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Abstract

In E. coli, four types of hydrogenases are recognized. Hydrogenases 1 (Hyd-1) and 2
(Hyd-2) are responsible for H2 consumption via respiration. Hydrogenase-3 (Hyd-3),
which is encoded by the hycABCDEFGHI operon, combines with formate dehydrogenase
H (Fdh-H) to form the formate hydrogen lyase (FHL) complex, which is responsible for
formate disposal and H2 evolution during anaerobic fermentation under acidic pH. The
hyfABCDEFGHIJR-focB operon of E. coli encodes a fourth potential hydrogenase (Hyd-
4) closely related to Hyd-3. The physiological purpose of the Hyf system is unclear
although it is speculated to form a second, energy conserving, FHL with Fdh-H.
However, current evidence suggests that the 4yf operon is not expressed and may thus be
cryptic. The aim here is to discover whether the Hyf/Hyd-4 system is indeed capable of
hydrogenase activity and can thus be assigned a fourth hydrogenase. Analysis of the
NCBI database showed that Ayf'is conserved in all E. coli/Shigella stains, except for the
most basal phylogroup (B2) which is associated with avian- and uro-pathogenic strains;
this might suggest a role for Hyf in colonisation of the mammalian intestine. To determine
if hyf-encoded FocB acts as a second formate channel, a focA mutant was complemented

with focB carried by pBADh4. Rhamnose induction of focB restored sensitivity to

hypophosphite (formate analogue) supporting a role for FocB as a second formate

channel. Similarly, induction of pBAD}4-encoded focA also restored hypophosphite

sensitivity. FocA supported H> production at low pH, but had little impact at high pH.
Low levels of FocB could compensate for absence of FocA. Plasmid induced focA
restored the levels of formate released in a focA mutant at pH 6.5, to those seen in the
wildtype, whereas plasmid induced focB increased such levels more modestly, although
both FocA and FocB supported fermentative growth at pH 6.5. Expression of focB

appeared toxic at pH 7.5. Thus, the results generally support a role for FocB in formate



export and suggest roles in delivery of exogenous formate to FHL-1 indicating a role in

formate import also under acidic pH conditions.

When a hycE mutant strain was complemented with 4yf carried by pBADrha at pH 6.5, H2
production was restored, and this was accompanied by restoration of formate
consumption; a similar effect was seen upon plasmid-borne 4yc induction. This indicates
that hyf specifies an active hydrogen-evolving hydrogenase. Complementation of a
AfdhF AhycE double mutant with both Ayfand fdhF, carried by pBADrha and pBADara,
respectively, re-enabled Hz production and formate consumption, thus showing that Hyf
activity is Fdh-H dependent indicating that Hyf and Fdh-H combine to form a second
FHL (FHL-2). FHL-2 activity was formate concentration dependent, with increased H>
production with increased formate provided. Induced-Hyf Hz-production activity was
enhanced by provision of nickel at up to 0.25 mM (but was inhibited at 0.5 mM nickel)
supporting the presence of Ni in the proposed [NiFe] centre of the Hyf-hydrogenase.
Molybdenum and selenium were also shown to be required for high Hyf-FdhH (FHL-2)
Hz-production activity. In conclusion, this thesis provides strong evidence showing that
the hyf-focB locus encodes a second formate channel and a fourth hydrogenase (Hyd-4)
in E. coli, with the Hyd-4 enzyme acting as an H2 producing and formate dependent
enzyme that forms a second FdhF-dependent FHL complex. Further work is required to
establish the environmental conditions under which the Hyf system is active, and offers

an advantage, in the wildtype.
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Chapter 1 Literature Review

Chapter 1: Literature review

1. Introduction

1.1 Biofuel

With the expected increase of global energy requirements, there is a growing concern
about energy supply security, air pollution and worldwide climate change. Today’s
energy systems are based mostly on fossil fuels. Oil, natural gas and coal are examples
of fossil fuels, which are used to fuel cars and airplanes, and heat our homes (Urbaniec
et al., 2010). However, the amount of resource is limited, because fossil fuels are formed
by natural processes whereby buried dead organisms (plants or animals) are decomposed
over millions of years to form coal, petroleum, or natural gas. In addition, fossil fuels
cause damage to the environment when used for energy by humans as they represent the
largest source of ‘unnatural’ emissions of carbon dioxide (Miyake ef al., 1999). Indeed,
COa21s a greenhouse gas that contributes to global warming. The burning of fossil fuels
produces around 21.3 billion tons of CO:2 per year. But it is estimated that natural
processes can only absorb about half of that amount, so there is a net increase of 10.65
billion tons of atmospheric carbon dioxide per year (International confrence 2018-2019).
Beside COa, burning fossil fuels releases over 100 toxic chemicals that directly affect
human health. One of the main toxic chemicals that is emitted the PAHs (polyaromatic
hydrocarbons), which cause irritation, nausea, vomiting and diarrhea during short-term
exposure. However, the long-term symptoms are cataracts, kidney and liver damage and
jaundice (Illinois Department of Public Health, 2009). Furthermore, burning of fossil fuel
has resulted in the accumulation of the heavy metals lead and mercury, and derived
compounds, in the environment, which can damage human organs and causes
neurodevelopmental damage (Martin and Griswold, 2009). In addition, benzene is

released which is carcinogenic (Hennig, 2017). Thus, development of renewable energy
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in place of fossil fuels is an urgent mission and an increasing focus on clean energy as an
alternative for satisfying growing energy demand is required (Das and Veziroglu, 2001).
Biofuels are fuels produced from organic matter in a relatively short period of time
(Savaliya et al.,, 2013). Biofuel history started when man first discovered fire. Wood,
dung and charcoal were the first forms of fuel (biofuel) used for cooking and heating
(Demirbas and Balat, 2006). Furthermore, whale oil was widely used in the mid-1700s
and early 1800s and was the fuel of choice for lighting houses (O’Connor, 2010). In 1834,
the first US patent was awarded to S. Casey, who used alcohol derived from whale oil as
a lamp fuel (Kovarik, 1998).

Biofuels are classified into three generations (Fig. 1.1). These generations differ in the
sources (feed stock) from which the fuel is derived. First generation of biofuels are
produced directly from feedstock that also can be consumed as human food, such as corn,
sugarcane, wheat, starch, sugar, vegetable oil and animal fats (Lee and Lavoie, 2013).
Such biofuels include biodiesel (produced from vegetable oil derived from seeds of
soybean or sunflower), bioethanol (fermentation product of glucose, a simple sugar from
sugarcane or starch crops) and biogas (anaerobic fermentation of organic food and crop
residues). The second-generation biofuels are known as ‘advanced biofuels’ and they
differ in not being produced from edible food crops or crop products not useful for
consumption (Oliver and King, 2009). They are produced from grasses, waste from
agricultural residues and other solid wastes (human waste, woody crops and yard
clippings) which are difficult to extract biofuel from (Demirbas, 2009). The second
generation biofuels include bioethanol produced from cellulose and methanol which
derived from lignocellulose and municipal wastes. The third-generation biofuels refer to
those derived from algae. Previously, algae were grouped with second-generation

biofuels. However, when it became apparent that algae are capable of much higher yields
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with lower resource inputs than other feedstock, it was suggested that they be moved to
their own category (BC Bioenergy Strategy, 2010). Production of biofuels from algae
usually depends on the lipid content of the microorganisms. Chlorella species are usually
targeted because of their high lipid content (60 to 70%). Many biofuel types can be
produced from algae, such as biodiesel, butanol, gasoline, methane, bioethanol, vegetable
oil and jet fuel (Liang et al., 2009; Behera et al., 2014).

The most well-known biofuels are bioethanol and biodiesel. They are the most widely
used globally, because they are simple and easy to produce. In 2012, the UNEP (United
Nations Environment Programme) report indicated that the supply of both bioethanol and
biodiesel is steadily increasing (Fig. 1.1). Markets for both are increasing, not only in the
European Union, Brazil and the United States, but also in countries such as China, India

and Argentina. (UNEP report, 2012).
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Figure 1.1. The best-known biofuels (bioethanol and biodiesel), production trends
from 2005 to 2017. (a) Bioethanol production trend (b) Biodiesel production. As shown
by (UNEP report, 2012).
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1.1.1 Hydrogen as biofuel

Hydrogen is the most abundant element in the universe; it makes about three-quarters of
all matter. The atmosphere contains about 0.07% hydrogen, whereas the earth’s crust
contains 0.14% of hydrogen (Dharmaraj and AdishKumar, 2012). It may be considered
a perfect biofuel, because hydrogen produces no pollutants or greenhouse gases when it
is used. The only emission it makes is water vapour when it reacts with oxygen in air, so
it is environmentally friendly. Additionally, hydrogen’s physical and chemical
characteristics make it a good candidate as a fuel for cars (Kotay and Das, 2008). On the
other hand, many technical challenges must be overcome for major deployment of
hydrogen as a fuel. For example, hydrogen production is expensive and it is difficult to
transport by pipelines (Hallenbeck and Ghosh, 2012), because hydrogen has an active
electron, which can easily migrate into the crystal structure of most metals. Thus,
hydrogen pipes have to resist such corrosion.
Hydrogen can be produced by a number of different processes such as, electrolysis of
water; thermo-catalytic reformation of hydrogen-rich organic compounds and biological
processes (Levin ef al., 2004). Water electrolysis is usually dependent on enormous
electrical currents required to break the water molecules into oxygen and hydrogen as
shown in this equation:

2H>0 — 2H2 + O2 (Mazloomi ef al., 2012).
The other approach to produce hydrogen without forming CO:2 is thermos-catalytic
reformation of hydrogen-rich organic compounds, which is achieved by decomposition
of methane (CH4) and production of solid carbon and pure hydrogen steam from natural
gas:

CHs4 — C + 2Ha>.

Because this reaction is mildly endothermic, the temperature must be more than 600 °C
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for the reaction to proceed. Hydrogen production via this process has been achieved using
solar radiation, a molten metal bath, and thermal reactors with no catalyst (Dunker et al.,
2000).

The third process in hydrogen production involves the use of microorganisms (Levin et
al., 2004). Hydrogen production using microorganisms is mainly achieved using
photosynthetic microorganisms such as cyanobacteria and green algae. These have the
ability to use energy from sun light through photosynthesis to produce hydrogen (Yu and
Takahashi, 2007). Cyanobacteria and green algae use chlorophyll a and other pigments,
as well as photosynthetic systems (PSI and PSII), to capture sun light to perform plant-
like photosynthesis, and at the end of the process they produce hydrogen as a by-product
(section 1.2; Fig 1.2). Hydrogen produced by microalgae and bacteria is called
‘biohydrogen’. The first biohydrogen production from fermentative bacteria was reported
in the 1930s, followed by light-dependent hydrogen production from microalgae and

photosynthetic bacteria (Benemann, 1998).

e

ATP ATP+CO, + NADPH
H+

e

H,0 %0, +HT T H? \

H+
Light Light

Figure 1.2. Schematic mechanism of the photosynthesis in photoautotrophic
microorganisms. CH20, carbohydrates; Calvin, Calvin cycle; Hase, Hydrogenase; Fd,
Ferredoxin; ATP, Adenosine tri-phosphate (energy source) and PS, Photosystem. As
shown by (Yu and Takahashi, 2007).
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1.2. Biotechnological production of hydrogen

In order to foster the reduction of fossil fuels and their environmental effects, hydrogen
has been suggested as an alternative form of energy. About 50% of fertilizers and 37%
of petroleum products use hydrogen for manufacturer, so hydrogen production has an
importance beyond as a direct fuel. In fertilizers, hydrogen is used to make ammonia (as
a source of nitrogen for plants). However, petroleum industries also use hydrogen in
processing of petroleum products to break down crude oil into fuel oil (Kane, 2006).
Globally, 40% of hydrogen is produced from natural gas, 30% from heavy oils and
Naphtha, 18% from coal and 4% from electrolysis (Das and Veziroglu, 2008). For
economic use of hydrogen as a fuel, the development of efficient, large-scale and
sustainable Hz production systems are a necessity. Basic research in the biotechnological
hydrogen production field started only in the late 1920s with bacterial H, production and
in the 1940s with micro-algal hydrogen production. The first attempts highlighted the
importance of anaerobic conditions in H2 production with some bacteria (Hallenbeck and
Benemann, 2002).

The processes of biological hydrogen production can be classified into two distinct types,
light dependent (direct bio-photolysis, indirect bio-photolysis, photo-fermentations) and
light-independent (dark-fermentation) (Fig. 1.2). Direct bio-photolysis is the process of
algal photosynthesis, where water is oxidized and oxygen is produced. Light energy is
absorbed by photosystem II (PSII), which generates electrons and transferred to
ferredoxin (iron-sulphur proteins that mediate electron transfer) using the light energy
absorbed by photosystem I (PSI). A reversible hydrogenase accepts electrons directly
from the reduced ferredoxin to generate hydrogen (Fig. 1.3a) (Lee et al., 2010). The
indirect approach is the use of bi-directional hydrogenases with the help of specific cell-

types in cyanobacteria called resting cells or ‘heterocysts’, which perform nitrogen
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fixation, and have the ability to oxidize and synthesize hydrogen (Fig. 1.3b) (Kirtay,
2011).

In photo-fermentation, photosynthetic bacteria produce hydrogen from different organic
acids and agricultural wastes (Hallenbeck and Benemann, 2002) (Fig. 1.3c). The
photosynthetic non-sulphur (PNS) bacteria are an example of photosynthetic bacteria
used to produce hydrogen from volatile fatty acids (VFA) under anaerobic conditions.
PNS bacteria also have the ability to produce hydrogen from carbon sources such as
glucose or sucrose via a photo-fermentation pathway (Argun and Kargi, 2011). Both
hydrogenase and nitrogenase enzymes in PNS photo-fermentative bacteria have a role in
hydrogen production (Hellenbeck and Benemann, 2002). Rhodobacter capsulatus, an
example of a PNS bacterium, produces biohydrogen via photo-fermentation. It has two
kinds of nitrogenase enzymes [Mo-nitrogenase] and [Fe-nitrogenase]) that are
responsible for hydrogen production. Nitrogenase enzymes normally reduce nitrogen to

ammonia, and also produce hydrogen as a by-product:

N2+ 8H" + 8¢+ 16ATP — 2NH3+ H2+ 16ADP + 16Pi (Pekgoz et al., 2010).

However, in dark-fermentation, anaerobic bacteria, which are grown on carbohydrate-
rich substrates, can produce hydrogen by fermenting these carbohydrate-rich substrates
to hydrogen and other products, such as acids (lactic, acetic, butyric, etc) and alcohols
(ethanol, butanol, etc) (Hallenbeck and Ghosh, 2009) (Fig.1.3d). Species of the
Enterobacter genus, Bacillus coagulans (IIT-BT-S1) isolated from anaerobically sewage
sludge and Clostridium, produce hydrogen in the dark. Different amounts of hydrogen
per mole of glucose are produced, depending on the fermentation pathway and the
fermentation end products (section 1.3.2) (Kotay and Das, 2008). Theoretically, in strict

anaerobic bacteria such as Clostridium species, a maximum of 4 moles of hydrogen per
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one mole of glucose are obtained, however, in facultative anaerobes such as Escherichia
coli, a maximum of 2 moles of hydrogen per mole of glucose can be produced (Manish
and Banerjee, 2008). Hydrogen production by these bacteria needs a bioreactor (batch or

continuous) for good hydrogen yield (Levin et al., 2004).

Solar Energy Hy
Fd+ 2e ydrogenase
2H20 02 2H*

(@
Solar Energy Co,

PSI & PSII

H,
Fd
2H*
(b)
Solar Energy H,

l 2e + Fd NH;
Bacterial : Nitrogenase
4ATP '

Organic acids

Photosystem N,

2H*
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Carbohydrates
(Glucose)

Glyceraldehyde

phosphate
\ 4
Pyruvate
Fd
v
NADH Acetyl CoA ADP
ATP
Acetate H,
Butyrate H,
(d)

Figure 1.3. Different approaches in biological hydrogen production. (a) Direct
photolysis (b) Indirect photolysis (c) Photo-fermentation (d) Dark fermentation. Fd
(ferrodoxins) are iron-sulphur proteins that mediate electron transfer in a range of
metabolic reactions. As shown by (Lee et al., 2010).

1.3. Energy conversion in bacteria

1.3.1 Respiration

Respiration is a process by which chemical energy is released and partially captured in
the form of adenosine tri-phosphate (ATP). Carbohydrates, fats and proteins can all be
used as fuels in respiration, but glucose is most commonly used as an example to study

the reactions and pathways involved.

10
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The overall mechanism of respiration in many cases involves three processes: glycolysis,
the Krebs' cycle and electron transport system. Glycolysis is a multistep metabolic
pathway that occurs in the cytoplasm of microbial cells. The six-carbon glucose molecule
is converted into intermediary compounds and then split into two three-carbon molecules
to form pyruvic acid at the end of the process. During glycolysis, four ATP molecules
are generated; two are consumed in the substrate phosphorylation process, giving a net
energy output of two ATP molecules. Furthermore, during glycolysis, another energy
source (two molecules of NADH) is produced, and since each molecule of NADH can
generate three ATP molecules, a total of six ATPs is generated by glucose glycolysis
from reducing equivalents associated with NADH. Following glycolysis, another
multistep process is involved, the Krebs' cycle. Before the cycle begins, two molecules
of pyruvic acid (which are produced from one glucose molecule by glycolysis) undergo
conversion to acetyl-CoA which yields two high-energy molecules of NADH (thus 6
ATPs). Acetyl-CoA enters the cycle to eventually yield oxaloacetic acid. During the
Krebs' cycle, a total of 2 ATP, 2 FADH (where each FADH can give 2 molecules of ATP)
and 6 NADH molecules are produced per two acetyl-CoA molecules. At the end of this
process, the total energy, which is produced starting with glycolysis and ending up with
the Kreb’s cycle, is 38 ATP molecules. The electrons that are released from the break
down during glycolysis and the Krebs' cycle are collected by the electron carriers, NADH
and FADH, in the form of hydride ions (Verhees et al., 2003). During respiration, these
electrons are passed from NADH and FADH to membrane-bound electron carriers, which
are then passed to other electron carriers until they are finally associated with a terminal
carrier (e.g. oxygen, resulting in the production of water). This electron transfer process
releases energy which is harnessed for translocation of protons across the cytoplasmic

membrane (prokaryotes) or inner mitochondrial membrane (eukaryotes) creating a

11
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concentration gradient of protons which can be used to drive ATP synthase to produce
ATP from ADP (Haddock and Jones, 1977). However, under anaerobiosis, other
alternative electron acceptors may be utilized, such as nitrate, fumarate, nitrite,
dimethylsulphoxide (DMSO) and trimethylamine N-oxide (TMAQ) (Lin and Luchi,
1991). If these are not available, then energy can be obtained from glucose by
fermentation.

Escherichia coli is one of the preferred bacteria to study the energy and regulation of
respiration (Unden and Bongaerts, 1997). E. coli shows flexibility in both electron input
and output. In this case there is no cytochrome bci complex, which is the third complex
in mitochondrial electron transport chain. However, a number of electron acceptors can
be used instead of oxygen (Bekker et al., 2009).

The respiratory chain of E. coli is categorized by a highly variable composition of
constituents and pathways compared to the mitochondria in eukaryotes. In E. coli, three
types of quinone are involved, menaquinone (MK); demethylmenaquinone (DMK) and
ubiquinone (UQ). When E. coli is grown on substrates that are catabolized via glycolysis
and the Krebs' cycle, NADH is the major electron carrier. In this process, electrons are
assumed to be transferred directly to UQ, (or DMK or MK, which are used in anaerobic
respiratory pathways). The genome of E. coli encodes three oxygen-reducing terminal
oxidases, cytochrome bo oxidase; cytochrome bd I oxidase and cytochrome bd 11 oxidase.
All three terminal oxidases transfer electrons from ubiquinone to oxygen (Kim ef al.,

2008).

1.3.2. Fermentation

Fermentation is a type of anaerobic redox process where energy for ATP synthesis is

provided from the breakdown of carbohydrates (Hjersing, 2011). Fermentation is used

12
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by the cell to recycle NADH into NAD™ and not to generate energy directly; so, glycolysis
can continue anaerobically, as long as an appropriate substrate is available. When glucose
and other carbohydrates are oxidized, the energy released is used to generate adenosine
triphosphate (ATP) (Pollak et al.,, 2007). The ATP yield from a fermentation process is
dependent on the pathway used and it can range from 0.3 to 4 moles of ATP per a mole
of glucose. This output is considerably smaller by, 9 fold, from that obtained during
aerobic respiration. Therefore, most bacteria prefer to avoid fermentation if a respiratory
electron acceptor is present (Miiller, 2001). E. coli uses a type of fermentation called
‘mixed acid fermentation’ where pyruvate dehydrogenase is no longer synthesized.
Instead, during fermentation pyruvate formate-lyase (PFL) is used in facultative
anaerobic E. coli, or pyruvate ferridoxin oxido reductase (Pfor) in the case of strict
anaerobes (Hallenbeck, 2009). Both enzymes are active in the absence of oxygen and
both are used in breaking-down pyruvate to two products, formate, which is secreted as
formic acid, and acetyl-CoA. Some pyruvate is converted to lactate via lactate
dehydrogenase (Becker et al., 1999). In addition, some acetyl CoA is converted to ethanol
by ethanol dehydrogenase and the rest is converted to acetate which allows ATP
generation. Most phosphoenolpyruvate (PEP) is converted to pyruvate but some is
converted to succinate through three steps and NAD™ is generated (Fig. 1.4). Subsequently,
during mixed acid fermentation, four additional enzymes are required as discussed
earlier, pyruvate formate lyase; lactate dehydrogenase; ethanol dehydrogenase and

formate hydrogen lyase (Fhl-1), which cleaves formate to CO2 and H2 (Zhou et a/., 2003).

13
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Figure 1.4. Mixed acid fermentation of glucose by E. coli. PEP: Phosphoenolpyruvate.
OAA: Oxalo-acetic aid, AdhE: Alcohol dehydrogenase, Fhl-1: Formate hydrogen lyase
-A system found in /yc operon. As illustrated by (Ruiz et al., 2012; Thakker et al., 2012).

1.4. Hydrogenase enzyme in bacteria
1.4.1. Introduction

Hydrogenases are metallo-enzymes that can be found in many microorganisms. These
metallo-enzymes contain nickel and iron metals, which are earth-abundant metals, and
contain organometallic ligands such as carbon monoxide and cyanide, which were
previously unknown to exist in biological systems (Shafaat e al., 2013). They are used
in energy metabolism and are responsible for catalysing the reversible cleavage of

hydrogen into protons and electrons (Hjersing, 2011; Shomura et al., 2011). Tuuw
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enzymatic activity was first stated in 1931, when it was shown that E. coli produce
hydrogen during their growth at lower pH under anaerobic conditions (stated in
Heinekey, 2009). Hydrogenases can be located in either the cytoplasm, the periplasm of
bacteria or bound to the plasma membrane. The cytoplasmic hydrogenases are soluble,
monomeric hydrogenases and found mainly in strict anaerobic bacteria such as
Clostredium pasteurianum, Megasphaera elsdenii and Cyanobacteria. They have the
ability in catalyse both H> uptake and evolution. The periplasmic hydrogenases are
heterodimeric, as found in Desuldovibrio spp, which can be active under aerobic
conditions. However, the membrane-bound hydrogenases are called energy-producing
hydrogenases, which couple H2 oxidation to electron dependent energy-generation via
membrane-bound subunits and they can be synthesized under either aerobic or anaerobic
conditions (Benoit ef al., 1998; Casalot and Rousset, 2001).

Hydrogenases are classified, according to their active site metal ion content, into three
different classes: nickel-iron [Ni-Fe]-, di-iron [Fe-Fe]-, and mono-iron (iron-only) [Fe]-
hydrogenases (Lukey et al., 2010). In general, hydrogenases are sensitive to oxygen and
this is applicable to E. coli hydrogenases (Abou Hamdan et al., 2012). In E. coli, there
are four [Ni-Fe] hydrogenases. These consist of a small subunit containing iron-sulphur
clusters, used in electron transfer, and a large subunit containing the nickel-iron active
site. Commonly, hydrogenase 1 (Hyd-1) and hydrogenase 2 (Hyd-2) oxidize hydrogen,
while, hydrogenase 3 (Hyd-3) is a part of the Formate Hydrogen Lyase (FHL) complex,
which produces hydrogen from formate. In E. coli, under anaerobic conditions, synthesis
of Hyd-1 and Hyd-2 occurs during fermentation and these enzymes are generally
associated with the appearance of the third hydrogenase, Hyd-3, which forms a part of
the hydrogen evolving activity of the FHL (formate hydrogenlyase) complex (Soboh et

al., 2011). However, hydrogenase 4 (Hyd-4) appears to be inactive since the genes
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encoding Hyd-4 are not expressed at significant levels (Sanchez-Torres ef al., 2013).
However, Hyd-4 shows similar sequence in its majority subunits to Hyd-3 and is more
similar to complex I than Hyd-3, and is also more complicated (nine rather than six

subunits) (Andrews et al., 1997).

1.4.2. [Ni-Fe]-Hydrogenase

[Ni-Fe]-hydrogenase catalyses the reversible oxidation of H2 to protons in prokaryotes.
In 1995, the structure of [Ni-Fe]-hydrogenase was obtained from x-ray crystallography
studies of five different sulphate-reducing bacteria: D. vulgaris Miyazaki F, D. gigas, D.
frutosovorans, D. desulfuricans and Desulfomicrobium baculatum and D. vulgaris
(Sawers, 1995). The [Ni-Fe]-hydrogenase in D. fructosovorans is a heterodimeric protein
consisting of larger subunit of 62.5 kDa and carries the nickel-iron [Ni-Fe] at the active
site (Ogata et al., 2009). The active site nickel is coordinated by four cysteine-S ligands;
two of them are also linked to an iron atom, which is coordinated by three diatomic
ligands (two cyanides and one carbonyl) (Lukey et al., 2010). The smaller subunit has a
molecular mass of 28.8 kDa, and it contains three iron-sulphur [Fe-S] clusters (Fig. 1.5).
These [Fe-S] clusters serve as an electron transport chain of the electrons, which are
produced from the cleavage of Hz at the [Ni-Fe] redox active site, to the electron acceptor
cytochrome c3 (Ogata et al., 2009; Pinske and Sawers, 2012). [Ni-Fe]-hydrogenases
function in hydrogen oxidation, as well as the transfer of electrons from H2 to a redox
partner (cytochrome P450). This activation of hydrogen has a potential application in
energy generation. Generally, [Ni-Fe]-hydrogenases are sensitive to oxygen. Oxygen
reacts with the active site and the result is an inactive state, which is Ni-A (inactive
unready, oxidized state) and Ni-B (inactive ready, oxidized state) (Fritsch ez al., 2011).

If the partial pressure of oxygen is high, it results in high Ni-B, whereas under low O2,
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more Ni-A is formed. The interaction of O2 with the enzyme and the inactive state was
explained with the use of the isotope O!7, which showed that O2 must be close to the Ni
atom and form a bridging ligand with the active centre, in order to be inactive (Ogata et

al., 2005; Shafaat et al., 2013).
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Figure 1.5. The heterodimer [Ni-Fe| structure in D. fructosovorans. (A) Ribbon
representation of [Ni-Fe]-hydrogenase, which consisted of two subunits: the large subunit
([Ni-Fe] active site) (dark grey) and the small subunit (light grey) consist of three [Fe-S]
clusters (P: proximal, M: medial and D: distal) as shown in (B). (B) The details of the
metallic centre in the active site of [Ni-Fe] in its oxidised form. Green ball; Ni, small dark
red ball; oxygen, blue; nitrogen, yellow; sulphur, green sticks; hydrocarbon, orange ball
and sticks; iron (Ogata et al., 2009).
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1.4.3. [Fe-Fe] Hydrogenase

[Fe-Fe]-hydrogenases are usually found in strictly anaerobic bacteria, but are also present
in green algae and some aerobic cyanobacteria. [Fe-Fe] enzymes consist of a di-nuclear
iron site in the active centre of the enzyme (Berggren et al., 2013). Two well-
characterized examples are the monomeric, cytoplasmic [Fe-Fe] hydrogenase (61 kDa)
in Clostridium pasteurianum and the dimeric periplasmic [Fe-Fe]-hydrogenase with a
large subunit (43 kDa) and small subunit (10 kDa), as in Desulfovibrio desulfuricans. All
[Fe-Fe] hydrogenases have only iron as the metal in their active site, which is named the
‘H-cluster’ (Adams, 1990). The H-cluster is composed of a [4Fe-4S] cubic cluster
bridged to two Fe atoms coordinated by putative CO, CN- and di-thiolate ligands (Fig.
1.6). [Fe-Fe]- and [Ni-Fe]-hydrogenases catalyse the activation of H2 through a reversible
reaction (Fontecilla-Camps et al., 2007 and Mulder et al., 2010) although they are not
similar in their genetic sequence (Vignais et al., 2001; Vignais and Billoud, 2007), both
have analogous overall structures as the active site is located within a large subunit and
electrons are delivered to this centre through iron—sulphur clusters (small subunit) (Forzi
and Sawers, 2007). Furthermore, both include the presence of iron bound to CO and CN

ligands at the active site, which is uncommon in nature (Vignais and Colbeau, 2004). [Fe-

Fe] enzymes are more active than [Ni-Fe]-hydrogenases by 10° fold in hydrogen
production (Holtz et al., 1991). The D. desulfuricans hydrogenase is able to produce
hydrogen at up to 8700 molecules per second (Glick et al., 1980 and Hatchikian et al.,
1992). However, it is more sensitive to oxygen during catalysis than the [Ni-Fe] enzymes
(Pinske et al., 2012). The catalytic activity of [Fe-Fe] is irreversibly inhibited once by

O2. However, [Ni-Fe] is reversible inhibited by Oz (Przybyla et al., 1992).
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Figure 1.6. Molecular structure of [Fe-Fe]-hydrogenase enzyme from Chlostridium
pasteurianum. (A) The active site of [Fe-Fe] hydrogenase structure (orange ball). (B)
The expanded view of the active site ‘H cluster’ as ball and other accessory clusters,
stated in the text. As shown by (Shepard et al., 2010; Mulder et al., 2011).
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1.4.4. [Fe]-hydrogenase

The third type of hydrogenases are the [Fe]-only hydrogenase enzymes that contain a
mononuclear Fe in its active site, neither Ni nor Fe-S (Nicolet ef al., 2002). [Fe]-
hydrogenases are enzymes unlike the other two types, found only in some
hydrogenotropic methanogenic Archaea, which function in methanogenic pathways. It
has different enzymatic redox mechanisms regarding how electrons are delivered to the
active site with respect to the [Ni-Fe] and [Fe-Fe] enzymes. The electrons are directly
transported to the active site over a short distance, where a cofactor methenyl-HsMPT*
directly accepts the hydride from Hz, so the hydrogenation of a methenyl-H4sMPT" occurs
by [Fe]-hydrogenase instead of oxidation/production of hydrogen as in the other two
types (Hiromoto et al., 2009; Salomone-Stagnia et al., 2010). For the [Fe-Fe] and [Ni-
Fe] hydrogenases, the electrons travel through a series of metallogenic clusters over a
long distance and the structure of the active site remain as it is through the whole process.
This third type contains a unique iron-guanylyl-pyridinol (FeGP) cofactor, in which the
iron atom is attached by one cysteine-sulphur atom, two CO groups, one GMP molecule,
and an sp?>-hybridized nitrogen atom and an acyl carbon atom from the pyridinol ring
(Shima et al., 2008; Shima and Ermler, 2010). [Fe]-only hydrogenases are similar to the
[Fe-Fe] type in that both are extremely sensitive to oxygen, unlike the [Ni-Fe]

hydrogenases.
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Figure 1.7. Structure of [Fe|-hydrogenase enzyme from Methanocaldococcus
Jjannaschii. (A) The active site of [Fe]-hydrogenase is illustrated in monomeric protein
subunit (grey). It zoomed in (B) (B) FeGP cofactor (shown as yellowish ball in (A)).
GMP; Guanosine monophosphate molecule; N, hybrid nitrogen and SCys is cysteine
sulphur atom. As shown by (Shima and Ermler, 2010)

21



Chapter 1 Literature Review

1.5. Hydrogen production and consumption in E. coli

1.5.1. Hydrogen consuming enzymes — Hyd-1 and Hyd-2

In E. coli, four different types of hydrogenases are recognized, all of which are of the
[Ni-Fe] type and membrane bound. Hydrogenase 1 (Hyd-1) and hydrogenase 2 (Hyd-2)
are responsible for hydrogen uptake and oxidation (Trchounian and Trchounian, 2009).
Hyd-1 is encoded by the six gene hya operon, hyaABCDEF (Vignais et al., 2001). It is a
heterodimer with a large subunit (a-subunit, 60 kDa) encoded by hyaB carrying the [Ni-
Fe] active centre and the small subunit (B subunit, 30 kDa) encoded by /yaAd, which
contains [Fe-S] clusters: a distal [4Fe-4S] cluster; a medial [3Fe-4S] cluster; and
proximal [4Fe-3S] cluster that is essential for oxygen tolerance (Volbeda et al., 2012,
Dross et al., 1992).

Hydrogenase 2 (Hyd-2) is encoded by an eight genes operon, hypOABCDEFG, with
hybC coding for the large 58 kDa subunit (a-subunit) and 4ybO coding for the small 30
kDa subunit (B-subunit) (Menon ef al., 1990).

The physiological role of Hyd-1 and 2 is to couple oxidation of hydrogen with the
reduction of the quinone pool in the inner membrane (Pinske et al., 2012). It was found
that Hyd-1 is tolerant to oxygen, while Hyd-2 is a standard oxygen sensitive enzyme, as
a result, both are repressed under aerobic environments (Lukey et al., 2010). Hyd-1 and
2 are repressed also by nitrate or phosphate availability (Richard ef al., 1999). Hyd-1 is
expressed highly under acidic condition, in the presence of formate and at the stationary
phase (Brondsted and Atlung, 1994). On the other hand, Hyd-1 activity is reduced in
pyruvate formate-lyase mutants where formate cannot be produced. Unlike Hyd-1, Hyd-
2 is inhibited by formate and under alkaline pH condition (Ballantine et al., 1986) and
expressed most strongly during the exponential phase of growth (Richard et al., 1999).

Hyd-2 activity is enhanced by glycerol and fumarate or hydrogen (Brendsted and Atlung,
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1994) and its activity in the presence of glycerol under neutral or slightly alkaline
conditions (Trchounian and Trchounian, 2009).

In 2010, Kim and his co-workers showed that recombinant expression of Hyd-1 makes it
able to produce hydrogen under micro-aerobic condition. The production was about 12.5
ml/h in 400 ml minimal media. However, there was no hydrogen production in the
wildtype even with the addition of formate as a substrate of formate hydrogen lyase
pathway. Sanchez-Torres et al. (2013) found, similar to previous studies, that Hyd-2 has
a major impact on hydrogen production and maintenance of redox balance under
anaerobic conditions in glycerol minimal media at pH 7.5, but had no effect on Hz
production at pH 6.5 or in complex medium. Loss of Hyd-1 and Hyd-4 had little impact

on H> production.

1.5.2. Hydrogen producing enzymes — Hyd-3

Hydrogenase-3 is the third hydrogenase enzyme found in E. coli, which is encoded by
the hyc genes (hycBCDEFGHI) (Bagramyan et al., 2002). Hyd-3 contains large and
small subunits that are characteristic of 'standard' [Ni-Fe] hydrogenases, and carries [Fe-
S] clusters located in the hydrophilic part of the complex, which may form the electron
transport pathway (Fig. 1.8) (Rossmann et al., 1994). The large 65 kDa subunit of Hyd-
3 is encoded by hycE, while the small 28 kDa subunit is encoded by 4ycG, which is tightly
attach to the membrane and functions in electron transfer within the Fhl-1 complex. In
order to produce hydrogen, Fhl-1 is the main enzyme needed, and is a complex of Hyd-
3 (hyc) and ‘formate dehydrogenase H’ (FdhH) which is encoded by the fdhF gene. The
Fhl-1 complex is responsible for the cleavage of formic acid to carbon dioxide and
hydrogen during anaerobic fermentation under acidic pH condition (Sawers, 1995). The

expression of the syc operon is repressed by the 4ycA gene product, which encodes the
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FhlA, the activator. It is also repressed by oxygen and nitrate, and induced by formate
under fermentative growth conditions (Pecher ef al., 1982). The 22 kDa HycB and 20
kDa HycF subunits are membrane associated ferrodoxin-like electron transport proteins,
which act as electron carriers of the FhlA complex, where HycB is also the small subunit
of FdhH (Sauter et al, 1992). On the other hand, HycC (64 kDa) and HycD (33 kDa) are
integral membrane-spanning proteins, which are anchored to the cytoplasmic side of the
membrane and they are similar to Hyf components, and have homology to NADH-

ubiquinone-oxidoreductase components (McDowall et al., 2014) (Fig 1.8).

Periplasm Inner membrane Cytoplasm
HCOO-
HycC HyeB d [ Fdh-
— 2" CO2+ H
+ H+
HycD HycF
[Fe-S] HycE H2
”‘/ d 2e
HyeG 2H+
[Fe-Sl
\

Figure 1.8. Organisation and function of FHL complex. FHL subunits are illustrated
with electron transport pathway. [Fe-S], Iron-sulphur cluster; Fdh-H, Formate
dehydrogenase-H. Red arrow describe the electron pathway. As shown by
(Leonhartsberger, 2002).

1.5.3. Hydrogen producing enzymes — Hyd-4

The hyf operon in E. coli, encoding the fourth hydrogenase isoenzyme (Hyd-4), is a
twelve-gene operon (hyfABCDEFGHIR-focB). The hyf operon is located from 55.8” to
56.0’ in the genome and encodes a predicted ten-subunit hydrogenase complex, plus a

formate- and sigma 54-dependent transcriptional activator (HyfR homologous with
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FhlA), and a putative formate transporter channel (FocB homologous to FocA) (Andrews
etal.,1997). HyfA is a member of the ferredoxin family of bacterial proteins and is likely
to be involved in electron transfer between Fdh-H and hydrogenase-4 (Sauter et al.,
1992). HyfB, HyfD and HyfF are not closely related to each other but they are polytopic
membrane proteins and they are similar to the subunits (ND2, ND4 and NDS5) of the
proton-translocating NADH-ubiquinone oxidoreductase (complex I of the mitochondrial
electron transport chain and Nuo in E. coli). Moreover, HyfD includes eight predicted
transmembrane helices. However, HyfE is not homologues to complex I or Nuo
components, but it predicted to be found as a polytopic membrane protein. HyfG and
Hyfl are particularly closely related (73% and 63% identity) to the large and small
subunits of hydrogenase-3 (HycE and HycG, respectively). HyfH is a member of the 8
Fe ferrrdoxin family. HyfJ is homologous to HycH of Hyd-3, which has an unknown
function. Recently, it was found to act as a chaperone of HycH and its homologue, HyfJ,
plays a dual- role in improving the assembly of formate hydrogen-lyase complex,
although HycH is not a part of the final structure of the FHL complex (Lindenstraul} et
al., 2017). On the other hand, HyfR regulates transcription of the Ayf operon in the
presence of formate and it has similarity to FhlA (regulator of Hyd-3). FocB is closely
resembles the formate transporter FocA, therefore it appears to be a second putative

formate transporter (Andrews et al., 1997) (Fig 1.9).

1.5.3.1 Comparison between Hyf and Hyc

There are seven products of 4yf (hyfABCGHIJ) homologous to seven Hyc subunits; where
HyfA is homologous to HycB, HyfB to HycC, HyfC to HycD, HyfG to HycE, HyfH to
HycF, Hyfl to HycG and HyfJ to HycH (Skibinski et al., 2002). Furthermore, HyfR is

related closely to FhlA, in that both are formate-responsive 6°* dependent transcriptional
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regulators, where they regulate the transcription process of the Ayf and hyc operons,
respectively. Moreover, FocB is very similar to FocA, the formate transport system of E.
coli. According to sequence similarities, FocB is considered to be a second putative
formate transporter (Fig 1.9) (Suppmann and Sawers, 1994; Andrews et al., 1997). On
the other hand, there are three /yf genes that can be found only in the /yf operon and not
in the hyc operon, hyfD; hyfE and hyfF (Andrews et al., 1997), on which two of the
subunits (HyfD and HyfF) and HyfB are counted as a part of complex I. Andrews et al,
(1997) suggested that these additional subunits have a function associated with the
respective subunits of complex I as proton translocators, which are not found in Hyd-3.
They concluded that Hyf hydrogenase, together with FdhH, couples the oxidation of
formate to proton translocation and it forms a putative ‘Fhl-2 complex’, that is similar to
the ‘Fhl-1 complex’ formed by Hyd-3 and FdhH. A schematic model of the subunits
arrangement of the proposed FdhF-Hyf complex, and known structural features of

complex I, are shown in Fig 1.10.
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Figure 1.9. A schematic map of Hyc, Hyf and colmplex1. Seven of Hyc components
match those of Hyf. Two additional subunits from Hyf resemble complex I components
(in red circle). As shown by (Skibinski et al., 2002).
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Figure 1.10. Functional model for the proposed ‘Hyf:Fdh-H’ complex (FHL-2).
This model was based on the Hyc:FdhH complex, showing proton translocation (absent
in Hyc:FdhH). The yellow big cylinder indicates the proton-translocating subunit where
proton movement occur and energy is produced. This subunit is not found in Hyc. As
listed by (Skibinski et al., 2002).
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1.5.4. Regulation of hydrogenases in E. coli

The global regulatory systems of hydrogenase enzymes in E. coli are FNR (fumarate and
nitrate regulator), which is encoded by the fnr (fumurate and nitrate reductase) gene, and
the ArcAB (Anoxic Respiratory Control A and B) regulator system. FNR controls the
expression of a number of genes involved in strict anaerobic respiratory pathways
(Levanon et al., 2005). Under anaerobic conditions, FNR is a dimer with two [4Fe-4S]**
clusters which each bind to four cysteine residues. In the presence of O2, FNR is
converted to a [2Fe-2S] form, which is not active in gene regulation, and if the oxygen
exposure is extensive FNR is converted to apoFNR, which is not active (Flint et al.,
1996). The interconversion of active and inactive FNR is a reversible reaction. The
cysteine desulferase (IscS) enzyme is one of the most important components for [4Fe-
4S] formation in apoFNR in vivo. It provides sulphur for Fe-S cluster synthesis in vitro
(Schwartz et al., 2000). The reaction needs cysteine, which provides a bound sulthydryl
group for Fe-S cluster formation. Also, glutathione (GSH) acts as a reductant and can be
used in conversion of [2Fe-2S] to [4Fe-4S] (Schwartz et al., 2000; Unden et al., 2002)

(Fig 1.11).
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Figure 1.11. Schematic diagram of FNR regulation and its activation and
inactivation by Oxygen. Red, reduction; Oxd, oxidation. The arrows show the
interconversion process of FNR from active to inactive state and the opposite. As shown
by (Guest, 1992).
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In addition, the Arc (Anoxic respiratory control) system is a two-component response-
regulatory system in E. coli that controls the transcription of genes under anaerobic
conditions. ArcA is a cytoplasmic regulatory protein, while ArcB is a histidine kinase
transmembrane protein sensor (Drury and Buxton, 1985; Tuchi ef al, 1990). Under
anaerobic condition, the quinone pools are in reducing form, ArcB senses the redox state
of the cell and under goes phosphorylation. The phosphate is transferred onto further
signalling domains (located at the amino terminal of ArcB) and then on to ArcA, which
is a response regulator and it become functional (Malpica et al., 2004; Taylor and Zhulin,
1999). The phosphorylated ArcA is then able to act as an activator or repressor of
different metabolic reactions (Fig 1.12). For example, when oxygen is low, genes
encoding proteins that use oxygen and are active under aerobic conditions are repressed,
however, genes that do not require aerobic conditions for their further metabolic
processes will be upregulated (Liu and De Wulf, 2004; Salmon et al., 2005). Mutation in
arcA or arcB affects more than 30 operons. Most of them are flavo-protein
dehydrogenases, and/or Krebs’ cycle, glyoxylate cycle and fatty acid degradation
pathways enzymes, which are repressed under anaerobic environment. However, two of
them were shown to be activated by ArcA; cytochrome d oxidase and pyruvate-formate
lyase. The organization between FNR and ArcAB allows the cell to adapt itself in

different oxygen environments (Compan and Touati, 1994).
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Figure 1.12. ArcA and ArcB component signal transduction systems, quinone
dependent. Under anaerobic conditions, ArcB autophosphorylates and
transphosphorylates ArcA via four steps of phosphorylation. In an aerobic environment,
the oxidised forms of quinone predominates, which causes inhibition of ArcB
autophosphorylation, and ArcB can then act as a specific ArcA-P phosphatase. As
illustrated by (Malpica et al., 2004).

1.5.4.1. Other hydrogenase regulators

Formate is the primary environmental signal that mediates induction of the formate
regulon. Formate-hydrogen lyase A (FhlA, encoded by fhl/4) is the formate
transcriptional activator that directly controls the formate regulon under low pH. FhlA
binds to an upstream activating sequence located about 100 bp upstream of the
transcriptional start site of the 4yc operon and in the presence of formate, it activates the
transcription process at the 6°*-dependent promoter (Sawers, 1994; Self and Shanmugam,
2000). It was originally defined as a regulator of genes involved in nitrogen metabolism
and assimilation under nitrogen limiting conditions (Hunt and Magasanik, 1985).

Sigma-54 is a class of sigma factor that requires additional ATP-dependent activation

provided by ATPase transcriptional activators (such as FhlA) in-order to melt double
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strand DNA and initiate transcription (Wedel and Kustu, 1995). Sigma-54 has four

domains (Fig 1.13):

o>

The N-terminal Activator Bind Domain (ABD), at that interacts with a conserved
motif (GAFTGA) located in the middle of the ATPase domain. This interaction leads
to a conformational change that allows >* to switch from promoters from the closed
to open complex whereby double stranded DNA is melted around the +1 site.

The linker region, which links between the N-terminal domain and the core. This
second domain is the core binding domain (CBD), which is a seven-helix domain that
interacts with the core RNA polymerase to promote a conformational change that is
responsible for transferring the activator binding and ATP hydrolysis into larger
conformational changes at the C- terminal region of ¢ to promote transcription
initiation (Hong et al., 2009).

The third domain is the -12 DNA binding domain (-12DBD). This domain interacts
with the -12 DNA element, which is 12 bp upstream of the transcriptional binding
site. Thus, once sigma is activated, this domain is needed in melting DNA to initiate
transcription (Wong et al., 1994; Barrios ef al., 1999).

The last domain is the -24 DNA binding domain (-24DBD). This C- terminal domain
the binds to a conserved -24 DNA element upstream of the transcription start site.
Unlike the -12 DBD, it helps to position and anchor the inactive ¢3* factor at the

proper location along the DNA (Doucleff ef al., 2007).

“plays a significant role in the transcription of the FhlA/HyfR regulated genes required

for Hyd-3 and Hyd-4.
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Figure 1.13. The four domains of sigma factor 54 (¢°!). ABD: Activator binding

domain. CBD: Core binding domain. The -12 DBD is the -12 DNA-binding domain and

-24 DBD is -24 DNA-binding domain. As posted by (Doucleff et al., 2007; Hong et al.,

2009).

Fhl-1 complex, which is encoded by fdhF and hyc, is a transcriptional regulator of Fhl

(formate hydrogen lyase) complex gene expression; this complex catalysis the

breakdown of formate to hydrogen and carbon dioxide under fermentative conditions

(Fig 1.8) (Sauter ef al., 1992). The FhlA protein has three main domains:

e The C-terminal DNA-binding domain;

e The central region, which is responsible for formate- and DNA-dependent ATP
hydrolysis and where the interaction with c>*-takes place and the initiation of
transcription occurs; and

e The N-terminal region, where the formate is bound (Self ez al., 2001).

From the sequence similarity between FhlA and HyfR (the regulator of the Hyd-4 genes),

their central (69% identity) and C-terminal regions (69% identity) show strong similarity,

but they are less similar in their N-terminal regions which in FhlA recognise formate.
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HyfR is another type of 6°* —transcriptional regulator, that regulates the transcription of
the Ayf operon (Skibinski et al., 2002). Over-production of HyfR increases 4yf expression
by up to 1000 fold. This high expression depends on growth conditions, such as
anaerobiosis, low pH and post exponential growth phase. This induction was observed
with a hyfd-lacZ reporter strain when hyfR was placed under the control of the Piac
promoter in the presence of ¢°*. Moreover, this induction was not affected by fhid
mutation, which indicates that FhlA does not participate in the activation of /yf operon
by HyfR (Skibinski et al., 2002). Self et al. (2004) found similar results in that HyfR
activated a hyfA-lacZ fusion. This result confirms that transcription of /yf depends on
HyfR. However, under aerobic condition, HyfR does not activate the transcription of Ayf-

lacZ.

1.6. Some functional studies on Hyf

Andrews et al.(1997) suggested that Hyf in combination with formate hydrogenase H
(Fdh-H) forms a second formate hydrogenlyase system (Fhl-2) that, unlike Fhl-1, is an
energy conserving, proton translocating system. A further study by Skibinski et al.
(2002), identified the transcriptional start site (c>*) of the /yf operon by reverse
transcriptase (RT) mediated primer extension. A ¢cDNA product was observed which
initiates 30 bp upstream of hyf4 start codon. However, no cDNA products were detected
with primers to 4yfR and focB, which provides evidence that 4yfR and focB promoters are
absent. Furthermore, they used RT-PCR to determine all of the 4yf cistrons, except for
hyfJ-hyfR, are cotranscribed. This suggests that AyfR-focB may be independently
transcribed from the rest of 4yf operon and hyfR-focB are not part of hyf operon (despite
the lack of a RT mediated primer extension product for 4)fR). Mnatsakanyan et al. (2004)

measured hydrogen gas production from Hyc- or Hyf-dependent FHL during

33



Chapter 1 Literature Review

fermentation growth of E. coli under alkaline and acidic pH, with/ or without formate.
The hydrogen gas was measured using a pair of the oxidation-reduction, platinum and
titanium-silicate electrodes. The influence of ATPase was determined using N,N’-
dicyclohexylcarbodiimide (DCCD), which inhibit FoFi-ATPase and other proton
translocating membrane proteins. The results indicated that at slightly alkaline pH (pH
7.5), hydrogen production is dependent on Hyd-4 and FoF1-ATPase, however, addition
of external formate increased Hyd-3 activity, which indicated that Hyd-3, but not Hyd-4,
depend on FdhH. On the other hand, at acidic pH (pH 5.5), hydrogen production was
dependent on Hyd-3, but was unresponsive to DCCD. It should be noted that other
workers have been unable to find evidence for any Hyd-4 dependent H2 production
(Skibinski et al., 2002; Self et al., 2004).

Additional studies on E. coli K-12 hydrogen production (Trchounian and Trchounian,
2013) indicated that Hyd-4 is able to produce hydrogen even in glycerol fermentation
media and the amount of the hydrogen produced was the same as in glucose at pH 6.5.
Also, Hyd-2 was reported to produce hydrogen in glycerol medium, while with glucose
only hydrogen consumption was observed. Kuniyoshi et al. (2015) reported that the
expression of proteorhodopsin (PR) play a role in enhancing hydrogen production in E.
coli when HyfR was overexpressed in the presence of a light source. It was suggested
that protons generated by PR activity could only enhance hydrogen production by Hyd-

4 with associated proton translocating subunits but not Hyd-3.

