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Hydrogenases are iron–sulfur proteins that catalyze hydro-
gen turnover in a wide range of microorganisms. Three dif-
ferent classes have been described, and among these [FeFe]
hydrogenases are the most active in H2 evolution. Hydro-
genases are redox enzymes that have been shown to ex-
change electrons with graphite and modified noble metal
electrodes. Making use of the latter, diffusible electron carri-
ers are required to enable redox catalysis, as proteins do not
specifically bind to the electrode surface. Diffusion-limited
electron transfer can be replaced by electron injection into
immobilized hydrogenase by binding the redox mediator to
the electrode surface. Here, we present the synthesis and
spectroelectrochemical characterization of 1-(10-mercapto-

1. Introduction

Many microorganisms developed enzymatic strategies to
either consume or generate molecular hydrogen (H2). Al-
though H2 is scarce in the earth’s troposphere, anaerobic
environments can show considerable concentrations. Some
bacteria and archaea make use of H2 uptake to power their
energy balance,[1,2] while the great majority of hydrogen-
processing microorganisms release H2 as a product of pro-
ton recombination with excess reducing equivalents.[3] Evol-
ution of H2 is typical for strict and facultative anaerobes,
since O2 is not available as terminal electron acceptor under
the given environmental conditions.[4,5]
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decyl)-1�-benzyl-4,4�-bipyridinium dibromide (MBBP), which
is used as redox-active linker. CrHydA1, the high-activity
[FeFe] hydrogenase from Chlamydomonas reinhardtii, is im-
mobilized on the linker-modified gold electrode. Each sur-
face modification step is controlled in situ by surface-en-
hanced infrared absorption spectroscopy (SEIRAS). Func-
tionality of the electrode–protein hybrid is demonstrated by
recording the linker-supported current. The specific
catalytic rate of hydrogen evolution by CrHydA1
(2.9 μmolH2 min–1 mg–1 hydrogenase) promises a valuable
approach for further optimization of this novel bioelectrical
interface.

A class of redox enzymes known as “hydrogenases” is
mostly responsible for hydrogen turnover. These ancient
iron–sulfur proteins are grouped into [NiFe], [FeFe], and
Fe-only hydrogenases, depending on the transition metal
composition of their active site.[6] [FeFe] hydrogenases are
capable of catalyzing the release of H2 at a rate of up to
1000 μmolH2 min–1 mg–1.[7,8] Such high activity of H2 pro-
duction attracted significant interest for biotechnological
and bio-inspired applications.

All [FeFe] hydrogenases share the same catalytic cofactor
but differ in terms of molecular weight, amino acid se-
quence, and iron–sulfur cluster configuration. Hydrogen is
activated at the characteristic prosthetic group, the six-iron
“H-cluster”. This cofactor comprises a [4Fe-4S] cluster, cys-
teine-bound to the catalytically active [2Fe-2S] moiety com-
monly referred to as “[2Fe]H”.[10] A serious obstacle in ex-
ploiting [FeFe] hydrogenases for biotechnological applica-
tions is their pronounced sensitivity to O2,[11,12] Despite this
obstacle, [FeFe] hydrogenases are attractive bio-catalysts,
because of their outstanding efficiency in H2 production,
minimal liability to product inhibition, and overall struc-
tural integrity.

We have explored the possibility to develop an electro-
chemical interface to control the enzymatic activity of
[FeFe] hydrogenases by immobilization on a gold electrode.
We chose the hydrogenase of the green algae Chlamydo-
monas reinhardtii (CrHydA1), which is one of the smallest
[FeFe] hydrogenases known.[13,14] Furthermore, the enzyme
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is remarkably active in H2 evolution, insensitive to high salt
concentration and high temperature, and displays compara-
tively moderate O2 tolerance.[15,16] In our previous work, we
showed that CrHydA1 binds to a carboxy-terminated gold
surface and H2 production is induced by electron transfer
through methyl viologen.[17] Armstrong and co-workers
published the electrochemical characterization of a wide
variety of [NiFe] and [FeFe] hydrogenases as adsorbed on
pyrolytic graphite electrodes (see Vincent et al. for a re-
view[18]), including that of CrHydA1 of C. reinhardtii.[19,20]

Hambourger et al. showed H2 release with the [FeFe] hy-
drogenase of CaHydA of Clostridium acetobutylicum on
carbon felt electrodes,[21] and Baffert et al. investigated the
O2 sensitivity of the same enzyme.[8]

Spectroscopic methods are a complementary approach
to investigate the mechanisms of hydrogen turnover at the
atomic level. In order to fully exploit the advantages of both
techniques, we make use of in situ surface-enhanced infra-
red absorption spectroscopy (SEIRAS), which combines
highly sensitive IR spectroscopy with electrochemical con-
trol of the bound enzyme layer when a gold thin film is
chosen as working electrode. In contrast to graphite, hydro-
genases do not spontaneously adsorb on a bare gold sur-
face if the latter is not chemically modified to enhance its
affinity for protein binding. Such modification yields a tai-
lor-made surface that optimizes the immobilization of the
chosen protein.

