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Abstract

Hydrogenases for the production of hydrogen are found in many microorganisms. The
isolation of a stable hydrogenase enzyme would be beneficial for the development of an in
vitro system for hydrogen production as a fuel. In this project two approaches were taken
for the expression, purification and isolation of [FeFe]-hydrogenase. Firstly, native [FeFe]hydrogenase expression, purification and isolation from the green alga Chlamydomonas
reinhardtii (124+) was attempted. Hydrogen production was successfully achieved in
sealed, anaerobic C. reinhardtii cultures and verified by gas chromatography thereby
confirming hydrogenase was successfully expressed. However, due to the high oxygen
sensitivity of hydrogenase and the subsequent inhibition of this enzyme at low levels of
oxygen the native [FeFe]-hydrogenase could not be successfully isolated from
C. reinhardtii cultures. To partially circumvent this problem the second main focus of this
thesis was the expression, purification and isolation of recombinant [FeFe]-hydrogenase
from C. reinhardtii and Clostridium acetobutylicum. However, transformation of a full
complement of genes encoding recombinant [FeFe]-hydrogenase from C. reinhardtii into
E. coli proved difficult. This was probably due to incompatibilities arising from the
expression of eukaryotic hydrogenase, and the co-expression of essential assembly proteins
that are required for a functioanl enzyme in C. reinhardtii, in the E. coli prokaryotic
expression system. To overcome this limitation the genes encoding hydrogeanse from the
bacterium C. acetobutylicum were introduced into E. coli which resulted in the succesful
expression and isolation of hydrogenase as judged by SDS-PAGE and western blotting.
However, as isolation methods could not be performed under anaerobic conditions,
catalytic activity of the purified enzymes was not demonstrated. Nonetheless, this work has
established a procedure to obtain an isolated hydrogenase for future use in synthetic
systems for the production of hydrogen that will ultimately be economically viable and
competitive in a future hydrogen economy.
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1. Introduction

1.1 General introduction
With an ever-increasing demand for energy sources such as oil, gas, and coal resulting
from a constantly growing global population, research and development of new and
alternative environmentally friendly energy sources is of vital importance to modern
society. Faced with continuous, irreversible economic and ecological problems resulting
from the use of fossil fuel sources, the development of zero-carbon dioxide (CO2) emission
fuels is becoming more and more important and represents the greatest energy challenge
civilisation is confronted with, yet (Kruse et al., 2005a). Rapid depletion of fossil fuel
reserves observed over the last decades and the predicted severe diminution or even loss of
these sources within the 21st century requires the development of new alternative fuels.
Rising atmospheric CO2 levels evidentially exacerbate the problem of global warming, and
therefore indicate the necessity for the implementation of clean fuel technologies.
Moreover, as the correlation between CO2 emissions and global warming are being
realised, the resulting effects are only beginning to be understood (Kruse et al., 2005a).

Atmospheric CO2 levels, which were stably maintained between 200 ppm (parts per
million) and 280 ppm for several thousands of years, have dramatically increased to
370 ppm over the last 150 years (Houghton, 2001). Rising atmospheric CO2 levels, and the
associated process of global warming, are expected to cause severe or irreversible
ecological damage.

Therefore, it is indispensable that society aims to stabilize atmospheric CO2 levels by
inventing and installing cost effective, reliable, CO2-emission-free energy systems.
Currently, nuclear power, coal-fired power stations coupled to anticipated CO2
sequestration systems, and the known renewable energy sources such as solar, geothermal,
wind and hydroelectric represent the most viable and effective CO2-emission-free energy
options (Kruse et al., 2005a). Even though long term supply and energy security is only
expected to be delivered by renewable, alternative energy resources, due to their nonconstraining distribution (Kruse et al., 2005a), they are still relatively expensive compared
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to commonly used energy sources. Furthermore, their inefficiency in photon conversion
and lack of capability to convert captured energy into chemical energy (fuel) such as
hydrogen (H2) is yet another disadvantage to overcome (Kruse et al., 2005a).
Research into photosynthetic organisms, in particular the benefits of H2 production from
the photosynthetic green alga Chlamydomonas reinhardtii has been explored further in this
study. Therefore, experimental trials on expression and purification of native [FeFe]hydrogenase from C. reinhartii (strain 124+) as well as of recombinant C. reinhardtii and
Clostridium acetobutylicum proteins in Escherichia coli cells have been carried out.

1.2 Photosynthetic Electron Transport Chain
Photosynthesis is the underlying molecular basis for most biological, solar-driven H2
production methods (Rupprecht et al., 2006). There are two phases integrated in the
fixation of atmospheric CO2 and its storage as carbohydrate during photosynthesis.
Formation of the photosynthetic electron transport chain (PETC) and production of
adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate
(NAD(P)H) are facilitated by a set of reactions, generated in phase one. Reactions
representative of phase two, utilise the ATP and NAD(P)H generated from the electron
transport chain for CO2-fixation in carbohydrates within the photosynthetic reduction
cycle.

The PETC (Fig. 1.2.1) is located in the thylakoid membrane of the chloroplast and driven
by photosystem II (PSII), cytochrome b6f (Cyt b6f) complex and photosystem I (PSI). To
drive the two photochemical reactions, the light harvesting complex (LHC) proteins found
in PSI and PSII capture and deliver photon energy (Kruse et al., 2005a). PSII catalyses the
first step of the PETC (Kruse et al., 2005a), with electrons (e-) derived from
photooxidation of water. Alternatively, electrons can be donated to the plastoquinone (PQ)
pool (within the PETC) by the oxidation of cellular endogenous substrate (e.g. via
glycolysis and the tricarboxylic acid cycle) (Melis and Happe, 2001).

2

Fig. 1.2.1: Hydrogenase-related electron transport pathway in green algae (photosynthetic electron
transport chain = PETC). P680, reaction centre of PSII; P700, reaction centre of PSI; Q, primary electron
acceptor of PSII; A, primary electron acceptor of PSI; PQ, plastoquinone; Cyt, cytochrome; PC,
plastocyanin; Fd, ferredoxin; Red, NAD(P)H oxido-reductase; H2ase, hydrogenase; FNR, ferredoxin-NADP+
reductase (Figure adapted from Melis and Happe, 2001).

Reduction of nicotinamide adenine dinucleotide phosphate (NADP+) is achieved by linear
electron transport through the PETC (Kruse et al., 2005a). ATP production, via ATP
synthase, is driven by the proton (H+) gradient generated by the release of H+ into the
thylakoid lumen via water splitting by PSII and the Cyt b6f complex plastoquinol (PQH2)
oxidation which results in a high NADPH to ATP ratio.

Switching from linear (state 1) to cyclic electron transport (state 2) around PSI, the
photoautotrophic cell can adjust the ratio of ATP/NAD(P)H production, which leads to an
increased proton gradient for enhanced ATP production and subsequent reduction in
NAD(P)H generation (through NAD(P)+ reduction) (Kruse et al., 2005a). Furthermore, the
change to cyclic electron transfer around PSI mediated by state transitions has been shown
to play an important role in C. reinhardtii, where up to 80% of the antenna LHC moves
between both photosystems (PSII & PSI) (Finazzi et al., 2002). Transition to state 1 occurs
under low light conditions to supply PSII with light energy, whereas transition to state 2 is
performed as a protective mechanism under increased light conditions to reduce the PSII
antenna size and avoid the creation of toxic or reactive oxygen species. Furthermore, due
to an increased rate of cyclic electron transport, which causes the subsequent proton
gradient across the thylakoid membrane, an increase of chloroplast ATP synthesis can be
3

achieved with the state transition process (Kruse et al., 2005a). However, cyclic electron
transport has been shown to limit the rate of H2 evolution, due to H+ consumption in the
stroma (Cournac et al., 2004) Furthermore, state 1 transition has also been shown to
compete with at least one of the two H2-ases of C. reinhardtii (HydA1 and HydA2) for free
electrons from PSI. It should therefore be inactivated as this would improve the rate of
photosynthetic H2 evolution (Kruse et al., 2005a).
The utilisation of light generated ATP and NAD(P)H is expected to be the essential
process in the CO2 fixation process of the photosynthetic reduction cycle. The
photosynthetic reduction cycle is split into three main steps, involving carboxylation,
reduction and substrate regeneration.

Mitochondrial respiration, which is capable of generating ATP from stored chemical
energy such as the citrate cycle, has been shown to be of particular significance to the ATP
cellular reactions (especially in the dark). Moreover, mitochondrial respiration preserves an
appropriate redox balance within the chloroplast during light exposure, via oxygen (O2)
and diffusible metabolites (Krömer and Heldt, 1991) and therefore, directly influences
photosynthetic energy efficiency parameters. Consumption of reducing equivalents is
carried out through the mitochondrial electron transport chain and the alternative oxidase
system (AOX). A down-regulation of cellular O2 concentration (aerobic, in light) through
the application of manipulated AOX and cytochrome oxidase activities, might activate O2
sensitive pathways in the chloroplast such as H2 production and may also help to increase
starch accumulation in the chloroplast (Kruse et al., 2005a). Nevertheless, the ability of
green algae like Chlamydomonas reinhardtii to produce carbohydrates such as starch is of
special importance, as that facilitates them to use these carbohydrate stores to fuel
photophosphorylation and H2 production under anaerobic conditions (i.e. oxidative
phosphorylation is inhibited and PSII activity is perturbed) (Bulte et al., 1990; Schönfeld et
al., 2004; Kruse et al., 2005a).

1.3 Photosynthesis and H2 production
Various complications and incompatibilities within and beyond the complexities of H2
production had to be overcome since the discovery of H2 metabolism by Gaffron (1939)
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prior to considering H2 as an economically viable and potentially large-scale CO2emission-free energy source. More specifically, the transient activity of the H2-producing
enzyme (hydrogenase (H2-ase)), which lasts only seconds to minutes under light-exposure
or aerobic conditions, has become the major hurdle in photosynthetic H2 fuel production
(Ghirardi et al., 2000; Melis and Happe, 2001).

Therefore, two essential approaches have been examined and described by others for the
photosynthetic H2 gas production from water in microalgae (green algae) (Ghirardi et al.,
2000). The first approach, a single-stage or simultaneous photosynthesis, requires
photosynthetic O2 and H2 gas production to occur at the same time. Thereby,
photosynthetic water (H2O) oxidation released electrons feed into the H2 production
process (hydrogenase-mediated), without involving intermediate CO2 fixation and energy
storage (e.g. starch) as metabolites (Ghirardi et al., 2000). The second approach examined
is a temporal and/or spatial separation of photosynthetic O2 and H2 gas production
processes (two-stage process), where in stage one (during normal oxygenic photosynthesis)
CO2 is fixed into H2-rich endogenous substrates, followed by light-mediated production of
molecular H2 in stage two (microalgae are incubated under anaerobic conditions) (Ghirardi
et al., 2000).

In theory, the ‘single-stage’ H2 production process would be preferable to the ‘two-stage’
production process, due to its higher energy conversion efficiencies of 5-10% if the
complete electron-transport capacity of the photosynthetic apparatus was directed towards
H2 production. However, this approach is currently limited by several factors, which – to
date – have not been overcome in the context of the ‘single-stage’ process; including the
sensitivity of the H2 producing enzyme (H2-ase) to the presence of O2 and its subsequent
inhibition (Erbes et al., 1979; Happe and Naber, 1993; Ghirardi et al., 2000). On the other
hand, a recent development in the ‘two-stage’ approach has allowed significant and
prolonged photosynthetic H2 gas production in green alga Chlamydomonas reinhardtii
(Melis et al., 2000) making the ‘two-stage’ H2 production process currently the method of
choice with respect to the goal of developing a commercial lucrative zero-CO2 emission
fuels in the nearby future.

To produce H2 in eukaryotic green algae, dark, anaerobic incubation for several minutes or
even hours is required (Greenbaum, 1977, 1982; Roessler and Lien, 1984; Happe et al.,
5

1994). This in fact allows the cells to photoevolve H2 due to the induction of biosynthesis
and/or activation of the reversible H2-ase. The latter forms and releases molecular H2
through the combination of protons and electrons (Ghirardi et al., 2000). O2 sensitivity of
H2-ase, generated by photosynthesis in the single-stage process, can be overcome by
incubating the green algae in the absence of sulphur-containing nutrients and subsequently
separating of simultaneous O2 and H2 production (Ghirardi et al., 2000).
Sulphur (S)-deprivation has been shown to cause specific but reversible inhibition in the
activity and rate of oxygenic photosynthesis (Wykoff et al., 1998), while the rate of
mitochondrial respiration remains unaffected (Melis et al., 2000). In sealed cultures the Sdeprivation results in an imbalance between photosynthesis and respiration, since the rate
of photosynthetic O2 generation drops below the rate of O2 consumption by respiration
(Melis et al., 2000; Zhang et al., 2002), consequently leading to anaerobiosis in the growth
medium and photoproduction of H2 gas by the algae (Ghirardi et al., 2000). The induced
expression of the [FeFe]-hydrogenase in the light continues as long as the culture remains
anaerobic, which can last for a few days (Ghirardi et al., 2000; Melis et al., 2000;
Hemschemeier et al., 2008). During this process enormous amounts of carbohydrates, such
as internal starch and other proteins, are consumed by the cells (Melis et al., 2000; Zhang
et al., 2002; Kosourov et al., 2002) to sustain the H2-evolving process, either directly or
indirectly (Melis; 2002). The absence of sulphur in the algae growth medium functions as a
metabolic switch, triggering a reversible change in the metabolic flux within the cell (Melis
et al., 2004). Furthermore, the alternation between O2 and H2 production due to reversible
application circumvents the incompatibility and mutually exclusive nature of the two
producing reactions (O2/H2). Therefore, the interplay between oxygenic photosynthesis,
mitochondrial respiration, catabolism of endogenous substrates, and electron transport via
H2-ase pathway is indispensable for the light-mediated generation process of H2 (Melis and
Happe, 2001; Melis, 2002).

Other observations associated with S-deprivation have been shown to result in distinct
morphological changes over time (Zhang et al., 2002), abrupt decline in the amount of
rubisco, a gradual decline in the level of PSII and PSI proteins, and changes in the
composition of the LHC (Melis and Happe, 2001). S-deprivation also impedes protein
biosynthesis and the PSII repair cycle, causing significant declines in light-saturated rates
of O2 evolution and CO2-fixation within 24 h in the light (Wykoff et al., 1998).
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Thus, S-deprivation has been demonstrated to be a successful tool in the sustained,
continuously and substantial production of H2 by green algae in the light.

1.4 Hydrogen production and hydrogenase
Due to its potential of creating large amounts of energy and its ecological values, H2production is considered to be one of the most promising clean fuel sources of the future
(Melis and Happe, 2001; Abraham, 2002). Moreover, this high potential renewable energy
source requires nothing more than nature’s two most abundant resources – water and light
(Happe et al., 2002). The simplicity of resources required together with current advances in
hydrogen fuel cell technologies (Rupprecht et al., 2006) bears the potential for lucrative
large-scale production of CO2-emission-free-fuel.

Although, the process of H2 production might be one of the simplest known chemical
reactions (2H+ + 2e-  H2), it is heavily dependent upon the fix presence and catalysis
of an adequate enzyme – hydrogenase (H2-ase). These biological H2 production processes
are known to be performed by a variety of bacteria and microalgae, and were originally
observed 70–80 years ago (Strickland, 1929; Gaffron and Rubin, 1942).

Hydrogenase enzymes can be divided into three distinctive classes: [NiFe]-hydrogenases,
[FeFe]-hydrogenases and metal-free hydrogenases (Vignais et al., 2001), depending on the
metal cluster constellation of their catalytic centre. Furthermore, H2 is also produced as a
by-product during the nitrogenase reduction process. Hydrogenases play a vital role in
anaerobic metabolism, as they catalyze the reversible oxidation of molecular H2. For this
study, [FeFe]-hydrogenases are of particular interest and focus.

1.4.1 [FeFe]-hydrogenase
Within the three types of H2-ases, [FeFe]-hydrogenase differs from the other two as it
possesses a unique prosthetic group (H-cluster) in the functional centre (Happe et al.,
2002). The prosthetic group consists of two subunits: a normal cube-shaped 4Fe4S cluster
(subunit 1) bridged by a sulphur atom of cysteine to a Fe-Fe organometallic unit
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(subunit 2) which is surrounded by different ligands (e.g. CO and CN) (Fig. 1.4.1)
(Darensbourg, 2005).

Fig. 1.4.1: ‘H-cluster’ (active site) of [FeFe]-hydrogenase, with cube-shaped 4Fe4S cluster bridged to an
Fe-Fe organometallic unit by a cysteinyl sulphur bridge (Figure adapted from Darensbourg, 2005).

Depending on the number and specification of [Fe-S] clusters in the ferredoxin-like
domain, which represents the natural electron donor, and comprehensive analysis of new
H2-ase sequences, [FeFe]-hydrogenases can be divided into two (Adams, 1990) or three
sub-families (Happe et al., 2002). As per classification by Happe and co-workers (2002),
[FeFe]-hydrogenase of the first group (only identified in green algae) are of simple
structure and do not contain any additional [Fe-S] clusters or cysteine residues. [FeFe]hydrogenase of the second and third sub-families is more complex in structure and can
contain one or more accessory [Fe-S] clusters. Adams (1990) classified the [FeFe]hydrogenases into two sub-families: (I) the cytoplasmic, soluble, monomeric [FeFe]hydrogenases, and (II) the periplasmic, heterodimeric [FeFe]-hydrogenases. As per the
Adams (1990) classification, sub-family I catalyses H2 evolution and H2 oxidation, but has
been shown to be extremely sensitive to inactivation by O2 ; therefore, this H2-ase family
has only been found in strict anaerobic organisms (e.g. Clostridium pasteurianum). [FeFe]hydrogenases from the second sub-family (as classified by Adams) can be purified
aerobically and mainly catalyze H2 oxidation (Adams, 1990).

Nevertheless, all of the [FeFe]-hydrogenase sub-families, are distinguished by their O2
sensitivity and their high enzymatic activity (Melis and Happe, 2001). Turnover rates for
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[FeFe]-hydrogenase range from 6000 to 9000 s-1 (species dependent) clearly outperforming
turnover rates of nitrogenase (6.4 s-1) (Hallenbeck and Benemann, 2002) and [NiFe]hydrogenase (98 s-1) (Melis and Happe, 2001) by a thousand fold or close to a hundred
fold, respectively. Due to the utilisation of protons (H+) instead of O2 as the terminal
electron acceptor and the release of H2 gas, [FeFe]-hydrogenase is capable of carrying out
a fermentative metabolism under anaerobic conditions (Peters, 1999).

The monomeric [FeFe]-hydrogenase (45 to 50 kDa) of green algae is encoded within the
algal genome and translated as a precursor protein in the cytosol, while mature proteins are
localized and function within the chloroplast stroma (Happe et al., 1994). Green algae
[FeFe]-hydrogenase (HydA) are shown to possess a significantly shortened N-terminal
domain and a conserved C-terminal domain that contains the active site, as they lack
accessory [Fe-S] centres (Florin et al., 2001). However, the disposition and insertion of 16
to 45 supplementary amino acid residues, characterises the active site environment of the
H2-ase enzyme, forming an external peptide loop. The peptide loop is expected to be
involved in the electrostatic binding of the natural electron donor ferredoxin (PetF) but
might also compensate for the missing domains (F cluster) (Melis and Happe, 2001) found
in non-algae [FeFe]-hydrogenases and responsible for the electron transfer from the
electron donor to the H cluster (Nicolet et al., 2000; Happe and Kaminski, 2002).
Positively charged amino acids within the peptide loop might additionally act as a
ferredoxin -docking domain, which may help in the navigation of the electron flow, as PetF
is inherently negatively charged (Melis and Happe, 2001). Moreover, the peptide loop will
provide linkage and efficient electron transfer between PetF and H2-ase, which is a basic
requirement for successful coupling between the [FeFe]-hydrogenase enzyme and the
electron transport chain in chloroplasts during photosynthesis (Melis and Happe, 2001).

1.5 Expression and purification of native hydrogenase
One approach undertaken during experimental trials of this study is the expression and
purification of native [FeFe]-hydrogenase from green alga Chlamydomonas reinhardtii.
C. reinhardtii, commonly found in soils and freshwater, has been shown to be of
significant interest in hydrogen research. Its high potential for hydrogenase expression and
subsequent use for hydrogen production together with its high protein yield when

9

compared to other green algae as well as its simplicity of containing one of the smallest
known but best understood [FeFe]-hydrogenases makes it attractive to work with. H2-ase
expression can either be artificially induced by anaerobic adaptation or naturally induced
by S-deprivation (Kamp et al, 2008). The latter seems to be the most promising way
forward in establishing a new CO2-free fuel economy on the basis of hydrogen. Extensive
studies on S-deprivation in C. reinhardtii cultures and the effects on H2 production has
been carried out by others for nearly two decades (Yildiz et al., 1994; Wykoff et al., 1998;
Melis et al., 2000; Winkler et al., 2002; Zhang et al., 2002; Tsygankov et al., 2002, 2006;
Antal et al., 2003; Fedorov et al., 2004; Kruse et al., 2005a; Makarova et al., 2005;
Kosourov et al., 2007; Kamp et al., 2008; Laurinavichene et al., 2008; Kosourov and
Seibert, 2009; Tolstygina et al., 2009).

Sulphur-deprivation in green algae cultures like C. reinhardtii, causes partial reversible
inactivation of O2 evolution, leading to anaerobiosis in sealed cultures with subsequent
expression of [FeFe]-hydrogenase and H2 photoproduction under continuous illumination
(Kosourov et al., 2007; Laurinavichene et al., 2002). After successful growth of
C. reinhardtii cultures in S-deprived medium and onset of anaerobiosis H2 gas production
can be observed in headspace samples of sealed cultures when analysed by gas
chromatography. H2 gas production in sealed green algae cultures indicates the presence of
the H2 producing enzyme hydrogenase, more specifically [FeFe]-hydrogenase. To purify
H2-ase from the culture, green algae cells containing the enzyme have to be disrupted so
cell content can be released for further purification. Purification usually follows a
procedure containing various centrifugation steps, followed by a cell disruption process
and may include subsequent utilisation of Fast Protein Liquid ChromatographyTM (FPLC),
a method used to provide rapid separation and reproducible profiling of proteins (Cooper et
al., 1983). Sodium dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE)
analysis can be used for visual confirmation of target protein (hydrogenase) isolation.

