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Abstract

The enzymatic oxidation of methanol was explored to evaluate the efficacy of
coupled enzyme hydrogen production. The “domain A” motif, responsible for tight
NAD- binding of the Bacillus methanolicus C1 methanol dehydrogenase (BmMDH),
was mutated by the introduction of a serine to glycine amino acid (aa) substitution at
position 97 aa to permit methanol oxidation without the presence of an activator
protein from the same organism. The Wautersia eutropha H16 soluble NAD'-
dependent [NiFe}-hydrogenase (SH) was expressed by culturing the bacterium under
aerobic carbon-limiting conditions. Both the BmMDH and the SH were partially
purified. The oxidation of methanol by MDH and hydrogen by SH were assayed,
respectively. The BmMDH and the SH were permitted to co-react in the presence of
methanol, NAD, and the low potential redox dye benzyl viologen (BV). The reaction
conditions resulted in the reduction of BV, indicating that a flow of electrons
originating from the oxidation of methanol by BmMDH to the redox dye via the SH
had occurred. Our results suggest hydrogen can be produced from the oxidation of

methanol using the couple enzyme strategy.

Supervisor: Dr. David Levin, (Biology)
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Chapter 1.  General Introduction

1.1.  General problem

The state of the global economic and political stability is influenced by fossil
fuel resource distribution. Eighty percent of the present world energy demand is
supplied by fossil fuels. This near-strict dependence on fossil fuels has lead to
negative changes in the global climate (Wuebbles and Jainv, 2001), the environment
(Momirlan and Veziroglu, 2005), and human health (Davis, 1997; Clauss et al,
2005). These climate changes are pﬁmarily due to incomplete combustion of fossil
fuels resulting in air pollutant emissions like COy, NOy, SOy, C<Hy, soot, ash, droplets

of tar, and many more organic compounds (Das and Veziroglu, 2001).

1.2. The Kyoto Accord and the Canadian commitment

Over the last three decades there has been renewed interest in renewable
energy technologies (RET) in Canada, mainly due to sharp increases in the price of
oil during the late 1970s and early 1980s, and more recently the need to meet the
Kyoto targets of reducing CO; and greenhouse gas erﬁissions by 6 % below 1990
levels by 2012. World interest in RETs can be seen in the increasing global market
share, which is currently worth approximately of US$ 6.78 billion, and is expected to
grow to US$ 82 billion by the year 2010. Today, renewable energy sources account
for more than 14 % of the total energy demand. Due to its rich natural resources and
geography, Canada meets more than 64 % of its 69,809 mega watt yearly needs with
hydroelectric power. However, Canada as a nation faces some real challenges to

reduce CO, and greenhouse gas emissions. As a result of extreme climate,
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geographical size, and its industries’ energy-intensive nature, Canada has one of the
highest annual energy consumptions among industrial nations. In 2002, the Canadian
commercial consumption of oil was 288.7 million tones of oil equivalents and
Canadian citizens had the highest energy consumption per capita of any industrial

nation accounting for of about 21 tones of greenhouse gases per year per capita (Islam

et al., 2004).

1.3. Climate change action plan

To meet the Kyoto target, the Canadian government has formulated the
Climate Change Action Plan. This Climate éhange Action Plan aims to reduce the
rate of green-house gas emissions by investing in abatement technologies, including
RETs, and simultaneously deregulating énd restructuring the electrical energy sector.
These two actions are expected to promote competition in the energy retail markets
and give customers more choice. With more retail competition and choice, it is
anticipated that_there will be an increased interest in, and use of, renewable energy
sources from RET (Islam et al., 2004).

RETs do not generate enérgy directly but convert renewable sources of energy
to useful energy vectors or carriers. Green power technologies are an attractive
alternative to most traditional means of power production. In contrast fo most fossil
fuel plants, large hydro dams, or nuclear plants that can take severél years to develop,
most green power technologies can deliver power within a relatively short timeline.

Nearly half of all emissions in Canada are attributed to emissions from
internal combustion engines from automotive vehicles (Potoglou & Kanaroglou,

2005). Most of the proposed green alternative power systems are large static stations,
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and therefore, the technology cannot be directly transferred to the automobile. The

energy generated by these green technologies, mostly as electricity, can be stored in
batteries. However, battery technology cannot store sufficient energy to meet current
automotive needs (Bitsche & Gutmann, 2004). Although green fuel technology can
easily be transferred to the automobile, green fuels emit emissions as well, albeit at
lower emission levels than fossil fuels (Lapuerta et al., 2005). Therefore, most of the
green alternative power systems proposed will be largely ineffective in reducing

greenhouse emissions.

1.4. Hydrogen

Hydrogen gas is thought to be the ideal fuel to alleviate air pollution, arrest
global warming, and protect the environment in an economically sustainable manner
(Johnston ef al., 2005). The direct combustion of hydrogen and oxygen is highly
energetic. However, the homolytic cleavage of hydrogen needs energy, thus
preventing a reaction at ambient temperatures without a catalyst. In proton exchange
membrane fuel cells (PEMFC), hydrogen and oxygen react not in a direct combustion
but in a cold electrolyte mediated process, and unlike batteries, they are almost
endlessly rechargeable. These electrochemical cells constitute an attractive power
generation technology that converts chemical energy into electricity, where the fuels
(hydrogen, hydrocarbons, or alcohols) react directly, and with high efficiency with an
oxidant (oxygen). When pure hydrogen is used in these cells, the combustion product
is just water (Boettner & Moran, 2004). However, storage and distribution of
hydrogen is problematic, as the liquefaction of gaseous hydrogen for ease of storage

is energy intensive and therefore costly and the transportation of potentially explosive
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gaseous hydrogen is dangers, prompting interest in the development of other fuels

(Ananthachar & Duffy, 2005).

1.5. Methanol as a Source of Hydrogen

Liquid fuels are preferred over gaseous fuels for mobile applications.
Methanol is an ideal candidate as a liquid fuel substitute to hydrogen gas because of
the following reasons: (1) methanol can be made from both fossil (e.g., natural gas)
and renewable energy sources (e.g., biomass; Chmielniak & Sciazko, 2003), (2) it
remains liquid under standard temperatures and pressures, (3) methanol can be
distributed and stored using existing fossil fuel infrastructure and (4) it is relatively
hydrogen dense.

Hydrogen is produced from methanol at an industrial scale by passing a
stream of methanol over metal catalysts at high temperatures. Carbon monoxide, also
generated in this process, is subsequently removed via a gas purification system. The
pure hydrogen is then usable in PEMFC hydrogen fuel cells. However, hydrogen
production by thermocatalytic reformation of methanol has drawbacks. The process is
costly, because external heat sources are required to generate the high temperatures
needed for the reforming process. The reformer is also physically bulky, limiting the

use of reformers in mobile fuel cell applications (Peppley et al., 1999).

1.6. Biotechnology and Hydrogen Production

There are clear advantages to the potential use of PEMFC as an alternate
source of clean renewable energy. However, the major limitations to overcome before
this technology will have wider use are the difficulties in storing, transporting

(Ananthachar & Duffy, 2005), and producing hydrogen (Peppley et al., 1999). To
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address these limitations, two branches of research have emerged that take advantage

of the inherent advantages of microbial biological systems and enzyme biocatalysts
for the biological production of hydrogen.

The biological production of hydrogen or biohydrogen is an attractive
alternative hydrogen-producing technology because it offers several advantages over
traditional chemical reformation processes: (1) Hydrogen is produced .ét ambient
temperatures and pressures, making the process less energy intensive and, therefore,
more cost effective; (2) A wide range of renewable materials can be used to generate
hydrogen (e.g., glucose and waste paper); and (3) The biocatalysts used to produce

hydrogen are renewable (Das & Veziroglu, 2001).

1.7.  Microbial Production of Hydrogen

Microorganisms utilize a variety of metabolic strategies to produce hydrogen,
including direct biophotolysis, indirect biophotolysis, photo-fermentation, water-gas
shift reaction, and dark fermentation (Nandi & Sengupta, 1998; Das & Vezirogiu,
2001; Levin et al., 2004). Of these metabolic strategies, mixed cultures of mostly
Clostridium bacteria species have the highest observable rate of hydrogen production
during dark férmentation when grown in carbohydrate-rich substrates under
bioreactor conditions. The theoretical rate of hydrogen produced by a bioreactor of
approximately 100 L would is sufficient to fuel a PEMFC that could provide electric
power for an average non-electrically heated house in British Columbia (Levin et al.,
2004).

The microbial produced of hydrogen does have advantages. The potential

reuse of waste products such as paper as a source of hydrogen is attractive. However,
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the production of hydrogen by microbes has limitations because hydrogen production

_is tied to the complex metabolism of the microorganism. During the production of
hydrogen, a mixture of gases is produced, including CO, that will poison the metal
catalysts in PEMFC resulting in a reduced electrical power density. To prevent these
poisoning effects, these additional gases must be removed by the same gas
purification systems used in the chemical reformation of hydrogen. Consequently,
microbial production of hydrogen suffers the same drawbacks as the chemical
reformation of hydrogen. Hydrogen production by microbes is also dependent on
specific growth conditions, such as light intensity, pH, temperature, and nutrient
content, that are in constant flux during the growth of micro-organisms. As a result,
sophisticated bioreactors are required to maintain these optimal growth conditions,
adding to the cost of producing hydrogen by microbes. In addition, the hydrogen that
is produced must be constantly removed if continuous hydrogen production is to be
achieved. If the hydrogen is permitted to accumulate, the metabolism of the organism
will shift away from the production of hydrogen. Again, sophisticated bioreactors and
gas purification systems are required to maintain optimum hydrogen gas
concentrations for continuous hydrogen production. Metabolic by products occur
during the production of hydrogen. These drive competing metabolic pathways that

diminish hydrogen production (Levin et al., 2004).

1.8. Enzymatic production of hydrogen

Chemical catalysts, typically transition metals, play a crucial role in many
aspects of industrial and human progress from the efficient manufacture of materials

to the creation of new energy sources. However, the application of biotechnology to
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industry has introduced a shift to the use of biological catalysts because they offer
several advantages due to their intrinsic nature. Generally, biological catalysts are
more environmentally friendly than their chemical counterparts. This is partly due to
the mild conditions (low temperature and low pressure) at which chemical reactions
are catalyzed. Biological catalysts are also generated from renewable sources and are
biodegradable. In contrast, the recycling or deposition of transition metal catalysts
can constitute a major environmental problem. Biological catalysts also catalyze
reactions in aqueous solutions at near neutral pH, avoiding the use of potentially
hazardous organic solvents. Because reaction‘ conditions (temperature and pH) are
relatively the same, biological catalysts can be used in high-yield multi-step
processes, due to the elimination of intefmediate synthetic steps and solvent
switching. The reactions of biological catalysfs are also very specific, preventing the
production and accumulation of side-products. Finally, an expanding range of
substrates can be utilized as the number of known biocatalysts increases (Burton,
2001).

Woodward et al. (2000) described the in vitro production of hydrogen from
glucose using the nicotinamide adenine dinucleotide phosphate [NADP(H)]-
dependent enzymes glucose dehydrogenase (GDH) from Thermoplasma acidophilum
and the hydrogenase from Pyrococcus furiosus (Pfu Hoase) from archea bacteria. The
data presented by Woodward et al. (2000) suggested that hydrogen gas was produced
by the electron flow from the oxidation of glucose by GDH to the Pfu Hyase via
continuous recycling of the co-factor NADP". The continuous cycling of NADP" /

NADPH results in continual evolution of H, gas at stoichiometric yields.
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The enzymatic production of hydrogen offers two advantages over the

microbial production of hydrogen. Firstly, enzymatic production of hydrogen
provides a predictable pathway of fuel oxidation as the enzymes used in the reactions
are selected. The ability to select enzymes allows determination of the reaction
conditions and prediction of by-product generation, allowing for a more flexible
hydrogen-producing system that is easy to manipulate. Secondly, the enzymatic
production of hydrogen generates higher yields of hydrogen because there are no

additional enzyme pathways competing with H; production.

1.9.  Invitro production of hydrogen from methanol

The work by Woodward et al. (2000) suggests a new pathway for the coupled-
enzyme conversion of hydrbgen from renewable resources. However, the proposed
enzyme conversion of hydrogen from glucose has two main limitations.

Glucose has a low hydrogen to mass ratio, therefore, making glucose a poor
biological storage molecule for hydrogen. Methanol has the high hydrogen to mass
ratio (6 %) making methanol an efficient hydrogen storage molecule as compared to
glucose (1 %). Methanol can also be oxidized by a variety of NAD-dependent alcohol

dehydrogenases, by the following reaction.