In a recent approach, we showed that CrHydA1 can ex-
change electrons with the electrode via an electron mediator
(methyl viologen, Figure 1b) when immobilized on a car-
boxy-terminated gold electrode.[22] This chemically modi-
fied surface was capable to bind CrHydA1 on the electrode,
but direct electron transfer was not achieved. Although
methyl viologen is an effective electron shuttle, the dif-
fusion-limited migration between the gold surface and the
enzyme layer essentially hampers the study of the enzymatic
mechanism, in particular when time-resolved experiments
are performed for kinetics studies.

Figure 1. Chemical structures of (a) 1-(10-Mercaptodecyl)-1�-ben-
zene-4,4�-bipyridinium dibromide (MBBP) and (b) methyl viol-
ogen. (c) Adsorption model of MBBP on a gold surface. Dashed
arrows denote direction of net-dipole of each vibrational mode.
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Here, we immobilize the electron mediator between elec-
trode and enzyme. The [FeFe] hydrogenase of C. reinhardtii
is deposited on a gold electrode by means of a newly syn-
thesized linker thiol, namely 1-(10-mercaptodecyl)-1�-
benzyl-4,4�-bipyridinium dibromide (MBBP, Figure 1b).
The hydrogenase binds to this chemically modified gold
surface with high affinity and receives reducing equivalents
from the electrode. Because MBBP is redox-active, the pres-
ence of a soluble mediator is not required. We characterize
the structure of the MBBP self-assembled monolayer
(SAM) by SEIRAS. SEIRAS has been successfully applied
to a whole variety of redox active proteins, including cyto-
chrome c,[23] cytochrome c oxidase,[24] and both photosys-
tems.[25,26] We follow the spontaneous formation of the hy-
drogenase monolayer and present a quantification of the
amount of protein bound to the MBBP layer. Electron
transfer and H2 production activity of the immobilized hy-
drogenase is probed by protein film electrochemistry and
gas chromatography.

2. Results

a. Surface Structure of the MBBP Monolayer

Figure 2a shows a SEIRA spectrum of MBBP adsorbed
on a gold surface after 60 min of incubation. Positive bands
represent the species adsorbed on the gold surface, while
negative bands represent the species that disappeared from
the surface during the adsorption process. There are nine
positive bands observed in the region between 1800 and
1200 cm–1. These bands are assigned to vibrational modes
of MBBP. A broad negative-band peak around 1645 cm–1

is assigned to the H–O–H bending mode of water molecules
expelled from the surface during the adsorption of MBBP.
The bands at 1640, 1507, 1454, and 1365 cm–1 are assigned
to the in-plane vibrational mode of the bipyridyl ring.[27]

By assuming the terminal phenyl ring and the mercaptode-
cyl group as point mass, the bipyridyl group can be classi-

Figure 2. (a) SEIRA spectra of a MBBP self-assembled monolayer
in oxidized state after binding in water solution. (b) The potential
induced difference SEIRA spectrum of MBBP taken between 0.1 V
(as reference, negative bands, oxidized state) and –0.4 V (as sample,
positive bands, reduced state).
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fied to the D2h point group, since the molecule is centrosym-
metric and planar in structure.

All bands in the observed spectral region are assigned to
the B2u or B3u modes.[28,29] The bands at 1640 and
1507 cm–1 are assigned to the B3u mode of the bipyridyl
ring and ring and δ(CH) vibration, respectively.[30] The
bands at 1454 and 1365 cm–1 are assigned to either the B2u

mode of the bipyridyl ring or the δ(CH) vibration. The B3u

mode comprises the dipole vector that goes along with its
molecular axis, while the dipole vector of the B2u mode is
perpendicular to it (Figure 1c).[29] The experimental obser-
vation of both modes suggests that the molecular axis of
the bipyridyl rings is tilted normal to the surface, according
to the surface selection rules of SEIRAS.[31] It should be
noted that the recorded relative intensities of the B2u to the
B3u mode are stronger than those observed in the alkyl-
terminated viologens.[32] This suggests that the tilting angle
of the bipyridyl rings of MBBP is larger than that of the
alkyl terminated viologens.

The band at 1559 cm–1 is assigned to the in-plane vi-
brational mode of the terminal phenyl group, since this
band is missing in the spectrum of other alkyl-terminated
viologen SAMs.[33] Other vibrational bands that can be as-
signed to the terminal phenyl group appear weakly at
1581 cm–1 as a shoulder, and at 1500, 1447, and 1370 cm–1.
The monosubstituted terminal phenyl group is classified as
the C2v point group. Thus, bands at 1581 and 1500 cm–1 are
assigned to the a1 vibrational mode while bands at 1559,
1447, and 1370 cm–1 are assigned to the b2 vibrational
mode.[34] The larger relative intensity of b2 in comparison
with the a1 mode suggests that the molecular axis of the
terminal phenyl group is tilted away from the surface nor-
mal (Figure 1a).

