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ABSTRACT:
In recent decades, there has been an increased interest in utilizing the process of
photosynthesis to help solve humans’ energy needs, both in and ex vivo. Concurrently,
interest has grown in hydrogen as a major component of the energy economy. Many
methods of utilizing the high quantum yield and energy efficiency evolved in the
photosynthetic complexes of cyanobacteria or plants have been proposed. One method
developed in this laboratory involves the direct coupling of a photosystem I complex to an
exogenous catalyst (synthetic or proteinaceous) via a so‐called “molecular wire”. This
approach generally involves a modified hydrocarbon artificially inserted into the electron
transport chain of photosystem on one end and attached to the catalyst on the other end.
Hydrogen production via such substitution has been demonstrated in earlier modules in
the Golbeck lab.
Hydrogenase enzymes are clear choices for biological catalysts of the (2H+ + 2e⁻ 
H2) half reaction in the production of hydrogen. The [NiFe] hydrogenases have garnered
particular interest for such use in hydrogen production due to their resistance to
irreversible inactivation by oxygen (O2). [NiFe] hydrogenases are heterodimeric, with a
large subunit that contains the [NiFe] active site and a small subunit that contains an
electron transport chain with two [4Fe‐4S] clusters and a [3Fe‐4S] cluster. In particular, the
[NiFe] hydrogenases of the Knallgas bacteria, including the genus Ralstonia, are of interest
because of their ability not just to resist permanent O2 damage, but to retain their
reversible H2‐oxidizing activity at atmospheric O2 levels.
Here, a recombinant form of the small subunit of the membrane‐bound hydrogenase
of Ralstonia eutropha has been engineered to contain an open coordination site in the distal
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[4Fe‐4S] cluster in the electron transport chain (His 187 converted to a Gly). Said protein
has been cloned into and overexpressed in Escherichia coli, without the large subunit.
Several purification schemes were evaluated to overcome the persistent insolubility of
HoxK (small subunit). Electron transport‐associated iron‐sulfur clusters were
reconstituted by an accepted protocol. Electron paramagnetic resonance spectroscopic
analysis confirmed the formation of iron‐sulfur clusters and may suggest the recruitment of
an exogenous ligand (2‐mercaptoethanol) into the missing coordination site of the distal
iron‐sulfur cluster. This construction, along with reconstituted active large subunit, could
constitute part of an effective photochemical module for the ex vivo synthesis of H2 via
coupling to a photosystem I by means of the “molecular wire” method described.
Purification methods used for the other proteins necessary for the photochemical
module suggested are also provided. Synechococcus sp. PCC 7002 PsaC molecular‐wire
mutant has been constructed from E. coli‐expressed protein and the Synechococcus PCC
7002 photosystem I from the native cyanobacteria.
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INTRODUCTION:
The Place of Hydrogen in an Evolving Energy Economy
In light of recent trends in energy costs, pollution, climate change, and technological
advances, the appeal of hydrogen (H2) as a fuel has risen. The major advantage of
hydrogen is its cleanliness: the only product of its combustion is water. Additionally, a
diversity in energy supply is desirable for a sustainable energy economy. To this end, the
use of hydrogen as an energy carrier would lend itself to production from various energy
sources (e.g. wind, tidal, nuclear, and solar), many of which are renewable sources.
As with other new alternative energy systems, a hydrogen fuel energy system does
present significant logistical challenges. These include dangers arising from its
flammability, the costs of new infrastructure, and low energy density. (Though hydrogen
contains roughly three times as much usable energy as gasoline by mass, it contains less
than one‐fourth as much energy by volume, as a liquid or compressed gas.) (16).
Furthermore, the most significant current means of industrial hydrogen production
involves energy‐inefficient conversion of fossil fuel hydrocarbons.
Thus, advances in technology are necessary for the realistic implementation of
hydrogen as a major player in the energy economy. These include inexpensive storage and
delivery systems, which are the subject of much promising research. Importantly, the cost‐
and energy‐efficiency of hydrogen production from renewable sources must also be
improved.
Photosynthesis: The Original Photochemical Energy Conversion Nanomachine
Due to the widespread and abundant nature of sunlight, solar energy deserves
attention for application to various energy needs. Though there has been significant
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improvement in synthetic photovoltaic devices to capture the energy available in solar
photons, none has been able to approach the efficiency of the exquisite machinery evolved
in photosynthetic organisms (16).
In plants and cyanobacteria, two classes of thylakoid membrane‐integral complexes
called reaction centers (RCs) capture the energy in visible photons for use in chemical
reactions. These are called photosystems I and II (PSI and PSII). The first RC, PSII is
responsible for the splitting of water via the half‐redox reaction (H2O + 2hν 2H⁺ + ½ O2 +
2 e⁻), in which protons are built up on one side of the membrane (9). ATP synthase utilizes
the resulting electrochemical gradient to create high‐energy phosphate bonds in ATP. Two
of the (now lower‐potential) electrons from the water‐splitting reaction are conveyed to
the terminal electron acceptor of PSII, QB forming QBH2, a mobile plastoquinone (30).
These electrons continue through a cytochrome b6f complex to a plastocyanin, eventually
to a PSI (see Fig 1).
Each RC includes an extensive network of photon‐absorbing and energy‐
transferring molecules. Specifically, these antennae include chlorophylls and carotenoids.
In both PSI and PSII, photon energy absorbed by the chlorophylls is passed to a “special
pair” of chlorophylls, in which it excites an electron enough to create a charge‐separated
state (16) In order to avoid charge recombination, an electron transport chain transfers the
electron away from the special pair through the complex across the membrane, leaving a
hole on the special pair. This hole must be reduced (usually within the μs‐ms range) (9).
For PSII, these electrons come from a manganese‐containing metal cluster, which in turn
