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ABSTRACT

Due to the inevitable depletion of fossil fuels on earth, a major shift in research has
occurred that emphasizes the generation of a renewable energy source. More specifically, this
renewable energy source should be carbon neutral and capable of delivering a high energy yield
upon use. Hydrogen gas meets these criteria as it can be produced in nature without the
generation of greenhouse gases and the conversion of hydrogen to water yields three times more
energy than gasoline on a weight basis. Although this may be true, more research is needed in
order to understand the mechanisms and restrictions associated with biological hydrogen
production. In order to gain this better understanding, the hydrogenase enzyme, which is
responsible for hydrogen production in nature, has been investigated. The generation and
analysis of hydrogenase can greatly help in understanding how these enzymes generate hydrogen
and how these enzymes could be engineered for biofuel production. The hydrogenases from

Pyrococcus furiosus are the focus of this study. P. furiosus is a hyperthermophilic archaeon that



optimally grows at 100° C and ferments both peptides and carbohydrates. It contains three
[NiFe]-hydrogenases, two of which are found in the cytoplasm and are termed soluble
hydrogenase | (SHI) and soluble hydrogenase Il (SHII). The third is a 14-subunit membrane-
bound hydrogenase (MBH) that is proposed to function as a novel respiratory system within the
membrane. MBH shows a strong preference to evolve hydrogen, which is rare among [NiFe]-
hydrogenases, and will be the focus of this dissertation. In the literature, previous attempts to
purify MBH using standard purification techniques from P. furiosus lead to the purification of
only five subunits of the fourteen-subunit complex. Herein, a new protocol is described that
yields the entire 14-subunit MBH complex for biochemical and structural analyses. The genetic
system that was recently developed for P. furiosus has been successfully used to place the SHI
operon under a stronger promoter. This lead to the over-expression of the enzyme by 10-fold,
and was used to engineer an affinity tag at the N-terminus of one of the subunits, which greatly
improved the yield of the hydrogenase. This genetic system was also applied to MBH to split the
native operon into two different transcriptional units. From the recombinant strain, both the 14-
subunit intact MBH (S-MBH) and a completely soluble MBH sub-complex (C-MBH) were
purified. Both forms of MBH were characterized at the enzymatic and structural level. From
this analysis, the implications of a crystal structure of C-MBH on how other respiratory systems

have evolved over time are discussed.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

ARCHAEA

Three domains of life are known to exist and are annotated as the Eukarya, Bacteria and
Archaea (1-4). These three domains of life have been organized into a phylogenic tree based on
the work of Dr. Carl Woese in the late 1970’s. Dr. Woese classified these organisms by
comparing sequences of small-subunit ribosomal RNA as a molecular marker to distinguish the
three domains of life (Figure 1.1). Archaea were originally thought to be bacteria. For example,
the first Archaea to be studied were methane-producing microorganisms, which were originally
classified in the domain ‘archaebacteria’, but later changed to archaea (5, 6). From this
phylogenetic tree, it was determined that archaea were in fact more closely related to eukaryotes
than bacteria, and it was thought that archaea may share a common heritage of information-
processing systems due to this close relationship. This observation was further confirmed in the
1980’s when it was observed that the archacal DNA-dependent RNA polymerase is very similar
to the eukaryotic version of the enzyme in both complexity and subunit composition (7). While
Archaea share relationships with eukaryotic organisms, they also share characteristics with
bacteria. Genome sequencing in the 1990’s showed that archaea are in fact a “genetic mosaic”
of both eukaryotes and bacteria. These information processing systems of archaea show
significant homology to their eukaryotic counterparts, while the house-keeping proteins resemble
the bacterial versions (8-10). Archaea are also believed to be the slowest-evolving organisms

and may represent the most ancient form of life (3).



Figure 1.1
Universal phylogenetic tree of the three domains of life based on rRNA sequence. Blue lines

indicate hyperthermophiles. Redrawn and modified from (6).
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The majority of organisms belonging to the Archaeal domain have been isolated from
extreme environments. The majority of this domain is split into two major phyla, which are
classified as the Crenarchaeota and Euryarchaeota (2). A third phylum of archaea has been
previously proposed that consists of only one organism and is referred to as the Nanoarchaeota,
but is believed to be the result of a rapidly evolving Euryarchaeal lineage (11, 12). In 2008, a
fourth archaeal phylum was proposed that included organisms that were similar to those found in
the Crenarchaeota, but grew at much lower temperatures. This phylum was called the
Thaumarcheaota and from sequence analysis has been proposed to be much different than the
Crenarchaeota (13). Another phylum that harbors organisms only found at high temperature are
the Korarchaeota and these are believed to be “ancient” archaea due to their deep branching that
does not belong to the other major phyla, Euryarchaeota and Crenarchaeota (14, 15). The
Crenarchaeota phylum harbors only high temperature species such as the orders of Sulfolobales,
Thermoproteales, and Desulfurococcales organisms. The best studied example from this

kingdom of archaea is the Sulfolobales (16-18).

The Euryarchaeota represent the most studied group of Archaea and harbors the most
known species of all of the archaeal phyla. These include organisms that live in extreme salt
conditions (halophiles), ones that produce methane (methanogens), and other organisms that live
at high temperatures and low pH (thermoacidophiles) (19). The Euryarchaeota includes the
sulfate-reducers (Archaeoglobales), the methanogens (Methanococcales/Methanopyrales), and
the Thermococcales (sulfur-reducers) (20-22). All of the Thermococcales have been isolated
from the shallow marine thermal springs or deep-sea hydrothermal vents. These are made up
into three different genera classified as Pyrococcus, Thermococcus, and Paleococcus.

Thermococcales are considered to be obligate heterotrophic anaerobes that assimilate peptides,



pyruvate, amino acids, and oligosaccharides coupled to the reduction of sulfur or hydrogen
fermentation.  Thermococcus contains the highest number of characterized isolates and
ecological studies have shown that Thermococcus species are ubiquitous in deep-sea

hydrothermal vents.

Hyperthermophiles live at temperatures above 80°C and were discovered by the efforts of
Stetter and his co-workers (23, 24). The most extreme example of a hyperthermophile is
Methanopyrus kandleri, which is capable of growing under increased pressure at temperatures of
122°C (25). These organisms survive near and above the boiling point of water and thrive in
shallow marine and deep-sea volcanic hydrothermal vents (black smokers). Other habitats that
hyperthermophiles have been discovered in include acidic, sulfur-containing fields like those
found in Yellowstone National Park, USA. Hyperthermophiles have also been isolated from
man-made environments such as coal refuse piles and hot outflows from geothermal power

plants. However, most hyperthermophiles have been isolated from marine environments (19).

The most important variables for determining an ecological niche of an organism are
temperature, salinity, pressure, and pH (26). The salinity requirement of hyperthermophiles
varies drastically between species. Marine hyperthermophiles have a high salt requirement (~3%
NaCl w/v) for optimal growth in the laboratory, while this salinity requirement is much lower
(0.01-0.05% NaCl w/v) for those isolated from terrestrial areas. These environments that
hyperthermophiles live in are generally anoxic due to the low solubility of O, at high
temperatures (<2 mg L™ at 90°C). Thus, all known hyperthermophiles are anaerobes, with the
exception of Pyrobaculum species and Aeropyrum species (27-29). Hyperthermophiles are
grown in the laboratory without any high pressure constraints, and this includes organisms

isolated from depths below 3500 meters where the pressure can exceed 350 atm. It is thought
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hyperthermophiles can survive at temperatures well below that required for optimum growth for

long periods until conditions become favorable for growth again (26).

The metabolism of hyperthermophiles is very diverse (30). They gain energy from both
heterotrophic and lithotrophic reactions similar to what has been observed in mesophilic
organisms, although some pathways are modified (30, 31). Most hyperthermophiles are obligate
heterotrophs and can use complex protein-based substrates such as yeast, meat and bacterial-
extracts, peptone, or tryptone, as well as peptides as carbon sources. Some hyperthermophiles
are saccharolytic but typically use only a narrow range of oligomeric and polymeric sugars (32).
One exception to this are members of the genus Thermoproteus, which are able to metabolize
monosaccharides (33). Besides peptides and sugars, hyperthermophiles can also utilize pyruvate
as a carbon source, and there is also an example of a hyperthermophile that can fix nitrogen (34).
A methanogen was able to reduce nitrogen gas (N) to ammonia (NHs) at 92°C, which was 28° C
degrees higher than the previous temperature limit for nitrogen fixation. One notable exception
to the diverse metabolism by hyperthermophiles is that there is no known hyperthermophile that
can perform photosynthesis, which could be due to the fragile nature of the photosystems at high

temperature.

Other types of metabolism performed by hyperthermophiles include
chemolithoautotrophy, where CO, and other inorganic compounds are utilized for growth (30).
There are also examples of hyperthermophiles that are facultative autotrophs and can utilize
organic and inorganic compounds. Autotrophic CO; fixation is carried out by the reductive citric
acid cycle and the reductive acetyl-CoA/carbon monoxide dehydrogenase pathway within
hyperthermophiles as none of their genomes encode the enzymes of the Calvin cycle. S° is

another electron acceptor commonly used by hyperthermophiles. A few genera of

6



hyperthermophiles are known that cannot use S° during metabolism, which include include
Sulfophobococcus, Aeropyrum and Pyrolobus. Indeed, the growths of some hyperthermophilic
species are inhibited in the presence of S° which includes Pyrobaculum aerophilum,
Thermosphaera aggregans, and Pyrolobus fumarii (27, 30, 35). Other electron acceptors that are
used by hyperthermophiles include thiosulfate (S,03%), sulfate (SO,%), elemental sulfur (S°),
nitric oxide (NO), nitrogen dioxide (NO%), nitrate (NO*), nitrous oxide (N,0O), protons (H"),
carbon dioxide (CO,), carbon monoxide (CO), iron (Fe(l11)), manganese (Mn(1V)), molybdenum

(Mo(V1)), and oxygen (O) (30, 36, 37).

The most studied methods of lithotrophy utilized by hyperthermophiles are O,
respiration, methanogenesis, and the reduction of nitrate, sulfate (50,%) and S° (30). There are
very few examples of hyperthermophiles that utilize oxygen as most of these organisms are
obligate anaerobes. Hyperthermophiles that do reduce oxygen are typically microaerophiles and
are able to grow in low oxygen concentrations (<3% v/v). The only example of an obligate
aerobic hyperthermophile is Aeropyrum pernix, which belongs to the Crenarchaeota (38).
Hyperthermophiles of the genera Aquifex, Sulfolobus, Acidianus, Pyrobaculum, Pyrolobus and
Sulfurisphaera utilize the general Knallgas reaction (H, + %2 O, -> H,0) in order to reduce
oxygen (30). The proteins used for the reduction of oxygen are similar to those found in
mesophiles. Hyperthermophilic methanogenesis is carried out by the genera of Methanopyrus,
Methanococcus and Methanothermus (33). All known hyperthermophilic methanogens perform
hydrogenotrophic methanogenesis and grow using H, and CO, as the sole carbon and energy
source. The enzymes from these hyperthermophilic methanogens are similar to those used by

mesophiles.



Nitrate reduction is rare among the hyperthermophiles and is found in only three genera
of Archaea (Pyrobaculum, Pyrolobus, Ferroglobus) and in one bacterium (Aquifex) (39). On the
other hand, the reduction or oxidation of sulfur compounds is a critical reaction for a number of
Archaea (40). Within the Archaea, S° and SO4* are reduced to H,S using either organic or
inorganic substrates. Most hyperthermophilic Archaea are obligate S° reducers, but one
exemption is the genus Archaeoglobus, which obligately reduces SO,% (41). All species of
Archaeoglobus have been shown to grow lithotrophically with the reduction of sulfate to H,S
with exception of A. fulgidis, which is able to grow using organic electron donors. Based on
studies of Archaeoglobus species, the mechanisms of sulfate reduction is similar to those found
in mesophilic organisms such as the genus Desulfovibrio. The only other hyperthermophilic
species that is able to reduce sulfate includes Caldivirga (42), although these species are also

able to reduce other sulfur compounds such as thiosulfate and sulfate.

The reduction of S° is also an obligate process for many hyperthermophilic archaea (40).
Pyrodictium has been extensively studied in order to better understand how energy is conserved
during S° reduction (43, 44). Some species of Pyrodictium, such as Pm. brockii and Pm. abysii,
contain a membrane electron chain that harbors a sulfur reductase and hydrogenase as the
primary redox enzymes needed for S° reduction. Electrons are generated from the oxidation of

hydrogen by a hydrogenase and are shuttled to the sulfur reductase via quinone and cytochromes.
PYROCOCCUS FURIOSUS

Pyrococcus furiosus is a hyperthermophilic Euryarchaeota that belongs to the order
Thermococcales (45). It was isolated by Karl Stetter from geothermally-heated marine vents off

the coast of Vulcano Island, Italy (Figure 1.2). P. furiosus is a strict anaerobic heterotroph with



Figure 1.2

Electron micrograph of Pyrococcus furiosus. Picture of platinum shadowed electron
micrograph of P. furiosus, which shows the monopolar polytrichous flagellation. Modified

from (45).
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an optimal growth temperature near 100°C and utilizes a variety of substrates such as starch,
maltose, peptone, and complex organic substrates. P. furiosus converts these substrates to
organic acids, CO, and H, as end products of metabolism when S° is not present (45, 46). In the
presence of S°, H, is not produced and is replaced by H,S, which is the product of S° reduction.
Alanine is also one of the end products of fermentation by P. furiosus (45). The genome of P.
furiosus was sequenced in 2000 and is 1.91 Mb is size and encodes 2,196 open reading frames

(47).

The metabolism of P. furiosus is very versatile as it can grow saccharolytically or
proteolytically in the absence or presence of S° (45, 46). The exact role of S° in P. furiosus
metabolism is still an open question. P. furiosus can grow well without S°, but a major change in
gene expression occurs when S° is added to the medium. This has been characterized as a
primary (within 10 mins) or secondary (within 30 mins) response depending on the timing of the
change in gene expression (48). One of the genes that were found to be up-regulated 7-fold
within 10 mins of S° uses NADPH to reduce S° and is termed NADPH sulfur reductase (NSR).
An operon up-regulated 16-fold within 10 mins of S° addition is termed MBX and is 13 subunits.
MBX is believed to oxidize ferredoxin and reduce NADP, which is then used by NSR to reduce
elemental sulfur (48). There is a regulator protein called SurR that is responsible for controlling
the expression of many of the S°-responsive genes (49). SurR binds a conserved GTTn;AAC
motif and is responsible for down-regulating the operons encoding the three hydrogenases of P.

furiosus when S°, which prevents H, production, is present (49).

During saccharolytic metabolism, P. furiosus uses a combination of intracellular and
extracellular hydrolytic enzymes to break down long polysaccharides into smaller sugar units in

order to be incorporated into the cell (45, 46). P. furiosus utilizes a range of polysaccharides
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including starch, glycogen, or disaccharides like maltose ( « -1,4 glucose linked) or cellobiose (
B -1,4 glucose linked). P. furiosus has also been shown to grow with the simple 3-carbon

compound pyruvate as both its energy and carbon source (45, 46). P. furiosus is not able to
metabolize polymers such as chitin or cellulose or monosaccharide sugars like glucose, fructose,

ribose, or galactose (45, 46).

The overall end products of P. furiosus fermentation of glucose-based sugars, when
sulfur is not present, includes 1.2 equivalents of acetate, 1.2 equivalents of CO,, 2.6 equivalents
of Hy, and 0.5 equivalents of alanine per Cg glucose unit (50, 51). The unused carbon from
metabolism is used for exo-polysaccharide formation. P. furiosus fermentation can be divided
into four different steps: the uptake and hydrolysis of sugar, the central metabolic pathway, the
fate of reductant generated from metabolism, and the mechanisms of energy conservation. The
first step of P. furiosus metabolism is the uptake of sugars into the cell. P. furiosus employs a
binding-protein dependent ATP-binding cassette system (ABC transporter) in order to
incorporate sugars (52). It has also been reported that P. furiosus employs different transporters
for the incorporation of these different sugars. For example, during the uptake of cellobiose, one
gene is induced that encodes for a 70 kDa protein (CbtA), which is a high affinity transporter
belonging to the Opp family of ABC transporters (52). Four other genes located downstream of
CDtA are also up-regulated in the presence of cellobiose and have high sequence similarity with

permease genes from ABC transporters.

P. furiosus contains two putative maltose transporter operons named Mal-1 and Mal-II
that have high sequence similarities to maltose/trehalose uptake operon of Thermococcus

litoralis (53). P. furiosus is believed to have acquired these operons by horizontal gene transfer
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(54). Mal-1 is arranged into five different gene products, which are termed the maltose binding
protein (MalE), two transmembrane proteins (MalF and G), an ATPase subunit (MalK), and a
maltose-specific transcriptional regulator (TrmB). Another open reading frame is also believed
to associate with Mal-I in P. furiosus and is annotated as a trehalose synthase. The Mal-II
transporter operon (PF1933-1938) is similar to the Mal-I operon in that there are three genes
present, but one gene next to the operon is annotated as an amylopullulanase rather than a
trehalose synthase, as observed next to the Mal-1 operon. Both the Mal-I and Mal-11 operons are
up-regulated in the presence of maltose and maltooligosaccharides (55). Not all Pyrococcus
species have maltose transporter operons including P. horikoshii or P. abyssi, which do not grow

on sugars (51).

Extracellular hydrolases have also been isolated and studied from P. furiosus including
an a-amylase, a pullulanase, and an amylopullulanase (56). These hydrolases are a-1, 4 and a-
1,6-glucose cleaving enzymes and do not cleave polysaccharides completely to their monomeric
forms. These partially digested polysaccharides are incorporated into the cell and digested
further by intracellular hydrolases (57). This observation helps explain why P. furiosus is not
able to grow on monosaccharides as it only has transporters specific for polymeric or oligomeric

sugars that have been partially digested by the extracellular hydrolases.

Once imported, the oligosaccharides are further hydrolyzed by a suite of different a- and
B-hydrolases. The a-glucosidase found in P. furiosus is a 125 kDa monomeric enzyme that
breaks down maltose into glucose (51, 57). There are two B-glucosidases found in P. furiosus

that have different affinities for cellobiose and are annotated as CelA and CelB. The more

abundant of the two is CelB and is a homotetramer of 58 kDa subunits (58). CelB comprises
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91% of the intracellular B-glucosidase activity. CelA and CelB have also been observed to
hydrolyze galactose to glucose, which is then used in the modified glycolytic pathway of P.

furiosus.

P. furiosus utilizes a modified Embden-Meyerhof (EM) pathway in order to metabolize
glucose for the organism’s energy needs (59-62). This pathway is different from the
conventional Embden-Meyerhof pathway in two different ways (Figure 1.3). The pathway starts
with the phosphorylation of glucose by glucokinase (GK), which is then isomerized to fructose-6
phosphate by phosphoglucoisomerase (PGI). P. furiosus GK has been purified and is a dimer of
47 kDa, but it is dependent upon ADP rather than ATP for activity (32, 59). PGI has also been
purified from P. furiosus and is a dimer of 23 kDa subunits with no sequence homology to other
PGls from bacteria and Eukarya (63). Fructose-6 phosphate is then converted to fructose-1, 6-
bisphosphate by phosphofructokinase (PFK) (64). PFK has been purified from P. furiosus and
expressed recombinantly in Escherichia coli. Both purified versions of PFK are tetramers of 52
kDa subunits. PFK, like GK, uses ADP rather than ATP. GK also used also GDP, but this had
only 28% of the activity seen with ADP (64). Fructose-1,6-bisphosphate is then converted to
glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone by fructose bisphosphate aldolase
(FBA) (32). Triose phosphate isomerase (TPI) is responsible for keeping a balance between
these two different C-3 forms (32). Neither FBA nor TPI have been purified from P. furiosus so

far, but their respective activities have been measured in cell extracts.

GAP is oxidized by the tungsten-containing enzyme glyceraldehyde-3-phosphate
oxidoreductase (GAPOR) (60). GAPOR has a very high affinity for the electron-carrier
ferredoxin, which is an iron-sulfur containing protein that is important for accepting electrons at
the oxidative steps of the modified Embden-Meyerhof pathway of P. furiosus (60, 65). GAPOR
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Figure 1.3
Proposed modified Embden-Meyerhof pathway found in P. furiosus. Numbers correlate to
the proposed enzymes at each step. GAPOR represents glyceraldehyde-3-phosphate
oxidoreductase. POR represents pyruvate oxidoreductase. Fdox and Fdred stand for the

oxidized and reduced forms of ferredoxin, respectively. Modified from (193)
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reduces ferredoxin instead of the nicotinamide nucleotides, which are the electron carriers in
standard glycolysis pathways. This GAPOR step is very different from traditional glycolysis as
this enzyme replaces both glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
phosphoglycerate kinase (PGK). Thus, in P. furiosus, GAP is converted to 3-phosphoglycerate
by GAPOR instead of the two conventional enzymes in one single enzymatic step. Importantly,
1,3 bisphosphoglycerate is not generated during glycolysis by P. furiosus and therefore ATP is
not synthesized by the PGK reaction, as in the conventional pathway.

3-phosphoglycerate generated by GAPOR is then converted to 2-phosphoglycerate by
phosphoglycerate mutase (PGM) (59-61). 2-phosphoglycerate is converted to
phosphoenolpyruvate (PEP) by enolase, and PEP is then converted to pyruvate by the enzyme
pyruvate kinase (PK) (32, 51). PK also couples this redox reaction to the conversion of ADP to
ATP Dby substrate-level phosphorylation. This is the only step of ATP formation from the
modified Embden-Meyerhof pathway of P. furiosus. Pyruvate, generated by glycolysis, is
converted to acetyl-CoA and CO, by the enzyme pyruvate ferredoxin oxidoreductase (POR),
which utilizes the electron-carrier ferredoxin, instead of nicotinamide nucleotide electron carriers
(66). The acetyl-CoA is then used for the generation of acetate by the action of acetyl-CoA
synthetases | and Il in an ATP generating reaction via substrate level phosphorylation (67). The
other key steps that are connected to the oxidation of glucose to acetate, which are important for
energy conservation, occur with the GAPOR and POR steps (32, 62). The reduced ferredoxin
generated from GAPOR and POR is used by a membrane-bound hydrogenase (MBH), which
reduces protons with excess reductant and evolves molecular hydrogen (H2) (Figure 1.3). This

hydrogenase complex will be discussed in further detail below. This leads to the major end
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products of metabolism of S°, as discussed above, of acetate, CO, and H,, when sulfur is not
present in the medium.

P. furiosus can also utilize peptides as a sole carbon source for growth and generates
different end products when compared to metabolism with sugars (45, 46). Pyruvate can be
converted to alanine through the action of two alanine aminotransferases in P. furiosus, which
oxidizes NADPH in order to perform this reaction. These enzymes serve an important role in
maintaining the redox balance during metabolism (68). These enzymes are up-regulated in the
presence of pyruvate, and change the relative flux of pyruvate to alanine. Pyruvate is thought to
be a catabolic sink in P. furiosus metabolism and is converted to either acetate or alanine
depending on the needs of P. furiosus. The other pathway that utilizes pyruvate in P. furiosus
utilizes the proteolytic action of proteases (69). This action occurs by the help of intracellular
and extracellular enzymes (69). These amino acids are then transaminated to 2-keto acids by
transamination, which differs from mesophiles where these amino acids are dehydrated. 2-
ketoglutarate is the primary amino acceptor in P. furiosus and is converted into glutamate by a
suite of transaminases. Regeneration of 2-ketoglutarate occurs by the action of the enzyme
glutamate dehydrogenase (GDH), which is responsible for the conversion of glutamate to 2-
ketoglutarate and the reduction of NADP* (70). GDH is also the most abundant enzyme in P.
furiosus and makes up 20% of the cytoplasmic proteins. P. furiosus contains 4 different
ferredoxin-dependent 2-ketoacid oxidoreductases (KORs) that convert transaminated amino
acids to their respective CoA derivatives (71-73). These four KORs include POR,
indolepyruvate ferredoxin oxidoreductase (IOR), 2-ketoisovalerate ferredoxin oxidoreductase

(VOR), and 2-ketoglutarate ferredoxin oxidoreductase (KGOR). IOR is responsible for the
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conversion of aromatic 2-ketoacids. VOR is responsible for the conversion of branched chained
2-ketoacids, and KGOR is responsible for the conversion of 2-ketoglutarate.