1.7. Formate transport and its role in formate hydrogen lyase (Fhl-1)

Formate is a mixed acid fermentative product of the pyruvate cleavage by pyruvate
formate lyase (Pfl) and it is translocated across the cytoplasmic membrane by the

pentameric ion channel/transporter ‘FocA’, which together with the nitrite channel NirC,
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is a member of the formate/nitrite membrane transporter (FNT) family (Lii ef al., 2011).
Formate is transported across the inner membrane by the protein FocA, encoded by focA.
Expression of the focA-pfl operon is induced during anaerobic growth and in the presence
of formate. FocA provides a channel with a narrow, positively charged entrance to the
pore that is just wide enough for formate to pass through (Fig 1.14). FocA forms a
symmetric pentamer, with each protomer consisting of six transmembrane (TM)
segments (Wang et al., 2009). TM1, TM3, TM4 and TM6 are each a single a helix.
However, TM2 and TMS5 consist of two a helices connected by a loop Q. The formate
ions travel though the pore, and the negatively charged surface on the periplasmic side

repels the formate out of the channel into the cytoplasm (Fig 1.15) (Waight et al. , 2010).

Central
-ve
Periplasm pore
Cytoplasm
+ve CHOO-

Figure 1.14. Structure of FocA. The FocA pentamer got a central pore. (-ve) indicates
negatively charged periplasmic surface area and (+ve) indicates the cytoplasmic positive
charge. The green arrow indicates CHOO- formate movement through the central pore.
As illustrated by (Wang et al., 2009).
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Figure 1.15. Diagram with sequence of each transmembrane segments and their
connections. Numbers indicate the segments. It shows clearly that TM2 and TMS are
broken in the middle of the membrane and are connected by a loop (shown in red circle).
This figure as shown by (Hunger et al., 2014).

1.7.1. E. coli is hypophosphite sensitive during fermentative growth

Hypophosphite is a formate toxic analogue, as it is a strong inhibitor of the pyruvate
format lyase (pfl) enzyme. It inhibits E. coli growth completely when it is added (about
75 mM) to media under anaerobic conditions. However, under aerobic conditions, there
is no effect of hypophosphite on bacterial growth. In a focA mutant strain, E. coli is more
resistance to hypophosphite compared to the wildtype. This indicates that FocA is
responsible for hypophosphite transport (Suppmann and Sawers, 1994). Moreover, under
fermentative conditions, FocA transports the fermentation product depending on pH of
the cytoplasm. At high pH (= 6.8), FocA acts as passive facilitator, however, at lower pH

(< 6.8) it switches to be as an active proton symporter (Lii et al., 2012).
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1.8. Systems required for formate dehydrogenase and hydrogenase
formation

1.8.1. Types of formate dehydrogenases

There are three formate dehydrogenases in E. coli, formate dehydrogenase-N (Fdh-N);
formate dehydrogenase-O (Fdh-O) and formate dehydrogenase-H (Fdh-H). Fdh-N
consists of three subunits, a (FdnG), B (FdnH) and y (Fbnl) with molecular weights of
110 kDa, 32 kDa and 20 kDa, respectively (Enoch and Lester, 1975). The large o subunit
is a seleno-molybdo protein, which forms a catalytic site for formate oxidation (Berg et
al., 1991). FdnH binds to four iron-sulphur clusters to mediate electron transfer between
o and y. The y subunit transfers electron from f to quinone. The fdnGHI operon is located
at 32 min on the E. coli chromosome. The expression of this operon requires anaerobic
conditions with the presence of nitrate for optimal transcription (Berg and Stewart, 1990).
The expression is regulated by FNR (section 1.5.4). Two accessory genes are required in
synthesis of active Fdh-N, encoded by fdhD and fdhE. FdhD functions as a sulphur
transferase required for sulphur transfer from IscS to the Mo located in the Fdh active
centre for its maturation (Thome et al., 2012), while FdhE functions in the processing of
Se (Liike et al., 2008; Fig 1.16A).

Fdh-O differs from Fdh-N, since it catalyse the oxidation of formate using oxygen as a
terminal electron acceptor (Sawers et al., 1991; Gennis and Stewart, 1996). It is
composed of three subunits: a (FdoG), B (FdoH) and y (Fdol). The functions of FdoG
and FdoH are similar to the Fdh-N equivalents. However, Fdol acts to mediate the located
localisation of the Fdh-O complex to the inner surface of the cytoplasmic membrane
(Benoit et al., 1998). Fdh-O is encoded by fdoGHI operon at 88 min on the E. coli
chromosome (Plunkett et al., 1993). This operon is expressed under aerobic conditions .

In contrast to Fdh-N, the expression of the Fdh-O operon is not regulated by FNR. The
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main regulators are the histone-like H-NS protein and the cyclic AMP receptor protein
(CRP), which induce Fdh-O expression (Abaibou et al, 1995) (Fig 1.16B). Note that

Fdh-H was described in detail in section 1.5.2.

A HCOO CO; +H' HCOO CO; +H' B

Figure 1.16. Schematic illustration of membrane-bound formate dehydrogenase in
E. coli. A: Fdh-N and B: Fdh-O. Both enzymes are located at cytoplasmic side. Electron
flow within the dehydrogenases is indicated by the dotted thin arrows. Q indicates
quinone. As shown by (Hartwig et al., 2015)

The formation of formate dehydrogenase and hydrogenase enzymes in E. coli depends
on the availability of a number of metals. These include nickel, which is required in
hydrogenase synthesis, and selenium and molybdenum, which are a must in formate
dehydrogenase synthesis (Bock and Sawers. 1996). In addition, the hydrogenases

requires some accessory genes (e.g. hyp genes), which are necessary for the maturation

and synthesis of all hydrogenases.

1.8.2. Nickel uptake and its incorporation in E. coli

Nickel is found in all hydrogenase enzymes in E. coli. The synthesis of the [Ni-Fe]
cluster depends on nickel supply (Rodrigue et al., 1996; Maier and Triplett, 1996). Nickel

(N1i) 1s taken up into prokaryotic cells by two types of high-affinity transport system. The
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first method involves the ATP-Binding Cassette (ABC-type) transporters. The best-
characterized ABC-type transporter for Ni** is found in E. coli (Eitinger and Mandrand-
Berthelot, 2000). The second mechanism makes use of permeases, which is found to be
in other bacteria and fission yeast (Komeda et al., 1997).

The multicomponent of ABC-type transport system consists of five proteins, NIkABCDE
encoded by the nikABCDE operon that carries out the ATP-dependent transport of Ni%*,
NikA is a soluble, periplasmic-binding protein, NikB and NikC form two integral
transmembrane forming proteins as a channel for Ni** and NikD and NikE hydrolyse
ATP and couple this energy to power Ni-transport (Fig. 1.17) (Mulrooney and Hausinger,
2003). Expression of nikABCDE is induced by FNR under anaerobic condition and
repressed by NikR. At high nickel concentrations (0.3 mM), as nickel ions are also toxic
to cells, synthesis of Nik is completely repressed by the transcriptional regulator NikR,
which is encoded by nikR located immediately downstream of the nikABCDE operon

(Eitinger and Mandrand-Berthelot, 2000).
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Ni2+

nikA

Inner membrane nikB nikC
nikD nikE
cytoplasm /\ \
V

NiZ ADP+Pi

\ Nirel
\1,7 hydrogenase
Other nickel

nikR (inactive) proteins

FNR W

) l nikR
1

Figure 1.17. Uptake of nickel across cytoplasmic membrane in E. coli, and the
regulation of nickel ion uptake by components of nik operon. (0): operator of the
operon, (p) promoter of the operon. The (-) sign indicates the repression of nikABCDE
operon by NikR transcription factor and (+) indicates the expression of nik operon and
its regulation by FNR. As illustrated by (Navarro et al., 1993).

1.8.3. Selenium and molybdenum uptake and their incorporation

Selenium is incorporated into the large o subunit of the three formate dehydrogenase
isoenzymes in E. coli in the form of a single selenocysteine residue (Bock and Sawers,
1996). The selAB operon, the se/C and the selD genes are required for the biosynthesis

and incorporation of the selenocysteine residue into the o subunit of Fdh (Leinfelder et
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al., 1988). The seryl residue is converted to selenocysteine on a unique se/C-encoded
tRNA, through the action of selenophosphate synthase (SelD) and selenocysteine
synthase (SelA). SelB is a special elongation factor that binds to selenocystyl-tRNA and
delivers it to the translating ribosome.

Likewise, molybdenum is an essential component in Fdh-enzymes in E. coli. The uptake
of molybdenum is as the molybdate ion, MoO4*, which is carried by the ModABCD
high-affinity molybdate-specific transporter. ModABCD is an ABC-transporter, and
consists of a molybdate-specific periplasmic-binding protein (ModA), two integral-
membrane channel-forming proteins (ModB and ModD) and an ATP-binding protein
(ModC) (Maupin-Furlow et al., 1995; Earhart, 1996). ModABCD is encoded by the
modABCD operon located at 17 min on the E. coli chromosome. Expression of the operon

is repressed by ModE in response to high concentrations of molybdenum.

1.8.4. Accessory genes (hyp genes)

The Hyp (hydrogenase pleotropic) proteins, encoded by the hypABCDE operon and
hypF, are located upstream of syc operon and downstream of fh/4 (Fig. 1.18). The Ayp
genes are involved in hydrogenases synthesis through the maturation of the large subunits
and [Ni-Fe] metal centre synthesis (Jacobi et al., 1992). HypBDE and HypF are generally
involved in maturation of Hyd-1, Hyd-2 and Hyd-3 of E. coli, while HypA and Hycl
together are involved only in the maturation of Hyd-1 and Hyd-3 (Casalot and Rousset,
2001). HypA functions as metallo-chaperone in the insertion of nickel in Hyd-3 and one
of the important proteins in the maturation of [Ni-Fe] (Watanabe et al.,, 2009). On the
other hand, Hycl is an important processing protease that has a molecula mass of 17 kDa.
It remove a 32 amino-acid peptide from the C- terminus extension of pre-HycE to allow

the metal insertion and convert the HycE precursor into its mature form. The hycl
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cleavage reaction is not inhibited by any conventinal inhibitors or Syrine and
metalloproteases (Rossmann ef al., 1994)

HypB act as nickel donating system, in which GTP hydrolysis involved in releasing
HypB from pre-HycE (Maier et al., 1993). HypC is thought to be specific chaperone-type
protein which is able to form a complex with pre-HycE during the maturation process,
which keeps the protein in a folded state ready for the nickel insertion (Drapal and Bock,
1998). It has another function, which is preventing the small subunit (HycG) from
associating with pre-HycE during the maturation process (Magalon and Bock, 2000).
HypC and D together forming a complex the iron ligand, making Fe is available to be
transferred into the mature large subunit (Blokesch and Bock, 2002). HypE and F are
partners in the maturation pathway. HypF interacts with pre-HycE and helps in the
synthesis and/or the insertion of cyanide and carbon monoxide ligands in the active site
of the large subunit (Jacobi et al., 1992). Mutation in AypF stops any hydrogenase
activity, and a defect in 4ypA or hypB can be overcome by adding high concentration of
nickel (> 0.4 mM). However, mutation in all #yp genes will prevent the maturation of all

hydrogenases (Jacobi and Bock, 1992).

Hyd-3 Hyp
hvdN
! 1 ‘ [ \\
b Gl G F“ c B—\(J»AB ¢ b El fhia -
J’ﬂ /
i i Membrane— Ni-insertion l
E;Lbsz:':ZL.P Prg:!:a::rone 5'2:&/] :trse Sibunkts Tra?esgc‘::::;ornal [ CN-transfer

[NiFe]-transfer

Electron-transfer for Hyd-3 (HvbG

subunit

Transcriptiobnal
regulator

[FeS]-protein CO
synthesis

Figure 1.18. Genetic organisation of 4yc and hyp operon on the E. coli chromosome.
Hyd: hydrogenase. hydN: is gene product involve in electron transfer from/ to FdhH.
White arrows are other accessory proteins which are dividing Hyd-3 from hypF. As
shown by (Pinske and Sawers, 2014).
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1.9. Aims and objectives of this study:
The overall aim of the experimental programme is to consider the biochemical purposes
of Hyf and FocB in E. coli K-12, by answering the specific questions below:
¢ Bioinformatics analysis on Ayf strains
e What are the species distribution of 4yf'and is there any link between strains
with Ayf'and those without?
s Does hyf-encoded FocB function like its homologue, FocA, as a formate
transporter?
e What is the effect of active expression of foc4 and focB on hypophosphite
(toxic formate analogue) sensitivity.
e Does transport activity for FocA and FocB react differently to pH?
e Does formate addition protect the cell form hypophosphite toxicity?
e [Is formate/hypophosphite transport via FocB affected by the growth
conditions?
% Does Hyf, like Hyc, generate H2?
e Does Hyf produce H: if the hyf operon is expressed from an inducible
promoter?
e Does pH affect the hydrogen production by Hyf?
e Does formate addition increases the quantity of hydrogen produced by Hyf?
e Does Hyf show any hydrogenase activity upon activity staining?
e Does Hyf allow an energy conserving FHL reaction?
% Is Hyf a second formate hydrogen lyase (Fhl-2)?
e Is Hyf-dependent hydrogen production depedent on Fdh-H (fdhF)?
e Does the cloned hyf operon, together with cloned fdhF, (double

transformation) enable production of hydrogen in hycE~ fdhF double
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mutant?
o Is there any inducer effect for the double transformation with respect
to hydrogen production?
e Does formate addition increase hydrogen production in the double mutant
strain?
% Is there any accessory systems/metals effect for Hyf-dependent hydrogen
production?
e Does nickel addition affect Hyf-dependent hydrogen evolution?
e What are the effects of the metals iron, nickel, molybdenum and selenium
on Hyf-dependent hydrogen production in parallel with the bacterial

growth?
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Chapter 2: Materials and Methods

2.1. Chemicals
All chemicals were of analytical grade or higher and were purchased from Bio-Rad,

Fisher Scientific, Melford or Sigma Aldrich unless otherwise stated.

2.2. Enzymes

All restriction enzymes were purchased from Promega, New England Biolabs, or
Fermentas (Thermo Fisher Scientific). DNA polymerase and Quick ligase were
purchased from Bioline and Fermentas. All the enzymes were used according to the

manufacture’s instruction with the appropriate buffers.

2.3. The size marker
GeneRuler™ 1 kb DNA ladder from Fermentas was used to determine the size and

quantity of DNA following gel electrophoresis (Fig 2.1).
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Figure 2.1: DNA marker. GeneRuler 1kb ladder from Fermentas. DNA marker was
used to estimate the size and quantity of DNA.Source:
http://2009.igem.org/wiki/images/3/3f/Generulers_1kb marker Fermentas.jpg.
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2.4. Antibiotics

Antibiotics were prepared as described (Table 2.1) with those dissolved in water being

filter sterilised through a sterile 0.22 pm membrane (Millipore) and stored at -20 °C.

Table 2.1: Antibiotics used in this study.

Antibiotic Mode of action Uses Working
Strength
Ampicillin: Gram negative bacterial. | Selection and
(100 mg/mL stock | Inhibits cell wall maintenance of E.
in nano pure peptidoglycan synthesis | coli strain carrying 100 pg/mL
H:0). at the transpeptidation the p-lactamase
step gene
Chloramphenicol: Selection and
(50 mg/mL in o o maintenance of E.
ethanol). S coli strains 35 pg/mL

50S ribosomal elongation _
carrying the cat

gene
Kanamycin: Interacts with 30S Selection and
(50 mg/mL stock | subunit of bacterial maintenance of E.
in nano pure ribosomes and inhibits coli strains 35 pg/mL
H:0). translocation during carrying the Kan®

protein synthesis gene.

2.5. Microbiological media

2.5.1. Lysogeny broth (LB) and agar

Lysogeny broth (LB), was used for routine bacterial work, contained 10 g/ tryptophan,
5 g/l yeast extract and 5 g/l NaCl. LB was then made up to one litre with qH20 (18.2 MQ,

purified through active carbon filter, reverse osmosis, ultrafilter and final passage through
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0.22 um filter using Nanopure™ diamond filtration system from Barnstead laboratories)
and autoclaved to ensure sterility before use. Once sterile and cooled, antibiotics or sterile
growth additives were added according to experimental requirements. To make LB agar,
one litre of L broth was made as above, to this, 15 g of agar were added and well mixed
using a magnetic stirrer. Once thoroughly mixed, the medium was dispensed into
appropriate aliquots and autoclaved ensuring the lids were slightly loosened. The agar
was then cooled to 50 °C before adding any antibiotics or other heat labile additives, the

medium was then solidified before use.

2.5.2. Werkmann Minimal media (WM)

This medium was used for hypophosphite inhibition test. WM media contains 50 mM
disodium hydrogen phosphate, 100 mM potassium dihydrogen phosphate, 1 mM
magnesium sulphate, 0.1 mM calcium chloride, 15 mM ammonium sulphate and 80 mM
glucose. This medium was adjusted at pH 6.5, by adding potassium hydroxide.
Supplements, when required, were added to the following final concentrations; 5 mM
sodium hypophosphite as maximum, 20 mM sodium formate as maximum and 0.02%
(w/v) rhamnose. Workmen solid medium contained 1.5% w/v agar. When required, the
antibiotic chloramphenicol was added to a final concentration of 50 pug/ml. In case if it is
used in measuring hydrogen production, 0.4-0.8% trace elements were used (section

2.5.2.1).

2.5.2.1. Trace elements

The trace elements (0.2%) were used in WM medium, for hydrogen production testing
as well as the growth trend. These consisted of 0.2% ammonium sulphate, 0.1%

potassium phosphate, 0.1% sodium dihydrogen phosphate, 0.02% magnesium sulphate
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hepta-hydrated, 5 uM nickel chloride, 1.6 uM ferric citrate, 1 pM sodium molybdate and

1 uM sodium selenite.

2.5.3. Rich media

This medium was used in measuring the hydrogen production in hyc mutant
transformants complemented with the inducible /yf operon. Rich medium contained 20
g/l peptone, 2 g/l KxzHPO4, 5 g/l NaCl and 0.01 M glucose. The medium was adjusted to
pH 6.5 by adding potassium hydroxide. Supplements, when required, were added to the
following final concentrations; 5 mM sodium hypophosphite as maximum, 20 mM
sodium formate as maximum and 0.02% w/v rhamnose. Rich medium contained 1.5%
w/v agar. When required, the antibiotic chloramphenicol was added to a final

concentration of 50 pg/ml or ampicillin to 100 pg/ml.

2.5.4. TGYEP media

This medium was used for determining the activity of hydrogenase 4 in Ayc mutant
transformants complemented with the /yf operon. This medium contains 10 g/l tryptone,
5 g/l yeast extract, 12 g/l K;2HPO4, 3 g/l KH2PO4 and 5 g/1 glucose. The pH is adjusted to
6.5 by adding potassium hydroxide. Supplements, when required were, added to the
following final concentrations of 5 mM as maximum for sodium hypophosphite, 20 mM
sodium formate and 0.02% w/v rhamnose. Rich medium contained 1.5% w/v agar. When

required, the antibiotic chloramphenicol was added to give 50 pg/ml.

2.6. Media sterilisation

Bacterial medium components were prepared as described by Sambrook et al. (2001).

All media and heat stable solutions were sterilised by autoclaving at 121°C, 20 Ib/in? for
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20 min. Sterilisation of heat labile solutions was achieved by filtration through a sterile
0.22 pm membrane (Whatman). Media were solidified with 1.5% w/v agar before
autoclaving. Glassware used in microbiological procedures was sterilised by dry heat

(150 °C for 2 to 2.25 h). For all iron-restricted growth, acid-washed glassware was used.

2.7. Equipment

A Biofuge bench top Micro Centrifuge (MSE) or Eppendorf centrifuge 5424 were used
to centrifuge volumes smaller than 1.5 ml, a Biofuge bench top centrifuge (Centaur) was
used for centrifugation of large samples. A benchtop BR401 refrigerated centrifuge
(Denley) or refrigerated Eppendorf centrifuge 5804 R were used for centrifugation of

large samples at 4 °C.

2.8. Strains

Strains used in this study are listed in Table 2.2. Liquid cultures of bacteria were grown
at 37 °C and 250 rpm in a Sanyo Gallenkamp orbital shaker in Luria-Bertani broth
containing appropriate antibiotics in different concentrations as described in Table 2.1.

Bacterial stocks stored in LB liquid medium at -80 °C with 17.5% (v/v) glycerol.

Table 2.2: Strains used in this study.

Bacterial Genotype Reference/Source
Strain

MG1655 Wild type Lab stock
Top10 E. coli ¥-, mcrA, A(mrr-hsdRMS- (Sambrook et al., 2001)

mcrBC), 080lacZAM15, AlacX74,
nupG, recAl, araD139, A(ara-
leu)7697, galE15, galK16,
rpsL(StrR), endAl, )

BW25113 F-, A(araD-araB)567, (Datsenko and Wanner, 2000)
AlacZ4787(::rrnB-3), 4°,
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JW0887-1 BW25113 AfocA::kan (Baba et al., 2006)

JW0887-2 BW25113 AfocA::kan (Baba et al., 2006)

BW25113 AfocB

JW2477-A-2 This study

BW25113 BW25113 AhycE::kan (Baba et al., 2006)

BW25113 AhycA-E::kan

BW25113 (Baba et al., 2006)

BW25113 BW25113 AhyfG::kan (Baba et al., 2006)

BW25113 BW25113AfdhF::kan (Baba et al., 2006)

BW25113 AfdhF::cat Ahyc::kan This study

AfocA E. coli (JWO0887)

JocA- pfocd carrying pBAD:ma-focA

CmR This study

Wildtype E. coli
Wt- pfocA (MG1655) carrying CmR This study
pBADrha-focA

AfocB E. coli (JW0887)
carrying pBADrha-focB

focB- pfocB CmR This study
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AhycE E. coli
(BW25113)
carrying pBADrha-
hyc

hycE- phyc CmR This study

Wildtype E. coli
(MG1655)
carrying pBAD:ha-
hyc

Wt- phyc CmR® This study

AhycE E. coli
hycE- phyfG (BW25113) carrying CmR This study
pBADa-hyfG

Wildtype E. coli
(MG1655)
carrying pBAD:ha-
hyf

Wt- phyf CmR This study

AhycE E. coli
hycE- pfdhF (BW25113) carrying AmpR This study
pBADara-fth
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(AfdhF)::cat Ahyc E.
coli (BW25113) CmR This study
carrying pBADrha- hyf'

hycE+fdhF-
phyf

(AfdhF)::cat AhycE E.
coli (BW25113) AmpR This study
carrying pBADoara- fdhF

hycE+fdhF-
pfdhF

(AfdhF)::cat Ahyc E.
hycE+fdhF - coli (BW25113) CmR and
phyc +pfdhF  carrying pBADma- hyc AmpR
and pBADara-fdhF

This study

Wildtype E. coli
Wt- phyf+ (MG1655) carrying CmR and
pfdhF pBADrha- hyf and AmpR
pBADarajfth

This study
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2.9. Plasmids

All plasmid stocks were maintained at -20 °C in ultra-pure water. Plasmid details are
listed in Table 2.3.

Table 2.3. Plasmids used in this study.

Plasmid name Genotype Anflbwtlc Source / Reference
resistance

Cloning vector with
rhamnose inducible
promoter (Prha)
(Appendix 2)

pBAD:ha CmR Ford et al., 2014

Derived from pANTSy,
pKD3 containing FRT-flanked CmR Datsenk(; ggg,Wanner
cat gene from pSC140

Temperature sensitive

plasmid (30 °C) Amp®R and .
pCP20 encoding a Flp- CR Mori et al., 2000
recombinase
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pBADrha plus hyc
PBADrha-hyc operon from E. CmR This study
coli MG1655

pBADrha plus Ayf
pBADrha-hyf operon from E. coli CmR This study
MG1655

BADara plus fdhF gene

_ p R :
PBADara-fdh F from E. coli MG1655 Amp This study
pBADrha plus hyfG
PBADha-hyfG operon from E. coli CmR This study
MG1655

2.10. DNA manipulation and analysis methods

2.10.1. Extraction of genomic DNA

Genomic DNA was extracted from the cells of E. coli MG1655 using a DNeasy® Blood
& Tissue kit (Qiagen). One colony was inoculated in 2.5 ml LB and incubated overnight
at 37 °C on a shaker (250 rpm). 0.5 ml of overnight cultures were inoculated into 5 ml
pre-warmed LB. Cells were harvested in the exponential phase and centrifuged at 7,500
rpm for 10 min. The pellet was re-suspended in 180 pul Animal Tissue Lysis (ATL) buffer.
20 ul of proteinase K were added to the sample and mixed, the sample was incubated at
56 °C in a water bath for 4 h and vortexed every 30 min. 200 pl of Animal Lysis (AL)
buffer were added and mixed with the sample by vortex. 200 pul of ethanol (absolute)
were added and mixed by vortex. The sample was applied to the DNeasy® Mini Column
and centrifuged at 8,000 rpm for 1 min, 500 pl of Washing-1 (AW1) buffer were added
and the column was centrifuged again at 8,000 rpm for 1 min. Washing-2 (AW2) buffer
was then added and the column was centrifuged at 14 rpm for 3 min. 200 pl of Elution

(AE) buffer were added and incubated at room temperature for 1 min. Then the column
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was centrifuged at 8,000 rpm for 1 min and the elutant was transferred to the freezer at -

20 °C for later use.
2.10.2. Polymerase chain reaction (PCR)

A Thermo Scientific Phusion® High Fidelity DNA polymerase kit was used for DNA
amplification. Each 20 ul PCR reaction contained the following components; 5x Phusion
GC buffer or 5x Phusion GC buffer, 200 uM dNTPs, primers at 0.5 uM, 3% DMSO, 1-
2 ul DNA (60-100 ng/ul) and up to 20 ul sdH20. Also, CloneAmp HiFi PCR premix/
Universe HotStart was used for /yf operon amplification. The 20 pul PCR reaction
contained 12.5 pl of CloneAmp HiFi PCR premix; 0.2-0.3 uM of each primer as a final
concentration; < 100 ng of DNA templet and up to 25 ul sdH20. After pre-heating at 94
°C for 3 min, PCR was performed using 30 thermal PCR cycles (98 °C for 10 secs, 60-64
°C for 15 secs, and 72°C for 1-4 min). This was followed by a final extension step, 72°C

for 10 min.

2.10.2.1. Colony PCR

Colony PCR is a method used for determining the presence or absence of insert DNA in
plasmid constructs in multiple colonies. This was achieved by designing primers at the
cloning flanking regions of the selected plasmid. Typical reaction volumes used for
colony PCR were 25 pl and consisted of 2.5 pl 10x Dream Taq™ DNA polymerase
buffer, 0.5 ul 10 mM dNTP’s, 1 ul 10 uM forward primer, 1 pl 10 uM reverse primer,
19.75 pl gH20 and 0.25 pl Dream Taq™ DNA polymerase added on ice. The desired
colony was then touched using a sterile fine yellow tip attached to a Gilson pipette set to
20 ul, the tip was gently touched onto an agar plate containing selective antibiotics before
being inserted into one of the aliquots containing 25 pl of the reaction mixture, the colony

was then mixed with the reaction constituents by gently pipetting up and down taking
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care not to introduce too much air to the PCR reaction. Once carefully mixed, the tip was
discarded and the procedure repeated using separate aliquots for the desired number of
colonies to be screened. Positive controls of colonies known to contain the correct
plasmid insert were used to ensure that the PCR reaction was working properly. Once all
mixtures were inoculated with a colony, they were placed into an Eppendorf
Mastercycler® gradient PCR machine to be amplified. The following conditions were
used as a standard with the annealing temperature adjusted according to appropriate
primer Tm. The led heated to 105 °C followed by an initial heating step at 95 °C for 5
min to break open bacterial cells and denature the DNA. This was subsequently followed
by 35 cycles with 1 min at 95 °C (denaturation), 1.5 min at 45 °C (annealing) and 1 min
at 72 °C (extension). Following the 35 cycles there was a final extension step at 72 °C
for 5 min to ensure elongation was complete. The PCR reactions were cooled to 4 °C and

analysed for the appropriate plasmid insert by agarose gel electrophoresis.

2.10.3. Purification of PCR products

PCR products were purified using the GeneJET™ PCR Purification Kit (Fermentas),
according to manufacturer’s instructions. 1:1 (v/v) of binding buffer to PCR product were
combined, up to 800 pl of the re-suspension solution was transferred to the GeneGET™
purification column which was then centrifuged for 45 sec. 700 pl of wash buffer were
added and the column was then centrifuged again for 45 sec. The column was centrifuged
for 1 min, then 50 pl of elution buffer were added and the column was centrifuged for 1

min. The eluate was then stored at -20 °C. All micro-centrifugation was 12,000 rpm.
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2.10.4. Restriction digestion

DNA digestion of PCR products and vectors was generally performed in 20-30 pl
volumes containing 60-100 ng/pul DNA, 1X react buffer and appropriate restriction
enzymes (1-5 U). The mixture was incubated at 37 °C for 60 min without shaking. The

digested DNA was purified using PCR product purification kit (Fermentas).

2.10.5. DNA concentration determination

Prior to ligation reaction, the concentration of the plasmid DNA was determined using
the Nanodrop spectrophotometer. Two pl of plasmid DNA were placed onto the
spectrophoto-meter's pedestal and the absorbance of the sample at 260 nm was used to

determine DNA concentration.

2.10.6. Ligation reactions

The digested and purified PCR products and vector were ligated together in a volume of
10 pl containing 70-100 ng of the digested PCR product and 100-200 ng of the digested
plasmid, 1X T4 ligase buffer (Fermentas) and 3 U of T4 ligase (Fermentas® or New
England BioLabs®inc). Sticky end ligations were incubated at room temperature for 10
min whereas blunt end ligations were incubated for 1 h. in both cases, 3-5 ul was used

for transformation into 100 pl of chemically competent cells.

2.10.7. Plasmid ‘minipreps’ isolation

One millilitre of an overnight cell suspension was centrifuged at 13,000 rpm for 8 min
and 100 pl of buffer 1 (50 mM Tris-HCI, 10 mM EDTA, 100 ug/ml RNase A, pH 8.0)
were added to each cell pellet and mixed by vortexing. 200 pul of buffer 2 (1% SDS, 0.2

M NaOH) were added to each tube and mixed by inversion. Tubes were stood on ice for
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5 min, 150 pl of ice-cold buffer 3 (3.0 M potassium acetate, pH 5.5.) were added to each
tube and mixed as before and stood on ice for another 5 min. Samples were centrifuged
at 13,000 rpm for 5 min, the supernatant was transferred to a new tube. 400 pl of
isopropanol were then added to each tube which was mixed vigorously and left to stand
in room temperature for 2 min. The samples were centrifuged as before, the supernatant
was discarded, 200 pl of absolute ethanol were added to each tube and mixed by
inversion. Samples were centrifuged as before; the supernatant was discarded and the
tubes with open lids were left at 37 °C. 20 pl of TE buffer (10 mM Tris-HCI, 1 mM
EDTA, pH 8.0) were added to each tube followed by mixing. Samples were finally stored
at -20 °C (Birnboin and Doly, 1979).

Plasmids, were also isolated by using Thermo Scientific GeneJET™ Plasmid Minipreps
(Fermentas). One transformant colony was inoculated in 2.5 ml LB containing a selective
antibiotic and incubated overnight at 37 °C on a shaker (250 rpm). The entire overnight
culture was centrifuged at 13,000 rpm for 5 min at room temperature, and the supernatant
was discarded. The pellet was resuspended in 250 pl of Resuspension Solution
(containing RNase A) and vortexed until no cell clumps remained. The bacterial
suspension was centrifuged as before, 250 pl of Lysis Solution was added to the pellet
and mixed thoroughly by inverting the tube 4-6 times until the solution became viscous
and slightly clear. Neutralization Solution (350 pl) was added to the sample and mixed
immediately and thoroughly, as described before. The sample was then centrifuged as
before for 5 min to pellet the cell debris and chromosomal DNA. The supernatant was
carefully transferred to a GeneJET spin column and centrifuged for 1 min, the flow-
through was discarded and column was returned to the collection tube. Plasmid DNA in
the spin column was washed twice with 500 pl of Wash Solution (diluted with ethanol)

and then centrifuged as above for an additional 30-60 sec to remove residual Wash
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Solution. The final step in plasmid isolation was addition of 50 pl of the Elution Buffer
to the centre of the GeneJET spin column membrane to elute the plasmid DNA, the spin
tube was then incubated at the room temperature for 2 min prior to centrifugation as

before. The purified plasmid DNA was then stored at -20 °C for future work.

2.10.8. Gel electrophoresis

2.10.8.1. Agarose gel electrophoresis

For analysing plasmid DNA and PCR products, agarose gel electrophoresis was
performed. Gels were generally 0.7% (w/v) agarose in 0.5X TBE buffer (0.4 M Tris, 0.4
M borate, 1 mM EDTA, pH 8.0). Gel staining was performed with Biotium Nucleic Acid
Stain GelRed™ (dilution of GelRed™ 10,000X stock reagent into the agarose gel
solution i.e. 1 ul of the GelRed™ 10,000X stock reagent added to 50 ml of the gel
solution). DNA samples (2 pl) were loaded with 2 pl of DNA loading dye (10 mM Tris-
HCI pH 7.6, 0.03% bromophenol blue, 0.03 xylene cyanol FF, 60% glycerol 60 mM
EDTA) and 6 ul sterile ultrapure water (suH20). GeneRuler™ 1 kb DNA ladder
(Fermentas) was used as the DNA size marker (1 pl GeneRuler™, 2 pl of DNA loading
dye, 7 pl suH20). Samples were electrophoresed (50-60 volts) for around 90 min in a
BioRad horizontal gel tank containing 0.5X TBE buffer. Agarose gels were then
visualised under UV illumination provided by a short-wave length UVP GelDoc-it
ultraviolet transilluminator Bio Imaging system and a G: Box Chemi-XL1.4 GENESys

(Synoptics Ltd).

2.10.8.2. Native Polyacrylamide gel electrophoresis

The hydrogenase activity band was determined using native 7.5% polyacrylamide gel

with 0.1% (w/v) Triton X-100. The gel contained resolving and stacking gels. The
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resolving gel contained 1.3 ml 62.5 mM Tris-HCI (pH 7.5), 11.3 m1 30 % w/v acrylamide
(Bio-Rad), 0.05 ml 10% w/v ammonium persulphate, 0.003 ml TEMED and 2.35 ml
distilled water. The gel was cast and, once set, the stacking gel applied to the top.

The stacking gel was made up of 0.13 ml 34 mM Tris-HCI (pH 5.5), 0.17 ml 30% w/v
acrylamide, 0.01 ml 10% w/v ammonium persulphate, 0.001 ml TEMED, 0.69 ml
distilled H20. The running buffer (Tris/glycine system) was made up of 0.1 M Tris; 0.1
M glycine and 0.1% (v/v) Triton X-100, pH 8.5. Another gel system was used at neutral
pH (barbitone gel system) which was made of 82.5 mM Tris; 26.8 mM barbital and 0.1
% v/v Triton X-100, pH 7.0. The loading dye contained 15 g of ficoll-400, 250 mg of

xylene cyanol, 250 mg of bromophenol blue and water up to 100 ml.

2.11. Cloning into plasmids

2.11.1. Primers designing for gene amplification using PCR

Oligonucleotides primers were designed using Vector NTI Express and ordered from

Eurofin (formally MWG). All primers used in this study are listed in Tables 2.4-2.9.

Table 2.4. Primers designed for PCR amplification for focA and focB cloning into
pBADrha and their sequence primers used in this study. The underline sequences are
the restriction enzyme sequence.

Primer Forward/ Reverse 5'-3 Restrictio  Primer ™  GC

name nenzyme Length (C) (%)
(bp)

pBADm TCAGCAGGATCACATATG

wfocA  AAAGCTGACAACCCTTT V4 - 63.5 43

pBADm GACTCTAGAGGATCCTTA

ofocA  ATGGTGGTCGTTTTCAC BamHl 35 6a.4 46
BAD TCAGCAGGATCACATATG

P ™ AGAAACAAACTCTCTTTC Ndel 37 63.3 41
a-focB G
BAD GACTCTAGAGGATCCTCA

P ™ GGGTTCCTGACGTAAATA BamHI 38 65.5 45
a-focB AA
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7p  TAATACGACTCACTATAG - 20 477 40
GG

p‘H;Tl' AAGAACATCGATTTTCCA - 24 54 47
TGGCAG

reverse

pBADm ATGCCATAGCATTTTTATC _ 20 45.6 35

JF C

pB[;‘{D“‘ GATTTAATCTGTATCAGG - 18 412 33

Table 2.5. Primers designed for PCR amplification of /yf operon of E. coli MG1655
for In-Fusion cloning and its sequence after the cloning into pBADrha. The underline
sequences are the restriction enzyme sequence.

Primer Forward/ Reverse Restriction Primer Tm GC
name 5'-3' enzyme length (°C) (%)
(bp)

BAD.... TCAGCAGGATCACATATGAACCG

p rha CTTTGTGGTGGC Ndel 35 66.8 54

hyfA

BAD GACTCTAGAGGATCCTCAGGGTT

p foc B“‘“' CCTGACGTAAATAAA BamHI 38 65.5 45

"B‘;ll)““" CTTTCCCTGGTTGCCAATG ) 19 511 53

PBAD:ha- CCTTTTGAATTTGCCGAT - 18 46.8 42
hyf F2

PBADrha- CGGCGCACTGTTTCATCTG - 19 532 58
hyf F3

PBADrma- GGCTAAATAAAGGTCTTGC - 19 46.8 42
hyf F4

PBADma- o GOTGAAGCAGAACA ) 18 458 44
hyf FS

PBAD:ha- TATTACCAGAGCGATAAAG - 19 446 37
hyf F6

PBAD:ha- TTCGCCTGGTTTATTCGC ) 18 48 50
hyf F7

PBAD:ma- CTGCTTTTTTCGCTGCTC ] 18 48 50
hyf F8

PBADrha- GTTGTTGCTCATCTTCGG - 18 48 50
hyf F9

PBAD:ma- GGTCACCATTACGGTGAA ] 18 48 50
hyf F10

PBAD:ha- GGAAAAGTCGATGACGAT - 18 458 44
hyfF11

pBAD:ha- ]
Ty F12 CTGGCTTTCGCGGAAAAC 18 50.3 56

pBADrha-
hyfF13 GCGGTATTTTCCACGATC - 18 48 50
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pBADrha-

Iy F14 CGTGAGAAGGATTTCTCA 18 458 44

pBADrha-

Iy F15 GAATCTGCGCTCCTTATA 18 458 44

pBADrha'

hof F16 AATGGCGCGCCATATGAA 18 48 50

pBADrha-

hyf F17 TAATCTGGTTTTCCGGGC 18 48 50

pBAR?”‘a' AAGCTTGCATGCCTGCAGGT 20 538 55
PBAD:ha- AGCAGATTACAACACCTC 18 45.8 44
hyfR2
PBAD:ha- TTTGACCAGCGGCTTGTCG 19 532 58
hyf R3
PBADta- A GTTAAACAGTGTGCA 18 458 44
hyf R4
PBADrha- (- CTCTTCAGTCATGTAAC 19 568 42
hyf RS
PBADina- GGTTTTGTGGCGCATTTT 18 458 44
hyf R6
PBADrma- TAAAGCCTTCGGTCAGCA 18 48 50
hyf R7
PBAD:ha- CTCATTGATAAACGGATACG 20 477 40
hyfR8
PBADma- ) GCAGGACGATAATCAG 18 48 50
hyf R9
pBADrha-

hyfR10 CAGAAACGCCGAGCTTAA 18 48 50

pBADrha-

Iy R11 TATTTCGTGCAGCGTAAG 18 458 44

pBADrha'

Iy R12 GCTGTGGCAAATACATCAG 19 489 47

pBADrha-

hyfR13 AAACGAAACGACCAGTGC 18 48 50

pBADrha'

Iy R14 ATCAGACCTGAAGATGTC 18 458 44

pBAD:ha-

hyf RIS GTATTTGGCACTTCCTGT 18 458 44

pBADrha-

Iy R16 TGAAAGCGTGCGGAAACT 18 48 50

pBADrha'

Iy R17 GCAGCAAAGCATGTTGTG 18 48 50
Table 2.6. Primers designed for PCR amplification of hyc operon of E. coli MG1655
for In-Fusion cloning and its sequence after the cloning into pBAD ha.

Primer Forward/ Reverse Restriction Primer Tm GC
name 5'-3 enzyme length ©O) (%)

(bp)
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TCAGCAGGATCACATA
PBADma- TGACTATTTGGGAAAT
hycA AAGCGAGA el L S
GGGTACCATGGCATAC
pBADma- TACTCTTCTTCCACCGC 40 59 57
hycl TAACTGC i
GCAGGATCACAATGAC
PBAD:ha- TA - 18 458 44
hyc-s F1
ATGGGGCCGTGCAGTT
pBADrha' _
hyc-s F2 GA 18 52.6 61
pBAD o TCATGGCCETGTGCGCG _ s o s .
hyc-s F3 :
pBAD h- AATAGTGG%GCGTTTGT » i 44
hyc-s F4 ) ’
pBAD - TCCGGCTGgGTGTTCCG _ » 1 0
hyc-s FS '
pBADma- GCGCTGA??GAGGCAT y i “
hyc-s F6 )
pBAD - ACGCTTGC?CTCGCATC _ s 503 .
hyc-s F7 ’
AGAAGAGCAAAGTGGT
pBADha-
hyc-s F8 GC - 18 48 50
pBAD - TTTCGCCG(C}TGTTTGAT _ » i %
hyc-s F9
pBAD o GCAAAATg(C}AAGGCGT _ y “03 .
hyc-s F10 '
pBAD - CAGGGTTAC"}FTGTCTCAT » 45 s “
hyc-s R1 i '
pBADrha- GGTTTAGCgCCATATCC _ y “03 .
hyc-s R2 '
CGCAGCGGCTGCACCA
pBADrha- _
hyc-s R3 TA 18 54.9 67
AAGTCTTCTTTCTTCCA
PBAD - C i 18 535 39

hyc-s R4
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pBADs ATAGCCGACAAACGGG

rha=
hyc-s R5 TG - 18 50.3 56
pBAD o AAAGTTCé?CCGGCCA _ o i %
hyc-s R6
pBADsha- GTTTGCCCQTTTCGATA _ s s 0
hyf-s R7 ’
pBAD o CGTGGTCE%};AACCGCA _ y .y 8
hyf-s R8 ’
pBAD - ATCATGC(é(éAGCACCA _ " e o
hyf-sf R9 ’
pBADrha- GCTCATTT?GCCTCTCC y i %
hyf-s R10 )
pBADsha- TAGCGGTgiATAAGCT _ s 45 »
hyf-s R11 :

Table 2.7. Primers designed for PCR amplification of fdhF of E. coli MG1655 for
In-Fusion cloning into pBADara.

Primer Forward/ Reverse Restriction Primer Tm GC
name 5'-3' enzyme length (oC) (%)
(bp)
pBADara- GAGGAATTAACCATGAAAAA
fdhF-F AGTCGTCACGGTTTGCC Ncol 37 64.5 43
pBADara- AAAACAGCCAAGCTTTTACG
fdhF-R CCAGTGCCGCTTCGCG HindlIll 36 64.4 44

Table 2.8. Primers designed for PCR amplification of fdhF and hycE in E. coli
MG165S5 for post transduction and kan cassette removal confirmation.

Primer Forward/ Reverse Primer Tm GC
name 5'-3' length (°C) (%)
(bp)
fdhF-F CATTACTGATGCTGGACAGCC 21 54.4 52
fdhF-R GCGGCTTTCTGTGCCCAATA 20 53.8 55
hycE-F GCGTCTTGATATTACTCCGC 20 51.8 50
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hycE-R TTATCAACCGCAATCGGCTC 20 51.8 50

Table 2.9. Primers designed for PCR amplification of pKD3 as chloramphenicol
template for fdhF knockout in the AhycE strain.

Primer Forward/ Reverse Primer Tm GC
name 5'-3' length (°C) (%)
(bp)

CGTATGCGTGATTTGATTAACTGGAGCG
fdhF-fwd AGACCGATGAAAAAAGTCTGTGTAGGCT 67 74.4 48
GGAGCTGCTTC
CAGCCTCCGAAAGGAGGCTGTAGAAAG
JfdhF-rev  GACGGTATTACGCCAGTCATATGAATAT 65 74.1 48
CCTCCTTAGT

Table 2.10. primers designed for PCR amplification of hyfG in E. coli MG1655 for
cloning into pBADrha in this study. The underline sequences are the restriction
enzyme sequence.

Primer Forward/ Reverse Restriction Primer Tm GC
name 5'-3' enzyme length (°C) (%)
(bp)
pBADma- TCAGCAGGATCACATGTGAA
hyfG-F CGTTAATTCATCGTC il o @S el
pBADma- GACTCTAGAGGATCCTTATTC
hyfG-R AGCGGCGAACGGTT BamHI 35656 49

2.11.2. Preparation of plasmid DNA

A single E. coli colony carrying the desired plasmid was used to inoculate 2.5 ml LB
containing the appropriate antibiotic. This was incubated overnight at 37 °C with shaking
at 250 rpm. The cells were then harvested and plasmid DNA was isolated using a

GeneJET™ plasmid Miniprep kit. All plasmids were eluted in ultra-pure water and stored

at -20 °C.
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2.12. Preparation of competent cells for transformation

Chemically competent cells were created by treatment with calcium chloride. 0.5 ml of
an overnight culture of E. coli (different strains) were inoculated into 250 ml conical flask
containing pre-warmed 50 ml LB, and grown up to an ODecoo of 0.5 (Lederberg & Cohen,
1974) at 37 °C in a Gallenkamp orbital shaker (250 rpm). Cells were harvested in pre-
cooled 50 ml Falcon tubes by centrifugation at 4 °C and 5,000 rpm for 5 min in a Biofuge
Stratos bench-top centrifuge. Following the centrifugation, the supernatant was decanted,
and the cells were re-suspended in 30 ml of ice-cooled 0.1 M of MgClz and incubated on
ice for 10 min. Cells were centrifuged as before, the pellet was re-suspended again in 30
ml ice cold 0.1 M of CaClz and incubated on ice for 30 min. Cells were centrifuged again
as before and pellets re-suspended in 8 ml ice cold 0.1 M of CaClz plus 20% glycerol.

Cells were then divided into 200 pl aliquots and stored at -80 °C.

2.12.1. Transformation into chemically competent cells and plating of
the cells

2.12.1.1. Heat-shock transformation

E. coli chemically competent cells (100 pl) were inoculated with 2 pl plasmid DNA or
ligation reaction (Hanahan, 1983; Lederberg & Cohen, 1974; Sambrook, 1989). The cells
were incubated on ice for 30 min, heat shocked at 42 °C for 2.5 min, and then immediately
returned to ice for a further 5 min. Next, 1 ml of pre-warmed L-broth was added to the
cells, and they were incubated at 37 °C for a further 45 min. following incubation, the
tubes were micro-centrifuged at 13,000 rpm for 6 min and 900 pl of supernatant were
removed. The pellet was re-suspended in the remaining liquid, and then 30 ul aliquots
were plated on to separate LB-agar plates containing the selective antibiotic. Plates were

allowed to dry were then incubated (inverted) for 18 h at 37 °C.
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2.12.1.2. Electroporation transformation

Electroporation was carried out as described previously (Yu et al., 2000). Briefly, pre-
cooled E. coli competent cells (90 pnl) were incubated with 5-10 pl plasmid containing
solution. The mixture was incubated on ice for 30 min and then transferred into a pre-
cooled electroporation cuvette (0.1 cm). Electroporation was performed by using a Bio-
Rad Gene Pulser set at 1.8 kV, 25 puF with a pulse control of 200 ohms. The electroporated
cells were immediately diluted with 900 pl of Lb. Around 985 pl was decanted into
Eppendorftubes and incubated with shaking at 37 °C in a Gallenkamp orbital shaker (250
rpm) for 2 h. The cells were then centrifuged, 400 ul of the supernatant was removed and
the cells were re-suspended in the remainder. They were then spread on LB agar plates

containing the appropriate antibiotic and incubated at 37°C for 18-24 h.

2.12.2. Gene cloning into vectors

DNA digestion of PCR products and vectors was generally performed as described above
(2.10.4). The digested PCR products were purified according to manufacturer’s
instruction using a PCR purification kit (Fermentas) or reaction GeneJET™ cleanup Kit
(Fermentas) (section 2.10.3). Ligation was performed at 22 °C with T4 DNA ligase
(Fermentas) as described (section, 2.10.6). The ligation reaction was then used to
transform chemically competent E. coli. The identity of plasmids within transformants
obtained was confirmed by plasmid DNA isolation, restriction mapping and DNA

sequencing.

2.12.2.1. In-Fusion® HD cloning

An In-Fusion® HD Cloning Kit from Clontech Laboratories, Inc. was used for Gibson

assembly cloning. The In-Fusion cloning kit fuses DNA fragments (e.g. PCR-generated
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sequences and linearized vectors), efficiently and precisely by recognizing a 15 bp
overlap at the ends of the fragments. This 15 bp overlap can be engineered by designing
primers for amplification of the desired sequences. The kit includes exonuclease for
generating sticky ends, a DNA polymerase to fill gaps in annealed fragments and a DNA

ligase to seal nicks.

2.12.2.2 Primers designing for In-Fusion® HD cloning

The 5’ end of every In-Fusion primer was designed to possesses 15 nucleotides that are
homologous to 15 of those at one end of the DNA fragment to which the amplification
product was to be joined. The 3’ end of the primer was designed to be between 18-25
nucleotides in length, have a GC-content between 40-60%, a melting temperature

between 58-65 °C and contain a sequence that is specific to the other end of the fragment.

2.12.2.3 In-Fusion cloning protocol

Approximately, 3 pl of around 10-200 ng of gel purified PCR product (e.g. insert) were
mixed with 1 pl of around 50-200 ng of the linearized vector, 2 pl of 5X In-Fusion HD
Enzyme Premix, and the total reaction volume was adjusted to 10 pl using deionised
H2O0, then the reaction components were mixed. Subsequently, the reaction mixture was
incubated for 15 min at 50 °C followed by holding on ice and immediately for

transformation.

2.12.2.4 In-Fusion transformation procedure using Stellar™ competent
cells

Stellar™ competent cells (Clontech) were used transform the cells with 2.5 ul of the In-

Fusion reaction mixture. A ratio of 1/100™-1/5 of each transformation reaction was
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placed into separate tubes and the volume was adjusted to 100 pl with a nutrient-rich
SOC medium. Each diluted transformation reaction was spread on a separate LB plate
containing a desired concentration of an appropriate antibiotic for the cloning vector.
Subsequently, each transformation reaction was centrifuged at 6,000 rpm for 5 min. The
supernatant was discarded and each pellet was resuspended in 100 pl fresh SOC medium.
Each sample was spread on a separate LB plate containing the appropriate antibiotic and
all plates were then incubated overnight at 37 °C. Next day, individual isolated colonies
were picked up from each transformation plate. Later, plasmid DNA was isolated using
GeneJET™ Plasmid Miniprep Kit (Fermentas). To determine the presence of insert, the

DNA was analysed by restriction digestion.

2.13. Elimination of the Kanamycin resistance cassette

The kanamycin resistance cassette was removed as part of the strain construction process,
and the Flippase recognition target (fit) sites were used in order to do so. The method
used to delete the antibiotic resistance gene is described by Cherepanov and Wackernagel
(1995). Strains from which kanamycin resistance genes needed to be removed were
transformed with pCP20 plasmid (Table 2.3). This is an ampicillin and chloramphenicol
resistant plasmid that has temperature sensitive replication and thermal induction of FLP
synthesis (Cherepanov and Wackernagel, 1995). The transformed cells were plated onto
LB solid medium containing ampicillin and incubated overnight at 30 °C. A few colonies
were selected, plated on LB agar and incubated overnight at 44 °C in order to delete the
kanamycin resistance cassette from the bacterial chromosome. Single colonies were
picked and streaked onto LB agar, LB agar plus ampicillin and LB agar plus kanamycin
and grown overnight at 30 °C. The mutants that grew only on LB agar (without any

additional antibiotics) were those that had the kanamycin cassette removed and had also
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lost the plasmid. The deletion of the kanamycin resistance genes was confirmed by

colony PCR (section 2.10.2.1).