Figure 2b shows the potential-induced difference spec-
trum of MBBP. The reference spectrum was taken at –0.1 V
vs. NHE, where the adsorbed MBBP is mainly in the oxid-
ized form. The potential was then shifted to –0.55 V, where
most of the MBBP is reduced, and the sample spectrum
was taken. Positive bands represent the spectrum of MBBP
in the reduced form, while negative bands represent that
of the oxidized MBBP layer. The one-electron reduction of
MBBP2+ induced a change of the bipyridyl moiety to the
corresponding radical cation.[35] As a consequence, six
bands arose at 1635, 1593, 1504, 1351, 1331, and 1029 cm–1

in the observed spectral range.[36] A positive band at
1635 cm–1 is assigned to the asymmetric in-plane ring vi-
bration mode of the radical cation monomer, while other
positive bands are assigned to the vibrational modes of the
radical cation dimer with a plane-to-plane configuration
linked by π-bonding. The bands of the dimer are assigned
to the totally symmetric (Ag) ring mode under the assump-
tion of D2h symmetry. The Ag modes are normally IR-inac-
tive in D2h symmetry. However, formation of a radical cat-
ion dimer, which is the simplest interaction unit in a quasi-
one-dimensional charge-transfer complex, activates these
IR-forbidden modes by vibronic coupling.[37]

It should be noted that the bands attributed to oxidized
MBBP (Figure 2a) are scarcely observed in the difference
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spectrum. This is due to the enormous intensity enhance-
ment of the IR spectra of the radical cation compared to
that of the oxidized form. The effect has been attributed to
intramolecular charge transfer, in which electron transfer
among the bipyridyl groups couples to a normal vibrational
mode, thereby inducing an enhanced oscillation of its mo-
lecular dipole.[37] Since the peak position of the Ag modes
are close to those of the B2u or B3u modes, enhanced posi-
tive bands from the Ag mode of the radical cation dominate
the weak negative bands of the oxidized form.

Several weak negative bands are observed at 1559, 1447,
and 1370 cm–1. These bands are assigned to ring vibrations
of the terminal phenyl group. These vibrations belong to b2

modes and, since they decrease in intensity, it is likely to
assume that the terminal phenyl group changes its orienta-
tion to align the molecular axis perpendicular to the surface
after radical formation. A concomitant increase of the a1

modes of the terminal group could not be observed, since
they overlap with the Ag modes of the bipyridyl group.

Reorientation of the MBBP SAM is also suggested by a
change in the CH2 stretching region (around 2900 cm–1, not
shown). There is a slight increase in the bands at 2842 and
2918 cm–1, assigned to CH2 in-phase and out-of-phase
stretching modes, respectively.[38] Appearance of these
bands suggests a change in the alkyl chain structure during
formation of the radical cation at the bipyridyl group.

b. Electrochemistry of the MBBP Monolayer

Figure 3a shows cyclic voltammograms of the MBBP
SAM on a gold film electrode in 100 mm KPi buffer (pH =
7.0) measured at different potential sweep rates, v. At low v
(� 50 mV s–1), oxidative (anodic) and reductive (cathodic)
current peaks are observed at –0.1 V and –0.17 V vs. NHE,
respectively. The current density (j) increases linearly with v
(Figure 3b). This indicates that the observed current is a
result of the electron transfer to the adsorbed species.[39]

The surface coverage (Γ) of the MBBP monolayer is derived
from integration of the oxidative and reductive current.
The coverage is determined to be Γ = 2.31
�0.3 �10–10 mol cm–2 (with a molecular diameter of
42 Å2). This is in good agreement with reported values (1.8–
4.5 �10–10 mol cm–2) for related systems.[40,41]

As v increases, the positions of the oxidative and re-
ductive peaks shift to more positive and more negative po-
tentials, respectively. The peak potentials are plotted as a
function of logv in Figure 3c. From the midpoint potential
of the current peak at the lower sweep rate limit, the formal
potential, E0�, is determined to be at 0.135 V vs. NHE (de-
noted by a dashed line in Figure 3c). Oxidative and re-
ductive potentials deviate from E0� by an amount that is
greater than |0.2 V| at v values greater than 1 Vs–1. Thus,
analysis of the peak potentials at these v values can provide
kinetic parameters on electron transfer. Based on the But-
ler–Volmer formalities,[39,42] the transfer coefficients (α) are
determined to 0.6 and 0.4 for reduction and oxidation,
respectively. Although α is close to 0.5 (totally reversible
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Figure 3. (a) Cyclic voltammograms of MBBP SAM on a gold elec-
trode in 100 mm KPi (pH = 7.0) recorded with potential sweep rates
from 10 to 200 mVs–1 (T = 20 °C). (b) A plot of the peak current
density as a function of the potential sweep rate for anodic (�) and
cathodic (�) reaction. (c) A plot of the peak potentials as a func-
tion of the potential sweep rates for anodic (�) and cathodic (�)
reaction.

