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(57) ABSTRACT

This method of restricting methane production in methano-
genic bacteria, by the use of the enzyme and coenzyme inhibi-
tors, works during anaerobic reductive dechlorination. Vari-
ous compounds such as, but not limited to, red yeast rice,
vitamin B10 derivatives, and ethanesulfonates are utilized to
disrupt these different enzyme and coenzyme systems
responsible for the production of methane. This method
affects the competition of the methanogen and halo bacteria
for the organic hydrogen donors that are injected in the soil
and groundwater system during the remediation process.
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1
INHIBITION OF METHANE PRODUCTION
DURING ANAEROBIC REDUCTIVE
DECHLORINATION

FIELD OF THE INVENTION

The present invention relates to the use of various inhibi-
tors of different enzyme and coenzyme systems responsible
for the production of methane. The present invention utilizes
various compounds including, but not limited to: red yeast
rice, vitamin B10 derivatives, and ethanesulfonates to disrupt
enzyme and coenzyme systems and limit the productivity of
methanogens in producing methane.

BACKGROUND OF THE INVENTION

Halogenated volatile organic compounds (VOCs), includ-
ing chlorinated aliphatic hydrocarbons (CAHs), are the most
frequently occurring type of contaminant in soil and ground-
water at Superfund and other hazardous waste sites in the
United States. In 1996, the U.S. Environmental Protection
Agency (EPA) estimated that cleanup of these sites will cost
more than $45 billion over the next several decades.

CAHs are manmade organic compounds. They typically
are manufactured from naturally occurring hydrocarbon con-
stituents (methane, ethane, and ethene) and chlorine through
various processes that substitute one or more hydrogen atoms
with a chlorine atom, or selectively dechlorinate chlorinated
compounds to a less chlorinated state. CAHs are used in a
wide variety of applications, including uses as solvents and
degreasers and in the manufacturing of raw materials. CAHs
include such solvents as tetrachloroethene (PCE), trichloro-
ethene (TCE), carbon tetrachloride (CT), chloroform (CF),
and methylene chloride (MC). Historical management of
wastes containing CAHs has resulted in contamination of soil
and groundwater, with CAHs present at many contaminated
groundwater sites in the United States. TCE is the most preva-
lent of those contaminants. In addition, CAHs and their deg-
radation products, including dichloroethane (DCA), dichlo-
roethene (DCE), and vinyl chloride (VC), tend to persist in
the subsurface creating a hazard to public health and the
environment.

The options available for a cost-effective and reliable tech-
nology to treat chlorinated hydrocarbon contaminants such as
PCE, TCE, cis-1,2-dichlorethene (cis-1,2-DCE), and VC in
groundwater have in recent years moved away from tradi-
tional pump-and-treat processes, especially in cases where:

Non-aqueous phase liquids (NAPLs), micro-emulsions or
high concentration adsorbed materials are present lead-
ing to high dissolved phase concentrations.

Access to groundwater is restricted by surface structures or
uses.

Local restrictions forbid the implementation of other avail-
able technologies such as air sparging or natural attenu-
ation.

Pump-and-treat technologies have been applied, but have
reached asymptotic removal rates.

Contamination is extensive and concentrations are too high
for risk based closure but otherwise relatively low (typi-
cally 100-7500 ppb).
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The migration of dissolved CAHs across property bound-
aries or into adjacent surface water presents a long-term
remediation requirement.

The vertical migration of free phase CAHs (DNAPL) into
underlying drinking water aquifers is a concern.

The environmental chemistry of each site in part deter-
mines the rate of biodegradation of chlorinated solvents at
that site. The initial metabolism of chlorinated solvents such
as chloroethenes and chloroethanes in ground water usually
involves a biochemical process described as sequential reduc-
tive dechlorination. The occurrence of different types and
concentrations of electron donors such as native organic mat-
ter, and electron acceptors such as oxygen and chlorinated
solvents, determines to a large degree the extent to which
reductive dechlorination occurs during the natural attenua-
tion of a site.