2.14. Gene inactivation procedure “The knockout”
2.14.1. Lambda (A) Red disruption system

Gene knockout of E. coli AhycE strain was generated using the Wanner method
(Datsenko and Wanner, 2000). This method relies upon the presence of a low copy,
temperature sensitive “helper” plasmid encoding components of the homologues
recombination system found in bacteriophage A. These components are called Exo (a 5°-
3’ exonuclease, which processes along double-stranded DNA), Bet (a single-stranded
DNA-binding protein, which is able to anneal complementary single strands) and Gam
(an inhibitor of host RecBCD exonucleases). Expression of these genes is under the
control of an arabinose-inducible promoter (Pvad). When cells carrying the plasmid are
grown in the presence of arabinose, exogenously applied linear DNA is able to undergo
homologues recombination with the bacterial chromosome. In this way, it is possible to

generate an in-frame gene deletion using a PCR product.

2.14.2. Primer design

Primers were designed to anneal at the 4" codon and the penultimate codon of the target
gene, allowing generation of an in-frame deletion with minimal downstream effects. The
5’ end of each primer (between 45-48 nucleotides) was homologous to the target gene,
whereas the 3’ end of each primer was designed to amplify the chloramphenicol
resistance cassette encoded by pKD3. This plasmid was selected for use due to the fact

that it bears very little similarity to the E. coli genome and so potential generation of
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unwanted side product is reduced. This process of primer design and the resulting of PCR

product is summarized in Fig. 2.2.

Areaof
homology

—/

Target gene

/T

. Primer design and synthesis
Fwd primer . ¥

—

CAT cassette

 —

PCR amplification of pKD3
Rev primer

CAT cassette

PCR product consisting of CAT cassette flanked by homologous regions

Figure 2.2. Diagram describing the process of primers design and PCR product
generation for use in generating single gene knockout strain.
2.14.3. PCR amplification of CAT cassette

The plasmid pKD3 was used as a template for PCR so that linear DNA encoding the CmR®
cassette could be generated. PCR was carried out as described in section 2.10.2 and the

product was purified as described in section 2.10.3.

2.14.4. Induction and preparation of host cells

Cells carrying the pKD46 plasmid were grown in LB (containing antibiotics as
appropriate) at 30 °C, 250 rpm for 4 h. At this point, arabinose was added to a final
concentration of 10 mM in order to induce expression of the homologous recombination

system. The cells were incubated under the same conditions for 1 h and then harvested
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by centrifugation at 4,000 rpm for 20 min at 4 °C. The cell pellet was then aspirated and
re-suspended in 1 ml ice cold water. The cells were then centrifuged at 13,000 rpm for 1
min, the supernatant was removed and the pellet was re-suspended in the same volume
of ice cold water. This washing process was repeated five times in total, after which the
cells were re-suspended in a volume of ice cold water approximately double that of the
pellet. The cells were then aliquoted into pre-chilled electroporation cuvettes and

incubated on ice for 15 minutes prior to use.

2.14.5. Electroporation with linear DNA

About 2 ug of the linear DNA was added to each electroporation cuvette and mixed by
pipetting. The cell/DNA mixture was then electroporated. The cells were incubated at 30
°C for 1-3 h and subsequently spread on solid medium containing chloramphenicol (8
png/ ml). The plates were then incubated at 37 °C overnight. Next day, single colonies
were selected for further work and propagated on L-agar plates containing (34 pg/ ml)

chloramphenicol.

2.15. Formate —hypophosphite inhibition test

This test was done according to Suppmann and Sawers (1994). The strains were selected
to test their growth ability against hypophosphite and formate under aerobic and
anaerobic conditions. One single colony was inoculated in 5 ml WM-medium
with/without selected antibiotic. Bacteria were grown overnight at 250 rpm, 37 °C in a
Sanyo Gallenkamp orbital shaker. After 16-18 h of incubation, optical density (OD) was
measured at 600 nm using a portable spectrophotometer. This OD was used to calculate
the volume of culture to be added to fresh WM-medium to give a starting OD of 0.01 in

Bijoux bottles. These bottles have rubber inserts within their metal screw lids, providing
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an air-tight seal. The bottles were incubated at 37 °C for 48 h.

2.16. Hydrogen gas production assay

Hydrogen evolution activity was assayed using syringes. The bacterial strains and the
transformants to be assayed were grown overnight aerobically at 37 °C in a Sanyo
Gallenkamp orbital shaker (250 rpm). Next day, the optical density was measured at 600
nm using a portable spectrophotometer. Then this OD was used to calculate the volume
of culture to be added to fresh rich medium (section 2.5.3) to give a starting OD of 0.01
in the 10/20 ml syringes. Formate was added in different concentrations to measure its
effect on hydrogen gas evolution and 0.02% rhamnose was added as an inducer for the
transformants. Also, an appropriate antibiotic was added to select for the transformants.
The whole mixture was then trapped in a syringe without any bubble and the needle
inserted into a bung to prevent any oxygen from interrupting the bacterial culture; it was
incubated anaerobically at 37 °C for 24-48 h. The results were measured after the
incubation period by visualizing the distance that the plunger had moved due to the

evolution of gas (Fig 2.3).

Figure 2.3. Hydrogen assay using syringes. The syringe is filled fully with medium and
the inoculum and the needle is inserted into a bung to provide anaerobic environment.
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2.17. Formate assay

Formate assay is done by the use of Abcam’s Formate Assay kit, where formate is
oxidized in the presence of NAD" by the enzyme formate dehydrogenase (FDH) to
generate NADH in color formation. The amount of NADH is stoichiometric with the
amount of formate. Thus, NADH is the one which was measured at the absorbance (A =
450 nm).

The strains were grown aerobically overnight at 37 °C and 250 rpm. Next day, 0.01 OD
cultures in WM-medium were used to inoculate in 20 ml syringes. The cultures were
incubated anaerobically at 37 °C and the formate assay test was performed each 2-3 h
during growth. These samples were tested for formate concentration by adding into 96
well plate, 4 ul of the sample; 21 pl formate assay buffer and 25 ul of the reaction mix.
Each well was adjusted to a total of 50 ul. The standards were prepared by taking 10 ul
of 100 mM formate standard solution and diluted into 990 pl pure distilled water to make
1 mM concentration. Then, 1 to 5 ul of the diluted formate standards were added into 96
well plate with the addition of 25 pl of formate assay buffer and 25 pl of the reaction mix
(23 pl formate assay buffer + 1 ul of formate enzyme mix + 1 pl formate substrate mix)
to each diluent to generate 1 to 5 nmol/ well of the formate standard. The blank was
contained 24 ul formate assay buffer and 1 pl formate substrate mix. The reaction was
mixed well and incubated for 60 minutes at 37 °C. After incubation period, the 96 well
plate (reactions) were measured at ODa4sonm in @ microplate reader (SpectraMax). The data
were analyzed by plotting a standard curve of nmol/ well vs ODa4sonm. The formate
concentration in the test samples was calculated as follow:

Concentration (nmol/ pl) = the amount of formate (nmol) of each sample from the

standard curve)/ the sample volume (ul) added to the reaction well.
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2.18. Protein cell extract and hydrogenase activity staining

2.18.1. Protein sample preparation

This work was performed according to Pinske et al. (2012) by growing bacterial strains
overnight in YGEP media (section 2.5.4) at pH 6.5 and 37 °C. Fresh cultures of OD 0.01
were used to inoculate 20 ml syringes which were incubated at 37 °C anaerobically until
the mid-exponential phase. The cells were then harvested by centrifugation (10,000 x g
for 15 min at 4 °C). The pellets were washed in the same volume of 50 mM MOPS buffer
(pH 7.0) and was then re-suspended in one tenth of the sample volume with the same
buffer. The cells were kept on ice and ready for broken by sonication (Sonics Vibra-
Cells) at 80% amplitude with a 6 mm diameter tip for 10 minutes in short bursts of 20
seconds on and 20 seconds off to lyse the cells and any remaining intact cells were
removed by centrifuge at 15,000 rpm for 30 min. The crude extract was then re-suspended
at a protein concentration of 10 mg/ml in 50 mM MOPS (pH 7.0). Protein concentration
was measured by Bradford assay and nanodrop spectrophotometer using Nanodrop ND-
1000 spectrophotometer (section 2.18.2.1; section 2.18.2.2). The sample was adjusted to

a final concentration of 5% (w/v) Triton X-100 prior to electrophoresis.

2.18.2. Determination of protein concentration

Protein concentration was determined according to the dye-binding method of Bradford
(1976) using a prefabricated assay from Bio-Rad Laboratories (Hercules, CA) and bovine
serum albumin (BSA) as protein standard. Standards were prepared by diluting bovine
serum albumin (BSA) in a series ranging from 0.025 to 5 mg/ml. Volumes of 10 pl for
each duplicate BSA dilution (standards) and 10 pl of each protein sample (unknowns)
were added into 96-wells microtiter plate, followed by adding 190 ul of 1x diluted (Bio-

Rad) protein assay dye reagent. The absorbance was measured at 595 nm using a
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microtiter-plate reader. Using measurement obtained from the standards, a standard curve

was plotted, from which the protein concentration was calculated.

The protein concentration was also assessed using a Nandrop ND-1000 (Nanodrop
Technologies) which measures the absorbance of 2 ul of protein sample at 280 nm. Both
data from Nanodrop and Bradford assay were compared to ensure consistency and

accuracy.

2.18.3. Hydrogenase activity staining

Activity staining was performed to detect hydrogenase 4 activity by showing a clear band
following native PAGE and treatment with a continuous hydrogen flush. Native 7.5%
PAGE was as in section 2.10.8.3). After loading in the gel, 30 mA was applied for 3-4 h,
the gel was then soaked in 0.2 mM benzylviologen (BV) and 1 mM triphenyl tetrazolium
chloride (TTC) with continuous flushing with pure hydrogen gas for ~10 min, until the

activity bands appeared.

2.19. Phenotypic studies

2.19.1 Phenotypic analysis of AfocA, AfocB, Ahyc and Ahyf

Bacterial strains used were grown in the appropriate medium unless otherwise specified.
To prepare an overnight culture, 5 ml of medium was inoculated with a single bacterial
colony from a freshly streaked plate or scraped directly from seed stocks. Overnight
cultures were grown in a shaking incubator for 16 h (stationary phase). The pH levels
were adjusted using three different Good buffers; 0.2 M MES (acidic), 0.2 M MOPS
(neutral) and 0.2 M HEPES (basic). After 16-18 h of growth, OD was measured to

calculate the volume of the culture needed for addition to fresh medium to give an OD of
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0.01. To measure the effect of certain chemicals on the bacterial growth, such as the effect
of hypophosphite and different formate concentrations under different pH conditions, the

cultures were grown in Bijoux bottles with lids and rubber seals to achieve anaerobiosis.
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Chapter 3: Bioinformatics analysis

3.1 Bioinformatic data collections

E. coli contains an operon called /yf that encodes a type of [Ni-Fe] hydrogenase called
hydrogenase-4 (Hyd-4). The hyf operon of E. coli K-12 starts at 2,599,500 bp and ends
at 2,612,500 bp (Andrews et al, 1997) (Fig 3.1). Seven genes of the hyf
(hyfABCDEFGHIJ) operon are homologues to corresponding 4yc genes (encoding Hyd-
3). However, hyfD, hyfE, hyfF encode integral membrane subunits which have no direct
equivalent in Hyd-3 (Skibinski et al., 2002).

-
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Figure 3.1. Physical map and gene organisation of /yf operon in the E. coli K-12
chromosome (BioCyc Database Collection).

To identify species which contain 4yf and hyc, the hyfD, hyfE and hyfF sequences of

E. coli K-12 were obtained from the NCBI database (www.ncbi.nlm.nih.gov) in FASTA
format. These were then used to search for homologues using the Basic Local Alignment

Search Tool (BLAST; www.ncbi.nlm.nih.gov/BLAST/). In this way, the number of 4yfD,

hyfE & hyfF homologues in the sequence database, and their degree of similarity and

taxonomic distribution could be discerned.
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3.2. Phylogenetic tree

Since the gene encoding ‘the RNA-polymerase’ f (RpoB) subunit is conserved, this was
used as a phylogenetic indicator for E. coli strains and close relatives. The corresponding
amino acid sequence from a K-12 strain was obtained from Uniprot and used for BLAST
search against the microbial genomic database in NCBI. This provided a list of all E. coli
strains and close relatives (Salmonella and Shigella) within the database, 400 in total
(Table 3.1). Each strain was checked for the presence of the three genes /yfD, hyfE and
hyfF that distinguish Ayf from hyc. No Salmonella species was found that contained hyf
genes. Furthermore, E. coli (SE15, NA114, CFT073, APEC O1, IHE3034, ED1a, LF82
and O127 H6, E2348/69) were also found to lack Ayf genes. A phylogenetic tree was
constructed using RpoB amino acid sequences (Fig 3.2) and the phylogeny.fr program

(www.phylogeny.fr). Each strain found to carry hyfD, hyfE and hyfF was checked for the

presence of the hyc operon by searching for 4ycE (large subunit of the 4yc operon) using
‘BLAST”, and it was found that all Escherichia, Salmonella and Shigella strains (Table
3.1) contain Ayc.

The phylogenetic tree showed that all of the E. coli strains that lacked Ayf are clustered
into a single clad and that all members of this clad are Ayf-free (Fig 3.2). Although these
strains were isolated from different sources (Fig 3.2), most of them cause urinary tract
infection (UTI) (Krause et al., 2011, Andersen et al., 2013, Avasthi et al., 2011, Lu et
al., 2011, Matsumoto, 2001, Iguchi et al., 2009, McCusker et al., 2014 and Zhou et al.,
2014). For example, strains D 114 and D _i2 were isolated from stool samples and were
found to cause urinary tract infection (Fig 3.3) (Peris-Bondia ef al., 2013). Most of the
hyf carrying strains (E. coli and Shigella), where information is available, were isolated

from faecal samples (Fig 3.2), for instance E. coli K-12 (Oshima et al., 2008).
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Table 3.1. The presence of hyfD, hyfE and hyfF in E. coli strains and close relatives
with percentage match indicated.

Species (strain)

Salmonella agona (24249)

Salmonella agona (SL483)

Salmonella javiana (CFSAN001992)
Salmonella heidelberg (CFSAN002069)
Salmonella heidelberg (41578)
Salmonella heidelberg(B182)

Salmonella heidelberg(SL476)
Salmonella paratyphi-C (RKS4594)
Salmonella cubana (CFSAN002050)
Salmonella typhi (Ty21a)

Salmonella typhi (P-stx-12)

Salmonella paratyphi-A (AKU12601)
Salmonella paratyphi-B(SPB7)
Salmonella enteritidis (P125109)
Salmonella bareilly (CFSAN000189)
Salmonella thompson (RM6836)
Salmonella typhimurium (CFSAN002069)
Salmonella schwarzengrund (CVM19633)
Salmonella dublin (CT02021853)
Salmonella newport (USMARC S3124.1)
Salmonella newport (SL254)

Salmonella arizonae (RSK2980)

S

hyfE hyfF

>

E T T B R T A I R B e I B I
ST T I R R I A B A B e B B I B
ol I I R - B B I B I I B I I B

E. albertii (KF1) X X X
E. fergusonii (ATCC_35469) N (75%) N (79%) N (77%)
E. coli (SMS-3-5) V(98%) N (99%)  (98%)
E. coli 07 _KI (CE10) V(98%)  V(99%)  (98%)
E. coli (IAI39) V(98%) N (99%)  (98%)
E. coli (JJ1886) X X X
E. coli (SE15) X X X
E. coli (NA114) X X X
E. coli (ABU 83972) X X X
E. coli (clone Dil4) X X X
E. coli (clone Di2) X X X
E. coli (CFT073) X X X
E. coli (536) X X X
E. coli (APEC-01) X X X
E. coli (S88) X X X
E. coli (IHE3034) X X X
E. coli (PMV-1) X X X
E. coli (UTI8Y) X X X
E. coli (ED1-a) X X X
E. coli-083_HI1 (NRG_857C) X X X
E. coli (LF82) X X X
E. coli (042) V(99%) N (98%)  (98%)
E. coli (UMN026) V(99%) YV (99%)  (98%)
E. coli-0145_H28 (RM13514) V(99%) N (99%)  (99%)
E. coli-0145_H28(RM13516) V(99%)  V(98%) V(99%)
E. coli-0157_H7 (TW14359) V(99%) N (99%)  (99%)
E. coli- 0157 _H7(EC4115) V(99%) N (99%) (99%)
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E. coli- 0157_H7(EDL933) V(99%) N (99%)  (99%)
E. coli (Xuzhou21) V(99%) N (99%)  (99%)
E. coli- 055_H7(RM12579) V(98%) YV (98%) (99%)
E. coli- 055_H7(CB9615) V(98%) N (98%) (99%)
E. coli- 0157_H7(Sakai) V(99%) YV (99%)  (99%)
E. coli-BL21 (DE3) V(99%)  V(99%)  (100%)
E. coli (P12b) N (100%) (100%) (99%)
E. coli-B (REL606) V(99%) N (99%) N (100%)
E. coli_BL21-Gold DE3 V(99%)  V(99%)  (100%)
E. coli (ATCC_8739) V(99%)  V(99%)  V(99%)
Shigella dysenteriae (Sd197) V(99%)  V(98%) V(99%)
Shigella sonnei (53G) V(99%) N (99%)  (99%)
Shigella sonnei (Ss046) V(99%) YV (99%) (99%)
E. coli O111_H (11128) V(99%) N (99%)  (99%)
E. coli 026_HI1 (11368) V(99%) N (99%) (99%)
E. coli (E24377A) V(98%) N (99%)  (98%)
Shigella flexneri-5 (8401) V(99%)  V(99%)  (98%)
Shigella flexneri (2002017) V(99%)  V(99%) V(99%)
Shigella flexneri-2a (301) V(99%) N (99%)  (99%)
Shigella flexneri-2a (2457T) V(99%) N (99%)  (99%)
Shigella boydii (3083-94) V(98%) N (99%) (99%)
Shigella boydii (Sb227) V(98%)  V(99%) V(99%)
E. coli-0104-H4 (2009EL-2050) V(99%) N (99%) (99%)
E. coli-0104-H4(2011C-3493) V(99%) N (99%) (99%)
E. coli-0104-H4(2009EL-2071) V(99%) YV (99%)  (99%)
E. coli (55989) V(99%)  V(99%) V(99%)
E. coli -0103-H2 (12009) V(99%) YV (99%)  (98%)
E. coli (SE11) V(99%) YV (99%)  (99%)
E. coli (LY180) V(99%)  V(99%) V(99%)
E. coli APEC (O78) V(99%) YV (99%)  (99%)
E. coli (W) V(99%) N (99%) (99%)
E. coli (KO11FL) V(99%) N (99%)  (99%)
E. coli (HS) V (100%)  V (100%) N (100%)
E. coli (C321.deltaA) 7 (100%)  V (100%) ~ (100%)
E. coli-K12 (MG1655) V (100%)  V (100%) ~ (100%)
E. coli-K12 (MDS42) V(100%)  V (100%)  (100%)
E. coli-K12 (W3110) v (100%) N (100%) V (100%)
E. coli (DH1) v (100%) V (100%) ~ (100%)
E. coli (ETEC-H10407) V(99%)  V(99%)  V(99%)
E. coli (UMNKS88) N (100%)  \ (100%)  (100%)
E. coli (BW2952) V (100%) N (100%) ~ (100%)
E. coli-K12 (DH10B) N (100%) NV (100%)  (100%)
E. coli-K12 (MC4100) N (100%) NV (100%)  (100%)
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Figure 3.2. Phylogenetic tree of all E. coli strains and close relatives within the
complete microbial chromosome database of NCBI. The tree was derived from an
amino acid sequence alignment of the ‘RNA Ploymerase 3 subunit of ~500 different
strains in the database selected on the basis of their sequence similarities of 80%-
100%. The boxes indicate the strains with no /yf. The circles indicate the source of the
isolate strain: Urine, ; Faeces, ®; Spinal fluid, ®; Blood, e; Food industry
contamination, ©; Intestine, ®; and Environmental contamination, ®. A subset of
strains were selected randomly to assess their niches.
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3.3. Physical map

A number of strains were selected, from representative points in the phylogenetic tree,
from each group (strains with 4yf and without Ayf region) to view the upstream and
downstream regions of the 4yf operon in order to determine the differences between /yf*
and hyf strains at the Ayf locus. This was done by using various programs (Xbase,
Ecobase and NCBI). The strains with no /yf used were E. albertii (KF1) and E. coli
(O127:H6 - E2348/69), (SE15), (NA114), (CFT073), (APEC-O1), (IHE3034), (EDla)
and (LF82); while the strains with hyf were E. fergusonii (ATCC35469) and E. coli
(SMS_3 5), (042) and (O157:H7), (E24377A), (55989) and (MG1655), Sakai, Shigella
sonnei (53G), and E. coli K-12 (W3110). For E. coli K-12, upstream of hyf4 is bcp
(thioredoxin dependent thiol peroxidase), and downstream of focB is perM (permease/

UPO118 family) (Fig 3.3).

?hyﬂ hyf8 hyfC hyfD  hyfE hyfF hyfG  hyfH hyfl hyfJ hyfR focB
i%n;l'@%n;ls &ié}il—_'—;\c;\
E. coli K12-W3110
1540 bp

Figure 3.3. Physical map of the hyf region of E. coli (W3110) and adjacent genes
(2,599,134 — 2,614,537). Red circles show the upstream and downstream of 4yf operon.
Upon comparison with the 4yf operons of the other strains listed above, three different
organisations were apparent: some selected strains contain a full Ayf operon whereas
others do not. For example, E. fergusonii ATCC35469 has a full 4yf region except that
focB is not present. This could be due to the presence of focA elsewhere on the

chromosome (adjacent to pfIB) which might render focB redundant. E. coli SMS 3 5, as
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annotated, contains a full operon except for 4yfJ, where a hycH homologue is reported to
be present instead. However, since BLAST showed that the identity between AyfJ and
the SMS 3 5 hycH gene is 99%, it indicates that AycH is mis-annotated and is indeed
hyfJ. On the other hand, the 4yf operon of E. coli (E24377A) lacks two hyf genes (hyfJ
and /yfR) but includes two hyc-related genes instead (hAycH and fhiA) and because the
identity level, according to BLAST, between AyfJ and hycH, and hyfR and fhiA, is 99%,
this shows that these genes should be annotated /yfJ and hyfR instead of hycH and fhiA.
In Shigella sonnei (53G), hyfD and focB are each split into two fragments. When BLAST
analysis was performed for the two gene fragments with the E. coli K-12 equivalents,
both 4yfD and focB were shown to have 98% identity to each of the split genes in K-12.
However, although AyfD gave 100% query cover, focB gave just 89% suggesting loss of
part of the open reading frame (orf). This division of these two genes into two orfs
suggests that the genes may not be functional. In addition, 4yfJ was also reported as
absent, with #ycH present instead, but according to BLAST, hycH is mis-annotated and
is indeed, hyfJ. hyfC and hyfD were also each split in two fragments in E. coli (55989),
and BLAST showed that they were 99% identical with the corresponding W3110 protein
with 88-89% query cover (Fig 3.4). For the two strains in which Ayf genes (hyfD, hyfC
and focB) are divided into two open reading frames (orfs), the divided genes were more
closely examined using Vector NTI. The two orfs of focB in S. sonnei are separated by
~1 kb indicating a major disruption of focB (Fig 3.4) which is thus unlikely to be
functional. Additionally, in S. sonnei, the two orfs for 4yfD (37 and 415 codon) (Fig 3.5)
overlap sufficiently to suggest the possibility that this gene might retain function if the
two predicted translation products are able to assemble together within the Hyf complex.
For the two orfs of 4yfC in E. coli 55989, the separation between the up and downstream

orfs is 19 codons, and the two predicted coding products lack 19 amino acids
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(QELSLACLLTSLVVTLLKYV) with respect to the intact 4yfC product which suggests
that they would not be functional (Fig 3.6). For hyfD of strain 55989, the two hyfD orfs
(152 and 329 codons; Fig 3.7) overlap in a fashion consistent with translational coupling
which suggests they could each be expressed to generate functional products that
assemble together within the proposed Hyf multi-enzyme complex.

The second group of E. coli strains considered here are those that fully lack the /yf operon
region: E. coli (SE15, NA114, CFT073, APEC-O1, ED1a, LF82, O127: H6, E2348/69)
and E. albertii (KF1) (Fig. 3.8). It can be seen that no additional genes are found at the
hyf locus, between bcp and perM. Thus, the inclusion or exclusion of the Ayf operon
within E. coli appears to represent a genetic insertion/deletion process, rather than major
genetic substitution.

The third group have the entire 4yf operon without any exceptions or mis-annotations:

e.g. E. coli (042), (MG1644) and (O157: H7-Sakai) (Fig. 3.9).
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Figure 3.4. E. coli strains with some missing hyf genes. (a) /y/J and focB are missing,
instead there is processing element hydrogenase-4; which is ‘hyfJ. (b) hyfJ is absent and
hycH in its place. (¢) AyfJ and hyfR are missing and there are hycH and fhiA respectively
instead. (d) Two fragments of hyfD and focB appeared, and hyfJ is absent and hycH is
instead. (e) Two split fragments of /4yfC and hyfD appeared.
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METGLU ASN LEUALA LEU THRTHRLEU METLEUPRO PHE ILEGLY ALA LEUVAL VAL  SER PHE SEERO

+2
4301 GGTTAACCGG TCTGTAAGGA GCACTGACGG AL
+2 PROGLN ARG ARG ALA ALA GLU TRP GLY PHE CYs anR PRD HI3 TER
+1 LEU PHE ALA ALA LEUTHRTHR LEU CYS PET LEU SER LEU ILE SERALA PHE TYR GLN ALA AZP LYS ‘\I‘AL ALA

4401 GHCHECETCCNGECCECCERINITEEEEETITT GTTCGCCGCA  CTGACCACGC TGTGCATGTT GTCGCTGATC TCCGCGTTTT ATCAGGCCGA TARAGTTGCC

+1 VALTHRLEU THR LEUVAL ASN VALGLYASP VALALALEU PHE GLYLEU VAL ILEASPARG METSERTHR LEU ILELEU PHE VALVALVAL PHE LEUGLIEU
4501 GTCACGTTGA CGTTGGTCAL CGTGGGGGAT GTGGCATTGT TTGGCTTGGT CATTGATCGC ATGAGTACGC TGATTCTGTT TGTGGTGGTG TTTCTCGGTT
+1 LEULEUVAL THR ILETYRSER THRGLYTYR LEU THRASP LYS ASNARGGLU HISPROHIS ASN GLYTHR ASN ARGTYRTYR ALAPHE LEU LEU VAL PHETLE
4601 TGCTGGTCAC GATCTACTCC ACGGGTTATC TGACGGATAR AAATCGCGAA CACCCGCATA ACGGCACGAE TCGTTATTAC GCATTTTTGC TGGTGTTTAT
+1 TUBLYALAMET  ALAGLYLEU VAL LEUSER SER THRLEULEU GLYGLWLEU LEU PHEPHE GLU ILETHRGLY GLYCVSSER TRP ALALEU ILE SERTVRTIR
4701 CGGCGCGATG GCGGGACTGG TACTCTCCTC GACGCTGCTC GGTCAGTTGT TGTTTTTTGA AATTACGGGC GGCTGCTCCT GGGCGTTGAT CAGTTATTAC
+1 GLNSERASP LYS ALAGLN LEU SERALALEU LY$ALALEU LEU ILETHR HIS ILEGLYSER LEUGLYLEU TYR LEUALA ALA ALATHRLEU PHE LEU GLNHR
4801 CAGAGCGATA AAGCACAGCT TTCAGCACTA AAAGCGTTAC TTATCACTCA TATCGGCTCG TTGGGGTTGT ATCTTGCCGC CGCCACGCTG TTTTTGCAGA
+1 THRGLYTHR PHE ALALEUSER ALAMETSER GLU LEUHIS GLY ASPALAARG TYRLEUVAL TYR GLYGLY ILE LEUPHEALA ALATRP GLY, LYS SERALAGLN
4901 CCGGAACGTT TGCGCTTAGC GCGATGAGCG AGTTACACGG CGACGCACGT TATCTGGTTT ATGGCGGCAT CCTGTTTGCC GCGTGGGGGE AATCGGCCCA
+1 GLEEUPROMET ~GUNALATRP LEU PROASP ALA JETGLUALA PROTHRPRO ILE SERALA TYR IEUHISALA ALASERJET VAL LVSVAL GLY VALTIRILE
5001 GCTACCGATG CAAGCGTGGC TACCGGATGC AATGGAAGCG CCAACACCGA TCAGTGCCTA TCTCCACGCC GCATCGATGG TGARAGTGGG CGTTTACATT
+1 PHEALAARG ALA ILETLE ASP GLYGLYASN ILEPROHIS VAL ILEGLY GLY VALGLYMET VALMETALA LEU VALTHR ILE LEUTYRGLY PHE LEUMETYR
5101 TTTGCCCGCG CCATTATCGE CGGCGGCAAT ATCCCGCATG TGATTGGCGG CGTTGGCATG GTCATGGCGC TGGTCACCAT TCTTTATGGC TTTCTGATGT
+1 TYRLEUPRO, GLN GLNASPMET LYSARGLEU LEU ALATRP SER THRILETHR GLWLEUGLY TRP METPHE PHE GLYLEUSER LEUSERILE PHE GLY SERARG
5201 ATTTGCCACA GCAGGATATG AAGCGGTTGC TGGCCTGGTC GACCATCACT CAACTTGGCT GGATGTTCTT CGGCTTGTCG CTCTCCATCT TCGGCTCGCG

+

1 AREBEU ALA LEU GLU GLY ‘EER ILE ALAT‘IR ILE VAL A‘?NHIS ALA PHE ALA LYS SER LEU PHE PHE LEUVAL ALA GLY ALA LEU SERTYR SER CYS GLYTHR

5301 GCTGGCGCTG GAGGGTAGCA TCGCCTACAT CGTCAACCAC GCGTTCGCTA AAAGCCTGTT TTTCCTTGTA GCAGGTGCGC TGAGTTACAG CTGCGGCACG
+1 ARGLEULEU PRO ARG LEU ARG GLYVAL LEU HISTHRLEU PRO LEUPRO SER VAL GLYPHE CVSVALALA ALA LEUALA TILE THRGLYVAL  PRO PRO PHRSN
5401 CGCTTGTTGC CGCGTCTGCG TGGCGTATTG CACACCCTGC CGTTGCCAAG CGTGGGTTTC TGCGTGGCAG CGCTGGCGAT TACCGGTGTG CCGCCGTTCA

+

1 ASNGLYPHE PHE 3SERLYSPHE PROLEUPHE ALA VALGLY PHE ALALEUSER VALGLUTYR TRP ILELEU LEU PROALAMET  ILE LEULEU MET ILE GLUSER

5501 ACGGCTTCTT CAGTARATTC CCGCTGTTTG CCGTCGGTTT TGCGTTGTCA GTGGAGTACT GGATCCTGCT GCCCGCCATG ATTCTGCTGA TGATTGAATC

+

1 SEHAL ALA SER PI’{E ALA TRP PHE ILE ARG TRP PHE GLY ARG VAL VAL PRD GLY LYS PRU SER GLU ALA VAL ALA ASP ALA ALA PRD LEU PRO GLY SER I‘H‘IT

5601 GGTCGCCAGT TTCGCCTGGT TTATTCGCTG GTTTGGTCGC GTCGTGCCGG GCAAACCGAG CGAGGCCGTC GCCGATGCCG CACCGCTGCC AGGGTCAATG
+1 ARGLEUVAL LEU ILEVAL LEU ILEVALMET SERLEUILE SER SERVAL ILE ALAALATHR TRP LEUGLN TER
5701 CGCCTGGTGT TGATTGTACT GATTGTGATG TCGCTGATTT CCAGCGTAAT CGCCGCGACC TGGTTGCAGT AAGGAGATGA TGAATGACCG GTTCTATGAT

Figure 3.5. Translated sequences of the two fragments of hyfD in Shigella sonnei
(53G). The green highlight indicates the first orf of AyfD where the start codon is
predicted to be (ATG), while the yellow highlight shows the second orf of 4yfD and the
start codon could be TTG or an ATG (9 codons further downstream). Azure highlight is
where the wo orfs overlap.
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TCTATTGCCT GTATGTGGTC GCCGCACTGG TTGTGCTGCT AATCGCTATT GCCGTCTAAG GAAATCACCA TGAGACARAC TCTTTGCGAC GGATATCTGG
VALILE PHE ALA LEUALAGLN ALAVAL ILE LEU LEUHET LEU THRPROLEU PHETHRGLY ILE SERARG GLN ILE ARGALA ARGMETHIS SER ARG ARGGLY
TTATTTTTGC GTTAGCACAG GCCGTGATTC TGCTGATGCT AACCCCACTT TTTACGGGTA TTTCCCGGCA GATACGCGCG CGTATGCACT CCCGCCGCGG
GLPRO GLY ILE TRP GLNASP TYR ARGASP ILE F S MET PHE LYS ARG GLN GLUVAL ALA PROTHR SER SERGLY LEU MET PHE ARG LEU MET PRO TRP
GCCGGGGATC TGGCAGGATT ATCGCGATAT CCACAAAATG TTTARACGCC AGGAAGTTGC GCCGACATCT TCAGGTCTGA TGTTCCGCCT GATGCCGTGG
VAL LEUILE SER SERMET LEU VAL LEUALA METALALEU PRO LEUPHE ILE THR VAL SER PRO PHE ALA GLY GLYGLY ASP LEUILETHR LEU ILE TYREU
GTATTAATCA GCAGCATGCT GGTGCTGGCG ATGGCCTTAC CACTGTTTAT TACCGTTTCC CCTTTTGCGG GCGGCGGCGA TCTGATCACC CTTATCTATC
LE”LEUALA LEU PHEA.F:PHE PHE H’EALA LEU SERGLY LEU A:wFTHFIvL‘ EFF RO F}{E ALA LvLY iAL GLY ALAJEPAPH ‘:LULEJTHR LEU LleILELEU
TTCTTGCCCT GTTTCGTTTT TTCTTTGCTC TTTCCGGGCT GGATACCGGA AGTCCGTTTG CGGGAGTCGG TGCCAGTCGC GAGTTGACGC TCGGCATTCT
LEU’AL ELUFFU IETLEUILE LEU SERLEU LEU VAL LEUALA 'EWTLEALn GLY § P'I'HF HIS ILE ELL‘HET ILE "EF A.;I\l THR LEUALA MET LvL TRP ASN
GGTCGAACCA ATGCTTATTC TCTCACTGCT GGTATTGGCG CTGATAGCAG GTTCCACGCA TATCGAGATG ATCAGCAATA CGCTGGCGAT GGGCTGGAAC
EPPPU LEU THR THP VAL LEU AL]\L ULE” AL Af"LvLY PHE ALACYS PHE ILEGLUMET GLY ..\SZLE PRO PHEAJ} VAL ALJ\\L”ALA fLUfLNFLﬂ.EU

TCGCCGCTAA CCACCGTACT GGCGTTACTG GCCTGTGGTT TTGCCTGCTT CATTGAGATG GGAAAAATTC CCTTTGATGT TGCTGAAGCA GAACAGGAAT
LEUGLN GLU GLY PRO LEU THR GLUTYRSER GLY ALAGLY LEU ALALEUALA L RPGLY LEU GLYLEU LYS GLNVALVAL METALASER LEU PHE VALALA
TACAGGAAGG CCCGCTAACC GAATATTCCG GTGCCGGGCT GGCGCTAGCG AAATGGGGGC TGGGGCTGAA ACAGGTCGTG ATGGCATCAC TGTTTGTAGC
ALLEHIH}: LETT SER PHE GLY ARG ALATER LEU LEU ILE PHE VAL LEU
CCTGTTTCTG TCCTTTGGGC GCGCGTAAGA ACTTTCTCTC GCCTGCCTGC TGACTTCACT TGTCGTTACG CTGCTCAAGG TTTTGCTGAT TTTTGTACTG
ALASERILE ALA GLUASN THR LEUALAARG GLYARGPHE LEU LEUILE HIS HISVALTHR TRPLEUGLY PHE SERLEU ALA ALALEUALA TRP VAL PHERP
'ccc"rcx’ncb cx AAAACAC GCTGGCACGC GGGCGTTTTT TACTCATTCA CCATGTGACC TGGCTTGGCT TCAGCCTTGC TGCGCTTGCA TGGGTCTTCT
SER PRQO ¥

T

Figure 3.6. Translated sequences of the two fragments of 4yfC in E. coli (55989).
The yellow highlight indicates the first orf of 4yfC where the start codon is predicted
to be TTG (or more likely, the ATG 7 codons downstream), while the green highlight
is for the second orf of A4yfC. It is clear there is no overlapping between the two open
reading frames which suggests that this gene is non-functional.

87



Chapter 3 Bioinformatics analysis

+2
4301
+2
4401
+2
4501
+2
4601
+2
+1
4701
+
4801
+1
4901
+1
5001
+1
5101
+1
5201
+1
5301
+1
5401
+1
5501
+1
5601
+1
5701

AN

METGLU ASN LEUALA LEU THRTHRLEU LEULEUPRO PHE ILEGLY ALA LEUVALVAL SER PHE SEERD
GGTTAACCGG TCTGTAAGGE GCACTGACGG AATATGGRAA ATCTTGCTCT GACGACGTTA TTGCTGCCTT TTATCGGCGC ACTGGTCGTT TCGTTTTCGC
PROGLN ARG ARG ALAALAGLU TRPGLYVAL LEU PHEALA ALA LEUTHRTHR LEULCYSMET LEU SERLEU ILE SERALAPHE TYRGLNALA ASP LYS VALALA
CACRACGTCG GGCCGCCGAA TGGGGGGTTT TGTTCGCCGC GCTGACCACG CTGTGCATGT TGTCACTGAT CTCCGCGTTT TATCAGGCCG ATARAGTTGC

ALHALTHRLEU THRLEUVAL ASN VALGLY ASP VALALALEU PHEGLYLEU VAL ILEASP ARG VAL SERTHR LEUILE LEU PHE VALVAL VAL PHE LEU GLY
CGTCACGTTG ACATTGGTCA ACGTGGGGGA TGTGGCATTG TTTGGCCTGG TCATTGATCG CGTGAGTACG CTGATTCTGT TTGTGGTGGT GTTTCTCGGT
LEU LEU VAL THR ILETYR SER THRGLYTYR LEUTHRASP LYS ASNARG GLU HISPROHIS ASNGLYTHR ASN ARGTYR TYR ALAPHE LEU  LEU VAL PHELE
TTGCTGGTCA CGATCTACTC CACGGGTTAT CTGACGGATA AAAATCGCGA ACACCCGCAT AACGGCACGA ATCGTTATTA CGCATTTTTG CTGGTGTTTA
ILEGLY ALA MET ALAGLYLEU VAL LEUSER SER THRLEU LEU GLYGLNLEU LEUPHE PHE GLU TLEARG ALA ALAALAPRO  GLY ARG TER

LEU TLE SERTYRTYR
TCGGCGCGAT GGCGGGACTG GTACTCTCCT CGACGCTGCT CGGTCAGTTG TTGTTTTTTG AAATTAGGGC GGCTGCTCCT GGGCGTTGAT CAGTTATTAC
GLWASN ASP LYS ALAGLN ARG SERALALEU LYSALALEU LEU TLETHR HIS ILEGLYSER LEUGLYLEU TYR LEUALA ALA ALATHRLEU PHE LEU GLEHR
CAGAACGATA AAGCGCAGCG TTCAGCACTA ARAGCGTTGC TTATCACCCA TATCGGTTCG TTGGGGTTGT ATCTTGCCGC CGCCACGCTG TTTTTGCAGA

THRGLY THR_PHE ALALEUSER ALANETSER GLU LEUHIS GLY ASPALAMRG TYRLEUVAL TYR GLYGLY ILE LEUPHEALA ALATRPGLY LYS SERALAGL
CCGGAACGTT TGCGCTTAGC GCAATGAGCG AGTTACACGG CGACGCACGT TATCTGGTTT ATGGCGGGAT CCTGTTTGCC GCGT 4 AATCGGCCCA
GLEEUPROMET GLNALATRP LEU PROASP ALA METGLUALA PROTHRPRO TLE SERALA TVR LEUHISALA ALASERMET VAL LVSVAL GLY VALTYRILE
GCTACCGATG CAAGCGTGGC TACCGGATGC AATGGARGCG CCAACACCGA TCAGCGCCTA TCTCCACGCC GCATCGATGG TGAARGTGGG CGTTTACATT
PHE ALA ARG ALA ILE ILE ASP GLY GLY ASN ILE PROHIS VAL ILEGLY GLY VAL GLYMET VALMET ALA LEU VALTHR ILE LEUTYRGLY PHE LEU METYR
TTTGCCCGCG CAATTATCGE CGGCGGCAAT ATCCCGCATG TGATTGGCGG CGTTGGCATG GTCATGGCAC TGGTCACCAT TCTTTATGGC TTTCTGATGT
TYRLEU PRO_GLN GLNASPMET LYS ARG LEU LEU ALATRP SER THRILETHR GLNLEUGLY TRP METPHE PHE GLY LEUSER LEUSERILE PHE GLY SERARG
ATTTGCCACA GCAGGATATG AAGCGGTTGC TGGCCTGGTC GACCATCACT CAACTTGGCT GGATGTTCTT CGGCTTGTCG CTCTCCATCT TCGGCTCGCG

ARGEUALALEU GLUGLY SER TLE ALATYR ILE VALASNHIS ALAPHEALA LYS SERLEU PHE PHELEUVAL ALAGLYALA LEU SERTYR SER CVS GLY THR
GCTGGCGCTG GAGGGTAGCA TCGCCTACAT CGTCAACCAC GCGTTCGCTA ARAGCCTGTT TTTCCTTGTA GCAGGTGCGC TGAGTTACAG CTGCGGCACG
ARG LEU LEU_ PRO ARG LEU ARG GLYVALLEU HIS THRLEU PRO LEUPRO GLY VALGLYPHE CY5VALALA ALA LEUALA ILE THRGLYVAL PRO PRO PHRSN
CGCTTGTTGC CGCGTCTGCG TGGCGTATTG CACACCCTGC CGTTGCCAGG CGTGGGTTTC TGCGTGGCAG CGCTGGCGAT TACCGGCGTG CCGCCGTTCA
ASNGLY PHE PHE SERLYSPHE PROLEUPHE ALA ALAGLY PHE ALALEUSER VALGLUTYR TRP ILELEU LEU PROALAMET TILE LEULEU MET ILE GLUSER
ACGGCTTCTT CAGTARATTC CCGCTGTTTG CTGCCGGTTT TGCGTTGTCA GTGGAGTACT GGATCCTGCT GCCCGCCATG ATTCTGCTGE TGATTGAATC
SEWALALASER  PHEALATRP PHE ILE ARG TRP PHE GLYARG VAL YVALPRO_GLY LYSPRO SER GLUALAVAL ALAASPALA ALA PROLEU PRO GLY SERJET
GGTCGCCAGT TTCGCCTGGT TTATTCGCTG GTTTGGTCGC GTTGTGCCTG GCAAACCGAG CGAGGCCGTC GCCGATGCCG CACCGCTGCC AGGGTCAATG
ARG LEUVAL LEU ILEVAL LEU ILEVALMET SERLEUILE SER SERVAL ILE ALAALATHR TR LEUGLN TER
CGCCTGGTGT TGATTGTACT GATTGTGATG TCGCTGATTT CCAGCGTAAT CGCCGCGACC TGGTTGCAGT AAGGAGATGA TGAATGACCG GTTCTATGAT

Figure 3.7. Translated sequences of the two orfs of 4yfD in E. coli (55989). The yellow
highlight is the sequence of the first orf of 4yfD where the start codon is could be (ATG)
and the green highlight is for the second orf of 4yfD and the start codon is predicted to be
(TTG) not (ATG). The azure highlight shows where the overlapping occurs.
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Figure 3.8. Different E. coli (SE15) strain with no Ayf operon. Blue circle indicates
the ‘missing’ region of the 4yf operon. The orange arrows showing the direction of the
genes and the position of these genes on both sides of the missed 4yf operon. This map is
identical to some other E. coli strains, NA114; CFT073; APEC-01 and ED]1a.
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Figure 3.9. E. coli (MG1655) with full hyf region. The orange arrows indicate the gene
direction and its position among the rest within the operon. The upstream gene (bcp) and
the downstream gene (perM) are shown clearly. bp: base pair. This map look similar to
some other E. coli strains, 042 and 0157:H7 Sakai.
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3.4. Detailed comparison of the Aayflocus in hyf" and hyf E. coli strains

To determine the precise differences in the genomes of the Ayf" and hyf-free strains, six
E. coli strains were selected for genome comparison: three strains with 4y (SMS 3 5,
E24377A and MG1655) and three strains without (NA114, CFT073 and IHE3034).
These strains were used to produce alignments of the upstream (bcp and hyf4) and
downstream (focB-perM) regions of the Ayf operon. The alignments show that the Ayf*
strains have 208 bp of non-encoding DNA upstream of 4yf, as well as 29 bp downstream
of focB, that are absent in the Ayf strains. Also, there is a 44 bp non-encoding segment
shared by all E. coli strains located downstream of bcp (Fig 3.10-A) as well as 7 bp of
non-encoding DNA downstream of perM shared by all E. coli strains. Interestingly, there
is a 45 bp region of DNA found only in the hyf-free strains (Fig 3.10-B & Fig 3.11).
BLAST analysis indicates that this sequence is unique among thel8 E. coli strains that
are hyf-free. On the other hand, the 208 bp segment is found (with 97-100% identity) in
the 45 E. coli strains that possess Ayf and are included in Fig 3.2. In addition, the 29 bp
segment was also found in the same 45 E. coli strains which contain the 4yfregion. Figure
3.12 shows a schematic map of the 4yfregion in iyf" and hyf strains which highlights the

differences between these E. coli strains.
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SMS_3_5 TGATTACTTTGCTCCATTCCGCTGCTGECTCTGCTTGCGGCCAGCAC
MC1E655 TGATTACTTTGCTCCATTCCGCTGCTGECTECTGCTTCCGECCAGCAC
423778 TGATTACTTTGCTCCATTCCCTGCTGCCTCTGCTTGCGECCAGCAC
NAll4 TGATTACTTTGCTCCATTCCCTGCTGECTECTGCTTGCGECCAGCAC
IHE2034 TGATTACTTTGCTCCATTCCGTGCTGCCTGTGCTTGCGECCAGCAC
CFTC73 TGATTACTTTGCTCCATTCCCTGCTGECTCTGCTTCCGECCAGCAC
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NA11l4  TGATTACTTTCCTCCATTCCCTGCTCGCTCTCCTTCCGGCCAGCAC
IHE3034 TGATTACTTTGCTCCATTCCGTCCTGGCTGTCCTTGCGGCCAGCAC
CET072 TCGATTACTTTCCTCCATTCCGTGCTCGCTCTCCTTGCEGCCAGCAC
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NA114  ATCTCAAATCTTCTCACTGCCCTGCAACACTCGTTTCAAATTTTTT
IHE3034 ATCTCAAATCTTCTCACTGCCCTGCAACACTCGTTTCAAATTTTTT
CET0732 ATCTCAAATCTTCTCACTGCCCTGCAACACTCGTTTCAAATTTTTT
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Figure 3.10. Nucleotide sequence alignments of the upstream hyf region of three hyf*
E. coli strains. (1. SMS 3 5, 2. MG1655, 3. E24377A) and three hyf (4. NA114, 5.
IHE3034 and 6. CFT073) strains. A) Yellow highlights indicates stop codon of bcp,
while azure highlighting shows 44 bp shared sequence within all strains. Green
highlighting indicates 208 bp found only in 4yf™ strains and purple highlights show start
codon of 41yf4. B) Yellow highlights indicate stop codon of bcp, while azure highlighting
shows 44 bp shared sequence within all strains. Gray highlight shows 45 bp of the unique
sequence, found only in Ayf* strains, while khaki highlighting indicates a 7 bp shared
sequence within all strains. The green highlight shows the stop codon of perM.
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Figure 3.11. Nucleotide sequence alignments of the downstream Ayf region of three
hyf* E. coli strains. (1. SMS 3 5, 2. MG1655, 3. E24377A) and three Ayf~ (4. NA114,
5.1HE3034 and 6. CFT073) strains. Yellow highlighting indicates the stop codon of focB
gene, while dark gray indicates 29 bp downstream of focB that is absent in the 4yf strains.
Azure highlight shows shared sequence within all strains and the red highlight indicates
the stop codon of perM.
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Figure 3.12. Schematic map showing the organisation of the Ayf region in Ayf™ and
hyf E. coli strains. Unique regions for Ayf" and hyf strains are indicated in different
colours corresponding to those used in the previous figure.
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3.5. Discussion and Conclusion

This study described in this chapter was conducted in order to provide further
understanding of the purpose of the hyf operon of E. coli.  hyf encodes a putative
hydrogenase (designated hydrogenase 4, Hyf or HYD-4 from a 12 gene operon
(hyfABCDEFGHIR-focB). focB encodes a potential formate transporter that may supply
Hyf with formate. Hyf may function like the homologous Hyc system in the breakdown
of formate into hydrogen, but unlike Hyc may be energy conserving (Andrews et al.,
1997)

A bioinformatics comparison was performed to distinguish those E. coli strains that are
hyf containing from those that are not. It was found that of the 94 E. coli; Salmonella and
Shigella strains considered there were, 45 E. coli and 9 Shigella strains containing /yf,
and 18 E. coli strains hyf free. Also, all 22 Salmonella species are hyf free, as is E.
albertii, although E. fergusonii is hyf*. E. albertii is more distantly related to E. coli than
is E. fergusonii which would be consistent with the conservation of the /yf'system within
E. fergusonii and most E. coli and all Shigella strains. However, all 94 E. coli, Shigella
and Salmonella strains contain Ayc indicating its universal importance for fermentative
growth in the intestine.