CH;0H + NAD" — CHO + NADH + H' + 2¢”

The NAD-dependent methanol dehydrogenase from Bacillus methanolicus C1
(BmMDH) has been shown to have the highest methanol oxidation rates among

NAD-dependent alcohol dehydrogenases (De Vries et al., 1992; Hecktor et al., 2002).
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Secondly, work by Woodward ef al. (2000) used the oxygen sensitive nickel

iron hydrogenise ([NiFe]-H,ases) from Pyrococcus furiosus. To obtain active oxygen-
sensitive [NiFe]-Hsase, the purification of [NiFe]-Hpase is performed under anaerobic
conditions requiring the use of expensive and specialized equipment (Cammack et. al,
2001). In contrast, the soluble NAD-dependent hydrogenase (SH) from Wautersia
eutropha is oxygen insensitive (Schneider & Schlegel, 1976). Therefore, allowing
the purification of the enzyme in aerobic conditions without the use of expensive and
specialized equipment.

In conclusion, the bioconversion of molecular hydrogen from oxidation of
methanol using Wautersia eutropha NAD-dependent hydrogenase and B.
methanolicus C1 methanol dehydrogenase would over come the limitations of

system proposed by Woodward er al., (2000; Figure 1).
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Methanol

dehydrogenase
Methanol - Formaldehyde
(CH;0H) //” \\:’ (CHO)

: %

NAD" NADH + H' +2¢
% -(/
NADH + H' + 2¢ N s H
Hydrogenase

Figure 1: Coenzyme conversion of methanol to formaldehyde via oxidation of
methanol to formaldehyde by Bacillus methanolicus C1 methanol dehydrogenase and
the recycling of the coenzyme via oxidation of reduced NAD" by Wautersia eutropha
soluble hydrogenase.
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Chapter 2.  Bacillus methanolicus C1 Methanol Dehydrogenase
In nature, methanol is formed from the methyl esters and ethers from plant
components such as pectin and lignin. The methylotrophic micro-organisms are able
to grow on methanol and have been isolated from soil samples. Bacillus methanolicus
C1 belongs to a clade of obligate aerobic, thermotolerant Gram-positive bacteria that
can grow at temperatures of 35 °C to 65 °C, with optimum growth at 55 °C (Arfman
et al., 1992). Previous work studying the methanol metabolism of B. methanolicus C1
(Arfman et al., 1991), provided evidence for the presence of a novel type of methanol
oxidizing enzyme (MDH) involved in the metabolism of primary aliphatic alcohols in

this organism.

2.1. Methanol metabolism in bacteria

Methylotrophic organisms use one-carbon compounds (e.g., methane,
methanol, methylamine) for growth. Several specific pathways for assimilation of
one-carbon substrates have béen determined in different aerobic methylotrophs
(Arfman et al., 1989). Carbon-carbon bonds are formed from these pathways,

generating compounds that serve as building blocks for synthesis of cell-material.

Methylotrophic bacteria generate the metabolic energy required for growth by
dissimilating methanol to COz.A Two different routes for methanol dissimilation are
known, the linear pathway and the dissimilatory RuMP cycle (Arfman e al., 1989).
fhe linear pathway involves the oxidation of methanol via formaldehyde and formate
to CO;. In contrast, the metabolic energy and carBon fixation in Gram-positive
bacteria is facilitated through the ribulose monophosphate (RuMP) pathway during

growth on methanol (Dijkhuizen ef al., 1988).
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Methanol is initially oxidized to formaldehyde that then enters the RuMP

cycle via the fixation of formaldehyde with ribulose-5-phosphate to form fructose-6-
phosphate catalyzed by 3-hexulose-6-phosphate synthase (HPS) and 6-phospho-3-
hexuloisomerase (PHI). Fructose-6-phosphate is then used as a substrate for carbon
fixation via the Embden-Meyerhof i)athway or as a substrate for metabolic energy.
Metabolic energy is generated from the electron transport chain using NADH
(Arfman et al., 1989). The electrons from the reduced NADH are then donated to the
electron transport chain at or above the cytochrome b level (Dijkhuizen ef al., 1988).
- Energy can also be generated via glycolysis by the conversion of fructose-6-
phosphate. To complete the RuMP cycle, ribulose-5-phosphate is regenerated from

fructose-6-phosphate and glyceraldehyde-3-phosphate (Arfman et al., 1989).

2.2. Enzymes oxidizing primary alcohols

The oxidation of oxidizing primary alcohols is catalyzed by at least three
distinct types of enzymes. In yeast, an FAD-dependent peroxisomal alcohol oxidase
enzyme catalyzes the oxidation of methanol to formaldehyde and hydrogen peroxide
using oxygen as an electron acceptor (Harder & Veenhuis, 1989). Gram-negative
methylotrophic bacteria oxidize methanol with a pyrroloquinoline quinone (PQQ)
dependent methanol dehydrogenase (EC 1.1.99.8) that is localized in the periplasmic
space. The periplasmic localization of the PQQ-depeﬁdent methanol dehydrogenase
protects other cellular components from the toxic nature of formaldehyde, the

metabolic product of methanol oxidation (Anthony, 1986).

In contrast, Gram-positive bacteria generally possess NAD-dependent alcohol

dehydrogenase (Arfman et al. 1997). Three families of NAD-dependent alcohol
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dehydrogenases (ADH) have been characterized based on the molecular weight of the

enzyme. The most common form of ADH is the Type I or medium-chain length
ADH. While not as abundant, the short-chained Type II ADHs and long-chained
Type III ADHs are also found in many organisms (Littlechild ez al., 2004).. The Type
III ADHs are distinct from the zinc-containing medium-chained Type I and the zinc-
lacking short-chained Type II ADHs. The initial members of the Type III were iron-
dependent ADHs. Over time, as more Type III alcohol dehydrogenases were
characterized, it was realized that not all members contained iron. Several proteins
contained other metal atoms, such as zinc and magnesium, instead of iron (Reid &

Fewson, 1994).

2.3.  Bacillus methanolicus C1 methanol dehydrogenase

The methanol dehydrogenase of Bacillus methanolicus C1 (BmMDH) is a
Type III ADH (De Vries et al., 1992) nicotinoprotein alcohol dehydrogenase
consisting of 10 identical subunits of M; 43,000 each. The subunits are arranged in
five-fold mirror symmetry with a diameter of 15 nm (Vonck et al., 1991). Each
subunit also contains one Zn>* ion and one or two Mg ijons and one tightly bound |
NAD(H) cofactor to each monomer subunit (Hektor et al., 2002). The BmMDH has
been purified to homogeneity under aerobic conditions from cells grown in both
methanol-limiting conditions (Arfman ef al., 1989) and from over-expressed in E. coli
(cMDH; De Vries et al., 1992). BmMDH éctivities of Bacillus methanolicus sp. C1
‘ cytoplasmic-' extracts grown under methanol-limiting conditions at optimal conditions

(50 °C, pH 9.5) displayed an activity of 1000-1200 nmol.min™.mg™ of protein. The
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activity of BmMDH is also strongly stimulated by the presence of Mg®" and an

activator protein (Arfman et al., 1997).

The B. methanolicus C1 possesses a soluble M; 27,000 activator protein that
stimulates the relatively low activity of BmMDH towards methanol. This stimulation
is Mg2"-dependent and results in a 40-fold increase in BmMDH turnover rate. The
activator protein belongs to the family of Mg* dependent Nudix (nucleotide
diphosphate linked to some X) hydrolyze (Bessman et al.,1996; Kloosterman. et al.,
2002). The activator protein acts independently to the catalytic mechanism, as the
velocity maximum (Vyz) of formaldehyde reductase activity .remains unchanged
(Arfman ef al., 1991). In vivo this protein may have an important physiological role,
contributing to the control of BmMDH activity. BmMDH is synthesized in abundant
amounts and consist of up to 22% of total soluble protein (Arfman et al., 1989),
making its control a delicate problem since accumulation of formaldehyde, the

product of the BmMDH reaction, is lethal to the cell (Arfman et al., 1992).

2.4. Nicotinoproteins

NAD(P) functions as a coenzyme for a large variety of dehydrogenase
enzymes, receiving or donating electrons depending on the specific reaction catalyzed
and the reaction conditions. The cytosolic NAD(P)(H) can be oxidized or reduced
elsewhere in the cell, e.g., by NAD(P)-dehydrogenase in the cytoplasmic membrane.
BmMDH is a unique NAD(P)-nicotinoprotein that possesses a tightly bound
NAD(P)(H) that remains bound during catal-ysis. The rate of BmMDH activity can

also be increased by the presence of an activator protein (Hektor et al., 2002).
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In the non-activated state, the reducing equivalents resulting from methanol

oxidation are transferred via a ping-pong type of mechanism. Reducing equivalents
from methanol are transferred to an exogenous coenzyrhe NAD" via the bound
cofactor NAD(H). However, during sctivation, the activator protein removes the
nicotinamide moiety from the tightly bound NAD(H) cofactor in a Mg**-dependent
hydrolysis reaction. The removal of the nicotinamide moiety allows the exogenous
coenzyme NAD" to occupy the partially vacant NAD(H) csfactor site, permitting a
direct exchange of reducing equivalents between the exogenous NAD(H) and the

BmMDH active site, resulting in a ternary complex mechanism (Hektor et al., 2002).

2.5. Alcohol dehydrogenase NAD-binding

Alcohol dehydrogenase enzymes oxidize alcohols by transferring a hydride-
ion from the carbon atom that binds the hydroxyl group (OH), and a proton from the
OH group, to an oxidized coenzymes or cofactors. To allow direct hydrogen transfer
to occur, both the alcohol substrate and the coenzyme/ cofactor must bind in the
correct orientation within the enzyme active. The dinucleotide binding domains of
various dehydrogenases have very similar three-dimensional structures, although the
amino acid side-chains that interact with NAD(P) can vary (Lesk, 1995).

The amino acid sequence of the B. methanolicus C1 MDH has significant
sequence similarities with the iron-containing Type III ADH, among these is a
speciﬁc nicoprotein-binding domain, Motif A (GGGSX;DX;K). The amino acid
residues Gly95, Ser97, Aspl00, and Lys103 in BmMDH of Motif A are 'highly
conserved and have important roles in cofactor binding (Hektor et al., 2002). The

NAD cofactor is tightly bound to the BmMDH apo-protein by hydrogen bonds
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between the Gly95 residue and the 2’-hydroxyl group of the adenine ribose and the

hydroxyl group of the Ser97 and the 2’-phosphate group of the NAD(H) cofactor. In
addition, the Asp100 and Lys103 residues are thought to be hydrogen bonded to the
carboxyamine group of the NMN(H) of the NAD(H), aiding in the positioning of
cofactor wiﬂﬁn the active site. The Motif A also displays sequence similarity to
alcohol  oxidase  FAD-binding domain of  Hansenula  polymorpha
(DIOVVGGGSXxE). In addition, the alcohol oxidase FAD-binding domain of
Hansenula polymorpha functions as a cofactor and remains tightly associated with
the apo-protein during catalysis. This tight association of the cofactor to the apo-
protein is similar to the association of NAD(H) cofactor found in BmMDH (Hektor et
al., 2002). AlsQ characteristic to Type I ADH NAD-dependent enzymes is a highly
conserved NAD(P)-binding dinucleotide-binding domain, or Rossmann-fold. The
fingerprint fof this binding domain is “GXGXX(G/A)” the dinucleotide-binding
domain consists of a paf fold in the secondary structure. The three Gly residues are
thought to be critical to efficient coenzyme binding. The first Gly residue is involved
in forming the first tight po turn. The second Gly residue has been implicated in the
binding of the dinucleotide. The third Gly residue allbws a close interaction between
the P strands and the a helix. The coenzyme is poéitioned within this fold such that
the 2°-OH of the édenosine ribose moiety forms hydrogen bonds with a conserved
Asp or Glu residue (Wierenga ef al., 1986). / |

In contrast, the Type III ADHs have an imperfect fingerprint (GXG) found in
the N-terminal part of the protein. The twb Gly residues also appear to have no direct

involvement in the binding of the cofactor as observed in mutational analyzes.
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However, mutation of the conserved Asp residue leads to binding deficiencies in both

the cofactor and coenzyme and results in an inactive NAD(H) deficient mutant.
Despite the partial fingerprint, the modified NAD(P)-binding domain allows for tight

binding of the coenzyme (Hektor et al., 2002).