Laboratory studies have shown that a wide variety of
organic substrates will stimulate reductive dechlorination
including acetate, propionate, butyrate, benzoate, glucose,
lactate, methanol, and toluene. Inexpensive, complex sub-
strates such as molasses, cheese whey, corn steep liquor, corn
oil, hydrogenated cottonseed oil beads, solid food shortening,
beef tallow, melted corn oil margarine, coconut oil, soybean
oil, and hydrogenated soybean oil have the potential to sup-
port complete reductive dechlorination.

Reductive dechlorination only occurs in the absence of
oxygen; and, the chlorinated solvent actually substitutes for
oxygen in the physiology of the microorganisms carrying out
the process. As a result of the use of the chlorinated solvent
during this physiological process, it is at least in part dechlo-
rinated. Remedial treatment technologies usually introduce
an oxygen scavenger to the subsurface in order to ensure that
this process would occur immediately.

Heterotrophic bacteria are often used to consume dissolved
oxygen, thereby reducing the redox potential in the ground
water. In addition, as the bacteria grow on the organic par-
ticles, they ferment carbon and release a variety of volatile
fatty acids (e.g., acetic, propionic, butyric), which diffuse
from the site of fermentation into the ground water plume and
serve as electron donors for other bacteria, including dehalo-
genators and halorespiring species. An iron source usually
provides substantial reactive surface area that stimulates
direct chemical dechlorination and an additional drop in the
redox potential of the ground water via chemical oxygen
scavenging.

Bacteria generally are categorized by: 1) the means by
which they derive energy, 2) the type of electron donors they
require, or 3) the source of carbon that they require. Typically,
bacteria that are involved in the biodegradation of CAHs in
the subsurface are chemotrophs (bacteria that derive their
energy from chemical redox reactions) and use organic com-
pounds as electron donors and sources of organic carbon
(organoheterotrophs). However, bacteria are classified fur-
ther by the electron acceptor that they use, and therefore the
type of zone that will dominate in the subsurface. A bacteria
electron acceptor class causing a redox reaction generating
relatively more energy, will dominate over a bacteria electron
acceptor class causing a redox reaction generating relatively
less energy.

Certain micro-organisms will assist in removing oxygen
and nitrates from the applied systems. Halophiles are salt-
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loving organisms that inhabit hypersaline environments.
They include mainly prokaryotic and eukaryotic microorgan-
isms with the capacity to balance the osmotic pressure of the
environment and resist the denaturing effects of salts. Among
halophilic microorganisms are a variety of heterotrophic and
methanogenic archaea; photosynthetic, lithotrophic, and het-
erotrophic bacteria; and photosynthetic and heterotrophic
eukaryotes. One the other hand, methanogens, play a vital
environmental role in anaerobic environments, since they
remove excess hydrogen and fermentation products that have
been produced by other forms of anaerobic respiration.
Methanogens typically thrive in environments in which all
electron acceptors other than CO, (such as oxygen, nitrate,
trivalent iron, and sulfate) have been depleted.

Based on thermodynamic considerations, reductive
dechlorination will occur only after both oxygen and nitrate
have been depleted from the aquifer since oxygen and nitrate
are more energetically favorable electron acceptors than chlo-
rinated solvents. Almost any substrate that can be fermented
to hydrogen and acetate can be used to enhance reductive
dechlorination since these materials are used by dechlorinat-
ing microorganisms. However, hydrogen is also a substrate
for methanogenic bacteria that converts it to methane. By
utilizing hydrogen, the methanogens compete with dechlori-
nating microbes.

Ultimately, the inhibition of methanogenesis will result
into lower methane production, which positively affects
numerous environmental aspects of major concern, and will
also help dehalogenating bacteria to more effectively utilize
the environmental conditions that promote reductive dechlo-
rination or chlorinated volatile organic compounds (CVOCs)
in in-situ remediation processes.

Therefore, there is a need in the art for a method of inhib-
iting enzyme and coenzyme systems that are responsible for
producing methane during the anaerobic reductive dechlori-
nation process.

SUMMARY OF THE INVENTION

In order to solve the need in the art for a method of inhib-
iting enzyme and coenzyme systems that are responsible for
producing methane during the anaerobic reductive dechlori-
nation process, the present invention has been devised.

This invention provides different methods of inhibition of
methane production from methanogenic bacteria by depress-
ing the action of various enzymes and coenzymes that play a
key role in the methane production. Various enzymes and
coenzymes are targeted in the current invention. The inhibi-
tors used are found to be harmless for the rest of the bacteria
that are present in the system.

