are involved in the processing of these sulfur
compounds (Table 1), which are necessary to maintain a balance between the harmful and beneficial effects of sulfur-
containing compounds on the intestinal tract [,

| 3. Dissimilatory Sulfate Reduction

Only a special group of organisms can extract energy from DSR, while the ASR process is abundant among other
organisms (plants and bacteria). SRB are an important group of microorganisms in various ecosystems, including the
intestinal tract, because they require inorganic sulfate as an electron acceptor to obtain energy from organic compounds
[23[26] SRB are a significant part of the environment because they require inorganic sulfate for energy production &,
DSR is a process that includes several reactions, providing energy for the creation of adenosine triphosphate (ATP) in
bacterial cells of SRB.

Table 1. Various bacterial genera involved in sulfur metabolism (modified from Carbonero et al. 2012) &,

Source of Sulfate Substrates Containing Sulfur Bacteria Genera Reference
Desulfovibrio sp.
Desulfobacter sp.

Sulfate (S0427) Gibson et al. 1988 [12]
Desulfobulbus sp.

Inorganic

Desulfotomaculum sp.
Bilophila wadsworthia Baron et al. 1989 (27

Sulfite (SO327)
Campylobacter jejuni Kelly and Myers 2005 [28]
Escherichia coli Metaxas and Delwiche 1955 [29]
Staphylococcus aureus Shatalin et al. 2011 [2
Salmonella typhimurium Kredich et al. 1972 [B1
Mycobacterium tuberculosis Wheeler et al. 2005 [321
Helicobacter pylori Kim et al. 2006 [

Cysteine Prevotella intermedia Igarashi et al. 2009 [341
Fusobacterium nucleatum Yoshida et al. 2010 [25]

Organic Streptococcus anginosus Yoshida et al. 2010 [€]

Clostridium sp. Genom cysteine desulfohydrase
Enterobacter sp. Genom cysteine desulfohydrase
Klebsiella sp. Genom cysteine desulfohydrase
Prevotella strain RS2 Roberton et al. 2000 371
Bacteroides fragilis Roberton et al. 2000 37

Sulfomucin
Helicobacter pylori Slomiany et al. 1992 [38]
Akkermansia sp. Genom glycosulfatase

Sulfate is used as a terminal acceptor and provides energy for growth and is released from the oxidation of organic
compounds (lactate, propionate, and butyrate) or hydrogen B9 Reduction of sulfate occurs over many different
intermediates that are not released to the environment. The process of DSR includes the transfer of eight electrons !,
Enzymes that are associated with this process are localized in the cytoplasm or periplasm of the bacterial cells. The first
step is sulfate and proton absorption into bacterial cells [A142][431144145] After these processes, DSR can be divided into six
stages (Eigure 1).
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Figure 1. The pathways of the dissimilatory (A) and assimilatory (B) sulfate reduction, from Santos et al. 2015 48],

3.1. Sulfate Activation

Sulfate must be reduced and activated before absorption. This enzymatic reaction is catalyzed by the enzyme ATP
sulfurylase (EC 2.7.7.4.). The products of this reaction are adenosine-5-phosphosulfate (APS) and pyrophosphate (PP;)
(241 Firstly, free sulfate around bacterial cells must be activated by APS sulfurylase that binds ATP to sulfate. This enzyme
is part of three metabolic pathways: purine, selenium, and sulfur metabolism. APS sulfurylase is also found in plants,
where it is involved in sulfur metabolism as well &1, In the bacterium Desulfovibrio vulgaris Hildenborough, APS sulfurylase
is encoded by the sat gene. This gene is localized on the negative strand in the position 1,387,712-1,388,995. It is
composed of 184 nucleotides, which are translated into 427 amino acids. The active site consists of 142 amino acids at
position 209-350. The polypeptide chain contains two protein motives, a flexible turn and an HXXH motive. The HXXH
motive participates in catalytic reactions. These motives are typical for proteins from the nucleotidyltransferase protein
family 421,