reaction), the slight deviation from the ideal value suggests
that electron transfer to and from MBBP is not totally
equivalent. The uneven numbers of the transfer coefficient
lead to the calculation of different rate constants for the
reductive and oxidative electron transfer reactions. The de-
termined standard electron transfer rate constants are
0.42 s–1 (reduction) and 0.96 s–1 (oxidation). This result
somehow contradicts the former finding, which suggested
that the redox reaction is fully reversible in a number of
molecules involved in the surface reaction. However, the
standard electron transfer rate constants suggest that ad-
ditional reaction processes do not take place. The observed
imbalance of transfer rates is explained by an intercalation
of phosphate anions in the MBBP SAM. It has been sug-
gested before that an intercalation of anionic molecules sta-
bilizes the positive repulsive forces among the stacks of bi-
pyridyl moieties in the fully oxidized form.[43,44] When the
bipyridyl layer is reduced, these anions defuse away from
the intercalated segments to maintain charge balance across
the layer. The reduced bipyridyl layer forms dimeric charge-
transfer structures as suggested from the IR spectra (vide
supra). Hence, extra energy is necessary to remove the
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anions during electron transfer, which, consequently, selec-
tively slows down the electron transfer rate in the reductive
direction.

c. Adsorption of Hydrogenase on the Chemically Modified
Electrode Surface

Adsorption of [FeFe] hydrogenase from Chlamydomonas
reinhardtii on a MBBP-modified gold surface was followed
in situ by SEIRAS. Figure 4a shows SEIRA spectra re-
corded during adsorption of CrHydA1 on the MBBP SAM
at open circuit potential (+0.2 V vs. NHE). Two prominent
bands assigned to the protein backbone vibration are ob-
served at 1654 and 1547 cm–1.[45] The former band is as-
signed to the amide I mode, while the latter is assigned to
the amide II mode of the protein backbone. The increase
of the magnitude of these bands indicates an accumulation
of CrHydA1 protein at the surface. Besides these protein
bands, a medium intense band is observed at 1403 cm–1.
Since this band appears in the positive direction, it is as-
signed to CrHydA1. An intense band at this frequency has
not been observed so far in other protein adsorption experi-
ments on any other type of chemically modified surface.
Although the amide III vibration typically appears at the
corresponding region, a strong relative intensity as com-
pared to the amide I and II bands is unlikely. An alternative
interpretation for the 1403 cm–1 band includes the interac-
tion of side-chain head groups of certain amino acid resi-
dues, which specifically interact with the MBBP SAM
(possibly OH deformation vibration of serine, tyrosine or
ring deformation of phenylalanine, histidine groups).[45] It
is presumed that the strong interaction with MBBP causes
retraction of these residues closer to the surface, which
leads to stronger signal enhancement in SEIRAS. The exis-
tence of strong interaction is supported by the appearance

Figure 4. SEIRA spectra of CrHydA1 adsorption on (a) oxidized
(at open circuit potential, EOCP = +0.2 V) and (b) reduced (at
–0.2 V) MBBP-modified gold surface with various adsorption
times.
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of a sharp negative band at 1640 cm–1, too. This band is
assigned to the B3u mode of the bipyridyl ring of the MBBP
SAM (Figure 1c). The difference spectrum indicates a sig-
nificant decrease of the 1640 cm–1 band, which means that
the bipyridyl mode is altered upon adsorption of CrHydA1.

Despite the changes in the bipyridyl vibrations, the bands
of the terminal phenyl ring (1559 and 1447 cm–1 in Fig-
ure 2a) do not appear in the difference spectrum of Fig-
ure 4a. Hence, the terminal phenyl group was not affected
by the binding of CrHydA1. This result suggests that the
bipyridyl group is more strongly influenced by the binding
of protein than the terminal benzene group, although the
latter is in immediate contact to the adsorbed protein.

As the surface charge might affect the adsorption pro-
cess, we probed binding of CrHydA1 to a reduced mono-
layer of MBBP (Figure 4b). It is evident that protein bind-
ing is more efficient at –0.2 V vs. NHE. Small but distinc-
tive negative bands at 1594, 1502, and 1332 cm–1, which
appear concomitant to positive bands from the protein ad-
sorption (amide I at 1658 and amide II at 1548 cm–1), are
assigned to the reduced MBBP. The observed MBBP bands
are all assigned to the Ag mode of the bipyridyl rings. The
Ag mode at 1635 cm–1 (see Figure 2b) of reduced MBBP is
concealed by the overlap with the broad amide I band at
1658 cm–1 (see shoulder marked by an asterisk in Fig-
ure 4b). As already stated for the oxidized MBBP layer, this
result suggests that CrHydA1 adsorption is facilitated by
strong interactions with the MBBP bipyridyl moiety.