This method of restricting methane production in metha-
nogenic bacteria, by the use of the enzyme inhibitors, can be
very useful during in-situ remediation of chlorinated sol-
vents. This method is expected to positively affect the com-
petition of the methanogen and halo bacteria for the organic
hydrogen donors that are injected in the soil and groundwater
system during the remediation process. This method also
provides an alternative approach for the decrease of the emis-
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sion levels of methane, which is considered a major green-
house gas.

In this respect, before explaining at least one embodiment
of the invention in detail, it is to be understood that the
invention is not limited in its application to the details of
construction and to the arrangements of the components set
forth in the following description. The invention is capable of
other embodiments and of being practiced and carried out in
various ways. Also, itis to be understood that the phraseology
and terminology employed herein are for the purpose of
description and should not be regarded as limiting.

As such, those skilled in the art will appreciate that the
conception, upon which this disclosure is based, may readily
be utilized as a basis for the designing of other structures,
methods, and systems for carrying out the several purposes of
the present invention. It is important, therefore, that the
claims be regarded as including such equivalent constructions
insofar as they do not depart from the spirit and scope of the
present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Biological methane formation is a microbial process cata-
lyzed by methanogens. The methanogenic pathways of all
species have in common the conversion of a methyl group to
methane; however the origin of the methyl group varies. Most
species are capable of reducing carbon dioxide (CO,) to a
methyl group with either a molecular hydrogen (H,) or for-
mate as the reductant. Methane production pathways in
methanogens that utilize CO, and H,, involve specific metha-
nogen enzymes, which catalyze unique reactions using
unique coenzymes. Biosynthetic enzyme, 4-(f3-D-ribofura-
nosyl)aminobenzene-5"-phosphate (f-RFA-P) synthase, is a
key enzyme that catalyzes the first step of in methanopterin
biosynthesis. This enzyme catalyzes the condensation
between para-aminobenzoic acid (pABA) and 5-phospho-a.-
D-ribosyl-1-pyrophosphate (PRPP) with concomitant forma-
tion of B-RFA-P, CO,, and inorganic pyrophosphate (PPi).
This enzyme is a phosphoribosyltransferase and a decarboxy-
lase and forms a C-riboside, which is unique among phos-
phoribosyltransferases and pABA-dependent enzymes.

-RFA-P synthase is an early step in the biosynthesis of
tetrahydromethanopterin (H,MPT), which is a modified
folate that is of central importance in growth and energy
metabolism of methanogens.

Methanofuran and H,MPT, function as one-carbon carri-
ers in the reversible reduction of CO, to a methyl group.
H,MPT is involved in multiple steps in methane formation, as
in one carbon reactions involved in amino acid and nucleotide
metabolism. Even though H,MPT is found in Archaea and
one class of Bacterium (e.g. Methylobacterium extorquens),
the biosynthetic pathway for these two folates (folate and
methanopterin) is different, suggesting that they play differ-
ent functional roles in the physiology ofthe cell (Dumitru and
Ragsdale, 2004).
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Structure of Tetrahydromethanopterin

Coenzyme F,,, or 8-hydroxy-5-deazaflavin, is a two elec-
tron transfer coenzyme that is involved in redox reactions in
methanogens in many Actinobacteria, and sporadically in
other bacterial lineages. It occurs at varying levels in all
methanogenic species and has also been identified in Strep-
tomyces griseus and Anacystis nidulans. At least four differ-
ent forms of the coenzyme have been described, all contain-
ing a deazariboflavin chromophore with an extended side-
chain composed of two, three, four or five glutamic acid
residues. Coenzyme F,,,_, (i.e., with a side-chain consisting
of two glutamic acid residues) appears to be the coenzyme
form present in hydrogenotrophic methanogens, whereas
methylotrophic species contain coenzymes F,,, , and F,,,, s
(Reynolds and Colleran, 1987).