gets them from water. In PSI, the direct electron source is the reduced mobile plastocyanin,
which associates on the luminal side of PSI (see Fig. 1A).
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Effectively, in PSI light excites an electron from a potential of about +340 mV
(plastocyanin) to about ‐580 mV in the distal [4Fe‐4S] cluster cofactor of the PSI electron
transport chain (see Fig. 1B, C) (19). The electron transport chain of PSI, after the special
pair, P700, bifurcates into an A and a B branch, each containing another chlorophyll (e.g.
A0) and a phylloquinone (A1). Three [4Fe‐4S] clusters (Fx, Fa, and FB) finish the chain. All of
the cofactors through Fx are located in the membrane‐integral PsaA/B proteins. FA and FB
are in the associated PsaC subunit (27). Electron transport is known to pass through the A
branch in cyanobacteria. The involvement of the B branch has been debated, but several
techniques, including high‐frequency EPR data, suggest that the B branch is active to an
extent as well, (20). Fig. 1D shows the redox potentials of the PSI electron transport chain
cofactors. The important accomplishment of PSI is the long‐lasting (~60 ms) charge
separated state P700+/FB⁻, which allows the reduction of an external electron acceptor.
Physiologically, electrons most often are transferred from FB to a soluble ferredoxin or
flavodoxin protein (see Fig. 1A) (9). These low‐potential electrons are eventually used to
reduce an NADP+ to an NADPH via the overall half reaction of (2e⁻ + H+ + NADP+ 
NADPH). The reduced FB cluster (about ‐580 mV) of PsaC is of interest in this study, as it
provides a site for electron transfer to an artificial acceptor with H+‐reducing catalytic
activity.
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Fig. 1. PSI and its electron transport chain. A.
Electron transport cofactors and their arrangement in
PSI. B. X‐ray crystal structure of the Synechococcus
elongans PSI trimer, showing arrangement of its
components in the thylakoid membrane. PsaCs with FA
and FB are depicted in magenta. C.. Diagram of redox
potentials and decay rates of electron transport
cofactors. D. Oxidized and reduced [4Fe‐4S] cluster
arrangement. A. and C. from Golbeck (9). B. and D. from
Vassiliev et. al (27).
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Using this method of coupling type II and type I RCs, cyanobacteria and plants are
able to build up oxidizing potential to oxidize water and enough reducing potential to
reduce NADP+ to NADPH, which can then be used for the dark reactions or directly in
metabolism. It is this great reducing power derived from abundant visible photons that
makes the cyanobacterial/plant photosynthetic system attractive for human energy needs.
With clever engineering, the electrons leaving PSI may have the potential (no pun
intended) to be coupled to various chemical reactions or to create electrical current. The
chemistry, physics, and molecular biology involved in these type I RCs have been the
subject of many research projects in the Golbeck lab.
Due to this background, and because PSI produces such a strong reductant with
solar energy, our current research is designed to incorporate PSI in the second half‐
reaction in the synthesis of dihydrogen in a new catalytic module.
PSI is well suited chemically to the reduction of protons to form H2. NADPH has
been described as the biological equivalent of H2, as they have similar potentials (E’0 =
−324 and −414 mV, respectively) (17). Both of these are higher than that of FB, meaning
there is sufficient reducing power to make hydrogen. In addition to having a compatible
redox potential, PSI has evolved a very high quantum yield, effectively 1.0. (Quantum yield
is the ratio of photons that successfully lead to a P700+/FB⁻ charge‐separated stated to the
total number of photons absorbed). The 96 chlorophylls and 22 carotenes in PSI’s antenna
system also cover a large area of absorption, and absorb a large range of wavelengths (all
visibles below 700 nm) (16). Thus, not only do PSI RCs create a stable high‐energy
reductant, but they do so with high efficiency and a large optical cross‐section. This
reaction surpasses the efficiency of any synthetic photovoltaic cells to date.
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Direct Coupling of RCs
In designing systems utilizing the photosynthetic molecular machinery for energy
capture, the coupling of the photon‐absorbing electron donor (like PSI) to the reduction
catalyst is one of the main areas of research. If electron transfer is left up to diffusion in
solution, low rates and efficiency are likely due to rate‐limiting diffusion kinetics (Golbeck).
Various methods of electrically connecting PSI and catalyst have been attempted. Such
methods have included precipitation on conductors and the creation of fusion proteins (12)
One novel method of directly coupling a protein’s electron transport chain to
another catalyst is by a so‐called “molecular wire.” The Golbeck lab has previously
demonstrated applications of this method of facilitating the transport of the low‐potential
electron from PSI (11). The “molecular wire” method is the subject of several concurrent
projects, including this one. (Another project is attempting to use the PSI to power a
nitrogenase to create reduced nitrogen compounds) (Golbeck, unpublished data).
Specifically, I helped with projects wiring the PsaC subunit of the PSI complex.
In the molecular wire method, a coordination ligand of a surface‐located electron
transport site (e.g. an iron‐sulfur cluster) is removed from the protein, and a modified
hydrocarbon “tether” molecule is substituted into the site via a functional group on its end.
In PsaC, cysteine 14, which coordinates the [4Fe‐4S] FB cluster, is changed to a glycine (see
Fig. 2). (In addition, it was found that converting cysteine 34, near the iron‐sulfur cluster,
aids in cluster formation, possibly for steric reasons.) When the recombinant proteins are
overexpressed in E. coli, the iron‐sulfur clusters must be reconstituted, as most are not
compatible with the E. coli maturation systems. Fortunately, this has so far proven
successful by incubation with excess Fe2+ and S2⁻ under reducing, anaerobic conditions. In
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reconstitution, excess 2‐mercaptoethanol can serve to provide reducing conditions and as a
replacement “rescue” sulfide ligand to Fe‐S clusters. Subsequent to Fe‐S reconstitution, a
molecular wire with a sulfide group at the end can be used to displace the rescue ligand.

