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The study of the intestinal sulfate-reducing bacteria, the process of dissimilatory
sulfate reduction and accumulation of hydrogen sulfide, as well as their role in the inflam-
matory bowel diseases, including ulcerative colitis, in animals and human have increa-
singly attracted the attention of scientists. New opportunities for studying inflammatory
bowel disease and the assessment of the effectiveness of its treatment is an urgent
problem of modern biology and medicine. In this review, brief characteristics of these
bacteria and their mechanism of dissimilatory sulfate reduction were described based on
modern literature data and own research. The characteristics of substrates for intestinal
sulfate-reducing bacteria and the thermodynamic properties of their electron donors
were also described. Special attention was paid to the mechanism and stages of sulfate
dissimilation including role of enzymes involved in this process. Based on our results,
general scheme of dissimilatory sulfate reduction showing the activity of each enzyme of
the process was demonstrated. The described physiological and biochemical parame-
ters are important for a more detailed understanding of sulfate dissimilation in the human
and animal bowel, as well as studying the mechanisms of action of the antimicrobial
prophylactics and the therapy against specific components involved in the pathogenesis
of the disease. It is also essential for understanding the mechanisms of bowel diseases
and for evaluating the effectiveness of its therapy.

Keywords: sulfate reducing bacteria, dissimilatory sulfate reduction, hydrogen
sulfide, intestinal microflora.

INTRODUCTION

Sulfate-reducing bacteria (SRB) are common in anaerobic areas of soils, wetlands,
fresh and marine waters, and available in the microbiocenosis of large intestine of hu-
mans and animals [1, 63]. These microorganisms, dissimilating sulfate to hydrogen sul-
fide, are involved in the process of biogeochemical sulfur cycle in nature [63]. The sulfate
dissimilation process is called the ,dissimilatory sulfate reduction” or ,sulfate respiration”
[54]. Intensive sulfate reduction by SRB, and accordingly the accumulation of toxic hydro-
gen sulfide in the intestine, is leading to the development of various diseases [12, 16, 46,
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49, 55]. SRB and the products of their metabolism are often found during bloody diar-
rhea and abdominal pain [51, 55]. It is believed that they can cause weight loss, fre-
quent defecation, arthritis, rheumatic diseases, increased intestinal permeability, ulcera-
tive colitis, and malaise, in general [12, 13, 15, 17, 46, 49, 55].

Studying the process of dissimilatory sulfate reduction in the natural SRB strains
and those that are isolated from the animal and human intestine during various disea-
ses as well as comparing their biochemical, physiological, genetic and morphological
properties is necessary for clarifying of the role of SRB in the development of various
human diseases. It is also important to study the thermodynamic properties of electron
donors, trophic relations in different species and genera of SRB, and their diversity in
natural conditions. The research of SRB from intestines of humans and animals is con-
ducted only in several leading laboratories in the world [12, 13, 48, 49, 50, 55]. The
isolation and identification of new strains of intestinal SRB, the study of their physiolo-
gical and biochemical characteristics, the development of the basic criteria for assess-
ing the aggressiveness of the strains, the toxicity of products of their metabolism for the
intestinal mucosa and the clarifying of their role in the disease development are cur-
rently most important.

The estimated number of SRB and the level of hydrogen sulfide accumulation in
human feces can predict the progress of inflammation in the intestines. Analyzing the
sulfate dissimilation process in the intestinal SRB strains allows a better understanding
of their temporal dynamics at different stages of its reduction. The measuring of the ag-
gressiveness of SRB and the intestinal mucosal toxicity of the products of their metabo-
lism may be proposed as indicators. Experimental data allow developing basic criteria
for the assessment of the course of the inflammatory process and establishing of the
level of disease risk in order to prevent it. Such research is also promising for the deve-
lopment of methods of prevention against inflammatory bowel disease. The described
physiological and biochemical parameters are important for creating animal models of
inflammatory bowel disease involving SRB and using these models to study the mecha-
nisms of the action of antimicrobial prophylactics and the therapy against specific com-
ponents involved in the pathogenesis of the disease. New opportunities for studying of
the inflammatory bowel disease and the assessment of the effectiveness of its treat-
ment are extremely urgent problems in modern biology and medicine.

The aim of this review was to summarize the results of current research and gene-
ralize new data on the process of dissimilatory sulfate reduction in the intestinal sulfate-
reducing bacteria based on own results and those from recent literature.

1. Intestinal sulfate-reducing bacteria and the bowel diseases. Sulfate-redu-
cing bacteria Desulfotomaculum, Desulfobulbus, Desulfomicrobium, Desulfomonas,
and Desulfovibrio genera belong to the intestinal microbiocenosis in humans and ani-
mals [1, 22, 23, 24, 46]. The knowledge on the interaction of SRB with other microor-
ganisms in intestines is not sufficient. Bacteria living on the surface of the colon mucosa
are in close relationship with the human body. They interact with the cells of the immune
and neuroendocrine system more closely than microorganisms in the intestine lumen
[12, 13, 19, 20]. It is believed that the species composition and the number of SRB on
the surface of the intestinal mucosa differ from microorganisms in its lumen. The pre-
sence of sulfate ions promotes the growth of intestinal SRB which use molecular hydro-
gen and compete for this substrate with methanogenic bacteria [12, 13].
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Among genera of SRB, the species of the Desulfovibrio genus in human and animal
diseases are the most often isolated (Fig. 1). These bacteria are also isolated in the
mono- and polymicrobial infections of the gastrointestinal tract [6, 20, 48, 51, 52, 55, 63].
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Fig. 1. Bacteria Desulfovibrio genus isolated from different objects (light microscopy, x1,000): A — isolate
caused a pyogenic liver abscess (photo by Tee et al. 1996) [71]; B — isolate caused bacteremia
(photo by McDougall et al. 1996) [55]

Pwuc. 1. Baktepii pogy Desulfovibrio i3onsoBaHi Bif pi3HMx 06’ekTiB (CBiTnoBa mikpockonis, x1000): A — i3onsr,
SIKUA CNPUYMHSIE THIMHWIA abeuec nediHkm (poTto 3a Tee et al. 1996) [71]; B — i3onsT, sikuiA CnpyymHse
BakTepiemito (choTto 3a McDougall et al. 1996) [55]

In 1976, W.E.C. Moore isolated SRB from human feces for the first time and identified
the bacteria as Desulfomonas pigra which was subsequently reclassified to Desulfovibrio
piger [1, 4]. Similar research was carried out by J. Loubinoux et al. who isolated bacteria
Desulfomonas and Desulfovibrio genera from the human intestine [48-51].

It is believed that SRB are not pathogenic in humans and animals [1]. However,
they can cause various diseases together with other infections [12, 19, 20]. The most
often isolated genus among SRB during the disease is the Desulfovibrio genus, includ-
ing D. fairfieldensis. These bacteria may be pathogenic more than other species of SRB
[51]. Bacteria D. fairfieldensis are isolated during mono- and polymicrobial infections of
the gastrointestinal tract [51]. Loubinoux J. et al. found that 12 of 100 samples of puru-
lentabdominal and pleural cavities contained human Desulfovibrio piger, D. fairfieldensis
or D. desulfuricans [50]. Bacteria D. desulfuricans causing bacteremia was isolated
from bleeding microvilli of the colon [51]. This research shows that the main way SRB
penetrate the blood vessels is through damaged intestinal microvilli and then bacteria
cause an infection. SRB is also detected in oral cavity [1, 20]. Similarly to some metha-
nogens, they can cause the development of other diseases, including cholecystitis, ab-
scesses of the brain and abdomen, ulcerative enterocolitis, cancer, etc. [1, 20, 46, 49].

Bacteria of Desulfotomaculum, Desulfobulbus, Desulfomicrobium, Desulfomonas,
and Desulfovibrio genera in the anaerobic respiration, in addition to sulfate, can con-
sume other electron acceptors, including elemental sulfur, fumarate, nitrate, dimethyl
sulfoxide, Mn (IV) and Fe (Ill) [1, 19, 63]. Bacteria Desulfovibrio gigas are even capable
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of aerobic respiration [1]. However, aerobic conditions inhibit the process of dissimila-
tory sulfate reduction in most SRB genera [47]. Therefore, SRB grow using sulfate re-
duction only in the environment with the absence of molecular oxygen [19]. They are
strictly (obligate) anaerobic microorganisms present in anoxic environments that are
rich in sulfates [1, 19, 63]. Such conditions are characteristic for wetlands, silt ponds and
intestines of humans and animals [19, 63]. Thus, the high concentration of sulfate in
marine and fresh waters as well as in human and animal intestine is creating favorable
conditions for the SRB growth [5]. Under these conditions, sulfide formed in the SRB, is
oxidized to sulfate by the chemolithotrophic or photolithotrophic bacteria, which are pro-
viding constant level of sulfate in the natural environments [63].

According to the nutritional requirements and the carbon and energy source, SRB
may be divided into groups of chemoorganoheterotrophs, chemolithoheterotrophs and
chemolithoautotrophs (Fig. 2) [1]. In the chemolithoheterotrophic or chemolithoautotro-
phic conditions, the bacterial nutrition is provided by the oxidation of mainly hydrogen [90].

Chemotrophs I
I—‘ Carbon source I—l

Organic compounds CO,
|Chemoheterotrophs | Chemoautotrophs
| |
| Final electron acceptor H,, S Fe, N,, CO
y oxidizing bacteria
1 1

Chemolithoheterotrophs |Chemoorganoheterotrophs

Fig. 2. The SRB groups divided based on carbon and energy source [1]
Puc. 2. 'pynu CBB 3a pxxepenom kapboHy Ta eHeprii [1]

The chemolithoheterotrophic SRB include some species of the Desulfovibrio and
Desulfotomaculum genera [4]. Bacteria of the Desulfovibrio genus grow due to the oxi-
dation of molecular hydrogen using acetate and CO, to build carbon containing metabo-
lites [19]. Bacteria D. vulgaris use acetate and CO, in the interrupted Krebs cycle with
formation of acetyl which is transformed to pyruvate. Pyruvate in the presence of CO, is
then transformed to oxaloacetate [1].

Chemolithoautotrophic type of nutrition is described in some species of the Desul-
fotomaculum, Desulfobacter, Desulfococcus and Desulfonema genera, and Archaeo-
globus genus [1, 19].

