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[NiFe] hydrogenases constitute a class of enzymes that
catalyze the heterolytic splitting of molecular hydrogen (H,)
as well as the reverse reaction, the reduction of protons to
H,.l! The catalytic site is a bimetallic Ni/Fe complex bridged
by four conserved cysteine residues. Moreover, one CO and
two CN~ ligand bind to iron as rather unusual exogenous
ligands. Whereas most of these enzymes are catalytically
active only under strictly anaerobic conditions, the [NiFe]
hydrogenases of Ralstonia species have a remarkable oxygen
tolerance, the origin of which is not yet fully understood on
the molecular level.?>* This particular oxygen tolerance has
prompted considerable research effects in the past that were
motivated by the interest in elucidating the catalytic mech-
anism of these enzymes and by their potential importance for
biotechnological energy storage and conversion. Such appli-
cations require the immobilization of the enzymes on electri-
cally conducting supports under preservation of the native
structure and function.”! In fact, the first demonstrations of
successful immobilization have been reported for the mem-
brane-bound hydrogenases of Ralstonia species. These
enzymes were attached to pyrolytic graphite electrodes to
build simple enzymatic fuel cells that operate even with H,
concentrations lower than 3% in air.*

To investigate the performance of enzymes immobilized
on surfaces, it is highly desirable to develop an experimental
approach that is capable of probing the molecular structure of
the active site and their changes during the catalytic processes
in situ. IR spectroscopy is one of the main techniques used for
the identification of the various states of the catalytic cycle by
probing the stretching modes of the CO and CN ligands of
the Ni-Fe active site. The frequencies of these modes
sensitively reflect changes of the electron density within the
catalytic center caused by alterations of the metal oxidation

[*] N. Wisitruangsakul, Dr. F. Lendzian, Prof. P. Hildebrandt,

Dr. |. Zebger

Institut fiir Chemie, Sekr. PC14

Technische Universitit Berlin

Strasse des 17. Juni 135, 10623 Berlin (Germany)

Fax: (+49) 30-31421122

E-mail: ingo.zebger@tu-berlin.de

Dr. O. Lenz, Dr. M. Ludwig, Prof. B. Friedrich

Institut f. Biologie/Mikrobiologie, Humboldt Universitat zu Berlin

Chausseestrasse 117, 10115 Berlin (Germany)

The work was supported by the DFG (SFB498, Cluster of Excellence

“Unicat”).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200802633.

[7‘: *

Angew. Chem. Int. Ed. 2009, 48, 611-613

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim b

state, ligation pattern, and cofactor—protein interactions.
Therefore, IR spectroscopy has been widely used for charac-
terizing the enzymatic process of hydrogenases in bulk
solution and, in conjunction with EPR spectroscopy, it has
provided important insights into the mechanism of the
enzymatic process.**!

The main drawback of conventional IR spectroscopy is
the relatively low sensitivity, which is not sufficient for
studying immobilized enzymes. Surface-enhanced infrared
absorption (SEIRA) spectroscopy promises to overcome this
limitation, as the IR absorption can be enhanced by up to two
orders of magnitude for proteins immobilized on gold
surfaces.”!”) SEIRA spectroscopy has already been success-
fully applied to monitor protein immobilization on gold
electrodes and redox-linked structural changes of proteins
under stationary conditions, and more recently, in the time-
resolved domain."''“ Herein, this technique is applied for the
first time to a hydrogenase, namely the membrane-bound
hydrogenase of Ralstonia eutropha H16 (R.e. MBH), attached
to a gold surface. Unlike previous studies of cofactor—protein
complexes, the SEIRA spectroscopic analysis of hydroge-
nases is not restricted to changes of the protein structure, but
allows the direct observation of the characteristic marker
bands of the catalytic site in a spectral window, without
interference from IR absorption bands of the protein.