A phylogenetic tree was constructed using the RpoB protein amino acid sequences of E.
coli, Shigella and Salmonella strains (Case et al., 2007; Mollet et al., 1997). This tree
clearly supports the view that the Sal/monella genus is phylogenically distinct from that
of the Escherichia/Shigella genus, as expected from previous analyses e.g. using gyrB
genes (Fukushima et al., 2002 ). Such previous results indicate that S. sonnei is more
close to certain E. coli strains than to S. boydii, which matches the results provided in
Fig. 3.2. The tree also suggests that E. albertii is more distantly related to E. coli, than is

E. fergusonii, again as previously reported (Maheux et al., 2014; Ooka et al., 2015).
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Thus, the phylogenetic tree shown in Fig 3.2 is generally consistent with previous reports.
Importantly, the tree shows that all the E. coli strains without the /yf operon are clustered
into one major clad. This clad corresponds to the B2 group, which in other phylogenetic
analyses is the most deeply branched (the first phylogroup to diverge from the rest of the
E. coli group) (Sims and Kim, 2011; Chakraborty et al., 2015). Thus, the Ayf minus
phylogroup (B2) is considered as the most basal of the E. coli phylogroups (Sims & Kim,
2011). Interestingly, a high proportion of these #yf-free E. coli strains are associated with
urinary tract infection whereas most of the syf-carrying strains are faecal isolates. Indeed,
the B2 group is recognised to be dominated by UPEC and APEC strains, with the UPEC
strains being considered as opportunistic pathogens, and the group as a whole thought to
be derived from a progenitor that was a facultative/opportunistic pathogen in nature (i.e.
commensal or harmless, depending on the environmental niche occupied). This would
suggest that the presence of 4yf might be important for a more specialised lifestyle
associated with colonisation of the intestine, indicating that 4yf may not be important for
E. coli survival in sites outside of the intestine, such as the urinary tract. Furthermore, in
the intestine the ability to respire aerobically and anaerobically provides fitness and
competition between E. coli strains (Jones et al., 1997) which indicates that diverse
respiratory (energy generating) capacity is important for gut colonisation of E. coli strains
because of the highly competitive nature of the intestinal niche. Nucleotide-sequence
alignment of the bcp-perM region in E. coli (corresponding to the locus where Ayf is
normally found) of Ayf-free strains with the equivalent region of Ayf-carrying strains
showed that in addition to the /yf-focB coding region (~13,630 bp), the hyf*" E. coli strains
possess a unique 208 bp segment of DNA upstream of 4yf as well as a unique 29 bp
segment downstream of focB. Inspection of the sequences at the flanks of the 4yf-specific

region (the hyf genome island, GI) indicates that there are not any significant inverted
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repeats associated with these regions that would be suggestive of integration by
transposition. Also, there is 44 bp of non-encoding DNA downstream of bcp that is
shared by all E. coli strains, as well as 7 bp of non-encoding DNA downstream of perM.
In addition, there is a 45 bp segment of DNA found only in Ayf-free strains in place of
the /yf operon. This sequence was found to be unique among the 18 E. coli strains with
no Ayf region. On the other hand, the 208 and 29 bp regions are found only in E. coli
strains containing the 4yf region and can thus be considered to be /yf associated. The
above suggests that the hyf region was gained during the evolution of the E.
coli/fergusonii common ancestor, just prior to the split with the E. albertii group.

It should be noted that for E. albertii, the perM-bcp locus resembles that of the Ayf-free
E. coli strains. It is thus possible that the 4yf operon arrived within the common ancestor
of the Ayf" strains by horizontal gene transfer, and that the yf-focB region thus represents
a GI that provides E. coli with an advantage during intestinal colonisation, but possibly
not during UTL It is likely that the clad in the E. coli cluster lacking hyf-focB suffered a
subsequent deletion of this region in order to gain fitness for survival during UTI (or in
another niche, possible non-intestinal, that is distinct from that occupied by the Ayf"
strains). However, as hyc is present universally in both the Salmonella and the
Escherichia genus, it appears that the ability to dispose of formate is a common
requirement for these organisms. However, the hyf-encoded Hyf system is hypothesised
to be capable of participating in an energy-conserving formate hydrogen lyase reaction,
which would be expected to provide an advantage under conditions were formate is
available but respiratory electron acceptors are absent, i.e. during fermentation in the
anaerobic conditions of the intestine. Thus, Hyf may offer the advantage over Hyc of
serving to enable energy production from the disposal of formate. An important clue to

the rationale for the presence or absence of Hyf in E. coli strains might be gleaned through
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further understanding the unique features (e.g. niche preference, metabolic capacity) of

the hyf* group.
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Chapter 4: Analysis of focB function

4.1. Introduction

FocA belongs to the Formate-Nitrite Transporter (FNT) family. Members of this family
are channels responsible for the transport of nitrite and formate, or structurally related
compounds (Suppmann and Sawers, 1994). Under fermentative conditions, formate
builds up outside of the E. coli cell, thus the concentration of formate increases and the
pH level begins to drop as fermentative growth progresses. This triggers the FocA
channel to act as an importer, instead of an exporter, allowing consumption of toxic
formate by formate hydrogenlyase (FHL). Thus, FocA has the ability to allow selective
movement of a formate in both directions across a cytoplasmic membrane depending on
the environmental requirements (Wang et al., 2009; Falke ef al., 2010). Thus, FocA can
change its transport mode from a passive exporter channel at alkaline pH to a secondary
active formate/H" symporter at lower pH (Rossmann et al., 1991). The structural basis
for this was shown in the crystal structure of the FocA of Salmonella entrica serovar
Typhimurium, where a change in pH induced a major rearrangement of the residues in
the C-terminal region of the individual promoters in a region that is well conserved (Lii
etal., 2011). The FocA structure of E. coli, reported by Wang et al. (2009) and the FocA
structure of V. cholerae by Waight et al. (2010) showed similar homopentameric
structures for FocA and aquaporin and glycerol porin, supporting its function as a
channel, and showed that the first three helices are structurally superimposable on the
second three helices, despite poor amino acid sequence similarity. Thus each protomer
displays partial two fold symmetry. They also found that there is a short, conserved
amino acid sequence (Y-L-R/K) located immediately after the sixth transmembrane helix
projecting into the cytoplasm. Hunger et al. (2017) found that removal of R280 (in the

YLR/K motif) prevented formate uptake via FocA in a strain with no PfIB (pyruvate
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formate lyase) but it did not prevent formate export via FocA. On the other hand, mutation
of L279 strictly prevented formate export. It was concluded that the C-terminal YLR
motif is extremely important for bidirectional transport of formate via FocA, as indicated
above by the pH-triggered structural change in this region.

focA is located with the pfIB genes (pyruvate formate lyase and Pfl-activating enzyme)
forming the focA-pfIB operon in E. coli. On the other hand, FocB is a putative formate
channel homologous with FocA (50% amino acid sequence identity), encoded by the last
gene in hyfoperon (Saier, 1999). Supmann and Sawers (1994) found that in a foc4 mutant
strain, the levels of formate accumulated under fermentative conditions are only ~50%
of those seen for the wildtype so it was concluded that FocA is the major active formate
channel in E. coli, although there might be another channel responsible for the residual
formate accumulation observed in the foc4 mutant. It was further shown that FocA is
specific for formate (and not other acidic fermentation end products) in vivo at least, and
that formate is the only fermentation product that is later reimported by E. coli (Beyer et
al., 2013). Trchounian and Trchounian (2014) studied the effect of focA and focB
mutation on the hydrogen production rate and on formate transport. They found that, if
glucose is available as a carbon source, formate is produced and translocated via FocB at
pH >7. They also found that deletion of both channels increases hydrogen production,
presumably through intracellular retention of formate, with loss of focB resulting in a
twofold reduction in hydrogen production. Furthermore, they discovered that during
glycerol fermentation at pH 7.5, FocB is active in formate import, while FocA is effective
in formate export. The studies by Trchounian and Trchounian (2014) thus indicate a role
for FocB in formate translocation, although they contradict other studies indicating that

the hyf operon is transcriptionally silent (Skibinski et al., 2002; Self et al., 2004).
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In this chapter, the potential for FocB to act as a formate channel in place of FocA is
investigated. In addition, the impact of pH on FocB activity is considered, and compared

to the effect that pH has on FocA activity.

4.2. Comparison between FocA and FocB amino acid sequences

Initially, a simple bioinformatic analysis was performed to compare the topologies of
FocA and FocB, and to determine the degree to which residues shown to be important
for FocA function are conserved in FocB. The amino acid sequence alignment shows that
FocA and FocB can be aligned optimally with just one padding character required, and
thus they have almost fully congruous sequences (Fig. 4.2). The padding character, in
the FocB sequence, is inserted directly at the beginning of helix 2A adjacent to a loop
region of random coil secondary structure; a deletion at this point is unlikely to influence
the fold of the protein. The alignment also indicates that the secondary structure elements
observed in the E. coli (and Salmonella) FocA are fully conserved in FocB, and that FocB
is thus likely to assume a similar structure to that of FocA (Andrews et al., 1997; Beyer
et al., 2013). Furthermore, the alignment shows that the pore amino acid residues at the
periplasmic (F75, A212, F202) and cytoplasmic constriction (L79, L89 and V175) points,
as found in the E. coli (and Salmonella) FocA, are conserved also in FocB (except L79F),
a conservative change. This similarity therefore predicts a similar role for these residues
in FocB (Lii et al., 2012).

The “YLR’ motif at the C-terminus of FocA (E. coli/ Salmonella) is absolutely conserved
in FocB, suggesting, that like FocA, FocB formate transport activity is regulated in
response to pH. Importantly, the residues of FocA identified as formate ligands (Fig. 4.1)
are absolutely conserved in FocB, which is consistent a similar role for FocB in formate

transport as FocA. In addition, residues that constrict the channel are highly conserved
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also. Thus, the comparison of the FocA and FocB sequences supports a role for FocB as
a pH responsive channel. However, these proteins only exhibit 50% sequence identity

indicating that they may also display some differences in their biochemical activities.

1A
FocB 1 MRNKLSFDLQLSAR(AAIAERIAAHKIARSKVSVFLMAMSAGVPMAIG?TFYLSVIADAP 60
FocAE MKADNPFDLLLPAAMAKVAEEAGVYKATKHELKTE AT '
FocAS 1 MKADNPFDLLLPAAMAKVAEEAGVYKATKHPEKTEYLATTAGVEISTAE

FocB 61
FocAE 61
FacAS 61
FacB 120
FocAE 121
FocAS 121
FocB 180
FocAE 181
FocAS 181
FocB 240

FocAE 241
FocAS 241

Figure 4.1. Sequence alignment of FocA from E. coli (FocAE) and Salmonella
(FocAS) with FocB from E. coli. Gray highlight indicate the six membrane helices.
Green highlight indicates turns in the transmembrane helices. Yellow indicates the amino
acids found only with Salmonella FocA. Four blue small dots indicate conserved ligands
of formate binding site (E, H, K and T). Red bold amino acids indicate the conserved
sequence (Y-L-R) at the C-terminal. Red and cyan highlights indicate the conserved pore
constriction residues at the cytoplasmic and periplasmic surfaces, respectively.

4.3. Cloning of focA and focB into inducible vectors

In order to enable controlled expression of foc4 and focB, the open-reading frames for
each gene were cloned into the pBAD:ha vector, which allows controlled expression in
response to rhamnose. In this way, both focA and focB function could be assessed under
any desired environmental condition without influence of the regulatory factors that

would normally control their expression. In particular, it would be possible to ensure that
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focB is expressed since previous studies have indicated that the Ayf-focB operon is

transcriptionally silent in the wildtype (Skibinski ef al., 2002; Self et al., 2004).

4.3.1 Genomic DNA extraction of wildtype (MG1655)

In order to obtain focA and focB genes, genomic DNA was extracted from the wildtype
E. coli K-12 strain, MG1655, using a GeneJET™ genomic DNA purification kit
(Fermentas) (section 2.10.1). The presence of isolated DNA was confirmed by agarose

gel electrophoresis (section 2.10.8.1) (Fig 4.2).

Genomic DNA

1kb —

Figure 4.2. Agarose gel (0.7%) electrophoretic analysis of genomic DNA from E. coli
MG1655. Lane 1-4, genomic DNA samples. M, 1 kb ladder (Fermentas). Loadings were
1 pl for ladder and 2 pl for DNA sample.

4.3.2 Isolation and digestion of pPBADrna

The plasmid pBADrha was obtained from laboratory stocks. pBADrha transformants were
then generated and plasmid DNA was isolated from four samples using a GeneJET™
plasmid Miniprep Kit (Fermentas) (section 2.10.7). The isolated plasmids were screened
by electrophoretic analysis and the presence of plasmid DNA of high mass corresponding

to the expected size (6.1 kb; Fig. 4.3) was confirmed.
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~6 kb
2kb

1 kb

Figure 4.3 Agarose gel (0.7%) electrophoretic analysis of undigested pBADrha. M,
Marker 1 kb Generuler (Fermentas); lane 1-4, 2 pl pBAD:ha Plasmid. Arrow indicates
position of plasmid DNA (~ 6 kb).

The identity of the plasmid DNA thus isolated was confirmed by digestion with Ndel and
BamHI followed by electrophoresis. The double digestion converted the plasmid from

the supercoiled form to a single linear form of mobility matching that expected for

pBADrha. (Figure 4.4).

Digested pBADjy,, ~6kb
25kb —

lkb —

0.25 kb ——»

Figure 4.4. Agarose gel (0.7%) electrophoretic analysis of pBAD:ha following
restriction digestion with Ndel and BamHI. M, 1 kb ladder (Fermentas). Lane 1,
pBAD:ha undigested; lane 2 & 3, pBAD:ha double digested.

102



Chapter 4 Analysis of focB function

4.3.3. PCR amplification of focA and focB

Genomic DNA of focA and focB was amplified by PCR (section 2.10.2; Fig. 4.6) using
specific primers pBAD:a-focA and pBADrma-focB (forward and reverse) (Table 2.4).
These primers were designed for use in In-Fusion cloning (Gibson methodology) and as
described in sections 2.12.2.1 and 2.12.2.2. The Amp HiFi PCR premix DNA polymerase
(Clontech) was used as it provides accurate and efficient DNA amplification and is
recommended for In-fusion PCR cloning. The amplified fragments were analysed by
agarose gel electrophoresis and the sizes expected were 857 and 848 bp for foc4 and

focB, respectively, which are a close match to those observed (Fig 4.5).

~0.85 kb

Figure 4.5. Gel electrophoretic analysis of the focA and focB PCR products.
Electrophoresis was performed using a 0.7% agarose gel. Lane M, the GeneRuler 1 kb
ladder (Fermentas); lane 1-2, focA PCR product; and lane 3-4, the focB PCR product.
4.3.4. Cloning of focA and focB into the vector, pBAD na

To enable controlled induction of foc4 and focB, the focA and focB PCR products were
cloned into pBAD:ha, at the Ndel and BamHI cloning sites of the vector, using Gibson

cloning methodology (Gibson et al., 2009; section 2.12.2.3.). The resulting reaction

products were used to transform chemically competent E. coli Stellar cells (section
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2.12.2.4). Twelve resulting CmR® colonies were selected for plasmid ‘miniprep’ isolation
using GeneJET™ Plasmid Miniprep Kit (Fermentas) (section 2.10.7), six of each type.
These plasmids were then further analysed by restriction digestion (section 2.10.4; Fig.
4.6) with Ndel and BamHI to release the insert from the vector. Following analysis by
agarose gel electrophoresis, all 12 plasmids were shown to carry an insert of the expected
size (~850 bp) and were subsequently designated pBADrha-focA and pBADrha-focB (Fig.

4.7).

focA focB
M 1.9 3 ZaRISIgor-1" 2

6 kb

focA or B (~0.85 kb)

Figure 4.6. Gel electrophoric analysis of pBADrha-focA or focB. Electrophoresis was
performed using a 0.7% agarose gel. Constructed plasmid was digested with Ndel and
BamHI. Expected sizes; A is undigested pBAD:ha-foc4 and B is undigested pBADrha-
focB; 1-6 digested plasmid DNA (~6 kb and 0.85 kb). M, 1 kb DNA ladder (Fermentas).
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BamHI (6z2-3)
focA
Ndel (5411)
S —
CmR
L
rhasS
N
pi1SAori
rhaR
BamHI (6a~3)
focB
Ndel (3411)
pBADrha'focB CmR

6936 bp
/ ' ““"pl SAori

Figure 4.7. Restriction map of A: pBAD-focA and B: pBAD-focB. The plasmid
contains focA or focB cloned into Ndel and BamHI sites of pBADmma. The origin
(p15Aori); CmR gene, rhaS and rhaR are genes (Egan and Schleif, 1993) are shown.
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Two of each of the pBAD:ha-foc plasmids (sample 2 and 5 in each case) were subjected
to nucleotide sequencing by Source Bioscience using pBADrha-F and pBAD:ha-R primers
(Table 2.4). The sequences obtained were compared with the sequence database using
BLAST which confirmed that the inserts have the correct sequence correctly located at
the desired cloning sites (Appendix 4 &5). These plasmids were employed in future

studies, as described below.

4.4. Complementation of the foc4A mutant phenotype by focB

4.4.1. Hypophosphite anaerobic-growth inhibition is FocA dependent

The availability of foc4 and focB in an inducible vector allowed progression of
experiments aimed at complementation of a focA mutant. A well-established phenotype
for focA mutants of E. coli is resistance to the anaerobic growth inhibition caused by the
formate analogue, hypophosphite (HP) (Suppmann and Sawers, 1994). Thus, the ability
of the pBAD:ma constructs to reverse this resistance was tested. Initially, various HP
concentrations were tested on the E. coli parental strain (BW25113) and the isogenic
mutant strains (note, both the foc4 and focB mutants used throughout this thesis were
deletions with the kan cassette removed, thus limiting any polarity effect on downstream
expression; Table 2.2). Suppmann and Sawers (1994) used 5-80 mM HP under anaerobic
condition and found that as the concentration of HP increased, growth of the wildtype
was decreased by more than 50%. However, in focA mutant strains there was very little
effect of HP on bacterial growth, except at higher concentration (80 mM). In addition,
HP did not inhibit aerobic growth, presumably because the gene encoding the PFL
enzyme that is inhibited by HP (and which is the direct cause of HP growth inhibition) is
not induced or required (like focA) aerobically. These findings thus show that FocA

mediates HP uptake that results in growth inhibition and demonstrate that inhibition by
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HP can be used to monitor FocA transport activity, suggesting that such an approach may
be applicable for FocB.

To investigate the effect of HP on FocA and FocB in comparison to the wildtype under
anaerobic conditions, overnight cultures of the foc4 and focB mutant strains, and a
wildtype strain were cultivated in WM-medium (section 2.5.2) with 0.8% trace elements
and 120 mM MOPS. Next day, the strains were tested with a range of HP concentrations
(0, 5, 10, 20, 40, 80 and 160 mM) following inoculation to a final ODsoo of 0.01 in fresh
WM-medium (80 mM glucose) at starting pH of 6.5. The strains were grown in a series
of 7 ml bijoux tubes (for 48 hours at 37 °C) sealed with lids carrying a rubber insert to
ensure no oxygen can enter the tubes and that an anaerobic environment is maintained
(once established during the early stages of growth). All growths were performed in
triplicate, and were repeated twice with similar results obtained. The results shown are
representative of one repeat.

The results showed that all three strains are inhibited at all concentrations of HP (HP)
employed. At just 5 mM HP, the growth of the wildtype was reduced from 0.7 to 0.1 OD
units, and growth continued to decline further as HP levels increased to the maximum
employed (160 mM). However, although the foc4 mutant was also HP sensitive, it was
less affected by HP than the wildtype (Fig 4.10). At 5 mM HP, its growth declined from
0.7 to 0.2 OD units, and so its growth was 2 fold greater than that of the wildtype at this
HP level. The greatest difference between the wildtype and foc4 mutant was seen at 10
mM HP (2.5 fold) (P = 0.04). This increased resistance to HP for the focA strain was
observed at all concentrations employed, with a 2-2.5 fold higher growth seen with
respect to the wildtype at 5-160 mM HP (Fig. 4.8). As expected, the focB mutant
displayed the same level of growth inhibition in response to HP as the wildtype (P =

0.91). Thus, absence of focB did not increase HP resistance. This effect is presumed to
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be caused by the absence of hyf-focB expression, as previously reported (Skibinski ez al.,
2002; Self et al, 2004.) However, this contradicts the work of Trchounian and
Trchounian, (2013), which indicated that FocB is biologically active at pH 7.5 with
glucose.

Thus, the above experiment confirms the role of FocA in HP toxicity and its likely role
as a HP transporter (Suppmann and Sawers, 1994). However, no such evidence was

obtained for FocB, which is assumed to relate to its lack of expression.
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Figure 4.8. Effect of hypophosphite on anaerobic growth and the impact of
focA/focB status. The wildtype (BW25113), and the focA (JW0887-1) and focB mutant
strains (JW2477-1) were grown anaerobically in WM-medium for 48 h at 37 °C in
triplicate. Data is the average of three technical repeats with error bars indicated standard
deviation; the experiment was repeated twice with similar results obtained

The HP inhibition test was repeated as above but with a lower HP concentration range
(0-5 mM) to test the effect of lower HP levels. The wildtype and focB mutant displayed
high sensitivity to low HP levels with 70% growth inhibition observed at just 0.25 mM

HP, and 85% inhibition at just 0.5 mM HP (Fig. 4.11B). However, as before, the focA
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mutant strain was much less sensitive to HP, showing only a 1.4 and 3% reduction in
growth at 0.25 and 0.5 mM HP, respectively. This correlates to a significant 3-fold
increase in resistance for the focA strain with respect to the wildtype, at 0.25 mM HP (P
= 0.02) (Fig. 4.11). However, as the concentration of HP increased the difference in
growth between the focA™ and focA™ strains diminished due to the increasing growth
inhibition of the focA strain. Note that the results shown in Figs 4.8 and 4.11 are mostly
consistent, but the data in Fig. 4.9 indicates no growth difference between the focA™ and
focA" strains at 5 mM HP, whereas in Fig. 4.8 a clear increase in growth is shown for the
focA mutant at this concentration. The focB mutant showed no notable difference in HP
sensitivity with respect to the wildtype at any concentration employed (Fig. 4.9).

The inhibition test was also performed under aerobic conditions. The results showed no
notable impact of HP on the growth of any of the three strains tested; this is as expected
because the focA-pfIB operon is expressed (and required) only under anaerobic conditions
(Sawers and Bock, 1989) and therefore not only would Pfl inhibition have little impact
aerobically, the enzyme would be expected to be absent with pyruvate dehydrogenase

acting in its place (Fig 4.9A).
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Figure 4.9. Effect of hypophosphite under aerobic and anaerobic growth. A) Aerobic
conditions, growth in 6 inch test tubes with 3 ml medium at 250 rpm, for 24 h. B)
Anaerobic growth, 48 h. Other details are as for Fig. 4.10.

4.4.2. Can formate protect against hypophosphite toxicity?

There is a possibility that formate might reverse the inhibition of growth caused by HP,
by acting as a competitor for transport of HP into the cell via FocA or by displacing HP
from the Pfl enzyme. To test this possibility, formate was added to WM-medium (section
2.5.2) with 0.8% trace elements and 120 mM MOPS under anaerobic conditions with 0.5
mM of HP, at pH 6.5. Syringes of 10 ml with needles inserted into rubber stoppers were
used to provide the anaerobic condition for 48 h. Fig 4.10 shows that addition of formate
to the wildtype and focB mutant does not reverse sensitivity to HP and thus does not
protect the cell from HP toxicity (P = 0.7). The focA mutant remained highly resistant to
HP compared to the wildtype when formate was added, with a 5.6-6.1 fold higher growth
exhibited (P = 0.01); pH was measured before and after growth with little difference

observed (Table 4.1).
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The above observation raises the question of the impact of pH on FocA-dependent
sensitivity to HP, since at pH around neutral, or above, FocA acts as in passive facilitator-
diffusion mode for formate export, thus FocA may not be very effective in promoting
substrate uptake at higher pH. However, under acid conditions FocA switches to a proton
motive force (PMF) driven importer of formate (Lv ef al., 2013), and so might thus be
expected to promote higher HP sensitivity at low pH, and weaker sensitivity at high pH.
Since the pKa of hypophosphite is approx. 1, which is much lower than the pKa of
formate (3.7), it is suggested that hypophosphite will compete with formate for import
into the cell where it causes toxicity. Therefore, the HP inhibition experiment was
repeated at three different pH values (pH 5, 6 and 8) to test the influence of external pH
on HP sensitivity (Fig. 4.11). 120 mM MOPS was added to WM-medium to maintain
the desired pH, and pH was monitored before and after growth with little difference
observed (Table 4.2). The results show that at pH 5 growth was severely inhibited in
both the wildtype and foc4 mutant, so the effect of HP could not be determined. At pH
6, HP caused a major inhibition (2.5 and 3.5 fold; p = 0.15) of growth for the wildtype at
both 0.5 and 3 mM, respectively; formate failed to reverse this effect when added at up
to 3 mM. It should be noted that the effect of formate on anaerobic growth in WM
medium was consistently negative, with increasing growth reduction seen as formate
levels were raised (Fig. 4.10 & 4.11). Also, under all conditions investigated, formate
failed to provide any major protection against HP toxicity. However, unlike at pH 6, at
pH 8 the wildtype showed only a modest reduction in growth (17%), from OD 1.15 to
0.95 (P = 0.05), with addition of 0.5 mM HP (Fig 4.11A). Thus, FocA-dependent HP
toxicity appears far less severe at high pH than at low pH with 0.5 mM HP. At higher HP
levels (3 mM), the wildtype was fully growth inhibited at pH 8, as was the case at pH 6

(Fig. 4.10A). Thus, HP remains toxic at higher pH, but higher HP concentrations are
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required to achieve this toxicity. On the other hand, the foc4 mutant remained highly
resistance to HP at both pH 6 and 8 (Fig 4.11B). Thus, the results indicate that FocA acts
as a channel for HP entry into the cell at both low and high pH, but that higher
concentrations of HP are required at higher pH in order for toxicity to be exhibited. This
suggests that FocA HP-transport activity is, at best, only weakly pH regulated. It should
be noted that it is possible that pH might influence pfIB and/or focA expression which
could in turn impact HP toxicity in response to pH independently of FocA transport
status. Further, the weaker growth of E. coli at pH 6 cf. pH 8 might also influence the
capacity of the cell to cope with HP toxicity. Thus in summary, the relatively impact of
pH on the concentration-dependence of HP toxicity, as mediated by FocA, provides little
support for a pH dependent switch for FocA from an importer at low pH, to an exporter

at high pH.
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Figure 4.10. The effect of formate on inhibition by 0.5 mM hypophosphite at pH 6.5.
Strains were grown anaerobically in WM medium as above, with 0.5 mM HP and 0-10
mM formate, in triplicate. The experiment was performed three times, with similar
results obtained. Data is the average and standard deviation of three replicates.

112



Chapter 4

Analysis of focB function

Table 4.1. pH values before and after growth related to Fig. 4.12

strain Starting pH pH after 48 h
Wildtype 6.2
focA 6.5 6.3
focB 6.25
A 10, B
120 °H 8 i} pH 8
=N L1
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Figure 4.11. The effect of pH on HP growth inhibition under anaerobic fermentative
conditions. The wildtype (A) and foc4 mutant (B) were propagated for 48 h
anaerobically in WM medium, pH 6.5 as starting pH and OD was recorded at the end of
growth. F, formate (0-3 mM); H, hypophosphite (0-3 mM). Data is the average of three
replicates, and the experiment was performed three times with similar results obtained.
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Table 4.2. pH values difference before and after growth related to fig. 4.13.

strain Starting pH pH after 48 h
Wildtype 5 4.8
focA 4.7
Wildtype 6.3
focA ° 6.3
Wildtype 7.8
JocA ’ 7.7

4.4.3. Can the resistance of the focA mutant to hypophosphite be
reversed by complementation with focA and/or focB?

To explore the role of FocB in formate transport and to compare it with that of FocA, the
pBADra vectors (Appendix-2) expressing focB and focA (along with the vector control)
were used to transform the wildtype, and the foc4 and focB mutants. The resulting
pBADrha-focA, pBADrna-focB and pBAD:ha transformants were grown anaerobically, as
above, in WM-medium (80 mM glucose; 0.8% trace elements and 120 mM MOPS) with
a range of HP levels and with chloramphenicol (50 pg/ml), with and without 0.02% w/v
rhamnose as inducer.

Results confirmed (Fig 4.12A-C) that the foc4 mutant is highly resistance to HP
compared to the wildtype and focB mutant. They show that the vector alone (pBADrha)
has little impact on HP sensitivity, either with or without thamnose. However, the
pBADrna-focA plasmid restored sensitivity of the foc4 mutant to HP when rhamnose was
included, but not in its absence (Fig 4.12D-F). There was a significant 12.6 fold
difference (P = 0.02) between the growth sensitivity of the focA-complemented focA
mutant to 0.5 mM HP with and without rhamnose. The pBAD:ha-foc4 plasmid had no

notable effect in the other strains since they are already sensitive to HP due to their
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chromosomal focA* status. Importantly, the pBADrha-focB plasmid also restored HP
sensitivity to the foc4 mutant when rhamnose was provided, with a significant 10.5 fold
increase in growth observed at 0.5 mM HP without rhamnose (P = 0.03) (Fig 4.12 G-I).
Thus, the results indicate that FocB acts as a HP transporter and is therefore likely to
function as a second formate transporter in E. coli. This provides support for the role of

the Hyf system in formate metabolism as part of a second FHL complex.
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Figure 4.12. The effect of focA and focB complementation of hypophosphite
sensitivity. Growths were as described in Fig. 4.10 in WM medium (80 mM glucose; 8%
trace elements and 120 mM MOPS) (pH 6.5) containing Cm and the indicated levels of
HP, for 48 h. Strains were BW25113 and the foc4 and focB mutants, carrying either
PBADrha, pPBADrha-focB or pBADra-focA, as indicated. A) Wildtype with pBAD:ha. B)
focA mutant with pBADrha. C) focB mutant with pBAD:ma. D) Wildtype with pBADxha-
focA. E) focA mutant with pBADrma-focA in. F) focB mutant with pBADrha-focA. G)
Wildtype with pBADrha-focB. H) focA mutant with pBADrha-focB. 1) focB mutant with
pPBADrha-focB. ‘“+R’, with rhamnose; ‘-R’ without rhamnose Error bars are included but
are too small to see, and it is correspond to standard deviation of three technical replicates.
The experiment was performed three times and similar results obtained.
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4.5. The effect of pH and formate on hypophosphite sensitivity upon
induction of focA or focB

The above study clearly shows that FocB mediates HP toxicity under anaerobic
conditions when induced from pBADrha, and that a similar effect is observed for FocA,
which is consistent with previous work (Suppmann and Sawers, 1994). Since FocA-
mediated HP toxicity was found to require higher HP levels at high pH cf. low pH (Fig.
4.11), the possibility that the HP toxicity mediated by FocB is also pH dependent was
investigated. The wildtype and focA strains, complemented with the focA or focB
encoding plasmids, where grown anaerobically in WM medium at pH 6, 7 and 8, with
HP at 0-0.5 mM, and formate at 0-3 mM (Fig. 4.13).

Induction of focA in the wildtype at pH 6 had little notable impact on the final OD
achieved at pH 6 (Fig 4.13A), although focA induction did result in a modest reduced
growth (16.6%) in the absence of HP, particularly with 3 mM formate. However, for
induction of focB at pH 6 there was a considerable (up to 7.7- 12.4 fold) reduction in
growth observed when formate (1-3 mM, respectively) was added; such an effect was not
seen in the absence of formate (Fig 4.13A). This suggests that induction of FocB at pH
6, but less so for FocA, enables formate toxicity. In the foc4 mutant at pH 6, induction
of focA restored sensitivity to HP (as expected and as seen above) but had little impact in
the absence of HP. focB induction in the foc4 mutant, at the same pH, also resulted in
restoration of HP toxicity (Fig. 4.13B), although not to the same degree as seen for focA
induction. Interestingly, focB induction in the focA mutant resulted in a marked growth
reduction in the absence of HP (2.5 fold), which was enhanced by the presence of formate
(1.2 and 2.3 fold for 1 and 3 mM, respectively). This supports the suggestion above that,
at pH 6, FocB causes an increase in formate toxicity. As before, formate did not reverse

HP toxicity (at pH 6) under any condition tested with FocA.
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Results at pH 7 were similar to those achieved at pH 6, in most cases, although the overall
growth was approx. three times greater (Fig. 4.13C & D). However, unlike at pH 6,
induction of the focB gene in either the wildtype or foc4 mutant resulted in no growth
under all six growth conditions. This suggests that anaerobic production of FocB at pH
7 results in toxicity that is independent of added HP or formate. This effect is similar to
that seen at pH 6, where focB expression reduced growth in the presence of formate
(although not in its absence). Thus, it appears that focB induction is deleterious for E.
coli growth, more so at pH 7 than pH 6. Interestingly, under non-inducing conditions at
pH 7, the focB plasmid enhanced survival of the wildtype in the presence of HP (Fig.
4.13C). This indicates that low level focB expression counteracts HP toxicity, possibly
by interfering with FocA activity. Such an effect was not seen in the focA strain nor at
pH 6 (Fig. 4.13A & D).

At pH 8, HP toxicity was relatively weak for the wildtype carrying the vector only (Fig,
4.15E). HP only caused a ~2.6-fold growth reduction whereas at lower pH (6 and 7) the
HP growth inhibition was 12-20-fold (P = 0.034; P = 0.01), respectively (Fig. 4.13A &
C). This effect is presumed to reflect poor expression of the chromosomal focA gene
since, when foc4 was induced from pBADrha, there was strong (12.5 fold) growth
inhibition by HP at pH 8 (Fig. 4.13E & F). focA is known to be induced anaerobically by
FNR and ArcBA, however, it is not reported to be subject to pH control (Levanon et al.,
2005) as far as I am aware. It should be noted that an increase in the relative expression
of focA was previously reported to enhance HP toxicity (Beyer et al., 2013). Induction
of either focA or focB in the wildtype enhanced the otherwise modest HP toxicity at pH
8, and for focB induction, growth of the wildtype was also inhibited in the presence of
formate, as seen at pH 6. The weak toxicity of HP in the wildtype at pH 8 was reversed

by the presence of the focA plasmid in the absence of inducer. This suggests that, at pH

119



Chapter 4 Analysis of focB function

8, weak expression levels of foc4 from pBAD:ma might lower HP toxicity. This would be
consistent with the export role of FocA at high pH. Indeed, the foc4 mutant showed
increased (~2.5 fold) growth with HP when the focA plasmid was present without inducer
(with respect to the vector control). A similar effect was observed with the focB plasmid
in the focA mutant (Fig. 4.13F). It is interesting to note that, at pH 8, the wildtype and
focA mutant vector controls gave very similar growth patterns with HP, which further
indicates that the chromosomal focA gene is strongly down regulated at this pH. At pH
8, the wildtype and foc4 mutant both displayed increased growth with HP when formate
was added, but this was seen only for the vector control (Fig. 4.13E& F). This indicates
that formate can counter HP toxicity, but only at higher pH. It also indicates that the effect
is unrelated to FocA since the focA mutant exhibits this behaviour (Fig. 4.13F) in a
manner similar to that of the wildtype.

Experiments were performed as above, but under aerobic conditions, to confirm that the
HP and focA/focB growth effects observed are dependent on anaerobiosis (Fig. 4.14). The
wildtype and focA strains showed little response to HP and formate at pH 6 with the vector
control or in the absence of inducer, aerobically. However, both strains showed a 2-3
fold reduced growth upon induction of either focA or focB when HP and formate were
present together at their highest concentrations. This suggests that aerobically, induction
of either focA or focB increase toxicity towards a combination of HP and formate — this
effect may be caused by FocA/FocB mediating the ‘inappropriate’ uptake of HP and
formate resulting in toxicity.

Aerobically at pH 7 and 8, induction of either focA4 or focB resulted in lack of growth for
both the wildtype and focA mutant (Fig. 4.14C & D), with a greater effect seen with focB
induction. The reason for this effect is unclear but could be related either to a membrane

disruption effect caused by excessive levels of FocA/FocB, or by inappropriate transport
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activity of these proteins which is stimulated at high pH but not at lower pH aerobically.
Such an effect would be consistent with the previously reported pH-dependent switch in
FocA transport activity (Li ef al., 2011). Furthermore, HP did not cause a notible
reduction in growth as foc4 induced in wildtype with/ without an inducer at pH 7 and 8.
On the other hand, HP caused a 2.5 fold reduction in growth at similar pH when the focB
plasmid was present in wildtype in the absence of inducer. This indicates that low levels
of FocB drive HP toxicity aerobically. It should be noted that this effect was not seen at
pH 6 which suggests that the transport behaviour of FocB towards HP is distinct at pH 6

versus pH 7-8.
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Figure 4.13. Effect of pH on the toxicity of hypophosphite upon induction of focA or
focB in a wildtype or focA background during anaerobic growth. Conditions were
as described in Fig. 4.12, with or without 0.02% w/v rhamnose. Strains and transformed
plasmid were as in Fig. 4.14, except no focB mutant was included. A, wildtype with
vector control, pBADrhafocA or pBAD:mafocB at pH 6. B, as A except for the presence
of the focA mutant in place of the wildtype. C and D, as for A and B, respectively, except
for pH 7. E and F, as for A and B, except for pH 8. F, formate; H, hypophosphite
(concenrations are indicted). Growths were performed in triplicate for 48 h and averages
and standard deviations are indicated. The experiment was repeated twice, with similar
results obtained.
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Figure 4.14. Effect of pH on the toxicity of hypophosphite upon induction of focA or
focB in a wildtype or focA background during aerobic growth. Conditions are as for
Fig. 4.15 except for growth under aerobiosis. A, wildtype plus focA, focB or vector only
at pH 6. B, as A except for use of foc4 mutant in place of wildtype. C and D, as for A
and B, except at pH 6 and 8, respectively. Growths were performed in triplicate and
standard deviations are indicated. The experiment was repeated twice, with similar
results obtained.

Thus, to summarise the above work, a number of pH dependent FocA and FocB effects
on growth were observed.
e FocB increases formate toxicity at pH 6 and 8, anaerobically
e FocB prevents growth at pH 7, anaerobically
e HP imposes very little toxicity at pH 8 anaerobically in the wildtype, apparently
due to weak focA expression at this pH

e Aecrobically, induction of focA or focB enhances toxicity of HP at pH 7 and 8, but

has little impact at pH 6.
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e Aecrobically, at pH 8, weak focB expression results in HP toxicity.
Such effects are suggestive of a pH dependent transport behaviour for FocB, which would
be consistent with the pH dependence of formate transport as mediated by the

homologous FocA protein (Lii et al., 2011).

4.6. Effect of focA/focB status on formate production and consumption,
and H; production

4.6.1. The focA and focB mutants

To confirm a role for FocA in mediating the release of formate during anaerobic growth,
the levels of formate were measured during the growth of the foc4 mutant and the
wildtype (section 2.15). Growth was in WM medium (section 2.5.2) plus 80 mM glucose
with 0.8% trace elements (section 2.5.2.1), using 20 ml plastic syringes to provide an
anaerobic environment. The two strains grew similarly and formate concentration in the
medium increased during the first 5 h of growth for both the wildtype and the AfocA
mutant (deletion strain with kan cassette removed), which represents the early stages of
growth. Levels then decreased rapidly to reach a stable level at 10 h where the growth
density was approx. 45 or 42% of the final maximum achieved, respectively (Fig 4.15).
The amount of formate released into the medium for the focA mutant was 1.9 fold less
than that for the wildtype at 3-5 h, and at 10-30 h (when levels had declined to a steady
low concentration) formate was 2.5-10-fold less in the mutant (Fig. 4.14). A similar
pattern of formate release and consumption was reported previously, along with a 50%
reduction in formate release for a strain lacking FocA (Beyer ef al., 2013). These results
clearly indicate that E. coli uses FocA to secrete formate, but can still secrete formate,
although less effectively, in the absence of FocA which indicates that there must be a

second formate export system, as proposed previously (Beyer et al., 2013). Previous
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work has also showed that the loss of formate from the medium, following its initial
accumulation, is due to degradation by seleno-Cys dependent, and FdhD/E dependent,
formate dehydrogenases (Beyer et al., 2013). Thus, under the fermentative conditions
employed here (lacking respiratory acceptors), the only likely option for the observed
formate degradation would be the FdhH-dependent FHL which would require import of
formate into the cytoplasm. This further indicates that a second formate importer can act
in the absence of FocA. Degradation via FHL would require re-import of formate since,
unlike Fdo and Fdn, its active site is on the internal side of the cytoplasmic membrane.
The higher formate levels at 10-30 h in the wildtype cf. the focA mutant are presumed to
reflect the greater initial formate levels at 5 h resulting in the observed higher residual
formate levels at >10 h.

The focA mutation also resulted in a 1.85 fold (P=0.015) reduction in H2 production (Fig.
4.16). This reduced H2 production correlates well with the observed 11.6 fold reduction
in formate export (Fig. 4.15) which indicates that H2 production is still possible (although
reduced) in the absence of the FocA channel and also indicates that higher external levels

of formate drive a greater degree of H2 production (Sawers, 2005; Yoshida et al., 2005).

A caveat associated with the above is the impact that the Afoc4 mutation might have on
the expression of the downstream pfIB gene. PflIB is responsible for the anaerobic
production of formate from pyruvate and so any polarity effect caused by the focA
mutation could diminish PfIB levels. Indeed, previous work suggests a strong
dependence of pfIB expression on upstream expression of focA, with expression reduced
by ~10 fold in absence of focA expression (Beyer et al., 2013). Thus, the lower level of
formate shown here for the foc4 mutant could be, at least partly, a consequence of poor
pfIB expression. However, results below (section 4.6.2) indicate that complementation

of the focA mutant allows an increase in formate export and H2 production to give levels
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similar to those of wildtype, which suggests that the foc4 mutation does not impact pfIB

expression to a degree that greatly affects formate (or hydrogen) production.

4.6.2 Complementation with pBAD:n. expression focA and focB

Experiments were performed as above, but at pH 6.5 and 7.5, and with the focA and focB
plasmids, to determine whether the inducible foc4 and focB genes can restore formate
production in the focA mutant strain, and also to test the impact of focA/B status on Ha
production. A similar overall pattern of formate production was seen as above, with a
peak level at 5 h in all cases (Figs. 4.15 & 4.17). In the wildtype, induction of focA and
focB at pH 6.5 resulted in lower formate production in the first 5 h, an effect that was
particularly marked at 3 h with a 3.4 fold lower level cf. the vector control (Fig. 4.17A).
This indicates that induction of focA or focB reduces formate release at pH 6.5, possibly
through enabling enhanced formate uptake or interference with Pfl activity.  The
uninduced controls and vector controls gave similar formate levels at pH 6.5 in the
wildtype at 5 h. However, after 10 h, the vector controls had lower levels of formate in
comparison to the induced and non-induced focA/focB plasmid bearing strains, which
suggests a decreased formate uptake (or enhanced release) in the presence of these
plasmids — the reason for this effect is unclear. As expected from previous results (Fig.
4.13), induction of focB lowered growth of the wildtype by 2.5 fold at H 6. Interestingly,
at pH 6.5, H2 production in the wildtype was 1.8-fold reduced by focB induction cf the
vector control, and was also slightly reduced (1.2 fold) by focA induction (Fig. 4.17).
This appears to be correlated with the correspondingly reduced formate release.

In the focA mutant, at the same pH, production of formate was 2-fold lower than in the
wildtype, for the vector controls, at 5 h (Fig. 4.17C). This effect was reversed by

induction of the foc4 plasmid. Induction of focB also gave a modest increase in
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extracellular formate levels in the foc4 mutant strain at pH 6.5, which was particularly
noticeable at 3 h (1.7 fold higher levels cf. the vector control. Induction of focA or focB
increased the growth of the foc4 mutant with respect to the induced-vector control by 2.4
and 1.5 -fold at 10 h and 2 and 1.4-fold at 20 h, respectively; P=0.01 at both time points
respectively). This indicates that lack of formate import/export inhibits growth under
fermentative conditions, and that either focA or focB in trans can counter absence of the
chromosomally encoded FocA channel. H2 production was 5.6 fold lower in the focA
mutant cf. the wildtype (uninduced vector controls; Fig 4.17). Just as formate release
was restored by induction of focA in the focA mutant, so was Hz production reinstated to
levels similar to those of the wildtype. Interestingly, this was also the case without
inducer, indicating that even low level focA expression enables sufficient internalisation
of formate to return H2 production to wildtype levels. Also of note is the observation that
at pH 6.5, induction of focB did not re-enable H> production to any degree, whereas in
the non-inducing state the focB plasmid returned Hz levels to those approaching wildtype
(increase of 3.2 fold cf. the vector control; Fig, 4.19). These findings would suggest that
FocA is the formate importer largely responsible for delivering exogenous formate to
FHL-1 for Hz production, but that FocB can function in a similar fashion when produced
at low levels, but not when at high levels.

At pH 7.5, similar to previous results (Fig. 4.18B & D), focB induction led to growth
inhibition and the induction of focA in the wildtype led to decrease in formate release (by
1.5 fold cf. the vector control) — as seen at pH 6.5 (Fig. 4.18A & 4.17A). focA induction
in the wildtype also led to a slight (20% lower compared to the vector control) reduction
in Hz production, as seen at pH 6.5. The uninduced focB plasmid gave a twofold reduced
H> production, indicating that low level FocA production reduces formate delivery to

FHL-1. In the focA mutant at pH 7.5, the level of formate produced was only slightly
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lower (13% lower in the vector controls) than that of the wildtype, which indicates no
major role for FocA in formate production at this pH — which is possibly related to lack
of expression at higher pH, as suggested above. Induction of foc4 lowered formate levels
at 5 h, as it was the case in the wildtype. In addition, focA and focB in the uninduced
states also reduced formate levels at 5 h in the focA mutant at pH 7.5 (unlike in the
wildtype). Further, induction of focA4 in the focA mutant at pH 7.5 resulted in a growth
enhancement (1.2 fold greater growth cf. the induced vector control at 20 h; P= 0.02).
The reason for this effect is unclear but might be caused by the higher extracellular
formate levels seen in the foc4 mutant when focA induced (compared to vector control)
at 10 h (23 versus 7.5 nmol), since the growth difference indicated above was largely
achieved between the 10 and 20 h time points. The foc4 mutant strain exhibited a 2.2 fold
lower H2 level than that of the wildtype, for the uninduced vector controls, and the
presence of the induced or uninduced focA or focB plasmids did no return production to
wildtype levels (Fig. 4.19B). Indeed, the presence of the foc plasmids had, in general, an
inhibitory effect of hydrogen production. Whether this effect is caused by a reduced pfIB
expression in the foc4 mutant is unclear.

In summary, the results show that FocA supports H2 production at low pH, but appears
to have little impact at high pH. The results also indicate that low levels of FocB can
compensate for absence of FocA. Plasmid induced focA restores the levels of formate
released in a foc4 mutant to those seen in the wildtype, whereas plasmid induced focB
increases such levels more modestly. Thus, the results indicate that, like FocA, FocB
also acts as a formate exporter and can deliver exogenous formate to FHL-1 indicating a
role in formate import also. These roles for FocA and FocB seem to be largely restricted

to acidic pH conditions.
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Figure 4.15. The effect of focA mutation on formate concentration during
fermentative growth compared to wt in WM-medium at pH 6.5. Dotted line indicates
the formate concentration while the solid line indicates bacterial growth (660 nm). The
growth was in WM-medium at 37 °C, 80 mM glucose, with 0.8% trace elements and 120
mM MOPS. Wt, and BW25113 AfocA was generated) Growths were performed in
triplicate and standard deviations are indicated. The experiment was repeated twice, with
similar results obtained.
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Figure 4.16. Hydrogen production in focA mutant compared to wildtype at pH 6.5
Measurements were made from the experiment presented in Fig. 4.15.
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Figure 4.17. Effect of focA or focB induction on formate production and
consumption in a wildtype or foc4A mutant at pH 6.5. Conditions are as for Fig. 4.17.
A and B, wildtype plus focA (A) or focB (B) inducible plasmids, or the vector only (p),
with (+) or without inducer (-). C and D, as A/B, except for the use of the AfocA mutant
in place of the wildtype. A and C, growth; B and D, corresponding formate levels
Growths were performed in triplicate and standard deviations are indicated. The
experiment was repeated twice, with similar results obtained.
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Figure 4.18. Effect of focA or focB induction on formate production and
consumption in a wildtype or focA mutant at pH 7.5. Conditions are as for Fig. 4.18,
except for the pH employed.
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Figure 4.19. Hydrogen production upon induction of focA or focB in a
wildtype or AfocA background. Details are as for Figs. 4.16 & 4.17. A, pH 6.5
(data from experiment in Fig. 4.16). B, pH 7.5 (data from experiment in Fig.
4.17. ‘P’, vector only; ‘A’, focA plasmid; ‘B’, focB plasmid; ‘+’, with rhamnose;
-¢, minus rhamnose.
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4.7. Discussion

In this chapter, the role of FocB was analyzed and compared with that of the primary
formate channel FocA. Both the focB and focA genes were cloned in an inducible vector
to test their ability to mediate HP (a formate analogue) toxicity as well as to mediate the
release and uptake of formate at different pH, and the production of hydrogen gas.

Firstly, a simple bioinformatics analysis was performed to compare the features of FocA
that play important roles in FocA structure-function with such features that may be
conserved in FocB. The results indicated that FocB of E. coli shares all the key structural
and functional elements of FocA (Fig. 4.1). This suggests that it will form a cytoplasmic
membrane channel that adopts a pentameric structure very similar to that of FocA,
including all six transmembrane helices (Lii ez al., 2011). In addition, there are conserved
formate binding ligands (Lys156, Glu208, His209 and Thr91), which forms a hydrogen
bond between a formate substrate molecule and the FocA channel (E. coli and
Salmonella) (Fig 4.20) (Waight et al., 2010; Wiechert and Beitz, 2017), these ligands
were found fully in FocB, which is consistent with the suggestion that FocB is a fully
functional formate channel. Moreover, the E. coli and Salmonella FocA pore constriction
residues are also conserved in FocB. Furthermore, the conserved C-terminal residues that
are important in formate transport and pH-regulated transport mode in FocA (Hunger et
al., 2017) are completely found in FocB (Fig 4.1. This suggests that FocB is a formate

transporter and a pH dependent channel.
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Figure 4.20. A view of FocA channel in Salmonella enterica serovar Typhimurium.
The formate binding ligands indicates as blue sticks and the constriction residues
indicates in light blue. Green dashed line indicate the hydrogen bond between the formate
substrate and the ligands in the channel. Red circles indicates formate substrate and grey
colour indicates the internal shade of the transport path (Wiechert and Beitz, 2017).

In order to test the role of FocB experimentally as a formate transporter, three isogenic
strains were used; the wildtype, and a Afoc4 and AfocB mutant. The result showed that
the toxicity effect of hypophosphite (HP) appears at low concentrations under anaerobic
conditions (Fig 4.8) in the wildtype and focB mutant, which both possess FocA such that
the formate analogue (HP) can be imported into the cell causing a reduced growth through
inhibition of Pfl (Sawers and Bock, 1989). This effect was not seen in the foc4 mutant
strain unless higher HP levels were applied, as reported previously (Suppmann and
Sawers, 1994). The reason for the lack of any impact of the focB mutation is in contrast
to previous work (Trachounian and Trachounian, 2014), but matches that of others
indicating that the hyf-focB operon is cryptic (Skibinski et al. 2002; Self et al., 2004.).

The work performed here supports that of Suppmann and Sawers (1994) demonstrating

that FocA is required for HP toxicity and additionally show that FocB is not involved in

136



Chapter 4 Analysis of focB function

HP toxicity under the conditions tested, presumably because of poor focB expression.
Suppmann and Sawers (1994) showed that 75 mM HP in WM medium caused complete
inhibition of the anaerobic growth of E. coli (MC4100), but at lower concentration (20
mM) the toxicity effect was much clearer (1.5 fold compared to the initial optical
density). The results here showed that an even lower concentration (0.5 mM) of HP gave
the best growth differential between the focA™ and focA™ strains (Fig. 4.9B).

Direct experimental analysis of FocB and its ability in formate transport was achieved by
cloning focA and focB into pBADrha to test their induction and complementation in a focA4
strain. An effect of induction of focB in the focA mutant was observed under low
concentration (0.5 mM) of HP, as a major growth HP-mediated inhibition effect under
fermentation conditions (Fig. 4.12). A very similar effect was seen for focA induction
under the same conditions. This results thus suggest that the genomic focB is indeed
weakly or non-expressed compared the genomic foc4 gene, and to its induction from the
pBADuiha vector.

Under aerobic conditions, no effect of HP toxicity was seen in WM medium (Fig. 4.9A),
which is in agreement with Suppmann and Sawers (1994). Normally, HP would only be
expected to inhibit growth anaerobically as the focA-pfIB operon is not expressed nor
required under aerobic conditions; FocA is produced under anaerobic condition (Sawers,
1994). Furthermore, HP is thought to act as an inhibitor of pyruvate formate-lyase (Pfl).
Since Pfl is only expressed and required under fermentative/anaerobic conditions
(Sawers, 1995), then any aerobic uptake of HP enabled by induction of foc4 or focB
might not be expected to have an influence, which matches the results obtained here.