It is peculiar that only the bands of the bipyridyl group
are affected by the adsorption of CrHydA1. It is not a pos-
sibility for the MBBP SAM layer to be partially desorbed
during protein adsorption, because other vibrational finger-
prints such as the bands of the terminal phenyl ring or the
alkyl group remain untouched. An explanation for the sole
change of the vibrational mode of the bipyridyl ring is a
modulation of the absorption coefficient by protein bind-
ing. The relatively large absorption coefficient of the bipyr-
idyl group in MBBP results from enhancement through in-
tramolecular charge transfer, which is perturbed by adsorp-
tion of CrHydA1. As a consequence, the absorption coeffi-
cient decreases and it is observed as a negative band, despite
the fact that the surface concentration of MBBP remains
constant.

d. SPR Measurements

The quantity of the adsorbed CrHydA1 protein is as-
sessed by surface plasmon resonance (SPR). 170 mgL–1

CrHydA1 were injected into the measurement cell with a
constant flow rate of 5 μLmin–1 for 60 min. Then, the
CrHydA1 sample was flushed with buffer solution. A
change in the response signal, ΔR, before and after the
binding of CrHydA1 is determined to be 2350 RUs (reso-
nance units). Specifically bound CrHydA1 is calculated to
be 2.35 ngmm–2 (3.57� 10–12 mol cm–2) by using the con-
version factor of 1000 RUs/ngmm–2.[46,47] This value corre-
sponds well to the previously observed value of
2.25 ngmm–2 for CrHydA1 adsorption on a mercapto-
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propionic acid modified electrode.[48] The determined value
is close to the theoretical monolayer value (2.3–
4.6 ngCrHydA1mm–2), calculated by assuming a surface
area (23–47 nm2 molecule–1) of a homologous model struc-
ture using the catalytic subunit of CpI hydrogenase from
Clostridium pasteurianum.[49]

The monolayer coverage suggests that CrHydA1 binds
specifically to the MBBP layer and the adsorption ratio is
calculated to correspond to one CrHydA1 molecule bound
per 150 MBBP molecules.

e. Hydrogen Evolution Activity

After binding of CrHydA1 to the MBBP SAM layer, re-
sidual CrHydA1 in the bulk solution was removed by buffer
exchange. Then, the electrode potential was kept constant
at –0.45 V vs. NHE for 85 min while the current was moni-
tored by chronoamperometry. The steady-state current of
H2 evolution is –0.8 μA for the CrHydA1/MBBP electrode
(Figure 5a). The evolved H2 gas was accumulated in a gas-
tight 20 mL electrochemical cell. 1 mL of the gas phase was
taken by a syringe and analyzed by gas chromatography.
The amount of H2 produced was calculated from integra-
tion of the peak at the retention time of H2 (data not
shown) and determined to be 208 nmol, corresponding to
2.4�0.2 nmolH2 min–1. In combination with a surface

Figure 5. (a) Steady-state current from hydrogen evolution of
CrHydA1/MBBP electrode in 100 mm KPi (pH = 7.0). A constant
potential, E = –0.45 V vs. NHE, is applied to the electrode. At t =
0 min, 1 mL CO-saturated buffer is injected into the cell. After 75 s
of the injection, the solution is stirred for 30 s as indicated by the
shaded section. The experiment is conducted at T = 20 °C. (b) Cy-
clic voltammogram of a MBBP-coated gold electrode in 100 mm
KPi, pH = 7.0 (potential sweep rate = 50 mV s–1, T = 20 °C). The
arrow indicates the scanning direction. For illustration, the –0.45 V
working potential is marked.
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coverage of 3.57�10–12 molcm–2, the specific H2 evolution
activity of the enzyme is calculated to be 192 mol
H2 min–1 mol–1 CrHydA1, or 2.9 μmol H2 min–1 mg–1 Cr-
HydA1.

It should be noted that the steady-state current of H2

evolution at –0.45 V vs. NHE contains an additional contri-
bution from the MBBP layer. Figure 5b shows a cyclic vol-
tammogram of the blank MBBP layer. Although H2 evo-
lution is catalyzed by MBBP only at potentials higher than
–0.8 V, a considerable number of electrons are consumed in
the reduction of the bipyridyl group at –0.45 V. In order to
evaluate the catalytic contribution specifically from
CrHydA1, the amperometric current was probed by CO in-
hibition (Figure 5a). Initially, the potential was kept at
–0.45 V and the H2 evolution current was measured. At t =
0, 1 mL of CO-saturated buffer was injected into the elec-
trolyte solution in the electrochemical cell. Following an in-
cubation time of 75 s, the solution was stirred for 30 s to
support diffusion of CO to the electrode. The steady-state
reductive current specifically decreased by Δiinhib = 0.12 μA.
This drop in the H2 evolution current is due the CO inhibi-
tion of CrHydA1, suggesting that Δi originates from the
catalytic activity of the hydrogenase enzyme. The inhibition
constant kinhib has been determined to be 8.0�10–4 s–1 μm–1

under reducing conditions (–0.4 V vs. NHE).[11] Hence, it is
fair to assume that CO inhibition is complete in this experi-
ment. Carbon monoxide is used as a specific inhibitor of
hydrogenase activity and does not affect the redox activity
of the MBBP layer.