2.6. Mutational analysis of B. methanolicus C1 methanol dehydrogenase
NAD-binding

Mutational analyses implicate the importance of Ser97 on binding of the
. NAD(H). The Ser97 mutant resulted in a BmMDH that did not rely on the activator
protein for efficient methanol dehydrogenase activity. In wild type BmMDH, the
hydrogen bond between the hydroxyl group of Ser97 and the 2’-phosphate group of
the NAD(H) cofactor plays an important role in the tight binding of the cofactor to
the apo-enzyfne. In the Ser97 to Gly97 mutant (S97G), the hydrogeh bond is lost, and
the NAD(H) cofactor is no longer bound to the apo-protein. However, the NAD(H)-
cofactor site of the S97G mutant still has affinity for NAD(H) and now functions as a
NAD(H)-coenzyme site. Although the binding of the NAD(H) coenzyme to the
BmMDH apo-protein would be different than the activated BmMDH, the binding of
the NAD(H) coenzyme is in the correct orientation. As a result, methanol oxidation in
the mutant BmMDH S97G proceeds via a coenzyme-dependent ternary reaction
mechanism without the presence of the M; 50,000 activator protein at a reaction rate

that is 10 times greater than the activated wild type BmnMDH (Hektor' et al., 2002).
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Chapter 3.  Wautersia eutropha soluble Ni-Fe hydrogenases

Mdlecular hydrogen is widely utilized as a substrate by micro-organisms.
Many microbes can generate reducing power by hydrogen oxidation, while others can
release excess reducing equivalents in the form of dihydrogen. Microbes metabolize
molecular hydrogen via hydrogenases (Hase) that catalyze the bi-directional
reaction: Hy €-> 2H" + 2¢” (Vignais et al., 2001).

Although most Hase are able to catalyse this reaction bi-directionally, Hjases
will only catalyses either H, uptake or H; evolution irn vivo, depending on the redox
balance within of the organism. For example, clostridial bacteria use Hase as a
means of disposing excess reducing equivalents (Adams et al., 1981), while H, is
used as a source of energy as in photosynthetic bacteria (Vignais et al., 1985). The
localization of Hpases also varies. Hydrogen uptake Hjases are often localized in the
periplasmic space or cell membrane, while H synthesis is most often localized in the
- cytoplasm. However, some cytoplasmic bi-directional hydrogenases also function as
hydrogen uptake mediators. The number and types of Hzases.utilized by organisms
can vary with some bacteria having more than one Hjase localized in different cell
compartments. Due to the complexities of function and localization, as well as the
structural complexity of the synthesis of the active sites, Hrases require many
acéessory genes for correct assembly, insertion, and activity (Vignais et al., 2001).

Hydrogenases were traditionally studied using well-established bhysiological and
biochemical technjques. As a fesult, the study of hydrogenases was first limited to
aerobic hydrogen oxidizing prokaryotes of the domain Eubacteria (Adams et al.,

1981). Hyases have also been studied from the Archeabacteria (Graf et al., 1981),
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specifically Euryarchaeota and the Crenarchaeota, in which many species rely on H

as an energy source (Woese, 1994). More recently, Hrases have been found in
subcellular organelles of eukaryotes, specifically the hydrogenosomes of protozoa

(Muller, 1993) and chloroplasts of green algae (Vignais ef al., 2001).

3.1.  Classification of metalloenzyme hydrogenases

The majority of Hjases are classified as metalloenzymes with only a few Hjases
having no metal in their catalytic active sites. Hyase metalloenzymes are classified
into two categories based on the type of metal ions at their catalytic sites. The first
consists of [2Fe-2S], [3Fe-4S], and [4Fe-4S] iron-sulphur clusters. The metal sites
shuttle electrons between the Hj-activating sites and the redox partners of Hyases. The
second type of metal clusters contains only Fe or Ni-Fe. Fe-containing Hjases are
very sensitive to oxygen, while Ni-Fe Hyases may be oxygen tolerant (Vignais et al.,

2001).

3.2. [Ni-Fe] hydrogenases

In Proteobacteria, the structural genes of Hyase are typically clustered and are
located either on the chromosome of the bacterium or on a mega plasmid. The genes
involved in Hjase maturation are denoted alphabetically in order of occurrence within
an operon and are typically downstream of the Hase structural genes. A set of
maturation genes (Ayp; hydrogen pleiotropic genes) are also found in these loci and
are required for the insertion of nickel (Ni), iron (Fe), carbon monoxide (CO) and
cyanide (CN) into the active sites of the structural proteins (Casalot and Rousset,
2001). Mutations in any of the Ayp genes have a pleiotropic effect on the Hjase,

leading to a substantial decrease or a complete loss of enzymatic activity due to a
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failure to assemble the [Ni-Fe] active site (Dernedde et al., 1996). Finally, Hyase gene

clusters contain regulatory genes that control the expression of the structural genes

 (Friedrich ef al., 2005).

3.2.1. Basic structure of [Ni-Fe] hydrogenases

Based on x-ray crystallography data from the model Ni-Fe-Hyase from
Desulfovibrio gigas, Ni-Fe-Hyases are heterodimers comprised of a large and small
subunit. The large 60 kDa subunit of D. gigas contains the bimetallic [Ni-Fe]
catalytic site with one nickel and one iron atom linked to the protein by four cysteic
thiolates. The Ni atom of the metal active site is coordinated in a highly distorted
square pyramidal conformation by a pair of thiol groups from N- and C-terminal
cysteines with a vacant sixth axial ligand site. The Fe atom is coordinated by six
ligands in a distorted octahedral conforma';ion that shares one thiol group from each
cysteine pair and is coordinated by one CO and two CN” diatomic non-protein ligands
(Volbeda et al., 1995; Fontecilla-Camps ef al., 1997).

The small subunit contains two domains. The N-terminal domain contains a
highly conserved binding pocket for the proximalv [4Fe-4S] cluster, while the C-
terminal contains a highly variable region for the binding pocket for the middle and
distal [Fe-S] clusters. The large and small subunits have extensive surface contacts
and are anchored together by approximately 25 side chains. As a result of this
interaction, the active site is buried deep within the Hjase situated between the large

subunit and the proximal [4Fe-4S] cluster of the small subunit (Volbeda et al., 1995).



21
3.2.2. Catalysis of hydrogen at the NiFe active site

The oxidation of hydrogen by the active site of NiFe hydrogenase is a
heterolytic process resulting in the creation of a hydride and a hydron. The resulting
hydride then donates two electrons to the [4Fe-4S] clusters. Fe-S clusters, however,
can only accept one electron at a time, and it is energetically unfavorable to have a H’
intermediate step. This is in contrast to other redox partners like NAD" or FMN that
can accept two electrons at one time. To compensate for this discrepancy, the
catalysis of hydrogen involves .a reaction cycle where the metal active site accepts
two electrons from the hydride simultaneously and then passes off the electrons one
at a time to the proximal [4Fe-4S] cluster (Cammack et al., 2001).

Under aerobic conditions, the Ni-Fe-H,ase is inactive and unable to accept H,
molecules at the metal active site. This is due in part to an O, atom bound to the
available six-coordinated site of the [Ni-Fe] active site under aerobic condition and
not to protein denaturing effects. The oxidized inactive Ni-Fe-H,ase can be converted
to an active and ready state by reducing O, to OH, followed by /protonation to H,O

and finally removal from the active site. In this state, the active site is charge neutral:
Fe™ -Ni®D+ [4Fe-4S]*"

Upon further reduction, the electron/proton combines with the Ni atom

reducing the oxidative state of the NiFe center:

(1) Fe™ -Ni"™ + "+ H' + [4Fe-4S]**> Fe™ - Ni™ (H")+ [4Fe-4S]*".
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The proximal [4Fe-48S] cluster then quickly oxidizes the Ni atom:

(2) Fe™ - Ni™ (H")+ [4Fe-4S]** > Fe™ - Ni™™ + [4Fe-48]"*.

During the oxidation of the Ni atom, an H, molecule binds to the Fe atom. To
maintain a charge neutral state, a hydron is released from H; and is transferred to a
base moiety (B) near the reduced [4F-4S] cluster, leaving the a hydride on the
electron-deficient Fe atom:

(3) Fe™ - Ni"™ + [4Fe-4S]" + Hy> (H)Fe™ - Ni'™ + [4Fe-48]'* + BH".

The proximal cluster then donates its single electron to an external electron

acceptor (EA):
(4) (H)Fe™ - Ni"™ + [4Fe-4S]"* + EA > (H)Fe'™ - Ni'™ + [4Fe-4S]*" + EA"

Both electrons from the hydride are temporarily transferred to the Ni atom

reducing the Ni(III) to Ni(I):

(5) (M)Fe™ - Ni™ + [4Fe-4S]** > Fe® - Ni® + [4Fe-4S]>"
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One electron from the reduced Ni atom is transferred to the proximal [4F-4S]

cluster resulting in an oxidized but active Ni(Il):
(6) Fe™ - Ni® + [4Fe-4S]*" > Fe™ - Ni™ + [4Fe-4S]".

Finally, a second electron is transferred to the external electron acceptor

regenerating the catalytically active metal site (Cammack et al., 2001):

(7) Fe™ - Ni™ + [4Fe-4S]" + EA" > Fe - Ni'V + [4Fe-4S]** + EA”

3.2.3. Electron transfer

Unlike many enzymes that readily undergo conformational changes when
binding its substrate, the active site of Hpases are deep within the protein, encased in a
rigid structure. To facilitate the delivery of the substrate to the active site, Hjases
possess - internal network of hydrophobic channels to direct the small hydrogen
molecules to the Ni atom at the catalytic metal center deep within the large subunit

» (Volbeda et al., 1995). Upon heterolytic cleavage bf hydrogen, electrons in the form
of hydride ions are transferred in series of discrete 1.0-1.5 nm steps from the Ni atom
to the proximal Fe-S cluster, then through the middle, where a hydron is stripped, and
finally to‘ the distal Fe-S clusters of the Hpase small subunit. Because electrons can
tunnel out of proteins during these discrete steps, it has been postulated that the deep
active site prevents unwanted reduction of components found atithe surface of the
protein (Page ef al., 1999). Electrons liberated from the large subunit catalytic site are

transferred to variety of electron acceptors and donors via the small subunit Fe-S
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clusters. These electron acceptors and donors include cytochromes, ferredoxins, or
NAD" that may interact indirectly with the hydrogenase through multimeric redox

subunits of the Hyase (Montet et al., 1997).

3.3.  Soluble [Ni-Fe] hydrogenase of Wautersia eutropha

The B-profeobacterium Wautersia eutropha strain is one of best-studied
facultative chemolithoautrophic bacterium. W. eutropha uses organic substances as a
source of carbon and enefgy. In the absence of organic substrates, however, W.
eutropha can assimilate CO; as the sole source of carbon. The assimilation of CO; is
driven by a hydrogen energy conservation system involving two Hases; a soluble
NAD"-dependent hydrogenase (SH), and a membrane-bound Hyase (MBH). The
Hoases of W. eutropha are also unique, as the SH and MBH can oxidize hydrogen
under aerobic conditions (Schneider & Schlegel, 1976).

W. eutropha complex metabolism is reflected in its complex genome
comprised of three independent replicons: Chromosome 1 (4.05 Mbp), chromosome 2
(2.90 Mbp), and mega-plasmid pHG1 (0.45 Mbp). The mega-plasmid pHG1 is self-
transmissible and harbors the genes for the following metabolic processes: (1) Ho-
metabolism, (2>) CO,-fixation, (3)-anaerobic metabolism via denitriﬁcétion, (4) iron
uptake, and (5) the degradation of aromatic substances (Schwartz ef al., 2003). To
survive in variable hydrogen environments, . eutroﬁha has evolved oxygen-tolerant
‘Hjases and the regulatory ability to sensitively detect H, and rapidly adapt to
changing organic material supply (Friedrich ef al., 2005). The plasmid-linked genes
for Hj-oxidation are localized in three well-defined operons containing both the

structural genes, the accessory genes for post-translational metallocentre assembly,
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and the regulation for three distinct [NiFe]-H,ases. The first is a trimeric, membrane-

bound enzyme (MBH) that couples H; oxidation to electron transport phosphorylation
via a dependent cytochrome b-type membrane anchor (Bernhard et al., 1996). The
second is a soluble hetrotetrameric Hjase (SH) that reduces NAD' as the
physiological electron acceptor for the sequestering of CO, (Massanz ef al., 1998).
The third is a soluble oligomeric regulatory hydrogenase (RH; Friedrich et al., 2005).
The MBH will not be mentioned further, and the focus will be placed on the SH and

the RH of W. eutropha.

