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Zusammenfassung

Der hier untersuchte Organismus Desulfovibrio vulgaris Miyazaki F (DVMF) ist seit langem
bekannt auf Grund detaillierter Untersuchungen an seiner [NiFe] Hydrogenase und an Sulfat-
Stoffwechselproteinen sowie einiger anderer Metallo-Enzyme, die in Zusammenhang mit den
Hydrogenasen stehen. Unabhéngig von den relativ guten Ausbeuten, die man fiir diese Proteine
erzielt, ist die funktionale und genetische Manipulation schwierig, da die Sequenzen der
kodierenden Gene nicht bekannt waren sind. In dieser Arbeit wurden genetische und
molekularbiologische Fortschritte erzielt und weitere Informationen iiber den Stoffwechsel der
Hydrogenasen von DvMF erhalten. Das gesamte Genom von DvMF wurde in eine Cosmid-Bank
kloniert. Die Verwendung von dioxygenin-markierten DNA-Sonden aus bekannten homologen
Sequenzen von D. vulgaris Hildenborough (DvH) fiihrte zur Identifizierung der gesuchten Gene.
Sie kodieren zwei zusétzliche Hydrogenasen, eine aus zwei Untereinheiten bestehende [NiFeSe]
Hydrogenase (hysA und hysB) und eine sechs Untereinheiten grole Ech Hydrogenase (echA -
echF). Zusitzlich wurden die Gensequenzen fiir fiinf ,,Maturierungs®-Proteine aufgeklért (hypA -
hypF). Diese Methode wurde auch angewandt auf die Gene von Proteinen des
Sulfatmetabolismus, 5'-Adenylyl Sulfatreduktase (apr4 und aprB) und Desulfoviridin (dsvA4,
dsvB, dsvD und DsvC). Ein weiteres wichtiges Ergebnis ist der eindeutige Nachweis, dass ein
[FeFe] Hydrogenase-kodierendes Gen in DvMF nicht vorhanden ist. Methodisch wurden
samtliche Gene sequenziert, indem mittels degenerierter  "primer" aus identifizierten,
konservierten Genbereichen heraus sequenziert wurde. Die Gene der [NiFe] - und der [NiFeSe] -
Hydrogenasen wurden zusammen mit den Maturierungsgenen Epitop-getaggt. Die Verwendung
von E. coli als Wirtszelle mit einem T7-Promotor Expressionsvektor ergab die Reinigung von
Strep-getaggter [NiFe] Hydrogenase, die Integration von Selenocystein in die [NiFeSe]
Hydrogenase und die gleichzeitige Expression von zwei-Gen operons (hypAB und hypDE).
Hiermit wurden wichtige Fortschritte hin zu einer heterologen Expression von physiologisch
aktiven Hydrogenasen erzielt. Zusétzlich zu den Untersuchungen an Hydrogenasen konnten in
gemeinsamer Arbeit die Protein-Komplexe der 5'-Adenylyl-sulfatreduktase und von
Desulfoviridin gereinigt und kristallisiert werden. Regulatorische Sequenzen der Gene wurden
mit verschiedenen Programmen detektiert, ebenfalls wurden dreidimensionale Modelle fiir die

Proteine generiert und eine phylogenetische Analyse durchgefiihrt.



Abstract

The studied organism Desulfovibrio vulgaris Miyazaki F (DvMF) has long been known from
detailed investigations of its [NiFe] hydrogenase, of its proteins involved in sulfate metabolism
proteins and of some other metallo-enzymes associated with hydrogenases. Although the yields
of such proteins from DvMF are high, the functional and genetic manipulations have been a
daunting task due to non-availability of the sequences of the coding genes. In this work, genetic
and molecular biological advances have been made to add on information on hydrogenase
metabolism of DvMF. The entire genome of DvMF was cloned into a cosmid genomic library.
Probing by means of dioxygenin-labeled DNA probes derived from the known homologous
sequences of Desulfovibrio vulgaris Hildenborough (DvH) led to the identification of several
genes of focus. These genes included two additional hydrogenases, a two subunit [NiFeSe]
hydrogenase (hysA and hysB) and a six subunit Ech hydrogenase (echA, echB, echC, echD, echE
and echF), as well as five maturation genes hypA, hypB, hypD, hypE and hypF. This method was
extended to sequence the genes coding for the sulfate metabolism proteins 5’-adenylyl sulfate
reductase (aprA and aprB) and desulfoviridin (dsvA4, dsvB, dsvD and dsvC). The presence of an
[FeFe] hydrogenase could be ruled out. All of the identified genes were sequenced by designing
degenerate primes from the conserved domains. The [NiFe]- and [NiFeSe]- hydrogenases along
with maturation gene operons were epitope tagged by means of PCR and cloning. Using E. coli
as a host along with a T7 promoter expression vector, the purification of strep-tagged [NiFe]
hydrogenase, integration of selenocysteine into the [NiFeSe] hydrogenase and the simultaneous
expression of two-gene operons (hypAB and hypDE) of hyp maturation genes happened to be
significant observations for advancing in the direction of heterologous expression and
modification of hydrogenases in physiological functional forms. In addition to the work aiming
at hydrogenases, the protein complexes of 5’-adenylyl sulfate reductase and desulfoviridin were
purified and crystallized in a collaborative effort. Using various software, the possible regulatory
sequences for the sequenced genes, the three dimensional models for the translated proteins and
the phylogenetic analysis based on amino acid sequence conservation were also successfully

performed.
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aa amino acid(s)

AP alkaline phosphatase
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MOPS 3-(N-morpholino)propanesulfonic acid
MV Methyl viologen

NBT nitrobluetetrazolium

OD optical density

ORF open reading frame

PAGE polyacrylamide gel electrophoresis

PB postgate B medium

PC postgate C medium

PCR polymerase chain reaction

PE postgate E medium

PMS phenazine

PVDF polyvinylidene difluoride

rpm rotations per minute

RT room temperature

SDS sodium dodecyl sulphate

Tris 2-amino-2-(hydroxymethyl)-1,3-propanediol
TTC 2, 3, 5-Triphenyl Tetrazolium Chloride
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Chapter 1
Introduction

Microbes adopt vast metabolic strategies to sustain life even in the most extreme environments;
for that, they explore almost every possible energy source and oxidant available. Anaerobic
respiring prokaryotes are known to be capable of using carbon dioxide, sulfate, sulfur, nitrate and
iron oxides as terminal acceptor for a respiratory electron transfer chain. Among these, the
sulfate reducing bacteria (SRB) are widespread in the anaerobic zones of multiple terrestrial and

aquatic environments and especially in habitats where sulfate is available in plenty.

The members of the Desulfovibrio genus belong to the d-subdivision of the proteobacteria and
carry out dissimilatory sulphate reduction in their natural habitats, a regular cause of foul smells.
The biological sulfate reduction is an important part of the sulfur cycle as sulfate is a rather
stable molecule and is less energetically favorable to be reduced as compared to nitrate or
oxygen. A series of enzymes and electron transfer complexes present in the cytoplasm and
periplasm of these organisms are involved in sulfate reduction and provide the link to the diverse

hydrogen metabolisms of the cell.

Desulfovibrio are the best studied SRB and have considerable economic impact on the oil
industry due to their involvement in bio-corrosion (Dinh et al, 2004, Hamilton, 1998, 2003), and
souring of oil and gas deposits by the sulfides produced (Hamilton, 1998). The metabolism of
these organisms is also being explored for their potential role in bioremediation of polluted
aqueous environments (Lovley, 2003) as, e.g., in the decontamination of toxic metals,
radionuclides (Wall and Krumholz 2006, Lloyd et al 2003), aromatic hydrocarbons and
chlorinated compounds (Gibson and Harwood, 2002). Sulfur reducing organisms also have
health implications since there is evidence suggesting they may have a role in inflammatory
bowel diseases, due to the toxic effects of sulphide on colonic epithelial cells (Loubinoux et al,

2002, Pitcher and Cummings, 1996).



1. Introduction

The most interesting features of the Desulfovibrio metabolism are their hydrogenase diversity
and sulfate reduction capability. Historically, Desulfovibrio have remained a rich source of
metalloproteins and have been intensely studied for the wide array of the metal-associated
hydrogenases they possess. Reasonable advances have been made in understanding these
proteins in some species, e.g., in Desulfovibrio vulgaris subsp Hildenborough (DvH) and
Desulfovibrio fructosovorans, by means of genome sequencing or mutant construction. The
study of these organisms is interesting, but also difficult due to obstacles associated with genetic
manipulation of SRB. SRB are naturally resistant to many antimicrobials (Postgate, 1984) and
only a small number of facile selectable markers can be used to select a genetically modified or

transformed cell.

Another aspect which is motivating hydrogenase research is the proposed use of hydrogen as an
environment-friendly fuel of the future, especially in wake of fossil fuel crisis and global
warming. A bio-fuel cell containing a hydrogenase for the oxidation of hydrogen produced by
photosynthetic enzymes on a cathode has been proposed (Vincent et al, 2005). However the
oxygen sensitivity and the stability of the hydrogenase remains a challenge for contemporary
biotechnologists and biophysicists. Therefore, a better understanding of these enzymes is needed

to implement them in a more useful way.

Most of the organisms that are capable of metabolizing hydrogen usually possess more than one
hydrogenase. The simultaneous presence of several hydrogenases, and their regulation and
interplay with other components of hydrogen metabolism is highly complex and will be

discussed in detail in the following chapter.

Our study group has been able to purify some of the interesting proteins from our study organism
Desulfovibrio vulgaris subsp Miyazaki F (DvMF), such as the [NiFe] hydrogenase, APS
(adenosine 5'-phosphosulfate) reductase and Desulfoviridin. The [NiFe] hydrogenase has been
consistently characterized biochemically and spectroscopically (Lubitz et al, 2007). The other
two protein complexes, APS reductase and the Desulfoviridin have initially been purified (by Dr.
Arunka Goenka Agrawal) and crystallized (by Dr. Hideaki Ogata). Detailed characterization of

the two sulfate metabolism-related proteins has been accomplished during this thesis. Also, the

.



1. Introduction

three-dimensional structure for the APS reductase is resolved (Ogata et al, 2008). However,
limited information about the genetics of these proteins and the expression and maturation of the
hydrogenases for Desulfovibrio vulgaris subsp Miyazaki F (DvMF) was available at the
beginning of this work. In this thesis, genetic, sequential and molecular characterizations of the
two crystallized proteins involved in the sulfate metabolism have been performed. The existence
and absence of additional hydrogenases has been detected and their sequence determined, as has
been done with the proteins involved in the maturation of [NiFe] hydrogenase from

Desulfovibrio vulgaris Miyazaki F (DVMF).



Chapter 2

Hydrogenases and Sulfate Reduction

2.1 Hydrogenases

Hydrogenases are oxidoreductases, which catalyze the reversible oxidation of hydrogen to
protons and electrons. Purified [NiFe] hydrogenases are found to catalyse both H, evolution and -

uptake depending on the oxidation state and presence of a suitable acceptor (A) or donor (D).

2H + D,y = H, + D,
Hy+ A= 2H + Ang

Physiologically the hydrogenases combine the oxidation of a hydrogen molecule with the
reduction of an electron acceptor coupled with the energy conservation, maintenance of
intracellular pH and redox potential. Substrates for Desulfovibrio bacteria range from hydrogen
or acetate to other small organic acids such as lactate, malate, pyruvate and ethanol etc. They are
also capable of utilizing hydrogen as a sole energy source when given acetate and CO, as carbon

sources are present.

2.2 Multiplicity of Hydrogenases and Hydrogen Cycling

In a cell, hydrogenases can also act as hydrogen sensors (e.g. Ralstonia eutropha), however,
most hydrogenases function as enzymes and make use of hydrogen by coupling to other cellular
reactions to complement the energy metabolism of the cell by oxidizing or producing hydrogen.
Widely distributed in prokaryotes and most classes of Archaea and Bacteria, the hydrogenases
are present in more than a single form and associated with different transistion metals. Three

different phylogenetic classes of hydrogenases are discussed in section 2.3.

Initial studies carried out by Odom and Peck (1981), have highlighted the role of hydrogen in
Desulfovibrio metabolism by proposing a hydrogen cycling hypothesis which suggests the cyclic

transfer of hydrogen. For the transfer of hydrogen produced in the cytoplasm via the lactate
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metabolism, it is transferred to the periplasm after oxidation by a periplasmic hydrogenase. The
protons and electrons thus generated move through the membrane in a vectorial manner
involving various redox partners to finally produce a proton gradient for ATP synthesis.
Similarly, excessive protons are combined with electrons to produce hydrogen by a cytoplasm-
located hydrogenase depending on the metabolic state of the cell. Thus, the regular cycling of
hydrogen between the cytoplasm and periplasm plays an integral role in balancing the

bioenergetics.

Hz HCOO™ + H*

Proton e

Kf_qr;!(im-r. 2 R7

Periplasmic
hydrogenase

Membrane-bound
oplasmic hydrogena

J Sulfate reduction

ZHY + 2 e de

HCOOH

!

E k
Lactate ——3Pyruvate —— AcetylCoA + HCOO- sH*

AcetylCof + COz + 2e~ + 2H*

Fig 2.1 Diagrammatic representation of the proposed hydrogen and formate cycling in D. vulgaris
Hildenborough (Heidelberg et al, 2004). Reducing equivalents (2H" + 2¢") generated from lactate or
pyruvate oxidation are the substrate for one of two cytoplasm oriented, membrane-bound hydrogenases.
The hydrogen molecule can diffuse to the periplasm where one or more of periplasmic hydrogenases can
oxidize the hydrogen to release electrons to the c-type cytochrome network. The electrons could then be
channeled through the cytoplasmic membrane by one of several putative transmembrane protein channels.
The protons generated may contribute to the proton gradient supporting transport processes and ATP
synthesis.

In line with this hypothesis, the multiplicity of hydrogenases in the central metabolism of these
bacteria should be corroborated by the presence of at least one cytoplasmic hydrogenase

producing hydrogen while using energy from the carbon metabolism. However, with the

-5-
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exception of Desulfovibrio fructosovorans (Casalot et al, 2002) no cytoplasm-located
hydrogenase has been reported in this group of sulfate reducing bacteria. For the best studied
species in this group, Desulfovibrio vulgaris Hildenborough (DvH), four of the six identified
hydrogenases are reported to be involved in hydrogen oxidation and are periplasmic (Heidelberg
et al, 2004), and the other two are predicted to be membrane associated. Amongst the
periplasmic hydrogenases, there is a soluble [FeFe] hydrogenase (Hyd), two membrane-
associated nickel-iron [NiFe] hydrogenase isozymes (Hynl and Hyn2), and one membrane-
associated nickel-iron-selenium [NiFeSe] hydrogenase (Hys). Two more hydrogenases that have
been described, Coo (CO induced) and Ech (energy converting hydrogenase), are considered to
be membrane associated and cytoplasm oriented. These latter two hydrogenases also belong to
the group of [NiFe] hydrogenases and are thought to be providing an alternate pathway to the
required role of a cytoplasm-located hydrogenase as given in the hydrogen cycling hypothesis fig
2.1.

2.3 Classifications and Phylogenies of Hydrogenases

Three main approaches have been employed for the elemental studies of hydrogenases. At first,
hydrogenases were biochemically purified and studied for their catalytic abilities. Secondly, the
hydrogenases were approached by genetic tools that led to the discovery of new genes of
hydrogenases as well as the accessory genetic machinery needed to bring them into a structurally
and functionally active form. And finally, selected hydrogenases, which are easy to purify and

crystallize, have been used as models to decipher the mode and optimization of catalysis.

Based on such structural studies and phylogenetic analysis of the protein sequences, three
distinct phylogenetic classes of hydrogenases (Viganis and Billoud, 2007) have been assigned,
those are [NiFe]-, [FeFe]- and Hmd (5,10-methenyltetrahydromethanopterin hydrogenase) or
[Fe]- hydrogenases (Shima and Thauer, 2007). The [NiFe] hydrogenases are further distributed
into uptake [NiFe] hydrogenases, cyanobacterial uptake [NiFe] hydrogenases and H, sensors,
bidirectional heteromultimeric cytoplasmic [NiFe] hydrogenases and H,-evolving, and energy-
conserving, membrane associated hydrogenases (Viganis and Billoud, 2007). Some of these
hydrogenases such as the [NiFe] species are widely distributed and, as discussed before, DvH

and many of the other species of Desulfovibrio are known to possess [NiFe]- and [FeFe]-
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hydrogenases. There is a large conservation in the protein sequences and also among the
available crystal structures of the similar types of hydrogenases and their maturation proteins,
and thus it is hard to determine the evolutionary history of these modular enzymes (Viganis and
Billoud, 2007). The uptake [NiFe] and [FeFe] hydrogenases have probably separate origins and
phylogeny, even in spite of similarities in the cellular locations and functions. However, the
evloutionary relationship between uptake [NiFe]- and the selenocysteine containing variant

[NiFeSe] hydrogenase is not that apparent.

2.4 Purification and Structures of the Hydrogenases

Three hydrogenases out of the many types of known hydrogenases from Desulfovibrio have been
regularly purified and studied in various labs; those are the [FeFe]-, [NiFe]- and the [NiFeSe]-

hydrogenases.

2.4.1 [NiFe| hydrogenase

The [NiFe] hydrogenase from DvMF is periplasmic and membrane attached. For purification
purposes, a trypsin digestion (a trypsin site is natively present) step targeting the N-terminal of
the large subunit of this hydrogenase can be employed in solublising this enzyme during
purification (Yagi et al, 1976). This hydrogenase when purified under aerobic conditions is
partially inactive and has to be activated by reducing with hydrogen or other chemicals. Crystal
structures from the [NiFe] hydrogenase of DvMF (Higuchi et al, 1997) and D. gigas (Volbeda et
al, 1995) hydrogenases are available, and comprehensive biochemical and spectroscopical
studies are being pursued in recent times to resolve the dynamics of the catalytic steps and

charge (protons and electrons) transfer from this molecule to its redox partner cytochrome.

Structurally, the [NiFe] hydrogenases are always heterodimeric proteins and there is a large
degree of conservation in the structural domains of [NiFe] hydrogenase even among
phylogenetically diverse organisms. The parallel crystal structure investigations from the study
organism DvMF and from the closely related Desulfovibrio gigas (Dg) show the protein
consisting of small (SSU) and large (LSU) subunits with a total metal content of 12 Fe and 1 Ni

atom. The small subunit of a catalytically active hydrogenase is an approximately 28 kDa
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polypeptide and contains three iron-sulphur clusters, two of [FesS4] type (proximal and distal)
and one centered [Fes;S4] cluster; the large subunit contains a nickel-iron center (Volbeda et al,

1995).

catalytic
center

large subunit (62.5 kD
+
2H

small subunit (28.8 kD)

electron transfer
chain

memorane |/ [ [ [ [ [ [ [T ]] EL////////

Fig 2.2 Electron transport chain from the [NiFe] active site to [FeS] clusters. Figure adapted from
‘Hydrogen as a Fuel: Learning from nature’, Robert Robson.

Similarly, the larger subunit of an active enzyme is an approximately 62.5 kDa polypeptide and
contains the catalytically active site responsible for splitting di-hydrogen into two protons and
two electrons. This active site has a bimetallic Ni-Fe arrangement; each of the two atoms is co-
ordinated by two different cysteines. The Fe is also bound to two cyanide (CN) and one carbon
monoxide (CO) ligands and the presence of some ligands bridging the two metals has been also
proposed in various oxidized states (Higuchi, 2000, Volbeda et al, 2005). The nickel is
paramagnetic in several functional states of the hydrogenases and gives different EPR (electron
paramagnetic resonance) signals under different applied conditions. The first step of activation of
the enzyme is the binding of H, to the metal centers, which polarizes the hydrogen bond and
facilitates heterolytic cleavage.
H,=2H +H
This reaction can be used for studying the properties of Hydrogenase by deuterium and even

tritium exchange reactions. Also, this hydrogenase is able to convert para to ortho hydrogen.

H-Hy, (1) +H'c— H-H (1]) +H',
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Yet there has not been a precisely formulated and generally agreed catalytic mechanism for this
enzyme. The flow of electrons and protons to the acceptors was inferred based on the
arrangement of the iron sulfur clusters. The current approach in use is to delineate the exact
sequence and sites of electron and proton transfer in the molecule by generating mutants and

their subsequent activity studies.

Small subunit

Medial Fe,S,
Distal Fe,5,

Proximal Fe,5,

Ni-Fe active site

|

Fig 2.3 X-ray structure (resolution of 1.4 A) of [NiFe] hydrogenase of D. vulgaris Miyazaki F in the
reduced state [Here kindly provided by Dr. Hideaki Ogata]. Colour coding shows the two subunits, and
the [NiFe] active site and the three [FeS] clusters are indicated.

Large subunit

Some mutants have been generated and characterized in D. fructosovorans (Df). With the help of
site directed mutagenesis, proline-239 in the small subunit of the [NiFe] hydrogenase
polypeptide was replaced by cysteine. This led to the conversion of the [Fe;S4] cluster into an
[FesS4] cluster (Rousset et al, 1998). This cluster conversion resulted in a lowering of
approximately 300 mV of the midpoint potential of the modified cluster (+65 mV to —250 mV),
whereas no significant alteration of the spectroscopic and redox properties of the two native
[FesS4] clusters and the NiFe center occurred. The significant decrease of the midpoint potential

of the intermediate Fe-S cluster had only a slight effect on the catalytic activity of the P238C
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mutant as compared with the wild-type enzyme (Volbeda et al, 1995). It is possible that the
spacing of the three clusters might be able to overcome the energetic barrier for electron transfer
or the measured values might not be precise at microscopic level. Since the involvement of the
median cluster is not the rate-limiting step for electron transfer, it was also speculated that there
might be multiple pathways for electron transfer. It is also possible that the median cluster is

only giving structural support to the channel governing the electron transfer.

Fig 2.4 Stereoview of the active site and some of the surrounding amino acids in the reduced state of
[NiFe] hydrogenase of DVMF (adapted from Fichtner et al, 2006). One CO and two CN" ligands are
bound to the iron atom. Arg479 and Ser502 of the large subunit form hydrogen bonds to one the two CN°
ligands, whereas the CO ligand is connected to Pro501 and Thr87 via van der Waals interactions. A third
bridging ligand between Ni and Fe (oxygen- or sulfur-based) atom, which is present in the oxidized
enzyme (Volbeda et al, 2005) is missing here.

The proton transfer to solvent is via a water molecule and some amino acids with acid-base
properties such as glutamic acid, histidine and aspartic acid. Glu-25 of [NiFe] Hydrogenase of Df
has been shown to play an important role in fast proton transfer from the active site to the solvent
which is responsible for the high turnover rate of hydrogen oxidation (Dementin et al, 2004).
Replacement of Glu-25 with glutamine does not affect the spectroscopic properties but cancels
the catalytic activity except the para-H,/ortho-H, conversion. Introducing a smaller residue,
aspartic acid at Glu-25, does not abolish the catalytic activity completely but slows the transfer

significantly.
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2.4.2 Structure of [NiFeSe] hydrogenase

Besides the genes identified and sequenced for the [NiFeSe] hydrogenase in this work, the
presence of this hydrogenase has been indicated in only three other organisms, DvH, D.
desulfuricans and D. baculatus. A crystal structure from the [NiFeSe] hydrogenase of D.
baculatus is available. Structurally this hydrogenase is quite similar to the NiFe hydrogenase of
DVMF and D. gigas. The differences lie in the catalytic site of the large subunit and the medial

[FeS] clusters it possesses in its small subunit.

In the [NiFeSe] hydrogenase of D. baculatus, a selenocysteine replaces one of the usually
conserved cysteines co-ordinating the nickel atom in the active site of the [NiFe] hydrogenase of
D. gigas and DvMF. Similarly, it possesses a [FesS4] medial cluster instead of a [Fes;S4] cluster

found in the standard [NiFe] hydrogenases (Garcin et al, 1999).

Fig 2.5 Structural comparison
of the D. baculatus (PDB
entery, 1CCl) and D. gigas
hydrogenases (PDB, 1FRYV).
(a): 3D Structure. (b): A close-
up stereoscopic view of the
superposition of the nickel—iron
active sites. (Garcin et al,
1999)

In their studies, Valente et al, 2005 have purified [NiFeSe] hydrogenase present in the DvH. The

characterization revealed the presence of two isoforms of the detergent soluble [NiFeSe]
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hydrogenase, one being cytoplasmic and the other membrane associated. The membrane
associated species has a higher activity than the soluble one. It also shows a higher molecular
weight (63 kDa for the large subunit and 35 kDa for the small) than the predicted molecular
weight (54.4 kDa and 31.4 kDa respectively), owing to post-translational modifications. Other
interesting features are the higher catalytic efficiency and lower oxygen sensitivity of [NiFeSe]
hydrogenases as compared to [NiFe] hydrogenases. Spectroscopic studies and 3D modeling of
[NiFeSe] hydrogenase of DvH have yielded a structural similarity to the [NiFeSe] hydrogenase
of D. baculatum (Valente et al, 2005). In other studies involving the NiFeSe hydrogenase from
DvH, it is predicted to be a lipoprotein (Valente et al, 2007), and selenium availability (Valente
et al, 2006) may play significant role in its higher cellular presence and functions, thus

dominating the charisma of [NiFe]-and [FeFe]- hydrogenases in the active metabolism of DvH.

2.5 Biosynthesis of [NiFe] Hydrogenases

After the translation of the two polypeptides of the [NiFe] hydrogenases, they undergo a variety
of complex post-translational modifications to acquire the three [FeS] clusters, and the insertion
of the active site metals Fe and Ni, as well as the two CN" and one CO ligands of the Fe atom.
The insertion of the Fe and Ni atoms and their ligands need the functions of at least five auxiliary
proteins namely hydrogenase pleiotropy proteins or simply Hyp proteins (HypA, HypB, HypD,
HypE and HypF) and also a C-terminal endopeptidase (targeting the large subunit), a chaperone
and several proteins involved in the twin-arginine motif-dependent transport of the hydrogenase
into the periplasm. These proteins have been well studied for the maturation of hydrogenase-3 of
E. coli (see a detailed review, Bock et al, 2006). The Hyp proteins of Desulfovibrio are discussed
in Chapter 5.

We will take a brief overview on the maturation of the large subunit by the Hyp proteins after its
expression. HypF forms a complex with HypD through HypE, which in turn is in close
association with HypC (the chaperone). HypF hydrolyzes carbamoyl phosphate and transfers a
cyanide ligand to a cysteinyl residue present at the C-terminusof HypE via the formation of a
thio-carboximide, while using energy from an ATP molecule hydrolysis (Paschos et al, 2002).
HypE dehydrogenates the thio-carboximide bond to form a thiocyanate™ possibly, through a

carbamoyladenylate intermediate in an ATP-dependent manner (Blokesch et al, 2004).
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The role of HypD in transfer of cyanide to the active site iron atom is speculative, as thiocyanate
itself is known to be a good donor of iron (Reissmann et al, 2003). The origin of the CO ligand
and the mechanism of its transfer are not yet clear (Forzi and Sawers, 2007). The nickel is
transferred into the active site after the insertion of Fe(CN),(CO) (Maier and Bock, 1996).
HypA, which has zinc binding properties, forms a complex with HypB that is able to hydrolyze
GTP for binding and delivering nickel into the active site (Gasper et al, 2006). A peptidyl-prolyl
cis/trans isomerase SlyD was also shown to aid the kinetics of nickel insertion (Zhang et al,
2005). The nickel insertion is followed by the C-terminal cleavage of the large subunit by the
endopeptidase Hycl (Menon et al, 1991). This originally present C-terminal extension might act
as an endo-chaperone, which maintains the active site in a particular conformation before nickel
insertion, and after nickel insertion its removal seals off the active site (Magalon and Bdck,

2006).

ATP

. HycE
CP Transcarbomylation Y
AMP + PP, i
Fe
N co Ljex
CONH,
l Tm
& | C-terminal
ATP S i
. X rocessin
s-cN Dehydrogenation s P g

ADP +P.

transmission

Fig. 2.6 The maturation pathway of the large subunit of hyd-3 from E. coli. Modified from the PhD thesis
of Melanie Blokesch (2004).

In recent years most of these outlined proteins have been crystallized from various organisms,
such as HypB from Methanocaldococcus jannaschii (Gasper et al, 2006) and HypC, HypD and
HypE from Thermococcus kodakaraensis KOD1 (Watanabe et al, 2007). The details obtained by
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the available crystal structures of maturation proteins and the structural comparison between

these proteins and their functional homologs present in Desulfovibrio are discussed in chapter 5.

2.5.2 Membrane Targeting of Hydrogenases

The maturation of the hydrogenases takes place in the cytoplasm and then the two functionally
active subunits are transported to the periplasm by a tat (twin-arginine) pathway. Such transport
is determined by the presence of a conserved SRRxFLK motif (two arginines) in the N-terminus
of the protein to be transported. A hydrophobic region generally follows this twin arginine motif,
however, the N-terminal sequence present before this motif can be variable in number and
composition. A sequence stretch S, RRDFLK,7 is also present in the N-terminus of the small
subunit of the [NiFe] hydrogenase of DvMF, and similar sequences have been found in this class

of hydrogenases (Voordouw, 1992).

The twin-arginine signal peptide was originally found in periplasmic and membrane-bound
hydrogenases (Voordouw, 1992, Wu and Mandrand, 1993). It was first reported that the twin-
arginine signal peptide of the [NiFe] hydrogenase of D. vulgaris is capable of exporting 8-
lactamase into the periplasm of E. coli (Niviére et al, 1992) and the twin-arginine motif was
found to be essential for the translocation. The periplasmic transport is completed by cleavage of
this N-terminus at a residue, situated post the hydrophobic region. As a result, the purified
hydrogenase of DVMF is shorter by 50 amino acids at the N-terminus as compared to the length

expressed from the genome, indicating a mechanistic tat-transport.

The tat-pathway transport of [NiFe] hydrogenase of E. coli involves multiple proteins including
the proteins that form the pore through which the protein is transported and also some proteins
that stabilize the folded hydrogenase (Berks et al, 2005). It is generally believed that a fine tuned
interplay between the synthesis, folding, co-factor insertion and translocation ensures that only

the catalytically active enzyme is transported to the periplasm (Voordouw, 2000).

A study encompassing the transport of the membrane-bound hydrogenase (MBH) of Ralstonia
eutropha H16 has shown the elemental role of the tat protein motif in the interaction of the small

subunit HoxK with two proteins HoxO and HoxQ, expressed downstream the structural genes
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HoxK and HoxG of the MBH hydrogenase (Shubert et al, 2007). It is shown that these two
proteins act as chaperones and protect the [FeS] clusters from oxidation inside the cell. However,
equivalents of these proteins HoxO and HoxQ have not been found in the Desulfovibrio group of
bacteria. The oxygen tolerance of Ralstonia may play a role in the absolute essentialness of these

two proteins.

hyb operon
4] B D EFG
cytoplasm periplasm
l ) membrane
RR (
small subunit large subunit

| |
@Y@

Complex formation P

R
h Translocation via
f@\ ) the Tat apparatus

Nickel mcormrauon¥‘ ﬁ

-
e |at channel

Membrane targeting

LY % receptor

Fig 2.7 Mechanism of “Hitchhiker” co-translocation of the folded [NiFe] hydrogenase subunits in
functionally active form across the cytoplasmic membrane. RR indicates the twin-arginine signal peptide,
the C’- terminus anchor sequence of the small subunit of hydrogenase 2 is represented by a and the C-
terminal extension sequence of the large subunit by C. Figure taken from Wu et al, 2000.

2.5.3 Requirement for a Heterologous Expression of [NiFe] Hydrogenase

As discussed above, the heterologous expression of [NiFe] hydrogenase requires more than the
presence of structural proteins. Attempts to express hydrogenases by passing the structural genes
from one organism to other are not generally successful (Goenka et al, 2006), or limited to a
narrow range of closely related host cells. A successful expression of a functional hydrogenase
of D. fructosovorans has been reported by introducing its structural genes into the closely related

[NiFe] hydrogenase deletion mutant of D. gigas (Rousset et al, 1998).
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Fig 2.8 a) Map of broad-host-range plasmids pLO6 and pLOS8 constucted by Lenz et al, 2005. The MBH
operon of R. eutropha including the structural subunits and the accessory proteins needed for maturation
are indicated Ty, phage fd terminator; T,,, #rpA terminator; MCS, multiple cloning site. b) Cellular
location of a functional MBH.

As in case of Ralstonia eutropha HI16, the genetic information for the whole molecular-
machinery needed for the expression of all of the three [NiFe] hydrogenase hydrogenases, i.e.,
the membrane bound (MBH), soluble (SH) and regulatory (RH) one, is present on one
megaplasmid. Taking advantage of these tightly clustered genes, Lenz et al, 2005 have
constructed broad-host-range recombinant plasmids, pLO6 and pLO8, which carried the entire
membrane-bound hydrogenase (MBH) operon encompassing 21 genes. The pLO6 plasmid was
carrying a functional hydrogen responsive operon, whereas pLOS8 carried a nonfunctional
hydrogen responsive operon due to a point mutation. The introduction of both of these plamids
into a megaplasmid-free strain of Ralstonia i.e. R. eutropha HF210 restored the lithotrophical

growth of the cell to normal level in hydrogen supplemented minimal media. Similarly, the
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introduction of these constructs led to the detection of methylene blue reducing hydrogenase
activity in the cell extracts of an otherwise hydrogenase free host Pseudomonas stutzeri

(predominately respiratory bacteria).

2.6 Regulation of Hydrogenases

The main role of a hydrogenase is to maintain the bioenergetics of the cells by energy
conservation
* By using hydrogen to generate reducing power (sulfate reduction, carbon fixing) and the
production of electrons and protons for ATP synthesis.
*  While growing in conditions with alternative source of reducing power (growth with
lactate/ pyruvate/ acetate), converting this reducing power to hydrogen, thus producing

hydrogen.

An investigation encompassing 24 species of Desulfovibrio led to invariable positive detection
of the genes for [NiFe] hydrogenases, but the presence of other hydrogenases has not been found
to be that concurrent (Voordouw et al, 1990). Expression studies with D. vulgaris and other
microorganisms have recognized a number of regulatory factors triggered by the environment of
the cell growth including the availability of the metal ions such as iron, nickel and selenium as
well electron acceptors. Comparative growth studies of various knock-out mutants of different
periplasmic hydrogenases of DvH have shown that the level of expression of a particular
hydrogenase is regulated with regard to the availability and concentration of metal ions and

hydrogen in different growth media/conditions (Pereira et al, 2007, Caffrey et al, 2007).

2.6.1 Regulatory Effect of Metals

Whereas the presence of nickel supports the expression of the periplasmic hydrogenases [NiFe]
and [NiFeSe], the presence of selenium is involved in the negative regulation of the [NiFe] and
[FeFe] hydrogenases in DvH (Valente et al, 2006). It has been shown that in the presences of 1
uM nickel and 1 uM selenium, [NiFeSe] is the dominantly expressed hydrogenase.
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2.6.2 Electron Donor and Hydrogen Concentration

In case of DVH, [FeFe] hydrogenase is best expressed in the absence of selenium in a medium
with pyruvate and sulfate as electron donor, and is independent of nickel presence. On the other
hand, the [NiFe] hydrogenase has a foremost expression in presence of nickel in a hydrogen-
sulfate medium (Valente et al, 2006). However, [NiFeSe] remains the dominant hydrogenase in

presence of selenium, and is best expressed in a hydrogen-sulfate medium.

In similar studies, Caffrey et al, 2007 have shown that, when selenium and nickel are present in
the growth medium, the [NiFeSe] hydrogenase has been found to be enhanced under conditions,
where hydrogen is the only electron donor to the cell as compared to growth on lactate medium.
This enhancement in the expression is slightly better in an atmosphere, which contains hydrogen
present at lower concentration (5% vs 50%). The effect of hydrogen concentration is reverse in
case of the [FeFe] hydrogenase, while the pattern of Ech hydrogenase expression is concurrent

with the [NiFeSe] hydrogenase (Caffrey et al, 2007, Pereira et al, 2008).

2.6.3 Catalytic Activity

The level of activity varies strongly for different hydrogenases. The highest specific activity (up
to 50,000 pM min™' mg protein ') has been reported for the [FeFe] hydrogenase of DvH which
also shows the lowest binding affinity (K= 100 uM) for hydrogen uptake, whereas the [NiFe]
hydrogenase and the [NiFeSe] hydrogenases have somewhat lower specific activities (100 to
1000 pM min"' mg protein’l) and higher binding affinities (K, =1 uM). Furthermore, the
susceptibility of different hydrogenases to various inhibitors such as CO, NO and NO; is
different from each other. Here again the differential affinity and activity of wvarious
hydrogenases and their corresponding advantage in a stable or changing ecosystem cannot be

overemphasized (Pereira et al, 2007; Caffrey et al, 2007).
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Catalytic activities of Hases (in U/mg)
DvH DvH DvH Dg Dmb Dmb NJ
[NiFeSe] Hase [NiFe]l [FeFe] [NiFe] [NiFese] | [NiFeSe] DvMF
Hase Hase Hase Hase Hase
H, production 6,908 174 4800 440 2,000 8,600 -
H . 900 89 50,000 1500 - - -
consumption

Table 2.1 A collection of data of hydrogen production and consumption by various hydrogenases, the —
sign means the activities that are not measured (Valente et al, 2005).

2.7 Sulfate Reduction in Desulfovibrio vulgaris

Sulfate reduction is one of the earliest types of energy metabolism used by ancestral organisms
to sustain life. Despite extensive studies, the exact coordination of the respiratory sulfate
reduction with energy conservation is yet to be elucidated. The Desulfovibrio species perform a
dissmilatory sulfate reduction, which is understood as the reduction of sulfur from a higher
oxidation state to lower. Dissimilatory sulfate reduction operates under strictly anaerobic
conditions and represents an important element within the sulfur cycle on earth (Hansen, 1994,

LeGall and Fauque, 1988).

Desulfovibrio can derive energy from the dissimilatory reduction of sulfate by using hydrogen or
organic substrates as electron donors. The electron transport chain catalyzing this reaction
involves periplasmic hydrogenases, several multi-heme cytochromes, such as cytochrome ¢3 and

nonhaeme ¢, and other membrane-bound and cytoplasmic redox enzymes.

The pathway of this dissimilatory sulfate reduction at least involves four key enzymes: ATP
sulfurylase, inorganic pyrophosphatase, adenylylsulfate reductase and sulfite reductase (Hansen,
1994). ATP sulfurylase utilizes two molecules of ATP to activate sulfate (-516 mV) to
adenosine-5’-phosphosulfate (APS). This compound has a much lower negative redox potential

(-60mV) and is better suited as a catabolic substrate for further reduction.

SO+ ATP — APS> + PPi
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PPi — 2Pi

APS is the first electron acceptor of the respiratory chain and is reduced by APS reductase to

sulfite by a two-electron reduction (Lampreia et al, 1990).

APS+ 2¢— SO;* + AMP

Electron
. ) ) transfer
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Fig 2.9 Schematic representation of the respiratory electron transfer chain in Desulfovibrio, with H, or
organic compounds as energy source and sulfate as terminal electron acceptor. (Matias et al, 2002)

The dissimilatory sulfite reductase, also known as desulfoviridin or Dsr, further reduces sulfite to

sulfide in a six-electron reduction reaction (Odom and Peck, 1984).

HSO; + 6¢” + 6H — HS +3H,0
APS reductase and desulfoviridin are two iron sulfur protein complexes, which are present in the
cytoplasm of the cell and accept the electrons from the electron transport chains located in the

cell membrane.
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2.7.1 APS Reductase

APS reductase (5’- adenylyl sulfate reductase) in general is located in the cytoplasm of several
sulfate-reducing and sulfur-oxidizing organisms. It is an iron-sulfur cluster-associated
flavoprotein, which catalyzes both the two-electron reduction of APS to sulfite and oxidation of
sulfite and AMP to APS. The adenylylsulfate reductase from Desulfovibrio vulgaris Miyazaki F
has been previously isolated and biochemically characterized (Yagi and Ogata, 1996).
Catalytically, it mediates the transfer of two electrons from dihydroflavin coenzymes (FADH,,
FMNH, or dihydroflavin) to adenylyl sulfate (APS), and catalyzes flavin-mediated oxidation of
ferrocytochrome ¢3 with APS. The APS reductase is not inhibited by ATP or GTP, but shows
diminished acivity in the presence of AMP and sulfite. The low K,, for APS reduction (< 1uM)
enables it to effectively reduce cytosolic concentrations of APS (usually in micromolar
concentration). Furthermore, the inhibitory effect of sulfite enables DvMF to utilize an
energetically favorable electron acceptor i.e. sulfite preferentially over APS which is produced

from sulfate at the cost of ATP.

