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Abstract 1

1 Abstract

Hydrogenases catalyze the reduction of protonsalecular hydrogen with outstanding
efficiency. An electrode surface which is coverethvactive hydrogenase molecules
becomes a promising alternative to platinum focteteechemical hydrogen production.

To immobilize the hydrogenase on the electrode,gblel surface was modified by
heterobifunctional molecules. A thiol headgroupome side allowed the binding to the
gold surface and the formation of a self-assemiphedolayer. The other side of the
molecules provided a surface with a high affiniby the hydrogenas€rHydAl from
Chlamydomonas reinhardtiwith methylviologen as a soluble energy carrectrons
were transferred from carboxy-terminated electradeSrHydAl and conducted to the
active site (H-cluster), where they reduce protimnsolecular hydrogen. A combined
approach of surface-enhanced infrared absorpti@stgpscopy, gas chromatography,
and surface plasmon resonance allowed quantifyirey hydrogen production on a
molecular level. Hydrogen was produced with a t#t®5 mol H min® mol*. On a 1'-
benzyl-4,4’-bipyridinum (BBP)-terminated surfachetelectrons were mediated by the
monolayer and no soluble electron carrier was rsacgsto achieve a comparable
hydrogen production rate (approximately 50% of fblamer system). The hydrogen
evolution potential was determined to be -335 mitf@ BBP-bound hydrogenase and
-290 mV for the hydrogenase which was immobilized a carboxy-terminated
mercaptopropionic acid SAM. Therefore, both systesignificantly reduce the
hydrogen production overpotential and allow eledteimical hydrogen production at an
energy level which is close to the commercially leggpplatinum electrodes (hydrogen
evolution potential of -270 mV).

In order to couple hydrogen production and phottssis, photosystem | (PS1) from
Synechocysti®CC 6803and membrane-bound hydrogenase (MBH) frRalstonia
eutrophawere bound to each other. To accomplish tight ibgpebf both proteins the
PS1 subunit PsaE was genetically fused to the i@Gital end of the small subunit of
MBH, i.e. close to the electron acceptor site of 1B his fusion protein spontaneously
assembled with the PsaE-deletion mutant of PSIci@rior a high hydrogen evolution
rate of the system is an efficient electron tranbitween both proteins. To allow this
measurement, the PsaE-deletion mutant of PS1 wasolmized on a Ni-NTA-
terminated monolayer via a genetically introduce-tdg. The specificity of the
assembly of fusion protein and deletion mutant wasfied by SEIRAS. Surface
plasmon resonance, gas chromatography and eleetrustiny complemented this
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measurement and yielded the specific activity o# fanctional hybrid complex:
4500 mol H min? mol. The investigated complex allowed hydrogen evoiutat
potentials up to 85 mV, i.e. hydrogen productionaalbower energy level than on a
platinum electrode.. In addition, the hydrogen piighn rate was higher than for
hydrogenase-modified electrodes without PS1.

Beyond these specific results, the experimentalpsetan be used to quantify the
hydrogen evolution rate on a molecular level forialsle hydrogenases and hybrid
complexes. This information will be used to chodlse most efficient catalysts for
introduction into the native system fior vivo hydrogen production.
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2 Introduction

2.1 Energy supply and climate problem

Our future energy supply is one of the grand chgls of the twenty-first century, if
not the greatest. Available fossil fuels will bensamed within decades and we need
alternative energy sources to maintain life as n@vkit.

In addition, burning fossil fuels means to prodtize greenhouse gas carbon dioxide.
The world’s energy requirement will increase alongh population growth and
industrialization of emerging nations. If we usedib fuels to provide this energy, the
carbon dioxide concentration in the atmosphere @rilimatically increase and cause
strong global warming (Hellwig et al., 2009). Onignewable energy sources will
satisfy the growing global energy demand withoutating severe environmental
problems.

Our sun is the largest and longest-lasting eneogyce. It has the potential to power
our planet with solar fuels (Gray, 2009). A promdsiapproach is to use Nature’s
catalytic converter of solar energy into chemiaadrgy - the photosynthetic apparatus
(Jordan et al., 2001) converts solar energy intambiss with a rate of 90 T3 i total
(Alivisatos et al., 2004). 20% of this energy wolnd sufficient to meet the world’s
current energy requirement of about 5 2®1Dyear* (EIA, 2008).

2.2 Learning from nature: photosynthesis & hydrogen praluction

During evolution, nature figured out how to use radant metallic elements to activate
small molecules (Gray et al., 2000). These metatitars are embedded in their protein
cages and form highly specific catalysts — mosesimmore efficient than any catalyst
we can produce.

2.2.1 Photosynthesis

Photosynthesis is subdivided into light and darlactien. In the light reaction,
nicotinamide adenine dinucleotide phosphate (NAO® reduced to NADPH, oxygen
is produced, and protons are pumped through a nsmbiThe proton-motive force is
used by the ATP-synthase to generate energy-riehamihe triphosphate (ATP). While
eight photons are absorbed, 2, @ NADPH, and 3 ATP are formed. In the dark
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reaction (Calvin cycle) ATP and NADPH are useddarbon fixation. C@is converted
into hexoses and other organic compounds (Berb, &0®3; Doenecke et al., 2005).

Electron transfer during the light reaction (Figuneis important within the scope of
this work and described in detail.
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Figure 1 Light reaction of photosynthesi$ Water is oxidized to oxygen by photosyste(@3R2, PDB
ID: 1S5L). The obtained electrons are transferréa plastoquinol (PQH) to cytochrome b6f (Cyt b6f,
PDB ID: 2ZF9). Plastocyanin (PC) transports the atfens to photosystem | (PS1, PDB ID: 1JBO0),
where they reduce ferredoxin (Fd, PDB ID: 1A70)ribg the catalytic cycle of PS1 and PS2 red light i
absorbed.

Two large protein complexes, photosystem | (PS1) gimotosystem Il (PS2), are the
major parts of the photosynthesis apparatus. P&Ryzas the first step of the light
reaction, the reduction of plastoquinone (PQ) astadquinol (PQHE), see equation (1).

Water oxidation provides the required electrons.

2PQ+2H,00™ O, +2PQH, (1)

Upon absorption of a photon, a so-called “specait”’pof chlorophyll a molecules
(P680) transfers an electron to pheophytin (Phpplprin derivate without central
metal ion). The electron is conducted from Ph bmand PQ at @position and further
towards an exchangeable PQ at@sition. P680is a strong oxidant and removes an
electron from water, which is bound to the mangaruhsster. The cycle is repeated and
a second electron is used for the second reductiothe exchangeable PQ. PQH
dissociates from PS2 and is oxidized by the cytmtleb6f complex. The electrons are
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used to reduce the copper protein plastocyanin,(B&&) equation (2). The protons are
released on the luminal side of the membrane anttibate to the proton-motive force.

PQH, +2PC(Cu*) - PQ+2PC(Cu*)+2H" (2)

PS1 catalyzes the terminal step of the light reactiPC is oxidized and the electron is
transferred to ferredoxin (Fd), a soluble 2Fe-28en, see equation (3).

PC(Cu*)+Fd,, O PC(Cu*)+Fd,_, (3

The electron acceptor site of PS1 is the specialgiahlorophylla molecules (P700)
with a redox potential of +0.44 V (Webber et al.08)) Absorption of a 700 nm photon
leads to a charge separation. An electron is tremesfevia a chlorophyll molecule atA
position and a quinone at Aosition to an arrangement of 4Fe-4S clusters.€lé&ron
donor site of PS1 consists of the two clusteysifd Fs which have a redox potential of
-0.54 V and -0.59 V, respectively (Evans and Heathcb®80). From here the electron
is transferred to Fd. The redox potentials of P@ &d are +0.37 V and -0.45V,
respectively. The change of the free enthalpy &f thaction is +79.1 kJ mdl The
driving force of this reaction is the absorption @f700 nm photon, which provides
energy of 171 kJ mdl(Berg et al., 2003).

The ferredoxin-NADP-reductase transfers the electron from Fd to NAD#hich is
consumed in various metabolic pathways.

2.2.2 Hydrogenases

Hydrogenases catalyze the reduction of protonsdé&cunlar hydrogen (Adams et al.,
1980). They are widely distributed among anaeroliing bacteria and some
eukaryotic unicellular organisms (Horner et al., 200

Most of these enzymes are iron-sulfur proteins,cWlontain two metal atoms at their
active site, either two iron atoms (as in [FeFejhimgenases) (Peters et al., 1998;
Nicolet et al., 1999) or one iron and one nicksl i@[NiFe]-hydrogenases) (Volbeda et
al., 1995; Higuchi et al., 1997). Here, the struetof the active site of the former ones
is described in detail (see below) as a basis ferldter investigation of the [FeFe]-

hydrogenaseCrHydAl from Chlamydomonas reinhardti{Chapter 4.4). Advantages

and disadvantages of both hydrogenase familiediacassed.
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Active site of [FeFe]-hydrogenases

Based on the two initial structural reports of [EERydrogenases and FTIR studies
(Pierik et al., 1998) a consensus model of thevactite (H-cluster) could be built
(Nicolet et al., 2000).

Both iron centers are ligated by a CO and a @hNlecule, respectively. The CO ligands
are located in hydrophobic pockets, whereas theliGahds form hydrogen bonds with
the protein network. The two iron centers are bridgg one CO molecule and two
sulfurs. The bridging sulfurs belong to a smallamg molecule which was initially
modelled as 1,3-propanedithiolate (Peters et @88 and later as di(thiomethyl)amine.
The nitrogen bridgehead atom would provide an aikalfunction, which is not
available in the protein environment in the vigmaf the H-cluster (Nicolet et al.,
2001). This nitrogen atom could be involved in greton transfer between H-cluster
and protein surface. I€lostridium pasteurianunmhydrogenase | for example, the
bridgehead atom is located close to Cys178, which pessulated to be part of the
proton transfer pathway (Peters et al., 1998).

A water molecule completes the coordination spherthefdistal “Fe2” and a cubane
[4FedS] cluster is connected to the proximal “Feid sulfur of a cysteine residue
(Figure 2).

Figure 2 Active site of [FeFe]-hydrogenasep The so-called H-cluster consists of two ir@neers,
which are coordinated by several ligands. The atamescolour-coded: carbon (grey), nitrogen (blue),
oxygen (red), sulfur (yellow), iron (dark red). Hgden atoms are not included in the scheme. Se¢e tex
for further details.
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Comparison of [FeFe] and [NiFe]-hydrogenases

[FeFe]-hydrogenases function as electron valveseéh€burning” evolved reduction
equivalents. They have a higher hydrogen produdaivity (Adams, 1990; Peters et
al., 1998; Nicolet et al., 1999) and benefit fromlyoweek product inhibition in the
direction of H reduction (Léger et al., 2004), but they are iersibly damaged by O

Physiologically, [NiFe]-hydrogenases cleave molacuhydrogen and the hydrogen
production activityin vitro is lower compared to [FeFe]-hydrogenases. As adganta
[NiFe]-hydrogenases are oxygen-tolerant and cae&etivated by reduction withatbr
dithionite (Cammack et al., 2001).

The structure/function relationship of both hydrogse classes was reviewed in the
literature (Fontecilla-Camps et al., 2007).

2.3 The perfect cycle

The combination of photosynthesis, electrochenhgdrogen production, and fuel cells
forms a so-called “perfect cycle”. This cycle of ematconverts solar energy into
electrical energy.

One approach is to fix the biological catalysts tpprapriate electrodes. Both
photosystems have been used in electrochemicabssétuconvert light energy into
electrical energy — in solid-state devices (Das let 2004), as surface-tethered
monolayers (Badura et al., 2006; Carmeli et ald72@®n gold nano particles (Terasaki
et al., 2006), and on nanoporous gold electrodesiglski et al., 2008).

In order to store the (photo-)electrical energglasmical energy, molecular hydrogen is
considered as a high energetic fuel. Noble metéats filatinum are able to reduce
protons to hydrogen at the potential which is pdedi at the donor siteaf/s of PS1.
Platinum nano particles were covalently linked td Ri8 the vicinity of the donor site)
and light-induced hydrogen production took placer(@re et al., 2008).

A more efficient catalyst than noble metals is juled by nature. Hydrogenases
(Vignais and Billoud, 2007) are enzymes which &ie a0 generate hydrogen with an
overpotential close (or equal) to 0 V (Armstrong &wohtecilla-Camps, 2008). This has
been shown for a variety of hydrogenase enzymesding the [NiFe]-hydrogenases of
Ralstoniaspecies on a rotating disk graphite electrode d&oét al., 2008) and the
[FeFe]-hydrogenases ®fesulfovibrio desulfuricangVincent et al., 2005)Clostridium
acetobutylicum(Baffert et al., 2008) an@hlamydomonas reinhardt{iKrassen et al.,
2009).
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Molecular hydrogen and oxygen are consumed indal$ to generate electricity with
unrivalled conversion efficiency (Cammack et alD02; Karyakin et al., 2005) and
without emission of carbon dioxide. The only prodig water which was initially
consumed by photosystem II.

2.4 Objectives

2.4.1 Conversion of electrical into chemical energy

The world’s need for energy is basically a needftefs. The hydrogenaserHydAl
from Chlamydomonas reinhardtghall be used as catalyst in an electrochemicatee
to use electrical energy for the production of loggm.

The setup shall be based on a gold electrode tovalhe investigation by surface-
enhanced infrared spectroscopy (SEIRAS) and sudsanon resonance (SPR). These
techniques shall be used to provide detailed in&tion about the enzyme-modified
surface and abo@rHydAl in its catalytic-active state.

2.4.2 Direct coupling of photosynthesis and hydrogen pobidn

A hybrid complex of membrane-bound hydrogenase Mi&ihfRalstonia eutrophand
the photosystem | fronBynechocystis PCC 6808hall be investigated in detalil.
Specificity of the assembly, efficiency of the dtea transfer between both proteins,
and the hydrogen production rate are in the fo¢aki® work.

The surface-bound hybrid complex shall be quatibe a molecular level. This will
allow the comparison between hybrid complexes which di$ferent hydrogenases
and/or coupling strategy.
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3 Materials and methods

3.1 Protein purification

3.1.1[FeFel-Hydrogenase fro@hlamydomonas reinhardtii

Recombinant [FeFe]-hydrogena&rHydAl Strep-taf® was produced as described
before (von Abendroth et al., 2008) by Sven Strip@ &regory von Abendroth in the
workgroup of Prof. T. Happe (Ruhr-Universitdt Bochur@ermany). Briefly,
Clostridium acetobutylicumATCC 824 recombinant strains were grown in CGM
medium (minimum medium, containing erythromycinlcaan carbonate, iron sulfate,
nickel chloride and zinc sulfate) in a 2.5 L Mini&®-bioreactor (Infors, Augsburg,
Germany) (Girbal et al., 2005; Wiesenborn et al889 An optimized purification
protocol was established for the heterologously ®sized CrHydAl Strep-tag®
enzyme. Ultracentrifugation and affinity chromataginy on a 10 ml Strep-Tactin
Superflow? column (IBA, Géttingen, Germany) were applied. Cethith and protein
purification were carried out under strict anaecobonditions. Isolated protein was
concentrated to 5 mgthl on Vivaspin 6-columns (Sartorius Stedim Biotech,
Gottingen, Germany) and stored in 10 mM potassiumspimate buffer (pH 6.8),
containing 10% glycerol and 2 mM sodium dithior{(iiggma-Aldrich) for stabilization.
Dithionite was used to protect the hydrogenase apaxidative damage by possible
oxygen contaminations. But dithionite would disttine monolayer experiments, which
are presented in this work, and had to be removed pr use in spectroscopic or
electrochemical experiments. Therefore, the sam@e dialysed for 30 minutes on
0.025 pm V-seriés membranes (Millipore, Schwalbach, Germany) agairtsmi
sodium phosphate buffer solution (pH 6.8). During thalysis the activity of the
hydrogenase decreased by up to 80%. For later iexpats (Chapter 4.1.4), the
hydrogenase was purified in the absence of ditheoaiid used within days after the
purification. This procedure maintained almostftikactivity of the hydrogenase.

3.1.2[NiFe]-Hydrogenase frorRalstonia eutropha

Membrane-bound hydrogenase (MBH) froRualstonia eutrophawas purified by
Alexander Schwarze in the workgroup of Prof. B. Figdr(Humboldt-University
Berlin, Germany).
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His-tagged hydrogenase

A Hisg-tag coding sequence was fused to the 3" erfibrK the gene for thiiBH’s
small subuniHoxK. Ralstonia eutropha&ells were aerobically cultivated in mineral salt
medium, containing 0.2% (w/v) fructose and glyceatl,30 °C in a 10 L-fermenter
(Biostat MD, Braun Biotech, Melsungen, Germany). Tedls were harvested after
50 hours (ODxss~ 11) by centrifugation (5,000 xg, 4 °C). The cqlellet was
resuspended in 50 mM Tris-HCI buffer (pH 8.0) contagn150 mM NaCl, protease
inhibitor cocktail (Roche), and DNase | (Roche). Tasuspended cells were disrupted
by two passages through a cooled French pressur&ts&l Aminco, SLM Instruments,
Rochester, USA). Soluble proteins were separatedtkgcantrifugation (100,000 x g,
4 °C). Afterwards, membrane proteins were solubilibgdthe addition of 2% Triton
X-114 and isolated by ultracentrifugation (100,008, °C). The hydrogenase was
purified by affinity chromatography (Ni-NTA supeniio columns, QIAGEN, Hilden,
Germany) and concentrated by centrifugation (Amicdtrakl5 (PL-30), Millipore,
Billerica, USA).

Fusion protein of hydrogenase and photosystem IrstPsaE

The photosystem | subunit PsaE fr@ynechocystis PCC 680&s genetically fused to
the C-terminus of HoxK, the small subunit of the MBHhereby replacing the
membrane anchor (Leu310-His360).

Ralstonia eutrophatrains HF653 and HF768 were cultivated in mineedl medium,
containing 0.2% (w/v) fructose and glycerol, at 80ifi flask cultures. Gene expression
was induced after 24 hours by the addition of 2 nddt@ine. After a total cultivation
time of 48 hours, an Of% of 8-10 was reached and the cells were harvested by
centrifugation (4,000 x g, 4 °C). The cell pelletsm@suspended in 50 mM Tris-HCI
buffer (pH 8.0) containing 150 mM NaCl, protease ltoir cocktail (Roche), and
DNase | (Roche). The resuspended cells were disruptetivo passages through a
cooled French pressure cell (SLS Aminco, SLM Insents, Rochester, USA).