Sulfate-reducing bacteria can use compounds such as lactate, pyruvate, formate,
acetate, propionate, butyrate, fatty acids, ethanol, fructose, acetone, dicarboxylic acids
and amino acids as a source of carbon and energy [19, 20, 63]. This way of getting nutri-
tion is called chemoorganoheterotrophy. Besides these compounds, SRB can some-
times use carbon (IV) oxide which may be the only source of carbon for autotrophic
growth. The dominant among SRB in human feces is the genus Desulfovibrio (D. fair-
fieldensis, D. desulfuricans) [1, 19]. In some cases and with some frequency, bacteria
Desulfobacter, Desulfotomaculum, and Desulfobulbus were also isolated. However,
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the species of Desulfotomaculum genus were seldom isolated and in small quantities
compared to other SRB [19]. Prevalence of SRB varies in different people. These micro-
organisms were found in the feces of 70% of healthy people in the United Kingdom and
only in 15 % of the inhabitants of Africa. SRB number observed in the stool of 143 healthy
people ranged from 102 to 10" cells/g of feces [1].

Another study with 87 healthy people found that the number of SRB ranged from 107
to 10" cells/g of feces, and it differs among residents of different areas [12, 13]. As already
mentioned, the species of the Desulfovibrio genus is dominant among SRB in the gut.
They account for 67-91 % of total SRB number. Significantly fewer bacteria are found
from Desulfobacter (9—16 %), Desulfobulbus (5-8 %) and Desulfotomaculum (2 %) gene-
ra [19]. SRB producing the largest number of hydrogen sulfide were isolated from feces
of human distal colon. It is probably due to the reaction of the environment because the
proximal part of the colon is acidic (pH<5.5) and the distal part is neutral [12, 13].

It has been found that SRB are available not only in feces but they also colonize the
intestinal wall [1]. As a result, the samples from men and women acquired by the rectal
biopsy contain from 108 to 10" CFU/g of bioptate. In the mucosa of some people, the
number of Desulfovibrio bacterial genus changed by several orders during the period of
12 months [19]. It probably depended on the nutrition of these individuals. SRB colonize
the intestines of humans right from the beginning of their lives [1]. The presence of bac-
teria of Desulfovibrio genus was detected in the feces of infants under the age of six
months. The number of Desulfovibrio bacteria in these children which had been breast-
fed or bottle-fed was 3.7x10° and 4.5x10* cells/g of feces, respectively [12, 13, 19].

Intestinal microflora plays an important role in physiology of humans and animals
and their metabolism. Microorganisms are directly involved in the process of food diges-
tion including the metabolization of short chain fatty acids (SCFA). Intestinal bacteria
have effect on the human physiological functions and health [1]. For example, the colo-
nization in the gut provides resistance to pathogens and activation or neutralization of
mutagenic compounds such as hydrogen sulfide [20].

In spite of the above, the definitive role of SRB in the development of intestinal
diseases has not been well characterized and studied yet. That is why it is important to
isolate new strains of intestinal SRB, investigate their substrates and the process of
sulfate dissimilation in detail, and consequently, the accumulation of hydrogen sulfide
as well as the role of these microorganisms in the development of diseases.

2. Substrates of sulfate-reducing bacteria in animals and humans intestine.
The cells of the intestinal mucosa, mucin and other secretions are permanently destroyed
and can be used by the intestinal bacteria as a source of energy. However, human nutri-
tion has a significant effect on the species composition of these microorganisms and
their metabolic activity [1, 20]. The main sources of carbon and energy for bacteria of the
intestine are polysaccharides, namely starch and cellulose. They also use a significant
amount of oligosaccharides and proteins. The main products of metabolism in the colon
are acetate, short chain fatty acids (SCFA), propionate, butyrate, H, and CO,. Among
other products of fermentation, lactate, succinate, ethanol, and CH, are found in some
people. Branched SCFA, amines, phenols, indoles, H,S and thiols formed during the
fermentation are present in the human gut [1]. Most of these products of fermentation are
further metabolized by the intestinal microorganisms (Escherichia, Bifidobacterium, Lac-
tobacillus, and Enterococcus) [19]. The study of SRB isolated from feces of people
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showed that these organisms are able to use a variety of substrates as electron donors
with lactate, pyruvate, acetate and ethanol being the most often used [1].

Sulfates are poorly absorbed in the human intestine. In total, 2—-9 mmol of sulfate
from food reaches the colon daily. Most of them are reduced in the intestine because
sulfates are usually detected in fecal secretions in a quantity of less than 0.5 mmol per
day [19]. Alarge number of sulfate may be in the water and vegetables. Moreover, sulfur
dioxide, sulfite, bisulfite, metabisulfite and sulfate are used as food additives. In many
food products (beer, cheese, wine, bread, canned meat and vegetables, pickled pro-
ducts), sulfur dioxide (SO,) can be detected where it serves as a conservator, antioxi-
dant or whitening agent. Studies in vitro have shown that intestinal bacteria can also get
sulfates from depolymerization and desulfurization of glycoproteins which have a high
content of sulfates [12, 13].

Another sulfate containing molecule is chondroitin sulfate, an acidic mucopolysac-
charide. It is distributed in the tissues of mammals and considered to be an important
source of carbon and energy in the colon. This polymer also stimulates the growth of
SRB and the accumulation of sulfide in fecal material [12].

Chondroitin sulfate and mucin are not directly absorbed by SRB. This process de-
pends on saccharolytic activity of some intestinal microorganisms, for example Bifido-
bacterium, Lactobacillus, and Enterococcus. The most of the SRB are in microparticles
of intestine containing goblet cells [1].

Lactate is a product of fermentation in the gut by the Bifidobacterium and Lactobacil-
lus genera. In healthy people, the concentration of this metabolite is not more than a few
mmol/kg of feces. The research of digestive mass content which was obtained directly
from the intestine during the autopsy showed that lactate is synthesized mainly in the
proximal part of intestine [12, 13]. Lactate is well absorbed in the colon and intestinal
bacteria can metabolize this compound and keep its concentration low. The formation of
lactate in the gut is mainly caused by fermentation of carbohydrates such as starch.
A small quantity is formed by etching other polysaccharides. Lactate is an electron donor
for SRB in the human intestine. Other microorganisms of the intestine use it much less
compared to SRB [1]. A positive correlation between the concentrations of lactate and
starch in the human intestine was observed. It is believed that food containing starch can
be used by intestinal SRB in the presence of sufficient concentration of sulfates [19].

Hydrogen is one of the products of fermentation in the colon. Intestinal bacteria use
protons for splitting sugars, amino acids and carbohydrates [13, 66]. According to theo-
retical calculations, the daily production of H, in human colon is more than 1 liter in the
presence of 40-50 grams of carbohydrates. This parameter depends on the food con-
sumed by humans. The total volume of gas in healthy people does not exceed this
value. In total, 2.5-14 % of H, is formed in the fermentation process. This discrepancy
between theoretical and practical H, level allocation is the result of activities of many
microbial communities using H, in the gut [1].

In the United Kingdom, SRB were either not found or their number was very little in
about 30 % of people who had a high intensity methanogenesis in the large intestine [13].
Hydrogen is the only electron donor for intestinal methanogenic bacteria Methano-
brevibacter smithii. Therefore, there is a competition for molecular hydrogen between the
SRB and methanogenic organisms. If sulfates are present in sufficient quantities, SRB
inhibit the use of hydrogen by the methanogens in the dissimilatory sulfate reduction
process [13, 19].
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The amount of sulfate in the diet can have an effect on competition for the substrate
(molecular hydrogen, lactate) between SRB and methanogenic organisms in the colon.
In people with elevated levels of methane, the inclusion of 15 mmol of sulfate per day in
the diet causes a reduced intensity of methanogenesis. Under these conditions, the
number of methanogenic bacteria decreases by three orders, while the number of SRB
in feces increases by three orders of magnitude. In the absence of sulfate in the diet,
SRB was not found. Thus, the intensity of methanogenesis can be regulated by the in-
troduction of sulfate, even if SRB are in the low concentration in the intestine [13].

Ability of SRB to use the H, as the electron donor can have a significant effect on
fermentation in the colon. Sulfate at a concentration of 15 mM stimulates the growth of
SRB in the gut. It also stimulates acetate and propionate fermentation, and inhibits bu-
tyrate fermentation. Under these conditions, lactate does not accumulate [12].

The dominant species among SRB in the intestine is Desulfovibrio desulfuricans
which belongs to human colon microbiocenosis [12, 19, 21]. Analysis of biofilm from
human bioptate showed that this species was mixed with many types of bacteria. After
injecting the Desulfovibrio genus in biofilm, the changes of biofilm’s metabolism were
observed, including the formation of carbon dioxide, a significantly decreased total con-
tent of SCFA and acetate accumulation which are typical for the SRB activity. Under
these conditions, lactate was not accumulated in the medium because it was used by
the Desulfovibrio bacteria as an electron donor. In addition to increasing concentrations
of acetate, butyrate content was reduced threefold. The syntrophic interactions were
observed between D. desulfuricans and saccharolytic bacteria (Lactobacillus, Bifido-
bacterium, Enterococcus) localized in the colon. The reasons for the formation of such
biofilms together with SRB are unclear. They form also on digestion remains in the in-
testinal lumen and mucosal surface [12, 19].

Thus, the most common substrates for SRB in human colon are lactate, pyruvate,
acetate and ethanol which can be electron donors in the process of dissimilatory sulfate
reduction. The presence of sulfate in the human diet suppresses methanogenesis and,
accordingly, the number of methanogenic bacteria, and increases the amount of sulfate-
reducing bacteria in the gut. To clarify the role of sulfate-reducing bacteria and their
participation in various human and animal diseases, the process of dissimilatory sulfate
reduction is necessary to be studied in the natural strains of SRB and the species of
SRB isolated from human and animal colon during diseases and from healthy subjects.
It is also important to compare their biochemical, physiological, genetic and morpho-
logical properties, and to investigate the possibility of using electron donors and their
thermodynamic properties in the process of sulfate dissimilation by SRB, in general.