1.6 Expression and affinity purification of recombinant [FeFe]hydrogenase
During this study particular focus will be given to the expression of recombinant StrepIItagged H2-ase plasmids of Chlamydomonas reinhardtii and/or Clostridium acetobutylicum
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clones in Escherichia coli and the subsequent purification by tag (affinity) or other
purification protocols. Due to the inherent difficulties of undertaking this project in a strict
O2-free environment, expression and purification will be carried out in the presence of O2
(hydrogenase enzyme will be inactive). The presence of recombinant H2-ase will be
analysed by SDS-PAGE and western blot analysis and/or spectroscopic techniques.

For the overexpression of H2-ase in E. coli, structural framework and maturation genes of
either C. reinhardtii or C. acetobutylicum will have to be cloned into suitable expression
vectors. These vectors can then be transformed in competent E. coli cells and
transformants subsequently selected by the antibiotic-resistance cassette encoded within
the vector. The expression of H2-ase protein can be induced thereafter by the addition of a
suitable inducer (e.g. Isopropyl β-D-thiogalacto-pyranoside (IPTG)) (Posewitz et al., 2004;
Girbal et al., 2005; King et al., 2006, von Abendroth et al., 2008).

Affinity purification processes rely on the principal that a tag, in this case StrepII-tag,
expressed as a fusion to the recombinant H2-ase protein, will bind reversibly to tag specific
beads (chelate) during the purification process (Terpe, 2003). The chelate of the column
matrix contains Strep-Tactin, a specially engineered and optimised streptavidin derivative,
which is responsible for binding the fused StrepII-tag end of H2-ase (Schmidt et al., 1996).
The synthetic peptide StrepII-tag consists of several amino acids which exhibit intrinsic
affinity towards Strep-Tactin (Skerra and Schmidt, 2000; Schmidt and Skerra, 2007).
Therefore, a Strep-Tactin column matrix will only bind the expressed recombinant target
protein fused with the StrepII-tag, while allowing the remaining protein extracts to pass
through the column. The proteins bound to the column-package will subsequently be
washed to eliminate any remaining unwanted impurities. To elute the purified StrepII-tag
fusion protein from the Strep-Tactin binding site of the column matrix, the column will be
washed with desthiobiotin which specifically competes for the biotin binding pocket of
Strep-Tactin, the same binding site StrepII-tag binds to initially. As desthiobiotin has a
slightly higher affinity to the binding site, it releases the purified fused recombinant protein
including the StrepII-tag. The columns can be regenerated for reuse thereafter by removing
the desthiobiotin.

The purified and isolated hydrogenase enzyme, fused with StrepII-tag, can be used for
protein detection in various assays, like western blotting. Once the isolated target enzyme
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is transferred onto the western blotting membrane, a StrepII-tag specific primary antibody
will be applied to it. A secondary antibody specific to the first antibody, and containing an
enzymatic marker (e.g. HRP), is applied and the isolated target protein visualised with
blotting solution.

1.7 Aims of this Thesis
Aim of this research is the successful expression and purification of native [FeFe]hydrogenase from the green alga Chlamydomonas reinhardtii as well as the expression and
purification of recombinant StrepII-tagged [FeFe]-hydrogenase genes of C. reinhardtii and
Clostridium acetobutylicum in Escherichia coli strains DH5α and BL21(DE3).

Therefore, the following specific aims are envisaged:

1.) To grow C. reinhardtii cultures in sulphur-deprived medium and achieving of
anaerobiosis of cultures and subsequent expression of native [FeFe]-hydrogeanse
and H2 production.

2.) To prove H2 production in C. reinhardtii cultures and purification of native [FeFe]hydrogenase enzyme to an adequate level for biochemical analysis.

3.) To prepare competent E. coli cells and (co-)transformation of recombinant [FeFe]hydrogenase genes.

4.) The expression and affinity purification of hydrogenase from transformed E. coli
cells.

5.) To confirm successful isolation of native [FeFe]-hydrogenase and recombinant
StrepII-tagged [FeFe]-hydrogenase.
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2 Materials and Methods

2.1 Materials
2.1.1 Organisms
Escherichia coli DH5α, BL21(DE3) and BL21(DE3)pLysS from laboratory stocks (stored
at - 20°C) were used as host strains in this study for the expression of hydrogenase genes
from Chlamydomonas reinhardtii and Clostridium acetobutylicum.
The green algae Chlamydomonas reinhardtii (strain 124+, Imported under permit from the
Duke University Chlamydomonas collection (mt-137c)) which is commonly found in soil
and freshwater, was used for attempts to isolate native [FeFe]-hydrogenase protein.

2.1.2 Plasmids
Expression plasmids were kindly supplied by Matthew Posewitz then in Michael Seibert’s
laboratory of the National Renewable Energy Laboratory, Golden Colorado (USA). Genes
for Chlamydomonas reinhardtii [FeFe]-hydrogenase expression were assembled as
follows: The hydrogenase framework gene hydA1 with a StrepII-tag ending was cloned
into Novagen pETBlue™-1 vector (EMD Biosciences, Inc., an affiliate of Merck KGaA,
Darmstadt, Germany) by the Seibert laboratory, containing the antibiotic-resistance gene
conferring resistance to ampicillin (Amp). The maturation genes hydEF and hydG
(hydEF/G), responsible for assembling the H-cluster and iron-sulphur centre of the
hydrogenase enzyme, were cloned into the Novagen pACYCDuet™-1 vector multiple
cloning site (MCS) with the antibiotic-resistance gene conferring resistance to
chloramphenicol (Clm). HydEF was cloned into MCSII NdeI/PacI site, with hydG cloned
into MCSI NcoI/BamHI site.

Genes for Clostridium acetobutylicum [FeFe]-hydrogenase expression were assembled as
follows: The hydA1/E gene was cloned into the Novagen pETDuet™-1 vector containing
two MCS’s and the antibiotic-resistance gene conferring resistance to ampicillin (Amp),
with hydA1 producing the backbone of the hydrogenase protein and hydE being one of the
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maturation genes (hyd E, F, G, for H-cluster assembly). Genes hydF/G were cloned into
Novagen pCDFDuet™-1 vector, also containing two MCS’s with the antibiotic-resistance
gene conferring resistance to streptomycin (Stm).

2.1.3 Equipment
A comprehensive list of all used equipment, including name, brand, origin and purpose is
given in Appendix A – Table A1.

2.1.4 Chemicals
Chemicals used for this study were either purchased from BD Becton, Dickinson and
Company, BIO RAD, BRL, DIFCO Laboratories, GIBCOBRL Life Technologies,
Invitrogen, SIGMA (Sigma-Aldrich) – all from the USA; BDH, Glycosynth, M & B – all
from the UK; Merck, Germany; or UNIVAR Ajax Feinchemicals, Australia, unless stated
otherwise. A complete list of all chemicals used, and their supplier, can be found in the
attached Appendix B – Table B1.

2.2 Methods
Complete lists of all media compositions as well as of all stocks, buffers and solutions
prepared and used for experiments during this thesis can be found in Appendix C –
Tables C1 and C2.

2.2.1 Acetone precipitation
Acetone precipitation is a commonly used method to recover proteins from most aqueous
solutions: in addition to allowing concentration of the proteins this method can aid to
eliminate interfering substances from the sample. Typically to 1 volume of protein sample,
4 volumes of cold (-20oC) acetone were added, the solution gently mixed and chilled at
either – 70°C for 10 min or for at least 90 min at – 20°C. If the protein concentration is
very low, the solution should be kept in the freezer for longer (preferably overnight). The
precipitated proteins were then collected by centrifuging the solution for 15 min at 4°C
using a TableTop Microcentrifuge (5415R Centrifuge, Eppendorf, Hamburg, Germany) at
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maximum speed (16,200 x g) and the supernatant carefully discarded. The proteins pellet
was air dried to eliminate remaining acetone and resuspended in a minimal volume of
loading buffer for SDS-PAGE (Section 2.3.7).

2.2.2 Preparing dialysing tubes
Dialysis tubes were cut to the desired length and boiled for 10 min in 1-2 L of a 2%
sodium

bicarbonate

(NaHCO3)

solution

(in

Milli-Q

water)

containing

1 mM

ethylenediaminetetraacetic acid (EDTA) (pH 8.0). After the solution had cooled down they
were washed thoroughly with Milli-Q water (H2O) inside and out and then boiled again for
10 min in 1-2 L of 1 mM EDTA (pH 8.0) solution in Milli-Q water. The dialysing tubes
were cooled down and stored at 4°C in the boiling solution (1 mM EDTA (pH 8.0) in
Milli-Q water) until needed. Prior to use dialysis tubes were thoroughly washed with MilliQ water, inside and outside, and handled solely with gloves.

2.3 Expression and purification of native [FeFe]-hydrogenase protein
from green alga Chlamydomonas reinhardtii
2.3.1 Chlorophyll a measurement
The chlorophyll a (Chl a) concentration was measured in C. reinhardtii cultures (section
2.1.1) as a proxy of biomass to establish a growth curve over time under given conditions.
For reproducibility three 500 mL cultures of Tris-Acetate-Phosphate (TAP) medium
containing 75 µM Ammonium sulphate (AmSO4) were inoculated with 0.25 mL of a late
log starter culture of C. reinhardtii. The cultures were sealed with a rubber bung and
grown anaerobically at 24°C under constant light (70 – 100 µEin m-2 s-1) with stirring by
magnetic stirrer at approximately 120 rpm. Every 24 h a 0.2 mL sample of each culture
was taken via a sterile syringe and mixed with 4 parts of 100 % acetone (0.8 mL). The
solution was sonicated for 30 s, then centrifuged for 5 min (4°C) at maximum speed
(16,200 x g, 5415R Centrifuge (TableTop), Eppendorf; Hamburg, Germany) and kept in
the dark on ice in-between processes. A volume of 950 µL of each sample solution was
then transferred into a 1 mL quartz cuvette and absorbance measured at 665 nm and
750 nm, blanked at each wavelength against 80 % acetone water mix. Hydrochloric acid
(HCl) (30 µL of 100 mM) was then added to each sample and the optical density measured

15

again at each wavelength. The data was entered into an Excel spread sheet that applied the
extinction coefficient of 26.73 using the equation 26.73 x (A665-A750)-(A665acidA750acid) (Lorenzen, 1966) and a growth curve of the algae established.

2.3.2 Gas chromatography
Gas chromatography was used to determine if C. reinhardtii cultures produce hydrogen
under anaerobic conditions. Samples of the headspace gas of sealed 3 x 500 mL cultures
were taken after 12 d of growth via a sterile, gas-tight syringe through the rubber sealing
bung and injected onto the chromatographic column of a gas partitioner (Model 29, FisherHamilton; Ottawa, Canada). Injected gas samples are transported (flow rate 30 mL/min)
through a molecular sieve column (40 – 0 mesh) using argon as an inert carrier gas (mobile
phase). Concentrations and retention times of the various components in the head gas
sample were sensed and measured by thermal conductivity detection and subsequently
compared against

pure control gases of hydrogen, nitrogen and air (80:20

nitrogen:oxygen).

2.3.3

Native

[FeFe]-hydrogenase

isolation

from

Chlamydomonas

reinhardtii

(strain 124+) in TAP medium (300 µM AmSO4) – Trial I
Essentially following the method of Kamp (Kamp et al., 2008) a 2 L culture of
C. reinhardtii in TAP medium, containing 300 µM AmSO4 was established with a 2 mL
innoculum of the algae. The culture was grown to late log-phase at 24°C, under constant
light (70 – 100 µEin m-2 s-1) and stirring (100-120 rpm) while bubbled with 1% CO2 for the
first 36 h. It took approximately 2 ½ days (60 h) for the culture to reach late log-phase.
Fast protein liquid chromatography (FPLC) was performed on the algae from the culture.
The cells were collected from the culture by centrifugation at room temperature and
2000 rpm (Beckman rotor JA-10, 708 x g) for 4 min under argon, using centrifuge bottles
with gas tight lids. The supernatant was discarded and the pellets resuspended each in
30 mL of argon sparged 50 mM Tris (pH 8.0 HCl) + 3 mM MgCl2, and pooled in a single
Beckman centrifuge bottle and pelleted again as before. The supernatant was discarded and
the pellet resuspended in 30 mL of 50 mM Tris (pH 8.0 HCl) + 3 mM MgCl2. After
sparging the culture for 2-3 h with argon in the dark, freshly prepared sodium 10 mM
dithionite containing 1% Triton X-100 was added to break the cells open and the culture
16

sparged with argon for a further 15 min (in the dark). The culture was centrifuged at
9,200 rpm (Rotor JA-10, 15,000 x g), 4°C for 30 min and the resulting supernatant
(~ 30 mL) transferred into a clean 250 mL sealable Beckman centrifuge bottle.

Ammonium sulphate cuts were made following Dawson (Dawson et al., 1969). The
ammonium sulphate concentration was raised from 0% to 40% by adding 6.78 mL of 4 M
AmSO4, containing 150 mM Na-dithionite (added fresh), to the ~ 30 mL supernatant. The
solution was sealed and gently shaken (rocking shaker) for 1 h at 4°C then pelleted at
10,000 rpm (Rotor JA-14, 15,344 x g) 4°C for 30 min. The supernatant (~ 36 mL) was
aspirated and transferred into a clean 250 mL sealable Beckman centrifuge bottle. In a
second cut, the sulphate concentration within the sample culture was increased from 40%
to 70% by adding 6.73 mL of 4 M AmSO4, containing 150 mM Na-dithionite (added fresh)
to the supernatant (~ 36 mL). The centrifuge bottle containing the culture was filled with
argon, sealed and gently shaken for 1 h, then the precipitated protein pelleted as above. The
supernatant was carefully aspirated and transferred into a dialysis tube. The dialysis tube
was securely closed, air excluded and placed in ~ 400 mL of 50 mM Tris (pH 8.0 HCl)
containing 10 mM fresh Na-dithionite wash buffer. Washing, was repeated several times
by changing the wash buffer, with shorter times at the beginning until all the sulphate was
removed. Dialysis completion was concluded by testing for sulphate precipitation by
barium ions. Here 0.5 mL of dialysis wash buffer was transferred into an Eppendorf
microtube and 50 µL 2.5 N HCl added and mixed. Then 150 µL of 10 % BaCl2 added. If
an obvious precipitate was visible further washing was performed. After completion of
dialysis samples contained in the dialysing tubes were ready for FPLC (Section 2.3.6).

2.3.4

Native

[FeFe]-hydrogenase

isolation

from

Chlamydomonas

reinhardtii

+

(strain 124 ) in TAP medium (75 µM AmSO4) – Trials II, III & IV
Further experiments were performed (Trials II, III and IV) in a similar way as Trial I
(section 2.3.3) with a lower concentration of AmSO4 (75 µM instead of 300 µM) present in
the growth medium and the total culture volume increased to 2 x 2 L. The rationale here
was that sulphate would become limiting sooner than other nutrients causing the culture to
become anaerobic and thus produce hydrogen earlier. The lower sulphate levels together
with the smaller amount of C. reinhardtii inoculum used in these experiments mean the
culture got to late logarithmic phase more slowly, at ~ 8 days.
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Trial II was sparged with 1% CO2 for the first 36 h as in Trial I, whereas cultures in Trial
III and IV were not sparged with CO2 at any stage. After reaching late log-phase, the
culture of Trial II was collected by centrifugation as described for Trial I. Cultures in Trials
III and IV, however, were left to settle under normal gravity in the centrifuge bottles
protected from light at 4°C for 1 day (Trial IV) or 2 days (Trial III), respectively, before
further use. The supernatant was aspirated while the headspace was filled with argon to
avoid introducing oxygen. Subsequent cell lysis and ammonium sulphate precipitation was
performed as for Trial I (section 2.3.3).

2.3.5 Sephadex G-100 column chromatography
Size exclusion chromatography of the protein extracts from these cultures was performed
using a commercially pre-packed Superdex-75 column (Pharmacia Biotech; Uppsala,
Sweden) and using a Sephadex G-100 column to isolate induced [FeFe]-hydrogenase.
Sephadex G-100 gel beads (4 g, fractionation range from 4 to 150 kDa) was placed in
250 mL milli-Q water and left overnight to swell at 4oC. A long thin column (0.7 cm
(internal diameter) x 130 cm) was thoroughly cleaned with milli-Q water (H2O) and set up
with a filter frit (2 – 3 mm thick), a small amount of glass wool and another filter frit at the
bottom end. Tubing from the FPLC was fitted at the bottom end of the column and
connected to the FPLC detector (set at 215 nm) and FPLC fraction collector. Fully swollen
beads were poured into the top of the column and allowed to settle for a couple of days to
form a compacted bed. Before use, the column was equilibrated with mobile phase 50 mM
Tris (pH 7.4 HCl) for several hours. The final height of the column bed measured
~ 125 cm (~ 50 mL). Another filter frit was placed on top of the column bed to avoid
surface irritation by turbulence caused by the flow from the mobile phase on top of the
column bed.

2.3.6 Fast Protein Liquid Chromatography
Fast protein liquid chromatography (FPLC) is commonly used to separate or purify
proteins from complex mixtures by using a liquid mobile phase. It uses large (internal)
diameter columns containing a chromatographic bed made up of small particles or gel
beads which separate macromolecules based on size exclusion (gel filtration), ion
exchange (charge distribution), hydrophobic interaction or affinity chromatography. After

18

the sample has been injected into the system the liquid mobile phase carries the sample
onto and through the column bed (stationary phase) with a constant, computer controlled
flow rate. Depending on their size and/or charge distribution, particles with specific
characteristics are being released from the stationary phase after a certain retention time,
detected by a UV spectrophotometer and the different fractions collected by the fraction
collector.

FPLC was performed on protein extracts from C. reinhardtii that had been grown and
treated in various ways to induce [FeFe]-hydrogenase (Sections 2.3.3 & 2.3.4). To ensure
homogenous distribution of the mobile phase throughout the FPLC system (pumps, tubing,
injector, column (stationary phase) and detector), the mobile phase was pumped through
the system for at least 30 min prior to injecting the sample. In a first FPLC attempt the
various protein fractions within the sample were separated by a pH shift in the mobile
phase from pH 8.0 to pH 7.0. Filtered 50 mM Tris (pH 8.0 HCl) was mobile phase A and
filtered 50 mM Tris (pH 7.0 HCl) was mobile phase B. The loaded sample was carried
onto a pre-packed Q-Sephadex fast flow column (ion and buffer exchange column) by
mobile phase A with a flow rate of 2 mL/min with the pH gradient slowly changing from
approximately 40 min (80 mL of mobile phase A) post-injection. Due to the pH change,
different fractions of the sample were released from the column bed at different times
(depending on their individual protein pKa’s), then detected by the UV spectrophotometer
(215 nm). Aliquots were collected by an automatic fraction collector. As the whole FPLC
system is computer controlled, the detected fractions were visually identified on the plot
shown on the computer screen. Fractions of interest were pooled and concentrated to a
final volume of ~ 8 – 10 mL by ultrafiltration using an Amicon YM-10 filter
(10,000 molecular weight cut off (MWCO)) under pressure (~ 40 psi) using nitrogen gas.
The pooled and concentrated sample was aspirated off the Amicon YM-10 filter and
diluted in a 1:2 ratio with 50 mM Tris (pH 8.0 HCl) prior to the second FPLC run. The
latter used a salt gradient (ion exchange/charge distribution) to further separate the sample
fractions.

The pooled and concentrated samples were re-loaded onto the Q-Sephadex fast flow
column via an injection loop, for the second FPLC run with mobile phase A 50 mM Tris
(pH 8.0, 0 mM potassium chloride (KCl)). Salt concentration in the mobile phase was
slowly increased after ~ 25 – 40 min from mobile phase A (containing no KCl) to mobile
19

phase B (50 mM Tris, pH 8.0) containing 500 mM KCl. Fractions (~ 1 mL) were collected
and precipitated with 4 mL of acetone (– 20°C overnight, Section 2.2.1) for subsequent
SDS-PAGE analysis (Section 2.3.7) to determine the presence of [FeFe]-hydrogenase.

Fractions of interest from Trial’s III & IV showing promising bands in SDS-PAGE gels
were further concentrated in a two-step procedure before size-exclusion chromatography.
As previously described an Amicon YM-10 filter (10,000 MWCO) was used to pool and
concentrate sample fractions of interest to a final volume of ~ 3 – 4 mL. Aliquots of 300 –
400 µL were subsequently

loaded

onto

an

Amicon

ULTRAFREE-MC

filter

(10,000 nominal molecular weight limit (NMWL)) and spun down for 20 min at room
temperature and 5,000 x g. The remaining concentrate on top of the filter was collected and
transferred into a clean 1 mL microtube (Eppendorf). The latter step had to be repeated
until the complete concentrated sample of 3 – 4 mL was loaded onto the Amicon
ULTRAFREE-MC filter.

After completing the two-step concentrating procedure, an aliquot of 250 µL of the
collected concentrated sample of Trial III was infused into a 1 mL injection loop on the
FPLC injector. The injected sample was slowly (flow rate of 1 mL/min) loaded onto the
Superdex-75 column with the mobile phase (50 mM Tris, pH 8.0 HCl). Compared to the
Q-Sephadex fast flow column – an ion exchange column – the Superdex-75 column
functions as a pure size exclusion column. An additional FPLC run at a lower flow rate of
approximately 0.5 mL/min, using 100 µL of the collected concentrated sample of Trial III,
was carried out on the Superdex-75 column. This was done to broaden the detected protein
peaks and to minimise the amount of overlapping proteins in collected fractions. Fractions
of interest from both runs were gathered, acetone precipitated (Section 2.2.1) and analysed
by 10 % SDS-PAGE.