3.3.1. Biochemical characteristics

The soluble NAD'-dependent [NiFe] hydrogenase of W. eutropha H16 has
been purified to homogeneity under anaerobic conditions. The molecular weight and
isoelectric points have been determined to be 205 kDa and 4.85 pl, respectively. The
isolated Hjase is in an oxidized, highly stable, but non-reactive state. The Hrase can
be activated by the addition of either reducing agents or catalytic amounts of NADH.
However, the active form of H,ase is unstable and loses activity within 5 days in the
presence of 5 um NADH (Schneider & Schlegel, 1976). In addition to Haase activity,
SH also possesses diaphorase activity.

The rate of reduction of NAD" in the presence of saturated levels of H, is
observed to be 50 pmol Hy/min mg of protein, with an apparent Michaelis constant
(Kmy of 0.037 mM. The K, for NAD" was found to be 0.56 mM in reduqtively pre-
vtreéted SH. The H; evolution rate from NADH was determined to be 1.2 pumol Hy/
min per mg of protein or approximately 2.5% of the reverse reaction in reductiilely

pre-treated SH (Schneider & Schlegel, 1976).
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3.3.2. Structural genes arrangement

The Hjyase gene cluster of W. eutropha spans 80 kbp in the 450 kb mega-
plasmid pHG1 in two distinct operons, koxS and hoxM, encoding the SH and MBH
respectively (Tran-Betcke e al., 1990; Schwartz ef al., 2003). The four structural
genes of SH, hoxFUYH, are tightly linked within a 5 kb region of pHGI. The
structural genes for the diaphorase moiety, hoxF and hoxU, overlap at their respective
start and stopl codons. The genes hoxU also overlaps hoxY at their respective stop and
start codons. The structural genes fér the hydrogenase moiety, hoxY and hoxH, are

separated by a 20 bp intergenic gap (Massanz ef al., 1998).

‘ 3.3.3. Protein Structure

The hydrogenase moiety of SH is a heterodimer with the large (HoxH) ahd
small subunits (Hox')'O haviﬂg an average mass of 52 kDa and 23 kDa respectively.
Amino acid sequence alignment of HoxH has revealed highly conserved cysteine
amino acids at the carboxy and amino terminal regions. The conserved cysteine
amino acids of HoxH aligned with the cysteines responsible for the coordination of -
Ni in the large subunit of D. gigas Ni-Fe Hyase. The amino acid sequence alignment
of HoxY also revealed nine cysteine residues with four of the cysteine residues being
highly conserved to the small subunit of the large subunit of D. gigas Ni-Fe Hyase
that coordinates Fe-S centers responsible for electron transfer between Hase
" dimmers. However, the amino acid sequence for HoxY is truncated by 30 % and is
missing part of the protein that holds the Fe-S centers as seen in small subunit of D
gigas [Ni-Fe] Hpase. Therefore, it is proposed that HoxY of the SH only possesses

one [4Fe-4S] centre rather than two [4Fe-4S] that is typical of [Ni-Fe] Hyase (Tran-
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Betcke et al., 1990). In addition, the truncation of HoxY may expose a part of the

hydrophobic surface of the HoxH large subunit, enhancing hydrophobic interaction
between the diaphorase subunit HoxU and the hydrogenase moiety. More recently, it
has been proposed that a FMN group (FMN-a) is present in replacement of the second
[4Fe-4S] of HoxY. This additional FMN in the small subunit HoxY is unique to the
W. eutropha SH. The FMN-a is closely coordinated with the NiFe active site and aids
the transfer of electron to the diaphorase moiety (Van der Linden ef al., 2004a).

The diaphorase moiety of SH is a heterodimer with the large and small
éubunits having an average mass of 67 and 26 kDa respectively (Tran-Betcke et al.,
1990). Little is known about the structure of the diaphorase moiety. However, some
structural information has been derived from predicted primary amino acid structure -
generated from nucleotide acid sequence data and fluorescence spectral analyses
(Tran-Betcke et al., 1990; Van der Linden et al., 2004a). The small subunit is thought
to contain two [4Fe-4S] centers and has sequence similarity to the NADH:
oxidoreductase dimmer of Nitella opaca. The large subunit is predicted to contain
two [2Fe-2S] and one FMN based on sequence similarities to putative flavin-binding
sites. The FMN may be required as a terminal electron donor because it can accept
two reducing equivalents at a time. In contrast, the Fe-S clusters are one-electron
redox groups and would require two such clusters in the small subunit (Tran—Betcke
et al., 1990). However, more recently it was determined that the small unit contains
one [2Fe-2S] centre and one [4Fe-4S] centre, and the large subunit contains one [4Fe-

48] centre and a single FMN group (Van der Linden ef al., 2004a).
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3.3.4. Catalytic site

The NiFe site of the SH of W. eutropha is unique amongst Ni-Fe
hydrogenases as the SH is (1) catalytically active in the presence of O, and CO,, and
(2) is rapidly activated by NADH and minimally by‘ H,. In the model, the bimetallic
Ni-Fe catalytic site the Ni is coordinated by two pairs of cysteines with the Fe sharing
one cysteine pair and is coordinated by a single CO and two CN” diatomic nonprotein
ligands, resulting in an overall structure of (Cys),Ni(u-Cys),Fe(CN),(CO) (Vignais et
al., 2001). In the SH however, only two of the four conserved cysteine coordinate
with the Ni atom to provide ligands. Alternatively, a pair of remote cysteines form
sulfonates coordinated with the Ni atom of SH of W. eutropha, with their oxygen
atoms bound to nickel (Van der Linden et al., 2004a). Contrary to standard Hjases,
the Ni atom of SH is also coordinated by a single CN™ and peroxide group (OOH).
The Fe group shares one cysteine pair with the Ni group and is also coordinated by
three CN™ and one CO. Giving the SH of W. eutropha and overall non-standard
(CN)Ni-Fe(CN)3(CO) site and due to the near octahedral geometry of the
coordinating groups, the SH is resistant to inactivation by either O, or CO as there are
no available positions for these molecules to bind with the Ni group (Burgdorf et al.,
2005).

Rapid activation of the oxidized SH is initiated by a reductive environment of
superstoichiometric NADH or substoichiometeric NADH in the presence of H,.
Under these conditions, a "OOH ligand is reduced to peroxide, creating a vacant
coordination site on the Ni group. The release of peroxide allows H, molecules to

gain access and bind with the vacant Ni coordination site. However, when SH are
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exposed to prolonged reducing environment hydrogen catalysis is also inhibited.

Prolonged reduction of SH cause the two sulfenates to be reduced to thiols and
become direct ligands. The creation of direct ligands creates a standard Ni site that

can be further reduced to an inactive form that is not involved in hydrogen catalysis

(Burgdorf et al., 2005).

3.3.5. Electron transfer from the catalytic site

The addition of a second FMN moiety, FMN-a, of the truncated HoxY is also
a unique structural. feature amongst Ni-Fe hydrogenases. The FMN-a group is
positioned close to the Ni group of the Ni-Fe catalysis site. It is proposed that the
FMN-a group functions as a two-to-one converter of electrons created from the
heterolytic cleavage of H, at the Ni-Fe centre to the Fe-S clusters in the SH. This
enables the Ni atom of the Ni-Fe centre to maintain a Ni (II) state that is poised in a
constant state activation and activity. However, these structural differences also affect
the conformation state of SH and the rate of H; catalysis.

In the SH oxidized state, the FMN of diaphorase subunit HoxF (FMN-b) and
the FMN of the hydrogenase subunit HoxY (FMN-a) are firmly bound. Upon
reduction activation by NADH, a peroxide is released form the sixth coordinate site
of the Ni group by a reduction cascade initiated at the FMN-b in the HoxFU moiety
that is transferred to the FMN-a of HoxY. The redﬁction activation creates a
conformational change such that the FMN-a can dissociate from the SH while the SH
remained in an intact tetrameric form. The NADH dehydrogenase activity is not
affected as the FMN-b group is firmly bound to the HoxF subunit. The reduction of

artificial electron acceptors is also unaffected, presumably by the direct hydride
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transfer between HoxH and the artificial electron acceptor. However, the SH will lose

all Hpase activity over time due to the loss of the FMN-a group that is loosely bound
to the HoxY subunit. This loss of activity is reversible and can be regained if excess

FMN is added (Van der Linden et al., 2004b).

3.3.6. Assessory genes and maturation

The Hjase metalloprotein of W. eutropha undergo a complex maturation
process that coﬁverts the inactive hydrogenase precursor to an active catalytic enzyme
requiring at least seven accessory gene products for the uptake of metal ions,
assembly of metal centers, incorporation of metal centers into inactive precursor
proteins, and proteolytic processing. A complete set of hyp genes (hypA1BI1FICDEX)
are located within the MBH operon, and a second copy (hypA2B2F2) of hyp genés
are found downstream of the SH structural genes and are constitutively expressed
from a 07°-dependent promoter (Jones et al., 2004).

The biosynthesis of the HoxH Ni-Fe metal site is initiated by the synthesis of
the diatomic ligands. The cyanide ligands of HoxH metal centre are synthesized when
HypF transfers a carbamoyl phosphate to the C-terminus cysteine in an ATP-
dependent exchange reaction (Paschos er al., 2002). The S-carbamoyl moiety of
HypE is subsequently dehydrated to a thiocyanate in an ATP-dependent reaction
(Reissmann et al., 2003). The cyano ligand is then transferred to Fe when HypE is
coﬁlplex with the HypC and the iron-sulphur protein HypD. This process has also
been proposed for the biosynthesis of the CO diatomic ligand. The Fe(CN)»(CO)
group is then inserted into the HoxH apo-protein by HypC (Blokesch ef al., 2004;

. Jones et al., 2004). In the HypHC complex, HypC acts as a chaperone, preventing the
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folding of HoxH before the addition of the nickel group through GTP-dependent

action of HypB in concert with HypA (Maier et al., 1995; Olsen et al., 2001).

Unlike standard organisms that metabolize H,, R. eutropha harbor§ an
additional Ayp gene, identified as hypX. After the incorporation of both the
Fe(CN)z(CO) group and Ni group, HypX forms a complex with HoxH and delivers
the final CN diatomic ligand to the Ni group that attributes to the SH insensitivity to
0, and CO (Bleijlevens et al., 2004). Finally, the endopeptidase HoxW cleaves the C-
terminal peptide, triggering the folding of HoxH around the metal site and initiating
the oligomerization of the hydrogenase (Bernhard et al., 1996; Kortluke & Friedrich,

1992; Massanz et al., 1997; Thiemermann et al., 1996).

3.3.7. Regulation of Hase Expression

W. eutropha H16 expresses two biochemically and physiologically distinct
Ni-Fe hydrogenases to metabolize H, as a supplemental energy source in carbon-
limited environments: an energy producing membrane bound hydrogenase (MBH)
and a soluble cytoplasmic NAD-dependent hydrogenase (SH). The genes of the MBH
region (hoxKGZMLOQRTV) and the SH region (hoxFUYHWIhypA2B2F2) are
harbored oh the pGH1 mega-plasmid and are both controlled by tightly controlled
654-dependent promoters, Pypy and Psy respectively (Schwartz ef al., 1999). Due to
number of accessory proteins that are required to express Hyases, the synthesis of Ni-
Fe hydrogenases must be tightly regulated and very sensitive to‘speciﬁc physiological
cues as the expression of these proteins is a large investment of metabolic energy and

resources.
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The expression of the structural genes of the SH and MBH operon is mediated

by grth on carbon-limited substrates (Schwartz et al., 1998) and the presence of H,
in the environment (Lenz & Friedrich, 1998). Little is known about the molecular
mechanisms of the carbon-limited control SH and MBH gene expression. However,
the quality carbon environment represents an essential physiological condition for the
induction of SH and MBH, as it supersedes H,-triggered transcriptional control
(Schwartz et al., 1998).

In contrast, Ha-triggered transcriptional control of the SH and MBH operons
has been well characterized and consists of a two-component regulatory cascade. The
genes of H, transcriptional control (hoxABCJ) are also located on the pGHI mega-
plasmid and are constitutively expressed from é sigma’ (o) -dependent promoter
(Schwartz et al., 1999). The products of the hoxABCJ genes, the major transcriptional
response factor HoxA, and the active regulatory hydrogenase (RH) participate in the
two-éomponent regulatory cascade that regulates the expression of the SH and MBH.

In the presence of hydrogen, HoxA activities a o '—dependent RNA
polymerase, that transcribes the SH and the MBH from their respective o -
dependent promoters (Schwartz et al., 1999). In the absence of H, however, the
regulatory hydrogenase represses the activafion of the q54—depend¢nt RNA
polymerase by‘ transferring a phosphate group to aspartate-55 (Asp-55)of HoxA,
resulting in the suppression of SH and MBH expression.