3. Electron donors of intestinal sulfate-reducing bacteria. From a wide range of
many electrons donors, which SRB use in the process of dissimilatory sulfate reduction,
formate is probably the only also oxidized in periplasm [1, 69]. Biochemical and genetic
studies have shown that formate dehydrogenases from bacteria D. vulgaris are localized
in the periplasm. They use polyheme cytochrome ¢ as an electron acceptor. Oxidation of
all other electron donors occurs in the cytoplasm or on the inside of the cytoplasmic mem-
brane [19]. In the large intestine, the most common electron donors for SRB are lactate,
acetate and propionate. They are formed by fermentation of substrates which humans
consume [12]. The oxidation of electron donor can be divided for three process (Fig. 3).
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4| Electron donor oxidation

A Y /

Lactate to acetate and CO, | | Acetate (acetyl-CoA) to CO,
(Desulfovibrio and (SRB which are capable
Desulfomicrobium genera) of complete oxidation)

Propionate to acetate and CO,
(Desulfobulbus propionicus)

Fig. 3. The oxidation of electron donor in SRB [19]
Puc. 3. OkncHeHHs goHopa enekTpoHis CBbB [19]

Lactate oxidation. Bacteria D. vulgaris grow using sulfate and lactate as an ener-
gy source. Lactate is not fully oxidized to acetate and the formation of intermediate
compounds occurs: pyruvate, acetyl-CoA and acetyl phosphate [1, 40].

2Lactate” + SOZ + H* = 2Acetate” + CO, + HS- + 2H,0 (1)
AG® =-196.4 kd/mol

This reaction probably consists of the following stages of reduction:
Lactate™ + 2cyt c,(ox) + AmH* = Pyruvate™ + 2cyt c,(red) (2)

the catalysis of this reaction is carried out by membrane specific complex of lactate
dehydrogenase with active centers localized in the cytoplasm [19];

Pyruvate- + CoA-SH + Fd,, = Acetyl-S-CoA + CO, + Fd,, 2 + 2H* (3)

the catalysis of pyruvate in the cytoplasm is carried out by pyruvate : ferredoxin oxido-
reductase, EC 1.2.7.1 [44];

Fd,.~ *+ 2H* = Fd, + H, + AmH* 4)
this reaction is catalyzed by one of the two membrane specific complexes of hydroge-
nases, EChABCDEF or CooMKLXUHF, which are ferredoxin specific and present in the
cytoplasm [1, 56]. Redox potential (E° = -500 mV) of the reaction of acetyl-CoA with
CO,/pyruvate is significantly lower than that of H*/H,. Hydrogen is formed (reaction 4),
diffuses in periplasm and reacts with cytochrome c;;

H, + 2cyt c,(ox) = 2cyt cy(red)” + 2H* (5)
electrons formed by oxidation of lactate (E° = -190 mV) are transferred through cyto-
plasmic membrane with the formation of AmH* to periplasmic cytochrome c, (reac-
tion 5). Reaction 5 is catalyzed by one of four periplasmic cytochrome specific hydro-
genases [19]:

4cyt c,(red) + 0.5 SO; = 4cyt ¢,(ox) + 0.5 H,S (6)

Cytochrome c, is reduced in cytoplasm, transferred to periplasm via transmem-
brane electron transfer and then oxidized again (reaction 6).

The transfer of electrons from lactate to cytochrome ¢, causes the formation of
AmH* (reactions 2 and 4). H, formation in the cytoplasm and re-oxidation in periplasm
are together called the intraspecific transfer of hydrogen or the hydrogen cycle [1, 57].

The sequence of reactions occurs in the presence of specific enzymes and electron
carriers. Formed hydrogen is used again for growth of D. vulgaris in the medium with
lactate and sulfate [64, 69]. In the absence of sulfates, formed H, is not used again.

The formation of H, from lactate is energy-dependent. The scheme of lactate oxi-
dation to CO, is presented in Fig. 4. This process is inhibited by protonophores and
arsenates. However, H, formation from pyruvate, which is oxidized to acetate and CO,,
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is not inhibited by protonophores and arsenates CH,

and it does not require energy [19]. H_é_OH Lactate
Intraspecific transfer of H, is probably also

involved in the dissimilatory sulfate reduction in COOH

the presence of CO. Cytoplasmic carbon mon- lactate dehydrogenase

oxide dehydrogenase which catalyzes ferre- 2H]

doxin reduction in the presence of CO is de- CH,

scribed in some SRB [63].

In addition to intraspecies hydrogen trans-
fer, formate is also capable of the electron trans- COOH
port from the cytoplasm to periplasm. D. vulgaris

(ll =0 Pyruvate

genome contains genes which are responsible 2H] o,
for the synthesis of formate C-acetyltransferase pyruvate dehydrogenase
(pyruvate formate-lyase, EC 2.3.1.54) that cata-
lyzes the formation of acetyl-S-CoA and formate ﬁ Acetyl-S-CoA
from pyruvate and CoA-SH [19]. H,C—C —S—CoA
Pyruvate formate-lyase is a cytoplasmic carbon monoxide
enzyme. Bacteria D. vulgaris have another en- ldehydrogenase
zyme, formate dehydrogenase, EC 1.2.21, lo- 0]

calized in periplasm [64]. Formate formed from
pyruvate penetrates through the cytoplasmic Cang” dm0"0dee
membrane due to proton symport. Before that, enyarogenase |~ 2[H

formate can be used as the electron donor in

the dissimilatory sulfate reduction or the reduc-

tlon.Of prOton.S to H, [66]. This process is called Fig. 4. Pathway of the oxidation of lactate to
the intraspecies formate transfer [1]. Co, [57]

Oxidation of acetate (acetyl-CoA) to CO,,.
Some thermophilic sulfate-reducing archaea
oxidize organic compounds, such as acetate, lactate, fatty acids, alkanes, benzoic acid
etc., completely to CO, using sulfate as an electron acceptor [19]. Acetyl-S-CoA is an
intermediate compound which forms from CO,. Some SRB, including Desulfobacter
postgatei, use citric acid cycle (CAC) for oxidation of acetyl-S-CoAto CO, [1]. Therefore,
they can use intermediates of CAC, namely citrate, aconitate, isocitrate, 2-oxoglutarate,
succinyl-CoA, succinate, fumarate, malate and oxaloacetate [63]. However, most SRB,
including Archaeoglobus fulgidus, use oxidizing acetyl-CoA synthase (decarbonylase)/
carbon monoxide dehydrogenase, tetrahydrofolate (H,F) or tetrahydromethanopterin
(H4MPT) as C1-carrier. In this way, acetyl-CoA is oxidized while using carbon (Il) oxide
via intermediates: methyl-H,F (methyl-H,MPT) — methylene-H,F (methylene-H,MPT) —
methenyl-H,F (methenyl-H,MPT) — N'"-formyl-H,F (N°formyl-H,MPT) — formate (for-
myl-methanofuran) (Fig. 5) [57].

Oxidizing acetyl-S-CoA synthase (decarbonylase), EC 2.3.1.169/carbon monoxide
dehydrogenase, EC 1.2.99.2 plays an important role in the process of dissimilatory sul-
fate reduction. Oxidation of organic compounds is accompanied by the redox potential
which is more negative than those of adenosine-5-phosphosulfate (APS)HCO;3;
(-60 mV) and HCO3/HS™ (-116 mV). Citric acid cycle is only one way of oxidation of suc-
cinate to fumarate with the formation of redox potential +33 mV. Oxidation of succinate
to fumarate with sulfate as the final electron acceptor needs energy directing reverse
electron transport [1, 19].

CO;

Puc. 4. LLInax okmcHeHHs naktaty ao CO, [57]
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Acetate
Acetyl-CoA
carbon monoxide
dehydrogenase
methylene-H;MPT carbon monoxide
2[H] reductase 2[H] dehydrogenase

CH,=H,MPT CO;

methylene-H,MPT
Fa20H2 dehydrogenase Fig. 5. The oxidation of acetate (acetyl-CoA) to CO, (by Méller-
M Zinkhan et al. 1990) [57]:

CH=H,MPT CH;-H,MPT = methyltetrahydromethano-pterin; CH,=
methenyl-H;MPT H,MPT = methylene-H,MPT, CH=H,MPT = methenyl-
cyclohydrolase H,MPT, CHO-H,MPT = formyl-H,MPT; CHO-MFR = for-

mylmethanofuran; [CO] = CO bound to carbon mono-

CHO—H,MPT xide dehydrogenase; F,,,H, = reduced coenzyme F,,,
formyl-H,MPT:methanofuran Puc. 5. OkncHeHHs aueTaty (auetun-KoA) no CO, (3a Modller-

formyitransferase Zinkhan et al. 1990) [57]:
CH,-H,MPT = meTuntetparigpomeraHo-ntepuH; CH,=
CHO—MFR HMPT = wmetunen-H,MPT, CH=H,MPT = wmeTeHin-
formy/methanofuran H4MPT; CHO-H4MPT = tbopMin-H4MPT; CHO-MFR =
2[H] dehydrogenase cbopminmetaHodypaH; [CO] = CO 3p’sizaHnit 3 kaboH
MOHOOKCHAOM AerigporeHasu; F,,.H, = BigHOBNeHuii ko-
CO, eH3uM F

SRB involve phosphotransacetylase and acetate kinase in the oxidation of acetate
to CO,. Phosphotransacetylase, EC 2.3.1.8 catalyzes the phosphorylation of acetyl-
CoA after which acetyl phosphate is formed and then changed into acetate by acetate
kinase, EC 2.7.2.1 [43, 45].

Oxidation of propionate. Propionyl-S-CoA, which is formed from propionate or du-
ring the oxidation of fatty acids, is oxidized through intermediates: methylmalonyl-S-CoA,
succinyl-S-CoA, succinate, fumarate, malate, oxaloacetate, pyruvate and acetyl-S-CoA
(Fig. 6) [19].

Bacteria Desulfobulbus propionicus grow using propionate and sulfur [1]. Obvi-
ously, oxidation of methylmalonyl-S-CoA is more energetically favorable than the oxida-
tion of propionyl-S-CoA through acrylic-S-CoA. Since the redox potential of acrylic-S-
CoA/propionyl-S-CoA is +69 mV, it is more disadvantageous than that of fumarate/suc-
cinate (+33 mV) [19].