Structurally the APS reductase is a conserved protein. A crystal structure from the thermophilic
aracheon Archaeoglobus fulgidus has been produced and a reaction mechanism was proposed
(Fritz et al, 2002). The functionally active enzyme is a heterodimeric complex composed of an
a-subunit with a molecular mass of 70-75 kDa and a B-subunit of 18-23 kDa. A comparative
overview of the respective 3D structures of Archaeoglobus fulgidus and DVMF will be given in

chapter 5.

2.7.2 Dissimilatory Sulfite Reductase

Sulfite reductases occur in diverse bacterial and archaeal lineages. Sulfite reductases are divided
in two major classes depending on their functions, one is the assimilatory ones where these
reductases help to assimilate the sulfur into the cellular components and second one are the
dissmilatory reductases which allow the removal of the sulfur from the cell while combining
with the cellular metabolism. Sulfite reductases are present in both sulfur oxidizing and reducing
organisms. The assimilatory sulfite reductases are denoted as Asr or as aSiR and the

dissimilatory reductase as Dsr or dSiR. Both of these types share a highly conserved domain ‘C-
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X;5-C-n-C-X3-C’ for binding sirohemes (Fig 2.10) and a ferredoxin, i.e., an iron sulfur cluster
containing region that facilitates electron transfer to the substrate. The siroheme is the site of the
catalytic reduction. Structurally, a siroheme is a reduced porphyrin of the isobacteriochlorin
class. It forms covalent bonds with an iron sulfur cluster of the protein. The Dsr are multisubunit
enzymes (167 to 225 kDa) that catalyze the six-electron reduction of sulfite to sulfide. They
contain a siroheme and [FesSs] prosthetic centers and are classified according to their
spectroscopic properties in four major groups (Lee and Peck, 1974) those are desulfoviridin,

desulforubidin, P-582, and desulfofusicidin.

P = CHCH,CO0H
& = CH.COOH
Me = CH,

Fig 2.10 A heme-like prosthetic group found in a class of enzymes that catalyze the six-electron reduction
of sulfite and nitrite to sulfide and ammonia, respectively.

An apB,y2 structure is proposed for the Dsr from Desulfovibrio vulgaris (Hildenborough), D.
vulgaris oxamicus (Monticello), D. gigas, and D. desulfuricans ATCC 27774 (Pierik et al, 1974).
The a and B subunits are coded by a conserved three gene operon DsrABD and the gene encoding
the y subunit is located separately in the genome. Recently a crystal structure of the DsrAB
complexed with DsrC from DvH has been reported (Oliveira et al, 2008). The structure obtained
has elucidated an a,fB,y, assembly in which each monomer of DsrB and DsrA contains two
[FesS4] clusters and one heme ring. The heme rings present in DsrB is a siroheme coupled with
one of the [FesS4] clusters and acting as the catalytically active site. The heme ring present in
DsrA is a de-metalled sirohydrochlorin associated with one of the [Fe4S4] clusters (Oliveira et al,

2008).

-22 -



2. Hydrogenases and Sulfate Reduction

second [Fe4S4]
cluster of DsrA

Coupled
sirohydrocholrin-[Fe,S4]
of DsrA

Coupled
siroheme-[FesSy]
active site in DsrB

second [Fe4S4]
cluster of DsrB

Fig 2.11 Schematic three dimensional model representation of the a,p,y, assembly of the DsrAB sulfitre
reductase bound to DsrC, with the cofactors in ball and stock mode (figure here taken from Oliveira et al,
2008). DsrA is colored in blue, DsrB in magenta and DsrC in green. On the right side, the 3D distances
between the cofactors of a single afy- unit are displayed.

A crystal structure from the desulfoviridin has been also reported from Archaeoglobus fulgidus
(Schiffer et al, 2008), which shows that this protein is organized in a heterotetrameric (af);
complex composed of two catalytically independent aff heterodimers. Since the desulfoviridin of
DvMF is closely related to DvH and has been crystallized in a a,[,Yy, stoichiometery, it is likely

that it is quite similar in its three dimensional structure as well.

2.8 Scope of this Thesis

In recent times, Desulfovibrio sps have become model organisms to study the expression and
functional modulation of the hydrogenases. Their large number of hydrogenases and the
availability of genomic and micro-array data have made these organisms an immense source of
information. In times of shortage and high prices of fossil fuel, the quest of using a
hydrogenase-based fuel cell in hydrogen fueled automotives and machineries has started a
talented hunt for various hydrogenase candidates. Furthermore, the likelihood of using these

organisms in bio-remediation efforts has raised their economic value. However, these organisms
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are difficult to manipulate genetically because of their strict anaerobicity, uneven plating

efficiencies, insufficiently characterized genetics, and inherently high antibiotic resistance.

On the other hand, E. coli and microaerobic organisms as Ralstonia eutopha, are easier to grow
and manipulate and are genetically accessible. Thus, most of the maturation studies on
hydrogenase have been carried in these two organisms. Nevertheless, efforts are continued to
understand the genetics of Desulfovibrio, with the aim to manipulate it in a more useable

manncr.

Desulfovibrio vulgaris Miyazaki F is an organism, which has been extensively studied for the
attempts to express large amounts of [NiFe] hydrogenase, for which detailed structural and
spectroscopical data are available. Our effort is directed to proceed in the direction of
understanding its genetics so that an adaptable hydrogenase expression system can be developed
in the future for its heterologous expression. As to understand the stereochemistry and activity,
expression and maturation network, this enzyme is planned to be expressed in large amounts in
its native and mutant composition. However, its heterologous expression requires many details to

be considered.

e The cellular expression and activity of this hydrogenase is oxygen sensitive.

e There is an array of maturation genes involved to bring the enzyme in a physiologically
active state.

e The maturation genes are organism-specific and heterologous complementation has so

far not been a convincing method of good expression.

Unlike Ralstonia the hydrogenase machinery is not clustered in any of the known genomes of
Desulfovibrio species, but is scattered throughout the genome. No hydrogenase-related gene was
detected in downstream sequencing of the 4yn operon of DvMF (Goenka et al, 2005). Starting
with this work, there was a need to search the equivalent genes needed for the proteins involved
in the maturation of [NiFe] hydrogenase and also in the successful heterologous expression as in

the case of Ralstonia eutropha H16 (Lenz et al, 2005).
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The two structural genes for the [NiFe] hydrogenases of DvMF were first sequenced quite a
while ago (Deckers et al, 1990), and were found to be quite similar to those from other sulfate
reducing bacteria. In their work, restriction-digests of chromosomal DNA of DvMF were
hybridized with [o->*P] labeled probes derived from DvH. The positive signals were cloned and
sequenced. Similar hybridization experiments for the iron hydrogenase pointed to an absence of
an iron-only enzyme in DvMF (Voordouw et al, 1990). However, not only the complex
maturation pathways, but also the fact that genomic sequences of any major sulfate reducing
bacteria were not available, has strongly impaired the advancement of such studies. Even after
crystallization and extensive spectroscopic studies, for a long time the molecular genetics of
DvMF hydrogenase had stayed untouched, until two accessory maturation genes C- terminal
peptidase, hynC and the chaperone hynD, present downstream directly following the structural

genes, were further sequenced (Agrawal et al, 2006).

The comparisons of the available hydrogenase- and sulfate metabolism-related genes from
several organisms have always revealed a high level of conservation among various
Desulfovibrio sps. In 2004 the genome sequences from DvH and Desulfovibrio desulfuricans
subsp G20 had been published. It provided us with a reliable framework to identify and then

clone such genes out of the DVMF genome in absence of completed genomic data.

In this work, the genome of DvMF has been explored for specific genes by means of
constructing a cosmid genomic library. This library has been screened for the presence of other
hydrogenases genes as well as their possible cis/frans acting maturation genes. We are reporting
and characterizing the sequences and expression of two hydrogenases for the first time, those are,
a heterodimeric selenocysteine-containing [NiFeSe] hydrogenase denominated as HysAB and a
six-subunit complex, Energy Converting Hydrogenase denominated as Ech. Also, the hyp
maturation genes involved in the maturation of the standard [NiFe] hydrogenase (hydrogenase
pleiotropy; hypA, hypB, hypD, hypE and hypF) have been sequenced and expressed in E. coli
from their natural operons. A heterologous expression of the AynABCD operon in the [NiFe]
hydrogenase deletion mutant (Goenka et al, 2005) has been also attempted. Lastly, the genomic

characterization of the two sulfate reductase proteins, i.e., adenylyl sulfate reductase and
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desulfovirdin has been performed together with their purification (partial collaboration with Dr.

Aruna Goenka Agrawal) and crystallization (in collaboration with Dr. Hideaki Ogata).
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Chapter 3
Materials and Methods

3.1 Bacterial strains, plasmids and vectors

Desulfovibrio vulgaris subsp. vulgaris

Miyazaki F IAM 12604.

Hildenborough NCIMB 8303; isolated from clay soil near Hildenborough, United
Kingdom, source of the [NiFe] hydrogenase gene used here; Cm®, Suc®
(Postgate, 1984).

Hyn 100 A [NiFe] hydrogenase gene deletion derivative of Hildenborough. The
hydrogenase gene was interrupted by inserting a chloroamphenicol gene

cassette from pUC19Cm; Km®, Cm®, Suc® (Goenka et al, 2005).

D. desulfuricans subsp. desulfuricans ATCC 7757

Escherichia coli

E. coli S17-1 thi pro hsdR hsdM"™ recA RP4-2 (Tc::Mu Km::Tn7) (Simon et al,
1983)

E. coli DH5a supE44 dlacU169 (p80 lacZdM15) hsdR17 recAl endAl gyrA96
thi-1 relA1 (Hanahan, 1985).

E. coli EPI100-T1? F- mcrdA  D(mrr-hsdRMS-mcrBC)  f80dlacZDM15 DlacX74
recAlendAl araD139 D(ara, leu)7697 galU galK I- rpsL nupG

E. coli XL1-Blue endAl gyrd96(nal) thi-1 recAl reldl lac ginV44 F'[ ::Tnl0
proAB" lacl’ A(lacZ)M15] hsdR17(rx mg")

E .coli (BL21DE3RIL) F ompT hsdS (rsmg’) dem” Tet' gal endA Hte [argU, ileY, leul,

Cam'].
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3.2 Plasmids

pJRD215hynBACD

pUC19nptIl

pMOShynBACD

pMOShynBACDstrep

pMOShynBACDstrepNptII

pRSFhynBACDstrep

pRSFhypAB

pRSFhypDE

The hynBACD operon cloned into the Smal cut pJRD215 (Davison
et al, 1987) . Kanamycin and streptomycin resistance.

The Sacll fragment of pBSL180 (Alexeyev and Shokolenko,
1995) containing the nptll (neomycin phosphotransferase) gene
cloned into the Smal cut pUCI19. Ampicillin and kanamycin
resistance.

The HindlIII flanked AynBACD operon cloned into the EcoRV site
of pMOS vector

A strep tag followed by an Xhol site is inserted by PCR at the C-
terminal of AynB of pMOShynBACD. Ampicillin resistance.

The Xbal cut fragment of the pucl9nptll is cloned into the Xbal-
Spel cut pMOShynBACDstrep vector. Ampicillin and kanamycin
resistance.

The reading frames of strep-tagged hynBACD operon cloned into
the LIC (ligation independent cloning) compatible site of the T4
polymerase treated pRSF-2 Ek/LIC. hynB is also in frame with a
N-terminal hexa-histidine tag and the AynD is in frame with a C-
terminal S-tag. Kanamycin resistance.

The reading frames of maturation genes 4ypAB operon cloned into
the the LIC compatible site of the T4 polymerase treated pRSF-2
Ek/LIC. hypA is also in frame with an N-terminal hexa-histidine
tag and the AypB is in frame with a C-terminal S-tag. Kanamycin
resistance.

The reading frames of maturation genes hypDE operon of DvMF
cloned into the LIC compatible site of the T4 polymerase treated
pRSF-2 Ek/LIC. hypD is in frame with a N-terminal hexa-histidine
tag and the AypFE is in frame with a C-terminal S-tag. Kanamycin

resistance.
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pRSFhysBA The reading frames of the structural genes of [NiFeSe]
hydrogenase hysBA operon of DVMF cloned into LIC compatible
site of the T4 polymerase treated pRSF-2 Ek/LIC. hysB is in frame
with a N-terminal hexahistidine tag and the AysA is in frame with a
C-terminal S-tag. Kanamycin resistance.

pRSFhysA The reading frame of the large subunit of the [NiFeSe]
hydrogenase of DVMF cloned into LIC compatible site of the T4
polymerase treated pRSF-2 Ek/LIC. hysA is in frame with both of
a N-terminal hexa-histidine tag and a C-terminal S-tag. Kanamycin
resistance.

pRSFhysApreseleno hysA reading frame before th selenocysteine coding TGC, was
cloned into pRSF-2 Ek/LIC in frame with both a N-terminal hexa-

histidine tag and a C-terminal S-tag.

3.3 Chemicals and Enzymes

3.3.1 Chemicals

All chemicals and reagents used throughout this work were of analytical grade or of maximal
purity available and were obtained from Merck (Darmstadt), Sigma (Deisenhofen), Serva
(Heidelberg), DIFCO (Detroit, USA), Gibco/BRL (Eggenstein), Biomol (Hamburg), Pharmacia
(Freiburg), Roth (Karlsruhe, Germany), ICN Biomedicals (Aurora, USA) and BioRad
(Miinchen). Chelex resin (used for metal exchange/removal from buffer and media for minimal

medium preparation for labelling experiments) was from Biorad.

3.3.2 DNA modifying Enzymes

Restriction- and other DNA-modifying enzymes were from Fermentas (St. Leon-Rot), Stratagene
(Heidelberg), GE Healthcare (Miinchen), Novagen from Merck Biosciences (Darmstadt) and
NEB (New England Biolabs) (Schwalbach/Taunus). Oligonucleotides were custom-synthesized
by Metabion (Martinsried).
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3.3.3 Antibodies
Anti [NiFe] hydrogenase of DvMF

Anti [NiFeSe| hydrogenase of DvH

Anti Ech hydrogenase of M. barkeri

Anti- Histidine

Anti- Strep tag

Anti- S-Tag

AP conjugated anti- DIG

AP conjugated anti-mouse immunoglobulins

AP conjugated anti-rabbit immunoglobulins

3.3.4 Kits

Bradford assay kit

Dneasy® Tissue kit

GFX PCR DNA and Gel Band Purification Kit
Ilustra PlasmidPrep Mini Spin

pMOS Blue Blunt Ended Cloning Kit

pRSF-2 EK/LIC Cloning Kit

pWEB-TNC™ Cosmid Cloning Kit

QIAfilter Plasmid Maxi Kit

QIAprep 96 Turbo Miniprep Kit
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Polyclonal rabbit serum, custom synthesis
by Eurogentec (Belgium).

Polyclonal rabbit serum, custom synthesis
by Eurogentec (Belgium). Protein was
donated by Dr. Inés Pereira (ITQB,
Portugal)

Polyclonal rabbit serums specific to the was
provided by Prof. R. Heddrich (Max Planck
Terrestrial

Institute  for

Marburg)

Microbiology,

Invitrogen

Novagen, Merck Biosciences
Novagen, Merck Biosciences
Roche Applied Sciences
DAKO (Hamburg)

DAKO (Hamburg)

Biorad

QIAGEN

GE Healthcare
GE Healthcare
GE Healthcare
Novagen, Merck
Epicentre, Biozym
QIAGEN
QIAGEN
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3.4 Media and Solutions

The broths were prepared by mixing the contents to maximum homogeneity and sterilized by
steam autoclaving in loose cap bottles or flasks at 121°C and 15 psi of steam pressure for 15
minutes. Millipore distilled threefold deionised water was used for preparing media and buffers.
For the minimal medium preparation for Desulfovibrio cultures, chelex-cleaned-water was
prepared by using a chelex resin column. Chelex resin binds metal ions selectively and thus

cleans the solution of any metal contamination.

The autoclaved solid broths were poured in capped flat plastic plates (also called Petri dishes) to
solidify and dry. The sterile growth media were allowed to cool to ambient temperatures before
inoculating, streaking or plating. Filtration, if necessary, was done through 0.22 pm filter, to

sterilise heat labile components.

3.4.1 E. coli Growth Medium

LB: 10 g/l NaCl, 5 g/l yeast extract 10 g/ tryptone

LB-agar: 10 g/l NaCl, 5 g/l yeast extract 10 g/ tryptone, 15 g/l agar

TB: 16 g/l Tryptone, 10 g/l yeast extract, 5 g/l NaCl and 100 ml of sterile 200
mM potassium phosphate buffer added after autoclaving the broth.

2xYT 16 g/l Tryptone, 10 g/l yeast extract, 5 g/l NaCl

SOC: 20 g/l Tryptone, 5 g/l yeast extract, 1% (v/v) 1 M NaCl, 0.25% (v/v) 1 M

KCl, 1% (v/v) filter sterilized 2 M Mg”" stock (1 M MgCly; 1 M MgSOy),
1% (v/v) filter sterilized 2 M glucose stock. The filter-sterilized
components of the SOC are added separately to the autoclaved broth

prepared by mixing rest of the components.

3.4.2 Desulfovibrio Growth Medium

PB 0.5 g/l KH,PO4, 1 g/l NH4Cl, 1 g/l CaSOs, 2 g/l MgS04.7 H,0, 3.5 g/l
sodium lactate (70%), 1 g/l yeast extract, 0.1 g/l ascorbic acid, 0.1 g/l
thioglycolate, 0.5 g/l FeSO,4.7 H,0 (adjusted to pH 7.0-7.4)
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PC

PE

PE/KNO;

FM

Purpose: preparation of stock cultures.
0.5 g/ KH,POy4, 1 g/l NH4CI, 4.5 g/l Na;SOy, 0.06 g/l CaCl,.6 H,0O, 0.06
g/ MgS04.7 H,0, 6 g/l sodium lactate (70%), 1 g/l yeast extract, 0.004 g/l
FeS0O,4.7 H;0, 0.3 g/l sodium citrate (adjusted to pH 7.5)

Purpose: routine DvMF culture growth broth.
0.5 g/l KHyPO4, 1 g/l NH4Cl, 1 g/l Na,SO4, 1 g/l CaCl,.6 Hy0, 2 g/l
MgCl,.7 H,O, 3.5 g/l sodium lactate (70%), 1 g/l yeast extract, 0.5 g/l
FeS0O,4.7 H,0, 15 g/l agar (adjusted to pH 7.6)

Purpose: routine culture growth plates.
500 ml PE, 1.5 g KNOs, 7.5 g agar

Purpose: plates for conjugation.
4 g/l Na,SOy4, 0.6 g/l MgS0,4.7 H,0, 0.4 g/l KH,POy4, 3 g/l Tryptone, 0.8
g/l yeast extract, 10 ml sodium lactate (50%), 0.01 g/l FeSO4.7 H,O, 5 ml
10% antifoam to 8 L media

Purpose: Fermentation medium for protein extraction.

3.4.3 Antibiotic Stock Solutions

All water-soluble antibiotics were filter sterilized.

Ampicillin 25 mg/ml in H,O

Chloramphenicol 20 mg/ml in ethanol

Kanamycin 10 mg/ml in H,O

Streptomycin 10 mg/ml in H,O

3.4.4 Southern Blot

Depurination solution 0.25 M HCI

Denaturation solution 0.5 M NaOH, 1.5 M NaCl
Neutralization solution 0.5 M Tris-HCI, 1.5 M NaCl ; pH 7.5

20xSSC

0.3 M sodium citrate, 3 M NaCl ; pH 7.0

(autoclaved)
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Hybridization buffer

Low stringency wash buffer

5x SSC, 0.1% N-lauroylsarcosine, 0.02% SDS, 1%
blocking powder (Roche), 50% de-ionized
formamide

2x SSC, 0.1% SDS

High stringency wash buffer 0.5x SSC, 0.1% SDS

1x Maleic Acid buffer

100 mM maleic acid, 150 mM NaCl; pH 7.5

3.4.5 SDS-PAGE and Western Blot

2x Laemmli Buffer

Coomassie Stock

Coomassie staining
Transfer Buffer
TBS

TBST

Blocking Buffer
NBT-BCIP

Detection buffer

3.4.6 Native PAGE

TS buffer

Phosphate buffer

Triton detergent

Loading buffer (5X)

100 mM Tris-HCI (pH 6.8), 200 mM DTT, 4 % (w/v) SDS, 0.2 %
(w/v) Bromophenol Blue, 20 % (v/v) glycerol

1 tablet of Phastgel blue R in 200 ml 60 % (v/v) methanol (gives a
0.2% Coomassie blue R solution)

1 volume Coomassie stock, 1 volume 20 % acetic acid

25 mM Tris base, 150 mM glycine; pH 7.5, 20 % methanol

10 mM Tris-HCI, 150 mM NaCl; pH 7.5

20 mM Tris-HCIL, 500 mM NaCl; pH 7.5, 0.05 % (v/v) Tween-20

3 % (w/v) BSA in TBS buffer

One Sigma-FAST BCIP-NBT tablet in 10ml H,O or 200 pl of
NBT-BCIP solution (Roche) in 10 ml detection buffer.

100 mM Tris buffer, pH 9.5; supplemented with 50 mM MgSOQOy in

case of protein detection

150 mM NaCl, 10 mM Tris-HCI; pH 7.5, 10 % glycerol, 1%
Tween 100

50 mM Phosphate buffer (pH 7.0)

2% Triton X-117

60 mM Tris-HCI (pH 6.8), 25% glycerol, 0.1% Bromophenol blue
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3.4.7 Hydrogenase activity assay

PMS
NBT
BV
MV
DTT
TTC

0.09 mM Phenazine methosulfate

0.06 mM Nitroblue Tetrazolium

0.5 mM Benzyl viologen

1 mM Methyl viologen

60 mM Sodium dithionite/ Sodium hydrosulfite
1 mM Triphenyl tetrazolium chloride

3.4.8 Electrochemical analysis buffers

For H; uptake

For H; production

3.4.9 Other Solutions

P1

P2

P3

Phenol Chloroform
EP

6x Loading Buffer

TE
TAE
Agarose Gel Staining

100 mM Tris-HCI (pH 8.5), 0.1 mM MV
100 mM sodium acetate (pH 5.6), 0.1 mM MV

50 mM Tris-HCI pH 8.0, 10 mM EDTA, 100 pg/ml RnaseA

0.2 M NaOH, 1%SDS

60% (V/V) 5 M potassium acetate, 11.5% acetic acid

50 volumes of phenol, 50 volumes of chloroform

0.5 mM HEPES (pH 7.6), 10 % glycerol

0.25 % (w/v) bromophenol blue, 0.25 % (w/v) xylene cyanol FF,
30% (v/v) glycerol

10 mM Tris-HCI (pH 8.0), 1 mM EDTA

50 mM Tris acetate, | mM EDTA (pH 8.0)

0.01% Ethidium bromide in 1x TAE
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3.5 Cell Growth

3.5.1 E. coli

Depending on purpose, the bacteria were grown on suitable liquid broths or solid agar plates with
appropriate antibiotic concentrations, wherever was applicable as follows: penicillin 100 pg/ml,
chloramphenicol 33 pg/ml, kanamycin 50 pg/ml, streptomycin 50 pg/ml, tetracycline 20 pg/ml.
The growth temperature was in general maintained at 37°C, and cultures growing in liquid

medium were kept shaking at 180 rpm.

The temporary storage E. coli cells grown in colonies on solid agar plates were kept at -4°C up to
4 weeks. For long time storage, an overnight grown culture of E. coli was mixed with 1/15 parts

of sterile glycerol or 1/7 parts of DMSO and stored at -80°C.

3.5.2 Desulfovibrio sps.

Fermentation The Desulfovibrio cells were at first grown by three steps, starting from the stock
cultures, grown into 10 ml and 50 ml glass vials and then the cells were transferred into 500 ml
screw-capped glass bottles; the centre of the lids was replaced by a septum. All inoculations were
done in anaerobic glove boxes. For 10 L growth cultures (using a 10 L glass fermenter), three
500 ml cultures were grown for two days, i.e., the growth was extended almost to the end of the
log phase. Such cultures were then used to inoculate a 10 Litres fermentor, containing 8 Litres of

PC or FM growth medium. Under these conditions, the cells were grown for three days.

For temporary stocks, the cells were grown in PB medium in air-tight soft cork capped 5 ml glass
vials. These cultures were stable up to 2 months at 4° C. For long time storage at -80°C, fully
grown cells were centrifuged and re-suspended into sterile degassed glycerol (1/100 parts of

original growth).

Anaerobic conditions were maintained by constantly bubbling nitrogen into the fermentor; 1 M
H,SO4 was used to maintain the pH during growth at around 7.0-7.4. During the three days

growth, 400 ml of sterilized sodium lactate (25% w/v in chelexed water) were added into
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growing cultures on the second and the third day morning. The cells were harvested by
centrifugation at 6000 rpm, 4°C, and 30 minutes. Usually, a wet cell-yield of 15-20 g per 10 L
fermentor was obtained. Cells were kept frozen at —80°C, until lysed for protein purification. 60-

80 g wet cell mass were used for one protein purification.

Fig 3.1 Home built 10-litre glass fermentor. The growing culture is kept anaerobic by bubbling nitrogen
constantly and the temperature is maintained at 37°C using a water bath. 1M H,SO;, is fed via a manually
controlled pump to maintain the pH in a range of 7.0 to 7.4.

Growth on plates The isolated colonies were grown on Postgate E medium and occasionally

supplemented with potassium nitrate when mixed with E. coli under anaerobic conditions.

3.5.3. Conjugation

The Desulfovibrio sps cells were conjugated with E. coli S17-1 cells on PE plates supplied with
nitrate under anaerobic conditions. Plasmid bearing RSF1010 replicon are capable of replication
in both E. coli and Desulfovibrio sps. The plasmid pJRD215 possesses RSF1010 replicon along
with two antibiotic resistance markers, kanamycin and streptomycin. To transfer the genes
cloned in pJRD215 (chapter 5) from E. coli to Desulfovibrio, a filter-mating method was used for
conjugation. Briefly, 1 ml of an O/N culture of D. vulgaris in medium C was mixed with 0.2 ml
of an O/N culture of the E. coli donor cells in a 1.5 ml microfuge tube under anaerobic

conditions (work performed inside the anaerobic hood). The cell mixture was spun down,
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resuspended in ~20 pl medium C, spread onto a membrane filter (Millipore, 0.22 um, & =25
mm) placed on a Medium E-nitrate mating plate which has been pre-dried to facilitate absorption
of the liquid medium. The plates were incubated anaerobically at 37°C for 1 day. The mating
filter was then transferred into a microfuge tube and the cells were resuspended in 1 ml of
medium C. Aliquots of the cell suspension were plated onto medium E plates containing Km and
Sm. The plates were incubated at 37°C for four to seven days to select for the Km" Sm"
transconjugants of D. vulgaris. Colonies started appearing after four days, the clones were

further analyzed by colony PCR and western blotting for transfer of genes and their expression.

3.6 Molecular Biological Techniques
3.6.1 Chromosomal DNA isolation

Small cell pellets of Desulfovibrio sps from, e.g., 2 ml overnight cultures were processed using
QIAGEN Dneasy® Tissue kit according to the instructions given by the provider. Relatively
larger cell pellets, e.g., up to 0.5 g were processed using QIAGEN Genomic-tip 500/G and
QIAGEN genomic buffer set. In this case, the additionally needed solutions lysozyme (100
mg/ml) and Proteinase K (20 mg/ml) were prepared separately from the kit. Usually a yield of 2
pg/ul of genomic DNA was obtained, which was pure enough to be directly used for cosmid

cloning.

3.6.2 Plasmid DNA isolation

For a small-scale analytical preparation, 2 ml of an overnight E. coli cell culture were
centrifuged and resuspended in 100 pl buffer P1. The homogeneous cell suspension was lysed
with 200 pl of buffer P2 for 1-4 minutes, followed by the addition of 150 ul of buffer P3. For a
midi preparation of a high copy plasmid DNA, 200 ml of overnight LB grown culture were
processed using 4 ml of each of buffer P1, P2 and P3 buffer in the same order. Occasionally, the
volumes of these solutions were adjusted according to the amount of cells and scale of
preparation of plasmid DNA. This preparation was centrifuged at 13000 rpm for 10 minutes.
Sporadically, the quality of supernatant was improved by addition of one equal volume of a

phenol: chloroform: iso-amyl alcohol mixture to the extraction for small scale preparations.
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The DNA in the clear supernatant obtained after addition of buffer P3 was either centrifuged
directly in for 30 minutes at 13000 rpm after addition of 0.7 volumes of isopropanol, or it was
further purified by using the commercial silica columns for DNA binding (e.g. DNA binding
columns at QIAGEN). Cosmids are relatively large plasmids and needed a concentration of 2
ug/ul for the purpose of sequencing. For isolation of such larger amounts of DNA, the cells were
grown overnight in 2 liters of LB medium and the supernatant obtained after addition of P3
buffer was filtered using QIAGEN maxi cartridge and processed using QIAGEN-tip 2500.
Adding 0.7 volumes of isopropanol into 30 ml glass vials, and centrifuging at 14,000 rpm in a
JLA 16.225 rotor in Beckman coulter centrifuge for 1 hour precipitated the DNA in the elutions.
The pellets obtained after isopropanol precipitations were washed with 70% ethanol and air-

dried.

3.6.3 Agarose Gel electrophoresis

0.3-1.2 % agarose gels were prepared in 1x TAE buffer and run at 3-7 V/cm depending on the
sizes of the DNA molecules to be separated. A 1 kb DNA ladder from New England Biolabs
(NEB) and the lambda marker II from Hoffmann-LaRoche were used as standards to mark the
size separation. Finished Gels were stained in 0.01% Ethidium Bromide solution in 1x TAE for
10 minutes and observed on a UV transilluminator. The pictures of the fluorescent DNA were

taken using a Mitsubishi gel documentation machine.

3.6.4 Determination of DNA concentrations

The 1 kb ladder size marker from NEB has defined concentrations for each band of different

size, allowing a DNA concentration to be estimated by comparison.

The most accurate method is the measurement of the absorbance at 260 nm, using for a pure

DNA sample (Az60/Az80 =1.8-2.0) a value of Aygp =1 for 50 pg/ml.

Another method for evaluating the amount of DNA is based on the spotting of various dilutions

of known concentration of a standard solution along with the unknown sample on an ethidium
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bromide agar plate followed by incubation in the dark for one hour. When viewed in UV

illumination, the respective intensities of bands can be used for concentration determination.

3.6.5 Polymerase chain reaction
3.6.5.1 Gene amplification from genomic DNA and Plasmid clones

Analytical PCR in volumes of 10-50 ul were performed using native Taq polymerase
(Invitrogen), while longer and more precision PCR were tried using Pfx polymerase (Invitrogen),
Pfu turbo (Stratagene), Hot taq (Metabion) and KOD Hifi ( Novagen) in given buffers and other
reagents according to the enzyme properties. The annealing temperatures were roughly
calculated by the formula; T annealing = 2(A+T) + 4(G+C) - 6 and sometimes determined by

parallel reactions using a temperature gradient in the PCR machine.

3.6.5.2 Generation of DIG probes

The probes for the detection of the maturation genes or hydrogenase DNA sequences in a
complex mixture of restriction-digested chromosomal DNA or in multiple samples in the cosmid
library were generated by incorporation of DIG-dUTP (Roche Diagnostics, Fig. 3.2) in PCR
amplification using native Taq-polymerase from Invitrogen. The ratio of ANTP was kept at 2
mM dATP, 2 mM dGTP, 2 mM dCTP, 1.3 mM dTTP, 0.7 mM dUTP to ensure optimal labeling
of the amplified product.

Fig 3.2 Chemical structure of Digoxigenin

3.6.5.3 Degenerate amplification of unknown sequences

Conserved stretches of 15- 30 nucleotides in DNA and of at least 5 amino acids in protein

sequences were looked for in genes and proteins similar to the target DNA and its translated
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protein. A primer pair of a forward and a reverse primer bearing optimal degeneracy and
annealing were designed to these conserved residues. Parameters of the PCR amplification were
optimized to get an amplification product in correct range that in the following was verified by

sequencing.

3.6.6.3 Whole plasmid amplification for strep tag insertion

While needing to insert a large number of nucleotides coding for the strep tag, the
pMOShynBACD was amplified by using back to back primers to the target site and one of which
contained the strep tag coding nucleotides in frame to the C-terminus of the hynA (with

appropriate overhangs). The PCR-amplified plasmid was self-ligated and transformed.

3.6.7 Restriction Digestion and end modification

The digestions of plasmids and PCR products were usually carried out at a concentration of 10-
20 ng/ul with the recommended amount of the restriction enzyme for sufficient time, after which
they were inactivated by raising the temperature to 65-75°C. Depending on the required
applications, the cut plasmid or the amplified DNA products were dephosphorylated using
Shrimp alkaline phosphatase, phosphorylated using polynucleotide kinase or were made blunt-
ended using T7 polymerase. After the required modification, the DNA solution was desalted

before ligation.

3.6.8 Desalting of DNA solutions

Desalting of DNA reaction mixtures for subsequent enzymatic reactions and removal of primers
from PCR reactions was accomplished by the GFX PCR DNA and Gel Band Purification Kit

(GE Healthcare) using the manufacturer’s protocol.

3.6.9 Ligation

A vector cut with different enzymes was ligated with a 2-3 fold molar excess of insert DNA,

incubated in most cases at 22°C overnight with T4 ligase enzyme in the appropriate buffer.
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3.6.10 Chemically Competent cells

Cells of E. coli XL, BL-21 and DH5alpha strains have been used. Chemically competent cells
were prepared by CaCl,-treatment of the cells. 1 ml of an overnight culture was used to inoculate
100 ml of LB broth. The cells were grown at 37°C till an Agy of 0.4-0.6 was reached. The cells
were cooled on ice and centrifuged. Thereafter, 2-3 washes were given with 100 mM CaCl, by
centrifuging at 4000 rpm and re-suspending. The cells were incubated on ice in the same 100
mM CaCl; solution for about 1 hour. After the incubation, the cells were centrifuged at 2000 rpm
and finally re-suspended in 1/100 volume of 15% glycerol in 0.1 mM CaCl,. The final volume
was distributed into pre-cooled 1.5 ml tubes in 100 pl aliquots and immediately frozen at -80°C.
All these steps were carried out on ice and using cold tips. Special care was taken for gentle re-

suspension of cells, as the CaCl, treatment makes them very brittle.

3.6.11 Electro-competent cells

1 ml of an overnight culture was used to inoculate 1000 ml of LB broth. The cells were grown at
37°C till an Agoo of 0.8-1.0 was reached. The cells were cooled on ice and centrifuged at 8000
rpm. At first, cells were washed with HEPES buffer and thereafter 3-4 washes were given with a
sterile solution of 10% glycerol in distilled water by centrifuging at 5000 rpm and re-suspending.
After a final wash, the cells were suspended in a 1/100 volume of the original growth volume of

sterile 15% sterile glycerol solution.

3.6.12 Transformation

A 100 pl aliquot of chemically competent cells in the frozen vial was thawed on ice, and 10-100
ng of the DNA was added, followed by incubation on ice for at least 20 minutes. The vial was
given a heat shock in a water bath maintained at a constant temperature of 42°C for 35-45
seconds and immediately transferred to ice. After waiting 2 minutes, 200 pl of SOC was added
to this vial and the cells were grown at 37°C shaking at 180 rpm for at least 45 minutes before
plating on LB-agar plates containing an appropriate antibiotic. For electro-transformation of the
electro-competent cells, 1% or a lower volume of DNA in buffer of low ionic strength to the
thawed cells was added and incubated on ice for at least 5 minutes before transferring into

electroporation cuvettes. The Gene Pulser parameters for the transformation were set at 25 uF,
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200 Q and 2.50 kV when using 0.2 cm cuvettes (1.50 to 1.80 kV when using 0.1 cm cuvettes).
Both of the pulse buttons were pressed together until it beeps. After the beep, the cuvette was
removed and 1 ml of SOC broth was added immediately. The cells were plated after growing at

37°C in similar way as of the heat-shock transformed chemical competent cells.

3.6.13 Southern Hybridization

This technique is designed to detect a specific sequence of DNA in a complex mixture. In this
study, it was used during the detection of homologous genes in restriction digests of

chromosomal DNA as well as to screen for those genes in cosmid DNA genomic library.

3.6.13.1 Blotting

Chromosomal or plasmid DNA was restriction-digested with appropriate enzymes and separated
by electrophoresis on 0.8% agarose gels. Gels were stained with ethidium bromide and observed

briefly under the UV transilluminator. Later the gel was de-stained in distilled water for 1 hour.

The agarose gel was first de-purinated by shaking in 25 mM HCI for 10 minutes, usually
indicated by a change of the color of xylene blue (loading dye) to yellow. This delicate gel was
then washed with water (two to three times) before denaturating in 0.5 M NaOH/ 1.5 M NaCl for
20 minutes. In case 20x SSC was to be used as transfer buffer, the gel was neutralized with 1 M

Tris/ 1.5 M NaCl (pH 8.0) after giving few washes with water.

The DNA from the treated gel was transferred to an equal-sized positively charged nylon
membrane by capillary action. The pre-washed membrane (in transfer buffer 20X SSC or NaOH
for 2 minutes) was sandwiched between the gel and few equal-sized Whatman paper filters,
followed by a tall stack of ordinary paper towels. The gel was placed on top of a long Whatman
paper filter dipped in transfer buffer. A heavy load was placed on the top to support the

diffusion. This arrangement was left usually 6 hours to overnight.
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3.6.13.2 DNA- DNA Hybridization and Detection

The blotted membrane was washed once in 2X SSC and UV irradiated for 3 minutes after
drying. After fixation of DNA, the membrane was washed in pre-hybridization buffer for 2 hours
at 42°C. The hybridization probe was prepared by boiling 10-20 pl of DIG labeled PCR product
in 200 pl endonuclease-free water for 10 minutes. This probe was added to 10 ml of pre-

hybridisation buffer and the incubation proceeded overnight.

Next day, the hybridized membrane was washed in 200 ml low stringency buffer for 5 minutes at
room temperature. During this, the high stringency buffer was preheated to 60°C and two washes

of 15 minutes each were performed at the same temperature.

m\(b(& O

Fig 3.3 Schematic presentation of color development at the site of the homologous DNA-DNA
hybridization by immune-detection of DIG bound to the UTP present in the probe DNA by an Anti-
Digoxygenin alkaline phosphatase conjugated antibody.

The membrane was cooled and washed with 1x maleic acid buffer and blocked at room
temperature for 30 minutes with 3% BSA in 1x maleic acid buffer. A 1/10000 dilution of DIG
monoclonal alkaline phosphatase-conjugated antibody was added at room temperature and was
incubated for 1 hour. After the final three washes with 1x maleic acid buffer supplemented with
0.001% Tween-20, the blot was color-developed in the dark using a NBT-BCIP solution for 1-5

hours.
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3.7 Cosmid Library Generation

3.7.1 Cloning

The isolated genomic DNA of DvMF cells was repeatedly pipetted up and down in a 200 pl
pipette tip or was expelled from a syringe through a small bore needle to generate a random
distribution of DNA molecules. This sheering procedure will also generate a small portion of
DNA which will be of the optimal size (30-45 kb) for ligation into the pWEB-TNC vector. The
sheared DNA samples were then separated in a low-melting agarose gel running overnight at low
voltages (30 volts). The gel area containg the fragments located in the desired range was cut and
the DNA was purified from agarose by agarase digestion (given in the pWEB-TNC™ Cosmid

Cloning Kit) and subsequently concentrated to yield a concentration of at least 1pg/ul.

2 pg/ul of this DNA was treated with a mixture of T4 polynucleotide kinase and T4 polymerase
(PK reaction mix, GE Healthcare) in a 10 pl reaction. 1 ul of the blunt-cut and dephosphorylated
pWEB-TNC vector (0.5 pg/ul) was added to end-treated chromosomal DNA molecules. The
added enzymes were inactivated at 75°C for 20 minutes. 1 pl of T4 ligase (GE Healthcare) was
added to this mixture and the solution was incubated overnight at 22°C. At the same day, 50 ml
of LB broth supplemented with 10 mM MgSO,4 was inoculated with a single colony of EP1100-
T1® cells and shaken overnight at 37°C.

Next day, 5 ml of the overnight culture were used to inoculate 50 ml of LB broth supplemented
with 1 mM MgSO4 and 0.3% maltose, and shaken at 37°C until an Agy = 0.8-1.0 was reached.
The cells were stored at 4°C until needed for transfection in next 24 hours. The ligation mixture
was packaged into phage heads by using an in vitro packaging extract (‘MaxPlax Packaging
Extracts” pWEB-TNC™ Cosmid Cloning Kit). After thawing from -80° C, a 25 ul aliquot of this
packaging extract was added and mixed well with the ligation reaction in a 1.5 ml plastic cap
tube. This mixture was incubated at 30°C for 90 minutes, before adding another 25 pl of the

packaging extract and extending the 30°C incubation for another 90 minutes.