Fig. 2. The molecular wire method on a PsaC C13G/C33S mutant. Fe‐S clusters are rebuilt and put into
PsaC in the presence of 2‐mercaptoethanol, which acts as a “rescue ligand”. A thiol on the wire then displaces
the 2‐mercaptoethanol at the Fe‐S cluster. Here, the wire is 1‐(3‐thiopropyl)‐10‐[3‐(acetylthio)propyl]‐4,40‐
bipyridinium. From Lubner et. al. (17).

Interestingly, wiring of PSI has also been demonstrated by extraction of the
phylloquinone (see Fig. 1) in the electron transport chain and subsequent substitution with
a napthoquinone‐viologen tether to a gold surface (26).
The molecular wiring of PsaC, as shown in Fig. 2, has been demonstrated with
catalytic activity by the Golbeck lab in the formation of H2–producing bioconjugates.
Namely, gold and platinum nanoparticles have showed impressive rates of H2 evolution
(11). I have been involved with the protein purification and analysis in several of these
earlier projects involving PsaC and other PSI‐related proteins. Though nanoparticles have
been demonstrated successfully, optimization of H2 production is ongoing. Among
molecular wires used are bipyridinium (as in Fig. 2) and dithiol alkyl chains (17). The
physics of electron transport along these chains is not yet clear. Originally, it was thought
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that the electron would travel through the conjugated bonds of the tether. However,
success with tethers lacking these bonds (e.g. 1,6‐hexanedithiol) suggests it may quantum
mechanically tunnel to the next cofactor due to its increased proximity (17). This may
suggest other possible ways of wiring the reactants, but these are not discussed here.
The Hydrogenases
Hydrogenases, which catalyze the reversible reaction (H2  2 H+ + 2e⁻) are
naturally of interest in H2 producing bioconjugates. There are three main types of
hydrogenase in nature: iron‐iron, nickel‐iron, and iron (16). Iron, or [Fe]‐hydrogenases
contain a single iron in their enzymatic active site and occur often in methanogens. These
hydrogenases are light‐sensitive and thus would not be appropriate in photocatalysis (17).
Iron‐iron hydrogenases, as suggested, contain a di‐iron [FeFe] active site. [FeFe]
hydrogenases are physiologically bidirectional, but predominantly produce H2. Though
they generate H2 at high rates, [FeFe] hydrogenases are irreversibly inactivated by O2. The
third class, [NiFe] hydrogenases, contain [NiFe] active sites and are physiologically H2‐
consuming. However, they are generally more O2‐tolerant. Though the majority are also
inactivated by O2, inactivation is mostly reversible (18). “Knallgasbacteria”, which use
hydrogen in oxic conditions, are unique in that they produce hydrogenases that are highly
resistant to this inactivation (16). (The name “knallgas” roughly translates from Swedish
as “bang gas”, alluding to their habitation in H2‐ and O2‐containing environments.) (22).
The O2Tolerant Ralstonia eutropha MembraneBound Hydrogenase
Ralstonia eutropha, strain H16 (formerly Alcaligenes eutrophus) is a Gram‐negative,
chemolithoautotrophic β‐proteobacterium found in both soil and fresh water (22). Though
it is strictly respiratory, it has been noted for its ability to use various electron donors and
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acceptors, in both aerobic and anaerobic conditions. It can also fix CO2 and store carbon as
a bio‐polymer in poly[R‐(–)‐3‐hydroxybutyrate]. As a member of the knallgas bacteria, R.
eutropha can metabolize hydrogen while still using O2 as a terminal electron acceptor.
Indeed, it is capable of living with H2 as its sole energy source, at ambient O2 levels. To fit
this niche, knallgas bacteria have evolved oxygen‐tolerant uptake hydrogenases, which
each have different methods of O2‐resistance. Involved in the hydrogen‐oxidation of R.
eutropha are three [NiFe] O2‐tolerant hydrogenases: a cytoplasmic, soluble hydrogenase
(SH), a periplasmically‐oriented membrane‐bound hydrogenase (MBH), and a regulatory
hydrogenase (RH) (4). The SH and MBH are both involved in H2 uptake, using the H2 as an
electron source to reduce NAD+ for metabolic use. The RH is responsible for H2‐sensing,
and it is linked to regulation of the genes for SH and MBH.
The MBH, the subject of this study, contains two subunits. A 67.1‐kDa large subunit
(HoxG) contains the [NiFe] active site. The 34.6‐kDa small subunit (HoxK) coordinates one
[3Fe‐4S] and two [4Fe‐4S] clusters. The large‐small subunit heterodimer binds via a C‐
terminal extension of HoxK to HoxZ, a b‐type cytochrome, on the periplasmic side of the
cell membrane. Importantly, though the physiological reaction of MBH is H2 oxidation, it is
reversible, as a true enzyme. Indeed, the bidirectionality of hydrogenases in R. eutropha
serves as a protective outlet from excess reducing NADPH in the cell (15,16) . See Fig. 3 for
the structure of MBH.
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Fig. 3. The membranebound hydrogenase (MBH) of R. eutropha. From Saggu, et. al. (23).

No crystal structure is yet available for MBH. Thus, other techniques have been
used to elucidate its structure. Electron paramagnetic resonance spectroscopy (EPR), used
in this study, has proved a powerful method for examining the active site and electron
transport chain, as it only “looks” at species with unpaired electron spins. Titrations and
EPR measurements have determined the midpoint redox potentials of the electron
transport cofactors at pH 7.0 (see table 1) (4, 13).
Cofactor

Location

Midpoint Potential, E m 7 (mV)

[NiFe]

HoxG

−110 (Ni)

Proximal [4Fe‐4S]

HoxK

−180

Medial [3Fe‐4S]

HoxK

+25

Distal [4Fe‐4S]

HoxK

−60

Table 1. Midpoint Redox potentials of the electron transport cofactors of MBH. Data from
Cramm (4).

11

The positive O2‐tolerance of MBH is the reason for its use here, and is subject of
much study. In SH, a narrow gas channel leading to the active site confers O2 tolerance by
restricting reaction with O2. Though there is no structural information, the MBH dimer’s
active site appears conserved with those of known anaerobic [NiFe] hydrogenases (23).
The amino acid sequence at the active sites of O2 tolerant [NiFe] hydrogenases is the same
as those of standard [NiFe] hydrogenases, and IR spectra show similar arrangement of CO⁻
and CN⁻ ligands at the [NiFe] cluster as well. Thus, the oxygen‐tolerance of the MBH must
be due to other factors. As opposed to “standard” (i.e. O2‐inactivated) [NiFe] hydrogenases,
no Ni(III) “unready‐inactive” (Niu‐A) is observed in EPR of Ralstonia MBH, even when
exposed to O2 (18).
The medial [3Fe‐4S] cluster has a higher potential than either of the [4Fe‐4S]
clusters. This would seem counter‐intuitive if it is part of the electron transport chain, as it
would imply an uphill electron transfer. However, transfer through the proximal cluster is
possible due to the overall negative Gibbs free energy of the transfer. EPR spectra of the
proximal [4Fe‐4S] cluster in the electron transport chain show magnetic couplings distinct
from anaerobic [NiFe] hydrogenases (23). One hypothesis states that these couplings
could possibly be related to the MBH’s oxygen tolerance. This area is still not completely
clear, and is the subject of current research. Whatever the reason, oxygen tolerance would
be a positive trait in a preparing a photocatalytic module, and it is utilized here.
Recent and Ongoing Experiments in Hydrogenase Artificial Catalysis
The [Fe‐Fe] hydrogenase of Clostridium acetobutylicum has recently been modified
via this same molecular wire method of substituting an exogenous sulfide ligand into the
distal [4Fe‐4S] of the electron‐transport chain (Fig. 4). On coupling to the FB cluster of PsaC
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on PSI via a 1,6‐hexanedithiol wire, this module has shown H2‐producing capacity.
Optimization of solution and molecular wire for H2 production remains to be done.
(Golbeck abstract, data unpublished).
The thiol‐molecular wiring of an [NiFe] hydrogenase has not yet been attempted.
However, previous research with molecular wiring gives reason to believe that this
technology may be possible. As mentioned above, the MBH’s reaction is reversible and
bidirectional given the right conditions. The redox potentials of the clusters in MBH are
theoretically compatible to use with PSI, which has a lower potential in the distal cluster
(FB, in PsaC): E’°FB= −580mV (17). In addition, the distal [4Fe‐4S] cluster of HoxK is located
near the surface of the protein, where it normally acts to donate electrons HoxZ. This
location is suspected to allow easier coordination to a molecular wire.