Another oxidoreductase that has been discovered in P. furiosus is aldehyde ferredoxin
oxidoreductase (AOR). This enzyme contains tungsten and catalyzes the oxidation of a range of
aliphatic and aromatic aldehydes. The physiological function of AOR is believed to involve the
oxidation of toxic aldehydes that are generated as side products of amino acid production (71-
73). The two acyl CoA synthases (ACS | and Il) are responsible for the connection of acetyl-
CoA to acetate and also branched chain CoA-derivatives, but aryl CoAs are only utilized by
ACS-Il (67). Hence, substrate level phosphorylation also takes place during amino acid
production and generates 1 ATP per reaction cycle (45). The reduced ferredoxin that is
generated from the KOR reactions and by glycolysis is oxidized by a membrane-bound
hydrogenase, the nature of which is discussed in the following section.

HYDROGENASE

Hydrogenases are found in all three domains of life (74, 75). These enzymes catalyze the
simplest reaction in nature, the reversible interconversion of hydrogen gas to protons and
electrons. They function in metabolism by either removing excess reductant through the
production of hydrogen or oxidize hydrogen in order to give reducing power to the growing cell.
In vitro studies of hydrogenase have shown that these enzymes can perform either reaction, but it
is believed that in vivo hydrogenase catalysis is committed to only one direction. Hydrogenase
research began in the 1920’s, but these enzymes have been very difficult to work with due to a
very complicated maturation pathway and are inactivated in the presence of oxygen.

Hydrogenases are split into three different classes based on the metal content of the active site.
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These three classes are the [NiFe]-hydrogenase, the [FeFe]-hydrogenase, and the [Fe]-only

hydrogenases (74-77).

The [FeFe]-hydrogenases are only found in bacteria, such as clostridia, and anaerobic
eukaryotes, such as green algae or fungi (74-76). The most studied [FeFe]-hydrogenases are
from species of green algae, Clostridia and Desulfovibrio (76). There are [FeFe]-hydrogenase
crystal structures available from three different organisms, which include the periplasmic [FeFe]-
hydrogenase from Desulfovibrio desulfuricans, the cytoplasmic [FeFe]-hydrogenase from
Clostridium pasteurianum, and HydA from Chlamydomonas reinhardtii (78-85). These
hydrogenases have been characterized and show a bi-nuclear [FeFe] active site that is bound to a
[4Fe-4S] cluster connected by the thiolate of a cysteine residue. A general model of the [FeFe]
active site consists of the di-iron center with a di-sulfur bridge-head that is bound to both
cyanides and carbon monoxide ligands. The two Fe atoms of the active site are designated as
either the “proximal’ or “distal” based on their position. The “proximal” Fe atom is linked to the
cubane [4Fe-4S] cluster by a single thiolate bridge and is also bound to one CO and one CN.
The “proximal” cluster is 4 A from the bound [4Fe-4S] cluster. The “distal” Fe is also linked by
only one CO and one CN and is further from the bound [4Fe-4S] cluster. There is a third CO
ligand that acts as a bridging ligand that is bound to both active site Fe atoms. Most [FeFe]-
hydrogenases are monomeric or dimeric in nature, for example the [FeFe]-hydrogenases of green
algae only contain the H-cluster and no additional [FeS] clusters, but there are examples of
multimeric subunit [FeFe]-hydrogenases, which include the NAD(P)H-dependent [FeFe]-
hydrogenase from Thermotoga maritima that consists of three subunits, and the [FeFe]-
hydrogenase from Thermoanaerobacter tengcongensis that consists of four subunits (74, 75).

Other [FeFe]-hydrogenases can harbor additional types of [FeS] clusters such as [2Fe-2S] or
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[4Fe-4S] clusters. All [Fe-Fe]-hydrogenases have been observed to be irreversible inactivated in
the presence of oxygen (86, 87).

The maturation of the [FeFe] active site requires the action of three different accessory
proteins termed as HydE, F, and G (88-92). These maturation factors were first identified in
Chlamydomonas reinhardtii and are conserved in all organisms expressing [FeFe]-hydrogenases.
Though the maturation of [FeFe]-hydrogenases has not been completely characterized, there are
some steps of the maturation process that have been observed and discussed. HydF has a
binding site at the C-terminus that harbors three conserved cysteine residues for the binding of a
[4Fe-4S] cluster (93, 94). The N-terminus of HydF has a GTPase domain and both the N- and C-
terminus of HydF have been shown to be important for proper maturation of the [FeFe] active
site. HydE and G both belong to the radical SAM family (90, 95, 96). Members of the radical
SAM family contain a [4Fe-4S] cluster near the N-terminus of the protein, where there is an
opening in the protein for binding an S-adenosyl methionine (SAM) cofactor. Both HydE and G
contain an additional [FeS] cluster binding site located at their C-terminus. This additional C-
terminal [FeS] cluster differs in HydE and HydG. In HydE, it is believed that a [2Fe-2S] cluster
is found at the C-terminus, while in HydG it is believed that a [4Fe-4S] cluster is present (97-99).
The predicted order of assembly of the bi-nuclear Fe site starts with HydG (100-103). While no
substrate is known for HydE, tyrosine has been found to be the substrate for HydG and is needed
for generation of both the CO and CN ligands (104, 105). It is believed that HydG is responsible
for the catalytic conversion of the CO and CN ligands as well as the bridging dithiol to the bi-
nuclear [FeFe] site. HydG is thought to begin this process as the extra [4Fe-4S] cluster, which is
found in this protein, is proposed to bind tyrosine before reacting in order to generate the CO and

CN ligands. Then the assembled [FeFe] site is brought to HydF, which already harbors the
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[4Fe-4S] cluster, and serves as a scaffold for the “H-cluster” site (106-110). HydF is thought to
scaffold the “H-cluster” after assembly and has been shown to harbor an important histidine
ligand for stabilization of the two Fe atoms. Therefore, the general consensus for maturation of
the [FeFe] active site is that HydG is responsible for adding the diatomic ligands to the active
site, while HydF serves as a scaffold.

The [Fe]-only hydrogenases or Hmd hydrogenases are the least studied of the three
hydrogenase classes (111-113). These hydrogenases are found only in methanogens and
catalyze hydrogen oxidation. The first hydrogenase was found in Methanothermobacter
marburgensis and is the most studied (112). It is important for the reversible reduction of
methenyltetrahydromethanopterin with H, to methylene-H4MPT and H* (114-116). This
reaction is only important for methanogens where nickel is limited. Under these conditions, the
Fsz0-reducing [NiFe]-hydrogenase, which is necessary for methanogenesis, is not present and
Hmd is used to remove excess reductant. Hmd is composed of two identical subunits of 38 kDa
in size. Some difference between Hmd hydrogenases and the other classes of hydrogenase
include that the Fe atom found in the active site is not redox active (116). The primary and
tertiary structures of Hmd hydrogenases show no homology to the other two hydrogenase classes
and Hmd hydrogenases do not catalyze the reversible reduction of protons, but rather the

reduction of the Hmd cofactor.

The first structural reports of this [Fe]-only hydrogenase were obtained by reconstituting
the hydrogenase apoenzyme from Methanothermobacter jannaschii with an iron cofactor from
Methanothermobacter marburgensis (117, 118). In this structure, it was found that a mono
nuclear Fe site displays a square pyramidal geometry where it is bound to a pyridinol derivative,

two carbon monoxide molecules, a cysteinyl thiolate, and an unknown ligand. Further analysis
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of the active site of Hmd hydrogenases have indicated that the pyridinol ring has back-bonding
properties to the Fe atom, in a similar way that cyanide binds to Fe in the active sites of the other
hydrogenase classes. The two carbon monoxide molecules bind the Fe at a 90° angle, and the
cysteinyl thiolate bound to the Fe atom is derived from Cys176 (117, 118). The fifth unknown
ligand cannot be assigned as either a monoatomic or diatomic ligand, but is clearly bound to the
Fe. The sixth coordination site of the iron is open and is believed to be where hydrogen and the
competitive inhibitor carbon monoxide bind. The oxidation state of the active site Fe atom
remains unknown, but there is some thought, based on Mossbauer analysis, that the oxidized Fe

atom may be in the Fe(0) or Fe(ll) state as the Fe atom is EPR-silent (119).

The third class of hydrogenase, the [NiFe]-hydrogenases are found in both eukaryotes
and bacteria and are the most studied of the hydrogenases (74-76). The majority of these
hydrogenases oxidize hydrogen in order to reduce their physiological electron partners. The
basic structure of the [NiFe]-hydrogenase is a heterodimer composed of a large and small subunit
(Figure 1.4; 120-123). The large subunit harbors the deeply buried [NiFe] catalytic site, which
contains 4 critical cysteine residues that are important for binding this metal active site (120-
124). These 4 cysteines are arranged into two CXXC motifs at the N- and C-terminus of the
large subunit. Two of these cysteines coordinate the Ni atom, while the other two cysteines
serve as bridging ligands between the Fe and Ni atoms. The Fe atom is further bound by three
diatomic ligands, which are important for keeping the Fe atom in a low spin state (Fe?*). The
diatomic ligands are two cyanide (CN) ligands and one carbon monoxide (CO) ligand. This low
spin state is important for the hydrogenase reaction and no activity will occur if these ligands are
removed (120-126). Interestingly, both [Fe-Fe] hydrogenases and [Ni-Fe] hydrogenases use the

same diatomic ligands CN and CO bound to the Fe atom of their respective active sites, but are
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Figure 1.4

Crystal structure of dimeric [NiFe]-hydrogenase. Modified from (125). The large subunit is shown
in blue and harbors the [NiFe] active site. The small subunit is shown in red and harbors three
[FeS] clusters. The box to the right shows the [NiFe] active site bound by four cysteines and the

diatomic ligands on the Fe atom.
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not believed to share an evolutionary history (74, 75). There are also hydrophobic tunnels that
move throughout the large subunit. These tunnels allow for gas access to and from the active
site. The large subunit contains five structural domains (labeled I, 11, I, IV, V.) and the
small subunit contains two structural domains (labeled Is and Ils) (120-126). The small subunit
contains 3 [FeS] clusters, which are important for shuttling electrons to and from the [NiFe]
active site. These clusters are referred to as proximal, medial and terminal depending on their
position to the active site (120). [Ni-Fe] hydrogenases are reversibly inactivated in the presence
of molecular oxygen (O,), which is different compared to the Fe-Fe hydrogenases, and there is
also a very complex maturation process that requires the concerted action of 8 maturation
proteins for the proper assembly of the [NiFe] active site, which will be discussed in further

detail below (127, 128).

MATURATION OF [NIFE] ACTIVE SITE

[NiFe]-hydrogenases require eight different maturation proteins for proper insertion of
the NiFe(CN),CO complex to the active site (Figure 1.5; 127, 128). These proteins were
discovered based on knockout studies in Escherichia coli, where it was shown that when any of these 8

genes were knocked out, no hydrogenase activity was measured in the mutant strains (127-131).
Thus, these proteins were named hydrogen pleiotrophy or Hyp proteins (HypABCDEFG and
SlyD). The entire assembly pathway for the [NiFe] active site can be split into two different
steps. The first step is the synthesis of the diatomic ligands on the Fe atom and the insertion of
this ligand-bound Fe and Ni into the apoprotein. The second step is the C-terminus cleavage of
the large subunit (127, 128). Cyanide ligands are generated by HypE and F from carbamoyl
phosphate (132, 133). HypF begins the maturation process with the S-carbomylation of HypE,

which occurs through the presence of two unstable intermediates. Based on the crystal structure
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Figure 1.5

Maturation of the [NiFe] site of Hyd-3 from E. coli using eight different maturation proteins. HypC
and HypD deliver the Fe atom. HypE and HypF add the diatomic ligands to the Fe atom. HypA,
HypB, and SlyD deliver the Ni atom. Hycl represents the protease for cleaving the C-terminal

region of the large subunit, which is shown by a red box labeled as COOH. Modified from (127).
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of HypE and F, it was observed that the C-terminus of HypE fits into HypF (134-137). The C-
terminus of HypE contains a cysteine thiol that forms a thiocarboxamide, once in complex with
HypF, which is converted into a thiocyanate in an ATP-dependent fashion. Once the cyanide
ligand is generated, the ligand is transferred to the Fe atom, which is in complex with HypC and

D, by HypE (138).

While the synthesis of CN from carbamoyl phosphate is well characterized and
understood, the synthesis of CO is much less understood and is believed to be synthesized
through a different route (139-141). Early labeling studies done with Allochromatium vinosum
showed labeled CO was incorporated into the [NiFe]-hydrogenase when cells grown with labeled
acetate. Further labeling studies in Ralstonia eutropha showed that when grown with either *C-
labeled glycerol or fructose that the labeled CO came from the glycerol. Upon further
experimentation with an excess of labeled CO gas, it was found that this labeled CO was also
attached to the Fe atom. Unfortunately, the active site was only found to have this labeled CO in
the presence of excess labeled CO. Thus, it is still unknown how CO is synthesized and
incorporated into the [NiFe] active site. HypD serves as the main scaffold where the diatomic
ligands are bound to the Fe atom (142, 143). HypC and D form a complex together in which
HypE and F add the diatomic ligands to the Fe atom. It is believed that the two CN ligands are
added first to the Fe atom by HypE before the addition of the CO ligand. Upon addition of CO
to the Fe atom, HypD will hold the Fe atom with all three diatomic ligands bound. This

Fe(CN),CO complex is then added to the precursor large subunit before the addition of Ni.

The addition of Ni requires the action of three processing proteins, HypA, HypB, and
slyD (sensitive to the lysis D) (144-150). HypB contains both a Ni and a Zn binding site with

GTPase activity. HypA binds one Ni per monomer with a very high affinity and can also bind
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the precursor large subunit without the other Hyp proteins present. It is believed due to this
binding, that HypA directs the insertion of Ni to the precursor active site. SlyD has been shown
to accelerate the transfer of Ni from HypB to HypA. Thus, Ni insertion begins with HypB
binding Ni and transferring it to HypA using its GTPase activity with the help of SlyD. Upon
relocation to HypA, the Ni is inserted into the premature active site after the insertion of the

Fe(CN),CO moiety.

After the insertion of both the Ni and Fe atom to the large subunit a proteolytic cleavage
occurs at the C-terminus (127, 128). This cleavage occurs with a hydrogenase specific protease
and the amount cleaved off the C-terminus can range from 4-40 amino acids. For example, in E.
coli there are three different proteases that are responsible for the cleavage of the three different
hydrogenases (128). This cleavage usually occurs after a histidine or arginine residue at a
conserved motif DPCxxCxxH(R), where the CxxC are two of the cysteines responsible for
binding the NiFe active site. High-resolution structural analysis of the [NiFe]-hydrogenases
from D. gigas and D. vulgaris Miyazaki showed that an Mg"* ion was bound to a C-terminal
His536, where the C-terminal cleavage occurs during processing of the large subunit (76). In D.
vulgaris, His536 residue is deeply buried within the large subunit, and upon cleavage of the large
subunit, there is a large conformational change that occurs that results in the [NiFe] site
becoming deeply buried within the large subunit. The crystal structure of one of the E. coli
proteases Hycl was determined and it was found that there are three metal binding sites that

might also be required for cleavage (151-153).
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STUDIES OF THE NI ATOM AND CATALYTIC CYCLE

Spectroscopic techniques such as electron paramagnetic resonance (EPR), Mossbauer and
Fourier transform infrared (FTIR) spectroscopy were used in the early studies of the [NiFe]
active site and the respected [FeS] clusters (154). Based on EPR and FTIR analysis of the Ni
atom, it was observed that it is redox active and three different paramagnetic states could be
detected (Figure 1.6). The Ni atom also displays EPR-silent states and these have been studied
using FTIR spectroscopy (155-157). The three different EPR detectable states exhibit rhombic
EPR spectra with three resolved g tensor components. The three detectable EPR states are
labeled as Ni-A (g-values = 2.32, 2.24, 2.01), Ni-B (g-values = 2.33, 2.16, 2.01), and Ni-C (g-
values = 2.20, 2.14, 2.01) based on the studies on the standard [NiFe]-hydrogenase from
Desulfovibrio vulgaris ‘Miyazaki F’. Ni-A and Ni-B are referred to as the “inactive” EPR
detectable states, while Ni-C is considered the “active” state. All of the detectable and non-

detectable EPR states will be discussed further below.

Under aerobic oxidizing conditions, the Ni atom is found to be in two different “inactive”
paramagnetic EPR states, which are labeled as Ni-A and Ni-B (154-157). These two inactive
states differ in the type of oxygen ligand bound to the [NiFe] active site. For example, in the
case of the Ni-B state (“ready inactive state”), it has been predicted to harbor a hydroxide ligand
bound in the active site, while the ligand bound in the Ni-A (“unready inactive”) state is
unknown (120). These two inactive states also differ in the time needed to reactivate the active
site under reducing conditions. The Ni-A state has been observed to require hours in order to re-
activate, while the Ni-B state can reactivate in reducing conditions within 10 minutes. Once re-

activated, the Ni atom has been observed to show a third EPR detectable state called the Ni-C
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Figure 1.6

Redox state of the Ni atom as it progresses through the catalytic cycle. The EPR active
states are shown in red, while the EPR-silent states are shown in blue. The EPR-active states
include Ni-A (unready state), Ni-B (ready state), Ni-C (reduced state), Ni-L (light-induced state),
and Ni-CO (CO inhibited state). The EPR-silent states include Ni-SU (unready state), Ni-Sl, (ready
state), Ni-Sl, (actjve state), Ni-SCO (CO inhibited state), and Ni-R (reduced state). Modified from

(126).
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(ready active) state. This is the catalytically ready state of the enzyme and oxygen is replaced

by hydrogen within the active site.

The Ni atom has also been observed by FTIR to have “EPR-silent” diamagnetic states
that have been annotated as Ni-SU (“silent unready”), Ni-Sl; (“silent ready”) and Ni-Sl, (154-
157; Figure 1.6). These states occur through the transition of the Ni atom between the different
EPR detectable states (Ni-A, B, and C) under reducing conditions. For example, once the Ni
atom, which is in the Ni-A state, is reduced it will form the Ni-SU state. For the Ni atom that is
reduced, while in the Ni-B state, will result in the formation of the Ni-Sl, state. From here either
the Ni-SU or the Ni-SlI, states are further reduced to the Ni-Sl, state. The Ni-Sl, state is then
further reduced to the Ni-C state, which is the catalytically active state of the hydrogenase to
perform the enzymatic reaction. CO is also an inhibitor of [NiFe]-hydrogenases and can bind at
either the Ni-Sl, state or the Ni-C state to inhibit the enzyme. Ni-C can also be reduced by light
to become the Ni-L state (g-values= 2.30, 2.12, 2.05), which cannot interact with the hydrogen.
The Ni-C state can also be further reduced to a Ni-R state, which is “EPR-silent”, but is believed
to be part of the catalytic cycle with hydrogen. The [Fe-S] clusters have also been extensively
studied by EPR studies and have confirmed the presence of three [FeS] clusters in the small
subunit of “standard” hydrogenases. Not all hydrogenases follow this “standard” cycle of EPR
active and silent states while performing the hydrogenase reaction. Some hydrogenases, which
have been observed to be “oxygen tolerant”, have shown a different transition of their Ni atom
states in both oxidizing and reducing conditions (76). These “oxygen tolerant” hydrogenases

will be discussed in further detail below.
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OXYGEN TOLERANCE

[NiFe]-hydrogenases are reversibly inactivated in the presence of oxygen, but some carry
out their respective enzymatic reaction in the presence of oxygen. These are all in Group 1
hydrogenases, which will be discussed further below, and have been classified as the “oxygen-
tolerant” hydrogenases. These include the hydrogen-oxidizing membrane bound hydrogenase
from Aquifex aeolicus, Hydrogenase 1 from Escherichia coli, the hydrogen-oxidizing membrane
bound hydrogenase from Hydrogenovibrio marinus, and the hydrogenases from Ralstonia
eutropha (124, 157-162). All of these hydrogenases have been reported to oxidize hydrogen in
the presence of oxygen and can maintain their catalytic activity after initial exposure to oxygen.
EPR studies on these hydrogenases have demonstrated that these do not show a signal for the Ni-
A state. Thus, these “oxygen-tolerant” hydrogenases only show the EPR detectable signals for
Ni-B and Ni-C and can reactivate much quicker in the presence of oxygen than the “standard”

[NiFe]-hydrogenases.

The mechanism for oxygen-tolerance is still under investigation, but some structural
results have been obtained that gives insight into understanding this tolerance. The crystal
structures have been determined for the oxygen-tolerant hydrogenases from E. coli (PDB code:
4GD3), H. marinus (PDB code: 3AYX) and R. eutropha (PDB code: 3RGW) (124, 158, 159). It
was found that these contained an unusual proximal cluster near the [NiFe] active site. This
proximal cluster was a [4Fe-3S] cluster that is not found within the “standard” [NiFe]-
hydrogenases. This cluster is ligated by 6 cysteine residues and is in a flexible open
configuration. This configuration allows this cluster to transition to two different redox
potentials that cannot be achieved by the proximal [4Fe-4S] cluster of “standard” hydrogenases.

Thus, this proximal [4Fe-3S] cluster has the ability to convert between two different
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conformations based on the reduction state of the cluster. In the ferricyanide-oxidized state, the
deprotonated amide nitrogen of one the Fe coordinating cysteine residues breaks the bond with
Fe and forms a new bond with the deprotonated backbone nitrogen of a nearby cysteine residue.
Upon reduction of the cluster, the asymmetric cluster converts back to a cubane [4Fe-3S] shape
(158, 160). The two electrons that are stored in this [4Fe-3S] cluster are important for making
the cluster electron-rich, which in turn is used to detoxify oxygen. Oxygen is reduced by these
stored electrons in order to form water (H,O) and a hydroxyl group that bridges the [NiFe] active
site (Ni-B state). Mutagenesis studies on the oxygen-tolerant hydrogenase membrane bound
hydrogenase from R. eutropha determined which cysteine residues were important for oxygen
tolerance (161). Cys19 and Cys120 were mutated to glycine residues in order to mimic standard
[NiFe]-hydrogenases, and this converted the enzyme into an oxygen-sensitive hydrogenase. The

authors were also able to show that Cys19 was more critical for oxygen tolerance.

The medial cluster [3Fe-4S] cluster has also been observed to be important for oxygen
tolerance based on mutation studies on Hyd-1 from E. coli. It was observed that certain amino
acid substitutions, which are important for binding the medial [3Fe-4S] cluster, resulted in a
significant increase in oxygen sensitivity (124). In Hyd1, the medial cluster is around 20 A from
the active site and it was hypothesized that this cluster is important for the first stage of oxygen
reduction where three electrons are shuttled from the cluster to the [NiFe] active site to form the
Ni-B oxidized, active state (Ni(I11)-OH) (124). Other features that help these hydrogenases
maintain activity under an atmosphere of oxygen include the C-terminus of the small subunit,
which is the anchor to the membrane and forms contacts with a membrane-bound cytochrome b.
The distal cluster of the small subunit is in close contact to the heme of the cytochrome b and the

proximity of this heme is believed to help in shuttling electrons to and from the active site in
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order to reduce oxygen before it can inhibit the [NiFe] active site (124). The gas channels of the
large subunit have also been investigated to see if these can attribute to the tolerance of oxygen.
In previous studies, mutational analysis of residues in the gas channel (lle and Phe) to smaller

amino acids resulted in a faster inactivation by oxygen and carbon monoxide (162).
CLASSIFICATION OF [NIFE]-HYDROGENASES

[NiFe]-hydrogenases are classified into 4 different groups based on sequence
comparison and their role in an organism’s metabolism (Figure 1.7; 74, 75). Group 1
hydrogenases are classified as the membrane-bound uptake hydrogenases. These hydrogenases
are found in both archaea and bacteria and are important for oxidizing hydrogen in order to
reduce NO5, SO,%, fumarate, or CO,. These hydrogenases have the typical large catalytic
subunit and small subunit containing the three [Fe-S] clusters. Also present is a third subunit
that connects the hydrogenase to a quinone pool. This third subunit is normally a di-heme
cytochrome b that, with the help of the hydrophobic C-terminus of the small subunit, anchors the
hydrogenase dimer to the cell membrane. Hydrogenases of this type are found in
microorganisms such as Wolinella succinogenes and Aquifex aeolicus (163-165). Other
organisms that contain a group 1 hydrogenase include the periplasmic Hyn hydrogenase from
Thiocapsa roseopersicina and Desulfovibrio species (74). The Hyn hydrogenase from
Desulfovibrio gigas was the first hydrogenase for which a crystal structure was available (PDB:
1FRV; 123). These group 1 uptake hydrogenases are characterized by the presence of a long
signal peptide (35-50 amino acids) at the N-terminus of the small subunit. This signal peptide
contains the conserved sequence [DENST]RRxFxK that is recognized by a specific membrane

translocation and targeting pathway (mtt) or twin-arginine pathway (tat). This pathway works to
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Figure 1.7

Phylogenetic tree of the [NiFe]-hydrogenases. Phylogentic tree was constructed using

representative sequences from the catalytic subunits of [Ni-Fe] hydrogenases. Modified from (181).
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target the hydrogenase complex to the membrane for proper assembly. Several hydrogenases
from this group have been studied to understand the mechanism of membrane insertion.
Membrane-bound hydrogenases from E. coli, W. succinogenes, and R. eutropha have been
shown to be exported to the membrane by a hitchhiker mechanism (166). As discussed above,
this group harbors the [NiFe]-hydrogenases that are classified as “oxygen-tolerant” hydrogenases

(124, 158, 159).