On completion of the second incubation period, this mixture was diluted in 1 ml of phage

dilution buffer (10 mM Tris-HCI; pH 8.3, 100 mM NaCl, 10 mM MgCl,). After well-mixing, 25
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ul of chloroform was added to it and the solution was vortexed for several seconds. The proteins
and lipids present in the original phage will precipitate down at the bottom of the tube and the

packaged cosmids will remain soluble.

The packed heads were added to cells prepared in LB, supplemented with 1 mM MgSO, and
0.3% maltose, in a 1:10 dilution and were incubated at 37°C for 20 minutes. The phage heads
containing the cosmids will infect the E. coli cells and inject the cosmids inside the cells. The
infected bacteria were plated on LB-ampicillin selection plates and incubated at 37°C overnight.

Generally 25-40 colonies were obtained per 100 ul of plated cells.

3.7.2 Colony Picking and Cosmid DNA Isolation

Cosmid clones were randomly picked and grown in 2 ml deep-well plates available in 96-well
graded format (Sigma) in 2xYT medium at 37°C and 180 rpm for 16-24 hours, in 3-6 replicas.
Each cosmid clone was assigned a unique number and the replicate of each 96-well growth plate
was frozen at -80°C for later use. Cells grown from various replicas were pooled to get sufficient
amounts of cells for each cosmid and the DNA was isolated using the QIAprep 96 Turbo
Miniprep Kit from QIAGEN. All the centrifugation steps were carried out using a rotor 1460 of
the bench top centrifuge model Universal 320R (Hettich Zentrifugen, Tuttlingen). The purified

cosmid DNA was stored at -4°C in the same pattern as of the original growth.

3.7.3 Dot blotting

For dot blot experiments, the cosmid DNA from eight clones present in one column of the 96
well plate was pooled in 100 pl tubes (usually 1-10 ng of each position) and was mixed with one
volume 2x SSC. One volume of formamide was added to this mixture and the mixture was
boiled for 10 minutes at 95°C for complete denaturation. 0.5-1 pl of these denatured DNA
samples were spotted directly on a nylon membrane gridded with a lead pencil to give each
sample a unique position. The nylon membrane was oven-dried at 50°C for 30 minutes and

directly processed for hybridization.
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3.8 Protein Chemistry Methods
3.8.1 Extraction of hydrogenase from DvMF cells

A frozen cell pellet was thawed and washed (1 g in 2 ml) with ice-cold 25 mM TrisCl, pH 7.0 in
a JA 25.5 rotor (10,000 rpm, 30 minutes, 4°C). The washed cell pellet was again resuspended in
the same buffer and 0.2 mg/ml DNase I was added. The cell membrane was lysed by sonication
or using the French press. For sonification, 50 ml aliquots were sonicated; each aliquot was
subjected to 3 rounds of 2.5 sec cycles, at 70% output, with 5-10 minutes of cooling in between.
To collect the membrane fraction, broken cells were centrifuged at 50,000 rpm, 4°C, for 90
minutes. The pellet thus obtained was re-suspended in 25 mM TrisCl, pH 7.5 (1 g of wet pellet/4
ml buffer), and trypsin digested overnight at 4°C under argon atmosphere to release the
hydrogenase from the membrane. A centrifugation (50,000 rpm at 4°C for 90 minutes) followed
to separate the now soluble hydrogenase from the membrane fraction. The supernatant thus
obtained contained the protein and was concentrated if required before loading on an ion

exchange column for purification.

3.8.2 [NiFe] Hydrogenase purification

For protein purification, an Actabasic 10/100 machine from Amersham Pharmacia Biotech (now
General Electric) was used. Acta™basic is an automated liquid chromatography system designed
for method development and research applications. It consists of a compact separation unit and a
personal computer running the UNICORN™ control system version 3.0. DvMF hydrogenase
was purified from the cell-free extract using a DEAE Toyopearl 650 S ion-exchange column
(350 ml (XK 50/20 cm)), washed and run at a flow rate of Sml/minute with buffer A (25 mM
TrisCl, pH 7.4), containing 10 mM NaCl. A sample volume of 20-100 ml was injected and the
adsorbed hydrogenase was eluted by a linear gradient of buffer B (I M NaCl in H,O) from 0-
20% (depending on the column volume). The peaks obtained were assayed for the presence of
hydrogenase by an activity assay and SDS-PAGE. The active fractions were pooled, and
concentrated using AMICON filters (PM 30) to a final volume of 5-50 ml depending on the
estimated protein concentration, and applied to a second column of Sephacryl S 200HR (480 ml
(XK 26/100)). Buffer A was used to run the column with a flow rate of 2 ml/minute. The peaks
thus obtained were subjected to another ion-exchange column DEAE Toyopearl 650 S (74 ml
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(XK 2.6/14 cm)), run with buffer A with a flow rate of 1 ml/minute and eluted with a gradient of
buffer B from 0-22.5% dependent on the total volume. This was followed by a Hi-Load column
(318 ml (XK 26/60 cm)), run with 25 mM TrisCl (pH 7.4) with a flow rate of 1 ml/minute, to
desalt the sample besides further purifying the protein.

3.8.3 Purification of APS reductase

The cytoplasmic fraction was collected and 0.25 mM of a serine protease inhibitor were added,
Pefabloc SC (Biomol GmbH, Germany). The proteins were loaded on a DEAE-toyopearl 650S
(Tosoh, Japan) anion exchange column (10 - 25 % linear gradient of 1 M NaCl). The eluted APS
reductase fractions from the DEAE column were concentrated to 5 ml and were passed through a
Sephacryl S200HR (GE Healthcare, Uppsala, Sweden) gel-filtration column. The eluted APS
reductase fractions were again loaded without concentration on a DEAE-toyopearl 650S (Tosoh,
Japan) anion exchange column (0 - 22.5 % linear gradient of 1 M NaCl as per the column
volumes). As a final step in the purification, a gel-filtration column, Hiload 26/60 Superdex 200
prep grade (GE Healthcare, Uppsala, Sweden), was run with 25mM Tris-HCI buffer pH 7.4.
After the purification, the samples were sealed in an air-tight tube and were stored in liquid

nitrogen. The quality of the samples was estimated by SDS-PAGE.

3.8.4 Purification of Desulfoviridin

The protein was isolated from sulfate-reducing bacterum, D. v. Miyazaki F. The cell growth was
carried out using the method described before (Yagi et al, 1968). Cells were lysed by sonication
using a buffer containing 10 mM NaCl, 25 mM Tris-HCI pH 7.4 followed by the centrifugetion
at 184000 g at 277 K for 90 m. All purification steps were performed at 277 K under aerobic
condition. The cytoplasmic fraction was collected and 0.25 nM Pefabloc SC (Biomol GmbH,
Germany) as serine protease inhibitor were added. The proteins were loaded on a DEAE-
toyopearl 650S (Tosoh, Japan) anion exchange column (10 - 25 % linear gradient of 1 M NacCl).
The eluted DsrABC fractions from DEAE column were concentrated to 5 ml and were passed
through a Sephacryl S200HR (GE Healthcare, Uppsala, Sweden) gel-filtration column. The
collected fractions from Sepahcryl column were brought on a Q-Sepharose (GE Healthcare,

Uppsala, Sweden) strong anion exchange column (10 - 22.5 % linear gradient of 1 M NaCl). The
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eluted DsrABC fractions without concentration were loaded on a Q-Sepharose column (10 - 22.5
% linear gradient of 1 M NaCl) again. As a final step in the purification, a gel-filtration column,
Hiload 26/60 Superdex 200 prep grade (GE Healthcare, Uppsala, Sweden), in 25 mM Tris-HCI
buffer pH 7.4 was used. After the purification, the samples were sealed in an anaerobic chamber

and were stored in liquid nitrogen. The quality of the samples was estimated by SDS-PAGE.

3.8.5 N-terminal sequencing of the APS reductase and the Desulfoviridin

The purified proteins were separted by SDS-PAGE and stained by coomassie blue. The separated
proteins bands were excised from gel and sent at university of Geiflen for N-terminal sequencing.
N-Terminal Sequencing uses a chemical process based on the technique developed by Pehr
Edman in the 1950’s where the N-terminal amino acid reacts with phenylisothiocyanate (PITC).
The derivatizing process results in a phenylthiohydantoin (PTH) — amino acid and this amino
acid is then sequentially removed while the rest of the peptide chain remains intact. Each
derivatization process is a cycle and each cycle removes a new amino acid. The amino acids are

sequentially analyzed to give the sequence of the protein or peptide.

3.8.6 Heterologous over-expression and purification of recombinant proteins in E. coli

The desired proteins are furnished with a hexa-histidine epitope, either at their C- or N- terminal.
This histidine epitope has the property to complex nickel or cobalt and other bivalent cations.
Agarose or similar matrix material which contains one of these two metals in immobilized form

is used as resin, to affinity-purify the over-expressed recombinant protein from total cell lysates.

The desired open reading frame or frames were cloned in a T7 inducible promoter-containing
vector pRSF-2 Ek/LIC, in frame with a hexameric his-tag-encoding sequence at the future N- or
C-terminus of the expressed proteins. This vector is transformed into an E. coli strain that carries
a T7 RNA polymerase gene, e.g., E .coli BL21DE3RIL. An overnight grown culture (1% by
volume of the desired scale of growth) was used as inoculum in applicable antibiotic. The cells
were grown at 37°C, shaking at 180 rpm until an Ago of 0.5-0.6 is achieved. At this phase, these
cells were induced by 0.1-1 mM IPTG which activated the T7 promotor and enabled over-

expression of the desired protein or proteins. Usually after the induction the growth temperature
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is lowered from 37°C aiming at an optimal expression of the over-expressed protein in soluble

form.

For collection, the cells were centrifuged at 8000 rpm for 20 minutes, usually after 4-12 hrs of
growth after induction. Harvested cells were either frozen at -80°C for later use or were directly
processed further. The cell pellet was dissolved in cell breaking buffer TS (10 mM Tris 150 mM
NaCl, pH 7.5; 2-3 g of wet weight per ml of buffer) supplied with protease inhibitor. The cell
suspension was sonicated in 2 rounds of 2.5 sec cycles, at 50% output. The sonication was
evident by the frothing of the cell suspension. During sonication the cold temperature was

maintained by keeping the cell suspension container immersed in ice.

Debris was removed from the sonicated cells by centrifugation at 5000 rpm for 15 minutes. The
supernatant was ultra-centrifuged at 4.5x 10* rpm for 1 hour. In general, the over-expressed
protein was present in the soluble fraction obtained after ultracentrifugation. This soluble part of
the cell lysate was manually applied to a nickel- or cobalt-resin column, pre-washed with the TS
buffer. The bound his-tagged recombinant protein was gradient-eluted by a stepwise increasing
amount of imidazole (10 mM, 25 mM, 50 mM, 100 mM, and 150 mM) in the TS buffer. The
various elutions were analysed by SDS-PAGE followed by Coomassie staining and in some

cases by western blotting.

3.8.7 Determination of protein concentration

Protein concentrations of the protein were determined using the Bradford assay kit from Biorad.
Protein dilutions ranging from 0-1.5 mg/ml, with assay buffers, were measured with a
spectrophotometer at 700 nm. The spectrophotometer reading in the range of BSA standard was

used to calculate the protein concentration.

3.8.8 Methyl Viologen activity assay

For hydrogenase activity assay, 50 ul of hydrogenase were added to 1 ml of a 25 mM TrisCl
buffer (pH 7.4), containing 3 mM methyl viologen. This mixture was incubated at 37°C for 5-10
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minutes with constant bubbling with H,. A strong blue color indicates the reduction of methyl

viologen and the presence of an active hydrogenase.

3.8.9 SDS-PAGE and coomassie staining

The Pharmacia phast gel system was used for the analytical protein preparations, with 4-20%
gradient gels and alternatively, the New England Biolabs gel system with 10% and 12%
homogeneous gels was used. To 25 ul of the cell pellet suspension, 25 pul of Laemmli buffer was
added, then the mixture was boiled for 10 minutes, and centrifuged for 5 minutes. The

supernatant was loaded and electrophoresis was run at 10 V/cm.

For Coomassie staining, the gel was fixed with two incubations of 5 minutes each in a solution of
40% ethanol and 10% acetic acid. It was then stained for 2-3 hours in Coomassie staining
solution, followed by destaining in the same solution as for fixing to remove background
staining. To preserve the gels, they were washed in 10% glycerol for 5 minutes and allowed to
dry. Usually more clarity is obtained after incubating the gel in water after de-staining for 20

minutes.

3.8.10 Western Blotting

The protein samples were analyzed in a gel electrophoresis system from Invitrogen with 1x
MOPS buffer using various concentrations of bis-Tris gels depending on the size of protein to be
analyzed. The protein samples were boiled at 80°C with 3x SDS-PAGE buffer for 2 minutes. In
cases where protein extracts from whole cells were to be directly loaded, a pellet size equivalent
of 150 pl overnight-grown E. coli cells was boiled in 30 ul of 3x SDS-PAGE buffer for 15

minutes.

After finishing the electrophoresis, the separated proteins were blotted on a PVDF membrane
using a constant current of 300 mV for 1 hour in the blotting chamber filled with transfer buffer.
The membrane was placed toward the cathode and the gel toward the anode. Gel and membrane
were sandwiched with Whatman paper (thickness of 3 mm) and were cushioned by blotting pads
in the X-blot module of Invitrogen. The blotting apparatus was kept cool as much as possible

using ice water mixture.
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After finishing, the blotted membrane was gently removed from the gel. After giving a single
wash with the transfer buffer, the membrane was blocked with 3% skim milk powder in TBS
buffer. Three washes in TBST each for 10 minutes were given before the primary antibody in
appropriate dilution (mixed in 3% BSA-TBS) was applied. Three more washes in TBST were
given before adding the appropriate secondary antibody (prepared in 3% skim milk powder in
TBS buffer). In some cases, when the anti-DIG monoclonal primary antibody was itself
conjugated to alkaline phosphatase, the secondary antibody step was omitted. The color was

developed after giving final three washes with TBST, using NBT-BCIP by alkaline phosphatase.

3.8.11 Native PAGE and in-gel Activity Assay

Desulfovibrio sp. cells grown in PC medium for 2 days were harvested and equal wet cell
weights (1 g) were used for the experiment. Occasionally, the growth medium was supplied with
either of NiCl, or Na,Se or both at a final concentration of 1 uM. Cells were washed with 50
mM phosphate buffer (pH 7.0) and lysed in TS buffer using glass powder homogenisation in the
IKA Ultra Turrax Tube Disperser from IKA® Werke GmbH & Co. KG, Staufen. Cell debris was
separated from crude cell lysate by a slow spin at 4000 rpm for 15 minutes at 4°C. The
supernatant was centrifuged at 13000 rpm for 1 hour at 4°C. This supernatant thus obtained
contained both the soluble and the membrane fraction. Total protein content in each sample was

quantified using the Bradford assay, and 200 pg of protein was loaded in one well.

Pre-prepared 3-8 % native gels were run at 3000 Volt per hour at 4°C, to separate the proteins on
the gels. Gels were subsequently incubated in either 50 mM phosphate buffer (pH 7.0) or pH 5.5.
The gels and solutions were H, saturated by evacuating and refilling with H, three times. After
incubating at RT for 2 hours under H, bubbling, the gels were activity-stained either with
PMS/NBT, BV/TTC or MV/TTC. For the PMS/NBT assay, 1 ml each of PMS and NBT stock
solutions were mixed and injected in a rubber-tight bottle, containing the gel in 200 ml phosphate
buffer. The hydrogenase reacts with H,, the electrons are transferred to PMS, and the reduced
Phenazine Methosulfate (PMSH;) reacts with NBT to give a blue colour. The bottles were
incubated at 37°C till the blue colour developed. In case of Desulfovibrio sp. it took ~ 10-20

minutes. To stop the reaction, gels were washed in excess water.
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For the MV/TTC or BV/TTC assay, 0.5 ml of a H,-saturated BV or MV solution was added to 1
ml of sodium dithionite (60 mM). 200 ul of this solution were injected into a rubber-tight bottle
containing the gel in 200 ml phosphate buffer. Almost immediately, the blue colour development
could be seen. To fix the bands, 100 ul of TTC was added to the buffer upon which the colour
changed into pink. After a uniform colour change, washing the gels in excess water stopped the

reaction.

3.8.12 MALDI-TOF MS molecular weight analysis (matrix assisted laser desorption
ionisation-time of flight mass spectrometry)

MALDI-TOF MS is used to identify the subunit composition and the molecular mass of a
purified protein. MALDI-TOF MS involves embedding the analyte in a solid matrix, which
absorbs the energy generated by a LASER beam. This energy absorption, which can be up to the
order of 10° watts/cm?, leads to intense heating and generation of a plume of ejected material that
rapidly expands and undergoes cooling. Since this process takes place within the high vacuum of
the mass spectrometer, the protein is gradually stripped from matrix and solvent molecules and

can then be separated according to its apparent mass to charge ratio.

For the experiments conducted, a Voyager-DE PRO Workstation and a Voyager-DE™ PRO
Biospectrometry Workstation from Applied Biosystems (USA) were used. The matrices used
were a-cyano-4-hydroxycinnamic acid (CHCA)(M1), 2,5-dihydroxybenzoic acid (2,5-
DHB)(M2), Sinapinic acid and a mixture of 2,5- dihydroxybenzoic acid and 5-methoxysalicyclic
acid (DHBs).

3.9 Software

3.9.1 Primer Design

The primers for PCR reactions were designed by manual gene alignments and frequent use of
vector NTI program as well as Fast PCR program. The primers for site directed mutagenesis

were designed using the primeX program available at Stratagene website.
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3.9.2 Gene Sequence Analysis

The sequenced genes were analyzed to find promoters by BPROM program at

www.softberry.com and BDGP neural network program at the website of Berkeley Drosophila

Genome Project i.e. www.fruitfly.org.

3.9.3 Protein Sequence Analysis

The protein sequences of the sequenced genes in this work were compared to known sequences
by using NCBI BLAST. The level of similarity of the alignment with various sequences was
used to calculate the tree and its bootstrap values in newick (an alogrithm form Arthur Cayley,
1857, now standard for representing trees in computer-readable form that makes use of the
correspondence between trees and nested parentheses) format by using PhyML method
(phylogenies by maximum likelihood). FigTree software (Author, Andrew Rambaut, 2007) was

used to draw the tree.

The PSIPRED secondary structure prediction method (Jones DT, 1999) was used to predict the
secondary structure of hydrogenase maturation protein HypA, HypB, HypD and HypE of DvMF.
The three-dimensional structure modelling of the maturation proteins HypB, HypD, HypE,
HynD and [NiFeSe] hydrogenase was carried out by using comparative modelling program at the
ExPasy protein structure repository site http://swissmodel.expasy.org/. The figures of three

dimensional models for printing were generated using PyMOL software from www.pymol.org.

3.10 Miscellaneous

Sequencing services at the ADAC of MPI-K6In and also from the Sequiserve, Vaterstetten, were

used to sequence the DNA.
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Chapter 4

Sequencing of the DvMF Hydrogenases and Sulfate
Metabolism Genes

The genomic sequence of Desulfovibrio vulgaris Hildenborough (DvH) has revealed genes
coding for six hydrogenases (Heidelberg et al, 2004), four of them are periplasmic and other two
are membrane-associated, cytoplasmic-oriented hydrogenases (see section 2.3 for details).
Among the periplasmic hydrogenases, the hydrogenase Hynl is present in all of the known
Desulfovibrio species, and also [FeFe]- and [NiFeSe]- hydrogenases have been reported in most
of the subsps of Desulfovibrio desulfuricans. The Ech [energy converting hydrogenase]
hydrogenase has been reported in DvH and D. gigas. But, the hydrogenase isozyme Hyn2 and
the Coo (CO induced) hydrogenase has been reported only in DvH. The Hyn1 hydrogenase and
the known [NiFe] hydrogenase of DvMF are homologous and present in similar operon
structures (Goenka et al, 2006). Both of these operons contain two structural genes coding for the
small and the large subunit followed by two maturation genes, the endopeptidase (HynC) and the

chaperone (HynD) coding genes (Goenka et al, 2006).

Similarly, additional maturation genes present in the DvH and later in the Desulfovibrio
desulfuricans subsp G20 (Dd) genomes were deduced based on sequence homologies of these
genes to the gene sequences of the maturation genes of E. coli (Table 4.1). Compared to multiple
maturation genes for multiple hydrogenases, there are only 4yp (hydrogenase pleiotropy) genes
present in the DvH genome. These maturation genes of DvH, namely hypA, hypB, hypD, hypE
and hypF are present in three different operons as shown in figure 4.9. Compared to that, for
DvMF only one operon coding for [NiFe] hydrogenase and two cis coded proteins were known
(Chapter 2). Given a high similarity between the protein sequences of [NiFe] hydrogenase of
DvMF with DvH (89% in the large and 85% in the small subunit) and Dd (Desulfovibrio
desulfuricans) G20 (79% in the large and 80% in the small subunit), we assumed that such a
similarity would also be found in the distribution pattern and the numbers of genes present in

DvMF for the maturation of the [NiFe] hydrogenase.
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. Desulfovibrio
Species | g ol ‘
. Dg Df DvMF DvH Dd G20
Function
hyd 2 hynABC | hynABCD | hynBACD | hynABCD | hynABCD
Small Subunit (SSU) | hybO hynB hynB hynB hynB hynB
Large Subunit (LSU) |hybC hynA hynA hynA hynA hynA
C-terminal peptidase | AybD hynC hynC hynC hynC hynC
Ni incorporation/
maturation hybF T hypA hypA
Ni insertion hypB hypB hypB hypB
Chaperone/maturation | hybG hynD hynD hynD hynD
Ni incorporation/
maturation hypD el fypD fypD
Purine derivative
binding hypE hypE hypE hypE

Table 4.1 Functional homologues of E. coli hydrogenase 2 in Desulfovibrio sps. Dg (Desulfovibrio
gigas), Df (Desulfovibrio fructosovorans), DvVMF, DvH and Dd G20. Complete genetic information is
available for D. vulgaris Hildenborough and D. desulfuricans G20. Genes highlighted in blue are reported
in this work for DvMF.

Given the possibility of existing more than one hydrogenase in most of the known Desulfovibrio
species and to facilitate the search and corroboration of the 4yp maturation genes in the DvMF
genome, we created and screened a cosmid genomic library. The positively detected clones were
sequenced for the desired genes by degenerate amplification. This search was aiming at the
hydrogenase genes and was further extended for the 4yp genes. Also, this library was probed to
detect gene operons coding for some of the sulfate metabolism proteins, as Adenylyl sulfate

reductase and desulfoviridin (Chapter 2, section 2.6).
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4.1 Genomic Libraries

A genomic library is a collection of clones, large enough in number to preferentially contain
every single gene present in a particular organism. Over the years many vector and phage
systems have been developed for this purpose and have led to successful genome sequencing of
many organisms employing shot gun, lambda, cosmid, fosmid, BAC (Bacterial Artificial
Chromosome) and YAC (yeast Artificial Chromosome) libraries. One of the major frontiers of
microbial genome sequencing, the Joint Genome Institute of Department of Energy, USA,
employs strategic generation of three types of libraries of three distinct insert sizes, in order to
give a complete coverage of the whole genome. The randomly sheared chromosomal DNA is
isolated from analytical agarose gels for smaller (3 kb), mid-size (8 kb) and large size (40 kb).
After end repairing, the DNA is cloned into suitable vectors to a shot gun library of insert size (3

kb), a middle sized insert library (8 kb) and a cosmid library (40 kb).

Clones of a genomic library are usually designed to include as much genomic DNA as possible
in order to minimize the number of clones required to be isolated. A major target of the genomic
library is to generate enough clones for a practically complete (99%) coverage of any and every
gene. It has to be kept in mind that the larger the insert size, the smaller is the number of clones
one needs to screen. However, further sequence identification of genes has to cope with inserts

of large size.

Among the current vectors used to clone eukaryotic genomes, the BAC and YAC vectors are
linear vectors, which possess the bacterial and yeast origins of replication. Both of these vectors
can harbor very large inserts (See table 4.2 for comparison). YAC have advantage over BAC as
it can be used to express proteins, which can be functional in eukaryotic cells only, however
BAC has a higher stability. The bacterial genomes are more frequently cloned into plasmids,
Lambda phage and cosmids. Plasmids are used for creating a shotgun library with smallest insert
size, normally anything between 100 bases to 3-4 kb. There are plasmids such as pUC19, which
can be stable at a very high copy number. However a large number of colonies is needed to give
a full coverage to genome. On the other hand, the Lambda phages are linear vectors, which can

be used for cloning relatively larger inserts of size between 22-28 kb. However, these vectors
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tend to be unstable and have a lower copy number than plasmids. P1 phage is another E. coli

virus that is capable of packaging even larger inserts of DNA and is more stable.

Approximate maximum length of DNA that
can be cloned into these vectors. L.
Characteristics
Plasmid 0.1-10 Very stable, used for shot gun cloning;
requires a large number of clones.
25 Stable, large number of clones needed
lambda phage .
for bacterial genomes
Stable, moderate number of clones for
Cosmid 45 bacterial genomes, large amounts of
DNA can be purified.
P1 phage 100 Stable, often used to clone eukaryotic
genomes.
BAC (Bacterial 300 Stable, can be used to genetically
Artificial Chromosome) manipulate mammalian genomes.
YAC (yeast Artificial 1000 Variable stability, difficult to isolate in
Chromosome) intact form, clone- mating possible.

Table 4.2 Comparison of the characteristics of various types of genomic libraries in terms of size,
stability and their advantages and disadvantages.

Cosmid vectors are hybrids of plasmid (a small ~5 kb plasmid containing the plasmid origin of
replication, an antibiotic resistance gene such as amp” and a suitable restriction site) and the
bacteriophage lambda DNA (COS sequence). The contribution of the lambda phage is limited to
the certain specific DNA sequences, namely COS sites. The COS DNA sequences are
approximately 200 base pairs long and responsible for packaging of genomic DNA of lambda
(48502 base pairs) into phage heads. The DNA packing mechanism of the phage is not particular
about the DNA sequence present together with COS site; only the size of the insert is important
(comparable to its genome size, allowing an insert size between 37 - 53 kb). The total size of the
recombinant DNA after cloning the ‘genomic DNA insert’ in to the cosmid vector should be

comparable to:

Size of insert DNA = Size of insert that can be packed — Size of the cosmid vector
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The recombinant cosmid DNA is packed into phage heads using in vitro cell extracts prepared
from phage-infected E. coli. Such a packaging extract, which contains empty phage heads and
additional needed proteins, selectively packs the COS sequence-containing DNA molecules
lying in the packagable range. Since the recombinant DNA does not encode any lambda proteins,
the cosmids do not form any viral particles (or plaques) but rather form large circular plasmids
and the colonies that arise can be selected on antibiotic plates, like other plasmid DNA

transformants.

COS site

u .f\lj’crlylinker
>
,f/ \
{ e e P cncacrar
e ]
amp® I,r ‘I = =
', \ /.,, 35- 10 45-kb genomic
\1 o ORI restriction fragments

Cosmid vector

{= 5 kb long)
Cut cosmid vector in polylinker
with restriction enzyme
Ligate cut vector to
DMNA fragments
e} | e | s |

Subject to & phage in vitro
packaging to insert DMNA
hetwean adjacent

i COS sites into & heads

i N i = ety
g Recombinant
cosmid virions
-, g - e -~ . 2

>

Fig 4.1 Schematic presentation of
the mechanism of construction of a
cosmid genomic library. Figure
taken from Lodish et al, Molecular
Cell Biology, 1999, 4™ edition,

o

E. colichromosome  Cloned genomic fragment
in reconstituted plasmid

Select for ampicillin-
resistant colonies

Thus such cosmid clones have the advantages of both a plasmid (high copy number, antibiotic

resistance, non-lytic, non lysogenic function and multiple cloning sites) and a bacteriophage
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(stably accommodating large inserts, can be packaged into phage heads and transfects at low

concentration).

Preparation of a representative un-biased cosmid library begins with generating the chromosomal
DNA in correct clonable range (35- 45 for approximately 5 kb cosmid vector). It is achieved
either by partially digesting the genomic DNA with a frequent cutter or via randomly shearing by
some mechanical force. The cosmid vectors are cleaved at a compatible cloning site with a
restriction enzyme. In case of using mechanical sheared chromosomal DNA, the chromosomal
DNA is treated with a combination of DNA-modifiying enzymes such as a polymerase and exo-
nucleases, which fill-in or removes the overhangs, and thus blunt and phophorylate the DNA
ends. The treated chromosomal DNA ends are ligated in a similarly blunted but
dephosphorylated cosmid vector. This ligation reaction is subjected to packaging in vitro into the

phage extracts and is then used to transfect healthy phage resistant E. coli cells

4.2 Cosmid Cloning of DvMF

4.2.1 Preparation of Insert

Different strategies have been employed to generate inserts in desirable range. Ample amounts of
genomic DNA were isolated from DvMF using Qiagen midi-preparation kit. During the DNA
preparation step where the isopropanol is added, the relatively intact DNA precipitates
instantaneously in form of fibers, which were spooled immediately. The rest of the DNA was
precipitated by centrifugation. Different strategies were employed to get the maximum number
of fragments in clonable range (39-53 kb). The high molecular weight DNA was subjected to
partial digestion with Sau3a. In a second attempt, the high molecular weight DNA was randomly
sheared by passing through a thin bored needle. The cut or sheared DNA fragments were then

separated in a low melting agarose gel running overnight at low voltages (30 volts).
Easiest of all the approaches used, the isopropanol-precipitated DNA prepared after

centrifugation (Fig 4.2) was directly used for cloning and usually gave the highest number of

clones (Chapter 3).
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Fig 4.2 Agarose gel electrophoresis of
genomic DNA of DvMF, isolated by using
the QIAGEN Genomic-tip 500/G, on 0.8%
agarose. Lane 1: 100 ng of T7 phage
genome marker (40 kb); Lane 2 : 2ul of
genomic DNA (~ 5 pg); Lane 3: 5 pl of A
marker Roche [23 kb, 9.4 kb, 6.5 kb, 2.3
kb and 0.5 kb ( 0.5 kb not visible here)]
and lane 4 : NEB 1 kb marker

4.2.2 The cosmid vector pWEB-TNC™

For our purpose we used a cosmid cloning vector pWEB-TNC™ (Fig. 4.3, Epicentre
Biotechnologies, Biozym). This is a 5812 base pairs plasmid with a colE1 origin of replication
from E. coli and possesses ampicillin and chloramphenicol resistance markers. It has been
linearized at the Smal position and dephosphorylated. This cloning site is double flanked by

BamHI and EcoRI as well as by a rare cutter Notl, which can be useful in subsequent

manipulation.
=z %—‘ g g o @
3 gé‘ﬁ:ﬁ{iﬁ&’é £ E gp‘.?n%fgiaﬁgg %
Fig 4.3 Map & cloning region of
= the pWEB-TNC™ Vector. The
Smal cloning site is flanked by
cwp  PWEB-TNGM pairs of BamHI, EcoRI, and Notl
R e sites to aid in the excision and
mapping of insert DNA.
PWEB-TNC o ?

Sequencing
Primer

An amount of 500 ng of this vector was used to clone the isopropanol-precipitated genome DNA
and transfect maltose- and MgSOq-treated E. coli cells (Chapter 3). After infection, the cells

were plated to pick the transfected colonies. Some randomly picked cosmid clones were grown
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to isolate DNA. The isolated cosmid DNA were restriction-digested to determine the

heterogeneity of the cosmid libray.

NEB 1 Kb marker

Cosmid clone 1 EcoRI digested
Cosmid clone 2 EcoRI digested
Cosmid clone 3 EcoRI digested
Cosmid clone 4 EcoRI digested
Cosmid clone 1 Pstl digested
Cosmid clone 2 Pstl digested
Cosmid clone 3 Pstl digested
Cosmid clone 4 Pstl digested

XA R DD =

1 2 3456 78 9

Fig 4.4 Restriction digestion pattern of four different cosmid clones with EcoRI and Pstl, resolved on a
1% agarose gel

4.3 Screening and Sequencing

The number of cosmid clones in a genomic library, which can reasonably ensure that any given
DNA sequence is contained in the library can be determined by using the following formula

(Wahl et al, 1987).

N=1In (1-P)/ In (1-f)
Where P is the probability of cloning a particular gene (expressed as a fraction between 0 and 1);
f is the proportion of the genome contained in a single clone i.e. the size of insert divided by the

total size (expected or known) and N is the required number of cosmid clones. For example, to
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calculate the number of clones required ensuring a 99% probability of a given DNA sequence of
E. coli, the formula yields:

N =1n(1-0.99) / In (1- [4 x 10* bases / 4.7 x 10° bases]) = -4.61 / -0.01 = 461 clones
The genomic length of DVMF (3.58 mega bp) is expected to be smaller than that of E. coli (4.7
mega bp), indicating that the cosmid DNA preparations from less than 461 clones and

subsequent screening could be a reasonable approach for searching homologous genes.

4.3.1 Cosmid DNA Isolation and Dot Blot Hybridization

From the generated and plated genome library, almost 1.5 times of needed, a total of 768 cosmid
clones were randomly picked and grown in three to six replicates into 2 ml multi-well deep
plates in 96 well formats. The DNA isolated in 96 well format purification kit and purified
cosmid DNA were also stored and labeled in 96 well formats. The cosmid DNA clones were dot
blotted on positively charged nylon membrane to be probed by various DIG-labeled probes by
usual southern hybridization (See Chapter 3 for details).

4.3.2 Sequencing of Positive Clones

A cosmid clone contains an insert of approximately 40 kb of genetic information and the desired
gene may be located anywhere inside. Though it is possible to start sequencing from the primers
designed to the vector, yet it was preferred to stay focused on the intended gene. Therefore, a
strategy to perform the degenerate amplification for straight amplification and sequencing of the

required genes was employed.

4.3.3 Degenerate Amplification

As discussed before, a high degree of conservation has been found in the known amino acid
sequences of the hydrogenases and related sequences in the Desulfovibrio sps, both at the intra-
generic and inter-species level. When these sequences are aligned, short stretches of amino acids
showing almost perfect conservation can be readily detected. These conserved stretches of amino
acids are often integral to a functional or structural domain of an enzyme or a structural protein.

In this study, whenever available, the protein and gene sequences from the organisms closely
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related to DVMF, such as DvH, Dd G20, Dv subsp vulgaris DP4, Desulfovibrio gigas (Dg) and
Desulfomicrobium baculatus (Db) have been aligned to find such domains. The conserved
domains were back-translated into the nucleotide sequences and guess primers of optimal
degeneracy were designed out of these sequences by incorporating degenerate bases at the place

of variable nucleotides.

Standardized key symbols for degenerate nucleotides are: R = A+G; M = A+C; W = A+T; K = G+T;
S=G+C; Y =C+T; H= A+T+C; B=G+T+C; D = G+A+T; N = A+C+G+T; V = G+tA+C

Having been designed, the degenerate primer pairs were used to amplify DNA both, directly
from genomic DNA and from identified clones. In case of positive identification, the clones were
sequenced from the desired gene sequence by primer walking till the end of the required open

reading frames.

4.4 Sequencing of Hydrogenases

4.4.1 [NiFeSe] hydrogenase

The [NiFeSe] hydrogenase has two structural genes and has been sequenced from very few

organisms, e.g., DVH, Dv subsp vulgaris DP4, DdAG20 and D. baculatum.

4.4.1.1 [NiFeSe] Hydrogenase detection

Presence of a gene coding for a [NiFeSe] hydrogenase in the DvMF genomic library was
confirmed by dot blot hybridization using a DIG-dUTP labeled probe. This probe was amplified
from the homologue of the large subunit of similar hydrogenase in the genome of DvH,
employing a forward primer NiFeSeFr 5’-caccgcctcegtectegeactcgacg-3’and a reverse primer

NiFeSeRV 5°-gtgcttcttgccgetgttgtecgageg -3°.

4.4.1.2 Degenerate amplification of hysA

A comparison with the nucleotide sequence of DvH, Desulfovibrio vulgaris DP4 and

Desulfovibrio baculatus was performed to design optimal primers with minimal degeneracy to
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the regions of maximal conservation. The genomic DNA of DVMF was used as template for PCR
amplification with a forward primer [NiFeSe]fr230 5’-tcbcagatcgtacagcgyatctgcggegt-3° (which
codes for the domain SQIVQRICGV) and a reverse primer [NiFeSe]Rv900 5°-
tcggggagcecttgacgaagetg-3° (antisense reverse sequence codes for SFVKAPR). The PCR reaction
gave a strong amplification of an approximately 650 base-pairs product with a significant
translational homology to the large subunit of [NiFeSe] hydrogenase of DvH. The same primer
pair was then used to cross-check the cosmid clone and carrying out the desired sequencing in

both the directions by primer walking.

5’ —tcbcagatcgtacagegyatetgeggegt-3/ [NiFesSe] £xr230
@ R D P RD A S @ I V ¢ R I C GG V C P T
1992234 gggcgcegacccegegegacgettegecagategtacagegeatetgeggegtgtgececact DvH
2182357 gggcegegatcoegegegatgegtetcagattgtacagegtatetgeggegtatgecccact DD G20
1195 agggattcttceccagategtacagegtatcectgeggegtgtgecccacg D, bacu
R D 8 8 ¢ I V. @ R I C 6 Vv C P T

NiFeSeRv900 3’ -gtcgaagcagttcecgagggget-57
GK/Q T I P A P D KA G A ¥ 8 F V KA P R
ggcaagaccattcctgeccctgacaaggecggtgegtacagettegtecaaggeteccege 1993013 DvH
ggccagaccatacctgaccecgaaaageceggegeatacagettegtecaaggeteccege 2183136 DDG20
aaacccggtgegtacagettegtecaaggeteccegt 2177 D. bacu
K P G A ¥ 5 F V K & P R

Fig 4.5 Sequence alignment of the [NiFeSe] large subunit genes from DvH (gi|46451220), DD G20
(g1|78217452) and D. baculatus (gi|145101) coding for regions maximally conserved at DNA and protein
level for designing primers to amplify similar sequences in the genomic DNA and cosmid library of
DvMF. The numbers given at the beginning and end of the sequences are the automated numbers given
in the NCBI database.

4.4.1.3 Genomic proximity of [NiFe] hydrogenase and [NiFeSe| hydrogenase

The downstream sequencing of the positively identified cosmid yielded another open reading
frame (Fig 4.6 and Fig 4.22) at a distance of 409 bases from the 3’ end of hysB, encoding for an
approximately 14 kDa polypeptide homologous to hupG (putative hydrogenase maturation
protein) of DvVH and the peptidase M2 of D. desulfuricans. This protein is annotated as
hydrogenase maturation gene in the DvH genome. Further downstream sequencing of the M2-
encoding gene present in cosmid N2 led into the beginning of the transcription unit of the [NiFe]
hydrogenase that has formerly been characterized in detail (Goenka et al, 2006). Similar

arrangement is present in the DvH and Dd G20 genome also.
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4.4.1.4 The [NiFeSe] transcription unit

The operon containing the [NiFeSe] hydrogenase has been completely sequenced from a single
cosmid clone. It contains two open reading frames corresponding to the two structural genes,
namely the small subunit 4ysB (954 bases) and the large subunit (1527 bases) 4ysA (submitted to
NCBI; accession number EU327629). The coding region of the large subunit contains a

selenocysteine coding TGA codon.

A comprehensive analysis of the genome fragment carrying both the [NiFeSe] and [NiFe]
hydrogenases with BPROM and by BDGP neural network was carried as shown in fig 4.6. It
shows all the possible promoter regions, putative ribosome binding sites, the start and stop of

seven coding regions namely AhysB, hysA, hupG, hynB, hynA, hynC and hynD.

BPROM indicated three strong sigma 70 promoters deriving the expression of these two
hydrogenases and the two accessory genes present downstream of the [NiFe] hydrogenase.
BPROM showed that individual promoter sequences are present upstream of each of the small
subunit of both hydrogenase, sl for the [NiFeSe] and s2 for the [NiFe] hydrogenase. Another
sigma 70 promoter is present upstream of hynC. The -35 and -10 regions of these sigma 70

promoters have been given in bold.

The BDGP neural network indicated four possible promoter sites present upstream of these two
hydrogenase. Sequence Bl is present 35 bp upstream of the start codon of AysB. Two
overlapping sequences B2 and B3 (also overlep with sequence s2) along with one more sequence
B4 are present in front of hynB coding region of [NiFe] hydrogenases. Any strong promoter in

between the coding region of the structural genes of these two hydrogenases was not found.

Putative ribosome binding sites including the conserved motif GGAG, which is also present in
the structural genes of the [NiFe] hydrogenases of most Desulfovibrio sps (Goenka et al, 2006),
aaggagg and aaggaggaaa could be identified 5 bp and 3 bp up-stream of the starting codons of
the small subunit and the large subunit of [NiFeSe] as well. A phopholipase coding gene is
present at the end of the AynD coding area.
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TF1 -35s1 -10s1

»

ccaaaagtcgataacactittitatttttaticgecaccatcaaacgegtiigaccactcaacegt. .. ... OlbpIG............