The active hydrogen-sensing RH is a complefc of the hoxBCJ gene products.
HoxBC form the double dimer (HoxBC), that is bound to a tetramer of HoxJ,

resulting in a Hox(BC)2J4 complex. The hydrogen-sensing RH is composed of the
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large subunit HoxC that harbors a standard Ni-Fe active site located deep within the

center of the protein. The synthesis of the Ni-Fe site requires the actions of the Hyp
proteins HypA-F that are expressed at low levels by a separate o"-dependent
promoter (Buhrke ef al., 2001). In the presence of hydrogen, the RH binds H; to the
Ni-Fe active site of HoxC and catalyzes the heterologous splitting of the H; molecule
into one proton and one hydride (Bernhard ef al., 2001). Following the splitting of Ha,
a single electron is transferred from the Ni group of the active center to the Fe-S
centers of HoxB. Single electrons are then transferred to an undefined two electron-
accepting organic cofactor located at the carboxy terminal extension of HoxB. The C-
terminal extension of HoxB also links the H, sensing HoxC with the N-terminal
domain of HoxJ resulting in the dimeric heterodimer complex. The redox signal is
passed to the amino terminal input domain of the histidine kinase HoxJ. The initial
cleavage of H; at the Ni-Fe active site and subsequent electron transfer reduces the
activity of HoxJ, pr_eventing the transfer of a phosphate group to HoxA. This enables
HoxA to activate the o°*~dependent RNA polymerase and allow expression of SH
and MBH from their respective ™ '—~dependent promoters (Schwartz et af., 1999).

In the absence of any physiological stimuli, HoxJ exerts negative control on
transcription by transferring a phosphate group to the phosphoryl receiver Asp-55 of
HoxA. The transfer of the phosphate group to HoxA prevents the activation of 6™'—
dependent RNA polymerase repressing expression of the SH and MBH. The negative
regulation of the principal regulator HoxA of W. eutropha represents a unique two-
component regulatory system because typical signal cascades are dependent on the

positive regulation of the principal regulator (Friedrich ez al., 2005).



34
Recently, W. eutropha H16 has been identified as a mutated strain. The HoxA

of the W. eutropha H16 has a mutation at Asp-55. HoxJ cannot regulate HoxA by
phosphorylation of the Asp-55 as in the wild type strain. As a result, the oxygen
insensitive [NiFe]-hydrogenase from W. eutropha H16 can be expressed

constitutively under aerobic carbon-limited growth conditions (Friedrich et al., 2005).
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Objectives

The objective of this research project is to demonstrate the production of
hydrogen from the enzymatic oxidation of methanol. This concept is based on the
continuous flow of electrons from the oxidation of methanol by Bacillus
methanolicus C1 methanol dehydrogenase to the reduction of low potential redox dye
benzyl viologen by the Wautersia eutropha soluble hydrogenase via the recycliﬁg of
the coenzyme NAD. This thesis will also provide a simple and low-cost method for
determining the reaction conditions and the efficacy of coupling redox enzymeé for

purposes of enzymatic bioconversion of organic chemical compounds into hydrogen.
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- Hypothesis

: The mutant Bacillus methanolicus C1 methanol dehydrogenase oxidizes

methanol without the presence of the activator protein.

: The Wautersia eutropha soluble hydrogenase oxidizes H, after being purified

under aerobic conditions.

: The electron flow from the oxidation methanol by Bacillus methanolicus Cl1

methanol dehydrogenase to the Wautersia eutropha soluble hydrogenase can be

detected by the reduction of the low pbtential redox dye benzyl viologen.
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Chapter 4.  Purification and Characterization of Bacillus methanolicus C1
methanol dehydrogenase

4.1  Introduction

The methanol dehydrogenase from Bacillus methanolicus C1 (BmMDH) is a
Type Il (De Vries et al., 1992) nicotinoprotein alcohol dehydrogenase consisting of
10 identical subunits of M; 43,000 each with a subunit containing one Zn*" jon and
one or two Mg”?* ions and one tightly bound NAD(H) cofactor (Hektor et al., 2002).
BmMDH activity is strongly stimulated in vitro by a M; 50,000 activator protein from
the same orgénism (Arfman et al., 1991). The activator protein increases th¢ turnover
rate of BmMDH 40-fold (Arfman et al., 1997) by changing the methanol oxidation
reaction mechanism from a ping-pong mechanism to a tefnary reaction mechanism
(Hektor et al., 2002). | |

The classic NAD-binding fingerprint, GXGXXG (Wierenga et al., 1986), is
absent in wild type BmMDH. In contrast, the NAD cofactor is bound by a conserved
Type III motif A (VSXGGGSXDXK; position 91-103 in BmMDH; Hektor et al.,
2002). Motif A domain displays amino acid similarity with FAD-binding domains in
other Type II ADH ehzymes. In these cases, the FAD functions as a cofactor and
remains bound during catalysis, similar to the NAD cofactor used by BmMDH
(Wierenga & Drenth, 1983; De Hoop et al., 1991).

The mutation of the Ser97 to Gly97 amino acid (S97G) residue of Motif A
results in a BmMDH that lacks a bound NAD(H) cofactor (Hektor et al., 2002).
However, the S97G mutant still has affinity for NAD(H) and displays -methanol
oxidation activity without the presence of the M; 50,000 activator protein. In addition,

the S97G mutation results in a very high coenzyme dependent rate of reaction that is
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10 times greater (Ve 10400 mU.mg™) than BnMDH which requires the activator

protein (Ve 1310 mU.mg'l; Hektor et al., 2002).
This experiment describes the Ser97 to Gly97 mutation of BmMDH and
demonstrates the methanol oxidation activity of BmMDHS97G in the absence of the

activator protein as previously demonstrated by Hektor e al., (2002).

4.2. Materials and Methods
Site-directed mutagenesis of mdh gene Motif A from B. methanolicus C1

Plasmid pMDH was constructed using pBS® (Stratagene) and the 2,500 bp
BamH]1 digest fragment of B. methanolicus C1 DNA that encodes the methanol
dehydrogenase encoding gene, mdh (De Vries et al., 1992; a gift from L. Dijkhuiken).
The serine to glycine mutant at amino acid 97 (S97G) of BmMDH was introduced
with the “gene splicing by overlép extension” PCR method (SOEing; Figure 4.1;
Dieffenbach and Dveksler, 2003). In the first PCR round, pMDH was used as the
template with primers S97G-forward (5’-cgg tgg acc tg(a)g a(g)tc c(g)ca cga tac agce-
3’) and R (5°-gcc atg tat tgt gca taa gc-3°) to amplify a 450 bp PCR product. The
primers S97G-right (5°-gct gte tcg tg(c)g ga(c)g c(t/)ga ggt cca ccg-3’) and MDH-
forward (5°-ggt agt aag aat gac aaa ctt ttt ca-3”) were used to amplify a second 250 bp
PCR product, also using pMDH as a template. The primer sequences were taken from
Hektor ef al. (2002). PCR reactions contained 200 mM 2-Amino-2-(hydroxymethyl)-
1,3-propanediol hydrochloride (Tris-HCl), | pH 7.5, 100 mM KCl, 100 mM
(NH4)2S04, 10 % dimethyl sulfoxide (DSMO), 1 mg/ml bovine serum albumin (BSA)

and 20 mM MgSQ,4, 200 pM each ANTP and 250 nM each primer. Pfu DNA

polymerase (1 pl) was added to all PCR reactions, and the reactions were subjected to
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35 cycles of denaturing at 95 °C for 30 s, annealing at 55 °C for 30 s, followed by

extension at 72 °C for 60 s in a thermocycle machine (Perkin-Elmer 9600). The PCR
product§ were separated on a 1.0 % agarose gel (Sambrook er lal., 1989).

In the second round of PCR, the 450 bp and the 250 bp PCR products were
used as templates for PCR SOEing using the primers R and MDH-forward to
generate a 700 bp PCR product with the introduced base pair changes. PCR reactions
contained 200 mM Tris-HCI, pH 7.5, 100 mM KCI, 100 mM (NH4),SO4, 10%
DSMO, 1 mg/ml BSA and 20 mM MgSO4, 200 pM each dNTP and 250 nM each
primer. Pfu DNA polymerase (1 p.l)‘was added to each PCR reactions, and the
reactions were subjécted to 35 cycles of denaturing at 95 °C for 30 s, anﬁealing at 55
°C for 30 s, followed by extension at 72 °C for 60 s in a thermocycle machine
(Perkin-Elmer 9600). The PCR products were separated on a 1.0 % agarose gel
(Sambrook et al., 1989). Rapid conformation of the silent mutation introduced to the
700 bp PCR product was assessed by restrictioﬁ digest using BamHI restriction
enzyme (New England Biolab). Direct sequencing was also used to assess thé
introduced mutation. The resulting 700 bp product was digested with Nsil (New
England Biolab) and exchanged with the original Nsil fragment of pMDH resulting in

a plasmid containing the S97G (pMDH S97G) mutation.

Purification of recombinant B. methanolicus C1 MDH S97G

The pMDH S97G was transformed into E. coli DH5a host cells by
electroporation, and successful’ transformants were identified by plating on Luria-
Bertani plus ampicillin (LB amp") agar selection plates (Sambrook et al., 1989).

Overnight cultures of E. coli (pMDH S97G) were grown in LB liquid medium
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supplemented with 20 mM MgSOy4 and 100 pg ml™” of ampicillin in a 2 L batch

culture mixed by stirring at a rate of 650 rpm and at 37 °C. Protein expression was
constitutive and under control by the mdh promoter (De Vries et al., 1992). Cells
were harvested at 0.8 ODgg by centrifugation at 3,800 x g for 10 min at 4 °C, washed
twice in 10 mM Tris-HCI (pH 8.0), 0.4 M sucrosé, 150 mM KCl, and 1 mM MgSO4
(Buffer 4.1). '

All procedures were carried out at 4 °C unless otherwise stated. Cells were
resuspended in Buffer 4.1 at a ratio of 3:1 buffer (ml) to wet weight cell (g). Cells
were disrupted in the presence of 1.0 mM dithiothreitol (DTT) and 0.1 mM o-
toluenesulfonyl fluoride (PMSF) by two passages through a French press operating at
approximately 140 MPa. Low-speed extracts were obtained by centrifugation at 3,800
x g for 10 min at 4 °C. Cellular membrane and large particles were removed by
centrifugation at 40,000 x g for 1 h at 4 °C. The cell free lysate was resuspended in 10
ml of 50 mM potassium phosphate buffer, pH 6.5, 150 mM KCl, 5 mM MgSQy, and
1 mM DTT (Buffer 4.2) and then dialyzed against the same buffer for 1.5 h and
applied to 25 ml of Procion Red HE-3B-agarose resin (Pharma'cia), pre-equilibrated
with Buffer 4.2 for 1 h at 4 °C. The proteins were partially purified by batch
separaﬁon using a vacuum manifold. The Procion Red HE-3B-agarose resin was
washed in a Buckner funnel with 100 ml of Buffer 4.2. The adsorbed proteins were
eluted from the resin with 100 ml of 50 mM potassium phosphate buffer (pH 6.5),
300 mM KCIL, 5 mM MgSOs, and 1 mM DTT (Buffer 4.3) collected in 10 ml

fractions.
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Determination of B. methanolicus MDH S97G protein concentrations

Protein concentrations were determined with a Bio-Rad protein determination
kit using bovine serum albumin as a standard following the manufacturer’s
instructions. Protein. fractions were analyzed via 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized with Coomassie brilliant blue G-250
colloidal stain. |
'Enzyme. assays of B. methanolicus MDH S97G methanol oxidation

Methanol dehydrogenase activity was assayed by measuring the reduction of
NAD" at 340 nm spectrophotometrically on 96 well micro-assay plates (Microtitier).
The reaction mixture contained 50 mM Tris-HCl1 (pH 8.0), 5 mM MgSO,, 1 mM
NAD, 1 mM DTT (Hektor et al., 2002). The activity assay was initiated by the
addition of methanol to a final concentration of 500 mM. The specific unit of activity
was defined as the reduction of 1pmol NAD per min per mg of protein (Dixon and

Webb, 1965).