Fig. 4. Molecular Wiring of PSI to an [FeFe] hydrogenase via 1,6hexanedithiol. Similar to that
envisioned here with an oxygen‐tolerant [NiFe] hydrogenase. From Lubner et. al. 2009. (17).
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Expression and Characterization of a HoxK Variant
In this study, a histidine ligand to the distal [4Fe‐4S] cluster in HoxK has been
converted to a glycine to open up the coordination site to exogenous ligand (H187G).
The recombinant HoxK was overexpressed in and purified from E. coli without the large
subunit. After Fe‐S reconstitution with stoichiometric ferrous ammonium sulfate and
sodium sulfide, low‐temperature X‐band EPR spectroscopy was performed. The spectra
confirm the formation of Fe‐S clusters in the recombinant protein, though coupling with the
large subunit and PSI remains to be achieved.
In addition to HoxK, the PsaC C14G/C34S variant and PSI of the marine
cyanobacterium Synechococcus sp. PCC 7002 have been purified for use in the molecular
wire.
This research demonstrates an important first step in the molecular wiring of the R.
eutropha MBH enzyme to build a directly‐coupled, atmospheric oxygen‐tolerant hydrogen
synthesizing module. The major aim of the study presently is confirming the presence of
the rebuilt Fe‐S clusters involved in electron transport and catalysis. Also, EPR has not
been reported on the small subunit alone before. Thus, this research may not only be
significant in the construction of a hydrogen‐producing catalyst, but possibly also in
describing the structure, function and O2 tolerance of the MBH.
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METHODS:
Cloning of hoxK mutant gene into Escherichia coli
A mutant hoxK (H187G) gene containing a Strep‐tag was cloned into E. coli plasmid
pASK‐IBA3 by restriction at NcoI and BglII (sites 138 and 152, respectively) by
collaborators O. Lenz, et. al. (see Fig. 5). Codons for the C‐terminal 43 residues, putatively
involved in membrane association and containing the twin arginine TAT signal, were
removed (1). Due to poor rates of expression and difficult purification under the tetA
promoter in pASK‐IBA3, collaborator T. Schubert cloned the fragment into the multiple
cloning site of a pET‐15b plasmid by restriction at NcoI and HindIII (bp 177), thus
incorporating a Strep‐tag and putting the gene under the control of a T7 promoter. The
pET15b His‐tag was not included due to stop codons in the transferred gene. (See Appendix
A for WT and mutant DNA and protein sequences).
Electrically competent Rosetta strain E. coli cells (from Novagen, containing the
pRARE plasmid, encoding for rare amino acids and chloramphenicol resistance) were
transformed with the plasmid pET‐15b containing mutant hoxK and selected by plating on
LB agarose with 100 µg/mL ampicillin and 25 µg/mL chloramphenicol.
Cell Culture and HoxK Expression
Cells were grown in 6 1‐L flasks of Luria broth (LB) media at 37° C in an incubator
with shaking at 200 rpm. (See Appendix B for media and solutions). Cells harboring
mutant hoxK plasmids and pRARE were selected for by 100 mg/L ampicillin and 25 mg/L
chloramphenicol. To scale‐up, colonies from plates were first grown in 100 mL cultures
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Fig. 5.The pASKIBA3 plasmid. H187G hoxK without the C‐terminal sequence was first cloned into this tetR
plasmid by NcoI/BglII restriction. It was removed by NcoI/HindIII restriction to include the Strep‐tag and
cloned into the multiple cloning site of commercially available pET‐15b plasmid (Appendix A). From O. Lenz.

until an optical density (O.D.) of at least 0.6 at 600 nm (16‐18 h). One‐L cultures were
inoculated with 10 mL of these cells, grown to an O.D.600 nm of 0.6, induced, and incubated
for 6‐10 hr. Cell growth over time was monitored by O.D. at 600 nm and by SDS‐PAGE of
lysed whole cells.
Purification of HoxK H187G
After growth, all purification steps were performed at 4° C. Whole cell pellets were
obtained by centrifugation at 11300 x g for 10 min. Cell pellets were washed by
resuspension and rehomogenization in 50 mM TRIS‐HCl, pH 8.3, 20 mM NaCl (Buffer 1)
twice, centrifuging 7740 x g for 10 min after each resuspension. A total volume of about 80
mL was used for each wash. Cells were resuspended in about 75 mL Buffer 1 with 4 mM 2‐
mercaptoethanol. Cells were passed through a French pressure cell press twice at 1100
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psi. Lysed cells were centrifuged at 3020 x g for 30 min. Pellets containing inclusion
bodies were collected and resuspended/rehomogenized in 40 mL Buffer 1 with 4 mM 2‐
mercaptoethanol and centrifuged again under the same conditions.
Numerous methods were attempted to solubilize the MBH small subunit variant
from the pellets obtained after French press. Among these, solubilization in Buffer A (100
mM Tris‐HCl pH 8.0. 150 mM NaCl) with 2% Triton X‐114, 1 mM EDTA was attempted.
From here on, “non‐solubilized” refers to samples of pellets resuspended in 50 mM Tris‐
HCl pH 8.3/20mM NaCl/4mM 2‐mercaptoethanol at this point with no further
solubilization. Note: All steps containing Triton X‐114 must be kept below the cloud point
(20° C) to avoid phase separation. (See Appendix C for further purification techniques
performed.)
Protein concentrations in non‐solubilized samples were determined by the Bradford
method with a bovine serum albumin (BSA) standard curve. For samples containing
Triton X‐114, a Pierce 660 protein assay was used with BSA standards. Purification steps
were recorded by SDS‐PAGE 12% run at 30 mA.
Western Blot
Western blot analysis was performed on samples from purification of HoxK variant.
Proteins were transferred to nitrocellulose membranes using a Bio‐Rad Trans‐Blot SD
semi‐dry transfer cell. Gels were transferred for 30 min at 15 V, with transfer buffer (48
mM Tris/39 mM glycine/20% methanol). Membranes were blocked with 3% BSA/0.5%
Tween‐20 in PBS buffer (4 mM KH2PO4, 16 mM Na2HPO4, 115 mM NaCl, pH 7.4). Strep‐
tagged H187G was detected by Strep·Tactin horseradish peroxidase conjugate according
manufacturer’s directions except that a 1:12500 antibody:solution ratio was used. Blots