A volume of 100 µL concentrated sample of Trial IV was loaded onto a Sephadex G-100
column (Section 2.3.5) via an FPLC injection loop with and a flow rate of 0.24 mL/min
applied. The flow rate chosen for the mobile phase (50 mM Tris, pH 7.4 HCl) was thought
to be approximately equal to the natural gravity flow rate. However, as the column matrix
continued to compact during the trial, the flow rate started to slow down while the pressure
increased. This resulted in leakage of the column around the fittings, partial loss of the
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column matrix and a failed trial run. Thus, a second run on the Sephadex G-100 column
(compressed column bed volume ~ 35 mL) was carried out with pure gravity flow only
(measured at 0.04 mL/min over the entire run). The mobile phase (50 mM Tris (pH 7.4
HCl) filtered) was therefore disconnected from the FPLC pump system and fed onto the
column by gravity only. Negative pressure (suction), created by the amount of mobile
phase-sample-mix leaving the matrix at the bottom end of the column, was sufficient to
aspirate an equal amount (volume) of mobile phase onto the top of the column matrix to
prevent it from running dry. Collected sample fractions of interest from the second run
were prepared for SDS-PAGE gel electrophoresis via acetone precipitation. In cases of
insufficient sample volume of the collected fractions, several fractions had to be pooled to
get an adequate amount of sample for acetone precipitation and subsequent SDS-PAGE.

Samples with the most promising bands from Trial III & IV were run again on higher
percentage SDS-PAGE gels (15%) to obtain better resolution. Gels were Coomassie
stained (Section 2.3.8) to visualise the bands, with bands around the 50 kDa mark excised
and sent to the University of Otago Centre for Protein Research for amino acid sequencing,
to determine if any of the bands (proteins) were indeed [FeFe]-hydrogenase.

2.3.7 SDS-PAGE gel electrophoresis
SDS-PAGE gel electrophoresis was used to separate proteins according to their molecular
weight and charge. For a 10 % resolving gel the following reagents were combined in a
15 mL Falcon tube (in order):
•

1.56 mL acrylamide-bisacrylamide (40%)

•

1.6 mL resolving gel buffer (see Appendix C – Table C2)

•

65 µL SDS (10%)

•

2.48 mL milli-Q water (H2O)

•

20 µL APS (10%) – ammonium persulphate (freshly made up before use)

•

5 µL TEMED

The solution was gently mixed then poured between plates with a defined gap of 0.75 mm
to three quarters of the height of the plates. The gel solution was temporarily overlaid with
isobutanol to prevent the gel from drying out during gel setting. Once the resolving gel had
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set (~ 30 – 40 min), the isobutanol was discarded, the top rinsed with milli-Q water and all
remaining water soaked up with filter paper. A stacking gel mixture was prepared as per
the following recipe and poured on top of the resolving gel, with a plastic comb placed into
the gel to create the loading wells after setting.
•

0.25 mL acrylamide-bisacrylamide (40%)

•

1.0 mL stacking gel buffer (see Appendix C – Table C2)

•

0.75 mL milli-Q water (H2O)

•

10 µL APS (10%) – ammonium persulphate (freshly made up before use)

•

5 µL TEMED

The gel was assembled into a BioRad Mini Protean II electrophoresis unit and the unit
filled with 1 x Reservoir Buffer (see Appendix C – Table C2).

Samples were prepared by combining 40 µL of sample with 10 µL of ‘complete’ loading
buffer in an Eppendorf microtube. The ‘complete’ loading buffer was made up of 0.5 mL
loading buffer and 20 µL DTT (both as described in Appendix C – Table C2) in advance.
The samples where then boiled for 5 min (lid was pierced to release pressure) and 20 –
25 µL of the samples subsequently loaded into the stacking gel slots as well as one of the
slots loaded with 7 – 15 µL of a molecular weight marker. A voltage of 60 V was applied
to the electrophoresis apparatus for the first 30 min to slowly force the samples through the
stacking gel. Once the samples had travelled through the stacking gel matrix to the edge of
the resolving gel, the applied voltage was increased to 150 V for the remaining time till
completion of the gel electrophoresis (1 ½ - 2 h).

Changes in gel concentration affect only the volumetric ratio between acrylamidebisacrylamide and milli-Q water and are only applied to the resolving gel composition not
the stacking gel composition. Increasing the gel concentration from 10% to 15%, the
amount of acrylamide-bisacrylamide was simply increased to suite the requirements
(+ 0.59 mL) while the volume of milli-Q water in the composition was decreased by the
same amount (- 0.59 mL).

The gels were subsequently used for Coomassie staining (2.3.8) or western blotting (2.4.8)
for visualisation.
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2.3.8 Coomassie staining
SDS-PAGE gels were transferred into a tray containing Coomassie staining solution for
15 – 20 min and gently rocked. The Coomassie staining solution was then carefully
discarded and replaced by Coomassie destaining solution for 2 or 3 short destaining
washes (15 – 30 min), followed by an overnight wash and another short 20 min wash the
following day. Gels were then put between two wetted sheets of cellulose foil and
stretched into a frame to dry.

2.4 Expression and purification of recombinant [FeFe]-hydrogenase
Methodology for (co-)transformation, expression and purification of recombinant
Chlamydomonas reinhardtii and Clostridium acetobutylicum [FeFe]-hydrogenase in E. coli
followed those outlined by Posewitz and co-workers (2004) as well as King and coworkers (2006) closely.

2.4.1 Preparation of competent Escherichia coli cells
For E. coli cells to be transformable, cells were made competent in the following way.
Sterile ΨB-medium (10 mL, see Appendix C – Table C2) in a 50 mL Falcon tubes was
inoculated with a small amount of a frozen E. coli strain (DH5α, BL21(DE3) or
BL21(DE3)pLysS). Cultures were grown overnight at 37°C shaking at 150 rpm (G10
Gyrotory Shaker). Concurrently, 100 mL of sterile ΨB-media (excluding inoculums) was
pre-warmed under identical conditions in a 1 L flask as set-up for the following procedure,
and also allowing for a check of sterility of the media. The following day, 5 mL of the
overnight grown culture was transferred into the larger flask and grown to OD550 = 0.3 –
0.4 (~ 1 – 2 h) at 37°C and 150 rpm. Optical density (OD) was measured every 30 min to
avoid over-shooting of the culture which would lead to acidity in the culture and
subsequent loss in productivity. Once the desired optical density was reached, cultures
were chilled for 5 min on wet ice before being transferred into two sterile 50 mL Falcon
tubes and centrifuged at 1,000 x g, 4°C for 8 min (in Beckman Table Top Centrifuge,
Rotor JA-20). The supernatant was aspirated and each cell pellet resuspended in 15 mL ice
cold TfBI buffer (see Appendix C – Table C2) and at once pelleted down again. As before,
the supernatant was aspirated with the pelleted cells being gently resuspended in 2.0 mL
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ice cold TfBII buffer (see Appendix C – Table C2) by slow repeated pipetting in a 5 mL
pipette. Aliquots (1 mL) were snap frozen in sterile 1.5 mL microcentrifuge tubes
(Eppendorf) in liquid nitrogen, and the tubes immediately transferred to the -70°C freezer.

2.4.2 (Co-)transformation of recombinant [FeFe]-hydrogenase genes in competent
Escherichia coli
An aliquot of competent E. coli cells of the desired strain was liquefied on wet ice and held
there for a further 5 - 10 min. Thereafter, 200 µL of the thawed competent cells was
dispensed into a sterile 15 mL Falcon tube on ice. For (co-)transformation of C. reinhardtii
10 µL of DNA sample of either a single or each of the following plasmids was added,
pETBlue-1 Vector – HydA1 and/or pACYCDuet-1 Vector – HydEF/G. As DNA samples
of C. acetobutylicum were highly concentrated (20 µg/µL) only 1 µL of a single plasmid or
each of the following plasmids (pETDuet-1 Vector – HydA1/E and/or pCDFDuet-1 Vector
– HydF/G) were added to a 200 µL aliquot of competent E. coli cells. The combined cell
mix was gently mixed and incubated on ice for 30 min before being heat shocked in a 37°C
warm water bath for 2 min, followed by a further 3 min on ice. Luria Broth (LB) media
(2.3 mL) was added and the cell/plasmid mix incubated for 90 min at 37°C and 150 rpm
allowing the cells to express the antibiotic-resistance gene on the appropriate plasmid. A
sample volume of 200 µL of the grown cell cultures was streaked out on LB-agar plates
containing the appropriate, selective antibiotic(s) and incubated overnight at 37°C.
Negative controls (cells without any added DNA) were carried out to ensure that no
contamination of the antibiotic resistance cells or the media plates occurred. [A list of best
working growth conditions for the (co-)transformation of recombinant C. reinhardtii and
C. acetobutylicum [FeFe]-hydrogenase genes in competent cells of E. coli strain DH5α,
BL21(DE3) and/or BL21(DE3)pLysS can be found in Appendix D]. Single colonies from
the agar plates were selected and individually grown in a small amount (~ 0.5 mL) of LB
containing the appropriate antibiotics. The volume of LB with selective antibiotic was
increased thereafter to 4.0 mL and cultures grown overnight at 37°C, shaking at 150 rpm.
The following day samples were either used for DNA isolation and subsequent agarose gel
electrophoresis or aliquots (1 mL) of each culture sample frozen. Best practice has shown
that cultures of E. coli DH5α are most stable for long term storage when containing 15 %
glycerol and kept frozen at - 70°C, with cultures of E. coli BL21(DE3) being most stable
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containing only 8 % glycerol (frozen at - 70°C). Plasmid DNA isolation was achieved
using a High Pure Plasmid Isolation Kit (Roche Diagnostics GmbH, Mannheim, Germany)
following the manufacturer’s instructions.

2.4.3 Agarose gel electrophoresis
All agarose gels prepared and used here were 1% agarose. Therefore, 0.5 g of agarose was
added to 5 mL of TAE (10 x) buffer in a small flask (100 – 200 mL) and topped up to
50 mL with Milli-Q water (H2O). Agarose was dissolved by heating in a microwave at
maximum power for ~ 2 x 30 s with intermittent gentle stirring. The solution was allowed
to cool to ~ 50°C, ethidium bromide (EtBr) added at a final concentration of 0.5 µg/mL
and the gel mix poured into a cast. Once set the gel cast was assembled into a Mini Sub™
Cell 9 (BIO RAD, Italy) and then filled with TAE (1 x) running buffer (containing
0.5 µg/mL EtBr) to cover the gel completely (~ 200 mL). Sample slots were loaded with a
mix of sample and loading buffer (1:5) and the apparatus connected to a power supply
(Model 3000Xi, Computer Controlled Electrophoresis Power Supply, BIO RAD, Japan). In
addition to the sample/loading buffer mix, a 1 kb DNA ladder was loaded onto one of the
gel slots as size reference. Agarose gels were electrophoresed at 70 V (~ 40 mA; ~ 3 W)
for ~ 1.5 – 2 h (or shorter at higher voltage).

DNA quantity and purity was measured as a 1 in 20 dilution of purified plasmid DNA (in
Milli-Q water) using a GeneQuant Pro (Amersham Biosciences, England). Purified
plasmid DNA (300 ng/15 µL) was sent to the Allan Wilson Centre at Massey University
for sequencing to ensure the plasmids were correct.

2.4.4 Expression of recombinant [FeFe]-hydrogenase
Transformed DH5α or BL21(DE3) E. coli cells were grown overnight in a starter culture
of LB medium or minimal medium M63, respectively, containing the appropriate
antibiotic. The grown cultures were subcultured in a 1:50 dilution of fresh LB or M63
medium with the selective antibiotic and containing 100 µM Fe-citrate. Subcultures were
grown aerobically at 37°C, 150 rpm (G10 – Gyrotory Shaker; USA) to an optical density
of OD550 = 0.4 – 0.6 (2 – 2½ h in LB; 4 – 6 h in M63 for cultures larger than 100 mL).
Prior to anaerobic induction of hydrogenase via argon sparging, isopropyl-β-D-thiogalacto25

pyranoside (IPTG) was added to the cultures at a final concentration of 1.5 mM and the
cultures shaken at room temperature at ~ 150 rpm for a 1 h preinduction period. Cultures
were then transferred into sealable centrifuge bottles and sparged for 2 – 3 h with argon, at
room temperature, to induce the hydrogenase biosynthesis (expression) and to achieve
anaerobic conditions within the culture (King et al., 2006).

In various experimental trials during this study, cultures grown in LB as well as M63 were
stored post-expression at either 4°C or 37°C (150 rpm) overnight until purification. In
addition, further trials performed in M63 were prolonged growth studies with the culture
being grown for 1½ days, resulting in an optical density of OD550 >> 0.5, as well as trials
with anaerobic self-induction. The latter ones were either inoculated with IPTG, sealed for
anaerobic self-induction and then grown for several days (1½ or 2 ½ days) before being
purified or sealed for a prolonged growth period of 1½ days, then induced with IPTG for
additional 12 or 24 h and finally purified via cell disruption. Anaerobic self-induction can
be achieved by using the natural occurring bacterial respiration of the remaining oxygen in
the head space of the sealed cultures which subsequently lead to anaerobiosis making the
argon sparging process redundant.

2.4.6 Purification of recombinant [FeFe]-hydrogenase
Following hydrogenase expression via argon sparging, the centrifuge bottles were sealed
and cells pelleted for 10 min at 6,000 x g and 4°C (Beckman Centrifuge J2-21 M/E, Rotor
JA–10; USA). The supernatant was discarded and the pellet resuspended in 1 – 2 mL
breaking buffer II (Appendix C – Table C2).

2.4.6.1 Bead Cell Disruption
A 2 mL screw-top microfuge tube was 1/3 to 1/2 filled with 0.1 mm zirkonia/silica beads
and the resuspended sample loaded into the tube completely filled (convex meniscus). It
was important to have a homogenous bead sample mix and to exclude as much air as
possible to avoid foam production. The microtube was then thoroughly shaken for 3 min at
ambient temperature using a MiniBeadbeater-8 Cell Disruptor (BioSpec Products;
Oklahoma, USA) to disrupt the cells (‘homogenise’ setting). Cellular debris was pelleted at
16,200 x g for 40 min at 4°C using a microcentrifuge (Eppendorf TableTop Centrifuge
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5415R; Hamburg, Germany). The supernatant (lysate) was carefully aspirated, transferred
into a clean microcentrifuge tube and stored at – 20°C until use.

2.4.6.2 Sonication
The resuspended samples were sonicated by applying ultrasound which agitates the cells in
the sample until the cell membrane ruptures, releasing the cellular content (DNA) for
further isolation.

2.4.8 Purification of recombinant [FeFe]-hydrogenase by Strep•Tactin® SpinPrep™Kit
Expressed hydrogenase was purified from the cell lysate (section 2.4.6) using Strep•Tactin
SpinPrep columns (Novagen) that had been pre-equilibrated twice with 500 µL 1 X
Strep•Tactin Wash Buffer (provided in the kit) spun through the columns at 2,000 rpm for
30 s at 4°C, with the flow through discarded. This was done to moisten the resin and make
it more receptive for the lysate as well as to get rid of any contamination. A volume of
500 µL cleared lysate (centrifuged for 15 min at 4°C, 16,200 x g) was loaded onto the
column within 20 min of equilibration to avoid decrease in resin capacity and centrifuged
at 2,000 rpm for 30 s at 4°C. Centrifugation times were extended to 2 – 3 min for samples
of higher concentration to allow the lysate to completely pass through the filter resin.
HydA1 was N-terminally fused with a StrepII-tag having high affinity for Strep-Tactin on
the column. With the expressed enzyme bound, the columns were washed 4 times each
with 100 µL 1 X Strep•Tactin Wash Buffer to exclude any remaining residues, spun down
at maximum speed for 30 s at 4°C between each wash and the flow-through. The flowthrough was either discarded or collected and evaluated by SDS-PAGE. To elute the bound
enzyme the column was placed into a new collection tube and 50 µL 1 X Strep•Tactin
Elution Buffer containing 2.5 mM desthiobiotin loaded onto the column to outcompete the
Strep-Tactin binding to HydA1. The eluate was spun down at 2,000 rpm for 30 s at 4°C
and then reloaded onto the column for a second spin down. A further 25 to 50 µL 1 X
Strep•Tactin Elution Buffer were loaded onto the column before final centrifugation at
previous conditions. The remaining 75 or 100 µL of eluate contained the total amount of
the target protein from the culture and ideally was free of any contaminating proteins.
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2.4.9 Western blotting
Some SDS-PAGE gels were further analysed by western blotting. The resolving gel
portion of completed SDS-PAGE (section 2.3.7) was soaked for 45 min in Towbin
(transfer) Buffer. The polyvinylidene difluoride (PVDF) membrane was cut to gel size and
wetted with methanol and subsequently soaked for 5 min in milli-Q water (H2O) prior to
10 min soakage in Towbin Buffer. Four pieces of Whatman blotting paper (3 mm) were cut
to gel size and together with the foam pads of the western blot cassette soaked in Towbin
Buffer. The western blot cassette, containing the gel and PVDF membrane, was assembled
as shown in Fig. 2.4.1 and put into the Electrophoretic Blotting System (EBX-700) (C.B.S.
Scientific Company, Inc., California, USA) for western blot analysis. The system was
subsequently filled with 1 L of Towbin Buffer and the blot run for 2 – 2½ h at 100 V.

Fig. 2.4.1: Western blotting cassette.

At completion of the western blotting procedure, the PVDF membrane was transferred into
blocking buffer for 1 h at room temperature (or alternatively done overnight at 4°C on a
rocking shaker (30 – 40 rpm)). Subsequently, the PVDF membrane was transferred into
antibody buffer solution I for 1 – 2 h (on the rocking shaker at 20 – 30 rpm) to bind the
primary antibody (StrepTag II Monoclonal Antibody (200 µg/mL), 1:1,000 dilution) to the
StrepII-tagged hydrogenase gene. The membrane was then thoroughly washed 3 to 5 times
in washing buffer solution on the rocking shaker (20 – 30 rpm). The secondary antibody
(ImmunoPure Antibody (horseradish peroxide (HRP)), 1:10,000 dilution) was then bound
to the blotting membrane (PVDF) for 1 – 2 h via antibody buffer solution II (on the
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rocking shaker at 20 – 30 rpm). The PVDF membrane was again thoroughly washed as
described before and subsequently wetted with 1 mL of 1-Step™ TMB-Blotting solution
(3,3’,5,5’-tetramethyl benzidine). The membrane was kept in the dark at room temperature
until purple coloured bands appeared (5 – 10 min). To stop the staining process, the
membrane was washed carefully with milli-Q water (H2O).
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3 Results

3.1 Native [FeFe]-hydrogenase expression and purification
3.1.1 Induction of [FeFe]-hydrogenase activity in Chlamydomonas reinhardtii cultures
Hydrogenase induction in algal cells was demonstrated by measuring hydrogen gas in the
headspace of sealed anaerobic algal cultures. As described in the introduction, sulphate
deprivation under certain conditions inhibits photosystem II which subsequently leads to
anaerobiosis in the culture. Hydrogenase is induced in anaerobic cultures so that in the
presence of light the reduction of protons to hydrogen gas can replace oxygen as an
electron sink allowing continued electron transport. In experimental cultures this is usually
achieved when sulphate replete cultures are grown to late log-phase with algal cells being
subsequently washed with sulphate-free media. However, in the experiments here a
defined low-level of sulphate in the growth medium was used which others have shown
allows the culture to reach late log-phase while consuming all free sulphate by this point
(Kamp et al., 2008). If sealed at a time corresponding to sulphate depletion and maximum
biomass the cultures become anaerobic without further intervention and hydrogenase is
induced. In fact the study by Kamp and co-workers (2008) suggested that a much stronger
induction of enzyme occurs using this approach as compared to washing with sulphate-free
media.

Three 500 mL bottles of TAP media, containing 75 µM AmSO4, were prepared,
innoculated with a late logarithmic starter cultures of C. reinhardtii (strain 124+) and
anaerobically grown as described in section 2.3.1. Samples of each culture were taken
every 24 h and chlorophyll a measured in duplicate. The resulting growth curve is shown
in Fig. 3.1.1.
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Fig. 3.1.1: C. reinhardtii growth curve from cultures growing in media with low defined sulphate levels.
Errorbars show variance between minimum and maximum values of samples from several cultures.

Gas samples from the headspace of the cultures were taken and analysed by gas
chromatography. Retention times of the headspace gas samples were compared with
known gases of hydrogen, nitrogen and air (80:20 nitrogen:oxygen). Data were consistent
between the headspace of replicate cultures where hydrogen eluted at ~ 4 min 40 s,
indicating that approximately 75% of the headspace was hydrogen. The remainder of the
detectable headspace was represented by a smaller peak with a retention time of 7 min.
This peak did not correlate to the standards used but may be either carbon dioxide or
methane. The measurement of hydrogen gas from these cultures indicated that our
approach for induction of hydrogenase was successful.

Throughout studies on native hydrogenase expression and purification, C. reinhardtii
(strain 124+) cells were grown under various conditions to a late logarithmic growth phase,
made anaerobic in several ways, the cells lysed and total protein collected prior to
purification by dialysis. Soluble proteins were fractionated, using Fast Protein Liquid
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Chromatography (FPLC), using a pH-gradient on a Q-Sephadex fast flow column and then
a salt gradient on the same column. Some samples were further pooled and concentrated
before size exclusion chromatography on Superdex-75 or Sephadex G-100 columns.
Sample fractions were sent to the University of Otago Centre for Protein Research for
sequencing to determine whether native hydrogenase enzyme had been isolated.