Also present in group 1 is the subclass [NiFeSe]-hydrogenase from D. vulgaris hildenborough
and Desulfomicrobium baculatum (167). These hydrogenases are unique in that one of the terminal
cysteine ligands is replaced by a seleno-cysteine, which is encoded by the codon TGA. There are only
two known organisms that have crystal structures reported for their [NiFeSe]-hydrogenases (167, 168).
The observed structure of these resembles what has been previously seen in the [NiFe]-hydrogenases.
Within the crystal structure of D. gigas, Cys530 is coordinated to the Ni atom of the active site.
In the [NiSeFe] hydrogenases, it was found that this cysteine ligand is replaced by a seleno-
cysteine. Besides this difference at Cys530, the structural differences between [NiFeSe]- and [NiFe]-
hydrogenases include the C-terminal region of the large subunit, the [NiFe] active site, and the medial
[FeS] cluster. The C-terminal region of the large subunit was found to be bound to a Fe atom based on X-
ray anomalous dispersion experiments, instead of a Mg ion. Also, other metals are bound to the protein

matrix that includes Ca and ClI, but it is unclear what functional role these metals have.

Group 2 [NiFe]-hydrogenases includes the cyanobacteria uptake hydrogenases and the
H, sensors (74). There are two main features that distinguish this group from the other three
[NiFe]-hydrogenase groups. The first is that there is no signal peptide at the N-terminus of the
small subunit. The second feature is that there are numerous deletions of the primary amino acid
sequence of the small subunit in this group, when compared to the Group 1 hydrogenase small

subunit. There are two subgroups referred to as Group 2a and Group 2b. The Group 2a [NiFe]-
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hydrogenases include the cyanobacterial uptake hydrogenases and are collectively encoded and
referenced as HupSL. These hydrogenases are normally linked to nitrogenase and are induced
under N, fixing conditions (169, 170). Hydrogenase Il from Aquifex aeolicus is an example of
this group and is thought to provide electrons to the reductive TCA cycle of the organism in
order to fix carbon dioxide (164). Group 2b of the [NiFe]-hydrogenases includes the regulatory
hydrogenases, which are termed either HupUV or HoxBC (74). These regulatory hydrogenases
function as part of the regulatory cascade used to control the expression of the proteobacterial
uptake hydrogenases in sensing the presence of hydrogen. These hydrogenases are unique in
that they are completely insensitive to oxygen inactivation. Studies done on the Group 2b
hydrogenases from R. capsulatus and R. eutropha revealed that the gas channels of these
hydrogenases were full of bulky amino acids and mutational studies done to remove these bulky
amino acids did result in increase oxygen sensitivity within these hydrogenases (171-173). From
this observation it was postulated that these bulky amino acids restricted oxygen from accessing
the active site. It was also found that the small subunit of these regulatory hydrogenases does not
contain the typical 3 [4Fe-4S] clusters. Instead, they have two [2Fe-2S] clusters and a 4Fe

species (174).

Group 3 [NiFe]-hydrogenases are split further into 4 different groups (74, 75). Group 3a
hydrogenases include the F420-reducing hydrogenases, while the group 3b hydrogenases include
the NADP-reducing hydrogenases. Group 3c includes MV-reducing hydrogenases, while group
3d includes the bidirectional NADP/NAD-reducing hydrogenases. The entire group 3
hydrogenases are composed of the two hydrogenase subunits (large and small) with other
subunits associated that allow these hydrogenases to bind soluble cofactors such as F420, NAD, or

NADP. These enzymes can function bidirectionally and are able to physiologically re-oxidize
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these cofactors under anaerobic conditions using protons as electron acceptors (74, 75).
Recently, the first crystal structure of a group 3 hydrogenase was published (PDB: 40MF; 175).
The F40-reducing [NiFe]-hydrogenase from Methanothermobacter marburgensis is the first

structure of a [NiFe]-hydrogenase that does not belong to the group 1 type (175).

The NAD-dependent [NiFe]-hydrogenase from R. eutropha was the first example of a
3b-type enzyme, it has a tetrameric structure composed of two hydrogenase subunits (HoxYH)
and two subunits (HoxFU), which are homologous to NADH dehydrogenases subunits. This can
only be activated in the presence of NADH and not NADPH (176). A protein complex of this
hydrogenase with a higher molecular weight has also been isolated that shows the presence of
two additional HoxI subunits (176). Both NADH and NADPH activated this hydrogenase with
the hexameric subunit composition. This suggests that the HoxI subunits provide a binding site
for NADPH and are needed for interaction with NADPH. The soluble hydrogenases | (SHI) and
II (SHII) from P. furiosus are also members of this 3b group and function to reduce NAD" and
NADP" through the oxidation of hydrogen (74, 177, 178). Both SHI and SHII are encoded
within 4 gene operons in P. furiosus and have been purified and characterized. SHI from the
native organism is 10 times more active than SHII, and in vitro assays have shown that the
preferred substrates for SHI are H, and NADP*. From this analysis it was proposed that SHI
functions in vivo to oxidize H, in order to regenerate NADPH, which can be used for

biosynthetic purposes. P. furiosus will be discussed in more detail in Chapter 2.

Another well-studied example of a Group 3 hydrogenase is the enzyme from
Allochromatium vinosum. This bidirectional hydrogenase is pentameric and consists of two
hydrogenase-related subunits (HoxYH) and the diaphorase-containing subunits (HoxFUE). The

HoxFUE subunits are homologous to subunits of complex | in the electron transport chain and
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contain binding sites for FMN, NADP, and Fe-S clusters (74, 75). This homology to complex |
is an example of how nature has utilized homologous subunits of a conserved complex in order

to be used for metabolic purposes elsewhere in the cell.

The group 4 [NiFe]-hydrogenases are H,-evolving, energy-conserving, membrane-
associated enzyme (74, 75, 179-181). The basic composition of this group consists of six
conserved subunits. Four encode hydrophilic proteins and the other two encode hydrophobic
proteins (179, 180). These six conserved subunits are very homologous to the “core” subunits of
complex | of the aerobic electron transport chain. There is very little homology between the
group 1 and group 4 hydrogenases except for the residues that bind the [NiFe] active site and the
proximal [FeS] cluster. Another difference found in this group of hydrogenase is that the small
subunit contains only the “proximal” cluster rather than the typical three [FeS] clusters. There
are no known crystal structures for group 4 hydrogenases. The physiological function of the
Group 4 enzymes is to remove excess reductant generated from anaerobic metabolism by
reducing protons with the excess electrons to evolve hydrogen, while also conserving energy
through the generation of an electrochemical gradient. This gradient is then utilized by an ATP
synthase in order to generate ATP. E. coli hydrogenase 3, the CODH:CooF complex from
Rhodospirillum rubrum and Ech from Methanosarcina barkeri are some examples from this

group (182-186).

Another example of a group 4 hydrogenase is the membrane-bound hydrogenase (MBH)
from Pyrococcus furiosus (187, 188). This membrane-bound hydrogenase is encoded within a
14-gene operon and is believed to accept electrons from reduced ferredoxin generated during

metabolism in order to reduce protons and evolve hydrogen, while also establishing a gradient
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Figure 1.8

Schematic representation of the membrane bound hydrogenase (MBH) from Pyrococcus
furiosus. The Mrp module is encoded by MbhA-H and the hydrogenase module by Mbhl-
N. MbhL harbors the [NiFe]-catalytic site, while MbhJ and N harbor the [FeS] clusters.

Fdox and Fdeq represent the oxidized and reduced forms of ferredoxin, respectively.
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that is used to synthesize ATP by ATP synthase (187, 188; Figure 1.8). The reduction of protons
IS an exergonic reaction and this complex conserves energy by pumping ions across the
membrane to create an electrochemical gradient. Based on sequence analysis, MBH has 8
subunits (MbhA-H) that are homologous to the Mrp H*/Na” ion antiporter (MrpA-G) that is
important in Bacillus species for alkaline resistance (189). Figure 9 shows a schematic
representation of the 14-subunit MBH complex, and based on sequence analysis, MbhA-H shares
homology to this Mrp complex. The 6 conserved subunits of MBH that have homology to
complex | are MbhHJKLMN. These conserved subunits contain hydrophilic subunits
MbhJKLN, while the hydrophobic subunits are MbhHM. MbhKL represent the large subunit of
the group 1 enzymes that harbors the [NiFe] active site. MbhJ contains just the proximal [4Fe-
4S] cluster, while MbhN contains the medial and terminal [4Fe-4S] clusters. Hence, MbhJN are
equivalent to the small subunit of the group 1 enzymes. MbhH is believed to function in the
antiporter process based on its homology to the Mrp antiporter and MbhM is thought to anchor
the four soluble subunits to the membrane. Hence, MBH functions as a simple respiratory

system and its properties are discussed in detail in chapters three and four.
ENERGY CONSERVATION IN P. FURIOSUS

P. furiosus, as mentioned in section 1.2, has two different mechanisms in which energy is
conserved during metabolism. It has a simple “respiratory” system that involves the action of its
membrane-bound hydrogenase, MBH, and an ATP synthase (190-192; Figure 1.9). MBH
couples H; evolution to the pumping of ions, and this gradient is then utilized by ATP synthases
in order to generate ATP for the cells energy needs (192, 193). Two different types of pumps
exist in nature for the pumping of protons and ions across a membrane. Primary pumps function

by coupling redox reactions to the formation of a gradient, while secondary pumps function by
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Figure 1.9

Predicted physiological roles of the hydrogenases from P. furiosus. MBH stands for the
membrane-bound hydrogenase. SHI and SHII stand for soluble hydrogenase | and I1.
Fdox and Fdeq represent the oxidized and reduced forms of ferredoxin, respectively.

Modified from (192).
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using an already established gradient to drive the transport of ions (194-195). An example of a
secondary pump is the ATP synthase, which couples the thermodynamically favorable transport
of ions to the generation of ATP. In P. furiosus, the MBH is the enzyme responsible for the
generation of a Na™ gradient that is then utilized by a Na*-dependent A; A, ATP synthase in order
to generate ATP (190-193). The mechanism that is used to generate ATP is termed the
chemiosmotic theory first proposed in 1961 by Mitchell (194). The two aspects of this gradient
are Ay and ApH. Awy represents the electrical potential that forms as a result of the translocation
of ions or charge across the membrane, while ApH represents the pH component that results in
the translocation of these H" or Na* ions. The available energy that is conserved in this

generated gradient is then utilized by ATP synthases for the generation of ATP.

ATP synthases are membrane-bound enzyme “motors” that can couple the transport of
either H® or Na" across a membrane to the generation of ATP from ADP and inorganic
phosphate (196, 197). These enzymes are found in all three domains of life and have been
organized into 4 different groups called the A-type, V-type, F-type, and P-type ATP synthases
(196-199). Based on sequence analysis, A-type, F-type and V-type ATP synthases all belong to
the same family, while P-type ATP synthases are in a different class. ATP synthases contain an
ion channel, which is made up of Ao/Vo/Fo moieties, and a catalytic domain, which is made up of
A41/V1/F; domain and is responsible for the conversion of ADP to ATP. F-type ATP synthases
are the most studied type and utilize proton/ion gradients in order to generate ATP, while V-type
ATP synthases function in maintaining the pH of the cell by hydrolyzing ATP in order to pump
protons or ions outside of the cell. These ATP synthases also differ in the subunit size and
number. F-type ATP synthases harbor at least 8 subunits, while V-type ATP synthases are

composed of a minimum of 12 subunits. For A-type ATP synthases, the subunit number varies
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and the reason is not well understood. The three-dimensional structure of the AiA; ATP
synthase from P. furiosus has recently been determined showing the “motor”-shape of the
enzyme complex (191). Based on sequence comparisons, A-type and V-type ATP synthases are
closely related, but catalytically, A-type ATP synthases function more like the F-type synthases.
A-type ATP synthases are found exclusively in archaea and function similar to F-type ATP

synthases.

P. furiosus also conserves energy by substrate-level phosphorylation. As discussed its
glycolytic pathway does not contain the PGK step but does contain pyruvate kinase, which
synthesizes ATP using PEP. In addition, reduced ferredoxin is generated in the modified
Embden-Meyerhof pathway of P. furiosus by the action of GAPOR and POR (60, 61, 65, 66;
Figure 3). This reduced ferredoxin is then used to reduce protons, by the membrane-bound
hydrogenase (MBH) complex, in order to conserve energy by respiration. Another way that
reduced ferredoxin becomes oxidized in P. furiosus is by the action of the ferredoxin NADP*
oxidoreductase (FNOR) bifurcating enzyme complex (200). This enzyme complex conserves
energy through a bifurcation mechanism that couples the oxidation of ferredoxin and NADH to
the reduction of NADP in order to generate NADPH for biosynthesis, as NADP reduction is
unfavorable due to the high NADP/NADPH ratio. FNOR is a heterodimer with subunits of
52,000 and 29,000 Dalton in size. The purified enzyme contains flavin but no active redox
metals. The soluble hydrogenase I (SHI) in P. furiosus is also thought to generate NADPH (74,
177,178, 192). However, the SHI deletion mutant has no phenotype so the function of SHI does

not seem to be important under the usual laboratory conditions (201).
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COMPLEX | HOMOLOGY AND FUNCTION

Complex I is an energy transducing membrane bound enzyme complex made up of at
least 14 subunits that couples electron transfer from NADH to quinone to proton pumping across
the membrane (202). Bacterial complex I is the minimal version of this enzyme complex and is
around 550 kDa in size. It contains 8 to 10 iron-sulfur clusters and a flavin mononucleotide.
The structure of complex | was recently solved using the enzyme from the thermophilic
bacterium Thermus thermophiles (PDB: 3M9S; 202). This contained 16 subunits and has an L-
shaped structure. It has been characterized into different modules depending upon function
(202). The g-module represents those subunits responsible for accepting electrons from NADH
and for shuttling these electrons to reduce quinone and is made up of four different subunits
(NuoBCDI), all of which are hydrophilic. NuoD represents the catalytic subunit and is where
quinone reduction occurs. NuoD is homologous to the catalytic subunits of the group 4
hydrogenases (MbhL) and the cavity where quinone is bound is believed to be similar to where
the [NiFe] active site is found in these hydrogenases (See Chapter 4; 179, 180). Nuol harbors
two [Fe-S] clusters and is homologous to MbhN. NuoB is homologous to MbhJ and harbors one
[FeS] cluster named the N2 cluster, which is the cluster responsible for reducing quinone. NuoC
is homologous to MbhK. This subunit does not contain any clusters, but is believed to be a part
of the catalytic subunit. Other similarities between these enzyme complexes include the
hydrophobic subunits NuoHLMN (179, 180). The membrane bound subunits of complex | are
responsible for the translocation of a proton across the membrane as well as anchoring the
hydrophilic subunits to the membrane. NuoH is homologous to MbhM is believed to anchor the
hydrophilic subunits of Complex | to the membrane. NuoLMN are homologous to MbhH and

are believed to be responsible for the pumping of protons in the generation of a gradient across
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the membrane. Complex | also shares homology with the Mrp H*/Na" antiporter complex
(MrpA and D), like the group 4 hydrogenases (181), but does not have homology to the entire

Mrp complex (Chapter 4, Figure 1).

NUoEFG represent the N-module and are responsible for oxidizing NADH. Electrons
generated from the oxidation of NADH are shuttled to the g-module where quinone reduction
can occur. The flavin mononucleotide is found in NuoF and is responsible for the oxidation of
NADH. NuoF also harbors one [Fe-S] cluster which shuttles the electrons from NADH to NuoE,
which harbors one [2Fe-2S] cluster. From there electrons are shuttled to NuoG, which harbors a
[2Fe-2S] cluster and three [4Fe-4S] cluster, to the g-module. These subunits also show

homology to group 3 hydrogenases (74, 75).

A large number of papers have been published discussing the evolutionary relationship
between MBH and Complex I. These papers focused on the homology of the six conserved
subunits of group 4 hydrogenases with the catalytic core of complex I, as well as the homology
of these complexes with the Mrp H*/Na® antiporter (74, 75, 179-181, 203). Based on the
homology of these complexes, it can be seen that MbhH connects MBH to both complex |
(NuoLMN) and the Mrp (MrpAD) antiporter (Chapter 4, Figure 1). This indicates that these
genes share a conserved ion-translocating unit as they are each predicted to pump a proton based
on the structural analysis of complex I. In addition, it has been proposed that Complex | may
have evolved from an ancestral MBH complex (181). This ancestral MBH complex is also
believed to be the progenitor of other membrane-bound hydrogenases such as Ech from
methanogens. Since the progenitor of all of these complexes is believed to harbor both Mrp and
hydrogenase type subunits, an ancestral MBH is believed to be the best candidate as it harbors a

complete Mrp antiporter as well as the 6 “core” conserved subunits. Thus, the generation of a
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crystal structure of MBH would give further insight into the structure and function of Complex |
as well as shed insight into the evolutionary structural relationships shared between these

complexes. This aspect is discussed further in Chapter 5.

PURIFICATION AND ANALYSIS OF GROUP 4 HYDROGENASES

As discussed above, very little is known about the structure and function of group 4
hydrogenases. This is due to the difficulty of purifying these membrane-bound complexes that
contain at least six subunits. The simplest members include the 7-subunit hydrogenase 3 from
Escherichia coli, which oxidizes formate and evolves H;, the 8-subunit CO-induced hydrogenase
of some CO-oxidizing bacteria that conserve energy from coupling the oxidation of CO to H,
production, and the 6-subunit ‘energy-conserving’ hydrogenase (Ech) from the archacon
Methanosarcina barkeri (182-186). More complex members of the group 4 enzymes include the
18-subunit formate hydrogen lyase (FHL) system from Thermococcus onnurineus (204), which
oxidizes formate and evolves hydrogen (80°C). There are only four known reports of successful
purifications of group 4 hydrogenases (182-186, 205, 206). These include the 6-subnit Ech from
Methanosarcina barkeri, the 7-subunit CO-oxidizing COO hydrogenase complex from
Carboxydothermus hydrogenoformans, the 6-subunit Ech from Thermoanaerobacter
tengcongensis, and the 14-subunit MBH from P. furiosus.

The best characterized hydrogenase from group 4 is the Ech from M. barkeri and this was
also the first group 4 hydrogenase to be purified (185, 186). Purified Ech contains six subunits
corresponding to the products from the operon of echA-F. The enzyme contained 0.9 mol of Ni,
11.3 mol of nonheme-iron and 10.8 mol of acid-labile sulfur per mol of protein. Amino-acid
sequence analysis of the cytoplasmic subunits of Ech identified two classical [4Fe-4S] clusters in

EchF and one [4Fe-4S] cluster in EchC. EchC is homologous to the small subunit of [NiFe]-
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hydrogenases and is significantly smaller than the traditional small subunit found in the other
groups of [NiFe]-hydrogenases and contains only the “proximal” cluster. Electron paramagnetic
resonance (EPR) and Fourier Transform Infrared Spectroscopy (FTIR) were used to study the
[NiFe] site of the purified Ech enzyme. It was observed that the [NiFe] site in Ech had very
similar properties compared to other [NiFe]-hydrogenases, which suggests that the architectures
of the active sites are similar. The [FeS] clusters were also characterized by EPR and three
different S= 1/2 species were observed that are believed to originate from three [4Fe-4S]
clusters. The average g-signals that were observed for these clusters were g=1.92, g=1.89, and
g=1.96. Redox titrations showed that the g=1.96 signal had the lowest redox potential (below -
420 mV at pH 7.0). Magnetic interaction of the g=1.89 cluster with unpaired electrons from the
[NiFe] active site showed that this signal belongs to the proximal cluster of Ech. The pH
dependence of this cluster was also found to be similar to the proximal clusters of other [NiFe]-
hydrogenases. As discussed below in the comparison of group 4 hydrogenases and complex I,
this proximal cluster is equivalent to the N2 cluster of complex I, which is proposed to be
important for ion pumping due to its unique redox properties. Further characterization and
structural studies are needed to fully understand the relationship shared between these group 4

hydrogenases and complex | enzymes, and this is described further in Chapter 5.

HETEROLOGOUS EXPRESSION OF HYDROGENASES

Heterologous expression of proteins has been observed to have multiple difficulties.
Some examples of these issues that arise include toxicity and low yields (207, 208). When
toxicity occurs, the growth of the expression host will be inhibited and results in poor cell and
protein yields. Toxicity effects can be limited by making sure the proper insertion of the

correctly folded protein in the membrane, inclusion bodies, and cell-free synthesis approaches
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(207-213). Heterologous expression of O,-sensitive complexes such as hydrogenases has further
difficulties due to both oxygen and the co-expression of accessory proteins (127, 128). As stated
above, there are eight accessory proteins needed for proper maturation of the [NiFe]-
hydrogenases and three accessory proteins are needed for [FeFe]-hydrogenase. These maturation
proteins, which are required for both the assembly of the [NiFe] and [FeFe] active sites, are also
oxygen-sensitive, which contributes further to the difficulty of successful heterologous
expression of hydrogenases. There are a couple of different examples for successful
heterologous expression of these enzymes that have been reported in the literature and will be
discussed below.

For [NiFe]-hydrogenases, there have been a limited number of reports of successful
heterologous expression and most of these have occurred using expression hosts similar to the
native host organism. These include the heterologous expression of the three subunit hydrogen-
oxidizing MBH from R. eutropha, which was expressed in Pseudomonas stutzeri using a broad
host-range plasmid containing all the maturation proteins as well as a regulatory histidine kinase
system that was needed for proper maturation (214). Another example of the successful
heterologous expression of a [NiFe]-hydrogenase is the expression of the soluble hydrogenase |
from P. furiosus in E. coli (215). This was significant as it was the first example of the
successful heterologous expression of a hydrogenase in a distantly-related organism.
Engineering of “minimal” versions of hydrogenases has also been met with limited success.
Only one example exists, which was done in engineering a minimal version of SHI from P.
furiosus, which was expressed in P. furiosus. A dimeric version of the heterotetrameric enzyme

was expressed and purified using a histidine affinity tag (216). This “dimeric” version of SHI
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was shown to accept electrons from an electron donor different from the physiological donor
NADPH.

There are several examples of heterologous expression of [FeFe]-hydrogenases in
genetically tractable hosts such as E. coli. Unlike [NiFe]-hydrogenase, there are examples of
heterologous expression systems both in vivo and in vitro. One of the most studied [FeFe]-
hydrogenase is the HydAl from Chlamydomonas reinhardtii which has been natively purified
and has been heterologously expressed in a couple different systems. These systems include
expression in E. coli and Clostridium acetobutylicum (217-219). Affinity tags have also been
used to assist in the purification of these heterologous proteins as demonstrated in the
heterologous expression and Strep-Tactin affinity purification of HydAl from C. reinhardtii
expressed in Shewanella oneidensis (220). Another difference between the heterologous
expression systems is the fact that cell-free synthesis systems have been developed for [FeFe]-
hydrogenases (218, 221). Cell-free synthesis systems are important as they can be used in order
to drastically increase the possibility of engineering a hydrogenase to become more oxygen-
tolerant or increase the catalytic turnover. One example is the SIMPLEX (Single-Molecule
PCR-Linked Expression) system, which uses directed evolution in an in vitro microtiter plate-
based protein screening platform, was used to successfully synthesize a [FeFe]-hydrogenase that
was four times more active than the wild-type enzyme (221).