Discussion

The newly established MBBP SAM has a high affinity
for the [FeFe] hydrogenase CrHydA1 and efficiently sup-
ports formation of a protein monolayer under the given
conditions. Its bipyridyl group promotes electron transfer
from the gold surface to the adsorbed enzyme without the
need of a soluble mediator.

It is informative to compare the presented system to al-
ternative methods of protein immobilization. CrHydA1 ad-
sorbed on PGE electrodes shows direct electron transfer[50]

with only a slight infliction of the cyclic voltammogram at
i = 0. Although the binding of a completely water-soluble,
small, and almost globular protein is supposed to be ran-
dom on PGE, the graphite surface allows for (1) close con-
tact of the biomolecules without structural interference and
(2) direct electron transfer as a function of the graphite
roughness. However, the possibility of an orientated bind-
ing on PGE can not be ruled out conclusively.

These results provide a clue for the mechanism of elec-
tron transfer between CrHydA1 and the assayed MBBP
surface. The MBBP monolayer exposes a terminal phenyl
ring towards the solution phase (Figure 1a). Two-dimen-
sionally aligned structures of the phenyl rings provide a
structure similar to the edge planes of pyrolytic graphite.
The structural analogy of the phenyl ring layer to PGE po-
tentially leads to a more favorable binding or orientation of
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CrHydA1. The bipyridyl group of MBBP is located beneath
the terminal phenyl group, bridging the “tunneling gap” in
the middle of the molecule (Figure 1a), so electrons imme-
diately travel the comparatively wide range between elec-
trode and CrHydA1 reaction center. It is presumed that the
bipyridyl group of MBBP serves as electron relay at the
midpoint of the long electron transfer pathway.

The H2 evolution activity of the MBBP/CrHydA1 system
should be assessed by comparison to the established in vitro
system, which is H2 evolution activity without tethering to
the electrode surface. The observed activity of the MBBP/
CrHydA1 electrode system, 2.9 μmolH2 min–1 mg–1

CrHydA1, is higher by a factor of two as compared
to the previously reported value of MPA/CrHydA1
with solubilized methyl viologen as mediator
(1.28 μmolH2 min–1 mg–1).[51] Nevertheless, these activity
values are far lower than the activity measured in solution.
The H2 evolution activity of CrHydA1 in solution is deter-
mined by an in vitro test based on methyl viologen (see
Experimental Section) to be 453 μmolH2 min–1 mg–1

CrHydA1. When MBBP is used as an electron mediator in
solution, the in vitro H2 evolution activity drops to
113 μmolH2 min–1 mg–1. This shows that the electrode-teth-
ered MBBP/CrHydA1 system reveals only 2.5% of the hy-
drogen evolution potential as suggested by the MBBP/
CrHydA1 in vitro test. Several factors are responsible for
the diminished activity. (1) Although MBBP is bound to
the electrode surface, the electron-accepting bipyridyl group
is at a distance of about 20 Å from the electrode surface.
This is due to the C10 alkyl chain (Figure 1a). The electron
transfer rate is clearly slowed down by this separation. (2)
The quasi-two-dimensional crystal structure formed by the
stacked layer of bipyridyl groups involves an intercalation
of anion species during vertical electron transfer, which fur-
ther slows down the transfer of electrons. (3) Moreover, the
two-dimensional stacking of the terminal phenyl groups
forms a hydrophobic “finish”, which prevents counter-
anions from compensating for the bipyridyl positive charge.
These factors account for the slow electron transfer rate of
0.42–0.96 s–1 of the MBBP SAM layer.

In addition to slow electron transfer with the MBBP
SAM as discussed above, a strong interaction between
CrHydA1 and MBBP may also explain the diminished ap-
parent H2 evolution activity. Although the high affinity of
CrHydA1 to the MBBP surface makes the enzyme bind in
an orientation that allows for electron transfer, this arrange-
ment should slightly deviate from the optimum conforma-
tion for electron transfer to the reaction center of
CrHydA1. As a consequence, the adsorbed protein has to
be re-orientated to transfer electrons from MBBP to the
reaction center. Such a re-orientation model was proposed
to explain the slow electron transfer of cytochrome c or
Azurin adsorbed on a chemically modified electrode sur-
face.[52,53] A combination of all these factors slows down the
entire turnover rate of the CrHydA1 H2 evolution reaction,
eventually leading to the observed efficiency difference be-
tween the in solution assay and the activity of the tethered
MBBP/CrHydA1 system.
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3. Conclusion