3.1.2

Native

[FeFe]-hydrogenase

isolation

from

Chlamydomonas

reinhardtii

(strain 124+) in TAP medium (300 µM AmSO4) – Trial I
Two litres of TAP medium containing 300 µM AmSO4 were initiated with a 2 mL
inoculum of C. reinhardtii (124+) and grown to late log-phase, which took approximately
60 h (2 ½ days). The cells were pelleted and argon sparged for 2-3 h before being collected
by centrifugation and protein ammonium sulphate precipitation as described in the
materials and methods section 2.3.3. The dialysed supernatant was loaded onto the QSephadex fast flow column. A pH shift in the mobile phase from 8.0 to 7.0 eluted proteins
with fractions collected with an automated fraction collector. Fractions 10 to 15 containing
protein peaks of interest, as determined by the extinction at 215 nm (for FPLC plot see
Appendix E), were then pooled and concentrated by ultrafiltration (Amicon YM-10,
10,000 MWCO) and diluted 1:2 ratio with 50 mM Tris (pH 8.0 HCl) and loaded onto the
same column again. A salt gradient from 0 to 500 mM KCl in the mobile phase was then
applied and fractions collected. Fractions 8 through 11 (Fig. 3.1.2) of this second FPLC run
were acetone precipitated and run on 10% SDS-PAGE for analysis. Out of the four
fractions collected, only fraction 9 showed a weak visible band at~ 50 kDa, which is
around the expected molecular weight for C. reinhardtii [FeFe]-hydrogenase (data not
shown).
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Fig. 3.1.2: FPLC plot from pooled and concentrated C. reinhardtii cell lysate fractions, grown in TAP
medium (300 µM AmSO4), and loaded onto a Q-Sephadex fast flow column with shifting salt (KCl)
gradient in the mobile phase applied. Post pH gradient FPLC run performed on same column. Fractions of
interest 8 to 11 (within dashed lines) collected for SDS-PAGE.

3.1.3

Native

[FeFe]-hydrogenase

isolation

from

Chlamydomonas

reinhardtii

(strain 124+) in TAP medium (75 µM AmSO4) – Trials II, III & IV
Trial II
The second isolation experiment followed the outline of the one previously described
(section 3.1.2); however, the TAP growth medium contained only 75 µM AmSO4. Due to
the lag of available nutrient (sulphate) and a smaller inoculate of cells (1 mL versus 2 mL)
it took longer for the culture to grow to late log-phase (8 d versus 2.5 d). Cell extracts were
prepared and FPLC performed where fractions 9 to 13 (Fig. 3.1.3) were collected from the
pH gradient and re-loaded onto the column for salt fractionation. Fractions 7 through 15
from this chromatography step (for FPLC plot see Appendix E) were acetone precipitated
and analysed by SDS-PAGE (Fig. 3.1.4).
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Fig. 3.1.3: FPLC plot from C. reinhardtii cell extracts, grown in TAP medium (75 µM AmSO4), and
loaded onto a Q-Sephadex fast flow column with shifting pH gradient in the mobile phase applied.
Fractions of interest 9 to 13 (within dashed lines) collected for subsequent FPLC salt fractionation.

Fig. 3.1.4: 10% SDS-PAGE gel showing collected fractions from a C. reinhardtii culture, grown in TAP
medium (75 µM AmSO4), after FPLC salt fractionation (i.e. applied salt (KCl) gradient shift in the mobile
phase). Fractions 7 to 15 (Lanes 2 to 10, respectively. Boxes A and B magnify areas of interest, with visible
bands around 48 – 50 kDa (fractions 7 – 11, Lanes 2 – 6, respectively).
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Prominent bands in the expected molecular weight range for native [FeFe]-hydrogenase of
C. reinhardtii (48 – 50 kDa) can be seen for fractions 7 through 11 (Lanes 2 – 6,
respectively). To further separate the proteins present in these fractions, new cultures were
set up with additional chromatography steps included, which is described in the following
paragraphs.

Trial III
Two 2 L cultures were set up similar to those above under the first trial described in
section 3.1.3 except that no CO2 was introduced and the algae were held for an additional
2 days at 4°C in the dark to allow the algae to settle in the culture. After settling, the media
from the top of the culture was aspirated and the resulting algae slurry collected as
described in the Materials and Methods section 2.3.3. Soluble proteins in cell lysates were
subjected to a pH gradient (for FPLC plot see Appendix E), with subsequent KCl salt
gradient (Fig. 3.1.5), on a Q-Sephadex fast flow column with fractions of interest (7 to 15
of the latter) prepared and analysed by SDS-PAGE thereafter as previously described.

Fig. 3.1.5: FPLC plot from pooled and concentrated C. reinhardtii cell lysate fractions, grown in TAP
medium (75 µM AmSO4), and loaded onto a Q-Sephadex fast flow column with shifting salt (KCl)
gradient in the mobile phase applied. Post pH gradient FPLC run performed on the same column. Fractions
of interest 7 to 15 (within dashed lines) collected for SDS-PAGE with fractions 7 to 9 further pooled and
concentrated for FPLC size exclusion on a Superdex-75 column.
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As bands in the SDS-PAGE gel were very faint (data not shown), fractions of interest
(7 through 9) were further concentrated (~ 100-fold) by ultrafiltration in two steps as
described in section 2.3.6 in Materials and Methods.

Firstly, a 250 µL concentrated sample of the combined fractions 7 to 9 was loaded on a
Superdex-75 FPLC column via a 1 mL injection loop. Size exclusion chromatography was
performed in 50 mM Tris buffer (pH 8.0, HCl) (Fig. 3.1.6) at a flow rate of 1 mL/min, with
the fractions of interest once more collected for subsequent SDS-PAGE. In an attempt to
achieve a better protein separation a further 100 µL of the same sample was transferred
onto the Superdex-75 column (as before) in a subsequent second experiment and run at a
reduced flow rate of only 0.5 mL/min. A better separation was achieved by simply
reducing the flow rate with which the sample was loaded onto the column, as can be seen
in the insert of Fig. 3.1.6.

Fig. 3.1.6: FPLC plot from pooled and concentrated C. reinhardtii cell lysate fractions, grown in TAP
medium (75 µM AmSO4), and loaded onto a Superdex-75 column for size exclusion chromatography.
Size exclusion chromatography performed post pH and salt (KCl) gradient FPLC on a Q-Sephadex fast flow
column. Fraction samples 1.2 to 1.5 (flow rate run I – 1 mL/min) along with fractions 2.4 to 2.7 and 2.10
(flow rate run II – 0.5 mL/min, see insert) selected for SDS PAGE analysis.
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Selected fractions (1.2 through 1.5 (Run I) as well as 2.4 to 2.7 and 2.10 (Run II),
respectively, see Fig. 3.1.6) of both Superdex-75 FPLC size exclusion runs were acetone
precipitated and analysed by SDS-PAGE (data not shown). Although the SDS-PAGE gel
was of poor quality, a few bands were visible around the expected C. reinhardtii
hydrogenase molecular weight mark of 48 – 50 kDa in some of the lanes. Overlapping of
various fraction peaks, resulting from insufficient protein separation in the sample and the
presence of a variety of proteins with similar molecular weights, lead to the appearance of
one and the same protein band in several samples. Determination of which peak shown in
Fig. 3.1.6 would be characteristic for the native [FeFe]-hydrogenase enzyme of C.
reinhardtii can not be made without sequencing or further separation of the various
proteins in the fractions.

Trial IV
Therefore, a further 2 x 2 L culture was grown to late log-phase under close to identical
conditions as the prior experiment with the exception of a reduced cell settling process
(one day only) for convenience of the experiment. After completion of dialysis the
concentrated culture sample was loaded onto the Q-Sephadex fast flow column and a shift
in pH-gradient (8.0 to 7.0) of the mobile phase applied. Fractions of interest were collected
and reloaded onto the same column with a shifting salt gradient in the mobile phase
applied (for FPLC plots see Appendix E). Fractions 4, 5 and 6 of the salt gradient run were
further pooled and concentrated in a two-step procedure, as previously described under
Materials and Methods section 2.3.6.

A 300 µL sample of combined and concentrated fractions was loaded onto a Sephadex
G-100 column for size exclusion chromatography. After an initial unsuccessful attempt to
use this column at a flow rate of ~ 0.5 mL/min, resulting in considerable compression of
the column matrix, the chromatography was repeated using gravity only (calculated flow
rate ~ 0.04 mL/min). This resulted in a total running time of over 60 h (Fig. 3.1.7).
Fractions 5, 6, 7 and 11 as well as the pooled fractions 14/15, 16/17 and 21 to 24 (due to
small fraction volumes) were acetone precipitated and analysed by SDS-PAGE
(Fig. 3.1.8).
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Fig. 3.1.7: FPLC plot from pooled and concentrated C. reinhardtii cell lysate fractions, grown in TAP
medium (75 µM AmSO4), and loaded onto a Sephadex G-100 column for size exclusion
chromatography. Post pH and salt (KCl) gradient FPLC on Q-Sephadex fast flow column. Fraction of
interest 5, 6, 7, 11 as well as pooled fractions 14/15, 16/17 and 21/22/23/24 (within dashed lines) selected for
SDS-PAGE analysis.

Fig. 3.1.8: 10% SDS-PAGE gel showing collected fractions from a C. reinhardtii culture, grown in TAP
medium (75 µM AmSO4), after FPLC size exclusion on a Sephadex G-100 column. Magnified box shows
promising bands around the expected molecular weight of native [FeFe]-hydrogenase from C. reinhardtii.
Fractions 5, 6, 7, 11 as well as pooled fractions 14/15, 16/17 and 21/22/23/24, shown in Lanes 2 to 8,
respectively. Lanes 9 and 10 empty.
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Protein bands were only visible in fractions 6 and 7, with few bands visible around the
50 kDa mark (Fig. 3.1.8, magnified insert).

Sample fractions 6 and 7 of the latter experiments together with sample fractions 2.4
through 2.7 of the experimental trial described earlier in sections 3.1.3 were reloaded onto
two higher density 15% SDS-PAGE gels to obtain better resolution. The gels were
subsequently Coomassie stained with single protein bands of interest (~ 50 kDa) excised
(Fig. 3.1.9) and sent for amino acid sequencing to the University of Otago Centre for
Protein Research, to determine if any of the sample fractions did indeed contain the target
protein [FeFe]-hydrogenase.

Two of the samples excised and sent for protein sequencing were non-conclusive on
whether the isolation of native [FeFe]-hydrogenase was successful or not, with all other
excised samples confirmed not to be native hydrogenase (data not shown). Unfortunately
there was no sample material of the non-conclusive fractions left to carry out another
improved SDS-PAGE with subsequent protein sequencing. Due to those circumstances,
and time constraints preventing me from carrying out further experimental trials on native
[FeFe]-hydrogenase expression and purification, we settled for the fact that we did not
achieve the successful isolation of the native [FeFe]-hydrogenase enzyme from
C. reinhardtii in this instance.

As hydrogen production in the headspace of sample cultures – set-up identical to trials II –
IV of section 3.1.3– and therefore the induction of native hydrogenase in the cultures was
scientifically proven using gas chromatography (see section 3.1.1), hydrogen production
was not measured for any of the trials carried out in sections 3.1.2 and 3.1.3.
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Fig. 3.1.9: Two 15% SDS-PAGE gels showing pooled and concentrated fractions of interest from
C. reinhardtii cell lysates, grown in TAP medium (75 µM AmSO4), after FPLC size exclusion on a
Superdex-75 column (Gel I, top) and a Sephadex G-100 column (Gel II, bottom), respectively. Framed
bands of both gels were excised and sent for amino acid sequencing to the University of Otago Centre for
Protein Research. Gel I (top): Fractions 2.4 to 2.7 of an earlier experiment in Lanes 3, 5, 7 and 9,
respectively. Gel II (bottom): Fractions 6 (Lane 3 and 5) and 7 (Lanes 7 and 9) from the latest experiment.
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3.2 Transformation of recombinant [FeFe]-hydrogenase genes in E. coli
Having attempted isolation of native [FeFe]-hydrogenase from the green algae
Clamydomonas reinhardtii, with rather limited success, we contacted the Seibert lab at the
National Renewable Energy Laboratory; Colorado, USA (NREL) to discuss problems we
encountered while trying to isolate native [FeFe]-hydrogenase from C. reinhardtti. From
the discussion it soon became apparent that the isolation of native [FeFe]-hydrogenase is a
fairly complex and difficult process due to the limitations in protein (enzyme) stability in
the presence of oxygen as well as the technical complexity of the isolation procedure.
Hence, the suggestion was made by the Seibert Group to transform, express and
purify/isolate individual as well as full sets of recombinant [FeFe]-hydrogenase genes from
C. reinhardtti within an easy to control host culture, i.e. Escherichia coli.

Fully assembled hydrogenase requires co-expression of a ‘framework’ polypeptide
(HydA1) and several maturation proteins (HydE, HydF and HydG) to assemble the ironsulphur centres and H-cluster, although the numbers of these maturation proteins vary from
species to species (King et al., 2006). Therefore, we obtained various clones in expression
vectors, described in more detail below and in Materials and Methods section 2.1.2, from
the Seibert Laboratory. The general procedure when receiving such clones was to
transform the plasmids in competent E. coli strain DH5α, to grow them up under
appropriate antibiotic-selective conditions and extract the plasmid DNA in order to have a
sufficient stock of the plasmids. Cells containing the plasmids were frozen at -70°C as
stocks. The E. coli strain BL21(DE3) was used for expression.

3.2.1 Transformation of recombinant Chlamydomonas reinhardtii [FeFe]-hydrogenase
genes in E. coli strain DH5α
The C. reinhardtii hydA1 gene in the pETBlue™-1 expression vector (Novagen, defined
herein as pETBlue-HydA1) and associated maturation genes hydEF and hydG in the
pACYCDuet™-1 expression vector (herein pACYCDuet-HydEF/G) were ‘bulked up’
separately in the E. coli strain DH5α by growing on LB agar plates containing either
ampicillin (Amp for pETBlue-HydA1) or chloramphenicol (Cmp for pACYCDuetHydEF/G) as selective antibiotic. Single colonies were picked and on-grown in liquid LB
for plasmid DNA isolation and further characterisation.
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Plasmid DNA was isolated from transformants using a High Pure Plasmid Isolation Kit
(Roche Diagnostics, Germany) and samples of the purified plasmid DNA were run on a
1% agarose gel to undertake a DNA-electrophoresis. The ethidium bromide-stained gel
under UV-trans-illumination confirmed the pETBlue-HydA1 and pACYCDuet-HydEF/G
plasmids had been successfully isolated (Fig. 3.2.1).

Fig. 3.2.1: 1% agarose gel showing uncut plasmids containing the C. reinhardtii genes for the HydEF
and HydG maturation proteins and the HydA1 hydrogenase obtained after transforming in E. coli
strain DH5α
α. pACYC plasmid containing hydEF and hydG (Lane 1 and 2 – 1 µg). pETBlue plasmid
containing hydA1 (Lanes 3 and 4 – 1 µg). Marker (Lane 5).

Identity of the cloned inserts was confirmed by having each isolated plasmid sequenced
(Allan Wilson Centre for Molecular Ecology and Evolution, Massey University) (see
Appendix F). Plasmid DNA was also quantified and determined using the GeneQuant Pro
(Amersham Biosciences, England) (Table 3.2.1).

Tab. 3.2.1: DNA quantitation and purity test of C.reinhardtii plasmid DNA samples.

Absorbance
(nm)
230
260
280
260 / 230
260 / 280
Plasmid DNA sample
concentration

pETBlue-HydA1
Sample I
Sample II
0.049
0.054
0.100
0.109
0.055
0.062
2.041
2.019
1.818
1.758
100 µg / mL

109 µg / mL
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pACYCDuet-HydEF/G
Sample III
Sample IV
0.081
0.066
0.137
0.087
0.078
0.055
1.691
1.318
1.756
1.582
137 µg / mL

87 µg / mL

Pure preparations of DNA and RNA usually have an A260/A280 ratio of 1.8 and/or 2.0
respectively. Given that the A260/A280 ratios for samples I – III are quite close to 1.8 it can
be expected that those were reasonably pure DNA preparations. Sample IV however,
seemed to be slightly contaminated according to the resulting A260/A280 value which is well
below 1.8.

3.2.2 (Co-)transformation of recombinant Chlamydomonas reinhardtii [FeFe]hydrogenase genes in E. coli strains DH5α and BL21(DE3)
To have a correctly matured hydrogenase enzyme the expression plasmids containing the
full complement of hydrogenase genes needed to be co-expressed. Several attempts to
transform the full complement of C. reinhardtii [FeFe]-hydrogenase genes (pETBluehydA1 & pACYCDuet-hydEF/G) in both E. coli expression strain BL21(DE3) as well as
within the easier transformable ‘bulk-up’ strain DH5α failed. Successful transformations
of both E. coli strains, DH5α and BL21(DE3), occurred with pACYCDuet-hydEF/G (the
maturation genes of C. reinhardtii [FeFe]-hydrogenase) in isolation. Plasmid pETBlueHydA1 was solely, successfully transformed in E. coli strain DH5α but not in expression
strain BL21(DE3).

To overcome the aforementioned problems, Amp concentration was reduced from
72 µg/mL to 25 µg/mL while the volume of transformed cell media plated on LB agar was
increased from 200 µL to 400 µL. This resulted in three positively transformed colonies of
E. coli expression strain BL21(DE3) holding a full complement of C. reinhardtii [FeFe]hydrogenase genes (pETBlue-hydA1 and pACYCDuet-hydEF/G) on agar plates containing
both selective antibiotics, Amp and Cmp. Plasmid DNA isolation of those colonies using
1% agarose gel electrophoresis confirmed positive transformation of the complete set of
C. reinhardtii plasmids (pETBlue-HydA1 and pACYCDuet-HydEF/G) (Figure 3.2.2).
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Fig. 3.2.2: 1% agarose gel showing uncut plasmids containing a full set of C. reinhardtii plasmids
obtained after transformation in E. coli expression strain BL21(DE3). Combined plasmids pETBlue and
pACYCDuet containing hydA1, hydEF and hydG (Lanes 1 to 3 each loaded with 0.5 µg DNA each; for each
of the three lanes representative of one out of three transformed colonies). Marker (Lane 4).

However, transformation of the individual plasmid pETBlue-HydA1 in BL21(DE3)
following identical conditions as for the full complement of plasmids (i.e. reduced Amp
concentration, increased cell media plated) failed throughout various additional trials.
Neither an increased plasmid DNA to competent cells ratio nor a reduction in incubation
temperature (29oC instead of 37oC) seemed to affect the transformation of HydA1 in
BL21(DE3) positively. Taking the above results into consideration it might suggest that the
Chlamydomonas hydA1 gene product, which is an algal gene and therefore eukaryotic,
reacts in a toxic way with bacterial host cells but is a little less toxic in the presence of the
maturation gene products. Thus, attempts were made to transform pETBlue-HydA1 in E.
coli expression strain BL21(DE3)pLysS which has been shown to be more ampicillin
sensitive.

Furthermore,

the

BL21(DE3)pLysS

strain

contains

a

compatible

chloramphenicol-resistant plasmid that provides additional target sequence stability during
transformation. A 400 µL volume of E. coli expression strain BL21(DE3)pLysS,
containing C. reinhardtii [FeFe]-hydrogenase plasmid pETBlue-HydA1, was plated onto
agar plates supplemented with 0.5% glucose and 10 µM Fe-citrate. This resulted in a single
transformed colony, with all negative controls held under identical conditions. An ethidium
bromide stained agarose gel (1%) under UV-trans-illumination confirmed the pETBlueHydA1 plasmid had been successfully isolated (Fig. 3.2.3).
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3.2.3 (Co-)transformation of recombinant Clostridium acetobutylicum [FeFe]hydrogenase genes in competent E. coli cells

As mentioned before, transformation difficulties are thought to be related to different
codon usage between eukaryotes such as C. reinhardtii and those from prokaryotes like
E. coli. Having experienced such problems first hand our colleagues from the Seibert lab
developed corresponding expression vectors of [FeFe]-hydrogenase from the bacterium
Clostridium acetobutylicum. As C. acetobutylicum contains three maturation proteins
(HydE, HydF and HydG) in addition to the one structural (HydA1), co-transformation
within two duel expression plasmids is necessary – designated as pETDuet-HydA1/E and
pCDFDuet-HydF/G. Transformations of these expression plasmids, separately and as a
complete set were successful in both E. coli strains, the easy transformable strain DH5α
for purpose of obtaining plasmid stocks and in the expression strain BL21(DE3). All
negative controls held and isolated plasmid DNA from pETDuet-HydA1/E and
pCDFDuet-HydF/G in DH5α (Fig. 3.2.3) was confirmed when run on a 1% agarose gel.
Clones were sequenced at the Allan Wilson Center for Molecular Ecology and Evolution
(Massey University) and their correct identity confirmed (see Appendix F).

Fig. 3.2.3: 1% agarose gel showing uncut plasmids containing the C. acetobutylicum structural and
maturation genes hydA1/E (Lane 1) and hydF/G (Lane 2) obtained after transformation in E. coli
(DH5α)
α).
α) pETDuet plasmid containing HydA1/E (0.25 µg). pCDFDuet plasmid containing hydF/G (0.25 µg)
Also showing uncut pETBlue plasmid of C. reinhardtii structural gene hydA1 transformed in E. coli strain
BL21(DE3)pLysS (Lane 3 - 0.5 µg). Marker (Lane 5).
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3.3 Expression and purification of recombinant Clostridium acetobutylicum [FeFe]-hydrogenase
Having successfully transformed both, structural and maturation hydrogenase genes of
Clostridium acetobutylicum in E. coli expression strain BL21(DE3), trials were performed
under various conditions to express [FeFe]-hydrogenase. Trials included strict anaerobiosis
as well as the use of different growth media (LB medium, minimal media M63 or a
combination of both) for hydrogenase expression. Crude protein from lysed cells (using
various methods) and purified hydrogenase protein were analysed by SDS-PAGE
electrophoresis and subsequent western blotting.