One of the characteristics of F,, is that it acts as an elec-
tron donor for two steps in the reduction of CO, to a methyl
group. The F,,,-dependent NADP oxidoreductase enzyme
from Methanobrevibacter smithii catalyzes the important
electron transfer step during methanogenesis between
NADP+ and F,,,. During the reaction, NADP is reduced to
NADPH by accepting one or more hydrides (H™) from F,,,.
This is an important step of methane formation in methano-
gen bacteria such as M. smithii. Therefore, the NADP oxi-
doreductase enzyme plays a vital role in the formation of
methane (Sharma et al. 2011).
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Structure of Coenzyme F,,,

Coenzyme M (CoM) is the smallest cofactor known in
nature. This cofactor is methylated on the sulthydryl group,
forming CH,-S-CoM, the substrate for the methylreductase
which catalyzes the terminal step in all methanogenic path-
ways. Coenzyme B is the second substrate for methyl-coen-
zyme M reductase, and as a consequence of the reaction,
forms the heterodisulfide complex with CoM (CoB-S-S-
CoM) (Ferry, 2002). 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase, is also another enzyme that is very
critical in methane production in Methanobrevibactor strains,
since Archaea are the only bacteria known to possess biosyn-
thetic HMG-CoA reductase (Miller and Wollin, 2001).

SO;3”
HS/\/

2-mercaptoethanesulfonic acid
(coenzyme M, HS-CoM)

Structure of Coenzyme M (CoM)

The reduction of CO, to CH, with H, as the electron donor
(Reaction 1) is the pathway of methanogenesis that this inven-
tion is focused on.

41,+C0,—CH,+2H,0, AG°=-130.4 kJ/mol CH, o)

The CO,-reduction pathway is observed in the presence of
Methanobacterium thermoautotrophicum strains (Ferry,

2002).

CH,

3 O
|l
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CH,
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reduced (Fyp0H;)

coenzyme Fyzq (F420)
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The Pathway of CO,-Reduction to CH,,

The steps are that are followed during the reduction of CO,
to CH,, are the following: first carbon dioxide is reduced to the
formyl level, then the formyl group is reduced to the formal-
dehyde level, on the following step the methylene group is
reduced to the methyl level and finally the methyl group is
converted to methane. All four of the reductive steps are
briefly described below (Ferry, 1992).

1. Reduction of Carbon Dioxide to the Formyl Level
The reduction of CO, to the formyl level is catalyzed by
formyl-methanofuran dehydrogenase (FMF). FMF is the first
stable intermediate in the pathway. Enzyme activity in the
reverse direction is linked to the reduction of either methyl-
viologen or coenzyme F,,, in all extracts of M. thermoau-
totrophicum strain.

2. Reduction of the Formyl Level to the Formaldehyde
Level
Prior to reduction, the formyl group is transferred to 5,6,7,8-
tetrahydromethanopterin, as shown in Reaction 2, and then
converted to the methenyl derivative by the dehydrating
cyclization as shown in Reaction 3.

FMF+H,MPT—5-Formyl-H,MPT+2MF,
AG°=-4.4 kJ/mol 2)
5-Formyl-H,MPT+H"—5,10-methenyl-H,MPT*+

H,0, AG®=—4.6 kI/mol 3)

The reduction of 5,10-methenyl-H,MPT" to the formalde-

hyde level with reduced coenzyme F ,,, is shown in Reaction
4.

5,10-methenyl-H,MPT*+F ,,H,—3,10-methylene-

HMPT+F 150+ H*, AG"=+6.5 kI/mol )
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Coenzyme F,,, is an obligate two-electron carrier as men-
tioned above (redox potential ~-350 mV) that donates or
accepts a hydride ion. The disappearance of the 5,10-meth-
enylene-H,MPT dehydrogenase activity results into increas-
ing dependence on F ,,, as an electron acceptor during the
purification procedure or upon exposure to the air.

3. Reduction of the Methylene Group to the Methyl Level
The 5,10-methylene-H,MPT reductase utilizes reduced F,,,
(F,450H,) as the physiological electron donor for Reaction 5.

5,10-methylene-H ,MPT+F 4,oH,—5-methyl-H,MPT+

F 1500 AG°==5.2 kJ/mol )

This reaction proceeds in either direction; however the
physiologically relevant methylene reduction is thermody-
namically favored. Since H, is the source of electrons (Reac-
tion 6), the reduction is exergonic and therefore could be
associated with the generation of a primary electrochemical
potential.