GENETICALLY TRACTABLE ARCHAEA

There are only a few reports of genetic systems that have been established for members
of the archaea (1). There are examples in both the Crenarchaeota and the Euryarchaeota, as
well as the halophiles, methanogens, and thermophiles. In the thermophiles, genetic systems

have been developed for members of the Sulfolobales and the Thermococcales. Within the
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methanogens, genetic techniques are available for species of Methanococcus and
Methanosarcina. More specifically, genetic techniques, such as transformations, shuttle vectors,
and markerless genetic exchange have been successful in M. maripaludas, M. acetivorans, M.
voltae, M. barkeri, and M. mazei (1). For example, in Methanosarcina the energy-conserving
hydrogenase Ech was deleted showing that this enzyme was important for both methanogenesis
and carbon fixation (222).

In the halophiles, there are two known organism that have genetic systems established,
Haloferax volcanii and Halobacterium salinarum. Both are well established and there are
advantages to using one or the other organism for genetic studies. Hbt. salinarum is typically
used in order to study haloarchaeal cell biology, while Hfx. volcanii is used for traditional
genetics (1). There are new systems being established in halophiles that are still in the beginning
stages, including those for Haloarcula marismortui, Halorubrum sp., as well as Haloferax
mediterranei, which is closely related to Hfx. volcanii (1, 223-225).

In the Sulfolobales, the development of a genetic system has met with limited success due
to the availability of only two selectable markers, uracil auxotrophy and growth on lactose (1).
The most genetically tractable strain is S. solfataricus P1 strain PH1-16, which is a uracil
auxotroph and is grown on defined media lacking uracil in order to select mutants (226, 227).
Two other established Sulfolobus species that have a genetic system is S. islandicus E233S1 and
S. acidocaldanus, which are both uracil auxotrophs and have an established shuttle vector system
available for genetic manipulation (228-230). These Sulfolobus species are the only
Crenarchaeota that have genetic systems established for them (1).

In the Thermococcales, genetic systems exist for Thermococcus kodakarensis,

Pyrococcus abyssi and Pyrococcus furiosus (1, 231-233). Genetic strategies that use auxotrophic

57



mutants in defined media are established for both T. kodakarensis and P. furiosus, while genetic
strategies that use shuttle vectors have been established for all three T. kodakarensis, P. furiosus
and P. abyssi (1). One interesting example of genetic techniques involving the thermococcales
includes the report of a shuttle vector that can be used between T. kodakarensis and E. coli (232).
The competent genetic strain for P. furiosus is referred to as COM1 and this will be the genetic
strain that is used to manipulate hydrogenase for the goals of this thesis (201). This strain is a
uracil auxotroph, and has been sequenced, and shows no difference in the regions that affect
hydrogenase activity (201, 233).
HYDROGEN AS A BIOFUEL

Hydrogenases enzymatically generate the biofuel hydrogen. Hydrogen is a renewable,
carbon neutral energy source that harbors a formidable amount of energy, as the conversion of
hydrogen to water yields three times more energy than gasoline per kilogram (234-236). With
the increasing demand for energy and limiting supply of fossil fuels, carbon neutral renewable
energy sources are receiving increased attention. Hydrogen gas is a particularly attractive
alternative fuel and although there are chemical methods to produce it, biological hydrogen
production is also a potentially viable way to establish a hydrogen economy. One advantage for
this is the replacement of expensive metals, such as palladium and platinum, which are used as
catalysts in the chemical generation of hydrogen. Hence, any future cost-efficient hydrogen
production method is likely to have biological or bio-inspired components. Although this may be
true, more research is needed in order to understand the mechanisms and restrictions associated
with hydrogen production.

As discussed above, [NiFe]-hydrogenases are extremely difficult enzymes to work with

due to their inactivation in the presence of oxygen as well as the need for eight different proteins
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for maturation of the active sites. In addition, techniques need to be developed that yield large
amounts of the pure hydrogenase for in depth structure and function studies so that we can
engineer these “biocatalysts” to improve their catalytic activity and become “oxygen-tolerant”.
Generation of “minimal” versions of hydrogenases could also give insights into their structure
and function and shed light on which subunits are needed for an active enzyme or if the activity
can be tailored to different substrates. The generation of such techniques for studying and
engineering hydrogenase will be discussed below and will focus on the hydrogenases from P.
furiosus

GOAL OF THIS WORK

The primary goal of this project is to gain a better understanding of the structure and
function of the membrane-bound hydrogenase (MBH) from Pyrococcus furiosus. In order to
accomplish this goal, the first objective was to develop a purification technique that would yield
the entire 14-subunit complex. When this work was initiated, no such purification techniques
were available, but due to the development of a genetic system in P. furiosus, such a technique
was now possible through the engineering of an affinity tag (201). Before working on MBH, the
capabilities of this genetic system was tested to see if it was possible to over-produce and affinity
purify the soluble hydrogenase | (SHI) from P. furiosus. If successful, the next objective was to
genetically manipulate MBH to see if it could be over-produced with an affinity tag to enable
purification of the entire 14-subunit complex. The genetic system also potentially allowed for
different variants of MBH to be constructed to better understand the structure and function of the
different modules of MBH, such as the importance of the Mrp subunits on the physiological
function of the entire complex. The construction of minimal versions of MBH were therefore

attempted in order to generate a soluble sub-complex that could be purified without the use of
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detergent. This detergent-free protein could then be used for structural analysis. Due to the lack
of structural information on Group 4 hydrogenases, which show very little homology to group 1-
3 hydrogenases, a structure of this complex would be instrumental in the understanding of how
MBH is able to evolve hydrogen so effectively, while also conserving energy through the
pumping of H*/Na" to form a gradient. Such a structure would also provide great insight into the
understanding of how MBH is related to the Complex | of the aerobic respiratory chain at the

structural level.
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CHAPTER 2

ENGINEERING THE HYPERTHERMOPHILIC ARCHAEON PYROCOCCUS
FURIOSUS TO OVERPRODUCE

ITS CYTOPLASMIC [NIFE]-HYDROGENASE*

'McTernan PM*, Chandrayan SK*, Hopkins RC, Sun J, Jenney FE, et al. 2012. Journal of
Biological Chemistry 287: 3257-3264. Reprinted here with permission of the publisher.

*Both authors contributed equally to this work
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ABSTRACT

The cytoplasmic hydrogenase (SHI) of the hyperthermophilic archaeon Pyrococcus furiosus
is a NADP(H)-dependent hetero-tetrameric enzyme that contains a nickel-iron catalytic site,
flavin and six iron-sulfur clusters. It has potential utility in a range of bioenergy systems in vitro
but a major obstacle in its use is generating sufficient amounts. We have engineered P. furiosus
to overproduce SHI utilizing a recently developed genetic system. In the over-expression OE-
SHI strain, transcription of the four-gene SHI operon was under the control of a strong
constitutive promoter, and a strep-tag Il was added to the N-terminus of one subunit. OE-SHI
and wild type P. furiosus strains had similar rates of growth and H, production on maltose. Strain
OE-SHI had a 20-fold higher transcription of the polycistronic hydrogenase mRNA encoding
SHI and the specific activity of the cytoplasmic hydrogenase was approximately ten-fold higher
compared to the wild type strain, although the expression level of genes encoding processing and
maturation of SHI were the same in both strains. Over-expressed SHI was purified by a single
affinity chromatography step using the strep-tag 1l and it and the native form had comparable
activities and physical properties. Based on protein yield per gram of cells (wet weight), the OE-
SHI strain yields a 100-fold higher amount of hydrogenase compared to the highest homologous
[NiFe]-hydrogenase system previously reported (from Synechocystis). This new P. furiosus
system will allow further engineering of SHI and provide hydrogenase for efficient in vitro

biohydrogen production.
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INTRODUCTION

Hydrogenases catalyze the reversible reduction of protons to hydrogen gas (H2) (1-3). Their
physiological roles in microorganisms include the reduction of protons to evolve H; to remove
excess reductant generated by oxidative metabolism or, in the reverse reaction, the oxidation of
H, and its use as a source of reductant and energy. Structural and biochemical analyses have
revealed that most hydrogenases contain either nickel and iron or only iron at their catalytic sites,
and these are referred to as the [NiFe]- and [FeFe]-enzymes, respectively (4,5). [NiFe]-
hydrogenases have been extensively studied from mesophilic organisms, particularly from
species of Desulfovibrio (6-11). With the increasing demand for energy and limiting supply of
fossil fuels, carbon neutral renewable energy sources are receiving increased attention.
Biological H, production is a potentially viable alternative to establish a renewable and low
carbon emitting hydrogen economy (12,13). One impetus for this is the replacement of expensive
palladium- and platinum-based catalysts used in the current chemical generation of hydrogen gas
(14). Hence, any future cost-efficient hydrogen production method is likely to have biological or
bio-inspired components (15).

Efforts to over-produce hydrogenases in various heterologous systems in order to decipher
their structural and biochemical properties have met with limited success (16). A major
limitation is the complex oxygen-sensitive post-translational processing pathway that is required
to give a functional [NiFe] catalytic subunit (17-19). For example, assembly of the Hyd3
hydrogenase of E. coli, a membrane bound [NiFe]-hydrogenase, requires the participation of at
least eight processing proteins (17). Consequently, the majority of successful heterologous
recombinant expression systems for hydrogenase have been achieved in closely-related hosts.

For example, the hydrogenase from Desulfovibrio gigas was heterologously expressed in D.
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fructosovorans (20), and a functional, NAD-dependent [NiFe]-hydrogenase from the gram-
positive organism, Rhodococcus opacus, was produced in the gram-negative organism, Ralstonia
eutropha (21). The membrane bound hydrogenase of R. eutropha was produced in Pseudomonas
stutzeri using a broad-host-range plasmid containing all the accessory genes required for
maturation of the [NiFe] active site (22). The one example of heterologous production of a
[NiFe]-hydrogenase in a distantly-related organism was the production of the cytoplasmic
hydrogenase | (SHI) from the hyperthermophilic archaeon Pyrococcus furiosus, which grows at
100°C, in the mesophilic bacterium Escherichia coli (23). Interestingly, assembly and
maturation of P. furiosus SHI was accomplished by the processing proteins of E. coli, with the
exception of the proteolytic C-terminal cleavage to give the functional catalytic subunit, which
required the P. furiosus protease (FrxA) specific for SHI.

Unfortunately, however, none of the heterologous systems for hydrogenase have achieved
significant over-production of the enzyme relative to the amount produced in the native host
organism (16,23). An alternative approach is to homologously over-produce hydrogenase but
this obviously requires a genetic system for the host organism. To date the only successful
homologous over-expression of a [NiFe]-hydrogenase was reported with the enzyme from the
mesophilic cyanobacterium Synechocystis sp. PCC6803 (24). This enzyme consists of five
different subunits and utilizes NAD(P) as an electron carrier. To over-express the hydrogenase
operon and incorporate an affinity strep-tag Il, expression was controlled by a light-induced
promoter psbAll. Simultaneously, five hyp accessory genes from the closely-related organism
Nostoc sp PCC7120 were expressed using the same promoter (24). This resulted in increased

expression of the hydrogenase operon by five-fold, but simultaneous over-expression of the
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maturation genes was necessary to process the increased amounts of the enzyme, resulting in a 2-
3-fold increase in the amount of active hydrogenase.

The goal of the current study was to develop a homologous expression system for P. furiosus
SHI. This is a heterotetrameric enzyme that contains flavin and six iron-sulfur clusters, in
addition to the [NiFe] catalytic site, and utilizes NADP(H) as an electron carrier (1-3,23,25-26).
A diagrammatic representation of the enzyme is shown in Fig. 1, which is based on sequence
analyses of the four subunits and the measured cofactor content of the purified enzyme. SHI has
been shown to be very efficient in in vitro systems to produce H, from starch and cellulose in
synthetic enzyme pathways (26). These approaches are limited, however, as they utilize SHI
purified from P. furiosus biomass. Our goal is, therefore, to take advantage of the genetic system
recently reported with P. furiosus (27) to overproduce the holoenzyme and various mutant forms
lacking one or more subunit (28). Herein we describe the development of a one-step marked
knock-in method using linear DNA fragments to construct a strain that over-produces SHI by at
least an order of magnitude more than the wild-type strain. The recombinant hydrogenase has a
strep-tag Il affinity tag to facilitate purification and has properties that are comparable, although
not identical, to those of SHI purified from wild-type P. furiosus (25). Surprisingly, even though
an order of magnitude more fully-processed SHI was produced in the recombinant strain,
expression of the maturation genes was at the same level as in the parent strain.

METHODS

Growth of P. furious - The strains used in this work are shown in Table 1. Cells were grown

in defined medium for all the genetic manipulation work (27). Large scale growth was carried

out using a 20 liter fermenter using maltose as the carbon source (29). Cells were grown at 90°C
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with constant flushing of N,/CO, at 90°C for 14 hr. Cells were harvested by centrifugation, flash
frozen in liquid N, and stored at -80°C until used for protein purification.

Construction of a knock-in cassette by overlapping PCR - The knock-in cassette was created
using overlapping PCR (30) where the primers used contained approximately 20-base pair
overhangs (Supplemental Fig. S1A). The selectable marker and flanking regions were amplified
from pGLWO021 (27) and P. furiosus genomic DNA, respectively. The cassette also had a codon
optimized 8 amino acid long strep-tag Il with a two extra amino acid linker sequence (31). PCR
products were purified using a commercial extraction protocol (Stratagene, Santa Clara, CA) and
were used in overlapping PCR reactions using the Pfx supermix (Invitrogen, Carlsbad, CA).
Final overlapping PCR products were gel purified and used for COM1 transformation as
previously described (27). Standard molecular biology techniques were performed as described
(32).

Pyrococcus furiosus transformation and construction of the OE-SHI strain - Transformations
were carried out using freshly grown COML1 strain (uracil auxotroph), a competent strain of P.
furiosus (27). For transformation, 200 ng DNA (knock in cassette, Supplemental Fig. S1A) was
mixed with 100 pl of an overnight culture of COML1 cells and grown on defined medium. After
incubation at 90°C for 72 hours, plates were examined for colonies on defined medium plates for
gain of the pyrF marker as transformed cells are able to grow without uracil. Three colonies were
picked from defined medium plates, grown overnight in 5 ml defined medium and 1.5 ml
samples were used to isolate genomic DNA. PCR was used to confirm the correct insertion
using the primers listed in Supplementary Table S1, which were designed to bind outside of the
homologous flanking regions and amplified using the Prime Star HS polymerase Mix (Clontech,

Mountain View, CA, USA). PCR-positive colonies were further purified by three separate
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consecutive transfers in defined medium lacking uracil in order to confirm the culture phenotype.
PCR screening was done after each round to ensure proper incorporation of the knock-in cassette
was maintained. The PCR product amplified from genomic DNA of one positive clone was
confirmed by sequencing (Macrogen Sequencing Facility, Rockville, MD).

RNA isolation and qPCR - Total RNA was extracted from 10 ml of mid-log phase cultures
grown in rich maltose medium using the Absolute RNA prep kit (Stratagene) and quantified by
Thermoscientific Nanodrop spectrophotometer. Before gPCR analyses, the RNA was treated
with Turbo DNase (Ambion; Applied Biosystems, Bedford, CA, USA) for 30 min at 37°C and
further purified using the DNAase inactivation reagent (Ambion; Applied Biosystems, Bedford,
CA). cDNA was prepared using the Affinity Script quantitative PCR (QPCR) cDNA synthesis kit
(Agilent Technologies, Santa Clara, CA). All quantitative reverse transcription-PCR (RT-qPCR)
experiments were carried out with an Mx3000P instrument (Stratagene) with the Brilliant SYBR
green gPCR master mix (Agilent Technologies). The genes encoding the house-keeping enzymes
pyruvate ferredoxin oxidoreductase (gamma subunit, PF0971) and DNA polymerase sliding
clamp (PF0983) were used as internal controls to normalize the amounts of cDNA that were used
for gPCR (Supplemental Fig. S2)

Growth studies and purification of OE-SHI - Growth of and H, production by the OE-SHI
strain were carried out in 250 ml cultures at 90°C in sealed bottles. At various times the medium
was sampled (1ml) for protein estimation by Bradford Method (33) and the headspace was
analyzed for H; by transferring samples (1 ml) into 10 ml vials containing 1 ml 0.5 M NaOH.
After equilibration for 16 hr to remove any residual H,S (which poisons the chromatography
column), H, was estimated by using a 6850 network gas chromatograph (Agilent Technologies,

Santa Clara, CA) (23,27). Samples of the medium were also removed throughout the growth
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phase and the concentration of maltose was determined. OE-SHI was purified under strictly
reducing and anaerobic conditions. Frozen cells (25 g) were thawed and lysed osmotically in 75
ml of Buffer A (50 mM Tris/HCL, pH 8.0, containing 2 mM sodium dithionite) and 50 pg/ml
deoxyribonuclease | (Sigma Chemical, St. Louis, MO) with stirring for 1 hr at 23°C. The
supernatant (S100, 40 ml, 11.7 mg protein/ml) was obtained after removal of cell debris by
ultracentrifugation at 100,000 x g for 1 hour. Avidin (1.0 mg, Sigma) was added to the S100 and
it was directly loaded using an AKTA Purifier system (GE Healthcare, Piscataway, NJ) on to
three 5 ml StrepTactin Sepharose High Performance/StrepTrap HP columns (GE Healthcare)
joined in series. The columns were pre-equilibrated and washed and OE-SHI was eluted using
the binding and elution buffers described in the manufacturer’s protocol, except that all buffers
contained 2 mM sodium dithionite. In addition, to optimize the overall recovery, the flow
through was reloaded on to the columns prior to washing and elution.

Other Methods - Maltose concentrations were measured spectrophotometrically using an
assay kit (BioVision, CA,USA). Samples (50 ul) of the medium were diluted 500-fold with
distilled water prior analysis. To measure protein stability using fluorescence spectroscopy, the
hydrogenase (0.1 mg/ml in 100 mM EPPS, pH 8.4) was incubated at 90°C. Samples (50 pl)
were periodically removed and the tryptophan emission spectrum were recorded using an RF-
5301PC Spectroflurometer (Shimadzu, Columbia, MD). The excitation wavelength was 280 nm
using a bandwidth of 5 nm.

Hydrogenase activity was routinely measured by H, production from methyl viologen (MV,
1 mM) reduced by sodium dithionite (10 mM) at 80°C in 100mM EPPS buffer, pH 8.4, using gas
chromatography (23,25). One unit of hydrogenase activity is defined as 1 pumole of H, evolved

min™. Assays were also carried out using NADPH (1 mM) as the electron donor in place of
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reduced methyl viologen (23,25,34). Hj-oxidation activity was measured by the H,-dependent
reduction of NADP as described previously (35). Stability assays were performed by exposing
hydrogenase samples to air at 23°C and thermal stability assays were carried out at 90°C under
Ar.  Samples of purified hydrogenase, OE-SHI and native SHI control (0.1 mg/ml) were
incubated in 100 mM EPPS buffer, pH 8.0, containing 2 mM sodium dithionite at 90°C. Western
blots were prepared and analyzed using a chemo-luminescent dye with the Genescript One-Step
Western Kit (Genescript USA Inc; Piscataway, NJ) using antibodies for the catalytic subunit of
SHI (PF0894) and antibodies to P. furiosus superoxide reductase SOR (PF1281) as the internal
control. Nickel and iron were measured using a quadrupole-based ICP-MS (7500cc. Agilent

Technologies, Tokyo, Japan), equipped with a MicroMist Nebulizer as described (36).

RESULTS

One-step marked insertion of Py, with Strep-tag Il in P. furiosus genome - The COM1
mutant P. furiosus strain was utilized in order to manipulate the native SHI operon. This strain
has a deletion in its pyrF gene and cannot grow in a minimal medium lacking uracil (27). It was
previously used for markerless gene deletion by selection for uracil prototrophy and counter
selection using resistance to 5-fluoroorotic acid (5-FOA), an inhibitor of uracil biosynthesis.
Herein we have developed a variation of that method for inserting a genetic element at any locus
using linear DNA and a single double crossover event involving selection for uracil prototrophy.
The promoter (Psp), Which in the parent strain drives expression of the gene encoding the S-
Layer protein (PF1399), was inserted in front of the four gene operon (PF0891-PF0894) that
encodes SHI. In addition, an affinity strep-tag 1l was inserted in frame with the N-terminus of
the first gene (PF0891, Fig. 2). The genotypes of the COML1 parent and of the engineered strain,

termed OE-SHI (for over-expressed SHI), are shown in Table 1. In wild-type cells the gene
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encoding the S-layer protein is expressed by an order of magnitude higher than that of the SHI
operon according to published DNA microarray data (37). The strep-tag Il was chosen for
affinity purification as its function is not affected by the chemical reductant, sodium dithionite,
which is used to maintain anaerobic conditions during hydrogenase purification. In addition, this
tag was assumed not to interfere with nickel incorporation into SHI, a potential problem with a
polyhistidine tag.

Constructs were generated by overlapping PCR (Supplemental Fig. S1B and S1C),
transformed into the COML1 parental strain, and transformants were selected on plates containing
the minimal medium lacking uracil. Selected colonies were screened by PCR using primers
specific for regions outside of the flanking region (Supplemental Table S1). A PCR product was
expected for both the COM1 and OE-SHI strains, with the product for OE-SHI being
approximately 1 kb larger than COML, indicating correct insertion at the specified locus
(Supplemental Fig. S1D). One colony was selected and designated as OE-SHI. Correct
incorporation without mutation of the Pgy-Strep-tag 1l upstream of the SHI operon was
confirmed by DNA sequencing.

Cytoplasmic fraction of the OE-SHI strain shows increased hydrogenase activity -
Cytoplasmic extracts (S100) were prepared from fermenter-grown cells of the OE-SHI strain and
of the parental strain and SHI activity was measured using the MV-linked hydrogenase assay
(28). Approximately 20 pg of protein was used in the assays for both enzymes. The specific
activity at 80°C of the OE-SHI strain extract was 7.96 + 3.3 U/mg compared with 1.23 +
0.3U/mg for the COML strain (Fig. 3). Hence, the OE-SHI strain had an approximately 7-fold
higher level of SHI compared to the parental strain, assuming comparable activities for the native

and recombinant enzymes (see below). Imunnoanalyses using a polyclonal antibody specific for
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the catalytic subunit of SHI (PF0894; (23)) also confirmed an increased amount of the catalytic
subunit in the OE-SHI strain when compared to the parent (Fig. 3). Quantitative PCR showed
that the transcript for PF0894 (the fourth gene in the SHI operon) was 20.2 + 6.2-fold higher in
the OE-SHI strain compared to the parental strain (Fig. 4), in which transcription of the SHI
operon is controlled by the Py, system and by the native promoter, respectively.

Accessory genes encoding hydrogenase maturation proteins are not up-regulated in the OE-
SHI strain-Since the OE-SHI strain contained 7-fold higher hydrogenase activity in its cytoplasm
than the cytoplasm of COML cells, it was important to determine if genes encoding the accessory
proteins required for assembly of the [NiFe] active site in the catalytic subunit of SHI (PF0894)
were also up-regulated by some type of feedback mechanism. We focused on the hydrogenase
protease frxA (PF0975), which specifically cleaves the C-terminus of the catalytic subunit
(PF0894), and hypF (PF0559), which is involved is the assembly of the diatomic cyanide and
carbon monoxide ligands on the Fe atom of the [NiFe]-catalytic site (17,19,23). Linkage between
production of hydrogenase and the maturation process is shown by the fact that expression of the
genes encoding these two proteins (PF0975 and PF0559) and those encoding SHI are all
dramatically down-regulated when P. furiosus is grown on elemental sulfur (38). However, in
the OE-SHI strain the expression of frxA or hypF were both unaffected (Fig. 4), in spite of an
almost order of magnitude increase in the amount of their ‘substrate’, namely, unprocessed
inactive SHI. The activities of these two maturation enzymes at their wild-type levels in the
parental strain are apparently high enough to keep up with processing the increased amounts of
the SHI protein. This includes the formation of iron-sulfur clusters as well as assembly and

insertion of the [NiFe] site and proteolysis of the catalytic subunit (Fig. 1).

71



The OE-SHI strain has similar growth properties to the parental strain - P. furiosus grown
on maltose produces H, as an end product of carbohydrate fermentation and SHI has been
proposed to recycle the H, for biosynthetic purposes (3). However, the growth of the two strains
using maltose as the carbon source was comparable (Fig. 5). Moreover, the amounts of H,
produced by the two strains and the amounts of maltose consumed throughout the growth phase
were also similar (Fig. 5). The dramatically increased amount of SHI in the OE-SHI strain might
be expected to lead to an increased uptake of H, and perhaps an increase in cell yield. However,
it is clear from these data that the growth of P. furiosus on the maltose-based medium is not
limited by the ability of the organism to recycle H,.