3.3.1 Expression of recombinant [FeFe]-hydrogenase in minimal medium M63
Having overcome technical issues of achieving anaerobic conditions within cultures by
argon sparging, two 400 mL cultures of BL21(DE3) were set up in minimal media M63 to
express a full complement of C. acetobutylicum [FeFe]-hydrogenase genes. After growing
the cultures to late log-phase (OD550 ~ 0.5 after 2 – 2 ½ h) and supplementing 100 µM Fecitrate for an additional 10 min the two 400 mL cultures were split into four 200 mL
cultures. IPTG (1.5 mM) was added to two of those cultures to trigger expression of
hydrogen, whereas the other two did not receive IPTG induction as they were kept as
negative controls. Following completion of pre-induction and initiation of an anaerobic
state in the cultures by argon sparging (2-3 h), cultures were sealed off with one of the
culture samples and negative controls being incubated overnight at 4°C and the others at
37°C, respectively.

Cell purification was carried out the following day using the MiniBeadbeater-8 Cell
Disruptor (BioSpec Products; Oklahoma, USA). Protein expression was analysed on a 10%
SDS-PAGE gel (Fig. 3.3.1).
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Fig. 3.3.1: 10% SDS-PAGE gel containing protein extracts from E. coli BL21(DE3) with a full set of
C. acetobutylicum [FeFe]-hydrogenase genes (hydA1/E and hydF/G) grown in minimal medium M63.
Lane 1: IPTG induced sample incubated at 37oC; Lane 2: negative control of Lane 1 (No IPTG); Lane 3:
IPTG induced sample incubated at 4oC; Lane 4: negative control of Lane 3 (No IPTG); Lanes 5 to 8 identical
to Lanes 1-4 but containing only half the loading volume (10 µL); Lane 9: empty; Lane 10:. MW marker.

Dissimilarities between the different incubation temperatures were obvious with a double
band clearly visible around the 64 kDa mark (expected molecular weight for the C.
acetobutylicum HydA1 gene product (King et al. 2006)) for all samples incubated at 4°C.
Samples incubated at 37°C on the other hand, only showed a single band at the same
molecular weight. Why however, both sample and negative control incubated at 4°C
showed the double band is not clear. Resolution of the gel does not allow detection of other
bands in the molecular weight region that are only present in IPTG-induced samples but
not in negative controls.

3.3.2 Small-scale hydrogenase expression and purification in LB medium and minimal
medium M63
Following the experiment described in 3.3.1 in M63, numerous small scale experiments
were carried out to improve hydrogenase expression and purification. Therefore, several
cultures of minimal medium M63 and LB medium with a final culture volume of 20 mL
were set up and a range of variations applied to the expression and/or purification process.
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Variables adjusted included, incubation times and temperatures post-IPTG induction in
both media as well as an experimental study with prolonged growth period of the culture.
Additionally, several experiments were carried out with self-induced anaerobiosis of the
culture in M63. Different methods were also trialled for subsequent purification of
hydrogenase, including cell disruption and sonication, with concentration of the protein
lysate by acetone precipitation (see Materials and Methods – Section 2.2.1).

Cultures

of

BL21(DE3)

pre-transformed

with

either

a

full

complement

of

C. acetobutylicum [FeFe]-hydrogenase genes (hydA1/E and hydF/G) or pETDuetHydA1/E plasmid only were grown in several steps to a final volume of 20 mL in LBmedium containing appropriate antibiotic(s). Expression was pre-induced by adding IPTG,
followed by anaerobic induction via argon sparging for 3 h. Protein purification was done
by either cell disruption or sonication with purified samples (lysate) being subsequently
run on a 10 % SDS-PAGE gel (Fig. 3.3.2).

Fig. 3.3.2: 10% SDS-PAGE gel containing protein extracts (lysate) from E. coli BL21(DE3)
transformed with either C. acetobutylicum [FeFe]-hydrogenase gene hydA1/E or a full complement of
genes hydA1/E and hydF/G, grown in LB medium. Lane 2: cell lysate containing pETDuet-HydA1/E,
purified 3 h post anaerobic induction; Lane 3: cell lysate containing pETDuet-HydA1/E, purified 1 d post
anaerobic induction; Lane 4: cell lysate containing pETDuet-HydA1/E and pCDFDuet-HydF/G, purified 3 h
post anaerobic induction; Lane 5: cell lysate containing pETDuet-HydA1/E and pCDFDuet-HydAF/G,
purified 1 d post anaerobic induction; Lanes 6 to 10: empty. Lane 1: MW marker. Bands most likely related
to the presence of the second plasmid (pCDFDuet-HydF/G) in the cell lysate can be seen in Lanes 4 and 5
(circled).
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No major differences between treatments of samples prior to protein purification can be
seen in the above SDS-PAGE gel (Fig 3.3.2). However, lysate samples containing the full
set of C. acetobutylicum hydrogenase genes (Lanes 4 and 5) showed a strong band around
the 50 kDa mark which most likely resulted from the presence of the second plasmid
(pCDFDuet HydF/G). A similar band is present at much lower levels in the lysate from
samples transformed with only the C. acetobutylicum pETDuet-HydA1/E plasmid (Lanes
2 and 3).

Similar experiments were carried out in M63 minimal medium with both plasmids,
HydA1/E and HydF/G, transformed in BL21(DE3) cultures and downstream manipulations
as above in LB medium. Additional experiments were performed on prolonged culture
growth prior to IPTG pre-induction and anaerobic induction via argon sparging, as well as
on anaerobic self-induction (ASI). To achieve the latter, cultures were either sealed at
defined times post-IPTG induction or sealed for a prolonged growth period prior to IPTG
induction with a subsequent additional growth period. Purification of the cell lysate was
performed via cell disruption using beads or sonication, followed by acetone precipitation
to concentrate proteins and SDS-PAGE analysis (Fig. 3.3.3).

Various bands around the 64 kDa mark can be seen in most of the samples. However, due
to the amount of total proteins in the lysates as well as insufficient resolution of the
coomassie-stained gel it was difficult to confirm positive expression of [FeFe]hydrogenase. Protein extracts of lysates purified via sonication instead of cell disruption
showed very poor results when analysed by SDS-PAGE, indicating insufficient
purification of samples (data not shown).
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Fig. 3.3.3: 10% SDS-PAGE gel containing protein extracts (lysate) from E. coli BL21(DE3) holding a
full complement of C. acetobutylicum [FeFe]-hydrogenase genes hydA1/E (in pETDuet™-1 vector) and
hydF/G (in pCDFDuet™-1 vector), grown in minimal medium M63. Lane 2: cell lysate purified 3 h post
anaerobic induction; Lane 3: cell lysate purified 1 d post anaerobic induction cultures sealed and stored at
4°C; Lane 4: cell lysate purified, following 1 ½ days prolonged culture growth and 3 h anaerobic induction;
Lane 5:.cell lysate purified 1 ½ d post anaerobic self-induction (ASI) (IPTG added at start); Lane 6: cell
lysate purified 2 ½ d post ASI (IPTG added at start); Lane 7: cell lysate purified post 2 ½ days ASI and ½ d
IPTG induction; Lane 8: cell lysate purified post 2 ½ days ASI and 1 d IPTG induction; Lanes 9 and 10:
empty; Lane 1: MW marker.

To determine if hydrogenase was expressed in any of the above experiments (3.3.2)
western blot analysis was performed. Proteins in samples were separated by SDS-PAGE,
then transferred (blotted) onto PVDF membrane and the blot probed with an antibody and
detection system. The structural C. acetobutylicum HydA1 gene in pETDuet-HydA1/E
expression plasmid has been tagged with a Strep·II® tag (Novagen, USA) creating a
binding site for Strep·Tactin® protein in the expressed product. A commercially available
antibody to the bound Strep·Tactin® protein was conjugated to a horse radish peroxidase
enzyme. When exposed to various substrates the presence of this enzyme and therefore the
target protein (Strep·II® tagged [FeFe]-hydrogenase) could be detected as a coloured
precipitate that formed on the PVDF blot. Samples used in this study were either run as
‘crude sample’ or ‘purified sample’. For further purification of the target protein from the
cell lysate, a Strep·Tactin® SpinPrep™ Kit (Novagen, USA) was used (see Materials and
Methods – Section 2.4.8).
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Samples from expression experiments described above were analysed by various Western
blotting procedures. Different incubation buffers and blot staining solutions were trialed, as
were different purification kits. PVDF membranes were occasionally stripped for reuse.

In cell samples of E. coli strain BL21(DE3) co-transformed with a full complement of
C. acetobutylicum plasmids, pETDuet-HydA1/E and pCDFDuet-HydF/G (incubated at
4°C), bands were visible at a molecular weight of around 58 kDa for the unpurified lysates
and purified samples (eluate) using the Strep·Tactin® SpinPrep™ Kit (data not shown).
Analogous experiments in which E. coli cells were grown past the recommended OD550
value of 0.5 did not show any bands in this region which indicated that growing the culture
to the correct density prior to induction of [FeFe] hydrogenase was vital.

Samples blotted onto the PVDF membrane successfully displayed correct bands by
western blotting when held in blocking buffer solution for up to 8 days (at 4°C) with bands
slightly weaker (data not shown). Furthermore, ‘stripping’ of the PVDF membrane for
reuse was successful, even though bands were weaker and faded faster after staining when
reused. In subsequent western blots the predominant band was around 58 kDa with some
additional, faint, low molecular weight bands visible. Presumably these are breakdown
products of full-length hydrogenase. (Fig. 3.3.4 & 3.3.5).

Fig. 3.3.4: Western blot (PVDF membrane) containing lysate samples from E. coli BL21(DE3) with
either C. acetobutylicum [FeFe]-hydrogenase gene hydA1/E or a full complement of genes hydA1/E and
hydF/G, grown in LB (Lanes 2 – 5) or M63 (Lanes 6 – 9) respectively. Lane 2: cell lysate containing
pETDuet-HydA1/E, purified 3 h post anaerobic induction; Lane 3: cell lysate containing pETDuet-HydA1/E,
purified 1 d post anaerobic induction; Lane 4: cell lysate containing pETDuet-HydA1/E and pCDFDuetHydF/G, purified 3 h post anaerobic induction; Lane 5: cell lysate containing pETDuet-HydA1/E and
pETDuet-HydA1/E, purified 1 d post anaerobic induction; Lanes 6 to 9: cell lysate samples of various
anaerobic self-induction (ASI) trials containing both pETDuet-HydA1/E and pCDFDuet-HydF/G but did not
show any results (bands); Lane 10 empty. Lane 1: MW marker.
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Figs. 3.3.4 and 3.3.5 show Western blots of samples from the experiments described in
section 3.3.1 and 3.3.2 that had not been purified by use of appropriate spin columns. The
1-Step™ TMB-Blotting solution (3,3’,5,5’-tetramethyl benzidine) revealed a band at the
molecular weight of ~ 58 kDa related to the strepII-tagged HydA1 structural gene of
C. acetobutylicum (expected MW of 64 kDa (King et al., 2006)) (lanes 2 – 5 in Fig. 3.3.4).
This was encouraging as experiments with bacteria grown in LB medium are easier to
handle due to faster and more vigorous growth than those grown in minimal medium M63.
Moreover, no hydrogen was detected in samples from cultures that underwent anaerobic
self-induction trials (lanes 6 – 9 in Fig. 3.3.4).

Fig. 3.3.5: Western blot (PVDF membrane) containing lysate samples from E. coli BL21(DE3) holding
a full set of C. acetobutylicum [FeFe]-hydrogenase genes hydA1/E (in pETDuet™-1 vector) and hydF/G
(in pCDFDuet™-1 vector), grown in minimal medium M63. Lane 2: cell lysate purified 3 h post
anaerobic induction; Lane 3: cell lysate purified 1 d post anaerobic induction cultures sealed and stored at
4°C; Lane 4: cell lysate purified, following 1 ½ days prolonged culture growth and 3 h anaerobic induction;
Lane 5: IPTG induced sample incubated at 37oC; Lane 6: negative control of Lane 5 (No IPTG); Lane 7:
IPTG induced sample incubated at 4oC; Lane 8: negative control of Lane 3 (No IPTG); Lanes 9 and 10:
empty; Lane 1: MW marker.

Lanes 2, 3, 7 and 8 in Fig. 3.3.5 show clearly visible stained bands on the PVDF membrane
at ~ 58 kDa (expected ~ 64 kDa for C. acetobutylicum hydronase). However, there seemed
to be some form of hydrogenase present in the samples as a colourimetric effect from the
horse radish peroxidase enzyme, which is bound to the Strep·II® tag ending of the hydA1
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gene, was evident. A fainted band in the negative control of lane 8 in Fig. 3.3.5 (no IPTG
pre-induction) might suggest there is some ‘leaky’ expression from the vectors under these
conditions. As expected, cell lysate prepared straight after completion of hydrogenase
biosynthesis or cells held at 4°C until being lysed (Fig. 3.3.5, lanes 2, 3, 7 and 8) gave
stronger bands when compared with samples that experienced a prolonged growth period
(Fig. 3.3.5, lane 4) and those incubated at higher temperatures (37°C) until lysate
preparation (Lanes 5 and 6) The reason for this could be that cultures that experienced
prolonged growth or incubation at higher temperatures became toxic due to overexpression in the culture which might have lead to induced protein breakdown via
endogenous proteases.

3.3.3 Scaling-up of recombinant [FeFe]-hydrogenase expression and purification in LBmedium
Due to the significantly shorter time requirements for expression in LB-medium compared
to minimal medium M63, up-scaled experiments on hydrogenase expression were
performed in LB medium only.

Three 100 mL cultures of LB medium including the appropriate antibiotics (Amp and Stm)
were set up, containing E. coli BL21(DE3) transformed with plasmids encoding the C.
acetobutylicum HydA1/E and Hyd F/G proteins. Two of the cultures were induced with
IPTG as previously described, prior to 3 h anaerobiosis via argon sparging with the third
culture set up as a negative control without IPTG. An additional control culture was set up
containing untransformed E. coli BL21(DE3) (no plasmid DNA). Following incubation all
cultures were lysed via bead cell disruption. One of the two E. coli BL21(DE3) cultures
containing the full set of C. acetobutylicum hydrogenase plasmids was resuspended in
double the amount of breaking buffer, to halve its concentration. Both experimental
cultures were then purified using either a new or a ‘regenerated’ Strep·Tactin® SpinPrep™
kit column. Lysates, flow-throughs and eluates from the colums were loaded onto two 10%
SDS-PAGE gels after protein release by desthiobiotin. Gel one was Coomassie stained
(Fig. 3.3.6, top) with the other being processed by western blotting (Fig. 3.3.6, bottom).
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Fig. 3.3.6: 10% SDS-PAGE gel and Western blot containing purified samples derived from E. coli
BL21(DE3) cultures grown in LB medium. Cultures I and II contain a full set of C. acetobutylicum [FeFe]hydrogenase genes hydA1/E (in pETDuet™-1 vector) and hydF/G (in pCDFDuet™-1 vector) with samples
purified by use of Strep·Tactin® SpinPrep™ kit. Culture III is an uninduced negative control (no IPTG) with
culture IV being an E. coli control culture without any C. acetobutylicum plasmid DNA. Lane 2: cell lysate
(crude extract, ~ 0.35 µg) from culture I, purified 3 h post anaerobic induction; Lane 3: cell lysate (crude
extract, ~ 0.175 µg) from culture II, purified 3 h post anaerobic induction; Lane 4: flow-through of culture I;
Lane 5: eluate (purified lysate) of culture I; Lane 6: flow-through of culture II; Lane 7: eluate (purified
lysate) of culture II; Lane 8: cell lysate (crude extract, 0.5 µg) of negative control culture III; Lane 9: cell
lysate (crude extract) of control culture IV; Lane 10: empty;. Lane 1: MW marker.
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Fig. 3.3.6 shows a single clear visible band in the purified sample (eluate) of culture I
(lane 5), between the two marker proteins at 50 kDa and 64 kDa. This sample was purified
with a new Strep·Tactin® SpinPrep™ column. Western blot analysis confirmed the result
seen by Coomassie staining and shows that there is a significant amount of hydrogenase in
the flow-through of culture I (lane 4). This led to the assumption that binding of
hydrogenase to the Strep•Tactin® moiety by the SpinPrep™ columns was incomplete
resulting in significant amounts of washed out hydrogenase in the flow-through. Results
for the purified sample (eluate) of culture II, using a regenerated Strep·Tactin® SpinPrep™
column, showed no visible bands in the expected molecular weight range (lane 7). This
came as a surprise as noticeable quantities of hydrogenase were found in both, the lysate
(crude extract, lane 3) and – although small quantities – even in the flow-through of
lysate II (lane 6). There could be several reasons why this might have happened, one of
which could have been that regenerated columns did not release the target protein as
quickly as new ones. However, it is probably more likely that buffers, run over the column
while regenerating it, blocked crucial binding sites in the column matrix and therefore
prevented successful binding of the target enzyme or interfered with the target protein
itself. This would explain why detectable quantities of hydrogeanse could be found in the
flow-through and lysate of sample culture II.

To estimate the amount of hydrogenase in the purified sample (eluate I), a further two 10%
SDS-PAGE gels were run with the eluate of culture I and a BSA sample range of known
concentrations. Quantity One Gel Doc (BIO-RAD, USA) software was used to calibrate
densities of the BSA. The BSA array ranged from 0.25 µg / 20 µL sample to
2.0 µg / 20 µL sample, though a linear regression was only performed for samples that
bracket the density of the unknown sample containing hydrogenase (data not shown).

Hydrogenase concentration within the purified sample (eluate) of culture I could be read
from the standard curve resulting from the linear regression of the BSA sample range. The
density of the eluate was measured twice with an average of 703.88 INT/mm2, which
correlated to an overall amount of 0.35 µg hydrogenase in 16 µL eluate (0.022 µg/µL).
Total recovery in 75 µL eluate from the 100 mL culture of E. coli BL21(DE3) HydA1/E
and Hyd F/G (C. acetobutylicum) grown in LB medium was therefore 1.613 µg
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hydrogenase. This amount did not include the significant lose of hydrogenase (~ 20-30 %)
that was washed out with the flow-through during purification on the spin columns.

3.3.4 Scaling-up recombinant [FeFe]-hydrogenase expression and purification using an
improved protocol
A new and improved protocol for hydrogenase expression was made available to us by the
Seibert Lab. The major difference to the protocol used before was the use of an alternative
media composition containing 73% LB medium and 27% of minimal medium M63 as well
as small amounts of other additives (< 1%) that can be found in Appendix C – Table C1.
Furthermore, iron was added during IPTG pre-induction. As with the previous protocol the
E. coli BL21(DE3) cells containing the C. acetobutylicum pETDuet-HydA1/E and
pCDFDuet-Hyd F/G plasmids were grown up to an optical density of OD550 = 0.4 – 0.6.
This took just marginally longer (~ 3 h) than the set up for cultures in LB growth medium
only (2 – 2 ½ h), but was still much faster than cultures set up in M63 growth medium only
(4 – 6 h) The cultures were induced with IPTG (1.5 mM), TES (50 mM, pH 7.5) and
ammonium iron-(III) citrate (500 µM) for a 1 h period followed by only 1 h anaerobic
induction via argon sparging. The subsequent cell lysis and protein purification was carried
out by means of bead cell disruption and Strep·Tactin® SpinPrep™ columns. Lysate, flowthrough and eluate samples (20 µL each) of two 100 mL cultures were analysed on two
10% SDS-PAGE gels, again one for coomassie staining (Fig. 3.3.7) and one for Western
blot analysis (data not shown).

SDS-PAGE analysis (Fig. 3.3.7) revealed an area of three bands in lanes 2 and 3 (lysate),
corresponding to a doublet in lanes 4 and 5 (flow-through) with the missing middle band,
presumably the Strep·II® tagged hydrogenase enzyme, being present in the eluate (purified
lysate, lanes 6 and 7). This suggests hydrogenase induction, expression and purification
was successful using this protocol. Western blot analysis (data not shown) showed that the
hydrogenase band was visible by this more sensitive technique in all lanes (2 through 7).
This means that the efficiency of Strep·Tactin® SpinPrep™ columns used for purification
and elution was still not perfect as residues of the target protein (hydrogenase) could be
found in the flow through (lanes 4 and 5).
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Fig. 3.3.7: 10% SDS-PAGE gel containing purified samples derived from E. coli BL21(DE3) expressing
a full set of C. acetobutylicum genes hydA1/E (in pETDuet™-1 vector) and hydF/G (in pCDFDuet™-1
vector), grown in LB/M63 media composition. Samples purified by use of Strep·Tactin® SpinPrep™ kit.
Lane 2 and 3: lysates (crude extracts) of culture I and II, respectively; Lanes 4 and 5: flow-through of lysates
from culture I and II, respectively; Lanes 6 and 7: eluates (purified samples) of cultures I and II, respectively;
Lanes 8 to 10: empty; Lane 1: MW marker. Magnified box clearly shows the two single bands of the purified
culture samples (Lanes 6 and 7) around the 64 kDa mark, their absence in the flow-through (Lanes 4 and 5)
and their initial presence in the lysate (crude extract).

To compare the new hydrogenase protocol with the one used previously (described in
Section 3.3.3), the absolute amount of hydrogenase in the cell lysate was estimated using
densitometry as described above. The BSA standard curve used in this measurement had
more points that bracketed the test range resulting in a better linear regression and is likely
to be more accurate than the previous.
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Fig. 3.3.8: Linear regression curve for a BSA sample range with known concentrations.

Total amount of hydrogenase in 100 µL of eluate from a 100 mL culture was calculated to
be 7.42 µg or 0.074 µg/µL, resulting in a 3.5 fold higher concentration and a 4.6 fold better
yield than the previous protocol. Therefore, all following expression experiments were
performed using this new protocol.