The soluble proteins were isolated by ultracentatign (88,000 x g, 4 °C) and applied
onto a Ni-NTA superflow column (4 ml BV, QIAGEN, Hilden, Geany) to remove all
His-tagged proteins. The flow-through was directhaded onto a Strep-Tactin
Superflow column (IBA, Goéttingen, Germany). The fusmotein was eluted by 5 mM
desthiobiotin, concentrated using a centrifugaéfidevice (Amicon Ultra-15 (PL-30),
Millipore, Billerica, USA), and stored at -80 °C & mM Tris-HCI (pH 8.0) containing
50 mM NaCl and 20% (v/v) glycerol.
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3.1.3Photosystem | fromdynechocystis PCC 6803

The PsaE-depleted photosystem | (RSB was designed and purified by Alexander
Schwarze in the workgroup of Prof. B. Friedrich (HumdboUniversity Berlin,
Germany). A Hisr-tag was fused to the N-terminal end of the subus&F? The
purification of the cyanobacterial PS1 was done ating to a protocol developed for
PS1 from Thermosynechococcus elongat(El-Mohsnawy and Rogner, will be
published elsewhere) with slight modifications.

Thylakoid membranes were homogenized in 20 mM HEREfm(pH 7.5) containing
10 mM MgC}, 10 mM Cadd, 0.5 M mannitol, and 0.05% (w/\3-dodecyl maltoside.
0.9% [B-dodecyl maltoside was added and utracentrifugatasy,000 x g, 4 °C) was
applied to separate the soluble proteins from teenbranes. A chelating sepharose fast
flow column (GE Healthcare, Uppsala, Sweden) was changgda 100 mM NiC}
solution containing 10% acetic acid. H#®Shpsae cCOMplexes were eluted by a linear
gradient of 1-100 mM histidine, concentrated, aiadyded against histidine-free buffer
(50 mM MES pH 6.5, 300 mM NacCl, 10 mM MgCIL0 mM Cadl, 0.25 M mannitol,
0.03% B-dodecyl maltoside The protein was further purified by a hydrophobic
interaction column (Poros 50 OH, Applied Biosystemimster City, USA) and
separated in trimeric and monomeric &k fractions by size exclusion
chromatography (TSK 3000 column, LKB Instrument, f€lfang, Germany).

PShpsaeSamples were adjusted to 3% chlorophyll mt* (in 20 mM HEPES (pH 7.5),
10 mM MgCp, 10 mM CaC and 0.03%f-dodecyl maltoside) and frozen in liquid
nitrogen.

3.1.4Cytochrome c oxidase froRhodobacter sphaeroides

Cytochrome c oxidase froRhodobacter sphaeroidegas expressed and purified via
Ni-NTA affinity chromatography as described befokétChell & Gennis, 1995; Hosler

et al., 1992). Prior to use, the protein was staaed80 °C in 50 mM potassium
phosphate buffer (pH 8), which contained 0.03-#odecylmaltoside (Anatrace).

The enzyme concentration was determined by UV/Vis tepsmopy (Gennis et al.,
1982; Chance et al.,, 1957). Spectra of the airipatl and the sodium dithionite
reduced protein solution were recorded and the pratencentration was calculated,
using the differential extinction coefficientsos.s30= 24 mM* cm™.
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3.2 Invitro activity of hydrogenases (in solution)

1 - 10 pgCrHydA1 was added to 2 mL of a 100 mM sodium phosphatéer solution
(pH 6.8), containing 1 mM methylviologen dichloridgMV, Sigma-Aldrich) and
100 mM sodium dithionite, to probe hydrogen evatiactivity under optimal
conditions. This solution was sealed gas-tight irf8anL glass tube, purged with argon
and incubated at 37 °C for 15 minutes afterwarde dimount of produced hydrogen
was measured by gas chromatography and the spbgdiogen evolution activity of
the hydrogenase (in pmobkkhin® mg") was calculated.

3.3 Modification of gold surfaces

Thiols spontaneously form a self-assembled monold$$2AM) on a gold surface
through covalent linkage to the sulfur group (Fey®). Heterobifunctional molecules
which carry a thiol group on one end and a secondtional group on the other end are
used to change the chemical properties of the ceirfa

R i

Au

Figure 3 Self-assembled monolaygr Molecules with an exposed thiol group spontarsty bind to a
bare gold surface and form an oriented monolayer.

In this work, the bare gold surface was incubatedh &t aqueous solution of 2 mM
3-mercaptopropionic acid (MPA, Sigma-Aldrich), arhatolic solution of 2 mM
11-mercaptoundecanoic acid (MUA, Sigma-Aldrich) (§aet al., 1993; Sun et al,
1993; Chen et al., 2002; Xu and Bowden, 2006; Jidngl.e2008), or 1 mM 1-(10-
mercaptodecyl)-1’-benzyl-4,4-bipyridinium-dibromidBBP) in dimethyl sulfoxide
(DMSO) for 30-90 minutes to produce a carboxy-teated surface. Surface-enhanced
infrared absorption spectroscopy (SEIRAS, Chaptdr33 was used to monitor the
adsorption process situ.
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3.3.1 Ni-NTA-terminated surface

The gold surface was exposed to a solution of 2.5 whithio-bis(succinimidyl
propionate) (DTSP, Sigma-Aldrich) in (waterless) DMS® I® minutes. The sulfur
bridge was split in the vicinity of the gold surfa@nd both thiosuccinimidyl
propionates (TSP) were immobilized on the surfadee Surface was washed with
DMSO (3x) to remove excess DTSP and with aqueous OpoMssium carbonate
solution (3x) to remove the DMSO. Then, the surfaces waubated with 150 mM
Ng,Ng-bis(carboxymethyl)-L-lysine (ANTA, Fluka). The sucinidyl ring of the TSP
was substituted by the amino group of the lysine amutrilo triacetic acid monolayer
was formed. After washing with double distilled wateickel sulfate was added to a
final concentration of 50 mM. The synthesis of MieNTA surface was finished after 1
minute of incubation. Surface-enhanced infraredogdi®n spectroscopy (SEIRAS,
Chapter 3.4.3) was used to monitor the single r@adtiepsn situ (Ataka et al., 2004).

3.3.2Protein immobilization

Proteins were immobilized on the surface by twoedédht approaches: (1) Electrostatic
interactions were used to bind the hydrogen@selydAl to carboxy- or BBP-
terminated surfaces. (2) Proteins, which carriedistéy), adsorbed to the Ni-NTA-
group via the coordination of the nickel with twdéragen of two imidazole side chains
(Figure 4).

B -
R AN
R R
His-tag
Ni-NTA
surface
linker
S
I 1

Figure 4 His-tag binding to Ni-NTA | Two nitrogen atoms of two successive Histidisidues
coordinate a nickel ion, which is tethered to tloddgsurface by an organic NTA linker.
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In each experiment the chemically-modified electradhs incubated with the respective
protein solution. The used protein concentratiarseich experiment are summarized
in Table 1.

Table2 lists the used protein buffers.

Table 1 Protein binding conditions

Protein Surface modificator  Protein concentration
CrHydAl bare gold 3.5uM
MPA 3.5-6 uM
MUA 3.5uM
BBP 3.5-6 uM
100:1 MPA:BBP 3.5uM
PS1 NIi-NTA 0.5 uM
PSLpsae Ni-NTA 0.5 uM
PsaE PSdbsae 1.4 uM
MBHpsae PSlpsae 1.4 uM
PS1 1.4 uM
Ni-NTA 1.4 uM
MBH Ni-NTA 2 uM
CcO Ni-NTA 2 uM

Table 2 Protein buffers

Protein Buffer
CrHydAl 10 mM potassium phosphate (pH 6.8) (oxyger)fre
PS1, PSipsae& PsaE 20 mM HEPES (pH 7.5)
+ 10 mM MgCI2 +10 mM CaCl2
+ 0.03% (w/v)B-dodecyl-maltosid (DDM)
20 mM HEPES (pH 7.5)
+ 1 mM MgCI2 +1 mM CaCl2
+ 0.03% (w/v)B-dodecyl-maltosid (DDM)
CcO 50 mM potassium phosphate (pH )
+ 0.1% (w/v)pB-dodecyl-maltosid (DDM)

MBHpsae& MBH

3.3.3Reconstitution in a lipid bilayer

The membrane proteins CcO and the PsaE deletiomtit®S1 were immobilized on
a Ni-NTA-modified surface. The hydrophobic areas,clhivere embedded in the lipid
membrane in nature, were covered with detergentautde $-dodecyl-maltoside). The
surface-tethered protein layer was incubated wiolation of detergent-destabilized
lipid vesicles (liposomes) of dimyristoyl-phosplagicholine (DMPC, Sigma-Aldrich).

Upon addition of macroporous bio-beads (SM2, Bio-Ratdoratories) the detergent
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molecules were removed and the lipids spontane@ssgmbled around the protein to
form a protein-tethered bilayer lipid membrane &Siet al., 2004). The reconstitution
process is schematically depicted in Figure 5.

ARRARAAEAAARERERAREEARALARAALARALARAARALASRAAAAEREASI IARAREASAARRRRAAERERDRAS] AERERERARALREARAREAREASI

Figure 5  Reconstitution of a membrane protein ia lipid bilayer | The hybrid complex of

photosystem | and membrane-bound hydrogenase (FBE{)}-i4 immobilized on a Ni-NTA-terminated
self-assembled monolayer (SAM) via a His-Tag. Deter molecules, which are bound to the
transmembrane region of PS1, are removed by thé@iaaldf bio-beads and allow the formation of a
lipid bilayer of DMPC.

3.3.4 Modification of the protocol for different monitmg techniques

In the surface-enhanced infrared absorption spsmbfmy (SEIRAS) cell and the quartz
crystal microbalance (QCM), the solution on tophd gold surface was accessible by a
pipette. First, the surface was covered with theesdlfor the respective modification
step to allow for the measurement of backgroundtspdtor SEIRAS) or a sufficient
equilibration time (for QCM). Then, the surface nfatiwas added to the stated final
concentration.

The surface plasmon resonance (SPR) system wagpeguwith a flow system. The
surface was continuously rinsed with the respecswlwent and the surface modifier
was injected into the flow. The flow system was natifted for the use of DMSO or
aqueous 0.5 M ¥CO;s solution. Therefore, the protocol for the synthesfia Ni-NTA-
modified surface had to be modified as follows: A&12 mM aqueous solution of MPA
was injected. (2) A hydrochloric solution (pH 4) of nBM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (Sigma-Aldrich) wagjected to activate the
carboxy-terminated surface and allow the bindin@mino groups. (3) The latter step
was immediately followed by an injection of a 150 mbblution of N,N,-
bis(carboxymethyl)-L-lysine (ANTA) in 0.2 M #COs. Details about the amide
formation by carbodiimide in agueous media are mlesd in literature (Nakajima and
Ikada, 1995).
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3.4 Fourier transform infrared spectroscopy

Infrared (IR) spectroscopy provides the possibildymonitor vibrational transitions in
molecules. Every vibration, which induces a chaimgine dipole moment, is IR-active
and can be detected by this technique.

In Fourier transform infrared (FTIR) spectrometgrslychromatic IR radiation is
emitted by a globar. In the Michelson interferometie IR beam is split into two
beams by a semi-reflective beam splitter. One beapeipendicularly reflected to the
fixed mirror, the other one is transmitted to theving mirror, which induces a path
length difference with respect to the other beawthBoeams are reflected back to the
beam splitter where they recombine with constructbre destructive interference
(depending on the path length difference). This lmoed IR beam passes through a
sample and the light intensity is measured as atium of the mirror position by a
mercury cadmium telluride (MCT) detector. The ctatien between mirror position
and frequency is given by the Fourier transfornmatidhis process provides the light
intensity as function of the frequency (Herres andrBolz, 1985). In the resulting
single channel spectrum, the light intensity is ownly plotted as a function of the
wavenumber. The spectra, which are presented inmbiik, were recorded on an IFS
66V/S or a Vertex 70 (Bruker Optik GmbH, Ettlingen, @any) FTIR spectrometer.

FTIR difference spectroscopy allows to selectivelgasure the vibrations, which are
changed during a reaction. A reference single oblaswectrum is recorded before the
reaction is triggered and subtracted from a sesngle channel spectrum, which is
measured after the reaction is finished. The bamdbke resulting difference spectrum
are solely attributed to changes in the molecules.

3.4.1 Transmission setup

A 1 pL droplet of a 420 uM solution @rHydAl was placed in the center of a BaF
window and dried to a final concentration of appnaiely 1 mM. Vacuum grease was
applied to the border area of the Bahd a second window was placed on top to seal
the sample (Figure 6(A)). Afterwards, the sample wiaseqa in the focus of the IR
beam (Figure 6(B)). A home-made sample changer sed 10 exchange the sample for
two stacked Bafwindows for the reference measurement. The samydes rotated
through 20 degrees with respect to the IR beamrda@anternal reflections between the
BaF, windows.
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sample

(A)
F—# > BaF,
IR I

W sample source L
M grease sealing

detector

Figure 6 Transmission setup| (A) The sample is placed between two BaiRdows (so called:
sandwich sample) (B) Principle setup for transnoissheasurements.

CrHydALl is irreversibly inhibited by oxygen and evémaces of oxygen had to be
avoided during sample preparation and measurerBa. windows, grease, sample
holder and glass pipette were placed in an exsiceam evacuated for 20 minutes. The
exsiccator was filled with argon and transferred iatglove bag (Sekuroka Glove Bag,
Carl Roth GmbH, Karlsruhe, Germany), which was purgé@t argon for 20 minutes
before the exsiccator was opened. During this tirhe, glove bag was inflated and
deflated in turns to assure complete exchangeeoétimosphere. A small over pressure
in the glove bag prevented the contamination wiygen from the atmosphere during
the preparation.

3.4.2 Attenuated total reflection setup

In attenuated total reflection (ATR) spectroscopg IR beam is coupled through a
ZnSe crystal into an internal reflection elemeRRE). The IR beam is totally reflected
inside the IRE and guided towards the detector ef dpectrometer. The sample is
placed on top of the IRE and is probed by an evam@dR wave (Figure 7). This wave
is generated at the interface between IRE and saamplg@enetrates into the medium of
lower refractive index with a distance of approxiataione wavelength.
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protein solution

Si crystal

ZnSe crystal

IR beam
< / \ <

Figure 7 Attenuated total reflection setug The sample is placed on top of the internéllection
element and probed by the evanescent wave.

ATR infrared spectroscopy was used to record absorgpectra oCrHydAl during
the drying process. Spectra of the dry crystal weeasured for up to 8 minutes and
stored as background. Then, approximately 50 pb 6f4 uM solution ofCrHydAl
were placed on top of the Si crystal as a droplee droplet was slowly dried under
argon atmosphere and spectra were continuously dedor each spectrum was
averaged over a time interval of 1 minute. The AdjRics (DuraSampRIl, Smiths,
USA) were purged with argon during the measurement.

To allow the handling of the sample under anaerobiditions a glove bag (Sekuroka
Glove Bag, Carl Roth GmbH, Karlsruhe, Germany) washeoted to the top of the

sample chamber of the FTIR spectrometer by a hoaxerholder. It was continuously
purged with argon to maintain oxygen-less atmosphEne ATR optics was purged at
a higher pressure to avoid the transfer of wateowafraces into the optical pathway.

3.4.3 Surface-enhanced infrared absorption spectroscopy

The signals of IR-absorbing molecules in the vigir(k10 nm) of a nano-structured
gold film are enhanced by a factor of approximatd9 (Anderson, 2003) — compared
to the common ATR setup (Chapter 3.4.2). This eobarent allows the investigation
of organic molecules and/or proteins on a (sub-fayer level by IR spectroscopy
(Osawa et al., 1993; Ataka et al., 1996, Ataka andv@s&998, 1999; Osawa, 2002).
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Surface enhancement

The intensity amplification in surface-enhancedsfectroscopy (SEIRAS) results from
an enhancement of the electric field in the vigirof small, interacting gold particles
which are illuminated with light close to the resooa frequency of the local surface
plasmons (Moskovits, 1985). Such surface plasmame been observed in the near and
middle infrared region (4000-800 &non silver island films (Osawa and Ikeda, 1991)
and on ordered arrays of (silver) nanoparticlesxgdde et al., 2000). The surface
plasmons coincide with the enhancement. The el@etgoetic enhancement has been
extensively discussed (Yang et al., 1995).

An increase in the absorption rate occurs which @pg@rtional to the density of the
electric field and the enhanced local field augment regions where molecules are
adsorbed to the surface. Size, shape and packimgtg®f the gold particles and the
dielectric function influence the local fields. Tuhe enhancement varies from point to
point on the surface and the average value is et€Aroca and Ross, 2004).

Surface selection rules

The electromagnetic field produced by the localfawg plasmon excitation is
comprised with the electric vector perpendiculathe surface. Thus, only vibrational
modes which induce a change in the dipole momergepelicular to the surface are
visible in SEIRAS. This can also be explained inmm® of induced image dipoles
(Pearce and Sheppard, 1976; Hexter and Albrecht,)1979

Chemical gold film deposition

A triangular silicon prism was used as the intemedlection element. For the SEIRA
spectroscopy a thin gold film (so called gold islditm or nano-structured gold film)
was deposited on one of the rectangular sides bgniché deposition (Osawa, 1997;
Miyake et al., 2002; Ataka and Heberle, 2003, 2007).