4.3, Results

Site-directed mutagenesis of mdh gene Motif A from B. methanolicus C1

The S97G BmMDH mutant was constructed by the PCR “SOEing” method of
site-dire;:ted mutagenesis to permit methanol dehydrogenase activity in BmMDH
without the actions of the activator protein. A 250 bp and 450 bp PCR product were
generated in the first round of PCR. The 250 bp and 450 bp were then used as
templates in the second round with the right primer (Prir;ler R) and left primer
(MDHFor) to generate a 700 bp PCR product (Figure 4.2). The base pair mutations

were confirmed by restriction digest (Figure 4.3) and direct sequencing (Figure 4.4).
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The 700 bp PCR product was digested with Nsil and exchanged with the Nsil

fragment of pMDH.
Purification of recombinant B. methanolicus MDH S97G

The S97G BmMDH mutant protein was expressed in E. coli grown on LB +
Mg2+. SDS-PAGE analysis of the cell free lysate, heat-denatured cell free lysate, and
the Procion Red HE-3B-agarose resin batch purified sample (PR-BmMDH) revealed
a dominant band at 43 kDa. The PR-BmMDH sample was estimated to be near

electrophoretic homogeneity (Figure 4.5).

4.4. Discussion

The B. methanolicus mdh gene was modified by site-directed mutagenesis to
create a serine to glycine amino acid substitution in Motif A at position 97 of the
MDH protein. This created a construct that enables the expression of BmMDH that
was independent of the activator protein for full activity. The modified BmMDH was
expressed in E. coli DH5a cells that were transformed with the pMDH S97G and
cultured in LB + Mg?*. SDS-PAGE analysis revealed a dominant band at 43 kDa in
the cell free lysate, heat denatured cell free lysate and Procion Red HE-3B batch
purified sample (Figure 4.5; Vonck, 1991). This molecular weight corresponded to
the ‘molecular weight of the BmMDH that had been previously purified to
homogeneity from B. methanolicus C1 under aerobic conditions from cells grown in
both methanol-limiting conditions (Arfman et al., 1989) and from the B. methanolicus
mdh gene over-expressed in E. coli (¢MDH; De Vries et al., 1992). BmMDH
displayed methanol oxidation activity without the co-expression of soluble M; 50,000

activator protein because the activator protein was not co-expressed from a separate
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Figure 4.2: Introduction of the serine to glycine substitution at amino acid 97 of
BmMDH using PCR “SOEing.” (A) First round 250 bp PCR product using pMDH as
a template and right primer (S97GRight: 5°-gct gtc teg tg(c)g ga(c)g c(t)ga ggT cca
ccg-3’) and left primer (Primer MDHFor: 5°-ggt agt aag aat gac aaa ctt ttt ca-3’). (B)
First round 450 bp PCR product using pMDH as a template and left primer
(S97GLeft: 5’-cgg tgg acc tg(a)g a(g)tc c(g)ca cga tac age-3’) and right primer
(Primer R: 5’-gcc atg tat tgt gea taa gc-37). (C) Second round 700 bp PCR product
using the 450 bp and the 250 bp PCR products as templates using right primer
(Primer R: 5°-gcc atg tat tgt geca taa ge-3°) and left primer (Primer MDHFor: 5°-ggt
agt aag aat gac aaa ctt ttt ca-3’). A 100 bp ladder was used as a molecular size marker
with sizes indicated in base pairs.
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Figure 4.3: Rapid confirmation of S97G mutation by BamHI restriction digests of
PCR “SOEing” product. (A) Uncut 900 bp PCR product using pMDHS97G as a
template and M13 forward and M13 reverse primers. (B) BamHI restriction digest of
900 bp PCR product using pMDHS97G as a template and M13 forward and M13
reverse primers. A 100 bp ladder was used as a molecular size marker with sizes
indicated in base pairs.
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Figure 4.4: Direct sequencing of pMDH S97G. (A) Sequehce of wild type pMDH.
(B) Sequence of pMDHS97G mutant with introduced BamHI restriction site created
for rapid screening.
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66

Figure 4.5: Purification of mutant BmMDH S97G protein expressed in E. coli grown
on LB + Mg”". Proteins were separated on a 10% polyacrylamide gel by SDS-PAGE
and stained with Coomassie brilliant blue G-250 colloidal stain. (1) Bio-Rad wide-
range protein standard marker (15 pl), (2) cell free lysate (60 pg), (3) heat-denatured
cell free lysate (60 pg), (4) Procion Red HE-3B-agarose resin batch purified sample

(60ng).
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Table 4.1: Purification of B. methanolicus C1 MDH S97G mutant extracted from
E. coli DH 5a. cultured in LB liquid media at 37 °C.

Sample Protein  Specific activity agtoii‘;fy Yield Purification
mg milliunits/ mg milliunits % fold
Cell lysate 2043.5 122.0 207.6 100 1.0
Cell free lysate 1378.8 493.0 679.7 67.5 4.0
Heat denatured 815.0 894.7 7292 399 73

cell free lysate
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expression construct nor was the activator protein a native protein of E. coli DH5a
(Table 4.1).

In wild type BmMDH, the hydrogen bond between the hydroxy group of
Ser97 and the 2’-phosphate group of the NAD(H) cofactor creates a tight bond
between the cofactor and the apo-enzyme. In the Ser97 to Gly97 mutant (§97G), the
hydrogen bond is lost, and the NAD(H) cofactor is no longer bound to the apo-protein
(Hektor et al., 2002). Although, the apo-protein cannot tightly bind the NAD(H)
coenzyfne, the NAD(H)-cofactor site of the S97G mutant can still function as a
NAD(H)-coenzyme site. Therefore, the Ser97 to Gly97 mutation changes the wild
type BmMDH from a ping-pong to a coenzyme-dependent ternary complex
mechanism. This results in a mutant protein that is not only independent of the.
activator protein but exhibits a ¥, for methanol oxidation that is 10 times higher
(1 0400 mU.fng") than the wild type protein (1310 mU.mg’l; Hektor et al., 2002).

A maximum specific activity of the recombinant BmMDH S97G éxpressed in
E. coli was 894.7 nmol.min™.mg™, observed with the heat denatured cell free lysate
protein extract (Table 4.1). The BmMDH S97G specific methanol dehydrogenase
activity determined in this study was lower than the reported methanol dehydrogenase
_Vmax (1000-1200 nmol.min'l.mg'l) for wild type BmMDH extracted from Bacillus
methanolicus sp. Cl cytoplasmic extracts cultured under methanol-limiting
conditions in the presence of Mg”" grown at 50 °C and pH 9.5 (Arfman et al., 1989).
However, measures of enzyme a{ctivity determined by velocity maxima cannot be
compared with enzyme activity determined by specific activity. This is because

velocity maxima represent a theoretical limit of enzyme activity at an infinite
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substrate concentration, while specific activities represent an actual rate of activity at

a defined substrate concentration (Dixon & Webb, 1965).

The heat denaturing of the cell free lysate proved to be an efficient method of
protein fractionation that had not been previously used to bmify BmMDH. Heat
denaturing allowed for the separation of proteins based on their thermostability. The
wild type BmMDH protein is thermostable, because the protein is naturally expressed
in B. methanolicus C1 during optimum growth temperature at 50 °C. In contrast, the
majority of proteins expressed in E. coli are heat liable, because E. coli optimum
growth temperature is around 37 °C. Heat denaturing of the cell free lysate resulted in
the denaturing and aggregation of the E. coli heat liable protein that was subsequently
removed by centrifugation. During the heat denaturing procedure, the expressed
thermostable BmMDH S97G was unaffected and remained soluble and active. SDS-
PAGE analysis of the heat denaturing of E. coli cell free lysate containing expressed
BmMDH S97G mutant protein revealed a dominant band at 43 kDa .corresponding to
the molecular weighf of BmMDH monomer (Vonck et al., 1991). The heat denaturing
procédure also resulted in a 7.3 fold puriﬁcation and 39.9 % recovery of BmMDH
(Table 4.1). This single step also resulted in an increase in specific activity that was
higher than the reported specific activity of the wild type BmMDH after three column
purification steps.

The batch protein purification using Procion Red HE-3B resin also proved to
be an efficient method of purifying BmMDH. Traditionally, BmMDH has been
purified in three chromatography steps resulting in a large loss of protein yield

(Hektor et al., 2002). Affinity chromatography has advantages over other
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chromatography techniques in the case of enzymes with high specificity and a large

capacity for the ligand-resin support. If these two conditions are met, the purification
of enzymes caﬁ be carried out in one chromatography step with high purity and little
loss in protein yield. Dye ligands have been used to purify enzymes that require
NAD(P)(H) as a co-enzyme (Price & Stevens, 1989). SDS-PAGE analysis of the
Procion Red HE-3B purified BmMDH S97G sample revealed a dominant band at 43
kDa (Figure 4.7), corresponding to the molecular weight of BmMDH monomer
(Vonck et al., 1991). In addition, the Procion Red HE-3B purified BmMDH S97G
sample also displayed enzyme activity towards methanol.

Although the Procion Red HE-3B purified BmMDH S97G sample also
displayed enzyme activity towards methanol activity was readily lost even in the
presence of 10 % glucose or 10 % glycerol when kept at 4 °C. The loss of activity
was not likely to be the result of dilution effects seen in wild type BmMDH that is
correlated with the activity of the activator protein (Arfman et al., 1989) because the
BmMDH S97G did not require the activator protein for full activity. As well, enzyme
activity can be detected immediately after batch purification. However, methanol
dehydrogenase activity was gradually lost over time. This loss of activity was
probably due to a loss in protein structural stability as a result of water effects
promoted by the dilute concentration of the BmMDH S97G obtained after the
chromatography purification.

Although the primary (and usually secondary) structure of broteins is quite
stable, the tertiary structure can be disrupted quite easily. Proteins are the most stable

when conditions mimic the in vivo environment, such as high protein concentrations.
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Often, the chromatography techniques used to isolate proteins result in a dilution in

protein concentration. As a résult, the activity of enzymes may be lost due to
disruption of the tertiary structure during protein purification. To avoid losses in
enzyme activity, the addition of a second inert protein, such as BSA, will increase
protein concentrations of dilute samples and prevent the loss of enzyme activity as a
result of proteins “sticking” to glass and plastic surfaces. However, the addition of a
second protein does contaminate the sample, and the additional protein may have to
be removed in later protein purification steps. Alternatively, concentrating the protein
sample through dialysis or ultrafiltration can preserve the activity of enzyme.
However, the enzyme activity may be lost due to changes in the solution conditions
during the dialysis procedure. In contrast, ultrafiltration leads to the concentration of
an enzyme solution without changing the solution conditions, therefore, preserving
enzyme activity.

Although this experiment did not result in a stable isélated BmMDH S97G
protein, oxidation activity towards methanol without the presence of the activator

protein was observed.
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Chapter S.  Purification and characterization of Wautersia eutropha H16
hydrogen dehydrogenase

S5.1. Introduction

The soluble hydrogenase (SH) of W. eutropha is a NAD"-dependent [NiFe]-
Hyase unique among [NiFe]-H,ases. Its novelty is that the SH can be isolated under
aerobic conditions in a stable oxidized non-active state and can regain activity by the
presence of NADH and H; (Schneider & Schlegel, 1976).

The SH is a heterodimer consisting of a hydrogenase and a diaphorase moiety.
The hydrogenase moie_ty of SH is composed of a large 52 kDa subunit (HoxH) that
harbors the [NiFe] catalytic site and small 23 kDa subunit (HoxY) that contains [Fe-
S] centers necessary for the electrical communication between the hydrogenase and
diaphorase m'oiety. The diaphorase moiety is composed of a large 67 kDa (HoxF)
subunit that contains the terminal FMN electron donor/acceptor that interacts with
exogenous redox partners and a small 26 kDa (HoxU) subunit that contains both F é-S
centers and FMN for the electrical communication between the hydrogenase and
diaphorase moiety (Schneider & Schlegel, 1976; Tran-Betcke et al., 1990; Van der
Linden et al., 2004b).

The genes required for the expression of the SH are harbored within the MBH
and the SH operons of the W eutropha pGH1 mega-plasmid. In addition, both
operons possess 6~ -dependent promoters (Schwartz ef al., 1999). The expression of
the SH is controlled‘ by a unique two-component regulatory system that involves the
principal regulator HoxA and a hydrogen-sensing regulatory hydrogenase (RH). The

HoxA negatively regulates expression of the SH by activating a o>*~dependent RNA

polymerase that transcribes the SH genes from the 054—dependent promoters of the
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SH operon (Schwartz et al., 1999). The principle regulator, HoxA, is in turn

positively regulated by the RH. In the absence of hydrogen, the RH phosphorylates
the HoxA, thereby preventing HoxA from completing with the o>*—dependent RNA
polymerase and preventing transcription of the SH genes from the o>*~dependent
promoters bf the SH operon. In the presence of hydrogen, the HoxA is not
phosphorylated; therefore HoxA can complex with the o>*—dependent RNA
polymerase promoting the transcription of the SH genes resulting in expression of thé
SH (Friedrich ez al., 2004).