Affinity purification and characterization of the OE-SHI hydrogenase - The recombinant
enzyme containing the strep-tag Il (attached to the PF0891 subunit, Fig. 1), was purified from the
OE-SHI strain using a strep-tactin column. The cytoplasmic fraction from the OE-SHI cells was
applied directly to the column without any initial purification, and to optimize recovery of the
hydrogenase, the material that flowed through the column was re-applied to column prior to
washing the column with buffer. The hydrogenase was eluted with desthiobiotin as determined
by its activity. The OE-SHI enzyme was purified 24-fold by the single affinity step with a 21%
recovery of activity (Table 2). Note that this is an underestimate because the S100 fraction also
contains hydrogenase Il (SHII), which represents about 15% of the total cytoplasmic
hydrogenase activity of wild-type cells (39). Approximately 4.2 mg of the OE-SHI enzyme was
obtained with a specific activity of 120 units/mg from 25 g (wet weight) of cells of the OE-SHI
strain by this one-step purification (Supplemental Fig. S3). A highly homogeneous preparation of
the OE-SHI enzyme (Fig. 6) exhibiting a specific activity of 272 units/mg was obtained by

including two additional steps of conventional chromatography (Supplemental Table S2), but

72



this yielded much less protein due to the relatively inefficient binding to the hydrophobic
interaction column (Supplemental Table S2). The overall yield of recombinant OE-SHI enzyme
after the single affinity step (4.2 mg/25 g of cells, wet weight) is significantly higher than that
reported with SHI after four chromatography steps (0.6 mg/25 g of cells, wet weight (25)).

The properties of the hydrogenase purified from the OE-SHI strain were determined and
compared with those of the native enzyme purified from biomass of wild type cells (25, 39). The
results are summarized in Table 3. The specific activity of the recombinant enzyme was about
50% higher than that of the native enzyme in the standard MV-linked Hj-production assay
measured at 80°C. This may be related to the finding that the OE-SHI enzyme was not quite as
thermostable as the native form, with a half-time for inactivation of 6 rather than 14 hours at
90°C (Table 3). The thermal stability of OE-SHI was also assessed using the H,-dependent
reduction of NADP, which involves electron transfer by flavin and iron-sulfur centers and may
be a more accurate reflection of protein stability. The results were in accord with those obtained
using the Hy-evolution assay, with half-life values for OE-SHI and SHI of 5 and 10 hours,
respectively, at 90°C (Table 3, Supplemental Fig. S6). The OE-SHI enzyme may therefore be
more flexible and dynamic at 90°C compared to the native enzyme and hence more catalytically-
active at higher temperatures (Supplemental Fig. S4). The lower thermal stability of OE-SHI at
the growth temperature of the organism may also explain why there is no significant increase in
H, uptake by the OE-SHI strain in comparison to the parental strain (Fig. 5B). Nevertheless, the
high stability of the recombinant enzyme was shown by presence of the SDS-resistant and
catalytically-active, high-molecular weight band (Fig. 6) that is evident after SDS electrophoresis
of the native hydrogenase and represents undenatured holoenyzme (25,40). That the OE-SHI

protein was fully folded and contained the full complements of flavin and iron-sulfur clusters
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was shown by its ability to use NADPH as the electron donor for H, production and H; oxidation
(Table 3, Supplemental Fig. S6). Furthermore, the tryptophan emission spectrum of both proteins
showed the same emission maxima (A" of 355 nm) with almost the same fluorescence yield
(Supplemental Fig. S7), which suggest that both have a similar three dimensional structure.
However, both proteins showed little change in their emission spectra even after 16 hr at 90°C,
suggesting that the difference in their residual activities after prolonged is not due to gross
structural changes.

SHI is predicted to contain 23 iron atoms/heterotetramer together with a single nickel atom
(Fig. 1) and the measured ratio for the OE-SHI hydrogenase (27 + 2.84:1) is slightly higher than
that of the native (21 + 3.23:1, Table 3). However, given the high specific activity of the
recombinant enzyme it would seem unlikely that it contains a significant amount of enzyme
lacking a [NiFe]-catalytic site. The sensitivity of the OE-SHI enzyme to inactivation by oxygen
(air) was also similar to that of the native enzyme with a half-life of about one day (Table 3),
indicating that the catalytic sites of the two forms of the enzyme are in virtually identical
environments within the protein.

DISCUSSION

The development of a genetic system for P. furiosus has important implications for this
organism as we now have a tool to manipulate any gene within its genome. In the present study
we focused on SHI, one of three hydrogenases of P. furiosus (3). Over-expression of the four
genes encoding this enzyme, which are arranged in a single operon, led to several unexpected
results. First, more than a 7-fold increase in specific hydrogenase activity was observed in the
OE-SHI strain but this had little effect on the growth of the organism in closed (non-sparged)

cultures, conditions under which H; accumulates. In fact, the recombinant strain if anything grew
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marginally better than the COM1 parent (Fig. 5 and Supplemental Fig. S5). The physiological
effect of an increased amount of SHI is presumably an increase in the amount of NADPH
produced, but this is clearly not significant under the growth conditions studied.

We successfully increased the amount of SHI produced by P. furiosus generating an enzyme
that can be obtained in a highly purified form by a single affinity step. Remarkably, in
comparison with other homologous expression systems for [NiFe]-hydrogenases, that of P.
furiosus represents a 100-fold higher yield of the hydrogenase. For the homologous expression
system of Synechocystis sp. PCC 6803, a total of 25 g of cells yielded only 0.04 mg of
hydrogenase protein, which compares to 4.2 mg from the OE-SHI strain (24). One step affinity
purification based on the strep-tag Il tag was used to purify both types of recombinant enzyme
from their cytoplasmic extracts and in both cases the recovery of activity was approximately
20%. However, there were some important differences between the strategies employed with
these two over-expression systems. With Synechocystis sp. PCC 6803, a five-fold increase in the
production of the hydrogenase was obtained but this also required over-expression of the five
hyp genes encoding the maturation and accessory proteins. In contrast, no attempt was made to
over-express the genes encoding the maturation proteins for P. furiosus SHI. In fact, the wild-
type expression levels of the genes encoding the protease (frxA) that processes the C-terminus of
the SHI catalytic subunit and the key processing protein, hypF (17,19) were unaffected, even
though expression of the SHI operon increased 20-fold. How the hydrogenase maturation
process is regulated is not understood but clearly P. furiosus can respond to the increased
production of SHI to give the fully functional protein with a full complement of cofactors,
including the [NiFe]-catalytic site, flavin and multiple [FeS] clusters. However, the slightly

lower Fe:Ni ratio in the OE-SHI enzyme compared to the native form (Table 3) suggests that the
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limit may have been reached in processing this amount of the catalytic subunit of the OE-SHI
enzyme. Consequently, even more OE-SHI might be produced if frxA and/or hypF, and/or one
or more the other six processing proteins in P. furiosus, are also over-produced, and such studies
are planned.

The properties of the recombinant affinity-tagged hydrogenase of Synechocystis sp. PCC
6803 were directly compared with that of the unmodified native enzyme since the latter has not
been characterized (24). The properties of the purified OE-SHI enzyme from P. furiosus were
very similar to those of the native enzyme, although recombinant form was slightly more active
and also slightly less thermostable, suggesting that the OE-SHI hydrogenase was folded
differently, even though the oxygen sensitivity of the two enzymes forms were the same. These
differences in stability and activity of the OE-SHI enzyme are presumably the result of the eight
amino acid strep-tag Il and linker, which interferes with the folding process. The diffrence in
thermal stability is also very evident in its H, oxidation activity (Supplemental Fig. S6). This has
been previously reported using the same affinity tag with the D-arabitol dehydrogenase from the
hyperthermophilic bacterium Thermotoga maritima. In this case the enzyme was heterologously
produced in E. coli and the tagless form retained 90% of its original activity after 90 min at
85 °C while the step-tagged version had a half life of only 5 min (41).

The availability a P. furiosus strain that over produces the SHI hydrogenase affords many
opportunities for those interested in research on such enzymes. For example, it will now be
possible to generate site-directed mutants and active forms lacking one or more subunit of SHI
(28). In addition, it provides a means to investigate the roles of the accessory genes hypF and
frxA in processing SHI as these are poorly understood. There is also only limited insight into the

functions of hyp C, D and E and SlyD in the maturation mechanism (5,19,42). In the engineered
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P. furiosus OE-SHI strain, the production of the hydrogenase is under control at the
transcriptional level by a strong, constitutive promoter (that for the gene encoding the S-layer
protein), which is not known to be down-regulated by conditions that regulate the hydrogenase
activity in this organism, such as elemental sulfur (S°) (37). Hence the addition of S° to maltose-
grown cells would dramatically down-regulate the expression of hypF (PF0559) and frxA
(PF0975) significantly (37), but production of OE-SHI would not be affected. It should therefore
be possible to trap processing intermediates in SHI maturation by simply adding S° to the OE-
SHI strain, with and without constitutive expression of one or more the processing genes that
would normally be down-regulated by S°. Such an approach might allow the isolation of
incompletely processed OE-SHI containing its C-terminal peptide by a single affinity
purification step, and permit a study of its [NiFe] site and the nature of the other three subunits of
the enzyme and their cofactor contents.

In conclusion, we have successfully over-expressed the heterotetrameric metalloenzyme SHI
complex by using a marked knock-in method in order to insert a stronger promoter and an
affinity tag for purification purposes. Despite the complex maturation process involved with the
[NiFe] active site, the producion of SHI was increased by almost an order of magnitude. This is
the first example of the over-production of a thermostable [NiFe]-hydrogenase and provides a
method to obtain high amounts of the enzyme necessary for further development of in vitro H,

production systems (15,43).
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TABLE 2.1. Properties of P. furiosus strains used in this study. COML1 is the parent strain that was

engineered to generate the OE-SHI strain to over-produce the SHI enzyme.

Strain Genotype Deleted or Inserted Source
Designation OB F/ Elements
COn Apyri PF1114 Bet. 27
OE-5HI P, Strep-tagll-shifipdo P Strep-taglt Thas study
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TABLE 2.2. One-step purification of the over-produced affinity-tagged OE-SHI enzyme. The
cytoplasmic extract from cells of the OE-SHI strain was purified using a Strep-Tactin affinity column.

Hydrogenase activity was measured by H, production from reduced methyl viologen, where U is one unit

of activity.
Step Uniis Protein Spectfic Activity Yield Fold
il img) (Umg') (a) Purification
51K 2516 48 54 1L 1
Strep-Tactin 530 4.2 L 26 21 24
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TABLE 2.3. Properties of affinity-tagged SHI purified from the OE-SHI strain and SHI purified from

native biomass.

Property OE-SHI SHI

MV -linked specific activity (U.mmg™') 272 190
NADPH linked specific activity (U.mmg™!) 2.0 L5
Half-life (t,;,, hr) at 90° C under argon (H, evolution) 6.0 14
Half-life (t,;,, hr) at 25° C under air (H, evolution) 25 21
Half-life (t,,, hr) at 90°C under argon (H, oxidation) 5.0 10
Fe:Niratio 27:1 21:1
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FIGURE 2.1
Model of affinity-tagged SHI showing subunit and cofactor content. The Strep-tag Il is

located at the N-terminus of PF0891. Adapted from ref. (25)
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FIGURE 2.2
Marked knock-in strategy to modify the operon (PF0891-0894) encoding SHI. A schematic
representation of the knock-in cassette is presented. The abbreviations are: UFR, upstream
flanking region; Pgdh-pyrF, marker driven by the promoter for the glutamate dehydrogenase
gene; Psp-strep-tagll: S-Layer promoter with codon-optimized 8-amino acid strep tagll

sequence; DFR, downstream flanking region.
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FIGURE 2.3
Increased catalytic activity and amount of catalytic subunit of SHI in the OE-SHI strain.
The bar graph compares the MV-linked hydrogenase activity in cytoplasmic extracts (S100) of
the parent COM1 and OE-SHI strains. Error bars represent standard deviations obtained from
three independent experiments. The corresponding immunoanalysis of the extracts is shown
below using anti-PF0894 (catalytic subunit, see Figure 1) with anti-PF1281 (superoxide

reductase) as the internal loading control.
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FIGURE 2.4
Relative mMRNA abundance in the OE-SHI and COML1 strains. The relative levels were
determined by gPCR of the mRNA encoding PF0894 (the catalytic subunit of SHI), PF0975
(frxA), and PF0559 (hypF). The error bars represent standard deviations obtained using triplicate

independent samples.
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FIGURE 2.5
Comparison of growth and H, production and maltose consumption by the OE-SHI and
COM1 strains.
A) Growth of the two strains using maltose as the carbon source and consumption of maltose
during growth in closed bottles at 95°C. B) Corresponding production of H, during growth. The

error bars represent standard deviation obtained from three independent samples.
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FIGURE 2.6
Electrophoretic analysis of the OE-SHI hydrogenase. The purified enzyme was analyzed by
conventional SDS-PAGE except that the protein was incubated with the SDS-loading buffer for
10 min (lane 1) or for 60 min (lane 3) prior to electrophoresis. Native SHI (treated for 10 min) is
shown in lane 2. The arrow indicates the high molecular catalytically-active protein band seen in
lanes 1 and 2 (see ref. (25)). The center lane (M) contains the protein molecular weight ladder

(Invitrogen) with corresponding masses as indicated in kDa.
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CHAPTER 3
INTACT FUNCTIONAL FOURTEEN-SUBUNIT RESPIRATORY MEMBRANE

BOUND [NIFE]-HYDROGENASE COMPLEX OF THE HYPERTHERMOPHILIC

ARCHAEON PYROCOCCUS FURIOSUS!

'McTernan PM, Chandrayan SK, Wu C-H, Vaccaro BJ, Lancaster WA, et al. 2014. Journal of

Biological Chemistry 289:19364-19372. Reprinted here with permission of the publisher.
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ABSTRACT

The archaeon Pyrococcus furiosus grows optimally at 100 degrees C by converting
carbohydrates to acetate, CO, and H,, obtaining energy from a respiratory membrane-bound
hydrogenase (MBH). This conserves energy by coupling H, production to oxidation of reduced
ferredoxin with generation of a sodium ion gradient. MBH is encoded by a 14-gene operon with
both hydrogenase and Na*/H" antiporter modules. Herein a His-tagged MBH was expressed in P.
furiosus and the detergent-solubilized complex purified under anaerobic conditions by affinity
chromatography. Purified MBH contains all 14 subunits by electrophoretic analysis (13 subunits
were also identified by mass spectrometry) and had a measured Fe:Ni ratio of 15:1, resembling
the predicted value of 13:1. The as-purified enzyme exhibited a rhombic EPR signal
characteristic of the ready Ni-B state. The purified and membrane bound forms of MBH both
preferentially evolved H, with the physiological donor (reduced ferredoxin) as well as with
standard dyes. The O, sensitivities of the two forms were similar (half-lives of ~15 hr in air), but
the purified enzyme was more thermolabile (half-lives at 90 degrees C of 1 hr and 25 hr,
respectively). Structural analysis of purified MBH by small angle x-ray scattering (SAXS)
indicated a Z-shaped structure with a mass of 310 kDa, resembling the predicted value (298
kDa). The SAXS analyses reinforce and extend the conserved sequence relationships of group 4
enzymes and Complex I (NADH quinone oxidoreductase). This is the first report on the
properties of a solubilized form of an intact respiratory MBH complex that is proposed to evolve

H, and pump Na" ions.
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INTRODUCTION

Over the past decade there has been a major initiative to generate alternative non-fossil
fuels to fulfill increasingly critical energy needs. Yet, such fuels must be energy efficient as well
as carbon neutral, and biohydrogen production can meet these criteria (1). Hydrogen is
metabolized by microbes from all three domains of life (2). Notably, they all contain the enzyme
hydrogenase that functions to catalyze the reversible reduction of protons to molecular hydrogen
(H2). Hydrogenases are classified based on the metal content of their active site into the [NiFe]-
hydrogenase, [FeFe]-hydrogenase, and the [FeS]-cluster free hydrogenases. The [NiFe]-
hydrogenases are ubiquitous in the microbial world and have been extensively studied from
numerous mesophilic bacteria (3-5). The minimum structure is a heterodimer composed of a
large and small subunit. The large subunit contains the [NiFe] catalytic site that is coordinated by
the sulfur atoms of four cysteine residues organized into two —CxxC— motifs near the N- and C-
termini. The [NiFe] active site has been extensively studied by electron paramagnetic resonance
(EPR) spectroscopy (6). The small subunit typically contains three iron-sulfur clusters invariably
of the [4Fe-4S] type that shuttle electrons between an acceptor/donor for the enzyme and its
active site. [NiFe]-hydrogenases are classified into four groups based on the phylogeny of their
catalytic subunits (2). Crystal structures for [NiFe]-hydrogenases are available for group 1
hydrogenases (7,8), but no structural information is available for the other three hydrogenase
groups.

The least studied of the [NiFe]-hydrogenases fall into group 4, and these are defined as
the Hy-evolving energy-conserving membrane-associated hydrogenases (2). These group 4
enzymes show little sequence similarity to other [NiFe]-hydrogenases, except for the conserved

residues that bind the [NiFe] catalytic site and its proximal [4Fe-4S] cluster (9,10), indicating a
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distinct evolutionary history (11). Group 4 hydrogenases play an important role in conserving
energy by establishing ion gradients across membranes that can be used to generate adenosine
triphosphate (ATP). These enzymes are much more complex than the characterized dimeric
hydrogenases and contain at least six subunits. The simplest members include the 7-subunit
hydrogenase 3 from Escherichia coli, which oxidizes formate and evolves H, (12,13), the 8-
subunit CO-induced hydrogenase of some CO-oxidizing bacteria that conserve energy from
coupling the oxidation of CO to H, production (10,14), and the 6-subunit ‘energy-conserving’
hydrogenase (Ech) from the archaeon Methanosarcina barkeri, which functions in
methanogenesis (15,16). More complex members of the group 4 enzymes include the 18-subunit
formate hydrogen lyase (FHL) system from Thermococcus onnurineus (17), which oxidizes
formate and evolves hydrogen (80°C). Six subunits conserved within the group 4 hydrogenases
are homologous to six subunits found in the catalytic core of the ubiquitous aerobic respiratory
complex NADH quinone oxidoreductase or Complex | (NuoBCDIHL: (9-11,18)). This conserved
six subunit homology suggests a close evolutionary history between group 4 enzymes and
Complex I and shows the importance of the hydrogenases in respiratory processes. However, due
to the inherent difficulty of purifying and characterizing large, multi-subunit membrane
complexes, little is known about their structure and function (16,19,20).

Hyperthermophilic archaea such as Pyrococcus furiosus, which grows optimally at 100°C
(21), contain a complex hydrogenase system (11). P. furiosus grows by fermenting sugars to
acetate, CO, and H, and its membrane bound hydrogenase (MBH) catalyzes H, production using
reduced ferredoxin (Fd) generated from sugar oxidation, as the electron donor (11). Previous
studies of P. furiosus MBH showed that it is encoded by a 14-gene operon (mbhA-N: PF1423-

PF1436; Fig. 1; (22)). Six of the last seven genes in the operon are homologous to those

100



encoding the “core” subunits of Complex I (mbhH,J-N, Fig. 1) while the other eight subunits
(mbhA-H) are homologous to subunits of the Mrp monovalent cation/proton antiporter of some
mesophilic bacteria (23). Mbhl does not have homology to either Complex | subunits or the Mrp
subunits, but MbhH has homology to both. Mrp catalyzes the efflux of monovalent cations, such
as Na', K*, and Li" outward in a coupled reaction that transports protons inwards. Of the 14
subunits of MBH, only mbhJKLN are predicted not to encode transmembrane helices (22,24).
MbhJ and MbhN are proposed to contain one and two [4Fe-4S] clusters, respectively, where
MbhJ is the equivalent of the small subunit of the group 1 dimeric [NiFe]-hydrogenases (Fig. 1).
MbhKL are the equivalent to the large subunit and contain the [NiFe] active site, with the four
Cys residues provided by MbhL.

The respiratory function of MBH was demonstrated by adding reduced ferredoxin to
inverted membrane vesicles of P. furiosus, whereby H,, ATP and an electrochemical gradient
were formed (25). Inhibition studies established that MBH evolved H, while a membrane bound
ATP synthase produced ATP. The much lower reduction potential of ferredoxin (-454 mV (26))
compared to NADH (-320 mV) makes ferredoxin a more thermodynamically favorable electron
donor for H, production, and allows energy to be conserved by a respiratory mechanism (25).
Since P. furiosus ATP synthase uses Na* ions rather than protons (27), and the MBH complex
encodes a Na'/H" antiporter (Mrp), it is thought that the hydrogenase module of MBH evolves
H, and generates a proton gradient, while the Mrp module transforms it into a Na* gradient that
in turn drives ATP synthesis via ATP synthase (11). Interestingly, MBH in isolated P. furiosus
membranes is almost exclusively unidirectional in favor of H, production in standard in vitro
assays (24). This is remarkable as other [NiFe]-hydrogenases preferentially catalyze H,

oxidation, usually by orders of magnitude (2).
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This work defines biochemical and structural information on the solubilized and intact
14-subunit MBH complex of P. furiosus. We employed the recent development of genetic tools
in this organism (28) that have enabled, for example, its cytoplasmic [NiFe]-hydrogenase to be
affinity-labeled, overexpressed and purified by affinity chromatography (29,30). Herein we
demonstrate that the same strategy can be applied to the MBH complex and show that the
purification efficiency depends on the location of the affinity tag on the complex. This is the first
report of the affinity purification and characterization of an entire respiratory system from an
archaeon as a single intact complex.

METHODS

Generation of P. furiosus strains expressing affinity tagged MBH -A competent strain of P.
furiosus (COM1) was used to manipulate the MBH operon (28). A one-step marked knock-in
genetic protocol was used in which a polyhistidine (Hisg) affinity tag was inserted at the C-
terminus of the last gene in the operon (mbhN, PF1436) yielding strain MWO0403 (Fig. 2A), or
within the operon at the N-terminus of mbhJ (PF1432) yielding strain MWO0414 (Fig. 2B). The
knock-in cassette, which contains the selectable marker and the strong constitutive promoter of
the gene encoding the S-layer protein (Psp) with an in frame Hisg tag, were generated by using
overlapping PCR (31) and Prime Star HS polymerase premix (Clonetech, USA) was used to
make the knock-in cassette. PyrF was the selectable marker and was placed under the control of
the glutamate dehydrogenase promoter (Pgan). In strain MWO0403, expression of the MBH operon
was controlled by the native mbh promoter, while in strain MWO0414, the expression of mbhJ and
the subsequent five genes (mbhK-N) was under control of Pg,. Generation of MWO0414 required
the marker cassette to be placed in front of mbhJ within the MBH operon (Fig. 2B). Expression

of MBH, where mbhN was tagged, was under control of the native mbh promoter and the tag was
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placed at the C-terminus of the operon (Fig. 2A). All transformants were PCR screened for
correct insertion and the PCR product was sequenced (Macrogen, MD).

Membrane preparation-Cells were lysed using 50 mM EPPS (4-(2-Hydroxyethyl)-1-
piperazinepropanesulfonic acid; Sigma-Aldrich, USA), pH 8.0, containing 50 upg/ml
Deoxyribonuclease | (DNase I; Sigma-Aldrich, USA), and 2 mM dithiothreitol (DTT; Inalco,
Italy) in a 5:1 ratio of buffer to cells in an anaerobic chamber (Coy, MI). After 2 hr incubation at
23°C, cells were passed twice through a French press at a pressure of 1000 psi. The cell lysate
was then centrifuged in a Beckman-Coulter Optima L-90K ultracentrifuge at 100,000 x g for 1
hr. The supernatant was removed and the membrane pellet was re-suspended in wash buffer (50
mM EPPS, pH 8.0, containing 5 mM MgCl,, 50 mM NaCl, 10% (v/v) glycerol (all obtained
from J.T. Baker), 2 mM DTT & 0.1 mM phenylmethylsulfonyl fluoride (PMSF). The membrane
pellet was homogenized using 15 ml Pyrex tissue grinders (Pyrex, USA) and the pellet was
collected by ultracentrifugation. The washing procedure was repeated twice more, and the pellet
was resuspended in 50 mM Tris-HCI (tris(hydroxymethyl)aminomethane (Sigma, USA), pH 8.0,
5 mM MgCl,, 50 mM NacCl, 5% (v/v) glycerol, 2 mM DTT and 0.1 mM PMSF (resuspension
buffer).