First, the old gold film was removed in a solutiodnl@% (v/v) hydrogen peroxide and
11% (v/v) hydrochloric acid at 80 °C. The gold wasl@zed and solubilized as a chloro
complex. The prism was rinsed with double-distiNeater and carefully polished with
aluminium oxide powder (ADs, <10 micron, Sigma-Aldrich) in turns until the saré
became hydrophobic. Afterwards, the prism was incubaith an aqueous 40% (w/v)
ammonium fluoride solution (Fluka) at 80 °C for ampmately 1 minute in order to
remove the silicon oxide layer and terminate théase with hydrogen. By the etching
with NH4F solution, the formation of silicide between silicand gold in the next step
was enhanced.
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The prism was rinsed with double-distilled water atated in a water bath at 80 °C. A
home-built Teflon holder was used to orient the bytwobic side parallel to the ground
and to keep it 5 mm higher than the water surfaceerAtO minutes of thermal
equilibration the hydrophobic side of the prism vwasered with a (freshly mixed)
1:1:1 mixture of (1) 0.3 M N&SO; (Riedel-deHaén), 0.1 M N&Os (Sigma-Aldrich),
and 0.1 M NHCI (Merck), (2) 0.03 M NaAuGl (Sigma-Aldrich), and (3) 2% (v/v)
hydrofluoric acid (Merck) (Figure 8). Under thesendiions, gold was reduced and
silicon was oxidized and solubilized as SiF

gold film

silicon silicon

Figure 8 Chemical gold film depositior] The prism is fixed with the hydrophobic sidegtliel to the
ground in contact to a water bath. The “gold depiosi” solution is placed on top a gold film is
spontaneously formed.

Cyclic voltammetry (Chapter 3.7.1) was used to reenokganic contaminations on the
gold film. The gold film was used as the working &lede and the potential was cycled
three times between 300 and 1700 mV (vs NHE) at a sretepf 50 mV s.

Customization of the setup

A glass cell was mounted on top of the silicon preamd allowed the incubation of the
gold film in different solutions. The solution wascassible during the measurement
and the pH could be changed or substances coulddedaln addition, the gold film
was connected as a working electrode and electrochémieasurements were possible
on the same surface, which was monitored by SEIRSoptical fibre bundle allowed
light-induced experiments (Figure 9). A glove bagswased as described earlier
(Chapter 3.4.2) to perform anaerobic experiments.
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Figure 9 Electrochemical SEIRAS setup The IR beam is coupled into a triangular, $&ageflection
silicon prism. The equipped electrodes completestbetrochemical setup; the fibre bundle allowstig
induced experiments.

Comparability of different measurements

Although all gold films were prepared according ke tsame protocol, the surface
enhancement factor was not the same for each dgaid Tihe surface enhancement
factors of the used gold films deviated from eatttepat maximum by a factor of 5. In
order to compare SEIRA spectra from different gdids, the spectra were normalized
to the intensity of a prominent band of the firgstface modification step (e.g. the C=0
vibration of the succinimidyl ring of DTSP at 17390).
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The surface enhancement factor is principally @éefiby the structure of the gold film.
In addition, chemical modifications of the surfadenge the optical properties of the
gold-water interface and might affect the surfackagceement factor as well - although
they are commonly neglected in electromagnetic ecdr@ment models (Aroca and Ross,
2004). In the used normalization procedure, thenite contribution of the first
modification step was taken into account. Data whiclrewsormalized by this
procedure were noted as “relative absorbance”. mbisnalization procedure is based
on the assumption that thiols form highly-reprodieiself-assembled monolayers.

3.5 UV/Vis spectroscopy

A prism or diffractive grating was used to sepasatgle wavelengths from a beam of
visible and/or UV light and scan the defined wavelanggion with time. The emitted
light was split into two beams of equal intensity.eseam passed through the sample
cuvette, which contained the protein solution, thteo one passed through the
reference cuvette, which contained only the solvEhe absorbance A of the protein at
each wavelength was calculated from the intensityf bath beams, according to
equation (4).

I
A:_Igl Sample (4)

Re ference

A 0.5 uM solution of PS1 in PS1 buffer (

Table 2) was measured with an Uvikon 943 spectrometersgiarelnstruments, Grol3-
Zimmern, Germany).

3.6 Surface plasmon resonance

Surface plasmon resonance (SPR) measurements weroenmed in collaboration with
the workgroup of Prof. N. Sewald (Bielefeld UniviegsGermany).

SPR technique was used to quantify binding events gold surface. The experiments
were performed on a Biacore 3000 (GE Healthcargshlla, Sweden) with a constant
flow rate of 5 pL miit. Au Sensorchips were used to provide an untreguétisurface
for each experiment and modified as described aptdr 3.3. The measured response
(in response units R.U.) is correlated to changethe refractive index, caused by an
increase of the protein concentration at the sarfac
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SPR is a phenomenon which can be observed at tibidaice between two transparent
media of different refractive indices. Dependingtha angle of incident, light, which

comes from the side of higher refractive indexpastly refracted and partly reflected. If
the anglen between the interface plane and the incoming ligg@omes small enough
the light is totally reflected. In the area of ttaal reflection an evanescent wave
penetrates into the medium of lower refractive ndéth a distance of approximately
one wavelength (Figure 10).

non-illuminated side

illuminated side

Figure 10 Evanescent wavé An IR beam is coupled into an internal reflectelement at an angle of
30°. The IR beam is totally reflected and an evesiswave occurs at the place of total reflectiowl a

penetrates into the non-illuminated side.

The sample is illuminated with different incidemigées at the same time and the angle-
dependent intensity of the reflected light is relaat. If a thin gold film is deposited on
the interface between both media (and monochronmapolarized light is used) the
intensity of the reflected light is significantlgduced at a specific incident angle. This
phenomenon is called SPR. The angle changes vathutace concentration of solutes
(e.g. immobilized protein) (Kretschmann and Raeth@68).

3.7 Electrochemistry

The electrochemical experiments were performedtimee electrode setup. A gold film
or a massive gold electrode was used as a worl@ugrede. Ag/AgCl/3M KCI (WPI,
Sarasota, USA) and a platinum mesh were used asfdrence and counter electrodes,
respectively (Figure 9). The current flow was meadubetween working and counter
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electrode and the voltage was controlled betweerking and reference electrode. The
ohmic drop between working and reference electrooigld be neglected, because
almost no electrons were transferred between tbles¢rodes. A potentiostat (Autolab
PGSTAT 12, Eco Chemie B.V., Utrecht, Netherlandaswsed to record the data. All
potentials in this work are reported versus thenabhydrogen electrode (NHE).

3.7.1Cyclic voltammetry

In cyclic voltammetry an external potential was leggb and the resulting current was
recorded. The potential was changed with a constaeep rate (e.g. 10 mVAsuntil

the reversal potential was reached and the scenwas inversed. The scan rate was
reversed again at the second reversal potentialtl@desulting waveform (for one
cycle) had the form of two, connected isoscelesngies (Figure 11). The current
response is discussed later in detail (Chapter 4).

1,5 1 <+— 1st reversal potential -

potential / V

-1,5 1 2nd reversal potential —» -

0 2 4 6 8 10
time / min

Figure 11 Waveform for cyclic voltammetry The potential is cycled between 1.5 V and V1véith a
constant sweep rate of 10 mV ©ne full cycle is presented — starting at a ptigof 0 V.

The electrochemical investigation of the [FeFe]+logeenaseCrHydAl was performed
in an anaerobic chamber (Coy Laboratory Productasstand, MI, USA) containing
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95% nitrogen and 5% hydrogen. Palladium catalystsewused to remove oxygen

contaminations by reduction with hydrogen. All 2@ns were degassed in vacuum for
at least 30 minutes and stored in the anaerobimbéafor at least two weeks prior to

use. Other equipment, which was transferred taatteerobic chamber, was evacuated
for at least 30 minutes. In this environment, teeorded cyclic voltammograms were

totally stable and not influenced by oxygen duting measurement.

Less oxygen-sensitive compounds were prepared unadteral atmosphere and bubbled
with argon for 20 minutes prior to use. During tieperiment these samples were
covered by an argon stream.

3.7.2 Amperometry

Amperometry was used to determine the functionalityurface-tethered molecules and
to control the conditions during electrochemicabltmgen production. In general, a
constant potential was applied to a chemically-riedi electrode and the time-

dependent current response was monitored.

Light-induced hydrogen production

A monolayer of the hybrid complex of photosystemahd membrane-bound
hydrogenase (PS1-MBH) was bound to the Ni-NTA medif surface.
N-methylphenazonium methyl sulfate (PMS, Fluka) wssd as soluble electron carrier
between the gold surface and photosystem | (PS&) aoncentration of 75 uM. The
monolayer was equilibrated at defined pH and umadé¢ential control until the current
flow through the solution became approximately tamsand most of the PMS was
reduced. The increase of the current was measunéér uillumination (KL 1500
electronic, Schott, Mainz Germany) and noted adquusrent. Each experiment was
performed with a suitable interference filter (méstquent:Ama=702 nm, hw=16 nm)
and under argon atmosphere.

For the detection of hydrogen the electrochemiealswas embedded in a home-made,
gas-tight measuring cell with a total volume ofr@D. The setup was purged with argon
until no traces of hydrogen could be detected bg+@aomatography (Chapter 3.8).

Then a constant potential (most frequent: -90 m\asvapplied and the sample was
illuminated by red light for a defined time (20-dOnutes). The produced hydrogen was
guantified by gas chromatography.

Potential-induced hydrogen production

After immobilization of the [FeFe]-hydrogenas&gHydAl and addition of 100 uM
methylviologen dichloride the setup was purged veiton for at least 10 minutes to
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remove the atmospheric hydrogen of the anaerol@amblkr. 1 mL of the gas phase in
the measuring cell was injected into a gas chrogmatth (Chapter 3.8) to gauge if the
hydrogen-containing atmosphere was completely exggth Then a potential of -
450 mV was applied for 20 minutes while the curneats monitored. 1 mL of the gas
mixture was injected into a gas chromatograph tierdene the amount of evolved
hydrogen.

3.8 Gas chromatography

Gas chromatographic experiments were performedliaboration with the workgroups
of Prof. T. Happe (Ruhr-Universitat Bochum, Germjaagd Prof. O. Kruse (Bielefeld
University, Germany).

The amount of produced hydrogen was determinedabycgromatography. 1 mL of the
gas phase in the measurement cell was injectedthet@hromatographic column and
analyzed. The sample was transported through thencoof the gas chromatograph by
an argon flow and the thermal conductivity was rtareid after the chromatographic
separation (Figure 12).

injector port

carrier gas
column

(thermal conductivity)
detector

column oven

Figure 12 Gas chromatography setup A gas sample is injected into a chromatograpgt@lumn and

separated into its components. The thermal condtctof each component is used for identifying and

guantifying.

Different gases were separated depending on thieiraiction with the column. Among
the three analyzed gases, hydrogen had the shoetesttion time, nitrogen had the
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longest retention time, and oxygen was eluted invéen. The retention times were
determined from reference measurements of the gases, and used to assign the
measured peaks. The absolute retention times wareampared between different
devices, because they varied with column lengtlhynso packing, temperature, and
flow rate of the carrier gas.

The amount of the injected hydrogen was calculdtedch the integral area of the
hydrogen peak. The required conversion factor weterchined by measuring small,
defined amounts of hydrogen. Therefore, hydroges diuted 1:3000 in a 2 L steel
barrel. The steel barrel was evacuated, refilletth Wwydrogen, evacuated to 2 mbar and
filled with nitrogen to a final pressure of 6 b&iolumes of approximately 1 mL of this
mixture (at 1 bar) were used for the reference measents to yield area values in the
same order of magnitude as in the sample measutemen

For all experiments with the [FeFe]-hydrogen&a#lydAl a GC-2010 (Shimadzu,
Kyoto, Japan) gas chromatograph was used, whileO@A Micro GC (Agilent
Technologies, Santa Clara, United States) gas dctegraph was used for all other
experiments.

3.9 Atomic force microscopy

Atomic force microscopy (AFM) experiments were danecollaboration with the
workgroup of Prof. M. Havenith (Ruhr-Universitat 8&aum, Germany).

Topographical information about different chemigatiodified surfaces were recorded.
The setup was based on a commercial tapping modeaforce microscope (Nanotec
Electronica) where the AFM head was modified to hnggeecific applications utilizing
the Nanotec electronics and software (Software: M[S:{orcas et al., 2007). A gold-
coated cantilever (NSC16 Cr-Au, Mikro Masch, TallirEstonia) with a tip curvature
radius of 40 nm was used. The tip was fixed widpeet to the x-y plane of the sample,
but oscillated vertically with a resonance frequend¢ approximately 170 kHz. The
sample was moved in the x-y plane by piezoelettaiesducers (PZT scanner) to allow
the interaction between the oscillating tip andrgveart of the sample area. The
influence on the oscillation was not measured tyedut measured by a beam
deflection system. A laser beam was reflected an lihck of the cantilever and
measured by a position-sensitive detector (Figu8e The position (in z-direction,
perpendicular to the sample plane) of the cantilewas calculated from this
information.



Materials and methods 28

position-sensitive
detector

Figure 13 Atomic force microscopy setup The AFM tip probes a rough surface, while selabeam is
reflected on the back of the cantilever. A posigensitive detector is used to indirectly monitoe t
oscillation of the cantilever.

The AFM samples were prepared on template-strigoddi as described in chapter 3.3.
To prepare template-stripped gold, a 150 nm thiold dilm was evaporated on an
atomically flat silicon wafer (Anfatec, Oelsnitz,e@nany) (without adhesive layer in
between). Glass slides (~5x10 mm) were glued orofdpe gold with Epotek 377 for
90 minutes at 150 °C. Afterwards, the glass slidese removed and the gold film
sticked to the glass slides (Figure 14(A)). Theameqa gold surface had differences in
height of at most 1.5 nm (Figure 14(B)). The ingeged protein films were dried prior
to measuring.
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(A) L gold (B)
glass

Figure 14 Template-stripped gold (A) Glass slides are glued to a gold-coatdtan wafer. The
glass is removed and the gold sticks to the gi@sTopography of template-stripped gold measuned b
AFM.

3.10Scanning near-field infrared microscopy

Scanning near-field infrared microscopy (SNIM) expents were performed in
collaboration with the workgroup of Prof. M. Havéni(Ruhr-Universitdt Bochum,
Germany).

This technique was applied with the aim to measucthemical image of a reconstituted
protein monolayer — a two dimensional resolvedarg#d spectrum, which can be
correlated with topographical information.

The home-built SNIM setup (Figure 15) was basedtlen AFM setup which was
described before (Chapter 3.9). As a radiation @®werved a home-built liquid
nitrogen-cooled sealed-off CO-laser system witloatput power >1W and an emission
range from 1600 to 2100 ¢mThe laser system provided about 400 laser linés an
average line spacing of about 1.2tnin the SNIM experiments a power output of
approximately 300 mW (measured at the laser outpas) used to avoid strong heating
of the sample. The laser was coupled into a begrareder telescope and focused on the
AFM tip by a parabolic mirror. The IR beam was se@d from the oscillating tip and
focused by a CaFlens onto a mercury cadmium telluride detector TMQudson
Technologies, Montgomeryville, USA) (Kopf et al.0®@). A lock-in amplifier was
used to isolate the light, which was scatterednieydscillating AFM tip, from the light,
which was scattered on non-oscillating objects.
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Figure 15 Scanning near-field infrared microscopsetup | The scheme depicts a scattering-type
SNIM. An IR beam is emitted by a tuneable CO aadsfed on the tip of an AFM. The scattered light is
focused on a MCT detector by a Gdéns.

In this aperture less or scattering SNIM, the nesmh was not limited by Abbe’s
diffraction limit (\/2). As long as the sample was in the near-fiegfome of the light-
scattering AFM tip a spatial resolution of lessnth& 00 could be demonstrated (Knoll
and Keilmann, 1999). Gold nano particles were diedthe sample as a contrast
reference (Chapter 4.3).
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4 Results and discussion

4.1 Electrocatalytic surface for hydrogen production

In this chapter, | present the development of aryee electrode which is able to
catalyze the reduction of protons to molecular bgeén at minuscule overpotential.

A fundamental problem in protein electrochemisgryhiat the electron transfer reactions
of proteins occur slowly at bare metal electrod®gochrome c, a small redox protein,
is the most intensively studied protein with regardts electrochemical properties, but
the redox cycle could not be detected at gold (éteen et al., 1975) or platinum (Kéno
et al., 1958) electrodes. Irreversible response® \&so reported for other electrodes
such as mercury (Scheller et al., 1975), nickelzhaisov et al., 1979), silver (Cotton et
al., 1980), and silicon (Lewis and Wrighton, 198The major breakthrough came in
1977, when a reversible electron transfer betwsgocbrome ¢ and a 4,4’-bipyridyl-

modified electrode was reported (Eddowes and HBI77). Since this time surface

modifiers have been used to provide suitable iate$ for the interaction with proteins.

Here, the surface modification and immobilizatiori the [FeFe]-hydrogenase
(CrHydAl1) from C. reinhardtii was probedin situ by surface-enhanced infrared
absorption spectroscopy (SEIRAS). Electrochemisprpvided evidence for the
catalytic activity of surface-boun@rHydAl in the production of hydrogen. Surface
plasmon resonance (SPR) and gas chromatographyusedeto determine the specific
hydrogen evolution activity of the immobilized enzgs.

CrHydAl1 was used for this prototype electrode becaiises stable at ambient
temperatures and deals with a wide range of buffiadssalt concentration€rHydA1

has one of the highest reported hydrogen evoluaivites (Happe and Naber, 1993;
Forestier et al., 2003; Girbal et al., 2005) andveh only minor product inhibition. In
addition, the enzyme only consists of the catalgtitive H-cluster, but lacks any kind
of accessory [FeS]-cluster (Happe and Kaminski,220Uhe exceptionally small size
(48kDa) will result in a higher number of catalytenters per electrode area compared
to other hydrogenases.

4.1.1 Immobilization of the [FeFe]-hydrogenase

To design a surface which is able to reduce pratomsolecular hydrogen, the catalyst,
CrHydAl is immobilized on the surface of a carboxgaimated gold electrode by
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electrostatic interaction. Electrons are transtefrem the gold surface, via the soluble
electron carrier methylviologen, to the hydrogenaskere they reduce protons to
molecular hydrogen (Figure 16).

Figure 16 CrHydAl on a mercaptopropionic acid maayer | The [FeFe]-hydrogenase CrHydAl
(blue) is immobilized on a mercaptopropionic acidnolayer. The soluble electron carrier MV (green)
transports electrons from the surface to the hydrage. The monolayer is probed by IR spectroscopy.
For sake of visual clarity, the size of CrHydAlrésluced by a factor of about 2 with respect to the
mercaptopropionic acid molecules.