Wild type W. eutropha SH has been expressed in heterotrophic cultures grown
on mineral salt media supplemented with carbon-limited substrates (Schneider &
Schlegel, 1976) under an atmosphere of H, (Lenz & Friedrich, 1998). However, the
requirement to use an H, atmosphere for the induction of the SH expression from the
wild type W. eutropha presents several technical drawbacks for laboratories that are
not equipped for large-scale anaerobic culturing experiments. In addition, there are
several safety issues involved, because Hj gas is potentially explosive (Schlegel et al.,
1961).

Recently, W. eutropha H16 has been identified as a mutated strain. The HoxA
of the W. eutropha H16 has a mutation at Asp-55. HoxJ cannot regulate HoxA by
phosphorylation of the Asp-55 as in the wild type strain. As a result, the structural
genes of the SH operon are constitutively transcribed by the HoxA activated o>~
dependent RNA polymerase, under carbon-limited growth conditions (Friedrich et al.,

2005).
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This experiment describes the protein purification of SH from W. eutropha

H16 cultured under aerobic carbon-limited conditions and demonstrates the activity

of SH towards H, oxidation.

5.2. Materials and Methods
Culturing of Wautersia eutropha HI16

Wautersia eutropha strain H16 (German Collection of Microorganisms and
Cell Cultures: DSMZ 428) was grown in 1 L of mineral salts mediurﬁ containing:
KH>PO4 (1.5 g), Na,HPO4.12 H20 (9.0 g), NH4Cl (0.2 g), MgS0,4.7 H,O (0.2 g),
CaCl.2H,0 (0.01 g), FeCls.6 H,O (5 x 10? g), NiCl,.6 H,0 (2 X 10° g) adjusted to
pH 7.0. Cells were cultivated in 1 L heterotrophic batch cultures in mineral media
supplemented with 0.4 % (wt/vol) fructose (FN) at room temperature with aeration
and stirring until a 0.8 ODggo was achieved after approximately 48 to 72 h. An aliquot
of W. eutropha cultpred in FN was used to inoculate (0.1 %) four batch cultures (4 L
each) of mineral media supplemented with 0.2 % (wﬂvoli fructose and 0.2 %
(vol/vol) glycerol (FGN) and was cultured at room temperature with aeration and
stirring until an 0.8 ODggo was achieved after approximately 48 to 72 h (Schneider &
Schlegel, 1976).
Protein purification of W. eutropha HI16 soluble hydrogenase

W. eutropha cultured heterotrophically in FGN minimal mineral media were
harvested by centrifugation at 3,800 x g for 10 min at 4 °C, washed twi/ce in 50 mM
Tris-HCI (pH 7.0), 5 mM MgSO,, and 0.5 mM NiCl, (Buffer 5.1). Cells were °

resuspended in buffer A at a ratio of 3:1 buffer (mL) to wet weight cell (g). Cells

were disrupted in the presence of 0.5 mM ferricyanide and 0.1 mM PMSF by two
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passages through a French press operating at approximately 140 MPa. Low-speed

extracts were obtained by centrifugation at 3,800 x g for 10 min at 4 °C. Cellular
membrane and large particles were removed by centrifugation at 100,000 x g for 1 h
at 4 °C (Schneider & Schlegel, 1976).

| All procedures were carfied out at 4 °C unless otherwise stated. The low-
speed extract was diluted to 20-25 mg protein/ml, and N-cetyltrimethylammonium
bromide (CTAB) was added to a final ratio of 1 mg CTAB per 1 mg of protein. The
precipitate was removed by centrifugation at 10,000 x g for 10 min. The supernatant
from the CTAB treatinent was further purified by the addition of solid ammonium
sulfate to give a 40 % saturated solution. The precipitate was removed by
centrifugation at 10,000 x g for 10 min. The supernatant was then brought to a final
concentration of 60 % saturation with solid ammonium sulfafe, and the precipitant
was collected by centrifugation at 10,000 x g for 10 min (Schneider & Schlegel,
1976). The pellet was dissolved in 10 ml of 50 mM potassium phosphate buffer (pH
6.2, 200 mM KCl, 5 mM MgSO,, and 0.5 mM NiCl, (Buffer 5.2) and then dialyzed
against the same buffer f‘or 1.5 hr. Hydrogenase was purified by batch separation
using a vacuum manifold. The dialyzed sample was then applied to 25 ml of Procion
Red HE-3B-agarose resin (Pharmacia), pre-equilibrated with Buffer 5.2 for 1 hr at 4
°C. Procion Red HE-3B-agarose resin was washed in a Buckner funnel with 100 ml
of Buffer 5.2. The adsorbed protein was eluted off the resin with 100 ml of 50 mM
potassium phosphate buffer (pH 6.2), 500 mM KCl, 5 mM MgSOq4, and 0.5 mM

NiCl, (Buffer 5.3) collected in 10 ml fractions
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Protein Determination of Wautersia eutropha soluble H,ase

Protein concentrations were determined with a Bio-Rad protein determination
kit using bovine serum albumin as a standard, following the manufacturer’s
instructions. Protein fractions were analyzed via 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized with Coomassie brilliant blue G-250
colloidal stain.

Enzyme assays

Hydrogenase activity was assayed by measuring the reduction of NAD at 340 |
nm spectrophotometrically on 96 well micro-assay plates (Microtitier). The reaction
mixture contained H, saturated 50 mM Tris-HCI (pH 8.0), 5 mM MgSOq, 0.5 mM
NiCl,, 0.001 mM NADH (Schneider & Schlegel, 1976). The actiyity assay was
initiated by the addition of NAD to a final concentration of 0.8 mM (Schneider &
Schlegel, 1976). The specific unit of activity was defined as the reduction of 1 pmol

NAD per min per mg of protein (Dixon & Webb, 1965).

5.3. Results
Expression and purification of Hyase from W. eutropha H16

W. eutropha Hase was expressed in heterotrophic batch cultures grown on
mineral salt medium with fructose followed by mineral salt medium with fructose
plus glycerol, as described by Schneider and Schlegel (1976). SDS-PAGE analysis of
the ammonium sulfate precipitated W. eutropha cell lysate sample revealed three
strong. bands at 52, 26, and 23 kDa, and faint bands at 52, 26, and 23 kDa were also
seen in the cell lysate and Procion Red HE-3B-agarose resin batch purified (PR-

Hsase) sample (Figure 5.1.; CTAB purification data not shbwn).
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Figure 5.1: Purification of SH protein expressed in W. eutropha cultured in FN and
FGN minimal mineral media under heterotrophic growth conditions. Proteins were
separated on a 10 % polyacrylamide gel by SDS-PAGE and stained with Coomassie
brilliant blue G-250 colloidal stain. (1) Bio-Rad wide-range protein standard marker
(kDa), (2) cell free lysate, (3) 40 %-60 % ammonium sulfate precipitation, and (4)
Procion Red HE-3B-agarose resin batch purified sample.
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Table 3.1: Purification of H»ase protein expressed in W. eutropha cultured in FN

and FGN minimal mineral media under heterotrophic growth conditions.

Sample Protein  Specific activity = Total activity  Yield Purification
mg milliunits/ mg milliunits % Jold
Cell free lysate 568.75 865.7 4924 100.0 1.0

CTAB precipitation 232.92 4087.6 952.1 41.0 4.7
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Enéyme asSays
The W. eutropha cell lysate, CTAB precipitation, ammonium sulfate
precipitation and PR-Hjase sample hydrogen dehydrogenase activity (Table 5.1).
However, the PR sample readily lost enzyme activity even in the presence of 10 %

glucose or 10 % glycerol when kept at 4 °C.

S5.4. Discussion

The W. eutropha H16 mutént strain was successfully cultured under carbon-
limited growth conditions. SDS-PAGE analysis of the ammonium sulfate (AS)
precipitated W. eutropha H16 cell lysate sample revealed three strong bands at 52, 26,
and 23 kDa. Faint bands at bands at 52, 26, and 23 kDa were also seen in the cell
lysate and Procion Red HE-3B-agarose resin batch purified (PR-H,ase) samples. The
52 kDa and the 23 kDa molecular weight bands from the SDS-PAGE analysis of the
cell lysate, AS, and the PR-Hjase sample correspond fo the proposed heterodimer
hydrogenase moiety of the SH, with the large (HoxH) and small subunits (HoxY)
having an average mass of 52 kDa and 23 kDa respectively (Schneider & Schlegel,
1976; Tran-Betcke, 1990; Van der Linden e al., 2004b).

The 26 kDa molecular weight bands from the SDS-PAGE analysis of the SH
cell lysate, AS, and the PR—Hzase sample correspohd to the small subunit of the
proposed heterodimer diaphorase moiety of the SH. However, the presence of the 67
kDa large subunit of the diaphorase moiety is not visualized by SDS-PAGE analysis
in the SH cell lysate, AS, or the PR-Hyase sample (Schneider & Schlegel, 1976; Tran-

Betcke et al., 1990; Van der Linden et al., 2004b).
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The oxidized SH purified in this study only became active when NADH is

present in the assay buffer (data not shown). Rapid activation of the oxidized SH is
initiated- by a reductive environment of superstoichiometric NADH or
‘ substoichiometeric NADH in the presence of H,. Under these conditions, a -OOH
ligand is reduced to peroxide, creating a vacant coordination site on the Ni group. The
release of peroxide allows H, molecules to gain access and bind with the vacant Ni
coordination site (Burgdorf et al., 2005)

The CTAB, AS, and PR-H,ase purification steps provided limited purification
of the SH (Figure 5.1). Numerous bands were seen in all sample preparation. These
bands are in addition to the bands corresponding to the large (HoxH) anc__l small
subunits (HoxY) of the hydrogenase and the small subunit (HoxU) of diaphorase of
the SH. In addition, a band at 67 kDa that would correspond to the large subunit (Hox
F) of the diaphorase was absent.

The purification of proteins by batch separation does have advantages: (1) less
time is required to perform the purification, (2) large amounts of lysate can be
processed, and (3) clearing the lysate prior to purification is gene;ally not required.
However, the isolation of a single protein using batch separation is only possible if
the expression rate of the protein is relatively high. In contrast, the batch separation
procedure is not an ideal protein separation technique if protein expression is
relatively low. When protein concentrations are low, the result is a mixture of the
protein: a small quantity of the protein of interest and many unwanted proteins. In

these situations, column purification is the preferred method for protein isolation
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because this method has the potential to separate a mixture of proteins into individual

components.

The SH has been previously purified in two chromatography steps using
Procion Red HE-3B (Schneider et al., 1983). However, the procedure differed from
this study in three major ways. Firstly, the W. eutropha was grown in a 14 L
lithoautotrophic culture under an atmosphere of H,. Large cultures are required for
the purification of the SH because the expression of the SH under these conditions
only comprises approximately 2.0% of total cytosolic protein. Secondly, the SH was
eluted during affinity Procion Red HE-3B column chromatography using linear
gradients. Elution of protein by linear gradient would allow for greater separation of
thé SH from other »unwanted cytosolic proteins. In this study, the proteins were eluted
from the Procion Red HE-3B matrix by batch separation. Thirdly, the puriﬁcatfon of
SH by Pfocion Red HE-3B affinity chromatography was followed by ion exchange
chromatography. This second chromatography step would further separate the SH
from other unwanted cytosolic proteins of W. eutropha H16, resulting in a more
purified SH sample.

Although this experiment did not result in a single isolated SH protein,
oxidation actiyity towards H, was observed in partially purified protein from W.

eutropha H16 cultures grown under aerobic carbon-limited conditions.
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Chapter 6. Coupled enzyme oxidation of methanol

6.1. Introduction

The chemical conversion of organic compounds using traditional synthetic
methods predominantly uses toxic metals and expensive complex chemicals (Kroutil
et al., 2004; Nunez et al., 1999; Kato et al., 1973). In contrast, the use of biological
catalysts for the chemical conversion of organic compounds offers an |
environmentally friendly and renewable alternative (Kroutil et al., 2004).

Enzymes have been used to catalyze the chemical conversion of several
organié compounds (Kato et al., 1973; Kroutil et al., 2004; Nunez ef al., 1999). A
common ’chemical conversion strategy is to oxidize alcohol using redox enzymes
requiring nicoﬁnamide cofactors, such as NADH and NADPH. The two strategies for
the chemical conversion of alcohols are coupled-substrate and coupled-enzyme.