Membrane solubilization by different detergents -The detergents tested to solubilize MBH were
Cymol, Fos-Choline, sodium deoxycholate, N-dodecyl-B-D-maltoside (Affymetrix, USA),
Triton-X 114, Triton-X 100 (Bio-Rad, USA). For Cymol, Fos-Choline, Triton-X 114, Triton-X
100 and N-dodecyl-B-D-maltoside, the detergent was added to a final concentration of 2% (w/v)
to washed membranes (6 mg detergent/mg membrane protein) and the suspension was incubated

for 16 hr at 40°C. The same procedure was used for sodium deoxycholate except that the
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incubation time was 2 hrs. Concentrations of 5, 10 and 20% (w/v) Triton-X 100 were used and
incubations were carried out at both 4 and 40°C.

Affinity Purification of MBH-AII purification steps were carried out anaerobically using a Coy
anaerobic chamber (Coy laboratories; Michigan, USA). Triton-X 100 (10%, w/v) was incubated
with washed membranes (30 mg detergent/mg membrane protein) for 16 hr at 4° C. The sample
was centrifuged in a Beckman-Coulter Optima L-90K ultracentrifuge at 100,000 x g for 1 hr.
The supernatant was collected, diluted to twice the volume with buffer A (50 mM Tris-HCL, pH
8.0, containing 400 mM NacCl, 0.1% (w/v) Triton X-100 and 4 mM DTT) and applied to a 5 ml
FF His-Trap Ni-NTA column (GE Healthcare, USA). The column was washed with buffer A
and the bound protein was eluted with a 20-column volume gradient from 100% buffer A to
100% buffer B (buffer A containing 500 mM imidazole).

Superose 6 analysis for determination of MBH molecular weight-The molecular weight of the
purified MBH sample was analyzed using a calibrated 24 ml Superose 6 30/100 column (GE
Healthcare, USA) equilibrated in buffer C (50 mM Tris-HCL, pH 8.0, containing 300 mM NacCl,
0.02% (w/v) Triton X-100 and 2 mM sodium dithionite (DT)). MBH purified from the superose
6 column was used for the SDS-PAGE gel analysis.

SAXS Data -Small angle X-ray scattering was collected at the SIBYLS beamline at the Advanced
Light Source (Berkeley, CA) as described (32,33). The sample was buffer exchanged using an
Amicon Ultra centrifugal concentrator (Millipore, USA) in buffer containing 50 mM Tris, pH
8.0, 400 mM NaCl, 0.02% (w/v) Triton-X 100 and 4 mM DTT. Thus Triton-X concentration
was below the critical micelle concentration. A sample was collected both before and after buffer
equilibration. Subtraction of either buffer sample yielded identical results to within experimental

error (~1% of signal). For anaerobic data collection, samples were handled in a positive pressure
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helium box (containing less than 0.01% O,). MBH was prepared at 5.0, 3.3, and 1.6 mg/ml
Resulting samples were exposed for 0.5, 0.5, 2 and 4 s for data collection. Minor concentration
dependence was observed and corrected for by extrapolating to zero concentration. The MBH
samples were placed 1.5 m from a MAR165 CCD detector arranged co-axial with the 12 keV
monochromatic beam; 10'? photons/second were impingent on the sample. The spot size at the
sample was 4 x 1 mm convergent to a 100 pum spot at the detector. Buffer subtraction and raw
image data were integrated by beamline software specific for this arrangement (33). Scattering
data were plotted on log of X-ray intensity scale vs momentum transfer (q) in inverse A where q
= (4 7 sin(82))/A and @ is the scattering angle relative to the incident beam and A is the
wavelength. Processing of SAXS data was conducted utilizing the Scatter package. GNOM was
utilized to extract the P(r) function (34).

The scattering profile used to calculate the pair distribution function and subsequently in
GASBOR (35) was a merged profile combining all four exposures from all concentrations. The
two 0.5 second exposures for each concentration were referenced against one another to check
for radiation damage. As none was observed the two exposures were averaged. The longer
exposures were used to reduce noise in the high q region. Once each individual concentration
had been merged, the three concentrations were used to apply a concentration dependent
correction. Ten GASBOR calculations generated ten models from the scattering curve which
were averaged and filtered together using the GASBOR associated package DAMAVER. The
DAMAVER reported normalized spatial discrepancy (NSD) which measures agreement between
models was 2.1. The individual models are shown in Supplementary Material and all support an

elongated and asymmetric molecule (supplemental Table S1, supplemental Fig. S1-3).
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Other Methods-Hydrogenase assays were performed at 80° C and H, was measured using an
Agilent Technologies 6850 gas chromatograph. H; evolution activity was determined using
dithionite-reduced methyl viologen (MV; Sigma-Aldrich, USA) as the electron donor (29) or P.
furiosus ferredoxin reduced by P. furiosus pyruvate ferredoxin oxidoreductase (POR). The
POR-linked assay contained 100 mM EPPS pH 8.4, 10 mM Na-pyruvate, 0.2 mM coenzyme A,
0.4 mM TPP, 2 mM MgCl,, and 2 mM DTT, POR (30 pg/ml) and ferredoxin (100 ug/ml).
Methyl viologen was used as the electron acceptor in the hydrogen oxidation assays. Oxygen
sensitivity assays were carried out by exposing the MBH sample (100 ug/ml) in buffer
containing 50 mM Tris, pH 8.0, 400 mM NaCl and 4 mM DTT, to air while shaking (30 rpm)
and samples were taken at 0, 2, 4, 8, 16 and 32 hr to determine residual hydrogenase activity.
Thermal stability at 90°C was carried out in the same fashion except that the samples were
maintained under anaerobic conditions.

Purified MBH complexes were analyzed by electrophoresis using 4-12% Bis-Tris
NUPAGE gels (Invitrogen, USA) and 4-20% Tris-Glycine NUSEP gels (Bio-Rad, USA). Bands
were cut from the SDS-PAGE gel and were analyzed by MALDI-TOF. Purified MBH was also
digested in solution with trypsin overnight and identified using 2D LC-MS/MS. Nickel and iron
were measured using a octopole-based ICP-MS (7500ce Agilent Technologies, Tokyo, Japan)),
equipped with a MicorMist nebulizer (36). X-band (~9.6 GHz) electron paramagnetic resonance
(EPR) spectroscopy was carried out using a Bruker ESP-300E EPR spectrometer equipped with
an ER-4116 dual-mode cavity and an Oxford Instruments ESR-9 flow cryostat.

RESULTS
Construction of affinity-tagged MBH- As shown in Fig. 1, the subunits encoded by the

first 8 genes of the MBH operon, together with mbhl and mbhM, are predicted to be membrane
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bound, and therefore these were not considered as targets for affinity tagging. On the other hand,
mbhJKLN are not predicted to encode transmembrane helices and are thought to be located on
the cytoplasmic side of the membrane complex (22). The Hisg-affinity tag was inserted either at
the C-terminus of the subunit encoded by mbhN, which is the last gene in the operon, or at the N-
terminus of the subunit encoded by mbhJ. The forms of MBH that were generated were
designated N-MBH (in P. furiosus strain MW0403) and J-MBH (MW0414), respectively. The
Hisg tag was chosen as it has been successfully used to purify a form of the cytoplasmic [NiFe]-
hydrogenase from P. furiosus (30), suggesting that the tag is unlikely to interfere with synthesis
of the [NiFe]-catalytic site of MBH. The recombinant strains generated in this study are
summarized in Table 1 and the strategy for constructing N-MBH and J-MBH is shown in Fig. 2.

Affinity purification of MBH-Previous attempts to solubilize MBH from the membrane were
carried out using the detergents dodecyl-B-D-maltoside (DDM) and sodium deoxycholate
(22,24). However, DDM was not pursued since at higher concentrations it is not compatible with
the Ni-NTA affinity purification step, and was not successful previously in purifying the intact
complex. Sodium deoxycholate (2%, wi/v) efficiently solubilized MBH but incubation for more
than 2 hours led to deactivation of the enzyme (24). Cymol, Fos-Choline and Triton-X 114 were
not as efficient as Triton-X 100 at solubilizing MBH as measured by recovery of hydrogenase
activity (Hz-production from reduced MV) using 2% (w/v) final detergent concentration (data
not shown). Since Triton X-100 is compatible with the Ni-NTA affinity step and was used to
successfully purify the ATP synthase from P. furiosus (37), it was investigated over the
concentration range of 5 - 20% (w/v) at both 4 and 40°C. From this analysis, it was determined
that 10% (w/v) Triton-X 100 at 4°C (using 3 mg/ml protein) gave > 90% recovery of the

hydrogenase activity in a solubilized form of both N-MBH and J-MBH. The affinity purification
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step was carried out under anaerobic conditions but the placement of the Hise-tag clearly affected
the efficiency of purification. The J-MBH form yielded ~3 mg of MBH per 50 grams of cells
(wet weight) with a yield of activity of 27% (Table 2). In contrast, the yield with N-MBH was
only 2% with < 1 mg of protein (data not shown). Hence, placing the affinity tag on the N-
terminus of the “small” subunit (MbhJ) of this MBH is much more efficient in terms of
purification than tagging MbhN. J-MBH was therefore utilized for all of the characterization
studies described below and it will be referred to as purified or solubilized MBH.
Characterization of purified MBH-The purified MBH obtained from affinity purification was
analyzed by SDS-PAGE (Fig. 3). Protein bands consistent with the calculated molecular weights
from deduced amino acids sequences were observed for all fourteen subunits. Note that the
proposed catalytic subunit, MbhL (calculated MWt of 47,903 Da), undergoes C-terminal
proteolysis during the processing of the [NiFe]-site, where 47 amino acids are removed, and the
calculated size of the mature subunit is 42,899 Da. Thirteen of fourteen MBH subunits were
identified both by cutting protein bands from the SDS gel and by using in-solution trypsin
digestion followed by LC-MS/MS. MbhJKL was identified by MALDI-TOF analysis from bands
cut from the SDS-PAGE gel. The rest of the subunits (including MbhJKL) were identified by
LC-MS/MS analysis of in-solution digested samples (supplemental Table S2). MbhD was the
only subunit not identified by the LC-MS/MS or MALDI-TOF analyses. This is a small
hydrophobic protein (10,412 Da) that is likely resistant to trypsin digestion. A contaminant
protein band was observed around the 47 kDa position of the gel and was identified as elongation
factor 1-alpha (EF1-a; PF1375; Fig 3).

Purified MBH was also analyzed using a calibrated Superose 6 gel filtration column and

gave rise to a single protein peak corresponding to a mass of 310 + 11 kDa (supplemental Fig.
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S4). The predicted mass of the entire MBH complex calculated from the deduced amino acid
sequences is 298 kDa. These results indicate that the entire complex containing a single copy of
each of the fourteen subunits has been solubilized and purified.

Purified MBH contained both iron and nickel by analysis using ICP-MS in a ratio of 15.4
+ 0.5:1. This result supports the proposed presence of three [4Fe-4S] clusters in the enzyme
(Fig. 1), which together with the [NiFe] active site gives a predicted ratio of 13:1. The protein
purified under anaerobic conditions (in the presence of DTT) exhibited a rhombic EPR signal at
50K with g-values of 2.39, 2.17 and 2.05 (supplemental Fig. S5) indicative of the Ni-B “ready”
state (6). No additional EPR resonances were observed that might be attributable to the iron-
sulfur clusters after reduction of the as-purified enzyme with sodium dithionite, and the thionine-
oxidized enzyme was also EPR-silent.

MBH uses reduced ferredoxin as an electron donor in vivo and, as shown in Fig. 1, the
redox protein is proposed to interact with MbhN. In a previous attempt to characterize MBH, its
solubilization led to the loss of the ability to use ferredoxin as an electron donor (22). As shown
in Table 3, the solubilized enzyme evolved H, from reduced ferredoxin, which was reduced
using the native pyruvate oxidoreductase (POR) system with specific activities of 0.14 and 0.02
U/mg for the purified and membrane bound enzymes, respectively, in accordance with increase
in purity of the MBH complex. These results suggest that the [Fe-S] clusters and [NiFe] site are
intact and functional. The enzyme also retained its catalytic preference upon solubilization. The
ratio H, evolution to H, oxidation was similar (25:1) for both the membrane bound and the
solubilized forms. The two forms of MBH were similarly insensitive to inactivation by oxygen,

with half-lives under air while shaking of approximately 14 hrs. On the other hand, as might be
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expected, the solubilized enzyme was much less thermostable with a half-life at 90°C of 1 hr,
compared to 25 hr for the membrane bound form.

SAXS data analysis-The quaternary structure of purified MBH was analyzed by small angle x-
ray scattering (SAXS). Analysis of the SAXS profiles as a function of MBH concentration
showed only a minor concentration dependence where the lower concentration (1.5 mg/ml) had a
higher radius of gyration than the higher concentration sample (5 mg/ml) providing greater
confidence that the sample was not aggregating (Fig. 4A). Also shown in dashed lines is the
profile for the six core subunits of Complex | (PDB 4HEA). From this, we can further see the
similarities between MBH and Complex | as the six core Complex | subunits and the MBH
calculated profiles agree in much of the low q region, which suggests that there are similar
features and dimensions between the two proteins (Fig. 4A). Guineir analysis of the low g
(momentum transfer in A™) region of the SAXS profile extrapolated to zero concentration
yielded a radius of gyration of 63 = 2 A. From the radius of gyration and volume of correlation,
the mass of the purified MBH was calculated from the SAXS profile (38) to be 310 kDa, which
in good agreement with the predicted value of 298 kDa and the experimental value from the SEC
column (310 kDa). In Fourier transform, the real space P(r) function provided an estimated
maximum dimension of 288 A and also suggests a globular shape of the purified MBH (Fig. 4B).
The scattering profile decayed as g* (the value expected for a folded rigid protein (39)). Using
ten GASBOR (34) runs an average shape was calculated without symmetry (Fig. 5). With a
calculated mass in agreement with the mass of the monomer to within error, the “Z-shaped”
structure is expected to characterize the mono-dispersed homogenous species. A comparison to
subunits of the atomic resolution structures of NADH quinone oxidoreductase or Complex |

(PDB 4HEA) is shown within the MBH SAXS model (Fig. 5). The Complex I homologous
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subunits of MBH are drawn in ribbon. These include four cytoplasmic subunits homologous to
MbhJKLN (NuoBCDI) and one membrane bound subunit (MbhM/NuoH). The Complex |
homolog of MbhH (NuoL) is not continuous with the other homologs within the MBH SAXS
model and is shown (green ribbon) with an intervening non-homologous section of Complex |
(red space filling). We can distinguish where in the SAXS model the membrane bound subunits
(including the Mrp subunits) and soluble subunits (including the catalytic subunit) are located
(Fig 5). The overall SAXS analysis reveals as a folded assembled complex suitable for the
pursuit of other forms of structural analyses for MBH including crystal structures.
DISCUSSION

We describe here the first successful affinity purification of a membrane bound energy-
conserving group 4 hydrogenase with an engineered tag. There is only one previous report of
affinity purification of any membrane bound hydrogenase and this is for the group 1 dimeric
enzyme from the mesophilic bacterium Rhizobium japonicum, although in that case affinity
purification took advantage of NAD as a substrate and used a reactive-red 120-agarose column
(40). There is only one previous example of affinity purification of an entire respiratory
complex: this is the 6-subunit membrane bound NADH quinone oxidoreductase from the
mesophilic bacterium Vibrio cholera, which compares with the 14-subunit MBH. This also used
an engineered Hisy tagged protein that was solubilized with the detergent dodecyl maltoside
(DM) (41). Herein we show that the location of the affinity tag is critical, with a much higher
recovery of activity with the tag located on MbhJ compared to MbhN. The former tag location is
probably more accessible to the Ni-NTA column and results in the improved purification. The
high recovery of enzymatic activity with J-MBH after both solubilization and the affinity step is

also noteworthy. For example, the purification of the P. furiosus ATP synthase yielded 2% of the

111



initial activity with < 1 mg from 50 g of cells (37). This compares with ~3 mg with a yield of
activity of 27% for P. furiosus MBH (Table 2).

Solubilized P. furiosus MBH was purified as an intact complex that evidently contains
one copy of each of the 14 subunits encoded by the MBH operon (Fig. 1) with calculated and
measured masses of 298 and 310 kDa, respectively. The predicted and measured contents of
nickel and iron (13:1 and 15:1, respectively) are also in good agreement with a completely intact
complex. Earlier attempts to purify MBH using standard chromatographic techniques resulted in
partial purification of complexes containing predominantly MbhLK or MbhJ-N (22,24). Like the
intact MBH complex purified herein, these subcomplexes were catalytically active and the as-
purified enzyme exhibited a rhombic EPR signal with g-values very similar to what was
observed here with intact MBH (22). However, in that case the signal was assigned to the Ni-C
state, while from the g-values it is the same Ni-B signal that was observed here (6). Interestingly,
in the prior study (22), an EPR signal indicative of reduced iron-sulfur clusters signal was
observed, but that was not the case here with the complete complex, suggesting perhaps a change
in conformation of the cluster-containing subunits when detached from intact MBH. The oxygen
tolerance of purified MBH was similar to that in the membrane bound form, indicating that the
infrastructure around metal centers is maintained after detergent extraction. Even though
purified MBH was much less thermostable than the membrane bound enzyme, it was still a very
stable complex (half-life at 90°C of 1 hr), illustrating an advantage of solubilizing membrane
proteins from hyperthermophilic species.

MBH and other group 4 hydrogenases are proposed to have an evolutionary history in
common with the aerobic respiratory Complex I (NADH quinone oxidoreductase). This 16-

subunit 536 kDa enzyme is the largest complex of the aerobic electron transport chain and
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couples NADH oxidation to ubiquinone reduction and proton translocation (42,43). The proton
gradient is utilized by ATP synthase to generate ATP. Group 4 hydrogenases have a similar
function in generating a proton gradient, while P. furiosus MBH has an additional Mrp modules
that serves to generate a sodium ion gradient (11). There are six conserved subunits found in the
group 4 hydrogenases that are also found in Complex I. These subunits comprise the Complex |
core and the subunit that binds quinone is the homolog of the [NiFe]-containing catalytic subunit
of the group 4 hydrogenases (9,10). This homology with Complex I allows placement of five of
these six core subunits from the crystal structure of Complex I from Thermus thermophilus (PDB
4HEA) within the SAXS model as cytoplasmic subunits, including the catalytic subunit of MBH.
This fit also allows us to postulate where to place the membrane wall in the model, as shown in
Fig. 5. Since Complex | does not contain any homolog of the Mrp subunits, we would not
expect the core subunits to completely fit within the MBH SAXS model. Overall, generation of
the SAXS model of MBH shows that our purified protein is sufficiently homogenous for low-
resolution structural characterization. P. furiosus MBH represents a large family of membrane
bound respiratory complexes that include those that oxidize formate and carbon monoxide (11).
In addition to the Mrp and hydrogenase modules, these enzymes contain additional subunits that
oxidize the C-1 substrates. As yet, none of these complexes have been solubilized and purified
other than MBH. However, P. furiosus was recently used to heterologously express the
membrane bound 18-subunit formate hydrogen lyase (FHL) of Thermococcus onnurineus to give
a functional complex that oxidizes formate and evolves H, (17,44). FHL is also encoded by a
single operon and in addition to two subunits that show sequence similarity to formate
dehydrogenases, the FHL complex contains four homologs of the mbhH subunit of P. furiosus

MBH for reasons that are not at all clear. Otherwise, the subunits of the hydrogenase module of
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FHL are very similar to those of P. furiosus MBH, suggesting that a similar tagging and
purification strategy (with the Hisg tag attached to the fhIN subunit) might be successful for the
intact FHL complex, and this is currently being investigated. In conclusion, we have devised a
one-step affinity purification protocol for the respiratory MBH of P. furiosus that gives a high
yield of the entire catalytically-active membrane bound complex. The group 4 hydrogenases
show little sequence similarity to the structurally characterized group 1 2-subunit enzymes,
except for the residues that bind the [NiFe] active site and the [4Fe-4S] proximal cluster (9,10).
Further characterization of MBH may therefore provide insight into the diversity of hydrogenase
structure and function, such as providing a strategy for the characterization of closely related but
even more complex membrane bound respiratory enzymes, as well as providing evolutionary

insights into the ubiquitous Complex | of aerobic organisms, both prokaryotic and eukaryotic.
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Table 3.1. Strains used in this work.

Strain Genotype Deleted Or Parent Strain ~ Refs
Designation Inserted
ORF/Elements
COM1 A pyrF PF1114 DSM 3638 (30)
MWO0414 ApyrF::Pean pyrF P, P Hisy inserted  COMI This
Hisg PF1432 in front of study

PF1432 (mbhJ)

MWO0403 ApyrF:: PF1436 Hisg Hisg  inserted COMI This
Poan pyrF behind PF1436 study
(mbhN)

COM1 was the competent parent strain. MWO0414 and MWO0403 were generated by placing the
marker cassette at the N-terminus of mbhJ and at the C-terminus of the operon at mbhN,
respectively.
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Table 3.2. Purification of J-MBH

1
Ste Total Units Total  Protein Specific % Fold
p (umol min-l) (mg) Activity Yield Purification
Wash 184 172 1.1 100 1.0
Membrane
Triton-X 100 148 147 1 80 0.9
Extraction
Ni-NTA 50 2.6 19 27 17
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Table 3.3. Properties of J-MBH

Washed

Property J-MBH Membranes
POR-Fd H; Evolution Activity (U/mg) 0.14 0.02
H, evolution:H; oxidation activity

. . 25:1 26:1
(using MV as electron carrier)
Half-life (t, ,, hr) at 90°C under argon 1 hr 25 hr
Half-life (t, ,, hr) at 25°C under air 15 hr 13 hr
Metal content (Fe:Ni) 15:1 19:1
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Figure 3.1

Schematic representation of P. furiosus MBH. Upper: Operon encoding P. furiosus MBH.
The Mrp module is encoded by MbhA-H and the hydrogenase module by MbhI-N. Lower: The
enzyme is predicted to contain three [4Fe-4S] clusters in addition to the [NiFe]-catalytic site.
The Hisgy-affinity tag was attached to either MbhJ or MbhN as indicated. Fdeq and Fdox
represent the reduced and oxidized forms of P. furiosus ferredoxin. The predicted size (kDa) of

each MBH subunit is shown in the table.
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Mrp module > & Hydrogenase module ——— —

MBH Molecular Weight

Subunit (kDa)
MBH A 18.7 Outside
MBH B 9.1
MEH C 13.5
MBH D 10.4
MEHE 11.1
MBH F 15.5
MBH G 12.8 Inside
MBH H 54.9 Fd,., 2H"
MBHI 13.0
MBH J 18.3 Fd,, H,
MEH K 20.2
MEH L 47.9 (N-MBH) Tag
MBH M 35.4 (J-MBH)
MBH N 15.7
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Figure 3.2

The genetic strategy used to insert the Hisgy tag into MBH. A) The tag is inserted at the C-
terminus of mbhN (yielding P. furiosus strain MW0403) where PF1437 is the gene immediately
downstream of the MBH operon. B) The tag is inserted at the N-terminus of mbhJ (yielding P.

furiosus strain MWO0414). The abbreviations are: UFR and DFR, upstream and downstream

flanking regions (1 kb) of the MBH operon; pyrF, selectable marker; Pgqnand P, promoters
for the gene encoding glutamate dehydrogenase and the S-layer protein of P. furiosus,

respectively. The affinity tag was Hisgx-tag.