Mercaptopropionic acid (MPA) or mercaptoundecarama (MUA) is used to form a
carboxy-terminated surface. At pH 6.8, these sedare negatively charged and allow
electrostatic binding oc€rHydAl. The surface structure GfHydA1 is shown in Figure
17. Positively charged amino acids (blue) and neglgtcharged amino acids (red) are
distributed over the surface and only a slight aadation of positive charges exists in
the vicinity of the active site (yellow/orange).skems likely that this area is oriented
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towards the carboxy-terminated surface under tleel genditions - but the orientation
can not be measured by the available techniques.

Figure 17 Surface charges of CrHydAl| The surface structure of CrHydAl is based ba t

homologous hydrogenase Cpl from Clostridium pasewm (PDB-ID: 1FEH (Peters et al., 1998). The
H-cluster is shown in yellow/orange, positively idesd amino acids (arginine, histidine, lysine) are
coloured in blue, and the negatively charged andoiuls (aspartic acid, glutamic acid) are coloured i

red.

The strength of the electrostatic interaction betwprotein and surface varies with the
chosen surface modifier. Although both surface e, MUA and MPA, assemble
negatively charged, carboxy-terminated monolay#érs,adsorption time o€rHydAl
greatly varies (The adsorption kinetics are presbnn Figure 32). 90% of the
maximum coverage wit@rHydA1 on an MUA monolayer is reached after 5 miihjlev

it takes 50 min on an MPA monolayer. The monolayersn inhomogeneous surface
structures, which vary with the adsorption time d#se et al., 2008). These
substructures most likely are different for MUA amdPA. They influence the
interaction with the protein and explain the difiet adsorption kinetics. On both
monolayers, the immobilized protein film is stablRinsing with buffer (10 mM
potassium phosphate, pH 6.8) only removes the warfgadly bound protein. The
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amount of adsorbed protein decreases by less #aat3he beginning, while further
washing does not lead to a further decrease insiite(data not shown).

The immobilization ofCrHydAl on an MPA-modified surface is monitorgdsitu by
SEIRAS (Figure 18(A)). The bands, which arise ab96m' and 1550 cm, are
assigned to the amide | (predominantly C=0 stratghiibration of the peptide bound)
and amide Il (C=N stretching coupled to N-H bendimigration) modes of the protein
backbone, respectively (Krimm and Bandekar, 19&8yis and McElhaney, 2002). The
band intensities reflect the amount of protein aosd to the surface and therefore
increase during the adsorption process. While ttwejms bind to the surface, a
negative band arises at frequencies > 1700, amhich overlaps with the amide | band.
This band is assigned to water (H-O-H bending mod#ch is displaced from the
vicinity of the surface. Signals from the bulk pbaare negligible as the surface-
enhancement decays exponentially with distanceafdiemgth ~10 nm). The absence of
any amide bands upon injectingCaHydA1l solution to an unmodified gold surface in
Figure 18(B) shows th&rHydAl does not bind to a bare gold surface.
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Figure 18 SEIRA spectra of the binding of CrHydAl (A) SEIRA spectra of the binding to an MPA-
modified surface. The displayed spectra are reabmate0 (black), 0.5, 1, 2, 5, 10, 20, 30, 45, 68, ahd

90 min (light blue) after addition of the proteifihe rising bands indicate the binding process arel a
discussed in the text. (B) SEIRA spectrum of a galeé surface after incubation with CrHydA1 for 30

minutes. The absence of bands indicates that CriHyli#s not bind to the bare gold surface.

4.1.2 Electro catalytic activity

The electrochemical response of two different tym#sCrHydAl-modified gold
surfaces is compared by means of cyclic voltammétryhe cyclic voltammograms of
CrHydAl on an MUA-modified surface (Figure 19(A), redrve), no increase in the
reductive current (at low potential) is observelisTobservation indicates that electrons
are not directly transferred from the electrodéh® hydrogenase. After addition of the
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electron mediator methylviologen (MVreduced form, M¥": oxidized form) the
reductive current increases (Figure 19(A), blueveudue to electron transfer from the
electrode to M. When increasing the potential, no oxidation papgears, indicating
that MV? is oxidized by transferring electrons to the hygnoase, where electrons are
used to reduce protons to molecular hydrogen.

Figure 19(B) shows the cyclic voltammogram@fHydAl on a bare gold electrode
(red curve). If electrons were transferred to tlyelrbgenase the amplitude of the
reductive (“negative”) current would increase beldlae necessary potential. The
absence of this feature proves that there is recde&lectron transfer from a bare gold
electrode toCrHydAl in solution. The addition of MYblue curve) leads to a pair of
reduction and oxidation peak with a mid-point peodrof -423 mV, as expected from
literature for MV (Stombaugh et al., 1976). Thedation peak at383 mV is assigned
to the re-oxidation of MV at the electrode andsippearance shows, that Mg not (or
at a negligible rate) oxidized by the hydrogena$e.(or negligible) mediated electron
transfer takes place between a bare gold electiod€rHydALl if the protein is not
immobilized on the surface.
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Figure 19 Cyclic voltammograms of CrHydAl on anWA-SAM and a bare gold electrodd (A)
CrHydAl is immobilized on an MUA-SAM. The red cush®ws the cyclic voltammogram before
addition of 100 uM MV, the blue curve after theitidd. (B) Cyclic voltammograms of CrHydAl on a
bare gold electrode. The red line is measured leefibre blue line 5 min after addition of 100 uM MV.



Results and discussion 38

An additional control experiment was performed 8sign the reductive current to
hydrogenase activity: Carbon monoxide, the clas$ibitor of hydrogenases (Larminie
and Dicks, 2003), was injected into the electroaham cell, while cyclic
voltammograms of an MUA-basé&rHydA1 monolayer were recorded. The reductive
peak current of the activerHydAl monolayer had an amplitude of 2.2 pA (FigRée
light blue curve). Upon injection of carbon moncaidhe reductive current decreases by
1.2 pA. This observation confirms that the redwetourrent depends on the catalytic
reaction of the hydrogenase and that its amplitode be used as a quantitative
indicator for the activity of the hydrogenase mayer.

current / A
o

....................

04 02 00 02
potential /V (vs NHE)

Figure 20 Cyclic voltammograms of CrHydA1 durir@O inhibition | CrHydA1l is immobilized on an
MUA-monolayer. The light blue curve shows the cyetiitammogram in the presence of 100 pM MV.
The cyclic voltammograms after injection of 1 mltbom monoxide are coloured in darker shades of
blue.

An increase of the reductive current after addind&rHydAl to a 100 uM solution of
MV on an MPA-modified electrode is observed (Figure Zurrent in the red curve is
comparable to the cyclic voltammogram of MV as tigpd in Figure 19(B) and solely
depends on the electrode area and the MV concemtrathe reductive current at a
potential of -450 mV reaches a value of -47 pA, lavliti is only -2 pA on an MUA-
modified electrode (Figure 19(A)).
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Figure 21  Cyclic voltammograms of CrHydAl on a MPSAM | The cyclic voltammogram of a
100 pM MV solution on an MPA-modified gold elec&ofted curve) is compared to the cyclic
voltammogram 10 min after addition of 3.5 uM CrHgdAlue curve).

An emerging question is, which electron transfepgs limiting to the rate of hydrogen
evolution. Possible candidates are the reductiod\6f* and the electron transfer from
MV° to CrHydAl. The electron transfer inside the hydrogenaseot considered
because the hydrogen evolution rate in solutioabisut hundred times higher than for
the immobilized enzyme (Chapter 4.1.3).

Electron transfer from the electrode surface to’Mi¢ measured as reductive current..
If reduced MV is re-oxidized by the hydrogenase, the concentraif oxidized M\f*
increases again and more electrons are able te tbavelectrode resulting in a higher
(more negative) reductive current.

The reduction rates of MV are compared by cyclic voltammetry for three défe
surfaces. Figure 22 shows the redox signals of @uM MV solution in 10 mM
potassium phosphate buffer (pH 6.8) on differeettebde surfaces at a scan rate of
10 mV §&. The peak areas are proportional to the amouneleftrons that are
transferred during reduction (negative peaks) amduoxidation (positive peaks). The
peak areas are the same for the bare gold sunfedec(rve) and the surface, which is
modified by MPA (blue curve) or MUA (black curvekspectively.
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Figure 22 Cyclic voltammograms of 100 uM MV onffdirent surfaces | The cyclic voltammograms
are recorded on a bare gold electrode (red), andl@gold electrode modified by MPA (blue) or MUA
(black).

If MV %" is reduced on top of the self-assembled monolé$aM), the reaction rate
should be affected by the distance from the suréawkthus should result in a smaller
peak area in the cyclic voltammetry experimentsMlA. As the peak areas are
identical, it can be concluded that ¥\is able to penetrate the SAMs and reduction
takes place close to the surface at a rate tHastier than electron transfer from o

the hydrogenase. Therefore, diffusion of reduced tdlthe electron acceptor site of the
hydrogenase is the rate-limiting step.

Two major differences between both SAMs may expiaedifference in the reductive
current: (1) The MUA layer is thicker and the hygeoase CrHydA1l) is immobilized
at a longer distance from the electrode surfaceluBed M\ has to diffuse a longer
distance and its concentration in the vicinity bé telectron acceptor site is lower
compared to the hydrogenase on MPA. (2) The MUA&day more flexible, due to the
longer chain length. This allows the SAM to formifage structures different to that of
the MPA layer. The orientation of the hydrogenaserbbably influenced and sterical
hindrance might restrict the access to the elecoaeptor site.
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4.1.3 Specific activity of immobilized [FeFe]-hydrogenase

Cyclic voltammetry shows that electrons are trameteto the hydrogenase (Chapter
4.1.2). However, it is not clear if the transferreléctrons are consumed to reduce
protons and produce hydrogen. This is demonstrégedhe direct detection of
molecular hydrogen by gas chromatograp@yHydAl is immobilized on an MPA-
modified gold film electrode and covered with th&/¥ontaining potassium phosphate
buffer (pH 6.8). After a constant potential of -45Y has been applied to this system
for 20 minutes, 1 mL of the gas phase is injected the gas chromatograph. The area
of the hydrogen peak is calculated by integratimie an average area of 140, which
equates 20 nmolHn(H,)) in the total volume.

While the potential is applied, the current is niored by amperometry. The transferred
charge is calculated to be 25 mC by integrationr @ minutes, which equals a
maximum theoretical K production of Ra{H2) =130 nmol, if all electrons are

transferred to the hydrogenase. The catalytic ieff@y ncat = N(H) / nmax{H2) is found

to be 15% at the applied potential of -450 mV.

Two factors contribute to the difference betweelnudated and measured hydrogen: (1)
Electrons can be conducted from the gold electtod&he counter electrode without
being used by the hydrogenase. (2) A fraction ef shrface might be covered with
protein which does not produce molecular hydrogerither denatured during

purification/dialysis or bound in an orientation ialin blocks the electron acceptor site —
and transfers the electrons to other acceptotseisalution.

Just recently, Hambourger et al. reported immaddilan of the [FeFe]-hydrogenase
CaHydA from Clostridium acetobutylicumon glassy carbon and carbon felt
(Hambourger et al., 2008). Proteins can bind dyeon the surface and receive
electrons via direct electron transfer on certaorms of graphite. However,

guantification of the bound enzymes is not possiiriehose electrodes, but on a gold
electrode as presented here.

The specific hydrogen evolving activity of recomdom CrHydAl in solution is
measured by establishéd vitro tests to be 760 pmobHnin® mg* (Girbal et al.,
2005). Atfter dialysis, the average specific acyiaf the CrHydAl1 samples used in our
experiments drops to 130 pmoj kin™* mg* corresponding to
8500 mol H min™ mol*. This value defines the upper limit of the spectiiydrogen
evolving activity of the immobilize@€rHydAl.

Surface plasmon resonance (SPR) is used to quamhfyamount of immobilized
CrHydALl. Binding of the protein to the MPA-modifiedréace and the exchange of the
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buffer with the protein solution change the refnactindex and lead to an increase of
the SPR response, respectively (Figure 23). Befadeafter the injection, the surface is
rinsed with buffer and the difference in the SPRpomse is solely attributed to the
bound protein. These values are noted in Figuras28R, for each protein injection
(with n = number of injection). During the firstj@ction the entire surface of the MPA-
SAM is available, while in the following injectior@nly the uncovered parts can bind
proteins. ConsequentipR, and ARz are much smaller thanR;. Washing after each
injection step removes unspecifically bound prateirhe sum of all three binding steps
AR, = 2250 R.U. reflects the total amount of specifjcdbound hydrogenase and is
calculated to be 2.25 igrHydA1l mm? (or 3.42 x 13* mol cm?) with the conversion
of 1000 R.U. into 1 ng protein mf{Armstrong et al., 1947; Stenberg et al., 1991).

One molecule ofCrHydAl covers a surface area between 23 rand 47 nrh
depending on its orientation. These values arenastd from a homology modelling
structure ofCrHydAl using the catalytic subunit @fpl hydrogenase frortlostridium
pasteurianum(PDB-ID: 1FEH). From these values the amount afceally bound
CrHydA1l in a monolayer is calculated to be in thegenf 2.3 - 4.6 n@€rHydAl mni?
or 3.5 - 6.9 x 18? mol cm®. The measured value indicates that a protein rageolis
adsorbed to the surface and the contribution opeciic multilayer is negligible.
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Figure 23 Surface plasmon resonance signal duritige binding of CrHydAl on an MPA-SAM|
The surface is continuously rinsed with buffer aflcav rate of 5 pL mifh. At t=0, 77, and 146 min
CrHydALl is injected for one hour, respectively. Tirease in the SPR response is indicatedRsfor
each injection.{R; = 2014 R.U.AR, =162 R.U.AR; = 78 R.U)

In the amperometric experiment 20 nmal kave been produced in 20 minutes. The
amount of hydrogen is quantified by gas chromatolgyaFigure 24). The electrode,
which | use, has a geometrical surface area of di%nd a surface roughness of 2.5
(Miyake et al., 2002). From these values, the d$gehydrogen evolving activity of
surface-bound CrHydA1 can be calculated to be 1.3 pmelrdin® mg* or

85 mol B min™ mol?, which is 1% of the activity in thie vitro test.
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Figure 24 Hydrogen production from CrHydAl on a RA-SAM | The hydrogen, which is produced
by a CrHydAl-monolayer, is quantified by gas chrtmgeaphy. A Gaussian curve (black, dotted) is
fitted to the measured data (blue).

For thein vitro essay, an excess of the strong reductant soditimonite is added to
immediately re-reduce M¥ in the vicinity of the electron acceptor site @fHydAl
and maintain a constant high concentration of redtd\°. Using a protein monolayer,
re-reduction of M\7* takes place close to the electrode surface (tlingelistance) and
MV° diffuses a longer distance to the hydrogenaseciwhimits the reaction rate.
Another explanation for the comparatively low aityivof the immobilizedCrHydALl is
that the access to the electron acceptor si&ld{/dA1l might be hindered by the MPA-
SAM, compared to the protein in solution (see apoire addition the temperature is
20 °C for the monolayer experiments and 37 °C fu# ih vitro tests, which also
contributes to the higher reaction rate in theetatbse.

In summary, the design of a catalyst-coated eldetitas been shown, which is able to
produce hydrogen at a rate of 1.3 pmelrhin® mg* (or 85 mol H min™® mol™®). MV is
utilized as a soluble electron mediator betweentelde surface and surface-tethered
hydrogenase.
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4.1.4Monolayer-mediated electron transfer

Methylviologen (MV) has proven itself to be a sbiwelectron donor for the [FeFe]-
hydrogenase€CrHydAl (Chapter 4.1.3). Here, a MV derivative wasuhd to a gold
electrode via a thiol group ar@rHydAl1 was immobilized on this surface. Electrons
were transferred from the gold electrode via the W@nolayer toCrHydAl, where
they reduced protons to molecular hydrogen (Fi@%e

Figure 25 CrHydAl on a redox-active monolayef The [FeFe]-hydrogenase CrHydAl (blue) is
immobilized on a redox-active monolayer. Electrarestransferred from the gold electrode, througé th
monolayer towards the hydrogenase. The surfacestethmolecules are probed by IR spectroscopy. For
sake of visual clarity, the size of CrHydAl is regll by a factor of about 2 with respect to the @-(1
mercaptodecyl)-1'-benzyl-4,4’-bipyridinium molecsile

Characterization of the surface-tethered redox raedi

The bipyridinium group is the redox active centémeethylviologen. In its oxidized
state (MV/*) both nitrogen atoms carry positive charges. & éduction process an
electron is transferred to both of the nitrogemaand a biradical (MY is formed. In
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order to immobilize the bipyridinium function oretigold electrode a 10-mercaptodecyl
function was synthesized to one of the nitrogematoA benzyl group was bound to the
other nitrogen to stabilize the compound during siethesis. The structure of 1-(10-
mercaptodecyl)-1’-benzyl-4,4’-bipyridinium (BBP) shown in Figure 26. Although
both groups are larger than the methyl groups of BBP is able to access the electron
acceptor site o€rHydALl. If MV was replaced by BBP for the vitro assay in solution
(Chapter 3.2), a hydrogenase activity of 25% waasuesd.

Br~

+

Figure 26 Chemical structure of BBP| The oxidized form of 1-(10-mercaptodecyl)-éhbyl-4,4'-
bipyridinium-dibromid is shown as chemical struetur

The binding of BBP to a bare gold surface was nawedin situ by SEIRAS (Figure
27). The rising bands were assigned to vibratiomadles of BBP (Table 3) and showed
the adsorption of BBP molecules to the surfaceerAipproximately 60 minutes the
band intensities did not increase any further ar@braplete monolayer of BBP was
formed. The broad, negative band at 1650 evas assigned to the water bending mode
and indicated that water was displaced from théasar what is consistent with BBP
binding.
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Figure 27 BBP binding to a bare gold surfacgé The SEIRA spectra are recorded during the ibignd
process of 1 mg/mL BBP to bare gold at 6 s (blatR)s, 30 s, 1 min, 5 min, 30 min, and 60 min {ligh
blue). The bands are discussed in the text.