5,10-methylene-H,MPT+H,—5-methyl-H,MPT,

AG°=-14 kI/mol (6)

4. Conversion of the Methyl Group to Methane

a. Transfer of the Methyl Group to Coenzyme M
Prior to the reduction, the methyl group of 5-methyl-H,MPT
is transferred to Coenzyme M (HS-CoM), as shown in Reac-
tion 7.

5-methyl-H MPT+HS-CoM—>CH;-S-CoM+H,MPT,
AG°=-29.7 kJ/mol 7

b. Reductive Demethylation of CH;-S-CoM to Methane
The CH;-S-CoM methylreductase catalyzes Reaction 8. In
the final reductive step of the pathway, CoM-S-S-HTP is

reduced to the respective sulhydryl cofactors (Reaction 9).
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CH,-S-CoM+HS-HTP—CH,+CoM-S-S-HTP,
AG°=-45 kI/mol (8)

CoM-S-S-HTP+H,—HS-CoM+HS-HTP,

AG°=-40 kI/mol ©)

This invention provides additional embodiments for the
inhibition of the enzymes and coenzymes, which as men-
tioned above are integral parts of the methanogenesis process.
The targeted enzymes is methanopterin, and the targeted
coenzymes are coenzyme F,,, and coenzymes A and M.

Biosynthetic enzyme 4-(f3-D-ribofuranosyl)aminoben-
zene-5'-phosphate (p-RFA-P) synthase, catalyzes the first
step in methanopterin biosynthesis. The reduced form of
methanopterin, H,MPT, is involved in multiple steps in
methanogenesis; it also replaces the functions of tetrahydro-
folic acid, the predominant one-carbon carrier in eukaryotes
and bacteria. Given the importance of H,MPT in growth and
in energy production by methanogens, the inhibition of
RFA-P synthase should specifically halt methanopterin bio-
synthesis and thereby preclude methanogenesis without
adversely affecting the metabolism of other bacterial. Many
researchers have performed studies that support the above
hypothesis (Dumitru et al. 2003). During the first step of
methanopterin biosynthesis, RFA-P synthase catalyzes the
conversion of phosphoribosylpyrophosphate (PRPP) and
PABA to CO,, inorganic pyrophosphate, and 3-RFA-P.

®0—P—0 (ﬁ e}
00 O O—Il’—O—P—O@ +
e} o e} ®
HO OH
phosphoribosyl-
pyrophosphate (PRPP, 1)
©0. O

B-RFA-P synthase
_—

(loss of CO, & PP1)
® NH;
p-aminobenzoate
(PABA, 2)
e}
0—P—0Q ®
® NH;
00 0
HO ‘on
B-BFA-P (3)
_ _ 4
I
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10

-continued

The Reaction Catalyzed by RFA-P Synthase

Some researchers partially purified and characterized the
methanogenic RFA-P synthase, and the enzyme from
Archaeoglobus fulgidus was purified to homogeneity, cloned
and heterologously overexpressed. The reaction proceeds via
the oxycarbenium intermediate and its adduct with pABA
(Rasche and White, 1998). Most importantly though, other
research groups (Dumitru et al. 2003) focused on designing
competitive inhibitors that are structural analogs of pABA.
Analogs of pABA that inhibit RFA-P synthase are highly
selective because the amino group is the nucleophile in most
pABA-dependent reactions, while the ring carbon 4 is the
nucleophile in the RFA-P synthase-catalyzed reaction.

o) OH o) OH
RCHO
NaCNBH;
N N
o 7N o R 7N o
(pABA 2) 6

Analogs of pABA

The inhibitors presented by Dumitru et al. (2003) impair
RFA-P synthase activity and arrest methanogenesis in pure
cultures of methanogens. Supplying an excess of the natural
substrate pABA to the culture relieves the inhibition, suggest-
ing that RFA-P synthase is the cellular target. The inhibitors
do not adversely affect the growth of acetogenic bacteria.

Ithas to be noted that pABA, is also more widely known as
vitamin B10. Vitamin B10 is part of the vitamin B complex
and is considered to be a water soluble vitamin. pABA is a
component of pteroylglutamate; it was once considered a
vitamin and named vitamin B-x because it serves as a provi-
tamin for some bacteria.