126



~ 1 \ /,
\\\ ! 1\ ’f
-~ d \ 7
~ /! -\
'\\ /, \
! '\\ ’d' \
/ ~ - \
~ e
l His,-tag
Pean
MWO0414

127



Figure 3.3

SDS-PAGE of purified J-MBH. MBH subunits were analyzed from bands cut from gel and
from samples that were digested in-solution. MBH subunits identified by either MALDI-TOF or
LC-MS/MS are labeled with a black arrow. MbhD is the only subunit not identified and the

protein band corresponding to its calculated molecular weight is shown by a dashed arrow.
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Figure 3.4

SAXS analysis of purified MBH. (A) Experimental SAXS profile of MBH (blue) with the
Guineir region plotted on the inset with a linear fit (red). The calculated profile from a portion of
Complex I (NADH quinone oxidoreductase, PDB 4HEA,; dashed black line) is shown for

comparison. (B) The real space pair distribution file extracted from SAXS data.
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Figure 3.5

Shape and assembly of MBH from SAXS. Shapes generated from SAXS are elongated and
multi-lobed. The homologous portions of Complex I (NADH quinone oxidoreductase, PDB
4HEA) shown in ribbon were augmented by intervening and non-homologous portions (red
spheres) to create an atomic model of equivalent size to MBH. This model was fit into the SAX
S generated shape, shown rotated in 3 orientations. By analogy portions of the shape which a
likely associated with the cellular membrane (the MRP module) and oxidize Ferredoxin (Fd) are

identified.
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CHAPTER 4
ENGINEERING THE RESPIRATORY MEMBRANE-BOUND HYDROGENASE OF

THE HYPERTHERMOPHILIC ARCHAEON PYROCOCCUS FURIOSUS AND
CHARACTERIZATION OF THE CATALYTICALLY-ACTIVE CYTOPLASMIC

SUBCOMPLEX"

'McTernan PM, Chandrayan SK, Wu C-H, Vaccaro BJ, Lancaster WA, et al. 2014. Protein

Engineering Design and Selection gzu051: 1-8. Reprinted here with permission of the publisher.
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ABSTRACT

The archaeon Pyrococcus furiosus grows optimally at 100 degrees C by converting
carbohydrates to acetate, CO, and H,, obtaining energy from a respiratory membrane-bound
hydrogenase (MBH). This conserves energy by coupling H, production to oxidation of reduced
ferredoxin with generation of a sodium ion gradient. MBH is a group 4 hydrogenase and is
encoded by a 14-gene operon that contains hydrogenase and Na'/H " antiporter modules. Herein a
His-tagged 4-subunit cytoplasmic version of MBH (C-MBH) was engineered and expressed in P.
furiosus by differential transcription of the MBH operon. It was purified under anaerobic
conditions by affinity chromatography without detergent. Purified C-MBH had a Fe:Ni ratio of
14:1, similar to the predicted value of 13:1. The O, sensitivities of C-MBH and the 14-subunit
membrane bound version were similar (half-lives of ~15 hr in air), but C-MBH was more
thermolabile (half-lives at 90 degrees C of 8 hr and 25 hr, respectively). C-MBH evolved H,
with the physiological electron donor, reduced ferredoxin, optimally at 60 degrees C. This is the
first report of the engineering and characterization of a soluble catalytically-active subcomplex

of a membrane bound respiratory hydrogenase.
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INTRODUCTION

Due to limiting fossil fuel availability and a growing need for energy, a major push has
occurred recently to generate alternative renewable fuels. Such fuels must be energy efficient as
well as carbon neutral, and biohydrogen production meets these criteria (Lee et al., 2010).
Hydrogen gas is metabolized by microbes from all three domains of life using the enzyme
hydrogenase, which functions to catalyze the reversible reduction of protons to molecular
hydrogen (H;) (Vignais and Billoud, 2007). Hydrogenases are classified based on the metal
content of their active sites into the [NiFe]-, [FeFe]- and the [FeS] cluster free-hydrogenases. The
[NiFe]-hydrogenases are ubiquitous in the microbial world and have been extensively studied
from numerous mesophilic bacteria (Fontecilla-Camps, 2009; Friedrich et al., 2011; Shafaat et
al., 2013). The minimum structure of the [NiFe] hydrogenase is a heterodimer composed of a
large and small subunit. The large subunit contains the [NiFe] catalytic site that is coordinated by
the sulfur atoms of four cysteine residues organized into two —CxxC— motifs near the N- and C-
termini. The small subunit typically contains three iron-sulfur clusters invariably of the [4Fe-4S]
type that shuttle electrons between an acceptor/donor for the enzyme and its active site (Vignais
and Billoud, 2007). [NiFe]-hydrogenases are classified into four groups based on the phylogeny
of their catalytic subunits (Vignais and Billoud, 2007). The majority of crystal structures for
[NiFe]-hydrogenases are available for group 1 hydrogenases (Volbeda et al., 1995; Volbeda et
al., 2013). Recently, the first crystal structure of a group 3 hydrogenase was determined from
Methanothermobacter marburgensis (PDB code: 4OMF) (Vitt ef al., 2014).

Group 4 hydrogenases are the least studied of the [NiFe]-hydrogenases. These
hydrogenases are defined as the H,-evolving energy-conserving membrane-associated

hydrogenases (Vignais and Billoud, 2007). Very little sequence similarity exists between group 4
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hydrogenases and other [NiFe] hydrogenases except for the conserved residues that bind the
[NiFe] catalytic site and its proximal [4Fe-4S] cluster, indicating a distinct evolutionary history
(Hedderich, 2004; Hedderich, 2005; Schut et al., 2013). Group 4 hydrogenases play an important
role in conserving energy by establishing ion gradients across membranes that can be used to
generate ATP. These enzymes contain at least six subunits and are much more complex than the
characterized dimeric hydrogenases. The simplest members include the 6-subunit ‘energy-
conserving’ hydrogenase (Ech) from the archacon Methanosarcina barkeri, which functions in
methanogenesis, and the 7-subunit hydrogenase 3 from Escherichia coli, which oxidizes formate
and evolves H, (Kurkin et al., 2002; Meuer et al., 1999; Bohm et al., 1990; Sauter et al., 1992).
Six subunits conserved within the group 4 hydrogenases are homologous to the catalytic core of
the ubiquitous aerobic respiratory complex NADH quinone oxidoreductase or Complex I
(NuoBCDIHL) (Hedderich, 2004; Hedderich, 2005; Schut et al., 2013; Marreiros et al., 2013).
This conserved homology suggests a close evolutionary history between group 4 enzymes and
Complex L.

Pyrococcus furiosus is a hyperthermophilic archaeon that grows optimally at 100°C and
contains a complex hydrogenase system (Schut ez al., 2013; Fiala and Stetter, 1986). It grows by
fermenting sugars to acetate, CO, and H, and its membrane bound hydrogenase (MBH) catalyzes
H, production using reduced ferredoxin (Fd) generated from sugar oxidation as the electron
donor (Schut et al., 2013). Previous studies of P. furiosus MBH showed that it is encoded by a
14-gene operon (mbhA-N: PF1423-PF1436) (Sapra et al., 2000). Six of the last seven genes in
the operon are homologous to those encoding the “core” subunits of Complex 1 (mbhH,J-N)
while another eight subunits (mbhA-H) are homologous to subunits of the Mrp monovalent

cation/proton antiporter of some mesophilic bacteria (Fig. 1) (Swartz et al., 2005). The
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exceptions are mbhl, which does not have homology to subunits of either Complex I or Mrp, and
mbhH, which has homology to both (Fig. 1). Mrp catalyzes the efflux of monovalent cations,
such as Na', K', and Li" outward in a coupled reaction that transports protons inwards. Of the 14
subunits of MBH, only mbhJKLN are predicted to not encode transmembrane helices (Sapra et
al., 2000; Silva et al. 2000). MbhJ and MbhN are proposed to contain one and two [4Fe-4S]
clusters, respectively, where MbhJ is the equivalent of the small subunit of the group 1 dimeric
[NiFe]-hydrogenases (Fig. 1). MbhKL are equivalent to the large subunit and contain the [NiFe]
active site, with the four Cys residues provided by MbhL.

The evolutionary linkage between respiratory complex I and group 4 [NiFe]
hydrogenases has been extensively reviewed (Hedderich, 2004; Hedderich, 2005; Schut et al.,
2013). An “ancestral group 4 [NiFe] hydrogenase” has been proposed that evolved into the
archaeal, bacterial and eukaryotic (Nuo or Nqo, respectively) complex I by the shuffling of two
distinct modules — Mrp and Mbh. Moreover, another notion of a “universal adaptor molecule”
has been proposed to understand the evolution of Nuo or Nqo complex I and group 4
hydrogenases (Batista et al., 2013). The universal adaptor molecule is conceived as a set of
conserved subunits between group 4 hydrogenases and complex I and contains four subunits
(nuoB, nuoD, nuoH, and nuoL). NuoB and nuoD are analogous to the large and small subunits of
the group 4 hydrogenases (mbhL, mbhJ) while nuoH (mbhM) is believed to function like a
membrane anchor that links the hydrogenase module to the membrane, and nuol (mbhH) is
homologous to mrpA & mrpD from the Mrp monovalent cation/proton antiporter (Fig. 1). NuoM
and nuoN also show homology to mrpA, mrpD, and mbhH (Fig. 1). Close evolutionary
relationships have also been observed by analyzing the three dimensional structure of the

hydrophilic domains of the Nqo Complex I of Thermus thermophilus (PDB 2FUG and 3M9S)
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(Sazanov and Hinchliffe, 2006; Efremov et al. 2010). MBH has significant sequence similarity to
the Q-module of Complex I of 7. thermophilus, which includes Nqo4, 5, 6 and 9 (Fig. 1)
(Hedderich, 2004; Hedderich, 2005). The Q-module has a quinone binding grove in Nqo4, which
is where the [NiFe] site is located in the large subunit of MBH (MbhL) and the “N2” [FeS]
cluster of Nqo6 is analogous to the proximal [FeS] cluster of small subunit of MBH (MbhJ).
Nqo9 shares similarity with MbhN and harbors two [FeS] clusters. Nqo5 is homologous to

MbhK and is part of the large subunit.

The best characterized group 4 hydrogenases are the 6-subunit Ech from M. barkeri and
the 14-subunit MBH from P. furiosus. Biochemical studies of Ech have been described but there
is no information on its modular structure (Hedderich, 2005; Schut et al., 2013; Kurkin et al.,
2002; Meuer et al. 1999), P. furiosus MBH was recently affinity tagged and solubilized using
detergent to yield an intact and functional 14-subunit complex and a structural model was
obtained based on small angle X-ray scattering (SAXS) (McTernan et al., 2014). To further
understand the modular nature of MBH, engineering the 14-gene operon to generate different
forms of the enzyme could have major implications. For example, the generation of
subcomplexes of MBH could give insight into which subunits are essential for catalytic activity
and the generation of a chemical gradient, as well as providing insights into the evolution of the

ubiquitous Complex 1.

There are limited reports for the successful engineering of “minimal” versions of
hydrogenase. This was achieved with the enzyme from a Ralstonia species but involved
dissociation of the native complex rather than genetic manipulation (Grzeszik et al., 1997). The
first successful example of the engineering of a subcomplex of hydrogenase was accomplished

using the genetic system established for P. furiosus in order to make a dimeric version of its
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heterotetrameric cytoplasmic hydrogenase SHI (Hopkins et al., 2011; Lipscomb et al. 2011).
Herein, we have successfully engineered a strain of P. furiosus that generates a soluble 4-subunit
subcomplex of MBH (C-MBH). Previous attempts to purify the 14-subunit complex led to the
purification of subcomplexes of MBH but these were heterogeneous and difficult to characterize
(Sapra et al., 2000; Silva et al. 2000). In this study, we have taken advantage of the same genetic
system for P. furiosus that has been previously used to make a dimeric version of SHI and to
over-express SHI (Hopkins et al., 2011; Lipscomb et al. 2011; Chandrayan et al., 2012). We
have engineered a strain of P. furiosus by dividing the native MBH 14-gene operon into two
different transcriptional units and have incorporated an affinity tag within the operon. This
enabled us to purify a subcomplex of MBH from the cytoplasm (C-MBH) without the use of
detergents. This is the first description of the engineering of a membrane bound hydrogenase to

generate a soluble, catalytically-active enzyme complex.

METHODS

Generation of P. furiosus strains expressing affinity tagged MBH

A competent strain of P. furiosus (COMI1) was used to manipulate the MBH operon (Lipscomb
et al. 2011). A one-step marked knock-in genetic protocol was used in which a polyhistidine
(Hisy) affinity tag was inserted within the operon at the N-terminus of mbhJ (PF1432) yielding
strain MWO0414 (Fig. 2) (McTernan et al., 2014). The knock-in cassette, which contains the
selectable marker and the strong constitutive promoter of the gene encoding the S-layer protein
(P;,) with an in frame Hiso tag, were generated by using overlapping PCR (Horton et al., 1989).
Prime Star HS polymerase premix (Clonetech, USA) was used to make the knock-in cassette.
PyrF was the selectable marker and was placed under the control of the glutamate

dehydrogenase promoter (Pgg;). In strain MWO0414, the expression of mbhJ and the subsequent
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five genes (mbhK-N) was under control of Py,, while the first 9 genes are under control of the
native MBH promoter (McTernan et al., 2014). Generation of MWO0414 required the marker
cassette to be placed in front of mbhJ within the MBH operon (Fig. 2). All transformants were
PCR screened for correct insertion and the PCR product was sequenced (Macrogen, MD).

Protein expression and purification

All purification steps were carried out anaerobically using a Coy anaerobic chamber (Coy
laboratories; Michigan, USA). Cells were lysed using 50 mM EPPS (4-(2-Hydroxyethyl)-1-
piperazinepropanesulfonic acid; Sigma-Aldrich, USA), pH 8.0, containing 50 ug/ml
Deoxyribonuclease I (DNase I; Sigma-Aldrich, USA), and 2 mM dithiothreitol (DTT; Inalco,
Italy) in a 5:1 ratio of buffer to cells in an anaerobic chamber (Coy, MI). After 2 hr incubation at
23°C, cells were passed twice through a French press at a pressure of 1000 psi. Cytoplasmic
extract (S100) was prepared by centrifugation in a Beckman-Coulter Optima L-90K
ultracentrifuge at 100,000 x g for 1 hr. Cytoplasmic extract was loaded on 5 ml FF His-Trap Ni-
NTA column (GE Healthcare, USA), which was equilibrated with Ni-NTA buffer A (50 mM
Tris-HCI, pH 8.0, containing 400 mM NaCl, 4 mM DTT). The column was washed with buffer
A and the bound protein was eluted with a 20-column volume gradient from 100% buffer A to
100% buffer B (buffer A containing 500 mM imidazole). After the Ni-NTA step, the affinity
purified C-MBH was further purified using a Mono-Q column (Bio-Scale Q2 Column) The
column was equilibrated in 50 mM Tris, pH 8.0 containing 2 mM sodium dithionite (DT). The
bound protein was eluted with a 20 column volume gradient from 100 % buffer A to 100 %

buffer B (buffer A containing 2 M NaCl).

Gel Filtration chromatography
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The molecular weight of C-MBH was determined by analyzing the purified protein on a
calibrated Superdex 200 10/300 GL column equilibrated 50 mM Tris pH 8.0, 400 mM NaCl, 2
mM DT. The column was calibrated by using these standards: cytochrome c, bovine serum

albumin, and thyroglobulin.
O-PCR analysis

RNA was isolated using the Absolutely RNA miniprep kit (Agilent technologies, USA). Turbo
DNase (Agilent technologies, USA) was used to remove DNA contamination. CDNA was
synthesized using Affinityscript QPCR CDNA synthesis kit (Agilent technologies, USA).
CDNA was analyzed using Brilliant II SYBR green QPCR master mix (Agilent technologies,
USA) and measured using a MX3000P instrument (Stratagene, USA). Ct values were
normalized to the internal control pyruvate oxidoreductase (POR (pyruvate oxidoreductase)

gamma subunit; PF0971).
Other methods

Hydrogenase assays were performed at 80° C and H, was measured using an Agilent
Technologies 6850 gas chromatograph. H, evolution activity was determined using dithionite-
reduced methyl viologen (MV; Sigma-Aldrich, USA) as the electron donor or P. furiosus
ferredoxin reduced by P. furiosus POR (Chandrayan et al., 2012). The POR-linked assay
contained 100 mM EPPS pH 8.4, 10 mM Na-pyruvate, 0.2 mM coenzyme A, 0.4 mM TPP, 2
mM MgCl,, and 2 mM DTT, POR (30 pg/ml) and ferredoxin (100 pg/ml). The DT-ferredoxin
assay contained 100 mM EPPS pH 8.4, 5SmM sodium dithionite and ferredoxin (100 pg/ml).
Hydrogen uptake assay was performed by using methyl viologen as an electron acceptor in vials

saturated with hydrogen. Oxygen sensitivity assays were carried out by exposing the MBH
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sample (100 pg/ml) in 50 mM Tris, pH 8.0, containing 400 mM NaCl and 4 mM DTT to air
while shaking (30 rpm). Samples were taken at 0, 2, 4, 8, 16 and 32 hr to determine residual
hydrogenase activity. Thermal stability at 90°C was carried out in the same fashion except that
the samples were maintained under anaerobic conditions. The H, evolution assay at different
temperatures was done using 50 ug of each form of MBH (C-MBH, S-MBH, and washed

membranes).

Purified C-MBH was analyzed by electrophoresis using 4-20% Tris-Glycine NUSEP gels
(Bio-Rad, USA). Bands were cut from the SDS-PAGE gel, digested with trypsin and were
analyzed by MALDI-TOF. Nickel and iron were measured using an octopole-based ICP-MS
(7500ce Agilent Technologies, Tokyo, Japan)), equipped with a MicroMist nebulizer (Cvetkovic
et al., 2010). X-band (~9.6 GHz) electron paramagnetic resonance (EPR) spectroscopy was
carried out using a Bruker ESP-300E EPR spectrometer equipped with an ER-4116 dual-mode
cavity and an Oxford Instruments ESR-9 flow cryostat.

Temperature Studies
MW0414 was grown in a 20-L fermenter at 90°C and switched to 72°C as previously described

(Keller et al., 2013). C-MBH was purified as described above.

RESULTS
Construction of P. furiosus to generate C-MBH

We previously deleted the catalytic subunit from MBH (mbhL) and showed that a functional
complex was required for growth (in the absence of elemental sulfur) (Schut ef al. 2012). In

order to obtain a ‘minimal’ subcomplex of MBH, we decided to engineer the native MBH operon
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by splitting it into two separate transcriptional units. The first nine genes (mbhA-I) of the operon
would be under the control of the native MBH promoter, while the last five genes (mbhJ-N) are
under control of the stronger Py, promoter that controls constitutive expression of the gene
encoding the S-layer protein (Fig. 2). At the same time, an affinity-purification tag (Hisg) was
inserted within the operon at the N-terminus of mbhJ (the hydrogenase “small” subunit). We
decided to tag the small subunit of MBH as this tag position was effective for the affinity
purification of the intact 14-subunit complex (S-MBH) (McTernan et al., 2014). Hence, as
shown in Fig. 3, in the engineered strain MWO0414, the 14-gene MBH operon is expressed as two
transcripts, mbhA-I and mbhJ-N. If the two protein products (MbhA-I and MbhJ-N) were able to
combine and give a functional 14-subunit complex, then P. furiosus would be able to grow
(Schut et al. 2012). However, due to the relative strengths of the native promoter for MBH
(Pmbh) and Py, we expected that there would be excess mbhJ-N transcript relative to mbhA-I.
Assuming that the transcripts were similarly stable (see below) and were translated with the same
efficiency, then MbhJ-N, a potentially soluble form of the enzyme, should be generated in excess
of that which combines with MbhA-I to generate functional MBH. Moreover, it should be

possible to purify soluble MbhJ-N from the cytoplasmic fraction by its affinity tag (on Mbhl).

O-PCR analysis

There was no difference in growth of MWO0414 or the parent strain (data not shown), and the
specific activity of washed membranes from COMI1 and from MW0414 were the same (approx.
1.0 U/mg). This confirmed that the native MBH complex in MW0414 was intact and functional
despite being synthesized and assembled from two different subcomplexes encoded by two
different transcriptional units (Fig. 3). We first used Q-PCR analysis to determine if the split

MBH operon was indeed differentially expressed. The results showed that the mbhJ-N transcript
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was approximately 2-fold higher than that of mbhA-I (Supplementary Fig. S1). Since SHI in the
cytoplasm of P. furiosus is a very active enzyme, it was not expected that a soluble form of MBH
would be detected by an increase in total cytoplasmic hydrogenase activity, and this proved to be
the case. Nevertheless, if an intact soluble form of MBH was produced in the cytoplasm, it

should be possible to purify it using its affinity tag.

Affinity purification and characterization of affinity-tagged C-MBH

The cytoplasmic extract of MW0414 was applied to a Ni-NTA column and after washing
with buffer a significant amount of hydrogenase activity was eluted with a histidine gradient.
Hence, it appeared that a soluble His-tagged subcomplex of MBH had been produced, and this
was further purified using a Mono-Q anion exchange column. A total of 21 mg of protein
containing 12 units of hydrogenase activity (using methyl viologen as the electron donor) eluted
from the Ni-NTA column and 12 mg of protein was obtained from the Mono-Q with no loss of

activity.

From the molecular analysis (Fig. 4), the second transcript should yield a 5-subunit
MbhJ-N complex but MbhM is predicted to be membrane-associated. Analyses by SDS-PAGE
revealed that S-MBH was tetrameric (MbhJKLN) rather than pentameric (MbhJ-N) and lacked
MbhM. Protein bands corresponding to the calculated molecular weights for all four subunits
were evident on the gel. Note that the catalytic subunit, MbhL (calculated MWt of 47,903 Da) is
predicted to undergo C-terminal proteolysis during the processing of the [NiFe]-site with the
removal of 47 amino acids. This proved to be the case as the band on the gel was consistent with

the calculated mass of the mature processed subunit (42,899 Da). The presence of MbhJKLN in
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C-MBH was confirmed by LC-MS/MS analysis from trypsin-digested in-solution samples (Table

S1).

Purified C-MBH was analyzed using a calibrated S-200 gel filtration column and eluted
as a single peak corresponding to a mass of 85 £+ 5 kDa (Supplementary Fig. S2). The predicted
mass of the MbhJKLN complex calculated from the deduced amino acid sequences is 97 kDa,
suggesting that all four subunits are present but that the subcomplex is not globular in shape. To
gain a further understanding as to which subunits are associated with C-MBH, we analyzed the
purified protein with both ICP-MS and electron paramagnetic resonance (EPR). Purified C-MBH
contained both iron and nickel in a ratio of 14:1 (Table 1). This result supports the proposed
presence of three [4Fe-4S] clusters in the enzyme (Fig. 4), which together with the [NiFe] active
site should give a predicted Fe:Ni ratio of 13:1. The anaerobically purified protein after
reduction with sodium dithionite exhibited a complex rhombic EPR signal at 6K that could be
attributed to multiple [4Fe-4S]'" clusters (Supplementary Fig. S3). A schematic of purified C-

MBH containing four subunits (MbhJKLN) is shown in Fig. 4

MBH uses reduced ferredoxin as an electron donor in vivo and the redox protein is
proposed to interact with MbhN (Fig. 1) (Schut et al., 2013). C-MBH also evolves H, using
ferredoxin as the electron donor at 80°C, both when reduced by sodium dithionite or by the
native pyruvate ferredoxin oxidoreductase (Table 1). The ability of the subcomplex to catalyze
the physiological reaction is also consistent with all three [4Fe-4S] clusters being intact and
functional in C-MBH. The ratio H, evolution to H; oxidation by C-MBH using methyl viologen
as the electron carrier was 13:1, which is lower than that measured for the membrane-bound
form (26:1) but this still demonstrates that this subcomplex version of MBH prefers to evolve

hydrogen rather than oxidize it. C-MBH and the washed membrane control were similarly
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insensitive to inactivation by oxygen, with half-lives under air while shaking of approximately
13 hrs.

Temperature studies of C-MBH

Purified C-MBH was assayed at different temperatures in order to gain a better
understanding of its H, evolution activity. It was observed that C-MBH had a different
temperature profile in comparison to the form of MBH present in washed membranes (WM) or
as the solubilized, purified 14-subunit complex (S-MBH) (Fig. 5). With reduced methyl
viologen as the electron donor, C-MBH had maximal activity at 60°C and was inactive at 90°C.
In comparison the S-MBH and WM forms of MBH were maximally active at or above 90°C.
Accordingly, H, evolution by C-MBH using ferredoxin, the physiological electron donor to
MBH, was measured at 60°C (Table 1), and was higher than the activity measured at 80°C. C-
MBH therefore appeared to be less thermostable than MBH in the washed membrane and this
proved to be the case during extended incubation at high temperature. Purified C-MBH had a

half-life at 90°C of 8 hr, which compares with 25 hr for MBH in the washed membrane (Table

1.