Table 3 IR frequencies of BBP
Band position / cm  Assigned vibration

2925(+) Asymmetrical C-H stretching (in GH
2852(+) Symmetrical C-H stretching (in @H
1650(-) HO bending

1640(+) (Hetero-)aromatic ring quadrant stretching
1557(+) (Hetero-)aromatic ring quadrant stretching
1507(+) (Hetero-)aromatic ring semicircle stretchin
1497(+) (Hetero-)aromatic ring semicircle stretchin
1445(+) (Hetero-)aromatic ring semicircle stretchin

Surface-tethered BBP has a first redox potentiapgfroximately -153 mV (Figure 28,

red curve). This redox potential is significanthglrer than the redox potential for the
two electron reduction of MV in solution (-423 m8tombaugh et al., 1976) and thus
the reaction of BBP at the surface probably wasferdnt one (see below).
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Figure 28 Cyclic voltammogram of a BBP monolaydr A cyclic voltammogram of a BBP monolayer
is recorded at a scan rate of 10 mVis 10 mM potassium phosphate buffer (pH 6.8).

A potential-induced difference spectrum of the BBé&nolayer was recorded to monitor
the changes during this redox reaction. The backgitowas recorded at 160 mV
(oxidized state) and the sample spectrum was redaaitl-240 mV (first reduced state).
Positive bands (Figure 29, black curve) correspdnderibrations which solely appeard
in the first reduced state. The bands at 1634,ci$594 crit, and 1505 cih were
assigned to stretching vibrations of the pyridimegs (Table 4) and showed that the
redox-induced changes were localized in the bipyidh ring system. MV and BBP
differ in the two groups which are bound to theigiyre rings. The exchange of a
methyl group with a mercaptodecyl function is asmmmative modification and does not
drastically affect the redox potential. The secaxdhange is a methyl group for a
benzyl group. Benzyl substituents have a strongkrance on the ring system and may
be able to stabilize a radical on the nitrogen.sThucan be presumed that the first
redox potential can be assigned to the one electaox reaction between the benzylic
cation (BBP") and benzylic radical (BB. The band intensities for the oxidation (red
curve) were almost equal to the reduction (blackveu indicating that this redox
process was reversible.
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Figure 29 Potential-induced difference spectra@BBP monolayer| For the black spectrum, a BBP
monolayer is equilibrated at a potential of 160 Wl the reference spectrum is recorded. Then, the
potential is changed to -240 mV and the sampletgpads recorded. The positive bands are assigoed t
vibrations, which occur only at -240 mV and arecdssed in the text. The red spectrum is measured fo
the back reaction.

Table 4 Redox-induced IR frequencies of BBP

Band position / cih  Assigned vibration

1634 Heteroaromatic ring quadrant stretching
1594 Heteroaromatic ring quadrant stretching
1505 Heteroaromatic ring semicircle stretching

Below a potential of -385 mV an increase of theustde current was observed on a
BBP monolayer (Figure 28). This can be explainec&®econd reduction step of BBP
(maybe: BBP to BBP) and/or the formation of hydrogen. A potentialicdd
difference spectrum of this transition was measyFagure 30).

During the reduction process a positive band wasctied at 1661 cthwhich was
assigned to changes in the ring stretching vibnatiprobably due to the reduction of
the second bipyridinium nitrogen. In addition, niégm bands occured at 1637 ¢m
1594 cnit, and 1507 cih (Table 5). These bands had almost the same positid
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amplitude (with reversed algebraic sign) as thedbaof the first redox process. This
indicated that the first reduced form BBRas consumed. Probably BBRas further
reduced to BBP.

Another explanation is that the electrons were usededuce protons to molecular
hydrogen. If the electron transfer from BB® H' is faster than the re-reduction of
BBP**, basically the oxidized form (BBB was monitored by SEIRAS and the
negative bands are explained. A third explanat®naire-orientation of the BBP

molecules in the electric field. In SEIRAS, onhbrations which change the dipole
moment perpendicular to the surface are detectesl part of the perpendicular changes
of the dipole moment can be decreased by the esMation and cause the negative
bands.

The absence of bands in the region between 300286@ cni (C-H stretching of
decyl side chain) showed that no desorption processibuted to the spectrum.
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Figure 30 Potential-induced difference spectra afBBP monolayer | For the green spectrum, the
reference is recorded at a potential of -240 mV #relsample at -590 mV. The bands are discussed in
the text. The blue spectrum is measured for thk bsaction.



Results and discussion 51

Table 5 Redox-induced IR frequencies of BBP atpotentials
Band position / cm  Assigned vibration

1661 Heteroaromatic ring stretching

1637 Heteroaromatic ring quadrant stretching
1594 Heteroaromatic ring quadrant stretching
1507 Heteroaromatic ring semicircle stretching

Immobilization of the [FeFe]-hydrogenase

The binding ofCrHydA1l to a BBP-modified surface was monitoiadsitu by SEIRAS
(Figure 31). The rising amide | and amide Il bamdlicated accumulation of the
hydrogenase in the vicinity of the surface. Durthg binding process an additional
negative band arose at 1638tnThis band was assigned to the quadrant stretching
vibration of the pyridine ring(s). A band at almdke same position was observed
during the first oxidation (Figure 29, red curv&ut CrHydAl1 was bound under
oxygen-containing atmosphere and the hydrogenase imi@abited by oxygen and
unable to oxidize BBP. In addition, the open cirquotential was +80 mV (vs NHE)
and the BBP molecules were initially in their oxieldl form. Therefore, the band was
not assigned to an oxidation of BBP ugondydAl binding. This was confirmed by the
absence of bands at 1594°tmand 1505 ci, which were detected in the same
oxidation process.

The negative band at 1638 ¢ncan be explained by the surface selection rules of
SEIRAS. The orientation of the BBP molecule wasngjeal with respect to the surface
upon CrHydAl binding. The perpendicular part of the dipod®ment change of the
1638 cn vibration decreased during the re-orientation tmednegative band occured.
During the BBP binding, a positive band was detkcie approximately the same
position (1640 cr, Figure 27) with an intensity of 2.6 mOD. The riagmband during

the CrHydAl binding had a significantly lower intensity about 0.4 mOD and was
likely to result from a reorientation process.
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Figure 31 CrHydA1 binding to a BBP monolayet The displayed SEIRA spectra are recorded at 0
(black) 0.5, 1, 2, 5, 10, 30, 60, 120, 180, and 24 (light blue) after addition of the protein ¢&o0BBP
monolayer. The rising bands indicate the bindinggesss and are discussed in the text.

To compare the binding kinetics 6fHydAl to different chemically-modified surfaces
(Figure 32) the peak height of the amide Il bandsewnormalized to maximum
coverage and plotted versus the adsorption time.fastest binding was observed on an
MUA-SAM, 90% of the maximum coverage wit€rHydAl was reached after
5 minutes. On the shorter carboxy-terminated linkEYA 50 minutes were necessary.
The binding to BBP-modified surfaces was signifttaslower and took 80 minutes. If
a constant potential of -190 mV was applied, arelBBP monolayer was kept in the
first reduced state, 90% of the maximum coverage n&ached after 70 minutes.

In addition, a mixed monolayer of 1:100 BBP:MPA wesed with the aim to provide
isolated, well accessible BBP residues, but 90%ibgm needed about 200 minutes on
this layer.
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Figure 32 Binding kinetics of CrHydAl on differansurfaces | The binding kinetics of 3.5 uM
CrHydA1 to monolayers of MUA (black square), MPfeygcircle), BBP (blue circle), reduced BBP at -
200 mV (red star) and to a 1:100 mixture of BBP:M{gkey/green diamond) are calculated from the
respective amide Il intensities. The data are ndized to the level of the maximum coverage. Fitted
curves are presented as solid lines in the respeatolour. All binding experiments are performed at
room temperature (20 °C).

Activity of a BBP-based CrHYdA1 monolayer

A cyclic voltammogram of a BBP monolayer was reear@Figure 33, red curve). The
reductive current increased by 6.2 uA upon bindxigCrHydAl1 (Figure 33, blue
curve). This increase clearly showed electron feanfom BBP to the hydrogenase.
Compared to the results on carboxy-terminated SA®Isapter 4.1.2), the reductive
current is three times higher than on an MUA-medifelectrode, but reaches only 13%
of the amplitude on an MPA-modified electrode.
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Figure 33 Cyclic voltammograms of CrHydAl on a BBmonolayer | A cyclic voltammogram of a
BBP monolayer is recorded before (red line) anérafiinding of CrHydA1 (blue line). The difference i
the reductive peak currents is due to hydrogen petidn by the hydrogenase.

To proof that the reductive current depend€CoHydAl the inhibitory effect of carbon
monoxide was monitored by amperometry (Figure B4)onstant potential of -450 mV
was applied to the BBP-base@rHydAl monolayer, CO was injected after
85.3 minutes, and the solution was stirred for &fbads to expose the hydrogenase to
CO without long delay. The peaks which occurredirduinjection and stirring were
due to mechanical disturbance of the system. C@ited the hydrogenase and the
amplitude of the reductive current decreased by n®5As additional proof, no
hydrogen production was detected after CO wastiegec
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Figure 34 Amperometry of CrHydA1 on BBP during Ci@hibition | A constant potential of -450 mV
is applied to a CrHydA1 monolayer, which is boundat BBP-modified electrode and the current is
recorded versus time. After approximately 4 minytfsstable current), 1 mL carbon monoxide is
injected into the system and the solution is dirfer 30 seconds. The decrease of the reductive
(negative) currentAlnhiniion = 125 NA) is due to the inhibition of the hydrogse.

Gas chromatography was used, to show that theféeraed electrons were consumed to
reduce protons and produce molecular hydrogen.rAfbe constant potential of
-450 mV was applied for 85 minutes, 1 mL of the ghase was injected into the gas
chromatograph, and the produced hydrogen was eadcllfrom the area of the
hydrogen peak (Figure 35) to be 208 nmol. This szpua hydrogen production rate of
2.4 +0.2 nmol i min™.
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Figure 35 Hydrogen production from CrHydAl on aBP-SAM | The hydrogen, which is produced
by a CrHydAl-monolayer, is quantified by gas chrtmgeaphy. A Gaussian curve (black, dotted) is
fitted to the measured data (blue). The area of3l#2equal to 208 nmol of produced hydrogen or
2.4 nmol H min™.

The calculated hydrogen production rate is 2.4 siinigher than the rate of the MPA-
based system (1 nmolHnin™, Chapter 4.1.3), but these values must be cordote
thein vitro activity of the hydrogenase. The hydrogenase, whias used for the MPA
experiments, had arin vitro activity of 130 umol Hmin' mg*. For the BBP
experiments the preparation of the enzyme had beproved and thén vitro activity
was increased by a factor of 5 (up to 680 pmpirth™ mg?). If these activities are
taken into account the MPA-bas€dHydA1 monolayer seems to be the more efficient
electrocatalyst.

But the BBP-based system has an important advambadeture spectroscopic studies.
The electron transfer is mediated by an immobilirezholayer and not limited by the
diffusion of a soluble electron carrier. Thus, Hystem responses faster to a potential
change and will allow highly time-resolved SEIRA asarements in the future. Time-
resolved IR measurements of the bare BBP-monolayercurrently performed by
Kenichi Ataka.
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4.1.5Hydrogen evolution potential

Another important parameter (besides the amoumtreduced hydrogen) is the most
positive potential which allows hydrogen productiah the given surface. A more
positive hydrogen evolution potential means hydrogeduction at lower energy.

In Figure 36 four cyclic voltammograms (pH 6.8, 20 °C) aranpared on different

electrodes. Each surface exhibited a non-propatiorcrease of the reductive current
at potentials below its hydrogen evolution potdnt@n a bare gold electrode with
methylviologen as electron mediator, hydrogen eNaiutook place below -460 mV

(red curve). By modifying the gold surface wi@rHydA1l, the hydrogen evolution

potential was improved to -335 mV on BBP (greerveyior -290 mV on MPA (blue

curve). These characteristic values are close égptitential of -270 mV on platinum
surfaces (black curve), which are used in the itrgufer electrochemical hydrogen
production.
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Figure 36 Hydrogen evolution potential on different surfas | Cyclic voltammograms are compared
for different surfaces with respect to their hydengevolution potentials. If the potential is deced a
non-proportional increase of the reductive currestobserved at the respective hydrogen evolution
potential. The hydrogen evolution starts at thehbig potential on a platinum electrode (black),
CrHydAl1 on MPA (blue) and BBP (green) need a dlghtore negative potential, and the lowest
potential is needed on a bare gold electrode (r&tie peaks in the red curve between -0.4 and -@f&V
due to the redox reaction of soluble MV.



Results and discussion 58

4.1.6 Conclusions

The [FeFe]-hydrogenagerHydAl from Chlamydomonas reinhardtwas immobilized
on various monolayers. When methylviologen was @sed soluble electron carrier, the
CrHydAl-modified surface was able to catalyze theuotidn of protons to molecular
hydrogen at a similar potential as platinum eled# At a potential of -450 mV
15-17% of the provided electrons were used for dgen production.

The catalytic efficiency of the modified gold elexde is rather low in comparison to a
graphite-based approach (Hambourger et al., 20B®wever, the possibility to
investigate the bound protein by surface-enhancdred spectroscopy (SEIRAS) and
to quantify the amount of bound protein via SPR @salkhe system a promising
approach for in-depth analysis of the specific\atgtiper molecule This will make it
possible to distinguish between different surfaopytations of the hydrogenase and
optimize the electrode to highest activity. Thetegscan be used to probe the specific
redox activity and efficiency of variable hydrogeaand protein films in general — as a
platform technology for further investigations.

A BBP monolayer has a high affinity f@rHydAl and is able to mediate the electron
transfer between electrode and hydrogenase. In gbisp, the response of the
hydrogenase to an external potential is not deldoyed diffusion process, because the
redox-active monolayer replaces the soluble elactarrier. This is the first step
towards time-resolved, potential-induced surfacdeasced infrared difference
absorption spectroscopy (SEIDAS).
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4.2 Coupling of hydrogen production and photosynthesis

The strategy of this study is to bind photosystg®31) and the hydrogenase (MBH) to
each other — in a way that allows direct electm@mgfer between both proteins. The
PsaE subunit of PS1 froBynechocystis sp. PCC 68@3deleted from PS1 (P&lag
and genetically fused to the oxygen-tolerant (Lugveat al., 2009) hydrogenase
(MBHpsag from Ralstonia eutrophaPSlpsaeand MBHbs;espontaneously assemble and
yield PS1 with a hydrogenase bound close to thetrele donor site of PS1 k)
(Figure 37).

Figure 37 Coupling concept of hydrogenase and phgystem || The subunit PsaE of PS1 is deleted
from PS1 (PDB-ID: 1JB0) and genetically fused te MBH (based on PDB-ID: 2FRV). The affinity
between PsaE and its native position in PS1 allawspontaneous assembly to a functional hybrid
complex.

It has been demonstrated that PsaE is cruciallédstren transfer betweemg and the
native electron acceptor ferredoxin (Sonoike et H93). Thus, PsaE represents the
optimal position for binding of MBH.
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A similar protein complex was investigated in smnt(lhara et al., 2006) but hydrogen
production could not be quantified on a molecuéael with respect to the functional
complex. In my measurements, the hybrid complex measd to the solid support of a
gold electrode and the quantification became ptesdily a combination of various

surface sensitive techniques. It was shown by serémhanced infrared absorption
spectroscopy and electrochemistry that both prstejpecifically assembled on the
surface and electrons were transferred between puadteins, respectively. Surface
plasmon resonance and gas chromatography wereedpfai quantify the specific

hydrogen evolution activity per molecule (and p#rface area)

In the surface-tethered system, electrons wereiged\by a gold electrode, transferred
to the photosystem | by a soluble electron car(leMS), and conducted to the
hydrogenase where the electrons reduced protansiecular hydrogen (Figure 38).

©
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Figure 38 Electron flow for light-induced hydrogeproduction | Electrons reduce the oxidized form
of PMS at the gold surface. PMS transfers electtorthe chlorophyll a dimer (P700) in photosystem |
where it is promoted to a higher energy level uplomination. After passing the electron transféram
inside PS1 the electron is transferred to the distan-sulfur cluster of the hydrogenase (MBH) and
further to the active site where protons are rediitemolecular hydrogen.

4.2.1 Assembly of photosystem | and [NiFe]-hydrogenase

In the first step of assembly of the photosynthhitidrogen generation complex, PsaE-
depleted PS1 (P3dsag was attached to the electrode surface via higtitihg/Ni-NTA
interaction. The chemical modification of the gaddectrode to form a Ni-NTA
terminated surface and the mechanism of proteidifignwas described before (Chapter
3.3.1). Concentrated P&lae solution was injected into the bulk electrolyteyield a
final concentration of 0.5 uM. Since the PsaF sitffPSlpsaewas equipped with an
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N-terminal histidinel0-tag, the protein was speaily adsorbed onto the surface. This
strategy led to the attachment of RS1e with PsaF oriented towards the surface, and
leaving the PsaE site exposed to the bulk solufisro prominent bands were observed
in the SEIRA spectrum of the immobilized deletiontemt PS1pse (Figure 39). The
amide | (predominantly C=0O stretching vibrationtbé peptide bound) and amide I
(C=N stretching coupled to N-H bending vibratiomnts occurred at 1653 €nand
1545 cnit, respectively (Lewis and McElhaney, 2002).

absorbance / a.u.

] L 1 L ]
1700 1600 1500
wavenumber / cm™’

Figure 39 PS}psae binding to a Ni-NTA monolayer| A Ni-NTA-terminated gold surface is incubated
with a 0.5 uM solution of PG4t for 130 minutes. The SEIRA spectrum (left) is mded after the
binding process is finished. The appearance of arh{d653 cril) and amide Il (1545 ci) bands show
that the deletion mutant is immobilized on the guidace. The binding process is schematically aegi
on the right.

It was demonstrated that isolated PsaE spontanebuslds to its native position in
PsaE-depleted PS1 to re-establish the fully funeliphotosynthetic complex (Cohen et
al., 1993; Lushy et al., 2002). This affinity wased to bind a fusion construct of PsaE
and MBH to PsaE-free PS1. The binding process wasitaredin situ by SEIRAS
(Figure 40(A)). When the monolayer of Rgdiewas incubated with a 1.4 pM solution
of the fusion protein MBlL,e0r isolated PsaE, saturation was reached withiows in
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both cases. The similar kinetics suggests that potieins are bound by the same
interaction which is not significantly influencedy lthe fused hydrogenase (Figure
40(B)).
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Figure 40 Binding kinetics of PsaE to its natiyeosition in PS1 | (A) A monolayers of Pgl is
incubated with 1.4 uM MB#.z The spectra are recorded at t=0 (black), 9, &0, 100, and
150 minutes (light blue). 910 scans are averageccéeh spectrum. (B) The intensities of the amiide |
bands are plotted versus the time for 1.4 uM MBHblue) and 1.4 uM PsaE (red).