Thus, lactate, acetate and propionate are important electron donors for the SRB
growth in human and animal intestines. Perhaps, the presence of electron donors and
sulfate in the intestine can cause intense development of SRB which in turn will proba-
bly heighten the risk of ulcerative colitis due to the formation of hydrogen sulfide. Ther-
modynamic characteristics of the donor electrons are important for the study of the vital
activity of SRB and the process of dissimilatory sulfate reduction.

Thermodynamic properties of electron donors. Reactions occurring with a change
in the oxidation state of atoms or reactions between the oxidizing and reducing agent are
called redox reactions. The power of oxidant and reductant is determined by the redox
potential (E°). It depends on the changes in the concentrations of ions of H* and OH- in the
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medium. This value is measured in millivolts (mV). If the value is more positive, the oxi-
dant is stronger, and conversely, the lesser value means the stronger reducing agent [63].

Sulfate-reducing bacteria which oxidize organic compounds or hydrogen are ca-
pable of using various electron acceptors with mainly low redox potential [19]. These
acceptors can be sulfate, thiosulfate, sulfite and elemental sulfur [1, 29, 64]. SRB are
isolated from anaerobic environments with high redox potential. High concentration of
oxidized iron in these conditions causes increasing E° and it promotes SRB growth [63].

CH, CH, (|ZOOH
I
CH 5 propionate CoA CH2 propionyl-CoA:oxaloacetate CH— CH3
| transferase | transcarboxylase
_— =
C—OH 7 C~S—CoA -7 C~S—CoA
I , I . I
0 ) 0 e o}
Propionate I Propionyl-CoA y 7 Methylmalonyl-CoA
| 7
| / methylmalonyl-CoA
| / mutase
| /
| /
| )/ COOH
| / |
| / cl:Hz
/
S—CIOA co, (l:HZ
1 / C~S—CoA
l ! |
| /
/
/ uccinyl-Co.
O : Succinyl-CoA
Il | d
H,C—C —OH | / succinyl-CoA
/ synthetase
Acetate ! /
1
!
phosphotrans- / / COOH
S—CoA acetylase- / i |
acetate kinase // / ?Hz
Vi li
T ’ 1 (l:HZ
4 !
H,C—C~S—CoA ] COOH
Acetyl-S-CoA II Succinate
1 succinate
2[H] + CO . i dehydrogenase 2[H]
2 pyruvate |
h
dehydrogenase COOH COOH (l:OOH
I
(|:H3 CllH > Cl;H ) I(l)H
oxaloacetate . malate fumarate hydratase
Cl: =0 decarboxylase c=0 dehydrogenase H ? OH (fumar}a/se) Cl:
-
COOH COOH COOH COOH
Pyruvate CO, Oxaloacetate 2[H] Malate Fumarate

Fig. 6. The scheme of propionate oxidation in Desulfobulbus propionicus [19]
Puc. 6. Cxema okucHeHHsi nponioHaty Desulfobulbus propionicus [19]

Redox potential of sulfate/HS in the presence of 1 M sulfate ions, 1 M HS-, pH 7.0
and temperature +25 °C is -217 mV. It is slightly larger (-200 mV) for the concentration of
S0% < 30 mM and HS < 1 mM. Organic compounds of plant and animal origin (carbo-
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hydrates, fatty acids, alkanes, aromatic hydrocarbons) can be oxidized completely to
CO, by some SRB (Desulfobacter, Desulfococcus, Desulfosarcina, Desulfonema ge-
nera). Other SRB (Desulfotomaculum and Desulfovibrio genera), which have only some
enzymes of the Krebs cycle, oxidize these organic compounds only partially into ace-
tate. Redox potential is changing in the process of oxidation of organic compounds
which can be electron donors for SRB. Each of these potential donors of electrons is
much more negative than -200 mV of the pair sulfate / HS=[19].

In the natural environment, E° (SO2/HS") is greater than AE’ of the reducing agent
and they are used together. However, there are exceptions, for example H*/H, and S%
HS-. Redox potential of H*/H, at pH 7.0 (concentration of H* is 107 M and constant) in-
creases from -414 mV (partial pressure of H, is 10° Pa) to -270...-300 mV (partial pres-
sure of H, from 1 to 10 Pa). Therefore, the oxidation of acetate to CO, (E® = -290 mV) with
H* as an electron acceptor (E° = -270 mV at H, 1 Pa) is thermodynamically possible.
Microorganisms are able to grow in this range of the redox potential [1].

Redox potential of SHS- increases from -270 to -120 mV under different condi-
tions. In this case, SRB can be found in sulfur containing environments where they can
grow through the S° reduction [19, 64].

Growth of SRB via dissimilatory sulfate reduction is accompanied by oxidation of
the substrate together with the synthesis of adenosine triphosphate (ATP) from adeno-
sine diphosphate (ADP) and inorganic phosphate [36, 39].

In the process of substrate phosphorylation of organic compounds, ,energy rich”
intermediates are formed [1]. Transport of electrons causes the formation of transmem-
brane electrochemical proton gradient or gradient of sodium ions. It leads to the phos-
phorylation of ADP by membrane-bound ATP synthase [19, 36].

For many years, it has been believed that SRB can grow only in the presence of
organic substrates which serve as electron donors for the dissimilatory sulfate reduction.
However, in 1978 a discovery was made that Desulfovibrio vulgaris can grow in the pre-
sence of H, and sulfate as a single source of energy [2]. It is also believed that energy is
produced in these organisms largely as a result of the substrate phosphorylation [1, 63].

Substrate phosphorylation is possible only by oxidation of organic substrates. One
exception from this rule is the oxidation of bisulfite to sulfate through energy-rich inter-
mediate products including adenosine-5'-phosphosulfate (APS) [41]. Using this reac-
tion, some SRB grow in the presence of bisulfite and oxidize it to sulfate which is then
reduced to hydrogen sulfide [1, 34].

Thus, sulfate-reducing bacteria grow using organic compounds that serve as
a source of carbon and energy as well as the electron donors. Sulfate is the primary final
electron acceptor. Oxidation of organic compounds causes a change of redox poten-
tials. SRB can grow in the presence of H, and sulfate as the sole energy source. Sub-
strate phosphorylation is possible only by oxidation of organic substrates.

4. Sulfate dissimilation and accumulation of hydrogen sulfide. The dissimilatory
sulfate reduction is a complex and multistage process providing SRB cells with energy in
the form of ATP. As mentioned before, they consume sulfate as a terminal electron accep-
tor and obtain energy for their growth due to the oxidation of organic compounds and
hydrogen [1, 19, 36]. The final product of sulfate reduction is hydrogen sulfide [33].

The reduction of sulfate to hydrogen sulfide occurs through many intermediates
and is an eight-electron process [63]. However, these intermediates are not released by
SRB into the environment [19].
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The enzymes of SRB involved in

the process of dissimilatory sulfate re- — Stages of dissimilatory sulfate reduction
duction are localized in the cytoplasm ]
and periplasm. At the beginning stages \ C’PSquate activation

of sulfate reduction, absorption of sul-

fate occurs in bacterial cells [36]. While @ Cviool ic reducti
sulfate can be transported into the cells |\ b ety il

simultaneously with protons, some phosphosulfate (APS)
halophilic species of SRB can absorb

sulfate together with the flow of sodium \ @ Cytoplasmic
ions [1]. reduction of sulfite

Dissimilatory sulfate reduction can

4
be divided into six stages (Fig. 7). \ O Periplasmic oxidation

Sulfate activation. Before sulfate of molecular hydrogen
is reduced, it is transported into bacte-
rial cells and activated by reaction cata- \ @ Transmembrane
lyzed by the enzyme ATP sulfurylase, electron transfer

EC 2.7.7.4 which transfers sulfate to the
adenine monophgsphate moiety of ATP \ @Cytoplasmic oxidation
to form adenosine 5'-phosphosulfate of molecular hydrogen
(APS) and pyrophosphate (PP,). The re-
action is also reversible, and therefore, Fig. 7. The stages of dissimilatory sulfate reduction [19]
ATP can be formed from APS and PP; puc. 7. Etanu aucuminsuiiHoi cynbatpeaykuii [19]
[39, 42, 68].

The redox potential of SOZ/HSO; is -516 mV and that of APS/HSO; is -60 mV. ATP
sulfurylase catalyzes the following reaction [1]:

SOZ +ATP + 2H* = APS + PP; AG° = -46 kJ/mol (7)

PP, + H,0 = 2P; AG® =-21.9 kd/mol (8)

ATP sulfurylase can be found in the cells of many different organisms and it differs
by its molecular weight and mono-, di-, tetra- or hexameric structure. Most ATP sulfury-
lases consist of identical subunits containing cobalt and zinc ions (Fig. 8, A) [19]. How-
ever, in the bacteria E. coli, this enzyme has different subunits. ATP sulfurylases of
D. desulfuricans and D. gigas are homotrimers with molecular weights of 141 and
147 kDa, respectively.

Bacteria of the Desulfovibrio genus contain cytoplasmic pyrophosphatase, EC 3.6.1.1
which catalyzes the cleavage of pyrophosphate to two phosphate ions (Fig. 8, B) [39]. In
the process of pyrophosphate hydrolysis, energy is released in the form of a transmem-
brane proton potential [1].

Cytoplasmic reduction of adenosine-5'-phosphosulfate (APS). Sulfate activa-
tion leads to an increase of the redox potential from -516 mV to -60 mV [1]. Increase of
E° provides the reduction of APS which serves as an electron acceptor. Bacteria of the
Desulfovibrio genus contain cytoplasmic APS reductase (adenylyl-sulfate reductase,
EC 1.8.99.2) that promotes the reduction of APS to sulfite or bisulfite and AMP [9, 11,
41]. APS reductase is also present in the cells of some purple and green bacteria and
the Thiobacillus genus [19].
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Fig. 8. The structure of Zn-containing ATP
sulfurylase of D. desulfuricans (A)
[74] and the structure of pyrophos-
phatase (B) [75]

Puc. 8. CtpykTtypa Zn-BmicHoi AT® cynbdy-
punasu D. desulfuricans (A) [74]
i cTpykTypa nipodocdartasu (B) [75]

APS reductase is a nonheme iron-sulfur containing flavoprotein with a molecular
weight of 95 kDa which consists of a- and -subunits (Fig. 9). The first (o) subunit con-
tains a molecule of flavin adenine dinucleotide (FAD) and the second (B) contains two
[4Fe—4S]-centers [1, 9, 11]. This enzyme reduces APS to sulfite in the position N(5)-FAD.
The substantially increased number of polar interactions between the protein matrix and
cluster B compared to cluster C can explain the differences in the redox potential [59].