3.3.5 Optimising hydrogenase purification steps under the improved expression protocol
Experiments were carried out to improve binding and elution to and from Strep•Tactin®
SpinPrep™ columns. A 100 mL and 500 mL culture of E. coli BL21(DE3) + hydA1/E and
hydF/G (i.e. genes from C. acetobutylicum) were setup as described in section 3.4.4.
However, the complete lysate (~ 1.5 mL) of the 100 mL culture was passed five times
through a new SpinPrep™ column. As the columns maximum loading capacity is ~ 500 µL,
the flow-through of each 500 µL portion of the total lysate (~ 1.5 mL) was reloaded 4 more
times onto the same column (total loading of each 500 µL lysate portion is 5-times). Also,
the complete lysate (5 x 1.5 mL) of the 500 mL culture was loaded onto a new SpinPrep™
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column, the complete flow-through captured and loaded onto a regenerated Strep•Tactin®
SpinPrep™ column to estimate the potential loss of H2-ase in the flow-through due to
insufficient binding to the first column. Once more, the lysate, flow-through and eluate
were analysed by SDS-PAGE (Fig. 3.3.9), and the amount in each sample determined by
densitometry (data not shown).

Fig. 3.3.9: 10% SDS-PAGE gel showing expression profiles from E. coli BL21(DE3) expressing a full
set of C. acetobutylicum genes hydA1/E (in pETDuet™-1 vector) and hydF/G (in pCDFDuet™-1
vector), grown in LB/M63 media composition with optimised purification. Lane 1: lysate (crude extract)
of a 100 mL culture; Lane 2: lysate (crude extract) of a 500 mL culture; Lane 3: flow-through of the 100 mL
culture; Lane 4: flow-through captured and reloaded flow through from 500 mL culture (over regenerated
SpinPrep™ column); Lane 5: wash-through of 100 mL culture; Lane 6: wash-through of 500 mL culture;
Lane 7: wash-through of flow-through from regenerated column of 500 mL culture; Lane 8: eluate (purified
sample) of 100 mL culture; Lane 9: eluate (purified sample) of 500 mL culture; Lane 10: eluate of flowthrough from regenerated SpinPrep™ column of 500 mL culture. Complete lysate (1.5 mL) of the 100 mL
culture was reloaded 5-times onto the same new SpinPrep™ column, while the total lysate (5 x 1.5 mL) of
the 500 mL culture was only loaded once onto a new SpinPrep™ column.

To determine the total amount of hydrogenase in the eluate from the 100 mL and 500 mL
culture (lane 8 and 9), respectively, density of the two eluate bands was measure twice
using Quantity One Gel Doc (BIO-RAD, USA) software. Taking the average of both
density measurements the amount of hydrogenase in the eluates from both cultures was
read from the linear regression curve for a BSA sample range with known concentrations
(Fig. 3.3.8) and summarised in Table 3.3.1. Both cultures yielded about 2.5-times higher
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concentration and yield than the previous protocol (0.074 µg / µL) used under section
3.3.4.

Table 3.3.1: Hydrogenase concentration and yield from recombinant C. acetobutylicum genes
transformed in E. coli BL21(DE3) using various expression and purification protocols.

Concentration of

Total Yield

Eluate (µg/µL)

(µg)

0.022

1.65

0.074

7.4

a) 100 mL culture – lysate recirculated

0.188

18.80

b) 500 mL culture

0.173

17.30

c) Flow-through of 500 mL culture

0.136

13.60

Experimental Trials
3.4.3 Original hydrogenase expression and
purification method (in LB)
3.4.4 New hydrogenase expression and
purification method (in LB/M63 media
composition)
3.4.5 New hydrogenase expression with
optimised purification

Interestingly, the entire flow-through of lysate from the 500 mL culture captured and run
over a regenerated SpinPrep™ column in the same manner (15 x 500 µL loading volume),
showed 44% of hydrogenase (13.60 µL of 30.90 µL) was not bound to the new Spin Prep™
column. Furthermore, binding of hydrogenase from the 100 mL culture gave a slightly
better concentration and yield with each 500 µL of loading volume captured and reloaded
5-times onto the same column. Therefore the alternative method of introducing the lysate
to the column does work marginally better than those previously described but is still not
100% efficient. Novagen claims that each column can bind 150 µg of strep-tagged protein;
however, in the experiment performed here a combined total of ~ 31 µg was retained from
the 500 mL culture with an abundance of protein being lost as seen in the amount of
protein (hydrogenase) in the flow through (44%).
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4. Discussion

Ever increasing global energy demands with concurrent rapid depletion of natural fossil
fuel sources and simultaneous increase in carbon emissions (Hallenbeck and Benemann,
2002; Balat, 2008; Ball and Wietschel, 2009), brings the challenge upon mankind, with
projects like the one performed as part of this thesis, to find practical and environmentally
feasible solutions to address these issues. Although, the potential of a possible hydrogen
economy as a future fuel is well known, there are still many challenges to overcome for an
economical and ecological viable production of hydrogen.

The main goal of the work done throughout this project is to support technologies that may
lead to the production of hydrogen from biological or hybrid biomechanical systems. Here
hydrogen production by the green alga Chlamydomonas reinhardtii and the recombinant
expression of C. reinhardtii and Clostridium acetobutylicum hydrogenase proteins have
been explored.

4.1 Native [FeFe]-hydrogeanse expression and purification from
Chlamydomonas reinhardtii
Various studies have been performed on hydrogen production from algae and
microorganisms with some of the most promising results achieved by sulphur deprivation
of C. reinhardtii cultures (Yildiz et al., 1994; Wykoff et al., 1998; Melis et al., 2000, 2004;
Winkler et al., 2002; Zhang et al., 2002; Tsygankov et al., 2002, 2006; Kosourov et al.,
2002, 2007; Laurinavichene et al., 2002, 2008; Antal et al., 2003; Fedorov et al., 2004;
Kruse et al., 2005a; Makarova et al., 2005; Kamp et al., 2008; Kosourov and Seibert,
2009; Tolstygina et al., 2009) Therefore, in this work we initially carried out experimental
trials using sulphur deprivation in C. reinhardtii cultures to induce the native [FeFe]hydrogenase enzyme and its isolation, for potential future use in other projects such as
attachment to electrode surfaces was explored. It was established that functional
hydrogenase was induced using the methods employed here, by the presence of hydrogen
gas in the head space of cultures (section 3.1.1). However, hydrogenase protein was not
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able to be identified in protein extracts following chromatography and sequencing (section
3.1.2 and 3.1.3) of identical scaled-up cultures. Unfortunately, as sampled hydrogen gas
from the headspace of anaerobically grown cultures was an accumulative amount only, no
valuation of peak hydrogen production during the growth cycle could be made.

C. reinhardtii cultures were successfully grown in sulphur free TAP medium as per
standard laboratory procedures used by the Michael Packer and Michael Seibert
Laboratories at the Cawthron Institute, Nelson, New Zealand and NREL, Colorado, USA,
respectively. However, alterations within induction and purification methodology, like
amount of CO2, aeration, exposure to constant light, duration of growth, might have lead to
unsuccessful hydrogenase isolation.

Cultures were grown to late log-phase as described and successfully performed by various
other scientific parties (personal communication with Seibert Lab, NREL, Colorado, USA;
Roessler and Lien, 1984; Melis et al., 2000; Forestier et al., 2003). More current research
papers, however, have shown that C. reinhardtii cultures grown in sulphur free TAP
medium for shorter periods to mid-logarithmic phase resulted in higher hydrogenase yield
(Fedorov et al., 2004; Kosourov et al., 2007) when grown under similar conditions as
experiments described in section 2.3.4. As the main growth occurred between day 4 and 7
(mid-logarithmic stage), growing cultures to late logarithmic phase (8-10 days) might have
led to acidity within the cultures due to increased amounts of dead matter (cells). This
might have inadvertently resulted in instability of hydrogenase. Furthermore, aeration of
cultures throughout their growth with CO2 levels ranging from 1% (Packer Lab standard
procedure) to 5% (Forestier et al., 2003) was only partially pursued within the experiments
of this work.

However, issues that may have led to unsuccessful hydrogenase purification or isolation,
and thus non-conclusive or negative sequencing results, are far more complex than the
methodology conditions like growth duration and/or aeration with CO2. Technical
challenges associated with isolation and purification procedures using FPLC systems and
difficulties of handling the C. reinhardtii cultures under strict anaerobic conditions
throughout the entire expression and purification process are of superior importance, as
C. reinhardtii [FeFe]-hydrogenase enzyme has shown to be particularly sensitive to
oxygen (Melis and Happe, 2001). Small amounts of oxygen quickly lead to complete
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inactivation of the enzyme and subsequently to complete inhibition of hydrogen production
(Erbes et al., 1979; Happe and Naber, 1993; Ghirardi et al., 2000).
C. reinhardtii cultures from experiments carried out in this work have been in an enclosed
anaerobic system throughout their growth (expression). Albeit sparging of cultures with
argon was carefully carried out, very short exposure to oxygen when opening the bottles to
prepare for further purification procedures might have been already sufficient for the
oxygen-inhibited enzyme (hydrogenase) to be degraded or turned over fast and thus not
being able to be isolated. Although, the culture’s hydrogen production might have been
dormant by that stage, it can be expected that the [FeFe] enzyme itself would have been
inactive but present and therefore should have been subsequently detected when
sequencing the protein. Non-conclusive and/or negative results, however, led to the
assumption that the enzyme itself might have been damaged during purification procedures
or that the isolation using FPLC did not achieve enough separation between various
proteins. The latter would explain non-conclusiveness of results due to overlapping protein
sequences. SDS-PAGE and FPLC results, however, did not show a clear isolated single
protein band and/or peak at the expected molecular weight of C. reinhardtii [FeFe]
hydrogenase of 48 – 50 kDa which made a conclusive sequencing result impossible.
However, several research papers have successfully demonstrated native [FeFe]hydrogenase expression and isolation from C. reinhardtii (Roessler and Lien, 1984; Kamp
et al., 2008). Being the most modern and straight forward approach, we tried to replicate
all work carried out here for native [FeFe]-hydrogenase expression and purification as
closely as possible along the experimental outlines given by Kamp et al. (2008) which
incorporates modernised and optimised approaches from Roessler and Lien (1984).

Surprisingly, we found distinctive similarities between graphs from the FPLC of this study
(Fig. 4.1.1) and the DEAE-Sephacel gel filtration chromatography from Roessler and Liens
(1984) (Fig. 4.1.2). Roessler and Lien (1984) reported a single activity peak for gel
filtration chromatography of hydrogenase on a calibrated Sephadex G-100 Superfine
column which corresponded to a molecular weight of 4.5 × 104 (45 kDa). Their size
exclusion

chromatography

followed

an

initial

DEAE-Sephacel

ion

exchange

chromatography with KCl buffer (Roessler and Lien, 1984). Within our study we used a
similar set up of ion exchange chromatography on a pre-packed Q-Sephadex fast flow
column followed by size exclusion on a Superdex-75 and/or Sephadex G-100 column,
respectively.
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Fig. 4.1.1: FPLC plot from pooled and concentrated C. reinhardtii cell lysate fractions, grown in TAP
medium (75 µM AmSO4), and loaded onto a Superdex-75 column for size exclusion chromatography.
Size exclusion followed pH gradient and KCl gradient FPLC on a Q-Sephadex fast flow column. Cell lysate
samples run at flow rates of 1 mL/min and 0.5 mL/min, respectively.

Fig. 4.1.2: DEAE-Sephacel chromatography of C. reinhardtii hydrogenase. The [KCl] gradient was
buffered throughout with 50 mM Tris-Cl, pH 8.5. Protein (dotted); hydrogenase activity (solid); [KCl]
(dashed) (Roessler and Lien, 1984).
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Although chromatographic techniques used in this work were slightly different in their
make-up of column matrix from those used by Roessler and Lien (1984), both relied on the
principals of ion exchange with subsequent size exclusion chromatography in an attempt of
isolating [FeFe] hydrogenase from C. reinhardtii cultures.

As mentioned earlier, structural damage of the enzyme due to physical stress from various
isolation or purification procedures (e.g. centrifugation, forced micro-filtration, etc.) might
have resulted in non-conclusive and/or negative C. reinhardtii [FeFe] hydrogenase
sequencing results for the cultures grown and worked with throughout this study.
Furthermore, over compacting the Sephadex G-100 gel matrix might have resulted in nonrelease of protein from the column and/or damage of protein for subsequent sequencing.
While pressure applied during the initial experimental trial on the Sephadex G-100 column
was very low (flow rate of 0.24 mL/min), it must have been enough to compact the column
matrix to the extent where column failure was possible. Although the column was
thoroughly washed between trials, high compaction of the matrix might have prevented or
delayed the release of the target protein in subsequent trials.

However, major disadvantages throughout all experimental trials on hydrogen production
and enzyme isolation carried out in this study was the unavailability (non-existence) of an
oxygen free, ‘glove box type’ experimental area to keep the whole process of culture
growth and expression, sample concentration as well as purification and isolation under
constant anaerobic conditions.

4.2 Recombinant [FeFe]-hydrogenase expression and purification
Failing to successfully isolate native [FeFe] hydrogenase from green algae C. reinhardtii,
we sought advice from the Seibert Lab (NREL, Colorado, USA). From communications it
quickly became apparent that isolation of green algae hydrogenase is quite complicated.
Although research has shown that green algae C. reinhardtii allows for significant and
sustainable photobiological H2 production (Melis et al., 2000), its low oxygen tolerance
and stringent growth requirements made it very difficult to work with. On recommendation
of the Seibert Lab we subsequently changed our focus to expression and purification of
recombinant C. reinhardtii and C. acetobutylicum hydrogenase genes in E. coli as this
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approach of hydrogenase expression has been found to be very effective and successful
(Posewitz et al., 2004; Girbal et al., 2005; King et al., 2006, von Abendroth et al., 2008).

Initial transformation of C. reinhardtii genes in E. coli strain DH5α was successfully
achieved for the individual plasmids (pET HydA1 and pACYC HydEF/G) but not for a full
complement of genes. Transformation of the individual as well as a full set of C.
reinhardtii plasmids in expression strain E. coli BL21(DE3) proved to be difficult,
especially with regards to the structural HydA1 gene. Genetic differences between the
eukaryotic C. reinhardtii genes and the prokaryotic host strains E. coli as well as low
transformation copy numbers in expression strain BL21(DE3) made a successful
expression very complex and complicated. Different codon usage of pro- and eukaryotic
genes has proven to be the one of the reason for hydrogenase expression difficulties.
Hence, the Seibert Lab has been continually improving the codon usage for expression of
recombinant eukaryotic genes in prokaryotic host strains. The genetic discrepancies may
have interfered with normal bacterial cell functions, resulting in toxicity to the bacteria
itself, thus leading to rejection of the plasmid and/or inhibition of growth by the host strain.

Due to the aforementioned problems, more compatible hydrogenase expression plasmids
from C. acetobutylicum were obtained from the Seibert Lab (NREL, Colorado, USA) and
successfully transformed in expression strain E. coli BL21(DE3). Sequencing of isolated
plasmids containing hydrogenase-encoding genes from either C. reinhardtii and/or
C. acetobultylicum was done by the Allan Wilson Centre for Molecular Ecology &
Evolution, and this work positively verified the plasmids.

Hydrogenase expression of the corresponding genes from C. reinhardtii as well as
expression of recombinant C. reinhardtii and C. acetobultylicum hydrogenase genes in
E. coli have been shown to be promising methods in the constant battle of producing clean
and green energy from renewable sources. However, the complex and complicated nature
of both methods and the technical challenges in making them work on a larger scale
require further improvements. In particular, native [FeFe]-hydrogenase expression in
C. reinhardtii cells seemed to be challenging due to the high oxygen sensitivity of this
enzyme, together with the stringent growth conditions and very specific nutrient content in
the growth media required. Hydrogenase expression of recombinant proteins in E. coli has
proven to be more workable, particularly when using hydrogenase genes from
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C. acetobutylicum. C. acetobutylicum codon usage is more similar to that used by E. coli,
than the ones used by C. reinhardtii hydrogenase genes during expression.

4.3 Summary
The major objectives of this thesis were the successful expression and isolation of (A)
native [FeFe]-hydrogenase from green alga Chlamydomonas reinhardtii and (B)
recombinant

[FeFe]-hydrogenase

genes

from

C. reinhardtii

and

Clostridium

acetobutylicum transformed in E. coli.

This study demonstrated that hydrogen gas was being produced and therefore proves the
successful expression of native [FeFe]-hydrogenase from C. reinhardtii cultures. However,
it was not possible to isolate active hydrogenase of these cultures under aerobic conditions.
This implies that either the level of the enzyme in vivo was low, and therefore below the
level of detection, or that the enzyme is rapidly degraded in the presence of oxygen.

Initial attempts to positively transform a full complement of recombinant C. reinhardtii
[FeFe]-hydrogenase genes (pETBlue-hydA1 and pACYCDuet-hydEF/G) in competent
E. coli expression strain BL21(DE3) proved to be quite difficult but was ultimately
achieved under adjusted specific growth conditions. Transformation of HydA1, however,
was unsuccessful in BL21(DE3) and only achieved in BL21(DE3)pLysS when held under
stringent growth conditions and the growth medium been supplemented with specific
growth enhancing reagents. Due to the difficulties in transformation of recombinant
C. reinhardtii [FeFe]-hydrogenase genes, subsequent experimental trials were carried out
using recombinant C. acetobutylicum [FeFe]-hydrogenase genes (pETDuet-hydA1/E and
pCDFDuet-hydF/G) instead. Transformation of the latter in E. coli BL21(DE3) as well as
expression and isolation of a full complement of recombinant C. acetobutylicum [FeFe]hydrogenase genes was successfully achieved and confirmed by SDS-PAGE and Western
Blot analysis. Best expression practice and an improved purification protocol resulted in a
maximum

recombinant

C. acetobutylicum

[FeFe]-hydrogenase

concentration

of

approximately 300 – 350 ng/µL, which correlated to a total yield of 30 – 35 µg in 100 µL
eluate (purified sample) from a 100 mL or 500 mL culture, respectively.
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4.4 Approaches for improvements in H2 production
Continuous research and development is required to overcome or alleviate O2 sensitivity in
hydrogenase as this is one of the main limiting factors in the production of substantial and
sustainable amounts of H2. Furthermore, screening for C. reinhardtii mutants has shown to
be a very successful tool as it boosts H2 production rates (Kruse et al., 2005b), provides
prolonged H2 production under S-deprivation of up to 14 days (Melis and Zhang, 1999)
and increases the enzymes (hydrogenase) O2 tolerance (Ghirardi et al., 1997). Also,
biotechnological engineering to narrow the H2-channel width in green algae cells has
recently been considered as it holds the potential of separating O2 and H2 production by
restricting the access of O2 to the active site and thus preventing H2-ase inhibition and
improving H2 yield (Melis et al., 2004).
Having done this work in collaboration with the Packer research group (Cawthron
Institute, Nelson; New Zealand), future focus will be on bioenergy and enzymic nanofunctionalisation, with the main aim being the development of a novel electrode surface for
selective absorption and electrical coupling of an unmodified H2-ase as a biological
catalyst. Such electrodes could be incorporated in H2 fuel cells, replacing platinum, a rareearth catalyst currently used in most fuel cells. However, as the H2-ase enzyme has shown
to be potentially inhibited by O2, the planning is to overcome these limitations, by
expression and purification of recombinant H2-ase, followed by reactivation of H2-ase
enzyme in anaerobic conditions. Induction of native H2-ase and its simple absorption to the
electrode surface under anaerobic conditions will alleviate much of the present
complications. If successful, this could lead to ‘farming the biocatalyst’ for direct
incorporation into (bio)-fuel cells (Dr. M. Packer, personal communication).

68

References

Abraham, S. (2002). National hydrogen energy roadmap. (Based on the results of the
National Hydrogen Energy Roadmap Workshop.) U.S. Department of Energy, Washington
DC.

Adams, M.W.W. (1990). The structure and mechanism of iron-hydrogenases. Biochimica
Et Biophysica Acta. 1020, 115-145.

Antal, T.K., Krendeleva, T.E., Laurinavichene, T.V., Makarova, V.V., Ghirardi, M.L.,
Rubin, A.B., Tsygankov, A.A. and Seibert, M. (2003). The dependence of algal H2
production on Photosystem II and O2 consumption activities in sulfur-deprived
Chlamydomonas reinhardtii cells. Biochimica Et Biophysica Acta. 1607, 153-160.
Balat, M. (2008). Potential importance of hydrogen as a future solution to environmental
and transportation problems. International Journal of Hydrogen Energy. 33, 4013-4029.
Ball, M. and Wietschel, M. (2009). The future of hydrogen - opportunities and challenges.
International Journal of Hydrogen Energy. 34, 615-627.

Bulte, L., Gans, F., Rebeille, F. and Wollman, F.A. (1990). ATP controle on state
transitions in vivo in Chlamydomonas reinhardtii. Biochimica Et Biophysica Acta. 1020,
72-80.

Cooper, E.H., Turner, R., Johns., E.A. Lindblom, H. and Britton, V.J. (1983). Applications
of Fast Protein Liquid Chromatography™ in the Separation of Plasma Proteins in Urine
and Cerebrospinal Fluid. Clinical Chemistry. 29/9, 1635-1640.

Cournac, L., Guedeney, G., Peltier, G. and Vignais, P.M. (2004). Sustained photoevolution
of molecular hydrogen in a mutant of Synechocystis sp. Strain PCC6803. Deficient in the
Type I NADPH-Dehydrogenase complex. The Journal of Bacteriology. 186, 1737-1746.

69

Darensbourg, M.Y. (2005). Making a natural fuel cell. Nature. 433, 589-591.

Dawson, R.M.C., Elliott, D.C., Elliott, W.H. and Jones, K.M. (1969). Data for Biochemical
Research. Section 25: Preperation and Composition of Biochemical Reagents. 2nd Edition.
London: Oxford University Press. 616.
Erbes, D.L., King, D. and Gibbs, M. (1979). Inactivation of Hydrogenase in Cell-free
Extracts and Whole Cells of Chlamydomonas reinhardtii by Oxygen. Plant Physiology.
63, 1138-1142.