We therefore wondered if the yield of purified C-MBH could be improved if the
recombinant P. furiosus strain was grown at a temperature lower than 90°C, where the enzyme
might be unstable and subject to proteolytic digestion. The MWO0414 strain was therefore grown
in a 20-liter fermenter at 72°C (Keller et al., 2013). Cytoplasmic extracts were prepared from
cells grown at 90°C and at 72°C and C-MBH was purified as described above using two
chromatography steps. The yield of C-MBH from the cells grown at the lower temperature was
more than twice (9.0 mg vs 4.0 mg) that obtained from cells grown at the higher temperature,

indicating that thermal degradation of the enzyme does occur during growth at 90°C. Primers for
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Q-PCR were designed to bind the first gene under control of either P, (PF1423, mbhA) or Py,
(PF1432, mbhJ) of the MBH operon (Fig. 3). The concentration of RNA was 2-fold higher when
generated from the Py, promoter throughout growth compared to the native MBH promoter and

this was independent of the temperature shift from 90°C to 72°C (Supplementary Fig. S1).
DISCUSSION

Herein we describe the first successful attempt to engineer a cytoplasmic “minimal”
catalytically-active subcomplex of a membrane bound respiratory hydrogenase. We had
previously generated a smaller form of the heterotetrameric cytoplasmic SHI from P. furiosus
(Hopkins et al., 2011). This was achieved by expressing just two of the four genes that encode
the enzyme in a strain in which all four genes had been deleted. However, it was not possible to
express simply part of the 14-gene operon encoding MBH since it impossible to obtain a strain of
P. furiosus lacking a functional MBH. We therefore engineered the MBH operon by splitting the
14-gene operon into two separate transcriptional units. This approach was risky as it was not
known if the protein products of the two different transcripts would be able to find each other
and assemble into a functional MBH complex (Fig. 3), which would enable P. furiosus to grow,
and if so, would the excess subunits form a functional complex in the cytoplasm. All of this
proved to be the case, however, as the over-expressed part of the MBH operon generated a stable
cytoplasmic protein with hydrogenase activity, although it contained four (MbhJKLN) rather
than the expected five subunits (MbhM was not present). These results show that, surprisingly,
splitting and disrupting the MBH operon still produced a functional MBH, and we were able to

purify the cytoplasmic subcomplex using the engineered affinity tag.
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We also expected to see a 1:1 ratio of MBH activity in the membrane (from 14-subunit
MBH) and in the cytoplasmic fraction (from MbhJKLN) based on our Q-PCR data. However,
measured at 80°C using the DT-MV H, evolution assay, the activity of C-MBH was only about
10% of that of S-MBH purified from the same batch of cells grown at 90°C (McTernan ef al.,
2014). However, the activity of C-MBH roughly doubled when assayed at 60°C versus 80°C
(Fig. 5), so the Ni-NTA purified C-MBH represents about 20% of the MBH activity present in
the membrane in cells grown at 90°C (with no temperature switch). That this was lower than
expected is unlikely to be due to the five-subunit version of C-MBH (MbhJ-N) remaining in the
membrane (MbhM is predicted to be membrane-associated) since there was no increase in the
hydrogenase activity (measured at 80°C) in the membrane. The lower than expected C-MBH
activity is more likely due to the thermolability of the subcomplex, and this is supported by the
finding that the yield of C-MBH increased more than two-fold when cells were grown at 72°C.
The amounts of activity and protein associated with purified C-MBH doubled when cells were
grown at a lower temperature (90°C then switched to 72°C). Hence, from cells grown at 72°C we
are able to purify the equivalent of about 40% of MBH found in the membranes. Either the
remainder is lost due to the low thermal stability of C-MBH or the two transcripts generated

from the MBH operon are not translated with the same efficiency.

That purified C-MBH was less stable than S-MBH is not unexpected given that C-MBH
lacked 10 partner subunits. What is surprising, however, is that C-MBH retained the very
unusual catalytic preference of S-MBH (Table 1). In in vitro assays using dyes such as methyl
viologen as electron carriers, [NiFe]-hydrogenases preferentially oxidize H,, often by orders of
magnitude (Vignais and Billoud, 2007). P. furiosus MBH is therefore atypical in that it

preferentially catalyzes H, evolution by a ratio of approximately 26:1 in the standard assays
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(Table 1). It was assumed that this may arise because of the large complex nature of this
membrane-bound enzyme where electron transfer is coupled to both H" and Na" pumping, which
might account for the catalytic preference for the physiological reaction of H, production.
However, the results presented herein show that this is a property of the cytoplasmic component
of MBH that is independent of the ion-pumping membrane component. Stability assays of C-
MBH showed that it was just as resistant to inactivation by O, as the native 14-subunit complex,
suggesting that the infrastructure of the catalytic subunit is maintained in the cytoplasmic form

when it is dissociated from the other ten subunits.

Generation of a cytoplasmic catalytic subcomplex of this respiratory hydrogenase is a
significant achievement. In particular, obtaining relatively large amounts of the heterotetrameric
soluble complex in the absence of any detergent greatly facilitates structural analyses of this
representative of the poorly studied group 4 hydrogenases, with implications for the evolution of

complex I, and such studies are in progress.
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Table 4.1. Characterization of Purified C-MBH

Property C-MBH Washed Membrane
DT-Fd H2 evolution activity (U/mg) at 80°C 0.03 0.05
DT-Fd H, evolution activity (U/mg) at 60°C 0.06 0.01
POR-Fd H, evolution activity (U/mg) at 80°C 0.004 0.02
H, evolution:oxidation activity
i 13:1 26:1
(MV as electron carrier) at 80°C
Half-life (t, ,, hr) at 90°C under argon 8 hr 25 hr
Half-life (t, ,, hr) at 25°C under air 13 hr 13 hr
Metal Content (Fe:Ni) 14:1 19:1
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Figure 4.1

Comparison of homologous subunits between MBH, complex I and Mrp antiporter. Nqo
numbers are given for each 7. thermophilus complex I subunit with the correlated Nuo letter in
parenthesis. Red subunits represent the catalytic subunits and include mbhL and nuoD. Orange
subunits represent the Q module and include mbhJKLN and nuoBCDI. Aqua colored subunits
are homologous and include mbhH, nuoLMN, and mrpAD. Blue subunits are homologs to
mbhM and include nuoH. Light green subunits are homologous to mbhG and include mrpC.
Green subunits are homologous to mbhABC and include mrpEFG. Grey subunits are
homologous to mbhDEF and include mrpB. Yellow subunits represent the N module of complex
I and include nuoEFG. Mbhl is shown in red and the dark blue subunits represent nuoAJK. Tan
subunits represent two subunits that were observed in the 16-subunit crystal structure of Nqo
from T. thermophiles (Efremov et al., 2010). There is no homology between the three
complexes for mbhl, nuoAEFGJK or Nqol5-16. Fd,.q and Fd. represent reduced and oxidized
ferredoxin, respectively, and QH, and Q represent reduced and oxidized ubiquionone,

respectively.
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Figure 4.2

The genetic strategy used to insert the Hiso, tag and to overexpress last five genes (mbhJ-
N) of the MBH operon relative the first nine genes (mbhA-I). The tag is inserted at the N-

terminus of mbhJ. The abbreviations are: UFR and DFR, upstream and downstream flanking
regions (1 kb) of the MBH operon; pyrF, selectable marker; P4, and Py, promoters for the

gene encoding glutamate dehydrogenase and the S-layer protein of P. furiosus, respectively.
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Figure 4.3

Transcription of the engineered MBH operon. (A) Schematic showing the transcribed
products of the two different transcriptional units of the engineered MBH operon. The
abbreviations are: P, the native MBH promoter that controls the expression of mbhA-I; pyrF,
selectable marker; P4, promoter for the gene encoding glutamate dehydrogenase; Py, promoter
for the S-layer protein that controls the expression of mbhJ-N. Based on Q-PCR analysis, mbhJ-
N, under the control of Py, were expressed at twice the level of mbhA-I, under the control of the

native P,p5.
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Figure 4.4

SDS-PAGE of purified C-MBH. Left: MBH subunits identified by LC-MS/MS are labeled
with a black arrow. Right: Schematic of C-MBH showing location of the affinity-tag. MbhL
harbors the [NiFe] active site, MbhK is part of the large subunit, MbhJ harbors one [4Fe4S]
cluster, and MbhN harbors two [4Fe4S] clusters. Fd,q and Fd,y represent reduced and oxidized

ferredoxin, respectively.
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Figure 4.5

Temperature profile for C-MBH activity. The H, evolution activity using reduced methyl
viologen as the electron donor of C-MBH (circular symbols), washed membranes (WM, square

symbols) and solubilized and purified MBH (S-MBH, triangles) is shown.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

The genetically competent strain of P. furiosus, termed strain COM1, was used for all
genetic manipulations of its hydrogenases. | chose to use SHI as a simple model [NiFe]-
hydrogenase to see if the P. furiosus genetic system could be used for future studies on the much
more complex membrane-bound [NiFe]-hydrogenase (MBH). This genetic system used to place
different types of affinity tags as well as a stronger promoter in front of the SHI operon. | found
that the tag used to purify SHI had a major influence on the yield, as well as the reproducibility
of the purification. In Chapter 2, | showed the successful affinity purification of SHI using the
strep-11 tag. This tag worked but was not very efficient. The purification procedure needed at
least three chromatography columns linked together and the flow-through had to be run over the
column three times in order to achieve a high yield. This is not ideal for an affinity purification
and thus we also investigated the use of a histidine tag for affinity purifications of SHI. We were
reluctant to do this initially as the poly-histidine tag might the incorporation of Ni into the
catalytic site of the enzyme. However, it was observed that the histidine tag did not have any of
the issues that were observed with using the Strep-1l tag and was reproducible. Thus, it seems
that the histidine tag is better for the purification for the hydrogenases of P. furiosus and did not
“strip” the Ni of the [NiFe] active site. The tag position is also important when engineering
affinity tags and are usually added to the N- or C-terminus of a target protein. In the case of SHI,
it was observed that the tagging of the N-terminus of the SHI operon (PF0891) and the N-
terminus of PF0894 were accessible to the affinity column, but this is not always the case and

will be discussed in more detail in the tagging of MBH below.
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The use of the histidine affinity tag and the over-expression of the SHI operon using the
strong S-layer protein promoter (Psp) greatly improved the yield of this hydrogenase from P.
furiosus. With a one-step purification procedure, we could obtain 4.2 mgs from 50 grams of
cells. This compares with the standard chromatographic purification of native SHI in the parent
strain that, after 4 chromatographic steps, yields 1.3 mgs of SHI from 50 grams of cells. As
discussed above, SHI is a member of the group 3 category of [NiFe]-hydrogenases, which are
poorly characterized compared to the well-studied group 1 enzymes. The availability of large
amounts of SHI will enable structural analysis of this enzyme that will provide insights into how
to make hydrogenases that are highly active, oxygen-tolerant, and have tailored enzymatic
activity for biofuel production (237). SHI has also been used successfully for industrial and
practical applications. One report used SHI, together with a cocktail of 15 other enzymes, in the
conversion of sugars to hydrogen gas (238, 239). Sucrose and water were converted into
hydrogen gas and in batch reactions yielded 23.2 moles of dihydrogen per mole of sucrose,
which is very close to 100% of the theoretical yield of 12 dihydrogen per hexose (239). Another
application of SHI has been proposed to use this enzyme for the generation of NADPH at an

industrial scale, which is the physiological reaction of the enzyme (240).

Based on the success of using the P. furiosus genetic system to tag an overproduce SHI, |
then decided to use the same approach to purify the entire 14-subunit MBH. Previous attempts
to purify MBH had met with limited success due to the complexity of this large membrane bound
complex and their attempts yielded only 2-5 of its 14 subunits (187, 188). This was a start but
the purification of the entire complex is needed in order to gain a better understanding of these
enzymes, as not much is known about the structure and function of group 4 hydrogenases. These

enzymes have very limited homology to other [NiFe]-hydrogenases, including those
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hydrogenase that already have crystal structures. In chapter 3, | showed that I can purify the
entire 14-subunit MBH complex to homogeneity using a histidine tag and have characterized the
purified enzyme both enzymatically and structurally. MBH is unique compared to other [NiFe]-
hydrogenases in that it has a high preference to catalyze H; evolution over H, oxidation (25:1).
From a biofuel standpoint, understanding why MBH prefers to evolve hydrogen could be a major
breakthrough in the development of new biocatalysts that evolve large quantities of hydrogen.
One of the best ways to understand this preference of MBH would be to obtain a crystal structure
of the entire enzyme complex and compare its active site structure to the structure of those
available for the conventional group 1 hydrogenases, all of which preferentially catalyze

hydrogen oxidation in the standard dye-linked assays.

An important factor in the purification of MBH was the use of the correct detergent in
order to solubilize the entire complex from the membrane. In previous studies of MBH, the
detergents tested were sodium deoxycholate and n-dodecyl-B-D-maltoside (DDM). Sodium
deoxycholate is an ionic detergent that yielded approximately five subunits of MBH
(MbhJKLMN), but the detergent was found to “kill” the activity of the solubilized complex if
incubated with it for more than 2 hours (188). DDM on the other hand is a non-ionic detergent
that was shown to solubilize roughly just 2 subunits of MBH (MbhKL), although the activity is
stable in this detergent (187). | chose to test another non-ionic detergent Triton-X 100, which
had been successfully used previously to extract the entire ATP synthase complex from P.
furiosus (190, 191). As shown in Chapter 3, use of this detergent (10%) at a low temperature
(4°C) lead to near complete (~80%) extraction of the complete 14-subunit MBH complex from
the membrane. The lower temperature had a large effect on the amount of activity that was

extracted from the membrane since at room temperature the yield of activity was only 30-40%.
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The use of a low temperature to solubilize membrane proteins has been noted before in the
literature as the protein of interest may be more stable at a lower temperature, which thus allows
a higher chance to extract the entire membrane-bound complex (241). It is also interesting to
note that the non-ionic detergent Triton-X 100 is the only detergent that has been shown to work
in successfully extracting entire intact protein complexes from the membrane of P. furiosus.
This suggests that it is best to work with non-ionic detergents for the extraction of membrane

proteins from P. furiosus.

Unlike the tagging of SHI described above, the position of the tag in MBH was very
important. My first attempt to tag MBH was done by engineering the tag at the C-terminus of
the last gene in the MBH operon, mbhN. Attempts to purify MBH using this tag position were
not efficient and the issues with this purification were assumed to be caused by the
inaccessibility of the tag to the affinity column. Since the N-terminus of the first gene of the
MBH operon, mbhA, encodes for a membrane bound protein, it was not ideal to try to tag this
locus. Thus, in order to place the tag within the operon on one of the soluble MBH subunits, |
split the operon into two different transcriptional pieces using the S-layer protein promoter (Pgp)
to over-express the last 5 subunits encoded by the operon (MbhJ-N). The splitting of the operon
will be discussed further below, but the placement of the tag at the N-terminus of MbhJ proved
to be much more accessible to the affinity column and yielded an order of magnitude more MBH

protein after affinity purification.

The new affinity purification protocol for MBH also opens the door for purifying other
membrane proteins from P. furiosus. One potential candidate is the membrane-bound complex
termed MBX, which is expressed exclusively when P. furiosus is grown in the presence of

elemental S° (181). The physiological function of this protein is unknown and the purification of
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the entire 13-subunit complex has still not been reported. Therefore, in order to gain a better
understanding of the function of this protein, the established protocol for MBH could be used in
order to purify the entire MBX complex. Besides native membrane-bound proteins in P.
furiosus, heterologously-expressed membrane proteins might also be purified from P. furiosus.
Recently, the 18-subunit membrane-bound formate hydrogen lyase (FHL) complex from
Thermococcus onnurineus was expressed in P. furiosus and shown to be active when formate
was added to the growth medium (242). This heterologously-expressed FHL complex could also
be tagged using the MBH approach and attempts could be made to purify the entire 18-subunit
complex. Thus, by using the established purification protocol for MBH, we can now purify any

membrane-bound protein from P. furiosus whether it is natively or heterologously expressed.

Another advantage of having a method to tag and purify MBH is that we can now
construct different types of MBH variants in order to better understand the function of each of its
subunits. In a previous report, the catalytic subunit (MbhL) of MBH was deleted and the
resulting strain grew on S° (when MBH is not expressed) but did not grow in the absence of
sulfur (when MBH is highly expressed and evolves H,) (243). Two potential mutants that could
be generated would involve the removal of MbhA-G and MbhA-H. The AMbhA-G mutant
would be predicted to evolve H, and generate a proton gradient as MbhH is thought to be the
proton pump of MBH, but the Na*-dependent ATP synthase would not be able to generate ATP.
Thus, this mutant would generate only 2 ATP/glucose rather than the 3.2 ATP/glucose of the
parent strain and is predicted not to grow as well as the parent strain. The AMbhA-H would not
be expected to generate any proton gradient and would also be interesting to see if the MBH
variant would be incorporated into the membrane. Both of these mutants could help in gaining a

better understanding of the pumping properties of the Mrp subunits of MBH.
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In Chapter 3, some insight into the structure of MBH was provided by small angle X-ray
scattering (SAXS). From this approach, the shape of the entire 14-subunit MBH was determined
and compared to the crystal structure of complex | from Thermus thermophilus. This “L-
shaped” SAXS model fit very well with the crystal structure of Complex | and shows that these
structures share a common structural shape. Although the SAXS model gave some good insights
into the structure of MBH, a more refined structure at the amino acid level would give much
more insight into the common themes found between MBH and Complex I. Further studies are
needed for the structural characterization of the entire 14-subunit complex. Unfortunately,
Triton-X 100 is not a compatible detergent for crystallography and thus further tests are needed
to try and purify the entire 14-subunit complex from the membrane with a crystallography
compatible detergent such as DDM (241). Triton-X 100 is not ideal for protein crystallography
as huge protein-detergent complexes (PDC) are known to form using this detergent. These large
PDCs cause major issues with interpreting structures of membrane proteins, as they basically
“mask” any observable structure. Although Triton-X 100 is not compatible with crystallographic
studies, it can be used for electron microscopy studies (191). This approach should be pursued

further in order to generate a structure of MBH.

Another strategy to gain a structure of MBH would be to engineer a “minimal” soluble
version of MBH that could be purified without the use of detergent. One report of the successful
engineering of a “minimal” version of a hydrogenase complex was from our laboratory, wherein
we generated a dimeric version of the heterotetrameric SHI from P. furiosus (216). In Chapter 4,
| have shown the successful generation, by genetic manipulation, of a 4-subunit version of MBH
that can be purified from the cytoplasm (C-MBH) without the use of detergent. This is a major

development in the research of MBH as it allows us to characterize large amounts of a soluble
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version of a normally membrane-bound protein that can be affinity purified very easily without

the use of detergent.

As shown in Chapter 4, the engineering of C-MBH was done by splitting the native MBH
operon into two different transcriptional units. Generally, when planning to engineer an affinity
tag on a protein, the targets are the extremities of the protein of interest at either the N- or C-
terminus of genes at the beginning or end, respectively, of the operon. This is believed to be the
best course of action as interrupting the operon sequence with a “foreign” sequence would cause
the operon not to be transcribed correctly. As shown in Chapter 4, |1 show an example of
splitting the operon into two transcriptional units that yielded complete intact functional enzyme,
while placing an affinity tag within the operon. From this strain, | was able purify both the entire
14-subunit MBH complex and the “soluble” MBH complex using a histidine tag at the small
subunit (MbhJ). Thus, in the case of MBH, the position of the tag proved to be very important
and this example should be useful for the tagging of other proteins in P. furiosus, as this shows
there are more options for where to place an affinity tag on a target protein then just tagging the

genes at the end of an operon.

C-MBH was characterized and was found to still harbor the catalytic preference to evolve
hydrogen rather than oxidation (13:1). This observation was important from a structural
perspective as it shows that the Mrp antiporter subunits are not responsible for constraining the
hydrogenase subunits to function in only one direction. This suggests that the preference of
MBH to evolve hydrogen over oxidizing it like “standard” hydrogenases is dependent on the
structure and electronic environment of the active site of this enzyme. C-MBH was still active
with reduced ferredoxin without the other partner subunits, which suggests that the interaction of

reduced ferredoxin with the soluble subunits of MBH is independent from the rest of the
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membrane-bound complex. From a structural perspective, this observation suggests that a
crystal structure of C-MBH would be extremely useful as the protein is still correctly folded,
active and should harbor all of the predicted metals. Comparison of such a structure with the
structures of the group 1 “standard” hydrogen-oxidizing hydrogenases could have a major impact
in understanding the preference of MBH to evolve hydrogen. This understanding could be very
beneficial as it could be used to engineer these “standard” hydrogenases into an efficient

hydrogen evolving-catalyst like MBH.

C-MBH was supplied to Dr. John Peters (Montana State University). His group obtained
crystals and solved the structure to a resolution of 3.2 angstrom (Figure 5.1; 244). This is the
first crystal structure of a group 4 hydrogenase and represents the hydrogenase subunits of MBH
(MbhJKLMN). One interesting observation that has come from this crystal structure is the
presence of a “membrane-bound” subunit (MbhM) with the four hydrophilic subunits of MBH
(MbhJKLN). As shown in Figure 5.1, all five subunits (MbhJ-N) were observed in the structure,
which suggests that MbhM is not the membrane anchor that holds these soluble hydrogenase
subunits to the membrane, as previously predicted based on sequence comparisons with complex
I. This suggests that MbhH and MbhM may be the subunits responsible for anchoring the four
soluble subunits to the membrane. Comparison of this 5-subunit version of C-MBH with a
crystal structure of the entire 14-subunit complex, if that could be obtained, could help answer

these questions and enlighten us on how MBH is properly assembled into the membrane.

As stated in the introduction, MBH shares an evolutionary history with Complex | from
the electron transport chain (Chapter 1). Complex I is found in all aerobic organisms, including
higher eukaryotes, and one of the closest homologs of its catalytic subunit is the catalytic subunit

of MBH. As stated in the introduction, the hydrophilic subunit MbhL is homologous to the
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Figure 5.1

Crystal structure of C-MBH solved at 3.2 angstroms resolution. A schematic of the C-

MBH units observed in the crystal structure is shown on the right. Modified from (244)
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catalytic subunit NuoD. The great similarity between these subunits is evident from their
respective crystal structures. From an overlay of the two subunits, we can see where the cysteine
residues of the hydrogenase that bind the [NiFe] site have been replaced in the Nuo structure.
Specifically, the cysteines that coordinate the [NiFe] site, Cys 68, 71, 374, 376, have been
replaced in NuoD with Asp 86, His89, Val403 and Asp406 respectively (244). These residues,
as well as a critical tyrosine (Tyr87), are important in Nuo for binding quinone. This
evolutionary transition from a [Ni-Fe] active site to a quinone binding site can be explained by
the energetic need of more complex organisms to generate higher energy yields from their
metabolism, which can be done by reducing quinones (Eq’= ~0 mV) instead of protons (Eo” = -
420 mV, pH 7.0). Quinones can be “trapped” and used for subsequent oxidoreductase reactions,
in which they are the electron donor, unlike hydrogen gas that diffuses from the cell. This
transition in respiratory processes also lead to the use of quinones in other respiratory complexes
such as arsenate reductase, polysulfide reductase, or nitrate reductases, which allowed organisms
to use a variety of electron accepters to conserve energy. Thus, this transition of Nuo from MBH
is believed to be a fundamental step in the generation of higher energy yields from respiration

processes and is now used in almost all forms of life.

The development of a crystal structure of the hydrogenase module of MBH is potentially
of great significance, as this enzyme and structure represent a huge step forward in hydrogenase
research. From this structure, we can gain insight into why MBH prefers to evolve hydrogen
compared to “standard” [NiFe]-hydrogenases. Also, this structure will help us understand how
MBH and Complex | are similar/different at the structural level and shed insight into how these
enzymes have evolved from a common ancestor over time. My project has also demonstrated

the power of the P. furiosus genetic system and shows that this organism could be extremely
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useful in the future for research of hyperthermophilic enzymes and proteins. Now that we have a
protocol for the purification of MBH, the expression of recombinant membrane proteins from
other hyperthermophiles can now be attempted using affinity tags and strong promoters for
overexpression. This allows for the heterologous expression and purification of
hyperthermophilic enzymes that cannot be purified from their native host. P. furiosus has the
potential to be the hyperthermophilic “E. coli” of the future and can be engineered to express

thermophilic proteins of all types for biochemical analysis and biofuel production.
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