17

were developed on film with an Enhanced Chemiluminescence (ECL) kit luminol‐based
reaction.
IronSulfur Cluster Reconstitution
Electron‐transport chain iron‐sulfur clusters were reconstituted in HoxK H187G by
addition of ferrous iron and sulfide ion in an anaerobic chamber. All steps in this section
were carried out anaerobically. To a solution of 50 mM Tris‐HCl pH 8.3/4% 2‐
mercaptoethanol/100 µM unsolubilized HoxK H187G (calculated from total protein
concentration), 60 mM Fe(NH4)2(SO4)2/50 mM Tris‐HCl pH 8.3 was added to a final Fe2⁺
concentration of 800 µM. Then 60 mM Na2S/50 mM Tris‐HCl pH 8.3 was added to a final
concentration of 800 µM as well. Samples were incubated at 4° C for 12 h. These
reconstituted samples were concentrated and washed with buffer (50 mM Tris‐HCl pH 8.3)
in Amicon 50 mL and 10 mL ultrafiltration systems, MWCO 30 kDa, down to 3 mL.
Concentrated samples were passed through PD10 desalting columns and concentrated to 2
mL.
PsaC C14G/C34S reconstitution was performed in the same way, except with 800
µM Fe2+/S2⁻, as it contains two [4Fe‐4S] clusters. Iron‐sulfur reconstitution of solubilized
HoxK H187G was performed in the same way but with a protein concentration of 10 µM
and excess (50 µM) Fe2⁺/S2⁻. Desalting was achieved by centrifugation and resuspension in
buffer to 50 µM.
Two 1‐mL aliquots of non‐solubilized reconstituted protein were microfuged for 5
min at 500 rpm. The supernatant and pellet, resuspended in 1 mL 50 mM Tris‐HCl pH 8.3,
were analyzed on SDS‐PAGE 12% gels.
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PsaC C14G/C34S Expression and Purification
The 8.6 kDa PsaC subunit (C14G/C34S variant) of the Synechococcus PCC 7002 PSI
reaction center was cloned into E. coli strain BL21 in a pET‐3d plasmid, as described
previously (30). Cells were grown at 37° C in 6 1‐L cultures of LB media with 100 mg/L
ampicillin. At O.D.600nm (about 3 h), cultures were induced with 0.12 g/L IPTG and grown
for 10 h.
All purification steps were performed at 4° C. Whole cell pellets were obtained by
centrifugation at 11300 x g for 10 min. Cells were resuspended and rehomogenized twice,
with centrifugation at 7740 x g for 10 min after each. Cells were resuspended in Buffer 1
with 4 mM 2‐mercaptoethanol and lysed twice by French pressure cell at 1100 psi. Lysed
cells were centrifuged at 3020 x g for 30 min. Pellets containing inclusion bodies were
collected and resuspended/rehomogenized in 40 mL Buffer 1 with 4 mM 2‐
mercaptoethanol and centrifuged again under the same conditions. Pelleted PsaC in
inclusion bodies were solubilized by stirring for 12 h in 5‐10 ml 50 mM Tris pH 8.3, 40 mM
2‐mercaptoethanol, 9 M urea. The supernatant after centrifugation at 27200 x g for 30 min
was run on a G75 gel filtration column (bed volume 200 ml). Fractions containing pure
PsaC variant were concentrated on a 3 kDa MWCO amicon concentrator at 60 psi.
PsaC variant reconstitution was carried out in the same manner as for HoxK variant,
except that 800 µM concentrations were used for both Fe2+ and S2⁻ (as opposed to those
used for HoxK), as PsaC contains only two [4Fe4S] clusters (FA and FB).
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Synechococcus PCC 7002 PSI Growth and Purification
Synechococcus PCC 7002 cyanobacterial cultures were grown in 10‐L carboys of A1
media/50 mg/L gentamicin, with constant white light as done before (11). Cultures were
grown at 25° C for 2 weeks.
All purification steps were carried out at 4° C. Cell pellets were obtained by
centrifugation at 11300 x g for 10 min, cells were resuspended/homogenized in 100 ml 50
mM Tris‐HCl pH 8, and centrifuged/resuspended again. Cells were lysed three times by
French pressure cell at 1100 psi. Supernatant after centrifugation at 7740 x g for 10 min
was decanted and centrifuged at 20000 x g. Now the pellets, containing the thylakoid
membranes, were resuspended to a chlorophyll concentration of 10 mg/ml. Membranes
were solubilized in 1% dodecyl maltoside (DM)/ 50mM Tris pH 8 for 2 h and ultra‐
centrifuged at 48000 x g for 20 min. Supernatant was loaded onto 32‐ml 5‐20% sucrose
gradients (50 mM Tris, 0.05% DM) and ultra‐centrifuged in a swinging bucket rotor at
48000 x g for 16 h. The lower dark green bands, containing PSI trimers, were removed,
concentrated, and run on the same sucrose gradients again with no DM. Pellets containing
pure PSI were dissolved in 2 ml 50 mM Tris pH 8, 0.05% DM, 15% glycerol and stored at ‐
80° C.
Chlorophyll concentration was determined spectroscopically in 1:50
sample:methanol.
Electron Paramagnetic Resonance Spectroscopy
X‐band EPR was run in a Bruker ECS 106 electron spin resonance spectrometer.
Reduced spectra were taken at T= 15 K, 9.487 GHz microwave frequency. Two “narrow
scans” of the chemically reduced H187G sample, from 3000‐4000 G (Gauss, 1 Gauss =
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0.0001 Tesla), were run: one at 100 mW microwave power and one at 126 mW. A third
“wide scan” spectrum was taken of the chemically reduced sample at 100mW power, from
25 to 4975 G. Narrow and wide scans of oxidized solubilized H187G (50 µM protein) were
run at T = 19K, 9.484 GHz microwave frequency. Baseline spectra of 50 mM Tris buffer
were also run.
For reduced EPR samples, 0.18 mL sample was combined in the anaerobic chamber
with 0.02 mL anaerobic 1 M glycine pH 10, 60 mg/mL sodium dithionite. “Oxidixed”
samples were run as purified after removal of excess 2‐mercaptoethanol. Samples were
injected into EPR tubes, removed from the anaerobic chamber and immediately frozen in
ethanol in liquid nitrogen.
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RESULTS:
HoxK Purification
As seen in Fig. 6, the HoxK variant shows up in the SDS‐PAGE at the expected ~35
kDa. A significant band just below 35 kDa was also observed. This has been seen before in
MBH purification from other sources, and has been attributed to a likely break‐down
product. Western blot analysis confirmed the presence of Strep‐tagged HoxK variant at the
position just under 35 kDa, pointed out in Fig. 6.
In some preparations, cell lysate solution became very viscous on a second pass
through the French Press, possibly due to DNA.

 37 kDa

A.

B.

C.

D.

E.

F.

Fig. 6. Purification of Hoxk variant after French press. A. Insoluble fraction after French Press.
B. Supernatant after French Press. C. Proteins following incubation with 2% Triton X‐114/150mM
NaCl/50mM Tris‐HCl pH 8.0. D. Proteins solubilized in supernatant after centrifugation at 7740 x g.
E. Lower, darker pellet after solubilization. F. Insoluble pellet fraction, enriched in Hoxk variant.
Stained with Coomassie brilliant blue.
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T7 promoter was shown to have very leaky expression, with significant expression
of HoxK without induction. Western blot confirmed the production of Strep‐tagged HoxK at
35 kDa in both induced and uninduced cultures.

H187G

A.

B.

Fig. 7. Western Blot of hoxK H187G with Streptag. A. Pelleted fraction after French Press,
showing streptavidin binding, presumably to HoxK H187G. B. Precision Plus protein standards do
not bind streptavidin.

Solubilization of the HoxK variant with Buffer A/2% Triton X‐114 proved ineffective
in this system. However, it was found that on treatment with Triton X‐114, two layers
would form in pelleted fractions. The variant was significantly enriched in the upper, white
pellet fractions. (See Fig. 6). Appendix C may be consulted for discussion of further
attempted purification schemes.
IronSulfur Cluster Reconstitution
Iron‐sulfur cluster formation of HoxK H187G was preliminarily confirmed by color
change in solutions (as compared to Fe2+ and S2‐‐treated reconstitution buffer or 100 µM
BSA in reconstitution buffer). As mentioned, insolubility has complicated the purification
of MBH dimer proteins in the past. Interestingly, iron‐sulfur cluster reconstitution of
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unsolublilized HoxK‐containing fractions appeared to aid in the solubility of this hoxK
variant, either through conformational or solution changes (see Fig. 8 below).

A

B

C

D

Fig. 8. Increased solubility of MBH small subunit after FeS reconstitution. A.) HoxK variant
after reconstitution before centrifugation. B.) Precision Plus protein standards. C.) Supernatant
after centrifugation at 3020 x g for 5 min. D.) Pellet resuspended in 50 mM Tris‐HCl pH 8.3. For A, C,
and D, 20 ul was loaded. 10 ul of standards was loaded in B.