Dumitru et al. (2003) synthesized various inhibitors, all of
which were N-substituted derivatives of pABA, and deter-
mined their inhibition constants with PFA-P synthase. The
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results suggested that the pABA binding site in RFA-P syn-
thase has a relatively large hydrophobic pocket near the
amino group. Each of the pABA analogs was tested for their
ability to inhibit methanogenesis and the growth of the metha-
nogen M. marburgensis (formerly known as M. thermoau-
totrophicum). Insignificant amounts of methane were mea-
sured in the headspace of M. marburgensis cultures whose
growth was completely inhibited. At 100 nM, the most potent
inhibitor currently, 4-[(2-pyridylmethyl)amino|benzoic acid,
completely arrests the growth of methanogens and the forma-
tion of methane by M. marburgensis. Inhibition is fully
reversed by supplementing the medium with pABA, indicat-
ing a competitive interaction between pABA and the inhibitor
at the cellular target, which is most likely RFA-P synthase.

Acetogenesis is an anaerobic and hydrogenotrophic bacte-
rial process that competes with methanogenesis in many
anaerobic habitats. Each of the inhibitors was tested for its
effect on the growth of the acetogenic bacterium M. ther-
moacetica. Methanopterin is not required for survival of bac-
teria; accordingly, none of the RFA-P synthase inhibitors
described here affect the growth of M. thermoacetica at con-
centrations as high as 1 mM (Dumitru et al. 2003).

The effect of the inhibitors was tested on methane forma-
tion and volatile fatty acids (VFA) production. Methane pro-
duction is completely inhibited by 5 mM 4-(ethylamino)ben-
zoate or 9 mM 4-(isopropylamino)benzoate. S mM of 4-(2-
hydroxyethylamino)benzoate inhibited methane production
to 2.5% of the control level. As a control, 1 mM bromoet-
hanesulfonate, an inhibitor of methyl-coenzyme M reductase,
completely inhibited (P<0.01) methane production in all
experiments (Dumitru et al. 2003).

The effect of some of the effective inhibitors on VFA
production was also tested. VFA production was not
depressed by adding an RFA-P synthase inhibitor at concen-
trations that completely block methanogenesis. For example,
when 7 mM 4-ethylaminobenzoate was added to the artificial
rumen system, acetate (P<0.05) and propionate (P<0.10) lev-
els were elevated relative to the controls unexposed to the
inhibitors. These results were consistent with the studies with
pure cultures of acetogenic bacteria and indicate that the
inhibitors do not adversely affect other bacteria (Dumitru et
al. 2003).

Sharma et al. (2011) tested the potential inhibitory effect
that Lovastatin and Compactin (Mevastatin) had on the F 5 -
dependent NADP oxidoreductase enzyme from M. smithii,
during methanogenesis. Based on the results of their study it
was found that both Lovastatin and Compactin (Mevastatin)
compounds were effective as potential inhibitors of the F,,, -
dependent NADP oxidoreductase protein.

Lovastatin (C,,H;05) is a secondary product of idiophase
(secondary phase) of growth of fungi and is an inhibitor of
enzyme 3-hydroxy-3-ethylglutaryl coenzyme A (HMG-
CoA)reductase, a key enzyme in cholesterol production path-
way in humans. There is a similarity between cholesterol
formation in human and cell membrane formation in the
Archaea as the lipid side of phospholipids in the cell mem-
brane of Archaea is isoprenoid chains. Isoprenoid formation
is an intermediate step of cholesterol production pathway
(Mevalonate pathway) and HMG-CoA reductase is also akey
enzyme for its production. Therefore, as an inhibitor of
HMG-CoA reductase, lovastatin suppresses isoprenoid pro-
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duction and thus cholesterol synthesis and membrane forma-
tion in the Archaea. Wolin and Miller (2005) showed that
lovastatin significantly reduced growth and activity of pure
methanogenic bacteria without any negative effect on cellu-
lolytic bacteria.

As mentioned above, F,,,H,-NADP is one of the coen-
zymes that act during the catalysis of the electron transfer step
between NADP* and F,, reducing NADP to NADPH with
the acceptance of one or more hydrides (H™) from F,,,.