SEIRA experiments were carried out in a Kretschmann
ATR configuration using a semicylindrical silicon crystal
coated with a gold film by electroless deposition.!”! The gold
surface was subsequently covered by a self-assembled mono-
layer of nickel nitrilotriacetic acid (Ni-NTA)!"'®! for affinity
binding of the R.e. MBH, which was modified by a His-tag at
the C-terminus of the electron-transferring subunit of the
dimeric enzyme (for further experimental details, see Sup-
porting Information). This strategy ensured a uniform and
unidirectional orientation of the immobilized protein. The
efficient immobilization is documented by the SEIRA
spectrum obtained under an argon atmosphere (Figure 1).
The presence of the strong amide I and II bands indicated a
high degree of coverage. A closer inspection of the spectral
region between 18502150 cm ™! reveals the weak but clearly
detectable bands of the stretching modes of the diatomic
ligands coordinated to the active site, iron. A dominant CO
stretching mode is present at 1948 cm ™!, with the conjugate
CN- stretching vibrations at 2098 and 2081 cm™'. This band
pattern is characteristic of the so-called “ready”, Ni-B state
(Figure 2, Table 1)."'1 Upon immobilization, both the amide
and the CO stretching bands increased concomitantly with
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Figure 1. SEIRA spectrum of the R.e. MBH bound by a His-tag to the
Ni-NTA-modified gold surface. Inset: expanded spectral region

between 1850-2150 cm ™', which includes the stretching modes of the
CO and CN™ ligands.

Ni,-B
Ni-B |
Niia-S

Ni-B  Niia-S

Aj|'5x1 0%

2100 2050 2000 1950 1900
¥/cm™

Figure 2. SEIRA spectrum of the R.e. MBH bound by a His tag to the
Ni-NTA-modified gold surface A) before and B) after exposure to H,
(buffered at pH 5.5). “Ni,-R*” refers to the substates Ni,-R" and Ni,-R"
that give rise to closely spaced CO and CN stretching modes.

Table 1: CO and CN™ stretching-mode frequencies (in cm™') of various
states of R.e. MBH."F!

Redox state 7(CO) 7(CN")

Ni-B 1948 2081 2098
Ni,-S 1930 2060 2076
Ni-S 1936 2075 2093
Ni,-C 1957 2075 2097
Ni,-RS 1948 2068 2087
Ni,-RS’ 1926 2049 2075
Ni,-RS"” 1919 2046 2071

[a] Band positions were determined for R.e. MBH in solution at pH 5.5.
The oxidized states (Ni-B, Ni-S, Ni;,-S) refer to the as-isolated form of
the enzyme under aerobic conditions, whereas the reduced states are
obtained with H, at a pressure of 1bar. Ni,-C refers to reduced
intermediate state, and Ni,-RS, Ni,-RS’, Ni,-RS” comprise a mixture of
the fully reduced states. ia=inactive, r=ready, a=activated, B,C=
standard nomenclature”® for an oxidized and intermediate EPR-active
redox state, respectively, R=fully reduced states, S=EPR silent.

time, indicating a uniform orientation and preservation of the
catalytic site structure of the adsorbed enzyme (see Support-
ing Information).
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The weak shoulder at 1930 cm™! originates from the CO
stretching mode of the inactive Ni;,-S state, for which the
corresponding CN stretching modes are known to appear at
2076 and 2060 cm™' and thus partly overlap with the CN
stretching modes of Ni-B. On the basis of the integral
intensities of the CO stretching bands, the relative amounts of
Ni,-B and Ni;,-S is estimated to be 70% and 30 %, respec-
tively. Injection of H, into the SEIRA cell leads to a decrease
of the bands originating from the Ni-B state and an increase
of bands characteristic of the active reduced states that are
involved in the catalytic cycle."* At 1 bar H, and a pH value
of 5.5, the redox potential of H, was calculated to be —320 mV
versus the normal hydrogen electrode (NHE), which is
sufficiently negative to convert most of the oxidized enzyme
into the reduced states. These states were identified based on
the comparison with the IR transmission spectrum of the H,-
reduced R.e. MBH bound to the inner membrane, for which a
detailed band assignment has been provided in a recent IR
and EPR study."” Moreover, the comparison of the IR and
SEIRA spectra also displayed far-reaching similarities and
good agreement with the “oxidized” minus “H,-reduced” IR
and SEIRA difference spectra.