PRO B26

asneat KN HNASNBZ7 6Ly 850
VAL BS4NH Ns2 B
UL A NH HNGLNBS cygpis
CYSB53 A & "HN ) g2g ALAB61NH.., ¥ 1-0=ARGB18
o CYS B5O
SERB3 HNcys Bs3 0 ...
N ASPB11 ~HNcys B21
CYSB4T [ P A 7
i OSER B52 CYSBI0
ey A O HO N ~HNGLNE2
NH 4 Ve Q) *
SETTLE T R I Jevs g2t

N
CYSB50 TYRB51

Fig. 9. The structure of APS reductase a,p, heterotetramer and the [4Fe—4S] electron transfer sites of the
enzyme (A): clusters (B) and (C) are covalently linked to the sulfhydryl group of four cysteines (modi-
fied by Parey et al. 2013) [59]

Puc. 9. Ctpyktypa A®C-peaykrasm a,f, reteporetpamepa i [4Fe—4S] AinsaHkM eH3MMy eneKkTpoOHHOro nepe-
Hocy (A): knactepu (B) i (C) koBaneHTHO 3B’A3aHi 3 CynbriapUnNbHOI0 rPYNo YOTMPLOX LIMCTEIHIB
(mogudpikoBaHo 3a Parey et al. 2013) [59]

APS reductase can be isolated from the cells of D. desulfuricans and D. vulgaris,
and found in phototrophic and denitrifying bacteria. In the denitrifying bacteria, enzyme
converts sulfite and AMP to APS in the process of photosynthesis or denitrification [63].
The activity of this enzyme of bacteria D. vulgaris depends on various chemical and
physical factors, particularly on adding salts in concentrations of 0.5-1.0 M which leads
to its inactivation. Kinetics of direct and reverse reaction also depends on the concentra-
tion of the enzyme [41]. The reverse reaction is described by Michaelis-Menten kinetics.
Increase of AMP concentration in the environment leads to the inhibition of the reverse
reaction and the concentration of 1.8 mM AMP and more causes the reaction to be ter-
minated [1, 19].

The dissimilatory sulfate reduction to H,S in bacteria D. vulgaris occurs through the
formation of sulfite as an intermediate product [64].

Cytoplasmic reduction of sulfite. The next important stage in the process of dis-
similatory sulfate reduction is sulfite which is the product of the reduction of APS [19].
Sulfite (SO%’) is more reactive than sulfate. Reduction of sog' to S* is carried out by the
enzyme called dissimilatory sulfite reductase, EC 1.8.99.1 (Fig. 10) [34, 59].
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A B
FAD
P Asna74 N Asna74
Hisa398§ /,K Hisa398
(== 4 i b.., Glua141 (== 4 AMP o .. Glua141
Trpa234 Q\/\ Trpa234 . _ .. IS
- __ Glyo274 _Glya274
Arga265 <r/ Y Arga265 ( 4
Valo273 Valo273
Arga317 = Arga317 4~
A

Fig. 10. The structures of APS reductase (A) and sulfite reductase (B) (modified by Parey et al. 2013) [59]
Puc. 10. Ctpyktypn A®C-peaykrasn (A) i cynbditpeayktasn (B) (mogndikosaHo 3a Parey et al. 2013) [59]

This enzyme is usually composed of two a- and B-subunits (a2p32). However, the
bacteria D. vulgaris and D. desulfuricans Essex contain a third subunit (y). It has been
proven that dissimilatory sulfite reductase in these microorganisms is a hexamer
(a2B2y2) [1].

Active centers of sulfite reductases have two metal ion cofactors, siroheme and
[FeS]-cluster [7, 19] (Fig. 11). They are involved in the transport of electrons. Six elec-
trons are transported in the process of the reduction of sulfite to sulfide [8, 10, 63].

AL~ ;1,_7_\\‘ @ \ B "\ «?
B ( @”

=6

‘. I

w A

a21,

a21 3
( a1 70

Fig. 11. The structures of the functional (A) and the structural centers (B) coupled with siroheme-[4Fe-4S]
(modified by Parey et al. 2013) [59]

Puc. 11. CtpykTypa dyHKUiOHanbHOro (A) i CTpyKTypHO noegHaHoro ciporem-[4Fe-4S] ueHTpis (B) (Mogndiko-
BaHo 3a Parey et al. 2013) [59]

SRB have the following main types of dissimilatory sulfite reductases: desulfoviri-
dine, desulforubidine, desulfofuscidine, and protein P.g, [19].

Bisulfite is one form of sulfite. Some scientists believe that the actual substrate in
the process of dissimilatory sulfite reduction to sulfide is bisulfite rather than sulfite [1].
That is why sulfite reductase is often also called bisulfite reductase [63].
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For many years, there has been a controversy around the following equation:
HCOj; + 6€ + 6H* = HS~ + 3H,0; E° = -116 mV (9)
because bisulfite reductase also catalyzes reactions 9 and 10 in the high concentration
of HCO3 [1].
3HSO, + 26 + 3H* =S,0% + 3H,0; E°=-173mV (10)
S,0% + 26 + H* = S,0% + HCO3; E® = +225 mV (11)
According to one of the hypotheses, SRB contain thiosulfite reductase which cata-
lyzes the reaction [19]:
S,0% + 26 + H* = HS~ + HCO3; E°=-402 mV (12)
Two hypotheses regarding sulfite reduction have been suggested [1, 64]:
e Consistent reduction through three two-electron steps with the formation of trithi-
onate and thiosulfate as intermediate compounds;
e Direct six-electron reduction without the formation of trithionate and thiosulfate as
intermediates.

H2 H2 > 8202— H2

S0% ° oz

Sulfite reductase plays an important role in the process of assimilation of sulfur. The
enzyme promotes the formation of sulfide for synthesis of sulfur-containing amino acids
including methionine and cysteine. This enzyme found in the cells of Desulfovibrio ge-
nus as well as in many other SRB [19, 64].

The mechanism of the six-electron sulfite reduction involves Fe?** which connects
sulfur atom with sulfite ion [1]. The two-electron reduction causes the oxygen atom in
SO-bond to be protonated and then hydroxyl anion can be eliminated [7, 10]. Sulfide is
formed after repeated reduction by two electrons and the subsequent protonation of
oxygen atoms which are then gradually removed from the atoms of sulfur (Fig. 12).

3807 > S,02 > S

Fe2+ Fe2+ Fe%* Fe2+
\
S
/.
—Fle — —Ftle — T —Fle — —Fez*—
L HO—8—o0 ot HO—§—0 H’ o= s OH
HyS O }\‘
2H" 0
Fe?* Fe* Fe?* Fe3+

S S S
/ ) / /
_F|e2+_ _F|e3+_ ? _F|e2+_ —Fe J—
&SH &SH oH- St

OH O
Fig. 12. The mechanism of sulfite reduction through successive two-electron steps: [4Fe—4S]-cluster bound
to the iron atom of siroheme via the sulfur atom is represented by only one Fe?* ion; L is a protein li-
gand that is bound to Fe?* of siroheme via coordinate bond and replaced by sulfite in the catalysis [19]

Puc. 12. MexaHi3M BigHOBMNEHHs1 Cynb(iTy ABOXENEKTPOHHMMM NOCAiAOBHUMM Kpokamu: [4Fe—4S]-knacTtep,
Lo 3B'SI3aHWI 3 aTOMOM (hepymy cuporemy yepesa cynbdyp, NpeacTaBneHnin Tinbku ogHum Fe?'.
L — GinkoBui niraHg, Wo 3B'si3aHMI 3 Fe?* cuporemy yepes KoopaMHaLilo 3B’A3KIB i 3aMilLlyeTbCs
cynbgiTom y npoueci katanisy [19]
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Bisulfite reduction through three two-electron steps can be faster than only one
step using six electrons [1]. If SRB are grown in the presence of bisulfite or thiosulfate,
it is possible that they might not use sulfate as the primary electron acceptor [3]. Howe-
ver, it has been shown that when D. vulgaris have genetic disorders of the mechanisms
of thiosulfate reduction, it does not affect the ability of these bacteria to grow in the
medium with sulfate and molecular hydrogen. Under such conditions, bisulfite concen-
tration in the medium is reduced [63].

Even though the main intermediate products in the process of the dissimilatory
sulfate reduction are APS and sulfite, there is evidence that other intermediates might
be produced, as well, for example three- and tetrathionate [19].

Periplasmic oxidation of molecular hydrogen. Oxidation of molecular hydrogen
occurs in the periplasm and involves periplasmic hydrogenases. Hydrogenases are the
enzymes that catalyze the reversible redox reaction in the presence of hydrogen. They
play an important role in anaerobic respiration
[31]. H, oxidation is caused by the reduction of
the terminal electron acceptor (oxygen, nit-
rate, sulfate, carbon (IV) oxide, fumarate) [1].

Reduction of H, is important for transfor-
ming pyruvate. Some molecules and proteins
(ferredoxin, cytochrome ¢, and cytochrome c;)
can be physiological donors (D) or acceptors
(A) of electrons for hydrogenases [19]:

H, +A, > 2H" + A,
2H*+D,,, > H, + D,
Hydrogenases are involved in the ab-

sorption and formation of molecular hydrogen.
This process occurs through the reaction [63]:

H,=2H" + H=2H" + 2e.
There are four classes of hydrogenases:

[NiFe], [FeFe], [NiFeSe] and [Fe]. In all these "
hydrogenases, metal ions play an important Fig. 13.The structure of [NiFe]-hydrogenase

role for the functioning of the active centers from D. fructosovorans [73]
(Fig. 13, 14) [19, 73]. Puc. 13. Ctpykrypa [NiFe]-rigporeHasu D. fruc-
tosovorans [73]
A B
Cy365_8 CN NC// L \\\\\CO
AN Jacn OC i .»“ACN

Ni Fe
YN Cys\ /
S co CysS._ N \\\
Cy3530_s //S

g~ Cyses [4Fe 43]
| CysS | \—i;

Cyssas SCys

Fig. 14. The structure of [NiFe]- and [FeFe]-active site [73]
Puc. 14. Ctpyktypa [NiFe]- i [FeFe]-akTuBHOI ginsHku [73]
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D. vulgaris bacteria contain four periplasmic hydrogenases, including three [NiFe]-
hydrogenases, EC 1.12.99.6 and one [FeFe]-hydrogenase, EC 1.12.7.2 [1, 58]. While
the three [NiFe]-hydrogenases are bound with the main periplasmic polyheme cyto-
chrome c-type (Tpl-c3), one of them, [NiFe]-hydrogenase 2, is probably also bound with
the second polyheme cytochrome ¢ (Tpll-c3). If bacteria grow in the medium which
contains a small amount of nickel and in the presence of hydrogen and sulfate then only
[FeFe]-hydrogenase is synthesized. Under these conditions, the level of biomass ac-
cumulation is practically unchanged [19]. It has been established that removing of gene
of [FeFe]-hydrogenase or one of [NiFe]-hydrogenases also do not have an effect on the
growth of bacteria D. vulgaris [14, 18]. These data show that the four hydrogenases can
completely functionally change each other, especially when growing the bacteria in the
medium with high concentrations of H, [62].