Sharma et al. (2011) determined a 3D model structure of
the F,,,-dependent NADP oxidoreductase from M. smithii.
Based on their protein model of F,,,-dependent NADP oxi-
doreductase enzyme, they detected that these residues are
making a ligand binding site pocket, and after further studies
they found that ligand F.,,, binds at the protein cavity. The
inhibitor compounds Lovastatin and Compactin (Mevastatin)
show more affinity for the model protein as compare to the
natural ligand F . They share the same cavity as by F,,, and
surround by similar residues. In other words the inhibitor
compounds Lovastatin and Compactin (Mevastatin) were
very effective in blocking the activity site for methane pro-
duction since the enzyme was unable to bind with the sub-
strate, resulting in decreased methane production. Lovastatin
is a fungal metabolite isolated from cultures of Aspergillus
terreus and Compactin (Mevastatin) is an antifungal metabo-
lite from Penicillium brevicopactum. Sharma et al. (2011)
establish that Lovastatin and Compactin (Mevastatin) may
act as potent inhibitor for the F,,,-dependent NADP oxi-
doreducatse protein in order to block its active site.

W

HO,, n,

HO, (0]

H;Cune,
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Coenzyme F420

Structure of Compactin (Mevastatin), Lovastatin and

F420

Researchers have found that red yeast rice, which is an
Asian dietary staple made by fermenting yeast (Monrascus
purpureus) on rice, contains active ingredients of the statin
drugs such as Lovastatin. Thus, studies have shown that red
yeast rice can successfully inhibit the key enzyme hydroxym-
ethylglutaryi-SCoA (HMG-CoA) reductase, resulting in the
inhibition of methanogenic activity.

Miller and Wolin (2001) also used Lovastatin to inhibit the
formation of the key precursor mevalonate. Mevalonate is
formed by reduction of hydroxymethylglutaryi-SCoA
(HMG-CoA). Based on their results they found that lovastatin
inhibited the growth of Methanobrevibacter and CH, produc-
tion. In fact 4 nmol/ml of culture medium resulted in 50%
inhibition of growth and concentrations =10 nmol/ml of cul-
ture medium completely inhibited growth. Methane forma-
tion was also significantly inhibited. At the same time the
populations of the nonmethanogens were not affected.

Coenzyme M (CoM; HSCH,CH,SO; ") isa cofactor which
is found in all methanogens but not in other bacteria or
archaea (Liu and Whitman 2008). CoM is involved in the
terminal step of methane biosynthesis, where the methyl
group carried by CoM is reduced to methane by methyl-CoM
reductase. The methanogenic inhibitors involved in this
group usually include 2-bromoethanesulfonate (BES),
2-chloroethanesulfonate (CES), 2-mercaptoethanesulfonate
(MES), and lumazine (Liu et al. 2011). These inhibitors can
competitively constrain the methyl transfer reaction at the
terminal reductive step during methane formation in metha-
nogens using H, and CO,. Under normal circumstances,
these compounds can inhibit all the groups of methanogens at
relatively low concentrations. A traditional structural analog
of CoM and BES has been widely used and considered as a
methanogen-specific inhibitor in microbiological studies.
Conrad et al. (2000) reported that 10 mM BES is the optimum
concentration to inhibit the anaerobic methanogens intherice
roots systems. In the thermophilic environment of an anaero-
bic digester, complete inhibition of the methanogenesis is
achieved with the use of at least 50 mM BES. A higher BES
concentration is needed for the inhibition of the hydro-
genotrophic methanogens than the acetoclastic methanogens
(Zinder et al. 1984); however, a similar system requires, only
10 mM of BES in order to inhibit the methanogenesis process
(Siriwongrungson et al. 2007). Other studies show that con-
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centrations of 5-20 mM in the soil (Wiist et al. 2009) are really
effective in inhibiting methanogenesis. MES and CES also
have similar inhibition effects and were used to decrease the
methanogenic activity in the continuous-flow methanogenic
fixed-film column (Bouwer and McCarty 1983). Various
reports show that the pterin compound lumazine[2,4-(1H,
3H)-pteridinedione] completely inhibited the growth of sev-
eral methanogenic archaea at a concentration of 0.6 mM and
was bactericidal for M. thermoautotrophicum strain Marburg
(Nagar-Anthal et al. 1996).