We present a novel modification procedure for gold sur-
faces allowing adsorption and electron transfer to the
highly active [FeFe] hydrogenase from Chlamydomonas rein-
hardtii (CrHydA1). We made use of MBBP, a tailor-made
C10 thiol that carries a 4,4�-bipyridyl group and a benzene
ring at the distal end, which mimic both methyl viologen
as an electron relay and a graphite-like benzene “finish”,
respectively. The redox-active MBBP monolayer was char-
acterized by IR spectroscopy (SEIRAS). Furthermore, the
protein-binding process was followed in detail. We were able
to judge the amount of hydrogenase enzyme bound by SPR
and could estimate the specific H2 evolution activity of the
MBBP/CrHydA1 electrode surface. The catalytic activity
was probed by electrochemistry and gas chromatography.
By combining these data, the specific H2 evolution activity
of the tethered MBBP/CrHydA1 system was determined to
2.9 μmolH2 min–1 mg–1 CrHydA1 which is about 2.5% of
what was suggested by the in vitro activity assay. We have
discussed the reason for this drop in specific H2 evolution
activity in terms of the rate-limiting steps of electron trans-
fer at the interface between the electrode and the active site
of CrHydA1.

4. Experimental Section

Purification of [FeFe] Hydrogenase from Chlamydomonas rein-
hardtii: Recombinant [FeFe] hydrogenase, CrHydA1-STIIC–tag, was
synthesized and purified as described before.[54] An optimized puri-
fication protocol was established. Ultracentrifugation and affinity
chromatography on a 10 mL Strep-Tactin Superflow column (IBA,
Göttingen, Germany) were applied. Cell growth and protein purifi-
cation were carried out under strict anaerobic conditions. The iso-
lated protein was concentrated to 5 gL–1 on Vivaspin 6-columns
(Sartorius Stedim Biotech, Göttingen, Germany) and stored in
10 % glycerol. In variation to the original protocol by von Abend-
roth et al., 150 mm NaCl was used with the Tris/HCl buffers.

Synthesis of N-Benzyl-4,4�-bipyridinium Bromide: A solution of
4,4�-bipyridine (1.5 g, 9.6 mmol, 1.3 equiv.) in dry acetone (50 mL)
was placed into a 250 mL round-bottomed flask under argon and
heated to reflux. A solution of benzyl bromide (900 mL,
7.38 mmol, 1.0 equiv.) was added in a dropwise manner. After ap-
proximately 60 min, a yellow-green precipitation occurred. After
2.5 h, the solvent was removed under reduced pressure. The re-
maining yellow-green solid was washed with diethyl ether and
recrystallized from ethanol/diethyl ether (1:1) to afford 2.22 g
(92%) of a yellowish solid, m.p. 224 °C. The analytical data were
in agreement with the literature.[55]

Synthesis of 1-Acetylthio-10-bromodecane: Potassium thioacetate
(2.5 g, 21.9 mmol, 1.0 equiv.) was dissolved under argon in abs.
THF (180 mL). Under argon, this solution was added to a solution
of 1,10-dibromodecane (9.8 g, 43.8 mmol, 2.0 equiv.) in abs. THF
(20 mL) at room temperature. The mixture was then heated to re-
flux for 24 h. The precipitate was filtered off, and the solvent was
removed from the filtrate at reduced pressure. The remaining semi-
solid was purified by silica gel chromatography (ethyl acetate/n-
hexane, 1:10), affording 2.58 g (40%) of a colorless oil. The analyti-
cal data were in agreement with the literature.[56]
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Synthesis of the S-Acetyl-Protected MBBP Linker: N-Benzyl-4,4�-
bipyridium bromide (500 mg, 1.53 mmol, 1.0 equiv.) was dissolved
in acetonitrile (20 mL). 1-Acetylthio-10-bromodecane (722 mg,
2.45 mmol, 1.6 equiv.) was added, and the mixture was heated at
80 °C for 120 h. A yellow precipitate formed, which was filtered off
and washed with diethyl ether, affording 429 mg (45%) of the de-
sired product as a yellow powder, m.p. �240 °C.

Synthesis of 1-(10-Mercaptodecyl)-1�-benzyl-4,4�-bipyridinium Di-
bromide (MBBP): In a Schlenk flask, the S-acetyl protected MBBP
linker (100 mg, 160 μmol, 1.0 equiv.) was dissolved in abs. methanol
(80 mL) under argon. The solution was cooled to –78 °C, and ace-
tyl chloride (1.26 g, 16.06 mmol 110 equiv.) was slowly added with
stirring. The reaction mixture was then warmed to room tempera-
ture, and stirring was continued at that temperature for 12 h. After
concentration of the solution under reduced pressure, the MBBP
linker was obtained in quantitative yield (93 mg) as a yellow solid,
m.p. � 240 °C. See its characterization by NMR spectroscopy in
the Supporting Information.