B1 . RBS start JiysB
gtcattgaaagaatacggggctatcgcgggaaaatagccaCtacggtctaT.12bp of IG..aacc caggg ATG

hysB end RBS hysA start hysd end
948 bp of hysd —TAGceccggegecatacate cCATQG.. 1527bp of ApsB. TAG.378bp IG . .

RBS start HupG end HupG'
cctggccgtccaacgttaccctg ATG.. 360 bp of AupG.... TGA .......... 164 bp IG.........

B2

[y

= »B3
cgcttttcatgttgcaacaaaatgagtgctacgttttataTaaaacgtaGcactcattttgtat» ............. 178bp IG...........

-35s2 -10s2/TF2a TF2h
B4 RBS hynB start

ttcaattggaataacgtttcaatgtgttgtaccttcccggCaaaogtgcg-12'3bp 1G- cagge ATG..948bp  of

End #ynB RBS hynA start End Aynrd
hynd... TGA-46bp 1G- acaggagaatacc ATG-1698bp of ymB-TAA.............. 286bp IG.. ...

TF3a -35s3 -10 53/ TF3b start hyel end hycl
tccgaccttgogccaggccttttccaaccctatagtac'accccacATG..526bp of mynC.. TGAaacgatcaggcetgge

RBS start lypC end fypC
caaaccgacggagcagacccgATG-245bp of hynD .. TGAtccgegecgggttigcgcggtacgeagecegetge

-33 s4 -10 s4 'LF4
cgggecacaccagatitaatggaagaacgecgegeccggcgeatgticticcccCttecctttittccgacct. Phopholipase ORF
B5 -

Fig 4.6: Proposed regulatory structure of the [NiFeSe] and [NiFe] hydrogenases encoding genes
hysB, hysA, hupG, hynB, hynA, hycl, and hypC of DvMF. Three o70 promoters were identified
by BPROM, s1, s2, and s3 (marked by arrows).The -35 and -10 regions are underlaid in grey.
The respective transcription factor binding sites in bold text are, TF1 (carP: CACTTTTT, argR:
TTTTTAT, argR2: TTTTTATT, ihf: TTTTATTT, argR2: TTTATTTT, argR2: TTTTTATT, carP:
CACTTTTT), TF2a (lexA: TATATAAA, lexA: ATATAAAA), TF2b (fis: CTCATTTT, rpoD17:
ATTTTGTA, rpoD17: TTTTGTAT) TF3a (araC: TCCGACCT) and TF3b (rpoD17: CCTATAGT).
Another sigma-70 promoter derives the gene expression of a phospholipase present
downstream of hynD i.e. s4 with transcription binding sites in sequence TF4 (rpoH3:
CTTCCCTT, rpoD17: TCCCTTTT, araC: TCCGACCT). The promoter sequences found by
BDGP program, B1, B2, B3, B4 and B5 are also indicated by arrows, the captilized letter under
these arrows indicates the possible transcription start site. The start and stop codons of the
ORFs are given in capitals and the potential RBS (ribosome binding sites) are indicated in the
grey italics.
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The protein. The small subunit of [NiFeSe] hydrogenase of DvMF translates into a 34 kDa (317
amino acids) polypeptide that includes an N-terminal tat signal sequence (Wu et al, 2002),
indicative of the cross-membrane transport of the mature protein into the periplasm. The large
subunit hysA (56.3 kDa, 509 amino acids) includes a selenocysteine following proline486.
Comparing the sequences of the [NiFeSe]- and the [NiFe]-hydrogenase, both from DvMF, one
finds 38% identity and 55% similarity between the primary structures of small subunit and 37%
identity and 52% similarity between the large subunit of [NiFeSe] and [NiFe] hydrogenase of
DvMF, respectively.

4.4.2 Ech hydrogenase

Purification studies from Archaea have revealed an Ech hydrogenase as a multi-subunit,
membrane-bound enzyme complex consisting of at least four hydrophilic and two integral
membrane proteins (Meuer et al, 1999). In Desulfovibrio, the Ech hydrogenase has been earlier

sequenced from DvH and D. gigas (Rodrigues et al, 2003).

4.4.2.1 Ech hydrogenase Detection

The presence of sequences of Ech hydrogenase in the DvMF genomic library was probed by a
similar method as described above, using a probe amplified from the EchE gene present in the
DvH genome. The primers employed were (forward primer EcH-Fr) 5°-ctgcaccgtatccacage

cacctg-3’and a reverse primer Ech-Rv 5‘-tcgaagtcgagttcgtcgaaggecgegt-3°.

4.4.2.2 Degenerate amplification of EchE

As described above for the [NiFeSe]-hydrogenase, the Ech hydrogenase sequences of DvH and
Desulfovibrio gigas were compared to design primers with a balance between the annealing and
degeneracy. A primer pair Ech1076rv 5°- ckgtgcagcagetgatgcasgggtegatggac-3’ and Ech319fr
5¢- tggctcggyctettygeecgacgscttcgg-3’ was used to amplify the genomic DNA and the positive
clone (identified by dot blot hybridization), which gave a correct PCR product of 600 bp

homologous to the corresponding echE reading frame of the Ech operon of DvH.
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4.4.2.3 The echABCDEF Transcription Unit

Primer walking led to the gene sequencing of the cosmid clone and revealed an arrangement for
the six open reading frames echA, echB, echC, echD, echE and echF in a single operon
(SubmittedEU796885) comprising the multi-subunit Ech hydrogenase complex, in a similar
manner to that present in the D. gigas and DvH genomes (Rodrigues et al, 2003; Heidelberg et
al, 2004).

The nucleotide sequence of the complete operon was analyzed by the web-based BDGP neural
network program and BPROM as before. Figure 4.7 shows the all the possible promoter regions,
putative ribosome binding sites, the start and stop of six coding regions namely echA, echB,
echC, echD, echE and echF. BPROM indicated seven sigma 70 promoters present in the
sequenced operon of echABCDEF. Among these promoter sequences sl is present...bp upstream
and s2 is present 551 bp downstream of the start codon of ech4. Another promoter internal
prmoter s3 is present 441bp downstream to s2. The promoter s4 sequence includes the start
codon of echB and the s5 is present 6 bp downstream of the start codon of echC. Transcription
factor binding sequence of promoter s6 is present 12 bp upstream of the start codon of echE. One

internal promoter is present 260 bp upstream of the stop codon of EchE.
The BDGP neural network indicated three possible promoter sequences P1, P2 and P3 present in

the echABCDEF operon. Sequences P1 and P2 are present just upstream of the ech4 while P3

sequence is present in an overlapping with promoter s7.
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_ -10s1 -3551 TF1 n P1
gtectegeetee ggattattuotLatoLtugcgcaaataaaagtaatauLauatataaaauaazauLtaattLLtaLctgcczazattggzlctgtgcg

P1 IR RBS1 echA start

accaaccacctgtagratcttacAattcectigacgtticegigiigcegggacatagaatcegtg Ceggaatccaagegccc ATG.551 bp......
- P2
=10 82 352 TF2 TF3 -10 53 3583
-fcgccaagageegecagecgegg ttcttcttttt-ust»p chgcctaumgggcaccatgctttccgccgccgtggccatctt..’.923bp......
~ -10 54 RBS2 3554/ echB start echB end RBS3 -10 $5 TFS
-ttgeggteatgctcoooooo: \'IOLtOta&T(,LTu% 830bp. T4 ggoatgoagocgataAT Gggtetg c.tto‘ma‘utuvathwm
echA end echC start

N -38s5§ RBS4 echCend echD start _ -1056 -3556
aggccgtetgaagl 410bp..ccaaggroacegteatcgacTAGgeege ATG. 436 bp.tegaccatcteggegecgttctgcaagatcte

- TF6 . RBSS 1057 TF7 -35¢7
caccatccagaaaaaggatl L 1dugoraggictcATG. 7520p. tiCcaaggiccggticalggaaacg ctgcaatccatggatategty
echD end echE start - P3
RBS6
cgtcAggccattte-259 bp-TAAgcanggaoncctgaccATG..3900p......... TAA
echE end ech F start echF end

Fig 4.7 Proposed regulatory structure of the Ech hydrogenase containing genes echA, EchB, EchC, EchD
amd echE. Seven sigma-70 promoters were identified by BPROM, sl, s2, s3, s4, s5, s6 and s7, which are
marked by arrows. The -35 and -10 regions are underlaid in grey. The respective transcription factor
binding sites in bold text are, TF1 (argR2: GCAAATAA, ihf: AAATAAAA, phoB: AATAAAAGQG),
TF2 (ompR: TTCTTTTT), TF3 (ihf: CCGGCCTA), TF4 (tyrR: TGTAATTT), TF5 (fnr:
ATCAATAA), TF6 (rpoD15: AGGATTAA) and TF7 (deoR: CATGGA). The promoter sequences
found by BDGP program P1, P2 and P3 are also indicated by arrows, the captilized letter under these
arrows indicate the possible transcription start site. The start and stop codons of the ORFs are indicated in
capitals and the possible RBS (ribosome binding sites are indicated in the grey italics.
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The polypeptides. A comparative analysis of the translated polypeptide Ech hydrogenase
subunits of the DVMF has been made with the subunits of DvH and D. gigas (table 4.3)

EchA is a 68 kDa polypeptide (648 amino acids), containing at least 13 hydrophobic trans-
membrane segments as revealed by the hydropathy index (Kyte and Doolittle, 1982).

EchB of DVMF is a 31 kDa polypeptide (282 amino acids) that also shows several hydrophobic

trans-membrane domains as demonstrated by the hydropathy index.

EchC is a 22 kDa polypeptide (207 amino acids) showing a conserved domain structure
potentially harboring iron sulfur clusters. It exhibits an approximately 34 % similarity with the
small subunit of [NiFe] hydrogenase and a 45% similarity with the small subunit of [NiFe]
hydrogenase. However, no twin arginine motif has been detected in the N-terminus of any of the
known sequences, so presumably this subunit of the Ech hydrogenase may be located in the

cytoplasm (Rodrigues et al, 2003).

EchD is a 15.2 kDa hydrophilic polypeptide (135 amino acids) with slightly hydrophobic N-

terminal and C-terminal domains.

EchE is a 40.13 kDa hydrophilic (358 amino acids) showing approximately 22% and 32%
identity to the large subunits of the [NiFe] hydrogenase and of [NiFeSe] hydrogenase,

respectively. These similarities are largely located in the N-terminal region of these proteins.

EchF is a 14.39 kDa (129 amino acids) hydrophilic [FesS4]-type ferredoxin protein.

Most probably due to the unstable nature of this enzyme complex in these bacteria (that has been
reported also for similar proteins from other organisms), this hydrogenase could not be purified
so far and only preliminary functional information has been reported (Rodrigues et al, 2003).
Sequence homologies have shown the possible functional conservation in the Desulfovibrio

group of bacteria including DVMF. In this work, we find a higher similarity between the catalytic
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subunits of the Ech hydrogenase and the [NiFeSe] hydrogenase than with the [NiFe]

hydrogenase.
DvMFGene Organism Characterized function Identities
Similarities
on sequence homologies
g;H Transmembrane protein, 74 36
Echd M. barkeri Anchoring of the complex to o1 66
(68kD) . 44 62
T tenecogenesis | membrane and proton transfer. 46 63
DvH Transmembrane protein, 86
92
EchB Dg 62 82
M. barkeri Anchoring of the complex to | 45
(31kD) . 66
T tenecogenesis | membrane and proton transfer. | 49 74
Dvit . 94 08
Dg Fe-S cluster protein
EchC . o . 68 74
M. barkeri similar to the small subunit of
(21kD) . . 65 88
T tenecogenesis | [NiFe] hydrogenase
68 86
ll))vH Hydrophilic protein 73 88
EchD £ . yarop p 54 67
M. barkeri
(16kD) . . 39 60
T tenecogenesis | Function unknown
41 60
DvH Fe-S cluster protein
o . 84 92
Dg similar to the large subunit of
EchE . . 75 86
M. barkeri [NiFe] hydrogenase; hydrogen
(40kD) . s - 54 74
T tenecogenesis | splitting domain of complex 64 20
DvH Hydrophilic [FesS4] type | 81 88
EchF Dg ferredoxin protein, 54 69
(14kD) M. barkeri Electron transfer to and from | 41 56
T tenecogenesis | cytoplasm 46 60

Table 4.3 Functions assigned to the various subunits of the Ech hydrogenase subunits of DvMF, based on
the structural homologies to various organisms, percentage similarties given at DNA and protein level
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4.4.3 Search for [FeFe| and Coo hydrogenases

No positive signal was obtained from the cosmid genomic library, when it was tried to screen the
presence of [FeFe]- and Coo hydrogenase, by similar methods as above. The presence of the Coo
hydrogenase was not clear from the faint signals obtained from the genomic restriction digestion
hybridization profile (data not shown). However, the presence of a [FeFe] hydrogenase could

clearly ruled out.

DvH DvMF Dd

Fig 4.8 Detection of the large subunit of
the [FeFe] hydrogenase in DvH, DvMF
and D. desulfuricans (ATCC 7757) as
shown. The order of restriction enzymes
used is lane 1: Hincll (DvH), Hincll, lane
2: A-DIG marker II, lane 3: Hlincll
(DVMF), lane 4: Ncol (DvMF). lane 5:
EcoRI (DvMF), lane 6 : BamH1 (DVMF),
lane 7: Hincll (Dd), lane 8: Ncol (Dd).
The southern blot was probed against the
DIG-labeled probe of 500 bp derived from
PCR amplification from hydA region of
DvH. whereas positive signals were

4.5 Sequencing of Maturation Genes

E. coli, a gamma proteobacterium, possesses three types of nickel iron hydrogenases. These three
proteins, hydrogenase 1 (hyd1), hydrogenase 2 (hyd?2) and hydrogenase3 (hyd3) are organized in
three different operons. Each of the three hydrogenases has some distinct maturation machinery,
which is encoded by genes present within the structural gene operons. Yet they all share
activities of some other maturation genes (4yp genes), present in the two other operons upto a

variable extent as per the variable growth environments (Hube et al, 2006).
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hyb hyp
- o | A B (o D|E|F| G k<4A] B |c| D |E— F Eco"
e oo Y.
- b | E B A ¢ Iof———A| B |- - g‘ISHGIZO

Fig 4.9 A comparison of the clustering of the various hydrogenase related genes in E. coli and DvH
(green : structural genes; yellow : maturation. Some cytochrome genes are also clustered together in E.
coli shown in purple.

4.5.1 Detection of the hyp genes in the Chromosomal Digest of DvMF

As the hyp maturation genes of DvVH and D. desulfuricans do not occur in a single operon
arrangement, but in three distinct operons (Fig 4.9). To find out the presence and pattern of
occurrence, the genomic DNA of the DVMF was restriction-digested with various endonucleases
(Pvull, Sacl, Pstl, Sphl, EcoRI and BamHI) and probed by southern blot by using DIG labeled
hyp gene probes (derived from one of the genes present in the three known operons, those are

hypB, hypE and hypF) amplified from the ‘DvH genome’ (table 4.4).

Base pairs
Primer name Sequence of the primer amplified
hypBfr 5’- acctcggtgcttgaacgcactctcac -3’
hypBrv 5’- acggggccaacccctegeeget -3 ~ 240 bp of hypB
hypEfr 5’-ttcatcgtgacgcgtgataccaaggtcgt-3’
hypErv 5’-cagcggagcagttcgtgcaggte-3’ ~ 500 bp of hypE
hypFfr 5’- aagggactcggggggcttccacctectcgegtee-3’
hypFrv 5’- accaccgaatcgtcecgtgeggatgagaatgte-3’ ~ 500 bp of hypF

Table 4.4 Primer details used for amplifying the DIG labeled probe from DvH genome for the detection
of homologues in the genomic digests of DVMF.
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9.4 kb

L)

4.5 kb

23K

0.5 kb

3.0kb. & o

Fig 4.10 Detection of 4ypB sequences in the
genomic digests of DVMF as shown.in the
order of loading the restriction-digested
DNA is lanel: Pvull, lane 2: ; lane 3: Pstl;
lane 4: Sphl; lane 5; EcoRI and lane 6:
BamHI and lane 7: probe itself. The
southern blot of this gel was probed against
the DIG-labeled probe of 252 nucleotide
base pairs derived from PCR amplification

Fig 4.11 Detection of hypE in the genomic
digests of DvMF. The order of loading
restriction- digested DNA are lane 2: Pvull,
lane 3: Sacl, lane 4: Pstl, lane 5: Sphl, lane
6: EcoRI, lane 7: BamHI and lane 8: probe.
The southern blot of this gel was probed
against the DIG labeled probe of 500
nucleotide base pairs derived from PCR
amplification from AypE region of DvH.

Fig 4.12 Detection of hypF in the genomic
digests of DvMF. The order of loading
genomic DNA restriction digestions were
lane 1: A DIG marker II, lane 2: Pvull, lane
3: Pstl, lane 4: Sphl, lane5: EcoRI, lane 6:
BamHI and lane 7: probe. The southern blot
was probed against the DIG labeled probe
500 nucleotide base pairs derived from PCR
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A close comparison of the location of the signals obtained in the region of high molecular weight
range indicated that these genes i.e. hypB, hypE and hypF are located somewhat far from each
other in genome. For instance signals obtained from Pstl digested genomic DNA, the signal for
hypB lies in a region parallel to 9.5 kb (Fig 4.10, lane 4 ) and those for hypE are at 6.5 kb (Fig
4.11, lane 4 ) and for hypF are over 10 kb (Fig 4.12, lane 3) respectively. It means at the closest
these three genes are present in a 30 kb genome area, so it is unlikely that these genes are present

in one genome.

4.5.2 Sequencing of hypAB Operon

4.5.2.1 Degenerate Amplification of hypB

A BLAST of the HypB polypeptide sequence of DvH at NCBI database revealed a high degree
of conservation among at least two domains of the protein at the intra- and inter-generic level,
which have been recently also shown as elemental (chapter 5) for the function of HypB protein
(Gasper et al, 2006). The conserved SSPG(A/S)GKT domain (Fig 4.13) was used to design a
forward primer hypB-CDF ‘5- cagttcgcceggekegggeaagace -3 and the conserved
ENVGNLVCPV domain (Fig 4.13) was used to design a reverse primer hypB-CDR ‘5-
cgggcagaccaggttgcccacgttcte-3’. The 241 base pair PCR amplification product thus obtained
gave an 86% translational homology with /#ypB of DvH.

The same set of primers was used to confirm the presence of the hypB gene in the positively
detected cosmid clones. Extended sequencing of one of the cosmid clones employing various
internal primers designed to the DNA sequences generated by the degenerate amplification led to
the complete sequencing of two open reading frames of this operon of DvMF that are hypA4 and

hypB (Submitted EU127916).
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HypB
HypB
HypB
HypB
HypB
HypB
HypB
HypB
HypB
HypB
HypB
HypB
HypB
HypB

HGVLVLNLISSPGAGKTSVLERTLTDLRDEFRMAVVEGDLQTDNDARRVAATGARAVQIN 60
DvH
DDG20 29 T S L., KoooVeoooooo. S K.oo.o.. 86
Lawsonia intracellularis 27 NI.TooDowenennns. Lowees S..85. ... Toveeenenn Keowwnn VK. ... 86
Pelobacter propionicus 82 Q.IFT...V....S...TL..... RE.GGKV.C..I...Q...... Q.I....VQVK 141
Geobacter lovleyi 99 [ V....5...TL..... R..SGRY.C..I...Q........ I....VPVK 157
Geobacter uraniireducens 68 IFA...V....S...TI..... K..GEK.HC..I...Q...... V.I....VPVK.V 125
Magnetococcus sp. MC-1 49 AVL. ML L. S L. ALLLAVIVALK. Lo e e E.E...Q.IR.Q.VP. T 108
Hahella chejuensis 59 Q..T...V........ TL.T..IAE..ESLHI..I...Q..EF..E.IR...VE..... 118
Moorella thermoacetica 23 I.TV.. oo TL....IAS.KKDLAIG.I. IS.TL..E.I.GQ.VEV.. 80
Rhodopseudomonas palustris 127 TF....V....S....L.VK.I...KGQYPI..I...Q..A...Q.IR....P.TI. 186
Heliobacterium modesticaldum 28 IFL... M., TL..K...A.K.RL.L..I...VA.TK..E.I.RL.ISV.. 86
Nitrosospira multiformis 51 RL.TV..M........ AL..ASIDA...KY.IG.TI. .E.E...V.IR.R..P.Y..T 110
Enterobacter sakazakii 103 Q.A...V....S...TL.TE. .KR...TTPC..I...Q..V...E.IR...TP.I.V lel
Citrobacter koseri 105 ... V. S TL.TE..MK.K.SVPC..I...Q..V...A.IR...TP.I.V lel
- 31 IY.I..M......... L....IEG.AGRVK...I...V.SSF..E.IQRK.VQ..... 89
6l TDGGCHLDSNMVLDAISNFDLADLDILFIENVGNLVCPVEFDCGEDHKVALLSVT 115 HypB DvH
87 ..., N.A..... VOH. . .KAT . ottt ittt i it iiee e F.I...... 141 HypB DDG20
87 . IME.LTSLN.NEI......covvun.. Acoooo.. AI..V.G 141 HypB Lawsonia intracellularis
142 GA..... AH.I.H.AAD....S..L.c.oiiennn. AS..L..N....V. 196 HypB Pelobacter propionicus
158 GA..... AH..MH.TEA...DQ..ovvvivnennnen. AA..L..A...VV. 212 HypB Geobacter lovleyi
109 GNA \AA..H..LHEL..TQ..LI.V......... AG..L.HH.D.V..... 163 HypB Geobacter uraniireducens
119 GK..... AH..GH.LERLP.PE............... AG..L..AA...I. 173 HypB Magnetococcus sp. MC-1
81 E.A....ARLISK.LQEL..SG..LI........... A.. Lo Yo oo, 135 HypB Hahella chejuensis
187 .GK..... AH..GH.LTQLPPLVDGL. ... ..cuvuv.on. AA..L..A...VV..I 241 HypB Moorella thermoacetica
170 .GK..... AH..GH.LGQLPPLSQGV. ... . ovuen.. AA..L..A...VV. 224 HypB Rhodopseudomonas palustris
87 .H.A....AA..R.VLPA...DS..L.IV......... A...L..SM..VV..T 141 HypB Heliobacterium modesticaldum
111 GSA AH..H..LHE.P.EE....... ... AS..L.QHRN.T..... 165 HypB Nitrosospira multiformis
162 GK..... AQ.IE..MARLP...NGV............ AG..L..R....V.. 216 HypB Enterobacter sakazakii
90 ... G..IQI.LEATI..KG..L.T.......... A..NL..HD..MI...A 144 HypB Citrobacter koseri

Fig 4.13: Sequence alignment of the conserved domains SSPG(A/S)GKT and ENVGNLVCPYV of the
HypB in various bacteria. Only the variations are shown and the identities are indicated by dots.

4.5.2.2 The hypAB transcription unit

The hypAB operon contains two open reading frames hypA and hypB genes. The hypA codes for

a 12.8 kDa protein (117 residues) and hypB codes for a 24.4 kDa protein (218 residues). The start

codon GTG of hypA was designated based on the sequence homology it shares with HypA of

DvH and D. desulfuricans G20. An analysis by various search programs did not lead to the

detection of any promoter sequence present upstream of the 4ypA coding region in the obtained

sequence. Also, no typical purine rich ribosome-binding site could be detected. The hypB start

codon followed just after a 10 bases separation from the stop codon of 4ypA, which is possibly

containing the ribosome-binding site.
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4.5.3 Sequencing of hypDE operon

4.5.3.1 Degenerate Amplification of hypE

The polypeptide sequence of HypE of DvH was aligned with BLAST to find conserved domains
at the intra- and inter-generic level. Unlike HypB, the HypD and HypE polypeptide sequences
did not show a high level of inter-generic conservation, so the search was limited to closely
related species such as DvH, D. vulgaris subsp vulgaris DP4 and D. desulfuricans G20. When
limited to only these few bacteria, the search for conservation was extended to nucleotide

sequences as well.

5/- GARACNCTNCTNGAYTAYGGNTCNGG-3/ DhypEGRAS
E TL UL L DY G 858 G 6 R A S HR L
DvH hypE 10 GAAACCCTTCTTCTCGATTACGGCAGCGGCGGGCGCGCATCGCACCGCCTCATTTCCGAC 69
Freer e e erererererr reeerere reeer rerer e e e
DD G20 hypE 355046 GAAACTCTGCTGCTCGATTACGGAAGCGGCGGCCGCGCCTCGCAGAGGCTTATCGCCGAG 354987
E T L L L D Y G S§ G 6 R A S Q@ R L I A E

5/- GAARARCYCTKCTKCTCGATTACGGMAGCGGC-3- NDhypEGRAS

DhypEPRIC 3’/ -GGASCTYCCGCTYGTCRACGGSGCGTAGACG-5'
L 6 6 H RL L S MTLZETGESGQTLUPUZ RTIC
DvH hypE 965 CCCTTGGCGGECACCGCCTGCTTTCCATGCTCGAAGGCCAGCAGTTGCCGCGCATCTGCT 1024
Frererrr e 1l FEErrr re eerer rer teer reerrrrnnl
DD G20 hypE CGCTGGGCGGCCACAGACTGCTGAACATGCTGGAGGGCGAACAGCTGCCCCGCATCTGCT 354035
L 6 6 H RL L NMULETGGEQQTULUZPUZ RTIC

MDhypEPRIC 3’ -TACGANCTYCCNCTYGANGGNGCNTADAC-5’

Fig 4.14 Sequence alignments of the 4ypE genes from DvH (gi|46451220) and DD G20 (gi|78355410) of
regions maximally conserved at DNA and protein level. Primers derived therefrom are also shown.

The conserved domain ETLLLDYGSG was used to design two forward primers of different
degree of degeneration, DhypEGRAS °5-garacnctnctngaytayggntcngg-3 and NDhypEGRAS 5°-
gaaacyctkctkctcgattacggmagegge-3°, and in a similar way the conserved MLEGEQLPRIC
domain was used to design two reverse primers  DhypEPRIC-  °5-
ggasctyccgetygtcracggsgegtagacg -3’ and MDhypEPRIC 5°- tacganctycenctyganggngentadac-3°.
Correct annealing of at least one forward and one reverse primer should yield a PCR product of 1
kb. Carrying out the PCR reaction using the genomic DNA as well as the positively detetcted
clone, a combination of primers DhypPRIC and NDhypEGRAS gave the highest amount of

DNA in correct range from the cosmid clone (Fig 4.15). This reaction was repeated and the
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DNA fragment of expected size was gel-purified for sequencing. The sequence obtained gave a
75% translational homology with AypE of DvH. The positively detected cosmid clone was
confirmed by a similar PCR reaction. Extended sequencing of this cosmid clone in both
directions gave the complete ORF sequences of hypE and hypD with hypD being located
upstream of AypE (Submitted EU127915).

cosmid clone genomic DNA of DvMF

1 Kb marker NEB
MDhypEPRIC + NDhypEGRAS
MDhypEPRIC+ DhypEGRAS
DhypEPRIC + DhypEGRAS
DhypEPRIC+ NDhypEGRAS
MDhypEPRIC+ NDhypEGRAS
MDhypEPRIC+ DhypEGRAS
DhypEPRIC + DhypEGRAS
DhypEPRIC+NDhypEGRAS

expected size :
of product :

WA B W=

Fig 4.15 PCR amplification of the iypE gene from the positively identified cosmid (lane 2, 3, 4 and 5)
and from DvMF genomic DNA (lane 6, 7, 8 and 9).

4.5.3.2 The hypDE transcription unit

The hypDE operon contains two genes hypD and hypE, being separated by only 3 bases. HypD is
a 39.6 kDa protein consisting of 365 amino acids and HypE is a 36.1 kDa protein consisting of
341 amino acids. The start codon GTG of AypD was assigned based on the homology with
sequences present in the DvH and DD G20. As seen for the region of hypA and hypB (see
4.5.2.2), also for this operon no strong promoter could be detected, but there are two DnaA type
transcription factor-binding consensus sequences present, the first, ttttccacg, present 423 bases
upstream and a second motif, ttctccacg, is present 9 bases downstream of the GTG start codon.

The possible ribosome binding sites are, one, aggaaga, being present 5 bases upstream of GTG of
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hypD and another, gtggagg, present 9 bases upstream the start codon atg of hypE and 2 bases
before the stop codon of AypD.

DnaA binding RBS start ypD  DnaA binding
gatttteecacg........407bp............ .aggcaggaagaccaacGTGagcATGaatttetecaeg. . . . 1065bp..

RBS stop hypD
. JtggaggecTGAtegcATE. . 1020bp. . TGAcggeggegggtaagagat

start hypE Stop bypE

Fig 4.16: Schematic presentation of proposed partial regulatory sequences present in the zypDE operon of
DvMF.

4.5.4 Sequencing of hypF

4.5.4.1 Degenerate amplification of hypF

The hypF gene of DvH and other known Desulfovibrio genomes is present as a single unit in the
chromosome. Of all the 4yp maturation genes identified in hydrogenase maturation, this is least
conserved at the DNA level. A comparison among the gene sequences of hypF of various
Desulfovibrio species shows somewhat higher variability than found in other maturation genes.
Again the nucleotide and protein sequences of DvH and D. desulfuricans G20 were compared to
detect a sequence conserved both at nucleotide and protein level. Two 5’ terminal primers
hypF200FR S-tertctcsggacaggtacagggwgtgsgctt-3’ and hypF590Fr 5’-
accccttyaccaactgyaccaactgcg-3’ were designed to the peptide domains V(S/I)GQVQGVG and
PFTNCTNCG respectively (Fig 4.17a). Similarly, 3’ terminal primers hypF1300rv 5°-
cgctgtaagagtaggcgtgsctgetrageca-3° and hypF2300rv  5’-ccacccygaaa ggecscegceactacgtett-3°
were designed for the peptide domains RDILIRTDSV (Fig 4.17b). After extensive optimization
of the PCR conditions, the primer combination hypF590Fr and hypF2300rv gave a combination

of more than one faint DNA products, one of which was positively confirmed by sequencing.
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a)
v § ¢ Q V Q 6 V ¢ F R P F YV FRTIOAT
5/ - TCRTCTCSGGACAGGTACAGGGWGTGSGCTT-3/ hypF200FR
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PEE P errrreererrr e ve eeeer 1r rerer reerr reerr
DD G20 hypF GTCATCTCCGEACAGGTACAGGET GTCGGCTTCCGGCCCTTTGTCTTCCGCATCGOCCGE 577787
v I 8 ¢ Q VvV Q ¢6 V ¢6 F R P F V FRTI AR
P F TN CTUNTG GGT®PU RTYTTITT RS I P
5/ -ACCCCTTYACCAACTGYACCARCTGCG-3/ hypFS590FT
DVH hypF ACCCCTTCACCAACTGCACCARCTGECGGCCCCCGCTACACCATCACCCGTTCCATCCCCT 604
T T U T I I 0 Y
DD GO hypF ATCCCTTTACCAACT GTACCAACT GCGGCCCGCGTTACACCATTACGCGGGCCATTCCGT 577432
P FTNCTWMNGUGCOGT?PURTYTTITT RUATITP
b) R D I L I R T DD S V V RATYV Q G E D
3/ -CGCTGTARGAGTAGGCGTGSCTGCTRAGCCA-57 hypFl300ry
DvH hypF 1317 ACCGCGACATTCTCATCCGCACCGACGATTCACTGATGCGCECCETCCAGGGCGAGGATE 1363
Frrreeerrerrreeererrrr e re rerrrrrrrn ol | I O B N |
DD GO hypF ACCGCGACATTCTCATCCGCACCGACGACTCCGTGGTGCGCGTCARCCCCGACACGCACG 576706
R DI L I R T DD 88 V VRV N PDTH
¢ G AMGOGTILTTTYV G L 8§ G G V M QQUNTILT
37 -CCACCCYGAAAGGCCSCCGCACTACGTCTT-5/ hypF2300ry
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PEeE et e reereerrrr reerrrrr rrerrrrrrrrrrn 1111
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Fig 4.17 a) Sequence alignments of the AypF subunit genes from DvH (gi|46581470) and DD G20
(g1|78355602) coding for regions maximally conserved at DNA and protein level for designing forward
primers. b) Sequence alignments of the AypF subunit genes from DvH (gi|46581470) and DD G20
(gi|78355602) coding for regions maximally conserved at DNA and protein level for designing reverse
primers.

4.5.4.2 The ORF of hypF of DVMF

The ORF of hypF of DVMF codes for an 853 amino acids polypeptide (Submitted EU327693)
with a theoretically calculated molecular weight 91.4 kDa protein. It shows 61% identity with the
corresponding protein from DvH and 62% identity with that from DD G20. The start codon
CTG of hypF has been assigned based on the homologies between hypF of the sequenced genes
of DVMF and DvH and DD G20. Interestingly, the analysis of the nucleotide sequence by the

BPROM software showed a sigma 70 promoter which includes this start codon.
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-35 start -10

tcgcatgecttittcacgeccgCTGogtcttcegetatggtcgecctcATGecagacgatcteGTGegecgcaagttecaccGTG
r.poD15#VFRYGRLMPDDLVRRKFTV

Fig 4.18 Schematic representation of the regulatory sequences present above the AypF transcription unit.
The area underlaid in blue is the promoter area and the underlined sequence is the transcription factor
rpoD15 binding site. The possible start codons are capitalized and the given start codon CTG is
highlighted in green.

4.6 The “Green” and the “Brown” proteins

4.6.1 Identification of Adenylylsulfate (APS) reductase and the Dissimilatory sulfite
reductase (DSR)

During routine preparations of the [NiFe] hydrogenases, two distinct proteins have been purified
from the soluble extracts of the DVMF cell lysates, one with a green and the other with brown
color. These proteins were preliminary identified by using MALDI and N-terminal sequencing

(see details in chapter 5).

The “Green” protein was found to be consisting of three subunits by SDS-PAGE, having
molecular masses of 48, 42, and 11 kDa, also confirmed by MALDI-TOF mass spectrometry.
Two subunits were further analyzed and identified by advanced MALDI, the 48 kDa band was
assigned as the alpha-subunit of the dissimilatory sulfite reductase of D. vulgaris and the 42 kDa
band as the beta-subunit of this protein. N-terminal sequencing of the green protein 11 kDa band
gave the sequence AEVTYKGKSF and allowed assignment as the gamma subunit. These

proteins are also called desulfoviridins.

The “Brown” protein was found to be consisting of two subunits by SDS-PAGE, having
molecular masses of approximately 74 kDa and 20 kDa. These subunits were identified with MS
to be the alpha and beta subunits of the APS reductase (Chapter 2). The N-terminal sequencing
of the 74 kDa subunit gave the sequence PMIPVKEQPK that is similar to the highly conserved

N-terminus of the APS reductase of Desulfovibrio vulgaris except of the N-terminal methionine,
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which might be missing in the processed form. The sequencing of the 20 kDa subunit of the
brown protein yielded the sequence PTYVDPSKCDGC. This sequence is highly similar to the

N-terminal of the adenylylsulfate reductase beta subunit of D. desulfuricans.

4.6.2.1 Detection of APS reductase from the cosmid library

A forward primer ADSRfr 5’-cggttctgaaatcatgeccaccgagect-3° and a reverse primer ADSrv 5°-
tcccageageggag cagttcgtgeaggtc-3’ were used to amplify a DIG-dUTP labeled PCR probe from
the APS reductase alpha gene region of DvH genome (gi1|46579260). This PCR probe was used
to screen and yielded more than one clearly positive signal among the isolated cosmid DNA

from the genomic library of DvMF by dot blot southern assay.

4.6.2.2 Degenerate amplification and complete sequencing of the APS reductase

Two forward primers were designed complimentary to the alpha subunit of APS reductase, one
with maximum degeneracy to the sequenced N-terminus that is DbrownFR 5°-
cgatgcenatgathcengtnaargarce-3° (corresponding to the identified sequence MPMIPVKE) and
another one was a non-degenerate primer NDBrownFR 5°- atgccgatgattcccgttaagg-3° (related to
identified peptide MPMIPVK) assuming that the homologous DNA sequences present in the
DvH genome will be perfectly conserved in DvMF as well. Similarly, one non-degenerate
reverse primer was designed complimentary to a conserved domain near the C-terminal of the
alpha subunit, NDBrownRv 5’-cttcttgaagatcttggtctcgecagtgg-3’ (antisense reverse frame
TGETKIFKK). The two forward primers were combined to pair with the reverse primer in two
separate reactions and successfully amplified a PCR product of size approximately 1.7 kb, which

upon DNA sequencing led to positive identification.

The same primer combinations were used to confirm the presence of the APS reductase operon
in the cosmid clones. Extended sequencing of one of the cosmid clones by means of various
primers designed to the sequenced DNA (obtained by the degenerate amplification) led to the
complete sequencing of two open reading frames of the APS reductase subunits of DvMF

(Submitted EU 127913).
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DbrownFR/ 72kDa 20kDa

—

Pra— DbrownRV/
NDBrownRV

Fig 4.19 The APS reductase operon of DVMF contains two open reading frames. Arrows indicate the
approximate location of the degenrate primers used to amplify the coding DNA sequences.

4.6.2.3 The APS reductase transcription unit

The two gene operon (AprAB) of APS contains the gene Apr4 which codes for the large or alpha
subunit polypeptide of 665 amino acids (theoretical molecular mass 75.7 kDa) and the AprB
gene coding for a smaller or the beta subunit polypeptide of 168 amino acids (molecular mass
18.6 kDa). BPROM was used to detect promoters present upstream of the coding region of
AprAB. Besides some potential promoter sequences within the gene, two sigma70 promoter
were detected present upstream. The first promoter, S1, was approximately 0.5 kb upstream of
the start codon of aprd with a crp type TF (transcription factor) binding site, and a second
promoter S2 included the start codon of the apr4 (see Fig 4.20).

-35S1 -7081 Crp binding
tgggttgaggctgacaaggtataaccecttaattcgetgagttggaggeataaggtatgcegacttatgtigatccgtecaagtgtga. . . ... 4690bp....

rpoD16 binding -35S2 -70S2 Start codon apr4
...tagttcggaacccaccgcaagtcattgegitaa gz agarttagetATGeegatgattccegttaaggaacageegaagggtgtggecatege
RBS m pmipvkeqpkgvai

Fig 4.20 Schematic presentation of the possible regulatory structures present upstream of the start of the
AprAB operon (see text for details).

4.6.3.1 Detection of DSR genes in the cosmid library

A primer pair consisting of a forward primer DsvFR 5’-ggaggtaaggcaatggcgaaacggagg -3’ and a
reverse primer DsvR 5’-actt gccgaggcacgattcaggggtacg -3’ was used to amplify a DIG-dUTP
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labeled PCR probe from the dsvA gene of the dsvABD operon from DvH genome and to screen
the cosmid library.

4.6.3.2 Degenerate amplification and complete sequencing of the DSV operon

Two forward primers was designed complimentary to the N-terminus of the alpha subunit DSV
reductase of DvH, one with maximum degeneracy to the obtained protein sequence that is
DGreenFR 5’-tatgacncaytggaarcayggnggnathgt-3° (MTHWKHGGI) and one other non-
degenerate primer NDGreenFF 5’-ggacccactggaagcacggeggeatcg-3’ (THWKHGGI) considering
that the homologous DNA sequences from the DvH will be perfectly conserved in the DVMF as
well. Similarly, a set of two reverse primers was designed complimentary to the sequenced N-
terminal part of the gamma subunit, a non-degenerate one, NDGreenRV 5’-
gctettgeccttgtagtgacttcag -3° (antisense reverse frame to EVTYKGKS) and a degenerate one,
DGreenRV 5’-tccyttrtang tnacyttcngecat-3” (antisense reverse frame to WxKVTYKG). Each of
the forward and the reverse primer pairs was used to amplify a PCR product of approximately 2
kb, which upon DNA sequencing led to the positive identification of dsv4 and dsvB genes of
DvMF.

DgreenFR/ 48kDa 46kDa 8kDa 11 kDa
NDGreenFR ,
]
— A [ B |o} [c]
DgreenRV/
NDGreenRV

Fig 4.21 The desulfoviridin protein of DvMF contains at least four open reading frames arranged in two
transcription units. Arrows indicate the approximate location of the degenrate primers used to amplify the
coding DNA sequences.