Electron Paramagnetic Resonance
The narrow scan and wide scan spectra of the dithionite‐reduced HoxK (Figs. 9 and
10) confirmed the successful reconstitution of iron‐sulfur clusters in the unsolubilized
HoxK variant. (Narrow scans at both 100 and 126 mW are reported in Fig. 9.) All three
spectra showed the same signals, with most signal between 3000 and 3700 G. The
spectrum showed a weak but definite signal, due to low protein concentration in the
sample. The strong feature at g = 2.02 may mostly be attributed to the background signal.
Fig. 11 shows the background signal of this EPR machine with a 50 mM Tris buffer blank.
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The strong derivative feature upfield around g = 1.93 in the reduced spectrum is the most
significant. Comparison with past spectra on the wild‐type MBH subunit from R. eutropha
may suggest that this broad feature is due to reduced [4Fe‐4S]+ cluster(s), two of which are
present in wild‐type HoxK (see Figs. 14C and 15A) (23). There may be some weak coupling
of this site to another paramagnetic center, but a stronger spectrum is needed to be sure. It
is not possible from this spectrum to determine which cluster this signal would come from,
or if both have been introduced into the mutant. There is a consistent set of other features
downfield of g = 2 in this spectrum that may suggest spin‐spin coupling. The strong
background makes it difficult to determine if there is any feature from [3Fe‐4S] clusters,
which would show up around g = 2. With dithionite at pH 10, however, even if such
clusters were present they would presumably be reduced to [3Fe‐4S]0 and show a very low
signal, thus reinforcing the attribution of the g = 2.02 signal to background. (See this trend
in Fig 14). Reduced [3Fe‐4S]0 clusters are paramagnetic but have integer spins, as
opposed to the s = ½ spin of [3Fe‐4S]⁺. Such integer‐spin clusters are better detected by
an EPR spectrometer with microwave radiation parallel to the magnetic field (as opposed
to perpendicular radiation used here) (Golbeck, communication).
The oxidized narrow scan spectra are not conclusive as to whether there is an Fe‐S
signal. In this spectrum, we were probing for a [3Fe4S]+ medial cluster, as this is the main
feature in oxidized MBH dimers, and it is part of HoxK. (Reminder: Ni active site signals
would not be seen here because this is the small subunit.) (16). Again, there is a large
signal from background near g = 2.
The [3Fe‐4S]⁺ cluster showed a strong signal at g = 2.0 in X‐band EPR of MBH
dimers (23) This is also similar to the [3Fe4S]⁺ cluster signal in Desulfovibrio vulgaris
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Miyazaki F [NiFe] hydrogenase. It is possible that a signal from this cluster is present here,
as the background spectrum is somewhat different than the oxidized spectrum. The
protein signal must be stronger to determine this.
It should be noted that the spectra in Saggu et. al. (23) used for comparison here are
at lower pH (7.0). This may have some effect on the states of the clusters.

0.15
hoxK variant, 100 mW
hoxK variant, 126 mW

0.10

dX"/dH

0.05
0.00

-0.05
-0.10
2.3

2.2

2.1

2.0

1.9

1.8

1.7

g-value
Fig. 9 Xband (9.487 GHz) EPR of reduced HoxK variant. A (black): 100 mW microwave power.
B (red): 126 mW power. Experimental conditions: T= 15 K, pH = 10, B= 3000‐4000 G. These
spectra are 8 accumulated scans.
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0.2

irp022510h2ase100mwws

dX"/dH

0.1
0.0
-0.1
-0.2
1000

2000
3000
Magnetic field, G

4000

Fig. 10. Xband (9.487 GHz) EPR of dithionitereduced HoxK variant. 100 mW microwave.
T=15 K. Spectrum is 8 accumulated scans.

3000-4000 G Tris baseline spectrum

0.10

0.05

0.00

-0.05

2.2

2.1

2.0
g-value

1.9

1.8

1.7

Fig. 11. Xband EPR 50 mM Tris background spectrum. Note the prominent feature between
g = 2.0 and g = 2.1. Conditions: 20 K, 126 mW.
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-0.10

3000-4000 G oxidized (as is) H187G

-0.12

-0.14

-0.16

-0.18

-0.20

-0.22

-0.24
2.2

2.1

2.0
g-value

1.9

1.8

1.7

Fig. 12. Oxidized HoxK H187G. T = 19 K. pH= 8.3. 9.484 GHz microwave frequency. 100 mW.
Accumulation of 4 scans.

0.4

0.2

0.0

-0.2

1000

2000

3000

4000

G

Fig. 13. Oxidized HoxK H187G wide scan. T = 19 K. pH= 8.3. 9.484 GHz microwave frequency.
100 mW. Accumulation of 4 scans.
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Fig. 14. “EPR spectra of solubilized
MBH dimer showing signals from the
[NiFe] and [FeS] centers.” “The
enhanced traces of the spectra show the
range of nickel signals with five times
increased amplification. Definition of
symbols is as follows: #, Nir‐B; _, Nia‐L;
*, Nia‐C; ƒ, split signal from [3Fe4S]_.
Trace a, oxidized (as isolated) D.
vulgaris Miyazaki F hydrogenase. The
enhanced trace shows signals from
superimposed g x and gy components of
Niu‐A and Nir‐B. Trace b, oxidized (as
isolated) R. eutropha MBH protein
solution at pH 7.0 saturated with air,
showing signals of the [3Fe4S]_ cluster
and Nir‐B state. Trace c, H2‐reduced (1
bar H2) R. eutropha MBH sample (pH
7.0) displaying signals from reduced
[4Fe4S] centers. Trace d, oxidized (as
isolated), and trace e, H2‐reduced (1 bar
H2) R. eutropha MBH samples at pH 5.5.
f, H2‐reduced (1 bar H2) R. eutropha
MBH at T_80 K, showing a superposition
of signals from the Nia‐C and Nia‐L
states. Experimental conditions for
spectra (traces a–e) T_ 20 K, (f) T _ 80K;
1 milliwatt microwave power;
microwave frequency 9.56 GHz; 1 mT
modulation amplitude, 12.5 kHz
modulation frequency.” Taken from
Saggu, et. al. (23).