The coupled-substrate system is the simplest system as it employs only one
dehydrogenase enzyme. In the coupled-substrate system, the recycling of cofactor is
driven by oxidation and reduction of two substrates. However, the coupled-substrate
system requires an excess of one of the substrates to drive the equilibrium in the |
direction of the desired product. Therefore, the rate of production is eventually
impeded by cosubstrate inhibition. Alternatively, the coupled-enzyme approach
utilizes two enzymes for the recycling of the cofactor. The coupled-enzyme approach,
therefore, does not suffer the limitation of cosubstrate inhibition and consequently the

yield of the desired product is much-higher (Kroutil ef al., 2004; Nunez ef al., 1999).
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Woodward et al. (2000) successfully‘demonstrated the biological conversion

of glucose to hydrogen. However, glucose is not an efficient hydrogen carrier due to
its low hydrogen to carbon ratio. Methanol is a better substrate than glucose because
methanol has a higher hydrogen to carbon ratio. In addition, methanol is liquid at
room temperature, making methanol compatiblé with the existing fossil fuel
distribution and storage infrastructure.

Spectrophotometric methods using low-potential redox dyes to monitor the
electron flow during hydrogen production by hydrogenase enzymes is a routine
procedure. Low-potential redox dye compounds, such as benzyl viologen (BV),
change color upon being reduced by the hydrogenase. This change in color is then
used to infer the productipn of hydrogen. Therefore, it is theoretically possible to
monitor the bioconversion of methanol to hydrogen using spectrophotometric
methods.

This experiment will deséribe the coupled-enzyme production of hydrogen
using the BmMDH S97G and SH by monitoring the electr(;n flow that results in the

reduction of the redox mediator benzyl viologen dichloride.

6.2. Methods

Preparation of recombinant MDH S97G crude protein extraction

Overnight cultures of E. coli harboring the pMDH S97G were grown in LB
medium supplemented with 20 mM MgSO4 and 100 pug ml” of ampicillin in a 2 L
batch culture with a sﬁr rate of 650 rpm, with aeration, and at 37 °C. Protein
expression was constitutive and under control by the promoter of the mdh gene (De

Vries et al., 1992). Cells were harvested at 0.8 ODgq by centrifugation at 3,800 x g



65
for 10 min at 4 °C, washed twice in 10 mM Tris-HCI (pH 8.0), 1 mM DTT, and 5

mM MgSO, (Buffer 6.1).

| All procedures were carried out at 4 °C unless otherwise stated. E. coli cells
were resuspended in Buffer 6.1 at a ratio of 3:1 buffer (ml) to wet weight cell (g).
Cells were disrupted in the presence of 1.0 mM DTT and 0.1 mM PMSF by two
passages through a French press operating at approximately 140 MPa. Low-speed
extracts were obtained by centrifugation at 3,800 x g for 10 min. Cellular membrane
and large particles were removed by centrifugation at 40,000 x g for 1 h. The cell free

lysate was heat denatured for 50 min at 55 °C then incubated on ice for 15 min.

Precipitated proteins were removed by centrifugation at 10,000 x g for 20 min. The =

heat denatured cell free lysate was further purified by the addition of solid ammonium
sulfate to give a 30 % saturated solution. The precipitate was removed by
centrifugation at 10,000 x g for 10 min. The supernatant was then brought to a final
concentration of 45 % saturation with solid ammonium sulfate, and the precipitant
was collected by éentrifugation at 10,000 x g for 10 min, and the supernatant was
discarded. The pellet was dissolved in Buffer 6.1.
Preparation of W. eutropha H16 soluble H,ase crude extract
 Wautersia eutropha strain H16 (ATCC 17699, DSM 428) was grown in 1 L of
mineral salts medium containing: KH,PO4 (1.5 g), Na,HPO4.12 H,O (9.0 g), NH4Cl
(0.2 g), MgS04.7 H,0 (0.2 g), CaCl,.2H,0 (0.01 g), FeCl3.6 H,O (5 x 102 g), NiCl,.6
H,0 (2 x 10~ g) adjusted to pH 7.0. Cells were cultivated in 1 L heterotrophic batch
cultures in mineral media supplemented with 0.4 % (wt/vol) fructose (FN) at room

temperature with aeration and a stir rate of 650 rpm until a 0.8 ODggy was achieved
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after approximately 48 to 72 h. An aliquot of W. eutropha cultured in FN was used to

inoculate (0.1 %) four batch cultures (4 L each) of mineral media supplemented with
0.2 % (wt/vol) fructose and 0.2 % (vol/vol) glycerol (FGN). The FGN culture was
incubated at room temperature with aeration and stirring at rate of 650 rpm until a 0.8
ODgop was achieved after approxilﬁately 48 to 72 h (Schneider & Schlegel, 1976).

W. eutropha cultured heterotrophically in FGN minimal mineral media were
harvested by centrifugation at 3,800 x g for 10 min at 4 °C, washed twice in 50 mM
Tris-HC1 (pH 7.0), 5 mM MgSO4, and -0.5 mM NiCl, (Buffer 6.2). Cells were
resuspended in buffer A at a ratio of 3:1 buffer (ml) to wet weight cell (g). Cells were
disrupted in the presence of 0.5 mM ferricyanide and 0.1 mM PMSF by two passages
through a French press operating at approximately 140 MPa. Low-speed extracts
were obtained by centrifugation at 3,800 x g for 10 min at 4 °C. Cellular membrane
and large particles were removed by centrifugation at 100,000 x g for 1 h at 4 °C
(Schneider & Schlegel, 1976).

All procedures were carried out at 4 °C unless otherwise stated. The cell free
supernatant was fractionated by the addition of solid ammonium sulfate to give a 40
%\ saturated solution. The precipitate was removed by centrifugation at 10,000 x g for
10 min. The supernatant was then brought to a final concentration of 60 % saturation
with sblid ammonium sulfate, and the precipitant was collected by c.entrifugation at
10,000 x g for 10 min and the supernatant was discarded (Schneider & Schlegel,
1976). The pellet was dissolved in Buffer 6.2.

Determination of crude extract protein concentration
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Protein concentrations were determined with a Bio-Rad protein determination
kit using bovine serum albumin as a standard following the manufacturer’s
instructions.

Activity assays for B. methanolicus MDH S97G

The presence of methanol dehydrogenase activity was assayed by measuring
the reduction of NAD" at 340 nm spectrophotometrically on 96 well micro-assay
plates (Microtitier). The reaction mixture contained 50 mM Tris-HCI (pH 8.0), 5 mM
MgSO4, 1 mM NAD, 1 mM DTT (Hektof et al., 2002), and an appropriate amount of
enzyme to detect activity. |
Activity assays for W. eutropha H16 soluble H Jase

The presence of hydrogenase activity was assayed by measuring the reduction
of NAD" at 340 nm spectrophotometrically on 96 well micro-assay plates
(Microtitier). The reaction mixture contained H, saturated 50 mM Tris-HCI (pH 8.0),
5 mM MgSOs, 0.5 mM NiCl, (Schneider & Schlegel, 1976) and an appropriate
amount of enzyme to detect activity.

Activity assays for coupled enzyme oxidation methanol

Coupled enzyme activity was observed by the development of a deep blue
“coloration in the reaction mixture. Unless otherwise stated, all reactions were carried
out under an atmosphere of nitrogen. The reaction mixture (1 mL) contained 50 mM
Tris-HCI (pH 8.0), 5 mM MgSQOy4, 1 mM DTT, 1 mM NAD", and 1 mM BV (Buffer
4.3). Reactions contained 100 pg of crude protein extract and were initiated by the
addition of 500 mM of degassed methanol under an atmosphere of nitrogen incubated

at room temperature.
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6.3. Results and Discussion

The activity of hydrogenases and, therefore, the enzymatic production of
hydrogen can be measured by four general methods: gas chromatography, gas
pressure analysis in a manometer, amperometrically using a Clark-type electrode, and
by spectrophotometry. Of the four techniques, measuring the production or oxidation
of H; spectrophotometry using low-potential dye compounds is simplest and most
cost effective technique (Cammack et al., 1994). The SH is able to use a variety of
redox partners including BV. In the presence of H; the SH will oxidize H, and reduce
BV as a redox partner (Tran-Betcke e al., 1990).

In the controls containing only the BmMDH extract, the reduction of BV by
BmMDH did. not occur as a color change was not observed (Table 6.1). However,
side reactions resulting in BV reduction are possible as BmMDH extracts were used
and not a purified sample of BmMDH (Dijkhuizen et al., 1988; Arfman ef al., 1989).
However, no color change in the reaction mixture was noted; therefore, these possible
side reaction may not have resulted in a net change in BV reduction or BV reduction
inay not have occurred at all.

In the controls containing OI;ly the H,ase extract, the reduction of BV was
observed indicated by a slight color change (Table 6.1). The SH is normally in an
inactive state when extracted under an aerobic environment. However, the reductive
environment created by the presence of DTT in the reaction mixture would
reductively activate the SH (Burgdorf er al., 2005). Although the reaction buffer and
methanol solutions were de-gassed and stored under an anaerobic atmosphere of Ny,

the protein extracts were not stored under anaerobic conditions and a small amount of
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Table 6.1: Coupled enzyme oxidation of methanol (M) and reduction of benzyl

(BV) by BmnMDH and H;ase at room temperature under anaerobic conditions.

Reaction condition NAD" Reduction*
Controls‘

BmMDH + M ' +

H»ase + H, | +

Color development**

B -
B+M | | -
B + BmMDH -
B + BnMDH + M -
B + Hjase +
B + Hyase + M +
B + BmMDH + Hsase +
Experimental condition
B + BmMDH + Hjase + M ++

*No reduction of NAD" (-), reduction of NAD" (+)
**No color.development (-), faint color development (+), strong color development (++), reaction
buffer (RB). .
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H, may have been present. Once activated, the SH oxidized the H, present in the

protein extract resulting in the observed color change.

In the experimental condition containing both BmMDH and SH extracts, BV
was reduced indicated by a strong color change (Table 6.1). The color change was
also more pronounced as compared to SH alone, indicating a greater amount of BV
was reduced. This was expected because combining both oxidation and reduction
reactions of NAD(H) into one process, it is possible to continually oxidize methanol
and reduce BV by recycling of the NAD*/NADH cofactor (Nunez ef al., 1999). This
continual cycling results in a greater utilization of the methanol substrate resulting in
greater amounts of reduced BV as seen in the more dramatic color change.

Although the reduction of low potential redox dyes is a common method used
to measure hydrogenase activity, this method is an indirect measure of hydrogen
production and does not measure hydrogen production or oxidation directly. As well,
the redox dyes have a lower redox potential than that of H,. Therefore, the rate of
redox dye reduction may not reflect the rate of hydrogen production, if hydrogen
préduction occurs at all (Huang et al., 2000).

Alternatively, a Clark-type electrode should be used to measure the
production of hydrogen, because this method can measure hydrogen production -
directly, and this method can also measure hydrogen in the solution phase.

In this experiment, the production of hydrogen was inférred by observing the
reduction of BV by the SH as a result of electron flow from the oxidation of methanol

by BnMDH S97G.
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Chapter 7:  Conclusions

This thesis examined the following: (1) the effects of amino acid substitution
on the enzymatic properties and purification of the methanol dehydrogenase from B.
methanolicus Cl; (2) the expression, purification, and activity of the soluble
hydrogenase from W. eutropha HI6 cultured under aerobic conditions; (3) and the
identification of electron flow during coupled enzyme reactions. The most important
findings in each one are summarized.

The serine to glycine amino acid substitution in Motif A at position 97 of B.
methanolicus C1 of the MDH protein was successfully demonstrated, resulting in a
recombinant BmMDH that can oxidize methanol without the presence of the activator
protein.

The protein purification strategies used for isolating BmMDH were also
successful. The heat denaturing procedure used to isolate the BmMDH resulted in a
high fold purification and high recovery of' the protein within a single protein
extraction step. In addition, the batch protein puriﬁcatioﬁ using affinity dye resin
proved to be an efficient method\of isolating BmMDH in a single chromatography
step. However, the BmMDH activity was lost after purification by the affinity dye
resin.

Culturing of W. eutropha H16 under aerobic conditions in minimal mineral
salt media supplemented was successful. This culturing procedure also resulted in the
expression of the soluble hydrogenase that displayed H, oxidation activity after being
partially purified uﬁder aerobic conditions. The protein purification strategy used

increased the SH specific activity toward H, oxidation. However, the protein
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purification strategy did not result in isolation of the SH. In addition, the SH activity

was lost after purification by the affinity dye resin. |

The coupled enzyme reaction using the NAD-dependent enzymes of methanol
dehydrogenase from Bacillus methanolicus and the hydrogenase from W. eutropha in
the presence of methanol resulted in the reduction of benzyl viologen, thus
- demonstrating the generation of electron flow and inferring the production of

hydrogen.
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