Transmembrane electron transfer. In the periplasm, protons are transported to
the cytochrome c, by periplasmic hydrogenases [1]. Subsequently, electrons from cyto-
chrome c, are transferred through the cytoplasmic membrane to the recovered APS and
HSQO; in cytoplasm. Electron transport through membranes involves a protein hmc-com-
plex [19]. This complex is on the one side associated with periplasmic region of poly-
heme cytochrome ¢, and on the other with the cytoplasmic side containing FeS-protein
(Fig. 15). It has a structure similar to heterodisulfite reductase. The hmc-complex is the
most studied in bacteria D. vulgaris [60]. After removing hmc genes, bacteria D. vul-
garis grew only in the medium with lactate and sulfate, and the growth significantly
slowed down in the presence of only H, and sulfate. The genome of D. vulgaris encodes
transmembrane protein complexes (Tpll-c3 and Hme) [1, 62].

-
-

._________________
»
K

ADP
Lactate Pyruvate ATP
Fig. 15. Transmembrane electron transfer (Modified
l by Madigan et al. 2006) [53]
Acetate + CO, + ATP H,S Puc. 15. TpaHcmembpaHHe nepeHeceHHs EenekTPOHiB

(MogwmdikoBaHo 3a Madigan et al. 2006) [53]

They are similar to the hmc-complex and located on periplasmic side of cytochrome
¢ and cytoplasmic side with FeS-proteins [53]. The sequences of these proteins also
resemble those of heterodisulfite reductase [19]. Three transmembrane complexes

(Hmc, Hme and TplI-c3) can likely carry out similar functions to four periplasmic hydro-
genases [64].
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M.S. Sim et al. (2013) have tested mutant strains lacking one or two periplasmic
(Hyd, Hyn-1, Hyn-2, and Hys) or cytoplasmic hydrogenases (Ech and Cool), and
a mutant strain lacking type | tetraheme cytochrome (Tpl-c,). They have shown that wild-
type D. vulgaris and its hydrogenase mutants had comparable growth kinetics and pro-
duced the same sulfur isotope effects. In continuous culture, wild-type D. vulgaris and
the CycA mutant produced similar sulfur isotope effects, underscoring the influence of
environmental conditions on the relative contribution of hydrogen cycling to the electron
transport. The schematic representation of two proposed pathways for electron transport
during sulfate reduction in D. vulgaris Hildenborough is below presented in Fig. 16 [67].

2H*
é Membrane-bound
Hase @ & electron-transfer
2H* complexes
€ -
Hz (= Mq
_ Hy
3 @zw Acetate Acetate oy
Hase ¢ (
Por
Ldh AMP + PP;

Por
Lactate Pyruvate 5 ! ‘;\\‘g) Ldh Lactate
) I

\» [ o4 4—/
LacP Lactate K Lactate LacP

ATP
Cytoplasmic Sulfate Sulfide

embran
m ¥ Cytoplasm Periplasm

Fig. 16. The schematic representation of two proposed pathways for electron transport during sulfate reduc-
tion in D. vulgaris Hildenborough: LacP is lactate permease, Ldh is lactate dehydrogenase, Por is
pyruvate-ferredoxin oxidoreductase, Hase is hydrogenase, Cyt c is cytochrome ¢, Mq is menaqui-
none pool, APS is adenosine 5-phosphosulfate. Dashed lines and the question mark indicate cur-
rently hypothetical pathways and components (Modified by Sim et al., 2011) [67]

Puc. 16. CxemaTtuyHe 306pakeHHs1 3anponoHOBaHUX ABOX LLUMSAXIB TPAHCMOPTY eNEeKTPOHIB Nig vac cynbdar-
penykuii D. vulgaris Hildenborough: LacP — nakrtatnepmeasa, Ldh —nakratgerigporeHasa, Por —
nipyBat:cpeppenokcmHokcuaopeaykrasa, Hace — rigporeHasa, Cyt ¢ — uutoxpom ¢, Mg — MeHaxiHOH,
APS — ageHo3uH 5'-dpocdocynbdart. MyHKTUPHI NiHii Ta 3HaK NUTaHHS BKa3ylTb Ha MiNOTETUYHI
LUNSAXM | KOMMOHEHTH (MoaundikoBaHo 3a Sim et al., 2011) [67]

In D. vulgaris genome, a cluster of gene encoding transmembrane protein complex
(Qmo complex) was found. There are no genes encoding periplasmic cytochrome ¢ [1,
19]. The complex Qmo is involved in the reduction of APS (Fig. 17) [65]. Heterodisulfide
reductase, EC 1.8.98.1 of methanogens catalyzes the reduction of heterodisulfide of
CoM-SS-CoB to coenzyme M (HS-CoM) and coenzyme B (HS-CoB). Both coenzymes
are missing in the SRB. Cell extracts of SRB do not catalyze the reaction of CoM-SS-CoB
and oxidation of CoM-SH + CoB-SH [60, 61].

Ramos A.R. et al. (2012) have reported the first direct evidence that QmoABC and
AprAB interact in Desulfovibrio spp., using co-immunoprecipitation, cross-linking Far-
Western blot, tag-affinity purification, and surface plasmon resonance studies. They
showed that the QmoABC—-AprAB complex has a strong steady-state affinity, but has
a transient character due to a fast dissociation rate. Far-Western blot identified QmoA as
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the Qmo subunit most involved in the interaction. Nevertheless, electron transfer from
menagquinol analogs to APS through anaerobically purified QmoABC and AprAB could
not be detected. Authors propose that this reaction requires the involvement of a third
partner to allow electron flow driven by a reverse electron bifurcation process. This pro-
cess is deemed essential to allow coupling of APS reduction to chemiosmotic energy
conservation [65].

RamosA.R. etal. (2012) have proposed a schematic representation of the QmoABC—
AprAB interaction and the involvement of third partners. In the hypothesis of an electron
bifurcation process, the putative electron acceptor of QmoB with a high redox potential is
represented by a question mark (Fig. 17A). In the hypothesis of an electron confurcating,
mechanism several possible co-electron donors for the Qmo complex are considered:
ferredoxin (Fd), hydrogenase (Hase), formate dehydrogenase (Fdh) or NADH dehydro-
genase (Nox) (Fig. 17B). The soluble HdrABC—MvhGAD complex (Fig. 17C) and the
membrane-bound HArED (Fig. 17D) of methanogens are shown for comparison. The
gray dashed arrows represent electron bifurcation in (A, C), or electron confurcation in
(B). The gray boxes represent the cytoplasmic membrane with + indicating the periplasm

and - the cytoplasm (Fig. 17) [65].

SOz APS  SO%

+ATR__A +PP, l+AMP

Sat DsrAB/C
H,S /
00 ! \

SOy APS SO} g HCOO"

+ATR__A +PP, +AMP Hass \ CoM-S-S-CoB CoM-SH + COB-SH/
Sat DsrAB/C Nox /ﬂ
. 2H*
K H,S NADH NAD H, /

Fig. 17. The schematic representation of the QmoABC-AprAB interaction and the proposed involvement of
third partners (modified by Ramos et al., 2012) [65]

Puc. 17. CxematnyrHe npeacraenenHs B3aemofii QmoABC—-AprAB i 3anponoHoBaHa y4acTb TpeTiX napt-
HepiB (MogudikoBaHo 3a Ramos et al., 2012) [65]
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FeS proteins are a group of proteins involved in the processes of electron transport
(ferredoxins) and some enzymes that catalyze different redox reaction [19]. Depending
on the structural features of FeS centers, ferredoxins can carry out simultaneous trans-
fer of one or two electrons [7, 10]. Redox potential of ferredoxins is preferably in the
range of -490 to -310 mV. However, there have been described some FeS proteins with
positive redox potential of +350 mV [1].

Ferredoxins play an important role in the metabolism of SRB, combining catabolic
processes together with biosynthetic reactions. Physiological reactions in SRB cells oc-
cur at the negative redox potentials. Under these conditions, FeS proteins are important
for the functioning of enzymes, and used as carriers of electrons (Fig. 18) [19].

SN TN

NH H;
e < // s<l 7 /S /m r(
//S/\ //S7> S/\

S ~S ,/\\
« —CN

Fdreq oc / \‘c/\

NC o) CO 2H"

e

Fig. 18. [Fe,S,] cluster-mediated electron transfer pathway in Desulfovibrio gigas hydrogenase (shown in
the direction of proton reduction): Fd 4 and Fd,, represent ferredoxin in the reduced and oxidized
state, respectively X = CH,, NH, O [70]

Puc. 18. [Fe,S,] knacTep onocepeakoBaHOro nepeHocy enekTpoHiB rigporeHas Desulfovibrio gigas (nokasa-
HW B HaNpsIMKy peaykuii npoToHis): Fd.., i Fd,, depenokcuH y BigHOBNEHOMY 11 OKUCHEHOMY CTaHi,
BignosigHo, X = CH,, NH, O [70]

FeS proteins in SRB have an amino acid sequence similar to heterodisulfide reduc-
tase. Perhaps, they have different substrate specificity and can be involved in other
functions. In methanogenic archaea, the reduction of H, occurs through oxidation of
methyl-coenzyme M. The concentration of H, under these conditions decreases and
methane is produced. It is believed that disulfide/HS- couple in SRB can be also in-
volved in the transfer of electrons from hydrogen to sulfite [1].