Li et al. (2011) performed electrophysiological experiments showing that the FocA
channel is a passive facilitator for formate at pH >6.8. Thus, as formate is produced by

Pfl under fermentative conditions, the excess formate is able to diffuse out of the
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cytoplasm and accumulate in the medium as a secreted waste product. However, under
low pH (< 6.8), the FocA channel is shifted to an active proton symporter driving uptake
of formate for consumption by FHL-1. Since the WM-medium used here has a starting
pH of 6.5, which would be expected to drop further during fermenative growth (Fig.
4.10), it is anticipated that FocA would act as a proton/formate-symporter which would
help to explain why HP was toxic in WM medium.

The results show that induction of focB increases formate toxicity at pH 6 and 8, and
prevents growth at pH 7 under anaerobic conditions (Fig. 4.11). On the other hand, HP
showed little toxicity at pH 8, which appears to be due to weak focA expression since
induction of focA from pBAD:ma restored HP toxicity at this pH. Thus, it would be very
interesting to test the effect of pH on focA expression. The observation that
chromosomally encoded focA has little effect at higher pH (due to poor expression) would
suggest that the proposed high-pH-dependent switch in activity to a formate exporter
through facilitated diffusion (Lv et al., 2013; Lii ef al,, 2011) is not physiologically
relevant. Indeed, it could be argued that FocA could function effectively soley as a
passive diffusion facilitator (without any need for active uptake) such that formate uptake
and export would be entirely driven by formate production (by Pfl) and consumption (by
FHL).

In order to determine how focA mutation affects formate production during fermentative
growth, formate build up in the medium was monitored during growth. The foc4 mutant
generated twofold less formate than that for the wildtype at 3-5 h, and at 10-30 h the
formate in the medium was up to 10-fold less in the mutant (Fig. 4.15). A similar pattern
of formate release and consumption was reported previously, along with a 50% reduction
in formate release for a strain lacking FocA (Suppmann and Sawers, 1994; Beyer et al.,

2013). These results clearly suggest that E. coli secretes formate through FocA, but in
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the absence of FocA is still able to release formate but in less quantity, thus suggesting
that there must be a second formate export channel (Beyer ef al., 2013; Christiansen &
Pedersen, 1981). In addition, the absence of FocA resulted in lower H2 production by
~twofold, indicating that the reduced formate release in the foc4 mutant led to a similar
reduction of H2 production.

Induction of focA and focB in the wildtype at pH 6.5 resulted in a reduction in formate
release compared to the vector control by 1.7 fold at 3-5 h, although the amount of
hydrogen produced was close to that of the vector control. However, complementation
of the focA mutant by induction of plasmid-encoded focA led to a restoration of formate
levels in the medium and thus hydrogen was produced at levels that were similar to that
in wildtype. On the other hand, complementation by induction of plasmid-encoded focB
had only a slight effect on formate release and no notable positive effect on hydrogen
production, although provision of focB in the non-induced state did increase H2
production significantly without affecting formate release. This might be because of the
lower growth of the focB-induced strain at this pH level as shown before at pH 6 (Fig.
4.13)

Induction of focA in the wildtype resulted in lower levels of peak formate accumulation
(at 5 h) in the medium at pH 7.5, and a similar result was observed at pH 6.5 for both
focA and focB induction. However, the total hydrogen produced was in similar quantities
for the focA-induced and vector control wildtype, which reflects the fact that the final
formate levels were similar at 30 h. However, the induction of focB in the wildtype at
pH 6.5 did result in a lower H2 production which would appear to reflect the weaker
growth achieved.

In summary, FocB was found to be capable of compensating for lack of FocA and thus

can function as a second formate channel in the absence of focA. Further, evidence was
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obtained to suggest that the chromosomal version of focA4 is weakly expressed at pH 7.5
cf. pH 6.5, although FocA 1s functional at this pH if expressed from a surrogate promoter.
Since FocB showed activity in HP toxicity and formate release, this provides evidence to
support a role for Hyf in metabolism of formate as part of a second H:-producing
hydrogenase forming a second FHL complex involved in formate disposal and possibly

energy conservation. This possibility is further addressed in the following chapters.
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Chapter 5: Phenotypic analysis of the effect of hyf operon
induction in E. coli K-12

5.1. Introduction

Four [NiFe] hydrogenases have been identified in E. coli (Sawers, 1995). Hydrogenase 1
(Hyd-1) and hydrogenase 2 (Hyd-2) oxidize hydrogen, while, hydrogenase 3 (Hyd-3) is
a part of the formate hydrogen lyase (FHL) complex, which produces hydrogen from
formate. Under anaerobic conditions, synthesis of Hyd-1 and Hyd-2 occurs, and during
fermentation these enzymes are generally associated with the appearance of the third
hydrogenase, Hyd-3, which forms a part of the hydrogen evolving activity of FHL (Soboh
et al., 2011). However, Hyd-2 switches between hydrogen consuming and hydrogen
production depending on the redox status of the quinone pool and the carbon source
provided (Breondsted and Atlung, 1994; Pinske et al. 2015).

Bock and Sawers (1996), demonstrated the role of Hyd-3 as a reversible hydrogenase.
By combining deletion mutations they were able to show that there is no hydrogen uptake
in a cell that lacks of Hyd-1 and 2, but there is a 30 fold increase in hydrogen production
in Ahya Ahyb strain compared to a strain lacking all three hydrogenases. Noguchi et al.
(2010) revealed that there was no hydrogen produced under anaerobic conditions in a
AhycE strain at pH 5.5, 6 and 6.5. However, under similar conditions in the wildtype,
hydrogen was produced at all pH values tests, but was highest at pH 5.5. Hyd-1 and Hyd-
2 possess six conserved metal-binding motifs (LO-L5) in the large hydrogenase subunit.
However, Hyd-3 differs because there is no L0 motif and the order of the other five motifs
is different (Meeda et al., 2007).

Andrews et al. (1997) sequenced the 55.8 min region of E. coli genome revealing a
putative 12-gene hyfABCDEFGHIJRfocB operon. The sequence similarities with Hyd-3

strongly suggested that A)yfG and hyfl genes encode the large and small subunits
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respectively of a fourth [NiFe] hydrogenase and therefore the operon was denoted as hyf
(hydrogenase four) encoding a putative fourth hydrogenase (Hyd-4, or Hyf). Moreover,
the Ayf operon was found to be similar to /4yc but it includes three additional genes, two
of them (A4yfB and hyfD) are homologues of the antiporter-like subunits from Complex-I
and the third (4yfE) encodes a protein homologous to NuoL (Efremov and Sazanov,
2012).

It was shown by Yoshida ez al. (2005) that as formate concentration increases, hydrogen
production increases in E. coli. The maximum formate concentration was tested 100 mM,
and hydrogen was still increasing. Trchounian and Trchounian (2013) reported that Hyd-
3 is not the only hydrogen producer in E. coli as Hyd-4 was found to generate H>
fermentatively in the presence of glucose. This effect was shown by use of a ~yc mutant
strain and testing for hydrogen production using Ti-Si electrode which is sensitive to
hydrogen as well as oxygen. Trchounian et al. (2015) reported that Hyd-4 produces
hydrogen at pH 7.5 with glycerol fermentation and formate supplementation. The most
recent finding by Trchounian et al. (2017) indicated that hydrogen production via Hyd-4
mainly depends on formate and low pH levels (pH 5.5), and for hydrogen production at
higher pH (pH 7.5) Hyd-1 and Hyd-2 need to be removed. However, all this work was
performed using an electrode to sense H2 and no second method of detection was applied.
In addition, the findings appear to contradict those reported by others indicating no
hydrogen production by Hyd-4 and lack of Ayf expression unless AyfR is induced
synthetically (Skibinski et al., 2002; Self et al., 2004).

In this chapter, Hyd-4 function as a hydrogen producer was examined by placing the Ayf
operon under the control of an inducible promoter. Furthermore, the effect of pH on the
hydrogen yield compared to the wildtype and the effect that pH has on Hyd-3 activity

and Hyd-4 were studied.
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5.2. Cloning of hyc and hyfinto inducible vectors

In order to enable the controlled expression of 4yc and hyf, each operon was cloned into
the pPBADrna vector; this allows controlled expression by rhamnose. In this way, both hyc
and /yf function can be measured under any desired environmental condition without any
impact of the regulatory factors (e.g. formate, FhlA, HyfR, anaerobiosis, 6>*) which
normally control their expression. In particular, it would be possible to determine the
effect of iyf expression since while studies indicated that the syf-focB operon is silent in

the wildtype (Skibinski ez al., 2002; Self et al., 2004).

5.2.1 Extraction and amplification of Ayc and hyf from the wildtype
(MG1655)

In order to obtain the Ayc and Ayf operons for cloning purposes, genomic DNA was
extracted from the wildtype E. coli K-12 strain, MG1655, using a GeneJET™ genomic
DNA purification kit (Fermentas) (section 2.10.1). PCR amplification of the ~7 kb hyc
and ~13 kb &yf operons (section 2.10.1) was achieved using primers in Tables 2.5 and
2.6 (Appendix 6 & 9), and Amp HiFi PCR premix DNA polymerase (Clontech)/ Universe
HotStart polymerase. Amplified fragments were analysed by agarose gel electrophoresis
to estimate their size (Figs. 5.1 and 5.2). The fragments generated had the desired size

and were thus used for cloning into pBAD:ha.
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Figure 5.1 Agarose gel (0.7%) electrophoretic analysis of purified 4yc operon DNA.
M, Marker 1 kb Generuler (Fermentas); lanes 1-2, 2 ul of #zyc DNA PCR product using
Amp HiFi PCR premix DNA polymerase. Arrows indicate position of DNA bands.

[P R Ww— «—~13kb

3kb —

Figure 5.2 Agarose gel (0.7%) electrophoretic analysis of purified /yf operon DNA.
M, Marker 1 kb Generuler (Fermentas); lanes 1-2, 2 ul purified 4yfas PCR product. For
other details, see above.
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5.2.2. Cloning of hyc and hyfinto the pBAD:1. vector

To allow controlled induction of Ayc and hyf, the PCR products of hyc and hyf were
cloned into pBADrha, such that expression would be dependent on the vector-borne Prha
promoter and ribosome-binding site. Gibson cloning methodology (Gibson et al., 2009;
section 2.12.2.3) was used for the cloning process. The resulting reaction products were
used to transform chemically competent E. coli Stellar cells (section 2.12.2.4). Twelve
resulting CmR colonies were selected for plasmid ‘miniprep’ isolation using GeneJET™
Plasmid Miniprep Kit (Fermentas) (section 2.10.7), six of each type. These plasmids were
then further analysed by restriction digestion (section 2.10.4) with EcoRI and Ndel for
cloned hyc (Fig 5.4) and Ndel and BamHI for cloned Ayf (Fig 5.5) to release the insert
from the vector. Following analysis by agarose gel electrophoresis, all 12 plasmids were
shown to carry an insert of the expected size (~7 kb for 4yc and ~13 kb for A4yf) and were

subsequently designated pBADrha-hyc and pBADrma-hyf (Fig. 5.3).
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Figure 5.3. Map of the pBADha-Ayc and pBADrha-hyfplasmids. Relevant restriction
sites are shown. The origin (p15AoriV), CmR locus, and rhaS and rhaR genes (Egan and
Schleif, 1993) are shown.
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Figure 5.4 Agarose gel (0.7%) electrophoretic analysis of the pBAD-Ayc constructs.
M, Marker 1 kb Generuler (Fermentas); lanes 1-6, plasmid DNA double digested with
EcoRI and Ndel isolated from six distinct transformaants.
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Figure 5.5. Gel electrophoretic analysis of pBADrma-hyf constructs. Electrophoresis
was performed using a 0.7% agarose gel. M, 1 kb DNA ladder (Fermentas). Lanes 1-6,
pBAD:a-hyf plasmids digested with Ndel and BamHI, isolated from six distinct
transformants. Expected fragments sizes were ~6 and ~13 kb).

Two of each of the pBADrha-hyc and pBADrha-hyf plasmids (sample 1 and 3 in each case)

were subjected to nucleotide sequencing by Source Bioscience using pBADrma-F and
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pBADrna - R primers (Table 2.4) (Appendix 7 & 10) plus 17 specific forward and 17
specific reverse primers for the /4yf operon (Table 2.5), and 10 specific forward and 11
specific reverse primers for the 4yc operon (Table 2.6) (see Appendix for summary of the
sequencing data- Appendix 8 & 11). The sequences obtained were compared with the
sequence database using DNASTAR which confirmed that the inserts have the correct
sequence and are correctly located at the desired cloning sites. These plasmids were

employed in future studies, as described below.

5.3. Can pBAD-encoded hyf produce hydrogen in a hyc mutant
background?

5.3.1 The effect of pH and formate on hydrogen production in the
wildtype, Ahyf and Ahyc mutants.

The availability of Ayc and hyf in an inducible vector allowed experiments aimed at
complementation of a Ayc mutant to proceed. A well-established phenotype for hyc
mutants of E. coli is lack of hydrogen production under fermentative conditions at acidic
pH (Meeda et al., 2007; Noguchi et al., 2010). Thus, the ability of the pBAD:ha constructs
to reverse this activity was tested. Initially, the effect of various pH levels (6.5, 7 and 7.5)
on hydrogen production was tested on the E. coli parental strain (BW25113) and the
isogenic mutant strains (note, both the #ycE and hyfG mutants used throughout this thesis
are deletions with the kan cassette removed, thus limiting any polarity effect on
downstream expression; Table 2.2).

Noguchi ef al. (2010) used three different pH levels, 5.5, 6 and 6.5, to check the hydrogen
yield in the wildtype and a AhycE, and found that as the pH level reduces from 6.5 to 5.5
in the wildtype, the production of hydrogen increased 70 fold, but in a #ycE mutant strain
hydrogen production was hardly detected compared to the wildtype. However,

Mnatsakanyan et al. (2004) found less than a twofold increase in hydrogen production
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from pH 7.5 to pH 5.5. The difference between the two studies might be due to the media
employed: Noguchi et al. (2010) used peptone medium with no glucose, whereas
Mnatsakanyan et al. (2004) used the same medium with 0.2% glucose, which might
cause a repression in ayc. These findings thus show that 4yc produces more hydrogen at
pH below 7. Thus, it is possible that Hyf may also be subject the pH dependent effects
on its activity. In addition, the previous work on the effect of pH on hydrogen production
did not separate hyc expression effects from any influence of pH on Hyd-3 enzyme
activity. This is something that can be explored here using the pBADrha-Ayc plasmid.
To test the effect of different pH levels on hydrogen production by E. coli, H2 production
was compared in the wildtype and the AhycE and AhyfG mutants under anaerobic
conditions in rich medium at a range of pH values (6, 6.5, 7 and 7.5) with 10 mM glucose
(section 2.5.3) and 120 mM MOPS. Overnight cultures were inoculated into fresh
medium to give a final ODsoo 0f 0.01 at pH 6, 6.5, 7 and 7.5 in 10 ml syringes to provide
an anaerobic environment (section 2.16); growth was for 24 h at 37 °C. All growths were
performed in triplicate, and were repeated twice with similar results obtained. The results
shown are representative of one of three repeats.

The results showed that there was no hydrogen production in the 4ycE mutant strain (Fig
5.6), although hydrogen was produced in the wildtype and the /4)fG mutant at each of the
different pH levels tested. Hydrogen was produced in equivalent amounts for these two
strains at all pH values tested (Fig. 5.6). However, the levels of hydrogen generated were
approx. twice as high at pH 6.5 and 7, than at pH 6 and 7.5. Yoshida ef al. (2005) also
reported a maximal Hz production at pH 6.5-7 with ~twofold lower levels at pH 6 and
7.5 - as observed here. The results thus indicate that in the absence of hycE, which
encodes the large subunit of Hyd-3, there is no hydrogen production at any of the pH

values tested, as expected and as reported before (Noguchi et al. 2010; Mnatsakanyan et
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al. 2004). On the other hand, the 4)fG mutation had no apparent effect on total hydrogen
production which indicates, as suggested in previous work, that the Hyf system does not
contribute to H2 production (under the conditions tested) due to the silent nature of the
hyf-focB operon (Skibinski et al., 2002; Self et al., 2004). It should be noted that this
finding is not in agreement with the report of Trchounian and Trchounian (2013), which
indicated that Hyf is biologically active in hydrogen production at pH > 7 in the presence
of glucose.

Previous studies indicate that as the formate concentration increases to a maximum of
100 mM, the production of hydrogen by the wildtype also increases (Sawers, 2005;
Yoshida et al., 2005). Thus, the experiment was repeated as above but with addition of
different concentrations of formate (3 and 10 mM) but without the 4)fG mutant since this
strain gave a similar result to that of the wildtype in the previous experiment (Fig 5.6).
The hycE mutant strain showed no production of hydrogen with formate, as was the case
in the absence of formate (Fig. 5.7). However, the wildtype showed increased hydrogen
production as the levels of exogenous formate increased at all pH values used (except pH
7). At pH 6, 3 and 10 mM formate increased hydrogen production by 3.3 and 3.7 fold (P
= 0.02), respectively (Fig 5.7). At pH 6.5, 3 mM formate had little effect on hydrogen
production but 10 mM formate increased hydrogen production by 2.3 fold (P = 0.036)
(Fig 5.7). At pH 7, formate addition up to 10 mM did not affect the amount of hydrogen
released (Fig 5.7). However, at pH 7.5, formate at 3 mM increased hydrogen production
by 2.8 fold (P = 0.02), although at 10 mM the increase was only 1.7 fold (P= 0.03) (Fig
5.7). Thus, the above results generally match those of previous work indicating that a
roughly neutral pH favours maximal total hydrogen production and that increased
formate levels stimulate greater hydrogen production (Yoshida et al., 2005). The one

notable exception was the lack of any major effect of formate at up to 10 mM at pH 7.
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The reason for this lack of formate stimulation is unclear but it is possible that Ha
production would be stimutlated at higher formate concentrations since Yoshida et al.

(2005) reported increases in hydrogen production with increasing formate at up to 100

mM.
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Figure 5.6. Effect of AhycE or AhyfG mutation on hydrogen production at different
pH levels (pH 6, 6.5, 7 and 7.5). The wildtype (BW25113), and the AhycE and AhyfG
mutants (BW25113-A-3 and BW25113-A-4, respectively) were grown in rich medium
containing (section 2.5.3) 10 mM glucose and 120 mM MOPS for 24 h at 37 °C under
anaerobic conditions, in triplicate. Data are the average of three technical repeats with
error bars indicating standard deviation; the experiment was repeated twice with similar
results obtained (not shown).
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Figure 5.7. Effect of formate on hydrogen production in E. coli wildtype and AhycE
mutant at pH 6-7.5. Details are as for Fig. 5.6 except for the use of 3 or 10 mM formate.
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5.3.2 The effect of hyc or hyfinduction on H: production in the wildtype
and AhycE mutant.

To explore the role of 4yfin hydrogen production and to compare it with that of 4yc, the

pBADrma vectors expressing Ayc and hyf, along with the vector control, were used to

transform the wildtype and the AhycE mutant. The resulting pBAD:ha-Ayc, pPBADrha-hyf
and pBADma transformants were grown anaerobically, as above, but with

chloramphenicol (50 pg/ml) and with or without 0.02% w/v rhamnose as an inducer (Fig.

5.8).

Results showed that induction of /yf or hyc in the AhycE strain results in the restoration
of hydrogen production under most conditions tested (Fig 5.8). At pH 6, induction of Ayf
in the AhycE mutant resulted in hydrogen levels similar to those of the wildtype vector
control whereas induction of 4yc gave hydrogen levels at just 50% of those of the control.

Nevertheless, induction of both Ayf and hyc successfully complemented the AhycE
mutant, albeit that 4y did so more effectively. At pH 6 without inducer, the non-induced
hyf operon gave ~twofold higher Hz levels than the corresponding wildtype vector control
(37.4 umol versus 20.8 umol, respectively) — levels that were 50% higher than those
achieved with inducer; the non-induced /yc operon also allowed hydrogen production in
the AhycE strain, but to a far lower level than seen in the wildtype vector control (0.1

versus 0.5 ml, respectively). P=0.013 values. Interestingly, non-induced /yfalso raised
H:> production in the wildtype (from 0.5 ml for the vector control, to 0.9 ml), which
contrasts with the effect seen with non-induced /yc and for the induced forms of /4yf and
hyc in the wildtype where reductions in hydrogen production were observed. In
summary, the results at pH 6 show that 4yf encodes an active Hz producing hydrogenase
that can compensate for absence of Hyd-3 and can raise the overall levels of hydrogen

production in the wildtype. However, this effect requires synthetic expression of Ayf
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operon since it appears that the chromosomal version is not well expressed under the

conditions tested.

At pH 6.5, similar results were obtained to those at pH 6 except that the overall level of
H:2 production by the wildtype was lower (26.2 versus 29 pmol for the wildtype vector
control without inducer at pH 6.5 and 6, respectively); a similar pH dependent effect on
hydrogen production was seen above (Fig. 5.7). hyf complementation of the 4ycE mutant
gave higher H2 production than 4yc complementation, with or without inducer, and the
effect of 4yf complementation was little affected by inducer at pH 6.5. However, the
ability of the A#yc plasmid to complement the #ycE mutant was enhanced by the presence
of the inducer, by ~twofold. Levels of hydrogen produced with inducer were similar for
the hyf'and hyc complemented strains as seen in the vector control. Thus again, Ayf was
able to effectively complement the absence of Hyd-3 in terms of hydrogen production,
and did so more effectively than Ayc in wildtype. The induced /4yfand hyc plasmids either
reduced hydrogen production in the wildtype or had little effect, i.e. in no case did the
hyf or hyc plasmids provide increased H2 production in comparison to the corresponding
wildtype vector control at pH 6.5.

At pH 7, hydrogen production was again relatively high (as observed above; Fig. 5.7) in
comparison to that seen at pH 6 and 7.5 in the wildtype vector controls. Induction of Ayf
or hyc resulted in restoration of hydrogen production in the 4ycE mutant, as seen at pH 6
and 6.5. However, in this case the level of H2 production was greater for 4yc induction
than for Ayf induction, by ~twofold. The difference between H> production in the
wildtype vector control and the complemented mutant (with inducer) was greater at this
pH than any other explored, with the wildtype vector control generating 45.7 pmol Hz
gas with inducer compared to just 8.3 and 18.7 pumol for the 4#ycE mutant complemented

with hyc or hyf (with inducer). The uninduced /yf plasmid restored H2 production to the
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hycE strain to a greater degree than the induced /yf plasmid; however, the uninduced hyc
plasmid failed to enable H2 production in the #ycE strain. Of particular note is the major
(11-fold) reduction in hydrogen production caused by induction of the 4yc plasmid in the
wildtype, whereas; induction of 4yf caused just a twofold reduction in H2 production.
This suggests that excess levels of Hyc components disrupt hydrogen production, might
effect the Hyp apparatus, which prevent hydrogenase maturation, and consequently affect
Ha production, although it is unclear why such an effect would be stronger at pH 7 cf. pH
6, 6.5 and 7.5.

At pH 7.5, the overall H2 production level was higher than that at pH 7 by 2.9 and 1.2
fold consistent with the results in Fig 5.7 above. Induction of both the 4yf and hyc
plasmids again restored Hz production in the AycE mutant, to similar degrees, but did not
restore production to the same level as in the wildtype vector control (5 and 12.4 pumol
Hoz cf. 148 umol, respectively). Unlike the Ayc plasmid, the uninduced 4yf plasmid also
restored hydrogen production in the 4ycE mutant (12 umol Hz), to a similar degree than
that of the induced Ayf plasmid.

In summary, from these results, is clear that the plasmid-borne 4yf complements the
AhycE mutant strain in allowing the production of hydrogen. This effect was seen at all
pH values tested (pH 6-7.5). Induced Ayf (in the AycE strain) gave greater H> levels than
induced /yc at acid pH (6-6.5) whereas induced /yc gave the greater H2 production at pH
6.5-7. This may indicate a more important physiological role for Hyf at lower pH with
an opposite function for Hyc; although it should be noted that chromosomally encoded
Hyd-3 enables greater H2 production at pH 6.5-7 than pH 6 or 7.5, which matches the
results reported in Fig 5. 8 showing that Ayc induction in the AycE strain results in nearly

twofold more H> at pH 6.5-7 than at pH 6 or 7.5.
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Figure 5.8. Plasmid induced Ayc or hyf enables production of hydrogen gas in a
AhycE mutant. Conditions were as for Fig. 5.6 (Rich medium with 10 mM glucose
and 120 mM MOPS). The strains were grown anaerobically for 24 h at 37 °C in triplicate.
Data is the average of three technical repeats with error bars indicating standard
deviation; the experiment was repeated twice with similar results obtained. A: pH 6.0; B:
pH 6.5; C: pH 7.0 and D: pH7.5. ‘“+’ indicates with rhamnose; ‘—° indicates without
rhamnnose (inducer). Strains were BW25113 and the AiycE mutant carrying pBADrha
(vector), pBADrha-hyc (hyc) or pBADrha-hyf (hyf), as indicated.
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Table 5.1. pH values difference before and after growth related to Fig. 5.8. ‘+’
indicates with rhamnose induction. ‘+’ indicates without rhamnose induction.

strain Strating pH pH after 24 h
Vectot+ Vector - 5.8 5.8
Wildtype hyf+ hyf- 5.8 5.92
hyct hyc- 5.83 5.9
Vectot+ Vector - 6 5.1 53
AhycE hyf+ hyf- 5.8 5.8
hyc+ hyc- 5.76 5.79
Vectot+ Vector - 6.3 6.31
Wildtype hyft hyf- 6.4 6.43
hyc+ hyc- 5.48 6.47
6.5
Vectot+ Vector - 5.7 5.5
hyc+ hyc- 6.3 6.37
Vectot+ Vector - 6.8 6.83
Wildtype hyf+ hyf- 6.82 6.82
hyc+ hyc- 6.81 6.8
Vectot+ Vector - 7 6.3 6.2
AhycE hyf+ hyf- 6.88 6.9
hyc+ hyc- 6.85 6.87
Vectot+ Vector - 7.3 7.4
hyc+ hyc- 7.38 7.4
Vectot+ Vector - 7.5 6.5 6.3
AhycE hyf+ hyf- 7.42 7.4
hyc+ hyc- 7.4 7.4

5.3.2.1. Is hyf complementation of the AhycE mutant achieved by hyfG
replacement of hycE function?

The above study shows that the 4yf operon enables production of H2 under anaerobic
conditions in a AhycE mutant background when induced from pBAD:ha. Since previous

studies showed that there is 73% identity between AycE and hyfG (Andrews et al., 1997),
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this raises the possibility that the 4yfG gene of the /yf operon may replace sycE in the
hycE mutant strain upon Ayf induction such that the observed hydrogen production might
be largely Ahyc dependent, not hyf. The possibility was thus tested.

PCR amplification of the ~1.7 kb hyfG (section 2.10.1) gene was achieved using primers
listed in Table 2.10 using Amp HiFi PCR premix DNA polymerase (Clontech). The
amplified fragment was analysed by agarose gel electrophoresis (Fig. 5.9) and found to
have the desired size; this was thus used for cloning into pBADrha. The resulting plasmid
was subjected to nucleotide sequencing by Source Bioscience using pBADrh-F and
pBADma-R (Table 2.4). The sequence obtained was compared with BLAST, which
confirmed that the insert has the correct sequence and is correctly located at the cloning
sites. This plasmid was transformed into the AsycE mutant strain. The AhycE was also
complemented with Ayc and the vector. The transformants were grown in rich medium
(section 2.5.3) with 120 mM MOPS at pH 6.5 with and without inducer (0.02% w/v
rhamnose) and 50 ug/ ml chloramphenicol, anaerobically for 24 hours. Results showed
(Fig 5.10) that complementation with 4yfG did not result in production of H2 , as was the
case for the vector control. However, the 4ycE mutant complemented with plasmid
encoded Ayc did produce H2 with inducer (more than 2.1 fold greater than that achieved
without inducer). This result clearly suggests that 4yfG does not replace sycE in the hycE
mutant, and the H2 which was produced in section 5.3.2. upon Ayfinduction in the AhycE

strain is entirely Hyf, not Hyc, dependent.
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Figure 5.9. Agarose gel (0.7%) electrophoretic analysis of hyfG DNA. M, Marker 1
kb Generuler (Fermentas); lane 1, 2 pl of 4yfG DNA PCR product using Amp HiFi PCR
premix DNA polymerase. Arrows indicate position of DNA bands.
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Figure 5.10. Hydrogen production upon hyc and hyfG induction along with vector
control in AhycE mutant. Conditions were as for Fig. 5.6. Data are average of three
technical replicates with error bars indicating standard deviation; the experiment was
repeated twice with similar results obtained. ‘+’ indicates with rhamnose; ‘-’ indicated
without rhamnose (inducer). Strains were in a AhycE mutant background carrying
pBAD:ha (vector) as control, pBADrha-/yfG and pBADrma-hyc, as indicated.
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Another experiment was also conducted to prove that Hyf is the source of H2 production
seen in the Ayf~complemented /ycE mutant, and is not Hyc/hyfG dependent. The
pBAD:a plasmids expressing syc and hyf, along with the vector control, were used to
transform the AhycE and AhycA-E mutants. The resulting transformants were grown
under anaerobic environment as above. The results (Fig 5.11) show that induction of Ayf
in the hycE or hycA-E mutant backgrounds restored Hz production. It is clear that H2 was
produced in similar concentrations (~30 pmol), which is higher than the uninduced,
strains by 1.2 fold in AhycE mutant and 1.3 fold in AhycA-E mutant backgrounds. This
shows also that H2 production, upon /yfinduction, is more than that seen for 4yc induction
in the AhycE and AhycA-E strains by 1.4 and 1.5 fold, respectively. No detectable H> was
generated for the vector control, with or without inducer, as expected. This result
demonstrates that the /yf operon allows Hz production in a strain where most of Hyc
subunits are absent. This clearly indicates that Hyf is able to produce H2 even in the
absence of the Hyc system. However, the 4ycl encoded Hycl protease might play a role
in Hyd-4 maturation, since it is available in the background strain; this possibility should
be checked in the future.

Since Hz levels upon induction of 4yf in the AhycE or AhycA-E strains are similar, and
hyfG does not replace hycE, only AhycE will be used as the Ayc mutant strain in all

further experiments.
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Figure 5.11. Hydrogen production upon induction of Ayc or hyf in the AhycE and
AhycA-E mutants. Conditions were as in Fig 5.10. ‘+’ indicates with rhamnose; ‘-’
indicates without rhamnose (inducer)

5.4. Does formate stimulate H, production by Hyf?

It has been shown previously and above (Fig. 5.7) that formate addition increases the
amount of Hyd-3-dependent hydrogen production in the wildtype (Sawers, 2005;
Yoshida et al., 2005). To test this possibility for Hyf-dependent hydrogen production,
and for Hyd-3 under conditions where hyc expression is independent of FhlA (the
formate-dependent transcriptional regulator), the Ayc and hyf plasmids were induced in
wildtype and AycE mutant backgrounds at different added formate concentrations (3 and
10 mM) and pH levels (5.5, 6.5 and 7.5), using conditions as described above.

AtpH 5.5, hydrogen was produced by the wildtype, but not the AhycE mutant. However,
formate had little impact on hydrogen production for the wildtype. The presence of the
hyc or hyf plasmids, with or without inducer, resulted in a major reduction in H»
production (by approx. tenfold; Fig. 5.12). The reason for this is unclear, but such an
effect was not seen at pH 6.5. Both the A4yc and hyfplasmids weakly reversed the lack of
H2 production in the AycE mutant strain at this pH (with or without inducer), but as

indicated above, the levels of production achieved were far lower (5-10 fold) than in the
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wildtype vector control, and indeed were similar to those obtained in the wildtype
carrying the hyf and hyc plasmids. Thus, this result suggest that at pH 5.5 the vector-
borne hyc and hyf operons mediate production of Hyc and Hyf components that results
in a limited Hyd-3 and Hyd-4 activity, and indeed such production considerably interferes
with endogenous Hyd-3 function. Induced Ayc gave an approx. twofold higher H>
production in the #ycE mutant than did induced Ayf, indicating that at pH 5.5 (unlike pH
6 and 6.5), induction of Ayc results in a greater hydrogenase activity than induction of
hyf.

In summary, of particular note is the lack of formate-dependent induction of hydrogenase
activity at pH 5.5 in all cases, which was somewhat unexpected given previous results

reported (Noguchi ef al. 2010; Yoshida et al., 2005).

45
— 40
2 IO A
gao
S 25
e
S 20
o
c 15
Qo
S 10
R i iI
== r - T "
> Kl Bl Giiles = il ol B
0 3 10 0 3 10

wt hycE

mvector+ mhyf+ mhyct pvector- hyf- Ohyc-

Figure 5.12. Hydrogen production upon induction of Ayc or hyf in a wildtype or
AhycE background, at pH 5.5. The conditions are as in Fig 5.8, but growth was for 30
h. “+’, with rhamnose and ‘-‘, minus rhamnose, and with 0, 3 or 10 mM formate (as
indicated by 0, 3, 10). The experiment was performed three times and similar results
obtained. Final OD values were similar in all cases 0.21 and 0.37 ODeoo.
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At pH 6.5 (Fig. 5.13), the level of hydrogen production was lower than at pH 5.5, in the
absence of formate, by ~twofold. As before, the uncomplemented /4ycE mutant failed to
produce hydrogen. At this pH, as before (Fig. 5.7), formate clearly enhanced hydrogen
production in the wildtype (vector controls), with a ~twofold induction seen with 10 mM
formate. Provision of the Ayc or hyf plasmid had little impact on H2 production in the
wildtype, nor the response to formate. In the 4ycE mutant, complementation with either
hyc or hyf allowed formate-induced hydrogen production, with levels of hydrogen
generated with formate exceeding those seen for the wildtype vectors controls by up to
40%. For the induced Ayf plasmid in the hycE mutant, H2 production increased from 25
to 83.2 umol with 10 mM formate (a 3.3 fold increase), and for the induction of the Ayc
plasmid in the #ycE mutant, 10 mM formate increased H2 production from 12.5 to 66.6
umol (a 5.3 fold increase). Thus, at pH 6.5, Hyf-dependent H2 production, like that of
Hyd-3, is clearly stimulated by formate. Further, the 4yfplasmid in the 4ycE mutant gave
a greater level of H2 production (on average, by ~twofold) than did the 4yc plasmid, in
nearly all cases (Fig. 5.13).

In summary, these results show that the formate dependence of Hyd-3 activity is not
solely related to its transcriptional control by FhlA. The mechanism by which formate
levels influence the Hyd-3/Hyd-4 activities at pH 6.5, as measured here, could simply be
related to availability of formate as a substrate for its enzymatic conversion into hydrogen
and CO2. But in addition, formate availability might affect expression of other genes
required for Hyd-3/4 activity e.g. the FhlA dependent fdhF gene. Further work would

be required to test these alternative explanations.
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Figure 5.13. Hydrogen production upon induction of Ayc or hyf in a wildtype or
AhycE background at pH 6.5. The conditions are same as Fig 5.9, except for the pH
employed. Final OD values were similar in all cases 0.5 and 0.37 ODeoo.

At pH 7.5, the wildtype vector control produced 3.6-6 fold more hydrogen than at pH 5.5
or 6.5 (Fig. 5.14), and addition of formate had little impact on the amount of hydrogen
produced by the wildtype vector control. This is in contrast to the results obtained with
the wildtype (without vector) in Fig. 5.7 where formate induced H2 production — this
difference may relate to the presence of the plasmid and/or antibiotic. The hycE mutant
failed to generate any hydrogen, either with or without formate (as seen above). Upon
complementation with the Ayc or hyf plasmids, hydrogen production was restored, both
with and without formate, but at levels much lower about (30-10 fold) than seen for the
wildtype vector controls. Indeed, the 4yc and Ayf plasmids appeared to lower the amount
of hydrogen generated in the wildtype by 4.1-3.8 fold, which resembles the effect seen at
pH 5.5. Slightly better H2 production was seen in the hyc/hyf-complemented hycE strain

without inducer, suggesting that weak /yc and hyf expression is more beneficial in terms
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of hydrogen production than strong expression at this pH. Although the H2 production
of the wildtype vector control showed no response to formate, most of the other
strain/plasmid combinations displayed an enhanced H2 production with formate, with the
hycE mutant carrying induced Ayf or hyc giving a 2- or 4-fold increase (respectively) in
response to formate (Fig. 5.14). Thus, this effect resembles the formate-induction of Ha
production seen above for the wildtype at pH 7.5 (Fig. 5.7). This induction effect was not
seen in the absence of rhamnose. Interestingly, the response to formate was particularly
marked for the wildtype carrying the syc or hyfplasmids, with increases in H2 production
of between 2.6 and 9.7 fold observed with formate. Whether this effect reflects a simple
substrate-dependent increase in Hz production or a formate gene induction effect (e.g. for
fdhF), as discussed above, is unclear.

In summary, both Hyf and Hyd-3 activity respond to formate levels at pH 7.5, as seen at
pH 6.5, when the plasmid-borne Ayc and hyf operons are provided in the 4ycE mutant in
the presence of inducer.

Thus, the above results demonstrate a formate induction of both Hyd-3 and Hyf (Hyd-4)

dependent Hz production at pH 6.5 and 7.5, but not at pH 5.5.
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Figure 5.14. Hydrogen production upon induction of Ayc or hyfin a wildtype or
AhycE background at pH 7.5. The conditions is same as Fig 5.8, except for the pH
employed. Final OD values were similar in all cases of 0.2 ODeoo.

5.5. Effect of hyc/hyf status on formate production and consumption.

5.5.1. The hycE mutant.

To confirm a role for Hyd-3 in mediating the consumption of formate during anaerobic
growth and its correlation to hydrogen production, the levels of formate were measured
during the growth of the AycE mutant and the wildtype (section 2.15). Growth was in
WM medium (section 2.5.2) plus 80 mM glucose with 0.8% trace elements and 120 mM
MOPS (section 2.5.2.1), in 20 ml plastic syringes to provide an anaerobic condition
(section 2.16).

The two strains grew similarly and formate concentration in the medium increased during
the first 10 h of growth for both the wildtype and the A/#ycE mutant, to reach a peak level

(that was similar for both strains) at the mid-point of the growth curve. However, growth
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was slightly weaker for the #ycE mutant and the formate release was also slightly less
than that seen for the wildtype (possibly reflecting the lower growth). After 10 h, formate
levels for the wildtype steadily decreased over the next 25 h to reach a level that was
~fourfold lower than that measured at 10 h (Fig. 5.15). However for the 4ycE mutant,
the decrease in formate after 10 h was far less marked than that seen for the wildtype,
with a reduction of just 1.1 fold over the following 25 h, giving a final formate level that
was 1.3-fold higher than that obtained for the wildtype (Fig. 5.15). Interestingly, at 3 h,
the amount of formate released into the medium for the AycE mutant was 25 fold less
than that for the wildtype, although at 10 h the formate levels were only 1.08-fold less
(Fig. 5.15). As expected, the #ycE mutant failed to generate hydrogen (Fig. 5.16).

The results thus show a major reduction in formate consumption for the 4#ycE mutant,
which resembles results previously showing reduction in formate consumption by a hyc
mutant as /syc is a main part of FHL, which consume formate to produce H2 (Sawers,

1994),
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Figure 5.15. The effect of AycE mutation on formate levels during fermentative
growth in WM-medium at pH 6.5. Solid lines indicates the formate concentration
(mmol) while the dotted line indicates bacterial growth (660 nm). The growth was
anaerobic in WM-medium at 37 °C, 80 mM glucose, with 0.8% trace elements and 120
mM MOPS pH 6.5. BW25113 (wt), and BW25113 AhycE were the strains employed.

Growths were performed in triplicate and standard deviations are indicated. The
experiment was repeated twice, with similar results obtained.
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Figure 5.16. Hydrogen production in 4AycE mutant compared to wildtype at pH
6.5 Measurements were made from the experiment presented in Fig. 5.12.
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5.5.2 Effect on formate consumption of complementation of the hyc
mutant with pBADna-hyc or -hyf.

Experiments were performed as above, but at pH 6.5 and 7.5, and with the Ayc and hyf
plasmids, to determine whether the inducible 4yc and hyf genes can restore formate
consumption in the 4ycE mutant strain. Results showed that a similar overall pattern of
formate production occurs to that seen, with a peak level at 10 h in all cases (Figs. 5.17
& 5.18). In the wildtype, induction of Ayc and hyf at pH 6.5 resulted in higher formate
production at 7 and 10 h, with 27 and 15% higher levels respect to the vector control (Fig.
5.17). This indicates that induction of Ayc or hyf increases formate release at pH 6.5 in
the wildtype, an effect that could be related to growth since the induction of Ayc and hyf
also resulted in a higher growth, which was particularly marked at 24 h (30 and 16%
increased, respectively, cf. the wildtype vector control). However, the uninduced strains
showed similarly increased growth without any notable effect on formate consumption,
suggesting that the increased formate levels of the induced Ayc and Ayf strains is not
caused by their increase in growth. Despite the higher formate levels at 10 h for the
induced /yc and hyfwildtype, at 30 h the levels of formate were lower than those seen in
the vector control (and uninduced wildtype) by ~twofold. These results thus indicate that
Hyd-3 and Hyf contribute to formate consumption, and that raised expression of either
hyc or hyfin the wildtype increases formate consumption capacity.

In the AhycE mutant, induction of 4yc or hyfresulted in a slightly raised formate level at
10 h, as seen in the wildtype. Importantly, 4yc or hyf induction also resulted in a major
increase in formate consumption with levels dropping to 2 mM at 30 h compared to 8
mM for the vector control (Fig. 5.17C), a fourfold decrease. Thus, induction of either
hyc or hyf resulted in restoration of formate consumption and indeed enhanced

consumption of formate with respect to that seen in the wildtype vector control (Fig.
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5.17A) by ~twofold. From this result, it is clear that Hyf, like Hyc, contributes to formate
consumption and thus likely forms a second FHL complex (Fhl-2) with Fdh-H. Induction
of hyc or hyf'in the AhycE strain resulted in increased growth with respect to the induced-
vector control by 1.3 and 1.8 -fold at 10 h and 1.2 and 1.6-fold at 24 h, respectively (P =
0.015at24 h P=0.01 at 10 h and P = 0.035 and P = 0.04 at 24 h, respectively). This
indicates that increased capacity to degrade formate, as afforded by Hyd-3 and Hyd-4,
enhances growth under fermentative conditions presumably by protecting the cell from
formate-induced toxicity. The amount of formate consumed upon 4yc and /yf induction
was similar, yet the level of hydrogen generated was 50% greater for Ayf than for hyc
induction (Fig. 5.13) which indicates that there is not always a direct correlation between
apparent levels of formate consumed and H> generated. The higher growth of the Ayc
and hyf induced hycE mutant strains could also indicate a role for Hyd-3 and Hyd-4 in
energy generation. Indeed, the greater growth (24% at 24 h) achieved with 4yfthan with
hyc induction is consistent with the view that Hyd-4, unlike Hyd-3, enables an energy

conserving FHL-1 reaction.
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Figure 5.17. Effect of complementation with Ayc or hyf on formate production
and consumption in a wildtype or hycE mutant at pH 6.5. Conditions are as for
Fig. 5.12. A and B, wildtype plus syc (A) or hyf (B) inducible plasmids, or the vector
only (p), with (+) or without inducer (-). C and D, as A/B, except for the use of the
AhycE mutant in place of the wildtype. A and C, growth; B and D, corresponding
formate levels Growths were performed in triplicate and standard deviations are
indicated. The experiment was repeated twice, with similar results obtained.
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At pH 7.5, the presence of the hyc and hyf plasmids in the wildtype (induced or
uninduced) resulted in a reduced consumption of formate (~2.2 and 2.8 fold, P = 0.01,
more formate at 30 h for the 4yc and hyf'induced wildtype cf. the induced vector control;
Fig. 5.18A) which reflects the reduced levels of hydrogen generated (Fig. 5.14). This
supports the suggestion that at pH 7.5 the induction of hyc or hyf causes a major
perturbation in FHL function. In the AycE mutant at pH 7.5, the Ayc and hyf plasmids
failed to compensate for the reduced formate consumption of the mutant — levels of
formate at 30 h were very similar in all cases at ~8 mM (Fig. 5.18C). This lack of
apparent formate consumption via FHL reflects the 15-30 fold lower H2 production
observed for the /yc and hyf induced hycE mutant cf. the wildtype vector control (Fig.
5.14). Interestingly, induction of hyf or hyc in the hycE mutant at pH 7.5 (Fig. 5.18D)
resulted in a growth enhancement (a 1.4 and 1.2 fold greater growth, respectively, cf. the
induced vector control at 24 h; P=0.02). The reason for this effect is unclear.

In summary, the results show that the A4yc and hyf operons encode hydrogenases that
support formate consumption, as well as hydrogen production. At pH 7.5, induction of
hyc or hyfresults in a weakened FHL activity indicating that the Hyc and Hyf components
thus produced interfere with endogenous FHL activity. This effect could be caused by an
excess of hydrogenase complex subunits that swamp Hyp pathways and/or block proper
assembly of the FHL complex. The results also support the suggestion that Hyd-4 forms
a second FHL complex (FHL-2) catalysing the conversion of formate to H2 and COz. In
addition, the enhanced growth observed with Hyf cf. Hyc is consistent with the notion

that FHL-2 is more energy conserving than FHL-1at pH 6.5 as illustrated.
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Figure 5.18. Effect of hyc or hyf induction on formate production and
consumption in a wildtype or #ycE mutant at pH 7.5. Details are as for Fig.
5.14 except for the pH employed
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5.6. Identification of Hyd-4 activity by gel activity staining

The above study shows that Hyf is able to mediate the consumption of formate and the
production of hydrogen under anaerobic fermentative conditions when induced from
pBADuiha, and a similar effect was observed for Hyc, with best results seen at pH 6.5.
Since previous work showed Hya (Hyd-1) and Hyb (Hyd-2) activity as hydrogen
consuming hydrogenases in E. coli using a gel activity staining method (Sauter et al.,
1992), and Hyc activity as a hydrogen producing hydrogenase was detected by activity
staining by Pinske ef al. (2012), the possibility that such an activity could be shown for
Hyf was tested. The wildtype and AhycE mutant strains complemented with the 4yc and
hyfencoding plasmids where thus grown anaerobically in TGY EP medium with 120 mM
MOPS at pH 6.5 (section 2.18) 5h with inducer, and about 25 pg of protein was subject
to non-denaturing PAGE with Triton X-100 (7.5% w/v polyacrylamide). The gel was
stained in a mixture of benzyl viologen (BV) and triphenyl tetrazolium chloride (TTC)
under 100% hydrogen atmosphere for ~10 min until the bands appeared. The
hydrogenase assay was repeated three times to confirm the results (section 2.18.3; Fig
5.19A).

Fig. 5.19A shows clearly that a major hydrogenase activity band was produced at the top
of the gel for the wildtype and for both the 4yf- and hyc-plasmid bearing AhycE mutant
strains. However, nothing appeared for the AhycE strain at this position, which acts as the
negative control. The intensity of the band (reduced benzyl viologen) is higher in the Ayf-
and hyc-complemented strains than for the wildtype, indicating a higher production of
Hyf and Hyc for the pBADma—Ayc and —hyf transformants cf. the wildtype presumably
due to the multicopy nature of the plasmids. Thus, the above results supports the view
that Hyf is an active (H2-evolving) hydrogenase, and the fourth hydrogenase of E. coli,

but its activity is only exhibited when Ayf is induced from pBAD:ma with no activity
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derived from the chromosomally-encoded /4yf operon under the conditions tested.

Figure 5.19. Analysis of Hyd-4 hydrogenase activity by activity-straining and native
PAGE in Tris-glycine buffer. A. Hydrogenase activity stained gel. Total cell extracts
(25 pg of protein) from each of the strains: 1, pBAD:a-hyf in the AhycE strain; 2,
wildtype; 3, pPBADrha-Ayc in the AhycE strain; and 4, AhycE strain contain pBADrha. The
growth conditions and staining protocol were as indicated above. Red circle indicates
activity stain observed. B. Coomassie blue stained gel confirming quality and separation
of proteins by native PAGE.

The hydrogenase activity was repeated using a Tris-barbitone gel system, as described in
Methods (section 2.10.8.3) and by Pinske et al. (2012) who showed Hyd-3 activity in
both gel systems. However, the resolution of the gel (Fig. 5.20B) was much poorer than
that achieved above. Nevertheless, the activity staining result achieved was similar to
that obtained in Fig. 5.19A, which supports the proposal that 4yf'encodes a hydrogenase
capable of oxidising H2 and deploying the electrons released for the reduction of BV.

It should be noted that Pinske ef al. (2012) were able to detect Hyd-1 activity in the

wildtype under the growth conditions employed here. But this was a minor band that

may not be visible here due to poor resolution of the gel.

175



Chapter 5 Phenotypic analysis of 4yf operon

ol
b

O

b

Figure 5.20. Analysis of Hyd-4 hydrogenase activity by activity-straining and native
PAGE in Tris-barbitone buffer. Details are as for Fig. 5.16 except for the use of a
barbital buffer. Samples were: 1, AhycE strain contain pBADrha; 2, wildtype; 3, pBADrha-
hyfin the AhycE strain; and 4, pBADrha-Ayc in the AhycE strain.

5.7. Can hyf-expressing strains use formate as an energy source?

The results in section 5.5 suggest that not only can Hyf mediate the consumption of
formate and production of hydrogen, it can also enhance growth under fermentative
conditions, and does so more effectively than Hyc. In addition, the greater complexity
of Hyf with respect to Hyc, and its closer similarity to Complex I, is consistent with a
role in FHL activity that is energy conserving through contributing to the pmf across the
cytoplasmic membrane (Andrews et al., 1997). Thus, experiments were performed to
test whether Hyf can act as an energy conserving hydrogenase through determining its
ability to enable fermentative growth with formate as an energy source. The growths
were under anaerobic conditions using syringes at 37 °C for 30 h. The hyf and hyc

complemented AhycE strains were grown in WM-medium, without glucose, but with 10
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mM formate as sole energy source (with 0.8% trace elements and 120 mM MOPS at pH
6.5).

For both the wildtype and AhycE mutant, there was no growth with any of the three
plasmids tested except for the condition with pBAD:ma-hyf with inducer. This indicates
that expression of the Ayf operon enables E. coli to utilise formate to support growth.
Hydrogen was also generated upon induction of 4yf. Formate consumption by formate
dehydrogenases would usually generate energy through formation of NADH for
utilisation within the respiratory chain or by direct delivery of electrons to the respiratory
chain (Unden & Bongaerts, 1997). Under the conditions used here, there is no respiratory
acceptor so such the aforementioned modes of energy generation cannot be deployed.
Thus, the best remaining option would be that Hyf is able to support a pmf through an
energy-conserving FHL pathway, as suggested previously (Andrews et al., 1997).
However, formate is unlikely to serve as a carbon source for anabolic processes since it
is converted to CO2. However, under induction conditions, 0.02% (1.2 mM) rhamnose
is present and this sugar can be utilised by E. coli as sole energy and carbon source (Badia
et al., 1989). Thus, it is possible that the growth observed in Fig. 5.21 is driven by the
presence of rhamnose as well as formate.

Thus, in summary, the results here provide preliminary evidence for a role for Hyf in
utilising formate to yield energy for growth, but further work is required to confirm this

proposal.