These results demonstrate that H, treatment of the
oxidized enzyme attached to the coated gold surface induces
the same transformation as previously observed for the
membrane-attached protein in the bulk. Furthermore, the
distribution of the various reduced species is quite similar
(Figure 3A, B). Among them is the EPR detectable inter-

Ni,I-B

Niy-C

2100 2050 2000 1950 1900
¥/cm™

Figure 3. IR and SEIRA difference spectra of the R.e. MBH. A) IR
transmission difference spectrum of MBH attached to the cytoplasmic
membrane in the bulk phase (oxidized minus H, reduced). B,C) SEIRA
difference spectrum of the R.e. MBH bound by a His-tag to the Ni-
NTA gold surface: oxidized minus H,-reduced (B), H,-reduced minus
argon re-oxidized (C). “Ni,-R*” refers to the substates Ni,-R" and Ni,-
R” that give rise to closely spaced CO and CN stretching modes. The
intensity of spectrum A is divided by a factor of 20.
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mediate Ni,-C that can be identified on the basis of the IR
bands at 1957 (CO), 2075 (CN-), and 2097 (CN—) cm". The
frequency of the CO stretching mode of the EPR-silent Ni,-R
state coincides with that of Ni-B at 1948 cm™!, such that IR
intensity at this frequency remains at the same level, even
after complete reduction of the Ni-B state (Figure 2). The CN
stretching modes of Ni,-R are expected to be at 2068 and
2087 cm™! and in fact can be observed as shoulders of the
2081 cm™' CN stretching of Ni-B. The closely spaced CO
bands of the two Ni,-R’" and Ni,-R” states are only resolved in
the IR difference spectra that were obtained with 2 cm™
resolution compared to the resolution of 4cm™ of the
SEIRA spectra (Figure 3A, B). The corresponding CN
stretching modes are at 2049 and 2075 cm™! for Ni,-R’ and
at 2046 and 2071 cm™! for Ni,-R”, and partly overlap with the
CN stretching of Ni,-C at 2075 cm ™.

The spectral changes of the enzyme immobilized on the
gold surface that are induced by H, reduction are reversible,
as demonstrated by subsequent incubation with argon. The
SEIRA difference spectrum “H,-reduced” minus “argon, re-
oxidized” (Figure 3C) are nearly a mirror image of the
“oxidized” minus “H,-reduced” difference spectrum (Fig-
ure 3B). The difference spectra also clearly reveal the
presence of another oxidized species, the so called “ready”
silent Ni,-S state, with a CO stretching vibration at 1936 cm ™.

The SEIRA spectroscopic results in this study demon-
strate that His-tag-mediated immobilization of engineered
hydrogenases allows the binding of the enzymes to gold
surfaces without affecting the native protein structure and the
reactivity towards hydrogen. Further studies, using the metal
support as an electrode, will be directed to the optimization of
the electronic coupling of the surface with the catalytic center
of the immobilized enzyme. This is a prerequisite for
optimizing the functioning of hydrogenase-based bioelect-
ronic devices. In this respect, stationary and time-resolved
SEIRA spectroscopy represent an indispensable tool for in
situ monitoring of structural changes within enzymes during
catalysis and provide information that is complementary to
that obtained from thin-protein-film voltammetry and related
methods."

Received: June 4, 2008
Published online: December 9, 2008

Angewandte

Keywords: biocatalysis - biofuels - hydrogen splitting -
hydrogenase - SEIRA spectroscopy

[1] R. Cammack, M. Frey, R. Robson, Hydrogen as a fuel (Eds.: R.
Cammack, M. Frey, R. Robson), Taylor and Francis, London,
2001.

[2] K. A. Vincent, J. A. Cracknell, O. Lenz, 1. Zebger, B. Friedrich,
F. A. Armstrong, Proc. Natl. Acad. Sci. USA 2005, 102, 16951.

[3] K. A. Vincent, J. A. Cracknell, J. R. Clark, M. Ludwig, O. Lenz,
B. Friedrich, F. A. Armstrong, Chem. Commun. 2006, 5033.