Fedorov, A.S., Kosourov, S., Ghirardi, M.L. and Seibert, M. (2004). Continuous
Hydrogen Photoproduction by Chlamydomonas reinhardtii. Applied Biochemistry and
Biotechnology. 121-124, 403-412.

Finazzi, G., Rappaport, F., Furia, A., Fleischmann, M., Rochaix, J.D., Zito, F. and Forti, G.
(2002). Involvement of state transition in the switch between linear and cyclic electron
flow in Chlamydomonas reinhardtii. EMBO Reports. 3, 280-285.

Florin, L., Tsokoglou, A. and Happe, T. (2001). A novel type of Fe-hydrogenase in the
green alga Scencedesmus obliquuis is linked to the photosynthetical electron transport
chain. The Journal of Biological Chemistry. 276, 6125-6132.

Forestier, M., King, P., Zhang, L.P., Posewitz, M., Schwarzer, S., Happe, T., Ghirardi,
M.L. and Seibert, M. (2003). Expression of two [Fe]-hydrogenases in Chlamydomonas
reinhardtii under anaerobic conditions. European Journal of Biochemistry. 270, 27502758.

Gaffron, H. (1939). Reduction of CO2 with H2 in green plants. Nature. 143, 204-205.

Gaffron, H. and Rubin, J. (1942). Fermentative and photochemical production of hydrogen
in algae. The Journal of General Physiology. 26, 219-240.

Ghirardi, M.L., Togasaki, R.K. and Seibert, M. (1997). Oxygen Sensitivity of Algal H2Production. Applied Biochemistry and Biotechnology. 63-65, 141-151.
70

Ghirardi, M.L., Zhang, L., Lee, J.W., Flynn, T., Seibert. M., Greenbaum, E., Melis, A.
(2000). Microalgae: a green source of renewable H2. Trends in Biotechnology. 18, 506511.

Girbal, L., von Abendroth, G., Winkler, M., Benton, P.M.C., Meynial-Salles, I., Croux,
C., Peters, J.W., Happe, T. and Soucaille, P. (2005). Homologous and Heterologous
Overexpression in Clostridium acetobutylicum and Characterization of Purified Clostridial
and Algal Fe-only Hydrogenases with High Specific Activities. Applied and
Environmental Microbiology. 71, 2777-2781.

Greenbaum, E. (1977). The photosynthetic unit of hydrogen evolution. Science. 196, 879880.

Greenbaum, E. (1982). Photosynthetic hydrogen and oxygen production: kinetic studies.
Science. 196, 291-293

Hallenbeck, P.C. and Benemann, J.R. (2002). Biological hydrogen production;
fundamentals and limiting processes. International Journal of Hydrogen Energy. 27, 11851193.

Happe, T. and Naber, J.D. (1993). Isolation, characterisation and N-terminal amino acid
sequence of hydrogenase form green alga Chlamydomonas reinhardtii. European Journal
of Biochemistry. 214, 475-481.

Happe, T., Mosler, B. and Naber, J.D. (1994). Induction, localization and metal content of
hydrogenase in the green alga Chlamydomonas reinhardtii. European Journal of
Biochemistry. 222, 769-774.

Happe, T., Hemschemeier, A., Winkler, M. and Kaminski, A. (2002). Hydrogenases in
green algae: do they save the algae’s life and solve our energy problems? Trends in Plant
Science. 7, 246-250.

71

Happe, T. and Kaminski., A. (2002). Differential regulation of the [Fe]-hydrogenase
during anaerobic adaptation in the green alga Chlamydomonas reinhardtii. European
Journal of Biochemistry. 269, 1022-1032.
Hemschemeier, A., Fouchard, S., Cournac, L., Peltier, G. and Happe, T. (2008). Hydrogen
production by Chlamydomonas reinhardtii: an elaborate interplay of electron sources and
sinks. Planta. 227, 397-407.

Houghton, J.T. (2001). Climate Change 2001: The scientific basis summary for
policymakers. Intergovernmental Panel on Climate Change, Geneva.

Kamp, C., Silakov, A., Winkler, M., Reijerse, E., Lubitz, W. and Happe, T. (2008).
Isolation and first EPR characterization of the [FeFe]-hydrogenases from green algae.
Biocheimica Et Biophysica Acta-Bioenergetics. 1777, 410-416.

King, P.W., Posewitz, M.C., Ghirardi, M.L. and Seibert, M. (2006). Functional Studies of
[FeFe] Hydrogenase Maturation in an Escherichia coli Biosynthetic System. Journal of
Bacteriology. 188, 2163-2172.

Kosourov, S.N., Tsygankov A.A., Seibert, M. and Ghirardi M.L., (2002). Sustained
hydrogen photoproduction by Chlamydomonas reinhardtii: effects of Culture parameters.
Biotechnology and Bioengineering. 78, 731-740.

Kosourov, S.N., Patrusheva, E., Ghirardi, M.L., Seibert, M. and Tsygankov, A.A. (2007).
A comparison of hydrogen photoproduction by sulfur-deprived Chlamydomonas
reinhardtii under different growth conditions. Journal of Biotechnology. 128, 776-787.

Kosourov, S.N. and Seibert, M. (2009). Hydrogen Photoproduction by Nutrient-Deprived
Chlamydomonas reinhardtii Cells Immobilized Within Thin Alginate Films Under Aerobic
and Anaerobic Conditions. Biotechnology and Bioengineering. 102, 50-58.

Krömer, S. and Heldt, H.W. (1991). On the role of mitochondrial oxidative
phosphorylation in photosynthesis metabolism as studied by the effect of oligomycin on

72

photosynthesis in protoplasts and leaves of Barley (Hordeum vulgare). Plant Physiology.
95,1270-1276.

Kruse, O., Rupprecht, J., Mussgnug, J.H., Dismukes, C. and Hankamer, B. (2005a).
Photosynthesis: a blueprint for solar energy capture and biohydrogen production
technologies. Photochemical and Photobiological Sciences. 4, 957-969.

Kruse, O., Rupprecht, J., Bader, KP., Thomas-Hall, S., Schenk, P. M., Finazzi G. and
Hankamer, B. (2005b). Improved Photobiological H2 Production in Engineered Green
Algal Cells. The Journal of Biological Chemistry. 280, 34170- 34177.
Laurinavichene, T.V., Tolstygina, I.V., Galiulina, R.R., Ghirardi, M.L., Seibert, M. and
Tsygankov, A.A. (2002). Dilution methods to deprive Chlamydomonas reinhardtii cultures
of sulfur for subsequent hydrogen photoproduction. International Journal of Hydrogen
Energy. 27, 1245-1249.

Laurinavichene, T.V., Kosourov, S.N., Ghirardi, M.L., Seibert, M. and Tsygankov, A.A.
(2008).

Prolongation

of

H-2

photoproduction

by

immobilized,

sulfur-limited

Chlamydomonas reinhardtii cultures. Journal of Biotechnology. 134, 275-277.

Lorenzen, C.J. (1966). A method for the continuous measurement of in vivo chlorophyll
concentration. Deep Sea Research. 13, 223-227.

Makarova, V.V., Kosourov, S.N., Krendeleva, T.E., Kukarskikh, G.P., Ghirardi, M.L.,
Seibert, M. and Rubin, A.B. (2005). Photochemical activity of photosystem II and
hydrogen photoproduction in sulfur-deprived Chlamydomonas reinhardtii mutants D1R323D and D1-R323L. Biofizika. 50, 1070-1078.

Melis, A. (2002). Green alga hydrogen production: progress, challenges and prospects.
International Journal of Hydrogen Energy. 27, 1217-1228.

Melis, A. and Happe, T. (2001). Hydrogen Production. Green Algae as a Source of Energy.
Plant Physiology. 127, 740-748.

73

Melis, A. and Zhang, L. (1999). Proceedings of the 1999 United States DOE Hydrogen
Program Review NREL/CP-570-26938, 1-19. United States Department of Energy,
Washington D.C.

Melis, A., Seibert, M. and Happe, T. (2004). Genomics of green algal hydrogen research.
Photosynthesis Research. 82, pp 277-288.

Melis, A., Zhang, L., Forestier, M., Ghirardi, M.L. and Seibert, M. (2000). Sustained
photobiological hydrogen gas production upon reversible inactivation of oxygen evolution
in the green alga Chlamydomonas reinhardtii. Plant Physiology. 122, 127-36.

Nicolet, Y., Lemon. B.J., Fontecilla-Camps, J.C. and Peters, J.W. (2000). A novel FeS
cluster in Fe-only hydrogenases. Trends in Biochemical Sciences. 25, 138-142.

Peters, J. W. (1999). Structure and mechanism of iron-only hydrogenases. Current Opinion
in Structural Biology. 9, 670-676.

Posewitz, M.C., King, P.W., Smolinski, S.L., Zhang, L.P., Seibert, M. and Ghirardi, M.L.
(2004). Discovery of Two Novel Radical S-Adenosylmethionine Proteins Required for the
Assembly of an Active [Fe] Hydrogenase. Journal of Biological Chemistry. 279, 2571125720.

Roessler, P.G. and Lien, S. (1984). Activation and de novo synthesis of hydrogenase in
Chlamydomonas. Plant Physiology. 76, 1068-1089.

Rupprecht, J., Hankamer, B., Mussgnug, J.H., Ananyev, G., Dismukes C. and Kruse, O.
(2006). Perspectives and advances of biological H2 production in microorganisms. Applied
Microbiology and Biotechnology. 72, 442-449

Schmidt, T.G.M., Koepke, J., Frank, R. and Skerra, A. (1996). Molecular interaction
between the strep-tag affinity peptide and its cognate target, streptavidin. Journal of
Molecular Biology. 255, 753-766.

74

Schmidt, T.G.M. and Skerra, A. (2007). The strep-tag system for one-step purification and
high-affinity detection or capturing of proteins. Nature Protocols. 2, 1528-1535.

Schönfeld, C., Wobbe, L., Borgstadt, R., Kienast, A., Nixon, P.J. and Kruse, O. (2004).
The nucleus-encoded protein MOC1 is essential for mitochondrial light acclimation in
Chlamydomonas reinhardtii. The Journal of Biological Chemistry. 279, 50366-50374.

Skerra, A. and Schmidt, T.G.M. (2000). Use of the strep-tag and streptavidin for detection
and purification of recombinant proteins. Methods in Enzymology. 326, 271-304.

Strickland, L.H. (1929). The bacterial decomposition of formate. Biochemical Journal. 23,
1187.
Terpe, K. (2003). Overview of tag protein fusions: from molecular and biochemical
fundamentals to commercial systems. Applied Microbiological Biotechnology. 60, 523533.

Tolstygina, I.V., Antal, T.K., Kosourov, S.N., Krendeleva, T.E., Rubin, A.B. and
Tsygankov, A.A. (2009). Hydrogen production by photoautotrophic sulfur-deprived
Chlamydomonas reinhardtii pre-grown and incubated under high light. Biotechnology and
Bioengineering. 102, 1055-1061.

Tsygankov, A.A., Kosourov, S.N., Seibert, M. and Ghirardi, M.L. (2002). Hydrogen
photoproduction under

continuous

illumination by sulfur-deprived,

synchronous

Chlamydomonas reinhardtii cultures. International Journal of Hydrogen Energy. 27,
1239-1244.

Tsygankov, A.A., Kosourov, S.N., Tolstygina, I.V., Ghirardi, M.L. and Seibert, M.
(2006). Hydrogen production by sulfur-deprived Chlamydomonas reinhardtii under
photoautotrophic conditions. International Journal of Hydrogen Energy. 31, 1574-1584.

Vignais, P.M., Billoud, B. and Meyer, J. (2001). Classification and phylogeny of
hydrogenases. FEMS Microbiology Reviews. 25, 455-501.

75

von Abendroth, G., Stripp, S., Silakov, A., Croux, C., Soucaille, P., Girbal, L. and Happe,
T. (2008). Optimized over-expression of [FeFe] hydrogenases with high specific activity in
Clostridium acetobutylicum. International Journal of Hydrogen Energy. 33, 6076-6081.

Winkler, M., Hemschemeier, A., Gotor, C., Melis, A. and Happe, T. (2002). [Fe]hydrogenases in green algae: photo-fermentation and hydrogen evolution under sulfur
deprivation. International Journal of Hydrogen Energy. 27, 1431-1439.

Wykoff, D.D., Davies, J.P., Melis, A. and Grossman, A. R., (1998). The regulation of
photosynthetic

electron-transport during nutrient deprivation in Chlamydomonas

reinhardtii. Plant Physiology. 117, 129-139.
Yildiz, F.H., Davies, J.P. and Grossman, A.R. (1994). Characterization of Sulfate
Transport in Chlamydomonas reinhardtii during Sulfur-Limited and Sulfur-Sufficient
Growth. Plant Physiology. 104, 981-987.

Zhang, L., Happe, T. and Melis, A. (2002). Biochemical and morphological charterization
of sulfur-deprived and H2-producing Chlamydomonas reinhardtii (green alga). Planta.
214, 552-561.

76

Appendices
Appendix A – Equipment
Table A1: Complete list of all used equipment.

Name

Brand

Origin

Centrifuge 5415R (TableTop)

Eppendorf

Hamburg, Germany

Centrifuging of small sample volumes

Centrifuge J2-21 M/E

Beckman

USA

Centrifuging of large sample volumes

C.B.S. Scientific Company,
Inc.

California, USA

Western Blotting

Fisher Scientific

Ottawa, Canada

Gas chromatography of Hydrogen

Pharmacia LKB

Uppsala, Sweden

Fast Protein Liquid Chromatography

FPLC-System FRAC-100

Pharmacia LKB

Uppsala, Sweden

Fast Protein Liquid Chromatography

FPLC-System Pump P-500

Pharmacia LKB

Uppsala, Sweden

Fast Protein Liquid Chromatography

Amersham Biosciences

England

Fast Protein Liquid Chromatography

New Brunswick Scientific
Co., Inc.
BIO RAD

New Jersey, USA

Incubator / Shaker (RT and 30 - 37°C)

California, USA

Visualizing of Agarose gel DNA
samples; Density measurements of
native Hydrogenase samples

EBX-700 Electrophoretic Blotting
System
Fisher-Hamilton Gas Partitioner –

Purpose (Used for)

Model 29
FPLC-System Controller LCC-501
Plus

FPLC-System UVis-920
G10 Gyrotory Shaker
GelDoc (Quantity One)
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Name

Brand

Origin

Amersham Biosciences

England

MILLIPORE

Massachusetts, USA

Radiometer Copenhagen

Copenhagen, Denmark

Mini PROTEAN 3 Cell

BIO RAD

California, USA

Mini Sub™ DNA Cell 9

BIO RAD

Italy

BioSpec Products

Oklahoma, USA

BIO RAD

Japan

DNA & Gel – Electrophoresis; Western
Blotting

PYE Unicam Ltd.

England

Measuring Absorption (optical density)

Heat Systems Ultrasonic

New York, USA

GeneQuant Pro
Immobilon-P Transfer Membranes

Purpose (Used for)
DNA quantity and purity reading
Western Blotting

(PVDF 0.45 µm)
MeterLab™ PHM 92

MiniBeatbeater-8 Cell Disruptor
Model 3000Xi – Computer
Controlled Power Supply
SP6-400 UV Spectrophotometer
Ultrasonication Device

78

pH adjustments of solutions, media,
stocks, buffer
Gel – Electrophoresis
DNA – Electrophoresis
Hydrogenase purification

Sonication of samples

Appendix B – Chemicals/Reagents
Table B1: Complete list of all used chemicals/reagents.

Supplier / Producer

Chemicals/Reagents

BD Becton, Dickinson and Company;
USA

Bactotryptone

BDH; England

Ammonium iron (III) citrate, brown

Bacto™ Yeast Extract

Ammonium peroxodisulphate
Calciumchloride-2-hydrate
D-Glucose
Ferric citrate
Glycine
Manganese (II) chloride 4-hydrate
Potassium hydroxide (KOH)
Sodium dodecyl sulphate (SDS)
BIO RAD; USA

Acrylamide-bisacrylamide

BOC Ltd.; New Zealand

Argon
Hydrogen
Nitrogen

BRL; USA

Phenylmethylsulfonyl fluoride (PMSF)

DIFCO Laboratories; USA

Casamino acids

GIBCOBRL Life Technologies; USA

Ethidium bromide

Glycosynth; England

Isopropyl β-D-thiogalacto-pyranoside (IPTG)

Invitrogen; USA

Luria Broth Agar (LB Agar)
Luria Broth Base (LB Base)

M & B; England

Bromphenol Blue
Citric acid

Merck; Germany

Ammonium hydroxide (NH4OH)
Ammonium sulfate ((NH4)2SO4)
Barium chloride (BaCl2)
Di-sodium hydrogen orthophosphate
(Na2HPO4)
Ethanol

79

Supplier / Producer

Chemicals/Reagents

Merck; Germany (continued)

Glacial acetic acid
Isobutanol
Magnesium sulphate heptahydrate
(MgSO4•7H2O)
Potassium chloride (KCl)
Silver nitrate (AgNO3)
Sodium bicarbonate (NaHCO3)
Sodium chloride (NaCl)
Sodium hydroxide (NaOH)
Streptomycin sulphate
N,N,N’,N’-tetramethyl-ethylenediamide
(TEMED)

SIGMA (Sigma-Aldrich); USA

2-Mercaptoethanol (BME)
Acetone
Agarose
Ampicillin
Bovine Serum Albumin, Fraction V (BSA)
Chloramphenicol
Coomassie Blue R-250
Dithiothreitol (DTT)
Ethylenediaminetetraacetic acid (EDTA)
Formaldehyde
Gluteraldehyde
Glycerol
Hydrochloric acid (HCl)
Imidazole
4-Morpholinepropanesulfonic acid
(MOPs)
Rubidium chloride
Sodium dithionite
N-tris[hydroxymethyl]methyl-2aminoethanesulfonic acid (TES)
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Supplier / Producer

Chemicals/Reagents

SIGMA (Sigma-Aldrich); USA
(continued)

Mercury-[(o-carboxyphenyl)thio]ethyl sodium
salt (Thimerosal)
Trizma-base (Tris)
Triton
Polyoxyethylenesorbitan monolaurate
(Tween-20)

UNIVAR Ajax Finechemicals;
Australia

Di-potassium hydrogen orthophosphate
(K2HPO4)
Magnesium chloride (MgCl2)
Methanol
Potassium acetate
Potassium dihydrogen phosphate (KH2PO4)
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Appendix C – Growth media, stocks, buffers and solutions
Table C1: Complete list of all growth media.

Name
LB-agar

Total
Volume

Chemicals/Reagents

200 mL (~ 8

•

LB-Agar

Agar plates)

•

Milli-Q water (H2O)

Amount/
Volume

Notes

6.4 g

•

dilute the LB-Agar in 200 mL milli-Q water

200 mL

•

autoclave / sterilize media

•

cool down to ~ 40-50°C and pour into Petri dishes

•

if antibiotics are required add the right amount /
concentration before pouring, when agar is ~ 40-50°C

LB-base

200 mL

•

LB-Base

•

Milli-Q water (H2O)

5.0 g

•

dilute the LB-Base in 200 mL milli-Q water

200 mL

•

autoclave / sterilize media

•

if antibiotics are required add the right amount /
concentration after media is cooled down to RT

LB / M63 media
composition

200 mL

• LB-Base

146 mL

• Glucose (20% solution)

7.5 mL

• Casein (20% solution)

6 mL

•

autoclave / sterilize media

• M63 base solution (5 x)

40 mL

•

add the required antibiotics to the right amount /

• 1M Ammonium iron (III)

0.1 mL

•

iron (III) citrate)

concentration after media is cooled down to RT
•

citrate
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mix the solutions gently together (except ammonium

add ammonium iron (III) citrate

Name
M63-minimal

Total
Volume
200 mL

Chemicals/Reagents
•

media

Amount/
Volume
0.4 g

Ammonium sulphate

•

((NH4)2SO4)
•

Potassium dihydrogen

200 mL

add the four solid compounds together and dilute in
200 mL milli-Q water

2.72 g

phosphate (KH2PO4)

ΨB-media

Notes

•

autoclave / sterilize media

•

add the required antibiotics to the right amount /

•

Glucose

1.0 g

•

Casein

0.8 g

•

add sterile 1M MgSO4•7H2O

•

Milli-Q water (H2O)

200 mL

•

add Fe-citrate to a final concentration of 100 µM to

•

1M MgSO4•7H2O (sterile)

0.2 mL

•

Fe-citrate (if required)

•

Yeast extract

1.0 g

•

Bactotryptone

4.0 g

•

Potassium chloride (KCl)

0.15 g

•

adjust to pH 7.6 using potassium hydroxide (KOH)

•

Milli-Q water (H2O)

~ 200 mL

•

top up to 200 mL with milli-Q water

•

1M MgSO4•7H2O (sterile)

6.8 mL

•

autoclave / sterilize media

•

add sterile 1M MgSO4•7H2O
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concentration after media is cooled down to RT

the starter culture and/or if requested otherwise

•

add the three solid compounds together and dilute in
~ 150 mL milli-Q water

Name

Total
Volume

Amount/
Volume

Notes

•

1 M Tris

20 mL

(75 µM or

•

Phosphate Buffer

1 mL

and slowly mix in the other solutions (constant stirring

300 µM SO4-)

•

Hunter’s Trace Metals

1 mL

~ 100 rpm)

•

Nutrient stock

10 mL

(made with

•

Glacial acetic acid (pH 7.0)

1 mL

sulphate free

•

RO water

to 1 L

stocks/solutions/

•

Ammonium sulphate

varies

TAP media

buffers)

1L

Chemicals/Reagents

(100 mM)
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•

•

fill a large Schott bottle with ~ 900 mL of RO water

add required volume of AmSO4 (0.75 mL or 3 mL) to
reach desired sulphate concentration in TAP media

•

top up to 1 L with RO

Table C2: Complete list of all stocks, buffers and solutions.