3.2. Cytoplasmic APS Reduction

This reaction is catalyzed by the enzyme APS reductase (EC 1.8.99.2), which enables the reduction of APS to sulfite or
bisulfite and adenosine monophosphate (AMP) 22431 |n the bacterium D. vulgaris, sulfite exists only as an intermediate
28] This reaction is catalyzed by the enzyme APS reductase. It can be found in SRB and also in other sulfuric bacteria or
in Thiobacillus. APS reductase is a nonheme flavoprotein that consists of two subunits: o and B 4l In the genome
of Desufovibrio vulgaris, Hildenborough, genes encode both subunits, and they are situated in a positive operon strand
(Eigure 2) 1,

aprA aprB EEEE—

933,076 933,579 933,621 935,615
Figure 2. Localization of aprA and aprB genes.

The first gene encodes subunit B. It is named aprB and is situated in the 933,076 to 933,579 position. This gene consists
of 504 nucleotides that are translated into 167 amino acids. Subunit 3 has two domains 4Fe—4S; these are encoded by 49
amino acids, forming a place for cofactors. Gene aprA encodes subunit a; this gene is in position 933,621-935,165. It
consists of 1995 nucleotides, which are translated into 644 amino acids. This subunit reacts with flavin adenine
dinucleotide (FAD) 47 The gene for subunit o is almost four times larger than the aprB gene. Both genes must be
correctly translated into proteins, and then they bind with FAD and iron. This complex is a fully functional holoenzyme that
is called APS-reductase 4.

3.3. Cytoplasmic Sulfite Reduction

Another essential reaction of the process is sulfite reduction, resulting in the product of APS reduction M4, Sylfite
reduction is catalyzed by dissimilatory sulfite reductase (EC 1.8.99.1). This enzyme reduces sulfite to sulfate 44!, Sulfide
reductase also plays an important role in the process of assimilatory sulfate reduction due to sulfide ion production. These



sulfides are part of amino acids containing sulfur, such as methionine and cysteine. SRB may have several types of
sulfide reductases that can be used for identification. These reductases are desulfoviridin, desulforubin, desulfofuscidine,
and protein Pgg, 4,

Sulfite reduction is the last reaction in the process of DSR. Reactive sulfite is converted into toxic sulfide, and then it is
released out of the bacterial cell 48, This reaction is catalyzed by the enzyme sulfite reductase (Figure 3).

Figure 3. The structure of sulfite reductase (3D structure) 148,

Various species of SRB have different types of this enzyme (desulfoviridin, desulforubidin, desulfofuscidine, Psgy). The
best-known type is desulfovidirin that can be found in the genus Desulfovibrio. In 2010, Barton and Hamilton discovered
that this enzyme consists of 3 subunits o, B, y. They proved the existence of the hexamer structure 2a2p2y 44, Every
single subunit is encoded by its own gene, but they are all located in the positive strand of the chromosome.
Desulforubidin is typical for
genera Desulfohalobium, Desulfosarcina, Desulfomicrobium, Desulfocurvus, Desulfobulbus, Desulfofustis,
and Desulfobacter. Desulforubidin has a very similar structure to desulfoviridin [, Desulfofuscidin consists of only two
subunits, o and B and has been isolated from thermophilic SRB (Thermodesuifovibrio) 425051]

In Desulfovibrio vulgaris, Hildenborough, subunit a is encoded by the gene dsvA. This gene is in the position 449,888—
451,201. It consists of 1314 nucleotides that are translated into a protein with a length of 437 amino acids, and part of this
protein is also the domain 4Fe—4S with a length of 231 amino acids &l This part belongs to the protein family Nir-Sir. Next
to gene dsvA is gene dvsB that encodes subunit 3. This gene is in position 451,220-452,365 and contains 1146
nucleotides that are translated into a protein with a length of 222 amino acids. The last gene called dsvC is responsible for
the subunit y that is located in a different part of the chromosome (position 2,883,462-2,883,779). This protein consists of
105 amino acids 47,

Genes dsVvA and dvsB are translated as operons (Figure 4), and they form a tetramer structure from subunits a and 3, and
thus they comprise the center of sulfite reductase.