The same primer combinations were used to confirm the presence of the Dsv4 gene in the
positively detected cosmid clones. Later, the complete operon of DsvABD reductase was
elucidated (submitted EU 127914) by means of primer walking in both directions to the known

DNA sequences (obtained by degenerate amplification).
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4.6.3.3 The DSV reductase transcription unit

The mature desulfoviridin protein consists of at least three subunits, dsvA, dsvB and dsvC. These
three subunits are coded from two different transcription units; one three gene operon (dsvABD)
contains the a-subunit dsv4 coding for a polypeptide of 437 amino acids (49.5 kDa) and the B-
subunit dsvB coding for a polypeptide of 381 amino acids (42.7 kDa). Neural Network Promoter
Prediction (Reese 1980) identified two possible promoter regions, one being present as
aagctgttgtcattccccgeatggtgggctacaagcaaggAagtgtegee (where the capitalized letter stands for the
possible transcription start), 390 bases upstream the start codon, and the second one,
tccttttaggaatggegttactttgtccaaaaaatcacgaGttttceggg, is 122 bases upstream of the start codon of
the dsvA. The dsvC subunit was partially sequenced by degenerate amplification, but the full

gene sequence could not be detected from the cosmid genomic library.

4.7 Discussion

The used strategy to clone the genomic DNA in randomly selected large inserts (40 kb) into a
cosmid library. The subsequent screening for some selected genes including diverse new
hydrogenases and /yp maturation genes, by means of southern blot screening based on the
existing high homologies among various Desulfovibrio genomes was successful. We sequence-
identified two new hydrogenases, the four genes coding for the mature desulfoviridin protein
present in two loci, a two gene APS reductase operon and five syp maturation genes present in
three operons. The data produced from the sequencing of the desulfoviridin and APS reductase
helped to analyse the crystal structure of these proteins (Ogata et al, 2008). The DNA sequences
for the [FeFe] hydrogenase were not found in this cosmid library and its presence in the genome

also was clearly ruled out by genomic hybridization detection.

Among the hydrogenases, the two structural genes coding for the [NiFeSe] hydrogenase, hysA
and hysB of DVMF, are located just 1 kb upstream of those of the [NiFe] hydrogenase (Fig 4.22).
This arrangement is almost identical to those found in the genomes of DvH and Dd G20. It is
proposed that the expressions of [NiFeSe] and [NiFe] hydrogenase are probably co-regulated by
a common mechanism (Pereira et al, 2006). The obtained DNA sequences of the [NiFeSe]

hydrogenase as well the adjacent [NiFe] hydrogenase, together with the connecting region are
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analyzed to present a single regulon structure possessing multiple promoters (Fig 4.6). As
introduced before, the [NiFeSe] hydorgenase is dominant in various growth conditions in DvH,
the further expression and characterization of [NiFeSe] hydrogenase have been carried in

Chapter 6.
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Fig 4.22 Schematic presentation of the genes coding for [NiFe] and [NiFeSe] hydrogenases in the DvMF
genome as found on the cosmid clone. The size of arrow is approximately proportional to the gene size
and P indicates the promoter present before the coding sequences.

Further, an operon of a multisubunit, membrane-associated Ech hydrogenase comprising of six
genes (EchA, EchB, EchC, EchD, EchE and EchF) has been sequenced and characterized for its
regulatory structure. Among the three known hydrogenases, the Ech hydrogenase has the largest
number of genes present in one operon. Again, the Ech hydrogenase contains upstream and
internal promoters in multiple numbers (Fig 4.7). RT-PCR detection for the transcription of this
hydrogenase from total RNA of D. gigas could not verify the presence of a transcript that codes
for all the genes together at once (Rodrigues et al, 2003). Functions of various subunits are listed
(table 4.4), based on the structural homologies to some known proteins: EchE and EchC being
the catalytic units, similar to the large and smaller subunit of a heterodimeric hydrogenase. The
different level of cellular presence of the various subunits under given physiological conditions
has been also confirmed by a microarray study (Caffrey et al, 2007, Pereira et al, 2008),

indicating a relatively higher up-regulation of EchE over the other subunits.
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Fig. 4.23 Schematic presentation of the sequenced subunits of echABCDEF operon and their arrangement
in the DvMF genome. The EchC subunit from DvMF shows approximately 34% similarity with the small
subunit of its [NiFe] hydrogenase and 45% similarity with the small subunit of the [NiFeSe] hydrogenase,
but lacks a tat signal sequence. Similarly, EchE shows approximately 22% and 32% identity to the large
subunits of the [NiFe] hydrogenase and of the [NiFeSe] hydrogenase.

Growth studies of DvH in recent times employed microarrays, to see the levels of expression in
order to give functions to various hydrogenases. Data from that approach added information to
an advanced hydrogen cycling hypothesis (Caffrey et al, 2007, Pereira et al, 2008). A growth
study of DvH with either hydrogen or a lactate-pyruvate combination (Pereira et al, 2008) has led
us to assume that the main role of the periplasmic hydrogenases is to fuel the metabolism of
Desulfovibrio in a growth condition deficient of other electron-donating organic compounds.
Further, even among the periplasmic hydrogenase themselves the level of expression of each
hydrogenase is differently affected by presence of some metal ions and partial pressure of

hydrogen in the growth environment (chapter 2).

On the other hand, the cytoplasmic oriented hydrogenases are upregulated under conditions
when the concentration of electron-donating organic compounds such as lactate or pyruvate is
sufficiently high (Pereira et al, 2008); under such situation these hydrogenases are mainly

involved in producing hydrogen out of that energy.

In conclusion, we have confirmed based on the sequencing work that DvVMF contains a [NiFe]-,
one [NiFeSe], one Ech hydrogenase and possibly also one Coo hydrogenase. In other words, it
contains several periplasmic and at least one cytoplasm oriented hydrogenases. Even in the
absence of an [FeFe] hydrogenase, these facts fit very much with former data and with the new

hydrogen cycling principle of Desulfovibrio bioenergetics.
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1. Ech hydrogenase

2. CO-dehydrogenase

3. Periplasmic hydrogenases

4. Electron transfer complex
—Dsr and Qmo

5.  ATP synthase

6. Alcohal dehydrogenase

7. Sulphate reducing enzymes

8. Formate dehydrogenase

9. Pool of periplasmic
cytochromes c trans-

10. membrane , electron-
transfer complexes

soz  including Tmc

Ethanol

. Growth with lactate
and pyruvate

B. Growth with
hydrogen

Fig 4.24 Schematic presentation of a DvH cell, indicating the role of various hydrogenases when grown
with both lactate and pyruvate or with hydrogen only (Figure taken from Pereira et al, 2008). The
captions in green font indicate to the similar gene sequences for DVMF, found only in this work.

Not much has been done on elucidating the pathways of the maturation of the [NiFe]
hydrogenase in Desulfovibrio, believing that the presence of 4yp gene sequences is an indication
enough for the existence of a maturation cycle similar to E. coli. However, despite high
conservation, the maturation cycle of each organism is likely to have some distinct aspects. This
might be demonstrated by the results from attempts to heterologously express the four gene hyn
operon of D. frutosovorans in the [NiFe] deletion mutant of D. gigas, which resulted in only one

sixth of the original hydrogenase activity (Rousset et al, 1998).

It is noteworthy that the hydrogenase expression and purification is much easier in Desulfovibrio,
which has otherwise difficult genetics (Bender et al, 2006). Moving on to find information on the
maturation of the [NiFe] hydrogenase, five hydrogen pleiotropy genes, also abbreviated as /iyp
genes (hypA, hypB, hypD, hypE and hypF), have been sequenced in this work, present in three
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different operons. The pattern of the operon structure of these genes in DVMF is similar to the
other known hyp genes of Desulfovibrio sps. With the availability of these gene sequences,

efforts can be made in direction of a heterologous expression of the [NiFe] hydrogenase.

\

Cyanide ligand
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HynD HypE Carbomyl
y Transferase
HypD
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Fig 4.25 A proposed model of expression and maturation of [NiFe] hydrogenase and the Hyp protein in
the DVMF cell, parallel to that for the hydrogenase 2 of E. coli.
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Chapter 5

Molecular characterization of Hydrogenases and
Sulfate Reducing Proteins of DvVMF

As introduced in chapter 2, the catalytic units of the [NiFe] hydrogenases belonging to
Desulfovibrio are usually heterodimers, consisting of small (SSU) and large (LSU) subunits. The
highly conserved polypeptide sequences of the small subunits contain three iron-sulfur clusters
while the large subunits contain a nickel-iron centre. A general tat-transport pathway along with
the Hyp proteins (HypA, HypB, HypD, HypE, HypF) as well as the endopeptidase HynC (also
named as Hycl) and the chaperone HynD (also named as HypC) work together to bring [NiFe]
hydrogenases into a functional state. For the [NiFeSe] hydrogenases, one of the Ni-bound
cysteine residues is replaced by selenocysteine. Among the three main classes of hydrogenases,
[NiFe], [FeFe] and [Fe] hydrogenases, the [NiFeSe] hydrogenases are placed into the [NiFe]

family, based on their sequence similarity.

The few crystal structures of [NiFe] hydrogenases we have by now derive all from DvMF and

other Desulfovibrio sps (table 5.1). Most of them exhibit similar basic structures.

Class Organism PDB entry Reference

[NiFe] Desulfovibrio vulgaris Miyazaki F 1H2R Higuchi et al, 1997
[NiFe] Desulfovibrio gigas 1FRV Volbeda et al, 1995
[NiFe] Desulfovibrio fructovorans 1YQW Volbeda et al, 2005
[NiFe] Desulfovibrio desulfuricans ATCC27774 | 1E3D Matias et al, 2001
[NiFeSe] Desulfomicrobium baculatus 1CCl1 Garcin et al, 1999

Table 5.1 Available crystal structures of [NiFe] hydrogenases and their PDB codes.

Considering the hydrogenase maturation proteins, a similar situation is seen. A score of these

proteins from E. coli has been well characterized in terms of genetics and their biochemical role
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in the maturation (Chapter 2 for introduction). Also, at least one functional homolog of such
proteins from various microbes has been crystallized to resolve their three-dimensional
architectures, which have furthered our understanding of the maturation process at the molecular
level. A list of available structures of these maturation proteins has been given in table 5.2. As
these maturation proteins are highly conserved in a broad range of microbes, the crystallized
structure resolutions obtained for HypD, HypE and HypC of Thermococcus kodakaraensis

KODI1 have been helpful to propose a common reaction mechanism (Fig 5.2).

The overall structure of HypC of 7. kodakaraensis consists of a [-barrel
(oligonucleotide/oligosaccharide binding (OB)-fold) domain and a C-terminal a helix (Fig 5.1E,
Watanabe et al, 2007a). The N-terminal residues assume an extended conformation to allow the
essential cysteine residue (Cys2) to make contact with the solvent. The structures of HypE of T.
kodakaraensis and also that from DvH (Shmoura et al, 2007) consist of two o/f domains
(domains A and B) and a C-terminal tail (Fig. 5.1C, Watanabe et al, 2007b). These structures are
similar to that of PurM proteins, whose members are characterized by a common motif for ATP
hydrolysis. HypE of T. kodakaraensis was obtained in form of a dimer (Watanabe et al, 2007a),
which showed four conserved motifs (Table 5.2), assembled around the active site. This
arrangement has led to the suggestion that the HypE dimer is a functional unit for ATP-
dependent dehydration activity (Watanabe et al, 2007b). The crystal structures prepared by co-
crystallization with ATP have shown that the C-terminal tail of HypE exists in an ATP-
dependent dynamic equilibrium between two conformations termed outward and inward. In the
ATP-unbound state, the C-terminal tail of HypE takes the outward conformation, which is
appropriate for receiving carboxamide from a carbamoylphosphate by HypF or for transferring
thiocyanate to the HypCD complex. Binding of ATP to HypE will shift the equilibrium toward
the formation of the inward conformation, in which HypE dehydrates the S-carboxamide moiety

to yield thiocyanate (Watanabe et al, 2007a).
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PDB entry and

Conserved Structural

Function Organism Main Characteristics .
Protein Reference domains
E. coli 1CFZ Show nickel specific
Endopeptidase cleavage 36VxxxDGG42
HybD | ¢ ctional (Fritsche et al, | No¢ inhibited by EDTA | 41GGTA44
homolog of 1999) or EGFA
Hycl
Thermococcus | 2Z1C
Chaperone kodakaraensis Hydrophobic cleft at N- | C2
KOD1 terminus with an acidic
HvoC Interacts with (Watanabe et molecular surface at the | H45
yp HypD to al, 2007b) opposite side.
enable cynaide
tranfer to the
active site
Methanoclado- | 2BEK SIMBI class of protein
--coccus
Jjannaschii GTP binding and ENVGNLVCP
HvoB Nickel transfer (Gasper et al, hydrolyzing
YPE 1 (o active site 2006) GSGKTLLIEKL
Nickel Binding, may
contain a histidine rich
N-terminus
Thermococcus | 2Z1D
Forms a kodakaraensis FeS clusters 148GFETT152
complex with KOD1
HypE and (Watanabe et Four disulfide bridges GPGCPVC
HypD | HypC for al, 2007b)
cyanide CGXH
transfer to
active site. PXHVS
Thermococcus | 2Z1F purM class of protein,
Forms a kodakaraensis if/lif%Ggg\% )I{iXLéz(A
complex with KOD1 ATP hydrolyzin, XUX XX
Hypllj“, HypD (Watanabe et yaroyzing xP92
:;gnlfd?c for al, 20070) 130(T/A)GDTKV 135
transfer to Desulfovibrio
HypE | active site vulgaris subsp 2Z1T 220(K/R)D(P/ATR(A/
Hildenborough (Shomura et al, G)G226
2007)
270ANEG(K/R)274
E. coli 2I6R PROV/IC
(Rangarajan et
al, 2008)

Table 5.2 A list of crystal structures of proteins involved in the maturation of NiFe hydrogenase. Cellular
functions and structural features along with conserved domains are also briefly mentioned.
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B) HybD of E. coli

Fe-S cluster
binding domain

GPGCPVC motif

I

e '. B domain |

main Il
s e GFETT motif

D) HypD of T. kodakaraensis

Fig 5.1 Representative three-dimensional
structures of Hyp proteins crystallized from
various organisms: A) HypB of M.
Jjanaschii B) HypD of E. coli C) HypE of T.
kodakaraensis D) HypD of T
kodakaraensis E) the two conformations of
HypC of T. kodakaraensis: The important
residues are marked and references given in

table 5.2. The functions are discussed in
E) HypC of T. kodakaraensis following sections.
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The resolved crystal structure of HypD of T. kodakaraensis consists of three major domains: an
o/B domain I, an o/p domain II, and an Fe-S cluster binding domain (Fig. 5.1D, Watanabe et al,
2007b). The Fe-S cluster-binding domain carries a [Fe4S4] cluster. These three domains form a
cleft at the center of the molecule. The residues participating in and around the central cleft are
very much conserved. In particular, four conserved motifs are assembled at the bottom of the
cleft (Fig. 5.1D, Watanabe et al, 2007b) and are likely to be forming the catalytically active part
of the HypD. The disulfide bond SS1 (Cys66-Cys69) lies close to the SS2 (Cys325-Cys354)
which in turn is located very close to the [FesS4] cluster (Fig. 5.1D, Watanabe et al, 2007b), and
the sulfur atom of Cys325 in the reduced form makes a close contact with the iron atom. The
[FesS4] cluster environment of HypD as a whole was found to be quite similar to that of
ferredoxin:thioredoxin reductase (FTR), and led to the suggestion that a redox cascade is present
between the [FesS4] cluster and two disulfide bonds (Watanabe et al., 2007a and Watanabe et al,
2007b).

The available structures of HypC, HypD and HypE have provided deep insights into the
cyanation reaction. In particular, the assembly of conserved residues of HypD around the center
cleft suggested that the coordination of the cyanide ligand to the Fe atom takes place at the
conserved motifs (Fig. 5.1D and Fig. 5.2). The conserved motifs present in the regions around
the central cleft of HypD might be the providing the interface to other Hyp proteins. Fig 5.2
shows a mechanism proposed by Watanabe et al, 2007b, which outlines the stepwise-reaction

taking place at the active site of these Hyp proteins.

Further, the conserved motifs of HypC and HypE allow the essential cysteine residues of both
proteins to interact with the active site of HypD. The uncovered FTR-like redox cascade implies
that the cyanation reaction is catalyzed by a unique thiol redox signaling in the HypCDE

complex.
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Fig 5.2 A schematic presentation of the mechanism of cyanide transfer at the molecular level as proposed
by Watanabe et al, 2007. (1) Cys-38 and His-202 residues of HypD trap an iron atom together with the
conserved N-terminal cysteine residue of HypC. (2) The C-terminal cysteine of HypE is charged with a
thiocyanate and interacts with the Cys-66 of HypD in the HypD-HypC complex. (3) The cyanide group is
transferred to the iron atom. (4 and 5) The C-terminal cysteine of HypE is reduced and released. (6 and
7) The disulfide bond present in the conserved CPCV motif of HypD is reduced by disulfide bond SS2,
and SS1 participates in the next reaction. (8 and 9) The second cyanide is transferred in the same manner
as the first CN ligand. According to this proposed mechanism, HypD can mediate the CN-transfer
reaction twice without the [Fe,S4] cluster. In the final steps a CO ligand is transferred to the iron atom
from an unknown donor and possibly through the reduction of SS1 by the [Fe,S4] cluster in an FTR
(ferredoxin:thioredoxin reductase) -like manner.

As in cases of other Desulfovibrio sps, the known genes for the maturation for the [NiFe]

hydrogenase are present at four different locations in the genome. An attempt to produce the
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[NiFe] hydrogenase heterologously should at the minimum need the expression of all these genes
together. Alternatively, a very closely related host could be employed to express the structural
genes and the corresponding maturation could be complemented via the host machinery.
Otherwise all the maturation genes can be co-expressed together with the structural genes.

However, such attempts have to ensure that all of these genes are expressed optimally.

—/D|EHHB| A —H—B A |[cbpHHABHH F |—

Fig 5.3 Schematic presentation of the location of the Ayn, hys and hyp genes of DVMEF. The yellow
colored boxes show the maturation genes of DvMF, which have been found to be arranged on four
different operons in the genome. The interrupts indicate that these genes are well separated from each in
the genome as in case of DvH.

In this work, the maturation proteins of DvMF, those are HynD, HypA, HypB, HypD, and HypF
are characterized by their sequence and their secondary structure prediction, and they are
compared to their crystallized homologous proteins. Further attempts are reported on expressing
the [NiFe] hydrogenase in a heterologous fashion. Firstly, the Ayni- [NiFe] deletion mutant of
DvH (Goenka et al, 2005) has been tried for such an expression by providing the four gene
hynBACD operon. Later a strep tag is inserted at the 3’ end of the 4ynB gene and also the other
two gene operons hypDE and hypAB have been epitope tagged for expression and purification in

E. coli cells.

5.1.1 Hydrogenases of DvMF

In this work, genes coding for three hydrogenases are reported in Desulfovibrio vulgaris
Miyazaki F. Two of them are periplasmic, one [NiFe] - and a [NiFeSe] hydrogenase (Chapter 4).
The third one is a membrane associated, hexameric energy converting [Ech] hydrogenase
complex (Chapter 4). The structural characteristics of the [NiFe] hydrogenase of DvMF have

been discussed in chapter 2, and the structures of [NiFeSe] hydrogenase sequenced in this work
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have been characterized in this work by sequential homology (Fig 5.5 and Fig 5.6) and 3D
modeling (Fig 5.4).

The amino acid sequences of the selenium-containing hydrogenases yield high homologies with
the sequence of the [NiFe] hydrogenases, especially among the cysteines involved in formation
of iron sulfur clusters and the residues surrounding them. A three-dimensional model has been
created for the [NiFeSe] hydrogenase of DVMF by using the PyMOL program and energy
minimization (Fig 5.4). The comparisons between the structures of [NiFe] and [NiFeSe]
hydrogenases of DvMF showed an overall similar architecture except for some additional

external loops in the small subunit of the [NiFeSe] hydrogenase.

Except of DVMF, [NiFeSe] hydrogenase gene sequences are available from just three organisms
so far: Desulfovibrio vulgaris subsp Hildenborough (DvH), Desulfovibrio desulfuricans subsp
G20 (Dd), and Desulfomicrobium baculatus (Db). Converted in the corresponding polypeptides
of the two subunits of the [NiFeSe] hydrogenases (Hys) are compared with the [NiFe]
hydrogenases (Hyn) sequences of DvH and DvMF. A simple sequence alignment of the small
subunit with the clustalW program showed a perfect conservation among the cysteines involved
in the formation of proximal and distal [FesS4] clusters among the Hyn and Hys hydrogenases
(Fig 5.5a and Fig 5.5b). The number and positioning of cysteines involved in the formation of
medial clusters of Hys hydrogenases were similar among themselves, but they are different from
those of Hyn. This was as expected an observation as the presence of a [FesS4] medial cluster in
Hys instead [Fes;S4] medial cluster of Hyn has been confirmed by structural and EPR data of Hys
hydrogenases of DvH (Valente et al, 2005 ) and Db (Garcin et al, 1999).

However, interestingly the positioning of one of the conserved cysteine residue (Cys-289) of the
[NiFeSe] hydrogenase of DvMF which is expected to participate in the formation of the medial
cluster is slightly different from the other HysA sequences (Fig 5.5a). In all the HysA sequences
except DVMF the first two cysteine participating in the medial clusters are separated by 11
residues, e.g., DVH (Cys-281 and Cys-293), DdG20 (Cys-268 and Cys-280) and Db (Cys-278
and Cys-290) as well as in the Hyn hydrogenases of DvMF (Cys-281 and Cys-293) and DvH
(Cys-281 and Cys-293). The corresponding two cysteines present in HysA of DvMF are
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separated by 13 residues (Cys-279 and Cys-293), whereas a serine (Ser-281) residue replaces the
conserved location of a cysteine (Fig 5.5a). The possible participation of Cys-279 of HysA of
DvMF could not be obvious, and moreover, serine has been also known to form iron sulfur
clusters, but the nature of these iron sulfur clusters thus formed and the impact on the redox

potential needs to be determined.

Further, a similar sequence alignment of the large subunit showed high homologies between Hys
and Hyn hydrogenases and an almost perfect conservation among the Hys (Fig 5.6A). The
selenocysteine residues present at the C-terminal ends of the Hys hydrogenases are known as the
functional replacements of one of the cysteine residue participating in the catalytic active site of

the large subunits of [NiFe] hydrogenases (Fig 5.6B).

Small subunit

\

Fe,S,

type
clusters

Fe,S,

type
FesS, clusters
or
Fe,S,?
Ni-Fe-Se £~ ~~, Ni-Fe
active site active site
‘ [NiFeSe] hydrogenase [NiFe] hydrogenase ,

Large Subunit

Fig 5.4: A comparison of the three-dimensional structures of the [NiFeSe]- and [NiFe] hydrogenases of
DvVMF (1HR). The two hydrogenases show an overall high similarity in the subunit architecture. Both
hydrogenases have two [Fe,;S4] clusters (distal and proximal). The [NiFe] hydrogenase possesses a [Fe;Sy]
medial cluster and the nature of the bonding present in the medial cluster in the FeS cluster present in the
NiFeSe] hydrogenase is not clear yet.
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SeDvMF ———————————————— - -MSLNRRDFVKLCTGTVAGFGISQMFHPAVCEAISGSLNGERP 42
SeDvH -----—-——-——- - -MSLTRRDFVKLCTGTVAGFGISQMFHPAVHEALAGTLTGERP 42
SeDdesul £ — e —————— — - _MFHPAIRDALADTLKGDRP 19
SeDBacu ——————-———-—— - —— - -MSLSRREFVKLCSAGVAGLGISQIYHPGIVHAMTEGAK--KA 40
DvH NiFe MRFSVGLGKEGAEERLARRGVSRRDFLKFCTAIAVTMGMGPAFAPEVARALTGSRR---P 57
DVMFNiFe MKISIGLGKEGVEERLAERGVSRRDFLKFCTAIAVTMGMGPAFAPEVARAIMGPRR---P 57
* - * -
SeDvMF PVLWLOGQGCTGCSVSLINSVHPTIADVLLKVISLEFHPTVMAWEGE PAMEHMMKIAEQY 102
SeDvH PVEWLOQGQGCTGCSVTLLNSVHPSIADVLLKVISLEFHPTVMAWEGEHATEHMRKVAEKF 102
SeDdesul £ PVLWLOGQGCTGCSVSLLNSVHPSIKDVLIDVISLEFHPTVMAWEGEHATEHMMKIAEKY 79
SeDBacu PVIWVQGQGCTGCSVSLILNAVHPRIKEILLDVISLEFHPTVMASEGEMALAHMYEIAEKF 100
DvH NiFe SVVYLHNAE - ESVLRAFQPYLDELILDTISLDYHETIMAAAGDAAEAALHQAVANP 117
DvMFNiFe SVVYLHNAECTGCSESVLRAFEPYIDTLIILDTLSLDYHETIMAAAGDAAEAALEQAVNSP 117
PR Fhkkk ook X HER U R R *: o* :
4Fe-P
SeDvMF KGKYFVVVEGAVPTEADGKYCIIGE-----— AHHKEISMVDAMKSVAANAAAVLAVGTCAA 157
SeDvH KGKFFLVIEGSVPVEADGKYCIIGE-—--—-- ANHHEISMVDALKEFGPNAAAVLAVGTCAA 157
SeDdesul £ EGKFFVVVEGSIPLAADGKYCIIGD-----— IDHKEISIADAMRD IAAKSAAVLAVGTCAA 134
SeDBacu NGNFFLLVEGAIPTAKEGRYCIVGETLDAKGHHHEVTMMELIRDLAPKSLATVAVGTCSA 160
DvH NiFe DG-FICIVEGAIPTADNGIYGKVAN--------—--HTMLS IESDIVPKAKAVIAYGTCP T 166
DvMFNiFe HG-FIAVVEGGIPTAANGIYGKVAN----—--—-—-—-HTMIDICSRILPKAQAVIAYGTCAT 166
A H HI HES LoLtr Kook kkko
SeDvMF YGGIPAAQGSETGAKSVSQFFKDNGIATPVVNIPGCPPHPDWIVGTVVVALNAIKAKGLA 217
SeDvH YGGIPAAEGSETGATAVSKFLGDNGIKTPVVNIPGCPPHPDWIVGTVVLALDAIKKNGLE 217
SeDdesul £ YGGIPAAEGNLTEAVSVQQFFEQEGIKTPVVNIPGCPPHPDWIVGTVVVALDAIKKHGLQ 194
SeDBacu YGGIPAAEGNVTGSKSVRDFFADEKIEKLLVNVPGCPPHPDWMVGTLVAAWSHVLN-- - — 216
DvH NiFe FGGVQAAKPNPTGAKGLNDA. LGVN--AINLAGCEPNPYNLVGTLVYYLK-----—--- 216
DvMFNiFe FGGVQAAKPNPTGAKGVNDA VK- -AINIAGCEPNPYNLVGTIVYYIK-------- 216
tkk: kk: ok 1 i 1 | ARe-D ki kkkk ok skkk ok
SeDvMF AGLGDVVKLLDADGRPTPFYGRNVHENCPYLEAYDAGKMCETFTK----KEGCRYDLGCK 273
SeDvH GGLAEVVKVLDSDGRPTPFFGRNIHENCPYLDKYDEGVMSATFTD----KVGCRYDLGCK 273
SeDdesul £ GGLGEVVKLLDGDGRPTPFYGTNIHDNCPYLPQFEEYVMSETFTQ----KDGCRYELGCK 250
SeDBacu —PTEHPLPELDDDGRPLLFFGDNIHEN(‘%—— === ELGCK 270
DvH NiFe —---NNAAPEMDEFNRPLMFFGQSVHDN¢ PRLKHFDAGEFAPSFESEEARKGWCLYELG| 273
DvMFNiFe —---NKAAPELDSLNRPTMFFGQTVHEQC PRLPHFDAGEFAPSFESEEARKGWCILYELG| 273
B Lxk * .k Lik kK * . 4Fé—'D:* * * s kkkk
SeDvMF FERKWNGGVNWCISN-AVCIGCVEPDFPDGKSPFYSA- 317
SeDvH FERKWNGGVNWCVQN-AVCIGCVEPDFPDGKSPFYQA- 317
SeDdesul £ YKRKWNNGVNWCISN-AVCIGCVEPDFPDGKSPFYES- 294
SeDBacu AKRRWNNGINWCVEN-AVCIGCVEPDFPDGKSPFYVAE 315
DvH NiFe :’KIKFN—QTNWPVEAGHPCIGCjEPDFWDEKSPFYES— 317 A)
DvMFNiFe PKIKFN-QTNWPVDAGHPCIGCYEPDFWDAMTPFYQN- 317
:BFe-VF - *kkk  Kkkk K skkK
Cys— \
—Cys
Pe 1N
N5 Cys |
- -F
| & : Emle
B) NN Cys
—|-Fe—|. Fe
s —oys o
Fe— Cys
Cys— -
[FesS] [FesSq]

Fig 5.5 A) Polypeptide sequence alignment of the small subunits of the known [NiFeSe] hydrogenases
with some [NiFe] hydrogenases. Selenium containing hydrogenases sequences are abbreviated as:
SeDvMF— DvMF; SeDvH- DvH; SeDdesulfcn-  Desulfovibrio  desulfuricans; SeDBacu-
Desulfomicrobium baculatus; NiFe DvHnife- from DvH; DvMFNiFe- from DvMF B) Schematic
presentation of the ligand structure of [FesS4]- and [FesS4]-type of clusters and the usual participating
amino acids in the FeS cluster containing proteins.
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SeDVvMF MSGCTPKAAPAGATGKAT-— ——IAIDPVSRIEGHLKAEVTVENGVVVDARLSGGMYRG 54
SeDvH MSGCTPKAAPAGATGRTT- 54
SeDdesulf MSGCTNKMAAGGVSGKTK- 54
DBnifese MS—----QAATPAADGKVK-— ——ISIDPLTRVEGHLKIEVEVKDGKVVDAKCSGGMFRG 50
DvMFNiFe MSGCRAQNAPGGIPVTPKSSYSGPIVVDPVTRIEGHLRIEVEVENGKVKNAYSSSTLFRG 60
DvHNiFe MGGCKAKTAPG-VPVTPQSSYTGPITIDPVTRIEGHLRIEVEVENGKVKRAYSSSTLFRG 59
* PR * chkh .k hkhkhkhk: hhk k. Kk Kk * * s iKhKk
SeDVvMF FETILRGRDPRDASQIVQRICGVCPTAHSTASCMALDNAFKVKVPTNGRLTRNLTFGANY 114
SeDvH FETILRGRDPRDASQIVORICGVCPTAHSTASVLALDEAFGAKVPNNGRITRNLIFGANY 114
SeDdesulf FENILRGRDPRDASQIVQRICGVCPTAHSTASVMALDKAFGVKVTTNGRLTRNLILGANY 114
DBnifese FEQILRGRDPRDSSQIVQRICGVCPTAHCTASVMAQDDAFGVKVTTNGRITRNLIFGANY 110
DvMFNiFe LEIILKGRDPRDAQHFTQRTCGVCTYTHALASTRCVDNAVGVHIPKNATYIRNLVLGAQY 120
DvHNiFe LEIILKGRDPRDAQHFTQRTCGVCTYTHALASTRCVDNAVGVHIPKNATYIRNLVLGAQY 119
. *x Kk -hhkhkkhhk - .- hk dhkkk T x * Kk . * K PRI * Kk sk Kk -k
SeDVvMF LOSHILHFYHLAALDFVQGPD— 151
SeDvH LOSHILHFYHLSAQDFVQGPD— 151
SeDdesulf MOSHILHFYHLAALDFVQGPE - 151
DBnifese LOSHILHFYHLAALDYVKGPD— 151
DvMFNiFe LHDHIVHFYHLHALDFVDVTAALKADPAKAAKVASSISPRKTTAADLKAVODKLKTFVET 180
DvHNiFe LHDHIVHFYHLHALDFVDVTNALKADPAKAAKIASSISPRKTTAADLKAVODKLKAFVAS 179
tr L Kx K chkhAhhhk ok K-k . T . * X L xx
SeDVvMF KDINAAAVDQYLEALEVRRICHEMVAMFEFGGRMPHVQGQV 190
SeDvH KELNKAGVDQYIEALEVRRICHEMVALFGGRMPHVQGQV 190
SeDdesulf SAVNQVAVDQYLEALEVRRICHEMVAIFGGRMPHVQOGQOV 190
DBnifese ————-GAKADATNTYGLNQYLKALEIRRICHEMVAMFGGRMPHVQOGMV 194
DvMFNiFe GQLGPFTNAYFLGGHPAYYLDPETNLIATAHYLEALRLOVKAARAMAVFGAKNPHTQFTV 240
DvHNiFe GQLGPFTNAYFLGGHPAYYLEPELDLIATAHYLEALRLOQVKAARAMAVFGAKNPHTQFTV 239
: . tk ok Kk - o- . . sk ohkk - kK Kk *
SeDVMF VGGTT--EIPTKEALVEYAARFKKVREFVEKKYVPVAYTVGAAYKDLFKFGQGYKNCISF 248
SeDvH VGGAT--EIPTKEKLVEYAARFKKVRDFVEQKYVPVVYTIGSKYKDMFKVGQGFKAALCV 248
SeDdesulf VGGTT--EIPTKEALVEYAARFKKVRKFVEEKYVPVVYLVGSVYKDLFAFGQGYKNCVAF 248
DBnifese VGGAT--EIPTADKVAEYAARFKEVQKFVIEEYLPLIYTLGSVYTDLFETGIGWKNVIAF 252
DvMFNiFe VGGVTCYDALTPOQRIAEFEALWKETKAFVDEVYIPDLLVVAAAYKDWITQYG-GTDNFITF 299
DvHNiFe VGGVTCYDALTPKRIQE FTDLWKETKAFVDEVYIPDLLAVASRYKDWIQYG-GTTNFITF 298
*h kK : . : * . sk s * : * . x T . * _* * * T .
SeDVMF GAFPLND-AMTELHLKRGVYIDGKDQ-—-—-PFDPKLIKEYVKYSWFDDATTG-LHFSQGKT 303
SeDvH GAFPLDN-SGKKHLFMPGVYAKGKDM—-—-—-PFDPSKIKEYVKYSWFAEETTG-LNYKEGKT 303
SeDdesulf GVFPLND-EGTEFALKPGVYMDGEDK-—-—-PFDARLIKEYVKYSWFDDSTTG-LHYTEGQT 303
DBnifese GVFPEDD-DYKTFLLKPGVYIDGKDE--—-EFDSKLVKEYVGHSFFDHSAPGGLHYSVGET 308
DvMFNiFe GEFPKDEYDLNSRFFKPGVVFKRDFKNIKPFDKMQOIEEHVRHSWYEGAEAR--HPWKGQT 357
DvHNiFe GEFPKDEYDLNSRFFKPGAVFKRDFONIKPFDPMOIREHVRHSWYEGAEAR--HPWKGAT 356
* Kk Tz . : * . . * ok T LKk K s *x .. . : * K
SeDVvMF VPA-PNKAG--AYSFVKAPRYNGKAVESGPVARMWI TNPELSPVGOKLLKDLFKLNAKREF 360
SeDvVvH IPA-PDKAG--AYSFVKAPRYDGLSLEVGPLARMWVNNPELSPVGKKLLKDLFGISAKKF 360
SeDdesulf IPD-PEKPG--AYSFVKAPRYNGKPCEVGPLARMWVANPELSPMGOKMLKEHYGIDAKRF 360
DBnifese NPN-PDKPG--AYSFVKAPRYKDKPCEVGPLARMWVONPELSPVGQOKLLKELYGIEAKKF 365
DvMFNiFe QPKYTDLHGDDRYSWMKAPRYMGEPMETGPLAQVLIAYSQGHPKVKAVTDAVLAKLG——— 414
DvH EPKYTDLHGEDRYSWMKAPRYMDD PNEETGPLAQVLVAYAQGI—IKQVKAVTDTVI.GALG— —— 413
* . * Kk - s hkhhkk . . * Kk ook oo B .z B B . .
SeDVMF RDLGDEAAFSVMGRHVARAEETYYMLSAIERWLKEVKA-—-—-—GEETFAAA-EIPASSEGV 415
SeDvH RDLGEEAAFSLMGRHVARAEETYYMLGAIEGWLKEIKA—--——GEDTVVMP-AVPASAEGT 415
SeDdesulf RDIGAEAAFSLMGRHVARAEETWLTTNYIERWLKEVVP--——GAETYVPS-EIPEQAEGT 415
DBnifese RDLG-DKAFSIMGRHVLVAEETWLTAVAVEKWLKQOVQOP—-—-——GAETYVKS—-EIPDAAEGT 419
DvMFNiFe ——-VGPEALFSTLGRTAARGIETAVIAEYVGVMLQEYKDNIAKGDNVICAPWEMPKQAEGV 472
DvHNiFe ——-VGPEALFSTLGRTAARGIETAVIAAQOMEQWLNEYKDNIASGDNKIVEPWEMPKQAEGV 471
P *k kK| . KK - * .- * - . x P X
SeDVvMF GFTEAPRGSLVHYINIKDQKIDNYQIVSATLWNCNPRDDSGQLGPVERALVGTPVPDISN 475
SeDvH GFTEAPRGSLLHYVKVKDSKIDNYQIVSASLWNCNPRDDMGORGAVEEALIGIPVDDION 475
SeDdesulf GFTEAPRGSLLHYIDIKDSVISNYQIVSATLWNCNPRDDMGNRGPVEEALIGTPVPDLEN 475
DBnifese GFTEAPRGALLHYLKIKDKKIENYQIVSATLWNANPRDDMGORGPIEEALIGVPVPDIKN 479
DvMFNiFe GFVNAPRGGLSHWIRIEDGKIGNFQLVVPSTWTLGPRCDKNNVSPVEASLIGTPVADAKR 532
DvHNiFe GFVTAPRGGLSHWIRIEDGRIGNFQLVVPSTWTLGPRCANNKPSPVEEALVGTPVADAKR 531
*hk | Ahkhkk K K. oz Kk * Kok k 2 Kk KK Lt LLh sk ok Kk Kk
SeDVvMF PVNVARVIRAFDPULGCAVHVLHAESGKVSVVEVK 509
SeDvH PVNVARLIRAFDPULGCAVHVLHAESGKVAVIEVK 509
SeDdesulf PVNIARLIRAFDPU-—-——————————————————— 488
DBnifese PVNVGRLVRSYDPULGCAVHVLHAETGEEHVVNID 513
DvMFNiFe PVEILRTVHSFDPCIACGVHVIDGHTNEVHKFRIL 567
DvHNiFe PVEILRTVHSFDPCIACGVHVIDSQTNEVHKFRIL 566
bl AHEEEL SR A A)
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o H  OH

Selenocysteine Cysteine

Fig 5.6 A) Sequence alignment of the large subunit of known [NiFeSe] hydrogenases with some of
[NiFe] hydrogenases. Selenium containing hydrogenases sequences are abbreviated as: SeDvMF- DvMF;
SeDvH- DvH; SeDdesulfcn- Desulfovibrio desulfuricans; SeDBacu- Desulfomicrobium baculatus; Nickel
Iron hydrogenase sequences: DvHnife- DvH; DvMFNiFe- DvMF B) Chemical structures of
selenocysteine and cysteine molecules.

5.1.2 Expression detection of [NiFe] and [NiFeSe| hydrogenase

We have been regularly using a rabbit serum polyclonal antibody (anti-Hyn) to detect the two
subunits of [NiFe] hydrogenase. This antibody is able to detect [NiFe] hydrogenases of other
Desulfovibrio sps such as DvH, D. gigas and also D. desulfuricans. Another antibody anti-Hys
has been prepared to the purified [NiFeSe] hydrogenase of DvH (the enzyme being a generous
gift by Dr. Ines A.C. Pereira of ITQB, Portugal) in a similar way. Western blot detection of the
[NiFeSe] hydrogenase of DVMF and DvH total cell lysates showed a relatively poor detection of
the two subunits of the [NiFeSe] hydrogenase in these organisms (Fig 5.7). This might be due to

the small amount and relatively low purity of the protein used for antibody preparation.

A characterization study of the [NiFeSe] hydrogenase of DvH has previously shown that the two
subunits present in the membrane fraction usually show a higher molecular weight than
predicted. The detected masses are 63 kDa for the LSU and 35 kDa for the SSU, while the
predicted masses are only 54.4 kDa and 31.4 kDa for the LSU and SSU, respectively (Valente et
al, 2005). The predicted molecular masses for the two unprocessed subunits for DvMF are 34
kDa for small subunit and 56 kDa for the large subunit (Chapter 3). The western blot of total cell
lysates with anti-Hys antibody did detect a protein band in the total cell lysate of DVMF cells,
which is parallel to the preferentially detected small subunit of DvH. These antibody-reactive
protein bands were also located at higher molecular mass positions (approx 39 kDa) than the

predicted mass for both DvH and DvMF.
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Fig 5.7 Rabbit serum was raised against purified [NiFeSe]
hydrogenase from DvH (gift from Ines A.C. Pereira; ITQB,
Portugal) and used to detect the expression in DvMF. A
preliminary examination showed a lower level of protein in
case of DVMF as compared to DvH.