Name
Ammonium Iron

Conc.

Total
Volume

1M

10 mL

Chemicals/Reagents
•

(III) citrate

Ampicillin

Ammonium Iron (III)

Amount/
Volume
2.65 g

Notes
•

Store at 4°C

•

Used in concentrations of :

citrate

10 mg/mL

10 mL

•

Milli-Q water (H2O)

•

Ampicillin

•

Milli-Q water (H2O)

10 mL
0.1 g
10 mL

- 25 µg/mL (all major experiments in
this study)
- 50 µg/mL (in early trials)
- 72 µg/mL (in early trials)

Ammonium

100 mM

100 mL

sulphate stock
Antibody Buffer I

10 mL

1.32 g

•

Store at – 20°C

•

Store at 4°C

•

The same stock of Antibody Buffer I

•

Ammonium sulphate

•

RO water (H2O)

•

Milk powder

10 mg (0.1%)*

•

Tween-20 (10% stock)

0.5 mL (0.5%)*

can be reused for more than one

•

Strep•Tactin®II

1:1,000 dilution

western blotting procedure

100 mL

•

Monoclonal Antibody
•

9.5 mL

PBS solution
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Store at 4°C

Name

Conc.

Total
Volume
10 mL

Antibody Buffer II

Chemicals/Reagents

Amount/
Volume

•

Milk powder

10 mg (0.1%)*

•

Tween-20 (10% stock)

0.5 mL (0.5%)*

can be reused for more than one

•

ImmunoPure®

1:10,000 dilution

western blotting procedure

Antibody (HRP)

APS (10%) Ammo-

100 mg/mL

1 mL

nium persulphate
Barium chloride

100 mg/mL

10 mL

(10%)
Blocking Buffer

Breaking Buffer I
(basic)

10 mL

100 mL

Notes
•

The same stock of Antibody Buffer II

•

Store at 4°C

•

Needs to be made up fresh close to the

9.5 mL

•

PBS solution

•

APS

0.1 g

•

Milli-Q water (H2O)

1 mL

•

BaCl2

•

Milli-Q water (H2O)

•

Milk powder

•

Tween-20 (10% stock)

•

PBS solution

9.5 mL

•

Tris HCl (pH 8.0) 1 M

15 mL

•

Store at 4°C

•

NaCl

(150 mM)*

•

Needs to be “complete” Breaking

•

Glycerol

•

Milli-Q water (H2O)

1g

•

Store at room temperature in the dark

•

Needs to be made up fresh close to the

10 mL
0.1 g (1%)*
0.5 mL (0.5%)*

0.58 g (100 mM)*
5 mL (5%)*
80 mL
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time of use (keep on ice)

time of use

Buffer for purification

Name

Conc.

Total
Volume
5 mL

Breaking Buffer II
(complete)

Chemicals/Reagents

Amount/
Volume
5 mL

Notes

•

Breaking Buffer (basic)

•

•

DTT (frozen stock)

1 mM*

unstable in liquid form, they need to

•

Na-dithionite (fresh)

1 mM*

be made up fresh close to the time of

•

PMSF (fresh)

100 µM*

DTT, Na-dithionite and PMSF are

use and then added to the “basic”
Breaking Buffer

BSA (Albumin,

1 mg/mL

10 mL

Bovine; Fraction V)

•

BSA

10 mg

•

Milli-Q water (H2O)

10 mL

stock
10 mL

Casein solution
(20%)

2g

•

Casein

•

Milli-Q water (H2O)

•

Used either as 1:1 stock or 1:5, 1:10
dilution

•

Store at 4°C

•

Weigh in Casein and dissolve in

10 mL

10 mL of milli-Q water (invert gently
until dissolved – use rocking shaker on
low to avoid foam building up)

Chloramphenicol

Coomassie
Destaining Solution

34 mg/mL

10 mL

2L

•

Chloramphenicol

0.34 g

•

Ethanol (EtOH)

10 mL

Used in concentration of 25 µg/mL for
all experimental trials of this study

•

Store at – 20°C

1.6 L

•

Mix well

•

Store at room temperature

•

Milli-Q water (H2O)

•

Methanol

200 mL

•

Glacial acidic acid

200 mL
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•

Name

Conc.

Total
Volume
1L

Coomassie Solution

400 mL

Dialyzing Wash
Solution

Chemicals/Reagents

Amount/
Volume

Notes

1g

•

Mix well

Methanol

450 mL

•

Store at room temperature in the dark

•

Milli-Q water (H2O)

450 mL

•

Glacial acidic acid

100 mL

•

Tris HCl (pH 8.0) 1 M

20 mL (50 mM)*

•

Although the Tris solution can be

•

Na-dithionite (fresh)

0.696 g (10 mM)*

made up earlier and stored at 4°C, the

•

Milli-Q water (H2O)

380 mL

Na-dithionite has to be added fresh at

•

Coomassie blue R-250

•

the time of use
DTT (Dithio-

1M

1 mL

threitol) stock
EDTA stock

0.5 M

100 mL

(pH 8.0)

0.154 g

•

DTT

•

Milli-Q water (H2O)

•

EDTA

14.61 g

•

Milli-Q water (H2O)

100 mL

•

Store at – 20°C in aliquots of 20 µL

•

Dissolve EDTA in ~ 80 mL of milli-Q

1 mL

water (H2O), adjust to pH 8.0 and top
up to 100 mL with milli-Q water

Fe-citrate stock

Glucose Solution
(20%)

100 mM

50 mL

10 mL

•

Store at room temperature in the dark

•

Fe-citrate

1.225 g

•

Heat to dissolve

•

Milli-Q water (H2O)

50 mL

•

Store at 4°C

•

Glucose

2 mg

•

Dissolve glucose in 10 mL of milli-Q

•

Milli-Q water (H2O)
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10 mL

water

Name
Hunter’s Trace
Metals / Elements

Conc.

Total
Volume
1L

Chemicals/Reagents

Amount/
Volume
50 g

Notes

•

EDTA, disodium salt

•

ZnCl2

10.43 g

-

EDTA in 250 mL RO water

•

H3BO3

11.40 g

-

ZnCl2 in 100 mL RO water

•

MnCl2·4H2O

5.06 g

-

H3BO3 in 250 mL RO water

•

CoCl2·6H2O

1.61 g

-

The rest in 50 mL RO water each

•

CuCl2·2H2O

1.07 g

•

Mix all solutions except EDTA

•

(NH4)6Mo7O24·4H2O

1.10 g

•

bring to boil and add EDTA solution,

•

FeCl3·7H2O

•

RO water (H2O)

•

4.85 g
to 1 L

Dissolve each compound as follows:

mix turns green
•

When everything is dissolved cool
down to 70°C and adjust to pH 6.7
with hot KOH (standardize pH meter
with buffer at same temperature)

•

Bring the final solution to 1 L with RO

•

Stopper flask with cotton plug and
leave for 1-2 weeks, shake once a day

•

Solution turns from clear light green to
purple with rust-brown precipitate
which can be removed by filtration

•

Store at 4°C in the dark ( wrap bottle
in aluminium foil)
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Name

Conc.

Total
Volume

IPTG stock

150 mM

10 mL

10 mL

Loading Buffer
(SDS-PAGE gel)

Chemicals/Reagents

Amount/
Volume
0.3575 g

Notes

•

IPTG

•

Store at 4°C

•

Milli-Q water (H2O)

•

SDS

0.5 g (5%)*

•

Mix well

•

Tris (pH 6.8) 1 M

3.1 mL

•

If crystallization of the SDS occurs

•

Glycerol

•

1% Bromphenol blue

0.5 mL

the buffer before use in a 35-40°C

•

Milli-Q water (H2O)

1.4 mL

warm water bath until clear (crystals

10 mL

5 mL

due to cold room temperatures, reheat

dissolved)

1L

M63 base solution
(5 x)

MgSO4·7H2O

1M

100 mL

•

Store at room temperature in the dark

•

Weigh in the solid compounds and

•

KH2PO4

15 g

•

K2HPO4

35 g

•

(NH4)2SO4

10 g

•

Autoclave / sterilize

•

Milli-Q water (H2O)

1L

•

Store at 4°C

•

MgSO4·7H2O

24.65 g

•

Autoclave / sterilize

•

Milli-Q water (H2O)

100 mL

•

Store at room temperature
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dissolve in milli-Q water to 1 litre

Name

Conc.

Total
Volume

MOPs solution

100 mM

200 mL

(pH 7.0)

Chemicals/Reagents

Amount/
Volume
4.19 g

•

MOPs

•

Milli-Q water (H2O)

Notes
•

200 mL

Dissolve MOPs in ~ 150 mL milli-Q
water (H2O), adjust to pH 7.0 and top
up to 200 mL with milli-Q water

Na-dithionite

Nutrient stock

PBS Solution
(pH 7.4)

1M

0.1 mL

1L

1L

•

Autoclave / sterilize

•

Store at room temperature in the dark

•

Needs to be made up fresh close to the

•

Na-dithionite

17.4 mg

•

Milli-Q water (H2O)

0.1 mL

•

NH4Cl

40 g

•

MgSO4·7H2O

10 g

•

CaCl2·2H2O

5g

•

RO water (H2O)

1L

•

NaCl

8g

•

KCl

0.2 g

~ 800 mL milli-Q water (H2O), adjust

•

Na2HPO4

1.44 g

to pH 7.4 and top up to 1 L with

•

KH2PO4

0.24 g

milli-Q water

•

Milli-Q water (H2O)
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1L

time of use (cannot be stored liquid)
•

Store at 4°C

•

Dissolve the solid compounds in

•

Store at 4°C

Name

Conc.

1L

Phosphate Buffer

PMSF

Reservoir Buffer

Total
Volume

100 mM

0.5 mL

1L

(5 x)

Resolving gel

200 mL

Buffer (pH 8.9)

Chemicals/Reagents

Amount/
Volume

Notes

•

K2HPO4

108 g

•

KH2PO4

56 g

•

RO water (H2O)

1L

•

PMSF

8.71 mg

•

Ethanol (EtOH)

0.5 mL

•

Tris base

15.1 g (25 mM)*

•

Store at 4°C

•

Glycine

94 g (250 mM)*

•

Usually used 60 mL Reservoir Buffer

•

SDS solution (10 %)

50 mL

•

Milli-Q water (H2O)

adjust to 1 L

•

Tris base

•

Milli-Q water (H2O)

72.56 g (3 M)*

•

Store at 4°C

•

Needs to be made up fresh close to the
time of use (cannot be stored liquid)

+ 240 mL milli-Q water (H2O) for
SDS-PAGE electrophoresis
•

~ 200 mL

Dissolve Tris in 150 mL milli-Q water
(H2O), adjust to pH 8.9 using HCl and
top up to 200 mL with milli-Q

SDS Solution stock
(10%)

100 mL

•

SDS

•

Milli-Q water (H2O)

•

Store at 4°C

10 g

•

Store at room temperature

100 mL

•

If crystallization occurs due to cold
room temperatures, reheat the solution
before use in a 35-40°C warm water
bath until clear (crystals dissolved)
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Name

Conc.

Total
Volume
200 mL

Stacking gel Buffer
(pH 6.8)

Chemicals/Reagents

Amount/
Volume
1.51 g

•

Tris

•

Imidazole

•

Milli-Q water (H2O)

Notes
•

(62.5 mM)*

milli-Q water (H2O), adjust to pH 6.8

0.85 g

using KOH and top up to 200 mL with

(62.5 mM)*

Streptomycin

Stripping Solution

10 mg/mL

10 mL

40 mL

Store at 4°C

•

Used in concentration of 50 µL/mL for

100 mg

•

Milli-Q water (H2O)

10 mL

(PVDF membrane

(BME) (14.3 M stock)

– western blotting)

•

Streptomycin

2-mercaptoethanol

•

SDS solution (10 %)

•

Tris

•

Milli-Q water (H2O)

milli-Q

~ 200 mL
•

•

280 µL

all experimental trials of this study
•

Store at – 20°C

•

Mix first Tris and 30 mL of milli-Q
water (H2O) and adjust to pH 6.7

(100 mM)*
•
4 mL
0.3 g (62.5 mM)*

Solution (10 x)

1L

Add SDS and BME and adjust the
volume to a total of 40 mL

•

adjust to 40 mL
TAE Buffer/

Dissolve Tris and imidazole in 150 mL

Needs to be made up fresh close to the
time of use

•

Tris

48.4 g

•

Mix well

•

Glacial acetic acid

11.42 g

•

Store at 4°C

•

EDTA (pH 8.0) 0.5 M

20 mL

•

Milli-Q water (H2O)

980 mL
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Name

Conc.

50 mL

TE-Buffer (pH 8.0)

TES-Buffer

Total
Volume

1M

30 mL

(pH 7.5)

Chemicals/Reagents

Amount/
Volume

Notes

•

Tris HCl (pH 8.0) 1 M

0.5 mL (10 mM)* •

•

EDTA (pH 8.0) 0.5 M

0.1 mL (1 mM)*

•

Milli-Q water (H2O)

49.4 mL

•

TES

68.775 g

•

Milli-Q water (H2O)

•

30 mL

Store at 4°C

Dissolve TES in 20 mL milli-Q water
(H2O), adjust to pH 7.5 using KOH
and top up to 30 mL with milli-Q

TfBI-Buffer
(pH 5.8)

500 mL

•

Autoclave / sterilize

•

Store at room temperature in the dark

•

Dissolve all compound in ~ 400 mL

•

Potassium acetate

1.47 g (30 mM)*

•

MnCl2·4H2O

4.95 g (50 mM)*

milli-Q water (H2O), adjust to pH 5.8

•

RbCl

6.05 g (100 mM)*

and top up to a final volume of

•

CaCl2·2H2O

0.74 g (10 mM)*

500 mL with milli-Q water

•

Glycerol

•

Milli-Q water (H2O)
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75 mL (15%)*

•

Throw away when overshoot

~ 425 mL

•

Filter sterilize (0.20 µm filter)

•

Store at 4°C

Name

Conc.

Total
Volume
100 mL

TfBII-Buffer

Chemicals/Reagents
•

Amount/
Volume
10 mL (10 mM)*

MOPs solution
(100 mM; pH 7.0)

Thimerosal stock

10 mg/mL

10 mL

1L

Towbin Buffer
(Transfer Buffer)

Tris HCl (pH 8.0)

1M

1L

•

CaCl2·2H2O

1.10 g (75 mM)*

•

RbCl

0.12 g (10 mM)*

•

Glycerol

•

Milli-Q water (H2O)

•

Thimerosal

•

Milli-Q water (H2O)

•

Tris

•

Glycine

•

Milli-Q water (H2O)

800 mL

•

Methanol

200 mL

•

Tris

121.14 g

•

Milli-Q water (H2O)

Notes
•

Filter sterilize (0.20 µm filter)

•

Store at 4°C in the dark ( wrap bottle
in aluminium foil)

15 mL (15%)*
~ 75 mL

0.1 g

•

Store at 4°C

•

Store at 4°C

•

Dissolve Tris in ~ 900 mL milli-Q

10 mL
3g
14.4 g

1L

water (H2O), adjust to pH 8.0 using
HCl and top up to 1 L with milli-Q
water
•

95

Store at 4°C

Name

Conc.

Total
Volume

Amount/
Volume

•

Tween-20

1.5 mL

•

PBS

8.5 mL

•

Tween-20 (10% stock)

•

PBS solution

•

Tris HCl (pH 8.0) 1 M

Resuspending

•

MgCl2

Buffer (Native

•

Milli-Q water (H2O)

Tween-20 stock

15 mL

Chemicals/Reagents

(10%)
Washing Buffer

Wash & Pellet

100 mL

1L

5 mL (0.5%)*

Notes
•

Store at 4°C

•

Needs to be made up fresh close to the

95 mL
50 mL (50 mM)*
0.61 g (3 mM)*

H2-ase Trials)
* Final concentration in the buffer, solution
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950 mL

time of use
•

Store at 4°C

Appendix D – Best working growth conditions for (co-)transformation of
recombinant genes
List of best working growth conditions for (co-)transformation of recombinant
C. reinhardtii and C. acetobutylicum [FeFe]-hydrogenase genes in competent cells of
E. coli strain DH5α, BL21(DE3) and/or BL21(DE3)pLysS.

A) For Chlamydomonas reinhardtii:
1. Plasmid pETBlue™-1 containing hydA1 was transformed in competent cells of
E. coli strain DH5α with 200 µL plated on LB-agar containing antibiotic ampicillin
(Amp) [72 µg/mL].
2. Plasmid pACYCDuet™-1 containing hydEF/G was transformed in competent cells
of E. coli strain DH5α with 200 µL plated on LB-agar containing antibiotic
chloramphenicol (Clm) [25 µg/mL].
3. Plasmid pACYCDuet™-1 containing hydEF/G was transformed in competent cells
of E. coli strain BL21(DE3) with 200 µL plated on LB-agar containing antibiotic
Clm [25 µg/mL].
4. Plasmids pETBlue™-1 and pACYCDuet™-1 containing both hydA1 and hydEF/G
were transformed in competent cells of E. coli strain BL21(DE3) with 400 µL
plated on LB-agar containing both antibiotics Amp and Clm [25/25 µg/mL].
5. Plasmid pETBlue™-1 containing hydA1 was transformed in competent cells of
E. coli strain BL21(DE3)pLysS with 400 µL plated on LB-agar supplemented with
0.5 % glucose and 10 µM Fe-citrate, and containing both antibiotics Amp and Clm
[25/25 µg/mL].

B) For Clostridium acetobutylicum:
1. Plasmid pETDuet™-1 containing hydA1/E was transformed in competent cells of
E. coli strain DH5α with 200 µL plated on LB-agar containing antibiotic Amp
[25 µg/mL].
2. Plasmid pCDFDuet™-1 containing hydF/G was transformed in competent cells of
E. coli strain DH5α with 200 µL plated on LB-agar containing antibiotic
Streptomycin (Stm) [50 µg/mL].
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3. Plasmid pETDuet™-1 containing hydA1/E was transformed in competent cells of
E. coli strain BL21(DE3) with 200 µL plated on LB-agar containing antibiotic Amp
[25 µg/mL].
4. Plasmid pCDFDuet™-1 containing hydF/G was transformed in competent cells of
E. coli strain BL21(DE3) with 200 µL plated on LB-agar containing antibiotic
Streptomycin (Stm) [50 µg/mL].
5. Plasmids pETDuet™-1 and pCDFDuet™-1 containing both genes hydA1/E and
hydF/G were transformed in competent cells of E. coli strain BL21(DE3) with
200 µL plated on LB-agar containing
[25/50 µg/mL].
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both antibiotics Amp and Stm

Appendix E – FPLC plots of native [FeFe]-hydrogenase isolation trials
(I – IV) not shown in the thesis results section
From Section 3.1.2 Native [FeFe]-hydrogenase isolation in TAP medium containing
300 µM AmSO4 (Trial I)

Fig. 3.1.2 (A): FPLC plot from pooled and concentrated C. reinhardtii cell lysate fractions, grown in
TAP medium (300 µM AmSO4), and loaded onto a Q-Sephadex fast flow column with shifting pH
gradient in the mobile phase applied. Fractions of interest 10 to 15 (within dashed lines) collected for SDSPAGE.
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From Section 3.1.3 Native [FeFe]-hydrogenase isolation in TAP medium containing
75 µM AmSO4 (Trials II, III & IV)
Trial II

Fig. 3.1.3 (A): FPLC plot from C. reinhardtii cell extracts, grown in TAP medium (75 µM AmSO4), and
loaded onto a Q-Sephadex fast flow column with shifting salt (KCl) gradient in the mobile phase
applied. Fractions of interest 7 to 15 (within dashed lines).
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Trial III

Fig. 3.1.5 (A): FPLC plot from pooled and concentrated C. reinhardtii cell lysate fractions, grown in
TAP medium (75 µM AmSO4), and loaded onto a Q-Sephadex fast flow column with shifting pH
gradient in the mobile phase applied. Fractions of interest 9 to 13 (within dashed lines) collected for
subsequent FPLC salt gradient run.
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Trial IV

Fig. 3.1.7 (A): FPLC plot from pooled and concentrated C. reinhardtii cell lysate fractions, grown in
TAP medium (75 µM AmSO4), and loaded onto a Q-Sephadex fast flow column with shifting pH
gradient in the mobile phase applied. Fractions of interest 4 to 9 (within dashed lines) collected for
subsequent FPLC salt gradient run.
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Fig. 3.1.7 (B): FPLC plot from pooled and concentrated C. reinhardtii cell lysate fractions, grown in
TAP medium (75 µM AmSO4), and loaded onto a Q-Sephadex fast flow column with shifting salt (KCl)
gradient in the mobile phase applied. Fractions of interest 4, 5 & 6 further pooled and concentrated for
subsequent size exclusion using a Sephadex G-100 column.
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Appendix F – Sequencing results for Chlamydomonas reinhardtii and Clostridium acetobutylicum genes
(Allan Wilson Centre for Molecular Ecology and Evolution, Massey University)
Chlamydomonas reinhardtii pETDuet-HydA1 (pETupstream)
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…Continuation of sequencing result for Chlamydomonas reinhardtii pETDuet-HydA1.
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Chlamydomonas reinhardtii pACYCDuet-HydEF/G (ACYCDuetUp1)
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Chlamydomonas reinhardtii pACYCDuet-HydEF/G (DuetUp2)
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Clostridium acetobutylicum pETDuet-HydA1/E (pETupstream)
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Clostridium acetobutylicum pETDuet-HydA1/E (DuetUp2)
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Clostridium acetobutylicum pCDFDuet-HydF/G (DuetUp2)
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Clostridium acetobutylicum pCDFDuet-HydF/G (ACYCDuetUp1)
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