Cytoplasmic oxidation of molecular hydrogen. The process of molecular hydro-
gen oxidation occurs by involving cytoplasmic hydrogenase and FeS proteins [19]. Bac-
teria D. vulgaris contains two membrane complexes of hydrogenase, EChABCDEF and
CooMKLXUHF, which are interrelated [14, 18, 56]. They catalyze the reduction of fer-
redoxins in the presence of H, or protons to H, through ferredoxin reduction. Both of
these reductions cause the formation of proton electrochemical potential (AmH*) (ener-
gy controlled reverse electron transfer) [58].

Hydrogenase catalyzes the oxidation of H, and reduction of ferredoxin [66]. For the
studying hydrogenases of SRB, it is necessary to consider the bacterial growth in H, and
sulfate in the presence of acetate and CO, as carbon sources. They are used by the cells
forming acetyl-phosphate, acetyl-S-CoA and pyruvate [19]. Acetyl-S-CoA is formed from
pyruvate in the reduction reaction of carboxylation involving pyruvate:ferredoxin oxidore-
ductase [44]. Redox potential (E°) of acetyl-S-CoA + CO,/pyruvate is -500 mV and, there-
fore, considerably more negative than H*/H, pairs (-270 to -300 mV), especially if the
partial pressure of H, is very low (1 to 10 Pa) [1]. For the synthesis of pyruvate from

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyxi Ctyaii / Studia Biologica ¢ 2016 e Tom 10/Ne1 e C. 197-228



218 Ivan V. Kushkevych

acetyl-CoA, CO, and H, are necessary so that electrons from H, may have a more nega-
tive potential. This is achieved by a reverse energy transfer of electrons from H, to fer-
redoxin involving hydrogenases [60]. This pattern is characteristic for other reduction
reactions such as reductive carboxylation of succinyl-S-CoA to 2 oxoglutarate (-500 mV)
or reduction of CO, to CO (-520 mV) [1, 19].

Reverse electron transfer is important in anaerobic respiration where it is often
a necessity and using reduced equivalents at low redox potential or regulation of the
redox reactions. If bacteria D. vulgaris metabolize organic substrates such as pyruvate
(E° = -500 mV) or CO (E° = -520 mV) by oxidation of reduced ferredoxin, then two hy-
drogenases are involved in the formation of H,. For example, the reduced cytoplasmic
NADP hydrogenase is found in bacteria D. fructosovorans. However, it has not been
detected in D. vulgaris [63].

Bacteria D. vulgaris Hildenborough produces a burst of metabolites such as H,,
formate and CO (Fig. 19). This observation led to a proposal of the hydrogen-cycling
model which tries to explain the growth of this microorganism despite the energetic
constraints that are associated with sulfate reduction [72].

Zhou et al. (2011) proposed a model of hydrogen-cycling. According to this model,
hydrogen equivalents that are generated by the oxidation of organic compounds are
hypothesized to be cycled to the periplasm via the activities of the cytoplasmic hydroge-
nases E. coli hydrogenase 3 (Ech) [56] and CO-dependent hydrogenase (Coo). In the
periplasm, the H, is re-oxidized to protons and electrons by the periplasmic hydroge-
nases, such as the iron-only hydrogenase, and the electrons pass through the cyto-
chrome c, network. From here, electrons are proposed to be transferred to the mena-
quinone-linked quinone reductase complex (Qrc), then to the quinone-interacting mem-
brane-bound oxidoreductase (Qmo) complex and finally to the adenosine phosphosul-
phate reductase for sulfate reduction. Concurrently, electrons are passed by an un-
known mechanism to the dissimilatory sulphite reductase (Dsr) transmembrane com-
plex and then to bisulphite reductase. In this way, sufficient electrons are made available
for complete reduction of sulfate to hydrogen sulfide. The process is made energeti-
cally favourable by the activity of inorganic pyrophosphatase which removes the pyro-
phosphate that is generated by sulphate activation. Protons that are generated in the
periplasm produce the proton-motive force that is necessary for the generation of ad-
ditional ATP for growth. CO is metabolized in the cytoplasm by CO dehydrogenase, and
formate is cycled to the periplasm, where it is metabolized by formate dehydrogenase,
EC 1.2.1.2 (Fdh). Hydrogen cycling is not necessary when H, is used as the electron
donor, as periplasmic metabolism of H, directly establishes the electrochemical gradient
that is necessary for ATP synthesis [72] (Fig. 19).

Thus, dissimilatory sulfate reduction is a process consisting of many stages, inclu-
ding transport of sulfate in the SRB cells and its activation, the formation of APS and its
reduction to sulfite, periplasmic oxidation of H,, transmembrane transport of electrons,
and cytoplasmic oxidation of H,.

In previous studies, the intestinal SRB Desulfovibrio piger Vib-7 and Desulfomicro-
bium sp. Rod-9 were isolated from the healthy human large intestine and identified as
described [25, 26]. The strains have since been kept in the collection of microorganisms
at the Department of Molecular Biology and Pharmaceutical Biotechnology of Pharmacy
Faculty at the University of Veterinary and Pharmaceutical Sciences Brno (Czech Repub-
lic) and their physiological and biochemical properties have been studied [21-24, 27-30,
32-35]. The activity and kinetic analysis of main enzymes involved in dissimilatory sulfate

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriyHi Ctygii / Studia Biologica e 2016 e Tom 10/Ne1 e C.197-228



219

DISSIMILATORY SULFATE REDUCTION IN THE INTESTINAL SULFATE-REDUCING BACTERIA

reduction and the enzymes of antioxidant system including catalase [37] and superoxide
dismutase [38] in the intestinal sulfate-reducing bacteria D. piger Vib-7 and Desulfomicro-
bium sp. Rod-9 were studied in detail. For each of these enzymes were determined: acti-
vity (A, Uxmg" protein), initial (instantaneous) reaction rate (V,, umolxmin”'xmg™ protein),
the maximum of enzymatic reaction (V,,,, pmolxmin-'xmg™ protein), Michaelis constant

(K,,) determined by the concentration of substrate (Table).

The activity of these enzymes is significantly higher in D. piger Vib-7 than in Desul-
fomicrobium sp. Rod-9. The peaks of the enzymatic activity occurred at the temperature
of +35°C. Maximum activity of the enzymes was at pH 8.0 which is consistent with the
condition of the human colon. Obviously, such conditions provide their intensive deve-
lopment. The initial and maximum rates of enzymatic reactions and the maximum
amount of product were significantly higher in D. piger Vib-7 compared to Desulfomicro-
bium sp. Rod-9. Probably, D. piger Vib-7 can be more dangerous and have some patho-
genic role in the development of inflammatory bowel disease, the dissimilation of sulfate
and lactate and, accordingly, accumulating acetate and sulfide with a higher rate.
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Fig. 19. The hydrogen-cycling model by Zhou et al. (2011) [72]
Puc. 19. Mogenb uukny rigporeHy 3a Zhou et al. (2011) [72]

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyxi Ctyaii / Studia Biologica ¢ 2016 e Tom 10/Ne1 e C. 197-228



220

Ivan V. Kushkevych

Enzymatic characteristics of the intestinal SRB strains
EH3uMaTUy4Hi XapaKkTepucTUKN KMLWIKOBUX Wwtamie CBB

Enzymes of dissimilatory sulfate reduction

Kinetic characteristics [reference]

A
VO
ATPase [36]
Vmax
Kn
A
VO
ATP sulfurylase [42]
Vmax
Kn
A
VO
APS reductase [41]
Vmax
Km
A
Vo
Sulfite reductase [34]
Vmax
Kﬂ'l
A
Vo
Pyrophosphatase [39] v
Kn
A
Periplasmic Vo
hydrogenase [31] vV
Kn
Lactate Vo
dehydrogenase [40] vV
K

Strains of intestinal sulfate-reducing bacteria

D. piger Vib-7
16.11+1.87
15.95+1.58
36.10+2.87
2.24+0.21
2.26+0.231
5.48+0.57
4.87+0.55

1.98+0.21
0.34+0.029
0.675+0.062
0.862+0.084
4.33+0.47
0.032+0.0026
0.351+0.033
0.067+0.0053
3.53+0.334
24 27+2.47
18.24+1.92
43.86+4.24
2.53+0.27
1421.4+123.7
205.67+18.91
2500+219
864+73
0.472+0.037
0.11410.012
1.20+0.11
0.83+0.07

Desulfomicrobium sp. Rod-9

7.31£0.98"
10.69+£0.93™
16.64+1.73™
2.06+0.18
0.98+0.0082"
4.12+0.38
2.11£0.22"
1.07+0.12"
0.11+£0.012"
0.231+0.022™
0.282+0.027"
3.57+0.32
0.028+0.0022
0.138+0.012™
0.045+0.0039
3.86+0.341
8.16+0.82"™
5.81+0.52"™
13,741,322
2.60+0.21
568.7+45.6™
58.16+5.38™
1111107
669+62
0.153+0.014™
0.026+0.022™
0.65+1.73™
1.54£0.14™
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s E

Pyruvate:ferredoxin
oxidoreductase [44]

=~ <
=l

< >

0

Phosphotransacetylase [39]

<

max

K
A
V

o

Acetate kinase [45]
Vmax
K

m

1.24+0.127
4.15+0.43
2.54+0.261
2.72+0.283
1.19+0.122
5.68+0.58
2.73+0.31
3.36+0.35
1.52+0.163
6.16+0.63
3.12+0.32
2.54+0.26

Main enzymes of antioxidant system

A
VO
Catalase [37]
Vmax
Kn
A
Superoxide Vo
dismutase [38] v
K

m

1745.21£154.67
3.018£0.312
50004489
8.01+0.77
1326.43+142.76
0.0086+0.00073
1666.67+174.92
0.833+0.071

The end of the Table

0.48+0.051"
1.37£0.12™
0.89+0.092™
2.55+0.245
0.37+0.041™
2.14+0.23"
0.98+0.089™
5.97+0.62'
0.46+0.044™
1.39+0.14™
1.03+0.098™
2.68+0.25

873.11£72.23"
1.144+0.098"
1667+168™
10.33+0.98
1120.72+88.56
0.0069+0.00055
833.33+£88.54™
0.750+0.068