39 kDa

28 kDa

19 kDa

14 kDa %
Jr

This increase in the molecular mass of processed [NiFeSe] hydrogenase has been considered to
be part of its strong interaction and/or covalent association with the lipids, and in fact this protein
has been considered as a lipoprotein by some groups (Valente et al, 2005). Biosynthesis of the
bacterial lipoproteins is carried out via a highly conserved and distinct pathway in prokaryotes.
Conserved signal peptide sequences direct the export of the prolipoprotein, which are processed
by the enzyme prolipoprotein diacylglycerol transferase (Lgt). The Lgt uses phospholipid
substrates and catalyses the addition of a diacylglycerol unit onto the thiol of an elemental,
conserved cysteine which is located within the 'lipobox' motif at the cleavage region of the
prolipoprotein signal peptide. After the lipid-modification, a lipoprotein-specific signal
peptidase Spasell, cleaves the signal peptide from the lipoprotein at the conserved cysteine
present at the C-terminal end of the lipobox, which later forms the N-terminus of the mature

lipoprotein (Hayashi and Wu, 1990).

Some well documented lipobox sequence motifs at the ExPASy-PROSITE, characteristic for
lapidating, are described as {DERK}(x6)-[LIVMFWSTAG}(x2)-[LIVMFYSTAGCQ]-[AGS]-
C. The permitted lipobox amino acids preceding the invariant cysteine at positions -1 to -4 are
indicated by the lack of charged residues (no D, E, R, K) within the immediate hydrophobic
region following. A study by Valente et al (2007) has suggested [NiFeSe] hydrogenase as a
lipoprotein as evident by globomycin induced transcription inhibition. Also there is a partial

lipobox of four conserved hydrophobic residues MSGC in the N-terminus of the large subunit,
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but still it is more likely to be transported via tat pathway (Fig 5.9), as it lacks any typical N-

terminal signal sequence for secretory pathways.

Partial Trypsin

Lipobox digestion PK
DvMFnife MSGCRAQNAPGGIPVT-SSYSGPIVVDPVTRIEGHLRIEVEVENGKVKNAYSSSTLFRG 60
DvHnife MGGCKAKTAPG-VPVTPQSSYTGPITIDPVTRIEGHLRIEVEVENGKVKRAYSSSTLFRG 59
Ddnife MSGCRAKTAPAGIPVT-SDYSGPIVVDPITRIEGHLRIEVEVENGRIKNAWSSSQLFRG 60
Dgnife MSEMQGN------—--—---—--—~ KIVVDPITRIEGHLRIEVEVEGGKIKNAWSMSTLFRG 44
DvMFse MSGCT APA------ GATGKATIAIDPVSRIEGHLKAEVTVENGVVVDARLSGGMYRG 54
DvHse MSGC[T APA------ GATGRTTIAIDPVTRIEGHLKAEVVVENGKVVDARLSGGMYRG 54
Ddse MSGCTNKMAAG-----~- GVSGKTKIAIDPVTRIEGHLKAEVVVEGGKVVDAHISGGMFRG 54
Dbse MS----QAATP------ AADGKVKISIDPLTRVEGHLKIEVEVKDGKVVDAKCSGGMFRG 50

* . * cckki.k:kkkk: kk k. Kk * k%

Fig 5.8 Schematic comparison of the N-terminal sequences of the large subunits of the periplasmic-
hydrogenases from some Desulfovibrio species. These ends may possess a consensus sequence, MSGC
(underlaid in yellow and squared in blue), which can be considered as a partial lipo-box. The N-terminals
for most of these sequences are rich in hydrophobic residues. The highly hydrophobic residues are
marked in red (Phe, Ile, Trp, Leu, Val, Met), lesser in orange (Tyr, Cys, Ala) and the neutral ones (Thr,
His, Gly, Ser, GIn) in green; the hydrophobic residues may play an important role in the anchoring of the
hydrogenase to the plasma membrane. The trypsin digestion positions (PK) are highlighted in pink, which
in the case of the [NiFe] hydrogenase of DvMF is used for isolation of the protein. Abbreviations used:
DvMFhnife, [NiFe] Hase of DVMF; DvHnife,[NiFe] Hase of DvH; Ddnife,[NiFe] Hase of D. desulfuricans
G20, Dgnife,[NiFe] Hase of D. gigas; DvMFse,[NiFeSe] Hase of DvMF; DvHse,[NiFeSe] Hase of DvH;
Ddse, [NiFeSe] Hase of D. desulfuricans G20, Dbse, [NiFe] Hase of D. baculatus.

The tat and the four residue-conserved lipobox proposed for DvH [NiFeSe] hydrogenase is also
conserved in the DvMF [NiFe] and [NiFeSe] hydrogenase. Yet a hydrophilic residue (arginine-5)
is present following cysteine (Cys-4) in case of [NiFe] hydrogenase (Fig 5.8), which further
lowers the chances to be recognized by a lipid peptidase. We have also compared the tat pathway
sequences present in the N-terminal part of the small subunit with other conserved sequences and
also with the N-terminus of the small subunits of the [NiFeSe] hydrogenase of DvMF (Fig 5.9).
Although the RRDFLK sequence present in the N-terminal of the [NiFe] hydrogenase is exactly
conserved in the [NiFeSe] hydrogenase, there are only four residues present before the twin
arginines of [NiFeSe] hydrogenase, which makes its N-terminal extension 19 residues shorter

than that of the [NiFe] hydrogenase.
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N-terminal extension RRX FLK/R

DvMFnife MKISIGLGKEGVEERLAERGV3IRRD-FLKHFCTATAVTMGMGPAFAPE 46
DvHnife MRESVGLGKEGAEERLARRGVIRRD-FLKFCTATIAVTMGMGPAFAPE 46

DvMFse =  |zrsmsmssississsaisaiay rMSLNRRD-FVKLCTGTVAGFGISQOMFHPA 28
DvHse =  |--=——————————————4 rMSLTRRD-FVKLCTGTVAGFGISQOMFHPA 28
Dbse = = |--————m-————————1 rMSLIRRE-FVKLCSAGVAGLGISQIYHPG 28

Ddnife MKFSVGLGKEGAEERLASRGVIRRD-FILKFCSTVAVAMGMGPAFAPE 50

. %

Fig 5.9 The N-terminal parts of the small subunit of the [NiFeSe] hydrogenases of various Desulfovibrio
species are compared for the conservation of the twin arginine motif RRXFLK as well as the N-terminal
extension present before this conserved motif. Shown in order are DvMFnife [NiFe] Hase of DvMF;
DvHnife, [NiFe] Hase of DvH; Ddnife, [NiFe] Hase of D. desulfuricans G20; DvMFse, [NiFeSe] Hase of
DvMF; DvHse, [NiFeSe] Hase of DvH; Ddse, [NiFeSe] Hase of D. desulfuricans G20; Dbse, [NiFe]
Hase of D. baculatus.

5.1.3 The regulatory effect of selenium on periplasmic hydrogenases

It was shown for DvH that the [NiFeSe] hydrogenase becomes the dominant hydrogenase when
the growth medium is simultaneous supplied with 1 uM each of selenium and nickel. Though to
a lesser extent, the expression studies on the transcription level have shown a similar up-
regulation of [NiFeSe] hydrogenase, when hydrogen at a concentration lower than 5% is the only
available electron donor, even without additional supply of nickel and selenium (Caffrey 2007,
Pereira et al, 2007, Pereira et al, 2008). Microarray analyses have shown a complex network of
gene regulation responsible for the up-regulation of various hydrogenases with different growth
media and hydrogen concentrations (Pereira et al, 2008). Whereas the genes-encoding for the
[NiFeSe] and [NiFe] Hases have been found to be adjacently placed in DvH, D. desulfuricans, a
possible co-regulation of the genes is holding more ground with detection of similar genetic
arrangements of these two hydrogenases in DvMF. In fact, we have found that the role of cellular

availability of selenium and its regulatory effect is also true for DvMF.

The effect of the availability of nickel and selenium on the cellular expression of the periplasmic
hydrogenases of DVMF level was compared in parallel to the periplasmic hydrogenases of D.
desulfuricans, subsp. desulfuricans ATCC 7757, in this work. The cells were grown in Postgate

C media prepared from chelexed water thus devoid of any salt overload. The growth media were
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occasionally supplemented with either NiCl, (1 uM) or Na,Se (1 uM) or both. Conspicuously,
the availability of these elements caused a significant variation in the expression of [NiFe]
hydrogenase: when nickel was supplied, the level of [NiFe] hydrogenase increases in both DvMF
(Fig. 5.10B, lane 3) and D. desulfuricans (Fig. 5.10B, lane 7). However, the additional
supplementation with selenium even at the level of the nickel availability decreases the
expression of the [NiFe] hydrogenases to a level even lower than the basal expression level that
was detectable without the additional supplementation with nickel (Fig 5.10B, lanes 4 and 8).
The expression level is similarly lowered, when only selenium is supplied. The effect of supplied
metals was almost similar in both DvMF (Fig. 5.10B, lane 4) and D. desulfuricans (Fig. 5.10B,
lane 9).

DvMF D. desulfuricans
Ni Ni+Se Se - Ni Ni+Se Se
2 3 4 5 6 7 8
64 kDa
<+ -+ a)
51 kDa " |HysA
39 kDa ¥ ~ + ~ = ~ b
3 T
64 kD T = = = = o
=Y gy
51 kD
+4+ - - -+ s d)
29 kDaI- - . - HynB

Fig 5.10 Western blot detections of the total cell lysates of the DvMF (lanes 1-4) and D. desulfuricans
(lanes 5-8), grown on Postgate C medium supplemented with 1 uM NiCl, (lanes 2, 3, 4 and 7) and 1 uM
Na,Se (lanes 3, 4, 7 and 8). (a & b) A small to moderate increase in the expression of the two subunits of
[NiFeSe] hydrogenase, with nickel and selenium supplementation is seen for both DvMF and D.
desulfuricans. (¢ & d) There was a clear up-regulation in the expression of the [NiFe] hydrogenase when
supplemented with nickel in both the organisms. On the other hand, there is a clear down-regulation when
supplied with 1 uM selenium both with and without the presence of nickel.
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The same protein samples were tested against the anti-Hys antibody in a parallel western blot. It
did not indicate any up-regulation of the small subunit of the [NiFeSe] hydrogenase in DvMF,
when either of nickel and selenium or both was supplied as compared to the basal level detected
(Fig 5.10A, lanes 2-5). In case of the expression detection in D. desulfuricans, there was
increased expression in the presence of selenium, irrespective of the presence or absence of
nickel (Fig 5.10A lanes 6-9). It is noteworthy that the western blot detected only the small
subunit of the [NiFeSe] hydrogenase of DvMF in all the conditions tested; the large subunit of
this hydrogenase from D. desulfuricans was also detectable when selenium was supplied. In any
of these experiments, any strong changes in the band intensities were not that conspicuous as was
in case of the detection with the anti-Hyn antibody. However, the poor sensitivity of the anti-Hys

antibody was consistent.

5.1.4 Native-PAGE/Hydrogenase activity assay

In order to establish the existence and the regulation of the two periplasmic hydrogenases (by
selenium) independent of antibody sensitivity, the crude cell lysates of DVMF were assessed by
MV-TTC assay after native gel electrophoresis. The DvMF cells were grown in lactate
supplement minimal Postgate C medium prepared with chelexed water. One growth culture was
supplement with 1 uM NiCl, and a parallel second growth culture was supplemented with 1 uM
NiCl, and 1 uM Na,Se.

The cell lysates were prepared with glass bead homogenization in a buffer supplied with 1%
triton-X100, and the total protein extracts were separated by electrophoresis in native form in a
3-8% gradient tris-acetate gel (details given in chapter 3). The detergent was included to ensure
that both the membrane and soluble fractions are solubilized and assayed together in this
experiment. The catalytically active hydrogenase shows up due to the reduction of methyl
viologen yielding blue colored bands, and the reduced methyl viologen was oxidized by TTC
(triphenyl tetrazolium chloride) to yield pink bands (Fig 5.11).
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pH 7.5 pH 5.5

Ni Ni+Se Ni Ni+Se

Hyd 1

g e o
1

Fig 5.11 Native gel hydorgenase BV/TTC assay of DvMF cell lysate at pH 7.5 and pH 5.5. Crude cell
lysates of DVMF cells were prepared by homogenizing the cells grown on a minimal medium postgate C.
The samples loaded in lane 1 were from cells which were supplied with 1 uM NiCl,, and the samples
loaded in lane 2 were supplied with both 1 uM NiCl, and 1 uM Na,Se. The activity assays were
performed at pH 7.5 and pH 5.5, and always under an atmosphere of hydrogen. The hydrogenase activity
was tested by supplying 1 uM Methylviologen in 50 mM Phosphate buffer and the reaction was stopped
adding 1 uM TTC. The hydrogen-active band (indicated as hydrogenase 1) was down-regulated in
presence of selenium while hydrogenase 2 was detected only in presence of selenium.

In case of the protein extracts prepared from cells grown only with nickel supplement, only one
activity band appears (marked as hydrogenase 1). The intensity of the hydrogenase 1 activity
band was reduced significantly in protein extracts prepared from cells grown both with nickel
and selenium supplements. More importantly, however, a second activity band appears in this
case (marked as hydrogenase 2). These data excellently corroborate with the results obtained
from the western blotting (Fig 5.10). Taking into account the clear proof for the absence of a
[FeFe] hydrogenase-coding gene in the DVMF genome or in the cosmid library, it is concluded
that hydrogenase 1 and hydrogenase 2 are the [NiFe] and [NiFeSe] hydrogenases of DvMF (Fig
5.11), respectively.
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5.2. Heterologous expression of [NiFe] hydrogenase in Desulfovibrio

An attempt to generate a [NiFe] hydrogenase deletion mutant of DvMF has not been successful
previously; however such a deletion mutant of the [NiFe] hydrogenase, hynl for DvH is
available (Goenka et al, 2005). Since these two organisms are closely related, the maturation
machinery of DvH should be able to complement the structural gene products of the [NiFe]
hydrogenase of DVMF. The four-gene operon hynABCD was cloned in the HindIII restriction site
of a RSF1010 replicon-based vector pJRD215 to produce the recombinant plasmid
pJRD215hynABCD (Fig 5.12). The pJRD215 plasmid harbors a kanamycin and a streptomycin
resistance and is one of the few vectors available, which are capable of replicating in various

Desulfovibrio sps.

The recombinant vector pJRD215hynABCD was conjugated with the deletion mutant via E. coli
S17-1 cells (Simon et al, 1991). Though the Desulfovibrio sps are known to have high antibiotic
resistance, it was assumed that the conjugated deletion mutant might have some selective
advantage while growing on high concentrations of kanamycin and streptomycin. After
conjugation, the cells were plated on PE media containing 500 pg/ul kanamycin and 500 pg/pl
streptomycin. The ex-conjugate colonies started appearing on PE plates after three days of
incubation at 37°C. The colonies were selected and grown in PC medium. Attempts to test them
by PCR and western blotting for the presence of the plasmid and its expression did not yield any
positive results. It appears that these cells are naturally resistant to high antibiotic concentration.
Even as later the concentrations of the two antibiotics were increased up-to 600 pg/ul, it did not

allow selection of cells harboring the plasmid.
As the introduction of the kanamycin and streptomycin resistance carrying plasmid did not give

any selection advantage to the recipient DvH deletion mutant, the use of an alternate host was

anticipated.
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Fig 5.12 Schematic presentation of the plasmid pJRD215 and the four-gene operon AynABCD cloned into
the HindlIII site to generate pJRD215hynABCD.

To overcome this, an expression system needs to be developed which can lead to the expression
in a host that is easy to handle and to manipulate such as E. coli. First of all, the proteins coded
by the Hyp maturation genes sequenced in this work (Chapter 4) were analyzed and compared
sequentially with their better characterized homologs. Secondly, the naturally occurring operons
in the DvMF genome were expressed separately in E. coli by employing a strong ‘T7- derived

promoter’ carrying plasmid.

5.3 Maturation Proteins of DvMF

5.3.1 The nickel-transferring proteins HypA and HypB
5.3.1.1 HypA of DvMF

The HypA protein of E. coli is involved in the maturation of hydrogenase 3 while its homolog
HybF protein is involved in the maturation of hydrogenase 2 and hydrogenase 1 (Hube et al,
2002). The [NiFe] hydrogenase of DVMF is sequentially more related to hydrogenase 1 and 2 of
E. coli rather than to the hydrogenase 3. The HybF polypeptide of E. coli also shares significant
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similarities with HypA (48% homologies and 32% identities) of DvMF. Both HypA and HybF of
E. coli are cysteine-rich proteins which show some nickel- or zinc binding properties
(Atanassova and Zamble, 2005). The HypA of DvMF has conserved most of the cysteines (Fig
5.13).

HypA DvMF MHEMSVASSVISIVQEELAKHSATRLLLVRVRFGALANLVPEAMEFAFEAMTIGTDFEGA 60
MHE+S+ S + I+Q + +H R+ V + GAL+ + A+ F+FE + GT +G
HybF E. coli. MHELSLCQSAVEIIQRQAEQHDVKRVTAVWLEIGALSCVEESAVRFSFEIVCHGTVAQGC 60

HypA DVMF KLELAMAPVKLQCGGCGKEFEPQGKELLFAPCPAC-GEEAGHHVLAGRELYVEHIEAE 117
+ P+ C C+ E + A CP C GE V G LV+ IEE
HybF E. coli. DLHIVYKPAQAWCWDCSQVVEIHQHD---AQCPICHGERL--RVDTGDSLIVKSIEVE 113

Fig 5.13 Primary sequence alignment of the HypA of DvMF and the HybF protein of E. coli show the
conserved cysteines and histidines.

HypA of DvMF HybF of E. coli
cont : 11700003370373903999902099033990000003223F  cont - 113033033333333033330200a0333333030 0030
Pred: g ————————  Fred: ——>——
Pred: CCHHHHHHHHHHHHHHHHHHCCCCEEEEEEEEECCCCCCC Pred: CCHHHHHHHHHHHHHHHHHHCCCCEEEEEEEEECCCCCCC
AR IV]EFMSVASS\{ISIVQEELAlI{EEATRLLLVI?VRFGALANLY AA: MEELSSE—?VEIIQRQAEQEDVKRVTAW}.’LEIGALS@]?:
10 20 30 40 10 20 30 40

con - 11711019900 0590 0330930 030909000 009300093 con - 193030030909000330909 90300039090 00000
I —— e e

Pred: HHHHHHHHHHHHCCCCCCCCEEEEEEECCEEEECCCCCEE Pred: HHHHHHHHHHHHCCCCCCCCEEEEEEECCEEEECCCCCEE
AA: PEAMEFAFEAMTIGTDFEGAKLELAMAPVKLOCHACHKER AA: ESAVRFSFEIVAHETVAQGEDLEL VYKPAQAWENDEEQVY
] ] 1 1 ] 1 L] L)

50 60 70 80 50 60 70 80

conf : 1130333333231310703302033203000000000 POTST SV o 1 1 5

Pred: & — — e — Pred: =
Pred: ECCCCCEEEEECCCCCCCCCEEEECCCEEEEEEEEEC Pred: COCCCEERCCCCCCCCCERECCCERERERRRERC
AR: EPQGKELLFAFCPACHFEEAGHHVLAGRELYVEH|EAE AA: EIHNEDAQEPIGHGERLRVDTGDSLIVKSIEVE
90 100 110 90 100 110
Legend:
D = helix Conf: }::I] ]]E = confidence of predicticn
- +
E::::::> = strand Pred: predicted secondary structure
= coll An: target sequencs

Fig 5.14 Secondary structure predictions for HypA of DvMF and HybF of E. coli using PsiPred. The
cysteines are marked in red boxes and histidine in blue. The result showed a similar arrangement of o-
helical and B-strand domains as found for hybF from E. coli.
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5.3.1.2 HypB of DVYMF

HypB purification and sequential characterization studies from various organisms have revealed
that this protein consists of two main domains, one is a metal binding and the other is a GTPase-
or G-domain. Further, based on sequence comparison and the metal binding properties, the HypB
belonging to prokaryotic organisms is divided into three different subgroups (Gasper et al, 2006).
First group, found, e.g. in Bradyrhizobium japonicum, possesses an N-terminal poly-histidine
stretch in addition to the G-domain. The second group, which also includes the HypB from E.
coli, has an extended N-terminus, but does not contain any poly-histidine stretches. The third
group 1is mainly composed of HypB proteins from thermophilic organisms e.g.
Methanocaldococcus jannaschii; here this protein lacks the N-terminal part and only a short

stretch of approximately twenty amino acids is present before the G-domain.

Based on the N-terminus, the HypB from DvMF falls in the category of B. japonicum, however,
it does not possess any poly-histidine stretches. A ClustalW sequence alignment of HypB
polypeptide sequences of DVMF, E. coli, Ralstonia eutropha, Bradyrhizobium japonicum and
Methanocladococcus janaschii was performed (Fig 5.15). This alignment was also compared
with the secondary structure of HypB of M. janaschii (Gasper et al, 2006). The overall primary
sequence alignment revealed that barring the length of the N-terminal extension, HypB of DvMF
possesses highest homology with the HypB of E. coli.

Overall, there are high homologies in the conserved structural and functional domains in all of
the compared HypB sequences including that of DvMF. The high homology between these
proteins allowed to prepare a three-dimensional model for the HypB of DVMF (Fig 5.16). These
proteins share a topology to the SIMBI (Signal Recognition Particle, MinD and BioD) class of
GTP-binding proteins, which as a feature undergo nucleotide dependent dimerization. The
nucleotides (one per molecule) are present at the interface of such a dimer. The functionally
important motifs indicated in the 3D structure of M. janaschii have been well conserved in HypB
of DVMF, which included metal binding sites 91CHo92 and 123CP124, the characterized (Gasper et
al, 2006) switch II relay motif ENVGNLVCP as well as the loop forming GAGKTSVLERT

motifs.
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DVMF_HypB = =  ——— - - - = - - m e — MEIP---—-—————————--— 4
E. coli MCTTCGCGEGNLYIEGDEHN----PHSAFRSAPFAPAARRKMKITGIKAPEFTPSQTEEG 56
R. eutropha MCVICGCNTNHETARQDENKGEHAPGRGLVDTGTEPPGAAHVRIDASTG-—-—-----—-—-—--— 49
Brad. japn. MCTVCGCSDGKASIEHAHDH--HHDHGHDHDHGHDGHHHHHHGHDQDHHHHHDHAHGDAG 58
Meth.jans. = = -——-—-—-—-—-—-—mmmm e MHLVG--------—-—-—--— 5
P—looE
DVMF_HypB = =  ——--———-——————————————— VVRNVLEANDKMAVQLKSLFARHGILVLNMISSPGAG 41
E. coli DLHYGHGEAGTHAPGMSQRRMLEVEIDVLDKNNRLAERNRARFAARKQLVLNLVSSPGSG 116
R. eutropha DLHYGAGPAHVSVPGLSQARAIKLEQDVLGHNNRLAAHNRQHFVAHGVLALNLVSSPGSG 109
Brad. japn. LLDCGANPAGQKITGMSSDRIIQVERDILGKNDRLAADNRARFRADEVLAFNLVSSPGAG 118
Meth.jans. = - --————————————-—————- VLDIAKDILKANKRLADKNRKLLNKHGVVAFDFMGAIGSG 45
P—loog HEEHEL A A HE I *ok
a2 ) (e ) O Qﬂs ) (D
DVMF_HypB KTSVLERTLSDLR---GEFRMAVIEGDLQTDNDARRVAATGAKAVQINTDG LDSNMI 98
E. coli KTTLLTETLMRLK---DSVPCAVIEGDQQTVNDAARIRATGTPAIQVNTGK LDAQMI 173
R. eutropha KTTLLCTTIEALRRCRADLQLAVIEGDQQTSHDAERIRATGVPAIQINTGK LDALMV 169
Brad. japn. KTSLLVRAVSELK---DSFAIGVIEGDQQTSNDAERIRATGVPAIQVNTGK LDAAMV 175
Meth. jans. KTLLIEKLIDNLK---DKYKIACIAGDVIAKFDAERMEKHGAKVVPLNTGKE@NLDAHLV 102
*k .. . L * Kk LA 2 * kx| ddkdkk . ..
Switch II
DVMF_HypB LEALSNFDLAEID 121
E. coli ADAAPRLPLDDNG 196
R. eutropha ANAYERLPLHAAAHAHTHEHRQEDGQHSHHHDHEHARHDHHDHRSSGIGSVLFIENVGNL 229
Brad.japn. GEAYDRLPWLNGG 198
Meth. jans. GHALEDLNLDEID 125
Lk . shkkkkkkkk
s QD CEND (@ @ QD
—
DVMF_HypB FDCGEDHKVALLSVTEGDDKPEKYPLLFNLSKVMLLNKVDLLPYVDFDVERAKRF 181
E. coli SFDLGEKHKVAVLSVTEGEDKPLKYPHMFAAASLMLLNKVDLLPYLNFDVEKCIAC 256
R. eutropha LGESAKVAILSVTEGEDKPLKYPDMFAAASLMILNKIDLLPHLRFDVARCIEY 289
Brad. japn. FDLGEACKIVVFSTTEGEDKPLKYPDMFAASSLMLINKIDLASVLDFDLARTIEY 258
Meth. jans. I FDLGTHKRIVVISTTEGDDTIEKHPGIMKTADLIVINKIDLADAVGADIKKMEND 185
kR, ok ok HE A S S L S R A A L
DvVMF_HypB ATHLNKELTIFPMSCRSGEGLEGWYDWLRTARAAKRG----———=—=—=————————————— 218
E. coli AREVNPEIEIILISATSGEGMDQWLNWLETQRCA----—-——-—-—————————————————— 290
R. eutropha ARQVNPHLQVLQLSAATGEGVDEWLDWMLAGGAAAGAAAATDGARMRIAAPEAGIAALGT 349
Brad. japn. ARRVNPKIEVLTLSARTGEGFAAFYAWIRKRMAATTPAAMTAAE----————-—-—————-~— 302
Meth. jans. AKRINPDAEVVLLSLKTMEGFDKVLEFIEKSVKEVK----———————————————————— 221
L I *k HE
DvMF_HypB = --—----——----
E. coli = -----—-————-
R. eutropha QLAPGPAVSKEM 361
Brad.japn. = = -——--——-——-—-
Meth.jans. = = ------------

Fig 5.15 The multiple sequence alignments of HypB from DvMF, E. coli, Ralstonia eutropha,
Bradyrhizobium japonicum and Methanocladococcus janaschii, positioned parallel to the secondary
structures domains as found in the crystal structure of M. janaschii. The two hatched boxes show the
conserved domains GAGKTSVLERT and ENVGNLVCP, the red shaded residues show the metal
binding sites.
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Fig 5.16 (a) The predicted three dimensional structure of HypB from DvMF by automatic homology
modelling using HypB of M. janaschii, (b) topology diagram for M. janaschii (c¢) the dimeric three
dimensional structure of the HypB of M. janaschii also showing the disulfide bonds and the cofactor GTP
(d) the overlap of HypB of DVMF and M. janaschii shows an almost perfect fitting.

5.3.2 Ligand transfer maturation proteins

5.3.2.1 HypD of DvMF

Following, a secondary structure prediction of the HypD polypeptide sequence of DvMF in
comparison to that of HypD from Thermococcus kodakaraensis was performed by means of a
one vs one secondary structure alignment using the SSEA server. Fig 5.17 shows this
comparison along with positions of the a-helices and 3- sheets. Also a three dimensional model

has been generated by homology modeling (Fig 5.18)
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HCCHHHHHHHHHHCCCCEEEECCCHHHHHHHHHHHHHHHHCCCCEEEEECCCCCCHHCCHHHHHHHHHH
IIGVKGWEYLTEKYGIPQVVAGFEPNDVLMAILMLIRMYKEGEARIINEYERAVKYEGNVVAQKMIDKF HypD DvMF
ILGMEPYRFVADEFRTPGIIAGFDPVDILQALLIMVEQRKTGEFAIVNSYRRAVDDAGNPRAREILDTV HypD Tkod
HCCHHHEHHHHHHCCCCEEECCCCHHEHHHHEHHHHHHEHCCCCEEEEECCCCCCHHHEHHHHHHEHHH

s O
CCCCCCCCCCCCCCCCHHHHHHHHEHHHHHHHHCCCCCCCCCCCCCCCEECHINICCCCCCCEEEEEt
FEVVDAKWRALGVFPKSGLELRKEWKDFEIRSFYKVEVPKNLPDLEKGERCGAVERGLALPTDEPLEG HypD DvMF
FQTADALWRGIGCIPGSGLVFRPEFEQYDAMARLGLTLPEARPIAGEKCGDVLKGKMOPEDEPLEAKA HypD Tkod
CCCCCCCCCCCCCCCCCHHHHHHHEHHHHHHHHHCCCCCCCCCCCCEECCHHRNCCCCCCCCECECEe

_ [4Fed4S] cluster binding motif
CCCCCCCCCCCCCCCCHHHHHHHHHHCCCC
KTCTPRABVGPCMVSYEGTCQIFYKYGVLE —typb buke

Fig 5.17 Secondary structure comparison of HypD of DvMF and HypD of Thermococcus kodakaraensis.

The HypD from both these organisms show high homologies at primary, secondary and tertiary
level. The structurally and functionally important motifs CGTH (complex formation with HypC
by oxidation of a cysteine), GPGCPVC (metal binding CxxC domain, characteristic of thiol
redox proteins), GFETT (stabilization of the central cleft), and PGHVS (stabilization of the
central cleft) are conserved. The Fe-S cluster forming C’- terminal sequences (CX;4CXsCX;6C)

are also conserved.
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~

PHE-372

ald |

PHE'372|

Fig 5.18 a) The three dimensional structure of HypD of DvMF as predicted by a automatic homology
modelling using b) the dimeric three dimensional structure of the HypD of T. kodakaraensis (c) the
topology diagram of HypD of T. kodakaraensis (d) HypD of T. kodakaraensis (grey) and the overlapped
monomer (colored) of HypD of DvMF (e) another view showing the overlapping of two proteins to
illustrate the ligands (catalytically important disulfide bonds, Fe binding motif and the [Fe4S4] cluster).
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5.3.2.2 HypE of DVMF

The HypE maturation proteins from various bacteria have been assigned to the aminoimidazole
ribonucleotide synthetase (PurM) family on the basis of the amino acid sequence analysis
(Blokesch et al, 2004). The members of this family are in general involved in an ATP-dependent
conversion of acyl compounds into various products. The three dimensional structures of HypE
from 7. kodakaraensis (Watanabe et al, 2007b), E. coli (Rangarajan et al, 2008) and also the
sulfate-reducing bacterium DvH (Shmoura et al, 2007) are available (Table 5.2). In our work,
the amino acids sequences of HypE of DVMF, DvH and 7. kodakaraensis are compared, together

with an approximate locations of the a helices and B domains as found in the tertiary structure of

DvH (Fig 5.19).

All the three crystal structures of HypE that are available are in general similar to each other.
The overall structure is similar to other PurM proteins and the FGAM synthase domain of PurL.
The four conserved motifs ¢FPGG(D/N)IGXLA(V/D)xGxXNDLAxxGAxPy, (motif [ of T.
kodakaraensis), 130(T/A)GDTKV 35 (motif Il of T. kodakaraensis), ,20(K/R)D(P/A)TR (A/G)G2z6
(motif III of T. kodakaraensis) and ,70ANEG(K/R),74 (motif IV of T. kodakaraensis) form the
central cleft and especially the conserved sequence Dx4GAXP is a common signature of ATP
binding domains (Anand et al, 1999). Also the C-terminal tail having the conserved motif
PR(V/I)C has been found to change its conformation dependent on the presence of ATP
(Watanabe et al., 2007b and Shmoura et al, 2007).
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Ca ((2() B[
CCCCEEEEECCCCCHHHHHHHHHHHHHHCCCCEEE————-— ECCCEEEEECCCCEEEEECC
DvMF HypE MAGDTLLLDYGSGGKAAHRLIGELFLKHFDNPVLR————— TLDDAARLELTG-PLAMSTD 54
DvH HypE MSGETLLLDYGSGGRASHRLISDLFLRHFDNPILG———-—— TLNDAARIDLTG-PLAMSTD 54
TK HypE —MGEKIKLEHGAGGEIMEELLRDVIIKTLTIKSAGGIGIDAIDDGATIPFGDKHIVFTID 59
ki, krokrkk, | % tkik ko
o ) G
EEECCEECCHHHHHHHHHHHHHHHHHHCCCHHHEEEEEEECCCCCCHHHHHHHHHHHHHH
DvMF HypE SYVVDPLFFPGGD IGTLAVHGTVIND GAFRPRYLSCGFILEEGLDMEVLERIVASMGN 114
DvH HypE SYTVDPIFFPGGD IGTLAVHGTVIND GAFPRYLSCGFILEEGILDMDILERVVASMGK 114
TK HypE GHTVKPLFFPGGD IGRLAVSGTVIND GAFPIALANSMIIGEGLDMEVLKRVLKSMDE 119
stk krdededkdkdedkdesk ke ddkdkkdkr o s ook w dk: s dkdkkdedk: ke kk -
DxxxxGAxP RurM domain
HHHCCCEEEECCEEECCCC--CCCCEEEEEEEEEEECCCCCCCCCCCCCCCEEEEECCCH
DvMF HypE AAREAGVCIVTGD TKVVPRGMADKVEF INTTGIGE ITANPSPSGHSARPGDAVIISGSMGD 174
DvH HypE AAREAGVFE IVTGD TKVVPRGACDKMF INTTGIGE ILVDPAPSGDRARPGDAILISGSMGD 174
TK HypE TAREVPVPIVTGD TKVVED—--KIEMFVITAGIG--TAEHPVSDAGAKVGDAVLVSGTIGD 175
tkdkdk | ok kdkkokdkdkkkk tds dkkdk [ R 2. IR & IR 2
I-IHHHHHI—]HHHCCCCCHI—II—IHHHHI—]CCCCHHI—H—IHHHHHC —--CCCEEEEEECCCCHHHHHHHH
DvMF HypE HGLTILSHREGLNFSADVRSDSAAINGLTERLLLEVG--DIHVLEDPTRGGLATTINEIA 232
DvH HypE HGLTILSQRQGLNFAADVCSDSASINRVVEKLVLEVG--DIHVLEDPTRGGLATTINEIA 232
TK HypE HGIAIMSHREGIAFETEIKSDVAPIWDVVKAVAETIWENIHAM@PTRAGLSNAINEIA 235
IEERE TR TR N e kR ko i ikkkk kko  ckkdkkk
(o) Ca o |ﬁ> Co_ O
HHHCCCEEEEECCCCCCCHHHHHHHHHHCHHHHHCCCCCCEEEE ECHHHHHHHHHHHHHC
DvMF HypE GQSGVVMRIAERD IFVRDAVREGCSFLGLDPLYLANEGKLICILPQEKADAATAVIHQSP 292
DvH HypE GQSQAVCHVLETAVPVRE SVRNGCSFLGLDPLYLANEGKLICILPEERAEAATIAVIREGP 292
TK HypE RKSNVGILVREADIPIRPEVRAASEMLGISPYDVANEGKVVWVAREYAEEALEAMRKTE 295
ek : .. thkkdkkdk s . v,k ke ok
12 B13 314 ?
CCCCCEEEEEEEEECCCEEEECCCEEEEECCCCCEEECCCCCCCCCCCC
DVME HypE LGADAARIGT IVAADGAGPGRAGOVILETPMGGHRLLSMLEGEQ LPRIC 341
DvH HypE HGEHAARIGSVKSVGELGAARAGOVVMETALGGHRLLSMLEGEQ.LPRIC 341
TK HypE KGRNAAIIGEVIAD=—=—=—= YRGKVLLETGIGGKRFMEPPEGDFP'/PRIC! 338
* k% k% .+ kerkokk skhkcik:: kk: 2 kdkdd
C-terminal tail

Fig 5.19 Primary and secondary structure comparison of HypE of DvMF, DvH and Thermococcus
kodakaraensis.

Since the HypE of DVMF resembles most closely that of DvH (78% identities and 89%
similarities), a three dimensional structure model for HypE was generated by homology
modeling using the tertiary structure from DvH. The three dimensional structure of DvH has
been determined in an apo and an ATP-bound form (Shomura et al, 2007). The three
dimensional overlap of the HypE protein structures of DvH and DvMF shows clearly the
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conservation of the ATP binding sites and the proximity to the C’-terminal residue (Fig 5.20)
which accepts the carbamoyl group of carbamoyl-AMP from HypF. Subsequently, HypE

catalyzes the dehydration of the carboxamide in an ATP-dependent manner.

a) al THR-5

b)

domain A

domain B

Fig 5.20 (a) The three dimensional structure of HypE of DvMF as predicted by automatic homology
modelling using HypE of DvH, (b) topology diagram, and (c) the three dimensional structure of HypE
from DvH in the ATP-bound form. The overlap (d) of HypE of DvMF and DvH shows a perfect fitting;
also the positioning of the terminal cysteine in regard to the ATP binding domain is identical.
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5.3.2.3 HynD of DvMF

HynD which is mostly known as HypC in other organisms, is a small 8 kDa chaperone protein
that forms a complex with HypD during the maturation of the [NiFe] hydrogenase. The
crystallographic asymmetric unit of 7. kodakaraensis contains three HypC molecules. The a-
helix present at the C- terminal and the residues present at the N-terminus show flexibility and
can adopt different conformations that gives the molecule a hydrophobic or acidic molecular
surface (Watanabe et al, 2007). It was proposed that the residues Cys-2 and His-45 may play a
greater role in the conformational changes and the interactions of HypC with HypD. The
homologous model for HynD of DvMF (Fig 5.21) shows a perfect conservation of the overall
structure and the catalytically important residues (Cys-2 and His-49).

PR

Fig 5.21 (a) The three dimensional structure of HynD from DvMF as predicted by automatic homology
modeling using HypC of T. kodakaraensis, (b) and the three dimensional trimeric structure of the HypC
of T. kodakaraensis (c) the overlapping of HynD of DvMF and HypC of T. kodakaraensis shows ideal
fitting.
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5.3.2.4 HypF of DvMF

HypF is involved in the synthesis of the CN ligands of [NiFe] hydrogenase. The HypF protein
accepts carbamoyl phosphate (CP) as a substrate and catalyzes both a CP phosphatase reaction in
the absence of any other substrate and a CP-dependent hydrolysis of ATP into AMP and
inorganic pyrophosphate (PPi). Because the latter reaction is reversible, as shown by a CP-
dependent pyrophosphate-ATP exchange, it was postulated that an adenylated CP derivative is
an intermediate in the reaction and that the CP phosphatase activity may reflect a side reaction
followed in the absence of ATP (Paschos at el, 2005). The 82.1 kDa HypF protein from E. coli
shows significant similarity in the N-terminus to the acylphosphatases of eukaryotes, followed
by two classical identical zinc finger motifs, and the C- terminal part shows significant similarity

to the O-carbamoytransferases (Paschos et al, 2005).

A comparison of the primary sequences of HypF proteins from DvMF, DvH, DDG20, Ralstonia
eutropha and E. coli showed a perfect conservation of the acylphosphate phosphatase
(IXGXV17QGVXFR of E. coli), O-carbamoyltransferase (VXHa475sH476XAH479 of E. coli) and
two zinc finger domains (Cj9X2C12X1sCX,C and Ci59X,C162X1sCX,C of E. coli) (Fig 5. 22).
Whereas the conservation of the functional domain of HypF even across phylogenetically widely
spaced organisms is remarkable, the HypF of DVMF has been found to possess at least two long
stretches (Ga14- T243 and Gsse-Loe7) of amino acids which are not present in DvH and neither in

DDG20.