[4] K. A. Vincent, A. Parkin, F. A. Armstrong, Chem. Rev. 2007,
107, 4366.

[5] L. Willner, E. Katz, Bioelectronics— From Theory to Applications
(Eds.: 1. Willner, E. Katz), Wiley-VCH, Weinheim, 2005.

[6] S.P. Best, Coord. Chem. Rev. 2005, 249, 1536.

[7] A.L. De Lacey, V.M. Fernandez, M. Rousset, R. Cammack,
Chem. Rev. 2007, 107, 4304.

[8] W. Lubitz, E. Reijerse, M. van Gastel, Chem. Rev. 2007, 107,
4331.

[9] M. Osawa, Bull. Chem. Soc. Jpn. 1997, 70, 2861.

[10] M. Osawa, Near-Field Opt. Surf. Plasmon Polaritons 2001, 81,
163.

[11] K. Ataka, B. Richter, J. Heberle, J. Phys. Chem. B 2006, 110,
9339.

[12] K. Ataka, J. Heberle, Anal. Bioanal. Chem. 2007, 388, 47.

[13] A. Badura, B. Esper, K. Ataka, C. Grunwald, C. Woll, J.
Kuhlmann, J. Heberle, M. Rogner, Photochem. Photobiol. 2006,
82, 1385.

[14] N. Wisitruangsakul, 1. Zebger, H. K. Ly, D. H. Murgida, S.
Ekgasit, P. Hildebrandt, Phys. Chem. Chem. Phys. 2008, 34, 5276.

[15] H. Miyake, S. Ye, M. Osawa, Electrochem. Commun. 2002, 4,
973.

[16] J. Hrabakova, K. Ataka, J. Heberle, P. Hildebrandt, D. H.
Murgida, Phys. Chem. Chem. Phys. 2006, 8, 759.

[17] M. Saggu, I. Zebger, M. Ludwig, O. Lenz, B. Friedrich, P.
Hildebrandt, F. Lendzian, unpublished results.

[18] F. A. Armstrong, P.J. Albracht, Philos. Trans. R. Soc. London
Ser. A 2005, 363, 937.

[19] J. C. Fontecilla-Camps, A. Volbeda, C. Cavazza, Y. Nicolet,
Chem. Rev. 2007, 107, 4273.

[20] A. Volbeda, J. C. Fontecilla-Camps, Coord. Chem. Rev. 2005,
249, 1609.

[21] O. Riidiger, J. M. Abad, E. C. Hatchikian, V. M. Fernandez,
A. L. De Lacey, J. Am. Chem. Soc. 2005, 127, 16008.

Angew. Chem. Int. Ed. 2009, 48, 611-613

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

613


http://dx.doi.org/10.1073/pnas.0504499102
http://dx.doi.org/10.1039/b614272a
http://dx.doi.org/10.1021/cr050191u
http://dx.doi.org/10.1021/cr050191u
http://dx.doi.org/10.1016/j.ccr.2005.01.012
http://dx.doi.org/10.1021/cr0501947
http://dx.doi.org/10.1021/cr050186q
http://dx.doi.org/10.1021/cr050186q
http://dx.doi.org/10.1246/bcsj.70.2861
http://dx.doi.org/10.1007/3-540-44552-8_9
http://dx.doi.org/10.1007/3-540-44552-8_9
http://dx.doi.org/10.1021/jp0534131
http://dx.doi.org/10.1021/jp0534131
http://dx.doi.org/10.1007/s00216-006-1071-4
http://dx.doi.org/10.1562/2006-07-14-RC-969
http://dx.doi.org/10.1562/2006-07-14-RC-969
http://dx.doi.org/10.1016/S1388-2481(02)00510-6
http://dx.doi.org/10.1016/S1388-2481(02)00510-6
http://dx.doi.org/10.1039/b513379n
http://dx.doi.org/10.1021/cr050195z
http://dx.doi.org/10.1016/j.ccr.2004.12.009
http://dx.doi.org/10.1016/j.ccr.2004.12.009
http://dx.doi.org/10.1021/ja0554312
http://www.angewandte.org