Comment: Statistical significance was M+m, n=3-5; *P<0.05; **P<0.01; ***P<0.001 compared to the D. pi-

ger Vib-7 strain

Mpumitka: CraTuctTnyHa goctoBipHicTb M+m, n = 3-5; *P<0,05; **P<0,01; ***P<0,001 nopiBHsIHO 3i LUTAMOM

D. piger Vib-7

Based on the described activities of the enzymes in D. piger Vib-7 and Desulfomi-
crobium sp. Rod-9 and the kinetic analysis of enzymatic reactions, the generalized
scheme showing the hypothetical model of dissimilatory sulfate reduction in intestinal
SRB and the activity of the enzymes in their cells at each stage of this process was
demonstrated for the first time. The proposed scheme summarizes already existing
data on sulfate reduction and it is especially important for a more detailed understan-
ding of the dissimilation of sulfate in the human and animal intestines (Fig. 20).
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Fig. 20. The proposed metabolic model of the dissimilatory sulfate reduction in intestinal sulfate-reducing
bacteria and the activity of the enzyme in D. piger Vib-7* and Desulfomicrobium sp. Rod-9**: X is
unknown hydrogen carrier; Fd is ferredoxin

Puc. 20. 3anponoHoBaHa mogenb MeTabomnismy AUCUMINALIMHOTO BiAHOBMEHHS CynbdaTy KULLIKOBUMMU
cynbdaTtBigHOBMNOBaNbHUMN GakTepismMu 1 eH3nuMaTuyHi aktuBHocTi D. piger Vib-7* i Desulfomicro-
bium sp. Rod-9**: X — HeBigoMuit nepeHoCHWK rigporeHy; Fd — doepenokcuH

Summarizing the above described studies based on literature data and own re-
search, it can be stated that sulfate-reducing bacteria belong to the human and animal
intestinal microflora. The number of these microorganisms in the intestine depends on
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the diet. The presence of sulfate induces the increased SRB level which can cause an
excessive production of hydrogen sulfide. This compound is the final product of the dis-
similatory sulfate reduction and may be mutagenic and toxic. The biochemical and
physiological properties of intestinal SRB, their possible role in inflammatory bowel
diseases, including ulcerative colitis, are summarized and analyzed. This is important
for the understanding of the mechanisms behind these diseases and for the evaluation
of the effectiveness of the therapy based on inhibition of SRB growth, accordingly, their
production of hydrogen sulfide and acetate in gut.

CONCLUSIONS

Sulfate-reducing bacteria carry out the dissimilatory sulfate reduction. Sulfate is used
in this process as a final electron acceptor. Organic compounds which enter the human
and animal intestine and are formed in the fermentation process can be electron donors
for SRB in the dissimilatory sulfate reduction. This process is complex and multi-staged.

The oxidation of organic substrates leads to a change of redox potentials. It de-
pends on the nature of compounds that are oxidized or reduced, as well as the environ-
mental conditions. SRB can grow in a wide range of oxidation-reduction potentials.

Lactate, pyruvate, acetate and ethanol are the most widespread substrates for
SRB in the gut. The presence of sulfate in the food in the increased concentration can
stimulate SRB growth and their competition with methanogenic organisms by the sub-
strate in the gut.
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AUCUMITALIUHA CYTNb®ATPEAYKLISA KALLKOBUMU
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e-mail: ivan.kushkevych@gmail.com

BuBYEHHSA KMLIKOBMX CynbdaTBigHOBMOBANbHUX GakTepil, 34iNCHIOBAHOIO HUMMU
npouecy ANCUMINALINHOrO BiOHOBMEHHSA cynbdaTty, HakomnMyeHHa rigporeH cynbdiay,
a TaKoX TXHbOI poni y 3anarnbHNX 3aXBOPIOBAHHAX KULLEYHWKA, B TOMY YUCITi BUPa3Ko-
BMX KONiTax, y TBAPWUH i NOAMHM Aedani vyacTille npyuBepTae yBary BYeHuX. HoBi MOXxnu-
BOCTi AN BUBYEHHS 3ananbHOro 3axXBOPHBAHHA KWLLEYHMKA W OuiHKa edeKTUBHOCTI
MOro NiKyBaHHSA € HaA3BMYaMHO akTyarnbHOK Npobrnemoto cyydacHoi Gionorii Ta meanum-
HKU. Y LbOMY OrMsiAi HA OCHOBI J@HMX Cy4acHOT niTepaTypu Ta pesynbraTiB BnacHUX O-
CnigXeHb KOPOTKO XapaKTepU30BaHO Ui 6akTepii 1 onMcaHo iXHii MexaHiaM gucUMIns-
LinHoi cynbtaTpenykuii. NMogaHo xapakTepucTukM cybcTpaTiB KMLWKOBUX Cynbdarsia-
HOBIOBanNbHWX BGakTepin i TepMogUHAMIYHUX BNACTUBOCTEN TXHIX JOHOPIB €MEKTPOHIB.
OcobnuBy yBary npugineHo MexaHiaMy 1 etanam gucuminsuii cynsgary, 30Kkpema eH-
31MIB, WO 3anyyeHi y uen npouec. Ha ocHoBI BfiacHMX pe3ynbraTiB NnpeacTaBieHo y3a-
raribHeHy CXemy AUCUMINSLINHOrO Bi4HOBMNEHHS CynbdarTy, Lo Bigobpaxae akTUBHICTb
KOXXHOTO 3 eH3UMIB Yy LboMy npoueci. OnucaHi dgisionorivyHi Ta GioxiMiyHi napameTpum
€ BaXNMBMMM N5 GinblU AeTanbHOro po3yMiHHSA Npouecy AMCUMMINsLii cynbdary B Ku-
LIEYHWKY MIOAMHW | TBAPWH, @ TaKOX A5 BUBYEHHS MeXaHi3MiB Ail aHTUMIKPOBHMX Npo-
dinakTvk Ta Tepanii NPOTN KOHKPETHNX KOMMOHEHTIB, 3arny4YeHnX y natoreHes3 3axBopo-
BaHHs. Lle Takox Moxe OyTn BaXXnMBUM 451 PO3YMIHHS MEXaHi3MiB 3aXBOPHOBaHb Ku-
LIEYHMKA | 4518 OLiHKM e(PEKTUBHOCTI MOro fiKyBaHHS.

Knrovoei cnoea: cynbdatBigHOBMOBanNbHi 6akTepii, gucuminsuiiHe BigHOBMEH-
HA cynbdaTy, rigporeH cynbdia, Mikpodriopa KuLevHuKa.
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I/I3yquV|e KNLLIEYHbIX Cyﬂb(baTBOCCTaHaBﬂVIBaIOLLI,MX 6aKTepVIIZ, ocyLiecTBnsaemMoro
MMM npotecca AnCCMMnnAaAuMoHOro BOCCTaHOBITEHUA cynbcbaTa, HaKonreHna rmaporeH
cynbcbm,qa, a TaKXe X ponn B BoCNnarnnTeribHbIX 3aboneBaHMsAX KMLIEYHMKA, B TOM YK-
Clne A3BEeHHbIX KOJTUTaX, Y XUBOTHbIX U YEJl0BEKa BCE Halle NpuBiekaeT BHUMaHNE y4e-
HbIX. HOBblE BO3MOXHOCTW ANs n3yvyeHuna socnannTeribHoro 3aboneBaHunst KULWEYHNKA
N OUEeHKa SCbeeKTVIBHOCTI/I €ro nevyeHna ABnArTCA t-l}:)e3BI:I‘-Ial7IHO aKTyaanoM r|p06ne-
Mo COBpeMeHHOIZ ovonorun 1 megnunHel. B atom o63ope Ha OCHOBE [JaHHbIX COBpe-
MEHHOW nmTepartypbl U pe3yrnbratoB COBCTBEHHbIX UCCreaoBaHNi KOPOTKO OXapakTte-
Pn3oBaHbI 3TN 68KTepVII/I M ONNCaH UX MEXaHU3M OUCCUMUIALNOHON Cyﬂbcbaneﬂ,yKU,MVl.
[aHbl XapaKTePUCTUKN Cy6CTpaTOB KMLLEYHbIX Cynb(baTBOCCTaHaBJ'IVIBaPOLLI,MX 66KTepI/II7I
n TepMmoanHaMnNYeCKmnX CBOWCTB UX [OOHOPOB 3I1EKTPOHOB. Ocoboe BHMMaHKe Obino yaoe-
JIEHO MeXaHU3MYy U 3Tanam guccuMmmnnaumnm cynbcbaTa, B YaCTHOCTU 3H3MMOB BOBJ1€4EH-
HbIX B 3TOT npoLecc. Ha ocHoBe cCOOCTBEHHbIX pesynbraTtoB npeacrasneHa obobLwatowas
cxemMa JUCCMMUIAUnNOHHOIo BOCCTaHOBIIEHUA cynbcbaTa, oTpaxawLiasa akTUBHOCTb KaX-
O0ro n3 3H3MMOB B 3TOM MpoLecce. OnucaHHble cbmsmonormqecme n Buoxmmmndeckmne
napamMeTpbl BaXXHbl O51A Oonee geTanbHOrO NOHNUMaHKS npouecca auccmmMmunaunn Cynb-
cbaTa B KULLEYHMKE HYernoBeKa 1 XXUBOTHbIX, a Takke 4114 N3y4eHnA MexaHnamoB nencreng
aHTI/IMI/IKpO6HbIX I'IpO(bl/IJ'IaKTI/IK n Tepanmm NnpoTmB KOHKPETHbLIX KOMIMOHEHTOB, BOBJ1EYEH-
HbIX B NaTtoreHe3 3aboneBaHns. ATO Takke MOXET ObITb BaXXHbIM AN MOHUMaHWS Mexa-
HN3MOB 3a00neBaHNN KULLIEYHUKA M OJ1S1 OLIEHKM 3(b(beKTMBHOCTVI €ro ne4vyeHus.

Knroveenie cnoea: Cy.l'lb(baTBOCCTaHaBJ'IVIBa}OLLI,I/Ie 6aKTep|/|v|, ONCCUMUINALIMOH-

HOEe BOCCTaHOBMEHUs cynbdaTta, rMaporeH cyrnbgua, MUKPO-
dhnopa KuLeYHMKa.
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