177



Chapter 5

Phenotypic analysis of 4yf operon

0.3 0.4
A .~ B
0.5
0.3
€ 02
c
o 0.5
(Vo)
o
& 0.15 0.2
=}
£
z 0.15
° 01
O
0.1
DS I I 1 -
5
0 0
0 5 10 15 20 25 30 0 . 10 15 20 25 30
Time (h) Time (h)
e Pt el Pl Y+ hyc- emlemhyft el hyf-

Hydrogen production (umol)
b ~N w H

o

m=: H-=
P+ P-

mE BE |I o=
hyc+ hyc- hyf+ hyf-

BhycE Ewt

Figure 5.21. Effect of hyf and hyc induction on growth with 10 mM formate. Strains
were grown anaerobically in WM- medium without glucose and with 0.8% trace elements
and 120 mM MOPS at pH 6.5. Strains used were the wildtype (BW25113) and the
isogenic AhycE mutant. Strains carried either pPBADrha, pBADrha-hyf and pBADrha-hyc.
A. The growth in wild type. The data in Y-axis are linear. B. The growth in #ycE mutant.
The data in Y-axis are linear C. Hydrogen production at 30 h. Growths were performed
in triplicate and standard deviations are indicated. The experiment was repeated twice,
with similar results obtained. Rhamnose was used at 0.02% for induction.
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5.8. Discussion

In this chapter, the ability of Hyd-4 to generate hydrogen and its formate dependency
were explored. The multi-copy-number plasmid, pBAD:ha, was employed for expression
of the 13 kb Ayf operon; this plasmid allowed induction of /yf using rhamnose as an
inducer. The resulting pBADrha-/yf plasmid was then used to complement a AhycE strain
lacking Hyd-3 activity and the transformant was tested for hydrogen production at
different pH levels. It was clearly found that hydrogen production was restored when Ayf
was induced in the AhycE strain at all pH levels tested. The highest hydrogen production
was at pH 6.5 for both /yc and Ayfinduction. However, hydrogen was not produced at all
in the AhycE strain carrying the vector control. This suggests that Hyd-4 is a hydrogen
producing hydrogenase, as is Hyd-3 at acidic pH (Maupin and Shanmugam, 1990; Bohm
et al., 1990), and thus is likely to act as part of a second FHL enzyme along with Fdh-H.
Previously, research reported that H> production by Hyd-3 is promoted by addition of
formate (Yoshida et al., 2005) up to a concentration of 100 mM. Mnatsakanyan et al.
(2002) also found that hydrogen production is increased (by 3.5 fold) by provision of
formate (30 mM). Similar effects were also reported by Pinske and Sargent (2016). Thus,
the effect of formate addition on Hz production was tested for the Hyf system at a range
of pH levels since pH has also been shown to affect H2 production in E. coli (Y oshida et
al., 2005; ). Induction of Ayc and hyf at pH 5.5 and 7.5 in the AhycE mutant resulted in
relatively little H2 production (Fig. 5.12; Fig 5.14). However, at pH 6.5, H2 production
was 2.5-fold higher than pH 5.5 and as formate increased to 10 mM, hydrogen production
also increased, by 6-fold for Hyf and by 5-fold for Hyc compared to the control (no
formate added). No formate induction of Hz2-evolving hydrogenase activity was observed
at pH 5.5. This increase in H2 with formate addition was unrelated to FhlA-dependent

(or HyfR-dependent) induction of Ayc or hyf expression, it seems likely that the effect
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observed was caused by the raised availability of substrate for FHL activity. This formate
dependence provides further evidence for a role for Hyf as a second FHL complex. The
work in this chapter therefore provides the first convincing evidence that Hyf is capable
of formate-dependent H> production and is consistent with the notion that it combines
with Fdh-H to form a second FHL. However, it remains unclear under what physiological
condition 4yf would be expressed in a wildtype strain, as previous work indicates that it
is not active under fermentative conditions that stimulate /#yc expression. Also, it remains
unclear why two such similar H2-evolving hydrogenases would be required by E. coli.
To determine whether Hyf can mediate formate consumption, the levels of formate were
monitored in anaerobic fermentative cultures of the AhycE strain in the presence of the
induced hyf or hyc systems. After an initial build-up of formate over the first 10 h at pH
6.5 to give a peak level of ~15 mM, formate declined steadily in the presence of either
Hyc or Hyf to ~2 mM the following 20 h (Fig. 5.17C). For the vector controls, formate
levels remained relatively high (at ~13 mM) over this period with little consumption
observed. Thus, like Hyc, Hyf mediates the consumption of formate produced during
fermentative growth on glucose, and can substitute for Hyc when synthetically expressed.
This observation provides further evidence that Hyf functions as part of a second FHL
pathway in the conversion of formate to H2 and COsx.

Induction of hyf gave greater H2 production levels than did induction of Ayc at acid pH
(6-6.5), whereas hyc induction produced more H> than for 4yf at higher pH (7-7.5) (Fig.
5.14), suggesting that Hyf activity is more favoured by lower pH than is Hyc activity.
Preliminary growth experiments with formate as sole energy source under fermentative
growth conditions surprisingly revealed that provision of the 4yf operon in the induced
state resulted in substantial growth for both the 4ycE mutant and wildtype (Fig. 5.21). It

is suggested that this might be enabled by the presence of the inducer, rhamnose, with
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could offer an anabolic carbon source for growth purposes whilst the Hyf system
generates energy from formate consumption. However, it would be expected that any
energy generation from the FHL reaction would require consumption of the H2 generated
in order to maintain a low Hz partial pressure, as suggested previously (Andrews et al.,
1997). Thus, this result requires further investigation.

Pinske et al. (2012), successfully managed to detect Hyd-3 activity by staining native
polyacrylamide gels containing E. coli extracts grown fermentatively. The activity
staining method used BV as an artificial electron acceptor (with TTC as mediator) and
H> gas as the electron donor for the detection all three hydrogenases. With 100% H2 gas,
only Hyd-1 and -3 were detected in the wildtype — with Hyd-1 a relatively minor band at
the bottom of the gel and Hyd-3 a major band at the top. In this chapter, the activity
staining method of Pinske ef al. (2012) was used to detect Hyc and Hyf activity (Fig.
5.19). Although the quality of the resulting gel was poor such that Hyd-1 could not be
detected, clear bands were seen at the top of the gel in the tracks with extracts from the
Hyf" and Hyc" strains indicating that Hyf, like Hyc, has the capacity to utilise H2 as an
electron source for reduction of BV, which is consistent with its function as a
hydrogenase.

In summary, results provided in this chapter indicate that Ayf encodes a hydrogen-
producing hydrogenase that is part of a formate consuming pathway and that it forms a
second FHL system (FHL-2) in E. coli. Further work is required to confirm that Hyf
activity is dependent on FdhF, as is suggested; this will be explored in the following

chapter.
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Chapter 6: Role of FdhH in Hyf activity

6.1. Introduction

6.1.1. Hyd-3 as a part of the FHL complex

In E. coli, Hyd-3 comprises of six proteins as discussed (section 1.5.2). HycC and HycD
are arranged as a membrane domain, while HycBEF and HycG as a cytoplasmic domain
(Fig 6.1). Addition of formate dehydrogenase-H (encoded by fdhF, which is not a part of
hyc operon) creates the final formate hydrogenlyase complex-1 (FHL-1). The five
subunits FdhF-HycBEFG operate as a closed electron transport system connecting
formate oxidation to proton reduction without any evidence for proton translocation (just
proton consumption). However, Sauter ef al. (1992) revealed that deletion of either 4ycC
or hycD encoding the membrane component result in inactive FHL-1 suggesting that
membrane association is important for FHL-1 function. The whole Ayc operon was
engineered to encode affinity-tagged of all the subunits by McDowell et al. (2014). This
method was used as a natural expression level to detect biosynthesis pathways of FHL-
1. It was clear from their findings that all seven subunits are important for the enzyme
(FHL-1) activity, including HycC and HycD. Sargent (2016) suggested that the final
attachment of Hyd-3 to the membrane is essential for the activation of the enzyme

complex (Fig 6.1). However, it remains unclear why FHL-1 is membrane associated.

6.1.2. Formate dehydrogenase-H

Formate dehydrogenase H, which is a component of FHL, is hydrogen-linked and was
historically named as Fdh-H (Peck et al., 1957). This protein is encoded by fdhF, which
is located at 93 min on the E. coli chromosome. The first cloning of the fdhF gene was

by Zinoni et al., 1986, which led to a whole new research field in bacterial physiology.
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The transcribed fdhF gene sequence was found to contain a UGA codon, which is a
nonsense codon and is perfectly located at position 140 in the fdhF mRNA, near a UGU
or UGC cysteine codon. The absence of selenium results in the blockage of translation at
the above position and the UGA prevents downstream translation. However, in the
presence of selenium, UGA was found to code for selenocysteine required for full activity
of formate dehydrogenase in E. coli. This incorporation depends on the presence of a
unique tRNA species (se/C product), whose anticodon is UCA which is complimentary
to the nonsense codon (Zinoni et al., 1987).

The 80 kDa Fdh-H protein was found to contain a single [4Fe-4S] cluster and a bis-
molybdopterin -guanine cofactor, which is a complex between a redox-active
molybdenum atom and two cyclic pyranopterin moieties (Mendel and Leimkubhler, 2015).
The crystal structure of FdhF in E. coli is illustrated in Fig 6.2, which confirmed that
selenocysteine was a direct ligand to the molybdenum atom at the active site (Boyington
etal., 1997).

The FdhF is found to be loosely attached to the FHL-complex (Fig 6.1) (Sauter et al.,
1992). 1t is also unusual when it is compared to other formate dehydrogenases in E. coli,
where it is the only dehydrogenase to form a complex with Hyd-3 which can react with
benzyl viologen (BV) as an artificial electron acceptor with hydrogen as a donor.
Furthermore, FHL catabolizes formate to CO2 and Hz under anaerobic condition and the

absence of exogenous electron acceptor (Bock and Sawers, 1992).
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Cytoplasmic domain
HCOO  COx+H

Figure 6.1. The structure of hydrogenase-3 and FdhF to form the FHL-1 complex.
It comprises of two domains; membrane and cytoplasmic as illustrated. FdhF is formate
dehydrogenase-H, which is a selenoprotein that contains a molybdenum cofactor and
[4Fe-4S] cluster. It shows that FdhF is only attached loosely to the cytoplasmic domain
through its association with the Hyd-3. Red arrow describe the electron pathway (Sargent,
2016).

[4Fe-4S1 cluster

bis-molybdoprotein-
guanine dinucleotide

Figure 6.2. Crystal structure of formate dehydrogenase-H (fdhF) of E. coli. The blue
colour as indicated shows the bis-molybdopterin guanine cofactor and the orange colour
illustrates the [4Fe-4S] cluster (Boyington ef al., 1997).
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6.1.3. Formate dehydrogenase-H and hydrogenase-4

The discovery of the fourth hydrogenase in E. coli was a surprise to the field (Andrews
etal., 1997). Until then, all the biochemical and genetic analysis were able to detect only
three active [NiFe]-hydrogenases in E. coli (Sawers, 1994). Andrews et al. (1997) found
that Hyd-4 is closely related to Hyd-3 and it is located at a cytoplasmic and inner
membrane, and is related to Complex 1. There are several factors that link Hyd-4 to a
role as part of a second formate hydrogenlyase complex (FHL-2) (Fig 6.3). The hyf
operon encodes a gene expressing a putative formate channel (FocB) (Andrews et al.,
1997). Indeed, the work in chapter 4 now shows that FocB can function to mediate
formate transport. Also, the hyf operon got a gene (hy/R) that encodes a 6>*-dependent
regulator (HyR) that drives formate-responsive regulation of the /yf operon and is
homologous with FhlA (Skibinski et al., 2002). The hyf operon is thus considered to
specify a fourth hydrogenase (Hyd-4) which is Hz evolving (like Hyd-3) and like Hyd-3
forms a complex with Fdh-H to generate a FHL enzyme, designated FHL-2. The finding
in chapter 5 that Hyf can replace Hyd-3 in formate consumption and hydrogen production
provides further evidence for the existence of the proposed FHL-2 complex.

Furthermore, E. coli encodes a gene called ydeP, which is homologues to fdhF. 1t is
predicted to encode s a molyebdopterin-containing enzyme but this enzyme is not
predicted to possess selenocysteine. YdeP functions in acid resistance environment
(Masuda and Church, 2003). Vivijs et al. (2015) proposed that since YdeP is similar to
FdhF, it could act as a component of the FHL complex in place of Fdh-H. So, whether
FHL-2 incorporates FdhF with Hyd-4 or whether it uses YdeP instead remains to be
proven since an active version of FHL-2 has not been isolated or characterized (Sargent,

2016), and its dependence on FdhF has not yet been explored.
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Membrane domain

Cytoplasmic domain

Figure 6.3. The structure of hydrogenase-4 and FdhF to form the FHL-2 complex.
An illustration of how FHL-2 might be formed. It comprises of two domains; a large
membrane domain and cytoplasmic domain. HyfA which is similar to HycB, so it could
be the partner subunit to FdhF. All nine Hyf subunits in form FHI-2 either with FdhF or
an alternative enzyme (e.g. YdeP?) (Sargent, 2016).

In this chapter, the role of fdhF in enabling Hyf-dependent FHL-2 activity was examined.

6.2. Cloning of fdhF into an inducible vector

In order to enable controlled expression of fdhF, the gene is cloned into the pBADara
vector, which is fully compatible with the pBAD:a plasmid (distinct ori} and antibiotic
resistances) (Appendix-3). The pBADa plasmid allows controlled expression in
response to arabinose. In this way, fdhF could be tested under any environmental
conditions without any impact of regulatory factors (e.g. FHLA) that would usually
control its expression according to environmental conditions. Thus, it would be possible

to confirm that fdhF and hyf are able to combine to generate a second FHL.

186



Chapter 6 Role of FdhH in Hyf activity

6.2.1. Isolation and digestion of pBAD:a

The plasmid pBADara was obtained from laboratory stocks. pBADara transformants were
then generated and plasmid DNA was isolated from three samples using a GeneJET™
plasmid Miniprep Kit (Fermentas) (section 2.10.7). The isolated plasmids were screened
by electrophoretic analysis and the presence of plasmid DNA of high mass corresponding
to the expected size (4.1 kb; Fig. 6.4) was confirmed. The identity of the plasmid DNA
therefore was confirmed by digestion with Ncol and HindlIl followed by electrophoresis.
The double digestion changed the plasmid from the supercoiled form to a single linear of

mobility matching that expected for pBADoara (Fig. 6.4).

~4kb
~3kb

Figure 6.4. Agarose gel (0.7%) electrophoretic analysis of pBADara following
restriction digestion with Ncol and Hindlll. M, 1 kb ladder (Fermentas). Lane 1,
pBADara undigested; lane 2, pBADara double digested.

6.2.2. Extraction, amplification and cloning of fdhF

Chromosomal DNA was extracted from a wildtype MG1655 (section 2.10.1), and
amplified by CloneAmp™ HiFi PCR Premix polymerase from Clontech (section 2.10.2),
as it provides accurate and efficient DN A amplification and is recommended for In-fusion

PCR cloning (Fig 6.5), using two different primer sets. The first primer set was to confirm
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the availability of the gene by choosing 300 bp upstream fdhF (pBADara-fdhF-forward)
and 300 bp downstream (pBADuara-fdhF reverse) (Table 2.8), while the second set were
special primers (pBADar-fdhF) forward and reverse designed specifically for use In-
Fusion cloning (Gibson methodology) and as described in sections 2.12.2.1 and 2.12.2.2
(Appendix 12). The amplified fragments were analysed by agarose gel electrophoresis
and the sizes expected were 2.7 kb (with first set of primers) and 2.1 kb (with the second
set), which are a close match to those observed (Fig 6.5). Next, the PCR product was
purified (section 2.10.3) and 2 pl of pure PCR product was loaded in an agarose gel

electrophoresis (section 2.10.8.1) to confirm its size (Fig 6.6).

3kb
~2 kb

lkb —//—

Figure 6.5. Gel electrophoretic analysis of fdhF' amplification from MG1655 with
two different sets of primers. Electrophoresis was performed using a 0.7% agarose gel.
M is GeneRuler® 1 kb Marker. Lane 1, PCR amplified sample of fdhF using primers
annealing 300 bp upstream and downstream; lane 2, specific primers designed for In-
Fusion cloning into pBADara. 2 pul of samples were loaded and 1 pl of ladder.

6.2.3. Cloning of fdhF into the vector, pBADga

To enable controlled induction of fdhF, the fdhF PCR product were cloned into pBADara
at the Ncol and Hindlll cloning sites of the vector, using Gibson cloning methodology

(Gibson et al., 2009; section 2.12.2.3) (Fig 6.7). The resulting reaction were used to
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transform chemically competent E. coli Stellar cells (section 2.12.2.4). Six resulting
AmpR colonies were selected for plasmid ‘miniprep’ isolation using GeneJET™ Plasmid
Miniprep Kit (Fermentas) (section 2.10.7). These plasmids were then further analysed by
single restriction digestion (section 2.10.4; Fig. 6.6) with Ncol to check the size of the
plasmid. Following analysis by agarose gel electrophoresis, all plasmids were shown to
carry an insert of the expected size (~2.1 kb, not shown) and were then designated
pPBADara-fdhF (Fig 6.7). Two out of the six successful clones were further confirmed by
nucleotide sequencing by Source Bioscience with specific sequencing primers (Table
2.8). The sequences obtained were compared with the sequence database using BLAST
which confirmed that the inserts have the correct sequence correctly located at the desired
cloning sites (Appendex-13). These plasmids were employed in future studies, as

described below.

6 kb ~6kb

3kb — »

Figure 6.6: Gel electrophoretic analysis of cloned fdhF in pBADara. Electrophoresis
was performed using a 0.7% agarose gel. M is GeneRuler® 1 kb ladder (Fermentas). Lane
1-6, cloned samples of pBADara-fdhF. 2 pl of undigested samples were loaded and 1 pl
of ladder.
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Ara promoter

fdhf

AraC

AmpR

pBR322 origin

Figure 6.7. Map of pBADara-fdhF. The plasmid contains fdhF cloned into Ncol and
HindIII sites of pBADura. The origin of replication (pBR322); Amp®R locus, araBAD
promoter and AraC encoding gene are indicated (Reed and Schleif, 1999). The
transcription initiation occurs with high concentration level of arabinose (Guzman et al.,
1995).

6.3. Complementation of fdhF and AhycE mutant phenotypes by 4yfand
fdhF

6.3.1. Confirmation that fdhF is required for production of hydrogen

The availability of fdhF in an inducible vector allowed progression of the experiments
aimed at complementation of AhycEAfdhF double mutants. A well-established
phenotype of fdhF and hyc in E. coli and their inability to form an FHL complex was
discovered eralier (Peck et al., 1957). Thus, the ability of the pBADuara -fdhF construct
together with pBAD:ma-Ayfto allow formation of a second FHL to produce hydrogen was

tested using a hycE fdhF double (section 6.4; section 2.14.1) mutant strain (note that the

190



Chapter 6 Role of FdhH in Hyf activity

fdhF mutant used throughout this thesis was a AfdhF mutant derived from the Keio
collection - i.e. with the kan cassette removed; section 2.13). The reason in removing the
kan cassette is that its presence might have unpredictable affect on downstream gene
expression.

To investigate the effect of the AfdhF mutation in hydrogen production in comparison to
the wildtype under anaerobic conditions, overnight cultures of the fdhF mutant strain and
a wild type strain were cultivated in rich medium (section 2.5.3) with 0.01 M glucose and
120 mM MOPS at pH 6.5. Next day, the strains were tested for hydrogen production
following inoculation to a final OD600 of 0.01 in fresh medium, as above. The strains
were grown in syringes of 10 ml with needles inserted into rubber stoppers which were
used to provide the anaerobic condition for 30 h. The results showed that there was no
production of hydrogen for the AfdhF mutant. That was not surprising because fdhF is a
required component for FHL and any mutation in this complex would prevent hydrogen
production, as reported previously (Soboh ef al., 2011). However, there was hydrogen
produced in the wild type (Fig 6.8A). Then the same experiment was repeated with the
same conditions except with the addition of different concentrations of formate (3, 5 and
10 mM) (Fig 6.8B). The finding was similar in that there was no hydrogen produced by
the AfdhF mutant, but the amount of hydrogen increased as formate concentration also
increased. This finding indicates that although /yc is functional in the AfdhF strain and
external formate provided, without Fdh-H, no FHL complex will be formed and thus no

hydrogen will be produced.
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Figure 6.8. Effect of fdhF mutation of Hz production with and without formate. A.
Without formate. B. With formate (mM). The strains (BW25113 and BW25113 AfdhF)
were grown anaerobically in rich medium (0.01 M glucose and 120 mM MOPS)
anaerobically at 37 °C in triplicate for 24 h. Data is the average of three technical repeats
with error bars indicated standard deviation; the experiment was repeated twice with
similar results obtained. Final OD values were similar in all cases 0.3 and 0.37 ODeoo.

6.3.2. Complementation of the AfdhF mutant with pBADua-fdhF

To further explore the role of fdhF in hydrogen production by Hyc and Hyf, the pBADara
vector expressing fdhF (along with the vector control) was used to transform the wildtype
and the AfdhF and AhycE mutants. The resulting pBADara-fdhF and pBADara
transformants were grown anaerobically at 37 °C for 24-30 h, as above in rich medium
(0.01 M glucose and 120 mM MOPS) with chloramphenicol (50 pg/ml), with and without
0.02% w/v arabinose as inducer. Induction of fdhF in the AhycE mutant strain did not
enable hydrogen production as was the case with the vector control, which is as expected.
However, induction of fdhF in the AfdhF mutant resulted in substantial hydrogen

production, but only when inducer was included (Fig. 6.9). Thus, this experiment
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provides further proof that fdhF alone (without Hyc or Hyf) has no ability in hydrogen
production. It also shows that the pPBADara encoded fdhF is able to complement a AfdhF

mutant and thus is functionally expressed from this vector.
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Figure 6.9. Hydrogen production upon induction of fdhF in the AfdhF and AhycE
mutants. Growth conditions were similar to Fig 6.8. ‘P’ vector control; ‘+’, with
arabinose and ‘-’ without arabinose. Error bars are included but are too small to see, and
these correspond to standard deviation of three technical replicates. The experiment was
performed three times and similar results were obtained. Growth conditions were as in
Fig. 6.8. Strains were BW25113 AfdhF and BW25113 AhycE carrying plasmids
pBADara-fth or pBADara.

6.3.3. Effect of introduction of pBADn.-hyc and -hyf into the AfdhF
mutant on H; production

In order to further assess the role of Fdh-H in enabling Hyc and Hyf-dependent
hydrogenase activity and to establish the need for Fdh-H in FHL-2 function, the above
experiment was repeated but with cloned pBADia-hyf and pBADrna-hyc were
transformed into the AfdhF mutant strain (section 2.12.1). The transformants were
cultured anaerobically in rich medium (0.01 M glucose and 120 mM MOPS, pH 6.5) with
chloramphenicol (50 pg/ml), with and without 0.02% w/v rhamnose as inducer at 37 °C
for 24- 30 hours, in syringes to allow measurement the hydrogen production. The results
showed (not provided here) that there was no hydrogen produced for the vector control

or with the 4yfand hyc plasmids, either with or without inducer. This suggest that neither
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hyf nor hyc alone can produce hydrogen without fdhF, and thus indicates that Ha
production by Hyf depends upon Fdh-H (like Hyc). The experiment was repeated as
above, but with the addition of formate (at 3, 5 and 10 mM). However, still no hydrogen
gas was detected. From this finding, it is clear that formate does not enable hydrogen
production by Hyc or Hyf when Fdh-H is absent. Thus, the result provide strong evidence
for the requirement for Fdh-H for Hyf-dependent H2 production, and thus for the presence
of a second FHL in E. coli (FHL-2) composed of Fdh-H and Hyf. In order to further
prove this conclusion, it was considered desirable to create a deletion (A Red-knockout)
of fdhF in the AhycE strain, to generate a double mutant, and then double transformation
(section 2.12.2) the resulting AfdhF AhycE mutant with Ayf or hyc plasmids together with

the fdhF plasmid for measurement of hydrogen production ability.

6.4. Inactivation of fdhF in the AhycE mutant by knockout using the A
red procedure

A gene knockout is a mutation that inactivates a gene function. Furthermore,
recombination is mediated by bacteriophage-based recombination system such as A Red
or RecET of the Rac prophage, or similar systems (Thomason et al., 2016). Like genetic
engineering, recombineering can be used to make knockout mutations as well as
deletions, point mutations, duplications, inversions, fusions and tags (Sawitzke et al,
2011). The gene targeted for knockout is replaced by an antibiotic resistance gene,
usually kanamycin or chloramphenicol (Datsenko and Wanner, 2000).

The strategy used in the A Red system in general involves inserting an antibiotic cassette,
which is in this case is the chloramphenicol cassette from pKD3, in place of the target
gene (Fig 6.10). The resistance cassette is flanked by FRT sites (Flippase Recognition
Target sites), which allow the removal of the cassette once inserted with a FLP helper

plasmid (pKD46). The helper plasmid (pKD46) encodes the A Red recombinase, which
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required three phage genes (), S and exo) that contribute directly in homologues
recombination (Datsenko and Wanner, 2000).

The pKD3 CmR locus was PCR amplified to provide the cat antibiotic resistance gene,
using specific primers (Table 2.9; section 2.14.2). The amplified resistance cassette was
later transformed into the pKD46-carrying AhycE transformant (see below). pKD46 was
transformed into the AzycE mutant by electroporation (section 2.12.1.2); because pKD46
is a temperature sensitive plasmid, propagation of transformants was at 30 °C. The
transformed cells were grown in LB (section 2.5.1) containing ampicillin, at 30 °C, 250
rpm for 4 h. After that, 10 mM L-arabinose was added to induce expression of the ARed
system from the arabinose inducible promoter (Para). The cells next were incubated under
the same conditions for 1 h. After that, cells were harvested by centrifugation and
prepared for electroporation (section 2.14.4). Then, 2 ng of purified PCR fragment (cat
cassette) were used in the electroporation of the pKD46-carrying AhycE strain (section
2.12.1.2). Then, the cells were incubated at 30 °C for 2 h and subsequently spread on L-
agar (section 2.5) contacting chloramphenicol (8 pg/ ml) and incubated at 37 °C
overnight. Next day, single colonies were selected for further testing by growth on L-
agar containing 34 pg/ml of chloramphenicol and screening for ApS. status. Finally, the
identity of the CmR colonies was confirmed by colony PCR (section 2.10.2.1) to check

for the replacement of the fdhF gene and the presence of the AhycE mutation.
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Figure 6.10. A schematic diagram of the knockout strategy using A Red system. CmR,
chloromphenicol resistance gene. FRT, Flippase Recognition Target site. Arabinose is
the inducer for the ARed system carried by pKD46.

6.4.1. Amplification of pKD3 to get the CmR® cassette

To allow deletion of fdhF from the AhycE mutant strain using the ARed system, pKD3
was required as PCR template for the CmR® cassette (section 2.14.2; Table 2.9). The
primers used were designed to amplify an ~1100 bp CmR® fragment and included the

flanking regions of the fdhF gene (Fig 6.11).
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Figure 6.11. Agarose gel (0.7%) electrophoretic analysis of the PCR amplified Cm®
cassette from pKD3. M, 1 kb Generuler (Fermetas); lanes 1-4, 2 ul amplified CmR
cassette with fdhF flanking regions. Arrow indicates position of the amplified DNA
fragment (~ 1.1 kb).

6.4.2. Confirmation of the (AfdhF)::cat substitution mutation and
AhycE mutation in the AhycE mutant strain

The colonies obtained, on L-agar with 8 pg/ml chloramphenicol, following the
introduction of the cat cassette into the AhycE mutant were streaked onto L-agar plates
with 34 pg/ml chloramphenicol. Next, colony PCR (using the primers that anneal 300 bp
up- and down-stream of fdhF) was used to confirm that the deletion had occurred (Fig
6.12). A clear band of the expected size (~1.6 kb) was obtained for two colonies (Fig.
6.12; ~1000 bp from the cat gene, and 300 bp upstream and 300 bp downstream of fdhF.
Note that the wildtype and original AhycE mutant gave a PCR product of ~2.7 kb, as

expected (not shown).
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Figure 6.12. Agarose gel (0.7%) electrophoretic analysis of colony PCR
amplification of the fdhF locus in two suspected (AfdhF)::cat mutants. M, 1 kb
Generuler (Fermentas); lane 1-2, 2 pul of PCR reactions for colonies 1 and 2, respectively.
Arrow indicates position of the target band DNA (~ 1.1 kb).

To further confirm the mutation, the PCR fragment generated for one colony was cloned
into pJET1.2 to enable nucleotide sequence analysis. Thus, the colony PCR product was
purified (section 2.10.3) and cloning into pJET plasmid (Appendix-1) was achieved using
the recommended protocol (section2.12.2). Six of the resulting CmR® transformants were
subject to plasmid miniprep isolation (section 2.10.7) and the cloning confirmed by
electrophoresis (Fig 6.13). Since pJET1.2 is ~3 kb and the PCR product is ~1.6 kb, a
plasmid of ~4.6 kb was expected. However, the plasmid is undigested, so the size will
appear is 2/3" its real size, i.e. ~3 kb as is observed. One of these pJET1.2-(AfdhF)::cat
plasmids was submitted for nucleotide sequencing by Source Bioscience using pBAD ha-
F and pBAD:ma-R primers (Table 2.4). The sequences obtained were compared with the

sequence database using BLAST which confirmed that the CmR cassette is correctly
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located at the desired site and the sequence was 100% identical with the Cm® gene of

pKD3.

~3 kb

Figure 6.13. Agarose gel (0.7%) electrophoretic analysis of pJET1.2-(AfdhF)::cat
plasmids. M, 1 kb Generuler (Fermentas); lanes 1-6, 2 ul of plasmid DNA isolated from
six distinct CmR transformants. All plasmids are undigested.

The above results indicate that the desired fdhF mutant has been created. Since the strain
which used to knockout the fdhF gene was a AhycE mutant, a further PCR was performed
to confirm the AycE mutation. Therefore, colony PCR (section 2.10.2.1) was applied with
primers specific for the AycE locus (Table 2.8; annealing 300 bp before and after the
gene). Electrophoresis showed (Fig 6.14) that the resulting PCR product generated was
as expected, ~600 bp. Control reactions using wildtype DNA as template gave a PCR
product (using Table 2.8, hycE-F and hycE-R with annealing 100 bp before and 100 bp
after) of approx. 2 kb, as expected (Fig 6.15). Thus, from this molecular-genetic
confirmation, it can be concluded that the desired double mutant (AfdhF)::cat AhycE)

has been successfully generated.

199



Chapter 6 Role of FdhH in Hyf activity

1 kb
~0.6 kb

Figure 6.14. Agarose gel (0.7%) electrophoretic analysis of the hycE PCR product
of the putative AhycE (AfdhF)::cat strain. M, 1 kb Generuler (Fermentas); lane 1,
AhycE PCR product.

Figure 6.15. Agarose gel (0.7%) electrophoretic analysis of the 4ycE PCR product
of the wildtype strain (contain AycE). M, 1 kb Generuler (Fermentas); lane 1-2, hycE
PCR product.
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6.5. Effect of fdhF and hyf status on hydrogen production in the AhycE
AfdhF mutant

6.5.1. Complementation of the double mutant with fdhF or hyf

In order to enable introduction of pBAD:ha into the double mutant, the Kan cassette was
removed as described in Methods (section 2.13) to generate BW25113 AfdhF AhycE,
which was confirmed by PCR (as above) and used in the studies described below.

To provide further evidence that Hyf activity is Fdh-H dependent, as is the case for Hyc,
plasmid pBADrha-hyf was transformed into the double mutant and H2 production was
tested by growth in rich medium (with 0.01 M glucose and 120 mM MOPS, pH 6.5, plus
Cm) under fermentative conditions using 10 ml syringes at 37 °C for 24-30 h. No
hydrogen gas was detected, either with or without inducer (Fig. 6.16). This finding further
indicates that Hyf is unable to function without Fdh-H. The experiment was repeated but
with formate (at 3-20 mM), but as expected, still no hydrogen gas was produced (data
not shown). In addition, pBADrma-Ayc was also transformed into the double mutant and
propagated under the same conditions as above, and the results were the same - no
hydrogen was produced with or without inducer, or with or without formate (data not
shown). Thus, as anticipated, both Hyf and Hyc dependent H2 evolving activity requires
Fdh-H.

Addition experiments were performed in parallel with those above, using the AhycE
mutant carrying pBADrna-/yf (as a positive control) or pBAD:ha (negative control) and
the AhycE AfdhF double mutant with pBADrha, under the same growth conditions as
above. Hydrogen was produced for the induced and uninduced /4yf-complemented hycE
mutant (as in chapter 5) only, at 0.8 and 1 ml, respectively, but not in the vector controls
(Fig 6.16). This confirmed that the /yf plasmid enables H2 production when fdhF is

functional. In addition, since Fdh-H is needed for both Hyc and Hyf activity, it would
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appear that YdeP (Vivijs ef al. 2015) does not interact with Hyf (or Hyc) to form a FHL

complex, at least not under the conditions used here.
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Figure 6.16. Expression of hyf fails to restore Hz production in the AfdhF AhycE
double mutant. Growth conditions were as in Fig 6.8. ‘P’, vector control; ‘+’, with
rhamnose; ‘-> without rhamnose; ‘double’, AhycE AfdhF mutant; ‘hycE’, AhycE mutant;
‘phyf’, pBAD:na-hyf. Error bars correspond to standard deviation of three technical
replicates. The experiment was performed three times and similar results obtained.

6.5.2. Complementation of the AhycE AfdhF mutant with pBADara/rha-
expressed fdhF and hyf

Double transformation involves transforming two plasmids which do not contain the
same oril and are thus considered as compatible plasmids. However, plasmids which
contain the same ori} are considered as incompatible, and they cannot stably co-exist in
the same cell (Novick, 1987; Nordstrom and Austin, 1989 and Sambrook et al., 1989).
This incompatibility occurs because they will compete for the same replication-initiation
machinery, creating an unstable environment. In the research reported here, double
transformation was performed for two plasmids with distinct origins of replication and
with different antibiotic resistance genes which enables their compatibility and

independent selection.
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The following transformants were thus generated:

PBADrha-hyf plus pPBADara-fdh F’ in the AhycE AfdhF mutant
pBADrha-hiyc plus pPBADara-fdhF in the AhycE AfdhF mutant
pBADrha-hyf in the AhycE mutant.

The transformants were grown anaerobically in rich medium (section 2.5.3), as above.
The results show that hydrogen was produced at relatively high levels in the AhycE AfdhF
mutant when complemented with both /yfand fdhF or with both Ayc and fdhF (Fig 6.17).
Thus, this result further confirms that dependence of both Hyf and Hyc H2 evolution on
Fdh-H, providing further support for the existence of two distinct FHL systems in E. coli.
The growth of pBADiha-hyf plus pBADara-fdhF and pBADima-hyc plus pBADara-fdhF
showed similar trend, which was higher than the control at 24 h by 1.5 fold (Fig. 6.18).
Another further experiment was performed in parallel that was identical to that above
experiment, except that the one or other of the two inducers was excluded. When
rhamnose was included for 4yf induction but arabinose was excluded to limit fdhF
induction, no hydrogen was produced in the AhycE AfdhF mutant carrying both pB ADrha-
hyfand pBADara-fdhF. Also, under the opposite regime (induction of fdhF with arabinose
and without 4yf induction), again no hydrogen was produced by the double mutant strain
(data not shown). Similar results were obtained with the AhycE AfdhF mutant carrying
pBADrha-hyc plus pBADara-fdhF (Fig 6.17). These findings thus allow the conclusion
that Hyf and FdhF can form a second FHL (FHL-2) where formate oxidation to COz is

used for the reduction of protons to produce Ho.

203



Chapter 6 Role of FdhH in Hyf activity

45

S0 P=0.02 —[

40

P=03
35 —I
30

25
20
15

10

Hydrogen production (umol)

w0

hyftfdhFF hyctfdhF  hycE+phyf

Figure 6.17. Restoration of H: production in the AhycE AfdhF strain by
complementation with Ahyfand fdhF expressing plasmids or with hAyc and fdhF
expressing plasmids. The growths were as described in Fig. 6.8, but with Cm and Amp
included as required, and rhamnose and arabinose at 0.02% each. Strains were:
‘hyftfdhF, BW25113 AhycE AfdhF with pBADrha-hyf plus pBADara-fdhF; ‘hyctfdhF”,
BW25113 AhycE AfdhF with pBADiha-hyc plus pBADara-fdhF; and ‘hycE+phyf,
BW25113 AhycE with pBADrna-hyf. Statistically significant difference was determined
by Student’s unpaired 7-test (P <0.05). The experiment was performed three times and
similar results obtained.
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Figure 6.18. Growth of AhycE AfdhF strain by complementation with Ayf and fdhF
expressing plasmids or with Ayc and fdhF expressing plasmids. The growths were as
described in Fig. 6.13 in rich medium (section 2.5.3), but with Cm and Amp included as
required, and rhamnose and arabinose at 0.02% each. Strains were: ‘hyftfdhF”,
BW25113 AhycE AfdhF with pBADrha-hyf plus pBADara-fdhF; ‘hyc+fdhF’, BW25113
AhycE AfdhF with pBADrha-hyc plus pBADara-fdhF’; and ‘hycE+pfhyf’, BW25113 AhycE
with pBADrha-hyf. The experiment was performed three times and similar results
obtained.
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6.6. Increased Hyf-FdhF-dependent H: production in the complemented
AhycE AfdhF double mutant

6.6.1. Effect of inducer levels on Hz production

The above experiment clearly showed that the combined expression of Ayf and fdhF
results in the production of hydrogen, which suggests that Hyf with FdhF forms a second
FHL. It was shown previously (Sawers et al., 1985) that as the concentration of formate
increases the production of hydrogen also increases during E. coli fermentation. The
work described in chapter 5 further showed that both Hyc and Hyf dependent H>
production could be stimulated by addition of formate, and that this effect was unlikely
to be related to Fhl-1-mediated induction of /4yf or hyc expression, under the conditions
employed. However, the possibility that the formate-induced enhancement of H:
production was caused by FhlA regulation of fdhF could not be discounted.

In the experiments below, the effects of both inducer levels and formate levels on H2
production for pPBAD-dependent FHL systems is explored in the AhycE AfdhF mutant
carrying pBADrha-hyf or -hyc plus pBADa-fdhF. Initially, the concentrations of
arabinose and rhamnose used were increased from 0.02% w/v to 0.04 and 0.06%.
Growths were in rich medium (0.01 M glucose and 120 mM MOPS, pH 6.5), as before,
in syringes at 37 °C for 24-33 h. However, the results showed that raising the levels of
the inducers, did not notably affect the amount of hydrogen produced (data not shown).
Thus, either 0.02% inducer provides maximal expression with respect to 0.04-0.06%, or
factors other than FHL protein levels limit the amount of hydrogen produced under the

conditions tested.
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6.6.2. Effect of formate addition on H: production

The effect of formate concentration (3, 5 and 10 mM) on H2 production was also tested.
The AhycE AfdhF double mutant with either pPBADrma-/yf and pBADara-fdhF or with
pBADiha-hyc and pBADara-fdhF were grown as above, with 0.02% w/v of both rhamnose
and arabinose, together with the indicated levels of formate. The results clearly indicate
that as formate concentration increases, hydrogen production also increases (Fig. 6.19).
The results show that there is no significant difference between the results obtained with
Hyf and Hyc in terms of hydrogen production in all cases (with or without formate).
However, there is a clear difference in hydrogen production between 0 and 10 mM
formate, with a 2 and 2.6 fold increase seen (P = 0.01) with Hyf-FdhF and for Hyc-FdhF,
respectively . This finding thus shows hydrogen production for both FHL-1 and -2
responds formate under conditions where formate is not expected to directly regulate the
expression of the corresponding genes. This indicates that FHL enzyme activity responds

directly to formate availability.
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Figure 6.19. Effect of formate concentration on hydrogen production by the plasmid
encoded Hyf-FdhF and Hyc-FdhF FHL complexes in the AhycE AfdhF strain. 0.02%
w/v rhamose and arabinose were included, along with Cm and Ap. Statistically
significant difference as determined by Student’s unpaired 7-test (P < 0.05). Each value
is the average of three technical replicates. The experiment was performed three times
with similar results obtained.

6.7. Effect of the plasmid-specified Hyf-FdhF and Hyc-FdhF, FHL
complexes on formate production and consumption in the AhycE AfdhF
mutant

To confirm a role of fdhF with hyf in mediating the consumption of formate during
anaerobic growth, the levels of formate were measured during the growth of the
complemented double mutant in comparison to the vector control. Growth was in WM-
medium (80 mM glucose and 0.8% trace elements with 120 mM MOPS at pH 6.5) in 20

ml syringes, with inducers and antibiotics.

The pattern of formate consumption observed was similar to that seen in chapter 5, except
that the peak in formate production was at 7 rather than 10 h. A similar overall pattern
of formate production was seen in all the vector controls and in the cultures lacking

inducer: a rapid production of formate over the first 7 h to 9.4-11.5 mM, followed by a
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slight reduction to ~8 mM formate over the next 3 h, which in turn is followed by a period
where formate levels remain roughly constant until the end of the growth period (Fig
6.20). This indicates very little formate consumption by the vector controls or by the
complemented strains in the absence of inducer. For the induced complemented strains,
a similar rapid increase in formate levels was seen over the first 7 h, but the degree of
formate production was greater than for the controls at 15.2 and 13.5 mM at 7 h for the
induced Hyf-FdhF and Hyc-FdhF strains, respectively, cf. 11 mM for the induced vector
controls, representing a 28-19% increase in formate production. Of particular note is the
far greater degree of formate consumption observed for the induced Hyf-FdhF and Hyc-
FdhF strains after 7 h (Fig. 6.20). The induced Hyf-FdhF and Hyc-FdhF strains reduced
the formate concentration by 13.2 and 10.9 mM, respectively, over the 7-30 h growth
period, whereas for controls the degree of reduction was far more modest (~2-3 mM).
This strongly indicates that the Hyf-FdhF and Hyc-FdhF systems provide a major
capacity for consuming exogenous formate, such that in the absence of these systems, E.

coli is unable to consume exogenous formate effectively under fermentative conditions.

Induction Hyf-FdhF or Hyc-FdhF also had a major impact on growth of the AhycE AfdhF
strain (Fig. 6.20B & D). This effect was particularly marked at and beyond the 10 h
point. The vector controls showed a cessation in growth at ~7 h and a decline in cell
density from then on, whereas the induced Hyf-FdhF or Hyc-FdhF strains continued to
grow well. Indeed, by 30 h there was a major difference in cell density (~six and fivefold,
respectively) between the induced Hyf-FdhF or Hyc-FdhF strains and the vector controls.
Such a marked growth effect was not seen for the AhycE single mutant (chapter 5) which
suggests that the combined absence of both Fdh-H and Hyd-3 has a greater impact on
fermentative growth that the absence of just Hyd-3. This suggests that the impaired

growth of the AhycE AfdhF mutant shown here is presumed to relate to its inability to
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consume exogenous formate resulting in a formate toxicity effect. Also, an additional
role for Fdh-H in fermentative metabolism beyond its contribution to Hyc-dependent
hydrogenase activity. Such a possibility could be tested by examining the growth of the
fdhF mutant and by testing the effect on fermentative growth of complementing the

double mutant with fdhF and hyc independently.
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Figure 6.20. Effect of plasmid-specified fdh F and hyf, or plasmid-specified fdhF and
hyc induction on formate production and consumption in the AhycE AfdhF double
mutant at pH 6.5. Conditions are as for Fig. 6.15. A and B, double mutant containing
pBADrha-hyf and pBADar-fdhF or the corresponding vector controls (p), with (+) or
without inducer (-). C and D, as A/B, except for the use of pPBAD:ma-Ayc in place of the
pBAD:ma-Ayf. A and C indicate formate levels, B and D indicate growth. Growths were
performed in triplicate and standard deviations are indicated. The experiment was
repeated twice, with similar results obtained.
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6.8. Discussion

In this chapter, the role of FdhF in enabling Hyf activity was investigated. Both
corresponding genes/operons were cloned into compatible, inducible vectors to allow
their combined ability to mediate hydrogen production to be tested, as well as to test their
ability to drive the consumption of formate. The results showed that neither FdhF nor
Hyf can produce hydrogen alone, such production was only observed when both
components were generated together. This is presumed to enable the formation of a novel
FHL complex with the capacity to consume formate, with the consequent production of
hydrogen.

Earlier experiments were conducted with C'*-labelled formate in O'® labelled water,
showing that the FdhF/Fdh-H enzyme converts formate to CO2 (Khangulov et al., 1998).
However, this reaction takes place only in combination with Hyc, because 7ycBCDEFG
gene products are key components of the FHL enzyme (McDowall et al., 2014). On the
other hand, it was proposed that a single mutation in AycB is sufficient to prevent FdhF
association with Hyd-3 and subsequently prevents hydrogen gas production (McDowall
et al., 2015). Furthermore, Jo and Cha (2015) found that in BL21(ADE3), a deletion in
either fdhF or hycE resulted in cessation of all hydrogen production. This is in agreement
with the findings here that absence of either Ayc or fdhF results in failure to produce
hydrogen gas in E. coli.

The capacity of the 4yf encoded Hyd-4 to consume formate and yield Hz, in combination
with FdhF, had not been previously proven. Thus, the role of a second FHL complex in
E. coli has been established here. The research here clearly shows that Ayf in an fdhF
mutant strain does not produce any hydrogen gas. The same finding applies to provision

of the plasmid-encoded Ayc to an fdhF mutant — the chromosomal and plasmid borne
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copies of hyc failed to enable H> production in the absence of FdhF, as previously
indicated (Soboh et al., 2011).

A double AhycE AfdhF mutant was created and the inducible Ayfand fdhF plasmids were
co-introduced which re-enabled hydrogen production. Replacing the /4yf plasmid with
the hyc plasmid also allow in Hz production, as expected, but no hydrogen was generated
for the single trasformants. Thus, when both fdhF and hyf are induced, detection of
hydrogen production is clear established, while with expression of just one of these
systems, no hydrogen gas is released. This result therefore provides strong evidence for
the collaborative production of Hz> by Hyf together with FhdH, indicating that
hydrogenase-4 activity is FdhF dependent.

It was not possible to increase the amount of hydrogen produced by increasing the levels
of inducer used; it is unclear if this failure is related to a saturated expression level at
standard arabinose/rhamnose levels (0.02%) or whether other factors limit FHL activity
(e.g. Hyp factors or co-factor levels). However, although inducer could not be used to
raise H2 production further, addition of formate was effective, with a 2.6- and 2-fold
increase in production seen with 10 mM formate for FHL-1 and -2, respectively (Fig.
6.15). This improvement in hydrogen production by formate addition was suggested to
be caused by an increase in the availability of formate as an FHL substrate. Additionally,
changes in exogenous levels of formate were measured with the double transformants
(fdhF and, hyf or hyc) of the AhycE AfdhF double mutant. It was found that either fdhF
and hyf, or fdhF and hyc, restored the consumption of released formate to levels similar
to those observed in the wildtype (after the peak in formate production at 7 h) (Fig. 6.16).
Indeed, the levels of formate at the end of the growth period were ~fourfold lower upon
complementation than in the vector control or in the absence of inducer, which

emphasises the role of the FdhF-Hyc and FdhF-Hyf systems in consumption of formate.
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The combined absence of hyc/hyf and fdhF resulted in a major growth defect under
fermentation conditions with respect to the induced complemented strains, indicating that
the absence to FHL impairs fermentative growth under conditions were formate is

generated.
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Chapter 7: Effect of metals and accessory genes on the activity
of Hyf

7.1. Introduction

Three formate dehydrogenases (FDH-H, FDH-N and FDH-O) (section 1.7.1), and four
hydrogenases (Hyd-1 to 4) are known to exist in E. coli, all of which are metallo-enzymes
containing iron-sulphur [Fe-S] clusters. The dehydrogenases contain molybdenum and
selenium, and the hydrogenases contain nickel and iron, located in their active sites
(Lukey et al., 2010; Shafaat et al., 2013). Furthermore, the 4yp operon in E. coli includes
several genes which are required significantly for the synthesis of hydrogenases 1 to 3
(Jacobi et al., 1992) and the nik operon is an important system needed for nickel transport

for provision of this metal for hydrogenase synthesis (Navarro et al., 1993).

7.2. Accessory genes

7.2.1. hyp operon

The Hyp proteins are encoded by the hypABCDE-fhiA operon and the hypF gene (located
between hydN and norW) (Fig 7.1), which are located together upstream of the 4yc operon
(Fig 7.2). The ‘hyp” mnemonic represents ‘hydrogen pleiotropy’ to indicate genes that
are significantly important in the biosynthesis of the [NiFe] cofactor. HypA with Hycl
are solely involved in the maturation of Hyd-3 (Bock and Sawers, 1996). HypB is a
GTPase required for the formation of the metal centre of [NiFe] in the HycE precursor
(pre-HycE). Maier et al. (1993) indicate that HypB acts as a nickel-donating system,
where GTP hydrolysis releases HypB from pre-HycE after the metals have been
incorporated. HypC is important in forming a complex with pre-HycE during the
maturation process. This complex inhibits any nickel insertion and prevents any

association of the small subunit (HycG) to pre-HycE during the maturation process
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(Magalon and Bock, 2000). HypF also interacts with pre-HycE and is involved in
inserting the non-proteinaceous ligands (CO and CN") in the active site cavity of the large
subunit (Casslot and Rousset, 2001); any defect in HypF will result in lack of activity for
all hydrogenases. HypE is a partner of HypF in the maturation process.

The first step in the biosynthesis of [NiFe] is the synthesis of the non-proteinaceous
ligand (CN). The HypF protein interacts with HypE. HypE has carbomoyl dehydrogenase
activity using ATP hydrolysis to modify the bound carbomoyl to form either a bound
thiocyanate (Tominaga ef al., 2013) or more possibly a bound iso-thiocyanate (Stripp et
al., 2015). The iso-thiocyanate bound to HypE contributes CN" to Fe(II) in [NiFe]-centre
biosynthesis. The second non-proteinaceous ligand source in the active site is CO, which
is less understood than CN- (Sargent, 2016). Usually, CO is derived from tyrosine in other
biological systems (Kuchenreuther et al., 2014). Soboh et al. (2013) suggested that the
source of CO might be CO2, which can bind naturally to the Fe(II) ion held by the HypCD
complex, which helps in building the first half of the [NiFe] cofactor. E. coli HypD
contains a [4Fe-4S] cluster as a cofactor (Bloksech and Bock, 2006). The HypD protein
binds also to at least one additional Fe ion that acts as a foundation for [NiFe] cofactor
assembly and this Fe(II) may be associated with HypC in the HypCD complex (Watanabe
et al., 2012). This complex is the preliminary point for building [NiFe] by holding Fe-
CO2 species, which is probably reduced to Fe-CO (Soboh et al., 2013). This reaction is
in parallel to another reaction involving loading of CN- into the HypCD-Fe complex
(Burstel et al, 2012) where HypE carrying iso-thiocyanate interacts with the HypCD
complex forming Fe-CO-2CN- (Stripp et al, 2013). The whole process, as indicated
above, generates the first half of the [NiFe] cluster in the HypCD complex (Fig 7.3).
Next, is the insertion of this ‘first half” into an empty apo-enzyme (Fig 7.4). Since HypC,

and the homologous HybG, can cooperate directly with the undeveloped catalytic

215



Chapter 7 Effect of metals on Hyf

subunits of all three [NiFe]-hydrogenases, these proteins can act as a link between the
biosynthesis of [NiFe] and the empty apo-enzymes (Blokesch et al., 2001). The
interaction between HypC/HybG and the empty subunit brings HypD, HypE and HypF
proteins close to each other to allow an efficient assembly and interaction of the first half
of the cofactor with the other half (Fig. 7.4). The continuing steps involve nickel

processing and further cluster assembly.

hypA hycA hycB  hycC hycD hycE hycF  hycG hycH hycl ascB  ascF ascG hydN hypF NorW

Figure 7.1. The position of hypF close to the hyc operon in E. coli. The hycBEFG
genes encode the soluble domain of Hyd-3, AycCD encode the membrane domain and
hycAHI are involved in gene transcription and enzyme formation (accessory genes). The
hyc operon is bordered by the 4ypA operon and genes encoding a putative B-glucosidase
(ascBFG). On the other side of the 4yc operon (downstream) are two operons (bicistronic
operon) which are FhlA-regulated hydN-hypF (Filenko et al., 2007).