Fig. 15. (a) and (b) show low‐
temperature X‐band EPR spectra of
reduced Ralstonia MBH, showing
similarities to the HoxK variant,
presumably from reduced, coupled
[4Fe4S]⁺ cluster(s). Taken from
Scneider et. al. (24). Note: g‐values are
offset in this source.
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DISCUSSION:
Analysis of New HoxK H187G Purification Scheme
French Press and separation by centrifugation in Buffer 1 resulted in insufficient
removal of protein impurities. HoxK remained insoluble, as shown in past work, despite
removal of the C‐terminal sequence involved membrane localization and association.
However, the HoxK variant was overproduced enough in E. coli with this genetic construct
that it constituted the majority of the insoluble fractions. Indeed, it was enough to warrant
sufficiently strong signal for EPR studies after Fe‐S reconstitution.
Resuspension in Buffer A/Triton X‐114 2% solutions improved HoxK purity in
insoluble fractions by solubilization of other proteins, which were then separated by
centrifugation. It was also found that the top, softer, white layer of multi‐layer pellets after
Buffer A/2% Triton X‐114 solubilization was enriched in HoxK, while the lower pellet and
supernatant contained very little. After reconstitution, an increase in the solubility of the
HoxK variant was apparent, although lower centrifugation levels were used.
EPR Spectral Analysis
The X‐band EPR spectra of the newly purified, reconstituted HoxK variant suggest
the presence of reconstituted Fe‐S clusters, specifically [4Fe‐4S]+ cluster(s) under reducing
conditions. However, better spectra are needed provide better evidence of the states of
these clusters, and whether a true holo‐subunit has been achieved is still not clear. I will
attempt to obtain stronger, clearer signals by increasing protein concentration and purity,
and running more scans for each spectrum. Optimum reconstitution conditions for HoxK
variant also remain to be determined. Chemical assays for iron and sulfur content in the
reconstituted proteins should aid in determining what conditions best foster Fe‐S cluster
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formation in this variant. The midpoint potentials of reconstituted variant clusters, which
are important to electron transfer in catalysis and may be altered by the mutation, could be
determined by titration and EPR studies. In addition, the spectra of HoxK at lower pH and
under more oxidizing conditions (as done with the MBH dimer by 23) may also provide
insight into the structure and electronic interactions of the recombinant electron transport
chain. Mossbauer spectroscopy may also be useful in this case, as Fe atoms are in each of
the clusters. In a similar case, alteration of ligands to the FB cluster of PsaC showed
considerable spectroscopic alteration (30, 17). Catalytic activity may be difficult to obtain,
but the reconstitution of Fe‐S clusters is essential.
Future Directions
The significance of the presence of Fe‐S clusters is that further incubation with
“molecular wires” may allow successful displacement of 2‐mercaptoethanol at the distal
[4Fe4S] cluster. Further EPR spectra will hopefully identify the electron transfer sites in
hoxk H187G. PsaC C14G/C34S variant, as purified from E. coli, has already been
demonstrated to be conducive to the spontaneous association with PSI (also purified here)
and molecular wiring.
Based on this data and past work, a PSI‐PsaC‐HoxK molecular wire could
theoretically be constructed (17, 11, 10). Hence, further optimization of purification of the
HoxK variant is warranted. The next step in this research would be toward such a
construct. Spectroscopic studies with such a construct would need to be performed to
determine if electrons could successfully be transferred to the Fe‐S clusters of HoxK via the
molecular wire from Psac‐PSI.
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The last protein component of the full half‐cell module hypothesized in this study is
the HoxG large subunit. HoxG has been purified from R. eutropha without the small subunit
(29). Interestingly, the full MBH operon, with both enzyme and maturation protein genes
(e.g all Hox genes), has been cloned into a megaplasmid and expressed in MBH‐free R.
eutropha and in Pseudomonas stutzeri, conferring hydrogen oxidizing ability (15).
Expression of this operon has not yet been reported in an E. coli system. For these proof‐of‐
concept experiments, HoxG will most likely be expressed by itself in E. coli, with
subsequent active site metal reconstitution. This will require a novel genetic construct for
expression and a Ni‐Fe reconstitution procedure, which has not yet been performed.
The possibility of H2‐production with this module seems reasonable. However, the
true efficacy and oxygen tolerance of this module remain to be investigated. Note that the
efficiency of PSI is unquestioned. PSI is also robust: all components are stable and
withstand moderate heat and light levels (17).
The catalytic rate and cost efficiency of PSI‐hydrogenase modules remains to be
optimized, as do those all photocatalytic hydrogen production systems. Experimentation
with different molecular wires will no doubt play a role. This engineering will ultimately
determine the usefulness of hydrogenase conjugates in energy production. As seen in
Table 2, the highest rate of PSI‐coupled hydrogen production is via molecular wire
attachment to platinum nanoparticles, at rates of 312 μmol of H2 per mg chlorophyll per
hour. This is equivalent to 90 Joules per hour or 0.025 Watts per mg chlorophyll, assuming
all of the 143 kJ/g available in the combustion of H2 is harnessed. The rate for PSI‐[FeFe]
hydrogenase is about two orders of magnitude lower (3.9 μmol/mg Chl/h). Though this
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may be low, it is a powerful proof of concept, and the altering of molecular wires and other
variables may hopefully improve this rate dramatically.
Rate of H2 production
[μmol H2 (mg of Chl)−1 h−1]
Metal systems
platinized PS I
0.025
PC‐cross‐linked platinized PS I
0.080
osmium‐coated chloroplasts
0.113
PS I−molecular wire−Au nanoparticle
3.4
PS I−molecular wire−Pt nanoparticle
9.6
PS I−molecular wire−Pt nanoparticle with
49.3
Cytochrome c
PS I−molecular wire−Pt nanoparticle
312
(optimized)
Enzyme systems
0.58
PS I−H2ase−soluble electron donors
PS I−molecular wire−H2ase
3.9
Table 2. Comparative Rates of LightInduced Production of Hydrogen from Inorganic
and Proteinaceous Catalytic Systems. Adapted from Lubner, et. al. 2009. (17).
The direct coupling of PSI to the membrane‐bound [NiFe] hydrogenase of R.
eutropha shows an interesting example of utilizing solar energy for the synthesis of H2. The
direct coupling via a molecular wire has been shown to greatly increase reaction velocity
by eliminating rate‐limiting diffusion chemistry, as seen in Table 2. The MBH‐PSI module
considered here would be expected to be in this range, bhe major importance of this
hydrogenase is its high oxygen‐tolerance compared to other hydrogenase classes. Another
important consideration is that gold and platinum catalysts, due to the high value and low
abundance of these metals, may be economically prohibitive compared to hydrogenases.
Even if this specific PSI‐MBH bioconjugate does not prove economically successful,
this project may also confer information about the chemistry and structure of the [NiFe]
active site, the protein’s means of O2‐tolerance, and the efficiency of molecular wiring, all of
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which may be applied to future synthetic bioconjugates.
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APPENDIX A: DNA AND PROTEIN SEQUENCES
Ralstonia eutropha H16 – [NiFe] Membranebound hydrogenase protein sequence
(14):
1
61
121
181
241
301

MVETFYEVMR
TCCSESFIRS
NPPLNQDGMS
ITDKPIIKVP
AGQFVEEWDD
WDKGSFYDRL

RQGISRRSFL
AHPLAKDVVL
CIIGGRPFIE
GCPPIAEVMT
ESARKGFCLY
TGISQFGVEA

KYCSLTATSL
SMISLDYDDT
QLKYVAKDAK
GVITYMLTFD
KMGCKGPTTY
NADKIGGTAS

GLGPSFLPQI
LMAAAGHQAE
AIISWGSCAS
RIPELDRQGR
NACSTTRWNE
VVVGAAVTAH

AHAMETKPRT
AILEEIMTKY
WGCVQAAKPN
PKMFYSQRIH
GTSFPIQSGH
AAASAIKRAS

PVLWLHGLEC
KGNYILAVEG
PTQATPVHKV
DKCYRRPHFD
GCIGCSEDGF
KKNETSGSEH

In this study, the highlighted 43 amino acids (TAT signal sequence) are removed. The red
residues are involved in coordinating Fe‐S clusters. His 187 (His 230 in the original
sequence) is changed to G in this study.
Ralstonia eutropha H16 – [NiFe] Membranebound hydrogenase variant protein
sequence, with Streptag:
1
61
121
181
241
301