449,558 451,200 451,220 452,365 2,883,426 2883779

Figure 4. Localization of dsvA, dsvB, dsvC genes.

Their translation into proteins is coordinated together. The expression of the dsvC gene is separate and independent 48,
There is no more information about the expression of this gene or about how it works with other subunits 221,

3.4. Periplasmic Oxidation of Molecular Hydrogen

Oxidation of H, occurs in the periplasm by periplasmic dehydrogenases. These hydrogenases are enzymes that catalyze
reversible reactions in the presence of hydrogen. They are crucial for anaerobic respiration.

3.5. Transmembrane Transfer of Electrons



This process takes place in the periplasm as well. Protons are transferred to cytochrome cs by periplasmic
dehydrogenase 441,

3.6. Cytoplasmic Oxidation of Molecular Hydrogen

This reaction is catalyzed by cytoplasmic hydrogenases and FeS proteins.

The first three enzymatic reactions are important for sulfate reduction to hydrogen sulfide (Eigure 5). Enzymes of
mentioned reactions are connected directly with inorganic sulfate and they are typical for the DSR pathway. The next
three reactions are linked to electron transport.

ATP sulfurylase APS reductase Sulfite reductase
(satl) (aprA a aprB) (elsvA, dvsB, dsvC)

Sulfate — APS — Sulfite — H:S
Figure 5. The pathway of dissimilatory sulfate reduction and the genes encoding the enzymes of this process.

4. The Relationship of Sulfate Reduction Pathways and Inflammatory
Bowel Disease (IBD)

Sulfate consumption and its conversion to hydrogen sulfide affect the pH of the intestines. The colon is an unfavorable
environment for SRB due to pH lower than 5.5. By contrast, the distal part of the colon has neutral pH and is an optimal
environment for SRB. The acidic pH of the intestines influences the occurrence of inflammatory bowel diseases (IBD) 2,

Ulcerative proctitis occurs in the most distal part of intestine and the rectum, distal colitis in the descending colon, and
pancolitis in the entire colon 531541, The reason for the occurrence of ulcerative colitis and IBD has not been fully revealed
yet. Factors, such as dietary habits and intestinal microbiome composition, influence IBD prevalence 28, A connection
between the SRB intestinal occurrence and IBD has been found. However, these bacteria are still considered an ordinary
component of the digestive system of healthy people. It was calculated that the healthy population has SRB prevalence in
the digestive system from 12% to 79% [L4[12],

SRB can be considered only a contributing factor to ulcerative colitis development since they are not direct pathogens 12,
The main role of SRB in IBD can be explained by their production of hydrogen sulfide due to inhibition of butyrate
oxidation. Without butyrate oxidation, colon cells starve since they cannot oxidase short chain fatty acids (mainly
butyrate). On the other hand, apoptosis of colonic cancer cells is supported by short chain fatty acids B2l Lower butyrate
oxidation levels were observed in studies that included UC patients. The normal concentration of hydrogen sulfide in the
gut ranges from 1.0 mM to 2.4 mM. These concentrations are even considered beneficial for the colonic mucosa (cell
respiration is increased) 24!,

Food and beverages are sources of sulfate; approximate daily intake is from 2 mmol to 9 mmol. These amounts are
mainly utilized and only around 0.5 mmol is measured in daily fecal matter. The complexity of the gut microbiota can also

be seen by symbiotic processes between SRB and saccharolytic bacteria. Saccharolytic bacteria disengage bound sulfate
i)

SRB influence the prevalence of IBD, but they are certainly not the only factor. The production of hydrogen sulfide affects
the colon environment, but excessive amounts of hydrogen sulfide are also toxic for SRB &,

As already mentioned, hydrogen sulfide is the final product in the metabolism of SRB in the dissimilatory sulfate reduction
process. SRB represent the main hazardous issues considering the occurrence of SRB in the gut microbiota. Thus, the
pathway switch from DSR to ASR can be seen as the opportunity to decrease hydrogen sulfide formation by intestinal
SRB or at least its production in lower quantities.
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