Therefore, the foregoing is considered as illustrative only
of the principles of the invention. Further, since numerous
modifications and changes will readily occur to those skilled
in the art, it is not desired to limit the invention to the exact
construction and operation shown and described, and accord-
ingly, all suitable modifications and equivalents may be
resorted to, falling within the scope of the invention.

What is claimed is:

1. A method for accelerating biotic dehalogenation of
groundwater and soils affected by chlorinated aromatic and
aliphatic compounds, comprising the step of:

inhibiting growth of methane-producing bacteria, by

injecting one or more inhibitory factors into the ground-
water or soil, the inhibitory factors including red yeast
rice, to target one or more enzymes and coenzymes that
are responsible for production of methane, the one or
more enzymes and coenzymes including Coenzyme
F420 (8-hydroxy-5-deazatlavin); therefore reducing the
methane-producing bacteria which compete with halo-
respiring bacteria during an anaerobic reductive dechlo-
rination process in soil and groundwater media.

2. The method of claim 1, wherein the methane-producing
bacteriato be inhibited are located in the soil and groundwater
media.

3. The method of claim 1, wherein the one or more
enzymes and coenzymes further include 3-hydroxy-3-ethyl-
glutaryl coenzyme A (HMG-CoA) reductase.

4. The method of claim 3, wherein the one or more inhibi-
tory factors for the 3-hydroxy-3-ethylglutaryl coenzyme A
(HMG-CoA) reductase include lovastatin, a secondary prod-
uct of idiophase (secondary phase) of growth of fungi.

5. The method of claim 1, wherein the one or more inhibi-
tory factors for the Coenzyme F420 (8-hydroxy-5-deazafla-
vin) include lovastatin.

6. The method of claim 1, wherein the injecting inhibitory
factors into the groundwater or soil includes injecting a pre-
determined amount of the inhibitory factors in combination
with fermentable substrates.
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7. The method of claim 6, wherein the fermentable sub-
strates are selected from the group consisting of acetate,
propionate, butyrate, benzoate, glucose, lactate, methanol,
toluene, molasses, cheese whey, corn steep liquor, corn oil,
hydrogenated cottonseed oil beads, solid food shortening,
beef tallow, melted corn oil margarine, coconut oil, soybean
oil, and hydrogenated soybean oil.

8. A method for accelerating biotic dehalogenation of
groundwater and soils affected by chlorinated aromatic and
aliphatic compounds, the method comprising:

injecting one or more inhibitory factors including red yeast

rice into the groundwater or the soils to target one or
more enzymes and coenzymes, including Coenzyme
F420 (8-hydroxy-5-deazaflavin), that are responsible
for production of methane in order to inhibit growth of
methane-producing bacteria which compete with halo-
respiring bacteria during an anaerobic reductive dechlo-
rination process in the groundwater and the soils.

9. The method of claim 8, wherein the one or more inhibi-
tory factors further include lovastatin, a secondary product of
idophase (secondary phase) of growth of fungi.

10

16

10. The method of claim 8, wherein the injecting one or
more inhibitory factors into the groundwater or the soils is
performed in-situ.

11. The method of claim 8, wherein the one or more
enzymes and coenzymes further include 3-hydroxy-3-ethyl-
glutaryl coenzyme A (HMG-CoA) reductase.

12. The method of claim 8, wherein the one or more
enzymes and coenzymes further include 4-(f3-D-ribofurano-
syl)aminobenzene-5"-phosphate (p-RFA-P) synthase.

13. The method of claim 8, wherein the injecting one or
more inhibitory factors includes injecting the one or more
inhibitory factors in combination with fermentable sub-
strates.

14. The method of claim 13, wherein the fermentable sub-
strates include at least some subset of acetate, propionate,
butyrate, benzoate, glucose, lactate, methanol, toluene,
molasses, cheese whey, corn steep liquor, corn oil, hydroge-
nated cottonseed oil beads, solid food shortening, beeftallow,
melted corn oil margarine, coconut oil, soybean oil, hydro-
genated soybean oil, and vegetable oil.
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