However, the kind of interaction between MBk: and PSipsae has to be checked,

because unspecific interactions are possible, wioich non-functional complexes. The
fusion protein might interact with the surface &IPor with the unoccupied parts of the
Ni-NTA monolayer by electrostatic interaction.

To quantify the fraction of specifically bound MBHg the affinity of MBHbsae to
monolayers of PSksas PS1, and Ni-NTA were compared. The absorptiomgéa
were followedin situ by surface-enhanced infrared absorption (SEIRABpscopy
(Figure 41). After incubation with MBH.s the surface was intensely washed with
buffer to remove weakly bound protein. The SEIR&a&pa of the immobilized fusion
protein MBHpsaeshowed two prominent bands at 1660camd 1549 cr, which were
assigned to the amide | and amide Il vibrationspeetively. The maximum intensity of
the amide | band at 1660 ¢meflects the predominanthelical structure of MBH. The
amide bands are solely attributed to the adhergdriprotein because the absorption of
the modified gold surface was used as the referspeetrum.
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Figure 41 Binding of the fusion protein MBls,e to different modified surfaces| Monolayer of the
PsaE-free photosystem | (BSde (blue), “full” photosystem | (PS1) (green) and-NirA (red) are
incubated with a 1.4 pM solution of MBkk respectively. The intensities of amide | (1660)cand
amide Il band (1549 cm-1) are proportional to th@aunt of immobilized fusion protein. (The spectra
are normalized to the surface enhancement facttimefespective gold surface and to 1 for the arflide
intensity of the blue curve).The three experimargsschematically depicted on the right.

In order to compare the relative amount of adsoMd&Hps.s the integrated areas of
the amide Il bands were compared. For the immahibn on the PSks.emodified
surface (Figure 41, blue curve) the integral aress whe largest and set to 100%
(maximum binding). Specific assembly (binding o tRsaE subunit of the fusion
protein to its native place in PS1) and all possilmspecific interactions contributed to
this value. For binding of the fusion protein t&31 layer (Figure 41, green curve), the
area was only 37% of the maximum binding. The Rerl allowed almost the same
unspecific interactions as a layer of the PsaE me¢ant, but the specific interaction
between MBHs,e and the deletion site of PsaE were blocked, becthes protein did
not lack PsaE. This suggests that the differencevdsn both measurements
(approximately 2/3 of the maximum binding) was doespecifically bound fusion
protein, which formed a functional hybrid complex.
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For the binding to a bare Ni-NTA layer (Figure 4dd curve) the area was only 11% of
the maximum binding. This indicates that most ungjeinteractions occured between
the fusion protein and the surface of PS1.

4.2.2 Quantification of the hybrid complex

Immobilization of MBHbsae 0N a PS3psae monolayer was also monitored by surface
plasmon resonance (SPR). The fusion protein wasteg into the flow system for
325 min. The binding of the protein and the exclean§ buffer with protein solution
changed the refractive index in the vicinity of weface and lead to an increase of the
SPR response, respectively. Because both effectsext on the same time scale (at the
used flow rate of 1 pL mif) the dissociation constanti€ould not be determined. But
the total difference of the SPR response beforeadted the protein injection was solely
attributed to the bound fusion protein. At thoseeipoints the surface was rinsed with
buffer until the SPR response became stable argbludion mixing contributed to the
SPR response.

injection
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Figure 42  Surface plasmon resonance signal durinbe assembly of MBEy.e | A PSkesae
monolayer is continuously rinsed with buffer atafrate of 5 uL mifl. At t =5 min 1.4 uM MBHLeis
injected for 325 minutes. The difference in the 8#Ronse before and after the injection is indidads
AR.
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The SPR response increased by 2850 R.U. Taking/éhi®, the protein coverage was
calculated to be 2.85ng MBEe mm? (or 2.5 x 10?mol MBHpse cm?). To
determine the conversion factor, the binding ofesal radioactive-labelled, soluble
proteins was monitored by SPR. The correlation asficactivity and SPR response
yielded a conversion factor of 1 ng protein fper 1,000 R.UArmstrong et al., 1947;
Stenberg et al., 1991). As the SEIRA spectroschpyved that about 2/3 of the fusion
protein were bound specifically to P$ds the amount of hydrogenase specifically
immobilized on PSfsaewas 1.9 ng MBHHsaemmi? (or 1.6 x 10 mol cmid).

4.2.3 Functional testing - Photocurrent

The genetic fusion of PsaE and MBH was made toghifie electron acceptor site of
MBH and the electron donor site of PS1 close tohesther and thus allow direct
electron transfer.

Amperometry was used to experimentally verify tighttinduced electron transfer
(photocurrent) from PS1 to the MBH. The electrawflis depicted in Figure 38. The
redox properties of the soluble electron carriemBthylphenazonium methyl sulphate
(PMS) were investigated by cyclic voltammetry. Télpoint potential of PMS was

determined as mean value of oxidative and reduqirak potential to be +85 mV

(Figure 43).



Results and discussion 66

60 I ’ 1 v I v I v 1

LN
o
1

N
o
1

current / yA
o

N
o
1

A
o
1

' Eo=85mV -

01 00 01 02 03
potential / V (vs NHE)

Figure 43 Cyclic voltammogram of PMS| Cyclic voltammetry is used to measure the poidt
potential of a 75 uM PMS solution. The mid-pointeptial is graphically determined as the average
potential of oxidative and reductive peak potestidt low potentials PMS is mostly in the redudates
(top left) and high potentials PMS is dominatedhsyoxidized state (top right).

At an external potential of -90 mV (vs NHE), PMS smeeduced to the semiquinone
(Zaugg et al.,, 1964) by the electrode. Reduced RiMfased towards the electron
acceptor site of PS1. There, an electron was &emesf to the reaction center P700
whose potential was lifted upon red light illumilat and electron transfer to the active
site of MBH ensued. Here, the electrons were usagduce protons from the bulk to
molecular hydrogen. Oxidized PMS separated from &%l diffused to the electrode
where it was re-reduced. This reduction was medsasea light-induced current which
is proportional to the activity of PS1.

The PSlesae monolayer exhibited a photocurrent of 200 nA (IFggd4, green curve).
After binding of the fusion protein, the hydrogemascted as the acceptor for the
electrons which were provided by PS1. Upon the &ion of the functional hybrid
complex PS1-MBH, the photocurrent increased to \&rage amplitude of 300 nA
(Figure 44, blue curve). However, it is not possitiy distinguish by electrochemical
methods whether the electrons were consumed byobggdr production or directly
transferred to the counter electrode (e.g. by omygecies in the solution). In both
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cases, PS1 donated electrons and was able to daciyetr electrons from PMS. This
electron transfer was measured as a photocurréetincrease of the photocurrent by
50% upon assembly of the hybrid complex indicates the binding of MBH brought a
suitable electron acceptor close to the electromodsite of PS1 and increased the
electron transfer rate. For comparison, a bare gatface was illuminated under the
same conditions (Figure 44, red curve) and extdlotely capacitive currents (the peaks
when the light is switched on and off).

400 A illumination 7

photocurrent / nA
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Figure 44 Photocurrent measurement of the hybidmplex PS1-MBH | A bare gold surface (red)
and monolayers of P$d,e (green) and PS1-MBH (blue) are equilibrated atanstant potential and
illuminated for 10 seconds. Upon illumination andanal current of 206 nA is detected for BSle
and 297 nA for the hybrid complex. The additionarent is named photocurrent and is consistent with
electron transport from the working electrode tolP®nly capacitive current is detected for the bare
gold surface. (PMS is used as soluble electronieajr

In order to confirm that the photocurrent is deperidon PS1, we measured action
spectra of the hybrid complex (Figure 5, open eskland the PsaE deletion mutant
(black stars). The data points reproduce the absargpectrum of PSksae very well
(Figure 5, red curve), which strongly suggests &t was involved in the reaction
which caused the photocurrent. The broadening dgtit sred shift of the action
spectrum was due to the half-width of the interieee filters (~15 nm) and an
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interaction between PS1 and gold substrate mightricoite as well (Salomon et al.,
2007).
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Figure 45 Action spectrum of PS1 monolayer$ PsaE-free PS1 Pl (stars) and the hybrid
complex PS1-MBH (open circle) are immobilized oe turface and illuminated with different
wavelengths. The photocurrents are normalized ® B$1 coverage which is calculated from the
intensity of the amide Il band and the surface @&ckaent factor. The red curve shows the absorption
spectrum of PSisaein solution for comparison.

The photocurrent also depends on the pH of thetisol(Figure 46). The highest
photocurrents were measured for pH 7.5 (190 nA) @adt.5 (225 nA). The pH does
not significantly influence the redox propertiestibé soluble electron carrier PMS, but
affects the proteins. The catalytic reaction of hyelrogenase consumes protons and
thus is faster at lower pH. This can explain thghhphotocurrent at pH 4.5. If the pH
was decreased further the system became less stathlehe photocurrent decreased
with time. The value of 190 nA was measured 5 ritierahanging the pH to a value of
3.5. The high photocurrent at pH 7.5 can not beagxpd in terms of hydrogenase
activity. | propose that this pH mostly increaskd teaction rate of PS1.
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Figure 46 pH dependence of the photocurrent of RBIBH | The photocurrent of a PS1-MBH
monolayer is measured at different pH values unddrlight illumination. The pH region between 7.5
and 5.5(black) is measured in the standard protriffer (20 mM HEPES); for more acidic pH values
(5.5 to 3.5) (blue) 20 mM acetate buffer is useott€l curves are fitted to the experimental valued
present the predicted, continous pH dependence.

4.2.4Light-induced hydrogen evolution

The electrons, which are provided by PS1, are eoessarily consumed by hydrogen
production. They can also be directly transferredhte counter electrode. Thus, the
hydrogen, which is produced by a PS1-MBH monolayeust be determined by gas
chromatography. Molecular hydrogen was accumulatedng a time interval of
30 minutes and the rate of Hroduction per time and electrode area was cdéxlla

Upon illumination, the immobilized hybrid complexXSP-MBH generated molecular
hydrogen at a rate of 120 + 30 pmal $f cm? at an electrode potential of -90 mV (to
re-reduce PMS). After 30 min of illumination thetigity of the monolayer was reduced
to ~50% due to photo damage (Figure 49). Surpiigingsidual hydrogen production
could be detected even in the absence of MBH (~2&8% of B production for a
monolayer of PS&ksag. This observation suggests that electrons prolvatethe donor
site of PS1 (K/Fg) can be directly used to reduce protons to modécaydrogen. The
electrons at FFg have a potential of -0.54 V and -0.59 V, respetyiMEvans and
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Heathcote, 1980). These potentials are insufficientproduce K at a bare gold
electrode at the used pH of 7.5 (Krassen et aD9RdAt is known, however, that the
overpotential for hydrogen production (on metateledes) is reduced by the addition
of small organic molecules, like 4,4’-bipyridine ¢hlda et al., 2008), methyl viologen
(Tamamushi and Tanaka, 1987), or pyridine (Hametiral., 1990, 1991). Thus, it
seems likely that Hproduction occurs in the protein environment dfigh-energetic
iron-sulfur cluster but at a low rate.

Three control experiments were performed: (1) ldhark, the hybrid complex did not
produce a significant amount of hydrogen (< 20 pek® cm?, Table 1) when the
same conditions were applied, i.e. at an electrpoiential of -90 mV and in the
presence of PMS as soluble electron carrier. (8)tdyjged MBH was immobilized on a
Ni-NTA-terminated surface in the absence of PSle hgdrogenase did not show
hydrogen evolution under otherwise identical caodsé (-90 mV, 75 uM PMS, PS1
buffer) and illumination. (3) The bare gold surfacevered with buffer and PMS, did
not produce hydrogen upon illumination and a paaéwof -90 mV. These experiments
(summarized in Table 6) provide unequivocal evidetitat the presence of PS1 is
critical for the detected activity.

Table 6 Hydrogen evolution rates

Surface structure  lllumination JHproduction rate / (pmol Hs™ cm®)
PS1-MBH Yes 120 + 30

PS1-MBH No <20

PSlhpsae Yes 31+12

MBH Yes <20

Bare gold Yes <20

From the hydrogen production rate of the hybrid plex (120 x 132 mol H2 §' cm®)
and the amount of specifically immobilized MB&E (1.6 x 10" mol MBHpsaecni?)
the surface activity was calculated to be 4,50012% mol H min* mol* hybrid
complex (pH 7.5, 20 °C, -90 mV).

4.2.5Hydrogen evolution potential

The presented experiments were performed at aamngbtential of -90 mV to assure
fast re-reduction of PMS at the surface. But th&teay is able to produce molecular
hydrogen at a potential of up to 85 mV which is tedox potential of PMS (Figure 43).

A photocurrent above noise level was measured appimtential of 10 mV — with 3% of

the amplitude detected at -90 mV (Figure 47).



Results and discussion 71

250 1 : : : , . ,

200 1

150 -

100 - .

50 - .

photocurrent / nA

300  -200 100 0
potential / mV (vs NHE)

Figure 47 Potential dependence of the photocutesf PS1-MBH | A monolayer of PS1-MBH is
equilibrated at the respective potential. The phateent is measured under red light illumination.

Surprisingly, at potentials below -150 mV a deceeathe photocurrent was observed.
Possible explanations are (1) reductive damagéefrionolayer. (2) re-orientation of
PS1 in the electric field, which blocked the birgigite of PMS.

The concentration of reduced PMS is higher at nmagative potentials and can not
explain the decrease of the photocurrent. In amlditthe monolayer was constantly
monitored by SEIRAS during the measurement and atenpial-induced protein
desorption was observed and can be excluded asratjin.

4.2.6 Mimic the native environment

A major difference between the native, cellulartegsand then vitro device is that in
the latter the photosystem | is solubilized by dat molecules and not embedded in a
lipid bilayer. In order to come closer to the natenvironment, the photosystem 1| is
reconstituted in lipids.

The surface-tethered P$l.e monolayer was incubated in a solution of dimysto
phosphatidylcholine (DMPC) vesicles, while the camication of detergent molecules
was continuously decreased by the addition of ieiadls. The immobilization of DMPC
molecules on the surface was monitored by SEIRAGU(E 48).
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Figure 48 SEIRA spectrum of the reconstitutionqgmess| Di-myristoyl-phosphatidyl-cholin (DMPC)
reconstitutes a monolayer of P8l The positive bands indicate the presence of DMIREDg the
surface.

The bands at 2961 cm-1 and 2925 cm-1 are assignie symmetrical C-H stretching
vibrations of the two alkyl chains of DMPC. The m®ponding asymmetrical stretching
vibrations result in the bands at 2874 cand 2851 cm. The band at 1741 chis due

to the C=0 stretching mode of the ester head gréhpse bands indicate the presence
of DMPC along the surface. Water was displaced frloensurface and a broad negative
band at 1650 cthwas detected from the water bending mode. No iadait spectral
features were observed in the amide region (1700-£51") and, thus, the protein was
neither removed from the surface nor its structurerientation drastically changed.
The surface structure is described in detail irptdad. 3.

After the reconstitution process the fusion protéiBHpsae Was bound to the surface.
The stability of the photocurrent under continudismination was compared for the
detergent-stabilized and the DMPC-reconstitutedotayer of PS1-MBH. After 1 hour
of continuous illumination a photocurrent of 115 wAs measured for the reconstituted
monolayer, while only 55 nA were measured for theedyent-stabilized photosystem 1.
It took 7 hours of illumination until the photocant of the reconstituted monolayer
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decreased to the same value (Figure 49). The ityabitreased by a factor of 7 upon
reconstitution.
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Figure 49 Stability of the surface-tethered hybircomplex | Monolayers of detergent-stabilized PS1-
MBH (red) and reconstituted PS1-MBH (blue) are ewnusly illuminated. The photocurrent is plotted
versus the total illumination time. To measure phetocurrent, the light is switched off for 10 sed®
and the photocurrent is determined from the respecurrent drop.

4.2.7 Conclusions

Photosystem | (PS1) was immobilized on a gold serfand specifically assembled
with the membrane-bound hydrogenase (MBH). Upohtdiumination the hybrid
complex produced molecular hydrogen at a rate 588 1,125 mol kW min™ mol™*
(pH 7.5, 20 °C, -90 mV).

For MBH, which was directly immobilized on a pyrtty graphite edge electrode
(without PS1), a turnover rate of 4,200 melmin™® mol* was estimated (Goldet et al.,
2008). This activity was measured at a potentiat4®0 mV, pH of 5.5, 40 °C, and
under continuous removal of the produced hydrogea botating ring disk electrode.
This value is in the same range as that measuredh& hybrid complex. In our
experiments, the use of light by PS1 made it ptessibincrease the potential to -90 mV
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(to lower energy), increase the pH to 7.5, do thewt continuous removal of Hand
decrease the temperature to room temperature (2@itkkbut decreasing the hydrogen
evolution rate. Thus, PS1 increases the electramster rate towards MBH
significantly. On this basis, our derived value foidrogen production by the hybrid
complex is considered to be high. The results detnate highly efficient coupling of
photosynthesis and biological hydrogen production.
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4.3 Spatially-resolved analysis of a protein monolayer

The study of surface-tethered proteins commonljughes assumptions about the
surface structure. Open questions are: How areeipotoriented? Do the proteins
aggregate on the surface? How do lipids spread theesurface? Schematic pictures
often show idealized, well-ordered, homogenous ray®eo structures.

In this chapter, the first steps towards a spatia@bkolved infrared analysis of a protein
monolayer is shown. In scanning near-field infraneidroscopy (SNIM) the sample is
probed by an atomic force microscopy (AFM) tip. T is illuminated by intense

infrared radiation and allows measuring of spatiadisolved spectral information. The
investigation of a reconstituted, surface-tethenaeimbrane protein is schematically
depicted in Figure 50.
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Figure 50 Reconstituted membrane protein — invgated by SNIM | Cytochrome c oxidase is
immobilized and reconstituted in a lipid bilayeheTtopography is measured by AFM and the scanning
near-field infrared microscopy setup is used tareovibrational information at each position of thp.

In the future this technique will be used to inigete the surface-bound hybrid
complex of photosystem | and membrane-bound hyd@agge The recorded data will
show how the topographical structure of the phattesy | monolayer is affected by the
assembly with the hydrogenase.