) ) ) ) ) ) +—

hycA hypA hypB  hypC hypD hypE fhiA ygbA

Figure 7.2. The organisation of hyp locus in E. coli. Genetic organisation around the
hypABCDE-fhlA operon. The hypAB gene products help in nickel processing, #iypCDE
are assigned to synthesis of the first half of the [NiFe] cofactor and fhlA is the ¢>*-
dependent formate- responsive transcriptional regulator. The 4yp operon is adjacent to
the Ayc operon at one end and the yghA gene at the other, which is a part of the NO-NsrR
regulon (Filenko et al., 2007).
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Figure 7.3. The biosynthesis of the first part of the [NiFe] cofactor. First, carbamoyl
phosphate is modified by HypF and HypE to afford a source of CN". At the same time,
the HypCD complex is loaded with Fe(II), ready to receive CO and CN". The source of
CO might be from tyrosine (as indicated above), which is the case for the [FeFe]-
hydrogenase cofactor, or from reduction of COz. Finally, the first half of the [NiFe]
cluster is assembled in the HypCD complex (Sargent, 2016).

Protease

C e C

Figure 7.4. The biosynthesis of second half of the [NiFe] cofactor. The HypCD
complex contains a Fe-CO-2CN- cluster, which interacts with the empty apoenzyme of a
hydrogenase held in an open conformation due to the availability of the C-terminal
peptide. After the insertion of the cluster, the HypCD complex is replaced by HypAB
(nickel binding system). Finally, the whole process is condensed and the HypAB cleaved
by a specific protease (Sargent, 2016).
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7.2.2. nik operon

The nik system was named initially as the 4ydC locus. Wu and Mandrand-Berthelot
(1986) found that mutation of the AydC locus results in lack of hydrogenase activity
which can be recovered by adding 10-500 pg of Ni(Il) to the growth medium. Wu et al.
(1989) found that under such conditions, Ni(Il) is transported via the magnesium
transport system instead. The whole nikABCDER operon encodes as an ATP binding
cassette (ABC) transporter for nickel (Wu et al., 1991). NikA is a soluble periplasmic
binding protein of this uptake system. NikB and NikC form the transmembrane part,
allowing the passage of Ni*" across the cytoplasmic membrane. NikD and NikE are ABC
subunits, which hydrolyze ATP and couple this energy to Ni*" uptake. Finally, NikR is
nickel-responsive transcriptional regulator (Fig 1.14). Therefore, the response to excess
Ni?" is regulated by NikR, encoded by the last gene in the operon, where it represses

transcription of the nik operon (de Pina ef al., 1991).

7.3. Metals required in hydrogenase activity

7.3.1. Nickel

Nickel is a base element of [NiFe] hydrogenases, which participates in redox reactions.
Nickel itself is an uncommon metal in the environment. Under anaerobic conditions, the
nik operon is expressed according to E. coli nickel requirements (Wu et al., 1989). Thus,
nickel requirement of E. coli is probably minimal when hydrogenases are not required.
Cherrier et al. (2008) suggested, according to crystallographic evidence, that butane-
1,2,4-tricarboxylate assists with nickel binding in NikA in E. coli and Chivers et al.
(2012) found that nickel uptake is enhanced by the addition of L-histidine to the medium

suggesting that Ni?* is taken up as a histidine complex.
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7.3.2. Iron

Iron is one of the main components of the [NiFe] cofactor, where the HypD protein binds
to at least one iron ion to form a base for the [NiFe] complex (Soboh et al., 2012). Iron
is also required in the Fe-S cluster, which is critical component in [NiFe]-hydrogenase
function (Sawers, 1995). In addition, iron is a major metal required in bacterial growth
due to its use in haem, Fe-S cluster, and mono- and di-nuclear iron sites within a wide

range of proteins. Therefore, iron is an essential nutrient for nearly all bacteria.

7.3.3. Molybdate

Pinsent (1953) revealed that traces of molybdate are essential for the formation of an
active formate dehydrogenase by a strain of coliform. She found that molybdate has an
effect on hydrogenase formation but not on growth. It was established that formate
dehydrogenases required an effective and appropriate conversion of molybdate to
molybdopterin and incorporation of this into appropriate site in the apo-protein. Uptake
is mediated by the periplasmic binding-protein dependent ABC system, ModABC, that
also mediates chlorate resistance (Maupin-Furlow ef al., 1995). Mutations in modABC-F
can be suppressed by an increase in molybdate concentration in the growth medium (Lee
et al., 1990). Transcription of the mod genes is controlled by ModE (ModR). Synthesis
of molybdopterin is performed by the products of the moaABCDE operon (McNicholas

et al., 1997; Leimkiihler et al., 2011), which is also controlled by ModE.

7.3.4. Selenium

Selenium is one of the metals needed in FdhH enzyme. Zinoni et al. (1987) found that a
selenocysteine (Sec) residue, specified by an UGA codon associated with a Sec insertion

sequence (SECIS), is essential for formate dehydrogenase activity in E. coli. The crystal
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structure of FdhF in E. coli confirmed that selenocysteine is a direct ligand to the
molybdenum atom at the active site (Boyington et al., 1997). The selABCD genes are
required for synthesis and incorporation of Sec into proteins during translation (Dobosz-
Bartoszek et al., 2016).

So, as indicated above, H2 production by E. coli is dependent on four distinct metals
(nickel, iron, molybdenum and selenium). Ni is specifically required for hydrogenase
activity, Mo and Se are required for Fdh-H activity, and iron has a more general role in
bacterial metabolism, in addition to its requirement in FHL activity.

In this chapter, the effect of Ni, Fe, Mo and Se levels on Hyf-dependent H> production
was tested. In addition, the effect of nickel addition in wildtype on H2 production was

also examined.

7.4. Is there any increase in H; production with addition of nickel to
wildtype E. coli with pBAD:na-hyc or -hyf?

Previous work has shown an association between hydrogenase activity and Ni%*
availability in E. coli (Rowe et al., 2005). Thus, to enable the effect of Ni** concentration
on H> production to be determined for Hyf (and Hyc) when expressed from pBAD:ha,
BW25113 (wildtype) strains carrying pBADrha-Ayc and pBADrha-hyf were propagated
under a range of Ni?* concentrations. The strains were grown in rich medium (with 0.01
M glucose and 120 mM MOPS at pH 6.5) at 37 °C in syringes, as before. NiCl> was
provided at 0.1, 0.25 and 0.5 mM.

The results show clearly (Fig 7.5) that as nickel levels rise these is little impact on H>
production in the wildtype vector controls, or the wildtype with the Ayc plasmid in
absence of inducer. However, upon induction of the plasmid-encoded Ayc operon, Hz
production increased by 2.5 fold with 0.1 mM nickel and by 2.9 fold with 0.25 mM

nickel. However, at 0.5 mM nickel the amount of H2 produced upon 4yc induction was
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dramatically reduced, by 4 fold with respect to that seen without nickel. The reason for
this reduction is unclear but does not correlate to a reduction in growth (data not shown).
The above finding was in agreement with Carrieri et al. (2008) who found that increase
in nickel concentration in (in vivo), increases the H2 production by 18 fold. Kim et al.
(2010) revealed that increasing of nickel concentration up to 30 uM, reduces the H>
production by approx. 50%, but combination of Fe with Ni, increase the production of

Hoz. Based on limited time available, further studies need to be done in the future.
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Econtrol m0.1 0.25 0.5

Figure 7.5. Effect of different concentrations of nickel (II) on hydrogen production
in E. coli BW25113 with pBADrha-hyc induction. ‘+’ with rhamnose induction and ‘-
¢ without rhamnose induction. ‘P’ indicate the vector control. The growth was in rich
media with 0.01 M glucose at pH 6.5. Incubation was at 37 °C for 30 hours using syringes.
Control indicates pBADrha-hyc strain without addition of nickel. The numbers, 0.1, 0.25
and 0.5 are different nickel chloride concentrations added to the rich media (in mM). The
Durans were washed by acid wash. Growths were performed in triplicate and standard
deviations are indicated. The experiment was repeated twice, with similar results
obtained.
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A similar effect was shown when /yf was induced with 0.1 or 0.25 mM nickel in the
wildtype, H2 production was increased by 1.4 and 1.9 fold, respectively (P = 0.013 and
0.03) (Fig 7.6).

The un-induced hyf (Fig 7.6) compared to the induced strain, addition of nickel didn’t
show any increase in the production of Hz, as was the case with un-induced Ayc. However,
as before, 0.5 mM nickel resulted in a marked reduction in H2 produced; again, the reason
for this affect remains unclear although it is not related to any marked change in growth
(data not shown).

In summary, the results indicate that raising Hyf or Hyc levels artificially results in an
increased demand for Ni** and that unless addition Ni*" is provided the raised Hyf/Hyc
levels are insufficiently provisioned with nickel to enable the production of a fully active
hydrogenase. The reason for the reduced H2 production with 0.5 mM Ni** for the hyc/hyf
induced strains is unclear, but the effect is consistent for both hydrogenases and is not
seen in the absence of /hyc/hyf induction. This effect requires further investigation to
determine any potential defect in the Hyp apparatus arising as a consequence of a

combined high Ni** level and excessive Hyf/Hyc production.
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Figure 7.6. Effect of different concentrations of nickel (II) on hydrogen production
in E. coli BW25113 with pBADrha-hyf induction. ‘+’ with rhamnose induction and “-*
without rhamnose induction. ‘P’ indicate the vector control. The growth was in 20 ml
rich media with 0.01 M glucose at pH 6.5. Incubation was at 37 °C for 30 hours using 20
ml syringes. Control indicates pBADrha-Ayf strain without addition of nickel. The
numbers, 0.1, 0.25 and 0.5 are different nickel chloride concentrations added to the rich
media (in mM). The Durans were washed by acid wash. Growths were performed in
triplicate and standard deviations are indicated. The experiment was repeated twice, with
similar results obtained.

7.5. Effect of metals on H: production and bacterial growth

In order to examine the effect of iron, nickel, molybdenum and selenium on H2 production
in the AycE mutant strain and wildtype complimented with Ayc and Ayf, in parallel to their
growth, the transformants were grown in WM-medium (section 2.5.2) with 80 mM
glucose and 120 mM MOPS, pH 6.5 and supplemented with 0.8% trace elements (section
2.5.2.1). Acid-wash sterile tubes were used to avoid any adventitious metal
contamination. Cultures were incubated overnight at 37 °C. After 16 h, the bacterial
culture was inoculated under anaerobic condition in the same fresh medium with the same

conditions using 20 ml syringes with the addition of the indicated metals (16 uM Fe, 5
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uM Ni, 1 pM Mo and 1 uM Se), either all four in combination or three only in
combination (Skibinski et al., 2002). The incubation was for 24 h to detect the H>
production and to measure the growth trend.

When all the metals were available during 4yc and Ayf induction in the wildtype (Fig
7.7A), growth was stronger for the /yf strain than for the Ayc strain, reaching an OD of
0.4 and 0.2, respectively, at 10 h, and 0.65 and 0.60, respectively, at 19 h. This difference
was not seen for the un-induced strains (Fig. 7.7C) indicating that it arose as a
consequence of Ayc induction. In the absence of nickel, induction of either Ayf or hyc
resulted in a slight decrease in growth (~0.2 OD units lower than the growth with Ni** at
20 h). However, no such effect was observed for the un-induced controls where the
growth was unaffected by the absence of Ni** (Fig. 7.8A). The absence of Ni*" had a
profound effect on H2 production for the wildtype with plasmid encoded Ayc or hyf, with
or without inducer (Figs 7.7B and 7.7D), with Hz levels being reduced by up to 30 fold
for the induced strains and by ~7-fold for the un-induced strains. The induced strains
showed slightly higher (~10%) H2 production than the uninduced strains when all 4
metals were present, but a much lower level (2-4 fold) was seen when Ni** was absent.
This effect likely reflects the raised levels of Hyf/Hyc upon induction that would be
expected to dilute the availability of intracellular Ni under Ni restriction and thus lower
the level of Ni-replete hydrogenase. For lack of iron, growth of the wildtype (all four
formats) was greatly impaired (~fivefold), but more so upon induction and more so for
the hyc and for the hyf induced strain (as was the case with lack of Ni?*). However, Ha
production was not affected. This indicates that the reduced growth caused by lack of
iron was not related to low hydrogenase activity. In summary, the results (Fig. 7.7) for
the wildtype indicate that lack of Ni?>" results in reduced growth for the hyf and hyc

induced strains due to diminished hydrogenase activity but that lack of Ni** has no such
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impact on growth when Ayf and Ayc remain un-induced, possibly due to the greater
hydrogenase activity of the un-induced strains under Ni** limitation.

Results with the 4ycE mutant are shown in Fig. 7.8. It is clear that lack of inducer results
in absence of any notable H2 production, as expected, no matter what metal regime is
employed (Fig. 7.8D). In addition, the lack of Ni** resulted in lower growth (up to 0.1
OD unit) for induced and un-induced strains which is clearly unrelated to hydrogen-
production (hydrogenase) activity since no H2 was generated in the absence of inducer.
This result thus suggests that Ni is required to support the fermentative growth of E. coli
in a fashion that is independent of Hz production. The growth reduction caused by lack
of Ni was somewhat more marked for the un-induced than the induced strains; this is in
contrast to the results obtained above for the wildtype (Fig. 7.7) where the un-induced
strains showed no growth effect in the absence of Ni**. Lack of iron, as for the wildtype,
resulted in a major growth reduction (~2.5 fold) in all cases (Fig. 7.9A & C) and in the
presence of inducer a reduced level of Hz production (twofold) was observed (Fig. 7.8D).
This reduction is likely related to the weaker growth under low iron conditions, although
it should be noted that the weaker growth of the wildtype caused by low iron did not have
any impact on Hz production (Fig. 7.7B & D).

In summary, absence of Ni** had a major negative impact on Hyf-dependent H:

production which strongly indicates that the Hyf system is nickel dependent (Fig 7.8B).
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Figure 7.7. Effect of iron and nickel on bacterial growth and hydrogen production
in wildtype strains complimented with pBADrha-hyc, pBADra-hyf. A & B with
induction, C & D without induction. The growth was in WM-medium supplemented with
0.8% trace elements with 80 mM glucose at pH 6.5. Incubation was at 37 °C for 24 h 20
ml using syringes. 5 uM of nickel chloride as a source of nickel and 1.6 uM ferric citrate
as a source of iron were added. The Durans were washed with acid. Growths (A/C) were
performed in triplicate and standard deviations are indicated. The experiment was
repeated twice, with similar results obtained.
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Figure 7.8. Effect of iron and nickel on bacterial growth and hydrogen production
in hycE mutant strains complimented with pBADrha-hyc, pBADrha-hyf. Details are as
for Fig. 7.7 except for the use of the 4ycE mutant in place of the wildtype.
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The above experiment was performed again but this time without Mo or Se. The results
showed that growth of the un-induced wildtype is little affected by lack of Mo or Se,
whereas for the induced wildtype there was a clear growth reduction for the /yf plasmid
bearing strain when Mo was absent, although (surprisingly) there was an increase in
growth when Se was absent (Fig. 7.9A). For the induced wildtype, H2 production was
markedly impaired by lack of Mo (~30 fold) or Se (3-12 fold), with 4yfinduction causing
a more marked effect on H2 production in absence of Se than /yc induction (12 fold cf. 3
fold). For the wildtype in the absence of inducer, lack of Mo or Se caused only a slight
(10-15%) reduction in Ha. Thus, high levels of Hyf or Hyc components result in a raised
sensitivity to (an apparent higher demand) Mo and Se restriction with respect to Ha
production. This is a surprise since Mo and Se are required for Fdh-H activity, and are
not considered as cofactors for Hyc or Hyf. Thus, increased Hyf or Hyc production
results in a raised requirement for Mo and Se; the reason for this effect is unclear.

A similar effect was observed for the 4ycE mutant, with lack of Se or Mo resulting in
complete absence of Hz production in the induced condition (Fig. 7.10). This result
demonstrates an Se and Mo requirement for Hyf function (as for Hyc) which is
anticipated to be related to the dependence of Hyf activity on Fdh-H, which is an Mo
(molybdopterin guanine dinucleotide) and Se (selenocysteine) dependent enzyme
(chapter 1.section 1.8.3; Boyington et al., 1997; Maupin-Furlow et al., 1995). Thus, the
Se and Mo dependence of Hyf activity is consistent with the formation of a second FHL
complex by Hyf with Fdh-H. The lack of Mo or Se caused a slight reduction in growth
for the induced hycE mutant (0.05-0.1 OD unit at 24 h; Fig 7.10A) but had no impact in
the absence of inducer (Fig. 7.10C). Whether this growth reduction is related to lack of
H: production or to a homeostatic imbalance effect caused by a combined low level of

Se/Mo with high levels of Hyf/Hyc components is unclear.
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In summary, the large reduction in Hyf-dependent H2 production caused by lack of Se or

Mo is consistent with the suggested dependence of Hyf activity on Fdh-H.
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Figure 7.9. Effect of Molybdenum and Selenium on bacterial growth and hydrogen
production in wildtype strains upon induction of pBADrha-hyc and pBADrha-hyf.
Details are as for Fig. 7.7 except for absence of 1 uM sodium molybdate or 1 uM sodium
selenite (rather than iron or nickel).
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Figure 7.10. Effect of Molybdenum and Selenium on bacterial growth and hydrogen
production in AycE mutant strains upon induction of pBADrha-hyc and pBADrha-
hyf. Details are as Fig. 7.9 except for the use of the 4ycE mutant in place of the wildtype.
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7.6. Discussion

This chapter focused on the effect of metals (Fe, Ni, Mo and Se) on Hz production by the
Hyf and Hyc systems. The metals selected are those playing an important role in Hyc
activity, and therefore also expected to play a similar role for Hyf. Initially, the effect of
addition of nickel, as a key component at the active sites of Hyc and Hyf, was tested. The
results showed that in rich medium the addition of 0.1 and 0.25 mM Ni?" increased Haz
production by 1.8 and 2.8 fold, respectively, in the wildtype upon Ayc or hyf induction.
This finding supports the dependence of Hyf activity on the availability of Ni**. The
results also clearly showed that both Hyc- and Hyf-dependent hydrogense activity
requires Mo and Se. This is consistent with the proposed role of Fdh-H in combining
with the Hyf complex to form a second FHL in E. coli, since Fdh-H is a selenocysteine
and molybdopterin guanine dinucleotide (MGD) dependent enzyme (Sawers, 1994).
The relatively weak effect of low iron on H2 production in contrast with the strong effect
on growth suggests that the lack of iron impairs growth due to the reduced activity of
other iron requiring systems in the cell. Indeed, it is well know that E. coli undergoes an
iron rationing response under low-iron conditions whereby iron-dependent proteins
(particularly those involved in respiration) are down regulated in order to allow a more
efficient use of cellular iron resources (McHugh et al, 2003). Since H2 production
remained relatively high under iron restriction, it seems likely that the Hyf and Hyc
systems are not subject to the iron-rationing response.

Nickel is absolutely required for [NiFe] centre formation and H2 production. In the
synthesis of the iron centre, nickel is last metal inserted using metallochaperones (HypA,
HypB) (Peters et al., 2015; Lacasse and Zamble, 2016) and without the nickel insertion,
the large subunit will not be complete and hydrogenase activity will be affected such that

no Hz will be produced. Indeed, it was displayed clearly in the results above that absence
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of nickel affects the production of Hz for both Hyc and Hyf, but had relatively little impact
on growth.

Mo is an important component of formate dehydrogenase-H, which is a part of the FHL-
complex that converts formate to H2. Consequently, lack of Mo affects the production of
H> as observed here for both Hyc and Hyf. Selenium is also a key metal for FHL
(Boyington et al., 1997; George et al., 2008 and Khangulov et al., 1998). Indeed, all the
three formate dehydrogenasese (section 1.7.1) of E. coli are selenoenzymes, which have
MGD as a cofactor. Thus, deficiency in Se will also affect FdhH and consequently affect
Ha production.

In summary, it was clearly reported that N1, Mo and Se are requirements for Hyf and Hyc
activity which supports the formation of the proposed FHL-2 complex between Fdh-H

and Hyf.
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Chapter 8. General discussion

8.1. Introduction

Hydrogenases are metallo-enzymes containing nickel and/or other metals, such as iron,
at their active sites. Also, they contain organometallic ligands such as carbon monoxide
and cyanide, (Shafaat et al., 2013). These metalloenzymes are used in energy metabolism
and are responsible for catalysing the reversible cleavage of Hz2 into protons and electrons
(Hjersing, 2011; Shomura et al., 2011). The activity of the enzyme was first reported in
1930, when it was shown that E. coli produces H2 during their growth at lower pH under
anaerobic conditions (Stephenson and Stickland, 1930).

Hydrogenases are classified, according to their active site (metal ion content), into three
different types: nickel-iron [Ni-Fe]-, di-iron [Fe-Fe]-, and mono-iron (iron-only) [Fe]-
hydrogenases (Lukey ef al., 2010). Generally, hydrogenases are sensitive to anaerobic
conditions and this is applicable to E. coli hydrogenases (Abou Hamdan et al., 2012),
although Hyd-1 is considered oxygen tolerant. In E. coli, there are four types of [Ni-Fe]
hydrogenases. These each contain a small subunit comprising iron-sulphur clusters, used
in electron transfer, and a large subunit which contains the nickel-iron active site.
Normally, hydrogenase 1 (Hyd-1) and hydrogenase 2 (Hyd-2) are responsible for the
anaerobic oxidation of H2 (linked to respiration), while hydrogenase 3 (Hyd-3) is a part
of the formate hydrogen lyase (FHL) complex (Soboh et al., 2011), which produces H>
from formate in order to dispose of the excess formate generated during mixed acids
fermentation. In E. coli, under anaerobic conditions, synthesis of Hyd-1 and Hyd-2 is
stimulated, and during fermentation the third hydrogenase appears in response to formate
build up. Surprisingly, the operon encoding hydrogenase 4 (Hyd-4) seems to be silent
since the hyf-focB genes are not expressed at significant levels (self ef al., 2004; Skibinski

et al., 2002; Sanchez-Torres et al., 2013). However, Hyd-4 shows similar sequence in the
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majority of its predicted subunits to those of Hyd-3, but Hyd-4 has three additional
subunits that render it even more similar to Complex I than Hyd-3. Hyd-4 is encoded by
a twelve-gene operon (hyfABCDEFGHIR-focB-hyfR) and is thought to form a ten-
subunit, membrane-associated hydrogenase complex. The operon also encodes a
formate- and sigma 54-dependent transcriptional activator (HyfR, homologous with
FhlA), and a putative formate transporter channel (FocB homologous to FocA) (Skibinski
et al., 2002; Andrews et al., 1997).

The main objective in this study was to investigate and characterize the role of FocB in
formate transport, in comparison to FocA. In addition, a major aim was to induce Ayf
operon expression to determine the function of the proposed Hyd-4 in Hz production and
to see if Hyd-4 forms a second FHL complex in E. coli providing a second route for

formate consumption under fermentation conditions.

8.2. hyf'is not fully conserved in E. coli strains

Seven genes of the hyf (hWfABCDEFGHIJR-focB) operon are homologues to
corresponding Ayc genes (encoding Hyd-3) (Andrews et al., 1997) (Fig 3.1). However,
three genes (hyfD, hyfE,and hyfF) encode integral membrane subunits which have no
direct equivalent in Hyd-3 (Skibinski ef al., 2002). An extensive set of phylogenetically
distinct E. coli, Shigella and Salmonella strains were assembled into a phylogenetic tree
using the RpoB protein amino acid sequence (Case ef al., 2007) in order to compare the
phylogenetic relationship between hyf" and hyf strains (Fig. 3.2). From the 94
representative strains analysed, 45 E. coli and 9 Shigella strains contained hyf, while 18
E. coli strains and all 22 Salmonella species were hyf free. The tree generated resembled
trees previously produced, such as that of Fukushima et al. (2002) using gyrB gene

sequences. Interestingly, the 18 hyf-free E. coli strains were found to form a single clad
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that corresponds to the B2 phylogroup, identified previously (Sims and Kim, 2011).
These strains are associated with urinary tract infection diseases (UPEC) isolates and
avian pathogenic species (APEC) whereas most of the hyf-carrying strains are faecal
isolates and the B2 phylogroup is the most basal E. coli phylogroup. This suggests that
the Ayf operon might provide a benefit for strains occupying the mammalian intestine,
and thus may not be important for E. coli survival at other sites, such as the urinary tract.
It is possible that the 4yf operon was gained by the non-B2 phylogroup E. coli common
ancestor by horizontal gene transfer as a genomic island (GI). Alternatively, 4yf may have
been present in the most recent common ancestor for all E. coli strains (since it is present
in E. fergusonii), but was subsequently lost from the B2 branch as part of an adaptive
process for life outside of the mammalian intestine.

In contrast to hyf, all Salmonella, Shigella and E. coli strains analysed, contain the hyc
operon, which offers the capacity to eliminate ‘toxic’ formate under conditions of
fermentation. It is supposed that Hyf offers the advantage over Hyc of providing energy
(or more energy) from the formate release, under conditions where H> is maintained at
relatively low levels (Andrews et al., 1997). However, this supposition remains to be

proven.

8.3. FocB as a formate transporter

FocB is a putative formate channel homologous with FocA (50% amino acid sequence
identity), encoded by the last gene of the Ayf operon (Andrews et al., 1997). Earlier
studies showed that the focA mutant produces less formate than the wildtype by 50%
(Suppmann and Sawers, 1994). From a simple bioinformatics analysis, it was shown here
that FocB shares with FocA all of the important structural and functional elements known

to be required for function as a formate channel. The sequence alignment showed
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similarity in the formate binding ligands (Lys156, Glu208, His209 and Thr91), which
form H-bonds between the formate substrate and the FocA/ FocB channel in E. coli and
Salmonella (Waight et al., 2010; Wiechert and Beitz, 2017). In addition, they have similar
pore constriction residues at both the cytoplasmic and periplasmic sites. Furthermore, at
the C-terminus, the residues considered important in pH-regulation of transport mode are
fully conserved (Hunger et al., 2017) (Fig. 4.1). These results suggested that FocB is pH,
formate dependent, like FocA. A direct analysis of FocB function was achieved by
cloning focB into an inducible vector (pBAD:rha) followed by induced expression of focB
in a focA mutant strain. This approach demonstrated that HP (toxic formate analogue)
inhibition under anaerobic fermentation conditions was enhanced by expression of focB,
as was the case for foc4 — such that 0.5 mM HP concentration was sufficient to inhibit
growth (Fig. 4.10; Fig. 4.12). This effect was absent under aerobic condition (Fig. 4.9A).
These findings are in agreement with those of Suppmann and Sawers (1994) where FocA
was presumed to offer a portal for uptake of HP resulting in growth inhibition through
interference with Pfl activity. The effect of induction of focB was also analysed at
different pH levels (Fig. 4.13). This showed that induction of focB causes formate
toxicity at pH 6 and 8, and prevents growth at pH 7 (with or without formate), and only
restored HP sensitivity at pH 6 (Fig. 4.13). Interestingly, HP showed low toxicity at pH
8 in the wildtype, but toxicity was increased when plasmid-encoded foc4 was induced
indicating that the low HP toxicity at pH 8 is related to poor chromosomal focA
expression at this pH. Thus, FocA appears inactive at high pH.

Formate production was reduced by twofold by foc4 mutation, as observed previously
(Beyer et al., 2013). However, since formate was still released in the foc4 mutant
(although in lower amount) this indicates a second formate exports channel, as previously

reported (Beyer et al., 2013).
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Induction of focA or focB increased formate production in the foc4 mutant at pH 6.5 to
at least partly compensate for the low formate production observed for the
uncomplemented foc4 mutant. Induction of focA gave a stronger increase in formate
production than did focB induction (Fig. 4.17). The reduced H2 production of the focA
mutant at pH 6.5 was reversed by induction of plasmid-encoded focA and also by non-
induced focB (Fig. 4.19), and in addition induction of focA or focB at this pH promoted
the growth of the foc4A mutant under fermentation conditions (Fig. 4.17D). The results
thus show that, at pH 6.5, both FocA and FocB promote formate export, and support H2
production and fermentative growth. At pH 7.5, chromosomally encoded focA appeared
to have little function in formate export (possibly due to lack of expression), but when
focA was plasmid-induced a reduced formate export was observed, suggesting a synthetic

production of FocA reduces release of formate at pH 7.5.

84. Hyf is an active H:-producing (and formate-consuming)
hydrogenase, and can thus be designated as the fourth hydrogenase
(Hyd-4) of E. coli

The ability of Hyd-4 (encoded by 4yf) to generate Hz and its formate dependency were
investigated by cloning the 13 kb /yf operon into an inducible plasmid (pBADrha); this
plasmid allowed induction of A4yfusing rhamnose as an inducer. The pBAD:ha-/yf plasmid
was then used to complement a AhycE strain (lacking Hyd-3 activity) and the
transformant was tested for H2 production at different pH levels. The results showed that
Ha production is restored when /yfis induced in the AhycE strains, at all pH levels tested.
The highest amount of H2 production was at pH 6.5 for both /yc and Ayf induction (Fig.
5.10). However, H2 was not produced in the AAycE strain carrying the vector control.
This suggests that Hyd-4 is an H2 producer (only when 4yf is induced) as is Hyd-3 at

acidic pH level
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The effect of formate addition was tested to determine whether there is any relation
between formate levels and H> production at pH 5.5-7.5. It was previously reported that
as formate concentration increases, H2 production also increases for E. coli grown
fermentatively (Yoshida ef al., 2005; Mnatsakanyan et al., 2002). The results generated
here showed that at pH 5.5 and 7.5, very little H2 is produced upon Ayc and Ayf induction.
However, at pH 6.5, the H2 was produced at relatively high levels, and these were
increased further with addition of 10 mM formate by 50%. This effect was presumed to
relate to a direct substrate-availability-stimulated increase in FHL activity. This finding
suggests that Hyf is forming a second FHL, presumably by interacting with Fdh (Fig.
5.10).

Formate production and consumption were also measured under anaerobic fermentation
growth conditions with 4yc and hyf induction and it was found that formate build up in
the medium (at pH 6.5) (Fig. 5.14) reached a peak at 10 h, with maximum production
slightly higher in the wildtype than in the #ycE mutant. At the end of the growth, the
released formate was mostly consumed in the wildtype, but in the #ycE mutant relatively
little formate consumption occurred. This poor formate consumption of the 4ycE mutant
was reversed by induction of plasmid-borne Ayc or hyf, which suggests that Hyf, similar
to Hyc, drives formate consumption. This provides further evidence that Hyf is a part of
a novel FHL (FHL-2) that converts formate to H2. The induction of Ayf produced even
more Hz than did induction of Ayc at low pH (6 and 6.5). On the other hand, production
of H2 by hyc induction was greater than that of 4yf at higher pH (6.5 and 7). This suggests
that Hyc may function more effectively than Hyf at alkaline pH.

Experiments were also performed to test if formate can be used to promote the growth of
a Hyc" or Hyf" strain under fermentation conditions (Fig. 5.14). Surprisingly, results

suggested that Hyf (but not Hyc) promotes growth with formate as sole energy source in
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both the hycE strain and wildtype. The unexpected result might be explained by the
presence of rhamnose as induced that might be used as a carbon source to support growth
of the Hyf" strains. This finding clearly demands further investigation to confirm the
preliminary results obtained.

Hyd-4 and Hyc-3 activity was detected by activity staining using a method reported by
Pinske et al. (2012) (Fig. 5.17), as diffuse bands at the top of the gel upon induction of
PBADrha-hyf or -hyc appeared. This suggests that Hyd-4 can oxidise hydrogen to reduce

BV, further indicating its hydrogense capacity.

8.5. FdhH is required for Hyf activity

The role of FdhH in supporting Hyf activity was examined in order to determine whether
these two components might combine to form a second FHL. The fdhF gene and hyf
operon were provided, separately, in inducible and compatible vectors (pBAD:ha and
pBADura) to test their capacity to enable H2 production under fermentative conditions.
The results showed that neither fdhF nor hyf alone are able to produce H: singly, when
provided in a AfdhF’ AhycE mutant. However, when both were induced together, H2 was
released, which strongly suggests that Hyf interacts with FdhH to form FHL-2.

Previous studies suggested that the products of 4yc and fdhF form FHL, which transforms
formate into H> and CO2. McDowall et al. (2014) found that FHL is indeed a combination
of Hyc and Fdh-H and that a mutation in 4ycC and hycD prevents the Hyc complex from
interacting with FdhH to form the FHL complex. Therefore, formation of the second
FHL, as strongly suggested by the data provided here, provides the first evidence for two
FHL complexes in E. coli K-12, and by inference in all other /4yf-bearing E. coli strains.
Formate addition of 10 mM increased the Hyc-FdhH and Hyf-FdhH dependent H2

production by 2.6 and 2 fold, showing that even in the absence of FhlA/HyfR dependent
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formate induced expression of the corresponding genes, FHL-1 and -2 activity is
regulated by formate (Fig. 6.16).

The effect of the combined induction of fdhF and hyf, or fdhF and hyc, on formate levels
under fermentative conditions was tested, in the AfdhF AhycE mutant (Fig. 6.17).
Formate production was increased somewhat in the early stages of growth (possibly due
to a growth rate difference), but formate consumption was greatly enhanced (~fourfold)
in the latter stages of growth, with respect to the vector controls (Fig. 6.17). In addition,
the culture density was markedly increased in the latter stages of growth (~5-6 fold)
indicating an important role for the FHL systems in limiting formate toxicity and/or
utilisation of formate for energy. This finding highlights a role of FHL-2 in formate

consumption, as well as H2 production, similar to that for FHL-1.

8.6. Hyf (FHL-2) activity is Ni, Se and Mo dependent

The effect of nickel addition to a wildtype was tested in H2 production upon induction of
hyc and hyf using inducible vectors. Previous study showed by Menon and Robson
(1994), that addition of 25 uM of nickel increases the hydrogenase activity sharply in
Azotobacter vinelandii. Thus addition of different Ni amounts was tested with pB ADrha-
hyc / hyf (Fig. 7.5; Fig. 7.6). The results were similar in both inductions and showed that
addition of 0.1 and 0.25 mM nickel, increases the H2> production gradually. However,
higher nickel concentration (0.5 mM) affected the H> production in opposite manner,
where very little H> was produced. The reason for this effect is unclear but suggests a
dysregulation in FHL assembly possibly caused by Ni interference in the distribution of
other metals required for FHL function.

The effect of addition of Ni** on FHL-2 dependent H> production was tested during

fermentation in a minimal medium. The addition of 5 uM nickel increased Hz production
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by approx. 30 fold with Ayc induction and Ayf induction in the AhycE strain (Fig. 7.7)
compared to the strain with no N1 (Fig 7.8), indicating that the plasmid-borne 4yfand hyc
genes resulted in enhanced expression (as suggested by the activity staining results) of
Hyf and Hyc components leading to insufficient Ni?>* availability during growth in the
supplemented minimal medium. Also, Ni is a main metal found as [NiFe] hydrogenase
(Volbeda and Fontecilla-Camps, 2003), and the absence of Ni will affect the large subunit
of all hydrogenases. The requirements for Mo and Se in FHL-1 and -2 dependent H>
production were also tested. For both metals, lack of their addition to minimal medium
resulted in a major reduction in FHL-1 and FHL-2 dependent H2 production when /yf or
hyc were induced from the pBAD:ma vectors (Fig. 7.8), although there was little effect on
growth. This suggest that excess production of Fdh-H places excessive demands on Se
and Mo requirements such that these metals became insufficient without supplementation
The results are consistent with Mo (Self and Shanmugam, 2000) and Se inclusion in the
active site of FdhF as single Mo atom coordinated by a selenocysteine residue and two
molybdopterin guanine dinucleotide moieties (Rosentel et al., 1995; Boyington, J. C. et

al,, 1997).

8.7. Conclusion

In summary, the work reported in this thesis shows that Ayf-free E. coli strains grouped
in the B2 phylogroup of the phylogenetic tree. Also, FocB was found to be as a second
formate channel and as shown by its ability to promote HP sensitivity and affect both
formate and H2 levels during fermentation. The most interesting finding was that
expression of the Ayf operon produces Hz and it was found as well that Hyf is formate
dependent (like-Hyc). The activity of Hyf was shown to be FdhF dependent Hz, which

indicates that Hyd-4 forms a second FHL with FdhF, which was a novel finding. Also, it
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was found that Hz production by FHL-2 is Ni, Mo and Se dependent, as is the case for
FHL-1. However, the reason of the presence of two H2- producing and formate
consuming FHL systems in E. coli remains unclear, as are the environmental conditions
that promote Ayf expressed in the wildtype and under which Hyf provides a growth

advantage over Hyc.

8.8. Future work

1. Further proofis needed to confirm that FocB it is a formate channel by performing
direct transport studies e.g. using liposomes or membrane vesicles. Direct '“C-
formate transport experiments could be used to demonstrate FocB as a formate
channel and determine any role as a H/formate symporter.

2. Differences in the transport function of FocA and FocB need to be established in
order to understand their distinct physiological roles.

3. The potential exchange of Hyf and Hyc components should be explored to
determine whether these two systems are entirely independent

4. Perform %Ni labelling to detecting labelled HyfG (Hyf large subunit) and to prove
that Hyd-4 is Ni containing. This work, along with activity staining, should be
done under a range of growth conditions and mutant backgrounds to examine the
environmental conditions and accessory factors that affect Hyf activity.

5. The effect of hyp and nik mutations on Hyf activity should be determined to
confirm the role of Ni uptake and hydrogenase processing on Hyf activity. The
role of the Hycl maturation endo-protease on Hyf hydrogenase large subunit
(HyfG) processing should also be tested, since the /4yf operon encodes no such
equivalent

6. It will be important to directly compare the expression of the fdhF, hyc and hyf

genes to determine any difference in the conditions that favour their expression,
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to provide a clue to the specific roles of Hyc and Hyf. In particular, it will first
be necessary to obtain natural expression of 4yf within a wildtype E. coli strain.
This might be achieved by studying strains directly isolated from the intestine.
7. The possibility that Hyf supports growth with formate should be more thoroughly
tested, under conditions that would favour energy generation from the FHL
reaction.
8. More experiments are required on Hyf as an energy-conserving Fhl by continuing

and expanding the experiment given in Fig 5.21.
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Appendix

pJET1.2/blunt
2974 bp

1. Restriction map of pJET1.2/blunt, plasmid used for cloning PCR fragments of fdhF
to be sent for sequencing. Source; http://www.bioinfo.pte.hu/f2/pict f2/pJETmap.pdf.
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Earl

HindIII
Sphl
PstI - Sbfl
SalI
Xbal
BamHI
KpnI

Psil

Acc651
Ndel
AfIIII - MIuI
PfIFI - Tth111I
Aarl — BaeGI - Bme1580I
Scal
BgIII —
BmgBI pBADrham
6101 bp PR
AFIIT ——
BbvCI
BstEII
XemI BspEI
Pvul

BsiHKAI
Afel
BstZ171

PspFI ‘ SaclI

2. Map of rhamnose inducible plasmid pBADrham, cloning vector with rhamnose
inducible promoter (Prham). Source: Genebank.
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Xpress”
ATG 6xHis Epitope

4

: 3

¥ pBAD/His 2

= A,B,C S
4.1 kb

PBR325 ori /

* Frame-dependent variations

3. Map of arabinose inducible plasmid pBADnis, cloning vector with arabinose
inducible promoter (Para). Source: Thermo Fisher Scientific.
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(pBADA-F) Forward primer

>
GTAATGAAATTCAGCAGGATCACATATGATGAAAGCTGACAACCCTTTTGATCTTTTAC

TTCCTGCTGCAATGGCCAAAGTGGCCGAAGAGGCGGGTGTCTATAAAGCAACGAAACAT

CCGCTTAAGACTTTCTATCTGGCGATTCCGCCGGTGTTTTCATCTCAATCGCATTCGTC
TTCTATATCACAGCAACCACTGGCACAGGCACAATGCCCTTCGGCATGGCAAAACTGGT
TGGCGGCATTTGCTTCTCTCTGGGGCTGATTCTTTGTGTTGTCTGCGGAGCCGATCTCT
TTACTTCCACCGTGTTGATTGTTGTTGCTAAGGCGAGTGGGCGCATCACCTGGGGTCAG
TTGGCGAAAAACTGGCTAAATGTCTATTTTGGCAACCTGGTCGGCGCACTGCTGTTTGT
ACTTTTAATGTGGCTTTCCGGCGAGTATATGACCGCAAATGGTCAATGGGGACTAAACG
TCCTACAAACCGCCGACCACAAAGTGCACCATACTTTTATTGAGGCCGTCTGTCTTGGT
ATCCTGGCAAACCTGATGGTATGTCTGGCAGTATGGATGAGTTATTCTGGCCGCAGCCT
GATGGACAAAGCGTTCATTATGGTGCTGCCGGTCGCGATGTTTGTTGCCAGCGGTTTTG
AGCACAGTATCGCAAACATGTTTATGATCCCGATGGGTATTGTAATCCGCGACTTCGCA
TCCCCGGAATTTTGGACCGCAGTCGGTTCTGCACCGGAAAATTTTTCTCACCTGACCGT
GATGAATTTCATCACTGATAACCTGATTCCGGTTACGATCGGCAACATTATCGGTGGTG
GTTTGTTGGTTGGGTTGACATACTGGGTCATTTACCTGCGTGAAAACGACCACCATTAA

R(pBADA-R) reverse primer
GGATCCTCTAGAGTCGACCTG

4. Location of pBADrham-focA primers. pBADF, forward primer and pBADR reverse
primers are underline and indicated by arrows. Azure highlight indicates Ribosomal
binding site, yellow highlight indicate the start codon of focA, green highlight indicates
stop codon of focA and gray highlight indicates rhamnoseS (RhaS) promoter region.
Bold nucleotides are indicating the pBADrham plasmid side.
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GGCCCATTTTCCTGTCAGTAACGAGAAGGTCGCGAATTCAGGCGCTTTTTAGACTGGTC
(pBADB-F) Forward primer

>
GTAATGAAATTCAGCAGGATCACATATGATGAGAAACAAACTCTCTTTCGACTTGCAGT
TGAGCGCCAGAAAAGCGGCAATCGCTGAACGGATTGCCGCCCATAAAATTGCCCGCAGT

AAAGTGTCGGTCTTTTTAATGGCGATGTCCGCTGGCGTGTTTATGGCGATCGGATTTAC
TTTTTACCTTTCCGTTATCGCCGATGCCCCGTCTTCACAGGCATTAACCCATCTGGTGG
GCGGCCTTTGCTTTACACTCGGCTTTATTTTGCTGGCGGTTTGCGGCACCAGCCTGTTC
ACCTCGTCGGTAATGACGGTGATGGCAAAAAGTCGGGGCGTTATTAGTTGGCGAACTTG
GCTGATTAACGCACTTCTGGTGGCCTGCGGTAATCTGGCAGGTATTGCCTGTTTCAGTT
TGTTAATCTGGTTTTCCGGGCTGGTGATGAGTGAAAACGCGATGTGGGGAGTCGCGGTT
TTACACTGCGCCGAGGGCAAAATGCATCATACATTTACTGAATCTGTCAGCCTCGGCAT
TATGTGCAATCTGATGGTTTGCCTGGCGCTGTGGATGAGTTATTGCGGGCGTTCGTTAT
GCGACAAAATCGTCGCCATGATTTTGCCCATCACCCTGTTTGTCGCCAGTGGCTTTGAG
CACTGTATCGCCAATTTGTTTGTGATTCCGTTCGCCATTGCCATTCGCCATTTCGCCCC
TCCCCCCTTCTGGCAGCTGGCGCACAGTAGCGCAGACAATTTTCCGGCACTGACGGTCA
GCCATTTTATTACCGCCAATCTGCTCCCGGTGATGCTGGGTAATATTATCGGCGGTGCG
GTGCTGGTGAGTATGTGTTATCGGGCTATTTATTTACGTCAGGAACCCTGAGGATCCTC
TAGAGTCGACCTG

(pBADB-R) Reverse primer

5. Location of pBADrham-focB primers. pBADF, forward primer and pBADR reverse
primers are underline and indicated by arrows. Azure highlight indicates Ribosomal
binding site, yellow highlight indicate the start codon of focB, green highlight indicates
stop codon of focB and gray highlight indicates rhamnoseS (RhaS) promoter region.
Bold nucleotides are indicating the pBAD:ham plasmid side.
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TTCATCTTTCCCTGGTTGCCAATGGCCCATTTTCCTGTCAGTAACGAGAAGGTCGCGAATTCAG
GCGC
pBADy,-hyf Forward primer

TTTTTAGACTGGTCGTAATCAAATTCAGCABGATCACATATGAACCGCTTTGTGGTGGCCGAACC
ACTCTCGTCTACACGATCTAATACCTGTCTCGCTGCCTCTTCGCACCTCCATAAANCGCAAGGTTTA
CAGCAACACCCGCGCCTGGCCCTGGCGAAGACGTCAACAATCACTGCCCCTGTCGTGTGTCATCACT
CTGAGCAAGCCCCTTCCCTCCAGCTCTGCCCGETCAATCCCATCTCTCAGAGGCATGATGCGATCCA
ACTCAACGAAAGCCTCTGTATTGGCTGCAAGCTTTGCGCCETGEGTCTGCCCATTTGGCGCAATCAGC
GCTTCAGGAAGCCGTCCGETCGAATGCCCATCCGCAATATGTTTTTCAGCCTGAAGGCTCACTCAAAG
ACGCCCAACAAMACGCGCCAACAC

AATCTGTCAGCCTCGGCATTATGTGCAATCTGATGETTTGCCTCGCGCTGTGCATCAGTTATTGCGE
GCGTTCGTITATGCCACAAAATCGTCCCCATGATTTTGCCCATCACCCTCTTTGTCCCCAGTGGLTTT
GAGCACTGTATCGCCAATTTCTTTGTGATTCCGTTCGCCATTGCCATTCCCCATTTCGCCCCTCCCC

CCTTCTGGCAGCTGGCGCACAGTAGCGCAGACAAT TTTCCGGCACTGACGGTCAGCCATTTTATTAC
CGCCAATCTGCTCCCG

P U
GTGATGCTGGGTAATATTATCGGCGGTGCGCTGCTGGTGAGTATGTGTTATCGGGCTATTTATTTAC
GTCA

pBAD g,-hyf reverse primer

GGAACCCEBAGGATCCTCTAGAGTCCACCTG

6. Location of pBADrham-Ayf primers used in infusion cloning. pPBAD forward primer
and pBAD reverse primers are bold and indicated by arrows. Azure highlight indicates
Ribosomal binding site, yellow highlight indicate the start codon of 4yf4 and green
highlight indicates stop codon of focB.
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TAAAAMAACGTCCGATTTTTCAAGATACACCCGTGAATTTTCACCGAAATGCGGTGAGCATCACAT
Forward 1

-

CACCACAATTCAGCAAATTGTGAACATCATCACGTTCATCTTTCCCTCEGTTGCCAATCGGCCC
ATTTTCCTGTCACGTAACCAGAACGTCGCGAATTCACGCGCTTTTTAGACTCGGTCGTAATGAA
ATTCAGCAGGATCACATATGATCAACCECTTTETGETCGCCEAACCACTETGETGTACAGCATGTAAT
ACCTGTCTCGCTECCTGTTCGCACGTGCATARAACGCAAGETTTACAGCAACACCCGCGCCTGECCCTGEE
CAAGACCTCAACAATCACTCGCCCCTETCCTGTCTCATCACTGTGAGCGAACGCCCCTTGCCTGCAGGTCTGCC
CGETCAATCCCATCTCTCAGACGCGATCGATCCCGATCCAACTCAACCGAAACCCTCTGTATTCGGCTCGCAACGCTT
TGCGCCETECTCTGCCCATTTCGCGCAATCACGCGCTTCAGCGAAGCCETCCCETCGAATCGCCCATCGCGCAATA
Reverse 17

TGTTTTTCAGCGCTCGAAGCCTCACTCAAACACCCCCAAGAAAACGCCGCCAACACAACATGCTTTECTGCECT
CGCAACCTCCTCTCCAGACCGTCECEETCAAATGCGACCTETETCGATTTCTTGCCAGAACGGTCCGECCTEC
CTTCCCCECTTCECCCGAATCAGCCETTACGECTCATCACCGETCGATACCCTCCAACCGTCACGATGAAACGARMRAR
ACAGCGCCTTCCCCGCAACGCTGETTTCCCAATCECCCGEGAGCATCCCCTTTCCCTCACTCAGCGAGCAACCGCT
AATGCATGCCCTCCAATTATTAACCTGETCGCTGATTCTCTATCTGTTTGCTAGTCTCGGCTTCECTGTTTT
TACTCGETCTCCACACACTCGCTATTAACCTTTCCGCGCATCACATCECTCETGCGCGECETCGATTECGCATC
Forward 2