5.3.2.5 HynC of DVvMF

HynC of DvMF has been compared with the three dimensional structure of HybF of E. coli
(Goenka et al, 2006) and has been found to conserve most of the features needed for the

endopeptidase activity (Fritsche et al, 1999), followed by nickel insertion by HypA and HypB.
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DDG20
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E.coli
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Acylphosphate phosphatase

RKFTVSGQVQGVGFRPFVYRIAADHALT GTVSNTAAGVFIEVQGPAASVDGFGHDLTHKL 75
RKYVISGQVQGVGFRPEFVFRIARDHGITGTVSNT SQGVFIEAQGTPQAVAAFGTDLTDKL 67
RRFVVSGQVQGVGFRPFVFRIATGHALT GTVSNT SEGVFIEVQGPHEAVEAFGDDLVGKL 120
IRIRVRGVVQGVGFRPFVYRLARELGLAGWVRND GAGVDIEAQGSAAALVELRERLRRDA 74

VQLRIRGKVQGVGFRP FVWQLAQQLNLHGDVCND GDGVEVRLR ---EDPETFLVQLYQHC 65
. * kkkkkkkkkk. ..k ok k ok kX . : *

in I
PPLARVVSCTHQD IPVAEGEDGFRI VAS GDGGAGHEVLI SADVAngDC LADMSDPANRR 135
PPLARVVSRTEED IPPREDEQLFTI VAS -EGGSGONVLISADVATCODCLRDMFDPSDRR 126
PPLAQVVSCEHEDLPLVAGETDFIIVAS -SGGHGHQVLIS PDMAVCDDC LADMRDPAGRR 179
PPLARVDEIGEERCAAQVDADGFAI LES SRSDAAVHTAIGHDTAVC PDCLAELFDPANRR 134

PPLARIDSVEREPFIWSQLPTEFTIRQS——TGGTMNTQIVPDAAICPACLAEMNTPGERR123
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Zinc finger domain I Zinc f :
HLYPFTNCTNCGPRYT ITRFIPYDRDKT SMACFPLCPACAAEY ENPLDRRFHAQPNACPV 195
YLYPFTNCTNCGPRYT ITRAIPYDRDKT SMACFPLCPQCREEY ENPMDRRFHAQPNACPK 186
YRYPFTNCTNCGPRYT ITRSIPYDRDKT SMACFPLCPACRAEY EDPMDRRFHAQPNACPV 239
YRYAFINCTQCGPRYT LTWALPYDRATT SMA PFPQCRPCLDEY NAPEHRRFHAEPNACPD 194

YRYPFINCTHCGPRFT ITRAMPYDRPFTVMAAFPLCPACDKEYRDPLDRRFHAQPVACPE 183
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Zinc finger domain II

CEPRVWYVDGAPDGPAADT GYDAAPGSGRGDEPGCAPASDHGAGRPTGT PATQALAEALA 255
CHEPHVWLASADGTQLARDT ~—~ —== === === === === ————————— ——~EAVVQTAKALA 216
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CGPSLALLNAQGMPVEDVD ~~——== === === === === === ——— ——— ——— -PIAETVARLQ 223
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AGRIAAVKGLGGFHLACDAASDAAVGELRRRKHR PHKPLAIMVPDLAAARRIVHVSPEEE 315
KGHIAAIKGLGGFHLACDATATAAVDRLRARKKR PGKPLAVMV PDMAAAQALAHIGSGEA 276
TGRIAAIKGLGGFHLACDATDDAAVTTLRERKRR PHKPLAVMV PDMDTVRRIAAPTPDEE 329
RGEIVAIKGLGGFHLACDAHNADAVARLRSRKOREEKPFAVMVANLATAAQWGDIGSGEA 283

MGKIVAIKGIGGFHLACDARNSNAVATLRARKHR PAKPLAVML P-- -VADGLPDAAR--- 265
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RLILSQERPIVLCRARDDGP--—=========== === —————————————-LASAVSPDT 358
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DHVGLMLPYT PLHHVLFHLYRE ILPH-- —-- —-- ———-EACAALVMT SGNMSSEPI SLGNR 354
DHVGVML PYT PLHHVLFDT LAD LRREGGTSSRRT PSASDVCALVMT SGNASNEPICLGNR 418
VWLGVMLPYT PLQYLLFHEAAGRPEGLG - —— —— WLAQPQS LVLVMT SAN PGGEPLVTGND 368
NEVGVMLPANPLQHLLLQELQ- ——= === === === =—— ———CPLVMTI SGNLSGKPPAISNE 335
* * % % ** ::*. * k% kk *..:* .*
Continued.... ..

-121 -




5. Molecular characterization of Hydrogenases and Sulfate Reducing Proteins of DvMF

. Continued
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DvH-HypF ESLRRLAHIADAFLLHDRD ILIRTDDSVVRAVQG-EDGPLFMRRARGFVPRPVRLP---D 474
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R eutropha LGDDGQAWGGELLLVDGG- -~ACKRLGHLRELPLPGGDRAAREPWR-MAAAAL. HAMGRGEE 599
E.coli MGENGALWGGECLRVNYR- -ECEHLGGL PAVALPGGDLAAKQPWRNLLAQCLRFVPEWQN 563
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DvMF-HypF VTDGARPWPWLRDHAQAAALLPRLLERGVNT PLT SSCGRLFDAVSALLGLC-TTVTYEGQ 711
DDG20 -—--GDIPWPWQEQFRDAARVLPQVMERRINT PLT SSCGRLFDAVSAMLGIC-ISVTYEGQ 642
DvH-HypF - --DSRVWPWLPHREEASRMVGLMLDKGVNT PMASSCGRLFDAVSAMLGLC-ESITYEGQ 702
R_eu tropha - --IEGRFPRQP----GAPMVNRMLAQRLNAPLS SSMGRWFDAAAGLLGTR-ETMAYEGQ 651
E.coli ---YSETASVQQ- ——QNWSVLARAI ERGINAPLASSCGRFFDAVAAALGCAPATLSYEGE 617
ckikakk kk kkk . kK ceikkk:
DvMF-HypF AAIRLEHAQDAVS PCGGS-HDAFFTHAY PCPLRGARDGSDTLVL-~-------DTHALFRA 762
DDG20 AAIMLERIQDMG-------—----VTAPYPCPMR---TDVQPIML--------DTHALFMA 680
DvH-HypF AAILLERIQDMS---—-—---—-—--ETTPYPCPLK---DGVQPMVL--------DTAQLFIH 740
R_eu tropha AAMLLEGLAE SWGEQPSPGRPK TVAHSLGGVPRS GGGTYKALALPDAWRIDAGNTIDLLP 711
E.coli AACALEALAASCHG---------VTHPVTMPRV--————-——————————— ———DNQLDLAT 649
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DVMF-HypF VHDDWA - RGT PPGEVARRFHAGVVAGLADMAAAVAGVMDV PVVALS GGAMONLTLSVHLP 821
DDG20 AYADWL-QNVPAGVISRRFHLGLMHGLAEAAGSLAEVMDI ATVGLSGGVMONRTI SAELP 739
DvH-HypF AYVDWA-MET PPGIIARRFHLGLIQGVADLAASLCGAMGLTTVGLSGGVMONLTLAAGLP 799
R_eu tropha LLEALS-AETNAARGAAQFHATLVAALEAWTVATVQVTGVRTVVFGGGCFLNHILARNIC 770
E.coli FWQQWLNWQA PVNQRAWAF HDA LAQ GFAALMREQATMRGI TTLVFSGGV IHNRLLRARIA 709
R R L T *

DVMF -HypF QALAARGLTVLTHAELPPGDGCISLGQAAWARRE LAGRG---- 860

DDG20 PLLRRRGLSVLVHRELPPGDGC ISLGQADWGRRMIMQQ—--——-— 777

DvH-HypF EALRARGLVPLVHRTLPPNDGC ISLGQAAWGRRRLORDNA--- 839

R_eutropha RRLAARGLTVLTARQLPPNDGGIALGQVWVALQRAPN—————— 807

E.coli HYLAD--FTLLFPQSLPAGDGGLSLGQGVIAAARWLAGEVONG 750

* H * * % .. * % [ * k%

Fig 5.22 Schematic representation of the primary sequence conservation of HypF of DvMF, DDG20,
DvH, Ralstonia eutropha and E. coli, indicating the position of the acylphosphatase, the two zinc fingers
and the carbamoyltransferase motifs.
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5.4.2 Expression of hynA-strepBCD operon in E. coli

The strep-tagged hynB-strepACD operon excluding the promoter region was amplified by PCR
using the primer pair hynBpRSF2B 5’-gacgacgacaagatgaaaatctcgatcggtctcggecaa-3’ and
hynDpRSF2B 5’-gaggagaagccccgtatgaacccggegggetggcctee-3” and cloned into the vector pRSF-
2 EK/LIC to give a construct pRSF2hynB-strepBCD (Km®). pRSF-2 Ek/LIC is a T7 promoter
derived expression vector from Novagen and is constructed in a way that the first ORF is in
frame with an N-terminal histidine tag and the last ORF can be put in a frame with a C- terminal
S-tag. When induced, a functional construct should express a double tagged HynB (N- terminal
histidine and C-terminal strep), HynA, HynC and a C- terminal, S-tag harboring HynD (Fig
5.24).

T7
promoter His-TAG K
|LaC O_ His hynB-strep hynA hync | D S-TAG

Fig 5.24 Schematic presentation showing the coding arrangement of the pRSF2hynABCD operon and the
location of the epitope-coding sequences.

BL-21 E. coli cells, transformed with pRSF2hynB-strepACD, were grown at 37°C and constant
shaking at 180 rpm in order to express these proteins. The cells were grown to an O.D. of 0.6
before inducing by 0.7 mM IPTG. After induction, the cells continued to grow overnight at room
temperature. A 50 pl aliquot of these cells was centrifuged and boiled in 50 pul of SDS-PAGE

buffer. The resultant samples were tested by western blotting using four antibodies.

+ ? ++ +

Anti-strep Anti—S-TAG Anti-Hyn Anti -His Fig 5.25 Western blot detections of
- hydrogenase expression from the
HynA | hynBACD operon cloned in the
pRSF2hynB-strepACD vector using

‘ anti-strep, anti-S-Tag, anti-Hyn and
_______________________ _'M . anti-His antibodies. Two red boxes
| s — — mark the locations of the small subunit

HynA and the large subunit of HynB.
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The anti-Strep (to detect HynB), anti-His (to detect HynB) and anti-Hyn (to detect HynB and
HynA) antibodies showed the expression of the double tagged small subunit, while the presence
of the large subunit was also confirmed by the anti-Hyn antibody. The S-tag antibody could not
identify any specific bands at the expected 11 kDa location. However, it reacted with the small
subunit along with some other nonspecific identification. The sequence analysis has shown the
presence of the promoter region before the hynCD genes of the hynBACD operon, and in the
construct pRSF2hynBACD a strong T7 promoter might have given additional support. Here we
think that the non-detection of HynD might be due to its small size or due to its capability to

form strong complexes with other proteins.

The final volumes of prepared cells were harvested by centrifugation and sonicated in 10 mM
Tris, 150 mM NaCl buffer. The cell lysate was centrifuged at 13000 rpm for 1 hour to separate
the soluble fraction from the cell debris and other insoluble fractions. The soluble fraction was
purified by a strep-tag purification sepharose column (IBA-technologies) following the
manufacturer’s instructions. The various fractions were analyzed by gel electrophoresis by

coomassie staining and also by western blotting using anti-Hyn antibody (Fig 5.27).

' 2 3 4 5 6 7 8 9 10
97 kDa 1. See plus Marker
2. Cell lysate soluble
64 kDa fraction
3. Flow through
51 kDa 4. Column wash
5. Elution 1
39 kDa 6. Elution 2
28 kDa 7. Elution 3
8. Elution 4
S Ieku 9. Elution 5
14 kDa 10. Elution 6
6 kDaw

Fig 5.26 Protein gel electrophoresis (SDS-PAGE) of protein extract prepared from T7-induced hynA-
strepBCD operon over-expressed from the pRSF2hynA-strepBCD operon and its purification through the
strep tag purification column.

The strep-tag purification profile showed the presence of two major protein bands (Fig 5.26, lane

5 and Fig 5.27 lanes 4-9), one corresponding to the molecular weight of the unprocessed small
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subunit of the DVvMF [NiFe] hydrogenase (Fig 5.27, enclosed in the blue box) and a second

protein band corresponding to the large subunit (Fig 5.27, enclosed in the yellow box).

1. Total cell
lysate/cell boiling
2. See plus Marker
3. DvMF total cell
lysate/cell boiling
4. Cell lysate
soluble fraction
Flow through
Column wash
Column wash
Elution 1
Elution 2

LsuU

VX

Fig 5.27 Western blot detection of [NiFe] hydrogenase expression and purification by anti-Hyn antibody.
The protein extract was prepared from T7-induced AynAd-strepBCD operon and purified using the strep tag
purification column.

Given that the strep tag was present only in the small subunit, the large subunit was co-purified
along with the small subunit. Similarly, the western blotting did show the presence of two
subunits in the final purification products. It is noteworthy that in the unpurified total cell lysates,
there was a protein band reacting with the anti-Hyn antibody, being present at about the same
location of a processed small subunit of NiFe hydrogenase of DvMF. Also, the soluble fraction
and washes did not show the presence of the small subunit as the major over-expressed protein
(see purification gel, Fig 5.26, lane 2, 3 and 4; western blot Fig 5.27 lane 4, 5, 6 and 7), and it
became visible only in elutions (Fig 5.26, lane 5 and 6; Fig 5.27, lane 8 and 9). Moreover, the
intensity of the large subunit, which is second in position to the T7 promoter, showed a much
higher intensity in the total soluble fraction and in the washes as compared to that in the final
elution. Putting this information in one perspective, the proportions of the unprocessed small
subunit was highest in the final elution while the amounts for the large subunit and the

apparently ‘processed small subunit’ decreased as the purification proceeds.

A plausible explanation for this could be that a part of the expressed small subunit polypeptide
was transported to the periplasm via the E. coli tat transport pathway machinery and the rest of

the unprocessed small subunit remained in the cytoplasm. The expressed small subunit and the
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large subunit polypeptides did show some interaction, which was of weaker nature and was lost
during the washing steps. Nevertheless, a certain amount of the large subunit polypeptide was

co-purified with the small subunit.

5.4.3 Cloning and expression of two-gene Hyp and Hys operons

The operons hvpAB, hypDE and hysBA were amplified by appropriate primers for cloning into
the pRSF2 Ek/LIC vector as described before (see table 5.3 for list of primers). The final
constructs pRSF2hypAB, pRSF2hypDE and pRSF2hysBA were transformed separately into BL-
21 cells. Two more constructs, pRSF2-hysA and pRSF2-hysA-preseleno were prepared; both of
these carried the large subunits of the [NiFeSe] hydrogenase, i.e. HysA in frame with an N-
terminal-His- and a C-terminal S-tag of pRSF-2 ek/LIC. The construct pRSF2-hysA carried the
entire HysB coding gene sequence including the selenocysteine, and the second construct

pRSF2-hysA-preseleno carried the HysA coding gene sequence before the selenocysteine.

Name of the construct, operon
and the primers used Primer sequences 5’-3’

PRSF2-hypAB : [operon hypAB]
Forward-RSFhyPA-Fr

5'-GACGACGACAAGATGCATGAAATGTCCGTCGCATC-3’
Reverse- hypB-STAG

5-GAGGAGAAGCCCGGTAACCCGCGCTTGGCGGCCCGCGCGGTGE-3

PRSF2-hypDE: [operon hypDE]
Forward- RSFhypD-Fr

5’-GACGACGACAAGATGGTGAGCGTGAATTTCTCCACGGCCTT-3’
Reverse- hynE-STAG

5-GAGGAGAAGCCCGGTATGAACCCGGCGGGCTGGCCTT-3

PRSF2-hysAB : [operon hysAB]
Forward RSFhysB-Fr

5’-GACGACGACAAGATGAGTCTCAACAGGCGTGATTTCG-3’
Reverse- hysA-STAG

5-GAGGAGAAGCCCGGTCTTCACTTCGACGACGGAGA-3’

pRSF2-hysB: [hysB]
Forward- RSFhysA-Fr 5-GACGACGACAGAATGTCCGGCTGTACACCCAAGGC-3

5’-GAGGAGAAGCCCGGTCTTCACTTCGACGACGGAGA-3’
Reverse hysA-STAG

pPRSF2-hysA-preseleno : [hysB]
Forward- RSFhySA-Fr 5“GACGACGACAGAATGTCCGGCTGTACACCCAAGGC-3’

5“GAGAGAAAGCCCGGTTTCGGGTCGGGGTCGAAGGCGCGGATC-3
Reverse- hysASTAG-preCYS

Table 5.3 Nucleotide sequences of the primers used to amplify operons hypAB, hypDE, hysAB and the
large subunit of [NiFeSe] hydrogenase of DVMF (AysB).
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_1T7 LacO  His-TAG S-TAG  ,RSF2-hypAB
promoter hypA hypB P yp
o LacO i S-TAG  pRSF2-hypDE
promoter | L3¢ His-TAG = e P -hyp

Seleno-Cysteine

L i S-TAG
promoter | L3¢ Q  His-TAG ysB | hysA pRSF2-hysAB

-

Seleno-Cysteine

T7 )
promoter | L3¢ 09 His-TAG hysA S-TAG pRSF2-hysA
- TGA
T7
promoter | L3¢ Q His-TAG hysA S—TAG[ pRSF2-hysA-preseleno

[

Fig 5.28 Construction of the plasmids carrying the maturation gene operons #ypAB (pRSF2-hypAB),
hypDE (pRSF2-hypDE), and the [NiFeSe] hydrogenase structural gene operon hys4B (pRSF2-hysAB).
The large subunit of the [NiFeSe] hydrogenase #ysB (pRSF2-hysB) contains the complete coding region
and the pRSF2-hysB-preseleno construct contains the coding region before selenocysteine). The red
bracket represents the selenocysteine codon.

Western blotting detection

The E. coli cells harboring these recombinant expression vectors were grown at 37°C and
shaking at 180 rpm until an Agy = 0.6, when they were induced by 0.6 mM IPTG and left to
grow overnight at room temperature. Next day, 50 pl aliquots of each of the growth cultures
were tested by western blotting by anti-His and anti-S-tag antibodies as before. The anti-His
antibody detected the expression of HypA, HypD and HysB at the expected molecular weight
position (Fig 5.29). The S-tag antibody detected HypB very well, however the HypE and HysA
showed poor reactivity (Fig 5.29). Interestingly, the HysA showed immunodetection by the S-tag
antibody only in cases when its seleno-cysteine codon was read as selenocysteine codon (in E.

coli) and not as termination codon.
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Plasmid Expected Expected molecular weight Detection by
construct proteins westren blotting
pRSF2-hypAB His-HypA 1.6 kDa + 12.8 kDa +
HypB-S-tag 244 kDa+ 3.1 kDa +
pRSF2-hypDE His-HypD 1.6 kDa + 39.6 kDa +
HypE-S-tag 36.1 kDa + 3.1 kDa +
PRSF2-hysBA His-HysB 1.6 kDa + 34 kDa +
HysA-S-tag 56.3 kDa + 3.1 kDa +
PRSF2-hysA His- HysA-S-tag 1.6 kDa + 56.3 kDa + 3.1 kDa +
pRSF-hysA- )
preseleno His- HysA-S-tag 1.6 kDa + 56.3 kDa + 3.1 kDa +

Table 5.4 A tabular presentation of the expected molecular weights of the expressed proteins from the
constructs prepared by cloning the operons hypAB (pRSF2-hypAB), hypDE (pRSF2-hypDE), hysBA
(pRSF2-hysBA) and the gene hysA (pRSF2-hysAand pRSF2-hysA-preseleno) in pRSF-2 Ek/LIC vector.
The molecular weights are calculated by translating the proteins, considering the histidine tag contributes
1.6 kDa, while the S-tag should contribute 3.1 kDa. The + (plus) sign indicates positive detection of
various proteins by western blotting in our work.

His- tag detection S-tag detection

191 kDa 1 2 3

See Blue Marker

Anti-His detection

HysB 1) pRSF2hypAB; induced
— 2) pRSF2hypDE; induced
1 w- 3) pRSF2hysBA; induced
28 kD3 .
Anti-S-tag detection
19 kDg
G

14 kDa 4) pRSF2hypAB; induced
5) pRSF2hypDE; induced

6) pRSF2hysBA; induced

E kD=

3 kD=

Fig 5.29 Western blotting detections of the HypA, HypD and HysB proteins by an anti-His antibody and
detection of HypB, HypE and HysA using an anti-S-tag antibody.
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In order to improve the quality of the detections with pRSF-hypDE and pRSF-hysAB, the IPTG
induction steps were slightly modified and the expression of HysA in the two additional
constructs pRSF2-hysA and pRSF-hysA-preseleno was also checked. All of these constructs
were again transformed in freshly prepared BL-21 cells and grown similarly as before, however,
this time they were induced at Agpo = 0.8 and by 1.2 mM IPTG. After overnight growth at room
temperature, a small amount of each, prepared by boiling in SDS-PAGE buffer, was analyzed by
western blotting using an anti S-TAG antibody (Fig 5.29).

The anti-S-tag antibody detected a protein band slightly above 39 kD band in each sample.
Barring this unspecific detection, the HypE was well detected in the pRSF2hynDE cell lysates
both in induced and un-induced samples. Also the HysA was detected in all the three constructs,
pRSF-hysBA, pRSF-hysA and pRSFhysA-preseleno. Though, a careful comparison of the
western blot profile showed a small difference between the locations of these bands. This could
be very well attributed to the presence of the His-tag in pRSF-hysA and pRSF-hysA-preseleno
and also to the absence of the post seleno-cysteine polypeptide sequence in pRSF-hysA-

preseleno.

pRSF2hypDE  pRSF2hysBA  pRSF2hysA pRSFhysApreseleno

97 kpa 1 2 3 58 1. See Blue Marker
2. pRSF2hypDE uninduced
64 kDa, 3. pRSF2ZhypDE induced
; 4. pRSF2hypDE induced
51 kDa 5. pRSF2hysBA uninduced
) 6. pRSF2hysBA induced
39 kbay - e 7. pRSF2hysBA induced
| : 4 8. pRSF2hysA induced- partially
28 kDa purified via his tag
9. pRSF2hysA induced
19 kba - 10. pRSF2hysA- preseleno- induced
lg Ilzg: partially purified via his tag

Fig 5.30 Western blot using an anti-S-tag antibody detects HypE from constructs pRSF2hypDE (lane 2, 3
and 4) and HysA from pRSF2hysBA (lane 5, 6 and 7), pRSF2hysA (lane 8 and 9) and pRSF2hysA-
preseleno (lane 10).
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As it appears from these experiments, the ribosome binding sites of the transcripts originating
from DvMF gene sequences have been recognized in E. coli. Thus, the two- or four- gene
operons that exist in the known DvMF hydrogenase genetic machinery are expressed as multiple
proteins simultaneously from a single promoter in E. coli. Accordingly, an attempt to clone and
co-express these genes needs not to consider each gene individually. A second and very
interesting aspect is the integration of the selenocysteine in the large subunit HysA of [NiFeSe]

hydrogenase polypeptide in the E. coli cells.

5.4.4 Co-cloning of strep tagged hynBACD operon with npt2 gene

An antibiotic marker npt2 (neomycin phosphor transferase) has been recently reported to enable
the selection of transformed DvH using a kanamycin analogoue G418 (Caffrey et al, 2007). For
applying this information while manipulating DvMF, the npt2 coding gene sequences have been
co-cloned in to the strep tagged strep tagged hynBACD operon present in pMOShynBACDstrep
construct. The npt2 gene was isolated from pBSL180 (Fig 9.1 in appendix) by digesting with
doubly present Sacl site and cloned into Smal site of pUC19 to generate pUCI19nptll. It was
further sub-cloned into xbal-spel digested pMOShynBACDstrep construct after cutting with
doubly present xbal. The resultant pMOShynBACDstrepNptll was both ampicillin and
kanamycin resistance. Experiments are on way to transfer this combination to a pRSF1010 based

replicon to be tried in DvMF.

5.5 Purification and Structural Characterisation of Sulfate Metabolism

Proteins from Desulfovibrio vulgaris Miyazaki F

During the routine preparations of [NiFe] hydrogenase, two soluble proteins which were present
in abundance were purified further. They were named Green and Brown proteins respectively
based on the visual colors (work by Dr. Aruna Goenka Agrawal). Afterwards these proteins were
identified by N-terminal sequencing and high energy MALDI and the data obtained was used to

sequence the corresponding genes in DvMF genome (Chapter 4)
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5.5.1 Purification and Characterization of Brown protein

The brown protein was purified from the soluble fraction of the DvMF cell lysate using gel
exclusion and anion exchange columns (Chapter 3). The purified protein was analysed on SDS
gels and showed two subunits (Fig 5.31), which by MALDI analysis gave two distinct peaks one
at 74 kDa and other at 20 kDa (Fig 5.32).

Fig 5.31 SDS-PAGE resolution of
|a— subunit] w e 1._.;'_-_.! various fractions of purified Brown
protein showed two subunits which were

identified as o- and B- subunits of 5°-

[R-subunit L e s WS W s .|l Adenine phospho reductase.
+

Nl =50 8. 0 19 i 1y

4x10"

3x10°

74 kDa
2x10" |
20kDa

1x10° -

[ Fig 5.32 MALDI-TOF of purified Brown
LI\ L protein showed two distinct'peaks at 74
kDa and 20 kDa corresponding to the a-
rer e and [(-subunits of 5’-adenine phospho
reductase.

Mol Wt KDa

The purified protein subunits were gel-isolated and sent for N-terminal sequencing (U. Giessen).
They were also analysed for their peptide profile through high energy MALDI at a complete
subunit (Fig 5.33). The N-terminal sequence of the 74 kDa subunit led to the identification of
MIPVKEQPK sequence (identical for the a- subunit of APS reductase of DvH) and of the 20
kDa residues PTYVDPSKCDGC (identical for the B-subunit of APS reductase of DvH and
DDG?20). Further, the MALDI gave 27% sequence coverage of the 74 kDa subunit and data
fitted the a-subunit for a possible APS reductase sequence (Fig 5.34). Using the N-terminal
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sequences and other informations, the corresponding two genes present in the DvMF genome

were sequenced utilizing the cosmid library (Chapter 4).

[&bs. Int. * 10007
924 533
349-356
1369.785
B44-6ESS
224 a04 573 '
-0z 1064 540
S594-500
=204 595.552 . 1662.576
_ 301-314
SE7-saE 1022.619 '
184 A42-430 1650.039
E74.447 Py
&01 -50:35 a3 551
15 7T pEos-s12
14 VL _|9s0.54T 1354 756
H BOG-612 161-171
124 i 1368792
H 161-171
104 i 1095 605
Iy S19-527
86151
Bl 172 ATE 1047 530
oo T 240-249
&5 asgast| |
459-404
i 23ET 304
4| 523469 i 112-130
E13-615 1 !
Iy 20935140
24 451-470
o dudlhbivae o “ﬂ.l.*—.—llh—u..«_.h__ll._
T T T T
s00 1500 2000 2500
miz

Fig 5.33 Peptide profile of the 74 kDa subunit of APS reductase generated by high energy fragmentation
of the polypeptide by using MALDI-MS, the molecular mass were calculated by MALDI and the residue
numbers were given by protein aligment with available sequences
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Fig 5.34 Fitting the data generated by peptide profiling of the 75 kDa subunit of APS reductase by
MALDI-MS into the available sequence database of NCBI by means of BLAST program.
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5.5.2 Crystallization of 5’-adenine phospho reductase of DvMF

After optimization, crystals suitable for diffraction experiments (Ogata et al, 2008) were obtained
using the hanging-drop vapour-diffusion method with the following conditions: 0.1 M HEPES
pH 7.5, 0.1 M NacCl, 2.0 M ammonium sulfate and 15% (v/v) glycerol. The crystal dimensions
were typically 0.5 x 0.5 x 0.5 mm (Fig 5.35).

X-ray source BL14.1 at
BESSYII

Wavelength (A) 0.91841

Space group P3,

Unit-cell parameters 125.93, 125.93,

(A) 164.24

Resolution (A) 51.78-1.70  (1.81-
1.70)

No. of observed 1499388

reflections

No. of unique 317895

reflections

meree 0.100 (0.402)

Completeness (%) 99.8 (98.9)

<l/o(I)> 4.6 (1.8)

Vu 4.02

Fig 5.35 Crystal of APS reductase from DvMF and the initial X-ray diffraction data (Ogata et al, 2008).
Values in parentheses are for the highest resolution shell (1.81-1.70 A). Ruerge = Z |[-<I>|/ZI, where I; is
the intensity of the ith observation and </> is the mean intensity of the reflections.

5.5.3 Structure determination

The crystal structure of APS reductase from DvMF was solved by the molecular-replacement
method using the program CNS (Briinger et al., 1998). As coordinates for the search model, the
data for APS reductase from 4. fulgidus (PDB code 1jnr) were used, which has 48% (a-subunit)
and 65% (pB-subunit) amino acid sequence identity to APS reductase from D. vulgaris Miyazaki
F. After the calculation of the electron-density map using the molecular replacement solution,
two heterodimers in the asymmetric unit that form an a,f3; heterotetramer were observed. The

electron-density map shows one FAD in the a-subunit and two [Fe4S4] clusters in the B-subunit.

Since the APS reductase is highly conserved across a wide range of bacteria, the mode of
catalytic activity is likely to be preserved. Nevertheless, work is being done to propose an exact

reaction mechanism for the APS reductase of DvMF.
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b) APS reductase of DVMF

Fig 5.36 Schematic representation of the three dimensional models of (a) ayP, heterotetramer of APS
reductase of A. fulgidus and (b) 0yB2 heterotetramer of APS reductase of DvMF (Ogata et al,
unpublished). Also shown the chemical structure of Flavin adenine dinucleotide (FAD).
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5.5.4 Purification and Characterization of Green protein

The Green protein was also purified from the soluble fraction of the DVMF cell lysate using gel
exclusion and anion exchange columns (Chapter 3). The SDS-PAGE gel analysis of the finally
purified fraction showed three subunits (Fig 5.37) which on MALDI analysis gave three
corresponding peaks at 48 kDa, 42 kDa and at 11 kDa (Fig 5.38).

a- subunit

y-subunit

Fig 5.37 SDS-PAGE resolution of various fractions of purified Brown protein showed three major
subunits which were later identified as a- and B- and y- subunits of Sulfite reductase or Desulfoviridin of
DvMF.

7x10" 1 11kDa
6x‘|0'-:
5x10‘-.
4x10'-.

N 42kDa
3x10"

210" ] Fig 5.38 MALDI-TOF of the purified

] " l 48kDa Green protein showed three peaks
1x10° - ddk_) I corresponding to the protein bands
1 Ao || visible with SDS-PAGE; those were at

04
48 kDa, 42 kDa and at 11 kDa.

0 10 20 30 40 50 60 70 80 20 100
Mol Wt KDa
_

As for the Brown protein, the purified protein subunits of the Green protein were also gel-
isolated and sent for N-terminal sequencing (University of Giessen). Also the peptide profile by
MALDI-MS were noted and compared with available sequences. The N-terminal sequencing of
the 11 kDa subunit was successful and gave the sequence AEVTYKGKSF, which is identical to
the y-subunits of the desulfoviridin proteins of DvH and DDG20. Further, the MALDI-MS
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peptide profiling also gave some levels of sequence coverage which was compared with
accessible sequences by NCBI-BLAST, 51% for the 48 kDa (Fig 5.39 and Fig 5.40), 56% for the
42 kDa (Fig 5.41 and Fig 5.42) subunit and 24% for the 11 kDa subunit (Fig 5.43 abd Fig 5.44).
The deduced sequences indicated in synergy that the Green protein is the Desulfoviridin protein
of DvMF, which should consist of at least these three subunits. Using the information thus
generated, the corresponding three genes coding for the a-, B-, and y- subunits, being present in

two operons in the DVMF genome, were sequenced by means of cosmid library (Chapter 4).
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Fig 5.39 Peptide profile of the 48 kDa subunit of Desulfoviridin generated by high energy fragmentation
of the polypeptide by using MALDI-MS, the molecular mass were calculated by MALDI and the residue

numbers were given by protein aligment with available sequences.
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Fig 5.40 Fitting the data generated by peptide profiling of the 48 kDa a-subunit of Desulfoviridin by
MALDI-MS into the available sequence database of NCBI by means of BLAST program.
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Fig 5.41 Peptide profile of the 42 kDa B-subunit of Desulfoviridin generated by high energy
fragmentation of the polypeptide by using MALDI-MS, the molecular mass were calculated by MALDI
and the residue numbers were given by protein aligment with available sequences
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Fig 5.42 Fitting the data generated by peptide profiling of the 42 kDa B-subunit of Desulfoviridin by
MALDI-MS into the available sequence database of NCBI by means of BLAST program.
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[Abs. Int. * 1000)
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Fig 5.43 Peptide profile of the 11 kDa vy-subunit of Desulfoviridin generated by high energy
fragmentation of the polypeptide by using MALDI-MS, the molecular mass were calculated by MALDI
and the residue numbers were given by protein aligment with available sequences
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Fig 5.44 Fitting the data generated by peptide profiling of 11 kDa, y-subunit of Desulfoviridin by
MALDI-MS into the available sequence database of NCBI by means of BLAST program.

5.5.5 Crystallization of sulfite reductase of DvMF

After optimization, crystals suitable for diffraction experiments (Ogata et al, 2008) were obtained
using the hanging-drop vapour-diffusion method with the following conditions: 20% PEG1000,
100 mM Imidazole pH 8.0, 200 mM Calcium Acetate. The crystal dimensions were of size: 0.2 x

0.1 x 0.1 mm (Fig 5.45). The structure determination using these crystals is underway.
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-

Y

Fig 5.45 Crystal of Dsr complex
from DvMF: Size: 0.2 x 0.1 x 0.1

mm (Ogata et al, unpublished)

5.6 Discussion

The template-based three dimensional structure models for the maturation proteins HypD, HypE,
HypB and HynD as well as for the seleno-cysteine containing hydrogenase [NiFeSe] were
presented. Also the two periplasmic hydrogenases of DVMF were characterized biochemically.
The maturation proteins HypA and HypF were analysed by primary sequence conservation. The
characterization of the maturation Hyp proteins of DvMF has shown that these proteins are well
conserved in this organism and exhibit all the possible features so far identified in the [NiFeSe]
hydrogenase maturation. On the other hand, there is a possiblity that the [NiFeSe] hydrogenase
may exhibit some difference from other [NiFeSe] hydrogenases of the Desulfovibrio sps in the
number or type of iron and sulfur atoms in its medial cluster. Further charcterization at the
sequential level has shown that the [NiFeSe] hydrogenase retains features that may indicate an

involvement of the lipoprotein synthesis pathway in its final maturation and transport.

The cellular expression of the two hydrogenases of DVMF was detected in presence of excess of
nickel and selenium (this work) and was found to be in functional agreement with the
observation of up-regulation of both hydrogenases in the presence of nickel, and the down-
regulation of the expression of [NiFe] hydrogenase of DvH (Valente et al, 2006) in the presence
of selenium. This observation was also extended to D. desulfuricans (this study). The expression
of the [NiFeSe] hydrogenase was enhanced only slightly when selenium was supplied in

presence of nickel, however, this investigation was compromised by the relatively low sensitivity
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of the antibody. The effect of repression looked starker in case of DvMF as compared to D.
desulfuricans (this study) and as reported for DvH (Valente et al, 2006). Further the presence and
up-regulation of the [NiFeSe] hydrogenase in the DVMF cell extract, prepared from the cells
grown in excess of selenium and nickel, was established with Native-PAGE BV/TTC assays.
The role of selenium in the regulation of the non-selenium enzyme has been thought to be a
result of a secondary regulation that means not the free selenium but a selenium associated
cellular component is responsible for the down or up-regulationas of nonselenium and selenium
containing enzymes respectively (Rother et al, 2003). In a study on the archaeon M. maripaludis,
a nonsense mutation in the selB reverses the suppression of non-selenium enzymes (Rother et al,
2003) and usually the level of selB is directly associated with the availability of free selenium.
Thus selenium is likely to be indirectly involved in the regulation of [NiFe] hydrogenase by a
secondary mechanism involved in the synthesis and integration of selenocysteine into the

selenium containing polypeptides.

Advancing the efforts in the direction of heterologous expression, the expression of the
hydrogenases and the maturation gene operons in E. coli has been investigated. The two two-
gene maturation gene operons hypAB and hypDE were cloned in a T7 promoter expression
vectors to generate constructs pRSF2hypAB and pRSF2hypDE, respectively. The western blot
analysis of total protein extracts showed that the conjunction of the two genes present in a single
operon is functional in E. coli, when each one of these two operons is individually placed in
behind of a single T7 promoter. The N-terminal of the small subunit of the [NiFe] hydrogenase
undergoes a tat-pathway dependent cleavage, while HynC cleaves the C-terminal of the large
subnit after the insertion of nickel. Purification studies and sequential characterizations have
shown that the N-terminus of the large subunit is closely associated with the plasma membrane
(Yagi et al, 1976, Higuchi et al., 1997). Thus, probably the C-terminal end of the small subunit is
the only available free end that can be epitope-tagged and used for purification. In this work, the
four-gene operon of [NiFeSe] hydrogenase was marked by tagging a strep-tag in the C-terminal

region of the small subunit and was later cloned and expressed from a T7-promoter.

The [NiFe] hydrogenase, expressed under the control of the T7-promoter of pRSF2hynA-
strepBCD in E. coli, also carried an N-terminal histidine tag in the HynB protein and a C-
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terminal tag in the HynD protein. The total protein extract prepared from these E. coli cells was
probed by western blotting using different antibodies. The results showed an unambiguous
expression of the two subunits of hydrogenase and gave also hints to a transfer of some
proportion of the small subunit to the periplasm. Purification of the soluble fraction of the total
protein extract showed a competent refinement of the hydrogenase small subunit using the strep-

tag and a noticeable co-purification of the two subunits.

The two subunits of the [NiFeSe] hydrogenase were also expressed in E. coli together in the T7
derived plasmid pRSF2hysBA, and later the large subunit alone was expressed in the constructs
pRSFhysA and pRSFhysApreseleno. Agreeing with the construction, the recombinant plasmid
pRSF2hysBA (Fig 5.28) led to the expression of a histidine tag in the N-terminal of the HysB
(Fig 5.29) as well as also showed a presence of S-tag in the C-terminal of HysA (Fig 5.29 and
Fig 5.30). Similarly, the expression of a C-terminal S-tag was observed in the western blot
detection of cell lysates of pRSF-hysA (Fig 5.30) and pRSF-hysA-preseleno (Fig 5.30) as well.
Such an expression of the S-tag in the large subunit of the [NiFeSe] hydrogenase, when
expressed from pRSF2-hysBA and pRSF-hysA indicated an integration of selenocysteine
corresponding to the TGC codon present in the C-terminal of the hys4 gene instead of

termination of the translation in E. coli.

The integration of selenocysteine in selenium-containing proteins is signaled by the presence of
special secondary structures in the mRNA known as SECIS (Berry et al, 1993). In E. coli, a
special tRNA (refer to fig 9.1 in appendix) encoded by Se/C is responsible for the integration of
selenocysteine. The se/C gene product is charged first by a seryl-tRNA synthetase to yield seryl-
tRNA. The serine residue in seryl-tRNA is converted to selenocysteine by the Sel4 gene product,
a  selenocysteine  synthase.  This  reaction needs  selenium-donating  species,
monoseleniumphosphate, being a product of a cellular acting seleniumphosphate synthase, a

SelD gene product.

These four gene products responsible for the selenocysteine integration, SelA, SelB, Sel/C and
seryl-tRNA synthetase are very specific in action and their compatibility with coded RNA

secondary structures is very species-specific. An attempt to express the selenocysteine-
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containing large subunit of the hydrogenase of Desulfomicrobium baculatus when fused with
lacZ, has failed in E. coli (Tormay and Bock, 1997), attributed to the SelB specificity. Apart
from the specificity of the SelIB-mRNA interaction, a structural compatibility of the quaternary
complex with the ribosome is required. The large subunit of the [NiFeSe] hydrogenase of DvMF
has a very similar structure with that of D. baculatus; however, we have clearly shown the
successful incorporation of selenocysteine by the detection of the S-tag by western blotting.
Since this antibody is raised against the peptide following the selenocysteine, it indicates that the
selenocysteine codon is not read as termination signal. Nonetheless these studies are in
preliminary stages and the proteins needs to be purified to confirm any non-specific detection by
antibody combined with some spectroscopic measurements. It is also possible to check the

presence of the S-tag by an agarose RNAase assay (Novagen).

For the sulfate metabolism-related proteins of DvMF, the three dimensional structure of the APS
reductase is determined at 1.7 A resolution. This structure is the first one in the class of sulfate
reducing bacteria and work is continued to determine and propose a reaction mechanism. Further
work is being carried out to determine the structure and as well as to improve the quality and

resolutions for the crystals obtained for the desulfoviridin complex of DvMF.
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Chapter 6

Phylogenetic Analysis of DvMF Hydrogenases as

Representatives of Desulfovibrio sps.

The biological consumption or evolution of hydrogen for the sake of producing cellular energy
has been possibly invented at the earliest form of life. The origin of the proton-dependent
chemiosmotic mechanism for ATP synthesis may also be seen in conjunction with the formation

of proton gradients created by hydrogenases on either side of the cytoplasmic membrane.

Even today, diverse micro-organisms have retained the capability to use hydrogen to fuel their
metabolism. Where animal systems are limited to use oxygen as oxidizing agent, bacterial
systems have adapted to exploit alternative oxidizing components. H, metabolism has been
detected and investigated in a variety of prokaryotes belonging to wide physiological ranges.
This includes either of the aerobes and anaerobes, autotrophs and heterotrophs, prokaryotic and
eukaryotic photosynthetic organisms, “knallgas” bacteria, methanogens, sulphate reducers, N»-
fixers, fermentative organisms, hyperthermophiles, parasitic protozoans, and anaerobic fungi.
Also characterized for hydrogen metabolism are the Eubacteria, Cyanobacteria and the
Proteobacteria (purple bacteria), in which all five subdivisions (a, B3, 9, €, & y) are among the
best studied ones. Then there are those microbes which are less well studied and are spread in
widely  divergent  classes. @ These  groups include the  Spirochaetes, the
Cytophaga/Flexibacter/Bacteroides group, Fibrobacters, and both high (Frankia sps) and low
G+C content (saccharolytic Clostridia sps) Gram positive bacteria, the green non-sulfur bacteria

(GNS) and the planctomyces (Robert Robsen, Hydrogen as Fuel).