4.3.1 Model system “Cytochrome c oxidase”

Cytochrome c oxidase (CcO) is a well-investigatetteam in our laboratory.
Expression, purification, surface immobilizationdareconstitution in a lipid bilayer of
di-myristoyl-phosphatidyl-cholin (DMPC) are estaied.
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Template-stripped gold (Chapter 3.9) was modifieithwa Ni-NTA-terminated
monolayer and incubated with a solution of detetrgéabilized CcO. CcO bound to this
layer via its His-tag. As long as each CcO molecwias isolated (i.e. without
neighbouring molecules) several orientations werssible. It might orient between
upstanding position, with the membrane plane palrédl the surface, and sideways
position, with the membrane plane perpendiculatht® surface. During the binding
process, more and more CcO molecules bound to uhace and the upstanding
orientation was stabilized by adjacent CcO molexuddterwards, the surface-tethered
protein monolayer was reconstituted in a lipid yela (Chapter 0), and gold nano
particles were dried on top of the sample as araentstandard for the SNIM
measurement. The predicted surface structure istéepn Figure 51.

gold
nano .
particle T — protein
1nm
+— — lipid
5nnm
-+ — linker
2 nm
L — gold

Figure 51  Structural model of the CcO layerq The gold surface is covered with a 2 nm-thick
monolayer of Ni-NTA linkers. CcO molecules (gresme) bound to this linker. The DMPC bilayer forms
at the hydrophobic parts of the CcO. Gold nano iples with a diameter of 4 nm are dried on tophef t

sample.
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4.3.2 Topography

AFM was used to record the topography of the sanfjateoverview scan of 25x25 um
is shown in Figure 52(A). Island like structuredjieh were 20-200 nm higher than the
background, were distributed over the sample. Thweaads were also observed when
gold nano particles were dried on a bare gold sar{data not shown). The gold nano
particles aggregated on top of the surface.

A small section was enlarged and the tilt of tl@st®on was corrected by subtraction of
a fitted plane (Figure 52(B)). The topography wamghated by structures with a height
between 5nm and 10 nm, what is consistent withratepm monolayer or a lipid
membrane layer. The island-like structures (greeh)/rwith a height above 20 nm, were
gold nano particle aggregates. They were neceasaaycontrast reference for the SNIM
analysis
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Figure 52 AFM image of reconstituted cytochromeogidase | (A) CcO is immobilized on a Ni-NTA-
modified gold surface and reconstituted in a lipithyer. 5 nm gold particles are dried on the sedas
reference for the SNIM measurement. The AFM imag2x612 pixels) shows an area of 20x20 pm. The
raw data without any processing are presented h@¥The indicated area (107x76 pixels) of the AFM
image is enlarged. The tilt of the sample is caeddy subtraction of a fitted plane.
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4.3.3Near-field imaging

The surface modification steps were monitored byR2Espectroscopy (Figure 53).
During CcO binding (red curve) the amide | bandercst 1657 ci. For the
reconstitution in DMPC (black curve) a charactérisand was observed at 1740%tm
which is assigned to the carbonyl stretching mofdine ester head group (Ataka et al.,
2004).
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Figure 53 SEIRA spectra of CcO binding and DMP@aonstitution | Detergent-solubilized CcO is
immobilized on a Ni-NTA-modified template-stripggald surface. The spectrum (red) is recorded at
maximum binding after washing with buffer. The ateftethered protein layer is incubated with a
solution of detergent-destabilized lipid vesiclgzo§omes) of DMPC. The spectrum (black) is meakure
after the reconstitution is completed. The spectegion is cut to the used range for the SNIM
measurement. The bands are discussed in the text.

In SEIRAS, the signals are averaged over the estiréace. Strictly speaking, these
spectra only proof that CcO and DMPC accumulatihénvicinity of the surface. But
the spectra provide the information at which wavebars the different compounds
absorb. The broad, negative band at 1650 mmot a spectral feature of the lipid, but
results from the displacement of water from thefam@. The lipid does not absorb in
this region.
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For the SNIM measurement, intense laser lines dimsbe peak maxima were used to
measure at wavenumbers where the compounds abs@#7-cnT for the protein and
1744 cn for the lipid. SNIM images at these wavenumbersewecorded in the same
region as the AFM overview scan. The wavenumbet 180" was used as a reference,
where neither protein nor lipid absorbs (Figure. 54)

A== (B) e

"

5 =1647 cm™ o =1744 cm™ 5 =1801cm’

Figure 54 SNIM images of reconstituted cytochrongeoxidase | The reconstituted CcO-layer is
investigated by SNIM at three wavenumbers: (A) 1847 (B) 1744 cnd, and (C) 1801 cih The
unprocessed data are presented here. The markéiibpds (A) is discussed in the text.

Round areas of strong near-field contrast were rebdeat several positions at each
wavelength. One such spot is marked with an arrowigure 54(A). These areas were
correlated with the position of gold nano partialggregate on the AFM scan, which
was simultaneously recorded. The large height mdiffee resulted in a topography
artifact at the edges of the gold nano particleragates. The near-field contrast was
high for the right edge of these positions and fonthe left edge. This distribution was

due to the moving direction of the sample fromlgfeto the right with respect to the

AFM tip. The height adaptation was fast on the trigtige, when the gold nano particle
aggregate approached the tip. This resulted irgh hear-field contrast. On the other
edge the height adaptation was comparably slow artaw near-field contrast was

observed. The rest of the area was quite noisy. 3Jpatially-resolved spectral

information was not directly accessible as an image

The intensity of the near-field signal and the aigo-noise ratio varied with the
intensity of the respective laser line and with fiveusing of the laser beam on the AFM
tip. In order to correct the fluctuation betweenre timeasurements at different
wavenumbers, the near-field intensit4npe at each point was correlated to the near-
field intensity of gold o4 In the same measurementqd was averaged over all points
which were assigned to gold nano particle aggregftem the topography. The
normalized near-field contrast ¢ was calculatesating to the equation (5).
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-1
c= Sample Gold (5)

I Gold

For each position of the scan the near-field cebtrvas plotted versus the
corresponding height and a scatter plot for theghvavenumbers was obtained (Figure
55). The data points in the protein (A) and lipiB) (measurement were more
concentrated. This indicates that protein and lgad be detected in the near-field. A

measurement at 1801 ¢mwhere neither protein nor lipid absorbs, showestaader,
less specific distribution.

(A) B = 1647 cm"! (B) §=1744 cm™ (C) H=1801 cm™
S o] o]
© © ©
B k7 k7
© © ©
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o o o
o o o
-0.6 o -0.6 o
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
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Figure 55 Near-field scatter plotd The near-field contrast is plotted versus tiegght. Each point in

the scatter plot corresponds to one pixel of thens¢The scatter plots were designed by Fouad Bello
(RU Bochum, group of Prof. Havenith))

For better analysis, a grid was placed on top efdtatter plot, and the data points in
each cell were counted. The probability distribntiof the near-field contrast at the
respective height was plotted as a contour ploe&mh wavenumber (Figure 56).
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Figure 56 Near-field contour plots| The probability distribution of near-field coast at respective
heights is plotted as a 3-dimensional probabilignsity. The third dimension is colour-coded. (A) at
1647 crit, (B) at 1744 cm, and (C) at 1801 cth (The contour plots were calculated by Fouad Ballo
(RU Bochum, group of Prof. Havenith))

The lowest point of the scan is set to 0 nm andtakr height values refer to this point.
If the gold surface was completely covered with BieNTA terminated monolayer the
top of this layer was set to 0 nm. According to shggested model (Figure 51) a lipid
membrane was expected at a height of 5 nm (or 7ifngald is the zero level) and a
CcO monolayer was expected at a height of 6 nmron8respectively. In addition, the
surface had differences in height of at most 1.5(Rgure 14(B)) due to the used
template-stripped gold substrate. The lowest mosikvas the height reference, but the
various surface structures could also be immoldlizethe higher positions. Thus, the
surface structures can be detected at the predietigtit and at positions which were up
to 1.5 nm higher.

The contour plot at 1801 ¢hrshowed a broad, diffuse distribution without sfigint
spectral information. For the protein measureméittfle highest probability density
was detected at a contrast of -0.25 and a heightGhm. This was consistent with the
height of the CcO with respect to the Ni-NTA mory@a The data were concentrated
in a contrast interval of 0.1. The tip of the AFMda curvature radius of 40 nm. Due to
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the shape of the electric field between tip anddgalrface a spot with a radius of
approximately 80 nm was probed at a time. The aanaBon of the protein varied from
spot to spot and resulted in a broadened contrastval.

The same was true for the lipid measurement (Bgrevthe highest probability density
was detected in an interval between -0.10 and -0:tié highest probability density was
found for topographies with a height between 3.8 &@&mm. 5-6.5 nm was consistent
with the predicted lipid bilayer. Lower structunesght consist of a lipid monolayer or
‘randomly” accumulated lipids. Higher structuresgtti be formed by lipids which
were unspecifically bound to proteins or the lipidembrane. These results are
schematically summarized in Figure 57.

- -— — protein
1 nm
gold +— — lipid
nano
particle
5nm
- f LIPS e e Pl P e e g + — linker
) I S R T B B | . L go|d

Figure 57 Improved model of the CcO laydr The gold surface is covered with a 2 nm tINGINTA-
terminated monolayer. CcO is adsorbed on this layarits His-tag. Lipids are spread over the sugac
and cover the transmembrane region of the CcO. @att particles are dried on top.

4.3.4Conclusions

It was possible to correlate near-field informatianth topographic heights. An

improved model of a reconstituted monolayer of chtome ¢ oxidase could be derived
from these data (Figure 57): The gold surface igeed by a continuous, Ni-NTA-

terminated monolayer. CcO is immobilized on thigelain an upstanding position, with
the membrane plane parallel to the surface. Thdasestethered proteins are
reconstituted in a non-perfect lipid membrane.
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The aim for the future is to assign every singbeepof the AFM image to one of the
predicted surface structures. This information wikld a chemical image of the
surface.

4.4 Structural investigation of the H-cluster

The structure of the H-cluster is known from X-remystallography of the [FeFe]-
hydrogenases frortlostridium pasteurianunfPeters et al., 1998) aridesulfovibrio
desulfuricans(Nicolet et al., 1999). Detailed information abdbé inorganic ligands
was provided by infrared spectroscopy (Pierik etl#198; Nicolet et al., 2001), as well
as by ENDOR spectroscopy (Thomann et al., 1991¢. Sthucture of the H-cluster is
summarized in the introduction (Chapter 2.2.2).

In this study, the [FeFe]-hydrogenaSeHydAl from Chlamydomonas reinhardtwas
investigated by IR spectroscopy. The aim is to mewnichanges in the ligand
arrangement during hydrogen production (Chapte.4

4.4.1 Marker bands of the H-cluster

It has not been shown that the structure of theahoeinter ofCrHydAl is identical to
the H-cluster which has been found in the crydtalcsure of other hydrogenases. Initial
EPR studies detected an axial signal of the CQsitdd form which is characteristic for
[FeFe]-hydrogenases (Kamp et al., 2008).

Here, the IR spectra ofsHeduced and CO-inhibite€rHydAl1 are compared with
literature values of other [FeFe]-hydrogenaseotdian the structural similarity.

Transmission measurements

Several bands are observed in the spectral reggowelen 2150 cthand 1750 cr
(Figure 58). These bands are assigned to streteffangtions of inorganic CO and CN
ligands which are bound to the central irons ofrtietal center. The bands are assigned,
according to earlier infrared spectroscopic studiesydrogenases (Pierik et al., 1998;
Nicolet et al., 2001). Bands at wavenumbers betw2&B0 crit and 2040 cm
correspond to the stretching vibration of termir@N ligands. Bands at lower
wavenumbers are due to the stretching vibratio@©fligands.
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Figure 58 Infrared absorption spectra of differéerCrHydAl states| 1 mM CrHydAl is incubated
with hydrogen (red), or carbon monoxide (black) ameasured in a transmission setup by IR
spectroscopy. The bands are discussed in detathéntext. 8x 1024 scans are averaged for each
spectrum.

Defined states of the [FeFe]-hydrogenase fiaesulfovibrio vulgarisvere investigated

in the past (Pierik et al., 1998). For the-tdduced state CN stretching vibrations were
observed at 2079 ¢mand 2041 ci. CO stretching vibrations were measured at
1965 cnt, 1941 cnit, 1916 crit, and 1894 ci. The 2041 ci band was found to
disappear under argon atmosphere, while a secamdi inathe CN region appeared at
2095 cnit. Similar bands were found f@rHydA1 with a shift of up to 7 cth(Figure
58, red curve) indicating that the ¥kduced state of a very similar H-cluster
contributed to the spectrum. The presence of famdb in the CN region (compared to
two in the literature) showed that at least ondtaddhl state was detected.
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No bands were observed below 1894'cfar the H-reduced state in the literature.
Here, the bands at 1804 ¢rand 1792 ci were assigned to a bridging CO molecule
between both iron ions. The band at 1882'cmas assigned to an intermediate state
between bridging and terminal CO. The existence lfidging CO and the observation
of an additional band at 1933 ¢rin my measurements affirmed that different stafes
CrHydA1l contributed to the spectrum. Probably a pHytireduced state was observed
in addition to the fully reduced state.

After incubation in CO two prominent bands wereashsd at 2016 cthand 1971 ci
for the Desulfovibrio vulgarisenzyme (Pierik et al., 1998). The binding of COato
Fe(CO)(CN) center resulted in a iron ion with two bound C®lecules. The CO
molecules showed a strong vibrational coupling wede assigned to these bands. For
CrHydA1l these bands were found at 2004'camd 1974 cf in my measurements.
The band at 1862 chwas assigned to an intermediate state betweewitgicand
terminal CO. Intermediate states at similar low @raymbers are known from literature
(1848 cnt, Cotton and Wilkinson, 1988). Additional bands wesbserved in the
spectrum of the CO-inhibite@rHydA1l (Figure 58, black curve). These bands indidat
that other states contributed to the spectrum. & wmilar spectrum was observed
earlier forDesulfovibrio vulgarigvan der Spek et al., 1996).

The spectral information is summarized in Tabl@ e detected bands and the spectral
changes betweenzHeduced and CO-inhibited state strongly indichtg the H-cluster
of CrHydALl is identical to the one of other [FeFe]-hygeoases.

Table 7 IR frequencies @frHydAl in the CO/CN region

CrHydAl state Band position / ¢m Assigned vibration

H, / Ar 2088, 2084, 2072, 2065 CN stretching of FeJ@Dl)
1964, 1940, 1933, 1916, 1891 CO stretching of B3(CN)
1882 Stretching of terminal/bridging CO
1804, 1792 Stretching of bridging CO

CO/Ar 2068 CN stretching of Fe(CO)(QN
2013, 2004, 1989, 1974 CO stretching of Fe( TN
1956, 1939 CO stretching of Fe(CO)(TN
1862 Stretching of terminal/bridging CO
1800 Stretching of bridging CO

Attenuated total reflection measurements

The protein solution on top of the silicon prismsymobed by the evanescent IR wave.
As the penetration depth does not change, the Isigiaasity solely depended on the
concentration of the protein. The advantage ofédtienuated total reflection (ATR)
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setup compared to the transmission setup was bmatsample was accessible for
manipulation during the whole measurement. Thegmdiands were monitored situ
during the drying process (Figure 59).

absorbance / a.u.

2122
1640 +——==

4000 3500 3000 2500 2000 1500
wavenumber / cm’

Figure 59 Infrared ATR spectra of CrHydAl duringrying | 50 puL of 1 mM CrHydA1 solution (in
10 mM potassium phosphate buffer) is placed oficpsiATR crystal. The solution is slowly driedaim
argon stream. The spectra are recorded during thyind process at t = 1 (black), 6, 12, 15, 18, agd

24 (light blue) minutes. 1024 scans are averageccfzh spectrum. Rising and decreasing bands are
marked in the figure.

While the protein solution was dried in an argomat, water was removed from the
sample. Hence, the bands which were assigned tatibal modes of water decreased
(red arrows). The protein was concentrated andbdmeds which corresponded to
vibrational modes of the protein increased (graeovg. Amide A (3297 ci), amide |

(1645 cnt), and amide Il (1539 ch) bands were due to vibrations of the protein
backbone. The bands at 2936 tand 2880 cri were assigned to asymmetrical and
symmetrical C-H stretching of various amino acuesthains. Various amino acid side
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chain vibrations arose at wavenumbers below 1468 dhe spectral information and
assigned vibrational modes are listed in Table 8.

Table 8 IR frequencies of a CrHydA1 solution dgrdrying
Band position / cm  Assigned vibration

3359(-) Asymmetrical and symmetricaj® stretching
3297(+) N-H stretching (amide A)

2936(+) Asymmetrical C-H stretching (in GI&Hs)
2880(+) Symmetrical C-H stretching (in @8Hs)
2122(-) HO libration

1645(+) C=0 stretching (amide 1)

1640(-) HO bending

1539(+) C=N stretching / N-H bending (amide 1)
<1460(+) Various amino acid side chain vibrations

Two major bands were observed within the CO/CNaredFigure 60). These bands
were detected at 1986 ¢nand 1962 ci and assigned to the CO stretching of terminal
CO ligands. TheCrHydAl sample had been incubated in hydrogen priorthe
measurement and was kept under argon atmospheireg dbe whole measurement.
Thus, the iron centers should both carry one team@N, one terminal CO and one
bridging CO. The band at 1986 ¢rnwas found at a too high wavenumber for such an
iron center and indicated that two terminal COriggwere found on at least one of the
iron centers (Pierik et al., 1998).

The band at 2042 chwas assigned to the stretching vibration of a ieairCN ligand.
But the band appeared at a lower wavenumber cochgaréhe measurements in the
transmission setup. This shift might originate fram altered metal center induced by
the drying process. Two factors might contributehis change: (1) The concentration
of the protein was drastically increased and theecktontact between protein molecules
affected their secondary structure and the enviemtrof the H-cluster. (2) The buffer
concentration increased as well and might affeettotein. In both cases the ligand
arrangement could be changed. Therefore, the sp&oim the transmission setup are
used as reference farHydAl.
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Figure 60 Infrared ATR spectra of the CO/CN regicof CrHydAl | 1 mM CrHydAl is further
concentrated on a silicon ATR crystal. The spectnfithe CO/CN region between 2150tmnd
1750 cnt is recorded after 107 minutes. The unprocessedtspe (A) and the spectrum after baseline
correction (B) are presented. 8x 1024 scans areages for the spectrum.