ATCAGCGGAATTACGCAATTACATGCTGGTGTAACTTTAGTCGCCCETTTTGCCCCCCCTTTTGAATTTCEC

CGAUTTAACCCTGCGAATGGATAGCCTCTCGGCATTTATGGTGCTGGTTATCTCCTTGCTGGTGGTGGTTT

CTTCTCTCTATTCATTGACTTATATCCCECCAATACGCGAGCGCAAACCGCCGCCECGECEATGEGCTTCTTTATG

AATATTTTCATCCCATCCATGETTGCCCTECTCGTGATCGACAACCGCTTTTTGECTTCATCGTGCTETTTCA

AATGATCTCCCTETCTTCCTGETTTCTECTCATTCCCACGCACGATAARACCTCGATCAACCGCTGECATEC

TCTACTTTTTTATCGCCCACGCCEGATCCETCCTCATAATCATCECCTTCTTGCTCATGEGCECECEAAACC
Reverse 16

GGCAGCCTCCATTTTGCCACTTTCCECACGCTTTCACTTTCTCCEGECCTEECETCGECEGTGTTCCTELT

GGCCTTTTTCCCTTTTGGCGCCAAAGCCCGECGATCATCCCGTTEGCACAGCTEGTTGCCGCECECTCACCCTE

CCGCACCATCGCACGCTTCGGCGTTCATGTCTCGCGTAATCGTCAARATACGTATTTTCCGCATCCTGARA

CTAGCGATCGGATCTGCTGGCGCARACGEGTTTGCCTCTGTEGTGEGECATTCTGGTGATECGCGATCGECEC

AATCTCCGCGCTCCTCGECETECTATATCCCGCTGCCCGAACACGATATCAAACCGCTCGCTGECCTECGAGTA

CCETCGAAAACCTCGCECATTATTTTCCTGECACTCGETCTEGCGATECTCECTCTCTCACTECACCGACCCE
Forward 3

CTCGCTCACCCGTGETTCGACTGCTCGECECACTCTTTCATCTGCTCAACCATGCCCTGTTCAAACGGECTCGCT

ATTTCTCGCECCECECCAGCGATTATTTCECETTTGCATACCCACGACATCCAARAARATCGEGECACTACGCCA

AACGCATCGCCCETCCACACGCCGCACGCATCECCTCATTGETTGCCTCECCATATCAGCCATTCCTCCGCTCGAAT

COTTTTATCACCCAATGCTACACCTCCCACTCCCTGTTCTCACTAACTCCTCTCGAACGCCGTACGCECTACA

ACTTCCCGETCCTATTGCTATCGTAATCCTCGECACTCACTEGTGECCTECCAGTAATCTCCTTCCGTAARAARA
Reverse 15

TGTACGETATTACTTTCTGTGETCCECCCCCCAGTACACACGCTCAACACGECACACGGAACGTECCARATACG

ATCGATCCETCGCCATGCTACTGCTCGCGECACTCTCGCEGTATTAATTCCCGCTTAGTGCCAGTTEGCTEGCACC

CAAGATAATGCATATTGCCCATGCGTTTACCAATACCCCTCCCGCCACTGTCGCCAGCGEAATAGCACTTG

TACCCGGCACCGTTTCATACACAGETCACCCCCTCATTACTETTGCTETTACTACTCGGCGATECCTTTECTG

CCTGECCTTTACTCGCTCTCGTGTCETTCECECCECECCAGCGTTTCETCCGCACAGCGACGATGCCTGEGCATG

CGCECTACCGCECTCECAAAATCCEATGECCCCCETCACGCAATCGCGTCATECACGCCGCTCCETETEGETCTTTT
Forward 4

CTGCGCTATTTCCGTCTACGACRAACAGCTCGACCCTACGCTCGAGGCTAAATAAAGGTCTTGCGCACETCACC
GCCAGGGCTCAGAGCACAGAACCCTTCTGEGATGAGCGGGTGATCCECCCCATCGTGAGCGCCACCCAACG
GCTGGCCARACGAAATACAGCATCTGCAAAGCEGCCGACTTTCGTCTCTATTGCCTGTATGTGETCGCCGECAC
TGETTGTGCTGCTAATCCGCTATTGCCGTCTAAGGARATCACCATCACGACARACTCTTTGCGACGGATATCT
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CETCATTTTTCCCETTAGCACACGCCETCATTCTGCTCGATGCTAACCCCACTTTTTACGGETATTTCCCGEC
AGATACCCCCCECETATGCACTCCCGCCECEGECCEGEGATCTEGCACGCATTATCGCGATATCCACAAACTG
Reverse 14
TTTAAACGCCACGCAACTTGCGCCCACATCTTCAGCTCTCGATGTTCCECCTCATCCCGTGEGTATTAATCAG
CACGCATCGCTGETCCTCGCGATCEGCCTTACCACTGTTTATTACCGTTTCCCCTTTTGCEGGECEGCGECEATC
TGATCACCCTTATCTATCTTCTTGCCCTGTTTCGTTTTTTCTTTEGCTCTTTCCGGGCTGGATACCEGAACGT
CCETTTCECCECGEACTCCGTGCCAGTCECCACTTGACGCTCGECATTCTGETCGAACCAATCGCTTATTCTCTC
ACTGCTCCTATTCCCCCTCATAGCACCTTCCACGCATATCCACATCATCACCAATACCCTGECEATCGECGCT
CGAACTCCCCCECTAACCACCGTACTECGCGTTACTCGCCTGTGETTTTCCCTCCTTCATTCACGATCGECGAAAR
Forward 5

ATTCCCTTTGATGTTGCTGAAGCAGAAC&EGAATTACAGGAAGGCCCGCTGACCGAATATTCCGGTGCCGG
CCTGCECCECTACCCAAATCGEGECTGECECTCGAAACAGGTCETCGATGECATCACTGTTTGTGECCCTETTTC
TGCCCTTTEGECECGCGCAAGAACTTTCTCTCCGCCTGCCTECTGACTTCACTTGCTCGTTACCGCTGCTCAAG
CTTTTGCTCATTTTTCTACTGECCTCAATCCCAGAAAACACGCTCCCACCCCGECETTTTTTACTCATTCA
CCATCTCGACCTGECTTGGCTTCACGCCTTGCTCCGCTTGCATGEGTCTTCTCCTTAACCGETCTETAACGCGAG
Reverse 13

-

CACTGACGGAATATGGAAAATCTTGCTCTCGACGACGTTATTGCTGCCTTTTATCGGCGCACTGETCGTTTC

CTTTTCCGCCACAACGTCGGGCCGCCCAATCCECEETTTTGTTCGCCECECTCGACCACGCTGTGCATGTTET

CACTCATCTCCGCCTTTTATCAGCGCCCATAAACTTGCCCTCACGTTCACCTTGCTCAACCTEGECGCEATCETG

CCETTGTTTGCECCTGGTCATTCGATCCCETCACTACGCTGATTCTECTTTCTCCTGGTGTTTCTCEGGTTTGCT

COTCACCATCTACTCCACGCGTTATCTCACCCATAAAAATCGCGAACACCCCCATAACGCECACCGAATCCETT

ATTACGCATTTTTACTGCTCTTTATCCGECECCATCGCGEGACTGETACTCTCCTCCGACGCTECTCEGTCAG
Forward 6

TTGTTGTTTTTTGAAATTACAGGCGGCTGCTCCTGGGCGTTGATCAGTTATTACCAGAGCGATAAA&CGCA

CCETTCACGCACTAARAGCGTTACTTATCACTCATATCGCCTCETTCECETTCTATCTTGCCECCGCCACET

TCTTTTTCCACACCGCAACCTTTCECECTTACGCCCCATCGAGCGAGTTACACCCCCACGCACGTTATCTECTT

TATGCGCCEGCATCCTGTTTGCCECETECECEARATCGCECCCAGCTACCCGATECAAGCGTGECTACCEGACES

AATGCAACCCCCAACACCGATCACCECCTATCTCCACGCCECATCCATCCTCAAACTCGECETTTACATTT

TTCGCCCECCECTATTATCCGACGECEGCAATATCCCCGCATCTCATTCCCGECETTCGGCATGETCATGECACTG
Reverse 12

<

GTCACCATTCTTTATGGCTTTCTGATGTATTTGCCACAGCAGCATATGAAGCGGTTGCTAGCCTGETCGAC
CATCACTCAACTTGGCTGGATGCTTCTTCGECTTGTCGCTCTCCATCTTCGECTCGCGGCTGECEGCTGEAGE
GCAGCATCGCCTACATCGTCAACCACGCGTTCGCTAAAAGCCTGTTTTTCCTTGTAGCAGGTGCGCTCAGT
TACAGCTGCGGECACGCGCTTGTTCCCGCGTCTGCGTGGCGTATTGCACACCCTGCCGTTGCCAGGCGTGRE
TTTCTGCGTGECAGCECTGECCATTACCGECETGCCGCCGTTCAACCGCTTCTTCAGTARATTCCCGCTET
TTGCTGCCEGTTTTGCGT TGTCAGTCGAGTACTGGATCCTCCTGCCCGCCATGATTCTTCTGATGATTGAA

Forward 7

TCCGTCECCACTTTCCGCCTGGTTTATTCCCTCCTTTCGGTCECETTCTCGCCTCGCAAACCCAGCCACGCCCET
CGCCCATCGCCCECACCCCTGCCAGCATCAATCCCGCCTCETGTTCGATTCTACTCGATTCTCGATGTCECTGATTT
CCAGCGTAATCCCCGCGACCTECTTECACTAACCGAGATCATCGAATCACCCETTCTATCATCETAAATAATC
TGCECCGEACTCATCATGC TCACATCECTCTTTCTCATTAGCGTCAAAACCTATCGCCTGTCATCECECGATTT
TACGCCTGCCAGTCACTGOGTGCTEGTCTCTATTTTCCGCCACTCTCTCGTGCCTGTTCGCCGCAGAGCAACT
Reverse 11

—e
GCTGATCTCGGTCCGCCAGCGCCTTTATCACCAAACGTGCTGCTGGTACCECTTAATCATGACTTACGCTGECAC

GAAATATTCCCCAGAACATCCCGGARARAACGCCTTATTCGGTCCGECAATGATGGCACTGCTCGCGECETTA
ATTGTCCTGCTTTGCGCATTTGTCGTTCAGCCCGTGAAGCTACCCGATGECTACCGGGCTGAAACCGEGLGCT
CGCGETAGCGTTAGGTCATTTTCTGCTTGCGCCTGCTGTGCATTGTCAGCCAGCGCAATATCCTCGCGGCARA
TTTTTGGTTACTGCCTGATGGAARACGECTCCCATCTGGTCGCTGECECTTCTTGCCTGGCGAGCACCEGAA

CTGGTGGARATACGCGTATCGCTACCGACCGCCATACGGCACGCTGGACCTCGAACAACTTGACCCGCEGCTGAAGG
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Forward 8

CATAATCACATCGAGTTATTCTCETCGATCTTCCCTTTACTCCTGCTCACCGCCECTGCTTTTTTCGCTECTCTG

TTTTCGCCTCECCCCAAACCGAGACTTTCTCGCCACTCGCACGETCGACCETATTACATAGCTTAGGCGATCACAC

TGCTCCTCGATTCTCGCACTCTEGETECTCCAAACTGCCCGCTGATCCACGCACGAAATATTCECTGCGEGACTG

TGECTTCATATTCGATGGTCTGEGCGETTTETTCCTCGCCATTCTTGETECTCATTGGCTTTCTCACCGETAT

TTACTCCATTCCCTACATGCGTCATCAACTCCECACACGCCCGACGCTTTCACCCGTTACCGCTGTGCCGATTACT

ACCGTTTCTTCCATCTGTTTTTGTTCACCATCCTCGCTGETTGTTACCACGCAATAACCTGATTGTGATETCEG
Reverse 10

CCCGCGATCCAACCCACCACCTTAACGCTCECCECTTTCTCGTACGCATTTACCGTCAGCGTTCATCECTCGEA

AGCTCCATCCAACTACATCATTATTTCTACTETTCGTGTCECTTTTECTCTCTTCCGTACCETECTCGETAT

ACCCCAACCCCCCCACCCTTATGCCECACCCACAAATGCCCATATTCTECACCCACGTTCTTAACCAATCG

TCCTTGCTTCGACCCAACATTAATCCTCTTCCCCTTTCTCTTTTTCCTAATTCGCTTTCGTACCAAAACCCEG

CCTATTTCCCATCECACGCCTGECTGCCECGATCECTCACAGTCGAAGCGCCCGACGTCCGETCAGCECCCTGCTCT

CCCCCGTATTCECTGAACTGCGCGCTETTCETCCTCGATTCGCTATTACATCATTATTTCCCAAGCCATCCGEC
Forward 9

AGCGATTTCCCCAACCGGTTGTTCEGCTCATCTTCGGCATCGTTGTCEGTTECCGTCGGCGEGCATTTTTCATTCT
COTACACCCCCACATTAAGCGTCTGCTECCECTACTCCACGCETEGACGAACATCGEGCTEGGTCECECTGEACGC
TACGCATTCCGCCGECGCCGCTCGEAATTTTTCCCCGCEGCTGCTCGCACATCTTAAACCACACTCTCEGCAAARACG
CTCCTGTTCTCECEGTTCCGEGCAATGTACTCECTCAAGTACGGECACCGCECEGATCTCAACCGTCGTCTGTGGEGAT
CCTCAARAATCATCECCATTTACCGCCETECTECTTTCGCGECEGTGCCGCTECGCCCTGECAGEGATECCGCCCT
Reverse 9

—
TCAACATTTTTCTTAGCGAATTTATGACCATTACCGCCGGACTGECACCTAATCACCTGCTCGATTATCGTC

CTCGCTGTTATTCGCTGTTAACGCTEGTCCTECCCGECCTCGTACGEATCECTCCCCEGETETTAATCECCCGAA

ACCGCCCECAGECCCTTAACCGEGETCATCTCECCTGETTGACCACCTCECCAATGETCGATTCTECTCGETCA

TGATCCTCGCECCATCGCAACCGCATATTCCACAACCTGTCATCACGATCCTGECGEGCGCTTCCACTATAGTC

CTCTCACGCCACCCACCATCTGCCTGCACAACCTACGCACCTEGCATCGATTTTTTCGCCTTCAGGEGCACCGCATC

TGTTTCCCACAAACACACTCAACCTTAATTCATCCTCAAATCCETECCCAACCGATTCTCECCGCCCTCAAR
Forward 10

>

ACCCAGTTCCCCECCCCEOETGCTECATCAACACCCACAAACGCCTCAACACCTCACCATTACGETCAAAAT

CAATCTCCTCCCTGACGTTCTACAGTATCTTTATTATCAACATGATCECCTECCTTCCEGTCCTETTTCECGCA

ACCACGACCCCACACTTAACGCETCATTACCCECCTTTATTATGCCCTTTCAATGCAAGCGECCGAAAAATCEC

TGCATTCTCECTCGAAGCGCCGCTGETCGATECCCACACTCGEGAGTTTCCGTCAGTCACACCELCECETCCCTEC

CGCGETCTCECECCCACCCACAAATTCCCCATATGCTACGCGCTCATTCCEGTTGECCTCGCCGEAT CACGCCETC

CCCTCGTCTTECCCGATCACTEGCCECAACGATATCGCATCCECTGCCGCAAACATCCCATGEATTATCCGACTG
Reverse &

CGCCCTCAACCCACGACTGATTCCGAAACCTATCCGTTTATCAATCGACGECGCAACACGCCGATGCGCGECGTCGAT

CCCTCETCCGECCCECTCCATATCACCTCCCATCAACCCGETCACTTCCGCTTGCTTTCTCGGATCEGCCGAGCARAA

TTCETCGATCCTCGATTACCGCCTGTTTTATCTCCATCCCCGCATGCACAAACTGCCAGAAACCCECGATECGEC

TACAACCAACTCGACCTTCTTATCEGACCCCETCTCTCGCATTTGCCGETTTTGCCCACAGTGTGECCTATAC

CAATTCCECTTCAAAATGCACTEGEGATTCACCETGCCCCAACGAGCACATACTATTCGCTCGATTCTCGCTCEG

AACTCGAACCGCECTACACAGTCATTTCCTTAACCTTGCGCCTCTCCTGCCATTTCCTTGETTTTGATACCGEC
Forward 11

>

TTTATGCAATTTTTCCGCGTGCGGGAARAGTCGATGACGATGECECAATTECTCATCCGETCGCCTAAAAC
CTACGGTCTGAATCTGATTGGTGETCTTCECCGCGATATTCTCAAACGAGCAACGTCTGCAAACGCTGAANC
TGGETGCCGCCGAGATGCGCGCCGACGTETCGEACGCTGGTAGACGATGCTEGCTTGCTACGCCGAATATGGAACAA
CGCACTCAGGGCATTGGCATTCTCGACCGACAAATCGCCCETGATTTGCGCTTTGATCACCCCTACGCCGA
CTACGGCAATATTCCAAAAACACTGTTTACCTTTACCGGCEGCGATETTTTCTCCCGCGTGATGEGTCCGTG

—
TCAAAGACGACCTTTGATTCCCTGECAATCCTECAATTTCCCCTCCGACAACATGCCCGATACCCCACTGCTG
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Reverse 7

ACCGAAGGCTTTACCTATAAACCTCACCCATTCGCGCTCGECTTTCTTCAACCCCCACGCGETCGAACGACET

CCACTGCACGCATCECTCGETCGATAACCARAARAATTCTTCCCGCTGECECTCGCCETGCCCGCCACCTACGC CAACT

CGCCEGTCTTECETTACATCCTGCGCCECAATACCGTTTCTGACCGCACCCGCTGATTATCEGTAGCCTTGAT

CCCTCECTACTCCTCTACCGACCOTGTCACCCTCOTACATCTGCGCAACCCCCACTCAAAAACCETECCCETA

TAAACACATCCAACGCTACCGCATTCATCETAACCGTTCGCCECTCAACTAAGCACACGAAGATCECTCGAACT

TACTCAAAACTATTATGCGCGCCEGAACCECCACCOTGAAATATCCCTTCECGCCACTGEACGGTCAGCCCT
Forward 12

GGCTTTCGCGGAAAACCCCACCTEATCCCCACCCAATGTATTECCTECECTCCCTCCEGCCTETECTTETCC
COCAAATCCCCTCACTATCCACACCCGACCGACCAGCAAAATTCECECACCTCCCAGCTCTATCTEGEGCCETT
CTATTTACTCCCGCACCTTGTGAACAACTCTCGCCCCACCAGAGCCATCCAGCTTACCAATAACTTTCEAACTC
ACCGTCACCAATAAACCCGATCTCTATACCCECGCGACCTTCCATCTACAACGTTCGCAGCCETTGCGAACG
Reverse 6

CCCOTTTCCCCCECAAAAMACCATCECACTCECTCCTCGAATTECTTAGCACAGCAACAAAATGCGCCACARAA
ACCGCGAAATCTTCTCGECCCAACCCACCETCTGCCCGEAATCCAAACAACCCCCCGACGCTCGATCAACGAC
CATACACATCTACTGCTCGTGECTAACGCACCACCTATGAGTCCACTCECTTACACAACATETCACGCCACCCC
ATCACGCTCCACCAGCAAACGCAARACATCAACCCGCATTTGCTACACCATATCCCTCGCTCGECTTACET
TTATCGCGTCCATTGCGECEGCTECAACCCCTCTCAAATCCAAATTTTTCGCTGCCATTACACCACGTATTCG
ACCCAGAACCTTTTGGCATTAAGCETTCTTTCATCACCGCGTCACCGCCCGATATTTTCTTATTTACTEGCGCA
CTCACCCCGCECCCATGCOGTATGCCTGCACTTCECGUCGTATGAGTCTCGCCCCCCGATCATAAAATTTGTGTTTC
Forward 13

CTACGGCGCGTGCGGTGTCGGCGGCGGTATTTTCCACGAfETCTACAGCGTCTGGGGCGGTAGCGACACCA

TTCETCCCCATTCATGTTTGCGATCCCCGECTCGCCCCCCAACACCGECCCGCCACCATTCACCGGTTTCECCETG

CCECTCECTTTCGCTGCAACAGAACATTCACCGCTGTGCATTATCGCCATCCCACCGEGETCGACTATCECAACC

CTTGCTGECCCCACATCCCGCCATCACACCETATCCCCATTCACCCACAACGCCCCGCGECTGECEGECTATC

CTCACGCCGCCACAAATTTGCGATCGECTCCTECGCCATTTAACCCACCATCCTACAGCGAAATCCEGETTAAC

ACCTCEGTTCCCECEATCCCGACCATCCACCTCTCAATAGTATCETTCAGCAACTCTTTCGCGTACTCCEGEG
Reverse 5

 GTTACATGACTGAAGAGTGCGCGGAAATTCTTTTCTCGACGCTGCGAAAARAGT TTGTCGCCAGTAGCGAC
CAGATGCCGGAACACAGCTCTCAGGTAATCTATTACTCGCTAGCTATCCGGCCATCACGTTGGCETCGATTGA
TTETCTGAATCETCGCCTTCCGCTGCCCACTGACGGAATACCGAAGATTGECTTGCACTGGTCGAAGAGEAGC
AACGCCCCGACGTAACGATGCTGGEGETCGATCGACTTTTGCTGAGATTCTTATTCACGCCAGCCACACCECCCTG
TTGACCCGGGCATTCGCGCCACTEGCGEATGACGCGACGTCTETETCGGCAGGCGCGTAGCATTCAATTCAT

TCATCTCTTCCATCAAATTCTCCAGCAACCCECCATCTATCTCATCECCACAAAAATTGCGTGAGAAGGAT
Forward 14

TTCTCATTAATAACGACTGTTCATGECTATCCAGACCACGCGATETTTECCCCCCCACAAGCGAATAACAAT

TGAACCCECTAAACCGAATGCTCGCGEACCECTTACCACAGAAACACCCCAACGCGTCTTTATTACCCECCT

TCATCCCGCTCECCCCCGCCETTCAGCCCGETACAACTTATTGAACTCCATCETTCTCAAAAGCAACTTCTAT

TACCCCTACCATCATCATGCCAGCCGATCETCACCGCAACAACACACTATCACCGCGAGATEGCTCEATTATTC

CCETCACGCCETCCTTCTCCGCACGTACTCCAATGECCGAGCTACCGCTTTATTCCGCACCCACCGGCACGTCETT
Reverse 4

TTACTTCCCAGCATTGCACACTGTTTAACTGGC TCGCGCGEATAATCACCCCGETTCTGCAATCATGECTC
AATGATCGAAGAACAGCAGGTGGCECTGCGTTTGCTGGAGAAACATCCCCGATCATCATCGEGTACTEGTTCGA
TATTACTAATGCAGTGCTGTCACATCTTGATCTCGACGATCTGATCCECTGACGTCGCTCETGAGATCCATC
ATTTTTTCGGTCTGGCTTCAGTCAGTATGETACTGGGCGATCATCGAAAGAACGAGAAGTTCAGCCTCETEG
TGCAGCGATCTTTCTGCCTCACATTGTCGCETCTCTGCCACCGCTGTATGCCTGGCGAAAGTGTATTGCTGAC
ACAAACCGCTACARACCCGACAACCGACCTTGACGCACCGTGCAGATCGATCTGTTTCTCTEGCAACCGCGACC
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Forward 15

COTTATTACTCTTACTTCCATCTAACCECTCCGAATCTGCGCTCCTTATACCGC TTACCTTTGECAACCAT

ACACCGCECTCCATTCTTCCTGECECATACCTCTTCCACTCTCTTTACTCACCAAAACTGCCAGCTACTACA

ACACATACGCCCATCGCATCCCTATTCCCCTTCCCAATGCCCATGCCTCECETACGCATCACCCGATTTGCACGG

ARAGCTTTCCACCAAGAAAACCACCACCTTACCCACCAGCTCCTTTCCAATCTGCGCATCEGTGACATTATC

TATCAAACCCACCCAATCCAACACCTCCTCCACCAGETAGATATTCTCCECCAACACCCACACTACCCETCTT

CATTTGTCETCARACCGCAACTGCECAAACACCTCATCGCCAGAGCCGATCCATCAACTTACCCCECEACCCE
Reverse 3

ACAAGCCGCTGGTCAAAATCAACTGCCCTECCATCCCCCCCACTCTTCTCEAAAGTGAGTTATTCECGTCAT
GACAAACGGCGGCGTTTACTGGTGCGATTAATACCCATCGTGETCGTTTTCGAAATTGCCGATGGECEGGCACGTT
CTTTCTCCGATCAAATTGCGCCGATCTGCCETTAGAACTTCAGCCTARACTCCTGCCGCEGTATTGCAGGAGCGEG
AGATTGAGCGTCTCGGCGGGAGTAGAACGATCCCGGTGAATGTCAGAGTCATTGCCGCCACCAACCGTGAT
TTGTCGGCAAATGCETTCGAAGATCGCCAGTTTCGCAGCGATCTCTTTTATCGCCTGAATGTCTTCCCACTGGA

ATTGCCCECCCECTACGCGACCGTCCGEAACATATCCCTCTTTTAGCAAAACATTTCACCCAAARAATGGCGC
Forward 16

—_—
GCCATATGAATCCCGCAATTGACCCCATCCCCACCGAGCGCACTACCGCCACTTGATCTCGTGEGATTCECCE
COCAACCTCCCECCAGCTCCAAAACCTCATTCACCCGECCETACTETTCACTCOGTGECTAACACTCTCAATTT
ACATCTAAATCTCCCGACAAAGCCETTTACTCCCGACCCTARAATGAACATTCAGCGCTTCCECAGTTCAATCEC
COCACTTACTCCACCCGACCACGCCACACAATCACGCGAACAAGAACCTCACCCCATTGTTCACGTATTECCA
CARAACCAATCCCATTCTTGCCEGECCCCETCECGCACCCACGCGATTACCEATCAAGCGCACCACECTECT

Reverse 2

-

CTCACGAATCCACCGECTGEGEATCTCECTTCCCGAGGTGTTGTAATCTGCTTTTCCAGCACTATECATEA

G CAAACTCTCTTTCCACTTGCACTTCACCCCCACAAAAGCGECAATCECTCAACCGATTGCCECCCAT

ARAATTCCCCCECACTAAAGTGTCEETCTTTTTAATGCCCATCTCCCCTCCCCTCTTTATCGCGATCCGEATT

TACTTTTTACCTTTCCGTTATCGCCCATCCCCCGTCTTCACACGCATTAACCCATCTCGTGEGCCGECCTTT

CCTTTACACTCCECTTTATTTTGCTCCCCETTTGCGECACCACCCTETTCACCTCCTCGETAATACCGETCA

TCCECAAAAACTCCCGECCTTATTAGCTTCCCCAACT TCGCTCATTAACCCACTTCTCGTGECCTECECTAAT
Forward 17

CTCGCACCTATTECCTGT T TCAGT T TECTTAATCTGGTTTTCCGGGCTCETCATCACTCARAAACCCEATCETC
COCACTCCCCETTTTACACTGCGCCCACCECAAAATCCATCATACATTTACTGAATCTGTCAGCCTCEGCA
TTATCTCCAATCTCATGETTTCCCTECCCLCTETGCATGAGTTATTCCCECGCCTTCCTTATGCGACAAAATC
CTCGCCATCATTTTGCCCATCACCCTETTTCTCGCCAGTGECTTTCACGCACTGTATCCCCAATTTCETTTET
CATTCCCTTCGCCATTGCCATTCCGCCATTTCCGCCCCTCCCCCCTTCTGECAGCTGGCGCACAGTAGCCECAG
ACAATTTTCCCCGCACTGACCGTCAGCCATTTTATTACCCGCCAATCTECTCCCGETCGATGCTEGETAATATT
ATCGGCGGTGCGGTGCTGGTGAGTATGTGTTATCGGGCTATTTATTTACGTCAGGAACCC-AAAATCAG

Reverse 1

CCCGECCAAACACTTCOTCCGECTGAACGATTATATGCCATCGGTACCCGEGCATCCTCTAGAGTCGACCTGC

AGGCATGCAAGCTTGGCTGTTTTCGCGCATGAGAGAAGATTTTCAGCCTGATACAGA

7. Location of pBADrham-Ayf primers for sequence. pPBADF, 17 forward primer and
pBADR 17 reverse primers are bold and indicated by arrows. Azure highlight indicates
Ribosomal binding site, yellow highlight indicate the start codon of /yf operon (hyfA)
and green highlight indicates stop codon of /yf operon (focB).
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8. Strategy view of hyf operon after sequencing. Solid lines indicates forward primers
that has been used in the sequence and dash lines indicates the reverse primers.
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AGCAGTCTTTATCGTCACGCATGAATCTAAAACAGATAACATCATCACGTTCATCTTTCCCTGGTTCCCAAT

GGCCCATTTTCCTGTCAGTAACGAGAAGGTCGCGAAT TCAGGCGCTTTTTAGACTGGTCCTAATGAAATTC
pBAD,-Ayc Forward primer
AGCAGGATCACAATGACTATTTGGGAAATAAGCGAGAAAGCCEATTACATCGCACAGCGECATCGTCECCT
TTTGATGGTGAGCAGACTGCGTGACTGACCTTTTACTCTGTGTTGGCAATAGCATGATGCGCGATGATGEC
GCAGGTCCGCTGCTGGCGGAARAGTGCGCCGCCGCGCCGARAGGTAACTGEGGTGGTGATTGACGGCGGTAG

CGCACCGGAAAACGACATCGTCGCTATCCCETCGAACTGCGCCCCGACACGACTGCTGATTGTCGACGCCACGG
ATATGGGGCTAAACCCCGGCGAGATCCECATCATCGACCCCGGATCGATATCCGCCGAGATGTTTATGATGACT
ACCCATAACATCGCCGTTGAATTACCTTATCCGACCAGTTCAAACGAACATATTCGGCGAACGTCGATTTTCCTCEG
CATTCAGCCGCGATATCGTCGGCTTTTACTACCCGATGACCCACGCCGATTARAGATGCCGGTAGAAACCETTT

pBAD,.+hyc reverse primer

ATCAACGACTGGAAGGCTGEGAACGAAATECCGECTTCCCGCAGTTAGCGGTGGAAGAAGAGAGGGATCC

TCTAGAGTCCACCTG

9. Location of pBADrham-hyc primers used in infusion cloning. pPBAD forward primer
and pBAD reverse primers are bold and indicated by arrows. Azure highlight indicates
Ribosomal binding site, yellow highlight indicate the start codon of AycA4 and green
highlight indicates stop codon of hycl.
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CACCACAATTCAGCAAATTGTCAACATCATCACGTTCATCTTTCCCTGETTGCCAATCGCCCATTTTCCTG
Forward 1

TCAGTACGAGAAGGTCGCGAATTCAGGCGCTTTTTAGACTGGTCGTAATGAAATTCAGCMTCACA-
—_—

ACTATTTCCECAATAACCCACAAACCCCATTACATCGCACACCEGCATCETCCCCTACAGEACCAGTGECAC
ATCTACTGCAATTCGCTGGTTCACGGECGATCACGTTATCGARAGCECECCTECATCACGCCATGAGCTECEC
CCCGCACAAACAACTCTCTTTCGTCCTTTTTCAACATTTTCGCATTTACCGTCACCCTCGCGEATGECTTTA
ACAGCCACACCATCGAGTATTACCTCCAAACAAAAGATCGCGAACACARACAGCGCATTCCECACGCECECAA
CTCAGCATTGACGGCATCGATTCATGECAACGCTCAACATCCECEATCECEAACAGGTTCTCGAACACTATCT

Reverse 11

CGAAAAAATCECTCGCGTTTACGACAGCTTATACACCGCTAT TGAARACAATGTGCCCGTGAATTTAAGCC

AACTCGTARACCCACARAGCCCGECAGCATCACGCTGAGCCTTTGCCCETTTTGCAGGCGTTACCGCCTETTT

COCGATCCCECETETCCATCACTGTCCAAAATCACATTTCATCCEGCATCTTTTCCTCAARAATGACAATCAC

CTCGACGGAATGCCTGGTGAATCECTTTTGTAATTGCTGACTCCACGCTCTECTATCGGCTGCCACACTTGTGAG

CCCGCCTGTTCACGAGACCGCATCGCCAGCACCGECCTGCAATCAATCCCCCCCCTCACGACTCGATGCTCGAATCA

AAAAGAATCTGCGCCGCAGCTCTETCACCACTGTGAAGATCECACCCTGCGCGGTGEGTCTEGCCCEGTTAACG
Forward 2

CCATCACCCCGCCTCGATGGGGCCGTGCAGTTGAATCAAAGCCTGTCCCTAACCTGCAAGCTETECEGCATC

CCCTCCCCETTTCCCECAATTCAATTTTCCGECAGCCGTCCGCTECATATTCCCGCAAACGCCAATACCCC

CAAACCCECCACCCECCACCGCCTGCTCCEGCGCGTETCAGCACATTCCTTCGACTCGETCGCCACGGTATTCGCG

CGATCGCCETCAAATGTGACCTTTGTACGCTTTGATGAACAAGETCCEGCCTGCGTGCEGATECTECCCEACT

AAAGCCCTCECATCTGCETCGATAACACCCATATCGCCCGCGTCAGCARACCTAACGCCTCGACCTGACCTTTAA
Reverse 10

-

CACGCACTTTCCCCATCTCACCTTGTTTCACCAGCCTCAAAGCTGGAGAGGCTAAATGAGCG CAATTTCCCT

CATCAATACGCCCGCCETCGCGTGETTTETCGCCECCEGCTGTTCTEGCATTTCTCTTTTCTTTTCAAAAAGCET

TAAGTGCCTGCATAGCTGGAATTCGCGECECEETTGCTAGTCTGTATACGECAGCCGCGEGCTTCACTGTA

CTCACTCGCCGCCEETTCGCGTGAGCGETECECTCTCGCTCGTAAGCTACCGATCTCGCAAATCTCTCCECTTAA

CGCGATTTCGCTCATTACGCTCGETCTETEGCEEGTCTGTTTETCACGCCTCTACAACATTGACTGGECATCGCC

ACCGCGCAGETCAAGTGCAACGECTTCCAGATCAATATGT TCATGECTGCCECCETCTGCECCGTCATTGCC
Forward 3

AGCAACCTCGGCATGTTCGTGGTAATGGCCGAAATCATGGCCCTGTGCGC&GTGTTCCTCACCAGCAACAG
CAAACACGCECAAACTCTCOTTTGCGCTECECGCECTCTTGGCACTCTCCTECTCGGCGATTGCTTGCTEGCTEC
TGTGECAGCCTTACGECACCCTGEATCTCGCGCCTCCTGCATATGCCTATCCAACACGCTGCCECTCEETTCC
CATATCTGGECTGCTCGGAGTGATTGECTTTGECCTGCTGGCCEGEATTATTCCGCTGCACGECTGEGTGCC
CCAGCGCACATCCCAACGCCTCTGCGCCAGCTECCEGCETTGTTTTCTACCCTAGTCATCGAARATTGECCTEC
Reverse 9

[ —
TGEGCATTTTAACCCTGTCACTGCTCCECEETAATGCACCECTGTGETECGECGATCGCGCTGCTGGTGCTC

GGCATGATCACCCCGTTTGTCEGTGETCTETATGCGCTCGTGCACGCACAACATCCAGCGCCTGCTEGCTTA

CCACACCCTGCAAAATATCCGCATCATCCTGCTGEGECTGEGCGCTECCETAACGEGTATCECECTCEGAAC

AACCCGCCCTCATTGCTCTTGECCTECTCECTCETCTGTACCATCTECTTAACCATACCCTETTCAAAACC

CTACTGTTCCTCCECGECEGEGAGCGTCTGETTCCCTACCGETCATCCCCATATCGAAARACTCEGTGETAT

TGECAACAAAATCCCCETTATCTCCATCCGCCATGTTAGTCEGECTCATCECCAATGCECTGCGCTECCGLCEL
Forward 4

TGAATGGTTTTGCCGGGGAATCGETTATCTATCAATCAT TTTTCAAACTGAGCAATAGTGGCGCGTTTGTT
CCCCETCTECTGEGGCCEGCTGCTCGCTETEGEGCTGGCAATTACCGETECECTCGGCGETGATGTGTATGEC
CARAGTCTATGGCGTCACGTTCCTCGEGCGCGCCGCGCACCARAGAAGCCGAAAACGCCACCTGTGCGCCEC
TCCTGATGAGCGTAAGCGTAGTGECACTGECCATTTGCTGCGTAATTGECEGTGTTGCTGCECCGTGECTA
CTGCCGATGCTCTCTGCTGCTETACCTCTCCCGCTGGAGCCTCCTAACACCACCGTTTCTCAACCGATGAT
CACGTTGCTGCTGATTGCCTGCCCGCTGCTGCCATTCATCATTATGGECCGATTTGCAAAGGCCGATCETTTCC
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Reverse 8

CATCCCCETTCCCECGETECEGLCTCECTGTGCGGTTACGACCACGAAARATCAATCGTGATTACCECTCALC

COTTTTCECCATCCCGCTCAAACACGCCTTTCCCCCGETCCTGAAACTACCCAAATCGCTCGAATCCECETCTC

TCTGETCECCCEGCTGECAGTGCGAGEGCACTECGTTCGCTGTTCCECCEGEATCGGCGCTCGGTTCGAACTGECEG

TACTCGTCETCATTATTCTTTCACGACGCACCCTCAGAATGAGTGTTTTATATCCGTTAATTCACCGCCGCTEG

TGTTATTTCGCCGTTGCGCCGCTGCTCTCCEGTATAACCCGCGTGECECECECCCGCTTGCATAACCGTCGEC

CGECCGECCETCTTGCACGAGTATCCCCACATTATCAAACTGCTCCECCETCACAGCCTCGECCCEGATEC
Forward 5

CTCCGGCTGGGTGTTCCGCC TEACGCCETATETCGATCGTGEGCGTCATECTCGACTATCGCTACTCGCGCTEC

CGETCEGTCGACCEGTCGETTCTCCGCTECCCGCAACTCGGETGATTTGATCACCTTACTGTATCTCTTTECCATC

CCECETTTCTTCTTTCGCCATTTCTGETCTCCATACCCGTACGCCCETTTACCCGCTATCCGGCGCGAGCCETEA

AGCGATCCTTCGCCTCGCTGETCGAACCCATCCTGCTCCTTEGTCTECTGECTTGCCCGCACAGETTGCCEETT

CCACCAACATCACCAACATCACCCACACCETTTATCACTGCECCGCTCEACGCCAGAGCATCCCECTGETACTG
Reverse 7

CCCCTTTCTCCCTCTCCETTCECCACCTTTATCGAAATGGGCAAACT CCCETTCCACCTEGCGEAACGCCEA

CCAGCACGCTCGCACGCAAGCCCCECTCTCTCAATACAGCGECAGCGECTTTCECGTCATCAAATGCEGETATCA

CCCTCAAACACCTCOTGETCTTGCACGATCTTCCTCGEGETETTTATTCCCTCGEGACAAATEGAAACCTTC

ACCGCCCGGTGEACTGCTGCTGECECCTEGETCATTGCCATCGTAAAACTGETEGTCGGCGTCCTGETTATCGC

GCTGTTCGAAAACAGCATGGCCCETCTECETCTTGATAT TACTCCGCGCATTACCTGGGCTECGETTTEGCT

TTGCATTTTTAGCGTTCGTCTCCTTCCTGECEGCGTCAT TAAAGAGAGT TTGAGCATGTCTCGAAGAAAAAT
Forward 6

»

TACGTCAACATTATCTCCGCCGCGCTGAATGAGGCATTTCCCGECETCCTCCTGCACCACCGCCTECCACGACT

AAAGATCACGCTGACTGTCACCCTAAAGCTCAACTACCTGCCGCAAGTGCTCCGAGTTTCTTTACTACARACA

CGETEGCTEGCTETCGETGCTECTTTECGTAACCACGAACGCAAACTGAATGETCATTACGCCETTTACTACG

TGCTCTCGATCCGAGAAGCGCACTAACTETTGCATTACGETTCCCETCGAACTTGACGCCAACAAACCCEGAA

TATCCGTCCGTGACGCCGCGCETTCCGECECECEETGTGEGECCACGCETCAACTCGCGCCGATATGTACGETTT
Reverse 6

CATTCCCCTTECTCTCCCGEATGAACCTCETCTGETCCTGCCEGATECACTGGCCGGATGAACTTTATCCEC

TCCCTAAACACACCATGCATTATCOCTCACCCTCCCGCACCCACCACCCATECTCGAAACCTACGACTTCATC

AACGAACTCCCECCACAACAAAAACAACCTCCTCCCCGATTGETCCECTCCACCTCACTTCTGATCAACCCEG

CCACTTCCCTCTETTCOTCCGATGECEAAAACATTATCCGACCCCGACTACCETCTGTTCTACCETCCATCGCG

CCATCGAAAAACTCOCGCAAACCCOTATCECTTATAACCAAGTGACCTTCCTCTCTGACCGTGTCETCCGEG

ATCTCCCGCTTTECCCACACGCACCGCCTACACCACGTCCGTGCEAAAACCCCATCGETATTCAGETCECCACGA
Forward 7

.

ACGTCGCCCACGATCGATCCCGCCGCCATTCTECTCGCAGCETAGAACGCTTGCACTCGCATCTCCTCAACCTTEGCC
TGECCTETCACTTTACCGGCTTCGACTCCEGCTTTATGCAGTTCTTCCGCETGCGTGAAACCTCCATCGAAA
ATGGCAGACGATCCTTACCGGTCGCCGCETAARACCTACGGCCTGAACTTGATCGGCGGGATTCGTCGCGATCT
CCTGAAAGACGACATGATCCAGACCCGCCAGCTGGCACAACACGATGCGTCETGAAGTGCAGGAGCTGETEG
ATGTGCTGCTCGAGCACTCCGAACATGGAACAGCGCACTGTCGECATTGETCGTCTGGACCCEGAAATCGCT

—
CGCGACTTCAGTAACCTCGECCCCATCETCCETGCCAGCGETCACCGCCCETCGATACCCGCGCCEATCACCC

Reverse 5

GTTTGTCGGCTATCGCCTGCTCECCAATCCAACTCCACACCCACGCAGCCCTCCGACCTTATTTCCCETCTCA
AAGTGCGTATCAACGAAGTCTATACCGCGCTGAACATGATCGACTACGETCTGGATAACCTCGCCGEGTGEC
CCACTGATGGTGGAAGGCTTTACCTACATTCCGCACCGCTTTGCECTGEGCTTTGCCGAAGCGCCECECEE
CGATGATATCCACTGGAGCATCGACCCEGCGACAACCAGAAGCTETACCGCTEGCGCTGCCETECCGCGACCT
ACCGCGAACTGGCCGACCCTGCCGCTACATGCTGCGCGGCAACACCETTTCCCGATGCGCCGCTGATTATCGET

Forward 8

AGCCTCCACCCTTCCTACTCCTGTACCCACCCCATGACCGTGETCCATETCCGTAAGAAGAAGAGCAAAGT
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GGTGCCCTACAAACAACTCCACCETTACACCATTCACCCTAAAAACTCECCCCTGAAATAACGAATCECCA

TCTTTACCTTTATCAAAARAGCTCATCAAAACCCGCACGCCCACCTCETCTTATCCCCTGEACCCCGATTCCG

CTTGATAAAAACTTCCGTGCTAACCCACACCACAACCCCCAGCACTCECATCCGCTCGCCCEGCCTCGCETCAA

TGCCTGCCCCTCAAACGCCTTAACGETTCAAACTCACCTCCCCACACCGACACCTTCCCTEGCEACGTTTAATC

TTCGECACTCCATCTTCTGCTGCACGCTCCCAACAAGCTCTGCCCGACCCGCCECGATCAAACTCETCGCAACAG
Reverse 4

TACGAACTCCCCETGTGGAAGAAAGAAGACTTCCTGCAACAGTCCCECTTCCCECTGTGCAACTCCCECET

CTCCAATCCETCCTTTCGCCCTCCAGAAACACATCCACTACCCCATTCCECTCCTTAACCACAACCGECCEACA

CCCGCGCCEAAAACCACCGCGAAAGCTTTCACACTTCCCCEGAATCTAACCCCCACGAAATGCCTCGETECCE

TCCGACCCTATTCAACTCACTCGCCATATCAAAGCGAGCCCATCTGATCACGCAATTTATTACGCCCCCETCGAC

GCCAACGGCATTCCGGTCCCCATCACGETCCGATGAATCCATCCCCAGCATCAAGGCGTCGTTACTGAAARA

AATCAAACCTTCTCGCCTATCTTTACCCCCTCCACTGCGECEGCTECAACCETTCCCAAATCCGAAATTTTCC
Forward 9

.

CCACGCTTTCGCCGCTGTTTGATGCACAACCCTTCGCCATTAARCTCCTTCCTTCACCGCGTCATECEEAT
ATTTTACTGTTTACCGGCGCGETCACCCGTGCAATGCGATCCCCTGCGCTECGTGCGTGECAGTCCGCGLC
CGACCCCGAAAATTTGTATCTCCTACGGTGCCTGCGGTAACAGTGECEGEATCTTCCACGATCTCTACTGCG
TGTGCEGECECTACGGATARAATTCTCCCTCTEGCGATGTTTATATCCCTGECTGCCCGCCAACGCCTECCGCC
ACGCTGTACGECTTTGCAATGGCECTCEGCCTGCTGGAGCAGARAATTCACGCCCGTGGECCGEGTGAACT

Reverse 3

-

COATCAACAACCCECCCGAGATCCTGCATCETCATATGGTGCAGCCGCTGCGUGTCAAAGTGCEATCECEAAC

CACGTCCCCTCGCCGETTATCETTACCGETCCTCACGATTCCCGATCATTACCTTACACAGTTAGECGCAGGEL

CAAGCGAACACCTTCCACGCTCGUCTCCAACCCCAAAACCATCCGCOGTCTCAACCACATTCTCACCCATCTCAA

TCATCTTCTTCAACACGCGCGTATCCCATCACTCAAAACGCTGETCTTCACTCAACTGAGCCETAAATTTAT

TGATCACAACCATCCCACGCCCGCCCACGCCCCAGCACGTGETCTATTACACCCTGCGCCGATTEGTCACCALCC

TTCCECTTATCCATTCCCTCGAACCECCCCTCACCTCCCCETEGEATCAATATCTCGCATGCEATTCECCACT
Forward 10

.

CTCCGAGECACCCACTCAAGCCCGCCGCAAAATGGAAGGCGTGCC CARATATCOTCAGATCGTCATCCACAT

TAACCATCTCCCCATCCTGCCCAACCCATTCCATARMAGCCCGEGCACCCCAAACTTCCCAGCACCACGCAAT

COAGTACAATCCTCTTAAGTATGCTCCATCATATTCATCACCGAAAACCCCATCTATTTGATCGTCGACGCACGA

CTCGCETCGACTCGACCTTTTACTCTCTCTTCGCECAATAGCATGATCEGECCATCGATGCEGCCGCAGETCCECTELCTEG

COCAARAACTCCCCCGLCCCCCCCCAAACCETAACTGCOTGETCATTCACCECECTAGCGCACCEGAAANCCALC
Reverse 2

ATCGTCCCTATCCCTCAACTGCGCCCCACACCACTGC TCATTETCCACCCCACGGATATGGGGCTAAACCT
COCCCACATCCCCATCATCCACCCGEATCATATCCCCGAGATETTTATCATCACTACCCATAACATCCCET
TCAATTACCTTATCCGACCACTTCGAAACAACATATTCCCCAAGCTGATTTTCCTCCGCATTCACCCCGEATATC
CTCGECTTTTACTACCCCATGACCCACGCCCATTAAACATGCGETACAAACCCTTTATCAACCACTECAACC
C'Z'GGGAAGGAAATGGCGGCT'I'CGCGCAGTTAGCGGTGGAAGAAGAG-TATGCCATGGTACCCGGGGATC
CTCTAGACTCCACCTCCAGCGCATCCAACCTTCCCTGTTTTCCCGEATCACACAAGATTTTCAGCCTCGATAC
AGATTAAATCACAACCCAGAACCCOGTCTCATAAAACAGAATTTGCCTCCECECCAGTACCCECEGTCGETCCCA
CCTGACCCCATCCCGAACTCACAAGCTCAAACCCCCTAGCGCCEATCETACTCTCGEGTCTCCCCATCGCCGAG
AGTACGCAACTCCCACGCATCAAATAARMACCAAACGCTCACTCGAAACACTCGCCCTTTCGTTTTATCTCET
TCTTTGTCECTCGAACCGCTCTCCTCACTACGCACAAATCCCCCGEGAGCGEATTTCGAACCTTGCGAACGCAACG
CCCCCEGACCECTCECGEGCACCGACCCCCECCATAAACTGCCAGCCATCAAATTAAGCACAAGCCCATCCTCEA
COCATGCECCTTTTTGCGT T TCTACAAACTCTTTTICTTTATTTTTCTAAATACATTCAAATATGTATCCCCT
Reverse 1

-

CATGAGACAATAACCCTGATARATGCTTCAATAATATTCAARAACCAACACTATGAGTA

10. Location of pBADwam-yc primers for sequence. pPBADF, 10 forward primer and pBADR
11 reverse primers are bold and indicated by arrows. Azure highlight indicates Ribosomal
binding site, yellow highlight indicate the start codon of 4yc operon (hycA) and green highlight
indicates stop codon of /yc operon (hycl).
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lDIOO ZOIOO BOIOD 40]00 SOIOD GUIOD 70|00 BOIOO QOIOO

Coverage Threshold
7] Conflicts

Depth of Coverage

Features from:

Reference ~J

jontig 4
W1l-hyc-a(l>944)
110-hyc(1>918)
'1(1»985)
19-hyc{1>969)
B8-hyc(1>944)
"2-hyc(1>967)
17-hyc(1>946)
W6-hyc (1>952)
"3-hyc(1>938)
15-hyc (1>871)
"4-hyc (1>964)
4-hyc(1>952)
13-hyc (1>950)
"5-hyc(1>931)
12-hyc(1>961)
tl-hyc-1(1>945)

11. Strategy view of hyc operon after sequencing. Solid lines indicates forward primers
that has been used in the sequence and dash lines indicates the reverse primers.
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12.

AACGAAACCAATTCTCCATATTGCATCACGACATTGCCGTCACTCCGTCTTTTACTGECTCTTC
TCCCTAACCAMAACCGCTAACCCCGCTTATTAAAAGCATTCTGTAACAAAGCGCEGACCAAAGC
CATGACAAAACGCGTAACAAAACTGTCTATAATCACGCCACAAAACTCCACATTGATTATTT
CCACGCCCTCACACTTTGCTATCGCCATAGCATTTTTATCCATAAGATTAGCGCGATCCTACCT

CACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCCCTTTTTTCGGCTAACAGGAGGA
ATTAACCATGGATGAAAAAAGTCGTCACGGTTTGCCCCTATTGCCCATCAGGTTCCAA

AATCAACCTGGTCGTCGATAACGCCAAAATCGTCCCGGCGGAGGCAGCCCAGGGGAA
AACCAACCAGGGTACCCTGTGTCTGAAGGGTTATTATGGCTGGGACTTCATTAACGA
TACCCAGATCCTGACCCCGCGCCTGAAAACCCCCATGATCCGTCGCCAGCGTGGCGG

CAAACTCGAACCTGTTTCCTGGCGATGAGGCACTGAATTACGTTGCCGAGCGCCTGAG
CCGCCATCAAAGAGAAGTACGGTCCGGATGCCATCCAGACGACCGGCTCCTCGCGTGG

TACGGGTAACGAAACCAACTATGTAATGCAAAAATTTGCGCGCGCCGTTATTGGTAC
CAATAACGTTCGACTGCTGCGCTCCTGTCTGACACGGCCCATCGGTTGCAGGTCTGCA
CCAATCGGTCGGTAATGGCGCAATGAGCAATGCTATTAACGAAATTGATAATACCGA
TTTAGTGTTCGTTTTCGGGTACAACCCGGCGGATTCCCACCCAATCGTGGCGAATCA
CCTAATTAACGCTAAACGTAACGCGGCGAAAATTATCGTCTGCGATCCGCGCAAAAT
TGAAACCGCGCGCATTGCTGACATGCACATTGCACTGAAAAACGGCTCGAACATCGC
GCTGTTGAATGCGATGGGCCATGTCATTATTGAAGAARATCTGTACGACAAAGCGTT
CCTCGCTTCACGTACAGAACGGCTTTGAAGAGTATCGTAARATCGTTGAAGGCTACAC

GCCGGAGTCGGTTGAAGATATCACCGGCGTCAGCGCCAGTGAGATTCGTCAGGCGGC
ACGGATGTATGCCCAGGCGARAAGCGCCGCCATCCTGTGGGGCATGGGTGTAACCCA

GTTCTACCAGGGCGTGGAAACCCTGCCGTTCTCTGACCAGCCTCGCCATCCTGACCGG
TAACCTCGGTAAGCCGCATCGCGGCTGTTAACCCGGTTCCTGGTCAGAACAACGTTCA
GGGTGCCTGCCATATGCGCGCGCTGCCGGATACGTATCCGGGATACCAGTACGTGAA
AGATCCGGCTAAAAGCTTGGCTGTTTTGGCGEATCAGAGAAGATTTTCAGCCTGATACAGA
TTAAATCAGAACGCAGAAGCGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGCGCGGTG
GTCCCACCTGACCCCATGCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGEG
GTCTCCCCATGCGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGARAGGCTCAGTCGAAR

Location of pBADnis-fdhF primers used in infusion cloning. pBADa forward
primer and pBAD reverse primers are bold and indicated by arrows. Azure highlight
indicates Ribosomal binding site, yellow highlight indicate the start codon of fdhF and
green highlight indicates stop codon of fdhF.
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Color key for alignment scores
<40 4050 80-200 >=200
Query

| |
800 1000

-
N
o
o
&
o
o
D
o
o

pBADhis-fdhf Fwd

pBADhis-fdhf Rev

13. BLAST view of fdhf gene after sequencing. Solid lines indicates forward and
reverse primers that has been used in the sequence.
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