6.1 Phylogenetic Studies of Hydrogenases

Hydrogenases are considered to be modular enzymes which have retained hydrogen
metabolizing capability even after frequent gene exchange and reshuffling during the course of

evolution. Detailed evolution studies encompassing hydrogenase gene content, co-occurrence



6. Phylogenetic Analysis of DVMF Hydrogenases as Representatives of Desulfovibrio sps.

and transmission have revealed that most of the hydrogenase genes have evolved by vertical
transmission, though some horizontal gene transfers have been proposed from Archaea to
bacteria, or bacteria to bacteria and from bacteria to anaerobic protists (Vignais and Billoud,

2007).

Using the simplest approach, an insight into the evolution of H, metabolism can be gained by the
comparison of different hydrogenases and their accessory proteins at the primary sequence level.
The choice of proteins to be subjected to a comparison is influenced by the number of
homologous and analogous sequences available, their occurrence and the presumption of a
functional analogy such as the potential similarity between the various hydrogenase- and
maturation-encoding genes. The relationships among these proteins are studied here via their
phylogenetic relation. A phylogenetic tree is created by computer-aided alignments of the amino
acid sequences (or also of the nucleotide sequences of the encoding genes) and the calculation of
the degree of similarity between the sequences. This resulting similarity matrix is used to create a
schematic tree showing the relatedness in a diagrammatic way. Either complete protein
sequences could be used, or some degree of editing of the sequences is performed to maximise
the alignment. Alternatively, only those segments of molecules which have high sequence
identity, i.e., showing few or no gaps can be compared to represent important conserved domains

within a protein.

The availability of a larger number of truly homologous sequences and the comparison of such
tree with a life tree of 16S/18S ribosomal RNA adds to the significance of such study. One of
the two basic types of trees is a rooted tree that computes or assumes a common ancestor.
However, the rooting of trees can be erroneous when the sequences are quite divergent, and the
functionality is not analogous or is unknown. This applies in most cases when considering both
the hydrogenase structural and accessory gene products. In such cases, the construction of an un-
rooted type of trees does not have to expain for many of such assumptions. Figure 6.1 is
showing a rooted phylogenetic relationship between the hydrogenase-possessing species
belonging to the various classes of bacteria and arachea based on their 16s ribosomal RNA

sequences.
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Fig 6.1 Phylogenetic tree of bacteria derived from the
16s rRNA sequences using data from Archaea and
Eukaryota for the root. Numbers at the ends of the
branches represent the number of hydrogenase genes
known in species of that group. The figure on the left of
the slash represents the number of [NiFe]-hydrogenases
and the one on the right the number of [FeFe]-
hydrogenases. (Adapted from Vignais and Billoud,
2007)
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6.2 Hydrogenases of DvMF

Many present day species are known to contain more than one type of [NiFe] hydrogenases and
some also contain [FeFe] along with that. Whereas the [NiFe] hydrogenase presence is
widespread, the [FeFe] hydrogenases are present mainly in Gram-positive bacteria and in species

belonging to the y- and 6- divisions of proteobacteria.

Whole genome sequencing of some J-proteobacteria (Desulfovibrio vulgaris subsp
Hildenborough, Desulfovibrio desulfuricans G20, Geobacter uraniumreducens RF4, Geobacter
sulfurreducens) have revealed a high degree of diversity in occurrence and co-occurrence of the
various types of hydrogenases and also the cellular locations. Screening a cosmid genomic
library has led to the identification of three additional hydrogenases other than the standard
[NiFe] hydrogenases in the DvMF genome (Chapter 4). Two of them are now completely

sequenced and are included in these phylogenetic comparisons.
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6.2.1 Phylogenetic tree of [NiFe| and [NiFeSe] hydrogenases of DvMF

A protein sequence blast of the large subunit of [NiFeSe] hydrogenase of DVMF at the NCBI
database pulls out sequences from [NiFe] and [NiFeSe] hydrogenases of some other bacteria
belonging to proteobacterial subdivisions as well as some firmicutes. A phylogenetic tree (Fig
6.2) based on the top hit sequences from the representative organisms belonging to these
different divisions, shows the relationship among various classes and subgroups of bacteria. The
Desulfovibrio group of bacteria are amongst the only few known genus of the Desulfovibrionales

order to possess a [NiFeSe] hydrogenase.

In the phylogram (Fig 6.2), constructed using the translated DNA sequences from the large
subunit of the [NiFeSe] hydrogenase, i.e. HysA, all of the few [NiFeSe] hydrogenases sequences
available till date are clustered on one node which is well separated from the node containing
[NiFe] hydrogenase sequences present in the same organisms. The degree of relation among
similar types of hydrogenases, i.e. among the [NiFeSe] sequences of organisms belonging to the
order Desulfovibrionales and then among the non-selenium standard [NiFe] hydrogenase of the

same organisms is almost identical.

The [NiFe] hydrogenase sequences of the organisms belonging to -proteobacteria other than the
Desulfovibrio sps are present on two major branches. Delta-proteo MLMS-1 and Desulfotalea
psychrophila form one collective out-group and the other node contains mainly Geobacter sps.
The Geobacter species hold a relatively closer propinquity with the a- and y- subdivisions of
proteobacteria as well as with the Green Non-Sulfur bacteria as compared to the Desulfovibrio
sps. Assessing in an order of relatedness, the order of phylogenetic proximity of Geobacter sps

is; a-proteobacteria > GNS (Green Non Sulfur) bacteria> y —proteobacteria.
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Fig 6.2 Phylogenetic tree for HysA. The alignment with various sequences was carried out by using
NCBI blast, and the PhyML method (phylogenies by maximum likelihood) was used to calculate the tree.
FigTree software (Author, Andrew Rambaut, 2007) was used to draw the tree, and the root lengths have
been automatically calculated. The abbreviations used are; nife for [NiFe] hydrogenases, nifese for
[NiFeSe] hydrogenase, DvH, Desulfovibrio vulgaris subsp Hildenborough, DvMF for Desulfovibrio
vulgaris subsp Miyazaki F, DDG20 for Desulfovibrio desulfuricans G20
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Fig 6.3 Phylogenetic tree for HynA. The alignment with various sequences was carried by using NCBI
blast, and to draw the tree (similarly as in Fig 6.2). The abbreviations used are; nife for [NiFe]
hydrogenases, nifese for [NiFeSe] hydrogenase, DvH, Desulfovibrio vulgaris subsp Hildenborough,
DvMF for Desulfovibrio vulgaris subsp Miyazaki F, DDG20 for Desulfovibrio desulfuricans G20
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To give an even closer look at the phylogenetic relationship among the [NiFe] hydrogenases, i.e.
HynA, one more phylogenetic tree is constructed based on the polypeptide sequences of the large
subunit of [NiFe] hydrogenase of DvMF (Fig 6.3). The usual aerobic or microaerobic organisms
belonging to the a-proteobacteria subdivision form a separate node connected with the node

containing the B-proteobacteria.

Giving an overall look to this tree, the a-proteobacteria are related to the other groups in an order
of proximity, B-proteobacteria> enetrobacteriaece (y-proteobacteria) > green sulphur bacteria >
CFB (Cytophaga-Flexibacteria-Bacteroides) group of bacteria> photosynthetic y-proteobacteria.
Again the Geobacter group of d-proteobacteria is closely placed to the nodes containing other

proteobacterial subdivisions rather than Desulfovibrio group of 6- proteobacteria.

6.2.2 Phylogenetic tree of Energy-Conserving Hydrogenases (Ech)

Ech hydrogenases are H,-evolving, energy conserving, and membrane associated multimeric
enzymes that are placed among the group 4 of hydrogenases (six or more subunits). This class of
hydrogenases is known to reduce protons coming from the anaerobic oxidation of low potential

organic compounds such as acetate or formate to H,.

The majority of hydrogenases assigned to group 4 have been found in Archaea including
Methanosarcina barkeri, Methanothermobacter marburgensis and Pyrococcus furious. The Ech
hydrogenase operon found in Desulfovibrio sps and Thermoanaerobacter tengcongensis are
thought to be acquired by the horizontal gene transfer from an archaebacterium belonging to

Methanosarcina clade (Calteau et al, 2005).

The Ech hydrogenase operon of DvMF consists of six subunits EchABCDEF. The structural
characteristics have been discussed in the chapter 4. Phylogenetic trees are created using the
polypeptide sequences of EchA (larger of the two membrane anchoring subunits; Fig 6.4), EChE
(larger of the two subunits involved in the hydrogen splitting; Fig 6.5) and EchF (Ferredoxin like
protein; Fig 6.6).
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Fig 6.4 Phylogenetic tree for EchA. The alignment with various sequences was carried by using NCBI
blast, and used to draw the tree as before. The abbreviations used are; oxr: oxidoreductase, Ubq:
Ubiquinone, DvH, Desulfovibrio vulgaris subsp Hildenborough, DvMF for Desulfovibrio vulgaris subsp
Miyazaki F. The sequences closely related to DvMF are highlighted in yellow.
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Fig 6.5 Phylogenetic tree for EchE. The alignment with various sequences was carried by using NCBI
blast, and was used to draw the tree as before. The abbreviations used are; oxr: oxidoreductase, Ubq:
Ubiquinone, DVH, Desulfovibrio vulgaris subsp Hildenborough, DvMF for Desulfovibrio vulgaris subsp
Miyazaki F. The sequences closely related to DVMF are highlighted in yellow.
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Fig 6.6 Phylogenetic tree for EchF. The alignment with various sequences was carried out by using NCBI
blast, and was used to draw the tree as before. The abbreviations used are; oxr: oxidoreductase, Ubq:
Ubiquinone, DvH, Desulfovibrio vulgaris subsp Hildenborough, DvMF for Desulfovibrio vulgaris susbsp
Miyazaki F. The sequences closely related to DvMF are highlighted in yellow.
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6.3 Phylogeny of Hydrogenase Pleiotropy Proteins (hyp)

Recent advances in the genome sequencing of various groups of microbes have provided new
information to the comprehensive studies of the distribution and inter-relation among various
groups of bacteria. The study of hydrogenase genetics and phylogeny now includes many
proteins, in addition to regulatory and structural proteins, which are required for the functioning
of the various hydrogenases. These accessory proteins are required for the uptake and insertion
of Ni and the synthesis and insertion of metal clusters and their ligands into the nascent enzymes.
In bacteria like Ralstonia eutropha, the whole hydrogenase machinery consisting of multiple
polycistronic operons is present on a single megaplasmid, whereas in some other bacteria such as
E. coli the structural and maturation genes are present at the most in two separate polycistronic
operons. On the other hand, in case of d-Proteobacteria, the hydrogenase machinery is present in

several polycistronic operons scattered throughout the genome (Chapter 4).

Five Hyp proteins (HypA, HypB, HypC, HypD and HypE) are found in the DvH and other
sequenced Desulfovibrio genomes. These proteins are thought to be involved in hydrogenase
maturation in a similar way to the homologous proteins studied in E. coli (Chapter 4). The
presence of hyp genes in a genome has been invariably associated with the presence of [NiFe]
and [NiFeSe] hydrogenases. The evolutionary relationships among the /4yp genes have been

found to be more or less consistent with that of the hydrogenases.

6.3.1 Phylogeny of HypA and HypB

HypA and HypB are expressed from one operon and involved in the nickel insertion into the
active sites of the [NiFe] and [NiFeSe] hydrogenases. Two separate phylograms are constructed
using an alignment of the HypA and HypB protein sequences deduced by the translation of the
sequenced hypAB operon of DvMF. The evolutionary relationships shown by these two
phylograms (Fig 6.7 and Fig 6.8) portray a similar degree of relatedness among various groups

and classes of bacteria.
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Fig 6.7 Phylogenetic tree for HypA. The alignment with various sequences was carried by using NCBI
blast, and was used to draw the tree as before. The abbreviations used are; DvH for Desulfovibrio vulgaris
subsp Hildenborough, DvMF for Desulfovibrio vulgaris subsp Miyazaki F.
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Fig 6.8 Phylogenetic tree for HypB. The alignment with various sequences was carried by using NCBI
blast, and was used to draw the tree as before. The abbreviations used are; DvH for Desulfovibrio vulgaris
subsp Hildenborough, DVMF for Desulfovibrio vulgaris subsp Miyazaki F.
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Amongst the d-proteobacteria, the Desulfovibrio sps together with Lawsonia intracellularis form
an out-group located on a separate branch from Geobacter sps. The nodes containing other
subdivisions of proteobacteria are more closely related to Geobacter sps than Desulfovibrio sps.
Further, the o- and B- proteobacteria are more closely related to each other than to y-

proteobacteria.

6.3.2 Phylogeny of HypD and HypE

HypD and HypE are two proteins transcribed from the same operon with overlapping reading
frames. Hydrogenase maturation studies (Bock et al, 2006) and crystal structures of these
proteins (Watanabe et al, 2007) have shown that HypD together with HynC is responsible for
iron insertion into the catalytic centre of [NiFe] hydrogenase, and HypE cooperates with HypF
for the cyanation of the iron centre (Watanabe et al, 2007, Bock et al, 2006)

The phylograms for HypD and HypE are constructed using the polypeptide sequences deduced
from the translation of sequenced AypDE operons. The species belonging to the d-proteobacteria
are distributed in several nodes on the phylogram for hypD. The Desulfovibrio sps are again
placed on one node, in close proximity to Desulfatibacillum alkenivorans and Desulfotalea
psychrophila. The other subdivisions of proteobacteria are again placed nearer to the Geobacter
sps. Syntrophobacter fumaroxidans and Syntrophus acidotrophicus form another out-grouped

node of similar order as that of Geobacter sps.

The phylogram for hypE shows an almost similar distribution of different species belonging to
proteobacteria. However, the node containing the Desulfovibrio sps rather than the Geobacter
sps are closely placed to other proteobacteria. The Desulfovibrio sps along with Lawsonia
intracellularis are present on one node which is present at the similar level of the singularly
placed Syntrophobacter fumarioxidans and also the node branching into closely related species

belonging to a- and B- proteobacteria.
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Fig 6.9 Phylogenetic tree for HypD. The alignment with various sequences was carried out by using
NCBI blast, and was used to draw the tree as before. The abbreviations used are; DvH for Desulfovibrio
vulgaris subsp Hildenborough, DvMF for Desulfovibrio vulgaris subsp Miyazaki F, DDG20 for
Desulfovibrio desulfuricans G20
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Fig 6.10 Phylogenetic tree for HypE. The alignment with various sequences was carried out by using
NCBI blast, and was used to draw the tree as before. The abbreviations used are; DvH for Desulfovibrio
iyazaki F, DDG20 for

vulgaris subsp Hildenborough, DvMF for Desulfovibrio vulgaris subsp M
Desulfovibrio desulfuricans G20
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6.3.3 Phylogeny of HypF

The HypF protein is associated with the synthesis of the cyanide ligands of the catalytic site iron
atom of the [NiFe] hydrogenase. The capacity to synthesize the cyanide ligands is widely

distributed among various organisms, ranging from bacteria to plants (Knowles, 1976).

A phylogram is constructed based on the HypF protein sequence (Fig 6.11) deduced from the
translation of the sequenced hypF gene of DvVMF and its homologues extracted from NCBI
database by BLAST. The distribution of various classes and subgroups of bacteria is very similar
to that of the [NiFe] hydrogenase. The species belonging to the d-proteobacteria subdivision are
clustered upon three separate nodes of different levels. The Desulfovibrio sps are grouped on one
node, located well separated from the Geobacter sps. Again the Desulfatibacillum alkenivorans
and Desulfotalea psychrophila like in case of the phylogram of HypD form an outgroup, but are
placed closer to the Geobacter sps this time. The branches containing a- and B-proteobacteria are
closer to the Desulfovibrio rather than the nodes containing the other two J-proteobacteria

clusters.
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Fig 6.11 Phylogenetic tree for HypF. The alignment with various sequences was carried out by using
NCBI blast, and was used to draw the tree as before. The abbreviations used are; DvH for Desulfovibrio
vulgaris subsp Hildenborough, DvMF for Desulfovibrio vulgaris subsp Miyazaki F, DDG20 for
Desulfovibrio desulfuricans G20
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6.4 Co-evolution of Hydrogenases and Sulfate Metabolism

The oxidation and reduction of sulphur-containing compounds plays a vital role in the natural
sulfur cycle. The utilization of such compounds for energy-yielding processes seems to have
developed during a very early phase of prokaryotic evolution (Skyring and Donnelly et al, 1982).
Discovery of a bi-functional sulthydrogenase found in Pyrococcus furiosus (a combination of
subunits for hydrogenase and sulfite reductase) which can dispose an excess of reductants either
by the reduction of protons to H, or Sy to H,S (Ma et al, 1993, Pedroni et al, 1995) has led to the
speculations that coupling of H, and sulphur metabolisms was also of fundamental importance in

the origin of life.

6.4.1 The Dissimilatory Sulfate Metabolism Genes

Further aspects studied in this work are the phylogeny of the enzymes involved in sulfate
metabolism, based on proteins of that function being found and identified in DvMF (Chapter 3).
Where utilization of sulfur compounds as electron donor or acceptor takes place, the sulfate
reducing bacteria (SRB) are broadly classified into four major groups: Gram negative mesophilic
SRB (delta-proteobacteria), Gram positive pore forming SRB (Desulfatomaculum, Bacillus and
Clostridium sps), thermophilic bacterial SRB (Thermodesulfobacterium commune and
Thermodesulfovibrio yellowstonii) and thermophilic aracheal SRB (A4rchaeoglobus sps.,
Halobacterium halobium, Thermoplasma acidophilum) (Castro et al, 2000). The phylogenetic
analysis of the enzymes participating in the dissimilatory sulfur reduction and oxidation of
reduced sulfur compounds is capable of providing insights into the evolution of such
metabolism. Two of such enzymes are studied in this work, the 5'-Adenylylsulfate (APS)
reductase (AprAB) and the Dissimilatory sulfite reductase (DSR complex), also named
Desulfoviridin (DstABCD) of DvMF.

6.4.2 Phylogeny of 5'-Adenylylsulfate (APS) Reductase (AprAB)

The purified APS reductase from DvMF (Ogata et al, 2008) and of most of the other organisms
studied till date is a conserved heterodimeric flavoprotein. In our phylogenetic analysis the
polypeptide sequences of AprA of DvMF have been used to BLAST at the NCBI database to

pull out similar sequences from the representatives of four main groups possessing sulfate
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metabolism, as there are Green Sulfur bacteria, hyperthermophilic eubacteria, proteobacteria and
Archaea. All these have been brought together on one phylogram (Fig 6.12). The branches
containing the sulfate reducing J-proteobacteria taxons are distributed on two separate, but
interconnected nodes, where one node comprises solely the Desulfovibrio sps. The node
connecting the d-proteobacteria to other subdivisions of proteobacteria branches into three sub-
nodes, one - and two clusters of y-proteobacteria. The proteobacteria class as an entire group is
closely placed to the nodes containing three clusters comprising of euryarchaeotes,
hyperthermophilc bacteria and firmicutes. The organisms belonging to the green sulfur bacteria
and the hyperthermophilic bacteria group form two distinct nodes which separate much before
the division between the Eubacteria and Archaea. The Aps reductase of DvMF is most closely
related to D. termitidis (97% identities) followed by DvH (92% identities) and D. vulgaris subsps
DP4 (92% identities).

6.4.3 Phylogeny of Desulfoviridin (DSR) Proteins

The purified Desulfoviridin protein from Desulfovibrio vulgaris Miyazaki F consists of three
polypeptides DsrA, DsrB and DsrC, whereas the presence of DsrD cannot be confirmed (Ogata
et al, unpublished). Genetically, the a- (DsrA), B- (DsrB) and 8- (DsrD) subunits are present in
consecutive positions possibly transcribed by a single operon, and the gamma (DsrC) subunit is
present elsewhere in the genome. Yet, the purification studies of Dsr proteins from various
Desulfovibrio sps have indicated a higher structural association of alpha and beta to the gamma

subunit than to the delta subunit (Pierik et al, 1992, Laue et al, 2001).

In our study we have carried out the phylogenetic analysis comparing the tree topologies of the
phylograms of DsrB (Fig 6.13), DsrC (Fig 6.14) and DsrD (Fig 6.15). DsrA and DsrB are two
paralogous proteins and DsrB is likely to be the catalytically active subunit of the functional
complex of Desulfovirdin (Oliveira et al, 2008). DsrD has been sequenced mainly from o-
proteobacteria and does not generate a detailed picture of the inter-relationship among various
groups of bacteria. On the other hand, DsrC and its homologue proteins have been sequenced

from several bacterial and Archaeal species.
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Fig 6.12 Phylogenetic tree for a-subunit, AprA of Adenylyl sulfate reductase. The alignment with various
sequences was carried out by using NCBI blast, and was used to draw the tree as before.
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The DsrC and its homologues present in the y-proteobacteria are closely related to the

corresponding proteins from Green Sulfur bacteria, and those of d-proteobacteria are closer to

the Firmicutes. The Archaeal nodes (Crenarchaeotes and Euryarchaeotes) segregate well before

leading into the node containing other bacterial divisions and subgroups.
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Fig 6.13 Phylogenetic tree for B-subunit, DsrB of desulfoviridin. The alignment with various sequences
was carried out by using NCBI blast, and was used to draw the tree as before.
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Fig 6.14 Phylogenetic tree for d-subunit, DsrD of desulfoviridin. The alignment with various sequences
was carried out by using NCBI blast, and was used to draw the tree as before. The abbreviations used
are; DVH for Desulfovibrio vulgaris subsp Hildenborough and Dv for Desulfovibrio vulgaris
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Fig 6.15 Phylogenetic tree for y-subunit, DsrC of desulfoviridin. The alignment with various sequences
was carried out by using NCBI blast, and was used to draw the tree as before. The abbreviations used are;

DvH for Desulfovibrio vulgaris subsp Hildenborough and DvMF for Desulfovibrio vulgaris subsp
Miyazaki F.
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6.5 Discussion

All the known hydrogenases have been assigned to three distinct phylogenetic classes, the
[NiFe]-hydrogenases, the [FeFe]-hydrogenases and the iron-sulfur free hydrogenase i.e. [Fe]-
hydrogenases, based on the sequence alignments (Vignais, 2001). The [NiFeSe] hydrogenases
are classified here also into the [NiFe]-group. Most of the hydrogenases have been found and
characterized from the Archaeal and Bacterial domains and few from the Eukarya (Vignais,
2001, Vignais and Billoud, 2007). In addition to the hydrogenase genes, the additional genetic
machinery involved in biosynthesis, maturation and processing of these complex molecules has
also been characterized biochemically and phylogenetically for many species (Casalot, 2001,
Bock et al, 2006). Microbial genome sequential data have further primed the understanding of

the hydrogenase distribution and evolution.

The origin of hydrogenases may date back to the evolution of membrane complexes and
compartmentalization of the cellular organelles, for associating proton translocation with the
generation and conservation of energy (Vignais, 2008). Similarities between the sequences of
various types of hydrogenases and the energy converting NADH-ubiquinone oxidoreductases of
mitochondria and bacteria have been figured out in many studies (Friedrich and Scheide, 2000,
Albracht and Hedderich, 2000). A further role for hydrogenases has been proposed for the origin
of eukaryotic cells in two new hypotheses, which are the hydrogen hypothesis (Martin and
Miiller, 1998) and the syntrophic hypothesis (Moreira and Lopez-Garcia, 1998). The hydrogen
hypothesis proposes an endo-symbiotic relationship of a heterotrophic alpha-proteobacterium
that produces CO, and H, as waste products into an autotrophic Archaebacterium, leading to the
division into a prokaryotic and eukaryotic cell with loss of anaerobic environment. The
syntrophic hypothesis is based on a similar idea involving the metabolic participation between a
delta proteobacterium and an archaebacterium showing syntrophy, i.e., one organism survives
exclusively on the byproducts of the other rather than encountering an endosymbiotic
relationship in which one organism is taken inside of the other and both are contributing to the

survival.
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In addition to the standard [NiFe] hydrogenase of DvMF, a [NiFeSe] hydrogenase and a
multimeric six subunit containing Ech hydrogenase that have been found in this work (Chapter
3) are analyzed in terms of their phylogenetic proximity to other domains and divisions of
bacteria. Though much less evenly distributed, the [NiFeSe] hydrogenase belongs to the same
phylogenetic class as the standard [NiFe] hydrogenases. Interestingly, the [NiFeSe] hydrogenase
of DVMF is closely related to the [NiFeSe] hydrogenases of other Desulfovibrio sps and to the
[NiFe] hydrogenases of some other bacteria rather than to the [NiFe] hydrogenase present in the
same cell. The overall topologies of the phylogenetic trees of these two hydrogenase forms show
great similarity to the topology of the 16S rRNA tree of evolution. Though, the separation of the
Desulfovibrio sps from other proteobacterial subdivisions, and also within the 6-proteobacteria
indicates the horizontal transfer of the hydrogenase machinery into the ancestors of these species
much after the genesis of these subdivisions. In agreement with this argument, the phylogenetic
tree topologies of the Hyp maturation proteins of the [NiFe] hydrogenase are in agreement with

such a proposal.

Another aspect is the co-occurrence of the [NiFeSe] hydrogenase genes together with the [NiFe]
hydrogenase. This proximity has been detected in all the Desulfovibrio species in which the
genes for the [NiFeSe] have been sequenced (Heidelberg et al, 2004, and this work). A primary
structure alignment between the [NiFe] and the [NiFeSe] hydrogenases has been carried out
(Chapter 5) and it depicts high similarities both between the small (38% identities and 55%
similarities) and large subunits (37% identities and 52% similarities) of these two hydrogenases
present in same cell. Furthermore, a significant conservation among the functional and structural
domains has been also detected (Chapter 2 & 5). Considering this high preservation of the
structure and function of these proteins and additionally the proximity of the coding genes for
these hydrogenases in the genome, one may suggest that this is the result of a gene duplication.
As the existence of the [NiFeSe] hydrogenase genes has been detected mainly in few of the
known Desulfovibrio species, and in even lesser number of organisms also belonging to other
Desulfovibrionales order, this gene duplication could be a much more recent event. However, the
lack of a sufficient amount of sequences of the [NiFeSe] hydrogenases prohibits a clear
association with any lateral gene transfer to or from, before or after the speciation in the

Desulfovibrio group.
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The Ech hydrogenase has been initially isolated from some of the Archaeal species, and later
similar genes have been identified in several Desulfovibrio species. These hydrogenases are also
placed in the phylogenetic class including the standard [NiFe] hydrogenase. The sequence and
the phylogeny of the Ech hydrogenase of DVMF and those identified in other classes show that
this multi-subunit complex is closely related to the multi subunit NADH ubiquinone
oxidoreductase of 7. tengcongenesis (Calteau et al, 2005). The high similarity between these two
proteins from distant genomic clades is explained by one or more horizontal gene transfer
processes in which such genes from archaea had been transferred to the ancestor of this bacterial
lineage. Following, these genes are transferred from this ancestor to the ancestor of other

bacteria.

The catalytic subunits of the Ech hydrogenase share slightly more sequence similarity with the
[NiFeSe] hydrogenase rather with the [NiFe] hydrogenase. Again, in the phylograms of the
catalytic EchE subunit of DVMF, this protein along with the EchE of other Desulfovibrio sps is
closely grouped with the EchE subunit or the NADH ubiquinone oxidoreductase of some of the
bacteria belonging to the Firmicutes division and the Euryarchaeotes sub-domain. The

phylogram of the EchB and EchF show congruence with this observation.

Dissimilatory sulfate reduction is found in only three primary bacterial lineages and is restricted
to a single archaeal genus, Archaeoglobus. The phylograms based on the subunit polypeptide
sequences of the APS reductase and the desulfoviridin functional proteins do show topologies
similar to each other. Furthermore, in these phylograms the topologies of relatedness among the
Desulfovibrio and other 6-proteobacteria remain parallel to that derived by the 16s rRNA, but the
topologies of relatedness to other domains are different. The APS reductase in terms of its
characteristic sequence, structure and other physicochemical properties has remained highly

conserved in various organisms even when they are placed across widely different classes.

A phylogenetic relationship, derived by Hipp et al, 1997, between the polypeptide sequences of
the Aps and Dsr of Chromatium vinosum, A. fulgidus and D. vulgaris, has concluded that these
genes have not developed convergently but are true homologues. The tree topologies shown by

the comparison between the Aps reductase and Dsr proteins were the same, but were not

-170 -



6. Phylogenetic Analysis of DVMF Hydrogenases as Representatives of Desulfovibrio sps.

conformant with the topology of the 16S-rRNA. These topologies were better explained by
considering these genes as paralogous instead of orthologous, which means that these genes were
present before the domain separation and later have followed a similar pattern of evolution. By
this way, the homologies between these proteins are a result of functional conservation and not

of a lateral gene transfer among these prokaryotes.

In another study presented by Wagner et al, 1998, a single pair of degenerate primers
complimentary to some highly conserved regions has been used, and has led to amplification of a
1.9 kb DNA region encoding most of the dsr4 and dsrB genes from the genomic DNA of a range
of bacteria. The entire DNA sequences obtained thereby exhibited high similarities with each
other (49 to 89% identity), and the inferred evolutionary relationships between them were nearly
identical to those inferred on the basis of 16S rRNA. This finding led to the conclusion that the
high similarity of bacterial and archaeal DSRs is due to their common origin from a conserved
DSR. This ancestral DSR should already been present before the division between the domains
Bacteria, Archaea, and Eukarya or might be laterally transferred between Bacteria and Archaea
soon after the domain divergence. Thus the ancestors of Bacteria and Archaea already possessed
a key enzyme of sulfate and sulfite respiration and this supports the early origin of sulfate

respiration and the physiological role of the DSR remained constant over time.
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Chapter 7

Synopsis and Conclusions

Increasing numbers of hydrogenase and related gene sequences are being reported with the
advancements of genomic sequencing. At the same time the diversities and significances of these
metallo-enzymes, which catalyze the reversible oxidation of hydrogen, are examined by means
of biochemical, growth and micro-array investigations. The study of these proteins is also
important due to the potential application of hydrogenases for biohydrogen production and
Biomimetic Chemistry. This thesis describes the diversities and characterizations of
hydrogenases and their related maturation pathway proteins as well as some of the sulfate
metabolism proteins and their corresponding genes belonging to Desulfovibrio vulgaris Miyazaki

F (DVMF).

A general introduction to the DvMF, which belongs to the sulfate reducing d-proteobacteria and
the importance of studying this group of bacteria, has been given in chapter 1. In chapter 2, the
hydrogenases are introduced in a greater detail regarding their structures, cellular functions,
biosynthesis, in addition to the role of the associated Hyp maturation proteins. Furthermore,
some examples for heterologous expression of [NiFe] hydrogenases, as in case of Desulfovibrio
gigas and Ralstonia eutropha, were discussed briefly. The basic structures and functions of two
sulfate metabolism enzymes, which were purified and crystallized in collaborative efforts in this
work, 5’-adenylyl sulfate reductase and desulfoviridin, were also discussed. Chapter 3 outlined
the molecular, biochemical and computational methods used for the investigation. The major

results are summarized in the following.

The [NiFe] hydrogenase was the only known hydrogenase from DvMF before this investigation
was started. A cosmid genomic library was generated to probe for the presence of additional
hydrogenases and related genes by means of southern hybridization (Chapter 4). After
identification, the desired genes were sequenced employing a degenerate PCR strategy based on
conserved domain homologies between the gene and protein sequences from closely related

organisms. A total of seven stretches of genomic DNA of DvMF, cloned in distinct cosmid
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clones were sequenced. Two of these fragments corresponded to two operons, AysBA and
echABCDEF coding for two additional hydrogenases, a [NiFeSe] hydrogenase and a six-subunit
Ech hydrogenase, respectively. The hysBA operon was present just upstream of the [NiFe]
coding hydrogenase operon HynBACD, separated by a single maturation gene hupG. The five
Hyp maturation proteins, HypA, HypB, HypD, HypE and HypF were found to be coded from
three different operons those are hypAB, hypDE and hypF. The two subunits of the flavin
associated protein 5’-adenylyl sulfate reductase (AprAB) are coded from a single operon i.e.
aprAB, while the desulfiviridin (DsrABC) is coded from two separate locations in the genome.
The a- (DsrA coded by dsvA4) and B- (DsrB coded by dsvB) subunits-coding gene sequences of
desulfoviridin were present together with the d-subunit (DsrD coded by dsvD) coding sequences
in one operon i.e. dsrABD. The y-subunit (DsrC coded by dsrC) was present elsewhere denoted
as dsrC gene and was partly sequenced from the genome by degenerate PCR. Trying

simultaneously on similar lines, the presence of an [FeFe] hydrogenase was ruled out.

The sequenced gene products were characterized structurally and biochemically in chapter 5.
The [NiFeSe] hydrogenase and the [NiFe] hydrogenase of DvMF have significant similarities
with each other in their three dimensional architecture. Both of these hydrogenases are hetero-
dimeric and possess three co-linear [FeS] clusters in the small subunit, whereas the large subunit
holds the catalytically active bimetallic Ni-Fe center. The [NiFe] hydrogenase has two peripheral
[FesS4] clusters and one [Fe;S;] medial cluster. The [NiFeSe] hydrogenase also has two
peripheral [FesS4] clusters, but the nature of the medial cluster could not be ascertained by
sequence homologies due to the displacement of the predictable cysteine (Cys-279) to two
positions earlier than the usually conserved place. However a serine (Ser- 281) is present at the

usual location and may be participating in the iron-sulfur cluster.

Further, the expression of [NiFeSe] hydrogenase was tested by means of western blotting and
native-PAGE hydrogenase activity assays, also the co-regulation of the [NiFe] hydrogenase and
the [NiFeSe] enzyme by the availability of metals like nickel and selenium was demonstrated.
Where, the 1 uM nickel supplement supported both types of enzymes, presence of 1 uM
selenium down-regulated the [NiFe] hydrogenase significantly. The structural genes for the

[NiFeSe] hydrogenase were expressed in E. coli and the possibility of integration of a
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selenocysteine into the transcript of the large subunit (HysA) was indicated by means of

detecting an epitope (S-tag) present behind the selenocysteine.

The thee-dimensional structures of the Hyp maturation proteins were modelled based on the
templates of the crystallized functional homologous proteins and the conservation was
affirmatively compared. The two maturation two-gene operons hypAB and hypDE were
separately expressed in E. coli by means of inducible T7-promoter carrying constructs.
Simultaneous expression of hypA4 and hypB from a single promoter in pRSF2-hypAB as well as
of hypD and hypE from another promoter in pRSF2-hypDE were detected. This observation
holds importance in terms of minimizing the logistics needed for the co-expression of the

maturation and structural genes of hydrogenase in E. coli.

Taking the advantage of elucidated maturation pathways in E. coli as well as the genetic
advancements made by us, the efforts to advance the heterologous expression of [NiFe]
hydrogenase were made by tagging the small subunit 4ynB by a strep-coding sequence in its C-
terminus by means of PCR, while keeping the operon HynBACD intact. This strep-tagged operon
was expressed by means of a single T7-promoter in E. coli. Though not functionally active, the
structural proteins were successfully co-purified using this construct, thus opening the way for

future purification when the corresponding maturation machinery would be optimized.

The 5’-adenylyl sulfate reductase and desulfoviridin proteins of DvMF were purified and
crystallized in collaboration with Dr. Aruna Goenka Agrawal and Dr. Hideaki Ogata. These
proteins were identified by means of high-energy MALDI-TOF MS de-fragmentation and N-
terminal sequencing. This data was previously used to sequence these genes. A resolution of 1.7
A for the a,B, structure of 5’-adenylyl sulfate reductase has been achieved and work is ongoing

to resolve a a,[3,Y, crystal structure of desulfoviridin.

Lastly, the phylogenies of the three hydrogenases of DvVMF and the Hyp maturation proteins
along with 5’-adenylyl sulfate reductase and desulfoviridin of DvMF were studied by amino
acids similarities to their homologs (Chapter 6). The [NiFe] and [NiFeSe] hydrogenases of
DvMF and other Desulfovibrio form two separate outgroups, and the [NiFeSe] hydrogenases
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appeared closely related to [NiFe] hydrogenases of non-Desulfovibrio groups of bacteria. Despite
high homologies, a genesis of less abundant [NiFeSe] hydrogenases from the rather broadly
distributed [NiFe] hydrogenase, as a result of an event of gene duplication could not be
confirmed owing to lack of [NiFeSe] sequences in sufficient numbers. Nevertheless, the overall
topologies of the phylograms derived for the [NiFe] hydrogenase and all of the Hyp maturation
proteins of DvMF conformed to a similar relationship between the 16s rRNA sequences between
various groups. Moreover, the horizontal transfer of the hydrogenase machinery was evident due
to segregated conservation in between the d-proteobacteria. The phylograms of various subunits
of Ech hydrogenase (EchA, EchE and EchF) showed close relation to the multi subunit NADH
ubiquinone oxidoreductase of 7. tengcongenesis, as has been described for other Desulfovibrio

sps as well.

The topologies of phylograms for 5’-adenylyl sulfate reductase and desulfoviridin of DvVMF were
quite similar to each other, but different from the 16s rRNA tree of evolution, a phenomenon

which is in literature attributed to their paralogous relationship.

Conclusions

Additional hydrogenases other than the well characterized [NiFe] hydrogenase are present in
DvMF. Their detection has affirmed the hydrogen cycling principle of Desulfovibrio
metabolism. This information can form a basis to generate various hydrogenase deletion mutants
and compare growth kinetics by means of molecular and biochemical characterizations. As the
role of selenium in the regulation of hydrogenase expression has been figured out, additional

factors can be identified to control the hydrogen metabolism of the cell in a desirable manner.

The [NiFeSe] hydrogenase of DvMF has been reported for the first time, a viable protocol for the
purification of this hydrogenase needs to be procured for subsequent structural, biochemical and
spectroscopic characterizations. This may be also helpful to ascertain the types of bonding
present in the iron sulfur clusters of the small subunit. The integration of the selenocysteine,

when expressed in E. coli, is another interesting topic to study.
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The [NiFe] hydrogenase of DvMF, when expressed from a plasmid can be now isolated from
non-native hosts by means of a strep-tag, in a highly pure form. This could be very helpful while
employing some of the closely related heterologous host strains and even when expressed
homologously, especially for carrying mutagenesis studies. The experiments to try new antibiotic
markers in Desulfovibrio sps are on the way and also the logistics for co-expressing the structural
together with the maturation genes sequenced for DvMF in this work, using E. coli as host
appear to be feasible. As the [NiFe] - and [NiFeSe] hydrogenases are quite comparable
structurally and biochemically, similar trials can be extended to the [NiFeSe] hydrogenase of

DvMF that are epitope tagging and co-expression with the maturation machinery.
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Chapter 9

Sequences submitted

Appendix

Proteins Accession number Genes Protein ID
APS reductase EU127913.1 aprd ABX51937.1
2i:160863272
GI:160863271 aprB ABX51938.1
2i: 160863272
DSV reductase EUI127914 dsvA ABX51939
dsvB ABX51940
dsvC ABX51941
Ech hydrogenase EU796885.1 echA ACF17986.1
gi:193479933
GI:193479932 echB ACF17987.1
gi:193479934"
echC ACF17988.1
gi:193479935
echD ACF17989.1
gi:193479936
echE ACF17990.1
gi:193479937
echF ACF17991.1
gi:193479938
[NiFeSe] hydrogenase hysA ABY75251.1
EU327692 gi:165940633
hysB ABY75252.1

GI:165940632

gi:165940633




9. Appendix

Proteins Accession number Genes Protein ID
HypAB hypA ABX51944.1
EUL27916 gi:160863282
GI:160863281 hypB ABY40453.1
gi:163676556
HypD hypD ABX51942.1
and HypE EUI27915 gi:160863279
hypE ABX51943.1
GI:160863278 21160863280
HypF EU327693 hypF ABY75253.1

GI:165940635

gi:165940636

Fig 9.1 Map of pBSL180, showing the multiple cloning site and npt2 gene (Alexeyev and

Shokolenko, 1995).
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Escherichia coli Desulfomicrobium baculatum

Fig 9.2 Cloverleaf structure of tRNA®* species from prokaryotic sources identified thus far. The proposed
tRNASec sequences from E. coli and D. baculatum. Tertiary interactions specific for tRNA% are
indicated by bold arrows; interactions shared by all canonical tRNAs are represented by thin arrows.
Nucleotides conserved in all tRNAs are circled; deviations from the canonical tRNA sequence are boxed.

Figure adapted from Tormay et al, 1994.
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