Surface Modification Monitored by Surface-Enhanced Infrared Ab-
sorption Spectroscopy (SEIRAS)

Details of the SEIRAS setup have already been described.[57]

Briefly, a nanostructured gold thin film was chemically deposited
on one side of a triangular silicon prism. A spectroelectrochemical
cell was mounted on top of the prism. The infrared beam, provided
by the interferometer of the FTIR spectrometer (Bruker Vertex 70,
Bruker Optics, Ettlingen, Germany), was coupled into the single
reflection silicon prism at an incident angle of 60°. The beam was
totally internally reflected at the gold-coated prism side, and the
intensity was measured by a mercury cadmium telluride (MCT)
detector.

The bare gold surface was immersed for 60 min in an aqueous solu-
tion of MBBP. A reference IR spectrum of the solvent-covered sur-
face was subtracted from a series of sample spectra, which were
recorded after addition of the protein sample. After the self-as-
sembled monolayer (SAM) of MBBP was formed, the surface was
rinsed with the solvent several times and finally with sodium phos-
phate buffer solution (10 mm, pH 6.8) to remove the MBBP solu-
tion. The kinetics of immobilization of CrHydA1 (3.5 μm) was
monitored by recording spectra in time intervals of 10–60 s.

Cyclic Voltammetry

The gold film was not only employed as the plasmonic substrate for
SEIRAS but concomitantly used as working electrode in a series of
electrochemical experiments. Ag/AgCl and platinum mesh were
used as reference and counter electrode, respectively. Cyclic voltam-
mograms were recorded with a potentiostat (Autolab PGSTAT 12,
Eco Chemie B.V., Utrecht, Netherlands). All potentials are re-
ported vs. the normal hydrogen electrode (NHE) with the conver-
sion ENHE = 0.2 EAg/AgCl (in V) at room temperature. Cyclic vol-
tammetry and chronoamperometry experiments were performed at
ambient temperature (T = 20 °C), with KPi (100 mm) buffer with
pH = 7.0.

An anaerobic chamber (Coy Laboratory Products, Grassland, MI,
USA) was used to provide an O2-free environment for the electro-
chemical experiments. The N2 atmosphere contained about 1% H2,
which reduced O2 contaminants at a palladium catalyst within the
chamber. All solutions were degassed for at least 30 min and stored
in the anaerobic chamber for approximately two weeks prior to use.
Equipment, transferred to the anaerobic chamber, was evacuated
for at least 30 min. In this environment, the recorded cyclic voltam-
mograms were stable, and the hydrogenase was not subject to O2

inactivation during the measurement.
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Amperometric H2 Production: The modified gold surface was em-
bedded in a home-made, gas-tight electrochemical cell with a total
volume of 20 mL. The setup was purged with argon to remove the
ambient H2 of the anaerobic chamber. 1 mL of the gas phase in
the measuring cell was injected into a gas chromatograph (GC-
2010, Shimadzu, Kyoto, Japan) equipped with a PLOT fused silica-
coated molsieves column (5 Å, 10 m by 0.32 mm; Varian, Palo
Alto, CA) to gauge whether the H2 atmosphere was completely
exchanged. Ten minutes of exposure under an argon atmosphere
was sufficient to yield a H2-free gas phase. Then, a potential of
–0.45 V vs. NHE was applied for 85 min while the current was
monitored (100 mm KPi, pH = 7.0, T = 20 °C). The amount of H2

evolved was determined by injecting 1 mL of the extracted gas mix-
ture from the electrochemical cell into the gas chromatograph.

Surface Plasmon Resonance (SPR): Surface plasmon resonance ex-
periments were performed by using a Biacore 3000 (GE Healthcare,
Uppsala, Sweden) with a constant flow rate of 5 μLmin–1. Gold
sensor chips were used to provide a bare gold surface for each
experiment. To form the SAM on the gold surface, an aqueous
saturated MBBP solution (150 μL) was injected. For the immobili-
zation of hydrogenase, the running buffer was changed from Milli-
pore water to KPi buffer (100 mm, pH = 6.8) and CrHydA1
(300 μL with a final concentration of 170 μgmL–1) were injected.

In Vitro Activity Assay: To probe H2 evolution activity under opti-
mal conditions, CrHydA1 (1–10 μg) was added to a KPi buffer
solution (100 mm, 2 mL, pH = 6.8) containing methyl viologen or
MBBP (1 mm) and sodium dithionite (100 mm). This solution was
sealed gas-tight in an 8 mL SUBA tube, purged with argon, and
incubated at 37 °C for 15 min. The amount of H2 produced was
measured by gas chromatography (as described above), and the
specific H2 evolution activity of the hydrogenase (in
μmolH2 min–1 mg–1 hydrogenase) was calculated.

Supporting Information (see footnote on the first page of this arti-
cle): The 1H and 13C NMR spectroscopic characterization of 1-(10-
mercaptodecyl)-1�-benzyl-4,4�-bipyridinium dibromide (MBBP).
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