4.4.2 Structural changes during hydrogen production

A gold surface was modified with a monolayer of 8roaptopropionic acid. The
immobilization of CrHydA1l on this surface was monitoredsitu by SEIRAS (Figure
61(A)). The bands which were observed at 1657 emd 1553 ci were assigned to
the amide | and amide Il modes, respectively. Thgative peak at 1716 émwas
assigned to the H-O-H bending mode of water whiels @isplaced from the surface.
The negative peak seems to be shifted to higheemwanber due to the overlap with the
amide | band.

The position of amide | and amide Il band were tedif compared to the ATR
measurement. Due to the surface selection rules,ctntributions of the various
secondary structure elements to the amide band=sndegn their respective orientation
to the surface. For example the C=0 stretchingatibn of the peptide bound is
oriented parallel ta-helices. If ano-helix is oriented perpendicular to the surface the
contribution of the respective C=0 stretching mddeomes stronger and the amide |
band is shifted to higher wavenumber (Krimm and d&dar, 1986; Byler and Susi,
1986). Another explanation is that the ATR spectrgnprobably disturbed by high
concentrations of protein and buffer.

In the SEIRAS measurements, bands in the CO/CNvmezpuld not be clearly assigned
due to the limiting signal-to-noise ratio (Figur&(B)). At 1830 crit a positive band
might exist, but it can not be clearly distinguidlisom a shift of the baseline.
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Figure 61 SEIRA spectra of immobilized CrHydA[L CrHydA1 is immobilized on an MPA monolayer.
The spectrum is recorded during binding of the GtAly monolayer. The overview spectrum (A) and the
cut-out of the CO/CN region (B) are presented. BxQlscans are averaged for the spectrum.

One factor reducing the signal intensity was that pure state ofCrHydAl was
immobilized on the surface. During the IR measum@s@ transmission setup (Chapter
4.4.1) different states contributed to the spectunder comparable sample treatment
(Figure 58, red curve). Potential-induced surfackamced infrared difference
absorption spectroscopy (SEIDAS) was applied ireotd monitor structural changes
of the ligand arrangement between two defined stdtke monolayer was equilibrated
at an external potential of 160 mZrHydAl was forced in its oxidized state, and a
reference spectrum was recorded. Then, the poltevdam changed to -450 mV and the
sample spectrum was recorded (Figure 62, red cuiMa SEIRA spectrum of the
CO/CN region during the binding process was basetinrrected and plotted for
comparison (Figure 62, black curve)



Results and discussion 92

) U 1 U ) J ]
A=1O'5I
\/\’\/\/\I\/\V\/\/\,J A
N~
o o0
3. A
(¢
~
()
(@)
C
S |3 5 8
2= R
) /V\/\/\/‘/\ :
© o =
- ~ g 2
S
] u ] u ] U ]
2100 2000 1900 1800

wavenumber / cm™

Figure 62 Potential-induced SEIDA spectrum of inohilized CrHydAl| CrHydAl is immobilized on
an MPA monolayer. The reference spectrum is recbede potential of 160 mV. The sample spectrum is
recorded at -450 mV (red curve). Negative bandsaasgned to the oxidized state, positive bandlseo
reduced state. 27x 1570 scans are averaged fosjketrum. For comparison the absorption spectrum
during binding of CrHydAL1 is baseline corrected guiotted (black curve).

Methylviologen (MV) was used in this experiment ssluble electron carrier. At a
potential of 160 mV MV andCrHydAl were in their oxidized states. When the
potential was changed to -450 mV MV was reduced taadsferred electrons to the
hydrogenase (Chapter 4.1). The redox reaction of dity not contribute to spectral
changes in the CO/CN region. Negative bands cauicespond to vibrational modes of
the oxidized form ofCrHydAl and the positive bands could be contributivosn the
catalytic active form. The band at 1830tmould be assigned to the stretching
vibration of the bridging CO, which disappeared mpeduction. The CO changed to a
transition state between bridging CO and termin@ &nd gave rise to a band at
1873 cnt. A similar difference was also observed for thedrogenases from
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Desulfovibrio desulfuricangNicolet et al., 2001) anBesulfovibrio vulgaris(Pierik et
al., 1998) as a difference between oxidized apddduced state.

But the observed band intensities are inconsisifebbth spectra are compared. A
positive band at 1830 ¢lmwas observed in the absorption spectrum duringlitin
(Figure 62, black curve) with about half the intghof the negative band in the
potential-induced difference spectrum (Figure & curve). The other bands of the
oxidized form should have a counter part with ailsimntensity ratio, but no bands
were observed. It is possible that the change efatbplied electric field resulted in a
reorientation of the hydrogenase molecules andntieasity of the bands were changed
due to the surface selection rules (vibrations whaehange the dipole moment
perpendicular to the surface are enhanced strariget)it is not possible to explain the
absence of the six bands (2116, 2074, 2029, 1994],1and 1924 ci) by surface
selection rules. It seems likely that artifacts &vend in the SEIDA spectrum. More
experiments are necessary to distinguish “truetlbdrom these artifacts.

4.4.3 Conclusions

The active site o€rHydAl contains a metal cluster which has a veryilamstructure
compared to other [FeFe]-hydrogenases. The bantde &2O-inhibited and Hreduced
state of theDesulfovibrio vulgarishydrogenases could be assigned to the respective
spectra of the&Chlamyomonas reinhardténzymeCrHydAl. The band position only
varied up to 15 cthdue to differences in the protein cage.

CrHydAl was immobilized on a gold surface and thengles between oxidized and
catalytic active state were recorded by SEIDA spscbpy. The spectral data are not
contradictory to the transition of the bridging GO the proximal iron, but further
experiments are necessary to confirm this proddss.H formation could take place at
the vacant coordination site of the distal ironpasdicted in literature (Nicolet et al.,
2001).
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5 Concluding discussion

5.1 Hydrogenase as electrocatalyst

In the context of the climate problem it has becawelent that we have to reduce the
carbon dioxide emission. Renewable energy souli&eswind, water, or solar energy,
are able to provide energy without any Gfnission. At the moment the contribution of
renewables to Germany’'s energy production is ad®@% (BMWi, 2008). But with
further shortage of fossil fuels their fraction mithcrease. Renewables will have to
provide electrical energy as well as fuels, becatlge world’s need for energy is
basically a need for fuels.

Hydrogen is a very promising fuel. It can be burmetthout any CQ emission and with
water as the only product. One way to convert aéadt energy to hydrogen is the
electrolysis of (acidified) water. Platinum is bdbaused as catalyst for this reaction.
The low overpotential of platinum allows hydrogewguction at low energy compared
to other metallic electrocatalysts. Because thdabla amount of platinum is limited, it
is mandatory to find alternatives.

Nature has developed hydrogenases which are higffigient catalysts for the
reduction of protons to molecular hydrogen. For fReFe]-hydrogenas€rHydAl,
hydrogen production rates of up to 85 melin® mol* were measured in this work
(Chapter 4.1). With this device, hydrogen is pralat potentials below -290 mV (vs
NHE). This value is close to the hydrogen evolugmtential of platinum electrodes of
-270 mV. Higher hydrogen production rates and ddrighydrogen evolution potential
(i.e. hydrogen production at lower energy) havenbesported in the literature for
pyrolytic graphite edge electrodes (Goldet et aD08) and carbon felt electrodes
(Hambourger et al., 2008).

However, the application of these systems to lagde hydrogen production is
uneconomic. The expression and purification of #mzyme are too expensive
compared to the produced amount of hydrogen. Mamedahese enzymes are highly
sensitive to oxygen and only stable for a couplé@airs. Both, activity of the enzyme
and stability, have to be drastically improved llova an application in the future. Only
a profound understanding of the catalytic mecharesnthe atomic scale will lead to
the improvement of the efficiency of these biol@jicanomachines.
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In this respect, the catalytically active hydrogamahat | have studied, is accessible to
IR spectroscopy. A time-resolved measurement oté#talytic cycle will help to reveal
the reaction mechanism. In this work, the basistime-resolved measurements was
established. Catalytically activerHydA1 was immobilized on a gold electrode and the
electrons were transferred to the hydrogenaseeimabisence of a soluble electron carrier
(Chapter 4.1.4), which would limit the time resaut due to diffusion. Once we
understand the reaction mechanism in detail, webegilable to understand the oxygen
tolerance of [NiFe]-hydrogenases and the high agtof [FeFe]-hydrogenases. These
are the key information to design an oxygen-toleraghly active hydrogenase.

5.2 Coupling of photosynthesis and hydrogen production

Our sun is the largest energy source and will we\malable virtually forever. Solar
energy is most efficiently used by photosynthesisconvert abundant, energy-poor
molecules into energy-rich molecules. In this walgptosynthesis lays the foundation
for life on our planet. The utilization of this egg conversion process has the potential
to ensure the world’s energy supply forever.

The world’s need for energy is basically a needfliels rather than electrical energy.
Thus it is important, to use solar energy for thedpction of a fuel (e.g. hydrogen),
which can be burned without creating severe enwmemtal problems. A coupling
between hydrogen producing enzyme and the photiossistapparatus can do this job.

In this work, | presented the coupling between phgstem | (PS1) and a hydrogenase
via the PS1-subunit PsaE. Immobilized on an eléetrthis hybrid complex was able to
produce molecular hydrogen at a rate of 4,500 moiriti* mol* (Chapter 4.2). The
turnover rate of this system is superior compacedther (bio-)nanoelectronic devices
for hydrogen production, which only use a hydrogenand do not include PS1. In
addition, hydrogen production is possible at pesigpotentials up to +85 mV, which
means that less electrical energy has to be usedighstored in the produced hydrogen.
The improvement compared to the hydrogen evolupomential of commercially
applied platinum electrodes of -270 mV is considdrebe large.

However, the device shares the disadvantages ehajme-modified electrodes, i.e. it
is hardly possible to repair or specifically re@anactive proteins. Thus, the activity of
the surface continuously decreases and all proteinst be desorbed and replaced by
active proteins to regenerate the surface. In madithe isolation of proteins is costly
and the application of the device for hydrogen paidn is uneconomic at the moment.
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| propose this nanoelectronic device as a platfimechnology that allows comparison of
different catalytic building blocks and coupling timeds. Proteins from various

organisms may be coupled via different subunitphaitosystem | (e.g. PsaC or PsaD)
or via artificial, redox-active linker moleculeshé efficiency of the electron transfer
and the influence of competitive electron acceptans be quantified for the resulting

hybrid complexes. An efficient electron transfeyrfr PS1 to hydrogenase will allow an
increase of the hydrogen production because lessrehs are “lost” to other metabolic

pathways like NADP reduction by ferredoxin:NADPreductase.

Such knowledge provides the molecular basis foraecing the yield of hydrogen

evolution in living microorganisms. In the fututbe most promising complexes will be
introduced into cellular systems like cyanobactemnagreen algae. If the hydrogen is
produced by cells, the costly protein isolationnist necessary any more, inactive
proteins are automatically replaced, and a contisudtydrogen production is possible.
The remaining challenge will be to create a systelnich uses as much energy as
possible for hydrogen production, but still prowdsdenough energy for the metabolic
pathways which are necessary for cell growth.

Hydrogen will be produced by bioreactors which onged sufficient illumination. No
fertile ground is required, which remains availafolefood production.

5.3 Structural investigation of protein monolayers

Protein monolayers are not perfectly homogenoushVBEIRAS we are able to
distinguish several surface structures, which doute to the measured spectrum. The
respective surface structure might have an effecthe local activity of the bound
proteins.

In an attempt to reveal the lateral distributiortled chemical composition of the solid-
supported membrane, we applied scanning near-indtdred microscopy (SNIM), a
combination of IR spectroscopy and atomic forcerascopy, with the aim to resolve
the spectral information in 2D. We were able torelate IR spectroscopic data with
topographic heights. The membrane protein cytockroroxidase was immobilized on
a Ni-NTA monolayer in an upstanding position, witle membrane plane parallel to the
surface. The surface-tethered proteins were retatest in a non-perfect lipid
membrane.

In the future, the combination with electrochenyisinight allow localized activity
measurements. This method might also answer thgtigngo what extent the activity
of membrane proteins is affected by the proteiittlfatio in a lipid membrane.
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9 Supplementary information

9.1 Sample changer for transmission setup

The sample changer allows moving two transmissempdes in and out of the IR
beam. The position of the sample holder can bechedt between two positions by an
external trigger signal, while the sample changenains in the purged sample chamber
of the spectrometer. It is possible to exchangé Isaimples as well as changing the
position on the same sample. The sample holdeoigetalmost perpendicular to the
optical path, but tilted by 9° in order to avoidamal reflections in the used sandwich
samples. An overview of the construction is showrFigure S1. The constructional
drawings of the single parts are shown in FiguréoS2igure S7.

rear panel
sample holder ¢
L
I thread rod |
.
IR beam
motor
j= === =
I M8 female

ground plate

Figure S1 Overview of the sample changérThe sample changer is shown without the shdeof the
sample holder for sake of visual clarity. The mguvidirection of the sample holder is indicated by an
arrow and the position of the IR focus is markelgd dot.
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Figure S2 Ground plate of the sample changdr (A) Side view. (B) Top view. (C) Rear view. Al
specification is given in millimeters.
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Figure S3 Rear panel of the sample changér (A) Front view. (B) Side view of the long hdolée
height of the motor is adjusted by the positiorthef screw in the long hole. (C) Side view of theglo
hole. Rotated by 90° with respect to (C). (D) Sidmv of the rear panel. All specification is givien
millimeters.
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Figure S4 Motor of the sample changef The motor is used to impel the thread rod. RA9nt view.
(B) Side view.
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Figure S5 Slide rail for the sample holder The sample holder is moved along the notch.slide rail
is fixed perpendicular to the rear panel. (A) Regw. (B) Front view.
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Figure S6 Slide rail for the sample holdef (A) Side view. (B) Top view. The 2 mm cuti®uised to
fix the electric contacts. The positions of thetaots define how far the sample holder is moveebich
direction.
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Figure S7 Sample holdel] Sandwich samples can be fixed in both holgsS{de view. (B) Top view.
(C) Rear view.

9.2 Anaerobic SEIRAS setup

The SEIRAS optics was designed by Kenichi Atakaslaswn in Figure S8. The IR
beam is reflected by a mirror in an angle of 36falty reflected in the triangular silicon
prism, and reflected towards the detector by arsgoairror.
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Figure S8 SEIRAS optics|] The SEIRAS optics direct the IR beam througimagular silicon prism.
The height adjustment of the ground plate and thesibility to adjust height, position, and angletloé
mirrors allow to optimize the optical throughpuhéeldesign of this optics was done by Kenichi Ataka.

In this work an oxygen-sensitive hydrogenase weasshgated by SEIRA spectroscopy
and the setup had to be sealed completely fronatiimesphere. Thus, a glove bag was
connected to the top of the sample chamber. Sanimenber and glove bag were
purged with argon to avoid the intrusion of oxygétere, a lid (Figure S9) was
designed, which fits to the sample chamber of ak&rdFS 66v/S spectrometer and
allows the connection of an exchangeable glovehodaer (Figure S10).
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Figure S9 SEIRA lid for the spectrometer chambér The lid fits to the top of the sample chamifer
the BrukerlFS 66v/Sspectrometer. The SEIRAS cell is placed on th&ataing, bringing the silicon

prism into the IR focus. Three wires are embeddete lid to connect the SEIRAS cell (position redrk
in green).
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Figure S10 Glove bag holder for the sample chande The glove bag holder is screwed to the SEIRAS
lid. A 3 mm Viton© O-seal is placed between botfiga

A glove bag (Sekuroka Glove Bag 45x45 cm, Carl RéthbH, Karlsruhe, Germany)

was taped to the top of the bag holder. The lattes screwed to the SEIRAS lid. The
sealing between was made from Viton, an elasticenatwhich is impermeable for

oxygen. Viton was used for all other sealings a#l. we particular important was the

sealing between silicon prism and glass cell (@@ Although the SEIRAS cell was
completely surrounded by argon, the oxygen, whids wlesorbed from the rubber
sealing during the experiments was sufficient axtivate the hydrogenase.
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10.3List of Abbreviations

AFM
ANTA
ATR
BBP
Cpl
CrHydAl
DDM
DMPC
DTSP
Fd

IRE

MBH
MBHpsae
MPA
MUA
MV

MV°
MV2+
NHE
Ni-NTA

Atomic force microscopy
Nq,No-Bis(carboxymethyl)-L-lysine

Attenuated total reflection
1-(10-Mercaptodecyl)-1’-benzyl-4,4’-bipyridum-dibromid
[FeFe]-Hydrogenase fro@lostridium pasteurianum
[FeFe]-Hydrogenase fro@hlamydomonas reinhardtii
B-Dodecyl-maltoside

Dimyristoyl-phosphatidylcholine

Dithio-bis(succinimidyl propionate)

Ferredoxin

Internal reflection element

Infrared

Membrane-bound hydrogenase fr®alstonia eutropha
Fusion protein of membrane-bound hydrogenase aa# P
3-Mercaptopropionic acid

11-Mercaptoundecanoic acid

Methylviologen

reduced form of MV

oxidized form of MV

Normal hydrogen electrode

Nickel nitrilotriacetic acid
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P680 Special pair of chlorophglmolecules in photosystem Il
P680 oxidized form of P680

PC Plastocyanin

Ph Pheophytin

PMS N-Methylphenazonium methyl sulfate

PQ Plastoquinone

PQH Plastoquinol

PS1 Photosystem |

PSlhpsae PsaE-free photosystem |

PS1-MBH  Hybrid complex of photosystem | and membranund hydrogenase
PS2 Photosystem II

PsaE Subunit of photosystem 1,

SAM Self-assembled monolayer

SEIDA Surface-enhanced infrared difference absompti

SEIDAS Surface-enhanced infrared difference abgorpectroscopy
SEIRA Surface-enhanced infrared absorption

SEIRAS Surface-enhanced infrared absorption spsapy

SNIM Scanning near-field infrared microscopy

SPR Surface plasmon resonance

TSP Thiosuccinimidyl propionate