METKPRTPVL
EEIMTKYKGN
VQAAKPNPTQ
FYSQRIGDKC
FPIQSGHGCI
SAIKRASKKN

WLHGLECTCC
YILAVEGNPP
ATPVHKVITD
YRRPHFDAGQ
GCSEDGFWDK
ETSGSEH

SESFIRSAHP
LNQDGMSCII
KPIIKVPGCP
FVEEWDDESA
GSFYDRLTGI

LAKDVVLSMI
GGRPFIEQLK
PIAEVMTGVI
RKGFCLYKMG
SQFGVEANAD

SLDYDDTLMA
YVAKDAKAII
TYMLTFDRIP
CKGPTTYNAC
KIGGTASVVV

AAGHQAEAIL
SWGSCASWGC
ELDRQGRPKM
STTRWNEGTS
GAAVTAHAAA

Wildtype hoxK gene, R. eutropha (14):
1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081

atggtcgaaa
aagtactgtt
gcgcacgcga
acctgttgct
tcgatgatct
gccatcctcg
aatccgccac
cagctcaaat
tggggatgcg
atcaccgaca
ggtgtcatta
ccgaagatgt
gccggccagt
aagatgggct
gggacgagtt
tgggacaaag
aacgccgaca
gccgcagcgt
taa

cattttatga
ccctgacagc
tggaaaccaa
cggaatcgtt
cactggacta
aggagatcat
tcaatcagga
acgtggccaa
tgcaggcagc
agccgattat
cctacatgct
tctatagcca
tcgtcgagga
gtaaaggccc
tccccattca
gctcattcta
agattggcgg
ctgcgatcaa

Variant hoxK gene, with Streptag:

agtcatgcgc
cacatcctta
gccgcgtaca
cattcgctcg
tgacgacaca
gacgaagtac
tggcatgagc
ggatgccaag
caaacctaat
caaggtcccg
caccttcgat
gcgcatccac
atgggacgac
gaccacgtac
gtcgggccac
cgatcgtctg
aacggcctcc
gcgtgcgtcg

aggcagggca
ggactgggac
ccagtacttt
gcccatccgc
ctgatggcgg
aagggcaact
tgcatcatcg
gccattatct
cccactcagg
gggtgccctc
cgtattcccg
gacaaatgct
gaatcagccc
aacgcctgct
ggttgcattg
accggcatca
gtcgtggtgg
aagaagaacg

tttcgcgacg
cttcctttct
ggctgcacgg
tggcaaagga
ctgccggcca
atattctggc
gtgggcggcc
cctggggttc
ccacaccggt
cgattgccga
aactggatcg
accggcgtcc
gcaaaggctt
ccaccacgcg
gttgctccga
gccagttcgg
gggcggccgt
aaaccagcgg

aagtttcctg
gccgcagatc
tctcgaatgt
cgtcgtgcta
ccaggccgag
ggtggagggg
attcattgag
ctgcgcatcc
tcacaaggtg
agtgatgacg
acagggtcgg
acacttcgat
ctgcttatac
ctggaacgag
ggatggcttt
cgttgaggcc
gacggcgcat
cagtgaacac
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pET15b plasmid map, available from Novagen. The mutant hoxK gene was cloned into
the T7 expression region. This map from: (http://www.merck‐chemicals.com/life‐science‐
research/technical‐bulletins/c_IMOb.s1OXkUAAAEj2xsYzMkq)
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APPENDIX B. SOLUTIONS, MEDIA, AND PROTOCOLS
Buffer 1:
50 mM Tris‐HCl pH 8.3, 20 mM NaCl
Buffer A: (as in source 29): 100 mM Tris pH 8, 150 mM NaCl, 1 mM EDTA
Luria Broth Media
10g/L NaCl
5 g/L Yeast Extract
10 g/L Tryptone
pH to 7.0 with concentrated NaOH or KOH
A1 Media
18 g/L NaCl
0.6 g/L KCl
1.0 g/L NaNO3
5.0 g/L MgSO4
0.05 g/L KH2PO4
0.266 g/L CaCl2
0.03 g/L NaEDTA tetra
10 mL/L Tris 100g/L pH 8.2
3.89 mg/L FeCl3.6H2O
1 mL 1000x P1 metals
Autoclave, then to 4 µg/L vitamin B12
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APPENDIX C. ADDITIONAL PURIFICATION METHODS
Additional Biochemical Treatments of HoxK
The HoxK subunit has not previously been purified alone. High insolubility has been
observed in both the large and small subunits of the MBH when overexpressed, and thus
overcoming this in purification was the most time‐consuming portion of this project. For
EPR spectroscopy, complete protein purity is not of utmost importance, as long as the
species of interest is concentrated enough and aberrant paramagnetic species can be
eliminated from solution. Even so, numerous methods to increase purity were attempted,
as it may be important for further studies.
Preliminarily, urea solubilization was performed at concentrations of 4.5 M to 9 M
urea. H187G remained insoluble in pellets after centrifugation tried at various g. Gel
filtration (G75), anion exchange (DE52), and Strep‐tactin Superflow affinity
chromatography were attempted on the Buffer 1‐washed pellets.
Further methods of increasing solubility were attempted:
− Vary NaCl concentration up to 1.0 M
− More concentrated Tris: up to 100 mM
− Triton x‐100 and x‐114 and n‐dodecyl maltoside detergents, varied
temperatures
− Switching to a phosphate buffer
− Lower pH: phosphate buffer at 7.0, with and without 150 mM NaCl, with and
without Triton x‐114, with both NaCl and Triton
− Vary the centrifugation speed
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− Eventually, it was found that FeS reconstitution itself aided in solubility,
possibly due to conformational changes in the protein, or to increase ionic
strength from Fe and S salts.
− Non‐solubilized and Buffer A/2% Triton X‐114 samples were reconstituted.
In addition, an aliquot of non‐solubilized sample was treated with Buffer
A/2% Triton after reconstitution.
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APPENDIX D: EPR SPECTRA
Note to the reader: EPR spectroscopy is based on the differences in energy the
between electrons in a magnetic field based on their spin magnetic moments (the Zeeman
effect). These differences in energy can be sensed by absorption of microwave frequency
photons that carry the same energy as the difference in energy between the electron’s two
states (aligned with and antiparallel to the magnetic field). Most EPR spectrometers vary
the magnetic field, changing the difference in energy between electron spin states, while
keeping the microwave frequency the same. Thus, the independent variable is magnetic
field, in Gauss or Tesla.
EPR spectroscopy is very sensitive to environmental factors and small perturbations
in magnetic field. Slight variability may occur between the actual magnetic fields in
different machines. For easier comparison between spectrometers, the horizontal axis of
spectra is often reported in g‐values, as done here. A sample of known g‐value is used to
standardize between machines. However, spectra are may also be reported in the
machine’s reported magnetic field. For ease of comparison with these spectra, spectra in
Gauss (1 G = 1x10‐4 Tesla) and g‐values not provided above are included here.
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